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Abstract

The CRISPR/Cas9 platform holds promise for modifying fish traits of interest as a
precise and versatile tool for genome manipulation. To reduce introgression of transgenes and
control reproduction, catfish were studied for upscaled disease resistance coupled with
intervention of reproduction to lower the potential environmental risks of introgression of

transgenic escapees.

To generate disease resistance and sterility in channel catfish (Ictalurus punctatus),
CRISPR/Cas9 systems were utilized to integrate the cathelicidin gene from an alligator
(Alligator sinensis; As-Cath) into the target luteinizing hormone (Ih) locus of channel catfish
using two delivery systems assisted by double-stranded DNA (dsDNA) and single-stranded
oligodeoxynucleotides (sSODNSs), respectively. High knock-in (K1) efficiency (22.38%, 64/286)
but low on-target was achieved using the ssODN strategy, whereas adopting a dsDNA as the
donor template led to an efficient on-target KI (10.80%, 23/213). On-target KI of As-Cath was
instrumental in establishing the lh knockout (LH™_As-Cath*) catfish line, which displayed
heightened disease resistance and reduced fecundity compared to the wild-type sibling fish.
Furthermore, implantion with HCG and LHRHa restored the fecundity, spawnability and
hatchability of the new transgenic fish line.

To establish disease resistance and sterility in blue catfish (I. furcatus), transgenic blue catfish of
primarily Rio Grande strain ancestry were generated with site-specific KI of the As-Cath
transgene into the Ih locus via two CRISPR/Cas9-mediated KI systems, assisted by the linear
dsDNA and double-cut plasmid (dcPlasmid), respectively. High integration rates were observed
with linear dsDNA (16.67%, [13/78]) and dcPlasmid strategies (24.53%, [26/106]). In addition,
the on-target Kl efficiency of the dcPlasmid strategy (16.04%, [17/106]) was 1.67 times higher
than that of the linear dsDNA strategy (10.26%, [8/78]) based on the odds ratio. The relative
expression of the As-Cath transgene of P1 founders was detected in nine tissues, dominated by
the kidney, skin, and muscle (14.30-, 7.71- and 6.92-fold change, P < 0.05). Moreover, the As-
Cath transgenic blue catfish showed a higher survival rate than that of wild-type controls (80%

vs. 30%, P < 0.05) following Flavobacterium covae infection. Survival during culture supports



the challenge data as survival of As-Cath transgenic individuals was 97.1% while that of pooled
non-transgenic individuals was observed to be less 87.0% (P = 0.15). The growth rates and
external morphology of the transgenic and wild-type siblings were not different (P > 0.05),
indicating no pleiotropic effects for growth of the As-Cath transgene integration at the Ih locus

was observed in the P1 founders.

To generate transgenic channel catfish carrying two exogenous antimicrobial peptide genes
(AMGs), CRISPR/Cas9-assisted microinjection of cecropin (Cec) and As-Cath was employed to
create dual-AMG integrated (*_Cec*/*_Cath*) transgenic embryos with high integration rates.
Additionally, a univariate-multiple logit regression model was fitted to determine the synergistic
expression of transgenes and endogenous AMGs in the head kidney post-bacterial infection.
Transgenic-embryo-based genome editing significantly increased the efficiency of dual-AMG
integration from 17.6% to 37.3%. The survival rate of single-AMG (50% vs. 20%, P = 0.023)
and dual-AMG (70% vs. 20%, P = 0.005) integrated fish was dramatically higher than that of
wild-type fish (20%) following Edwardsiella ictaluri challenge. More dual-AMG fry survived
than expected based on integration and inheritance rates of single-AMG transgenics compared to
other genotypes. Logistic regression analysis indicated that individual body weight and gender
did not affect survival, while the transgenes Cec and As-Cath contributed directly to the survival
during the bacterial infection. Furthermore, transgenes enhanced fish disease resistance by
regulating the expression of TCP and NK-lysin genes.

To establish transgenic sterile channel catfish lines with elevated disease resistance and fast
growth rate, single-sgRNA-based genome editing (SSGE) and multi-sgRNA-based MGE
(msMGE) were used to replace the Ih and melanocortin-4 receptor (mc4r) genes with the As-
Cath transgene and the myostatin (two target sites: mstnl, mstn2) gene with the Cec transgene,
respectively. A total of 9,000 embryos were microinjected from three families, and 1,004 live
fingerlings were generated and analyzed. There was no significant difference in hatchability (all
P > 0.05) and fry survival (all P > 0.05) between ssGE and msMGE. Compared to ssGE,
CRISPR/Cas9-mediated msMGE assisted by the mixture of dsDNA and dcPlasmid donors
yielded a higher KI efficiency of As-Cath (19.93%, [59/296] vs. 12.96%, [45/347]; P = 0.018)
and Cec (22.97%, [68/296] vs. 10.80%, [39/361]; P = 0.003) transgenes, respectively. The



msMGE strategy can be used to generate transgenic fish carrying two transgenes at multiple loci.
In addition, double and quadruple mutant individuals can be produced with high efficiency

(36.3% ~ 71.1%) in one-step microinjection.

Overall, the Ih gene was replaced with the As-Cath transgene and then hormone therapy was
administered to gain complete reproductive control of disease-resistant transgenic catfish in an
environmentally sound manner. In addition, potential sterile catfish with enhanced disease
resistance carrying two AMGs at multiple loci using transgenic-embryo-based genome editing or
msMGE strategy was achieved. This strategy not only effectively improves the consumer-valued
traits, but also guards against genetic contamination of wild populations. This is a breakthrough
in aquaculture genetics to confine fish reproduction and prevent the establishment of transgenic

or domestic genotypes in the natural environment.
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CHAPTER ONE

General Introduction

1. Introduction

Proliferating human populations and the demands for nutritious food have led to the
realization that aquaculture is one of the most environmentally sustainable ways to produce food
and protein. In addition, aquaculture directly drives year-round jobs for farmers and contributes
to employment in other industries (Dunham and Elaswad, 2018), thereby providing economic
growth (Naylor et al., 2021). In 2018, world aquaculture supplied around 82.1 million tons of
fish, encompassing more than 425 farmed species, and bringing it to an all-time high (FAO,
2020). Despite impressive achievements, the aquaculture industry still faces persistent
challenges. In particular, drug resistance and residues are one of the major concerns for

sustainable aquaculture.

The drug residues in aquatic products are mainly due to the abuse and overuse of antibiotics,
which have been associated with the emergence of multidrug-resistant foodborne pathogens,
rendering treatment of infectious diseases in aquaculture and even humans ineffective (Dong et
al., 2007; Karunasagar et al., 2020). The indiscriminate use of antibiotics lasted until the early
2000s, especially chloramphenicol, resulting in serious pathogen resistance (Cabello, 2006).
Recently, FAO has published a detailed five-year plan (from 2021 to 2025) to restrict the use of
antibiotics/antimicrobials in animal production (FAO, 2021). In addition, WHO also emphasizes
avoiding the use of antibiotic-like drugs or medical-important antibiotics for preventive and
therapeutic purposes in food-producing animals (WHO, 2017). Although antibiotic-free
aquaculture might be overly optimistic as a goal, fortunately, numerous studies are being done to

find alternatives to antibiotics.

Antimicrobial peptides (AMPs), promising substitutes of antibiotics (FAO, 2021), also known as
cationic host defense peptides originated from virtually all domains of life, are naturally
occurring innate-immune peptides with immunocompetence and homeostasis against bacteria,

viruses, fungi, and parasites (Hancock, 2001; Wang et al., 2016; Wang et al., 2022). In addition
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to natural AMPs, an increasing number of studies focus on developing shortened-synthetic
AMPs to improve the stability and therapeutic index by harnessing rational design in silico
(Torres et al., 2019; Okella et al., 2020). AMPs, whether natural or synthetical-modified, can
eliminate pathogen invasion, and trigger the host’s autoimmunity (Mookherjee et al., 2020). As
wide-spectrum anti-pathogen activities and harmless candidates for antibiotics, versatile
applications of AMPs have sparked great interest in the scientific community (Wang et al.,
2022). Currently, AMPs are explored to be use in food preservation (Said et al., 2019),
therapeutic drugs for human beings (Mookherjee et al., 2020), and feed additives as functional

nutrition for animals (Silveira et al., 2021).

2. Categories and Properties of Catfish AMPs
2.1 Summary from APD3 database
The antimicrobial peptide database (APD3) has catalogued more than 3,000 natural AMPs from

various organisms, including bacteria, archaea, protozoa, fungi, plants, and animals (Wang et al.,
2016). A total of 3,167 AMP sequences were collected from the online APD3
(https://wangapd3.com/APD_sequence_release _09142020.fasta), which were employed as query

sequences for putative AMP identification by BLASTP against channel catfish genome (Liu et
al., 2016). A total of 605 putative AMPs were obtained, which can be divided into 51 classes
according to annotation of AMPs in the APD3. Most of the identified catfish AMPs are
homologous to mammals, except for 10 AMPs extracted and identified from catfish, which are
species-specific. Histone-derived, thrombin-derived C-terminal peptides (TCPs), and chemokine-
derived were the top three classes among them, accounting for 23.80%, 13.22% and 9.92% of the
total AMP contents, respectively (Figure 1). Additionally, BPTI, Eotaxin, Reglligamma and
ShLvsG were found in the catfish genome as well, with percentages of the total AMPs of 2.81%,
2.31%, 2.15% and 1.65%, respectively. In addition, two AMPs, liver-expressed antimicrobial
peptides-2 (LEAP-2) and hepcidin, which are low in content but extensively studied in catfish

were observed.


https://wangapd3.com/APD_sequence_release_09142020.fasta
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Figure 1. Distribution of the frequency of antimicrobial peptides (AMPSs) discovered across various
organisms. (A) The distribution of AMPs in animals. The number of AMPs from fish is similar to that
from human. Channel catfish (Ictalurus punctatus) AMPs accounted for 22.39% of those from fish. (B)
Proportion of the first 12 AMPs found in channel catfish based on the screening of database, relative to
the total putative AMPs from the APD3 database screening.

2.2 Categories from the database

Based on the APD3 database, we categorized the AMPs in the channel catfish genome into the
following 7 groups, including the first and largest histone-derived AMP family; buforin I,
hipposin and acipensin (of which the first two originated from the N-terminus domain of histone
H2A); thrombin-derived C-terminal AMPs; chemokine-derived AMPs; scolopendins; ubiquitin-
derived AMPs; and the last group BPTI, eotaxin, reglllgamma and shlysG. They were

introduced and discussed below based on the number of catfish AMPs found in each category.

2.2.1 Histone-derived AMPs



In general, histones are primarily involved in the regulation of DNA packaging, DNA replication
and transcription (Strahl et al., 2000; Patat et al., 2004). Histones are the basic structural proteins
of eukaryotic chromosomes, including four core proteins H2A, H2B, Hs, Ha and one connexin Hi
(Strahl et al., 2000). The core histones are widely conserved, and the amino acid sequences are
very similar even in the distantly related species, but histone Hz is diversified (Ryu et al., 2021).
During the past few decades, all five histones or histone-derived peptides as innate immune
effectors have been evaluated from fish to humans. As early as 1958, Hirsch (1958) first reported
that histones A and B purified from calf thymus exhibited antibacterial activity against various
bacteria. Since then, such activity was described in aquatic animal tissues, such as Atlantic
salmon liver (Richards et al., 2001), rainbow trout skin (Fernandes et al., 2002), Pacific white
shrimp (Litopenaeus vannamei) (Patat et al., 2004), scallop hemocytes (Chlamys farreri) (Li et
al., 2007), olive flounder (P. olivaceus) testes (Nam et al., 2012), and catfish skin (Park et al.,
1998; Chen et al., 2017).

Fragments from histone Hi of human epithelial cells were active against bacteria (Rose et al.,
1998), they were rarely found in aquatic animals. Based on BLASTP, four core histones of
catfish (accession numbers: XP_017348452.1, XP_017331187.1, XP_017345147.1 and
XP_017336153.1) were found in the catfish genome with putative AMP fragments, and some of
their functions have been verified by previous experiments. Robinette et al. (1998) determined
that fragments from H2B-like proteins in catfish skin had bactericidal and fungicidal activities. In
addition to catfish H2B-like proteins, the AMPs, such as parasin I, hipposin, and buforin derived
from H2A, were confirmed to possess antibacterial properties (Park et al., 1996, 1998; Birkemo
et al., 2003). These studies indicated that complete histones may have some deficiencies when
used as intracellular antibacterial factors due to their large molecular weight and functional areas
that are not related to antibacterial activity. Therefore, the AMPs derived from histone as smaller

fragments are more effective than the larger histone protein itself in animals.

2.2.2 Buforin I, Hipposin and Acipensin

AMPs can be derived from larger intact proteins with other biological functions or intrinsic
antibacterial activities (Nguyen et al., 2011). For example, buforin | and hipposin are both
derived from the N-terminus domain of histone H2A (Park et al., 1996; Birkemo et al., 2003).

Nguyen et al. (2011) have also reported that large proteins of overlap structure possess similar
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functionality as AMPs. We found that the sequence of hipposin shows 96.1% similarity to
acipensin 1; in addition, the same 3D structures are predicted due to the same domain with an
overlay is present (Figure 2). The only difference between the two potential AMPs is an extra
leucine residue at the C-terminal of hipposin, accompanied by an amino acid mutation (histidine
mutates to glutamine). Similarly, we also observed buforin 1 (accession number:
XP_017336154.1), hipposin (accession number: XP_017318461.1) and two variants of acipensin,
acipensin 1 and acipensin 2 (accession numbers: XP_017318334.1 and XP_017318289.1) in the

catfish proteome.
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Figure 2. Examples of the diversity of catfish AMPs. Tertiary structures of the main peptides are
arranged by secondary structure contents. a-helices are shown in red, B-strands shown in blue, and 3(10)-
helices are shown in yellow. The unit of coordinate scale is the number of amino acids (AAs), with
marginal legends indicating the number of secondary structures, a-helix in x-axis and number of B-sheet
in y-axis. LEAP2, liver-expressed antimicrobial peptide 2; CCL1, chemokine, CC family; TCP,
Thrombin-derived C-terminal peptide; BPTI, bovine pancreatic trypsin inhibitor; ShLvsG, G-type
lysozyme; AA, amino acid. The 3D protein structural models were produced by SWISS-MODEL
prediction algorithm (http://swissmodel.expasy.orq) and visualized VMD software
(https://www.ks.uiuc.edu/Research/vmd/).
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2.2.3 Thrombin-derived C-terminal Peptides

A key enzyme in the coagulation cascade, thrombin-derived C-terminal peptide (TCP) was first
detected in vivo in human wounds, exerting potent anti-endotoxic effects (Papareddy et al., 2010),
and interestingly, TCP homologues were also observed from the channel catfish genome
(accession number: XP_017314082.1). Like most classical AMPs, TCPs exhibit
physicochemical properties, such as amphipathicity, cationicity and a-helicity (Papareddy et al.,
2010; Petrlova et al., 2017). Additionally, synthetic shorter peptides from the C-terminus of TCP
are antibacterial and adopt a helical conformation in lipid environments (Wang et al., 2016). TCP
has double roles during wounding and infection conditions; TCP helps fibrin clot in the
coagulation system and also inhibits macrophage responses to bacterial lipopolysaccharides (LPS)
by binding to LPS. Such binding facilitated the formation of helical structures and
permeabilization of liposomes (Papareddy et al., 2010). A more recent study further revealed the
significance of TCP in host defense as TCP can bind to LPS or gram-negative bacteria, leading
to bacterial permeation and amyloidation/aggregation, which promotes a clearance by phagocytic
uptake (Petrlova et al., 2017). As a potential application of a prototypic thrombin-derived peptide,
GKY25 showed bactericidal activity against a mouse model of Pseudomonas aeruginosa via
reduction of both systemic cytokine responses and excessive coagulation (Kalle et al., 2012).
Furthermore, another homologue of GKY25 from C terminus of human thrombin negatively
regulated endotoxin-induced responses, inhibition of TLR4- and TLR2-elicited NF-«xB activation
and reduction of proinflammatory cytokine production in macrophages and monocytes (Hansen
etal., 2015).

2.2.4 Chemokine-derived AMPs

Chemokines are a group of small structurally related proteins that are important participants and
modulators of a variety of physiological and pathological processes, including inflammation and
immunity (Baggiolini, 1998; Rollins, 1998), regulating cell migration and activation, and acting
as a bridge between innate and adaptive immunity (Zlotnik and Yoshie, 2000; Zlotnik et al.,
2006; Raman et al., 2011). They are usually classified into four subfamilies: C, CC, CXC and
CX3C (or CXCL, CCL, CX3CL and XCL) based on the arrangement of the conserved first four-

cysteine motifs in N-terminal (Zlotnik and Yoshie, 2000). Notably, not all chemokines have



antibacterial properties, and antimicrobial chemokines usually form a large positively charged

electrostatic patch on the surface of the molecule (Yang et al., 2003).

Initially, seven phylogenetic groups of channel catfish CC chemokines/[CC chemokine ligand
(CCL)] were identified and characterized, including the CCL19/21/25 group, the CCL20 group,
the CCL27/28 group, the CCL17/22 group, the macrophage inflammatory protein (MIP) group,
the monocyte chemotactic protein (MCP) group and a fish-specific group (Peatman and Liu,
2007). With the availability of the channel catfish genome resource, Fu et al. (2017) found that
64 CCLs were divided into 11 distinct classes, making this species with the largest number of
CCLs in fish. Additionally, based on our BLASTP result, the putative AMPs derived from
catfish chemokines include CCL (CCL1, CCL8, CCL11, CCL13, CCL18, CCL19, CCL20,
CCL21 and CCL 25) and CXCL (CXCL6, CXCL10, CXCL11, CXCL12 and CXCL13). Fu et al.
(2017a) reported the expression of one of the CCL19 members, CCL19a.1, was up-regulated
post E. ictalurid infection but significant upregulation was observed in all CLL19 members
(CCL19a.1, CCL19a.2 and CCL19b) after Flavobacterium columnare infection, suggesting
CCL19 contributes to fish immune responses. Similarly, another 17 CXC chemokine members
were identified in the channel catfish genome and their expression were gene-specific after
bacterial infections. CXCL11.3 and CXCL20.3 were two potential molecular markers for ESC
resistance after ESC infection, while CXCL20.2 was suggestive as a molecular marker for
columnaris infection (Fu et al., 2017b). Recently, CXCL20a/b in grass carp (Ctenopharyngodon
idella) has been demonstrated to have potent antimicrobial activity in vitro and in vivo, and oral
administration of CXCL20a nanopeptide can efficiently prevent bacterial infection in fish (Xiao
et al., 2020; Zhang et al., 2021; Wang et al., 2022). Such diversity in chemokine molecules may
provide enriched resources for discovery of new AMPs and attract more interest towards

exploration of this gene family as immune regulators.

2.2.5 Scolopendins

Scolopendins were identified as a broad-spectrum AMP from adult centipedes using RNA
sequencing, including scolopendin 1 and 2 (Choi et al., 2014; Lee et al., 2015). Scolopendin 1
contains 52 amino acid residues with sequence similarity to cecropin peptides, while scolopendin
2 is shorter and has 16 amino acids in length. Compared with scolopendin 2, scolopendin 1

exhibits stronger antibacterial activity, and neither induce haemolysis at high concentrations
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(Wang et al., 2016). Although they are from the same animal species, they exhibit various
mechanisms against microbial pathogens: scolopendin 1 exerts antifungal activity by triggering
the apoptotic pathway (Lee et al., 2017) and scolopendin 2 kills bacteria by affecting cell
membranes (Lee et al., 2015). At present, no such AMP has been found in aquatic animals
except giant grouper (Epinephelus lanceolatus) (Wang et al., 2019); however, we identified both
scolopendin 1 and scolopendin 2 (accession numbers: XP_017306585.1 and XP_017323132.1)
as putative catfish AMPs based on BLASTP search.

2.2.6 Ubiquitin-derived AMPs

As an adenylate cyclase stimulating polypeptide, ubiquitin was first isolated from bovine thymus
(Schlesinger and Goldstein, 1975). Like the chemokine family, it is highly conserved in living
organisms from protozoans to vertebrates (Hicke, 2001). Recently, ubiquitin has been reported to
play an important role in innate immune defenses via a bacteriostatic process (Seo et al., 2013),
and several ubiquitin-derived AMPs have been isolated from the secretions of bovine-stimulated
chromaffin cells, the human amniotic fluid and the gill of Pacific oyster (Kieffer et al., 2003;
Kim et al., 2007; Seo et al., 2013). In fish, ubiquitination regulates cellular processes, which is
vital for the generation of innate and adaptive immune responses to pathogens (Viswanathan et
al., 2010; Huang et al., 2017). Here, the putative AMP derived from catfish ubiquitin (accession
number: XP_017315121.1) is identical in sequence to oyster cgUbiquitin, implying a similar
antibacterial effect.

2.2.7 BPTI, Eotaxin, Reglllgamma and ShLysG

In addition to the potential AMPs mentioned above, another four AMPs were screened out.
Bovine pancreatic trypsin inhibitor (BPTI) was originally determined to be an enzyme inhibitor
with high stability related to temperature, acidity and high pH (Fritz and Wunderer, 1983).
Recently, it was found to be an antifungal AMP with a novel mechanism of action by inhibiting
Mg?* uptake (Bleackley et al., 2014). Eosinophil-recruiting chemokines (Eotaxins), such as
eotaxin-1 (CCL11), eotaxin-2 (CCL24) and eotaxin-3 (CCL26), have potent bactericidal activity
against both Gram-positive and Gram-negative pathogens (Gela et al., 2015). As another broad-
spectrum bactericidal peptide, reglligamma inhibits deleterious bacteria and regulates the spatial
relationships between microbiota and host to promote host-bacterial mutualism (Vaishnava et al.,
2011). ShLvsG is an ortholog of goose-type lysozyme, characterized from seahorse
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(Hippocampus abdominalis) (Ko et al., 2016), and lytic activities of this AMP indicate it is an
antimicrobial effector of the innate immune system by hydrolyzing the wall of bacterial cell
(Hikima et al., 2001; Wang et al., 2012). Although these four AMPs have not been identified or
isolated from fish species, we determined that there were four potential corresponding AMPs
from the catfish proteome (accession numbers: XP_017313286.1, XP_017328327.1,
XP_017350515.1 and XP_017328787.1).

2.3 Isolated AMPs from catfish

In addition to the putative AMPs obtained by using the APD3 database, we summarized the
catfish-derived AMPs that have been cloned, isolated or identified. So far, 11 catfish

AMPs/AMGs have been extracted or sequenced in the past two decades (Table 1).

The first purified AMP from catfish was histone-like (H2B-like) antimicrobial protein (HLP-1)
isolated from the skin, which was similar to trout histone Hz2B with 82% homology (Robinette et
al., 1998). Almost at the same time, another AMP extracted from the skin mucosa was parasin I,
containing 19 amino acids (Park et al., 1998), and 18 of the 19 residues were identical to the N-
terminal of buforin I due to the same origin from histone H2A. The third AMP, haemoglobin-
derived peptide (HbBP-1), was composed of 33 amino acid residues from the gill tissue of
channel catfish, and its expression was upregulated in the skin and gills after parasitic infection
(Ullal et al., 2008). Additionally, a novel catfish AMP, pelteobagrin, was identified and isolated
from the epidermal mucus of yellow catfish (Pelteobagrus fulvidraco), which contained 20
amino acids and it was predicted to carry a positive charge of +2 with 60% hydrophobic amino
acid content (Su, 2011). Subsequently, four important catfish AMGs were cloned and sequenced,
namely bactericidal permeability-increasing protein (BPI), LEAP-2, natural killer lysin (NK-
lysin) and hepcidin (hamp) (Bao et al., 2005, 2006; Wang et al., 2006). BPI is primarily resistant
to Gram-negative bacteria as a lipid transfer/LPS-binding protein and has at least 57% homology
with other teleost fish. Channel catfish has only one copy of BPI gene, whereas rainbow trout has
two (Xu et al., 2005). Mature catfish LEAP-2 is a cysteine-rich peptide composed of 41 amino
acids, which is similar to other fish, especially zebrafish and rainbow trout (Su, 2011). NK-lysin
has three subtypes in catfish (Petrlova et al., 2012), which shares 44.6% amino acid identity with
zebrafish NK-lysin sequence (Wang et al., 2006). Similar to these three sequenced genes, the

catfish hepcidin only has one copy and is also conserved compared to other species. Some
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Table 1. Catfish AMPs/AMGs and their antibacterial, antifungal and antiparasitic activities.

AMPs/AMGs Fish Pathogen MIC/PC or AMP gene expression References
species/Weight G* (Gram-positive) G~ (Gram-negative) Fungi/Parasites
Cathepsin D CC(32.59) Edwardsiella ictaluri Gene expression upregulated at 24 and 48 h Gisbert et
(regulation of after infection. al., 2011
parasin )
B-defensin CC (62.5+7.39) E. ictaluri Gene expression increased significantly at 48 h  Krogdahl,
after infection. etal., 2005
HbpP-1 CcC Vibrio alginolyticus Ichthyophthirius MIC = 50 pg/ml (V. alginolyticus) Yuetal,
Aeromonas hydrophila multifiliis (Ich) MIC = 12.5 pg/ml (A. hydrophila) 2010
Escherichia coli MIC = 12.5 pg/ml (E. coli)
PCmin= 6.3 pg/ml (ich trophonts)
PCio00 = 12.5pg/ml (ich trophonts)
Hepcidin CC (32.59) E. ictaluri 1. Gene expression upregulated at 4, 6, 12, 24 Pascual et
(larvae) and 48 h after infection. al., 2005
2. Gene expression upregulated 1-3 days after
infection but returned to basal level at 7 days.
HLP-1 CcC V. alginolyticus Saprolegnia spp. MIC =50 pg/ml (A. hydrophila) Hornick et
A. hydrophila MIC = 0.37 uM+0.023 puM (E. coli) al., 2000
Escherichia coli
LEAP-2 CCand BC E. ictaluri 1. Gene expression not significantly changed. Sacristan et
(32.5 g) (larvae) 2. Gene expression upregulated (less than two al., 2016;
folds) at 4 h after infection. Gisbert et
al., 2011
Parasin | AC Pseudomonas putida E. coli Cryptococcus MIC =2 pg/ml (P. putida, S. aureus S. Lemieux et
Bacillus subtilis Salmonella typhimurium neoformans typhimurium, C. neoformans, S. cerevisiae) al., 1999
Staphylococcus aureus Serratia spp. Saccharomyces MIC = 1 pg/ml (B. subtilis, S. mutans, E. coli,
Streptococcus cerevisiae C. albicans)
mutans Candida albicans ~ MIC = 4 pg/ml (S. spp.)
Pelteobagrin YC Staphylococcus aureus E. coli C. albicans MIC = 2 pg/ml (B. subtilis) Muhlia-
Bacillus subtilis MIC =4 pg/ml (S. aureus) Almazan et
MIC = 16 pg/ml (E. coli) al., 2002
MIC = 64 ng/ml (C. albicans)
NK-lysin CC(32.59) E. ictaluri Gene expression upregulated at 24 and 48 h Gisbert et
after infection. al., 2011
BPI CcC E. ictaluri 1. Gene expression upregulated at 48 h after Furné et al.,
(3250) infection. 2008;
(larvae) 2. BPI upregulation peaked 3 days after Gisbert et
infection. al., 2011
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SaRpAMP AC Bacillus subtilis E. coli
Staphylococcus aureus S. enterica
Micrococcus luteus A. hydrophila
Streptococcus iniae Pseudomonas aeruginoa

Shigella sonnei
Klebsiella pneumonia
Enterobacter cloacae

C. albicans

MIC = 7.46 pug/ml (B. subtilis) Sakyi et al.,
MIC = 7.94 pg/ml (S. aureus) 2020
MIC = 11.07 pg/ml (M. luteus)

MIC = 5.07 pg/ml (E. coli)

MIC = 8.07 pg/ml (S. enterica)

MIC = 7.26 pg/ml (S. sonnei)

MIC = 6.93 pg/ml (E. cloace)

MIC = 8.22 pg/ml (P. aeruginosa)

MIC = 7.15 pg/ml (K. pneumoniae)

MIC =9.05 pg/ml (S. iniae)

MIC = 8.65 pug/ml (A. hydrophila)

MIC = 64 pg/ml (C. albicans)

Note: AMPs, antimicrobial peptides; AMGs, antimicrobial peptide genes; CC, channel catfish (Ictalurus punctatus); BC, blue catfish (I. furcatus);
AC, amur catfish (Silurus asotus); YC, yellow catfish (Pylodictis olivaris); HbpP-1, haemoglobin-derived peptide; HLP, histone-like protein; BPI,
bactericidal permeability-increasing protein; LEAP-2: liver-expressed antimicrobial peptide-2. PCwin, the minimum protozoacidal concentration is
the lowest concentration that causes the death of at least one parasite. PCigo, 100% protozoacidal concentration is the lowest concentration where
all parasites die. MIC, the minimum inhibitory concentration is defined as the lowest concentration that reduces bacterial growth by more than

50%.
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researchers argue that LEAP-2 and hepcidin are identical in other species. However, based on the
genomic contents and characterization of channel catfish, the precursor of the former is on
chromosome 23 (location: 16548089-16548089) while the latter is on chromosome 7 (location:
20401983-20403674). Therefore, we regard them as two different AMPs encoded by two genes
(accession numbers: AY845143, AY834209), respectively (Liu et al., 2016).

All of these four sequenced AMGs exhibit disease-resistance properties by increasing their
expression when invaded by pathogens. Recently, another catfish AMP SaRpAMP, was isolated
from the skin of Amur catfish (Silurus asotus), which originated from the C-terminal region of

60S ribosomal protein L27 and composed of 33 amino acids (Oh et al., 2020).

2.4 Structures

Based on the 3D structures, the following 14 main catfish AMPs can be divided into a-helical
AMPs (acipensin 1, hipposin, buforin 1, histone 4 and ShLvsG), 3-sheet AMPs (scolopendin and
hepcidin), and mixed o/ AMPs (reglllgamma, ubiquitin, eotaxin 2, LEAP-2, CCL1, BPTI and
TCP) (Figure 2). The basic protein architecture of the majority of these AMPs is a short 3(10)-
helix. All these 14 AMPs, except for ShLvsG, which is not charged, are cationic. Besides, catfish
skin peptides, chromogranin A, HbbetaP and beta-thymosin are also not charged. In addition, we
found another 6 anionic catfish AMPs, including the N-terminal region of surfactant protein B
(SP-BN), beta-amyloid peptide, beta2-microglobulin, vasostatin and TroTbeta4. This confirms
that catfish have a diverse AMP repository. Katzenback (2015) stated that fish AMPs can be
divided into five categories according to their structures: cathelicidins, p-defensins, piscidins,
hepcidins, and histone derived peptides. However, based on our BLASTP result, the putative
innate AMPs of catfish do not completely correspond to these classifications, mainly because
these peptides originate from different protein fragments that do not necessarily fall into these

categories.

2.5 Properties

Length, net charge, and hydrophobicity are important structural properties that directly affect the
function of AMPs (Hancock and Scott, 2000; Yin et al., 2012). However, these characteristics
have not been investigated in catfish-derived AMPs. Catfish AMPs range from 24 to 184

residues with an average of 62 amino acids. In general, most AMPs have been identified as small
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peptides with around 50 amino acid residues (Valero et al., 2020), although recent research has
found some exceptions (Mookherjee et al., 2020). Likewise, Hancock and Scott (2000) indicated
that extended AMP fragments usually increase antimicrobial activity. Although catfish AMPs are
charged with diversity, the average net charge is +5, which is consistent with the charge

characteristics of most fish AMPs.

Hydrophobicity is usually kept within a certain range, and if it exceeds or falls below this limit, it
causes hemolysis of the host cells (Mookherjee et al., 2020). For example, a fragment of
cathelicidin 1 of Atlantic salmon is slight hemolytic with a 27% hydrophobic ratio (HR) (Wang
et al., 2016), but H2A is highly hydrophobic with a HR of 50% and exhibits some hemolytic
properties when the concentration reaches 0.3 UM (Brunner et al., 2020). From our summary, the
hydrophobicity of catfish AMPs is between these two, and the average HR is 35.59%. Catfish
parasin | and pelteobagrin have been shown to be non-toxic and non-hemolytic (Park et al., 1998;
Su, 2011). Theoretically, they reduce the possibility of hemolysis if they are developed to treat
diseases across species. Thus far, the categories and properties of catfish AMPs have been
determined mainly based on human and mammalian studies, combined with catfish whole
genome analysis compared with the APD3, but more research should be conducted to further

verify their functionalities.

3. Antimicrobial activities of fish AMPs
3.1 Antibacterial activity

The antibacterial properties of AMPs have been intensively studied compared to other
characteristics of AMPs, and of course, is of the greatest interest for potential aquaculture
application. They protect the host from bacterial invasion via direct antimicrobial activity, which
is attributed to their capacity to form pores and disrupt cell membranes (Olivieri et al., 2015;
Mookherjee et al., 2020). Moreover, they also show an antibacterial function against antibiotic-
resistant bacteria strains (Noga et al., 2009). Indeed, there are also many fish AMPs exhibiting
antimicrobial functions against non-fish pathogens (review herein). The bactericidal activity of

fish AMPs under in vitro conditions has been widely documented.

All the isolated catfish-derived AMPs or identified AMGs exhibited antibacterial properties
against diverse pathogens (Table 1). Robinette et al. (1998) concluded that HLP-1 from the

catfish skin had a strong bactericidal effect on aeromonads and Aeromonas hydrophila was
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totally inhibited at 50 pg/ml, which was as efficient as magainin 1. However, the bactericidal
efficacy of HLP-1 against A. hydrophila depends upon the strain of the bacterium, and different
strains have different sensitivities. In addition, HLP-1 can kill Escherichia coli with the lethal
concentration at 0.37 uM (Robinette et al., 1998).

Park et al. (1998) used ten pathogens to determine the minimum inhibitory concentration (MIC)
of parasin I, an AMP derived from Amur catfish histone H2A and it was an effective AMP for
killing bacteria and fungi. Compared to buforin I or magainin 2, the MIC of parasin I was 1-4
ug/ml, which is only one-fourth or one-hundredth of the concentrations for buforin | or magainin
2, suggesting a stronger bactericidal efficacy. Although parasin I is homologous to histone H2A,
it is regulated by cathepsin D. Healthy catfish skin does not secrete parasin I due to cathepsin D
inactivation (pro-cathepsin D). It is only when the skin is damaged that the injury stimulates a
metalloprotease and the precursor of cathepsin D (pro-cathepsin D) to form the mature cathepsin
D, which cleaves the Ser(19)-Arg(20) bond of H2A to produce parasin I (Cho et al., 2002). This
inducible mechanism has been observed in fish, including rainbow trout, loach (Misgurnus
anguillicandatus) and eel (Anguilla japonica) (Cho et al., 2002). Molecular level studies
suggested that the expression of cathepsin D was upregulated when catfish were infected by
bacteria (Petrlova et al., 2012) with the purpose of producing more AMPs to resist the invasion
of pathogens.

Similarly, the HbBP-1 from channel catfish also exhibited bactericidal function against A.
hydrophila and E. coli with the concentrations of 12.5 pg/ml which was more efficient than
HLP-1 (Ullal et al., 2008). Compared with parasin |, yellow catfish pelteobagrin can inhibit
bacterial growth at higher concentrations against the same bacteria (Staphylococcus aureus and
Bacillus subtilis), indicating that parasin | antibacterial activity is higher under these conditions.
In addition, the most recently discovered highly effective catfish AMP, SaRpAMP has been
shown to inhibit 11 species of bacteria with the MIC at around 10 pg/ml (Oh et al., 2020).

3.2 Antifungal and antiparasitic activities

Although parasitic and fungal diseases are also common in fish, they have been less studied. In
catfish infectious diseases, the most common parasite and fungi documented are Ichthyophthirius
multifiliis (Ich) and Candida albicans, respectively. C. albicans is one of the most widely studied

fungi in catfish, and parasin I, pelteobagrin and SaRpAMP all inhibit this species with different
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MICs: 1 pg/ml, 64 pg/ml and 64 pg/ml, respectively (Table 1). In addition, parasin I can kill
fungi Cryptococcus neoformans and Saccharomyces cerevisiae at the concentration of 2 ug/ml,

suggesting that fungi are sensitive to parasin I.

HLP-1 not only has bactericidal effect, but also inhibits fungi as it showed significant antifungal
activity against Saprolegnia spp., which was stronger than that of magainin 2. HLP-1
significantly and continuously prevented S. prasitica germination to less than 5% in a 48-hour
time course antifungal activity evaluation experiment (Zasloff, 1987; Robinette et al., 1998).
Ullal et al. (2008) proved that Ich trophonts can be killed using HbpP-1 at the concentration of
6.3 to 12.5 ug/ml. Recently, piscidins derived from yellow croaker (Larimichthys crocea) have
been shown to demonstrate parasiticidal activity against Cryptocaryon irritans by causing
macronuclei swelling, cell membrane rupture and content leakage of theronts (Zheng et al., 2020,
2021).

3.3 Antiviral activity

AMPs are known as anti-viral agents, although reports in the literature focus more on their
broad-spectrum anti-bacterial activity. At present, the study of antiviral properties mainly
focuses on fish hepcidins, piscidins and defensins against a diversity of viruses. Chia et al. (2010)
firstly reported the possible antiviral mechanism of fish AMPs by analyzing inactivation of
nervous necrosis virus (NNV) by tilapia hepcidins, and they exhibited antiviral activity by
agglutinating viral particles into clumps so that the viruses were blocked outside the cells.
Additionally, the synthetic SA-hepcidin-2 derived from the spotted scat (Scatophagus argus)
showed antiviral function against largemouth bass (Micropterus salmoides) reovirus (MsReV)
and Chinese perch (Siniperca chuatsi) rhabdovirus (SCRV) (Gui et al., 2016). The effectiveness
of piscidins purified from hybrid striped bass against channel catfish virus (CCV) and frog virus
3 (FV3) has been demonstrated by plaque assay at different concentrations (Chinchar et al.,
2004). In the case of defensins, the B-defensin from the liver of the orange-spotted grouper was
shown to reduce the Singapore grouper iridovirus (SGIV) and NNV infectivity (Guo et al., 2012).
Furthermore, zebrafish B-defensin can reduce infection by the spring viraemia of carp virus
(SVCV) accompanying the up-regulation of Mx (myxovirus resistance) gene expression after

infection (Garcia-Valtanen et al., 2014). Rainbow trout B-defensin exhibited strong virucidal
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ability in regard to the viral haemorrhagic septicaemia virus (VHSV) when it was transmitted

into the epithelioma papulosum cyprinid (EPC) cell line with a plasmid (Falco et al., 2008).

4. Factors affecting AMG expression
4.1 Pathogenic infection

The activation of AMPs is usually accompanied by the regulation of antimicrobial peptide gene
(AMG) expression. An increasing number of studies have proved that AMG expression increases
significantly when organisms are stressed by pathogens. As a genetic marker of fish-health and
welfare, chronic stresses can lead to downregulation of AMPs of the fish (Noga et al., 2011).
Therefore, the molecular response of AMGs is vital to fish survival and growth, especially in the
context of infectious diseases and abiotic stress.

Hitherto, the expression of AMGs has been extensively researched in fish. As one of the most
important members of AMG family, hepcidin has been widely investigated in fish, including
medaka, Atlantic salmon, white bass, as well as catfish (Bao et al., 2005). In channel catfish, the
expression of hepcidin gene was significantly upregulated in head kidney and spleen but not liver
after 24-h Edwardsiella ictalurid challenge. However, after Streptococus iniae infection, the
hepcidin of white bass was upregulated over 4500-fold in the liver (Shike et al., 2002), which
indicated that the pattern of hepcidin expression is tissue-specific and infection specific.
Bactericidal permeability-increasing protein (BPI) can be detected at the early stage of
development and is widely expressed in various tissues of channel catfish. It was significantly
upregulated within 48 h post-infection, and then remained at high levels for 3 to 7 days post-E.
ictalurid treat (Xu et al., 2005; Petrlova et al., 2012). Similar to BPI, catfish LEAP-2 gene was
expressed in a variety of tissues except brain and stomach, which was different from rainbow
trout that showed expression in the liver and intestine (Zhang et al., 2004; Bao et al., 2006). This
indicated that AMG expression was not only tissue specific but also organism specific.
Cathepsins are a large group of proteases, which can be used as an enzyme to degrade damaged
proteins to avoid the formation of cytotoxic aggregates (Zhou et al., 2018), and the expression of
AMG effector cathepsin D was dramatically induced after infection of E. ictaluri and F.
columnare (Li et al., 2012; Sun et al., 2014). Although the expression profiles of catfish AMGs
are diverse, their expression is rapidly upregulated in a short period of time (12 h post-infection),

suggesting that they are quickly involved in inflammatory responses to pathogen invasion in a
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tissue-specific manner. Additionally, RNA-Seq data confirmed that two AMG families,
cathepsins (Wang et al., 2013; Dong et al., 2016) and chemokines (Fu et al., 2017ab; Zhu et al.,
2017) were induced after E. ictaluri infection in fish. Based on the summary, AMGs display
tissue-specific or pathogen-specific patterns of expression, indicating distinct functions and

disparate roles in immunity.

4.2 Abiotic stress

AMGs are not only induced by pathogen invasion, but a few studies indicate that they are also
involved in physiological and genetic regulation under abiotic stress. This may be attributed to
the increased disease incidents with exposures to environmental stresses, which induce innate
AMPs to combat against them, especially when exposed to heat stress and hypoxia (Geng et al.,
2014; Zhou et al., 2018). Heat shock proteins (HSPs) are produced by cells and are ascribed to
heat stimuli, serving as powerful predictors of environmental stresses (Zhu et al., 2016).
Members of HSP proteins, such as the HSP40 family, HSP70 family and the HSP90 family, were
significantly up-regulated after heat challenge in fish (Liu et al., 2013). Similarly, one AMG
family, cathepsins (cathepsin B, cathepsin D, cathepsin L and cathepsin Z) were slightly up-
regulated to 2.2, 2.9, 4.5 and 2.6 folds in the gill after heat stimuli (Liu et al., 2013). Furthermore,
the CC and CXC chemokine families were involved in the hypoxia as well as disease responses
(Fu et al., 2017ab), indicating that similar pathways or mechanism of the responses to hypoxia
and bacterial infection in fish, and this interdependence of hypoxic responses and innate immune
responses have also been detected in mammals (Zinkernagel et al., 2007; Nizet and Johnson,
2009).

5. Applications of exogenous AMPS/AMGs in fish

AMPs/AMGs possess powerful potential to be applied in several industrial sectors, especially the
health care industry, which is engaged in the treatment or prevention of many diseases in human
as well as fish (Heuer et al., 2009; Cheung et al., 2015; Mookherjee et al., 2020; Valero et al.,
2020). The current application of AMPs in reducing the cost of disease in the aquaculture sector

mainly includes immunostimulants (Sakai, 1999).

Alternatively, it is theoretically feasible to transfer exogenous AMGs to the target organisms

through transgenic technology to produce disease-resistant lines of specific species. Great
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achievements have been accomplished in this direction in recent years. Some progress has been
achieved by introducing exogenous AMGs of interest into fish of interest through genetic
engineering or CRISPR/Cas9 mediated targeted gene insertion, which would be a sustainable
prophylactic strategy for acquiring hereditary high disease resistance. In this sense, a new
modified donor genome generated by CRISPR/Cas9 can insert coding sequences of foreign
AMGs into the appropriate regions of target genome, potentiating AMP expression at the
specific sites.

5.1 AMPs act as immunostimulants

The use of alternative feed ingredients may not only affect the fish welfare, health, nutrient
utilization, growth, and fillet quality, but also intestinal microbiota. As nature provides a variety
of bioactive peptides such as AMPs from bacteria, algae, insects, plants, crustaceans, crabs,
mollusks, and fish as well as milk and milk products, researchers have been exploiting their
potential as novel food preservatives and food additives (Madrazo and Campos, 2020).
Commercialization of AMPs has experienced problems during the infant stages of clinical design,
clinical trials, funding sources and regulatory hurdles (Fox, 2013).

In aquaculture, considerable attention has been paid to the use of immunostimulants to enhance
activities of the immune system to improve the disease resistance of farmed fish (Sakai, 1999).
As potential immunostimulants, external AMPs administered as feed additives to regulate non-
specific immunity have been proved to play a vital role in the prevention of fish diseases (Sakai,
1999; Kumari et al., 2003; Abdel-Wahab et al., 2021).

In the previous literature, the most widely documented AMP is bovine lactoferrin (BLF), which
has been used in 11 aquatic species, including two species of catfish, Asian catfish (Clarias
batrachus) and channel catfish (I. punctatus) (Abdel-Wahab et al., 2021). The non-specific
immunity and disease resistance against A. hydrophila of Asian catfish can be gained when the
BLF was added to a regular diet at 100 mg/kg feeding for 1 week (Kumari et al., 2003). Welker
et al. (Welker et al., 2010) established a minimal concentration of 1,136 mg/kg BLF in feed
against E. ictaluri infection for juvenile channel catfish, and this level is in agreement with
Kakuta (1996) who reported that dietary lactoferrin supplementation up to 1,000 mg/kg
improved growth performance in goldfish (Carassius auratus) after 4 weeks. However, the

amount and period of oral additives are dependent on the species and individual size of the fish,
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and there is no uniform formulation at present. For instance, 400 mg/kg of dietary BLF can
significantly improve survival rate of yellowfin sea bream (Acanthopagrus latus) upon challenge
with Vibrio harveyi, and this level was optimal regarding the capability of killing bacteria
compared to 800 and 1,200 mg/kg (Abdel-Wahab et al., 2021). Concentrations fluctuate for
different fish species and various pathogens, indicating that the BLF as feed additive has species

specificity.

As a dietary supplementation, the cecropin from Hyalophora cecropia (accession number:
AAP93872.1) was added to common carp (Cyprinus carpio) basal diets at different
concentrations to improve immunity by increasing expression of cytokines and IgM (Dong et al.,
2015). Lin et al. (2015) reported that cecropin increased the disease resistance against A. veronii
in tilapia when the diet was supplemented with 150 mg/kg cecropin. In addition to BLF and
cecropin, a recombinant hepcidin peptide was added to grass carp feed formula, and protection
against F. columnare was achieved via regulation of the iron distribution and immune gene
expression (Wei et al., 2018). Pridgeon et al. (2013ab) developed two recombinant plasmids
containing chicken-type (pcDNA-Lys-c) and goose-type (pcDNA-Lys-g) lysozyme, which can
be used as novel immunostimulants to protect channel catfish against A. hydrophila infection.
For these plasmid DNA immunostimulants, Pridgeon’s team delivered these plasmid DNA
immunostimulants to the fish via intraperitoneal injection and the challenge experiment revealed
that these novel immunostimulants offered 100% protection against A. hydrophila at 2 days post

injection (Pridgeon et al., 2013ab).

5.2 AMGs act as transgenes

Genome editing tools have revolutionized the ability to accelerate the pace of aquaculture
breeding, bringing edible products, including growth hormone gene transgenic Atlantic salmon,
AquAdvantage salmon (Ledford, 2015; Waltz, 2017), leptin receptor gene edited tiger puffer and
myostatin-disrupted red sea bream (https://doi.org/10.1038/s41587-021-01197-8) as commercial

applications. In addition, gene edited tilapia has been exempted from genetically modified (GM)

regulation in  Argentina  (https://thefishsite.com/articles/gene-edited-tilapia-secures-gmo-

exemption). This initial commercialization may lead to increased momentum for GM fish to
reach the table in the future. As food additives, AMPs can effectively improve the disease

resistance of aquatic animals in a short term, and their integrity and stability depend on the
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concentrations and physiological status of fish (Kakuta, 1996; Welker et al., 2010; Abdel-Wahab
et al., 2021). However, from a genetic perspective, if germline of fish of interest harboring the
external AMG that confers the host more antimicrobial activities and the resistance is multi-
generational, this would momentously increase the output of any aquacultured fish production,
relatively lower the mortality and cost, and increase the profit. Currently, the introduction of
exogenous AMGs via genetic engineering and CRISPR/Cas9 has attracted the attention of

researchers.

5.2.1 Transgenes

The AMGs introduced into aquatic animals via transgenic technology to improve disease
resistance primarily focus upon cecropin (Dunham et al., 2002; Sarmasik et al., 2002; Chiou et
al., 2014), hepcidin (Hsieh et al., 2010), epinecidin (Lee et al., 2013), piscidin (Lin et al., 2016),
lysozyme (YYazawa et al., 2006) and lactoferrin (Zhong et al., 2002; Mao et al., 2004; Lin et al.,
2010) and these AMG transgenes have been studied in nine species of fish, including two model
fish, zebrafish (Danio rerio) and medaka (Oryzias latipas) (Sarmasik et al., 2002; Yazawa et al.,
2006; Lin et al., 2010) (Figure 3).
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Figure 3. A summary of the current applications for enhancement of disease resistance in
aquaculture using antimicrobial peptide genes (AMGs). These applications included 23 studies, 8 fish
species, 15 AMGs, and 12 diseases. (A) Different AMGs were applied for each parameter (CFU, LYA,
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CSR, TGE and IRGE). For example, two AMGs (lactoferrin and lysozyme) were used as transgenes in
grass carp (C. idella) and channel catfish (1. punctatus) for evaluation of LYA. (B) A variety of pathogens
were involved for each parameter. For example, one bacterial species (A. hydrophila) was used as a
pathogenic infection in grass carp and channel catfish for evaluation of LYA. Ich, Ichthyophthirius
multifiliis; GCRV, grass carp reovirus; IHNV, infectious hematopoietic necrosis virus; TP3, tilapia
piscidin 3; TP4, tilapia piscidin 4; TH2-3, tilapia hepcidin 2-3; TH1-5, tilapia hepcidin 1-5; PGRNL1, a
type of progranulin gene from Mozambique tilapia; GRN-41/GRN-A, AMGs from Mozambique tilapia to
produce secreted GRN peptides; CF-17, a synthetic cecropin B analog; IRGE, the expression of immune-
related genes; TGE, the expression of exogenous AMGs; CSR, cumulative survival rate; LYA, lysozyme
activity; CFU, colony-forming unit of bacteria.

The cecropin B gene, first discovered from the moth (Hyalophora cecropia), was the first
exogenous AMG to be integrated into the genome of fish. The disease resistance against F.
columnare and E. ictaluri of F1 channel catfish possessing cecropin gene was increased by
27.3% and 14.8%, respectively (Dunham et al., 2002), and cecropin-transgenic channel catfish
conferred the similar resistance to Ich in hybrid catfish (channel catfish female x blue catfish
male) (Elaswad et al., 2019). Sarmasik et al. (2002) applied the same construct into medaka, the
result was in agreement with Dunham et al. (2002), as the F2 progeny of cecropin-transgenic
medaka acquired enhanced resistance to Pseudomonas fluorescens and V. anguillarum infection.
In addition, two cecropin constructs, porcine cecropin and one synthetic cecropin analog, were
used to generate transgenic rainbow trout, exhibiting resistance against both bacteria (A.
salmonicida) and virus (infectious hematopoietic necrosis virus; IHNV) (Chiou et al., 2014).
These results clearly indicated that cecropins as antimicrobial peptide genes were powerful

candidate genes for improving disease resistance of aquatic animals for aquaculture.

In addition to being used as immunomodulators or additives, lactoferrin and lysozyme were also
integrated into fish to improve disease resistance. As a transgene, the human lactoferrin (hLF)
gene has been widely introduced into plants, such as tobacco (Mitra and Zhang, 1994). For fish,
hLF-transgenic grass carp exhibited enhanced resistance against A. hydrophila infection by
improving the phagocytic activity (Mao et al., 2004), and it also has been proved to be an
antiviral against GCH virus (Zhong et al., 2002). In addition to hLF, bovine lactoferrin (LFB) was
also studied in fish, and a disease-resistant line of zebrafish carrying LFB was produced which
was more resistant to E. coli, E. tarda and A. hydrophila (Lin et al., 2010). Lysozyme is present
in a wide variety of organisms, including aquatic animals. In order to verify that the foreign
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lysozyme has a higher bactericidal effect than the innate one, the hen egg white (HEW)
lysozyme gene was introduced into zebrafish, and the results showed that the disease resistance
was greatly improved in F2 transgenic individuals (YYazawa et al., 2006).

In addition to lysozyme, piscidin and epinecidin are also fish-derived AMPs. Interestingly, when
the fish muscle was injected with endogenous piscidin or epinecidin-1 via electroporation, it can
greatly increase the overexpression of immune-related genes in the body, thereby improving
disease resistance (Lee et al., 2013; Lin et al., 2016). Although the construct containing AMGs
electroporated intramuscularly can remain in the body for up to one year (Mir et al., 1999), their
heritability was not tested. In addition to these AMGs applied in antimicrobial studies, a potent
antiviral gene, Mx, has also been used in antiviral studies in fish. Mx protein possesses direct
antiviral activity and inhibits multiple viruses by blocking the viral genome replication cycle
(Haller et al., 2007), which has been proved in mice and human (Pavlovic et al., 1990; Arnheiter
et al., 2007). The first attempt to apply the Mx gene to aquatic animals was to conquer the grass
carp reovirus (GCRV) in a rare minnow (Gobiocypris rarus), and the offspring of genetically
modified fish have greatly improved anti-virus ability (Su et al., 2009).

Obviously, AMGs can be transferred from one species of fish to another, or from other
organisms, and can enhance disease resistance by expressing corresponding proteins or
promoting innate immune responses in the body. Compared to food additives or
immunomodulators, the transgenic approach has the advantages of allowing the fish to always be
ready to respond to disease, the resistance is multi-generational, and once naturally incorporated,
no additional cost is incurred. All approaches mentioned would be considered an application of a
drug by the US Food and Drug Administration, and all have this disadvantage of having to clear

the approval process for commercial application.

5.2.2 Genome editing

To achieve site-specific repair or gene modification to enhance several traits simultaneously,
genome editing technology, including ZFN (Kim et al., 1996; Doyon et al., 2008), TALEN
(Miller et al., 2011) and CRISPR/Cas9 (Jinek et al., 2012; Cong et al., 2013), has developed
rapidly and applied in aquatic animal breeding to improve commercially relevant traits, including

reproduction and fertility (Qin et al., 2016), fatty acid composition (Cheng et al., 2014; Huang et
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al., 2021), growth rate (Zhong et al., 2016; Khalil et al., 2017; Zhang et al., 2020) and disease

resistance (Elaswad et al., 2018; Simora et al., 2020a).

As the principal family of AMPs, cathelicidins play a pivotal role in immune defense against
microbial invasions, and are widely present in various organisms, including humans, plants and
aquatic animals, but they are absent in catfish (Maier et al., 2008). Recent studies have shown
that alligators are rich in cathelicidins, and these peptides of the crocodilian are more powerful
than those from other species (Chen et al., 2017). Moreover, compared to moth cecropin B, sea
snake cathelicidin, flounder pleurocidin and ampicillin, alligator cathelicidin shows highest
effectiveness against bacterial pathogens (Simora et al., 2021). In order to transfer this powerful
disease-resistant AMP into non-cathelicidin species, some pioneer work has been done via
CRISPR/Ca9 technique. Simora et al. (2020b) investigated the bactericidal ability of the
cathelicidin gene derived from American alligator (Alligator mississippiensis) and compared it
with cecropin and pleurocidin. The results showed that alligator cathelicidin had strong
bactericidal effect against E. ictalurid infection. Subsequently, it was integrated into the non-
coding region of channel catfish genome via CRISPR/Cas9, these cathelicidin-transgenic fish
possessed potential anti-viral and antimicrobial activities (Simora et al., 2020a). Additionally,
cathelicidin gene was introduced into the genomes of another two catfish species, blue catfish (I.

furcatus) and white catfish (Ameiurus catus) at Ih locus (Wang et al. unpublished data).

Unlike inserting foreign AMGs, knocking out immune-related genes to regulate gene expression
or disturb pathways can also improve disease resistance. A few other genes, TICAM1/RBL in
channel catfish (our lab), TLR22 in rohu carp (Labeo rohita), stat2 in a Chinook salmon embryo
cell line (O. tshawytscha), JAM-A in a grass carp cell line and PoMafl in olive flounder (P.
olivaceus) cell line, summarized in Gratacap et al. (Gratacap et al., 2019) and Blix et al. (Blix et
al., 2021) have been mutated, modifying the immunity of the fish and increasing the host’s
disease resistance. Using CRISPR/Cas9 tool to edit TLR22 in L. rohita carp abolished its MRNA
expression, but phenotypic traits evaluation on the mutant genotypes had not been performed
(Chakrapani et al., 2016). Expression of TICAM1 gene in channel catfish was dramatically
upregulated against with E. ictalurid infection (Baoprasertkul et al., 2006). Based on this
assumption, Elaswad et al. (Elaswad et al., 2018) attempted to enhance the disease resistance by

knocking out TICAM1 and RBL. Mutant catfish of P1 and F1 generation have been produced but
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not thoroughly evaluated. This strategy has been successfully applied against grass carp reovirus
(GCRV). As an immunoglobulin member, JAM-A serves as a receptor for reovirus (Antar et al.,
2009), and JAM-A expression can support reovirus infection (Barton et al., 2001). In this way,
Ma et al. (Ma et al., 2018) exploited CRISPR/Cas9 knockout grass carp JAM-A gene, inducing
disease resistance against reovirus infection in cell lines. In a second case of Chinook salmon cell
line, knockout of stat2 increased viral resistance as seen the increased production of viral
particles of the DNA virus, epizootic hematopoietic necrosis virus (EHNV), and the RNA virus,
salmon pancreatic disease virus (SPDV), but less ssSRNA viral particles, viral hemorrhagic
septicemia virus (VHSV) (Dehler et al., 2019). In a third hirame natural embryo cell line of
Japanese flounder, knockout PoMafl (an RNA polymerase (pol) Ill-associated transcription
repressor) using CRISPR/Cas9 increased the VHSV glycoprotein (G) mRNA levels during viral
hemorrhagic septicemia virus infection (Kim et al., 2020). Although CRISPR/cas9 technology
has been successfully applied in the research of disease-resistant enhancement of aquatic animals,
further pathogen infection experiments in vivo are needed to verify its value regarding knock out
of AMGs and other immune-associated/responsive genes that could potentially increase disease

resistance for specialized cases.

The rapid development of biotechnology, especially CRISPR-Cas 9 technique opens the
possibility for novel application approaches of AMGs. In this vein, we focused on reviewing the
application of AMPs/AMGs to improve disease resistance in aquaculture through genetic
engineering and genome editing. Although an increasing number of fish AMPs/AMGs have been
isolated and identified, only a small portion has been studied for potential applications because
of several insurmountable issues. In general, whether testing the physicochemical properties or
bactericidal potency of a novel AMP or applying it to actual production, the need for sufficient
quantity of AMPs for adequate testing is the first step to achieve these goals. There are three
main ways to accomplish this need, direct isolation and purification from natural products,
chemical synthesis, and biotechnological production. However, the source of natural AMPS is
limited, and the chemical synthesis has the problems of high cost and difficulty in batch
production. Fortunately, based on molecular biology, especially genetic engineering technology,
it is a feasible way to generate purified peptides harnessing the power of plant-based production
systems. For instance, plant production of recombinant fish cytokine interleukin-22 (IL-22) has

been achieved in channel catfish, and the plant-made IL-22 is of high quality at sufficient yield
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(5.4 mg/kg fresh tobacco leaf) (Elkins and Dolan, 2021). Except for plant-based production
systems, bacterial and yeast expression systems are also applied, such as grass carp CXCL20a
(Zhang et al., 2021; Wang et al., 2022). On the one hand, this provides the possibility to produce
a large amount of high-purity AMPs at low cost and solves the shortage of some specific AMPs.
On the other hand, once genetically modified concepts are accepted by the public and the market,
highly disease-resistant aquatic animals carrying AMGs created by genetic engineering or
genome editing could have many practical and economic advantages.

Although, public acceptance is an issue, partially because of problems with public education,
transparency in regulatory approaches and governance, establishment of trust and other factors
(Dehler et al., 2019; Dunham, 2022), consumers in China, the US and around the world are likely
to be increasingly accepting to genetically engineered (GE) food when it lowers food costs or
increases nutritional quality (Bai et al., 2004; Curtis et al., 2004; Hallerman et al., 2022). The
public is becoming increasingly aware of and concerned about animal welfare. Insertion of genes
that enhance health and well-being of aquatic organisms will likely be among the first strategies

to gain public approval.

6. Objectives

The long-term goal is to genetically improve overall catfish performance, including disease
resistance, revisable sterility and growth rate in both channel catfish, Ictalurus punctatus, and
blue catfish, I. furcatus. Our supportive/specific objectives are 1) Replace the luteinizing
hormone (lIh) gene with the cathelicidin transgene from the alligator (Alligator sinensis, As-Cath)
followed by hormone therapy to gain total reproductive control and confinement of disease
resistant transgenic channel catfish. 2) Integrate the As-Cath transgene into the target Ih locus of
blue catfish using two CRISPR/Cas9-mediated delivery systems assisted by linear double-
stranded DNA (dsDNA) and double-cut plasmid (dcPlasmid), respectively. 3) Generate dual-
gene integrated genetic lines using transgenic channel catfish founders coupled with a
CRISPR/Cas9-mediated system for the introduction of a second gene to improve disease
resistance. 4) Establish the linear dsDNA and double-cut plasmid (dcPlasmid) combination-
assisted multiplex genome editing in channel catfish, allowing combinational deletion

mutagenesis and transgene knock-in at multiple sites via the NHEJ/HDR pathway in parallel.
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CHAPTER TWO

Generation of eco-friendly channel catfish, Ictalurus punctatus, harboring alligator
cathelicidin gene with robust disease resistance by harnessing different CRISPR/Cas9-
mediated systems

Abstract

The CRISPR/Cas9 platform holds promise for modifying fish traits of interest as a precise and
versatile tool for genome manipulation. To reduce introgression of transgene and control
reproduction, catfish species have been studied for upscaled disease resistance and intervening of
reproduction to lower the potential environmental risks of introgression of escapees’ as
transgenic animals. Taking advantage of the CRISPR/Cas9-mediated system, we succeeded in
integrating the cathelicidin gene from an alligator (Alligator sinensis; As-Cath) into the target
luteinizing hormone (lh) locus of channel catfish (Ictalurus punctatus) using two delivery
systems assisted by double-stranded DNA (dsDNA) and single-stranded oligodeoxynucleotides
(sSODNs), respectively. In this study, high knock-in (K1) efficiency (22.38%, 64/286) but low
on-target was achieved using the ssODN strategy, whereas adopting a dsDNA as the donor
template led to an efficient on-target KI (10.80%, 23/213). On-target Kl of As-Cath was
instrumental in establishing the Ih knockout (LH _As-Cath®) catfish line, which displayed
heightened disease resistance and reduced fecundity compared to the wild-type sibling fish.
Furthermore, implanting with HCG and LHRHa can restore the fecundity, spawnability and
hatchability of the new transgenic fish line. Overall, we replaced the Ih gene with an alligator
cathelicidin transgene and then administered hormone therapy to gain complete reproductive
control of disease-resistant transgenic catfish in an environmentally sound manner. This strategy
not only effectively improves the consumer-valued traits, but also guards against genetic
contamination. This is a breakthrough in aquaculture genetics to confine fish reproduction and
prevent the establishment of transgenic or domestic genotypes in the natural environment.

Keywords:
Genome editing, sSODN, dsDNA, antimicrobial peptide, immune, reproductive confinement,
aquaculture
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1. Introduction

Innovative biotechnologies continuously develop as science advances, benefiting food
production, quality as well as animal and human welfare. Since its inception, CRISPR/Cas9
(clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9) has
served as a prototype in genome engineering, paving the way for new possibilities in
transgenesis and breeding. Two mechanisms are involved for DNA repair when double strand
breaks are induced by the CRISPR/Cas9 complex: non-homologous end joining (NHEJ) and
homology-directed repair (HDR) (Doudna and Charpentier, 2014). Both mechanism-mediated
strategies have been employed in aquaculture to improve the consumer-valued qualities targeted
within genetic breeding programs. These harness the NHEJ repair pathway to knock out
(KO)/disrupt functional genes or knock in (KI) exogenous genes of interest via HDR at the

expected locus to improve the target traits.

Numerous CRISPR/Cas9 systems have emerged recently to improve target-editing efficiency for
Kl via the HDR pathway. Success has been observed in model animals have been shown
successes using sSODN-mediated Kls for the targeted insertions of small DNA fragments since
single-stranded oligodeoxynucleotides (sSODNSs) act as templates for repairing DNA damage
(Storici et al., 2006; Chen et al., 2011; Wefers et al., 2014). Yoshimi et al. (2016) have optimized
the ssODN-mediated approach to knock-in larger sequences by the combination of
CRISPR/Cas9 system with two 80-bp ssODNSs in length. In contrast to conventional plasmid
donors, the donor vector used in this system does not require homologous arms (HAS), enabling
the insertion of a large vector (CAG-GFP, 4.8 kb) into the designated site (rRosa26) with a ~10%
integration rate in rat zygotes (Yoshimi et al., 2016). Later, using the CRISPR/Cas9-ssODNs
mediated KI system, a 10.96% KI efficiency in sheep zygotes was determined (Mehravara et al.,
2019). Boel et al. (2018) first applied this optimized system to a fish model, zebrafish (Danio
rerio), and sequencing results revealed that erroneous repair was more likely to occur when
ssSODNSs were used as repair templates. Alternatively, the modified donor plasmid containing two
HAs flanked by two single guide (sgRNA)-targeted sequences (double-cut donors) typically
results in a site-specific KI with a high integration rate (Hisano et al., 2015; Zhang et al., 2017),
and this HA-medicated Kl has been adapted to zebrafish and medaka (Oryzias latipes)
(Murakami et al., 2017; Zhang et al., 2017). Theoretically, if we directly offer a linear double-
stranded DNA (dsDNA) flanked by two HAs derived from 5’- and 3’- ends of the targeted site
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and ignore the difference in stability between circular DNA and dsDNA donors, the Kl efficiency
will increase by convention. In addition to the type of donors, a proper concentration of each
component of the CRISPR/Cas9 system has a great positive impact on KI by reducing off-target
events and embryo lethality. In this regard, we anticipate achieving extremely efficient Kl if a
reliable delivery system and an optimized dosage of components are chosen in a non-model fish

species.

Currently, transgenesis and CRISPR/Cas9-mediated genome editing have revolutionized
traditional theories to accelerate the pace of aquaculture breeding programs, and delivered edible
commercial products, such as the genetically modified AquAdvantage salmon (Ledford, 2015;
Waltz, 2017), gene-edited tiger puffer fish and red sea bream (https://doi.org/10.1038/s41587-
021-01197-8, 2022). Although the NHEJ strategy predominates in altering the consumer-focused

traits of fish species, including growth, coloration, and reproduction, the HDR-mediated KI is an
effective way to improve the omega-3 fatty acid content and disease resistance (Wang et al.,
2022; Xing et al., 2022ab). In comparison to the non-insertion of KO mutations, the integration
of foreign genes by harnessing the HDR pathway usually raises concerns about low Kl efficiency
and introgression, which directly impact the advocacy of this method and the consumer
acceptance of gene-inserted fish (Dunham and Su, 2020). As a result, it is imperative to devise a
strategy for both improving the desired traits and preventing introgression to alleviate public
concerns about gene-inserted animals. Fortunately, numerous genome-editing-based studies have
demonstrated that it is possible to render fish reproductively sterile by altering/disrupting key
genes involved in reproduction via the NHEJ repair pathway. Thus, potentially reducing negative
environmental effects associated with genetically modified fish (Blix et al., 2021; Qin et al.,
2022; Yang et al., 2022). Luteinizing hormone (Ih) gene regulates gametogenesis and gestation
through binding the receptor (Grier, 1981; Yamaguchi et al., 2021). LH-deficient female
zebrafish are infertile, whereas the mutant males are fertile, indicating that the Ih gene facilitates
fish oocyte maturation and triggers ovulation (Chu et al., 2014). In addition, interruption of the Ih
gene in channel catfish and white-edged rockfish (Sebastes taczanowskii) can result in the
production of sterile lines (Qin et al., 2016; Yamaguchi et al., 2021).

Large-scale disease outbreaks are inevitable, and methods of disease control need to be improved.
Antimicrobial peptides (AMPs) are polypeptides that serve as substitutes for antibiotics in a
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variety of species’ initial line of defense (innate immunity) against microbial invasions without
developing considerable antibiotic resistance (Akira et al., 2006; Wang et al., 2016). AMPs and
antimicrobial peptide genes (AMGSs) including cecropin, hepcidin, piscidin, epinecidin-1,
lysozyme, and lactoferrin have been used for decades to improve disease resistance in a variety
of aquatic animals, as feed supplements or transgenes (Wang et al., 2022; Wang et al., 2023).
Cathelicidins are a particularly important AMP family, sharing the common cathelin-like domain
(Mookherjee et al., 2020) and exhibiting broad-spectrum antimicrobial and immune-modulating
activities (Hilchie et al., 2013). Recent investigations have shown that alligator-derived
cathelicidin (As-Cath) inhibits fish pathogens both in vivo and in vitro (Chen et al., 2017; Simora
et al., 2020; Simora et al., 2021). Therefore, integrating the AMG into the genomic DNA has
broad prospects for establishing novel disease-resistant fish lines.

Fish transgenic for AMGs could provide a significant option to address disease problems,
however, and additional goal would be to prevent the possibility of breeding of escapees with
wild populations. Hypothetically, a reproductive gene such as Ih, responsible for gametogenesis
and gestation could be knocked out at the DNA level with the replacement of a cathelicidin gene,
leading to sterile fish with heightened disease resistance. Genome-edited sterilized fish from this
approach would have fertility temporarily restored with hormone therapy used for artificial
spawning of fish, and it is achievable to produce environmentally-compatible and disease-
resistant fish lines. In this study, two CRISPR/Cas9 delivery systems: HA- and ssODN-mediated
KI were employed to insert the As-Cath gene at the channel catfish (Ictalurus punctatus) Ih locus
to develop a reversibly sterile and disease-resistant line. We compared the KI efficiency,
hatchability and fry survival from various systems, and then restored the fertility of As-Cath-
integrated sterile of Po founders through hormone therapy. In addition, the bacterial resistance of
Po and F1 individuals from the new fish line was further evaluated.

2. Materials and methods

2.1 Ethical approval

The care and use of animals followed the applicable guidelines from expert training courses.
Experimental protocols in the current study were approved by the Auburn University
Institutional Animal Care and Use Committee (AU-IACUC). All fish studies were conducted in
compliance with the procedures and standards established by the Association for Assessment and
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Accreditation of Laboratory Animal Care (AAALAC).
2.2 Target locus for gene insertion

As the target integration site, we selected the Ih gene, which is widely expressed in the theca
cells of the ovary and aids in egg maturation and ovulation during gonadal development (Chu et
al., 2014). Based on the published genome of channel catfish (Liu et al., 2016), the chosen Ih site
for sgRNA targeting was located in the middle of exon 2 (Figure 4A-B). The inserted segment
was derived from the coding sequence (CDS) of the cathelicidin gene of Alligator sinensis (As-
Cath, GeneBank accession number XM_006037211.3) (Chen et al., 2017).
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Figure 4. Single-stranded oligodeoxynucleotide (ssODN) and linear double-stranded DNA (dsDNA)
with CRISPR/Cas9 mediating knock-in (K1) at the luteinizing hormone (lh) locus of channel catfish.
(A) Schematic illustration of the insert-specific region for the cathelicidin gene from Alligator sinensis
(As-Cath) KI via the two-hit two-oligo (2H20P) system assisted by ssODNs at the Ih locus, named as the
sSODN1_As-Cath_ssODN2 construct. The structure of the Ih gene’s exons is constructed by yellow bars,
sgRNAs-targeted sites are indicated by black triangles, and the target sequences are detailed in
rectangular boxes. The protospacer-adjacent motif (PAM) is highlighted in green. Primer sets are
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illustrated, showing the strategy to test Ih mutation, sSODN1/ssODNZ2 junctions, the UBI promoter region
and the insert-specific region of the As-Cath gene using PCR amplifications. (B) Schematic diagram of
the As-Cath KI via the dsDNA system, named HA1_As-Cath_HAZ2 donor. Primers show the strategy to
test the HA junctions, UBI promoter region, and As-Cath gene region. (C) TAE agarose gel of PCR
amplicons showing off-target positive detection of the sSODN1_As-Cath_ssODN2 construct using
2H20P method. The promoter region (Prom-As-CATH, 519 bp) and As-Cath region (As-CATH-PolyA,
591 bp) were illustrated with sequencing results. (D) TAE agarose gel of PCR amplicons showing on-
target positive detection of the HA1 As-Cath_HA2 construct using dsDNA method. The targeted gene
regions (Prom-As-CATH, 542 bp and As-CATH-PolyA, 597 bp) and the junctional regions (HAL, 573 bp
and HA2, 598 bp) were determined with sequencing results. The numbers on the top of the gel images
indicate the sample 1Ds of the fish. Lane N, negative control using water as template; Lane W, wild-type
control (nCT); Lane P, positive (plasmid or dsDNA donor) control; Lane M, DNA marker (1 kb), 500 and
650-bp bands are highlighted with black triangles; 50 and 100 ng/uL show the different doses of donors:
plasmid or dsDNA.

2.3 Design of donor DNA, sgRNA and CRISPR/Cas9 system

Gene-targeted K1 can be engineered via HDR using the dsSDNAs or ssODNs as donor templates.
In the current study, we employed two CRISPR/Cas9-mediated systems to conduct targeted KiI
of the As-Cath fragment at the Ih locus. For the first system, the CDS of the As-Cath gene was
cloned into the pUC57_mini vector at the EcoRV enzyme digestion site to create the
sSODN1_As-Cath_ssODN2 construct as a plasmid donor. Two sgRNAs (sgRNAL and sgRNA2)
were co-injected to operate as “scissors”, cutting the lIh gene and linearizing the plasmid donor,
respectively, and provided two short sSODNs to ligate the ends of both cut sites, labeled as the
2H20P system (Figure 4A). ssODN1 consists of 80 bp, of which the upstream 40 bp are derived
from partial exon 2 of lh gene and the remaining 40 bp are homologous to pUC57_mini
backbone. For ssODN2, the upstream 40 bp are from the pUC57_mini backbone, while
downstream 40 bps come from a portion of exon 2 of the Ih gene. The dsDNA donor was created
by constructing the As-Cath CDS sequence flanked with two homology arms (HAs) of 300 bp
derived from the lh gene of channel catfish on either side of the insert DNA, and we tagged the
second construct as HA1_As-Cath_HAZ2. More specifically, 163 bp of HA1 (the left homology
arm) are derived from the upstream of exon 2; 136 bp are identical to intron 1, and 1 bp
originated from exon 1. HA2 (the right homology arm) contains 21 bps from exon 2’s
downstream; 85 bps from intron 2 and 194 bps from upstream of exon 3 (Appendix 4). Here, we
used one sgRNA (sgRNAL1) to cut the Ih site in the channel catfish genomic DNA and provided a
linear dsDNA as the donor template, and this system was labeled as dsDNA (Figure 4B). For
both constructs, the expression of the As-Cath gene was driven by the zebrafish ubiquitin (UBI)
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promoter (Mosimann et al., 2011). The linear dsDNA, circular plasmid and sSODNs were
synthesized by Genewiz (South Plainfield, NJ).

The sgRNAs were selected via the CRISPR design online tool (CRISPR Guide RNA Design
Tool, Benching, https://zlab.bio/guide-design-resources) that targeted the Ih gene of channel

catfish and the donor plasmid. Candidate sgRNA sequences were compared to the whole genome
of channel catfish via the Basic Local Alignment Search Tool to avoid cleavage of off-target sites.
In addition, putative off-target sites were excluded using the online tool Cas-OFFinder
(http://www.rgenome.net/cas-offinder/) (Bae et al., 2014). Eventually, sRNA1 for Ih locus and

SgRNAZ2 for donor plasmid were obtained. The Maxiscript T7 kit (Thermo Fisher Scientific,
Waltham, MA) was used to generate sgRNAs in vitro, according to the instructions. Then
purified sgRNAs were prepared using the RNA Clean and Concentrator Kit (Zymo Research,
Irvine, CA). The concentration and quality of sgRNAs were detected with Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and 1% agarose gel with 1 x tris-
borate-EDTA (TBE) buffer, respectively. The synthetic sgRNAs were diluted to a concentration
of ~ 300 ng/uL and then divided into PCR tubes (2 pL/tube) and stored at — 80 °C until use. The
Cas9 protein powder was purchased from PNA BIO Inc. (Newbury Park, CA), and was diluted
with DNase/RNase-free water to 50 ng/uL, keeping at — 20 °C until use. Single guide RNAs and
universal primer used in this study are listed in Table 2. Two different dosages of the donor DNA
template and two control groups were set up: 50 ng/uL, 100 ng/uL, sham-injected control (iCT,
only the 10% phenol red solution was injected) and non-injected control (nCT, no injection) for
each KI system.

Table 2. Target sequences of sgRNAs and the universal primer used in the present study. Underlined
sequences represent the protospacer adjacent motif

SgRNA Targeted sequence for sgRNA (5°-3°)
SgRNA1 5’- TTCAAACCGCCATCTGCAGCGGG -3’
SgRNAZ2 5’- GCGGACAGGTATCCGGTAAGCGG -3’

Universal primer TTTTGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAG
CCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

2.4 Transgenic fish production and rearing

Mature channel catfish females and males were paired for artificial spawning according to
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Elaswad et al. (2018) with some modifications. Briefly, we selected individuals weighing more
than 1.5 kilograms for spawning. Female channel catfish were implanted with 75 ug/kg of
luteinizing hormone-releasing hormone analog (LHRHa) to induce ovulation, then eggs were
gently stripped in a 20-cm greased spawning pan. Mature males were euthanized; testes were
collected, rinsed, weighed, and crushed; and sperm were prepared in 0.9 % saline solution (g:v =
1:10). Two milliliters of sperm solution were added to approximately 300 eggs and gently mixed.
After a one-minute mixing, sufficient pond water was added to the eggs to activate the sperm,
then the sperm/egg mixture was gently swirled for 30 s. More water was added, and the embryos
were kept in a single layer in the pan, and the embryos were allowed to harden for 15 min before

microinjection.

The CRISPR/Cas9 system used for KI microinjections was combined with Cas9 protein, sgRNA
and donor template in the ratio of 2:1:1, including one component of phenol red as an indicator.
For the sSODN1_As-Cath_ssODN2 construct (2H2O0P system), 8 uL of Cas9 protein (50 ng/uL),
2 uL of sgRNA1/sgRNA2 (300 ng/uL), 2 uL of donor plasmid (50 ng/uL, 100 ng/uL), 2 pL of
sSODN1/ssODN2 (50 ng/pL, 100 ng/uL) and 2 uL of phenol red solution were mixed for
microinjection (Total 8+ 2+ 2+ 2+ 2 + 2 + 2 =20 pL). With respect to the HA1_As-Cath_ HA2
construct (dsDNA system), 4 uL of Cas9 protein (50 ng/uL), 2 uL of sgRNA1 (300 ng/uL), 2 uL
of donor dsDNA (50 ng/uL, 100 ng/uL), 2 uL of phenol red and 10 pL of DNase-free water were
mixed to bring it up to 20 pL in total. For each mixture of the CRISPR/Cas9 system, we mixed
Cas9 protein and sgRNA first and incubated them on ice for 10 min, then the donor templates
were supplemented. For the iCT group, we only injected phenol red (diluted with 0.9 % saline).
The mixed solution for each treatment was microinjected into one-cell stage embryos as
previously described (Khalil et al., 2017). Every 6 uL of the mixture was loaded into a 1.0 mm
OD borosilicate glass capillary that was pulled into a needle by a vertical needle puller (David
Kopf Instruments, Tujunga, CA), and injected into 600 embryos. We injected 1,000 embryos
dividing them into 5 random replicates for each treatment, and another 200 embryos with 3
replicates were prepared for each control group, respectively. All these embryos were from the

same parents, and the microinjection was terminated after 90 min post-fertilization.

All injected and control embryos were transferred into 10-L tubs filled with 7-L Holtfreter’s
solution (59 mmol NaCl, 2.4 mmol NaHCOs3, 1.67 mmol MgSOa4, 0.76 mmol CaClz, 0.67 mmol
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KCI) (Armstrong and Malacinski, 1989) and 10 — 12 ppm doxycycline for hatching immediately
after microinjection. All tubs were placed in the same flow-through hatching trough and a heater
was put upstream of the trough to ensure that the water temperature was 26 — 28 °C while
dissolved oxygen levels were > 5 ppm via continuous aeration with airstones. Holtfreter’s
solution was replaced twice per day and dead embryos/fry were collected and recorded daily
during hatching to analyze hatchability, fry survival rate and genotype. The hatched fry were
transferred to a Holtfreter’s solution without doxycycline and fed with live Artemia nauplii four
times per day. After one week of culture in tubs, all fry from each treatment were stocked
separately into 60 L aquaria (120 fish/tank) in a recirculating system for growth experiments.
Feed pellet size was adjusted according to the size of the fish’s mouth as the fish grew. In detail,
fry in tanks fed with Purina® AquaMax® powdered feed (50% crude protein, 17% crude fat, 3%
crude fiber, and 12% ash) four times per day for two months. Then fingerlings were fed with
Aquaxcel WW Fish Starter 4512 (45% crude protein, 12% crude fat, 3% crude fiber, and 1%
phosphorus) twice a day for two months. Juvenile fish were fed with WW 4010 Transition feed
(40% crude protein, 10% crude fat, 4% crude fiber, and 1% phosphorus) once a day (Coogan et
al., 2022). All fish were fed to satiation.

2.5 Integration analysis and mutation detection

After a 4-month culture, all fingerlings (20 — 40 g) were pit-tagged (Biomark Inc., Boise, Idaho,
USA) to distinguish each individual, the fish from different treatments were then mixed together
and randomly dispersed into two circular tanks (1,200 L volume filled with ~800 L of water)
with the same density (120 fish/tank) for growth comparison monthly. Meanwhile, the pelvic fin
clip and barbel were taken from anesthetized fish for DNA extraction and genotypic
identification. During this phase, all fish received WW 4010 Transition feed once a day to
satiation. Different genotyping strategies were involved for these two constructs: sSODN1_As-
Cath_ssODN2, the CDS region of As-Cath was amplified to confirm gene insertion using
primers Cathl-F/R (forward and reverse), and the promoter region was amplified via primers
Prom1-F/R. As for the junctions, sSODN1 and ssODN2 regions were amplified using primers
sSODN1-F/R and ssODN2-F/R to determine whether it was a target-site insertion. With respect
to the HA1_As-Cath_HAZ2 construct, the As-Cath and promoter regions were detected using
primers Cath2-F/R and Prom2-F/R, respectively. Then the left HA and right HA junctions were
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amplified via primers HA1-F/R and HA2-F/R. Primers were designed using the online software
Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and listed in

Table S1 (Appendix 1). PCR was performed in a 10-uL system and PCR products were resolved
and visualized by running 1.0% agarose gel with 1 x tris-acetate-EDTA (TAE) buffer, and a
bright band of each region with the corresponding length indicated an on-target positive (LH™
_As-Cath™). Here, if we can determine that some individuals have been inserted with the As-Cath
fragment, but we can not detect the junctional regions (HA- or ssODN-region), we then conclude
them as potential off-target positives (LH"_As-Cath®).

With respect to the LH* As-Cath™ fish, we selected 60 individuals to be tested for Ih mutations.
In this case, PCR was performed in a 20 uL-volume system using Expand High Fidelity™"S PCR
System (Roche Diagnostics, Indianapolis, IN, USA) according to Elaswad et al. (2018), and LH-
F/R primers were used in both constructs. Then, the surveyor mutation detection assay was
performed via Surveyor Mutation Detection Kit (Integrated DNA Technologies, IDT, Coralville,
lowa, USA) according to the detailed instructions (Qiu et al., 2014). A negative control reaction
was included in the assay by using genomic DNA from the nCT group. Surveyor-digested DNA
samples were electrophoresed for 1 hour in a 2% agarose gel using 1 x TBE buffer and compared

to wild-type samples.

2.6 DNA sequencing

For the integrated As-Cath, promoter and junction sequences, PCR of positive samples was
performed in a 50 pL-volume system. Then the PCR products were purified using the QlAquick?
PCR Product Purification Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. Before sequencing, all purified DNA samples were quantitated and identified using
Nanodrop and by running 1.0% agarose gel. Primers Cathl-F/Cath2-F and Prom1-F/Prom-2F
were used for sequencing of As-Cath and promoter regions for HA1 As-Cath_HAZ2 and
sSODN1_As-Cath_ssODN2 constructs, respectively; primers HA1-F/HA2-F and ssODN1-
F/ssODN2-F were used for sequencing of junctional regions for these two constructs,

respectively.

Regarding Ih mutations, we cloned the PCR products of putative mutant individuals using TOPO
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TA Cloning Kit (Invitrogen, Carlsbad, CA) before sequencing following the instructions with
some modifications. Briefly, PCR was performed on each mutant individual that was previously
identified with Surveyor assay using the primers LH-F/R for the next cloning steps. In addition,
the DNA of three wild-type individuals from the nCT group was prepared using the same
primers and procedures, then combined into one reaction and cloned as a wild-type control for
sequencing. After cloning, we transformed the pCR™4-TOPO vector containing the PCR
products into One Shot TOP10 Electrocomp™ E. coli (Invitrogen, Carlsbad, CA) as previously
described (Elaswad et al., 2018). Then 15 single colonies were randomly picked up to perform
Colony PCR, and LH-F primer was used for the sequencing of Ih mutant samples.

2.7 Determination of mosaicism and transgene expression

Five 12-month-old on-target positive fish and five sham-injected control fish were randomly
chosen and sacrificed. Fourteen tissues, including skin, liver, kidney, spleen, blood, intestine, gill,
stomach, fin, barbel, muscle, eye, brain, and gonad of each individual were collected in 1.5 mL
tubes and immediately transferred into liquid nitrogen for DNA and RNA isolation. PCR and
quantitative real-time PCR (gRT-PCR) were conducted to detect the As-Cath gene’s potential
mosaicism and mRNA level. Total RNAs were isolated from various tissues using TRIzol
reagent (Thermo Fisher Scientific) and were reverse transcribed to cDNA using iScript™
Synthesis Kit (Bio-Rad, Hercules, CA) following the manufacture protocols.

gRT-PCR was performed on a C1000 Thermal Cycler using SsoFast™ EvaGreen Supermix Kit
(Bio-Rad, Hercules, CA) according to the instructions. Concentrations of the cDNA products
were diluted to 250 ng/uL, and 1 pL template was used in a 10 pL. PCR reaction volume. The
MRNA level of 18S rRNA was used as an internal control, and the detailed gqRT-PCR procedure
was set up according to Coogan et al. (2022). The primers (Cath_RT-F and Cath_RT-R) used for
gRT-PCR are listed in Table S1 (Appendix 1). The CFX Manager Software (version 1.6, Bio-Rad)
was used to collect the raw crossing-point (Ct) values. The expression level of a target gene to
the 18S rRNA gene from transgenic fish against non-transgenic sibling fish was converted to fold
differences. Each sample was analyzed in triplicate using the formula 2C24¢D which sets the

zero expression of the non-transgenic full-siblings to 1x for comparison.
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2.8 Reproductive evaluation and restoration of parental Kl fish

All Po fish were stocked into a 0.04-ha earthen pond at Fish Genetics at Auburn University for
growth and maturation. At the age of two years, some Po individuals are expected to reach sexual
maturity (Davis, 2099). To evaluate the reproduction of two-year-old KI founders, on-target
positive (LH_As-Cath®), off-target positive (LH* As-Cath®), and wild-type (WT) fish were
selected to conduct a three-round mating experiment. Firstly, 3 pairs of WT, 6 pairs of LH™_As-
Cath®, and 4 pairs of LH*_As-Cath™ mature parents were randomly placed into 13 tanks (60 x 45
x 30 cm?®) for a two-week natural spawning to evaluate the spawnability of each genotype, and
egg masses were collected from the spawnable parents. Then we primed the males with a 50
ug/kg LHRHa implant and 1600 1U/kg human chorionic gonadotropin (HCG) in the unspawned
groups with a one-week observation to determine if LH~_As-Cath* females were fertile. After
this period, we recruited 6 more pairs of LH~_As-Cath™ fish to perform a 3 x 4 factorial design
with 3 dosages of a combination of HCG and LHRHa implant (1200 1U/kg HCG + 50 pg/kg
LHRHa, 1600 1U/kg HCG + 50 pg/kg LHRHa, 2000 1U/kg HCG + 50 pg/kg LHRHa) and
0.85% NaCl injected control group to assess the effects of hormone therapy. A 30-g egg mass for
each genotype with 3 replicates was collected to calculate the fecundity (eggs/kg body weight
[BW]). The masses were then transferred into tubs for hatchability and fry survival determination.
Fish were fed ad libitum throughout the experiment.

2.9 Generation and genotype analysis for F fish

All the fry were separated into 60 L tanks by different genotypes. After 4 months of culture, fin
clips and barbels were collected for DNA extraction from 60 F1 individuals of each genotype
except the control groups. The same culture and genotyping procedures as described above were
applied to the F1 generation.

2.10 Experimental challenge with Flavobacterium covae and Edwardsiella ictaluri

Gene-edited channel catfish were cultured in 60 L aquariums in the greenhouse of the Fish
Genetics Laboratory at Auburn University (approved by AU-IACUC). To determine the

resistance against pathogens, both Po and F1 fish were challenged by F. covae and E. ictaluri.
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F. covae challenge. Healthy Po fingerlings with body weight 150.62 + 4.24 g (mean = SEM),
including four genotypes (15 fish/genotype): LH™_As-Cath*, LH*_As-Cath™, negative LH*_As-
Cath™ (negative fish without As-Cath insertion or Ih mutation) and WT were mixed and
acclimated in one hatching trough for five days and then transferred to a 1,800-L tank in the
challenge room for acclimation for another 24 to 48 h prior to bacterial infections. All fish were
randomly/equally separated into two 60-L buckets (30 L water). Briefly, a revived F. covae
isolate (strain ALG-00-530) on modified Shieh agar (MSA) was inoculated into multiple cultures
of 12 mL of modified Shieh broth (MSB) in 50-mL sterile flasks and grown in a shaker incubator
at 150 rpm for 12 hours at 28°C. These cultures were then expanded into 200 mL cultures (5 mL
additions) in 500 mL flasks and grown for another 12 h. The optical density was adjusted to
ODs40 = 0.731 and then spread plate dilutions were performed to determine the final inoculum
concentration. One hundred microliters of each inoculum were serially diluted and spread onto
MSA agar plates in duplicate and incubated at 28 °C for 48 h to quantify the concentration of the
inoculum. Two flasks containing 325 mL of inocula (4.55 x 108 CFU/mL) were immediately
added to two 60 L buckets with fish following preparation, respectively. Then the fish were
immersed statically in buckets for 1.5 hours at ~28 °C (immersion dose: 2.46 x 10® CFU/mL);
afterward, all fish were gently moved back into the 1,800-L tank containing 1,000-L water and
water flow was resumed. Meanwhile, a mock-challenged tank was used as the control but
incorporated another 40 fish in 30 L of rearing water for 1.5 hours with sterile modified Shieh
broth (325 mL) instead of the bacterial culture. With respect to the challenge of F1 fry (3.15 +
0.24 g), four families of F1 fry (45 fish/family): LH—_As-Cath*, LH*_As-Cath®", LH*_As-Cath™
and WT were selected, and each family was randomly divided into three replicates with 15 fish
per basket. The same challenge procedure and strain of F. covae with a dose of 4.75 x 108
CFU/mL (immersion dose: 2.57 x 10° CFU/mL) were implanted for the F1 generation.

E. ictaluri challenge. Sixty Po fish (142.62 + 3.72 g) including the above four genotypes, were
prepared for the E. ictaluri challenge. E. ictaluri (S97-773) was provided by the USDA-ARS,
Aquatic Animal Health Research Unit, Auburn, AL. The detailed procedures of the E. ictaluri
challenge were performed according to Simora et al. (2020) with some modifications. Briefly, 1
mL of frozen glycerol stock of E. ictaluri was inoculated into 20-mL brain-heart infusion broth
(BHIB; Hardy Diagnostics) at 26°C in a shaker incubator at 180 rpm for 24 hours. And then
bacteria were subcultured into 1-L BHIB for another 24 hours at the same condition until the cell
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density reached ~1x 108 CFU/mL based on the ODeoo value. All 60 Po individuals were
transferred into one 1,800-L tank for the challenge. Before starting E. ictaluri infection, water
was lowered to a total of 100 L, then one liter of E. ictaluri suspension containing 3.2x108
CFU/mL cells was added to the tank resulting in a final immersion dose of 3.2x10% CFU/mL.
Fish were immersed statically for 2 hours with aeration > 5 ppm, then water was restored. In
addition to infected groups, one control tank containing 30 fish received only BHIB as a mock-
challenged group. With respect to the challenge of F1 fingerlings (54.27 £ 1.49 g), a total of four
genotypes containing 60 fish were selected, and the same challenge procedure and strain of E.
ictaluri with a dose of 2.8 x 108 CFU/mL (immersion dose: 2.8 x 10° CFU/mL) were implanted
for the F1 generation.

During the first 72 h of the experiment, we checked for mortality every four hours and then three
times daily. Challenged fish were continuously monitored for 10 days for external clinical signs
of F. covae/E. ictaluri and confirmation of bacteria colony growth by isolating bacteria from the
kidney and liver to determine the cause of death, and dead individuals were recorded over time.

2.11 Statistical analysis

Spawnability, hatchability, fecundity, fry survival rate, and growth data were analyzed using one-
way ANOVA/Tukey’s multiple comparisons test to determine the mean differences among
treatments. To compare the K1 efficiency of different groups, one-way ANOVA/Tukey’s multiple
comparisons and odds ratio (OR) were adopted. The survival curves of challenge experiments
from different genotypes were compared by the Kaplan-Meier plots followed by Log-rank
(Mantel-Cox) test. All statistical analysis was achieved via GraphPad Prism 9.4.1 (GraphPad
Software, LLC). Gene expression between transgenic and non-transgenic fish was analyzed with
an unpaired Student’s two-sample t-test. Statistical significance was set at P < 0.05, and all data
were presented as the mean + standard error (SEM).

3. Results

3.1 Targeted KI of As-Cath gene into the Ih locus

Both the 2H20P and dsDNA systems can induce As-Cath-integrated catfish lines with high
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integrated ratios, but the 2H20P system had significant off-target effects (Figure 4CD, Figure
S1-S4 in Appendix 2). More specifically, the 2H20P system containing 50 ng/uL of donors
(2H20P50) showed the highest KI efficiency at 27.61% (37/134), followed by the groups
2H20P100 (17.76%, 27/152), dsDNA50 (12.21%, 26/213) and dsDNA100 (10.25%, 25/244)
(Table S2 in Appendix 1). Although the 2H20OP50 group can introduce the highest Kl efficiency
(P <0.01) (Figure 5A), and 2H20P system or 50 ng/uL of donors bring a significantly higher Kl
efficiency than the dsSDNA method (P = 0.0001) or 100 ng/uL of donors (P = 0.00469) (Figure
5BC). However, the dsDNA with 50 ng/uL donors demonstrated the highest on-target Ki
efficiency (10.80%, 23/213) compared to other treatments (P < 0.01) (Figure 5D). In contrast,
only one on-target Kl case was observed in the 2H20P system, which was significantly lower
than that in the dsDNA (P < 0.0001) (Figure 5E). Although different dosages of donors exhibited
a significant effect on the total KI efficiency, our results indicated that this difference was not
significant in the on-target KI (P = 0.3577) (Figure 5F).

According to the odds ratio, the 2H20P system and low dosage tended to bear a higher total
integrated rate which was 2.30 and 1.47 times than that of the dsSDNA (OR = 2.30 for 2H20P vs.
dsDNA) and high dosage (OR = 1.47 for 50 vs. 100 ng/uL), respectively. Nonetheless, dSDNA
had an overwhelming surpriority in on-target integration, which was more than 20 times greater
than that in the 2H20P system (OR = 26.70) (Table S3 in Appendix 1). Taken together, the
dsDNA system accompanied by a dosage of 50 ng/uL of donors tends to yield the highest on-

target K1 efficiency in our current study.

Given the non-As-Cath-integrated fish, we did detect individuals with only the lIh mutation.
Specifically, 5.56% (3/54), 6.67% (4/60), 3.33% (2/60), and 3.33% (2/60) of fish with Ih
deficiency in the 2H20P50, 2H20P100, dsDNA50 and dsDNA100 groups, respectively, were
detected by the Surveyor mutation test (Table S2 in Appendix 1). The sequencing results
revealed that 2, 2, 1 and 3 types of mutations in 4 |h-mutant individuals from the 2H20P100
group (Figure S5 in Appendix 2).
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Figure 5. Effects of different CRISPR/Cas9-mediated systems (2H2OP vs dsDNA) with various
dosages of donors (50 vs 100 ng/pL) on the knock-in (KI) efficiency, hatchability and fry survival
rate. (A) Total Kl efficiency of different CRISPR/Cas9-mediated systems and dosage combinations. (B,
C) Comparison of total Kl efficiency for different systems or dosages of donors. (D) On-target Kl
efficiency of different CRISPR/Cas9-mediated systems and dosage combinations. (E, F) Comparison of
on-target Kl efficiency of different systems or dosages. (G) Effect of different CRISPR/Cas9-mediated
systems and dosage combinations on hatchability. (H, 1) Comparison of the hatchability for different
systems or dosages. (J) Effect of different CRISPR/Cas9-mediated systems and dosage combinations on
fry survival. (K, L) Comparison of the fry survival rate for different systems or dosages. iCT, sham-
injected control; nCT, non-injected control; 2H20P(50/100), the CRISPR/Ca9-medicated system with
sSODN1_As-Cath_ssODN2 construct (with a pUC57_mini plasmid and ssODN donor as 50/100 ng/uL);
dsDNA(50/100), the CRISPR/Ca9-medicated system with HA1l_ As-Cath_HA2 donor DNA (with a
dsDNA donor as 50/100 ng/uL); * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001; ns =
not significant, by unpaired student’s t-test or one-way ANOVA.
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3.2 Effects of the dosage and CRISPR/Cas9 system

Different donor dosages and CRISPR/Cas9-mediated systems exhibited toxicity to fish embryos
by decreasing the hatchability and fry survival rate. Although there were no significant
differences in hatching rates among these four CRISPR/Cas9-mediated injected groups
compared to the iCT group (P = 0.1630), the hatching rate was lower than the nCT group (P <
0.01) (Figure 5G). Moreover, the lethality of embryos was consistent across different donor
dosages (50 vs. 100 ng/uL) (P = 0.1080) or CRISPR/Cas9-mediated systems (2H20P vs. dsDNA)
(P =0.0796), which was significantly higher than that in the nCT group (Figure 5H). For the fry
survival, the survival rate of the microinjection group was significantly lower compared with the
nCT group (P < 0.0001) (Figure 5J). In addition, the dsSDNA system induced a higher survival
rate of fry (P = 0.0031) (Figure 5K) than the 2H20P system. Still, donor dosages showed no
significant differences in fry survival after hatching (P = 0.2923) (Figure 5L).

3.3 Mosaicism and As-Cath expression

PCR and RT-PCR were used to detect the As-Cath transgene and its expression of different
tissues in on-target positive fish. The results revealed that three of the five LH™_As-Cath™ fish
showed the expression of the As-Cath in all 14 sampled tissues (skin, liver, kidney, spleen, blood,
intestine, gill, stomach, fin, barbel, muscle, eye, brain and gonad) (Figure 6AB), but one of them
had expression observed in 11 tissues (except barbel, muscle and gill) and another one in 8
tissues (skin, liver, blood, intestine, gill, barbel, muscle and gonad) (Figure S6 in Appendix 2),
suggesting mosaicism in the on-target positive individuals. We found that the expression of As-
Cath was detected even without pathogenic infections for the three on-target positive individuals.
The three highest mMRNA levels were determined in the kidney (28.91 fold changed), skin (24.30
fold), and gill (8.445 fold), followed by the muscle (7.430 fold), spleen (6.047 fold) and barbel
(4.808 fold). However, the eye (1.327 fold), intestine (1.589 fold), and fin (1.608 fold) had the

lowest expression compared to other tissues (Figure 6C).

In addition, compared to the WT individuals, the mRNA level of Ih in gonads was down-
regulated in LH _As-Cath™ females at the age of one year (P = 0.0016), but there was no
significant difference in that of males (P = 0.5817) (Figure 6D).
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Figure 6. Mosaicism detection and the expression of the cathelicidin gene from Alligator sinensis
(As-Cath) in the LH™_As-Cath* fish line. (A) PCR amplicons show the As-Cath region in 14 tissues
from one representative LH™_As-Cath* fish. (B) The agarose gel electrophoresis showed the As-Cath gene
expression in various tissues of Py transgenic channel catfish, Ictalurus punctatus. (C) Relative As-Cath
gene expression of different tissues from RT-PCR analyses. (D) Relative Ih gene expression of gonads
from LH™_As-Cath” males and females. Expression levels were calibrated against corresponding tissues
from sibling wild-type fish, and three individuals were employed for each genotype. Lane M, DNA
marker (1 kb); Lane P, positive (plasmid or dsDNA donor) control; Lane N, water negative control; Lane
W, wild-type control (nCT); * = P <0.05; ** = P < 0.01; *** = P < 0.001; **** = P <0.0001; ns = not
significant, by unpaired student’s t-test or one-way ANOVA.

3.4 Reproductive sterility and restoration of reproduction

A three-round mating experiment determined the promise for complete control of channel catfish
reproduction (Figure 7A). Our outcomes revealed that three pairs of WT (100%, 7927 eggs/BW)
and two pairs of LH*_As-Cath* fish (50%, 8952 eggs/BW) were spawned respectively during the
first two-week natural mating, but no spawn was observed in the LH™_As-Cath* pairs (0%).
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Compared to the LH™_As-Cath™ pairs, WT and LH*_As-Cath* fish had higher spawnability
under natural pairing conditions (P = 0.0148 and P = 0.1743). In addition, the LH*_As-Cath*
pairs did not show a significant difference in spawnability compared to the WT pairs (P = 0.2143)

(Figure 7B).
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Figure 7. Reproductive determination and restoration of the As-Cath-integrated fish lines. (A) A
three-round design of the reproduction experiment. Three genotypes of Po founders: WT, LH™_As-Cath",
and LH*_As-Cath* fish were involved. First round, 3, 6 and 4 pairs as replicates for each genotype were
set up randomly in 13 tanks for mating without hormone treatments, and a two-week observation was
adopted. Second round, moved out spawned pairs and primed un-mated males with a 50 ug/kg LHRHa
implant and 1600 1U/kg HCG to determine the reproduction of LH™_As-Cath* females, observing for one
week. Third round, 12 pairs of LH~_As-Cath* fish were complemented and re-paired and treated with
three doses of LHRHa and HCG in a 3 x 4 factorial design for one week. (B) Detection of spawnability
for LH~_As-Cath* fish during natural mating. (C, D, E) Potential effects of different hormone treatments
on the fecundity and hatchability of Py generation, and fry survival of F; generation. LH, luteinizing

hormone; LHRHa,

luteinizing hormone-releasing hormone analogue;

HCG, human chorionic

gonadotropin; * = P < 0.05; ** = P < 0.01; ns = not significant, by unpaired student’s t-test or one-way

ANOVA.

Furthermore, a one-week hormone priming (50 png/kg LHRHa + 1600 1U/kg HCG) of the males
did not stimulate LH~_As-Cath* females to give eggs, indicating LH-deficient females blocked

oocyte maturation and ovulation. However, our results discovered that a combination of LHRHa
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and HCG can effectively induce spawning for the LH~_As-Cath* females when both males and
females were primed. Specifically, two, two and one female gave eggs after 24 to 48 hours post-
hormone injection from the 1200 IU (6213 eggs/BW), 1600 IU (5514 eggs/BW) and 2000 1U/kg
(3778 eggs/BW) HCG group combined with 50 pug/kg LHRHa, respectively. These three
treatments significantly improved the fecundity compared to 0.85 % NacCl injection (P < 0.0001).
Additionally, the fecundity decreased with increasing hormone dosage, but the difference among
these three hormone dosages was not significant (P = 0.0731). Nevertheless, the fecundity can be
restored to a normal level when 1200 (P = 0.2627) or 1600 (P = 0.1983) IU/kg HCG combined
with 50 ng/kg LHRHa was adopted (Figure 7C). Compared with the WT and the other hormonal-
therapy groups, the 2000 1U/kg HCG group significantly reduced the fecundity (3778 eggs/BW,
P = 0.0494) and hatchability (18.01%, P = 0.0476) (Figure 7D). Although different hormonal
treatments had varying effects on fecundity and hatchability, they had no effects on fry survival
at the early stage (P = 0.1018) (Figure 7E).

3.5 Growth comparison in Po and F;

As mentioned above, three WT, two LH" As-Cath*, and five LH~_As-Cath* families were
generated from our three-round mating experiment. However, genotype analysis determined that
only one family in the LH™_As-Cath* line (33.33% [10/30] integrated rate in the F1 offspring)
and two families in the LH™_As-Cath™ line (40% [12/30] integrated rate in the F1 progeny of
family 1 and 46.67% [14/30] integrated rate in the F1 offspring of family 2), respectively, had the
As-Cath gene detectable in the F1 generation. These results further confirmed the existence of the
mosaic phenomenon in the Po founders.

To determine the effects of Ih disruption and As-Cath integration on fish growth, we compared
the BW over time of the Po founders and the F1 progeny, respectively. The growth data suggested
that the LH—_As-Cath™ individuals did not show superiority in terms of growth in the first nine
months in the Po generation. Nonetheless, Po LH™_As-Cath* fish exhibited the largest body gain
compared to other genotypes. Furthermore, significantly faster growth was demonstrated in the
F1 generation of LH™~_As-Cath* after a three-month culture. Hence, our results indicated more
immediate growth potential for the LH~_As-Cath* fish than the WT fish (Table 3).
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Table 3. Mean monthly body weight (BW), sample size (N) over time of P and F; As-Cath-integrated, negative and control channel catfish,
Ictalurus punctatus. P, founders were generated in June 2020, and F; progeny were produced in June 2022. For both generations, four genotypes:
WT, LH"_As-Cath, LH_As-Cath*, and LH*_As-Cath" were included. Fish were kept separately in 60-L aquaria with the density of 2 fry/L until 4
months post hatch, then they were pit-tagged (10/2/2020) and transferred to a 1,200-L circular tank (~800-L water) with a mix of these 4
genotypes (initial number of fish was 30, 30, 28 and 32) and fed daily to satiation. Differences in BW among these four genotypes were compared
using one-way ANOVA followed by Tukey’s multiple comparisons test. Means with different letters as superscripts are significantly different (P <

0.05).
Mean body weight (g) of fish at different ages (Mean + SEM)
Genotype 10/2/2020 11/14/2020 12/14/2020 1/25/2021 3/6/2021
BW N BW N BW N BW N BW N
Po WT 27.20+1.77* 60 37.15+283 30 4245+3.08® 30 36.75+2.318 30 50.75+3.58 27
LH* As-Cath- 26.30 £2.24¢ 60 36.40£2.14% 30 38.30 * 3.20° 29 35.25+3.18* 29 51.10+2.28 29
LH-_As-Cath* 23.10+1.728 41 41.30+2.600 28 49.65 + 2.35° 21 43.20+£2.75* 20 58.45+4.212 20
LH*_As-Cath* 27.75+2.39% 63 30.95+2.732 32 47.25+3.26® 33 3450+3.58 33 50.85+2.89% 33
8/9/2022 9/11/2022 10/12/2022
BW N BW N BW N
F1 WT 2.63+£0.16% 60 15.13+1.000 54 22.90 £1.23% 54
LH*_ As-Cath- 2.60 £0.162 60 14.67+£091* 56 21.30 £1.03? 54
LH_As-Cath* 3.03+0.142 60 1957 +£1.31° 59 26.03 +1.32° 57
LH* As-Cath* 2.70+£0.122 60 13.14+£1.05* 58 22.13 £1.09? 58

Note: WT, wild-type fish without injection; LH* As-Cath™, negative fish without the As-Cath insertion or Ih gene mutation; LH~_As-Cath*, on-
target positive fish with the integration of the As-Cath gene at the lh locus; LH*_As-Cath*, off-target positive fish with the As-Cath insertion but
no Ih mutation.
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3.6 Enhanced resistance against fish pathogens

Enhanced resistance against F. covae and E. ictaluri of As-Cath-integrated fish was observed
compared to WT/negative individuals from our challenge experiments in both Po and F:
generations. According to F. covae challenge results, there was no significant difference in
survival rate between the two types of controls (WT and LH*_As-Cath") in both Po (13.33% vs.
20%, P = 0.8682) and F1 generation (26.67% vs. 40%, P = 0.8955). However, LH~_As-Cath* and
LH* As-Cath™ fish exhibited significantly improved survival post F. covae infection compared to
the WT control group in both Po founders (LH~_As-Cath™ vs. WT: 73.33% vs 13.33%, P = 0.0016;
LH* As-Cath*vs. WT: 66.67% vs. 13.33%, P = 0.0014) and F1 progeny (LH™_As-Cath*vs. WT:
86.67% vs. 26.67%, P = 0.0010; LH"_As-Cath® vs. WT: 73.33% vs. 26.67%, P = 0.0127).
Additionally, on-target insertion of the As-Cath gene resulted in improved resistance against F.
covae than in the off-target positives without statistically differing in both generations (73.33%
VS. 66.67%, P = 0.7726 for Po, and 86.67% vs. 73.33%, P = 0.3613 for F1). Furthermore, our
findings revealed that the F1 progeny was more resistant to F. covae than its Po parents (Figure
8AB).

Increased resistance to E. ictaluri was also observed in the Po (LH_As-Cath*vs. WT: 73.33% vs.
33.33%, P = 0.0125; LH*_As-Cath™ vs. WT: 60% vs 33.33%, P = 0.0427) and F1 generations
(LH™_As-Cath*™vs. WT: 66.67% vs. 40%, P = 0.0558; LH*_As-Cath*vs. WT: 73.33% vs. 40%, P
= 0.0350), with results that were similar to those of the F. covae challenge. Overall, As-Cath-
integrated individuals showed a significant improvement in the survival rate compared to the WT
fish (66.67% vs. 33.33%, P = 0.0381 for Po; 70% vs. 40%, P = 0.0335 for F1). Nevertheless,
there was no significant difference in LH~_As-Cath™ and LH*_As-Cath™ fish (73.33% vs. 60%, P
= 0.4566 for Po; 66.67% vs. 73.33%, P = 0.6851 for F1) (Figure 8CD).
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Figure 8. Kaplan-Meier plots of As-Cath integrated channel catfish against two fish bacterial
pathogens. (A, B) Survival curves of Py and Fi generations for a variety of genotypes infected by
Flavobacterium covae, respectively. (C, D) Survival curves of Py founders and F; progeny for different
genotypes infected by Edwardsiella ictaluri, respectively. In addition to these bacterial infection groups,
one control group with medium immersion was implemented for each challenge experiment, and the
immersion dose was presented in each figure. Comparison of different survival curves was determined by
the Log-rank (Mantel-Cox) test. WT, wild-type, non-injected fish line; LH*_As-Cath™, negative fish line
(micro-injected fish without Ih mutation and As-Cath insertion); LH™_As-Cath*, on-target positive fish

(As-Cath insertion was detected at Ih locus); LH* As-Cath*, off-target positive fish (As-Cath insertion
was detected but not at Ih locus).

4. Discussion

In contrast to the previous gene-editing oriented exclusively to the improvement of the desired
traits, the present study took into account ways to lessen the potential impact of transgenic fish
on the ecosystems and genetic biodiversity. Specifically, we successfully integrated an AMG into
the reproduction-associated locus using different CRISPR/Cas9-mediated systems. We identified

a suitable Kl system for channel catfish to achieve boosted resistance against fish pathogens and
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reproductive control, reducing the reliance on antibiotics and anti-parasitics in aquaculture. The
HA-mediated CRISPR/Cas9 system displayed a high integrated rate, low off-target events, and
low toxicity. In addition, reproduction is entirely controllable and can only be restored to normal
levels of fecundity with hormone therapy in the new fish line. In general, the insertion of the
cathelicidin gene at the Ih locus for enhanced resistance against infectious diseases and
reproductive confinement to improve consumer-valued qualities and to promote the
environmental friendliness of transgenic fish appears promising.

There have been several obstacles involved in the CRISPR/Cas9-mediated KI system when it is
used in the embryos of non-model animals. In the history of genome editing, the initial
CRISPR/Cas9 systems were proposed based on mammalian cells or embryos of the model
animals. From model to non-model animals, there are several uncertainties, such as embryo size,
developmental period, and the sensitivity to Cas9 protein that researchers have to optimize a
fitted system when starting a new species’ genome editing. Yoshimi et al. (2016) demonstrated
that the ssODN-mediated end joining approach induced a high integrated rate of 17.6% (3/17) in
rats when a short sSODN template was provided. Conversely, recent works indicated that
sSODN-mediated KI could induce a high percentage (17.8%) of indel mutations in sheep
(Menchaca et al., 2020). In the current study, we used CRISPR/Cas9 systems mediated by
sSODN and HA to create on-target Kls of the As-Cath gene at the Ih locus. Although a high Ki
efficiency of 22.38% (64/286) was detected in the sSODN-mediated system, it caused a high off-
target frequency (> 90%) in the channel catfish. Our results are in agreement with findings in
zebrafish, which have illustrated that erroneous ssODN integration occurred when various
template lengths were adopted (Boel et al., 2018). These studies suggest that sSODN-mediated
Kl efficiency in fish models relies heavily on ssODN templates (Kan et al., 2017), and caution is

warranted when employing sSODNSs to create KI models.

Compared to the ssODN-mediated system, HA-assisted Kl can achieve a 20-30% HDR-
mediated knockin in human cells with various homogenous sequences (Byrne et al., 2015; Zhang
et al., 2017). In addition, Simora et al. (2020) determined that HA-mediated CRISPR/Cas9
provided with a linear dsSDNA donor displayed a total integrated rate of 29% at the non-coding
region of channel catfish genome, which is drastically higher than that of this work (29% vs.
11.16% [51/457]). We believe this difference in integration rate is due to the different sample
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sizes, unknown functions in the target regions (non-coding vs. Ih locus), efficiency of sgRNA and
HA, and unpredictable genetic interaction; the larger sample size from our study could give more
robust conclusions. These findings reveal that the HA-mediated system is more effective in the
catfish species compared to the sSODN. The Kl efficiency of HDR-induced CRISPR/Cas9 has
been at a low level including in cell lines and model animals (Yoshimi et al., 2016; Zhang et al.,
2017; Boel et al., 2018). Fortunately, new CRISPR/Cas-mediated techniques are constantly being
developed. For instance, the CRISPR/Casl12i-mediated system shows promise in multiplexed
genome editing with high mutation rates in human T cells (McGaw et al., 2022). Additionally,
Kelly et al. (2021) established a CRISPR/Cas9 HITI system for the insertion of large DNA
donors with high integrated efficiency of 36% in human 293T cells. Recently, a new approach
named dCas9-SSAP demonstrated a high on-target Kl efficiency (~20%) knocking in long
sequences in mammalian cells (Wang et al., 2022). These new tools or systems are encouraging
to be applied from model to non-model animals and could improve genome-editing efficiency.

Although we predicted and avoided possible off-target sites using the well-acknowledged
software, the actual integration results showed the existence of off-target activities. This is
mainly due to the failure of in silico prediction to predict bona-fide off-target sites in vivo (Ran et
al., 2013; Heigwer et al., 2014). Furthermore, the frequency of off-target events is higher in vivo
of animal experiments than that of in cellular experiments in vitro (Zhang et al., 2015). The
majority of published studies contend that the observed unintended mutations/insertions is one
major concern in the application of the CRISPR/Cas9 system, which could confound the
interpretation of findings (Pattanayak et al., 2013; Cho et al., 2014; Heigwer et al., 2014).
However, although some reports claim that no detectable undesirable mutations/insertions from
the genotypes or phenotypes have been revealed in mice and fish (Shen et al., 2013; lyer et al.,
2015; Simora et al., 2020), the following underlying potentials could be noted: 1) Unaltered
phenotypes may be observed since the off-target cleavage can occur in a non-coding region
(Wang et al., 2014). 2) The researchers tend to focus on the Po founders with intended insertions
rather than those harboring possible off-target mutations (Li et al., 2013ab). 3) Most published
research using animal models does not use genome-wide methodologies for detecting off-target
cases, which could conceal some infrequent off-target editing sites (Zhang et al., 2015). In the
same case, with the exception of Ih mutations, we did not conduct a thorough detection on all

off-target individuals due to its being time-consuming and expensive. Nevertheless, this does not
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preclude us from keeping the non-analyzed off-target individuals as we will eventually genotype

them in a genome-wide and unbiased way.

Genetic mosaicisms have been and will still be another obstacle to applying CRISPR/Cas9-
mediated genome editing in practical applications. In this study, we failed to effectively obtain
100% of individuals without mosaics. In essence, mosaicism from CRISPR/Cas9-genome-edited
organisms is common in the case of fertilized egg-based editing, and mosaic animals have been
observed in mice (Oliver et al., 2015; Raveux et al., 2017), rats (Li et al., 2013b) and zebrafish
(Jao et al., 2013; Auer et al., 2014) with a variety of frequencies. CRISPR/Cas9 engineered
mosaicisms bring undesired consequences, hindering the generation of homozygous positive
offspring and prolonging the generation of homozygotes. We evaluated the As-Cath gene
expression from five on-target positive Po founders and found that one individual had no
expression in the gonad. In our study, several mosaic events were determined in the germline,
resulting in the inability to transfer the As-Cath gene to the offspring. Thus, we believe that
mosaicism is also common and unavoidable in non-model fish. Although early sperm/testis or
egg/ovary genotyping can be effective in avoiding the creation of undesirable offspring, it is
challenging to access the germline DNA without sacrificing the parents. Of importance, we still
maintain our mosaic populations for genotyping and phenotyping in the further F2 and Fs
progeny until homozygous individuals are obtained. Future research could reduce mosaicisms by
delivering CRISPR/Cas9 components to very early-stage zygotes (Mehravara et al., 2019).
Alternatively, the new strategies, i.e., Easi-CRISPR, C-CRISPR (Mehravara et al., 2019),
CRISPR/Cas9 HITI (Kelly et al., 2021) and dCas9-SSAP (Wang et al., 2022) could be used to
prevent the induction of mosaic animals.

Regardless of the type of CRISPR/Cas9-mediated genome editing, microinjection always has
irreversible effects on embryos, i.e., increased mortality and decreased hatchability from our
current study. High embryonic deaths were observed from shame- and CRISPR/Cas9-mediated-
microinjection in our study, revealing that major mortality occurs due to the injection of the yolk,
while fewer impacts are from the DNA donors and reagents (Simora et al., 2020). Although a
high dosage resulted in a high embryonic mortality and lower hatching rate, it did not
significantly reduce the fry survival rate compared to the injected-control group, which is in
agreement with the findings from Elaswad et al. (2018). This may be because microinjection
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only has a detrimental effect on the yolk of the embryo. Still, this effect no longer affects the fry
once the fertilized eggs have successfully hatched. Given the unavoidable physical lethality of
embryos, off-target effects and mosaicisms, we recommend microinjection of ~3000 fertilized
eggs for non-model fish species in order to afford enough gene-edited fish for subsequent

validation experiments.

To assess the pleiotropic effects, we compared the growth performance of the on-target/off-target
As-Cath-integrated fish line with the WT population. Our findings demonstrated that off-target
insertions did not exhibit growth depression or improvement in various families of Po founders.
Nonetheless, the preliminary data revealed the LH~_As-Cath™ fish had a greater gain in body
weight compared to the WT individuals after a three-month culture in the tank, indicating that
the growth differences are emerging in the Fi progeny. This variation may be due to
heterozygous individuals lacking stable genetic traits, or off-target integrations in other regions
concealing growth advantages in the Po generation (Zhang et al., 2015). cfGnRH-deficient
channel catfish did not show significant effects in growth and survival throughout a four-year
culture compared to the WT fish (Qin et al., 2022). However, potential pleiotropic effects could
exist when the lh gene is replaced by the As-Cath in our cases. Therefore, Po mosaic founders
carrying the As-Cath gene should be used to produce Fi, F2 and F3 homozygous families, and
then the comparisons of the growth, survival rate, seinability and carcass traits could be
performed to avail the enhanced performance of LH~_As-Cath* fish line more transparent to

farmers and the public in the future.

HDR-mediated Kl is rarely applied in aquaculture due to the very low integration efficiency, but
most of the traits were achieved by NHEJ-mediated KO (Blix et al., 2021; Yang et al., 2021). In
addition, few studies have proved that gene-mutants can induce disease-resistant fish lines via
KO to date (Wang et al., 2022). By contrast, the integration of AMG is encouraging to improve
resistance against pathogens in fish (Dunham and Su, 2020; Wang et al., 2022). However,
consumers generally have relatively little awareness of transgenesis and have more negative
attitudes toward genetically modified organisms than genome-edited organisms (Hallerman et al.,
2022), hence the public pushback against transgenic/gene-edited animals is hindering them from
reaching the market. Here, we reasonably contend that cathelicidin transgenic catfish would not
pose a threat to food safety since 1) Meat from artificially grown alligators is edible even when
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consumed raw, and the gut will digest most proteins and inactivate them. 2) Eventually, amino
acids rather than proteins are absorbed by humans. 3) Even though the gene sequence is ever-
changing in various beings, there are only 20 different types of encoded amino acids that are
frequently consumed by humans. In this vein, we are raising attention to potential benefits and
risks of our As-Cath transgenic catfish by making them transparent to the public.

Nonetheless, scientists and breeders need to be aware of the possible damage that genetically
modified fish could cause to the environment and ecosystem (Dunham and Su, 2020). On the one
hand, reproductive sterility via genome editing has been attracting the attention of researchers
and offering opportunities to reduce environmental risks in aquaculture (Hallerman et al., 2022).
On the other hand, representative examples have illustrated that reproductive confinement is
promising in model and cultured fish by knocking out/disrupting gonadal development-related
genes (Su et al., 2014; Su et al., 2015; Qin et al., 2016; Wargelius et al., 2016; Gay et al., 2018).
Recently, Qin et al. (2022) demonstrated that the reproduction-blocked channel catfish are sterile,
and this reproductive confinement can be lifted through hormone therapy with LHRHa. In this
study, the dose of 1600 1U/kg HCG coupled with 50 ug/kg LHRHa can restore fecundity at the
highest level in comparison to other hormone treatments, but this improvement is not significant
from that of 1200 1U/kg HCG. Therefore, a low dose of 1200 1U/kg HCG is recommended for
hormone therapy to restore the reproduction of the sterile fish line to reduce costs. In addition to
genetically achieving reproductive sterility, well-confined culture systems should be adopted to
avoid the escape of mutant/transgenic individuals, especially in the experimental phase of

transgenic fish.

In summary, we established a sterile catfish line that confers enhanced resistance to fish
pathogens by expressing the cathelicidin protein. Our study has demonstrated that the insertion
of the cathelicidin gene at the Ih locus by harnessing the HA- or ssODN-mediated CRISPR/Cas9
system can be a robust approach to produce sterilized and environmentally-sound fish lines with
enhanced disease resistance. Encouragingly, CRISPR/Cas9-mediated Kl of AMGs at the
reproduction-related loci coupled with hormone therapy could be applied in other commercial
fish to increase profits and lower environmental dangers posed by escaped genetic-modified
individuals. Notably, even though the desired traits (on-target insertions) can be quickly achieved
through CRISPR/Cas9-mediated genome editing, this does not safeguard that we will be able to
yield enough non-mosaic Po founders. We contend the genome-editing tool should be used as a
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complement to existing breeding techniques, not a replacement for them. Hence, a combination
of genome editing, and conventional selective breeding is required to maximize the benefits of
CRISPR/Cas9 tools more effectively in aquatic applications and to hasten the breeding process.
In conclusion, this study showed the potential of overexpressing a disease-resistant peptide
inserted at a reproduction-related gene using CRISPR/Cas9 in channel catfish, which may
provide a strategy of decreasing bacterial disease problems in catfish at the same time reducing
environmental risks.
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CHAPTER THREE

Integration of alligator cathelicidin gene via two CRISPR/Cas9-assisted systems enhances
bacterial resistance in blue catfish, Ictalurus furcatus

Abstract

CRISPR/Cas9-mediated genome editing has paved new avenues for improving production-
valued traits in aquaculture by knocking out or disrupting functional genes. However, utilizing
CRISPR/Cas9-based knock-in (KI) of exogenous genes can expedite genetic improvement of
traits such as disease resistance, which remains problematic in farmed fish. In this study, we
successfully generated transgenic blue catfish (Ictalurus furcatus) of primarily Rio Grande strain
ancestry with site-specific Kl of the alligator (Alligator sinensis) cathelicidin (As-Cath) gene into
the luteinizing hormone (lh) locus via two CRISPR/Cas9-mediated Kl systems, assisted by the
linear double-stranded DNA (dsDNA) and double-cut plasmid, respectively. High integration
rates were observed with linear dsDNA (16.67%, [13/78]) and double-cut plasmid strategies
(24.53%, [26/106]). In addition, the on-target Kl efficiency of the double-cut plasmid strategy
(16.04%, [17/106]) was 1.67 times higher than that of the linear dsSDNA strategy (10.26%,
[8/78]) based on the odds ratio. The relative expression of the As-Cath transgene of P1 founders
was detected in nine tissues, dominated by the kidney, skin, and muscle (14.30-, 7.71- and 6.92-
fold change, P < 0.05). Moreover, the As-Cath transgenic blue catfish showed a higher
cumulative survival rate than that of wild-type controls (80% vs. 30%, P < 0.05) following
Flavobacterium covae infection. Survival during culture supports the challenge data as survival
of As-Cath transgenic individuals was 97.1% while that of pooled non-transgenic individuals
was observed to be less 87.0% (P = 0.15). The growth rates and external morphology of the
transgenic and wild-type siblings were not different (P > 0.05), indicating no pleiotropic effects
of the As-Cath transgene integration at the Ih locus in the P1 founders for this trait. Taken
together, our findings demonstrate that CRISPR/Cas9-assisted Kl of an antimicrobial peptide
gene can be achieved in blue catfish with high integration efficiency, and As-Cath transgenic
blue catfish have improved disease resistance, which is a promising strategy for disease

reduction in aquaculture.

Keywords: Genome editing, cathelicidin, antimicrobial peptide, disease resistance, blue catfish
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1. Introduction

Fish disease is one of the major obstacles to aquaculture development, as large-scale disease
outbreaks can result in a series of losses, such as reduced yields, increased costs, and reduced
income for farmers (Dunham and Elaswad, 2018; Naylor et al., 2021). Traditionally, farmers
prefer to use antibiotic-like drugs to prevent or treat fish from diseases, thereby reducing
financial losses (Cabello, 2006). For many years, antibiotic misuse has polluted the water
environment, causing pathogens to develop drug resistance, and even endangering human health
(Bondad-Reantaso et al., 2020; Karunasagar et al., 2020). In view of this, the WHO and FAO
advocate the development and search for alternatives that do not cause antimicrobial resistance
or produce antibiotic residues (WHO, 2017; FAO, 2021), and the U.S. government also strictly
limits the use of antibiotics for preventive and therapeutic purposes in aquaculture (FDA, 2022).
Although some vaccines have been developed, they are often pathogen- or fish species-specific
under experimental conditions. Their successful applications in commercial pond environments
are still dependent on vaccine efficacy, ease of administration, and availability due to the
approval process and regulations (Sommerset et al., 2005; Dunham and Elaswad, 2018; Priya
and Kappalli, 2022). As a promising substitute, antimicrobial peptides (AMPSs) have broad-
spectrum antimicrobial properties and do not cause drug resistance (Hancock, 2001; Wang et al.,
2016). In recent years, AMPs have been used not only in the development of human medicine,
such as anticancer drugs, but also in the prevention and treatment of livestock and aquatic animal
diseases (Mookherjee et al., 2020; Wang et al., 2022a; Wang et al., 2023a).

Numerous studies have demonstrated the benefits of dietary supplementation with AMPs on
innate immunity and disease resistance in aquatic animals (Welker et al., 2010; Lin et al., 2015;
Abdel-Wahab et al., 2021; Mi et al., 2022). On the one hand, as a feed additive, high demand is
required, and relying only on natural AMPs will not be sufficient to fill that market need. On the
other hand, synthesizing bulk AMPs artificially is time-consuming, labor-intensive, and
expensive (Wang et al., 2023a). The administration of AMPs as feed additives for disease
reduction usually provides short-term disease control. Alternatively, genetic strategy via the
integration of antimicrobial peptide genes (AMGS) into the genome of target fish can encode
functional AMPs and enable their expression, leading to disease-resistant genetic lines with
multigenerational inheritance (Wang et al., 2022a; Wang et al., 2023b; Wang et al., 2023c). The
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use of engineered AMGs as transgenes to strengthen fish resistance to invading pathogens has
yielded promising results in recent years. One of the most important developments in disease-
resistant enhancement was Dunham'’s pioneering research on a cecropin-transgenic channel
catfish (Ictalurus punctatus) line (Dunham et al., 2002). Since then, an increasing number of
studies documented that AMG-transgenic fish exhibited an elevated resistance to various
pathogens in medaka (Oryzias latipes) (Sarmasik et al., 2002), grass carp (Ctenopharyngodon
idella) (Zhong et al., 2002; Mao et al., 2004), zebrafish (Danio rerio) (Yazawa et al., 2006;
Hsieh et al., 2010), rainbow trout (Oncorhynchus mykiss) (Chiou et al., 2014) and channel catfish
(Ictalurus punctatus) (Abass et al., 2022). Therefore, AMGs as transgenes are robust and
promising for improving disease resistance in fish species, which is beneficial to the aquaculture
sector.

Conventional transgenesis of an AMG in a random integration manner confers enhanced
immunity to fish. However, the random insertion approach may impair normal gene function and
render tracing the specific integration sites impossible. As one of the most effective genetic
improvement tools, CRISPR/Cas9-based genome editing is vital in enhancing producer-valued
traits in aquaculture (Hallerman et al., 2022). A considerable number of studies documented that
CRISPR/Cas9-mediated knock-in (KI) can create on-target insertions of foreign genes in
zebrafish (Auer et al., 2014; Morita et al., 2017) and medaka (Watakabe et al., 2018) via the
homology-directed repair (HDR) or non-homologous end joining pathways. Although effective
K1 systems for model fish have been reported, only a few such approaches have been applied in
farmed fish. Several CRISPR/Cas9-assisted Kl strategies including linear double-stranded DNA
(dsDNA)-, double-cut plasmid-, and ssODN (single-stranded oligodeoxynucleotide)-mediated
systems were adopted to generate enhanced disease-resistant channel catfish (Simora et al., 2020;
Wang et al.,, 2023b) and docosahexaenoic acid/eicosapentaenoic acid- (DHA/EPA)-enriched

channel catfish (Xing et al., 2022) with relatively high efficiencies.

Blue catfish (Ictalurus furcatus) is a valuable food fish due to its large size and flavorful flesh
(Pflieger, 1997). However, blue catfish tend to contract some bacterial diseases more than
channel catfish, especially after handling or hauling (Graham, 1999). Dunham et al. (2008)
discovered that blue catfish were more susceptible to Flavobacterium columnare bacteria than

channel catfish. Therefore, improving the disease resistance of blue catfish is critical to
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achieving commercial farming as this species is hybridized with channel catfish to produce an F1
hybrid exhibiting heterobeltiosis for several traits (Gosh et al., 2022). Cathelicidins are an
important AMP family with broad-spectrum antibacterial, antifungal, antiviral, and antiparasitic
properties (Mookherjee et al.,, 2020). Alligator (Alligator sinensis) cathelicidin (As-Cath)
demonstrated potent antimicrobial activity against a variety of pathogens in vitro and in vivo
(Chen et al., 2017). A blast search of the cathelicidin sequence against the blue catfish genome
prior to the initiation of the current experiment did not reveal the cathelicidin or cathelicidin-like

gene.

CRISPR/Cas9-mediated genome editing has already been widely used in channel catfish to
improve growth, control reproduction, increase omega-3 fatty acid content and enhance disease
resistance (Khalil et al., 2017; Qin, 2019; Simora et al., 2020; Coogan et al., 2022; Xing et al.,
2022). We recently generated As-Cath transgenic channel catfish lines via different
CRISPR/Cas9-mediated KI systems, and the transgenic fish displayed increased resistance
against fish bacteria (Wang et al., 2023b). However, no research has been conducted to create

transgenic germlines in the blue catfish.

Luteinizing hormone (LH) acts as a key regulator throughout the reproductive cycle and
significantly contributes to the final maturation of female fish (Gen et al., 2003; Chu et al.,
2014). Studies conducted earlier have shown that oocyte maturation and ovulation were
disrupted in Ih-mutant zebrafish (Chu et al., 2014). In addition, Ih-deficient channel catfish are
sterile, and the sterilization can be temporarily reversed by hormone therapy (Qin et al., 2016;
Qin 2019). In this case, the gonads and gametes are fully developed, but cannot attain final
maturation. To establish disease-resistant blue catfish germlines and reversible transgenic
sterilization system, we replaced the lh gene with the As-Cath transgene by harnessing
CRISPR/Cas9-mediated KI systems coupled with a linear dSDNA (dsDNA_As-Cath) or double-
cut plasmid (pUC57_As-Cath). The efficiencies of total KI and on-target Kl of the two systems
were assessed, as well as the potential effects of CRISPR/Cas9-mediated microinjection on the
hatchability, fry survival and growth in blue catfish. The relative expression of the As-Cath

transgene compared to the wild-type (WT) individuals was determined for various tissues.

-77 -



Furthermore, we compared the resistance of As-Cath-transgenic and WT individuals against

Flavobacterium covae bacteria.

2. Materials and methods

2.1 Ethical approval

The experimental blue catfish were of an unknown percentage or complete Rio Grande strain
ancestry based on each individual being heavily spotted, and were reared at the Fish Genetics
Research Unit, E.W. Shell Fisheries Research Center, Auburn University, AL. The Institutional
Animal Care and Use Committee at Auburn University (AU-IACUC) approved the experimental
techniques used in this study. All experiments were carried out following the procedures and
standards established by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC).

2.2 Target locus for transgene insertion

As the target integration site, we chose the blue catfish Ih locus expecting to create disease-
resistant and sterile genetic lines. Based on the published genome of blue catfish (Wang et al.,
2022b), we targeted the middle of exon 2 of Ih site using a single guide RNA (sgRNA) targeting
is in (Figure 9A). The inserted coding sequence (CDS) of cathelicidin gene is derived from
Alligator sinensis (As-Cath, GeneBank accession number: XM _006037211.3) (Chen et al.,
2017).

2.3 Design of donor DNA, sgRNA, and CRISPR/Cas9 system

Gene-targeted Kl can be achieved via the HDR pathway using the linear dsSDNA or engineered
plasmid as donor templates. The two types of donors harboring the As-Cath gene targeting the Ih
locus were adopted and installed by CRISPR/Cas9-mediated system to conduct on-target KI. The
first system was built with a dSDNA as the donor (dsSDNA_As-Cath). The main As-Cath cassette
(promoter_As-Cath_polyA) was flanked by two 300-bp homology arms (HA1 and HA?2) derived
from the blue catfish Ih gene to create the dsSDNA donor. In the dsSDNA_As-Cath system, the
SgRNA only cleaves the blue catfish genomic DNA (gDNA) at the Ih locus, and then the linear
dsDNA donor is pasted to the cleavage, repairing the damaged DNA. The donor in the second

system was an engineered double-cut plasmid (pUC57_As-Cath). To create the double-cut
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plasmid donor, the same linear dsDNA flanked by the sgRNA recognition sequences (SgRNA-
PAM, 23 bp) on each side was cloned into the pUC57 vector at the ECORV enzyme digestion site
(Appendix 5). In the pUC57_As-Cath system, sgRNAs simultaneously cut the lh locus and the
plasmid donor, and then the cleaved Ih and the linear dsDNA generated from the plasmid can
induce DNA repair via the HDR pathway. In detail, the main As-Cath cassette includes the
zebrafish ubiquitin (UBI) promoter driving the expression of the As-Cath transgene (Mosimann
et al., 2011), the CDS of the As-Cath gene, and a poly-A tail to enhance translation (Figure 9A,
Appendix 5). The linear dsDNA and circular plasmid were synthesized by Genewiz (South
Plainfield, NJ).

The sgRNA was designed using the CRISPRscan online tool (https://www.crisprscan.org/), and
potential off-target events were excluded wusing the online tool Cas-OFFinder

(http://www.rgenome.net/cas-offinder/) (Bae et al., 2014). According to the manufacturer’s

instructions, the sgRNAs were generated using the Maxiscript T7 kit (Thermo Fisher Scientific,
Waltham, MA) in vitro. The RNA Clean and Concentrator Kit (Zymo Research, Irvine, CA)
purified sgRNAs. The concentrations and qualities of the sgRNAs were determined using a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and a 1 % agarose
gel with the 1x tris-borate-EDTA (TBE) buffer. The synthetic sgRNAs were diluted to 300
ng/uL, aliquoted (2 uL/tube) into PCR tubes and stored at —80 °C until use. The Cas9 protein
powder was purchased from PNA BIO Inc. (Newbury Park, CA) and was diluted to 50 ng/uL
with DNase/RNase-free water and then stored at —20 °C until use. The sgRNA and universal

primer used in this study are listed in Table 4.

2.4 Microinjection, transgenic fish production and rearing

Mature blue catfish females and males were paired for artificial spawning in aquaria (60 cm x 45
cm x 30 cm). The general artificial spawning procedures followed those of Su et al. (2013).
Briefly, we selected individuals weighing more than two kilograms for pairing. Blue catfish pairs
(body weight difference < 1 kg) were anesthetized in a solution of 100 mg/L tricaine
methanesulfonate (MS222; Syndel, Ferndale, WA) and the water was buffered usingl100 mg/L
sodium bicarbonate. Females were then administered intraperitoneal injections of luteinizing

hormone-releasing hormone analogue (LHRHa) at 20 puL/kg body weight (BW) followed by a
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Table 4. Oligonucleotide sequences for single guide RNA (sgRNA) synthesis and PCR. Primers used
for the detection of the alligator (Alligator sinensis) cathelicidin (As-Cath) transgene/ubiquitin promoter
region, luteinizing hormone (Ih) mutation, and the relative expression of the As-Cath gene in blue catfish
(Ictalurus furcatus). HA, homology arm.

Oligo name Nucleotide sequence (5> — 3°) Product Size (bp)  Purpose
SgRNA synthesis
sgRNA TTCAAACCGCCATCTGCAGC — sgRNA synthesis
Universal TTTTGCACCGACTCGGTGCCACTTTTT — Scaffold of the SgRNA synthesis
Primer CAAGTTGATAACGGACTAGCCTTATTT

TAACTTGCTATTTCTAGCTCTAAAAC
PCR Primers
Cath-F TTCAGGAGCCGTACTGTTCC 597 Determine the Cath-polyA region of
Cath-R GCATTCTAGTTGTGGTTTGTCCA the As-Cath transgenic fish
Prom-F ACCCTTTGCCACAGTTCTCC 542 Determine the Prom-Cath region of
Prom-R GGCCCTTGGTTGTAGACG the As-Cath transgenic fish
HA1-F TAAGGCCACGTTTCGATTCT 573 Determine the junction of the HA1
HA1-R TCATTTTGCCGTCTGTTGTT
HA2-F TGAGTTTGGACAAACCACAAC 598 Determine the junction of the HA2
HA2-R TTGATTGAAAATGTTTCCCTGTT
LH-F TGAGCGATCACAGCAAAATC 594 Determine the mutation of the Ih gene
LH-R GCAGCTTAGTGCGACAGGAT
gRT-PCR Primers
Cath_gPCR-F  GCAGGGGTCTATTCAAGAAGC 125 For quantitative real-time PCR (QRT-
Cath_gPCR-R GTCTGGATCTCACCGCCTTC PCR) of As-Cath transgene
18s-F GAGAAACGG CTACCACATCC 128 Internal control for quantitative real-
18s-R GATACGCTCATT CCGATTACAG time PCR

100 pL/kg of resolving dose 12 h later. At the same time, males were injected with one dose of
50 ul/kg LHRHa. Injected pairs were gently placed into an aquarium with flow-through pond
water and aerated with compressed air (dissolved oxygen above 6 mg/L; water temperature 24—

26°C). The females were checked for eggs every 4 h, at 36 h after the hormone injection. The
males were removed and euthanized to collect testes once a small egg layer was observed at the
bottom of the tanks, and females were anesthetized to hand-strip eggs in a 20-cm greased
spawning pan. Fresh testes were rinsed, weighed, and crushed. Sperm were prepared in 0.9 %
saline solution (g:v = 1:10). Two milliliters of sperm solution were added to approximately 300
eggs and gently mixed. After a one-minute mixing, sufficient pond water was added to the eggs
to activate the sperm, then the sperm/egg mixture was gently swirled for 30 s. The embryos were
kept in a single layer in the pan with additional water supplied, and the embryos were allowed to

harden for 15 min before microinjection.

The CRISPR/Cas9-mediated microinjection solution was composed of Cas9 protein, sgRNA,

donor template and phenol-red indicator in the ratio of 2:1:1:0.5. For each system, 4 uL of Cas9
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protein (50 ng/uL), 2 uL of sgRNA (300 ng/uL), 2 uL of donor template (linear dSDNA or
double-cut plasmid, 50 ng/uL), and 1 pL of phenol red solution were mixed for microinjection.
The Cas9 protein and sgRNA were first mixed and incubated on ice for 10 min to form a Cas9-
SgRNA complex, then donor templates were added. The mixed solution for each system was
microinjected into one-cell stage embryos as previously described (Khalil et al., 2017). Every 6
uL of the mixture was loaded into a 1.0 mm OD borosilicate-glass needle that was pulled by a
micropipette puller (Sutter Instruments, Model P-97, VWR, GA), then injected into 600
embryos. We microinjected 1,000 embryos, dividing them into 5 random replicates for each KI
system, and another 1,000 embryos divided into 5 replicates were prepared as a non-injected
control group (nCT). In addition to CRISPR/Cas9-based microinjection and nCT groups, we also
microinjected 1,000 embryos (divided into 5 replicates) with phenol red (diluted with 0.9 %
saline) without donors as an injected group (iCT). All these embryos were from the same

parents, and the microinjection was terminated after 90 min post-fertilization.

After microinjection, all injected and control embryos were transferred into sterilized 10-L tubs
filled with 7-L Holtfreter’s solution (59 mmol NaCl, 2.4 mmol NaHCO3, 1.67 mmol MgSO4,
0.76 mmol CaCl2, 0.67 mmol KCI) (Armstrong and Malacinski, 1989) for hatching. All tubs
were randomly placed in two flow-through hatching troughs (300 cm x 60 cm x 45 cm), and
each tub received one airstone for continuous oxygen (> 5 mg/L). A heater was utilized upstream

near the water inlet to keep the water temperature at 26 —28 °C in each trough. Holtfreter’s

solution was completely replaced twice per day, and dead embryos/fry were collected and
recorded daily to determine the hatchability and early fry survival.

All hatched sac-fry were moved to new tubs filled with pond water and fed ad libitum four times
per day with live Artemia nauplii. After one week of culture in tubs, all fry were stocked into 60
L recirculating aquaria by treatment for growth. The feed pellet size was adjusted to match the
size of the fish’s mouth as the fish grew. In detail, fry in tanks were fed ad libitum with Purina®
AguaMax® powdered feed (50 % crude protein, 17 % crude fat, 3 % crude fiber, and 12 % ash)
four times per day for three months. Then fingerlings were fed with Cargill Aquaxcel WW Fish
Starter 4512 (45 % crude protein, 12 % crude fat, 3 % crude fiber, and 1 % phosphorus) twice a

day for three months to apparent satiation. Juvenile fish were fed with WW 4010 Transition feed
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(40 % crude protein, 10 % crude fat, 4 % crude fiber, and 1 % phosphorus) once a day to
apparent satiation.

2.5 Integration analysis and mutation detection

All fingerlings were pit-tagged (Biomark Inc., Boise, ldaho, USA) after a 5-month culture to
individual identification. The pelvic fin clip and barbel were mixed and collected from each
anesthetized fish for DNA extraction and genotypic identification. The marked fish from
different groups were then combined and randomly distributed into two flow-through tanks
(1,200 L volume filled with ~800 L of water) with the same density (150 fish/tank) for
comparison of growth. During this phase, all fish were provided WW 4010 Transition feed once
a day for satiation. The same genotyping strategy was adopted for these two CRISPR/Cas9-
mediated systems: the CDS region of the As-Cath gene was amplified to confirm transgene
insertion using primers Cath-F/R (forward and reverse), and the promoter region was amplified
using primers Prom-F/R. With respect to junctions, HA regions were amplified using primers
HA1-F/R and HA2-F/R to determine an on-target insertion. Primers were designed using the

online software Primer3Plus (http://www.bioinformatics.nl/cqgi-bin/primer3plus/primer3plus.cqi)

and are listed in Table 4. PCR was performed in a 10-uL system, and PCR products were
resolved and visualized by running 1.0% agarose gel with 1 x tris-acetate-EDTA (TAE) buffer,
and a bright band of each region with the corresponding length indicated an on-target positive
individual (LH _As-Cath™). Some individuals had the As-Cath transgene inserted but no
detectable junction regions; we then classified them as potential off-target positives (LH*_As-
Cath™).

Concerning the non-As-Cath inserted fish, we needed to detect the potential Ih-mutant
individuals (LH™_As-Cath"). In this case, PCR was performed in a 20 uL-volume system using
the Expand High FidelityPLUS PCR System (Roche Diagnostics, Indianapolis, IN, USA)
according to Elaswad et al. (2018), and LH-F/R primers were used. Then, the surveyor mutation
detection assay was carried out using the Surveyor Mutation Detection Kit (Integrated DNA
Technologies, IDT, Coralville, lowa, USA) per the instructions (Qiu et al., 2004). A negative
control reaction was included in the assay by using gDNA from the nCT group. Surveyor-

digested DNA samples were electrophoresed in a 2% agarose gel with 1 x TBE buffer for 1 hour
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and compared to WT samples. Additionally, we identified the fish as negative (LH*_As-Cath")
when no As-Cath insertions and no Ih mutations were detected.

To confirm the inserted transgene or mutations, we cloned the PCR products of putative positive
or mutant individuals using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA) for
sequencing following the instructions. The PCR products were transformed into One Shot
TOP10F chemically competent Escherichia coli (Invitrogen, Carlsbad, CA). Then three colonies
from each transgenic fish were randomly picked to perform Colony PCR, and liquid E. coli
cultures were prepared for rolling circle amplification (RCA) sequencing by Sequetech
(Mountain View, CA) (using the M13 forward primer). As for the potential lh-mutant
individuals, we selected ten colonies from each fish to perform Colony PCR and RCA
sequencing. Finally, the sequencing results were blasted with transgenes/mutations using

MAFFT (version 7, https://mafft.cbrc.jp/alignment/server/) to identify inserted DNA fragments

or mutant sequences.

2.6 Determination of mosaicism and transgene expression

Three 12-month-old on-target positive fish and three sham-injected control fish were chosen and
sacrificed. The fin, barbel, skin, muscle, intestine, head kidney, stomach, liver, and gonad of a
single individual were collected in 1.5 mL tubes and immediately transferred to liquid nitrogen
for DNA and RNA isolation. To determine the potential mosaicism and the relative expression of
the As-Cath transgene, PCR, and quantitative real-time PCR (QRT-PCR) were conducted. Total
RNA was isolated from various tissues using the TRIzol reagent (Thermo Fisher Scientific) and
was reverse transcribed to cDNA using the iScript™ Synthesis Kit (Bio-Rad, Hercules, CA)

following the manufacturer’s protocols.

gRT-PCR was performed on a C1000 Thermal Cycler using SsoFast™ EvaGreen Supermix Kit
(Bio-Rad, Hercules, CA) according to the instructions. The cDNA products were diluted to 250
ng/uL, and 1 pL template was used in a 10 pL reaction volume. The mRNA level of 18S rRNA
was used as an internal control, and the detailed gRT-PCR procedure was set up according to
Coogan et al. (2022). The raw crossing-point (Ct) values were collected using CFX Manager
Software (version 1.6, Bio-Rad). The expression level of the As-Cath transgene to the 18S rRNA
gene of transgenic fish against that of non-transgenic sibling fish was converted to determine
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fold differences. Each sample was analyzed in triplicate using the formula 2C24¢D (Livak and
Schmittgen, 2001), which sets the zero expression of the non-transgenic full-siblings to 1x for
comparison. The primers used for gRT-PCR are listed in Table 4.

2.7 Flavobacterium covae challenge

Healthy P1 blue catfish fingerlings with BW 6.25 + 1.03 g (mean = SEM), including four
genotypes (10 fish/genotype): LH~_As-Cath*, LH* As-Cath*, LH* As-Cath- and WT were
separated into four net baskets (15cm x 15cm x 25cm), and acclimated in a hatching trough for
three days before being transferred to a challenging tank (3m x 0.6m x 1.2m) with aeration
(dissolved oxygen > 5 mg/L). The challenge tank was supplied with flow-through pond water to
maintain a depth of 20 cm. A revived F. covae isolate (strain ALG-00-530) on modified Shieh
agar (MSA) was inoculated into a culture of 12 mL of modified Shieh broth (MSB) in a 50-mL
sterile flask and grown for 12 h at 28°C in a shaker incubator at 150 rpm. The culture was then
subcultured into 200 mL MSB (5 mL additions) within 500 mL flasks and grown for another 12
h. The optical density was adjusted to ODss0 = 0.731 and then spread plate dilutions were
performed to determine the final inoculum concentration. One hundred microliters of the
inoculum were serially diluted and spread onto MSA agar plates and incubated at 28 °C for 48 h
to quantify the concentration of the inoculum. One combined flask containing 325 mL of inocula
(4.75 x 10® CFU/mL) was immediately dispersed into the challenge tank; the fish were then
immersed statically for 1 h at ~28 °C (immersion dose: 2.57 x 10°® CFU/mL) without flow water.
Meanwhile, a mock-challenged tank was used as the control but incorporated another 20 fish (5
fish/genotype) in a 20-cm depth of pond water for 1 h with sterile 325 mL of MSB instead of the

bacterial culture. After the 1 h bacterial infection, water flow in the tanks was resumed.

During the first 72 h of the experiment, tanks were observed for mortality every four hours, then
three times daily. Infected fish were continuously monitored for clinical signs of F. covae for 10
days by isolating bacteria from the liver to determine the cause of death, and dead individuals

were recorded over time.

2.8 Pleiotropic effect
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To evaluate any pleiotropic effects caused by the two CRISPR/Cas9 mediated As-Cath into the
Ih locus, the individual BW was collected at 5-, 7-, 20- and 31-months post-hatch (mph) to
compare growth. Then the fish were photographed individually at 31 mph. Body shape
parameters, including the total length (TL), standard length (SL), head length (HL), eye diameter
(ED), body depth (BD), and caudal depth (CD), were measured/analyzed individually using
ImageJ software (https://imagej.nih.gov/ij/) to evaluate the potential deformity (Figure S7 in

Appendix 2).

2.9 Statistical analysis

Hatchability, fry survival rate, and growth data from different systems/genotypes were analyzed
using one-way ANOVA/Tukey’s multiple comparisons test. The body shape parameters from
different groups were compared using multivariate ANOVA followed by Hotelling’s T-squared
test. To compare the Kl efficiency of different systems, Fisher’s exact test and odds ratio (OR)
were adopted. The survival curves of challenge experiments from four genotypes were compared
by the Kaplan-Meier plots followed by Log-rank (Mantel-Cox) test. Gene expression between
transgenic and non-transgenic fish was analyzed with an unpaired Student’s t-test. All statistical
analysis was achieved using GraphPad Prism 9.4.1 (GraphPad Software, LLC). The statistical
significance level was set as P < 0.05, and all data were presented as the mean + standard
deviation (SD).

3. Results
3.1 Targeted Kl of the As-Cath into the Ih locus

In both systems, low hatching rates were observed following the CRISPR/Cas9-mediated
microinjection. All microinjected groups had lower hatching rates (8.50 + 0.44% for iCT, P =
0.004; 8.40 + 1.06% for dSDNA_As-Cath, P = 0.003; 12.40 £ 0.79% for pUC57_As-Cath, P =
0.624) compared to the nCT group (14.00 = 1.21%). However, the pUC57_As-Cath system had a
significantly higher hatching rate than the dsDNA_As-Cath (P = 0.035) (Figure 9B). In the
present study, we obtained 65, 78 and 106 alive fingerlings after microinjecting 1,000 embryos
in the iICT, dsDNA_As-Cath and pUC57_As-Cath groups, respectively. In addition, 92 fry were

generated from the nCT group without microinjection. Our statistical results indicated that the

-85 -


https://imagej.nih.gov/ij/

microinjection did not affect early fry survival compared to the nCT group (P = 0.062) (Figure
9C).

Both linear dsDNA and double-cut-plasmid strategies integrated the As-Cath transgenic germline
in blue catfish. Total KI efficiency in the pUC57_As-Cath system was significantly higher than
that in the dsDNA_As-Cath system [24.53% (26/106) vs. 16.67% (13/78), P = 0.019] (Figure
9D). Moreover, the pUC57_As-Cath system had a significantly higher on-target Kl efficiency
than the dsDNA_As-Cath [16.04% (17/106) vs. 10.26% (8/78), P = 0.007] (Figure 9E).
According to the OR, the total and on-target Kl rates of the pUC57_As-Cath system were 1.63
and 1.67 times higher than those of the dSDNA_As-Cath system, respectively (Table 5). These
findings suggested that the pUC57_As-Cath system effectively created the As-Cath transgenic
genetic lines by increasing Kl efficiency and reducing the off-target events in blue catfish. All
the positive individuals were confirmed by gel electrophoresis and sequencing (Figure 9F-G,
Figure S8 in Appendix 2).

Table 5. The summary of total knock-in (K1) and on-target Kl efficiency from two CRISPR/Cas9-
mediated systems in blue catfish (Ictalurus furcatus). KO, knock out; OR, odds ratio; #, the odds ratio
of total Kl efficiency of the pUC57_As-Cath system relative to dSDNA_As-Cath, OR = (26x65)/(13x%80)
= 1.63; ##, the odds ratio of on-target Kl efficiency of the pUC57_ As-Cath system relative to
dsDNA_As-Cath, OR = (17x70)/(8x89) = 1.67; dsDNA_As-Cath, CRISPR/Cas9-mediate Kl system
coupled with a dsDNA as the donor; pUC57_As-Cath, CRISPR/Cas9-mediate Kl system coupled with a
double-cut plasmid as the donor.

Efficiency (number)

System Total KI On-target Kl Only KO OR
dsDNA_As-Cath  16.67% (13/78) 10.26% (8/78) 5.88% (3/51) 1.63*
pUC57_As-Cath  24.53% (26/106)  16.04% (17/106)  8.33% (6/72) 1.67%
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Figure 9. The knock-in (K1) efficiency of the As-Cath transgene at the Ih locus using two different
CRISPR/Cas9-mediated systems in blue catfish (Ictalurus furcatus). (A) Schematic illustration of two
different CRISPR/Cas9-mediated systems (dsDNA_As-Cath vs. pUC57_As-Cath). The sgRNA
protospacer adjacent motif (PAM) was highlighted in green, and the sgRNA target sites were indicated
with black arrows. The detection strategy for positive individuals was illustrated using specific primer
sets. (B, C) The effects of the microinjection on hatching rate and fry survival. (D, E) Total and on-target
Kl efficiency of dsDNA_As-Cath and pUC57_As-Cath systems. (F) On-target positive fish were
identified by detecting the As-Cath region (As-Cath_polyA, 597 bp), promoter region (prom_As-Cath,
542 bp), and junctions (HA1_prom, 573 bp; polyA_HAZ2, 598 bp) using 1% TAE gel electrophoresis. The
number above each lane represented the ID of the fish. Full gel electrophoresis is attached in Figure S8 in
Appendix 2. (G) Sequencing results corresponding to Figure 9F. As-Cath, alligator (Alligator sinensis)
cathelicidin; Ih, luteinizing hormone; HA, homologous arm; UBI, zebrafish ubiquitin; PA, poly-A tail;
Lane N, negative control using water as a template; Lane W, wild-type control; Lane P, positive control
using a plasmid donor as a template; Lane M, DNA marker (1 kb), 300, 500 and 650-bp bands were
highlighted with black triangles; LH™_As-Cath®, on-target positive fish, the As-Cath transgene was
integrated at the Ih locus; ns, not significant; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, P < 0.0001.
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3.2 Determination of Ih mutations

In addition to the As-Cath transgenic blue catfish, we screened 5.88% (3/51) and 8.33% (6/72)
Ih-mutant fish from the dSDNA_As-Cath and pUC57_As-Cath systems, respectively. Compared
to the WT control, Ih-mutant individuals showed multiple bands after the Surveyor® digestion
(Figure 10A, Figure S9 in Appendix 2). The Sanger sequencing results confirmed that the lh
gene was mutated within or outside the Cas9 cleavage site. These sequence mutations included
substitutions, deletions, and insertions that caused or did not cause amino acid (AA) alterations.
The same type of substitution (C to G) was observed in individuals #9°, #10°, and #11°, resulting
in a mutant AA (Cysteine to Tryptophan). Two types of deletions were detected in #8’ fish (—6
bp, —2 bp), leading to large amounts of mutated AA sequences or even premature termination of
translation. In addition, insertions were observed in individuals #2°, #5°, and #12’ (+4 bp, +2 bp,
+4 bp). These insertions altered AA sequences at positions 52 or 53 and beyond. Two types of
mutations were observed in #1° (C to T, C to G) and #8 (—6 bp, —2 bp/+1 bp) individuals,

indicating that these two fish were mosaic (different mutations in barbel and fin) (Figure 10B).

The cysteine residues in the LH serve a primary physiological purpose by forming disulfide
bonds between the two peptide chains. These disulfide bonds can stabilize the tertiary structure
of LH and prevent it from denaturing under extreme conditions. In this study, in all Ih-mutant
blue catfish, the mutation of the Ih gene resulted in the loss of cysteine residues. In particular,
one cysteine residue was mutated in individuals #1°, #9°, #10” and #11°. And individuals #2’,
#5°, #7°, #8° and #12’ had two cysteine residues mutated. Therefore, the biological function of

LH may be diminished or destroyed due to the weakened and damaged structure.

3.3 Mosaicism and the As-Cath transgene expression

The potential on-target mosaic transgenic blue catfish were discovered in this study. Fish #1, #5
and #7 were determined as on-target positives by sequencing (Figure 9F). Our results indicated
that two of these three fish (#1 and #5) had the As-Cath transgene detected in all nine tissues,
including the fin, barbel, skin, muscle, intestine, kidney, stomach, liver, and gonad. However,
one of them (#7) had the transgene found in six tissues (barbel, skin, muscle, intestine, kidney,

and stomach) (Figure 11A, Figure S10 in Appendix 2), suggesting that #7 fish was an on-target
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positive individual with mosaicism. In addition, #1’ and #8’ individuals were mosaic for the lh

mutation (Figure 10).
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Figure 10. Identification of Ih-mutant blue catfish (Ictalurus furcatus) and mutation analysis. (A)
Identification of edited Ih gene in P; blue catfish using the Surveyor mutation assay. Full gel
electrophoresis is provided in Figure S9 in Appendix 2. Lane WT, wide-type control; Lane M, DNA
marker (1 kb); 100- and 650-bp bands were highlighted with black triangles. (B) The CRISPR/Cas9
induced insertion-deletion (indel) mutations in the Ih gene of blue catfish. Single guide RNA (sgRNA)
target sequence and PAM are highlighted. Dashes and red letters indicate the indel of nucleotides,
respectively. Blue letters show the substitution of nucleotides. Altered amino acid sequences are
highlighted in red. Numbers on the right side of each sequence represent the number of nucleotides that
have been deleted (—) or inserted (+). Each mutant allele was detected 4 times in 10 sequencing reactions
(4/10). Ih, luteinizing hormone; PAM, protospacer adjacent motif.

We found that the expression of the As-Cath gene was detected even in the absence of
pathogenic infection in three LH* As-Cath® individuals. The three highest mRNA levels
compared to the non-transgenic fish were determined in the kidney (14.30-fold change), skin
(7.71-fold), and muscle (6.92-fold), followed by the liver (6.61-fold), intestine (5.78-fold) and
gonad (3.81-fold). However, the barbel (3.24-fold), fin (1.97-fold), and stomach (1.59-fold) had

the lowest expression compared to other tissues (Figure 11B).
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3.4 Enhanced resistance against F. covae

The P1 generation of As-Cath-integrated blue catfish exhibited enhanced resistance against F.
covae bacteria compared to WT individuals from our challenge experiment. Most of the infected
WT blue catfish showed visible clinical signs: saddleback, fin erosion and yellow skin coloration
on the body. However, some As-Cath transgenic fish had mild clinical signs, with frayed fins but
survived the infection. In comparison to the WT individuals, the LH~_As-Cath™ and LH*_As-
Cath™ fish lines showed significantly improved survival rates post-F. covae infection in P
founders (LH~_As-Cath™ vs. WT: 80% vs. 30%, P = 0.010; LH*_As-Cath* vs. WT: 80% vs. 30%,
P = 0.024). Although on-target and off-target positives showed the same resistant enhancement
against F. covae (LH _As-Cath* vs. LH*_As-Cath*: 80% vs. 80%), the on-target positive fish
had a slower death rate (death on the 5" day post-infection) compared to the off-target positive
individuals (death on the 3" day post-infection) (P = 0.5012) (Figure 11C). In addition, 4 (4/30),
3 (3/30), 1 (1/23), 0 (0/12) and 2(2/9) fish were dead/lost during the first 31 months culture from
WT, LH" As-Cath, LH_As-Cath*, LH* As-Cath* and LH~_As-Cath-, respectively. This
survival during culture supports the challenge data as survival of As-Cath transgenic individuals
was 97.1% while that of pooled non-transgenic individuals was observed to be less 87.0% (P =
0.15).
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Figure 11. Identification of mosaic individuals and relative expression of the As-Cath transgene in
blue catfish (Ictalurus furcatus). (A) The As-Cath transgene was detected in nine, nine, and six tissues
from three positive fish (#1, #5, and #7), respectively, and the #7 individual was mosaicism. Full gel
electrophoresis is provided in Figure S10 in Appendix 2. (B) Relative expression of the As-Cath
transgene in various tissues from the LH™_As-Cath® genetic line compared to WT fish (N = 3). (C)
Kaplan-Meier plots of As-Cath integrated blue catfish against Flavobacterium covae. Four genotypes (10
fish/genotype) were immersed in 2.57 x 10® CFU/mL bacteria for 1 h in one challenge tank then flow-
through water was resumed. In addition to the bacterial infection tank, one control tank (Control) with
medium immersion was implemented. The Log-rank (Mantel-Cox) test to compare survival curves. As-
Cath, alligator (Alligator sinensis) cathelicidin; Ih, luteinizing hormone; WT, wild-type fish; LH*_As-
Cath, negative fish line (microinjected fish without Ih mutation or As-Cath insertion); LH™_As-Cath", on-
target positive fish, the As-Cath transgene was inserted at the lh locus; LH*_As-Cath™, off-target positive
fish, the As-Cath transgene was detected but not at the Ih locus; ns, not significant; *, P < 0.05; **, P <
0.01; *** P <0.001; ****, P < 0.0001.

3.5 External morphology and body weight

Multivariate ANOVA results showed that there were no apparent differences in body shape
parameters (TL, SL, HL, ED, BD, and CD) between WT and transgenic/gene-edited blue catfish
(P = 0.667), indicating that As-Cath-transgenic blue catfish did not display the deformity or
pleiotropic changes in body shape compared to the WT fish (Figure 12A, Table 6). The growth
and survival rates at 5, 7, 20, and 31 mph are displayed in Table 7. The initial observed BW (5
mph) of the WT group (6.77 + 1.72 g) was lower than that of LH"_As-Cath™ (7.30 £+ 2.59 g),
LH_As-Cath® (7.73 + 2.81 g), LH*_As-Cath* (8.14 + 2.60 g) and LH _As-Cath™ fish (8.22 +

1.94 g), but no significant differences were observed in statistics among these groups (P

+

0.158). Similarly, there were no significant differences in BW among these genotypes at 7, 20
and 31 mph (all P > 0.05) (Figure 12B). These data suggested that the P1 As-Cath-transgenic and
Ih-deficient individuals did not show superiority in growth compared to the WT fish in the
recirculating culture system.
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Table 6. Morphological measurement of total length (TL), standard length (SL), head length (HL), eye diameter (ED), body depth (BD), and
caudal depth (CD) in P; blue catfish (Ictalurus furcatus) at 31 months post-hatch. SD, standard deviation; CV, coefficient of variation; N, sample

size. The body shape parameters from different genotypes were compared using multivariate ANOVA. SL, HL, BD, and CD were standardized by
dividing by TL. No statistical differences were observed (P = 0.667) between different genotypes.

Trait WT (N = 26) LH* As-Cath~ (N = 27) LH- As-Cath* (N = 22) LH* As-Cath* (N =12) LH™ As-Cath (N=7)
Mean + SD CV Mean + SD CV Mean + SD CV Mean + SD CV Mean + SD CV
TL(cm) 13.33+245 18.38 12.52 + 3.03 24.20 14.68 + 1.46 9.9 12.91+2.78 21.53 15.21 +1.23 8.09
ED (cm) 0.43+0.09 20.37 0.47 £0.08 16.37 0.42 +£0.08 18.33 0.41 +0.08 18.16 0.45+0.08 17.77
SL/TL 0.87 £0.04 4.60 0.94 £ 0.06 6.38 0.87 £ 0.02 2.23 0.89 £ 0.07 7.86 0.91+£0.03 3.30
HL/TL 0.13+0.01 7.69 0.15+0.02 13.33 0.13+£0.01 7.69 0.14+0.01 7.14 0.12+0.01 8.33
BD/TL 0.19+0.01 5.26 0.23+0.01 4.35 0.18+0.01 5.55 0.24 £0.01 4.17 0.20+0.01 5.00
CD/TL 0.07+0.005 7.14 0.08 + 0.006 7.50 0.07 + 0.005 7.14 0.08 + 0.005 6.25 0.07 + 0.005 7.14

Note: WT, wild-type fish without microinjection; LH*_As-Cath™, negative fish without the As-Cath insertion or lh mutation; LH~_As-Cath", on-
target positive fish with the integration of the As-Cath transgene at the Ih locus; LH*_As-Cath*, off-target positive fish with the As-Cath insertion

but no Ih mutation; LH™_As-Cath™, only Ih-mutant without As-Cath insertion; LH/Ih, luteinizing hormone; As-Cath, alligator (Alligator sinensis)
cathelicidin.
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Table 7. Mean body weight (BW) + standard deviation (SD), coefficient of variation (CV), sample size (N) over time of P; blue catfish (Ictalurus
furcatus), including wild type (WT), negative (LH* As-Cath’), As-Cath on-target integrated (LH _As-Cath*), As-Cath off-target integrated
(LH*_As-Cath®), and only lh-mutant (LH~_As-Cath"). P; founders were generated on 7" June 2020. Fish were kept separately in 60-L aquaria with
the density of 2 fry/L until 5 months post hatch (mph), then they were pit-tagged (11/7/2020) and transferred to a flow-through tank (~500-L
water) with a mix of these five genotypes (initial number of fish was 30, 30, 25, 14, and 9) and fed daily to satiation. At the age of 20 mph, all fish
were transferred into a larger circular tank (~800-L water) for growth. Differences in BW among these five genotypes were compared using one-
way ANOVA. No statistical differences were observed (P > 0.05) between different genotypes at 5, 7, 20 and 31 mph.

Mean BW (g) of blue catfish at different ages (Mean + SD)

Genotype 11/7/2020 (5 mph) 1/4/2021 (7 mph) 2/12/2022 (20 mph) 1/5/2023 (31 mph)
BW cv N BW cVv N BW Ccv N BW CcVv N
WT 6.77£1.72 2536 30 6.85+247  36.07 29 122.23+43.90 35.92 28 46243+ 169.01 3655 26
LH"_As-Cath- 7.30+x259 3546 30 842+273 3247 30 136.62 £40.93  29.96 29 501.02 £173.33 3460 27
LH_As-Cath* 7.73+281 36.32 23 8.40+2.69 32.00 23 135.18 +32.23  23.84 22 467.90 £ 103.66  22.15 22
LH"_As-Cath* 8.14+260 3190 12 7.89+£3.15  39.92 12 141.25+49.77 3524 12 44796 + 164.21  36.66 12
LH- As-Cath- 8.22+194 2357 9 8.17+1.98  24.30 9 131.88 +39.63  30.05 8 531.71 + 98.29 1849 7

Note: WT, wild-type fish without microinjection; LH* As-Cath™, negative fish without the As-Cath insertion or lh mutation; LH~_As-Cath", on-
target positive fish with the integration of the As-Cath transgene at the Ih locus; LH* As-Cath*, off-target positive fish with the As-Cath insertion
but no Ih mutation; LH™_As-Cath™, only Ih-mutant without As-Cath insertion; LH/Ih, Luteinizing hormone; As-Cath, alligator (Alligator sinensis)
cathelicidin.
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4. Discussion

Genome editing tools have been extensively employed to enhance producer-favorable traits in
fish by disrupting or silencing functional genes. Nevertheless, CRISPR-mediated genome editing
for Kl transgenes is still rarely achieved due to poor integration efficiency. This study used
CRISPR/Cas9 systems coupled with linear dsSDNA and double-cut plasmid donors to confer
immunity to columnaris disease for blue catfish via a transgenically encoded alligator
cathelicidin (As-Cath) gene inserted and replacing a reproduction-related locus (lh). The double-
cut plasmid strategy resulted in a high integration rate with low off-target events. In addition, a
high mRNA level of the As-Cath transgene was determined in the kidney, and mucosal tissues
(skin and muscle) in the LH~_As-Cath* genetic line. In contrast to WT blue catfish, knocking in
the As-Cath transgene at the Ih locus increased survival up to 2.5-fold post-bacterial infection.
Our findings demonstrate that it is feasible to create As-Cath transgenic blue catfish utilizing
precise CRISPR/Cas9 tools, which is a promising approach to disease reduction in aquaculture

for this and other species.
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Figure 12. Body shape and body weight (BW) determination of P; WT, negative, As-Cath-
transgenic, and lh-mutant blue catfish, Ictalurus furcatus. (A) A representative body shape from each
genotype was photographed at 31 mph, scale bar = 15 cm. (B) A comparison of the BW at various ages.

-94 -



P; founders were generated on 7" June 2020. Fish were kept separately in 60-L aquaria at a density of 2
fry/L until 5 months post hatch (5 mph), then pit-tagged and transferred to a flow-through tank (~500-L
water) with a mix of these five genotypes (initial numbers of fish were 30, 30, 23, 12 and 9) and fed daily
to satiation. The deformity was evaluated by multivariate ANOVA followed by the Hotelling test.
Differences in BW among these four genotypes were compared using one-way ANOVA. As-Cath,
alligator (Alligator sinensis) cathelicidin; Ih, luteinizing hormone; WT, wild-type fish; LH* As-Cath",
negative fish line, microinjected fish without Ih mutation or As-Cath insertion; LH~_As-Cath®, on-target
positive fish, the As-Cath transgene was inserted at the lh locus; LH*_As-Cath*, off-target positive fish,
the As-Cath transgene was detected but not at the Ih locus; ns, not significant (all P > 0.05).

Over the past few years, our team has been generating genetically engineered catfish with
improved traits via CRISPR/Cas9-mediated genome editing, but the low hatching rate of
embryos has made it challenging to obtain transgenic/gene-edited blue catfish. The reduction in
embryo survival, partially due to microinjection and the majority due to artificial spawning and
poor gamete quality, was more pronounced in blue catfish than in channel catfish, as reflected by
higher mortality (> 85% vs. ~55%), severely limiting microinjection success. These findings
suggest that blue catfish embryos are more fragile and sensitive to the physical damage caused
by microinjection, and probably poor-quality gametes are used for the microinjection, resulting
in heavy mortality. In this case, we would need to build a more robust microinjection procedure
(Figure 13A). For the blue catfish brood stock, fortification of brood stock with protein-enriched
aquafeed and forage fish (e.g., sunfish, minnows) for at least six months prior to spawning
(Dunham and Elaswad, 2018) may be beneficial. Then, the optimal hormone type and dose to
induce spawning should be determined using various ovulation-inducing hormones. Because of
the erratic spawning behavior of blue catfish, artificial fertilization procedures have been adopted
from those for channel catfish. Timing induction of ovulation, knowledge of the spawning, and
optimization of the artificial spawning procedure for blue catfish are needed. Lastly, the
concentration, motility, and velocity of fresh spermatozoa should be evaluated to detect the
sperm quality to increase artificial fertilization rates. In addition to sperm quality, egg viability
could be assessed by sampling using a trypan blue solution (Strober, 2001). Taking all these
factors into consideration, the quality of fertilized eggs used for microinjection could be

increased.
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Figure 13. Tailored microinjection procedure and hatching apparatus for blue catfish (Ictalurus
furcatus). (A) A procedure of the CRISPR/Cas9-based genome editing using microinjection in blue
catfish. Stepl: For six months prior to spawning, blue catfish brood would be fed with protein-enriched
aquafeed and forage fish (e.g., sunfish, minnows) daily for nutrient enrichment. Step2: Various ovulation-
inducing hormones would be applied to determine the optimal hormone type and dose. Step3: The
concentration, motility and velocity of sperm should be evaluated to determine spermatozoa quality prior
to fertilization. Step4: Microinjection with transgene donors should be accomplished within 90 min post-
fertilization. (B) Schematic diagram of conventional hatching setup for blue catfish in this study. Ten 10-
L tubs (200 embryos/tub, filled with 7 L of Holtfreter’s solution) are placed at the bottom of the hatching
trough in this setup. An air stone is provided for each tub to keep dissolved oxygen over 5 mg/L , and the
trough is supplied with continuous flow-through pond water to keep all tubs at the same hatching
temperature. Embryos usually remain stationary at the bottom of the tub. (C) Schematic illustration of the
tailored hatching apparatus for blue catfish. In this setup, ten 15-L tubs (100 embryos/tub, filled with 10 L
of Holtfreter’s solution) would be placed at the bottom of a hatching trough. A fine metal mesh will be
used to keep the embryos from touching the bottom of tub, and two air stones will be provided to gently
roll the eggs. The trough will be supplied with continuous flow-through pond water to keep all tubs at the
same hatching temperature.
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Intriguingly, even in the non-injected group, a large number of decayed embryos were observed
after 12 hours of fertilization. Therefore, another possibility is that inappropriate hatching
methods lead to high embryo mortality. The hatching of the blue catfish embryos was conducted
utilizing the conventional hatching method as that used for separated and manipulated channel
catfish embryos (Figure 13B). For the conventional setup, ten 10-L tubs (200 embryos/tub, filled
with 7 L of Holtfreter’s solution) were placed at the bottom of a hatching trough. An air stone
was provided for each tub to keep dissolved oxygen above 5 mg/L , and the trough was supplied
with continuous flow-through pond water to keep all tubs at the same hatching temperature.
Previously, a 45% hatching rate was obtained in channel catfish for this method (Simora et al.,
2020; Wang et al., 2023b), whereas hatchability for similarly treated blue catfish embryos has
typically not reached 15%. The absence of water flushing in the conventional method leads to the
blue catfish embryos remaining stationary at the bottom of the tub, and they are more likely to
decompose. Thus, a hypothetical tailored hatching methodology for the blue catfish was
designed (Figure 13C). In the tailored configuration, ten 15-L tubs (100 embryos/tub, filled with
10 L of Holtfreter’s solution) were placed at the bottom of a hatching trough. A fine metal mesh
was used to keep the embryos from touching the bottom of the tub, and two air stones are
provided to gently agitate and flush the embryos.

In addition, the slow maturation rate is another potential obstacle to the generation of transgenic
blue catfish. Blue catfish have a sexual maturity period of 4-6 years (Dunham et al., 1994;
Graham, 1999), which hinders the frequent acquisition of artificially fertilized eggs for
microinjection. In addition to providing enough mature founders for spawning, an alternative
strategy is adopting xenogenesis to shorten the reproductive cycle of blue catfish. Previous
studies have shown that sterile fish as recipients can produce donor-derived gametes via the
transplantation of undifferentiated germ cells derived from diploid fish (donors) (Wong et al.,
2011; Perera et al., 2017; Shang et al., 2018; Hettiarachchi et al., 2022). Hypothetically, triploid
channel catfish parents (reproductively sterile fish) are produced using a high-pressure method.
Then blue catfish stem cells are transplanted into these triploid channel catfish, and once these
triploid channel catfish mature, they have the capability to produce donor-derived gametes. If
xenogenic triploid channel catfish @ (transplanted with blue catfish stem cells) are mated

with xenogenic triploid channel catfish & (transplanted with blue stem cells), blue catfish
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sperm/eggs should be obtained from these xenogenic males/females in two-three years. This
method takes advantage of the short reproductive cycle of channel catfish by allowing blue
catfish, which have a long reproductive cycle, to reach sexual maturity and gametogenesis in a
short amount of time. The abovementioned strategies could be applied to improve transgenic
embryo survival, providing new approaches to achieve the microinjection of blue catfish

embryos on a larger scale.

Prior to the introduction of ZFN, TALEN, and CRISPR tools, transgenic fish were created by
randomly integrating vector-engineered plasmids containing targeted genes via microinjection or
electroporation (Zhu et al., 1985; Chen and Powers, 1990; Dunham et al., 2002; Mao et al.,
2004). Although effective in integrating foreign genes into fish genomes, these strategies risked
untraceable inserted DNA fragments and disruption of functional genes (Song and Stieger,
2017). The CRISPR system has the ability to precisely drive transgene integration at specific
loci. This greatly reduces the incidence of unwanted insertions. The use of linear dSDNA as a
donor template usually results in a lower integration efficiency compared to a plasmid or a
double-cut plasmid (Zhang et al., 2017; Simora et al., 2020). We generated knock-ins using a
linear dsDNA donor with an insertion rate of 16.7% in surviving fingerlings. This result was
comparable to the precise insertion rate of 10-28.6% in channel catfish and mice (Gu et al.,
2018; Simora et al., 2020; Wang et al., 2023b). In the present study, a higher integration rate of
24.53% was observed using the double-cut plasmid donor compared to the linear dsDNA, which
is consistent with the efficiency in medaka (25-27%) (Murakami, et al., 2017). To improve the
efficiency of the transgene, a cocktail design of donor plasmid was used in channel catfish,
combining HDR, NHEJ, and microhomology-mediated end joining (MMEJ) pathways by using
multiple homology arms of different lengths. This new approach has achieved a high integration
rate of 28.1% (Xing et al., 2023), which could be applied in blue catfish and other fish species to
improve the efficiency of transgenesis.

Although online off-target tools were used in this study to screen for off-target-free sRNAs, we
detected the off-target insertions of the As-Cath transgene and |h mutations in both
CRISPR/Cas9-mediated systems. This is mainly due to in silico predictions failing to predict true
off-target cleavages in vivo (Ran et al., 2013; Heigwer et al., 2014). Moreover, off-target events

are more frequent within in vivo animal experiments than within in vitro cellular experiments
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(Zhang et al., 2015). Nevertheless, our results displayed that HDR-mediated KI was dominant
compared to NHEJ-mediated knockout (16.67% vs. 5.88% and 24.53% vs. 8.33%) in the
presence of donor templates, which was found at different frequencies in channel catfish using
either dsSDNA or ssODN donors (Xing et al., 2022; Wang et al., 2023b). The ssODN-assisted end
joining approach resulted in a high integration rate of 17.6% (3/17) in the rat (Yoshimi et al.,
2016), but this efficiency was variable in different species. For example, sSODN-mediated Kl
showed a low integration rate of 1-4% when different SSODNs were used in zebrafish (Boel et
al., 2018). Recently, Xing et al. (2022) demonstrated that Kl efficiency could reach as high as
37.5% (81/216) in channel catfish using two sSODNs as DNA repair templates. However, this
high integration efficiency was also accompanied by a high off-target effect. These findings
indicated that the CRISPR/Cas9-mediated system coupled with a double-cut plasmid donor was
more efficient than the one using a dsDNA or ssODN donor for catfish. Despite the inevitability
of off-target cleavage, it is promising that newly developed CRISPR/Cas-based tools with high
on-target efficiency in model animals or human cells, such as Easi-CRISPR, C-CRISPR
(Quadros et al., 2017), CRISPR/Cas9-HITI (Kelly et al., 2021), and dCas9-SSAP (Wang et al.,
2022c) can be applied to non-model fish, aquaculturally relevant fish in the future to reduce

potential off-target effects.

Genetic mosaicism has been and will continue to be another obstacle to the practical application
of CRISPR/Cas9-mediated genome editing. To date, there is no effective strategy to completely
eliminate mosaicism (Mehravara et al., 2019). In this study, we were unable to generate 100 %
mosaic-free individuals, demonstrating that mosaicism is common and unavoidable in fish and
other animals. Essentially, mosaicism of transgenic/gene-edited organisms is common in the case
of embryo-based editing. Mosaic animals have been observed in mice, rats, zebrafish, and
channel catfish with varying frequencies (Auer et al., 2014; Mehravara et al., 2019; Simora et al.,
2020). CRISPR/Cas9-induced mosaicism has greatly alleviated this problem as mosaicism is
much less compared to the original random gene transfer procedures (Dunham, 2023). We
evaluated the expression of the As-Cath transgene in nine tissues from three on-target positive P1
founders, finding that one female had no transgene expression in the gonad. Thus, 67% of the
brood stock should be able to produce offspring. Much lower transmission rates were obtained in

the past with traditional approaches.
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Antimicrobial peptide genes (AMGS) as transgenes can significantly improve the survival rate of
channel catfish (Dunham et al., 2002; Abass et al., 2022), grass carp (Zhong et al., 2002; Mao et
al., 2004), rainbow trout (Chiou et al., 2013) after pathogen infection in comparison to WT fish.
The survival rate can be increased up to 100%. For example, cecropin transgenic channel catfish
had a 100% survival rate, whereas only 27% of WT fish survived after infection with
Flavobacterium columnare (Dunham et al., 2002). Our results showed that As-Cath-transgenic
blue catfish exhibited boosted resistance to F. covae bacteria with a twofold higher survival rate
compared to WT individuals (80% vs. 30%). Earlier studies have illustrated AMG transgenes
contribute to the modulation of innate immunity in fish by improving lysozyme activity,
activating immune/anti-inflammatory factors, and facilitating the synergistic expression of
transgenic AMGs and immune-related genes (Wang and Cheng, 2023). Additionally, transgenic
AMGs can inhibit the proliferation of pathogens to increase survival (Mao et al., 2004; Wang
and Cheng, 2023).

Genetically modified (GM) animals, including transgenic/gene-edited fish, are not universally
embraced by consumers due primarily to concerns regarding food safety and environmental risk.
The current study contributes not only to the improvement of disease resistance of blue catfish
through transgenesis but also to the genetic achievement of reproductive confinement of these
GM fish to avoid introgression caused by escapees mating with wild populations. The available
data indicates that transgenic fish would likely not be fit in the natural environment. However,
the conservative and ethical approach is to prevent the establishment of transgenic fish in the
wild to prevent breeding and introgression that could genetically contaminate native/natural wild
populations. The best strategy to prevent establishment of or introgression of transgenic
genotypes in the wild is genetic sterilization of transgenic fish with the intervention of man the
only option for restoring fertility. The production of LH~_As-Cath* genetic lines deficient for Ih
gene is a good strategy for achieving this goal. Previous studies have shown that Ih-mutant
female zebrafish and channel catfish were sterile (Chu et al., 2014; Qin, 2019). More recently,
our work showed that replacing the As-Cath at the Ih locus of the channel catfish genome can
produce sterilized fish lines, and fertility can be restored by hormone therapy (Wang et al.,

2023b). Theoretically, LH_As-Cath* blue catfish are potentially reproductively confined
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preventing any potential genetic contamination of wild fish populations. Future research should
evaluate the effect of Ih-knockout on the gonadal development via performing tissue sections,
measuring the LH hormone changes and Ih gene expression, evaluating the feasibility of fertility
restoration of P1 mutants via hormone therapy, thus, allowing reproductive confinement of these
gene-edited transgenic fish and eliminating the chance of gene flow while allowing the
production of disease resistant fingerlings for culture application. We hypothesize that this
reversible sterilization will be successful with blue catfish as Ih knockout followed by hormone
therapy sterilized and then restored fertility in the closely related species, channel catfish (Qin,
2019).

Transgenic and gene edited fish now appear on the table as growth hormone gene-transgenic
Atlantic salmon (Salmo salar; AquAdvantage salmon) (Ledford, 2015; Waltz, 2017), leptin-
edited tiger puffer (Takifugu rubripes), and myostatin-deficient red sea bream (Pagrus major;
https://doi.org/10.1038/s41587-021-01197-8) have been approved for consumption and are on

the market. Creating transgenic and gene edited fish with characteristics valued by producers and
consumers is only the first step to impact. The larger challenge for commercializing GM fish is
public education (Dunham, 2023). Now cathelicidin transgenic, Ih knockout blue catfish and
cathelicidin transgenic, Ih knockout channel catfish (Wang et al., 2023b) have been produced.
Future research should evaluate the performance and sterility of the hybrid between LH_As-
Cath™ channel catfish females and LH~_As-Cath™ blue catfish males. The WT hybrid is the best
genotype for pond culture of ictalurid catfish in the US catfish industry, and now accounts for
60—70% of catfish production (Torrans and Ott, 2018). The WT hybrid exhibits heterobeltiosis
for disease resistance (Dunham et al., 2008). However, they do not have total disease resistance
and significant mortality can occur. Combining interspecific hybridization with cathelicidin
transgenesis and knockout of reproductive genes such as Ih may result in a catfish with near total

disease resistance that is sterile with no possible impact on native gene pools.
Our work provides the aquaculture community with another new disease-resistant genetic line of

catfish, demonstrating that transgenic fish possessing AMG transgenes hold great promise for

disease reduction in aquaculture. Finally, the use of AMG transgenic fish offers a promising
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approach for ecologically sustainable aquaculture that can effectively address the growing

challenges posed by antimicrobial resistance.
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CHAPTER FOUR

CRISPR/Cas9 microinjection of transgenic embryos enhances the dual-gene integration
efficiency of antimicrobial peptide genes for bacterial resistance in channel catfish,
Ictalurus punctatus

Abstract

Integrating a vector-engineered antimicrobial peptide gene (AMG) into the fish genome
effectively modulated the innate immune system and increased resistance to infectious disease in
channel catfish (Ictalurus punctatus). CRISPR/Cas9-assisted microinjection of cecropin (Cec)
and cathelicidin (Cath) was employed to create dual-AMG integrated (* Cec*/* Cath®)
transgenic embryos with high integration rates. Additionally, a univariate-multiple logit
regression model was fitted to determine the synergistic expression of transgenes and
endogenous AMGs in the head kidney post-bacterial infection. Transgenic-embryo-based
genome editing significantly increased the efficiency of dual-AMG integration from 17.6% to
37.3%. The survival rate of single-AMG (50% vs. 20%, P = 0.023) and dual-AMG (70% vs. 20%,
P = 0.005) integrated fish was dramatically higher than that of wild-type fish (20%) following
Edwardsiella ictaluri challenge. More dual-AMG fry survived than expected based on
integration and inheritance rates of single-AMG transgenics compared to other genotypes.
Logistic regression (LR) analysis indicated that individual body weight and gender did not affect
survival, while the transgenes Cec and Cath contributed directly to the survival during the
bacterial infection. Furthermore, transgenes enhanced fish disease resistance by regulating the
expression of TCP and NK-lysin genes. This study demonstrates that it is promising to generate
dual-gene integrated genetic lines with a high integration efficiency by adopting transgenic-
embryo-based CRISPR/Cas9-mediated genome editing, and an LR model is feasible for

assessing the synergistic effects of gene expression.

Keywords: Genome editing; knock in; antimicrobial peptide; disease resistance; logistic

regression; aquaculture
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1. Introduction

Over the last decade, versatile applications of CRISPR/Cas9-mediated genome editing have
sparked a great interest in the life science community in full swing to improve the favorable traits
due to its high on-target efficiency (Gratacap et al., 2019; Blix et al., 2021). In aquaculture, some
consumer-focused characteristics of fish, including muscle mass (Coogan et al., 2022ab; Shahi et
al., 2022), reproduction (Jiang et al., 2017), coloration (Cal et al., 2019; Mandal et al., 2020),
disease resistance (Ma et al., 2018) and omega-3 fatty acids (Xing et al., 2022ab) can be altered
by disrupting or introducing a gene of interest through genome editing or transgenesis.

The high level of industrialization and intensification of aquaculture is bringing fish disease
outbreaks to a peak, and an increasing number of alternative mitigation strategies are being
investigated to control the potential environmental impacts, and antimicrobial resistance brought
on by antibiotic abuse (FAO, 2021). As promising substitutes for antibiotics and anti-parasitics,
antimicrobial peptides (AMPs) are well recognized by immunologists for their highly effective
spectrum bactericidal and anti-inflammatory capabilities (Hancock et al., 2016). AMPs are used
not only in developing human anti-cancer drugs (Mookherjee et al., 2020) but are also effective
as feed additives in the prevention and pharmacotherapy of animal diseases (Rodrigues et al.,
2021; Silveira et al., 2021; Wang et al., 2022). For instance, cecropin and lactoferrin as feed
supplements have positive effects on the improvement of immune responses in livestock and fish
(Dai et al., 2020; Abdel-Wahab et al., 2021; Wang et al., 2023). Nevertheless, the marketing of
AMPs as additives is severely constrained by their high demand/cost and brief permanence.

Alternatively, the researchers used genetic engineering to introduce an antimicrobial peptide
gene (AMG), which can encode an AMP, into the host to allay these drawbacks (Wang et al.,
2022). Integrating foreign AMGs into the genome of targeted species can effectively combat
various pathogens through the overexpression of AMPs. A typical pioneering study comes from
Dunham et al. (2002), who successfully transferred one copy of the cecropin gene into the
genome of channel catfish (Ictalurus punctatus) to establish a highly disease-resistant catfish
germline, and its viability was supported by subsequent studies (Sarmasik et al., 2002; Chiou et
al., 2014; Elaswad et al., 2019; Abass et al., 2022). Previous studies have revealed that AMG-

integrated fish can reduce pathogen load (Yazawa et al., 2006; Hsieh et al., 2010). However,
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since these AMGs are randomly integrated into the target genome, it is challenging to track down
precise mutations. This uncertainty poses potential concerns for the regulatory assessment and
future commercialization of gene-edited/transgenic fish. CRISPR/Cas9-mediated genome editing
can produce multiple mutations/integrations through one system (Yang et al., 2013; Cong et al.,
2013; Ota et al., 2014), allowing for combinations of different trait enhancements or double
enhancements of the same trait. In this vein, inducing multiple AMGs at different loci could
theoretically achieve more robust improvement in disease resistance compared to a single AMG

integration.

A potential complication of the effect of AMG transgene insertion is the epistatic interaction
with native immune-related genes. AMG transgenesis can increase lysozyme activity (Mao et al.,
2004) and induce the expression of immune-related genes (Hsieh et al., 2010; Peng et al., 2010)
to increase survival after pathogen infections. Foreign AMG has induced the expression of
immune-related genes or endogenous AMGs, and there may be potential synergistic effects.
Published reports demonstrated that AMG-transgenic fish tend to induce a more robust immune
response than non-transgenic fish (Wang et al., 2022). Although the expression profiles of
immune-associated genes are frequently studied and enumerated independently of the integrated-
AMG:s, this is not conducive to exploring and revealing the potential synergistic expression of
these two types of genes. In addition, the mRNA levels of detected genes are tissue- and time-
specific (Chiou et al., 2014), making this approach tedious and time-consuming for investigating
the co-expression of exogenous AMGs and immune-related genes. In pathogen-challenge
experiments, AMG-integrated individuals also show decreased mortality and large fluctuations
in MRNA levels (Lo et al., 2014). If a list of immune responsive genes are perturbed and
interrogated, it has not been possible to determine the extent to which exogenous AMGs or

immune-related genes contribute to the survival of AMG-transgenic fish.

Logistic regression (LR) is a machine learning method for solving binary/multiple classification
problems to estimate the likelihood of observed events of interest (Sperandei, 2014) or exploring
the association between explanatory factors and categorical outcomes (Lee, 1986), making it
useful in clinical research and epidemiological studies (Ostir and Uchida, 2000). An LR model

might include both continuous and categorical explanatory variables, allowing researcher to
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interpret raw data (Bender and Grouven, 1997; Ostir et al., 2000). Recently, we used LR models
in fish challenge experiments to determine the effect of transgenes on survival and gene
expression. LR model helps examine the association of all variables, including binary outcome
(die or live), transgenes, body weight, gender and mRNA expression level of immune-related

genes, avoiding any confounding effects.

In the current study, cecropin (Cec)- and cathelicidin (Cath)-transgenic embryos were subjected
to CRISPR/Cas9-mediated genome editing to increase the integration efficiency and create fish
lines possessing two AMGs in the channel catfish. Inheritance of transgenes and the integration
rates of dual-AMG in the same family were investigated. Then the hatchability and fry survival
of microinjected individuals were determined compared to non-injected embryos. Additionally,
we evaluated the bacterial resistance of single- and dual-AMG transgenic fish from a diversity of
genotypes. Finally, a univariate LR model was employed to analyze the contribution of
endogenous AMGs to the cumulative survival rate (CSR) and their synergistic effect with

transgenic AMGs.

2. Materials and methods

2.1 Ethical approval

All experiments were conducted at the Fish Genetics Research Unit, E.W. Shell Fisheries
Research Center, Auburn University, AL. The handling and use of animals were certified by the
relevant guidelines from professional training programs. The Institutional Animal Care and Use
Committee at Auburn University (AU-IACUC) approved the experimental techniques used in
the current study. All fish studies were carried out in compliance with the procedures and
standards established by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC).

2.2 Preparation of sgRNA, CRISPR/Cas9 system, and donors

As the target integration sites, we choose the luteinizing hormone (lh, accession number:
NM_001200080.1) and myostatin (mstn, accession number: AF396747.1) genes, which regulate
gonad development and growth, respectively. Previous works have revealed that Ih-mutant fish

are temporarily sterilized, and mstn-deficient individuals grow faster than the wild type (Qin,
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2019; Coogan et al., 2022a). Therefore, the mstn gene of channel catfish was replaced by the
coding sequence (CDS) of the cecropin (Cec) gene (accession number: NM_079851.3) (Hoskins
et al., 2007). The Ih gene was replaced by the CDS of the cathelicidin (Cath) gene (accession
number: XM _006037211.3) (Chen et al., 2017). In this context, two customized single guide
RNAs (sgRNA1 and sgRNAZ2) were designed to target the exonl of mstn and the exon2 of the Ih
locus of the channel catfish genome, respectively, with high efficiency and success reported
(Khalil et al., 2017; Xing et al., 2022c). The sgRNAs were selected using the CRISPRscan online

tool (https://www.crisprscan.org/), and candidate sgRNA sequences were aligned with the

channel catfish genome via the Basic Local Alignment Search Tool to avoid off-target cleavages.
Additionally, putative off-target sites were excluded using the online tool Cas-OFFinder
(http://www.rgenome.net/cas-offinder/) (Bae et al., 2014). The Maxiscript T7 kit (Thermo Fisher

Scientific, Waltham, MA) synthesized sgRNAL and sgRNAZ2 in vitro according to manufacturer
instructions. Then purified sgRNAs were prepared using the RNA Clean and Concentrator Kit
(Zymo Research, Irvine, CA). The concentration and quality of sgRNAs were evaluated with
Nanodrop 2000 spectrophotometer (Thermo Scientific, USA) and 2% agarose gel with 1 x TBE
buffer. The synthetic SRNAs were diluted to a concentration of ~300 ng/uL and divided into
PCR tubes (2 pl/tube), then stored at -80 °C until use. The Cas9 protein powder was purchased

from PNA BIO Inc. (Newbury Park, CA), and was diluted with DNase/RNase-free water to 50

ng/uL, keeping at — 80 °C until use. Two gene-specific oligonucleotides for sgRNAs recognition

and universal primer used in this study are listed in Table 8.

To increase the on-target knock-in (KI) efficiency, double-stranded DNA (dsDNA) flanked by a
targeting cassette and two sgRNA recognition sequences were cloned into the pUC57_mini
vector at the EcoRV enzyme digestion site to create a dsDNA construct as the double-cut
plasmid donor (Appendix 6). In detail, the pUC57_Cec donor was constructed using the CDS of
the Cec gene flanked by two 300-bp homology arms (HA1 and HAZ2, derived from the exonl of
the mstn gene) and sgRNA1-PAM sequences (23 bp each) (Figure 14A). Similarly, the pUC57-
_Cath donor was established using the CDS of the Cath gene flanked by two 300-bp homology
arms (HA3 and HA4, derived from the exon2 of the Ih gene) and sgRNA2-PAM sequences (23
bp each) (Figure 14B). Expression of both the Cec and Cath genes was driven by the zebrafish
ubiquitin (UBI) promoter (Mosimann et al., 2011). In addition to the UBI promoter and CDS, a
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Table 8. Oligonucleotide sequences for single guide RNA (sgRNA) synthesis, transgene detection, and
guantification of transgene/immune-related antimicrobial peptides. PCR primers were used to detect
cathelicidin (Cath) and cecropin (Cec) transgenes in putative transgenic channel catfish, Ictalurus
punctatus. gRT-PCR primers were used to determine the expression of transgenes and innate
antimicrobial peptide genes. Catpd, cathepsin D; UBI, ubiquitin; LEAP2, liver-expressed antimicrobial
peptide-2; NK-lysin, natural killer lysin; BPI, bactericidal permeability-increasing protein; TCP,
thrombin-derived C-terminal peptides; H2A, histone H2A; CCL3, C-C motif chemokine 3.

Oligo name Nucleotide sequence (5° — 3°) Product Size (bp)  Purpose

SgRNA synthesis

sgRNA1 TTCAAACCGCCATCTGCAGC — sgRNAL1 synthesis

sgRNA2 GCGGACAGGTATCCGGTAAG — sgRNAZ2 synthesis

Universal TTTTGCACCGACTCGGTGCCACTTTTT — Scaffold of the sgRNA synthesis

Primer CAAGTTGATAACGGACTAGCCTTATTT

TAACTTGCTATTTCTAGCTCTAAAAC

PCR Primers

Chrl_Cath-F GCAGCCAATCACTGCTTGTA 591 Determine the Cath-polyA region of

Chrl_Cath-R  GTGGTTTGTCCAAACTCATCAA the Chrl_Cath transgenic fish

IR_Cec-F1 CCAATAGGGACTTTCCATTGAC 448 Determine the Cec-polyA region of

IR_Cec-R1 CCAGTTAAGCAGTGGGTTCTCT the IR_Cec transgenic fish (1% PCR)

IR_Cec-F2 CCCACTTGGCAGTACATCAA 305 Determine the Cec-polyA region of

IR_Cec-R2 GGCGGAGTTGTTACGACATT the IR_Cec transgenic fish (2" PCR)

Cec-F GGAGCCGTACTGTTCCGTTA 352 Determine the Cec-polyA region of

Cec-R CCCATATGTCCTTCCGAGTG the Mstn_Cec transgenic fish

Prom1-F GCAGCCAATCACTGCTTGTA 462 Determine the Prom-Cec region of

Prom1-R ATTCCGAGGACCTGGATTG the Mstn_Cec transgenic fish

HA1-F TGGAGAAAGTTGTGGGTCTG 636 Determine the junction of the HA1

HA1-R CAGGTCACTGATCCCTCCAT

HA2-F CCCCTTGAGCATCTGACTTC 664 Determine the junction of the HA2

HA2-R AAGCAGTAGTAAAGGGACTCACG

Cath-F TTCAGGAGCCGTACTGTTCC 597 Determine the Cath-polyA region of

Cath-R GCATTCTAGTTGTGGTTTGTCCA the LH_Cath transgenic fish

Prom2-F ACCCTTTGCCACAGTTCTCC 542 Determine the Prom-Cath region of

Prom2-R GGCCCTTGGTTGTAGACG the LH_Cath transgenic fish

HA3-F TAAGGCCACGTTTCGATTCT 573 Determine the junction of the HA3

HA3-R TCATTTTGCCGTCTGTTGTT

HA4-F TGAGTTTGGACAAACCACAAC 598 Determine the junction of the HA4

HA4-R TTGATTGAAAATGTTTCCCTGTT

gRT-PCR Primers

Cec_gPCR-F  CTTCGTCTTTGTGCACTCA 166

Cec_gPCR-R  AGCGGTGGCTGCAACATT

Cath_gPCR-F  GCAGGGGTCTATTCAAGAAGC 125

Cath_gPCR-R GTCTGGATCTCACCGCCTTC

Catpd-F CCTCTGATCATGGGGGAGTA 132

Catpd-R GCCCATCTTTGTGGACTTGT oo .

UBI-F CGCACCCTGTCTGACTACAA 106 EOCqu”a”"ta“Ve real-time PCR (GRT-
) of transgenes (Cec and Cath)

UBI-R TGGGGGTGGTGTAAGACTTC and innate AMGs (Catpd, UBI

LEAP2-F GTACTCGCCCAACAGGTAGC 120 LEAP2, NKI-lysin, BPI 'I:CP HZA

LEAP2-R GATTCTCCAAAGGGGTGTCA and CC’L3) ' ' '

NKI-F GGGCCATGAAGAAAGTGAAA 111

NKI-R TGCAGAGACCTCGAAGGAAT

BPI-F CGACATGATCCCTTCCAGTT 113

BPI-R CCTTCACCAGGAGCTTCATC

TCP-F AAGGGAAGAGGGCTTCTCAG 121

TCP-R GCCTCCTCATGGTCACAGAT

H2A-F GACGTGTGCACAGGCTTCTA 115

H2A-R GCCAACTCCAGAATCTCAGC
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CCL3-F TCTCGTTCTCTCCTGCTGGT 117

CCL3-R AGGGATTGGATGTGTCTGGA
18s-F GAGAAACGG CTACCACATCC 128 Internal control for quantitative real-
18s-R GATACGCTCATT CCGATTACAG time PCR

poly-A tail was provided at the right of CDS to enhance translation in both plasmid donors.
Donors pUC57_Cec and pUC57_Cath were integrated respectively into the mstn and Ih loci in a
double-cut manner (Zhang et al., 2017). The plasmid donors were synthesized by Genewiz LLC
(South Plainfield, NJ).

A y SERNAL ¥ seRNA2
Exonl Exon2 Exon3 mstn locus Exonl Exon2 Exon3 Ih locus
sgRNA1 Y ¥ sgRNA1 sgRNA2 Y ¥ sgRNA2
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Figure 14. Construction of the plasmid donors and the experimental breeding design for knock-in
and knock-out in channel catfish (Ictalurus punctatus). (A) Schematic representation of the HA-
mediated CRISPR/Cas9 system knocking in the cecropin gene from moth (Hyalophora cecropia; Cec) at
the mstn locus. Double-cut plasmid donor (pUC57_Cec) was constructed using the coding sequence
(CDS) of the Cec gene flanked by two 300-bp homology arms (HA1 and HA2) derived from exonl of the
mstn gene and sgRNA1-PAM sequences (23 bp each, highlighted with red lines). (B) Schematic
illustration of the alligator (Alligator sinensis) cathelicidin (Cath) gene knocking in via the HA-mediated
CRISPR/Cas9 system at the Ih locus. pUC57_Cath plasmid was constructed using the CDS of the Cath
gene flanked by two 300-bp homology arms (HA3 and HA4) derived from exon2 of the Ih gene and
SgRNA2-PAM sequences (23 bp each). The structure of the target loci’s exons was constructed by brown
bars, and sgRNA-targeted sites were indicated by red triangles. Primer sets were illustrated and showed
the strategy to detect junctions, the UBI promoter region, and the insert-specific region of transgenes
using PCR amplifications. (C) Crossbreeding combined with CRISPR/Cas9-aided microinjection to
generate progeny harboring two transgenes (*_Cec*/*_Cath*). We did not perform the microinjection for
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embryos from IR_Cec™@ x Chrl_Cath*Jfamily. In addition to the non-injected control family, the
microinjection was conducted in IR_Cec*Q x IR_Cec*d and Chrl_Cath*@ x Chrl_Cath*d using
pUC57_Cath and pUC57_Cec plasmids, respectively. IR_Cec*, Fs cecropin-transgenic channel catfish
with the integration of the Cec gene in a random manner. Chrl_Cath*, P, cathelicidin-transgenic channel
catfish produced by integrating the Cath gene at a non-coding region of chromosome 1.
IR_Cec*/Chrl_Cath*, transgenic fish possessed both Cec and Cath transgenes (Cec was integrated
randomly and Cath was integrated at the non-coding region of chromosome 1); IR_Cec’/ LH_Cath®,
transgenic fish possessed both Cec and Cath transgenes (Cec was integrated randomly and Cath was
integrated at the lh locus); Mstn_Cec’/ Chrl_Cath®, transgenic fish possessed both Cec and Cath
transgenes (Cec was integrated at the mstn locus and Cath was integrated at the non-coding region of
chromosome 1). IR, integrated randomly; Chrl, chromosomel; UBI, zebrafish ubiquitin; PA, poly-A tail.

2.3 Brood stock selection and experimental design

Healthy and mature F3 cecropin- and Pa cathelicidin-integrated channel catfish parents were
utilized. Specifically, the Fs cecropin-transgenic (IR_Cec) fish line was established by Dunham
et al. (2002) with the integration of the moth (Hyalophora cecropia) cecropin gene in a random
manner. P1 cathelicidin-transgenic (Chrl_Cath) founders were produced by knocking in the
alligator (Alligator mississippiensis) cathelicidin gene at a non-coding region in chromosome 1
(Simora et al., 2020). The mating design follows here and is in Figure 14C. Here, three positive
pairs (IR_Cec*?, & and Chrl_Cath*@, &) from each fish line were identified by running the
nested PCR and normal PCR to detect the correspondingly inserted DNA fragments. Primers
IR_Cec-F1/R1 (and IR_Cec-F2/R2), and Chrl_Cath-F/R were used for the determination of these
two genotypes (Table 8).

To generate the channel catfish line possessing both Cec and Cath transgenes (*_Cec*/*_Cath™),
three pairings (IR_Cec*@x IR _Cec*d, IR_Cec*Q@x Chrl_Cath*d and Chrl_Cath*Qx
Chrl_Cath*@) combined with a CRISPR/Cas9-mediated microinjection were conducted (Figure
14C). The embryos from IR_Cec*@x Chrl_Cath*d were hatched without a second
microinjection to produce *_Cec*/*_Cath" individuals (family 1). The embryos from IR_Cec*Qx
IR_Cec*d were divided into two parts, one-third of them was hatched without microinjection
(family 2), while the remaining two-thirds were subjected to the CRISPR/Cas9-based
microinjection using the pUC57_Cath plasmid as a donor template (family 3). Similarly, the
embryos from Chrl_Cath*Qx Chrl_Cath*J were separated into non-injected (family 4) and a

group microinjected with the pUC57_Cec donor (family 5). Based on this trail, our objectives
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were: 1) determining the inheritance of transgenes Cec and Cath; 2) comparing the efficiency of
dual-AMG integration; and 3) assessing resistance against bacteria in progeny with single- and
dual-AMG integrated fish.

2.4 Fertilization, transgenic fish production and rearing
Three mature IR_Cec*and Chrl_Cath™ transgenic females each were implanted with 75 ug/kg of
luteinizing hormone-releasing hormone analog (LHRHa) and were placed in spawning bags in a

flow-through tank (800 L of water) at 26 — 28 °C with aeration (> 5 ppm dissolved oxygen) for

ovulation (Khalil et al., 2017). Spawning bags were checked for eggs every 4 hours at 36 hours
post hormone injection. Females were gently stripped if several eggs were observed in the
spawning bag, and the embryos were divided into two groups, as mentioned above. After a
female of either genotype spawned, a male of that same genotype and the other genotype were
euthanized and sacrificed to prepare sperm in 0.9% saline solution (g: v = 1: 10) for fertilization.
Two milliliters of sperm solution were added to ~300 eggs and mixed gently in a 20-cm greased
pan. After one-minute quiescence, sufficient pond water was supplemented to activate the sperm,
then the sperm/egg mixture was swirled for 30 s. More water was added and kept the embryos in
a single layer in the pan, then the embryos were allowed to harden for 15 min before

microinjection.

The dsDNA-mediated CRISPR/Cas9 system for microinjection consists of Cas9 protein, SgRNA,
plasmid donor, and phenol-red indicator in a 2:1:1:0.5 ratio. Embryos from family 3 and family 5
were subjected to a second microinjection to produce the *_Cec*/*_Cath* fish line. Specifically,
4 uL of Cas9 protein (50 ng/uL), 2 puL of sgRNA1 (~300 ng/uL), 2 uL of pUC57_Cath plasmid
(50 ng/uL), and 1 pL of phenol-red solution were mixed and microinjected for family 3. With
respect to family5, the same components were adopted for microinjection, but the sgRNA and
donor template were replaced with sgRNA2 and pUC57_Cec plasmid, respectively. For each
mixture of the CRISPR/Cas9 system, we first mixed Cas9 protein and sgRNA on ice for 10 mins,
then the donor plasmids were added. To reduce potential mosaicism and off-target effects, the
mixed solution was microinjected into one-cell stage embryos as previously described (Khalil et
al., 2017). Every 6 pL of the mixture was loaded into a 1.0-mm OD borosilicate glass capillary
that was pulled into a needle by a vertical needle puller (David Kopf Instruments, Tujunga, CA)

and injected into 600 embryos during the first 90 min post-fertilization.
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To calculate the hatchability, fry survival rate, and inheritance/integration rate, the microinjected
(family 3 and 5) and non-injected embryos (family 1, 2, and 4) from each family were separated
into five 10-L tubs refilled with 7-L Holtfreter’s solution (59 mmol NaCl, 2.4 mmol NaHCOs,
1.67 mmol MgSOs, 0.76 mmol CaClz, 0.67 mmol KCI) (Armstrong and Malacinski, 1989) with
continuous oxygen (> 5 ppm). A total of 5 families x 5 replicates = 25 tubs (200 eggs/tub) were
separately and randomly placed into two flow-through hatching troughs, and the rest of the
embryos were incubated in another flow-through trough with paddles for oxygenation (> 5 ppm).

Drop-in heaters were utilized upstream near the water inlet to keep the water temperature at 26 —

28 °C in each trough. Holtfreter’s solution was completely replaced twice daily, and dead

eggs/fry were recorded and removed.

All sac fry were transferred into new tubs refilled with pond water at six days post-fertilization
and fed alive artemia four times per day. After a two-week culture in tubs, fry from each family
were placed into separate 60-L tanks in a recirculating system for growth out (120 fry/tank).
During this phase, the fry (< 1 g) received Purina® AquaMax® powdered feed (50% crude
protein, 17% crude fat, 3% crude fiber, and 12% ash) four times per day for two months. Then
fingerlings (5 — 10 g) were fed with Aquaxcel WW Fish Starter 4512 (45% crude protein, 12%

crude fat, 3% crude fiber, and 1% phosphorus) twice a day for two months to apparent satiation.
Juvenile fish (20 — 50 g) were fed with WW 4010 Transition feed (40% crude protein, 10% crude

fat, 4% crude fiber, and 1% phosphorus) once a day (Coogan et al., 2022a).

2.5 Sample collection and integration analysis
After a 4-month culture, all fingerlings (20 — 50 g) were pit-tagged (Biomark Inc., Boise, Idaho,

USA) and weighed individually. Mixed samples of fin and barbel clip were collected from each

family and stored at — 20°C until use. DNA extraction was performed using proteinase K

followed by protein precipitation as described by Kurita et al. (2004). Different genotyping
strategies were employed for different families: Primers IR_Cec-Fi/R1, IR_Cec-F2/R2, and
Chrl_Cath-F/R were used for the detection of IR_Cec and Chrl_Cath regions in family 1, 2 and
4; Given family 3, primers IR_Cec-Fi/R1 and IR_Cec-F2/R2 were used for amplifying the IR_Cec
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region, and Cath-F/R, Prom2-F/R, HA3-F/R, and HA4-F/R were used to detect the insertion of
the Cath at the lh locus. With respect to family 5, primers Chrl_Cath-F/R were used to
determine the Chrl_Cath region, and Cec-F/R, Prom1-F/R, HA1-F/R and HA2-F/R were used to
detect the integration of the Cec at the mstn locus (Figure 14AB). All primers were designed via

the online software Primer3Plus (http://www.bioinformatics.nl/cqi-

bin/primer3plus/primer3plus.cgi) and listed in Table 8. PCR was performed in a 10-uL system,

and PCR products were electrophoresed on a 1.0% agarose gel with 1 x TAE buffer. A bright
band of each region with the corresponding length indicated an on-target positive. PCR products
were inserted into the pCR™4-TOPO vector using TOPO TA Cloning Kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions and transformed into One Shot TOP10F
chemically competent Escherichia coli (Invitrogen, Carlsbad, CA) as previously described
(Elaswad et al., 2018). Then three colonies were randomly picked to perform Colony PCR, and
liquid E. coli cultures were prepared for rolling circle amplification (RCA) sequencing by
Sequetech (Mountain View, CA). Finally, the sequencing results were blasted with transgenes
using MAFFT (version 7, https://mafft.cbrc.jp/alignment/server/) to identify inserted DNA

sequences.

2.6 Edwardsiella ictaluri challenge

A total of 80 channel catfish (mean + SD weight = 16.49 + 3.69 g) from three major groups
containing eight genotypes (10 fish/genotype, off-target individuals excluded) were used for the
Edwardsiella ictaluri challenge experiment: wild-type (WT, from family 1), one-AMG
integrated (IR_Cec*/* Cath™ [from family 2], IR_Cec /LH_Cath* [from family 3], * Cec"

/Chrl_Cath* [from family 4], Mstn_Cec*/Chrl_Cath™ [from family 5]) and two-AMG integrated
(IR_Cec*/Chrl_Cath®™ [from family 1], IR _Cec'/LH_Cath* [from family 3],

Mstn_Cec*/Chrl_Cath* [from family 5]). All catfish were reared and acclimated for five days
(temperature ~26°C, DO > 5.0 ppm) in a 200-L tank with flow-through water from a watershed
retention pond. The system was contained within a biosecure challenge room at the E.W. Shell
Fisheries Research Center, Auburn University, AL. Cryo-stock of E. ictaluri (S97-773) was
streaked for isolation onto brain-heart infusion agar (BHIA; Hardy Diagnostics) and incubated

for 48 h at 28 °C. A single colony was harvested and inoculated into 20-mL brain—heart infusion
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broth (BHIB; Hardy Diagnostics). The culture was incubated (28 °C; 175 rpm) for 18 h. Bacteria
were subcultured into 250 mL of BHIB for another 18 h at the same growth conditions. The
culture was then adjusted to an ODsoo of 1.11. Before starting E. ictaluri infection, the water was
lowered to a total of 30 L, then 50 mL of E. ictaluri suspension containing 4.0 x108 CFU/mL
cells was added to the tank resulting in a final dose of 6.76 x 10° CFU/mL. Fish were immersed
statically for one hour with aeration provided from air stones, and then water was restored to 1/2

volume of the tank (DO > 6 ppm, and water temperature was 26 — 28°C). In addition to infected

groups, one mock-challenged tank containing 30 fish received only sterile BHIB in lieu of the

bacteria.

During the first 72 hours of the experiment, tanks were observed every 4 hours for mortality and
then three times daily. Challenged fish were continuously monitored for a total of 10 days for
clinical signs of E. ictaluri by isolating bacteria on BHIA plates from the liver to discern the
cause of death from the pathogen. The moribund fish were considered as dead and necropsied,
and the fresh head kidney was transferred directly into liquid nitrogen (within cryovials). After a
10-day observation, all surviving individuals were euthanized with 200 ppm tricaine
methanesulfonate (MS222, Ferndale, WA), and head kidneys were quickly obtained for storage
in liquid nitrogen. All samples from moribund and sacrificed individuals were then stored at —
80 °C for RNA isolation.

2.7 RNA isolation and gene expression

Total RNAs were isolated from the kidney using TRIzol reagent (Thermo Fisher Scientific) and
were reverse transcribed to cDNA using iScript™ Synthesis Kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions. To determine the contribution of transgenes to fish
survival and the co-expression with endogenous antimicrobial peptide genes (AMGS) after the E.
ictaluri challenge, the mRNA level of channel catfish AMGs was evaluated, including cathepsin
D (Catpd, GU588646), ubiquitin (UBI, NM_001200293), liver-expressed antimicrobial peptide-
2 (LEAP2, AY845141), natural killer lysin (NK-lysin, AY934592), bactericidal permeability-
increasing protein  (BPIl, AY816351), thrombin-derived C-terminal peptides (TCP,
XM _017458593), histone H2A (H2A, XM_017462467) and C-C motif chemokine3 (CCL3,
XM_017471106), and two transgenes (Cath and Cec) in the kidney of both dead and alive fish
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since those AMGs exhibited upregulation after the pathogen infection in our previous study
(Wang et al., 2022).

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed on a C1000
Thermal Cycler using SsoFast™ EvaGreen Supermix kit (Bio-Rad, Hercules, CA).
Concentrations of the cDNA products were diluted to 220 ng/ul, and 1 uL was used in a 10 uL
gRT-PCR reaction volume. The mRNA level of 18S rRNA was used as an internal control, and
the detailed gRT-PCR procedure was set up according to Coogan et al. (2022a). All raw data
were expressed relative to the expression levels of 18S rRNA in each sample using the CFX
Manager Software version 1.6 (Bio-Rad, Hercules, CA), and crossing-point (CT) values were
converted to fold differences using the relative quantification method (Livak and Schmittgen,
2001). The primers used for qRT-PCR are listed in Table 8.

2.8 Logistic regression model construction
In our study, two outcomes (die and live) appeared from the E. ictaluri challenge experiment,

and we defined a binary response to fit a univariate multiple LR model:

Y = [1, if a fish survived after the E.ictaluri challenge

0, if a fish died after the E.ictaluri challenge
Fish gender (Sex), body weight (BW), and the mRNA level of transgenes (Cath and Cec) and
innate AMGs (Catpd, H2A, UBI, LEAP2, NK-lysin, BPI, TCP and CCL3) could contribute to fish
survival. Here, Sex was a binary predictor, and we redefined it as a dummy variable:

1, if the fish was a female
0, if the fish was a male

Sex = [
Therefore, the LR model was used to determine the effects of these 12 predictors on our binary
outcomes:

exp(Bo+pLSex + foBW+fB3Cath+... +512,CCL3)
1+ exp(Bo+pf1Sex + B,BW +p3Cath+... 4+, CCL3)

Then, LOglt[T[CX)] - ﬁ0+ﬁlsex + ﬁgBW+53Cath+...+ﬁ12 CCL3

n(x)=P¥ =1)=

Where m(x) denotes the probability of a fish’s survival from the challenge experiment, x
indicates different predictors. The parameter f3; refers to the effect of x; on the log odds that Y =

1 (fish is alive after E. ictaluri challenge), controlling the other x. Concerning the interpretation,
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larger f3; is an indicative of greater value of m; (probability of survival after E. ictaluri challenge).
For instance, we can conclude that the Cath transgene contributes more than the CCL3 gene in

improving survival rate if 83 > ;5 > 0.

With respect to the model construction, univariate multiple LR models were fitted using both
categorical (Sex) and continuous (BW and the mRNA level of genes) predictors. In this case, a
model with more than 10 predictors may suffer from multi-collinearity, making it seem that it is
nearly redundant when all the others are in the model. Therefore, a correlation test was first
performed among these data from gene expression to determine the potential collinear variables.
Then a full logit model containing all identified predictors was constructed, and subsequently,
reduced models were built by removing non-significant predictors utilizing the backward
elimination method. The likelihood ratio test and akaike information criterion (AIC) were
adapted to compare the fitness of full and reduced models (Burnham and Anderson, 2004).
Lastly, the goodness-of-fit of the final model was determined by model adequacy assessment

using the Hosmer-Lemeshow and sensitivity/specificity test (Hosmer et al., 2013).

2.9 Statistical analysis

The one-way ANOVA followed by Tukey’s multiple comparisons test was used to determine the
mean differences of the inheritance/integration, hatching rate, and fry survival. The survival
curves of different genotypes following the E. ictaluri challenge were compared by the Kaplan-
Meier plots followed by the Log-rank (Mantel-Cox) test. All statistical analysis was achieved via
GraphPad Prism 9.4.1 (GraphPad Software, LLC). Final survival between single- and dual-AMG
transgenic, gene expression between moribund and sacrificed fish were analyzed using the
unpaired Student’s two-sample t-test. Statistical significance was set at P < 0.05, and all data are
presented as the mean + standard error (SEM).

3. Results

3.1 Inheritance and integration rate

Traditional crossbreeding combined with CRISPR/Cas9-mediated targeted gene insertion
produced Cec-, Cath- and Cec/Cath- transgenic individuals including one-AMG and two-AMG
integrated fish in this study. We implanted positive Chrl_Cath- (Chrl_Cath™: #1, #11 and #19)
and IR_Cec-transgenic (IR_Cec™: #23, #29 and #30) female founders with 75 pg/kg LHRHa for
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spawning (Figure 15A), and one Chrl_Cath* (#1) and two IR_Cec™ females (#23 and #30) gave
eggs, respectively. Then three pairs of crossbreeding combined with genome editing were
accomplished: #30 IR_Cec* @ x #7 Chrl_Cath* &, #30 IR_Cec* @ x #24 IR_Cec*J, and #1
Chrl_Cath* @ x #21 Chrl_Cath® . All the positive individuals were determined by gel
electrophoresis and DNA sequencing (Figure 15BC).

A total of five families containing three main groups were produced from the three-pair
crossbreeding: non-AMG (*_Cec /*_Cath™), one-AMG (*_Cec /*_Cath*, * Cec*/*_Cath™) and
two-AMG integrated (*_Cec*/*_Cath*) (Table 9). Our results suggested that transgenes were
multi-generational, and dual-AMG transgenic fish with a high integration rate that can be
induced through genome editing using transgenic embryos combined with crossbreeding.

Specifically, the F1 generation of family 1 had four genotypes, including non-AMG (IR_Cec™
/Chrl_Cath ~ ), one-AMG (IR_Cec*/Chrl_Cath =, IR _Cec ~ /Chrl_Cath*) and two-AMG

integrated (IR_Cec*/Chrl_Cath*), and the mean inheritance of each genotype was 27.0%, 27.0%,
25.0%, and 21.0%, respectively, without significant difference in statistics (P = 0.582) (Figure
S12A in Appendix 2). Non-AMG (IR_Cec ™) and one-AMG (IR_Cec") transgenic progeny with
similar inheritance (54.8% and 45.2%, P = 0.130) in the family 2 (Figure S12B in Appendix 2).
Similarly, non-AMG (IR_Cec /LH_Cath"), one-AMG (IR_Cec*/LH_Cath", IR_Cec /*_Cath"),
and two-AMG (IR_Cec™*/*_Cath™) transgenic fish were presented with the inheritance/integration
rate of 20.9%, 22.4%, 19.4% and 37.3% in the family 3 (Figure S12C in Appendix 2). The
percentage of dual-AMG transgenic individuals was significantly higher than that of single-
AMG transgenesis (37.3% vs. 22.4%, P < 0.0001; 37.3% vs. 19.4%, P = 0.001) in the family 3.
Besides, non-AMG (Chrl_Cath ~, 56.7%) and one-AMG (Chrl_Cath*, 43.3%) transgenic

progeny can be detected with no difference (P = 0.127) in the family 4 (Figure S12D in
Appendix 2). In addition, non-AMG (Mstn_Cec ~ /Chrl_Cath ~, 29.4%), one-AMG

(*_ Cec'/Chrl _Cath =~ , 17.6%; Mstn Cec ~ /Chrl Cath*, 19.1%) and two-AMG

(*_Cec'/Chrl_Cath*, 33.8%) transgenic individuals with different inheritance/integration rate
were identified in the family 5 (Figure S12E in Appendix 2), and a significantly increased
integration rate in the two-AMG group compared to the one-AMG (33.8% vs. 17.6%, P = 0.038;
33.8% vs. 19.1%, P = 0.049).
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Table 9. The inheritance and integration rate of cecropin (Cec) and cathelicidin (Cath) transgenes introduced by the CRISPR/Cas9-
mediated microinjection in five families of channel catfish, Ictalurus punctatus. The embryos from family 3 and family 5 received
microinjection of pUC57_Cath and pUC57_Cec plasmids, respectively. Concerning IR_Cec’/*_Cath" and *_Cec*/Chrl_Cath", off-target positive
individuals (Cath was inserted at non-lh locus; Cec was inserted at non-mstn locus) were included. N, the number of fingerlings of each genotype.

. . L Genotyping Integration (%) Inheritance (%)
Family  Mating Microinjection Progeny Genotype N % Cec Cath Cec Cath
1 IR_Cec*Qx Chrl_Cath*d No IR_Cec*/Chrl_Cath 41 27.0 _ _ 48.0 46.0
IR_Cec/Chrl_Cath* 38 25.0
IR_Cec*/Chrl_Cath* 32 21.0
IR_Cec’/Chrl_Cath 41 27.0

2 IR_Cec*@x IR_Cec*d No IR_Cec* 63 45.2 _ _ 45.2 _
IR_Cec 76 54.8

3 IR_Cec*@x IR_Cec*d pUC57_Cath IR_Cec*/LH_Cath 15 22.4 _ 56.7 59.7 _
IR_Cec’/LH_Cath* 13 19.4
IR_Cec*/*_Cath* 25 373
IR_Cec’/LH_Cath 14 20.9

4 Chrl_Cath*Qx Chrl_Cath*d No Chrl_Cath* 39 43.3 _ _ _ 43.3
Chrl_Cath 51 56.7

5 Chrl_Cath*@x Chrl_Cath*3 pUC57_Cec Mstn_Cec*/Chrl_Cath 12 17.6 51.4 _ _ 52.9
Mstn_Cec/Chrl_Cath* 13 19.1
* Cec*/Chrl_Cath* 23 33.8
Mstn Cec/Chrl Cath 20 29.4
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In the current study, the dual-AMG transgenic progeny was generated from a traditional
crossbreeding IR _Cect* @ x Chrl_Cath® & with an inheritance rate of 21.0%
(IR_Cec*/Chrl_Cath*). Still, microinjection using the IR _Cec- or Chrl_Cath-transgenic
embryos can yield a higher inheritance/integration rate as 37.3% (IR_Cec*/*_Cath™) and 33.8%
(*_Cec*/Chrl_Cath") in family 3 and family 5, respectively.

Notably, off-target events were observed in family 3 and family 5 when the transgenic embryos
were subjected to microinjection. In detail, 76% [19/25] of on-target (IR_Cec*/LH _Cath™) and
24% [6/25] of off-target (IR_Cec™/IR_Cath*) integrated individuals from the two-AMG
(IR_Cec*/*_Cath™) genotype were observed in the family 3, respectively. A total of 56.52%
[13/23] on-target positive (Mstn_Cec*/Chrl_Cath*) fish and 43.48% [10/23] off-target positive
(IR_Cec*/Chrl_Cath™) were detected from the two-AMG (*_Cec*/Chrl_Cath*) inserted
individuals in family 5.
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Figure 15. Determination of transgene integration and sequencing results from various genotypes in
channel catfish (Ictalurus punctatus). (A) 1% TAE gel electrophoresis of PCR amplicons showed the
detection of positive cathelicidin- (Chrl_Cath®; Chrl_Cath-polyA, 591 bp) and cecropin-transgenic
(IR_Cec"; IR_Cec-polyA, 305 bp) founders. (B) 1% TAE agarose gel of PCR amplicons indicated the
determination of insertion of the Cec transgene at the mstn locus from the Mstn_Cec*/Chrl_Cath "
genotype. The CDS region (Mstn_Cec-polyA, 352 bp), promoter region (Prom-Mstn_Cec, 462 bp) and
junctional regions (HA1-Prom, 636 bp and PolyA-HA2, 664 bp) were verified by sequencing. (C) Results
from PCR amplicons showed the insertion of the Cath transgene at the Ih locus from the IR_Cec”
/LH_Cath* genotype. The CDS region (LH_Cath-polyA, 597 bp), promoter region (Prom-LH_Cath, 542
bp) and junctional regions (HA3-Prom, 573 bp and PolyA-HA4, 598 bp) were verified by sequencing.
The numbers on the top of the gel images indicated the sample IDs of the fish. Lane N, negative control
using water as a template; Lane W, wild-type control; Lane P, positive control using a plasmid donor as a
template; Lane M, DNA marker (1 kb), 300, 500 and 650-bp bands were highlighted with black triangles;
CDS, coding sequences; PA, polyA tail; Mstn_Cec*/Chrl_Cath ", Cec transgenic fish (the Cec transgene

was integrated at the mstn locus. IR_Cec /LH_Cath*, Cath transgenic fish (the Cath transgene was

integrated at the Ih locus); IR_Cec®, F5 cecropin-transgenic channel catfish with the integration of the Cec
gene in a random manner. Chrl_Cath*, P; cathelicidin-transgenic channel catfish produced by integrating
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the Cath gene at a non-coding region in chromosome 1. Full gel electrophoresis photos are attached in
Figure S11 in Appendix 2.

3.2 Hatching rate and fry survival rate

Families 1, 2, and 4 were produced by artificial fertilization. Families 3 and 5 were produced by
artificial fertilization and microinjection. The hatching rate was 44.8, 42.4, 22.5, 44.8, and 22.7%,
and the fry survival rate was 38.2, 40.4, 20.4, 33.1, and 14.2% for families, 1, 2, 3, 4 and 5,
respectively. Although the CRISPR/Cas9-mediated genome editing increased the efficiency of a
dual-AMG transgenesis using transgenic embryos, the microinjection significantly decreased the
hatchability compared to the non-injection group (family 3 vs. family 2: 22.50% vs. 42.40%, P <
0.0001; family 5 vs. family 4: 22.68% vs. 44.80%, P < 0.0001; Figure 16A). Furthermore, the
microinjection had a significant negative effect on the fry survival rate (family 3 vs. family 2:
28.44% vs. 39.45%, P = 0.004; family 5 vs. family 4: 29.24% vs. 37.54%, P = 0.005; Figure
16B).

Based on the inheritance of Cec and Cath in family 1, the percentage of dual transgenic
individuals inheriting both transgenes should be 0.22, and the observed value was 0.21 (Table 9).
Based on the integration and inheritance rates exhibited in family 3, the percentage of double
transgenics predicted should be 34%, and it was 37%. Similarly, in family 5, the expected

percentage of double transgenics was 27%, and that actually observed was 34%.

3.3 Bacterial resistance

Compared to the WT individuals, AMG-integrated fish exhibited enhanced resistance against E.
ictaluri during the challenge experiment. The WT fish showed the lowest CSR at 20% after
infection. Two types of Cec-transgenic fish (40% for IR _Cec™/* Cath ~ , 50% for

Mstn_Cec*/Chrl_Cath ; P = 0.117) had a similar CSR after the bacterial infection, which was

significantly higher than the non-AMG inserted fish (P < 0.0001). Cath-transgenic individuals
had higher observed CSR than Cec-transgenic channel catfish (50% for * Cec /Chrl_Cath?,

60% for IR_Cec /LH_Cath"); however, there was no significant difference in the CSR among
different types of Cec- and Cath-transgenic fish (P = 0.800). In addition, three types of two-
AMG integrated fish showed higher CSRs (60% for IR_Cec’/Chrl_Cath®, 70% for
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IR_Cec*/LH_Cath*, and 80% for Mstn_Cec*/Chrl_Cath*) than the Cec- or Cath-inserted fish,

and these three types of two-AMG integrated groups had no difference in survival among
themselves (P = 0.478) (Figure 16C).
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Fig 16. Hatch and fry survival of transgenic channel catfish (Ictalurus punctatus) and the resulting
cumulative survival rate from different genotypes following challenge with Edwardsiella ictaluri. (A)
The effect of microinjection on the hatchability. (B) The effect of the microinjection on the fry survival
rate. (C) Kaplan-Meier plots of AMG-integrated channel catfish. A total of 8 genotypes were involved in
the bacterial challenge. In addition to these bacterial infection groups, one control group with medium
immersion was implanted for the challenge experiment. The comparison of different survival curves was
determined by the Log-rank (Mantel-Cox) test. (B) Comparison of cumulative survival rate in one-AMG
and two-AMG integrated individuals post E. ictaluri infection. One-AMG group had 4 genotypes:
IR_Cec*/* _Cath™, Mstn_Cec*/Chrl_Cath , * Cec /Chrl_Cath* and IR_Cec /LH_Cath*; Two-AMG
group contained 3 genotypes: IR_Cec*/Chrl_Cath*, IR_Cec*/LH_Cath* and Mstn_Cec*/Chrl_Cath*. WT,
wild-type fish; IR_Cec*/* Cath ~, Cec transgenic fish (Cec was integrated in a random manner);

Mstn_Cec*/Chrl_Cath~, Cec transgenic fish (Cec was integrated at the mstn locus); * Cec /Chrl_Cath*,
Cath transgenic fish (Cath was integrated at the non-coding region of the chromosome 1); IR_Cec”

/LH_Cath®, Cath transgenic fish (Cath was integrated at the Ih locus); IR_Cec*/Chrl_Cath", transgenic
fish possessed both Cec and Cath transgenes (Cec was integrated randomly and Cath was integrated at the
non-coding region of chromosome 1); IR_Cec*/LH_Cath", transgenic fish possessed both Cec and Cath
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transgenes (Cec was integrated randomly and Cath was integrated at the Ih locus);
Mstn_Cec*/Chrl_Cath*, transgenic fish possessed both Cec and Cath transgenes (Cec was integrated at
the mstn locus and Cath was integrated at the non-coding region of chromosome 1). AMGs, antimicrobial
peptide genes; one-AMG, one AMG (Cec or Cath) integrated in the genome of channel catfish; two-
AMG, two AMGs (Cec and Cath) integrated in the genome of channel catfish. # = P < 0.05; ## = P <
0.01; ### = P < 0.001; #### = P < 0.0001; ns = not significant, by unpaired student’s t-test or one-way
ANOVA.

Overall, one-AMG (50% vs. 20%, P = 0.023) and two-AMG (70% vs. 20%, P = 0.005)
transgenic channel catfish had significantly enhanced resistance against E. ictaluri compared to
the WT individuals. The bacterial disease resistance of double AMG integration was greater
when compared to that of single-AMG integration (mean CSR: 70% vs. 50%, r = 0.79; P = 0.032;
Pearson Correlation analysis) (Figure 16D).

3.4 Synerqgistic expression of transgenes and innate AMGs

The mRNA level of 10 AMGs from 38 moribund and 42 sacrificed fish was determined
individually (Figure S13-14 in Appendix 2), and the mRNA levels of Cec, Cath, CCL3, H2A,
LEAP2, UBI, BPI, TCP and NK-lysin increased (all levels > 0) in the challenged group compared
to the non-infected group. In addition, significantly elevated mRNA levels of the Cath (P <
0.0001) and TCP genes (P < 0.0001) were detected in the sacrificed individuals compared to the
moribund fish. Compared with the moribund fish, the expression of the Cec transgene also
showed up-regulated but not significant (P = 0.1732). In contrast, the expression of the LEAP2
(P =0.0022) and NK-lysin genes was significantly downregulated (P < 0.0001) in the moribund
fish compared to sacrificed individuals (Figure 17A).

In our study, both categorical (Sex) and continuous (BW and the mRNA level of genes) variables
were used as predictors to construct a univariate multiple LR model (Appendix 3). Because we
employed more than 10 predictors in the LR model, which may cause multi-collinearity; we first
performed a correlation test among the gene expression matrix to determine and remove the
potential collinear variables. The results of the correlation analysis showed correlation
coefficients of -0.33 (Cath and NK-lysin) to 0.42 (LEAP2 and Catpd) between different genes,
suggesting a weak correlation (Figure 17B). Therefore, we fitted a full model combining Sex,
BW, Cath, Cec, H2A, UBI, TCP Catpd, LEAP2, BPI, NK-lysin, and CCL3 as predictors. The full
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model had an AIC value of 69.304 (P < 0.0001), and the Sex (P = 0.678), BW (P = 0.130), UBI
(P = 0.958), H2A (P = 0.103), Catpd (P = 0.181), BPI (P = 0.294) and CCL3 (P = 0.214) were
not significant (Table S4-5 in Appendix 1). Then we refined a reduced model after removing
these non-significant predictors. Notably, we kept the Cec for the reduced model since the P =
0.0874, and it was the transgene of focus. The reduced model had a smaller AIC value (AICz =
62.776, P <0.0001) than that of the original model (AIC1 = 69.304) (Table S6-7 in Appendix 1).
Therefore, this fitted model was more robust than the full model. Nonetheless, LEAP2 was not
significant (P = 0.066), and we discarded it to fit a second reduced model correspondingly.
Finally, a model was built that only contained the Cec (P = 0.034), Cath (P = 0.047), TCP (P =
0.007), and NK-lysin (P = 0.003) with significant effects on the survival after E. ictalurid
challenge: Logit(7) = -1.95 + 0.17Cath + 0.23Cec + 1.48TCP — 0.39NK-lysin (Figure 17C;

Table S8-9 in Appendix 1).

In addition, we assessed the interactions among these four predictors, and there were no
significant interactions among them (all P > 0.05, Table S10 in Appendix 1). Additionally, the
AIC = 71.035 > 64.585 indicated that the fitness decreased when we took the interactions into
the model (Table S11 in Appendix 1). Therefore, the final model was fitted without interactions.
The Goodness-of-Fit test revealed that our final LR model fitted the data well (P = 0.206 > 0.05)
(Table S12 in Appendix 1). Additionally, the ROC curve showed 92.04% confidence that high
MRNA levels of Cath, Cec, TCP, and low mRNA levels of NK-lysin significantly improved the
CSR post-E. ictaluri infection (Figure S15 in Appendix 2). Our final model displayed that the
Cath and Cec transgenes had a similar contribution to the survival (f; = 0.17 for Cath,
B>, = 0.23 for Cec), and the expression of transgenes improved the mRNA level of the TCP
(B3 = 1.48) but decreased that of the NK-lysin (8, = - 0.39). In particular, the BW and gender
of fish did not affect the CSR during the bacterial challenge.
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Figure 17. Determination of co-expression of transgenes and innate AMGs in channel catfish
(Ictalurus punctatus) based on a univariate-multiple logistic regression model. (A) Comparison of the
relative mMRNA levels of innate AMGs (Catpd, H2A, UBI, LEAP2, NK-lysin, BPI, TCP and CCL3) and
transgenes (Cec and Cath) in the head kidney from moribund and sacrificed individuals after
Edwardsiella ictaluri infection. (B) Gene expression heatmap to detect potential multi-collinearity among
these 10 AMGs. (C) A standardized procedure for building a logistic regression model using the gene
expression matrix (10 AMGs), body weight (BW) and gender (Sex). AIC, akaike information criterion,
judges a model by how close its fitted values tend to be to the true values, and the smaller, the better.
AMGs, antimicrobial peptide genes; Catpd, cathepsin D (GU588646); H2A, histone H2A
(XM _017462467); UBI, ubiquitin (NM_001200293); LEAP2, liver-expressed antimicrobial peptide-2
(AY845141); NK-lysin, natural killer lysin (AY934592); BPI, bactericidal permeability-increasing protein

(AY816351); TCP, thrombin-derived C-terminal peptides (XM_017458593); CCL3, C-C motif
chemokine 3.
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4. Discussion

For the first time, we generated dual-gene integrated genetic lines using transgenic channel
catfish founders coupled with a CRISPR/Cas9-assisted system for introduction of a second gene.
Our results confirmed the reliability and efficiency of this approach, paving the way for novel
aquatic genetic enhancement. Additionally, two-AMG-integrated channel catfish were more
resistant to pathogenic bacteria than WT or one-AMG-inserted individuals. Furthermore, we
applied univariate-multiple LR models to quantify the contribution of various transgenes and
endogenous AMGs to fish survival after bacterial challenge, revealing potential synergistic
expression of transgenes and endogenous AMGs.

In recent decades, much research has addressed AMG as transgenes to improve disease
resistance in fish (Wang and Cheng, 2023). The pooled results of these studies revealed that
AMG-transgenic fish were more resistant to disease than WT fish, even though there was high
heterogeneity (12 = 97.73%) across these published papers (Figure 18A). Our conclusions were in
line with those previously described, suggesting that Cec and Cath transgenes can significantly
enhance channel catfish resistance to E. ictaluri (Figure 18B) compared to WT fish. Although
AMGs as transgenes can significantly inhibit bacterial growth, the meta-analysis found that they
did not effectively control some parasites and viruses (e.g., Ichthyophthirius multifiliis and grass
carp hemorrhagic virus) (Figure 18C). In addition, we deduced from a collection of publications
that the Cath-transgenic fish showed stronger resistance against pathogens than that in the Cec-
transgenic lines (Figure 18D). Contrarily, our findings uncovered no significant difference in
improving the CSR between Cec- and Cath-integrated channel catfish, implying that integration
of different loci of the same transgene may cause varied genetic pleiotropy on disease resistance
enhancement. Consequently, we applied an AMG-moderator meta-analysis of recruited studies
to verify that the Cec integrated at the mstn locus conferred higher disease resistance than that in
a random locus, which may imply that mstn knockout might have other biological functions,
such as immunological response, or potentially non-negligible interaction between the Cec
transgene and mstn locus. Besides, the Cath integrated at the non-coding area of chromosome 1
had a higher resistance to bacteria than that at the Ih locus (Figure 18E). In addition to the locus-

change effects, the authors (Figure 18F), fish species (Figure 18G), and pathogen types (Figure
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18H) were also in response to the effect variation of the Cec and Cath. For instance, the metadata
illustrated that Cec transgene showed significantly increased CSR in rainbow trout/channel
catfish against Aeromonas, Flavobacterium, and Edwardsiella from three previous investigations
(Dunham et al., 2002; Sarmasik et al., 2002; Chiou et al., 2013). However, the Cec did not
enhance resistance against the Ich parasite in statistics when we combined all relevant
publications to conduct a global assessment. Overall, although the Cec- or Cath-integrated fish
exhibited enhanced resistance against a diversity of pathogens following previous works, the
effects of these two transgenes varied depending on publications, fish species, pathogens, and

insertion loci.
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Figure 18. Higher cumulative survival rates (CSRs) post-infection in AMGe-integrated fish
compared to wild-type individuals based on the metadata. (A) The overall effect of AMGs as
transgenes on fish CSRs combined with all AMG transgene-related studies. Although high heterogeneity
(1> = 97.73%) existed across different studies, AMG-transgenic fish showed higher CSRs than the wild-
type fish (effect size = 6.87, k = 54, P < 0.0001). (B) The effects of AMG transgenes on CSRs varied with
the fish species. AMGs as transgenes significantly improved the CSRs in zebrafish (P = 0.0114), grass
carp (P = 0.0037), and channel catfish (P = 0.00495). (C) Different effects were observed in a diversity of
pathogenic challenge experiments when AMGs were integrated into the fish genome. AMGs were
significantly effective against Vibrio (P = 0.007), Streptococcus (P = 0.0011), IHNV (P = 0.0007),
Flavobacterium (P < 0.0001), Edwardsiella (P = 0.0257) and Aeromonas (P = 0.0126). (D) The type of
AMG affected the improvement of CSRs, and TH1-5 (P = 0.0069), Lysozyme (P < 0.0001), Lactoferrin
(P = 0.0003), CF-17 (P < 0.0001), Cecropin (Cec, P = 0.0029) and Cathelicidin (Cath, P < 0.0001) as
transgenes significantly increased CSRs of fish after pathogen invasion. (E) Differences in improving
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CSRs by Cec or Cath integrated at different loci. Fish integrating the Cath transgene at the non-coding
region of chromosomel (Chrl_Cath, P = 0.0001) demonstrated the robust resistance to disease, followed
by integration of the Cath at the Ih locus (LH_Cath, P = 0.0002), the Cec at the mstn locus (Mstn_Cec, P
= 0.0076) and the Cec integrated randomly (IR_Cec, P < 0.0001). (F) The Cec- or Cath-transgenic fish
displayed differences in the effect of CSRs in various studies. A significant increment of CSRs was
observed in Dunham et al. 2002 (P = 0.0030), Sarmasik et al. 2002 (P = 0.0098), Chiou et al. 2013 (P <
0.0001), Wang et al. 2023 (P = 0.0023) and this study (P < 0.0001), respectively. (G) The effect of Cec or
Cath as transgenes varied in different fish species, and significant enhancement in CSRs was displayed in
rainbow trout (P = 0.0010) and channel catfish (P < 0.0001). (H) The Cec- or Cath-integrated fish
showed different effects against various pathogens, and significant enhancement in CSRs was revealed in
Aeromonas (P = 0.0025), Flavobacterium (P = 0.0142), and Edwardsiella (P = 0.0005). Ich,
Ichthyophthirius multifiliis; GCHYV, grass carp hemorrhage virus; IHNV, infectious hematopoietic
necrosis virus; TH1-5, tilapia hepcidin 1-5; PGRNL1, a type of progranulin gene from Mozambique tilapia;
GRN-41/GRN-A, AMGs from Mozambique tilapia to produce secreted GRN peptides; CF-17, a synthetic
cecropin B analog; SMD, standardized mean difference (Hedges’g was used to calculate SMD); Kk, the
number of effect sizes for each category of different moderators; 12, the heterogeneity index across
studies; 95% CI, 95% confidence interval. AMG (Cec or Cath)-integrated, transgenic fish possess an
exogenous AMG (Cec or Cath) integrated into the genome via genetic engineering. * = P < 0.05; ** = P
<0.01; *** =P < 0.001; **** = P < 0.0001; ns = not significant.

As mentioned above, the Cec-, Cath-, and other AMG-transgenic fish were more resistant to
pathogens compared to WT individuals. Nevertheless, no studies have documented the
integration of two AMGs in aquatic animals. We successfully created channel catfish genetic
lines harboring both Cec and Cath transgenes, and * Cec*/* Cath® fish lines displayed
heightened resistance against pathogenic bacteria compared to the Cec- or Cath-transgenic fish.
These new genetic lines with dual-AMG integration should be evaluated as a strategy to control

parasitic or viral diseases in the future.

Importantly, our work showed that transgene-based crossbreeding combined with CRISPR/Cas9-
mediated microinjection significantly improved the efficiency of generating dual transgenics. In
the current study, we can directly generate * Cec*/*_Cath* offspring by crossbreeding * Cec*
and *_Cath™ founders, and the effectiveness of the double AMG integration depends on the
heterozygosity of the parents. However, in a scenario, if one transgenic type of the founders is
available, the present study offered the feasibility that the microinjection of transgenic fertilized
eggs can produce dual-AMG transgenic fish/animals. Although one-step CRISPR/Cas9-assisted
microinjection can result in dual- and multiple-insertions, generating transgenic animals

harboring multiple transgenes have a low efficiency regarding the increased off-target events and
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decreased integration rates as more knock-in genes are involved (Yang et al., 2013; Ota et al.,
2014). Interestingly, other studies may have lent the possibility of direct editing genome to
produce dual- or multiple-transgenic fish via delicate but complicated co-expression of multiple
transgenes, such as introducing multiple plasmids either by targeting long repeated sequences
(Xing et al., 2022c) or via polycistronic vector using 2A peptides (Liu et al., 2017), which
requires further documentation. As a result, we believe that genome editing via transgenic
embryos combined with crossbreeding to integrate multiple genes and reduce off-target effects is

promising in boosting disease resistance and other consumer-valued traits in aquaculture.

Unlike previous studies that only enumerated gene expression matrices, we took advantage of the
LR analysis to quantify the contribution of the body weight, gender, transgenes and innate
AMGs to the CSR after bacterial infection. And our preliminary findings demonstrate that the
LR model is capable of handling bivariate analysis based on gene expression matrices and
categorial variables in such challenging experiments. According to our final LR model, fish body
weight and gender had no impact on CSR during bacterial infection, which is consistent with a
recent study that proves there is no correction needed between the body weight and the CSR
(Abass et al., 2022). Concerning the AMG expression, although various expressions of eight
endogenous AMGs were detected in moribund and sacrificed fish after the E. ictaluri challenge,
only the TCP and NK-lysin significantly contributed to the fish survival based on the LR analysis.
Earlier studies found that bacterial infection elevated the mMRNA level of the NK-lysin gene in
non-transgenic channel catfish (Wang et al., 2006; Pridgeon et al., 2012). However, in this study,
the upregulation of the Cec, Cath, and TCP, as well as the downregulation of the NK-lysin,
resulted in a high CSR. This may be due to the significant upregulation of the Cec and Cath
transgenes reduced contribution of endogenous AMGs in the disease challenge experiments.
However, the detailed effects of antimicrobial peptides as transgenes on the endogenous AMPs’
immune modulation, and their potential interaction on regulating and conveying the more disease

resitance in catfish require further investigation.

The current study only focused on the innate AMGs but did not include other immune-related
genes. Eight endogenous AMGs were chosen based on genome-wide alignment using the

channel catfish protein sequence and the antimicrobial peptide database (APDS3,
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https://aps.unmc.edu/AP/), and the significe of their expression was hypothesized by a pool of

studies (Wang et al., 2022). Although LR models revealed that an expression matrix based on
eight genes can effectively screen out AMGs with significant effects on survival, there is a high
liklihood that more genes are implicated in the immune response. In addition to these innate
AMGs, toll-like receptors (e.g., TLR2, TLR3, and TLR5) (Bilodeau and Waldbieser, 2005),
NOD-like receptors (e.g., NOD1, NOD2, NOD3a, and NOD3b) (Sha et al., 2009; Rajendran et
al., 2012), interferons (e.g., IFN-1, IFN-2, and IFN-4) (Long et al., 2006) and interleukins (IL-
B1 and IL- B2) (Wang et al., 2006) also play vital roles in the host response to disease in channel
catfish. In the future, a better LR model could be generated utilizing as many immune-related
genes as possible. An alternative strategy to address this concern would be to apply RNA-Seq
technology to the current bacterial challenge and screen out more immune-related genes to fit a

more comprehensive LR model.

This study performed a univariate-multiple LR analysis as a binary response appeared in our
bacterial infection experiment. In fact, a polytomous logit regression model with multiple
responses for variables can still be applied to more complex cases. In teleost fish, the skin, liver,
spleen, and kidney are known to be involved in host immune regulation (Uribe et al., 2011;
Rauta et al., 2012). Previous studies have shown that immune-related genes are significantly
expressed in the liver, spleen, and kidney in channel catfish (Bao et al., 2005; Xu et al., 2005;
Peatman et al., 2006; Pridgeon et al., 2012) after pathogen infection, whereas the current study
only investigated the expression of AMGs in the head kidney. In view of this, we could build a
proportional-odds LR model (Fox and Hong, 2009) that includes the skin, liver, kidney, and
spleen in the model, allowing us to determine which tissue is most favored by transgenic
synergism with endogenous AMG expression. The ettects of temporal gene expression
(regardless of dead or alive individuals) could be examined with a multi-temporal analysis using
a baseline-category LR model (Brophy et al., 2011) allowing identification of which time is most
favored by transgenic synergistic endogenous AMG expression. Finally, we can apply
generalized linear models to assess the pattern of transgene synergistic expression with
endogenous AMGs at different times in various tissues. Future studies should also consider the

interactions between transgenic AMGs and endogenous AMGs may have implications in such
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immune modulation and documenting their potential immunological function as a biological

factor in conveying the disease resistance in catfish.

In this study, AMG transgenic fish demonstrated enhanced disease resistance, and dual-AMG
integrated fish were more resistant than single-AMG-transgenic channel catfish. In aggregate,
crossbreeding combined with genome editing via transgenic embryos is a promising strategy to
control disease outbreaks in aquaculture as it can effectively create bi-AMG- or multi-AMG-
transgenic fish lines with enhanced pathogen resistance. Logistic regression models are
applicable for determining the contribution of transgenes and immune-related genes to survival
rates as well as potential synergistic effects, which could be adapted for research and genetic
enhancement application for other diseases and aquatic animal species.
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CHAPTER FIVE

One-step knock-in of two antimicrobial peptide transgenes at multiple loci of channel
catfish (Ictalurus punctatus) by CRISPR/Cas9-mediated
multiplex genome engineering

Abstract

CRISPR/Cas9-mediated multiplex genome editing (MGE) conventionally uses multiple single-
guide RNAs (sgRNAs) for gene-targeted mutagenesis via the non-homologous end joining
(NHEJ) pathway. MGE has been proven to be highly efficient for functional gene
disruption/knockout (KO) at multiple loci in mammalian cells or organisms. However, in the
absence of a DNA donor, this approach is limited to small indels without transgene integration.
Here, we establish the linear double-stranded DNA (dsDNA) and double-cut plasmid (dcPlasmid)
combination-assisted MGE in channel catfish (Ictalurus punctatus), allowing combinational
deletion mutagenesis and transgene knock-in (KI) at multiple sites through NHEJ/homology-
directed repair (HDR) pathway in parallel. In this study, we used single-sgRNA-based genome
editing (ssGE) and multi-sgRNA-based MGE (msMGE) to replace the luteinizing hormone (Ih)
and melanocortin-4 receptor (mc4r) genes with the cathelicidin (As-Cath) transgene and the
myostatin (two target sites: mstnl, mstn2) gene with the cecropin (Cec) transgene, respectively.
A total of 9,000 embryos were microinjected from three families, and 1,004 live fingerlings were
generated and analyzed. There was no significant difference in hatchability (all P > 0.05) and fry
survival (all P > 0.05) between ssGE and msMGE. Compared to ssGE, CRISPR/Cas9-mediated
MsMGE assisted by the mixture of dsDNA and dcPlasmid donors yielded a higher knock-in (K1)
efficiency of As-Cath (19.93%, [59/296] vs. 12.96%, [45/347]; P = 0.018) and Cec (22.97%,
[68/296] vs. 10.80%, [39/361]; P = 0.003) transgenes, respectively. The msMGE strategy can be
used to generate transgenic fish carrying two transgenes at multiple loci. In addition, double and
quadruple mutant individuals can be produced with high efficiency (36.3% ~ 71.1%) in one-step
microinjection. In conclusion, we demonstrated that the CRISPR/Cas9-mediated msMGE allows
the one-step generation of simultaneous insertion of the As-Cath and Cec transgenes at four sites,
and the simultaneous disruption of the Ih, mc4r, mstnl and mstn2 alleles. This msMGE system,
aided by the mixture donors, promises to pioneer a new dimension in the drive and selection of

multiple designated traits in other non-model organisms.
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1. Introduction

CRISPR/Cas9 genome editing technology has profoundly transformed the landscape of genetic
engineering by providing an efficient, precise, targeted modification of DNA sequences (Jinek et
al., 2012), enabling the creation of new genetic variants. In recent years, the application of this
cutting-edge technology to aquaculture has emerged as a promising frontier for cultivating
aquatic organisms, such as fish (Gratacap et al., 2019), shellfish (Yu et al., 2019), and shrimp
(Sun et al., 2017). Aquaculture constitutes a critical sector of the global food industry, catering to
a substantial fraction of the world's seafood demand. Nevertheless, it confronts multifaceted
challenges such as disease outbreaks, environmental stressors, and genetic variation that can
impede the growth, health, and quality of farmed species (FAO, 2020; Houston et al., 2020).
CRISPR/Cas9 holds tremendous promise as a means of overcoming these challenges by
facilitating the generation of disease-resistant, faster-growing, and higher-yielding aquaculture
species (Gratacap et al., 2019; Wang et al., 2022a).

Cas enzymes can either be programmed to target many genes at once, or multiple single guide
RNAs (sgRNAS) can be directed to a single genetic locus to enhance the efficiency of editing. In
this context, one of the most exciting developments in genome editing is the advent of multiplex
genome editing (MGE). Traditional genome editing tools make the modification of multiple
genes a slow and challenging process with low efficiency (Wang et al., 2013; Cong et al., 2013).
However, MGE is a groundbreaking technology that offers the simultaneous modification of
multiple genes in parallel, enabling unparalleled control over genetic traits within an organism.
This breakthrough has permitted researchers to create genetic modifications with high efficiency
and investigate the genetic basis of complex traits more efficiently than ever before
(Abdelrahman et al., 2021; McCarty et al., 2022). For instance, 80% biallelic mutations (Tetl
and Tet2 genes) were observed in the progeny when Cas9 mRNA and multiple sgRNAs were co-
injected into mice (Mus musculus) zygotes (Wang et al., 2013). Campa et al. (2019)
demonstrated that an increased efficiency (up to 60%) can be achieved in human 293T cells
using CRISPR/Cas12a-mediated MGE compared to single-sgRNA-based genome editing (ssGE,
ranges from 2 to 17%). In addition, multi-sgRNA-based MGE (msMGE) using a CRISPR/Cas9-
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nuclease vector targeting seven genes can induce multi-gene mutations at rates ranging from
4.3% to 36.7% in human 293T cells (Sakuma et al., 2014).

In addition to the applications in mammalian cell lines, CRISPR/Cas9-mediated msMGE has
monumental implications and myriad applications, which have undergone extensive
development in aquaculture, rendering precise, programmable, and multiplex targeting of DNA
sequences to generate new fish genetic lines with improved yield, disease resistance, and
nutritional value (Elaswad et al., 2018; Gratacap et al., 2019; Coogan et al., 2022a; Xing et al.,
2022ab). Not surprisingly, a higher single-locus mutation efficiency was found in zebrafish
(Danio rerio) (90% vs. 80%, Kroll et al., 2021), blotched snakehead (Channa maculate) (53.3%
vs. 40.0%, Ou et al., 2023), channel catfish (Ictalurus punctatus) (96.3% vs. 88.6%, Khalil et al.,
2017; 64% vs. 46%, Coogan et al., 2022b) using CRISPR/Cas9-based msMGE compared to the
sSGE strategy. Furthermore, msMGE can achieve more than one mutation in multiple genes with
a relatively high efficiency. For example, co-injecting two sgRNAs and Cas9 protein targeting
the slc45a2 and tyr genes generated mutant Atlantic salmon (Salmo salar) with the efficiencies
of 40% and 22%, respectively (Edvardsen et al., 2014). Additionally, 61.12% of biallelic
mutations (IGFBP-2b1 and IGFBP-2b2 genes) were observed in the offspring when Cas9 protein
and two SgRNAs were co-injected into rainbow trout (Oncorhynchus mykiss) embryos
(Cleveland et al., 2018). Recently, Krug et al. (2023) confirmed that msMGE coupled with three
sgRNAs can induce a triple-gene mutation (mitfa, Itk, and csflra) in the African Killifish
(Nothobranchius furzeri) with a high efficiency of 23%. These studies indicated that msMGE
can not only improve the efficiency of mutating a single gene, but also can achieve the
simultaneous mutation of multiple genes with a high efficiency using multiple sgRNAs in

aquacultural species.

Homologous recombination can generate transgenic animals with site-specific insertions if a
donor DNA with homology to the ends flanking the double-stranded breaks is co-injected
(Meyer et al., 2010; Cui et al., 2011). The ease of design, construction, and co-delivery of
multiple CRISPR/Cas9-sgRNA complexes and donor templates suggests the possibility of
msMGE-based transgenesis. Although msMGE has been applied to disrupt/knockout (KO) one
or multiple genes with considerable efficiency, few studies have used msMGE coupled with

donor templates to introduce foreign genes in organisms. Recently, Wang et al. (2022b)
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developed an engineered double-stranded DNA (dsDNA)-assisted msMGE system (dReaMGE)
and observed kilobase-scale sequence replacements at two loci in bacteria (Schlegelella
brevitalea) with an efficiency of 80%, accompanied by simultaneous deletions (3 to 10 kb) with
the efficiency from 11.5% to 19.1%. In addition, 33.8% and 7.3% of triple and quadruple
mutants, respectively, were detected in Paraburkholderia megapolitana using the dReaMGE
technology (Wang et al., 2022b). Subsequently, Xing et al. (2022a) demonstrated that msMGE
coupled with three donor plasmids targeting long repeated sequences, was capable of achieving
transgene transfer rates of 11.4% to 25% for single gene insertion, and 7% for triple gene
insertion in channel catfish. Similarly, the integration rates of single or double genes at long
repeated sequences were 28.1% and 7.8%, or 6.8%, respectively, in channel catfish by using
cocktail-designed plasmids as donor templates (Xing et al., 2023). These reports suggest that
CRISPR/Cas9-mediated msMGE is a promising approach to achieve multi-transgene insertions

at different loci/genes aided by dsDNA or plasmid donors.

Luteinizing hormone (Ih) serves as a regulator of the reproductive process and plays an important
role in the final maturation of fish gametes (Gen et al., 2003; Chu et al., 2014). Previous studies
have determined that Ih-deficient channel catfish are sterile (Qin et al., 2016; Qin, 2019), and the
sterilization can be temporarily reversed by hormone therapy in channel catfish (Qin, 2019). In
addition, myostatin (mstn), a critical growth factor, inhibits myogenesis and hypertrophy for
body weight gain (Thomas et al., 2000). Currently, two loci of the myostatin gene (mstn-a and
mstn-b) have been identified in numerous teleost fish species, including channel catfish (Liu et
al., 2016; Zhang et al., 2020). In diploid teleosts, mstn-b remains responsible for muscle
development, whereas mstn-a is associated with immune function (Zhang et al., 2020; Coogan et
al., 2022a). The focus of the present study was on mstn-b in channel catfish, and therefore, unless
otherwise noted, all references to myostatin should be taken to refer to mstn-b. Mstn mutants
showed a higher growth rate in channel catfish, red sea bream (Pagrus major), and common carp
(Cyprinus carpio) compared to wild-type (WT) fish (Ohama et al., 2020; Coogan et al., 20223;
Shahi et al., 2022). Similarly, the melanocortin-4 receptor (mc4r) controls energy homeostasis
(Cone, 2006), and mc4r-mutant channel catfish had a faster increase in body weight compared to
WT individuals (Coogan et al., 2022b). Additionally, transgenic fish carrying an exogenous

antimicrobial peptide gene (AMG) have shown heightened resistance to a variety of pathogens in
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channel catfish, blue catfish (I. furcatus), grass carp (Ctenopharyngodon idellus), Atlantic
salmon and other fish species (Wang et al., 2022a; Wang and Cheng, 2023). Although high
disease resistance, fast growth or genetic sterility have been established in fish species, no
studies have yet documented whether it would be possible to combine all these producer-
favorable traits in single fish via one-step CRISPR/Cas9-mediated msMGE. Hypothetically,
sterile, fast-growing lines with high disease could generate resistance by simultaneously
integrating AMGs at both the reproduction- and growth-related loci.

The ability to perform msMGE helps to enhance our understanding of the genetic underpinnings
of complex traits and create multiple producer-desired characteristics in crops and animals
(Wang et al., 2013; Abdelrahman et al., 2021). Here, we replaced Ih gene with the cathelicidin
(As-Cath) transgene and mstn gene with the cecropin (Cec) transgene, respectively, using the
sSGE method assisted by a double-cut plasmid (dcPlasmid). To confirm the feasibility of
simultaneously KI/KO different transgenes/functional genes at multiple loci in one step, we used
the CRISPR/Cas9-mediated msMGE to drive both NHEJ-based gene disruption and HDR-based
transgene insertion to achieve highly efficient replacement of two AMGs (As-Cath and Cec) at
four targets (Ih, mc4r, mstnl and mstn2) in channel catfish. Hatchability, fry survival, integration
efficiency, off-target events, mosaicism, and protein structure were compared between ssGE and
msMGE.

2. Materials and methods
2.1 Ethical statement

Mature channel catfish brood stock (Kmix strain) were cultured in earthen ponds at the Fish
Genetics Research Unit, E.W. Shell Fisheries Research Center, Auburn University, AL. All
experiments were conducted using the Institutional Animal Care and Use Committee at Auburn
University (AU-IACUC) IACUC and AU Biosafety Committee approved protocols.

2.2 Experimental design and preparation of Cas9/sgRNA

We selected the Ih (GeneBank: NM001200080.1), mc4r (GeneBank: LBML01001141.1), and
mstn (GeneBank: AF396747.1) (Liu et al., 2016) genes as transgene-targeting sites, expecting to

generate sterile genetic lines with high growth and disease resistance. Specifically, four single
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guide RNAs (sgRNAs) were selected: Ih_sgRNA, mc4r sgRNA, mstnl sgRNA and
mstn2_sgRNA targeting the Ih, mc4r, mstnl and mstn2 (exonl and exon2 of the mstn gene) sites,
respectively. We used the ssGE1/ssGE2 system to integrate the As-Cath/Cec transgene at the
mc4r and mstnl loci, respectively. Given the msMGE system, we replaced the Ih and mc4r genes
with the As-Cath transgene, and mstn (mstnl and mstn2) with the Cec transgene, respectively, by
co-injecting four designed donor templates. Therefore, the ultimate goal was to introduce two
copies of As-Cath and Cec transgenes at multiple loci. Specifically, the plan involved inserting
one copy of As-Cath at the Ih locus and one copy of As-Cath at the mc4r locus. In addition, one
copy of Cec was intended to be inserted at the exonl of mstn, and another copy of Cec at the

exon2 of mstn.

The sgRNAs were designed by CHOPCHOP (https://chopchop.cbu.uib.no/) (Labun et al., 2019)
based on the scores. Putative off-target sites were excluded with the use of Cas-OFFinder
(http://www.rgenome.net/cas-offinder/) (Bae et al., 2014). Selected sgRNAs were synthesized in

vitro using the Maxiscript T7 Kit (Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s instructions, then purified using the RNA Clean and Concentrator Kit (Zymo
Research, Irvine, CA). The Nanodrop 2000 spectrophotometer (Thermo Scientific, USA) and a
2% agarose gel with 1 x TBE buffer were used to assess the concentration and quality of
SgRNAs, respectively. Synthetic SRNAs were diluted to a concentration of ~300 ng/uL and
distributed into PCR tubes (2 pL/tube), then stored at -80 °C until needed. The Cas9 protein
powder was obtained from PNA BIO Inc. (Newbury Park, CA), diluted to 100 ng/uL with
DNase/RNase-free water, keeping at — 80 °C until use. The gene-specific oligonucleotides for

SgRNA recognition and the universal primer used in this study are listed in Table S13 in
Appendix 2.

2.3 Construction of donor templates

The inserted coding sequence (CDS) was derived from the cathelicidin gene of Alligator sinensis
(As-Cath, GeneBank: XM _006037211.3) (Chen et al., 2017) and the cecropin gene of
Hyalophora cecropia (Cec, GeneBank: M34924.1) (Boman et al., 1985). To achieve multiple
Kls at four sites, we used a mixed donor of linear double-stranded DNA (dsDNA) and double-

cut plasmid (dcPlasmid) based on our previous studies (Simora et al., 2020; Wang et al., 2023).
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Therefore, four donors (HALl UBI_As-Cath_ pA HA2, HA3 UBI_As-Cath pA HA4,
HA5 UBI_Cec_pA HA6 and HA7 UBI _Cec pA HAB8) were provided to assist transgene
integration at the Ih, mc4r, mstnl and mstn2 sites, respectively (Figure 19). In detail, the dsSDNA
donor was created by constructing the As-Cath CDS flanked by two 300 bp homology arms
(HAs) derived from the Ih gene of channel catfish on either side of the insert sequence. With
respect to the dcPlasmid, an As-Cath- or Cec-dsDNA cassette flanked by two sgRNA recognition
sequences (SgRNA-PAM, 23 bp each) was cloned into the pUC57_mini vector at the ECORV
enzyme digestion site (Appendix 7). Expression of the Cec and As-Cath transgenes was driven
by the zebrafish ubiquitin (UBI) promoter (Mosimann et al., 2011). The dsDNA/plasmid donors
were synthesized by Genewiz LLC (South Plainfield, NJ).

A Insert the As-Cath at the /h locus

Ih-sgRNA
Ih locus - B Wl b -l ,
.. HDR 100 bp
EEB) I dsDNA_AsCath
-UBI-As-Cath-pA-
B Insert the As-Cath at the mc4r locus
mc4r-sgRNA
mc4rlocus - — —
Chr20 HDR HDR 300 bp
b T
sg- -UBI-As-Cath-pA- -sg | pUC57_As-Cath
pUC57_GW_Amp backbone
pUC57_GW_Amp backbone
C Insert the Cec at the mstn locus sg--1/ -UBI-Cec-pA-' /" -sg .J pUC57_Cec
] - o=
mstn1-sgRNA
HDR HDR
mstn locus - b . . —
‘ mstn2-sgRNA 300 bp

] ) W
sg- -UBI-Cec-pA- -sg pUC57_Cec

pUC57_GW_Amp backbone

Figure 19. Schematics of homology-directed repair (HDR)-mediated knock-in (KI) multiple donors
targeting four loci in the genome of channel catfish (Ictalurus punctatus). (A) HDR-mediated KI of
the alligator cathelicidin (As-Cath) gene targeting the Ih locus coupled with a linear dsDNA donor
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(HA1_UBI_As-Cath_pA HAZ2). (B) HDR-mediated Kl of the As-Cath gene targeting the mc4r locus
coupled with a double-cut plasmid (dcPlasmid) donor (sg_ HA3_UBI_As-Cath_pA_HAA4 sg). (C) HDR-
mediated Kl of the moth cecropin (Cec) gene targeting the mstnl and mstn2 sites coupled with two
dcPlasmid donors (sg_ HA5 _UBI_Cec_pA_HAG6 sg and sg HA7_UBI_Cec_pA HAS8_sg), respectively.
Ih, luteinizing hormone; mc4r, melanocortin-4 receptor; mstnl, the exonl of myostatin; mstn2, the exon2
of myostatin; HA, homology arm; UBI, ubiquitin promoter from zebrafish (Danio rerio); sg, SQRNA; pA,
polyA tail termination.

2.4 Microinjection, transgenic fish production and rearing

Channel catfish spawning, embryo preparation, and microinjection were performed according to
previous procedures from our laboratory (Khalil et al., 2017; Wang et al., 2023a) with
modifications. In brief, three strategies (sSGE1, ssGE2 and msMGE) were used to generate
transgenic/gene-edited channel catfish in this study. CRISPR/Cas9-mediated ssGE1/ssGE2 was
used to produce single transgenic (As-Cath or Cec)/gene-edited (mc4r or mstnl) by targeting the
mc4r or mstnl site assisted by HA3_UBI_As-Cath_pA_HA4 or HA5_UBI_Cec_pA_HAG donor.
MsMGE was used to generate multiple transgenic/gene-edited individuals by targeting Ih, mc4r,
mstnl and mstn2 in parallel assisted by the mixture of four donors (Figure 20A). In addition to
these three microinjected groups (1,000 microinjected embryos per group), non-injected (nCT)
(600 embryos) and injected (iCT, 60% phenol red solution only) (600 embryos) groups were
utilized. The microinjection was conducted on 6/15/2021, 6/17/2021, and 6/19/2021 to generate
fingerlings from three families. All injected embryos and their full-sibling controls were cultured
in Holtfreter's solution (Bart and Dunham, 1996) until hatching. During this period, dead
embryos and fry were collected for hatchability and fry survival calculations. The fry were
subsequently moved into tanks within a recirculating system, maintaining a density of 2 fry/L.
They were fed Aquamax fry powder (50% crude protein, 17% crude fat, 3% crude fiber and 12%
ash; Purina Animal Nutrition LLC, Shoreview, MN) four times daily to satiation two months.
The fingerlings were then fed Aquaxcel WW Fish Starter 4512 (45% crude protein, 12% crude
fat, 3% crude fiber, and 1% phosphorus; Cargill Animal Nutrition, Minneapolis, MN) twice daily

to satiation until sampling.

2.5 Integration analysis and mutation detection
After 4 months of rearing, all fingerlings (20 — 50 g) were pit-tagged (Biomark Inc., Boise, ldaho,

USA) and individually weighed. Genomic DNA was extracted from the mixture of fin clips and
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barbels from each injected fish. Specific primers (Table S13 in Appendix 1) were designed using

the online software Primer3Plus (http://www.bioinformatics.nl/cqi-

bin/primer3plus/primer3plus.cgi) to screen for transgenes by detecting the UBI promoter and
CDS of transgenes in all microinjected fish. The 5’ and 3’ junction regions were then detected,
and off-target events were determined by PCR. For the integrated As-Cath/Cec, promoter and
junction sequences, PCR of positive samples was performed in a 50 uL volume of system. Then
PCR products were purified using the QIAquick® PCR Product Purification Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions. Before sequencing, all purified
DNA samples were quantified and identified by Nanodrop and 1.0% agarose gels. The
sequencing results were Dblasted with transgenes using MAFFT (version 7,
https://mafft.cbrc.jp/alignment/server/) to identify inserted DNA sequences (Figure 20B).

With respect to the potential mutant individuals, PCR products were inserted into the pCR™4-
TOPO vector using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA) and transformed into
One Shot TOP10F chemically competent Escherichia coli (Invitrogen, Carlsbad, CA) as
previously described (Elaswad et al., 2018). Three colonies were then randomly picked for
colony PCR, and liquid E. coli cultures were prepared for rolling circle amplification (RCA)
sequencing by Sequetech (Mountain View, CA) (using a primer M13 forward primer). The
sequencing results of the mixture of fin clips and barbels were analyzed using TIDE online
(https://tide.nki.nl/) (Brinkman et al., 2014) to quantify the editing efficiency and to identify the

types of insertions and deletions (indels) in the potential mutant individuals. TIDE analysis
calculates the efficiency of gene editing by quantifying the percentage of indels in a target DNA
sequence based on the sequencing chromatograms. This is typically achieved by comparing the
sequence of edited samples to a control or reference sequence. The higher the editing efficiency,
the greater the proportion of indels present in the edited samples. Finally, the 3D protein
structures of the mutant genes were predicted using the online tool AlphaFold
(https://alphafold.com/) (Jumper et al., 2021).
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Figure 20. Experimental design and genotyping in channel catfish (Ictalurus punctatus) using
CRISPR/Cas9-mediated ssGE and msMGE, respectively. (A) Microinjection and fish rearing for ssGE1,
ssGE2 and msMGE systems. (B) Procedure for transgene determination and mutation evaluation of
transgenic/gene-edited channel catfish. For the mutation test, TIDE analysis was implemented for each
non-transgenic fish. ssGE1, single sgRNA-based genome editing coupled with the pUC57_As-Cath donor
targeting the mc4r locus; ssGE2, single sgRNA-based genome editing coupled with the pUC57_Cec
donor targeting the mstnl site; msMGE, multi-sgRNA-based multiplex genome editing coupled with the
mixture of dSDNA_As-Cath, pUC57_As-Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and
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mstn2 sites in parallel; Ih, luteinizing hormone; mc4r, melanocortin-4 receptor; mstnl, the exonl of
myostatin; mstn2, the exon2 of myostatin; TIDE, tracking of indels by decomposition (http://tide.nki.nl).

2.6 Determination of mosaicism

Three 12-month-old positive transgenic channel catfish (As-Cath-, Cec- and As-Cath/Cec-
transgenic fish) with a mean body weight of 72.4 g, were collected and euthanized with buffered
tricaine methanesulfonate (MS222; Syndel, Ferndale, WA) at 200 ppm. The fin, barbel, skin,
muscle, intestine, head kidney, stomach, liver, blood, gill, brain, eye, spleen, and gonad of each
individual were collected in 1.5 mL tubes for DNA isolation. To determine the potential

mosaicism of the transgene, PCR was performed using specific primers as described above.

2.7 Statistical analysis

Hatchability and fry survival rate from different groups in each family were analyzed using one-
way ANOVA followed by Tukey’s multiple comparison test. Kl efficiency and off-target events
between CRISPR/Cas9-mediated ssGE and msMGE (ssGE1 vs. msMGE, ssGE2 vs. msMGE)
were compared using the unpaired Student’s t-test. All statistical analyses were performed using
GraphPad Prism 9.4.1 (GraphPad Software, LLC). The statistical significance level was set at P

< 0.05, and all data were presented as the mean + standard deviation (SD).

3. Results

3.1 Hatchability and fry survival

Different families demonstrated significant differences in hatchability and fry survival in both
nCT and injected groups (iCT, ssGE1, ssGE2 and msMGE) (Table S14-16 in Appendix 1).
Compared with the nCT group, the injected groups showed a significant decrease in hatchability
for all three families (P < 0.01), but there were no significant differences between iCT, ssGE1,
ssGE2, and msMGE (all P > 0.05) (Figure 21A). Although significantly lower hatchability was
observed in injected groups compared to the nCT group in family 1 and family 3, there was no
significant difference in fry survival of these two families (P = 0.0551 in family 1; P = 0.3256 in
family 3). Family 2 showed a significant decrease in fry survival in the msMGE group compared
to the nCT group (P = 0.0136), but there was no significant difference among ssGE1, ssGE2 and
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msMGE (P = 0.4819) (Figure 21B). These results indicated that CRISPR/Cas9-mediated ssGE1,
ssGE2 and msMGE significantly reduce the hatchability in channel catfish, but the

microinjection did not change the fry survival rate in the early stage compared to the nCT group.
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Figure 21. Comparison of hatchability (A) and fry survival (B) of channel catfish (Ictalurus
punctatus) microinjected at the one-cell stage from three families using three CRISPR/Cas9-
mediated knock-in (K1) strategies (ssGE1, ssGE2 and msMGE). Control groups included the injected
control (iCT, 60% phenol red solution only) and non-injected control (nCT). Three families were
generated on 6/15/2021 (family 1), 6/17/2021 (family 2) and 6/19/2021 (family 3), respectively. sSGE1,
single sgRNA-based genome editing coupled with the pUC57_As-Cath donor targeting the mc4r locus;
ssGE2, single sgRNA-based genome editing coupled with the pUC57_Cec donor targeting the mstnl site;
msMGE, multi-sgRNA-based multiplex genome editing coupled with the mixture of dsDNA_As-Cath,
pUC57_As-Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites in parallel; Ih,
luteinizing hormone; mc4r, melanocortin-4 receptor; mstnl, the exonl of myostatin; mstn2, the exon2 of
myostatin. **, P < 0.01; ***, P <0.001; **** P < (0.0001; ns, not significant.

3.2 Knock-in efficiencies of transgenes
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In the present study, we obtained 347, 361 and 296 fry from the ssGE1, ssGE2 and msMGE
groups after microinjecting 9,000 embryos respectively. All the positive individuals were
confirmed by gel electrophoresis and sequencing (Figure 22; Figure S16-18 in Appendix 2).
Both ssGE and msMGE strategies induced the transgenic/gene-edited channel catfish. The
overall Kl efficiency of As-Cath and Cec transgenes in the msMGE system was significantly
higher than that of the sSGE1 (19.93% [59/296] vs. 12.96% [45/347], P = 0.0179 for As-Cath) or
SSGE2 (22.97% [68/296] vs. 10.80% [39/361], P = 0.0027 for Cec) (Figure 23A). For both As-
Cath and Cec transgenes, a higher off-target rate was observed in msMGE compared to ssGE1
(59.32% [35/59] vs. 37.78% [17/45], P = 0.1163 for As-Cath) or ssGE2 (66.18% [45/68] vs.
43.59% [17/39], P = 0.0050 for Cec) (Figure 23B). In addition, we obtained double (9.67%,
3/31), triple (6.45%, 2/31), and quadruple (9.67%, 3/31) transgenic fish using CRISPR/Cas9-
mediated msMGE (Table 10).

Table 10. Genotyping of on-target insertion types for cathelicidin (As-Cath) or cecropin (Cec)
transgenic channel catfish (Ictalurus punctatus) using CRISPR/Cas9-mediated msMGE. msMGE,
multi-sgRNA-based multiplex genome editing coupled with the mixture of dSDNA_As-Cath, pUC57_As-
Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites in parallel; Ih_As-Cath, the
As-Cath transgene is integrated at the Ih locus; mc4r_As-Cath, the As-Cath transgene is integrated at the
mc4r locus; mstnl_Cec, the Cec transgene is integrated at the mstnl site; mstn2_Cec, the Cec transgene is
integrated at the mstn2 site. The on-target positive fish were identified using specific primers for each
DNA sample (the mixture of fin and barbel) of a single fish.

FishID Ih As-Cath mc4r As-Cath mstnl Cec mstn2 Cec Copy of As-Cath  Copy of Cec

1 v v 2 0
2 v 0 1
3 v v v 1 2
4 v 1 0
5 v 0 1
6 v v v v 2 2
7 v 0 1
8 v 1 0
9 v 0 1
10 v v v v 2 2
11 v v v 1 2
12 v 1 0
13 v 0 1
14 v 1 0
15 v 1 0
16 v 0 1
17 v 1 0
18 v 0 1
19 v 1 0
20 v v 0 2
21 v v 1 1
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Although HDR-mediated Kls were dominant when donor templates were supplied, the NEEJ-
mediated KOs were also detectable in our present study. In both ssGE1 and ssGE2 systems, the
percentage of HDR-KI was significantly higher than that of NHEJ-KO (62.22% [28/45] vs.
4.97% [15/302], P = 0.0037 for ssGE1; 56.41% [22/39] vs. 2.48% [8/322], P = 0.0001 for ssGE2)
(Figure 23C). Regarding the msMGE system, HDR-KI accounted for a significantly higher rate
compared to NHEJ-KO for both As-Cath and Cec transgenes (40.68% [24/59] vs. 4.64%
[11/237], P = 0.0001 for As-Cath; 33.82% [23/68] vs. 7.02% [16/228], P = 0.0013 for Cec)
(Figure 23D). In this case, we not only obtained transgenic fish but also gene mutant individuals.

Table 11. Genotyping of mutations in gene-edited channel catfish (Ictalurus punctatus) using
CRISPR/Cas9-mediated ssGE. The efficiency was calculated using the online tool TIDE
(https://tide.nki.nl/) for each DNA sample (the mixture of fin and barbel) of a single fish. TIDE analysis
calculates the efficiency of gene editing by quantifying the percentage of indels in a target DNA sequence
based on the sequencing chromatograms. The “Protein” column indicates whether the mutated sequences
result in an alteration in the protein structure. If “Yes”, the protein structure has changed, otherwise not.
ssGEL, single sgRNA-based genome editing coupled with the pUC57_As-Cath donor targeting the mc4r
locus; ssGE2, single sgRNA-based genome editing coupled with the pUC57_Cec donor targeting the
mstn1 site.

ssGE1 ssGE2

Fish 1D mcdr-Indel  Efficiency (%) Protein Fish 1D mstnl-Indel Efficiency (%) Protein
32 +1, -2 39.2 Yes 47 +1,-5 35.1 Yes
33 +1 714 Yes 48 -3 47.1 No
34 -2/+2 45.7 No 49 -5 53.2 Yes
35 -2 35.3 Yes 50 -3 48.9 No
36 -2 34.6 Yes 51 +1 67.2 Yes
37 -2 33.0 Yes 52 +1,-5 84.0 Yes
38 +1,-2 43.4 Yes 53 -6 32.6 No
39 -4 711 Yes 54 -6 41.8 No
40 -7 82.4 Yes

41 +1 69.3 Yes

42 +4, -2 43.2 Yes

43 +1,-2 45.3 Yes
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44 -2 28.6 Yes

45 -7 84.1 Yes
46 +1 68.9 Yes
Total 15 Total 8

3.3 Determination of mutagenesis in sequences

Sanger sequencing and TIDE results with distinct indel spectra at different frequencies in the
ssGE and msMGE systems confirmed that the target loci were mutated within or outside the
Cas9 cleavage site. These sequence mutations included substitutions, deletions, and insertions
that caused or did not cause alterations in the protein domain. Single-locus mutations were
induced at mc4r in 15 fish and at mstnl in eight fish using ssGE1 and ssGE2 strategies,
respectively. Similar mean mutation frequency was determined for the mc4r and mstnl sites in
sSGE (mc4r vs. mstnl: 53.03% [28.6% ~ 84.1%] vs. 62.04% [35.1% ~91.6%], P = 0.2511)
(Table 11). For example, TIDE determined that individual #32 showed that 29.2% of the mc4r
sequences in the editing cell mix carried an indel, with 25.3% (R? = 0.78, P < 0.001) being a +1
bp insertion (a G nucleotide) on the sense strand. A 2-bp deletion with the frequency of 3.9%
was not significantly detected by TIDE in #32 (Figure 24A). In addition, a 5 bp deletion and a 1
bp insertion were found at the mstn1l site in fish #47 with editing efficiencies of 5.1% and 30.0%,
respectively (R? = 0.99, P < 0.001) (Figure 24B).
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Figure 22. Genotyping strategy and PCR amplification for transgene determination of ssGE1 (A),
ssGE2 (B) and msMGE (C) in channel catfish (Ictalurus punctatus). The transgenes (As-Cath and Cec)
were driven by the zebrafish ubiquitin (UBI) promoter. To test the integrity of the inserted donors, the
promoter-transgene region (UBI_As-Cath/UBI_Cec), transgene-polyA region (As-
Cath_polyA/Cec_polyA) and the 5* and 3’ junction regions (HA_junction) were amplified using specific
primers. The 300 bp, 400 bp, 500 bp and 650 bp bands are indicated by black triangles on the M lane.
ssGEL, single sgRNA-based genome editing coupled with the pUC57_As-Cath donor targeting the mc4r
locus; ssGE2, single sgRNA-based genome editing coupled with the pUC57_Cec donor targeting the
mstnl site; msMGE, multi-sgRNA-based multiplex genome editing coupled with the mixture of
dsDNA_As-Cath, pUC57_As-Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites
in parallel; Cec, the cecropin gene from moth; As-Cath, the cathelicidin gene from alligator; Ih,
luteinizing hormone; mc4r, melanocortin-4 receptor; mstnl, the exonl of myostatin; mstn2, the exon2 of

- 158 -



myostatin; HA, homology arm; Lane N, water as the blank control; Lane W, a wild-type individual as the
negative control; Lane P, a plasmid as the positive control; lane M, 1kb+ DNA marker. The presence of a
distinct band indicates positive for transgene. The gel electrophoresis images shown here are cropped, and
full-length gels are presented in Figure S16-18 in Appendix 2.
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Figure 23. Knock-in (KI) efficiency and mutation rate of CRISPR/Cas9-mediated ssGE and
msMGE in channel catfish (Ictalurus punctatus). (A-B) Comparison of integration rates and off-target
events between ssGE and msMGE (ssGE1 vs. msMGE and ssGE2 vs. msMGE). (C-D) Comparison of
HDR-KI (transgenesis) and NHEJ-KO (mutagenesis) between ssGE and msMGE (ssGE1 vs. msMGE and
ssSGE2 vs. msMGE). Sample size is displayed on each column. HDR-KI, homology-directed repair-
mediated knock-in; NHEJ-KO, nonhomologous end joining-mediated knock out; ssGE1, single sgRNA-
based genome editing coupled with the pUC57_As-Cath donor targeting the mc4r locus; ssGE2, single
sgRNA based genome editing coupled with the pUC57_Cec donor targeting the mstnl site; msMGE,
multi-sgRNA-based multiplex genome editing coupled with the mixture of dSDNA_As-Cath, pUC57_As-
Cath and pUC57_Cec donors targeting the lh, mcdr, mstnl and mstn2 sites in parallel; Ih, luteinizing
hormone; mc4r, melanocortin-4 receptor; mstnl, the exonl of myostatin; mstn2, the exon2 of myostatin;
As-Cath, the cathelicidin transgene from alligator; Cec, the cecropin transgene from moth.

The Ih locus (29.81% [19.2% ~ 40.7%]) had a lower average mutation rate compared to the mc4r
(51.97% [35.5% ~ 63.8%]) (P = 0.1512), mstnl (45.88% [19.4% ~ 71.1%]) (P = 0.1029) and
mstn2 (65.27% [50.0 % ~ 80.5%]) (P = 0.0090) sites in the msMGE strategy (Table 12). In detail,
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fish #1 showed an efficiency of 17.8% with a 1 bp insertion at the Ih locus, and the +1 bp
consisted almost exclusively of an A nucleotide on the sense strand (R? = 0.53, P < 0.001)
(Figure 24C). Although the same sgRNA (mc4r-sgRNA) targeting the mc4r locus was used in
ssGE1 and msMGE, TIDE analysis revealed different indels and efficiencies in ssGE1 and
msSMGE. For example, fish #3” had a 35.5% editing efficiency in the mc4r locus, consisting of
19.4% insertion (+1 bp, a C nucleotide) and 16.1% deletion (-2 bp) (R? = 0.92, P < 0.001)
(Figure 24D). Similarly, different indel types and efficiencies were observed at the mstnl site
using ssGE2 and msMGE. For instance, fish #4° showed that 50.5% of mstn sequences at the
exonl in the fin/barbel mix carried various indels, of which 46.6% were a T nucleotide insertion,
11.2% a 5 bp deletion, and 5.8% a 2 bp deletion (R? = 0.93, P < 0.001) (Figure 24E). Two types
of deletions (-1 bp and -3 bp) with efficiencies of 66.7% and 13.8%, respectively, were detected
in fish #6° (R? = 0.96, P < 0.001) (Figure 24F). In addition to single-locus mutant fish, msMGE
induced double (#15” and #18’) and quadruple (#5° and #8’) mutant individuals with distinct
indel spectra (Table 12).

3.4 Prediction of mutant proteins

Both ssGE (ssGE1 and ssGE2) and msMGE induced single-locus mutants, and the mutations
were predicted to lead to frame shifts yielding non-functional proteins or to amino acid (AA)
substitutions that alter protein structures. Fourteen of the 15 mc4r mutants showed structure-
modified proteins based on the AlphaFold prediction from the ssGE1 strategy. For example, a G
nucleotide insertion and a 2 bp deletion (TC) were detected in fish #32, leading to large amounts
of mutated AA sequences at the position 44 and beyond. This mutation resulted in a non-
functional melanocortin-4 receptor protein. By contrast, 50% of the mstn1 mutations (4/8) altered
the protein structure using the ssGE2 strategy (Table 11, Appendix 8). Specifically, a 1 bp
insertion and a 5 bp deletion were observed at the mstnl site in individual #47. These indels
altered AA sequences at position 11 and beyond, which also silenced myostatin function (Figure
25A).
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Figure 24. Indel spectrum and the frequency determined by TIDE analysis in channel catfish
(Ictalurus punctatus) from CRISPR/Cas9-mediated ssGE and msMGE. (A-B) TIDE analysis of the
mcdr and mstn genes targeted by Cas9/sgRNA complex using ssGE1 and ssGE2, respectively. (C-F)
TIDE analysis of the Ih, mc4r, mstnl and mstn2 sites targeted by Cas9/sgRNA complex using msMGE.
ssGE1, single sgRNA-based genome editing coupled with the pUC57_As-Cath donor targeting the mc4r
locus; ssGE2, single sgRNA-based genome editing coupled with the pUC57_Cec donor targeting the
mstnl site; msMGE, multi-sgRNA-based multiplex genome editing coupled with the mixture of
dsDNA_As-Cath, pUC57_As-Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites
in parallel; TIDE, tracking of indels by decomposition (http://tide.nki.nl); Ih, luteinizing hormone; mc4r,
melanocortin-4 receptor; mstnl, the exonl of myostatin; mstn2, the exon2 of myostatin; PAM,
protospacer adjacent motif; R? and P values indicate the statistical significance for each indel based on the
goodness-of-fit test.
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Table 12. Genotyping of mutations in gene-edited channel catfish (Ictalurus punctatus) using CRISPR/Cas9-mediated msMGE. The
efficiency was calculated using the online tool TIDE (https://tide.nki.nl/) for each DNA sample (the mixture of fin and barbel) of a single fish.
TIDE analysis calculates the efficiency of gene editing by quantifying the percentage of indels in a target DNA sequence based on the sequencing
chromatograms. The “Protein” column indicates whether the mutated sequences result in an alteration in the protein structure. If “Yes”, the protein
structure has changed, otherwise not. msMGE, multi-sgRNA-based multiplex genome editing coupled with the mixture of dsDNA_As-Cath,
pUC57_As-Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites in parallel.

Fish ID Ih — mc4r_ - mstnl — mstn2_ - Mutagenesis Protein
Indel Efficiency Indel Efficiency Indel Efficiency Indel  Efficiency
1’ +1, +2, -4/+4  20.8% lh Yes
2’ +1, -3 19.2% Ih Yes
3 +1, -2 35.5% mcér Yes
4’ +1,-2,-5 63.6% mstnl No
5’ +1, -3 40.7% +2,+3 63.8% -1/+1 71.1% +1,-8 50.0% Ih, mc4r, mstnl, mstn2 -
6’ -1,-7  80.5% mstn2 Yes
7 +1,+3,-5 56.9% mstnl Yes
8’ +1, -5 33.3% -5 56.6% +1,+3,-5 61.0% +1,-8 65.3% Ih, mc4r, mstnl, mstn2 -
9’ +3 34.4% mstnl No
10° +1, -3 66.1% mstnl Yes
11’ +3 58.2% mstnl No
12’ +1, -3 40.1% mstnl Yes
13’ -1/+1 32.3% mstnl No
14° -2/+2, -3 29.1% Ih Yes
15° +1, -5 30.3% +1,-3 29.8% Ih, mstnl -
16° +1, -3/+3 19.4% mstnl Yes
17° +1, -3 21.2% mstnl Yes
18 +1,+2, -2 36.3% +3 42.4% Ih, mstnl -
19 +1, -5 28.8% lh Yes
Total 8 3 13 3
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Fifteen gene-edited fish exhibited mutations at a single site (4 lh-mutant, 1 mc4r-mutant, 9
mstnl-mutant and 1 mstn2-mutant), and the induced single-locus mutations at the lh, mc4r,
mstnl or mstn2 site showed a different spectrum of indels in the msMGE. All mutations of Ih,
mc4r and mstn2 caused alternations in the tertiary structure of the corresponding proteins.
Intriguingly, 44.44% (4/9) of individuals carrying mstnl mutations had no change in the
structure of the myostatin protein (Table 12, Appendix 8). Representative individual sequences
of the mutants and the corresponding predicted protein structures are shown in Figure 25B.
Gene-edited individuals #1°, #3° and #6° produced non-functional/altered luteinizing hormone,
melanocortin-4 receptor, and myostatin proteins, respectively. However, even though a 5 bp
deletion of mstnl was induced in individual #4’, the myostatin protein retained the same domain
as the WT control. This was because the mutation at position 12 (near the start codon) resulted in
only a few AA substitutions (FVV changed to L), which did not cause any subsequent AA
alterations (Figure 25B).

The msMGE strategy also generated double and quadruple mutant individuals, and these
mutations mutagenized protein loss of function. Fish #18” showed the lh (+1 bp, +2 bp, -2 bp)
and mstnl (+3 bp) mutations with different editing efficiencies of 36.3% and 42.4%, respectively
(Figure 26AB). Fish #5° had quadruple mutations at the Ih (+1 bp, -3 bp), mc4r (+2 bp, +3 bp),
mstnl (-1/+1 bp), and mstn2 (+1 bp, -8 bp) with parallel efficiencies of 40.7%, 63.8%, 71.1%
and 50.0% (Figure 26AC). The mutant Ih in fish #5°/#18°, and mutant mc4r in fish #5 induced
non-functional luteinizing hormone and melanocortin-4 receptor proteins. Furthermore,
combined variants of mstnl and mstn2 in fish #5” resulted in a domain-altered myostatin protein.
However, mutant mstnl did not change the myostatin protein in fish #18* (Figure 26D). In
addition, individuals #15” (30.3% at the Ih and 29.8% at the mstnl) and #8” (33.3% at the Ih,
56.6% at the mc4r, 61.0% at the mstnl, and 65.3% at the mstn2) had double and quadruple
mutations (Table 12). These modified sequences lead to a non-functional luteinizing hormone
and a domain-altered myostatin in fish #15°. And fish #8” generated defective luteinizing
hormone, melanocortin-4 receptor, and myostatin in parallel due to the modified sequences
(Appendix 8).
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A ssGE1/ssGE2 jout site Mutant

mc4r WT: GGCTGCTACGAGCAGCTGTTGATCTCCACCGAGGTCTTCATCACG
#32 25.3% GCTGCTACGAGCAGCTGTTGATCTCCAGCCGAGGTCTTCATCACG
3.9% GGCTGCTACGAGCAGCTGTTGA--TCCACCGAGGTCTTCATCACG
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mstn1 wr: AGCGCAGGTTCTGATTTCGCTGGGCT*TCGTGGTGGCGTTCGGTCC \i R S o
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*cut site

mc4r WT: GGCTGCTACGAGCAGCTGTTGATCTCCACCGAGGTCTTCATCACG
#3’ 19.4% GCTGCTACGAGCAGCTGTTGATCTCCACCCGAGGTCTTCATCACG
16.1% GGCTGCTACGAGCAGCTGTTGATCTCCACCGA-~-TCTTCATCACG
+cut site

mstn1 WT: AGCGCAGGTTCTGATTTCGCTGGGCTTCGTGGTGGCGTTCGGTCC
46.6% GCGCAGGTTCTGATTTCGCTGGGCTTCGTTGGTGGCGTTCGGTCC

#4’ 58% AGCGCAGGTTCTGATTTCGCTGGGCT--GTGGTGGCGTTCGGTCC
11.2% AGCGCAGGTTCTGATTTCGCTGGGCTT————~ TGGCGTTCGGTCC

+ cut site
mstn2 WT: CCTTTAGCCAACCCCGACGTTCAAGTCGACCAAAAACCGAAGTGC \'s
#6' 66.7% CCTTTAGCCAACCCCGAC—-TTCAAGTCGACCAAAAACCGAAGTGC A
13.8% CCTTTAGCCAACCCCGACGT-—-AGTCGACCAAAAACCGAAGTGC L5

5

Figure 25. Mutated sequences and corresponding predicted 3D protein structures of the single gene
in channel catfish (Ictalurus punctatus) using CRISPR/Cas9-mediated ssGE and msMGE. Sanger
sequencing and AlphaFold were used for sequence determination and protein structure prediction,
respectively. Insertions and substitutions are highlighted in red and blue, respectively. Deletions are
indicated by dashes. Protospacer adjacent motif is highlighted in bold. The mutation efficiency is shown
on the left of each sequence. WT, wild-type control; ssGE1, single sgRNA-based genome editing coupled
with the pUC57_As-Cath donor targeting the mc4r locus; ssGE2, single sgRNA-based genome editing
coupled with the pUC57_Cec donor targeting the mstnl site; msMGE, multi-sgRNA-based multiplex
genome editing coupled with the mixture of dsDNA_As-Cath, pUC57_As-Cath and pUC57_Cec donors
targeting the Ih, mc4r, mstnl and mstn2 sites in parallel; TIDE, tracking of indels by decomposition
(http://tide.nki.nl); Ih, luteinizing hormone; mc4r, melanocortin-4 receptor; mstnl, the exonl of myostatin;
mstn2, the exon2 of myostatin.

3.5 Detection of mosaicism

To assess the potential mosaicism of transgenic channel catfish, transgenes were detected by
examining 14 tissues from three representative transgenic individuals (#2, Cec transgenic; #4,
As-Cath transgenic; #21, As-Cath/Cec transgenic). The PCR results showed that fish #21 had
detectable As-Cath and Cec transgenes in all 14 tissues, including liver, kidney, spleen, blood,

gill, skin, intestine, fin, barbel, muscle, stomach, brain, eye, and gonad. Additionally, the As-

- 164 -


http://tide.nki.nl/

Cath transgene can be detected in all 14 tissues of individual #4. However, in fish #2, the Cec
transgene was present in 13 tissues but for the stomach, indicating a mosaic (Figure 27, Figure
S19 in Appendix 2).

A" Double mutation #18’
lh TTCAAACCGCCATCTGCAGCGGGCACTGCTTCACCAAG WT (bp)
TTCAAACCGCCATCTGCAGCTGGGCACTGCTTCACCAA +1
TTCAAACCGCCATCTGCAACGCGGGCACTGCTTCACCA +2
TTCAAACCGCCATCTGCAGCGGG--CTGCTTCACCAAG -2
mstn1 TCTGATTTCGCTGGGCTTCGTGGTGGCGTTCGGTCCGA WT (bp)
TCTGATTTCGCTGGGCTTCGTGGTGTACGCGTTCGGTC +3

Quadruple mutation #5’

Ih  TTCAAACCGCCATCTGCAGCGGGCACTGCTTCACCAAG WT (bp)
TCAAACCGCCATCTGCAGCAGGGCACTGCTTCACCAAG +1
TTCAAACCGCCATCTGCAGC———-CACTGCTTCACCAAG -3

mc4r GCAGCTGTTGATCTCCACCGAGGTCTTCATCACGCTAGG WT (bp) Jy{

GCAGCTGTTGATCTCCTAACCGAGGTCTTCATCACGCTA +2
GCAGCTGTTGATCTCCACACACGAGGTCTTCATCACGCT +3

mstn1 TCTGATTTCGCTGGGCTTCGTGGTGGCGTTCGGTCCGA WT (bp)
TCTGATTTCGCTGGGCTTCTTGGTGGCGTTCGGTCCGA -1/+1
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Figure 26. Mutated sequences and corresponding predicted 3D protein structures of the dual and
guadruple genes in channel catfish (Ictalurus punctatus) using CRISPR/Cas9-mediated msMGE. (A)
The sequences of dual (#18”) and quadruple mutants (#5”) were determined using Sanger sequencing.
Insertions and substitutions are highlighted in red and blue, respectively. Deletions are indicated by

- 165 -



dashes. Protospacer adjacent motif is highlighted in bold. (B-C) Indel spectrum and the frequency
determined by TIDE analysis in individual #18* and #5°, respectively. (D) The 3D structures of mutant
proteins were predicted using AlphaFold. WT, wild-type control; ssGE1, single sgRNA-based genome
editing coupled with the pUC57_As-Cath donor targeting the mc4r locus; ssGE2, single sgRNA-based
genome editing coupled with the pUC57_Cec donor targeting the mstnl site; msMGE, multi-sgRNA-
based multiplex genome editing coupled with the mixture of dsDNA_As-Cath, pUC57_As-Cath and
pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites in parallel; TIDE, tracking of indels by
decomposition (http://tide.nki.nl); Ih, luteinizing hormone; mc4r, melanocortin-4 receptor; mstnl, the
exonl of myostatin; mstn2, the exon2 of myostatin.

Similarly, mosaic individuals were presented in mutant fish. Compared to the ssGE strategy,
msMGE induced more gene-deficient mosaic fish (26.67% [4/15] in sSGE1, 25.00% [2/8] in
ssGE2, and 77.78% [21/27] in msMGE). The results of TIDE analysis in the ssGE1/ssGE2
strategy indicated that mc4r mutant individuals #32 (+1 bp, -2 bp), #38 (+1 bp, -2 bp), #42 (+4
bp, -2 bp), and #43 (+1 bp, -2 bp) had varied indels in the mixture of fin clips and barbels.
Specifically, fish #32 and #38 had the same indels of type and sequence (+G, -TC). Although
individual #43 had the same type of indels as #32 and #38, it was different in the sequence (+T, -
CT). In addition, the same type and sequence of indels (+1 bp, -5 bp; +T, -TTCGT) in the mstnl
locus were found in mosaic individuals #47 and #52 (Table 11). With respect to msMGE, in
addition to the single-locus mutant mosaicism (fish #1° ~ #4°, #6* ~ #8°, #10°, #12°, #14°, #16°,
#17° and #19’), double- and quadruple-loci mosaic mutants (#15° and #18’; #5 and #8”) were
also detected (Table 12, Appendix 8).
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Figure 27. Determination of mosaicism in transgenic channel catfish (Ictalurus punctatus) by
detecting the transgene in fourteen tissues from three individuals (#2, #4 and #21). The gel
electrophoresis images shown here are cropped, and full-length gels are presented in Figure S19 in
Appendix 2. Cec, the cecropin gene from moth; As-Cath, the cathelicidin gene from alligator; Lane N,
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water as the blank control; Lane W, a wild-type individual as the negative control; Lane P, a plasmid as
the positive control; lane M, 1kb+ DNA marker.

4. Discussion

To enable a precise knock-in strategy in fish species through CRISPR/Cas9-mediated multiplex
genome editing, a multipronged system was implemented to introduce multiple antimicrobial
peptide genes in channel catfish. A blend of donor constructs comprising linear dsDNA and
double-cut plasmids was designed to concurrently generate transgenic/gene-edited fish lines,
with the goal of replacing the reproduction-associated gene (Ih) and growth-regulating genes
(mc4r and mstn) of channel catfish were modified utilizing the CRISPR/Cas9 system.
Subsequently, disease-resistance genetic lines carrying alligator cathelicidin and moth cecropin
transgenes at three loci (two targets at the mstn locus) were established that have the potential for
improved disease resistance with high growth rates and reversible sterility. This is the first report
of two targeted gene insertions at three loci in an aquatic species, which holds promise for

application to other organisms.

The msMGE system exhibited low toxicity towards channel catfish embryos, as reflected by
comparable hatchability observed in injected control and msMGE groups. Additionally, the fry
survival rates were identical between WT control and msMGE groups, further confirming the
low toxicity. Although lower hatch rates were observed in the injection groups (ssGE and
msMGE) compared to the WT group, there was no difference between the ssGE and msMGE
groups. These findings suggested that CRISPR/Cas9 complex was minimally toxic to channel
catfish embryos, even when multiple Cas9/sgRNA complexes and donor templates were co-
injected into a single embryo. Hence, the heavy mortality observed in the embryos was primarily
attributed to the physical damage caused by microinjection or pleiotropic effects resulting from
gene disruption (Elaswad et al., 2018; Simora et al., 2020), rather than the inherent toxicity of the
CRISPR/Cas9 complex itself. Schubert et al. (2014) found that zebrafish zygote mortality was
positively correlated with the amount of reagent injected. Notably, fertilized zebrafish eggs are
only 0.6 to 0.8 mm in size. The volume of solution for microinjection is typically 10% to 20% of
the egg volume, which increases the mortality of the injected eggs to some extent (Xu, 1999;
Rosen et al., 2009). However, in channel catfish, approximately 3-mm embryos were injected

with 25 nL (8 pL for 320 eggs) of the solution, which was only 0.02% of the volume, greatly
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reducing the contribution of injected volume to mortality in our work. Additionally, gametes of
varying quality due to parental effects also affect hatchability and fry survival. In the present
study, the hatchability and number of surviving fry of family 2 were significantly lower than

those of other families, which was likely related to gamete quality.

The notable result of the current project was the precise integration of multiple transgenes at
multiple sites, inducing double, triple, and quadruple transgenic fish using CRISPR/Cas9-
mediated msMGE. Our data showed that 6.45% and 9.67% of the fish carried triple or quadruple
transgenes, respectively, and this efficiency was comparable to results of Xing et al. (2022a) for
which a 7% integration rate of channel catfish carrying three transgenes was achieved using a
cocktail design involving the simultaneous introduction of the three plasmids. Compared to
targeting only one insertion locus, our study demonstrated an increased transgene efficiency of
1.5- to 2.1-X by targeting multiple loci coupled with the same transgene donor using the msMGE
strategy. However, the same transgene had varied integration rates at different loci. For example,
the KI efficiency of the As-Cath transgene at the mc4r locus was 33.89%, which was
significantly higher than that at the Ih locus (6.78%). The difference in Kl rates is mainly caused
by the type of donor templates (Zhang et al., 2017). In this study, we used two types of donor
templates in one-step microinjection, while different types of donor templates contributed to
various KI efficiencies (Yoshimi et al., 2016; Zhang et al., 2017; Boel et al., 2018). A dsDNA
containing the As-Cath coding sequences was used to replace the lIh gene, while a double-cut
plasmid was designed to replace the mc4r gene. Previous studies have reported that the
CRISPR/Cas9-mediated system assisted by a double-cut plasmid can increase the Kl efficiency
up to 26.7% in medaka (Oryzias latipes) (Murakami et al., 2017). More recently, Simora et al.
(2020) demonstrated that plasmid donors induced higher integration rates than linear dsSDNA
donors in channel catfish. These findings indicated that the transgene had a higher integration

rate when a double-cut plasmid was provided rather than a linear dsDNA.

Mutagenesis was achieved as demonstrated by DNA sequencing and TIDE analysis in both ssGE
and msMGE systems targeting single or multiple loci. Interestingly, although the same sgRNAs
and constructs were used in ssGE1 and msMGE to target the mc4r locus, the TIDE results
manifested different indel spectra with varied gene-edited efficiencies. Specifically,

mc4r_sgRNA targeting the mc4r gene produced mainly small insertions in the ssGE1 strategy,
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whereas insertions were major in the msMGE. Overall, small indels appeared to be the most
common mutations induced by Cas9 combined with one sgRNA, which is in agreement with
other studies (Yang et al., 2013; Canver et al., 2014; Kim et al., 2019; Wang et al., 2023Db).
Furthermore, even in the msMGE system, our data suggested that not all genomic loci were
equally accessible to mutagenization. Similar observations have been made in previous studies
(Jao et al., 2013; Hwang et al., 2013). Compared to the Ih locus, the mc4r and mstn genes had
higher mutagenesis rates, suggesting that the mc4r and mstn genes are more amenable to gene
editing. Previous studies have also shown that different editing systems have selectivity for KI or
mutation sites, and even the same system produces various types and efficiencies of indels
(Sakuma et al., 2014; Xing et al., 2022a). These findings indicate that the efficacy and mutation
spectra vary greatly depending on the sgRNA target site and CRISPR system used (Hsu et al.,
2013; Fu et al., 2014; Brinkman et al., 2014). Future experiments are needed to elucidate how the

DSB repair machinery selects bases for insertion.

Despite the promising applications of multiplex genome editing, there are several obstacles that
need to be addressed. One of the biggest challenges is off-target effects. While multiplex genome
editing creates complex genetic modifications, it also increases the risk of unintended genetic
modifications at sites other than the intended targets (McCarty et al., 2020; Abdelrahman et al.,
2021). Compared to the CRISPR/Cas9-mediated ssGE system, msMGE induced a higher rate of
off-target insertions in our current study. On the one hand, the efficiency of on-target Kl via
HDR is hindered by the competing NHEJ pathway (Maruyama et al., 2015; Chu et al., 2015),
while the use of multiple sgRNASs increases the risk of off-target effects (Fortin et al., 2019;
McCarty et al., 2020). On the other hand, Xing et al. (2022a) demonstrated that some on-target
inserted sequences at the 5 and 3’ joints did not fully match theoretical expectations due to the
complex of multiple constructs, indicating that using PCR only to detect the junction regions
may underestimate the on-target efficiency. Recently, some engineered Cas9 variants (St1Cas9
and SaCas9) with altered PAM specificities (Kleinstiver et al., 2015), as well as the enhanced
specificity Cas9 (eSpCas9) (Slaymaker et al.,, 2016) and the high-fidelity SpCas9-HF1
(Kleinstiver et al., 2016) have been developed to reduce off-target by making the Cas9/sgRNA
complex less tolerant to mismatches. Another possible strategy for off-target reduction is the use
of a 2A peptide that links two or more coding sequences to independently drive the expression of

multiple transgenes. This reduces off-target events by decreasing the number of target loci (Tan

- 169 -



et al., 2010; Liu et al., 2017). Continued research endeavors to discover or engineer high-fidelity
nuclease variants, refine construct/sgRNA design, and establish exceptionally sensitive detection
techniques, will ultimately render these pioneering CRISPR/Cas9 systems viable for

implementation in non-model animals.

Another challenge is the potential for somatic mosaicism. Induced mosaicism from
CRISPR/Cas9-mediated gene mutation/transgenesis is common due to the continuous targeting
and cleavage of genes during various embryonic developmental stages (Jao et al., 2013; Mizuno
et al., 2014; Oliver et al., 2015; Mehravar et al., 2019). Different levels of mosaicism have been
observed in zebrafish (Blitz et al., 2013), channel catfish (Simora et al., 2020; Xing et al., 2022b),
blue catfish (Wang et al., 2023b) and other fish species (Blix et al., 2021). In this study,
mosaicism was observed by both donor-dependent NHEJ repair and HDR-directed insertion,
which is consistent with our previous study (Wang et al., 2023b) and other studies (Jao et al.,
2013; Auer et al., 2014; Zuo et al., 2017). The frequency of mosaicism varies between species
and CRISPR/Cas9 systems, and there is currently no clear and effective strategy to completely
eliminate mosaicism. To overcome mosaicism in non-model animals, the initial step is to
generate a founder animal harboring the desired modifications. Subsequently, the generation of
new mutant strains is accomplished through outcrossing these mosaic founders (Mehravar et al.,
2019). Notwithstanding these constraints, the findings articulated in this work furnish a robust

foundation for future inquiries and engender new avenues of exploration.

Not all sequence mutations resulted in non-functional or structurally altered proteins based on
AlphaFold prediction. Some mutations have minimal or no impact on protein structure or
function (Schaefer and Rost, 2012). Based on our findings, the mstnl mutants had a lower
probability of acquiring a loss-of-function myostatin protein compared to the mstn2 mutants. For
example, the loss of 3 bases (in-frame deletions) at the mstnl locus in fish #48 and #50 resulted
in the deletion of an alanine (A) at position 15, but no subsequent AA changes. Thus, this 3-bp
deletion did not perturb the structure of myostatin (Appendix 8). Mutations at the mstn1 locus are
unlikely to result in structural changes in the protein, possibly because the protein encoded by
exonl is distant from the myostatin growth factor domain (Zhang et al., 2020). In this case,
unless it is a nonsense mutation or a large number of AA sequence substitutions, it is less likely

to affect the protein's structure (Jumper et al., 2021). In contrast, this work observed a discernible
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loss of function when both exons of the mstn gene (mstnl and mstn2) were altered. This efficient
mutation was demonstrated in a previous report by Ou et al. (2023), where they detected a higher
mutation rate by simultaneously targeting exonl and exon2 with two sgRNAs in blotched
snakehead. However, silent mutations, for example, a previous study showed that the substitution
of a single base did not change the AA sequence in the protein due to the redundancy of the
genetic code in blue catfish (Wang et al., 2023b). In the present study, fish #34 had a 2-bp
substitution at the cleavage site of the mc4r gene, while this modification did not alter the AA
sequence due to codon degeneracy. Additionally, Jao et al. (2013) reported that mitfa-null
zebrafish did not show any phenotypic change in pigmentation. The lack of phenotypic change is
likely due to the mutated sequences still encoding a functional protein. In view of this, after the
base sequence mutation is realized, follow-up work including the analysis of AA sequence and
protein structure, and the verification of protein function is essential. Naturally, the acquisition of

phenotype depends on the integrity of protein functional structure.

Previous studies have established mstn-, Ih-, and mc4r-deficient or As-Cath and Cec transgenic
channel catfish (Dunham et al., 2002; Qin et al., 2016; Khalil et al., 2017; Simora et al., 2020;
Coogan et al., 2022a, 2022b; Wang et al., 2023a). In addition, previous work has demonstrated
growth advantages in mc4r/mstn-deficient fish, including channel catfish (Khalil et al., 2017;
Coogan et al., 2022a, 2022b), common carp (Zhong et al., 2016; Shahi et al., 2022), olive
flounder (Paralichthys olivaceus) (Kim et al.,, 2019), and red sea bream (Pagrus major)
(Kishimoto et al., 2018). Meanwhile, Ih-mutant channel catfish with reversible sterility, and
cecropin/cathelicidin transgenic channel catfish with enhanced resistance to bacteria were
established (Dunham et al., 2002; Qin et al., 2016; Qin, 2019; Wang et al., 2023a). In this study,
we first achieved the integration of dual antimicrobial peptide genes at three loci (reproduction-
and growth regulation-related) by one-step microinjection. That is, the Ih/mc4r was replaced with
the cathelicidin transgene and the mstn with the cecropin transgene. We hypothesize that this
new transgenic line has the combination of these breeder-preferred traits based on the supported
publications. However, multiple traits including disease resistance, growth rate and reproductive

capacity should be evaluated in the future.

In conclusion, we succeeded in knocking in two transgenes at three loci and four targets in the

genome using the CRISPR/Cas9-mediated msMGE system, coupled with a mixture of dsSDNA
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and double-cut plasmids, which is perfectly applicable in channel catfish. It is very promising to
replace functional alleles with transgenes at multiple loci in parallel. The findings of this study
contribute to the existing body of knowledge on the application of genome editing in aquaculture
and provide valuable insights into producing multiple consumer-valued qualities. Given its
simplicity and high efficiency, we propose that the described method could become a standard

technique for the generation of transgenic and mutant fish.
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Future Perspectives

Genome editing, dominated by CRISPR-based platforms, has risen rapidly in the life sciences
over the past decade. In aquaculture, the CRISPR/Cas9-mediated system holds promise for the
enhancement of favorable traits, especially growth, disease resistance, sterility, and fatty-acid
profile. In addition to being affordable and effective, CRISPR/Cas9 has the property of being
widely applicable because it allows for simultaneous modifications to various genomic sites by
delivering multiple sgRNAs with the Cas9 protein/mRNA (Yang et al., 2013; Ota et al., 2014).
As previously established, AMGs can successfully improve fish disease resistance through
transgenic integration. However, documental studies primarily concentrated on single-AMG
integration. Theoretically, it is conceivable to introduce two or more AMGs into the genome to

acquire higher heritable resistance to diseases by using CRISPR/Cas9-mediated transgenesis.

In addition to integrating exogenous AMGs into the genome, experiments have demonstrated
that knockout of immune-related genes can enhance resistance against pathogens by negatively
regulating gene expression or disrupting pathways. For instance, a few representative genes, like
rhamnose-binding lectin (RBL), signal transducer and activator of transcription 2 (STAT2),
junctional adhesion molecule-A (JAM-A), the repressor of RNA polymerase 11 transcription of
Paralichthys olivaceus (PoMafl), and GRBZ2-associated binding protein 3 (GAB3) have
undergone mutations that mimicked and altered the immunity of the fish and improved the host's
resistance to disease (Wang et al., 2022; Yang et al., 2022). Indeed, RBL is a critical component
of fish's innate immunity as an antibacterial and non-self-recognition molecule (Booy et al., 2005;
Watanabe et al., 2009), especially in the protection of teleost eggs as well as in the mucosa (Beck
et al., 2012). Interestingly, a potential negative regulation of RBL is involved in the immunity of
some fishes against pathogenic invasion. Beck et al. (2012) confirmed that columnaris
susceptibility was negatively linked with RBL expression levels. Furthermore, vulnerable fish's
gills showed higher up-regulated levels of RBL than those of resistant fish (Peatman et al., 2013).
Recently, an RBL-mutated channel catfish line was established (Elaswad et al., 2018), and a
higher survival rate was represented in their F2 individuals compared to those WT fish after
being infected with Flavobacterium columnare. In this regard, integrating AMGs into these

susceptibility loci can bidirectionally boost disease resistance based on gene pleiotropy.
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Alternatively, some studies have proved that MSTN-deficient fish not only grow faster, but also
reduced disease susceptibility to Edwardsiella ictaluri in channel catfish (Coogan et al., 2022).
Therefore, MSTN is also an alternative locus of an AMG integration for enhanced disease

resistance.

Beyond the successful achievement of one desired trait, it is possible to use CRISPR/Cas9 to
simultaneously improve multiple characteristics based on empirical data and theoretical
foundations (Alimuddin et al., 2008; Qin et al., 2016; Qin et al., 2022; Xing et al., 2022), which
means that we could alter other traits through the construction of different vectors while we
focus on enhancement of disease resistance. Documentary investigations have already shown
that single transgene or multiple transgenes can be integrated into the fish genome by single
sgRNA-mediated genome editing (ssGE) or multi-sgRNA-mediated multiple genome editing
(msMGE) assisted using plasmid donors (Xing et al., 2022, 2023). Wang et al. (unpublished data)
demonstrated that the cathelicidin transgene can be knocked in the LH locus of channel catfish
by double-stranded DNA (dsDNA)-mediated ssGE. In addition, a double-cut plasmid containing
a foreign AMG transgene as a donor is beneficial to improve integration rates using
CRISPR/Cas9-mediated ssGE (Xing et al., 2022; Wang et al., 2023). In general, several points
need to be considered in the implementation of AMG transgenesis: 1) The AMG candidates
should first ensure that the encoded AMPs are non-toxic or less toxic to fish cells, which should
be confirmed by in vitro experiments (Dunham et al., 2002; Sarmasik et al., 2002; Hsieh et al.,
2010). 2) An appropriate cassette containing the transgene, promoter, and termination sequences
should be constructed to ensure that the transgene is expressed after integration (Wang et al.,
2022). 3) Selected sgRNA should be subjected to online tools to minimize the off-target events,
and the cleavage efficiency of synthetic SgRNA should be examined in vitro (Hallerman et al.,
2022). 4) Microinjection or electroporation of the CRISPR-Cas9/sgRNA complex should be

performed at the one-cell stage to reduce mosaic effects (Mehravar et al., 2019).

From a genetic perspective, our hypothesis is that replacing the original functional genes with
AMGs in specific coding regions of the chromosome would confer multi-generational
antimicrobial activities of the host and improve multiple producer-favor traits. This strategy will

hopefully allow us to create new fish lines possessing multiple traits, such as sterile and disease-
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resistant, growth-boosted, and disease-resistant, or docosahexaenoic acid (DHA)-enriched and
disease-resistant, or hybrid lines that have all these traits (Figure 28). In this vein, an example
from our work demonstrates that it is highly feasible to insert the cathelicidin gene at the
luteinizing hormone (Ih) locus and cecropin gene at MSTN locus using a one-step CRISPR/Cas9-
mediated system, resulting in gene-edited fish with increased disease resistance and growth, but
decreased fecundity (unpublished data). However, site-directed knock-in of multi-locus genes
tends to increase mosaicism and off-target effects (Hsu et al., 2013; Yang et al., 2013). In this
scenario, the implementation and dissemination of gene-edited fish to industry needs to be well

planned.
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Figure 28. CRISPR/Cas9-mediated transgenesis induces traits of interest to disease resistance
combined with sterile, growth-boosted, and DHA-enriched traits in channel catfish (Ictalurus
punctatus). (A) A Growth-boosted fish genetic lines were created by knocking out the MSTN or MC4R
gene. (B) Sterile fish lines were produced via knocking out the GnRH or LH gene. (C) Disease resistance-
enhanced fish lines were created by knocking out RBL or knocking in a cathelicidin (Cath) gene at the
non-coding region of chromosome 1. (D) DHA-enriched fish line was generated through knocking in the
ElovI2 or Fatl gene at the non-coding region of chromosome 1. (E) Disease resistance-enhanced fish with
fast-growth was produced by knocking in the Cath gene at the MSTN locus. (F) Disease resistance-
enhanced fish with sterility were produced by knocking in the Cath gene at the LH locus. (G) A higher
disease resistance-enhanced fish line was created by knocking in the Cath gene at the RBL locus. (H)
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Disease resistance-enhanced fish with high DHA content was produced by knocking the Cath and ElovI2
genes at the non-coding region of chromosome 1. (1) Multiple CRISPR/Cas9 systems produce fish lines
that contain enhanced-disease resistance, fast-growth, sterility and enriched-DHA traits. DHA,
docosahexaenoic acid; RBL, like rhamnose-binding lectin; Elovl2, ELOVL fatty acid elongase 2; Fatl,
humanized omega-3 desaturase; MSTN, myostatin; MC4R, melanocortin 4 receptor; GnRH, gonadotropin-
releasing hormone; LH, luteinizing hormone; Chrl, chromosome 1; KO, knock out; Kl, knock in; Cath-
[ElovI2-/Fatl-pUC57, a plasmid containing the Cath/Elovi2/Fatl genes constructed with pUC57 as the
vector; CDS, coding sequences; DSB, double-stranded break.
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Appendix 1: Supplement tables

Table S1. Oligonucleotide primers for PCR and gPCR were used in Chapter one.

Construct/Gene Purpose Name Nucleotide sequence (5° — 3°)
SSODN1-As- PCR: Cathelicidin region Cathl-F CTCTCGACCATCGGCAGATT
Cath-ssODN2 (591 bp) Cathl-R GTCTGGATCTCACCGCCTTC
PCR: Promoter region Prom1-F CCGCTTTTCCTGGTCCAGAT
(519 bp) Proml1-R TTGGTTGTAGACGTCGACGG
PCR: SSODNL1 region SSODN1-F CGGGCTCTTGTACACAGGTT
(234 bp) sSODN1-R ATCGACGCTCAAGTCAGAGG
PCR: SSODNZ2 region sSODN2-F CAGTGGCGATAAGTCGTGTC
(296 bp) ssODN2-R GCTACATTCTGCCACACTGC
HAZ1-As-Cath- PCR: Cathelicidin region Cath2-F TTCAGGAGCCGTACTGTTCC
HA2 (597 bp) Cath2-R GCATTCTAGTTGTGGTTTGTCCA
PCR: Promoter region Prom2-F ACCCTTTGCCACAGTTCTCC
(542 bp) Prom2-R GGCCCTTGGTTGTAGACG
PCR: Left HA region HAL-F TAAGGCCACGTTTCGATTCT
(573 bp) HAL-R TCATTTTGCCGTCTGTTGTT
PCR: Right HA region HA2-F TGAGTTTGGACAAACCACAAC
(598 bp) HA2-R TTGATTGAAAATGTTTCCCTGTT
gPCR: Cathelicidin Cath_RT-F GCAGGGGTCTATTCAAGAAGC
(125 bp) Cath_RT-R GTCTGGATCTCACCGCCTTC
Ih gene PCR LH-F TGAGCGATCACAGCAAAATC
(594 bp) LH-R GCAGCTTAGTGCGACAGGAT
gPCR LH_RT-F TGAGCGATCACAGCAAAATC
(147 bp) LH RT-R TTAACAGGTTCGCAGTGTGG
18S rRNA gPCR 18s-F GAGAAACGG CTACCACATCC
(128 bp) 18s-R GATACGCTCATT CCGATTACAG

Table S2. The summary of total knock-in (K1) efficiency and on-target Kl efficiency of different
CRISPR/Cas9-mediated systems.

Percent % (number)

System

On-target Kl Off-target Kl Only KO
2H20P50  0.75%(1/134) 26.879%(36/134)  5.56%(3/54)
2H20P100  0(/152) 17.76%(27/152)  6.67%(4/60)
dsDNA50  10.80%(23/213)  1.41%(3/213) 3.33%(2/60)
dsDNA100 6.97(17/244) 3.28%(8/244) 3.33%(2/60)
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Table S3. The odds ratio (OR) calculation of total knock-in (KI) efficiency and on-target Kl efficiency.

2H20P  dsDNA 50 ng/uL 100 ng/pL

Total Kl Positive 64 51 63 52
Negative 222 406 284 344

On-target KI  Positive 1 40 24 17
Negative 285 427 323 379

Comparison of total Kl efficiency:
2H20P vs. dsDNA: OR = (64x406)/(222x51) = 2.30 times
50 ng/uL vs. 100 ng/uL: OR = (63%344)/(284x52) = 1.47 times

Comparison of on-target Kl efficiency:

dsDNA vs. 2H20P: OR = (285x40)/(1x427) = 26.70 times
50 ng/uL vs. 100 ng/uL: OR = (24x379)/(323x17) = 1.66 times

Table S4. A full model based on all 12 predictors involved since there was no multi-collinearity in the
gene expression matrix.

Analysis of Maximum Likelihood Estimates

Standard Wald
Parameter DF | Estimate Error | Chi-Square | Pr> ChiSq
Intercept 1 13.5313 10,1977 1.7606 0.1845
BW 1 0.1743 0.1150 2.2955 0.1298
Sex 1 0.3805 09167 0.1723 0.6781
Cath 1 0.2573 0.1178 4.7686 0.0290
Cec 1 0.2420 0.1416 29211 0.0874
CCL3 1 0.3034 0.2442 1.5438 0.2140
LEAP2 1| -15.2284 7.3658 42743 0.0387
H2A 1 1.4132 0.8672 2.6557 0.1032
UBlI 1 -0.0350 06614 0.0028 0.9578
BPI 1 0.3067 02922 1.1021 0.2938
TCP 1 1.2674 04773 7.0520 0.0079
Catpd 1 0.5337 0.3991 1.7885 0.1811
NK_lysin 1 -0.3884 0.1639 56156 0.0178

Table S5. Fit statistics of the full model with AIC value.

Meodel Fit Statistics

Criterion | Intercept Only | Intercept and Covariates

AIC 112.703 68.304
sC 115.085 100.270
-2Llog L 110.703 43.304
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Table S6. The first reduced model after removing non-significant (P > 0.05) predictors (BW, Sex, CCL3,
H2A, UBI, BPI and Catpd). Here, we kept the Cec for the reduced model since the P = 0.0874 and it was
the transgene that we focused on.

Analysis of Maximum Likelihood Estimates

Standard Wald
Parameter | DF | Estimate Error | Chi-Square | Pr> ChiSq
Intercept 1 8.5466 59352 2.0736 0.1499
Cath 1 0.1758 0.0893 4.0101 0.0452
Cec 1 0.2801 0.1140 6.0362 0.0140
LEAP2 1 -6.2088 3.3751 3.3841 0.0658
TCP 1 1.4105 0.5255 7.2051 0.0073
NK_lysin 1 -0.3597 0.1363 6.9674 0.0083

Table S7. Fit statistics of the full model with AIC value. As we observed, this fitted model had a smaller
AIC value (62.776) than that of the full model (AIC = 69.304). Therefore, we believed that this reduced
model was more robust than the full model. Nonetheless, we found LEAP2 was not significant (P =
0.0658), and we removed it to fit a reduced model correspondingly.

Model Fit Statistics

Criterion | Intercept Only | Intercept and Covariates

AlC 112.703 B2.776
sC 115.085 77.068
-2Log L 110.703 50.776

Table S8. A second reduced model only contained Cath, Cec, TCP and NK-lysin.

Analysis of Maximum Likelihood Estimates

Standard Wald
Parameter DF | Estimate Error = Chi-Square | Pr> ChiSq
Intercept 1 -1.9481 1.7098 1.2982 0.2545
Cath 1 0.1666 0.0840 3.9359 0.0473
Cec 1 0.2331 0.1102 44772 0.0344
TCP 1 1.481 0.5469 7.3347 0.0068
NK_lysin 1 -0.3892 0.1314 87717 0.0031
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Table S9. Fit statistics of the reduced model with AIC value.

Model Fit Statistics

Criterion | Intercept Only @ Intercept and Covariates
AlIC 112.703 64.585
sC 115.085 76.495
-2LogL 110.703 54.585

Table S10. Potential logit interactions among these predictors were assessed using a new model. The
results indicated that there were no significant interactions among them (all P > 0.05).

Analysis of Maximum Likelihood Estimates

Standard Wald
Parameter DF | Estimate Error | Chi-Square | Pr > ChiSq
Intercept 1 59369 3.4003 3.0485 0.0808
Cath 1 0.1822 1.1568 0.0248 0.8749
Cec 1| -35.4348 31.8365 1.2388 0.2657
Cath*Cec 1| -52.3986 8339 0.0039 0.9499
TCP 1 -1.1059 1.1651 0.9009 0.3425
Cath*TCP 1 0.0235 0.4174 0.0032 0.6552
Cec*TCP 1 13.2537 11.9656 1.2269 0.2680
Cath*Cec*TCP 1 17.5803 2809 0.0039 0.9501
NK_lysin 1 -1.7925 0.6970 6.6145 0.0101
Cath*NK_lysin 1 -0.1257 0.2606 0.2327 0.6296
Cec*NK_lysin 1 3.7484 327186 1.3127 0.2519
Cath*Cec*NK_lysin 1 6.3180 99.3898 0.0040 0.9493
TCP*NK_lysin 1 0.4758 0.2443 3.7940 0.0514
Cath*TCP*NK_lysin 1 0.0294 0.0853 0.1191 0.7300
Cec*TCP*NK_lysin 1 -1.3699 1.2123 1.2769 0.2585
Cath*Cec* TCP*NK_lysi 1 -2.1410 33.8270 0.0040 0.9495

Table S11. Fit statistics of the model with AIC value when we took interactions into the model. The AIC
= 71.035 > 64.585 indicated that the fitness was reduced when we took the interactions into the model.
Therefore, we fitted the final model without interactions involved.

Maodel Fit Statistics

Criterion | Intercept Only Intercept and Covariates
AlC 112.703 71.035
SC 115.085 109.148
-2Log L 110.703 39.035
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Table S12. The final model was subjected to the sensitivity/specificity test and the Hosmer-Lemeshow
test to determine the sensitivity and robustness. And the Goodness-of-Fit test revealed that our final logit
model fitted the data well (P = 0.2063 > 0.05).

Hosmer and Lemeshow Goodness-of-Fit Test
Chi-Square DF Pr> ChiSq
10.9201 8 0.2063

Table S13. Oligonucleotide sequences for single guide RNA (sgRNA) synthesis and
transgene/mutagenesis detection. PCR primers were used to detect As-Cath/Cec transgene, and
Ih/mcdr/mstnl/mstn2 mutation in putative transgenic/gene-edited channel catfish, Ictalurus punctatus.
Cec, the cecropin gene from moth; As-Cath, the cathelicidin gene from alligator; Ih, luteinizing hormone;
mc4r, melanocortin-4 receptor; mstnl, the exonl of myostatin; mstn2, the exon2 of myostatin.

Oligo name  Nucleotide sequence (5’ — 3°) Product Size (bp) Purpose
sgRNA synthesis
sgRNA1 TTCAAACCGCCATCTGCAGCGGG  — Ih_sgRNA synthesis
SgRNA2 GCAGCTGTTGATCTCCACCGAGG — mc4r_sgRNA synthesis
SgRNA3 TCTGATTTCGCTGGGCTTCGTGG — mstnl sgRNA synthesis
SgRNA4 CCCCGACGTTCAAGTCGACCAAA — mstn2_sgRNA synthesis
Universal TTTTGCACCGACTCGGTGCCACTT — Scaffold of the sgRNA synthesis
Primer TTTCAAGTTGATAACGGACTAGCC

TTATTTTAACTTGCTATTTCTAGCT

CTAAAAC
PCR Primers
As-Cath_F TTCAGGAGCCGTACTGTTCC 597 Determine the As-Cath_polyA
As-Cath_R GCATTCTAGTTGTGGTTTGTCCA region of As-Cath transgenic fish
Cec_F GGAGCCGTACTGTTCCGTTA 352 Determine the Cec_polyA region
Cec_R CCCATATGTCCTTCCGAGTG of As-Cath transgenic fish
Proml1_F GCAGCCAATCACTGCTTGTA 462 Determine the UBI_Cec region
Prom1_R ATTCCGAGGACCTGGATTG of Cec transgenic fish
Prom2_F ACCCTTTGCCACAGTTCTCC 542 Determine the UBI_As-Cath
Prom2_R GGCCCTTGGTTGTAGACG region of As-Cath transgenic fish
Ih_ F TGAGCGATCACAGCAAAATC 594 Determine the Ih mutation
Ih_R GCAGCTTAGTGCGACAGGAT
mcé4r_F CTGCTCTTCCTCATCCTTCG 598 Determine the mc4r mutation
mcdr_R ATGCTTTTCACGACGTCTCC
mstnl_F CATGACATCTCGCGCTACCT 390 Determine the mstnl mutation
mstnl_R GCAGCTGCTTGACCACATC
mstn2_F CCGTGTTCGGTTGTGTGTAG 480 Determine the mstn2 mutation
mstn2_R ATCTCAATCCCCCAGTTGGT
HA1l F TAAGGCCACGTTTCGATTCT 533 Determine the junction of HA1
HA1 R TCATTTTGCCGTCTGTTGTT at the Ih locus
HA2_F TGAGTTTGGACAAACCACAA 598 Determine the junction of HA2
HA2_R TTGATTGAAAATGTTTCCCTGTT at the Ih locus
HA3 F AAAGTGCCAATCTGCCAAAG 467 Determine the junction of HA3
HA3 R CCGGCTTTGTTTCCAATCT at the mc4r locus
HA4 F ATCACGCTAGGGTTGGTCAG 463 Determine the junction of HA4
HA4_R GCATGGTGAAGAACATGCTG at the mc4r locus
HA5 F TGGAGAAAGTTGTGGGTCTGT 334 Determine the junction of HA5
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HA5_R
HA6_F
HA6_R
HA7_F
HA7 R
HAS_F
HAS R

CCCAGCGAAATCAGAACCT
ACATATGGGAGGGCAAATCA

AAGCAGTAGTAAAGGGACTCACG

GAATCGTTTCAGAATGGACGA

GGGGTTGGCTAAAGGAGAGA
ACCAAAAACCGAAGTGCTGT
ATCCCATTTCAACCAGCAAA

574

395

498

at the mstn1 locus
Determine the junction of HA6
at the mstnl locus
Determine the junction of HA7
at the mstn2 locus
Determine the junction of HA8
at the mstn2 locus

Table S14. The hatchability and fry survival of channel catfish (Ictalurus punctatus) in the family 1.

Group Hatchability Fry survival
nCT IiCT ssGE1 ssGE2 msMGE nCT IiCT ssGE1 ssGE2 msMGE
Repl 48 23 30 34 24 48 23 30 34 21
Rep2 65 30 25 26 33 62 28 20 24 30
Rep3 82 24 32 34 21 78 24 30 29 17
Rep4 32 24 21 36 30 20 18 32
Rep5 21 17 40 16 21 16 34 14
Survival 195 130 128 155 130 188 126 106 119 86

Table S15. The hatchability and fry survival of channel catfish (Ictalurus punctatus) in the family 2.

Group Hatchability Fry survival
nCT IiCT ssGE1 ssGE2 msMGE NnCT ICT ssGE1 ssGE2 msMGE

Repl 38 13 18 14 14 30 10 16 12 14

Rep2 25 20 15 16 13 20 12 15 16 13

Rep3 42 14 21 14 21 34 12 20 13 18

Rep4 22 24 21 16 18 18 19 16

Rep5 11 13 10 6 8 13 10 6
Survival 105 80 91 75 70 84 60 52 70 57

Table S16. The hatchability and fry survival of channel catfish (Ictalurus punctatus) in the family 3.

Group - Hatchability Fry survival
nCT iCT ssGE1 ssGE2 msMGE NnCT IiCT ssGE1 ssGE2 msMGE

Repl 78 45 50 44 34 74 44 50 40 33

Rep2 93 28 45 46 40 90 26 42 40 37

Rep3 101 38 40 44 32 91 35 35 38 32

Rep4 42 34 30 36 36 30 30 36

Rep5 44 42 26 36 40 42 24 35
Survival 272 255 181 189 172 153

PCR positive individuals from ssGE1, ssGE2 and msMGE:

SSGE1: mcdr_As-cath (106+52+189=347 fish)

PCR positive As-Cath: 12/106=11.32%; 5/52=9.62%, 28/189=14.81% (45/347=12.96%)

Off-target events: 4/106=3.77% (4/12=33.33%); 3/52=5.77% (3/5=60%); 10/189=5.29% (10/28=35.71%)
(17/45=37.78%)
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45 fish have As-Cath transgene. Specifically, HDR-mediated Kl: 8/12=66.67%; 2/5=40%;
18/28=64.29% (28/45=62.22%)

15 fish have mc4r mutation. NHEJ-mediated KO: 5/94=5.32%; 0/47=0; 10/161=6.21% (15/302=4.97%)
sSGE2: mstnl_Cec (119+70+172=361 fish)
PCR positive Cec: 9/119=7.56%; 8/70=11.43%, 22/172=12.79% (39/361=10.80%)

Off-target events: 4/119=3.36% (4/9=44.44%); 3/70=4.29% (3/8=37.5%); 10/172=5.81% (10/22=45.45%)
(17/39=43.59%)

39 fish have Cec transgene. Specifically, HDR-mediated KI: 5/9=55.56%; 5/8=62.5%; 12/22=54.55%
(22/39=56.41%)

8 fish have mstn1 mutation. NHEJ-mediated KO: 1/110=0.91%; 0/62=0; 7/150=4.67% (8/322=2.48%)
MSMGE: 86+57+153=296 fish

PCR positive As-Cath: 15/86=17.44%; 11/57=19.30%, 33/153=21.57% (59/296=19.93%)

Off-target events: (9/15=60%); (7/11=63.63%); (19/33=57.58%) (35/59=59.32%)

59 fish have As-Cath transgene. Specifically, HDR-mediated Kl: 6/15=40% (mc4r_As-Cath, 6 and
Ih_As-Cath, 0); 4/11=36.36%(mc4r_As-Cath, 4 and Ih_As-Cath, 0); 14/33=42.42% (mc4r_As-Cath, 10
and Ih_As-Cath, 4) (24/59=40.68%)

NHEJ-mediated KO: 1/71=1.41% (Ih KO, 1); 2/46=4.35% (Ih KO 1, mc4r KO 1); 8/120=6.67% (Ih KO 6,
mcdr KO, 2) (11/237=4.64%)

24 fish have As-Cath insertion on target: 20 target at mc4r, 4 target at Ih
11 fish have Ih or mc4r mutation: 8 fish have Ih KO, 3 fish have mc4r KO

PCR positive Cec: 18/86=20.93%; 13/57=22.81%, 37/153=24.18% (68/296=22.97%)
Off-target events: (11/18=61.11%); (8/13=61.54%); (26/37=70.27%) (45/68=66.18%)

68 fish have Cec transgene. Specifically, HDR-mediated KI: 7/18=38.89% (mstnl_Cec 2, mstn2_Cec 5);
5/13=38.46% (mstn1_Cec 1, mstn2_Cec 4); 11/37=29.73% (mstn1_Cec 4, mstn2_Cec 7) (23/68=33.82%)

NHEJ-mediated KO: 2/68=2.94% (mstn1 KO 2, mstn2 KO 0); 2/44=4.55% (mstn1 KO 2, mstn2 KO 0);
12/116=10.34% (mstnl KO 9, mstn2 KO 3) (16/228=7.02%)

23 fish have Cec insertion on target: 7 target at mstnl, 16 target at mstn2

16 fish have mstnl or mstn2 mutation: 13 fish have mstnl KO, 3 fish have mstn2 KO

Both: PCR positive As-Cath and Cec: 11/86=12.79%; 6/57=10.53%; 15/153=9.80% (32/296=10.81%)

32 fish have both As-Cath and Cec transgenes, and 6 fish are on-target. On-target positive As-Cath
and Cec: 2/11=18.18% [#7: 2 copy of As-Cath (at Ih and mc4r loci) and 2 copy of Cec (at mstnl and
mstn2); #12: 1 copy of As-Cath (at mc4r) and 2 copy of Cec (1 copy at mstnl and 1 copy at mstn2)];
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0/6=0; 4/15=6.67% [#11 and #25: 2 copy of As-Cath (1 copy at Ih locus and 1 copy at mc4r) and 2 copy
of Cec (1 copy at mstnl and 1 copy at mstn2); #22 and #3: 1 copy of As-Cath (at mc4r locus), 2 copy of
Cec (1 copy at mstnl and 1 copy at mstn2) ] (6/32=18.75%)

Totally, 347+361+296=1004 fish
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Appendix 2: Supplement figures
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Figure S1. Full 1% TAE gel pictures of transgene detection from the ssODN1-As-Cath-ssODN2
construct (2H20P system).
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Figure S3. Full 1% TAE gel pictures of transgene detection from the HA1-As-Cath-HA2 construct
(dsDNA system).
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Figure S5. The detection of Ih mutation from 4 non-As-Cath-integrated channel catfish. The number
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Figure S6. PCR and qRT-PCR analysis for mosaicism. (A) PCR detection of As-Cath gene for 14
different tissues. (B) A representative LH™_As-Cath* fish showed As-Cath expression in 14 tissues. (C)

Two LH™_As-Cath" individuals have the As-Cath expression in 11 and 8 tissues, respectively, indicating
two mosaics.
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TL: Total length ED: Eye diameter
SL: Standard length BD: Body depth
HL: Head length CD: Caudal depth blue catfish (Ictalurus furcatus)

Figure S7. Schematic diagram of body size parameter measurements to determine body shape in blue
catfish (Ictalurus furcatus).
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Figure S8. Full gel electrophoresis to identify the As-Cath transgenic blue catfish (Ictalurus furcatus).
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Figure S10. Detection of the As-Cath transgene in various from three positive blue catfish (Ictalurus
furcatus).
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Figure S11. Full gel pictures for the transgenic channel catfish determination.
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Figure S12. The resulting inheritance and integration rate of transgenes was aided by the
CRISPR/Cas9-mediated microinjection using transgenic embryos. The inheritance and integration
rate of the cecropin (Cec) and cathelicidin (Cath) transgenes by PCR detection in different genotypes
from five families. The embryos from family 3 and family 5 received a microinjection using pUC57_Cath
and pUC57_Cec plasmids, respectively. IR_Cec, the Cec transgene was integrated randomly; Chrl_Cath,
the Cath transgene was integrated at the noncoding region of chromosome 1; LH_Cath, the Cath
transgene was integrated at the Ih locus; Mstn_Cec, the Cec transgene was integrated at the mstn locus;
*_Cath, the Cath transgene was integrated at the Ih locus (on-target positives) or non-lh locus (off-target
positives) after microinjecting the pUC57_Cath plasmid donor; *_Cec, the Cec transgene was integrated
at the mstn locus (on-target positives) or non-mstn locus (off-target positives) after microinjecting the
pUC57_Cec plasmid donor; PCR Positive, the transgene were detected by corresponding primers; Cec,
cecropin; Cath, cathelicidin; # = P < 0.05; ## = P < 0.01; ### = P < 0.001; #### = P < 0.0001; ns = not
significant, by unpaired student’s t-test or one-way ANOVA.
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Figure S13. Relative expression of transgenes (Cec and Cath) and innate AMGs (CCL3, LEAP2, H2A,
UBI, BPI, TCP, Catpd and NK-lysin) in the head kidney of each moribund fish after Edwardsiella ictaluri
challenge in channel catfish. Bars below the 0 line indicate reduced mMRNA levels compared to the control
while bars above the 0 line indicate increased expression compared to the control. The inserted number of
each histogram indicates the number of fish.
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Figure S14. Relative expression of transgenes (Cec and Cath) and innate AMGs (CCL3, LEAP2, H2A,
UBI, BPI, TCP, Catpd and NK-lysin) in the head kidney of each sacrificed fish after Edwardsiella ictaluri
challenge in channel catfish. Bars below the 0 line indicate reduced mRNA levels compared to the control
while bars above the 0 line indicate increased expression compared to the control. The inserted number of
each histogram indicates the number of fish.
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Figure S15. The ROC curve showed that we had 92.04% confidence that higher mRNA levels of Cath,
Cec, TCP and lower mRNA levels of NK-lysin significantly improved survival rate post- Edwardsiella
ictaluri infection.
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Figure S16. Full-length gel electrophoresis images to determine the As-Cath/Cec transgenic positive
channel catfish (Ictalurus punctatus) in the ssSGE1/ssGE2 strategy. Cec, the cecropin gene from moth; As-
Cath, the cathelicidin gene from alligator; ssGE1, single sgRNA-based genome editing coupled with the
pUC57_As-Cath donor targeting the mcdr locus; ssGE2, single sgRNA-based genome editing coupled

with the pUC57_Cec donor targeting the mstn1 site.
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Figure S17. Full-length gel electrophoresis images to determine the As-Cath transgenic positive channel
catfish (Ictalurus punctatus) in the msMGE strategy. As-Cath, the cathelicidin gene from alligator;
msMGE, multi-sgRNA-based multiplex genome editing coupled with the mixture of dsDNA_As-Cath,
pUC57_As-Cath and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites in parallel.
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Figure S18. Full-length gel electrophoresis images to determine the Cec transgenic positive channel
catfish (Ictalurus punctatus) in the msMGE strategy. Cec, the cecropin gene from moth; msMGE, multi-
sgRNA-based multiplex genome editing coupled with the mixture of dsDNA_As-Cath, pUC57_As-Cath
and pUC57_Cec donors targeting the Ih, mc4r, mstnl and mstn2 sites in parallel.

- 209 -



-
- LR - - - - - - e T T ee - -
As-Cath in Cec/As-Cath transgenic fish Cecly Cegitransgenic fish

- "

- 3 —
- AL L B s

- W e e e e - - =

As-Cath in As-Cath transgenic fish Cec in Cec/As-Cath transgenic fish

Figure S19. Full-length gel electrophoresis images to determine the mosaicism in transgenic channel
catfish (Ictalurus punctatus) by detecting the transgene in fourteen tissues from three individuals (#2, #4

and #21).
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Appendix 3: R/SAS codes for logistic model construction

R codes for multi-collinearity test:

#HHH#multi-collinearity test of gene expression#####

#iHH#read the data#ttHiHH

alldata <- read.table("E:/AuburnUniversity/Myproject/Ph.D. research papers/2-cecF1+cath_cathF1_cec in
channels/data_gene_expression.csv",sep=",", header = T)

Hi#H##HData Structure and Peculiarity######

gene <- alldata[,c(4:13)]

#iH#Hcorrelation plot of traits and gene##

library(corrplot)

b <-cor(gene);b

corrplot(b,method ="color",addCoef.col="black", order = "AOE",number.cex=0.7)

SAS codes for logistic regression analysis:

[***SAS codes for logistic regression analysis *Start Here***/

[****data input****/

filename gene "/home/u42944627/STAT6110/data_gene_expression.csv'™;

proc import datafile = gene out = gene_expression
dbms = csv replace;

run;

proc print data = gene_expression; run;

[****A full multiple logit model****/
proc logistic data = gene_expression descending;

model outcome = BW Sex Cath Cec CCL3 LEAP2 H2A UBI BPI TCP Catpd NK _lysin;
run;

[****Removed non-significant predictors****/
/****Refined Model: A reduced multiple logit model****/
proc logistic data = gene_expression descending;

class BW Sex / param = ref;

model outcome = Cath Cec LEAP2 TCP NK_lysin;
run;

[****Removed non-significant predictors****/
/****Refined Model: A reduced multiple logit model****/
proc logistic data = gene_expression descending;

class BW Sex / param = ref;

model outcome = Cath Cec TCP NK_lysin;
run;

[****|_ogit Interactions were added among predictors****/
proc logistic data = gene_expression descending;
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class BW Sex / param = ref;
model outcome = Cath|Cec|TCP|NK _lysin;
run;

[****Assess Model Adequacy***/
[***Hosmer-Lemeshow test***/
proc logistic data = gene_expression descending;
class BW Sex / param = ref;
model outcome = Cath Cec TCP NK_lysin / lackfit;
run;

[****ROC curve***/

proc logistic data = gene_expression descending plots = roc;
class BW Sex / param = ref;
model outcome = Cath Cec TCP NK_lysin;

run;
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Appendix 4: Different constructs of CRISPR/Cas9 system (different methods)
Knock in As-Cath at the Ih locus in channel catfish (2H20P vs. dsSDNA)

> |h gene sequence (5’-3’)

exonl 61 bp intronl 136 bp
GACAGCAATCCACTGAGCGATCACAGCAAAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTA
AATGTATAAATA'ITI,&?AEI'_CEAAAATG TACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTT
GATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAG CTTg)éql'ngT%'EBFZ}I'gPFTCTCCTG
TGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTA CATTCTGSéaCr; EOAdg'rI]'G CGAACCTGTTAATGAGACTGTTTCT

GTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGT NN COOIIBOMEEGGGCACTGCTTCACCAAGGTG
intron2 85 bp Target sequence of sgRNAL  PAM
AATATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTA
exon3 365 bp
CAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAA

CCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGCGAGTGCAG
<+ LH-R
CCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTAC

ATCCTGGATTACTGAQCCTCTG CCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGA
stop codon

ATGATCAGAGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAA

> full As-Cath_CDS_sequence (5’-3’)

CDS1 198 bp
ATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCG
start code
ACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGCCCGGCG
CDS2 108 bp
TGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAG

CTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGA
CDS3 84
TGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCA
CDS4 129 bp
ACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGC
CDS sequence for mature peptide (114 bp)
TTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGA
stop codon

#1 ssODN1-As-Cath-ssODN2 construct (2H20P):

> UBI-full As-Cath_CDS_pUC57-Mini_sequence (donor plasmid)
GACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGT
Backbone of pUC57_mini vector 1827
ATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTT
CCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAA
AGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAG
TTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTG

ACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAG
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AAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGG
CCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAAC
TCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGC
AATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGG
ATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTG
GAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTA
TCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTA
AGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGA
TCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGAC
CCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACC
ACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGA
GCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTA
CATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTC
AAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGC
GAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAG
GCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCT
GGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCG
GAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCT
TTCCGAT

UBI promoter 1438 bp
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ATGCAGACCTGCTGGGT
start codon

CATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACG
Full CDS of As-CATH2 519 bp
CCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCTTCCGG
CTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAA
GGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGETGLTG
GACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGLCLCCTGL
CTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAA
GCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattga
stop codon
tgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagctgcaata
PolyA tail 135 bp
2acaagttATCATTGGGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAA
TACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTAT
Backbone of pUC57_mini vector 441
GAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACG
CTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGG
TAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCG

GTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGAC
> putative positive fish sequence after insertion (5’-3’)

TTAAGTCATGTTGTATATTGTACTTTGCAAGTAGCTCTTACAACAAGGTCAGACTCTGATCATTCTTGGAGTAAATG

GACTCGTTGTAGTTAGACTGAGACTTCTGCATGCACGTTGGCAGAGGTTCAGTAATCCAGGATGTACTCTTTCTGT

GTCATACAGAAATCCGGATTCAGGCTCTCGATGGTACAGTCCGAGGTGTCCATGGTGCACAGGCTGCACTCGCAG

CTTAGTGCGACAGGATATGTGACGTGAGGATCCACACCGGGCCGACAGTCAGGCAGGCGTACGGTTTCATAGCG

AACGTCCCTGTAGGTACACACATGCTGATAGATG GAAGAGAACSSI%CEC_TI GTACACAGGTICCTGTAGAAAACA
ss -

TTTATTTGTAAACCATTTTTCATACTCAGATGATATCTGTAAAATAAGTAAAATAAGTAAAAk')I'ATATATTCACCTTGG
ssODN1 80 bp

TGAAGCAGTGCCCGCTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGLCTG

GTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGG
<« SSODN1-R
AGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTT

TCCGAT
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Proml-F —»

ATGCAGACCTGCTGGGTCA
Cathl-F—» start codon
TCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCC
GACCTACGCCCAGGCCCTGGCCACGGLCGTCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCCTTCCGGCT
<— Proml-R
CCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGG
AGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGA

CTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCT

GACCGCGTCC_TGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGC
gQPCR-F —» stop codon
GCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAG* I GAgatccagacatgataagatacattgatga
q - <+ Cathl-R

gtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagectgcaataaa
caagttATCATTGGGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATA
Backbone of pUC57_mini vector 1579
CATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGA
GTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCT
GGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTA
AGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGT
ATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTAC

TCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGT
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GATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATG
GGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACC
ACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAAC
AATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTA
TTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCT
CCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAG
GTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATT
TTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCC
ACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTG
CAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAA
CTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTC
TGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTA
CCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCG GTCGGGCTGSZ\(?A%EZG-EEE GTTCGTGCACACAG
CCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCC
GAAGGGAGAAAGGCGGACAGGTATCCGGTGCAGATGGCGGTTTGAAACACAAGGCATTTCGGGCAGCCATCTTT
CTCE?AOCEX\]%:XXF()ZAGTCTCATTAACAG GTTCGCAGIGIGGCAGAATGTAGCTTTGAGCGGGGGAGAAGGAGTTCA
TCAAGAAACACAGGAGAAGAAAAGAGGAAGCTG GCACTGAEXTSCS(?'IPGN'I'ZAF;\TAAAACACATGAAAAATACGACAC
ATACCTGAAATAATCAAGCAAGGACAAATTATCTTGAGTTCAGACTACACTTTGCACTTTTATGTACATTTTGGATG
TAATATTTATACATTTAATTAAATCACACCTTATCACATTACTGTCCTTACTTTAGAGATTTTGCTGTGATCGCTCAGT

GGATTGCTGTC

#2 HA1-As-Cath-HA2 construct (dsDNA):

> |h gene sequence (5’-3’)

Upstream of Ih gene 200 bp

exonl 61 bp LHYPCR-F—»

GACAGCAATCCACTGAGCGATCACAGCA
intronl 136 bp LH-F—>

AAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTAC

ATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTC
exon2 184 bp

ATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGC

TCAAAGCTACATTCTGECACACTGCGAACCTGTITAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGC

<— LHgPCR-R intron2 85 bp
CTTGTGTI A A GGG CACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTT
PAM

ACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTC
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TCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCG
GTGTGGATCCTCACGTCACATATECTGTCGCACTAAGETGEGAGTGCAGCCTGTGCACCATGGACACCTCGGACTG
exon3 365 bp <« LH-R
TACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGAACCTCTGCCAAC
GTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAGAGTCTGACCTTGTTGTAA
GAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTTCTTTTCTTGTATGAACAG
Downstream of Ih gene 200 bp
GGAAACATTTTCAATCAATCACACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGAGATCATAATCGCTGCAC
TCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGATTTGTAAAGTCCTGGTT

GCTAGTA
> HA1_UBI-full As-CATH2_CDS_HA2 sequence (donor linear dsDNA)

GGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAAT
Left homologous arm (HA1) 300 bp

TTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTT

TCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAG
ACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTTCAAACCGCCATCTGCACCAGCAAAGTTCTAGA
UBI promoter 1438 bp
ATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTGAGTAAGTTCTTAAGTGTTATTGCCAGCAACATA
AACAACAGACGGCAAAATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTC
TACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAA
GATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCA
GAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATA
TTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACTGCTTACAACAGCTAACCTGTACTACCT
CAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTTAACCATGCATGCTTGTTTTCAACTATGGCAACA
CAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGCGACTTTTCTTTAATAAAGCGCAAAGATCCCAAA
AAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCAGCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAG
CAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTGCCATCTGTTTCACACATTGCGTTCTATATATAAGT
GTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACACAAACAATGTAGAATGACACTGTGTTTTTTITTGT
AAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCTCCTGTCATGTATTTGCTATATTCAAATGTTAAAC
CCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACACATTTTTAAACATTATTAAATATCAAGTATTGCTG
GCAGTTCTGTTTCTGTTTTACAGTACCCTTTGCCACAGTTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTC
ACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCC
AGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGA
ACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAAGATCTGGTCATGT
GACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAGTAGGACTCTCGACCATCGGCAGATTTTTCGAAG
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AAGAAGATCAGTTTCAGGAGCCGTACTGTTCCG'JIE'T,%TGdCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGG
start codon

GGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGC

CACGGCCGTCE],IAJ\CAé:I'CC%IERgAD:C%?:gGGCCCGGCGTG GACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGA
CGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCG
AGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCT
CCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATT
CAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGT

GTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagt

stop codon PolyA tail 135 bp
gaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagetgcaataaacaagttAGCGGGCACTGCTTCACC

AAGGTGAATATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTT
Right homologous arm (HA2) 300

CTACAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAA
ACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGCGAGTGCAGC
CTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA

> putative positive fish sequence after insertion (5’-3’)

Upstream of Ih gene 200 bp

ACCTGTCCAAACAGGAAGCTCATTAATCCTTTTGGCTGAGGGCAAGATGAACTG CAGGTTTCTAGTE'IA(&AJG GTGT
-F—>

ACCTTTGAAAAAGTAGCCGTGATTATGTCAGAGCCCTGAGCTGTAATTTATTTGAGATTAGTGCGAF
Partial sequence of Ih extronl p

PG CGACACTATATAAACATGTTAAACTCTTGTAGGAACAGACAGCAATCCACTGAGCGATCACAGCA
AAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATA
HA1 300 bp
AAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGT
TTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGC
TACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTT
CAAACCGCCATCTGCACCAGCAAAGTTCTAGAATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTG
UBI promoter 1438 <+ HAL-R
AGTAAGTTCTTAAGTGTTATTGCCAGCAACATA G - T 2 AATGATAACAAAGCAGTAG

GCTTAAATAAACCTAATTTTTATAGGCTGTTCTCTACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCC

CTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCA
GTGACCTGATTCCAAATGACTAGGCCTAATCCAGAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTA
GCTGCCCTATATATTTTATTATATTTTACATATATTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAG
AAAACTGCTTACAACAGCTAACCTGTACTACCTCAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTT
AACCATGCATGCTTGTTTTCAACTATGGCAACACAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGC
GACTTTTCTTTAATAAAGCGCAAAGATCCCAAAAAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCA
GCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAGCAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTG
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CCATCTGTTTCACACATTGCGTTCTATATATAAGTGTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACA
CAAACAATGTAGAATGACACTGTGTTTTTTTTGTAAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCT
CCTGTCATGTATTTGCTATATTCAAATGTTAAACCCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACAC
ATTTTTAAACATTATTAAATATCAAGTATTGCTGGCAGTTCTGTTTCTGTTTTACAG T
CTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTG
CTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACAT
TTAAATTATTGATACAAAACATGTAATTCCTAGAACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTT
TTAGGATTTGACTGCGGAAAGATCTGGTCATGTGACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAG
TAGGACTCTCGACCATCGGCAGATTTTTCGAAGAAGAAGATCAGTFGTTATGCAGAC
ath2-

CTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCA
full AS-Cath CDS 519 bp

CAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGEECGGCGTGGACTTC
<4+—Prom2-R

GCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTT
CACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGG
CGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGA
GCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAA

ATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataa

gatacattga_agtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattata

HA2- <— Cath2-R
agctgcaataaacaa gttAG CGGGCACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTTACAGATATCATC

TGAGTAHTEZASI,A(,)A(\)%ATGGTTTACAAATAAATGTTTTCTACAGG AACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAG
P

CATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTC
ACATATCCTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA
TACTGAACCTCTGCCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAG

Partial sequence of Ih extron3 131 bp
AGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTG CTTGACTAAGAATTTT

crrrreTTeTATG I T C A CACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGA

<+ HA2-R Downstream of Ih gene 200 bp
GATCATAATCGCTGCACTCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGA

TTTGTAAAGTCCTGGTTGCTAGTA
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Appendix 5: Different constructs of CRISPR/Cas9 system (different methods)
Knock in As-Cath at the Ih locus in blue catfish (dcPlasmid vs. dsSDNA)

> |h gene sequence (5’-3’)

exonl 61 bp intronl 136 bp
GACAGCAATCCACTGAGCGATCACAGCAAAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTA
AATGTATAAATA'ITI,&EAEI'EEAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTT
GATTAT'I'I'CAGGTATGTGTCGTATTTTTCATGTGTTTTA'I'I'ACAGGATGTCAGTGCCAGCTTCe)éc')I'n(‘:ZT'T'?IfI'gPFTCTCCTG
TGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGSCtérAtCCXdCO'PGCGAACCTGTTAATGAGACTGTTTCT

GTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGT_GGGCACTGCTTCACCAAGGTG
intron2 85 bp Target sequence of sgRNA  PAM
AATATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTA
exon3 365 bp
CAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAA

CCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGEGAGTGCAG
< LH-R
CCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTAC

ATCCTGGATTACTGA@CCTCTG CCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGA
stop codon

ATGATCAGAGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAA

> full As-Cath_CDS_sequence (5°-3’)
CDS1 198 bp
ATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCLLTGGLACCG
start codon
ACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGLLEGGLG

CDS2 108 bp
TGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTG CGGCAG

CTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGA
CDS3 84
TGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCA
CDS4 129 bp
ACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGC
CDS sequence for mature peptide (114 bp)
TTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGA
stop codon
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Different CRISPR/Cas9-mediated systems at /h locus:

> |h gene + upstream/downstream sequence(5’-3’)

ACCTGTCCAAACAGGAAGCTCATTAATCCTTTTGGCTGAGGGCAAGATGAACTGCAGGTTTCTAGTGTCATGGTGT
Upstream of Ih gene 200 bp

ACCTTTGAAAAAGTAGCCGTGATTATGTCAGAGCCCTGAGCTGTAATTTATTTGAGATTAGTGCGATAAGGCCACG
exonl 61 bp

LHQPCR-F —»
TTTCGATTCTGCGACACTATATAAACATGTTAAACTCTTGTAGGAACAGACAGCAATC_
intronl 136 bp LH-

F—>
AAATCETCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTAC

ATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTC
exon2 184 bp

ATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGC

TCAAAGCTACATTCTG—TGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGC
<+ LHgPCR-R intron2 85 bp

CTTGTGTI AR A A GGG CACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTT
Target sequence of sSRNA  PAM
ACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTC
exon3 365 bp

TCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCG
GTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGETGEGAGTGCAGCCTGTGCACCATGGACACCTCGGACTG

TACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGAACCTCTGCCAAC

GTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAGAGTCTGACCTTGTTGTAA
Downstream of Ih gene 200 bp
GAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTTCTTTTCTTGTATGAACAG
GGAAACATTTTCAATCAATCACACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGAGATCATAATCGCTGCAC
TCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGATTTGTAAAGTCCTGGTT

GCTAGTA
#1 > HA1_UBI-full As-Cath_CDS_HA2 (linear dsDNA donor: dsDNA_As-Cath)

GGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAAT
Left homologous arm (HA1) 300 bp

TTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTT

TCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAG
ACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTTCAAACCGCCATCTGCACCAGCAAAGTTCTAGA
UBI promoter 1438 bp
ATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTGAGTAAGTTCTTAAGTGTTATTGCCAGCAACATA
AACAACAGACGGCAAAATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTC
TACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAA
GATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCA
GAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATA
TTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACTGCTTACAACAGCTAACCTGTACTACCT

CAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTTAACCATGCATGCTTGTTTTCAACTATGGCAACA

-222 -



CAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGCGACTTTTCTTTAATAAAGCGCAAAGATCCCAAA
AAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCAGCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAG
CAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTGCCATCTGTTTCACACATTGCGTTCTATATATAAGT
GTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACACAAACAATGTAGAATGACACTGTGTTTTTTTTGT
AAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCTCCTGTCATGTATTTGCTATATTCAAATGTTAAAC
CCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACACATTTTTAAACATTATTAAATATCAAGTATTGCTG
GCAGTTCTGTTTCTGTTTTACAGTACCCTTTGCCACAGTTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTC
ACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCC
AGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGA
ACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAAGATCTGGTCATGT
GACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAGTAGGACTCTCGACCATCGGCAGATTTTTCGAAG
AAGAAGATCAGTTTCAGGAGCCGTACTGTTCCGTTATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGG

start codon
GGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCCGACCTACGCLCCAGGLLLTGGEL

full As-Cath CDS 519 bp
CACGGCCGTCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGA
CGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGLG
AGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCT
CCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATT
CAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGT
GTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagt

stop codon PolyA tail 135 bp
gaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagctgcaataaacaagttAGCGGGCACTGCTTCACC

AAGGTGAATATATATTTTACTTATTT IACTTAI TTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTT
Right homologous arm (HA2) 300

CTACAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAA

ACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGCGAGTGCAGC

CTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA
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#2 > HA1_UBI-full As-Cath_CDS_HA2_pUC57 (double-cut plasmid donor: pUC57_As-Cath)

TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACTGTCACAGCTTGTCTGTAAGC
Backbone of pUC57 vector 415
GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTAT
GCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAA
ATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC
GACGTTGTAAAACGACGGCCAGTGAATTGACGCGTATTGGGATHTCAAACEEEEATETEEAGEGGGGGTGTGATT

Left homologous arm (HA1) 300 bp Target sequence of sRNA  PAM
TAATTAAATGTATAAATATTACATCCAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTG

CTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCT
GTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCT
GTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTTCAAACCGCCATCTGCACCAGCAAAGTTCTAGAATTTGTCGA
AACATTTATGTTATATATTTCCTGAAAAAAATTCTGAGTAAGTTCTTAAGTGTTATTGCCAGCAACATAAACAACAG
UBI promoter 1438 bp

ACGGCAAAATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTCTACAACCC
TCAAACAGTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGG
ATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCAGAAATTA
GATGACTGTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATATTATTTTA
TTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACTGCTTACAACAGCTAACCTGTACTACCTCAGGCTC
AGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTTAACCATGCATGCTTGTTTTCAACTATGGCAACACAGTCAC
ATGGGACATTACAGAAATGATTTGTCGATGACATGCGACTTTTCTTTAATAAAGCGCAAAGATCCCAAAAAGCAAA
CTTTTAACAAAAATCATATAATTATATTTTCAATCCAGCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAGCAACAGA
TAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTGCCATCTGTTTCACACATTGCGTTCTATATATAAGTGTGCTGG
TTGACACGACACTGTATAAGGCCTAGGCTAAAACACAAACAATGTAGAATGACACTGTGTTTTTTTTGTAAACAAA
TGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCTCCTGTCATGTATTTGCTATATTCAAATGTTAAACCCGTGCA
GAATAGAACATATACAAAAAAAAACAACACAACACATTTTTAAACATTATTAAATATCAAGTATTGCTGGCAGTTCT
GTTTCTGTTTTACAGTACCCTTTGCCACAGTTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACCAATAG
CAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAGCACATT
CTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGAACATAACC
ATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAAGATCTGGTCATGTGACGTCTC
ATGAACGTCACGGCCCTGGGTTTCTATAAATACAGTAGGACTCTCGACCATCGGCAGATTTTTCGAAGAAGAAGAT
CAGTTTCAGGAG CCGTACTGTTCCGTS'I&:I;GC&&’-(\)(EACCTGCTGGGﬂ'JI'I(IZﬁ'SI'_CCgIhGggg%gg %(F:JSCTG CTCGGGGCAGCCA
GCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGLCG

TCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGG
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ACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAG
CCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCC

TCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAG
CDS sequence for mature peptide (114 bp)

CTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCAT

CCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaat
stop code PolyA tail 135 bp
gctttatttgtgaaatttgtgatgctattgetttatttgtaaccattataagectgcaataaacaagttAGCGGGCACTGCTTCACCAAGGTGAA

TATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGA
Right homologous arm (HA2) 300

ACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGC

CTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACC
PAM
ATGGACACCTCGGACTGTACCATCGAGAGCCTGAACCC ATCCCAATGGCGCGCCGA
Recognition site of sgRNA at anti-sense strand 23 bp
GCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCC
Backbone of pUC57 vector 2256 bp
GGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCC

GCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGT
ATTGGGCGCTGTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTC
ACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAG
CAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCAC
AAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGC
TCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGC
GCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA
CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC
GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGT
GGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAA
AAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATT
ACGCGCA//CACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAG
GAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAAT
ATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATA
GGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAA
AAATAGGCGTATCACGAGGCCCTTTTGTC
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> putative positive fish sequence after insertion (5’-3’)

Upstream of Ih gene 200 bp
ACCTGTCCAAACAGGAAGCTCATTAATCCTTTTGGCTGAGGGCAAGATGAACTGCAGGTTTCTAGTGLEAFTGGTGT
-F—

UBI promoter 1438 H
ACCTTTGAAAAAGTAGCCGTGATTATGTCAGAGCCCTGAGCTGTAATTTATTTGAGATTAGTGCGA I
_GCGACACTATATAAACATGTTAAACTCTTGTAGGAACAGAééggé@qﬁgﬁcé%}Fﬁlﬁégt(ggnAl'lé%%CpAGCA
AAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATA
AAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGT
TTTATTACFAAGIC-;??G?TF’CAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCG CTCAAAGC
TACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTT
CAAACCGCCATCTGCACCAGCAAAGTTCTAGAATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTG
AGTAAGTTCTTAAGTGTTATTGCCAGCAACATA GG - T 2 AATGATAACAAAGCAGTAG
GCTTAAATAAACCTAATTTTTATAGGCTGTTCTCTACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCC
CTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCA
GTGACCTGATTCCAAATGACTAGGCCTAATCCAGAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTA
GCTGCCCTATATATTTTATTATATTTTACATATATTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAG
AAAACTGCTTACAACAGCTAACCTGTACTACCTCAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTT
AACCATGCATGCTTGTTTTCAACTATGGCAACACAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGC
GACTTTTCTTTAATAAAGCGCAAAGATCCCAAAAAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCA
GCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAGCAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTG
CCATCTGTTTCACACATTGCGTTCTATATATAAGTGTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACA
CAAACAATGTAGAATGACACTGTGTTTTTTTTGTAAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCT
CCTGTCATGTATTTGCTATATTCAAATGTTAAACCCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACAC
ATTTTTAAACATTATTAAATATCAAGTATTGCTGGCAGTTCTGTTTCTGTTTTACAG T
CTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTG
CTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACAT
TTAAATTATTGATACAAAACATGTAATTCCTAGAACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTT
TTAGGATTTGACTGCGGAAAGATCTGGTCATGTGACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAG
TAGGACTCTCGACCATCGGCAGATTTTTCGAAGAAGAAGATCAG T c 72 TGCcAGAC
CTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCA

full As-Cath CDS 519 bp
CAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTETACAACCAAGGGEECGGCGTGGACTTC
GCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGAT CCCCTOCGGCAGCTGGAGTT
CACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGG

CGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGA
- 226 -



GCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAA

ATCTTCAAE%C;(;EI; GCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataa

gatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattata

<— Cath-R
agctgcaataaacaagttAGCGGGCACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTTACAGATATCATC

TGAGTATGAAAMATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAG
CATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTC
ACATATCCTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA
TACTGAACCTCTGCCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAG
Partial sequence of h extron3 131 bp
AGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTT
CTTTTCTTGTATG_CACACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGA
Downstream of Ih gene 200 bp
GATCATAATCGCTGCACTCTCGTATTTTAARAT CCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGA

TTTGTAAAGTCCTGGTTGCTAGTA
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Appendix 6: Different constructs of CRISPR/Cas9 system (same method)
Knock in Cec at the mstn locus, and As-Cath at the Ih locus in channel catfish (dcPlasmid)

#1 Knock in Cec at the mstn locus

> mstn gene sequence (5’-3’)
intronl 338 bp
GTAGTGGTAGTGGAGTGGTAGTGTAATGTAGTGTAGTGGAGAAAGTTGTGGGTCTGTCTCTTTAAGGTTTCAGCG

CTGGAAAGGGAGGAAAAAAATCCGGACTGAAGTCCACCTCTGATTTATTGTTGCTCCGAGTAGCCAATCATAGATT

Tn(%GtﬁxCGCCAGAGCCTAAATAAGAGCGGCGGAATAATTTGGCGGTATAAAAAGGCTTTTGGGCGAATTGAAG CAT
S -

GACATCTCGCGCTACCTGTCCGGTGTGCATGGCGCACG GTGTTCCTGTTACTGCTGCCACACAGAAAACACAACCG
exonl 421 bp Target sequence of sgRNAL at sense strand

CGCGCGCACTCCTCTCTGAGACCTGACCTGGCTGATCATGCATTTAGCGCAGGTIEIGATITEEETEEEt TG
start codon PAM

GTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGC

CGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCG%EEECGCTTIECGCCAGCACAGCAAGCAGCTCC
GTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCEATGTGE
TCAAGCAGCTGOTGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGC
AAGCC<G_Ganzt/'j\_(ZRAGCGCTCCAGGACGAGGAGGAGGACGACGAGGAGCACGCCACCACCGAGACCGTCATGAGCA
intron2 1750 bp <— mstngPCR-R
TGGCCGCCGAGCCCGCCGAGCGTGAGTCCCTTTACTACTGCT//TTCAGTAAGTTGTTATAGAGTATTGTGAGGAG
TGTGAGACTTAAACTGACAGATCGAGGAGTTTAAGGGGTTAATTTGTGCTCTGTGTGCAGCTTAAGCAAGTGTCAC
ACACCGATCCCACAATGCATCAGTTCGTGTACCGTCTTCATTCGATTACTAGTGCAGCTAGCTAACCGTGTTCGGTT
GTGTGTAGTTAGAAGAATAAGGAAGGCGAGTCTGAATACAGGGCTTTACAGTGCTGTAACATTTAACCCCATGTT
GTCTCGGATACCTTTTAAATATATAATCTACTCCTGTTTTCTATTCGCTGAATQAAB\HETCCTCCTGGTCTCTCCCCCTC
TCTCCTTTAGCCAACCCCGACGTTCAAGTCGACCAAAAACCGAAGTGC'T')g{jTTTTTCQI'CCTTCAGCCCGAAGATCCA
AGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGC
AGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGAC
GCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAA
CTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGA

intron3 306 bp
GGGACTGGTGAGTGTGGATTATTGATATGTATTTGAC//TCTCAAAGAGTCATGCTTTTGTTTTTCCAATCCCAGCTC

CCGTTCTTGGz\)gg?l'éf\;%)ATTTCTGAAGTTCCAAAG CGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAAT
TCGTCCGAGTCCCGCTGCTGCCGCTACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCC
CAAAACGCTACAAGGCCAACTACTGCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACT
TGGTGAACAAGGCCAACCCACGTGGCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCT
CTACTTCAACGGAAAAGAGCAGATCATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTG

stop codon
A
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> full Cec_CDS_sequence (5’-3’)

CDS1 99 bp
ATGAACTTCAACAAGATCTTCGTCTTTGTGGCACTCATCCTGGCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGC
start codon CDS2 93 bp
TTAGGAAGCTGGGAAAAAAAATCGAACGCATTGGTCAGCATACCAGGGATGCCTCAATCCAGGTCCTCGGAATCG

CCCAACAGGCCGCCAATGTTGCAGCCACCGCTCGAGGTTGA
stop codon

HA1_Cec_CDS_HA2 construct at mstn locus:
> mstn gene + upstream/downstream sequence(5’-3’)

TGTAGTGGAGTGU(E)I@(%%G;A&IE%E%STGGAGCGGTAGTGGAGCGGTAGTGTAATGTAGTGGAGCGGTAGTGT

AATGTAGTGTAGTGGTAGTGGAGCGGTAGTGTAGTGGTAGTGGAGCGGTAGTGTAATGTAGTGTAGTGGTAGTG
GTAGTGTAGTGGAGTGGTAGTGGAGTGGTAGTGTAATGTAGTGGAGTGGTAGTGTAGTGGAGAAAGTTGTGGG

TCTGTCTCTTTAAGGTTTCAGCGCTGGAAAGGGAGGAAAAAAATCCGGACTGAAGTCCACCTCTGATTTATTGTTG
CTCCGAGTAG CCAATCATAGm%'tI'r;I'_'ll;CE‘ACG CCAGAGCCTAAATAAGAGCGGCGGAATAATTTGGCGGTATAAAAAG
GCTTTTGGGCGAATTGAAGCATGACATCTCGCGCTACCTGTCCGGTGTGCATGGCGCACGGTGTTCCTGTTACTGC
TGCCACACAGAAAACACAACCGCGCGCGCACTCCTCTCTGAGACCTGACCTGGCTGATCATGCATTTAGCGCAGGT

Target sequence of sgRNAL at sense strand

GGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCA
PAM exonl 421 bp

GCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCGC%‘!&CC]FC;SCC;TLC’C
GCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCTCAAACAAGCTCC
CAACGTGAGCCGCGATGTGGTCAAGCAGCTGETGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACG

ACGTGCTCGGGGACGACGGCAAGCg(iagsctR_CRAGCGCTCCAGGACGAGGAGGAGGACGACGAGGAGCACGCCAC
CACCEAGACCGTCATGAGCATEGCCGCCGAGCCCGCCGAGCGTGAGTCCCTTTACTACTGCT//TTCAGTAAGTTG

<— mstngPCR-R intron2 1750 bp

TTATAGAGTATTGTGAGGAGTGTGAGACTTAAACTGACAGATCGAGGAGTTTAAGGGGTTAATTTGTGCTCTGTG

TGCAGCTTAAGCAAGTGTCACACACCGATCCCACAATGCATCAGTTCGTGTACCGTCTTCATTCGATTACTAGTGCA
GCTAGCTAACCGTGTTCGGTTGTGTGTAGTTAGAAGAATAAGGAAGGCGAGTCTGAATACAGGGCTTTACAGTGC
TGTAACATTTAACCCCATGTTGTCTCGGATACCTTTTAAATATATAATCTACTCCTGTTTTCTATTCGCTGAATAATTC
TCCTCCTGGTCTCTCCCCCTCTCTCCTTTAGCCAACCCCGACGTTCAAGTCGACCAAAAACCGAAGTGCTGTTTTTTC
TCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCe%(ggG??GleXCTTGCGCCCGGCGGATGAG
GCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCACGTACGAATACGTTCG
CTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGGTGCTTGCGGTGTGGCT
GAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAACGATCTCGCGATCACTTC
TGCGGAGCCTGGAGAAGAGGGACTGGTGAGTGTGGATTATTGATATGTAT;EIEER?&/?)/QI?C?CAAAGAGTCATGCTTT

TGTTTTTCCAATCCCAGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGTTCCAAAGCGAACCAGGAGAGAATCAGG
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ACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCCCCTTACGGTGGACTTTGAAGACTTCGGC
TGGGACTGGA'I'I':')I('(I)'rgC?EgclctX)AAACGCTACAAGGCCAACTACTG CTCGGGCGAGTGCGACTACGTGCACTTGCAG
AAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACTGCCGGCCCCTGCTGCACGCCCACCAAG
ATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCTACGGCAAGATCCCCTCCATGGTAGTGG

ATCGCTGTGGCTGCTCGTGA

> HA1_UBI-full Cec_CDS_HA2_pUC57_sequence at exon 1 (dcplasmid: pUC57_Cec)

Backbone of pUC57 vector 415
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACTGTCACAGCTTGTCTGTAAGC

GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTAT
GCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAA
ATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC

Recognition site of sgRNAL at sense strand 23 bp
GACGTI'GTAAAACGACGGCCAGTGAATI'GACGCGTATTGGGATTCTGATTTCGCTGGGCTTCGTG?AGCGCTGGAA

Left homologous arm (HA1) 300 bp
AGGGAGGAAAAAAATCCGGACTGAAGTCCACCTCTGATTTATTGTTGCTCCGAGTAGCCAATCATAGATTTCGACGC
CAGAGCCTAAATAAGAGCGGCGGAATAATTTGGCGGTATAAAAAGGCTTTTGGGCGAATTGAAGCATGACATCTCGC
GCTACCTGTCCGGTGTGCATGGCGCACGGTGTTCCTGTTACTGCTGCCACACAGAAAACACAACCGCGCGCGCACTC
C-IL-JCB-I;C;:;I-rgnAw‘oGtQF(l:IBGSAt)%CTGGCTGATCATG CATTTAGCGCAGGTTCTGATTTCGCTGGGCTACCAGCAAAGTTCTAGA
ATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTGAGTAAGTTCTTAAGTGTTATTGCCAGCAACATA
AACAACAGACGGCAAAATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTC
TACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAA
GATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCA
GAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATA
TTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACTGCTTACAACAGCTAACCTGTACTACCT
CAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTTAACCATGCATGCTTGTTTTCAACTATGGCAACA
CAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGCGACTTTTCTTTAATAAAGCGCAAAGATCCCAAA
AAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCAGCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAG
CAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTGCCATCTGTTTCACACATTGCGTTCTATATATAAGT
GTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACACAAACAATGTAGAATGACACTGTGTTTTTTITTGT
AAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCTCCTGTCATGTATTTGCTATATTCAAATGTTAAAC
CCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACACATTTTTAAACATTATTAAATATCAAGTATTGCTG
GCAGTTCTGTTTCTGTTTTACAGTACCCTTTGCCACAGTTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTC

ACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCC
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Cec_CDS 192 bp cecqPCR- —
ATGAACTTCAACAAGATCTTCGICTTTGTGGCACTCATCCTG

GCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGCTTAGGAAGCTGGGAAAAAAAATCGAACGCATTGGTCAGCA
- < —cecgPcrRR

TACCAGGGATGCCTCAATCCAGGTCCTCGGAATCGCCCAACAGGCCGCCAATG'I'I'GCAGCCACCGCTCGAGGTTG
égatcttttiglcyc/?ct'?g”cczggaaattatggggacatcatgaagccccttgagcatctgacttctggctaataaaggaaatttattttcattgcaatagtgt
gttggaattttttgtgtctctcactcggaaggacatatgggagggcaaatcatttaaaacatcagaatgagtatttggtttagagtttggcaacatatge
catatgctggctgccatgaacaaaggtggctataaagaggtcatcagtatatgaaacagceccectgcetgtccattecttattccatagTCGTGGTG
GCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGT
GACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTC
Right homologous arm (HA2) 300
TGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCA
AGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGCCACG

PAM

AAGCCCAGCGAAATCAGAATCCCAATGGCGCGCCGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAA
Recognition site of sgRNA1 at anti-sense strand 23

ATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGT
Backbone of pUC57 vector 2256 bp

GAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAAT
GAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTGTTCCGCTTCCTCGCTCACTGACTCGCTGC
GCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGG
ATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGC
GTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACA
GGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGG
ATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGT
AGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTA
TCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC
GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGG
TATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCT
GGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCA//CACTCGTGCACCCAACTGATCTTCAGCATCTT
TTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACA
CGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGA
TACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACG
TCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTTGTC
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> putative positive fish sequence after insertion at exon 1 (5’-3’)

TGTAGTGGAGTGGTAGTGTAGTGGTAGTGGAGCGGTAGTGGAGCGGTAGTGTAATGTAGTGGAGCGGTAGTGT
Upstream of mstn 200 bp

AATGTAGTGTAGTGGTAGTGGAGCGGTAGTGTAGTGGTAGTGGAGCGGTAGTGTAATGTAGTGTAGTGGTAGTG
Partial sequence of mstn intronl 72 bp

GTAGTGTAGTGGAGTGGTAGTGGAGTGGTAGTGTAATGTAGTGGAGTGGTAGTGTAGTGGTAGTGGAGTGGTA

GTGTAATGTAGTGTAGTGGAGAAAGTTGTGGGTCTGTCTCTTTAAGGTTTCAGCGCTGGAAAGGGAGGAAAAAAA
TCCGGACTGAAGTCCACCTCTGATTTATTGTTGCTCCGAGTAGCCAATCATAGATTTCGACGCCAGAGCCTAAATAAG

AGCGGCGGHﬁ/iTngTb?TGGCGGTATAAAAAGGCTTTTGGGCGAATTGAAGCATGACATCTCGCGCTACCTGTCCGGTG
TGCATGGCGCACGGTGTTCCTGTTACTGCTGCCACACAGAAAACACAACCGCGCGCGCACTCCTCTCTGAGACCTGA
CCTGGCTGATCATGCATTTAGCGCAGGTTCTGATTTCGCTGGGCTACCAGCAAAGTTCTAGAATTTGTCGAAACATTT
ATGTTATATATITCCTGAMMAAAATTCTGAGTAAGTTCTTAAGTGTTATTGCCAGCAACATAAACAACAGACGGCAA
AATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAG]GCTGTTCTCTACAACCCTCAAACA
GTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGGATATTCTA
GCAGTTGTTCAAGCTCI - 1 7CCAAATGACTAGGCCTAATCCAGAAATTAGATGACT

GTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATATTATTTTATITATTTA
GCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACT//TTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTCA
ccAATAGCAAAGCGAATAAACAACCAAA T c/ C TG TCCTGCGAGACCGGCCCATTCCA
GCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGAA
CATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAAGATCTGGTCATGTG
ACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAGTAGGACTCTCGACCATCGGCAGATTTTTCGAAGA

Cec_CDS 192 bp
TGAACTTCAACAAGATCTTCGTCTTTGTGGCACTCATCCTGG

AGAAGATCAGTTTCA

CCATCAGCCTGGGAAACTCAGAGG C<T_G GTTGGCTTAGGAAGCTGGGAAAAAAAATCGAACGCATTGGTCAGCAT
Prom-R

ACCAGGGATGCCT —CGCCCAACAGGCCGCCAATG'ITGCAGCCACCGCTCGAGGTTGA

gatctttttccctctgccaaaaattatggggacatcatgaag_ggctaataaaggaaatttattttcattgcaatagtgtgt
PolyA tail 288

tggaattttttgtgtctct

agggcaaatcatttaaaacatcagaatgagtatttggtttagagtttggcaacatatgcca
tatgctggctgccatgaacaaaggtggctataaagaggtcatcagtatatgaaacagecccctgetgtccattecttattccatagTCGTGGTGGC
GTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGA
CGgﬁé 632?6CGCGAGGCGCAGTGTTCAGCGGCCAG CGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTG
CAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAG
CAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCC

Partial sequence of mstn exonl 87 bp
GGGCACAGCGCTCCAGGACGAGGAGGAGGACGACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCC
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GCCGAGCCCGCCGAGCGTGAGTCCCTTTACTACTGCTTCATAGCCTAACTTTATTTATTCATTTCTTTATTTTGGTAA
<+ HA2-R Partial sequence of mstn intron2 130 bp
TGTGTTTTTTTTTTTTITTITTITTITTGTTITGTTTTTTCTGTCTAATGCATAGCAACATCTG

#2 Knock in As-Cath at the /h locus

> |h gene sequence (5’-3’)

exonl 61 bp intronl 136 bp
GACAGCAATCCACIGAGCGATCACAGCAAAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTA
LH-F—
AATGTATAAATATTACATCCAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTT
exon2 184 bp
GATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTG
start codon

TGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCT

GTGGAGAAAGATGGCTGCCCGAAATGCCTTGTG TGN COOMIGIGOAGEGGGCACTGCTTCACCAAGGTG
intron2 85 bp Target sequence of SgRNAL  PAM
AATATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTA
exon3 365 bp

CAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAA

CCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTIGTCGCACTAAGCTGCGAGTGCAG
<« LH-R
CCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTAC

ATCCTGGATTACTGAQCCTCTG CCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGA
stop codon

ATGATCAGAGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAA

> full As-Cath_CDS_sequence (5°-3’)

CDS1 198 bp
ATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCG
start codon
ACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGCCCGGCG
CDS2 108 bp
TGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAG

CTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGA
CDS3 84
TGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCA
CDS4 129 bp
ACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGC
CDS sequence for mature peptide (114 bp)
TTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGA
stop codon
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HA3_As_Cath_HA4 construct at /h locus:

> |h gene + upstream/downstream sequence(5’-3’)

ACCTGTCCAAACAGGAAGCTCATTAATCCTTTTGGCTGAGGGCAAGATGAACTGCAGGTTTCTAGTGTCATGGTGT
Upstream of Ih gene 200 bp

ACCTTTGAAAAAGTAGCCGTGATTATGTCAGAGCCCTGAGCTGTAATTTATTTGAGATTAGTGCGATAAGGCCACG
exonl 61bp LHYPCR-F —»

TTTCGATTCTGCGACACTATATAAACATGTTAAACTCTTGTAGGAACAGACAGCAATCCACTGAGCGATCACAGCA
intronl 136 bp LH-F—»

AAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTAC
ATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTC
exon2 184 bp
ATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGC
TCAAAGCTACATTCTGECACACTGECGAACCTGITAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGC
<+ LHgPCR-R intron2 85 bp
CTTGTGTI AR A A GGG CACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTT
Target sequence of SgRNA2 PAM
ACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTC
exon3 365 bp
TCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCG
GTGTGGATCCTCACGTCACATATCCIGTCGCACTAAGETGEGAGTGCAGCCTGTGCACCATGGACACCTCGGACTG
TACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGAACCTCTGCCAAC
GTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAGAGTCTGACCTTGTTGTAA
Downstream of Ih gene 200 bp
GAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTTCTTTTCTTGTATGAACAG
GGAAACATTTTCAATCAATCACACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGAGATCATAATCGCTGCAC
TCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGATTTGTAAAGTCCTGGTT

GCTAGTA
> HA3_UBI-full As-Cath_CDS_HA4_pUC57_sequence at exon 2 (dcPlasmid: pUC_57 Cath)

TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACTGTCACAGCTTGTCTGTAAGC
Backbone of pUC57 vector 415
GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTAT
GCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAA
ATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC
GACGTTGTAAAACGACGGCCAGTGAATTGACGCGTATTGGGATTTCAAACEEEEATETGEAGEGGGGGTGTGATT

Left homologous arm (HA3) 300 bp Target sequence of sgRNA2 PAM
TAATTAAATGTATAAATATTACATCCAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTG

CTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCT
GTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCT

GTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTTCAAACCGCCATCTGC
UBI promoter 1438 bp
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ACGGCAAAATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTCTACAACCC
TCAAACAGTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGG
ATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCAGAAATTA
GATGACTGTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATATTATTTTA
TTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACTGCTTACAACAGCTAACCTGTACTACCTCAGGCTC
AGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTTAACCATGCATGCTTGTTTTCAACTATGGCAACACAGTCAC
ATGGGACATTACAGAAATGATTTGTCGATGACATGCGACTTTTCTTTAATAAAGCGCAAAGATCCCAAAAAGCAAA
CTTTTAACAAAAATCATATAATTATATTTTCAATCCAGCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAGCAACAGA
TAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTGCCATCTGTTTCACACATTGCGTTCTATATATAAGTGTGCTGG
TTGACACGACACTGTATAAGGCCTAGGCTAAAACACAAACAATGTAGAATGACACTGTGTTTTTTTTGTAAACAAA
TGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCTCCTGTCATGTATTTGCTATATTCAAATGTTAAACCCGTGCA
GAATAGAACATATACAAAAAAAAACAACACAACACATTTTTAAACATTATTAAATATCAAGTATTGCTGGCAGTTCT
GTTTCTGTTTTACAGTACCCTTTGCCACAGTTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACCAATAG
CAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAGCACATT
CTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGAACATAACC
ATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAAGATCTGGTCATGTGACGTCTC
ATGAACGTCACGGCCCTGGGTTTCTATAAATACAGTAGGACTCTCGACCATCGGCAGATTTTTCGAAGAAGAAGAT
full As-Cath CDS (519 bp)
CAGTTTCAGGAGCCGTACTGTTCCGTTATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCA
start codon
GCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCCGACCTACGCCCAGGLCLCTGGCCACGGCCG
TCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGAG
ACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAG
CCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCC
TCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAG
CDS sequence for mature peptide (114 bp)
CTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCAT
CCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaat
PolyA tail 135 bp stop codon
gctttatttgtgaaatttgtgatgcetattgetttatttgtaaccattataagetgcaataaacaagttAGCGGGCACTGCTTCACCAAGGTGAA
Right homologous arm (HA4) 300 bp
TATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGA
ACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGC

CTG CCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTG CGAGTGCAG CCTGTGCACC
Recognition site of sgRNAL at anti-sense strand

ATGGACACCTCGGACTGTACCATCGAGAGCCTGAACC_ATCCCAATGGCGCGCCGA
PA

GCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCC
Backbone of pUC57 vector 2256 bp

GGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCC
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GCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGT
ATTGGGCGCTGTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTC
ACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAG
CAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCAC
AAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGC
TCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGC
GCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA
CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC
GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGT
GGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAA
AAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATT
ACGCGCA//CACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAG
GAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAAT
ATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATA
GGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAA
AAATAGGCGTATCACGAGGCCCTTTTGTC

> putative positive fish sequence after insertion (5’-3’)
Upstream of Ih gene 200 bp

UBI promoter 1438 HA3-F—»

GACAGCAATCCACTGAGCGATCACAGCA
AAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATA
AAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGT
TTTATTAC|_A|/?‘S?)C-E?X)?(;3 TF')CAGTG CCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGC
TACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTT

CAAACCGCCATCTGC
<+—HA3-R
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AACCATGCATGCTTGTTTTCAACTATGGCAACACAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGC
GACTTTTCTTTAATAAAGCGCAAAGATCCCAAAAAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCA
GCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAGCAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTG
CCATCTGTTTCACACATTGCGTTCTATATATAAGTGTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACA
CAAACAATGTAGAATGACACTGTGTTTTTTTTGTAAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCT
CCTGTCATGTATTTGCTATATTCAAATGTTAAACCCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACAC
ATTTTTAAACATTATTAAATATCAAGTATTG CTGGCAGTTCTGTTTCTGTTTTACAGTmm-_G
CTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTG
CTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACAT
TTAAATTATTGATACAAAACATGTAATTCCTAGAACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTT
TTAGGATTTGACTGCGGAAAGATCTGGTCATGTGACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAG
TAGGACTCTCGACCATCGGCAGATTTTTCGAAGAAGAAGATCAG T 772G CAGAC
full AS-Cath CDS 519 bp
CTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCA
CAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTETACAACCAAGGGEECGGCGTGGACTTC

<— Prom2-R
GCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTT

CACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGG
CGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGA
GCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAA
ATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataa

HAZ-F—>
gatacattga_agtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattata
<+—Cath-R
agctgcaataaacaagttAGCGGGCACT?_'% Té:oﬁ(\)%CAAGGTGAATATATAI TTTACTTATTTTACTTATTTTACAGATATCATC
p

TGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAG
CATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTC
ACATATCCTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA

TACTGAACCTCTGCCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAG
Partial sequence of Ih extron3 131 bp

AGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTT
Downstream of lh gene 200 bp
ctrrreTTGTATG I  C A CACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGA
<+ HA4R
GATCATAATCGCTGCACTCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGA

TTTGTAAAGTCCTGGTTGCTAGTA
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Appendix 7: Different constructs of CRISPR/Cas9 system (different methods)
Knock in As-Cath at the Ih and mc4r loci, Cec at the mstn locus (two sites: mstnl and mstn2)

#1 Knock in the As-Cath transgene at the /h locus (linear dsDNA)

> |h gene sequence (5’-3’)

exonl 61 bp intronl 136 bp
GACAGCAATCCACIGAGCGATCACAGCAAAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTA
AATGTATAAATA"I'I')&?EI’EEAAAATG TACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTT
GATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAG CTTéé?anT%’glg'L}l'gPrTCTCCTG
TGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTG ?grAtéz%qI[]G CGAACCTGTTAATGAGACTGTTTCT

GTGGAGAAAGATGGCTGCCCGAAATGCCTTGTG TN COOMICIGOAEEGGGCACTGCTTCACCAAGGTG
intron2 85 bp Target sequence of sgRNAL  PAM
AATATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTA
exon3 365 bp
CAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAA

CCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGCGAGTGCAG
<+ LH-R
CCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTAC

ATCCTGG/—\TTACTGA/(—j\CCTCTG CCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGA
stop codon

ATGATCAGAGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAA

> full As-Cath CDS sequence (5’-3’)

CDS1 198 bp

ATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCG
start codon
ACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGCCCGGCG
CDS2 108 bp
TGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAG

CTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGA
CDS3 84
TGGCGGEGGECGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCA
CDS4 129 bp
ACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGC
CDS sequence for mature peptide (114 bp)
TTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGA
stop codon
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HA1_UBI_As-Cath_pA_HA2 construct at the /h locus:
> |h gene + upstream/downstream sequence(5’-3’)

ACCTGTCCAAACAGGAAGCTCATTAATCCTTTTGGCTGAGGGCAAGATGAACTGCAGGTTTCTAGTGTCATGGTGT
Upstream of Ih gene 200 bp
ACCTTTGAAAAAGTAGCCGTGATTATGTCAGAGCCCTGAGCTGTAATTTATTTGAGATTAGTGCGATAAGGCCACG
exonl 61bp LHAPCR-+»
TTTCGATTCTGCGACACTATATAAACATGTTAAACTCTTGTAGGAACAGACAGCAATC
intronl 136 bp LH-F—»

-TCTAAAGTAAGGACAGTAATGTGATAAGGTGTGA'I'I'TAATTAAATGTATAAATA'I'I'ACATCCAAAATGTAC

ATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTC
exon2 184 bp

ATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGC

TCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGC
<— LHQPCR-R intron2 85 bp
GGGCACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTT
Target sequence of sgRNAL PAM
ACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTC
exon p

TCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCG
GTGTGGATCCTCACGTCACATATCCTIGTCGCACTAAGETGEGAGTGCAGCCTGTGCACCATGGACACCTCGGACTG

TACCATCGAGAGCCTGAATCCGGATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGAACCTCTGCCAAC

CTTGTG

GTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAGAGTCTGACCTTGTTGTAA
Downstream of Ih gene 200 bp
GAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTTCTTTTCTTGTATGAACAG
GGAAACATTTTCAATCAATCACACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGAGATCATAATCGCTGCAC
TCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGATTTGTAAAGTCCTGGTT

GCTAGTA
> HA1_UBI_As-Cath_pA_HA2 sequence (linear dsDNA)

GGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATAAAAGTGCAAAGTGTAGTCTGAACTCAAGATAAT
Left homologous arm (HA1) 300 bp

TTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGTTTTATTACAGGATGTCAGTGCCAGCTTCCTCTTT

TCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGCCACACTGCGAACCTGTTAATGAG
ACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTTCAAACCGCCATCTGCACCAGCAAAGTTCTAGA
ATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTGAGTAAGTTCTTAAGTGTTATTGCCAGCAACATA
AACAA CUAB (!JApEo(gn C? tCe,&Al,gigT%F,)AATAAATG ATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTC
TACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAA
GATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCA
GAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATA
TTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAGAAAACTGCTTACAACAGCTAACCTGTACTACCT

CAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTTAACCATGCATGCTTGTTTTCAACTATGGCAACA
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CAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGCGACTTTTCTTTAATAAAGCGCAAAGATCCCAAA
AAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCAGCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAG
CAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTGCCATCTGTTTCACACATTGCGTTCTATATATAAGT
GTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACACAAACAATGTAGAATGACACTGTGTTTTTTTTGT
AAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCTCCTGTCATGTATTTGCTATATTCAAATGTTAAAC
CCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACACATTTTTAAACATTATTAAATATCAAGTATTGCTG
GCAGTTCTGTTTCTGTTTTACAGTACCCTTTGCCACAGTTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTC
ACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCC
AGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGA
ACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAAGATCTGGTCATGT
GACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAGTAGGACTCTCGACCATCGGCAGATTTTTCGAAG
AAGAAGATCAGTTTCAGGAGCCGTACTGTTCCGTTATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGG

start codon

GGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCCGACCTACGCCCAGGCLCLTGGL
full AS-Cath CDS 519

CACGGCCGTCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGA
CGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCG
AGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCT
CCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATT
CAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGT

GTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagt

stop codon

gaaaaaaatgctttatttgtgaaatttgtgatgctattgctttattF'EgIta:%c;i\t'iggaggctgcaataaacaagttAG CGGGCACTGCTTCACC
olyA tai p

AAGGTGAATATATATTTTACTTATTTTACTTATTTTACAGATATCATCTGAGTATGAAAAATGGTTTACAAATAAATGTTTT

CTACAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTACAGGGACGTTCGCTATGAA

ACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCGCACTAAGCTGCGAGTGCAGC
Right homologous arm (HA2) 300

CTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA

> putative positive fish sequence after insertion at the /h locus(5’-3’)

Upstream of Ih gene 200 bp

ACCTGTCCAAACAGGAAGCTCATTAATCCTTTTGGCTGAGGGCAAGATGAACTG CAGGTTTCTAGTE'IA(&AFTG GTGT
-F—>

ACCTTTGAAAAAGTAGCCGTGATTATGTCAGAGCCCTGAGCTGTAATTTATTTGAGATTAGTGCGAF
Partial sequence of Ih extronl p

P G CGACACTATATAAACATGTTAAACTCTTGTAGGAACAGACAGCAATCCACTGAGCGATCACAGCA

AAATCTCTAAAGTAAGGACAGTAATGTGATAAGGTGTGATTTAATTAAATGTATAAATATTACATCCAAAATGTACATA
HA1 300 bp

AAAGTGCAAAGTGTAGTCTGAACTCAAGATAATTTGTCCTTGCTTGATTATTTCAGGTATGTGTCGTATTTTTCATGTGT

TTTATTACAGGATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGC
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TACATTCTGCCACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTTT
CAAACCGCCATCTGCACCAGCAAAGTTCTAGAATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAAATTCTG
AGTAAGTTCTTAAGTGTTATTGCCAGCAACATA I - 7~ A A TGATAACAAAGCAGTAG
UBI promoter 1438 <+ HA1-R
GCTTAAATAAACCTAATTTTTATAGGCTGTTCTCTACAACCCTCAAACAGTGATTAGTTTTGTACTTATAAACTTGCC
CTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGGATATTCTAGCAGTTGTTCAAGCTCATGGAGGGATCA
GTGACCTGATTCCAAATGACTAGGCCTAATCCAGAAATTAGATGACTGTCAACATAAAAAGGCACAGCACTCACTA
GCTGCCCTATATATTTTATTATATTTTACATATATTATTTTATTTATTTAGCTCTGAGTGCTGTACTTTCTGGTTAAAG
AAAACTGCTTACAACAGCTAACCTGTACTACCTCAGGCTCAGGGAATTTGGAACAGGTTTGTCTGGTTTGTTTCTTT
AACCATGCATGCTTGTTTTCAACTATGGCAACACAGTCACATGGGACATTACAGAAATGATTTGTCGATGACATGC
GACTTTTCTTTAATAAAGCGCAAAGATCCCAAAAAGCAAACTTTTAACAAAAATCATATAATTATATTTTCAATCCA
GCTTTGTAGCAACTTTGTGCTGCTGTTCACTCAGCAACAGATAGTCAGTATAAGGTCAGTGTGTCTCAAAGCAGTG
CCATCTGTTTCACACATTGCGTTCTATATATAAGTGTGCTGGTTGACACGACACTGTATAAGGCCTAGGCTAAAACA
CAAACAATGTAGAATGACACTGTGTTTTTTTTGTAAACAAATGTTGTTTTTGGTTAAACATCTTTGTGAAAACATCCT
CCTGTCATGTATTTGCTATATTCAAATGTTAAACCCGTGCAGAATAGAACATATACAAAAAAAAACAACACAACAC

ATTTTTAAACATTATTAAATATCAAGTATTGCTGGCAGTTCTGTTTCTGTTTTACAG T
CTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACCAATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTG

CTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAGCACATTCTGGAAACTTCCTTTATATGATAATTATAAATACAT
TTAAATTATTGATACAAAACATGTAATTCCTAGAACATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTT
TTAGGATTTGACTGCGGAAAGATCTGGTCATGTGACGTCTCATGAACGTCACGGCCCTGGGTTTCTATAAATACAG
TAGGACTCTCGACCATCGGCAGATTTTTCGAAGAAGAAGATCAG T ;772 1GCAGAC

<+— Prom2-R

CTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCA
full As-Cath CDS 519 bp

CAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTETACAACCAAGGGCECGGCGTGGACTTC
6CCTTCCGECTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCAAGCACGGATCCCCTGCGGCAGCTGGAGTT
CACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGG
CGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGA
GCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAA
ATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataa
gatacattga—agtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattata
HA2-F —» <+—Cath-R
agctgcaataaacaagttAGCGGGCACTGCTTCACCAAGGTGAATATATATTTTACTTATTTTACTTATTTTACAGATATCATC
TGAGTATGAAAAATGGTTTACAAATAAATGTTTTCTACAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAG
CATGTGTGTACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTC

HA2 300 bp
ACATATCCTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAA
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TACTGAACCTCTGCCAACGTGCATGCAGAAGTCTCAGTCTAACTACAACGAGTCCATTTACTCCAAGAATGATCAG
AGTCTGACCTTGTTGTAAGAGCTACTTGCAAAGTACAATATACAACATGACTTAAGACTTGCTTGACTAAGAATTTT
CTTTTCTTGTAT G S | CACACATAAGGGTAAAAGAGAGTCCTCGAAAAACACAGA
<+ HA2-R Downstream of [h gene 200 bp
GATCATAATCGCTGCACTCTCGTATTTTAAAATCCACTGATACGCATCATTTAACATAATTTACATCAATTTACTTGA

TTTGTAAAGTCCTGGTTGCTAGTA
#2 Knock in the As-Cath transgene at the mc4r locus (double-cut plasmid)

> mc4r gene sequence (5’-3’)

Partial sequence of mc4r intron1421 bp
CAGTGATCACAGTGCAGAACAGGGGCTAAGAGGGAAAGTGCCAATCTGCCAAAGGAACGCTCCCGAGAGCAGGT

GCCTACCTCGGATTCCTGCATCTTCTTCTTTTATTCCTCCGGTCTCTTCTTCTCAAGCTCAGTCTCAGCACTGTCCTTTT
AAGGCTCTCGGCTTTTTTTCTTTATCTGCTCTTCCTCATCCTTCGAACGCTGCTCGAGGATGACAGTGTGTGAGGGT
TAAATAGTAGCTGCTGGAAAGCT(IS/IGCé'rI:GFA_'I'E CTCGAGGATGACACGGGGACCTCCGTGCACTGGGAAAACGCATC
TCTTTGGGACTCTGTAGCTCAGATGGAGATGGAGGACACGGAAGAGACTCGCAGATTAGAATAAACGCAGATGA
AGACGGAAAGCGGAGGACTGTGGTGAGGAGGTCTTGCGGATATGAACGTGTCGGAGCACCACGGGATGCAGCA

mc4r CDS 1017 bp start codon
TGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAAAGCCGGCTCGGGGGAAAGGAACTCGGAGTCG

Recognition site of sgRNA at anti-sense strand 23 bp
GGCTGCTACGAGCAG CTGTTGATCTCCACCG%EI\G/ITCTTCATCACG CTAGGGTTGGTCAGCCTTCTGGAGAACATCC
TGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCATGTACTTCTTCATCTGCAGCCTGGCGGTGGC
CGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGATGGCGCTGATCACCAGCGGCAACCTGACCAT
CTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCATGATCTGCAGCTCACTCCTGGCCTCCATTTGG
AGTCTCCTGGCCATCG CCEQ]AC(-]:AA?EG CTACGTCACCATCTTCTACGCCCTGCGCTACCACAACATCATGACCCAACG
CCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGCGTCCGGTGTGCTCTTCATCATCTACTCGGAG
AGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGCTGGCCCTCATGGCCTCGCTTTACGTGCACAT
GTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCGGGGAACGGCCCCGTGTGGCAGGCGGCCAA
CATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTC
ATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCATGTCTCACTTCAACATGTACCTGATTCTGATC
ATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTCAGGAGATGAGGAAGACCTTCCGGGAGATC
TGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTCGGCTTCGACGAGAGGCTTAACAGCTATTG

stop codon
AACCGGACGTTTTGTTTTTGACCTCGAACGCACTGACGATTCGCTCCTCGTCCCGGACCGTTCGCTGGCTGAAATCG
Partial sequence of mc4r intron2 302 bp
CGAACCACGTCGGACGATTGCTTTTCTTCACCAACAAAAAACCAAGACCTTCAAAATAACCCGACTCAAAACCTCCA
GAAACACTCGTCTTGTGAAACAACCTTGAATTTCGTCTTTTGCTACACGACTGTGAAATCATTTCTGCCTTTCCATCA

TCATCATCATCACCACCAACAGGCGGGTTACCTACGCTCGAAAATCAGTTCTGGACAAACTCCTGCATGAC
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>sg_HA3_UBI_As-Cath_pA_HA4_sg sequence (dcPlasmid: pUC57_As-Cath)
!Jpstream of pUC57 vector 415
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACTGTCACAGCTTGTCTGTAAGC

GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTAT
GCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAA
ATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC

Recognition site of SgRNA at sense strand 23 bp (sgRNAZ2)
GACGTTGTAAAACGACGGCCAGTGAATTGACGCGTATTGGGATGCAGCTGTTGATCTCCACCGAESICGCTGATGC

HA3 300 bp P
TCGAGGATGACACGGGGACCTCCGTGCACTGGGAAAACGCATCTCTTTGGGACTCTGTAGCTCAGATGGAGATGG
AGGACACGGAAGAGACTCGCAGATTAGAATAAACGCAGATGAAGACGGAAAGCGGAGGACTGTGGTGAGGAGG
TCTTGCGGATATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGA

TTGGAAACAAAGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGAGCAGCTGTTGATCTCCA

UBI promoter 1438 bp

ATGCAGACCTGCTGGGTCATCCTGCTCCT
GCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTGGCACCGACCCACCACAGCTCACGCCGACCTACGC
CCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGCCCGGCGTGGACTTCGCCTTCCGGCTCCTGGAGGC
AGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTGCGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGT
GCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTTCAAGGATGGCGGGGCGGTGCTGGACTGCACAGG
GACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCACCTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTC
CGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGAAGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTC
CCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGTGAgatccagacatgataagatacattgatgagtttggacaaa
ccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgcetattgcetttatttgtaaccattataagetgcaataaacaagttCCGA
GGTCTTCATCACGCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAA
CTTCCACTCGH éé(i’g%g%ACTTCTTCATCTG CAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACA
GAAACGGCTGTGATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAAT
GTGTTCGACTCCATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCG CCGTGGACCE/(AZ\}\'/(EGGT
GGAGATCAACAGCTGCATCCCAATGGCGCGCCGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATT

Recognition site of sgRNA at anti-sense strand 23 bp
GTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAA//ATCATTGGAAAACGTTCTTCG
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GGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTT
Downstream of pUC57 vector 2256 bp
CAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAA
GGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTC
ATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGC

CACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTTGTC
> putative positive fish sequence after insertion at the mc4r locus (5’-3’)

CAGTGATCACAGTGCAGAACAGGGGCTAAGAGGGAAAGTGCCAATCTGCCAAAGGAACGCTCCCGAGAGCAGGT
GCCTACCTCGGATTCCTG CATCTTCTTCTWATTCCTEéé_g%CTTCTTCTCAAGCTCAGTCTCAGCACTGTCCTTI'T
AAGGCTCTCGGCTTTTTTTCTTTATCTGCTCTTCCTCATCCTTCGAACGCTGCTCGAGGATGACAGTGTGTGAGGGT
TAAATAGTAGCTGCTGGAAAGCTCGCTGATGCTCGAGGATGACACGGGGACCTCCGTGCACTGGGAAAACGCATC
TCTTTGGGACTCTGTAGCTCAGATGGAGATGGAGGACACGGAAGAGACTCGCAGATTAGAATAAACGCAGATGA
AGACGGAAAG%é?Eis:)gg%CTGTG GTGAGGAGGTCTTGCGGATATGAACGTGTCGGAGCACCACGGGATGCAGCA
TGCACACCGGAACCACAGCCTGGGCGTGCAGATIGGAAACAAAGCCGGCTCGGGGGAAAGGAACTCGGAGTCG

<+—HA3-R
GGCTGCTACGAGCAGCTGTTGATCTCCA

ATGCAGACCTGCTGGGTCATCCTGCTCCTGCCCCTGCTCGGGGCAGCCAGCACCGAGCTGCCCACCCCTG
GCACCGACCCACCACAGCTCACGCCGACCTACGCCCAGGCCCTGGCCACGGCCGTCGACGTCTACAACCAAGGGC
CCGGCGTGGACTTCGCCTTCCGGCTCCTGGAGGCAGAGTCCCGGGACGACTGGGACGCGAGCACGGATCCCCTG
CGGCAGCTGGAGTTCACCCTGAAGGAGACCGAGTGCCCCGTGGGCGAGGACCAGCCCCTGGACCAGTGCGACTT
CAAGGATGGCGGGGCGGTGCTGGACTGCACAGGGACCTTCTCCTGCTCCGAGGCCTCGCTCATGGTGCTGGTCAC
CTGCCAACCCGCCGAGCCCCTGCCTGACCGCGTCCGCAGGGGTCTATTCAAGAAGCTGAGGAGGAAAATCAAGA
AGGGCTTTAAGAAAATCTTCAAGCGCCTGCCTCCCGTCGGTGTCGGTGTCTCCATCCCACTCGCAGGAAGGCGGT
GAgatccagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgcetatt
gctttatttgtaaccattataagctgcaataaacaa gttCCGAGGTCTT(|Z_|A;A'\I;1 C?EECTAGGGHGGTCAG CCTTCTGGAGAACATC

CTGGTAATCGCG GCCATCGT%%GgéOAEAAGAACTTCCACTCG CCCATGTACTTCTTCATCTGCAGCCTGGCGGTGG
p

CCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGATGGCGCTGATCACCAGCGGCAACCTGACC
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ATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCATGATCTGCAGCTCACTCCTGGCCTCCATTT
GGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTACGCCCTGCGCTACCACAACATCATGACCCA
ACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGCGTCCGGTGTGCTCTTCATCATCTACTCG

GAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGITCTTCACCATGCTGGCCCTCATGGCCTCGCTTTACGTGCA
<+ HA4-R
CATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCGGGGAACGGCCCCGTGTGGCAGGCGGC

CAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGTCGTGTGCTGGGCGCCGTTTTTTCTCCAC
CTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCATGTCTCAC

#3 Knock in the Cec at the mstn exonl (dcPlasmid: pUC57_Cec)

> mstn gene sequence (5’-3’)
intronl 338 bp
GTAGTGGTAGTGGAGTGGTAGTGTAATGTAGTGTAGTGGAGAAAGTTGTGGGTCTGTCTCTTTAAGGTTTCAGCG

CTGGAAAGGGAGGAAAAAAATCCGGACTGAAGTCCACCTCTGATTTATTGTTGCTCCGAGTAGCCAATCATAGATT

TrCnGtAnCGC_CLAGAGCCTAAATAAGAGCGGCGGAATAATTTGGCGGTATAAAAAGGCTT'ITGGGCGAATTGAAG CAT
S

GACATCTCGCGCTACCTGTCCGGTGTGCATGGCGCACG GTG'ITCCTGTI’ACTGCTGCCACACAGAAAACACAACCG
exonl 421 bp Target sequence of sgRNAJ at sense strand

CGCGCGCACTCCTCTCTGAGACCTGACCTGGCTGATCATGCATTTAGCGCAGGTIEIGATIEEEIEEEt 6
PAM
GTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGC

CGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCC
GTCTG SéAn(?S%g%'[CAAGTCCCAGATTCTGAG CAAACTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCEATGIGGE
TCAAGCAGCTGETGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGC
AAGCCGGGCACAGCGCTCCAG GAC%?SSZA?%QEEACGACGAGGAG CACGCCACCACCGAGACCGTCATGAGCA
TGGCCGCCGAGCCCGCCGAGCGTGAGTCCCTTTACTACTGCT//TTCAGTAAGTTGTTATAGAGTATTGTGAGGAG
TGTGAGACTTAAACTGACAGATCGAGGAGTTTAAGGGGTTAATTTGTGCTCTGTGTGCAG CTTA%%—]t%A":%Ci'I; GTCAC
ACACCGATCCCACAATGCATCAGTTCGTGTACCGTCTTCATTCGATTACTAGTGCAGCTAGCTAACCGTGTTCGGTT
GTGTGTAGTTAGAAGAATAAGGAAGGCGAGTCTGAATACAGGGCTTTACAGTGCTGTAACATTTAACCCCATGTT

GTCTCGGATACCTTTTAAATATATAATCTACTCCTGTTTTCTATTCGCTGAATAATTCTCCTCCTGGTCTCTCCCCCTC
Target sequence of SgRNAS3 at anti-sense exon2 371 bp

TCTCC'ITTAGCCAACCCN_AACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCA
PA

AGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGC
AGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGAC
GCAGGAGTCAGTTCGTGGCAGAG CATCGACGTGAAGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAA
CTGGGGGATI'GAGATCAACG CGTTC(?Q%’)I’&C%—(\Q%GCAACGATCTCG CGATCACTTCTGCGGAGCCTGGAGAAGA
GGGACTGGTGAGTGTGGATTATTGATATGTATTTGAC//TCTCAAAGAGTCATGCTTTTGTTTTTCCAATCCCAGCTC

CCGTTCTTGGAGGTGAAAATTTCTGAAGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAAT
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TCGTCCGAGTCCCGCTGCTGCCGCTACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCC
exon3 381 bp

CAAAACGCTACAAGGCCAACTACTGCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACT
TGGTGAACAAGGCCAACCCACGTGGCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCT
CTACTTCAACGGAAAAGAGCAGATCATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTG

A

> full Cec CDS sequence (5’-3’)

CDS1 99 bp
ATGAACTTCAACAAGATCTTCGTCTTTGTGGCACTCATCCTGGCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGC
start codon CDS2 93 bp
TTAGGAAGCTGGGAAAAAAAATCGAACGCATTGGTCAGCATACCAGGGATGCCTCAATCCAGGTCCTCGGAATCG

CCCAACAGGCCGCCAATGTTGCAGCCACCGCTCGAGGTTGA
stop codon

>sg_HA5_UBI_Cec_pA_HAG6_sg construct at the mstn exonl (pUC57_Cec)

Upstream of pUC57 vector 415
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACTGTCACAGCTTGTCTGTAAGC

GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTAT
GCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAA
ATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC
Recognition site of sgRNAS3 at sense strand 23 bp
GACG'I'I'GTAAAACGACGGCCAGTGAATTGACGCGTA'I'I'GGGATTCTGATTTCGCTGGGCTTCGTGGGCGCTGGAA
Left homologous arm (HA5) 300 bp
AGGGAGGAAAAAAATCCG GACTGAAGTCCACCTCTGATTTATTGTTG CTCCGAGTAG CCAATCATAGATTTCGACG C
CAGAGCCTAAATAAGAGCGGCGGAATAATTTGGCGGTATAAAAAGGCTTTTGGGCGAATTGAAGCATGACATCTCGC
GCTACCTGTCCGGTGTGCATGGCGCACGGTGTTCCTGTTACTGCTGCCACACAGAAAACACAACCGCGCGCGCACTC

CTCTCTGAGACCTGACCTGGCTGATCATGCATTTAGCGCAGGTTCTGATTTCGCTGGGCT

UBI promoter 1438 bp
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ATGAACTTCAACAAGATCTTCGTCTTTGTGGCACTCATCCTG
Cec_CDS 192 bp

GCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGCTTAGGAAGCTGGGAAAAAAAATCGAACGCATTGGTCAGCA

TACCAGGGATGCCTCAATCCAGGTCCTCGGAATCGCCCAACAGGCCGCCAATGTTGCAGCCACCGCTCGAGGTTG

Agatctttttccctctgccaaaaattatggggacatcatgaagecccttgageatctgacttctggctaataaaggaaatttattttcattgcaatagtgt
PolyA tail 288
gttggaattttttgtgtctctcactcggaaggacatatgggagggcaaatcatttaaaacatcagaatgagtatttggtttagagtttggcaacatatge
catatgctggctgeccatgaacaaaggtggctataaagaggtcatcagtatatgaaacagcecccctgetgtecattecttattccatagTCGTGGTG
GCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGT
GACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTC
Right homologous arm (HA6) 300
TGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCA
AGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGCCACG
Recognition site of sgRNA3 at anti-sense strand 23
AAGCCCAGCGAAATCAGAATCCCAATGGCGCGCCGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAA
ATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGT
GAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAAT
Downstream of pUC57 vector 2256 bp
GAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTGTTCCGCTTCCTCGCTCACTGACTCGCTGC
GCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGG
ATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGC//TTGAGATCCAGTTCGATGTAACCCACTCGT
GCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCG
CAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTAT
CAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACAT
TTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACG

AGGCCCTTTTGTC
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> positive fish sequence after insertion at the mstn exon1 (5’-3’)

TGTAGTGGAGTGGTAGTGTAGTGGTAGTGGAGCGGTAGTGGAGCGGTAGTGTAATGTAGTGGAGCGGTAGTGT
Upstream of mstn 200 bp

AATGTAGTGTAGTGGTAGTGGAGCGGTAGTGTAGTGGTAGTGGAGCGGTAGTGTAATGTAGTGTAGTGGTAGTG
GTAGTGTAGTGGAGTGGTAGTGGAGTGGTAGTGTAATGTAGTGGAGTGGTAGTGTAGTGGTAGTGGAGTGGTA

Partial sequence of mstn intronl 72 bp
GTGTAATGTAGTGTAG_CTC’I‘I’TAAGGTTTCAG CGCTGGAAAGGGAGGAAAAAAA
HAS-F—

TCCGGACTGAAGTCCACCTCTGATTTATTGTTGCTCCGAGTAGCCAATCATAGATTTCGACGCCAGAGCCTAAATAAG

AGCGGCGGAATAATTTGGCGGTATAAAAAGGCTTTTGGGCGAATTGAAGCATGACATCTCGCGCTACCTGTCCGGTG
TGCATGGCGCACGGTGTTCCTGTTACTGCTGCCACACAGAAAACACAACCGCGCGCGCACTCCTCTCTGAGACCTGA
CCTGGCTGATCATGCATTTAGCGCHGGTICTGATTTCGCIGGGCTACCAGCAAAGTTCTAGAATTTGTCGAAACATTT
ATGTTATATATTTCCTGAAAAAAATTCTGAGTAAGT TCTTAAGTGTTATTGCCAGCAACATAAACAACAGACGGCAA

UBI promoter 1438 bp

AATGAATAAATGATAACAAAGCAGTAGGCTTAAATAAACCTAATTTTTATAGGCTGTTCTCTACAACCCTCAAACAG
TGATTAGTTTTGTACTTATAAACTTGCCCTTTCATTCATATTTCAAGAAAATTGGTTCAGAAGATCTGGATATTCTAG
CAGTTGTTCAAGCTCATGGAGGGATCAGTGACCTGATTCCAAATGACTAGGCCTAATCCAGAAATTAGATGACTGT
CAACATAAAAAGGCACAGCACTCACTAGCTGCCCTATATATTTTATTATATTTTACATATATTATTTTATTTATTTAGC
TCTGAGTGCTGTACTTTCTGGTTAAAGAAAACT//TTCTCCGCTTTTCCTGGTCCAGATTCCACAAGTCTGATTCACC

AATAGCAAAGCGAATAAACAACCAAAGCAGCCAATCACTGCTTGTAGACTGTCCTGCGAGACCGGCCCATTCCAG

CACATTCTGGAAACTTCCTTTATATGATAATTATAAATACATTTAAATTATTGATACAAAACATGTAATTCCTAGAAC
ATAACCATAGCAATCATTAGTTTTCAGGGTAATTATGTATTTTTAGGATTTGACTGCGGAAATGAACTTCAACAAGA

Cec CDS 192 bp
TCTTCGTCTTTGTGGCACTCATCCTGGCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGCTTAGGAAGCTGGGAAA

AAAAATCGAACGCATTGGTCAGCATACCAGGGATGCCTCAATCCAGGTCCTCGG[AATCGCCCAACAGGCCGCCAA
PolyA tail 288 bp
TGTTGCAGCCACCGCTCGAGGTTGAgatctttttccctectgccaaaaattatggggacatcatgaagecccttgageatctgacttetggeta

ataaaggaaatttattttcattgcaatagtgtgttggaattttttgtgtctctcactcggaaggacatatgggagggcaaateatttaaaacatcagaat
HAG6-F—p
gagtatttggtttagagtttggcaacatatgccatatgetggetgecatgaacaaaggtggctataaagaggtcatcagtatatgaaacageccectge

tgtccattccttattccatagTCGTGE'L%%S(FJJCG GTCCGATGGCGCGCACTGACACCGGAGCACCGGAGCAGCAGCAG
CAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCGCGTGCGLTTTCCG
CCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCTCAAACAAGCTCCC
AACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGCTCGACCTGTACGA
CGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGACGAGGAGCACGCCACC

Partial sequence of mstn exonl 87 bp

ACCGAGACCGTCATGAGCATGGCCGCCGAGCCCGCCGAGCGTGAGTCCCTTTACTACTGCTTCATAGCCTAACTTT
<+— HAG6-R
ATTTATTCATTTCTTTATTTTGGTAATGTGTTTTTTTTTTTTTTTTTTTTGTTTGTTTTTTCTGTCTAATGCATAGCAACA

Partial sequence of mstn intron2 130 bp
TCTG
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#4 Knock in the Cec at the mstn exon2 (dcPlasmid: pUC57_Cec)

>sg_HA7_UBI_Cec_pA_HAS8_sg construct at the mstn exon2 (pUC57_Cec)
_Upstream of pUC57 vector 415
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACTGTCACAGCTTGTCTGTAAGC

GGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTAT
GCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAA
ATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC

Recognition site of sgRNA4 at anti-sense strand 23 bp
GACGTTGTAAAACGACGGCCAGTGAATTGACGCGTATTGGGATCCCCGACGTTCAAGTCGACCAAAAGTTTAAGG

Left homologous arm (HA7) 300 bp PAM
GGTTAATTTGTGCTCTGTGTGCAGCTTAAGCAAGTGTCACACACCGATCCCACAATGCATCAGTTCGTGTACCGTCT
TCATTCGATTACTAGTGCAGCTAGCTAACCGTGTTCGGTTGTGTGTAGTTAGAAGAATAAGGAAGGCGAGTCTGA
ATACAGGGCTTTACAGTGCTGTAACATTTAACCCCATGTTGTCTCGGATACCTTTTAAATATATAATCTACTCCTGTT

TTCTATTCGCTGAATAATTCTCCTCCTGGTCTCTCCCCCTCTCTCCTTTAGCCAACCCCGA

UBI promoter 1438 bp

ATGAACTTCAACAAGATCTTCGTCTTTG

Cec CDS 192 bp
TGGCACTCATCCTGGCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGCTTAGGAAGCTGGGAAAAAAAATCGAAC

GCATTGGTCAGCATACCAGGGATGCCTCAATCCAGGTCCTCGGAATCGCCCAACAGGCCGCCAATGTTGCAGCCA
PolyA tail 288 bp
CCGCTCGAGGTTGAgatctttttccctctgeccaaaaattatggggacatcatgaagecccttgageatctgacttctggetaataaaggaaattta
ttttcattgcaatagtgtgttggaattttttgtgtctctcactcggaaggacatatgggagggcaaatcatttaaaacatcagaatgagtatttggtttag
agtttggcaacatatgccatatgctggctgccatgaacaaaggtggctataaagaggtcatcagtatatgaaacagecccctgetgtecattecttatte
catagCGTTCAAGTCGACCAAAAACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGT
Right homologous arm (HA8) 300
AAGGGCGCAGCTCTGGGTGCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCAT

GCCCATCAAAGACGGGAGAAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGT
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GGCAGAGCATCGACGTGAAGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGAT
PAM

CAACGCTTTGGTCGACTTGAACGTCGGGGATCCCAATGGCGCGCCGAGCTTGGCGTAATCATGGTCATAGCTGTTT
Recognition site of SgRNA4 at sense strand 23 bp
CCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAA//ATCATTGG
AAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCA
CCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAA
AAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCA
Downstream of pUC57 vector 2256 bp

GGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTT
CCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGA

GGCCCTTTTGTC

> positive fish sequence after insertion at the mstn exon2 (5’-3’)

TCTCAGCTGTATCTGTTACGTTGTGAACCGTCCCGTGTTAATTCAATACATCTCTATATCTTTGTAAATAAACGCTAT
Partial sequence of mstn intron2 200 bp

TTAACCTGTAATTGGTAGGAGTTTTGAATCGTTTCAGAATGGACGATTCGTACCTGTTTATTATTCAGTAAGTTGTT
ATAGAGTATTGTGAG GAGTGTGAG:CA'IZ%;XZCTGACAGATCGAGGAGTTTFAAA?GéOnggTAATTTGTG CTCTGTGTG
CAGCTTAAGCAAGTGTCACACACCGATCCCACAATGCATCAGTTCGTGTACCGTCTTCATTCGATTACTAGTGCAGC
TAGCTAACCGTGTTCGGTTGTGTGTAGTTAGAAGAATAAGGAAGGCGAGTCTGAATACAGGGCTTTACAGTGCTG
TAACATTTAACCCCATGTTGTCTCGGATACCTTTTAAATATATAATCTACTCCTGTTTTCTATTCGCTGAATAATTCTC

CTCCTGGTCTCTCCCCCIETCTCCTTTAGCCAACCCCGA
<« HAT-R

UBI promoter 1438 bp

ATGAACTTCAACAAGATCTTCG

Cec CDS 192 bp
TCTTTGTGGCACTCATCCTGGCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGCTTAGGAAGCTGGGAAAAAAAA

TCGAACGCATTGGTCAGCATACCAGGGATGCCTCAATCCAGGTCCTCGGAATCGCCCAACAGGCCGCCAATGTITG

CAGCCACCGCTCGAGGTTGAgatctttttccctctgccaaaaattatggggacatcatgaagecccttgageatctgacttctggetaataaag
PolyA tail 288 bp

gaaatttattttcattgcaatagtgtgttggaattttttgtgtctctcactcggaaggacatatgggagggcaaatcatttaaaacatcagaatgagtatt

tggtttagagtttggcaacatatgccatatgetggetgecatgaacaaaggtggctataaagaggtcatcagtatatgaaacagecccctgcetgtecat
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tccttattccatagCGTTCAAGTCGACCAAAAACCGAAGTGCTGITTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCG
HAS-F—
CATCGT/—\AGGGsCngéAbG CTCTGGGTGCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCG
HA p
ACTCATGCCCATCAAAGACGGGAGAAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCA

GTTCGTGGCAGAGCATCGACGTGAAGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATT

GAGATCAACGCGTTCGACTCCAAAAGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGGT
Partial sequence of mstn exon2 61 bp
GAGTGTGGATTATTGATATGTATTTGACGTTTAACTGAACGTACATCCTAAAGCCCGTTCCAAGCGAACGAAACGT
Partial sequence of mstn intron3 200 bp
TAAAAAGAAGACTCTAGTATCCGTGTTCTCGGTGTG CCGTGACACTCTITTGCTGGTTGAAATGGGATTATTTGAAG
<+— HA8-R
TTAGCAAAAGGTAGTTAATACCAATAAAATCTCCTAGATAACTCGA
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Appendix 8: Predicted the 3D structure of mutant proteins using AlphaFold

#1 Mutations from ssGE1 (Sequence, AA and predicted protein structure)
mc4r CDS sequence for AA:

WT CDS:

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA HNGEICICIGIGOABEEAGGTCTTCATCAC
GCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCC
ATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTG
ATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCC
ATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTA
CGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACG
GCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCAT
GCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTAC
CGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTT
GTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTC
ATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAG
TCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCG
TCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISTEVFITLGLVSLLENILVIAAIVKNKNFHSPMYFFI
CSLAVADLLVSVSNATETAVMALITSGNLTISGDVVKSMDNVFDSMICSSLLASIWSLLAIAVDRYVTIFYALRYHNIMTQ
RRAALIIVCIWSFCTASGVLFIIYSESATVLICLISMFFTMLALMASLYVHMFLLARLHMKRIAALPGNGPVWQAANMKG
AVTLTILLGVFVVCWAPFFLHLILMISCPRNPYCVCFMSHFNMYLILIMCNSVIDPLIYAFRSQEMRKTFREICCGWASG
WSCGWSCVGFDERLNSY

- 252 -



ssGE1-MUTATION#32, #38: (mc4r-mutation-ssGE1 #32, #38) +1I, -2.

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGABENGEIGIIGAICOAGEEBAGGTCTTCATCAC
GCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCC
ATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTG
ATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCC
ATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTA
CGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACG
GCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCAT
GCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTAC
CGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTT
GTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTC
ATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAG
TCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCG
TCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQOQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLIQPRSSSRGWSAFWRTSWSRPSSRTRTS
TRPCTSSSAAWRWPTCWAYRTROQKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPFGVSWPSPWTATSP
SSTPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRGE
TNASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRREFFSTSESSLVRGTRIASASCLTSTCTESCATRST
RSSTRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAT
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ssGE1-MUTATION#33, #41: (mc4r-mutation-ssGE1, #33, #41) +1I

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BNGEICICAICICOAGEEEAGG TCTTCATC

ACGCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGC
CCATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTG

TGATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACT

CCATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTC

TACGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCA

CGGCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACC

ATGCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTT
ACCGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGT

TTGTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCT
TCATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGG

AGTCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTG
CGTCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMOHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISSRGLHHARVGQPSGEHPGNRGHRQEQ
ELPLAHVLLHLOPGGGRPAGERIERDRNGCDGADHQROPDHLWRRREKHGQCVRLHDLQLTPGLHLESPG
HRRGPLRHHLLRPALPQHHDPTPRGAHHRMHMELLHGVRCALHHLLGERYSPHLPYQHVLHHAGPHGLAL
RAHVPLGAASHETHRRLTGERPRVAGGQHEGRRDAHHPARSVCRVLGAVESPPHSHDLLSEEPVLRLLHV
SLOHVPDSDHVQLGDRPAHLRVQESGDEEDLPGDLLRLGFGMELRLELRRLRREAQLL

- 254 -



ssGE1-MUTATION#34: (mc4r-mutation-ssGE1, #34) -2/+2 AG/TT

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGEICIICAICICOMBEETTGTCTTCATCAC
GCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCC
ATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTG
ATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCC

ATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTA
CGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACG
GCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCAT

GCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTAC
CGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTT

GTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTC
ATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAG
TCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCG
TCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMOQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISTVVEFITLGLVSLLENILVIAATIVKNK
NEFHSPMYFFICSLAVADLLVSVSNATETAVMALITSGNLTISGDVVKSMDNVEDSMICSSLLASIWSLLA
IAVDRYVTIFYALRYHNIMTQRRAALIIVCIWSFCTASGVLEFIIYSESATVLICLISMEFFTMLALMASLY
VHMFLLARLHMKRIAALPGNGPVWQAANMKGAVTLTILLGVEVVCWAPFFLHLILMISCPRNPYCVCEMS
HENMYLILIMCNSVIDPLIYAFRSQEMRKTFREICCGWASGWSCGWSCVGEFDERLNSY
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ssGE1-MUTATION#35, #37, #44: (mc4r-mutation-ssGE1 #35, #37, #44) -2 .

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGEICIIGIIBOABEEAGGTCTTCATCACG
CTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCA
TGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGA
TGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCA
TGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTAC
GCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGG
CGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGC
TGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCG
GGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGT
CGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCAT
GTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTC
AGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTC
GGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLIHRGLHHARVGQPSGEHPGNRGHRQEQE
LPLAHVLLHLOPGGGRPAGERIERDRNGCDGADHQROQPDHLWRRREKHGQCVRLHDLOLTPGLHLESPGH
RRGPLRHHLLRPALPQHHDPTPRGAHHRMHMELLHGVRCALHHLLGERYSPHLPYQHVLHHAGPHGLALR
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AHVPLGAASHETHRRLTGERPRVAGGQHEGRRDAHHPARSVCRVLGAVESPPHSHDLLSEEPVLRLLHVS
LOHVPDSDHVQLGDRPAHLRVQESGDEEDLPGDLLRLGFGMELRLELRRLRREAQLL

ssGE1-MUTATION#36: (mc4r-mutation-ssGE1, #36) -208

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA UNGEICIIGIIGIEOABAGGTCTTCATCACGC
TAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCAT
GTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGAT
GGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCAT
GATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTACG
CCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGC
GTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGCT
GGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCGG
GGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGTC
GTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCATG
TCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTCA
GGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTCG
GCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMOHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISTGLHHARVGOQPSGEHPGNRGHRQEQE
LPLAHVLLHLOPGGGRPAGERIERDRNGCDGADHQROPDHLWRRREKHGOQCVRLHDLOLTPGLHLESPGH

- 257 -



RRGPLRHHLLRPALPQHHDPTPRGAHHRMHMELLHGVRCALHHLLGERYSPHLPYQHVLHHAGPHGLALR
AHVPLGAASHETHRRLTGERPRVAGGQHEGRRDAHHPARSVCRVLGAVESPPHSHDLLSEEPVLRLLHVS
LOHVPDSDHVQLGDRPAHLRVQESGDEEDLPGDLLRLGFGMELRLELRRLRREAQLL

ssGE1-MUTATION#39: (mc4r-mutation-ssGE1, #39) -4 AGGT

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BUNGEIGIICAICIOOMEEECTTCATCACGCTA
GGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCATGT
ACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGATGG
CGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCATGA

TCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTACGCC

CTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGCGT
CCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGCTG

GCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCGGG
GAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGTCGT
GTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCATGTC
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TCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTCAGG
AGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTCGGC
TTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQOQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISTASSRGWSAFWRTSWSRPSSRTRTST
RPCTSSSAAWRWPTCWAYRTROKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPEGVSWPSPWTATSPS
STPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRGE'T
NASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRREFFSTSEFSSLVRGTRIASASCLTSTCTESCATRSTR
SSTRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAI

ssGE1-MUTATION#40, #45: (mc4r-mutation-ssGE1, #40, #45) -7 JECACEH

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BUNGOIGIIGIMIEAGGTCTTCATCACGCTAGG

GTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCATGTAC
TTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGATGGCG
CTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCATGATCT
GCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTACGCCCTG

CGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGCGTCCG
GTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGCTGGCCC
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TCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCGGGGAA

CGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGTCGTGTG
CTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCATGTCTCA
CTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTCAGGAG

ATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTCGGCTT
CGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMOQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLTIRSSSRGWSAFWRTSWSRPSSRTRTSTR
PCTSSSAAWRWPTCWAYRTROKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPEGVSWPSPWTATSPSS
TPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRGETN
ASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRREFEFSTSEFSSLVRGTRIASASCLTSTCTESCATRSTRS
STRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAT

sSGE1-MUTATION#42: (mc4r-mutation-ssGE1, #42) +4 TAGE -2 [

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BUNGOICICAICICOMIAGEEAGGTCTTCATC
ACGCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGC
CCATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTG
TGATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACT
CCATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTC
TACGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCA
CGGCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACC
ATGCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTT
ACCGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGT
TTGTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCT
TCATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGG
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AGTCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTG
CGTCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISIARSSSRGWSAEFWRTSWSRPSSRTRT
STRPCTSSSAAWRWPTCWAYRTROQKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPEGVSWPSPWTATS
PSSTPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRG
FTNASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRREFFSTSEFSSLVRGTRIASASCLTSTCTESCATRS

TRSSTRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAI

P

V4 Y

ssGE1-MUTATION #43: (mcdr-mutation-ssGE1, #43) +1 1 -2 £

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGOIGIICAICOMIBEEAGGTCTTCATCAC

GCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCC
ATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTG

ATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCC

ATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTA
CGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACG
GCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCAT

GCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTAC
CGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTT

GTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTC
ATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAG
TCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCG
TCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLIHPRSSSRGWSAFWRTSWSRPSSRTRTS
TRPCTSSSAAWRWPTCWAYRTROQKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPEGVSWPSPWTATSP
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SSTPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRGE
TNASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRREFFSTSEFSSLVRGTRIASASCLTSTCTESCATRST
RSSTRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAI

ssGE1-MUTATION#46: (mc4r-mutation-ssGE1, #46) +1 I

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGEIGIICICICGABEEAGGTCTTCATC

ACGCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGC
CCATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTG

TGATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACT

CCATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTC
TACGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCA

CGGCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACC

ATGCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTT
ACCGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGT
TTGTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCT
TCATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGG

AGTCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTG
CGTCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:
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MNVSEHHGMOQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISDRGLHHARVGQPSGEHPGNRGHRQEQ
ELPLAHVLLHLOPGGGRPAGERIERDRNGCDGADHQRQPDHLWRRREKHGQCVRLHDLQLTPGLHLESPG
HRRGPLRHHLLRPALPQHHDPTPRGAHHRMHMELLHGVRCALHHLLGERYSPHLPYQHVLHHAGPHGLAL
RAHVPLGAASHETHRRLTGERPRVAGGQHEGRRDAHHPARSVCRVLGAVEFSPPHSHDLLSEEPVLRLLHV
SLOHVPDSDHVQLGDRPAHLRVQESGDEEDLPGDLLRLGEFGMELRLELRRLRREAQLL

#2 Mutations from ssGE2 (Sequence, AA and predicted protein structure)
Mstn CDS for AA:
WT:

ATGCATTTAGCGCAGGTHOIGIINICCOICEEEIIEETGGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGA
GCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGG
CCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACT
GCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCA
GCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGAC
GACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCA
AAAACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGT
GCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAG
AAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGA
AGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAA
AGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCT
GAAGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGC
TACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACT
GCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTG
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GCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGAT
CATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

AA: >XP_017324606.1

MHLAQVLISLGFVVAFGPMARTDTGAPEQQQQQQQPTAVTEEREAQCSAASACAFRQHSKQLRLQAIKSQILSKLRLK
QAPNVSRDVVKQLLPKAPPVQQLLDLYDVLGDDGKPGTALOQDEEEDDEEHATTETVMSMAAEPNPDVQVDQKPKCC
FFSFSPKIQASRIVRAQLWVHLRPADEATTVFLQISRLMPIKDGRRHVRIRSLKIDVDAGVSSWQSIDVKQVLAVWLRQP
ETNWGIEINAFDSKSNDLAITSAEPGEEGLLPFLEVKISEVPKRTRRESGLDCDENSSESRCCRYPLTVDFEDFGWDWIIAP
KRYKANYCSGECDYVHLQKYPHTHLVNKANPRGTAGPCCTPTKMSPINMLYFNGKEQIIYGKIPSMVVDRCGCS

MHLAQVLISLGLAFGPMARTDTGAPEQQQQQQQPTAVTEEREAQCSAASACAFRQHSKQLRLQAIKSQILSKLRLKQA
PNVSRDVVKQLLPKAPPVQQLLDLYDVLGDDGKPGTALQDEEEDDEEHATTETVMSMAAEPNPDVQVDQKPKCCFF
SFSPKIQASRIVRAQLWVHLRPADEATTVFLQISRLMPIKDGRRHVRIRSLKIDVDAGVSSWQSIDVKQVLAVWLRQPET
NWGIEINAFDSKSNDLAITSAEPGEEGLLPFLEVKISEVPKRTRRESGLDCDENSSESRCCRYPLTVDFEDFGWDWIIAPK
RYKANYCSGECDYVHLQKYPHTHLVNKANPRGTAGPCCTPTKMSPINMLYFNGKEQIIYGKIPSMVVDRCGCS

ssGE2-MUTATION#47, #52: (mstnl-mutation-ssGE2, #47, #52)+1 1 -SEICET

ATGCATTTAGCGCAGGTHOICIIMICEOIBEIEE GG TGGCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCAC
CGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAG
CGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGC
CTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTG
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CTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGACG
AGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAAAAC
CGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTT
GCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGC
ACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAG
GTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAA
CGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGT
TCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCC
CCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTCG
GGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACT
GCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCT
ACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLVRWRSVRWRALTPEHRSSSSSSSNLPPRRSARRSVORPARALSASTASSSVCKPSSPREA
NCASNKLPTAAMWSSSCCRKRHRCSSCSTCTTCSGTTASRAQRSRTRRRTTRSTPPPRPSAWPPSPTPTE
KSTKNRSAVESPSARRSKRAASGRSSGCTCARRMRROQRCSCRYRDSCPSKTGEGTYEYVRRSTWTQESVR
GRASTSRCLRCGGSRKPTGGLRSTRSTPKATISRSLLRSLEKRDCSRSWRKFLKFQSEPGENQDTVMRIR
PSPAAAATPLRWTLKTSAGTGLLPONATRPTTARASATTCTCRSTRIHTWTRPTHVALPAPAARPPRCLP
STCSTSTEKSRSSTARSPPWWIAVAAR

gt

ssGE2-MUTATION#48, #50: (mstnl-mutation-ssGE2 #48, #50) -3 GGC

ATGCATTTAGCGCAGGTHEIGIICCOICEEOMIEETGGTGTTCGGTCCGATGGCGCGCACTGACACCGGAGCA
CCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCA
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GCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGC
GCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGC
TGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGA
CGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAAA
ACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCAC
TTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAG
GCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGC
AGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGC
AACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAA
GTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTAC
CCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCT
CGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCA
CTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCAT
CTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGEFVVFGPMARTDTGAPEQQOQOQOPTAVTEEREAQCSAASACAFROHSKOQLRLOATIKSQT
LSKLRLKQAPNVSRDVVKQLLPKAPPVQOLLDLYDVLGDDGKPGTALOQDEEEDDEEHATTETVMSMAAEP
NPDVQVDOKPKCCEFFSEFSPKIQASRIVRAQLWVHLRPADEATTVEFLQISRLMPIKDGRRHVRIRSLKIDV
DAGVSSWQSIDVKQVLAVWLROQPETNWGIEINAFDSKSNDLATITSAEPGEEGLLPFLEVKISEVPKRTRR
ESGLDCDENSSESRCCRYPLTVDFEDFGWDWIIAPKRYKANYCSGECDYVHLOQKYPHTHLVNKANPRGTA
GPCCTPTKMSPINMLYEFNGKEQIIYGKIPSMVVDRCGCS

ssGE2-MUTATION#49: (mstnl-mutation-ssGE2 #49) -5 GTGGC
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ATGCATTTAGCGCAGGTHOIGIMICCOIGGGERIEETGGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACC
GGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGC
GCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCC
TCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGC
TCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGACGA
GGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAAAACC
GAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTG
CGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCA
CGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGG
TGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAAC
GATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGTT
CCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCCC
CTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTCGG
GCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACTG
CCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCTA
CGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGEFVVRSDGAHHRSTGAAAAAAATYRRDGGARGAVESGOQRVRFPPAQOAAPSASHQVPDSE
QTAPQTSSQREPRCGOQAAAAESATGAAAARPVRRARGRROQAGHSAPGRGGGRRGARHHRDRHEHGRRAQP
RRSSRPKTEVLFFLLOQPEDPSEPHRKGAALGALAPGGGDNGVLADIATHAHQRREKARTNTFAEDRRGRR
SQFVAEHRREAGACGVAEAAGNQLGDDORVRLOKQRSRDHFCGAWRRGTAPVLGGENFSSKANQERIRTR
LEFVRVPLLPLPPYGGLRLRLGLDYCPKTLQGQLLLGRVRLRALAEVPAYTLGEQGQPTWHCRPLLHAHQ
DVSHQHALLOQRKRADHLRQDPLHGSGSLWLLV
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ssGE2-MUTATION#51: (mstnl-mutation-ssGE2 #51) +1 A

ATGCATTTAGCGCAGGTHEIGIINCEEIGEEEMEETGAGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGG
AGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCG
GCCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAA
CTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAG
CAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGG
ACGACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACC
AAAAACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGT
GCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAG
AAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGA
AGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAA
AGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCT
GAAGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGC
TACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACT
GCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTG
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GCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGAT
CATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGFVSGVRSDGAHHRSTGAAAAAAATYRRDGGARGAVESGQRVREFPPAQOAAPSASHQVPD
SEQTAPQTSSQREPRCGQAAAAESATGAAAARPVRRARGRRQAGHSAPGRGGGRRGARHHRDRHEHGRRA
QPRRSSRPKTEVLFFLLOPEDPSEPHRKGAALGALAPGGGDNGVLADIATHAHQRREKARTNTFAEDRRG
RRSQFVAEHRREAGACGVAEAAGNQLGDDORVRLOKQRSRDHFCGAWRRGTAPVLGGENEFSSKANQERIR
TRLEFVRVPLLPLPPYGGLRLRLGLDYCPKTLOGQLLLGRVRLRALAEVPAYTLGEQGQOQPTWHCRPLLHA
HODVSHQHALLORKRADHLRODPLHGSGSLWLLV

ssGE2-MUTATION#53, #54: (mstnl-mutation-ssGE2 #53, #54) -6 [LETGG

ATGCATTTAGCGCAGGTHOICIIMICEEIBEEEN TG GCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCG
GAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCG
CGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCT
CAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGCT
CGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGACGAG
GAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAAAACCG
AAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTGC
GCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCAC
GTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGGT
GCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAACG
ATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGTTCC
AAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCCCCT
TACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTCGGG
CGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACTGC
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CGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCTAC
GGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGLAFGPMARTDTGAPEQQOQQQOQOPTAVTEEREAQCSAASACAFROHSKOLRLOATIKSQIL
SKLRLKQAPNVSRDVVKQLLPKAPPVOQLLDLYDVLGDDGKPGTALODEEEDDEEHATTETVMSMAAEPN
PDVOQVDOKPKCCEFEFSESPKIQASRIVRAQLWVHLRPADEATTVFLOISRLMPIKDGRRHVRIRSLKIDVD
AGVSSWOSIDVKQVLAVWLRQPETNWGIEINAFDSKSNDLAITSAEPGEEGLLPEFLEVKISEVPKRTRRE
SGLDCDENSSESRCCRYPLTVDFEDFGWDWITAPKRYKANYCSGECDYVHLOKYPHTHLVNKANPRGTAG
PCCTPTKMSPINMLYEFNGKEQITIYGKIPSMVVDRCGCS

-

#3 Mutations from msMGE (Sequence, AA and predicted protein structure)

1. /h mutation:
Ih CDS sequence for AA:

WT CDS:
ATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGC
CACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTGNNAGEGE
EAEIEEAEE GGG CACTGCTTCACCAAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGT
ACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATC
CTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGG
ATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGA
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AA:

MSVPASSFLLLCFLMNSFSPAQSYILPHCEPVNETVSVEKDGCPKCLVFQTAICSGHCFTKEPVYKSPFSSIYQHVCTYRD
VRYETVRLPDCRPGVDPHVTYPVALSCECSLCTMDTSDCTIESLNPDFCMTQKEYILDY

msMGE-MUTATION#1’: (lh-mutation-msMGE, #1’)

ATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGC
CACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTGNNGEEE
EEIEIEEMAEEE A CGACTGCTTCACCAAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTG
TACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATAT
CCTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCG
GATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGA

Predicted AA:

MSVPASSFLLLCFLMNSEFSPAQSYILPHCEPVNETVSVEKDGCPKCLVEFQTAICNATTASPRNLCTRARS
LPSISMCVPTGTFAMKPYACLTVGPVWILTSHILSHAASAACAPWTPRTVPSRATIRISVHRKSTSWIT
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msMGE-MUTATION#2’ and #5’: (lh-mutation-msMGE, #2’ and #5’) +1 A, -3GGG

ATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGC
CACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTGNNAGEGE
EEEHEEAEE A A CTGCTTCACCAAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACC
TACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTG
TCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTT
CTGTATGACACAGAAAGAGTACATCCTGGATTACTGA

Predicted AA:

MSVPASSEFLLLCFLMNSEFSPAQSYILPHCEPVNETVSVEKDGCPKCLVFQTAICSTLLHQGTCVQEPVLFE
HLSACVYLQGRSLNRTPALSARCGSSRHISCRTKLRVQPVHHGHLGLYHREPESGFLYDTERVHPGLL
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msMGE-MUTATION#8', #15, #19’: (Ih-mutation-msMGE, #8’, #15, #19’) +1 T, -5Sl0lGGG

ATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGC
CACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTIGNNAGEGE
BN CACTGCTTCACCAAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACCTAC

AGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTGTCG
CACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTTCTG
TATGACACAGAAAGAGTACATCCTGGATTACTGA

Predicted AA:

MSVPASSEFLLLCFLMNSESPAQSYILPHCEPVNETVSVEKDGCPKCLVFQTAICSLLHQGTCVQEPVLEH
LSACVYLQGRSLNRTPALSARCGSSRHISCRTKLRVQPVHHGHLGLYHREPESGFLYDTERVHPGLL
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msMGE-MUTATION#14’: (Ih-mutation-msMGE, #14’) -2/+2 €T (to GA), -3MEE

ATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGC
CACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTGHNAGEGE
BEIEAEEGGGCACTGCTTCACCAAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGTACC
TACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATCCTG
TCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGGATTT
CTGTATGACACAGAAAGAGTACATCCTGGATTACTGA

Predicted AA:

MSVPASSEFLLLCFLMNSEFSPAQSYILPHCEPVNETVSVEKDGCPKCLVFQTAMSGHCFTKEPVYKSPESS
IYQHVCTYRDVRYETVRLPDCRPGVDPHVTYPVALSCECSLCTMDTSDCTIESLNPDFCMTQKEYILDY
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msMGE-MUTATION#18’: (lh-mutation-msMGE, #18’) +1 T, +2 AC, -2CA

ATGTCAGTGCCAGCTTCCTCTTTTCTTCTCCTGTGTTTCTTGATGAACTCCTTCTCCCCCGCTCAAAGCTACATTCTGC
CACACTGCGAACCTGTTAATGAGACTGTTTCTGTGGAGAAAGATGGCTGCCCGAAATGCCTTGTGTGNNAGEGE
B IEIEEAEEE 1GGGCTGCTTCACCAAGGAACCTGTGTACAAGAGCCCGTTCTCTTCCATCTATCAGCATGTGTGT
ACCTACAGGGACGTTCGCTATGAAACCGTACGCCTGCCTGACTGTCGGCCCGGTGTGGATCCTCACGTCACATATC
CTGTCGCACTAAGCTGCGAGTGCAGCCTGTGCACCATGGACACCTCGGACTGTACCATCGAGAGCCTGAATCCGG

ATTTCTGTATGACACAGAAAGAGTACATCCTGGATTACTGA

Predicted AA:

MSVPASSEFLLLCFLMNSEFSPAQSYILPHCEPVNETVSVEKDGCPKCLVFQTAICNAGLLHQGTCVQEPVL
FHLSACVYLQGRSLNRTPALSARCGSSRHISCRTKLRVQPVHHGHLGLYHREPESGFLYDTERVHPGLL
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2. mc4r mutation:
msMGE-MUTATION#3’: (mc4r-mutation-msMGE, #3’)

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGICIICAICICOABBEEATCTTCATCACG
CTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCA
TGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGA
TGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCA
TGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTAC
GCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGG
CGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGC
TGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCG
GGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGT
CGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCAT
GTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTC
AGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTC
GGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

- 276 -



MNVSEHHGMQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISTRSSSRGWSAFWRTSWSRPSSRTRTS
TRPCTSSSAAWRWPTCWAYRTROQKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPEGVSWPSPWTATSP
SSTPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRGE
TNASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRREFFSTSEFSSLVRGTRIASASCLTSTCTESCATRST
RSSTRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAI

msMGE-MUTATION#5’: (mc4r-mutation-msMGE, #5’) +2 TA, +3 ACA

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGEIGTICICICIAACACABEAGG TCTT

CATCACGCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCAC
TCGCCCATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACG

GCTGTGATGGCGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTC
GACTCCATGATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCAT
CTTCTACGCCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCT
GCACGGCGTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTC
ACCATGCTGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGC
CTTACCGGGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAG

TGTTTGTCGTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCT
GCTTCATGTCTCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTC

AGGAGTCAGGAGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGA

GTTGCGTCGGCTTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:

MNVSEHHGMQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISHTRSSSRGWSAFWRTSWSRPSSRTRT
STRPCTSSSAAWRWPTCWAYRTROQKRLWRSPAATPSLETSKAWTMCSTPSAAHSWPPEGVSWPSPWTATS
PSSTPCATTTSPNAARRSSSYAYGASARRPVCSSSSTRRALQSSSALSACSSPCWPSWPRETCTCSSWRG
FTNASPPYRGTAPCGRRPTRAPRSPSCSECLSCAGRRFFSTSEFSSLVRGTRIASASCLTSTCTESCATRS
TRSSTRSGVRRGRPSGRSAAAGLRDGAAAGVASASTRGLTAI
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msMGE-MUTATION#8’: (mcar-mutation-msMGE, #8’) -5 EACEH

ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGGGGGAAAGGAACTCGGAGTCGGGCTGCTACGA BENGEIGIIGIMIBIEAGGTCTTCATCACGCTA
GGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCCATGT
ACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCTGTGATGG
CGCTGATCACCAGCGGCAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCATGA
TCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTACGCC
CTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGCGT
CCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGCTG
GCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCGGG
GAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCGCCGTGACGCTCACCATCCTGCTCGGAGTGTTTGTCGT
GTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGATCTCTTGTCCGAGGAACCCGTATTGCGTCTGCTTCATGTC
TCACTTCAACATGTACCTGATTCTGATCATGTGCAACTCGGTGATCGACCCGCTCATCTACGCGTTCAGGAGTCAGG
AGATGAGGAAGACCTTCCGGGAGATCTGCTGCGGCTGGGCTTCGGGATGGAGCTGCGGCTGGAGTTGCGTCGGC
TTCGACGAGAGGCTTAACAGCTATTGA

Predicted AA:
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MNVSEHHGMOQHAHRNHSLGVQIGNKAGSGERNSESGCYEQLLISGLHHARVGOPSGEHPGNRGHRQEQEL
PLAHVLLHLOQPGGGRPAGERIERDRNGCDGADHQRQPDHLWRRREKHGQCVRLHDLQLTPGLHLESPGHR
RGPLRHHLLRPALPQHHDPTPRGAHHRMHMELLHGVRCALHHLLGERYSPHLPYQHVLHHAGPHGLALRA
HVPLGAASHETHRRLTGERPRVAGGQHEGRRDAHHPARSVCRVLGAVESPPHSHDLLSEEPVLRLLHVSL
QOHVPDSDHVQLGDRPAHLRVQESGDEEDLPGDLLRLGFGMELRLELRRLRREAQLL

3. mstn mutation:
msMGE-MUTATION#4’: (mstnl-mutation-msMGE, #4’)

ATGCATTTAGCGCAGGTHONCIIMICGEIGEEEN TG GCGTTCGGTCCGATGGCGCGCACTGACACCGGAGCACCG

GAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCCAGCG

CGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGCGCCT
CAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGCTGCT
CGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGACGAG
GAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAAAACCG
AAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTGC
GCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCAC

GTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGGT
GCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAACG

ATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGTTCC
AAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCCCCT
TACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTCGGG

CGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACTGC

CGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCTAC

GGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA
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Predicted AA:

MHLAQVLISLGLAFGPMARTDTGAPEQQOQOQOQPTAVTEEREAQCSAASACAFRQHSKQLRLOATIKSQIL
SKLRLKQAPNVSRDVVKQLLPKAPPVOQLLDLYDVLGDDGKPGTALODEEEDDEEHATTETVMSMAAEPN
PDVQVDOQKPKCCEFFSEFSPKIQASRIVRAQLWVHLRPADEATTVFLOISRLMPIKDGRRHVRIRSLKIDVD
AGVSSWOSIDVKOQVLAVWLROPETNWGIEINAFDSKSNDLAITSAEPGEEGLLPFLEVKISEVPKRTRRE
SGLDCDENSSESRCCRYPLTVDFEDEGWDWIIAPKRYKANYCSGECDYVHLOKYPHTHLVNKANPRGTAG
PCCTPTKMSPINMLYEFNGKEQITYGKIPSMVVDRCGCS

msMGE-MUTATION13#: (mstnl-mutation-msMGE, #13’) -1/+1 I(to T)

ATGCATTTAGCGCAGGTHOIGIIMICCOIGGEENIE 1 TGGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGA
GCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGG
CCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACT
GCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCA
GCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGAC
GACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCA
AAAACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGT
GCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAG
AAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGA
AGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAA
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AGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCT
GAAGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGC
TACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACT
GCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTG
GCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGAT
CATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGFLVAFGPMARTDTGAPEQQOQQOOQOPTAVTEEREAQCSAASACAFROQHSKQLRLOAIKSQ
ILSKLRLKQAPNVSRDVVKQLLPKAPPVQQOLLDLYDVLGDDGKPGTALOQDEEEDDEEHATTETVMSMAAE
PNPDVQVDQKPKCCFEFSEFSPKIQASRIVRAQLWVHLRPADEATTVELQISRLMPIKDGRRHVRIRSLKID
VDAGVSSWQSIDVKQVLAVWLROQPETNWGIEINAFDSKSNDLAITSAEPGEEGLLPFLEVKISEVPKRTR
RESGLDCDENSSESRCCRYPLTVDFEDFGWDWIIAPKRYKANYCSGECDYVHLOKYPHTHLVNKANPRGT
AGPCCTPTKMSPINMLYFNGKEQIIYGKIPSMVVDRCGCS

msMGE-MUTATION#7’: (mstnl-mutation-msMGE, #7°) +1 G, +3 TAC, —5-

ATGCATTTAGCGCAGGTHONCIMMEGERIBETGGTGGTACGCGTTCGGTCCGATGGCGCGCACTGACACCGGAG
CACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGC
CAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTG
CGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAG
CTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACG
ACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAA
AACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCA
CTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAA
GGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAG
CAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAG
CAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGA
AGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTA
CCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGC
TCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGC
ACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCA
TCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA
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Predicted AA:

MHLAQVLISLRGGTRSVRWRALTPEHRSSSSSSSNLPPRRSARRSVORPARALSASTASSSVCKPSSPRFE
ANCASNKLPTAAMWSSSCCRKRHRCSSCSTCTTCSGTTASRAQRSRTRRRTTRSTPPPRPSAWPPSPTPT
FKSTKNRSAVFSPSARRSKRAASGRSSGCTCARRMRRQRCSCRYRDSCPSKTGEGTYEYVRRSTWTQESV
RGRASTSRCLRCGGSRKPTGGLRSTRSTPKATISRSLLRSLEKRDCSRSWRKEFLKEFQSEPGENQDTVMRIT
RPSPAAAATPLRWTLKTSAGTGLLPONATRPTTARASATTCTCRSTRIHTWTRPTHVALPAPAARPPRCL
PSTCSTSTEKSRSSTARSPPWWIAVAAR

msMGE-MUTATION#9’, #11’ and #18’: (mstnl-mutation-msMGE, #9’, #11’ and #18’) +3 TAC

ATGCATTTAGCGCAGGTHOICIIICCOIBEEMIEETGG TGTACGCGTTCGGTCCGATGGCGCGCACTGACACCG
GAGCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGC

GGCCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAA

ACTGCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCA
GCAGCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAG

GACGACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGA

CCAAAAACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGG
GTGCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGG
AGAAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGT
GAAGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCA
AAAGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTT
CTGAAGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCC
GCTACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTA
CTGCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACG
TGGCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAG
ATCATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:
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MHLAQVLISLGEFVVYAFGPMARTDTGAPEQQQQOQOQOPTAVTEEREAQCSAASACAFROQHSKQLRLOAIKS
QILSKLRLKQAPNVSRDVVKQLLPKAPPVOQLLDLYDVLGDDGKPGTALODEEEDDEEHATTETVMSMAA
EPNPDVQVDQKPKCCEFFSESPKIQASRIVRAQLWVHLRPADEATTVEFLQISRLMPIKDGRRHVRIRSLKI
DVDAGVSSWQSIDVKQVLAVWLROPETNWGIEINAFDSKSNDLAITSAEPGEEGLLPFLEVKISEVPKRT
RRESGLDCDENSSESRCCRYPLTVDFEDFGWDWIIAPKRYKANYCSGECDYVHLOKYPHTHLVNKANPRG
TAGPCCTPTKMSPINMLYENGKEQITIYGKIPSMVVDRCGCS

msMGE-MUTATION#10’, #12’, #15’ and #17’: (mstnl-mutation-msMGE, #10’, #12’ and #15’, #17’)
+1A, -3[i68

ATGCATTTAGCGCAGGTHEICIICEOIGABEEIT GG TGGCGTTCGGTCCGATGGCGCGCACTGACACCGGAGC
ACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGCC
AGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTGC
GCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAGC
TGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACGA
CGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCAAAA
ACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCAC
TTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAG
GCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGC
AGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGC
AACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAA
GTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTAC
CCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCT
CGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCA
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CTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCAT
CTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLRLGGVRSDGAHHRSTGAAAAAAATYRRDGGARGAVESGOQRVRFPPAQQAAPSASHQVPDS
EQTAPQTSSQREPRCGOQAAAAESATGAAAARPVRRARGRRQAGHSAPGRGGGRRGARHHRDRHEHGRRAQ
PRRSSRPKTEVLFFLLOPEDPSEPHRKGAALGALAPGGGDNGVLADIATHAHQRREKARTNTFAEDRRGR
RSQFVAEHRREAGACGVAEAAGNQLGDDORVRLOKQRSRDHFCGAWRRGTAPVLGGENESSKANQERIRT
RLEFVRVPLLPLPPYGGLRLRLGLDYCPKTLOGOQLLLGRVRLRALAEVPAYTLGEQGQPTWHCRPLLHAH
ODVSHQHALLQRKRADHLRODPLHGSGSLWLLV

msMGE-MUTATION#16’: (mstn1-mutation-msMGE, #16’) +1C, -3/+3 B8] (to ATG)

ATGCATTTAGCGCAGGTHOICIICCOIAIGOMIEETGCGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGA
GCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGG
CCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACT
GCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCA
GCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGAC
GACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGACCA
AAAACCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGT
GCACTTGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAG
AAGGCACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGA
AGCAGGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAA
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AGCAACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCT
GAAGTTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGC
TACCCCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACT
GCTCGGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTG
GCACTGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGAT
CATCTACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLCEFVRGVRSDGAHHRSTGAAAAAAATYRRDGGARGAVESGQRVREFPPAQOAAPSASHQVPD
SEQTAPQTSSQREPRCGQAAAAESATGAAAARPVRRARGRRQAGHSAPGRGGGRRGARHHRDRHEHGRRA
QPRRSSRPKTEVLFFLLOPEDPSEPHRKGAALGALAPGGGDNGVLADIATHAHQRREKARTNTFAEDRRG
RRSQFVAEHRREAGACGVAEAAGNQLGDDOQRVRLOKQRSRDHFCGAWRRGTAPVLGGENEFSSKANQERIR
TRLEFVRVPLLPLPPYGGLRLRLGLDYCPKTLOQGQLLLGRVRLRALAEVPAYTLGEQGOQPTWHCRPLLHA
HODVSHQHALLORKRADHLRQDPLHGSGSLWLLV

msMGE-MUTATION#5’: (Both mstnl- and mstn2-mutation-msMGE, #5’)
-1/+1 I(to T) for mstn1; +1I, -8 GCCCAACCfor mstn2

ATGCATTTAGCGCAGGTHOIGIIMICCOIGGEENIE 1 TGGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGA
GCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGG
CCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACT
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GCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCA
GCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGAC
GACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGACHEINEEIIOAAGTCCMERMAN A ACCG
AAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTGC
GCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCAC
GTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGGT
GCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAACG
ATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGTTCC
AAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCCCCT
TACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTCGGG
CGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACTGC
CGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCTAC
GGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGFLVAFGPMARTDTGAPEQQQQOOQOPTAVTEEREAQCSAASACAFROQHSKQLRLOATIKSQ
ILSKLRLKQAPNVSRDVVKQLLPKAPPVQQLLDLYDVLGDDGKPGTALQDEEEDDEEHATTETVMSMAAD
RTFKSTKNRSAVESPSARRSKRAASGRSSGCTCARRMRROQRCSCRYRDSCPSKTGEGTYEYVRRSTWTQE
SVRGRASTSRCLRCGGSRKPTGGLRSTRSTPKATISRSLLRSLEKRDCSRSWRKEFLKFQSEPGENQDTVM
RIRPSPAAAATPLRWTLKTSAGTGLLPONATRPTTARASATTCTCRSTRIHTWTRPTHVALPAPAARPPR
CLPSTCSTSTEKSRSSTARSPPWWIAVAAR

msMGE-MUTATION#8’: (Both mstnl- and mstn2-mutation-msMGE, #8’)

+1 G, +3 TAC, -5EBEET for mstn1; +1ff, -8 GCCCAACCfor mstn2
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ATGCATTTAGCGCAGGTHONGIMMEGEIIBETGGTGGTACGCGTTCGGTCCGATGGCGCGCACTGACACCGGAG

CACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGGC

CAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACTG
CGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCAG
CTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGACG

ACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGACHGTNECIICIAGTCEMBOMAR A ACCGA

AGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACTTGCG
CCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGGCACG

TACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCAGGTG

CTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCAACGA

TCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAGTTCCA
AAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACCCCCTT

ACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTCGGGC

GAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCACTGCC
GGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATCTACG

GCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLRGGTRSVRWRALTPEHRSSSSSSSNLPPRRSARRSVORPARALSASTASSSVCKPSSPRFE
ANCASNKLPTAAMWSSSCCRKRHRCSSCSTCTTCSGTTASRAQRSRTRRRTTRSTPPPRPSAWPPTVRSS
RPKTEVLFFLLOPEDPSEPHRKGAALGALAPGGGDNGVLADIATHAHQRREKARTNTFAEDRRGRRSQEV
AEHRREAGACGVAEAAGNQLGDDORVRLOKQRSRDHFCGAWRRGTAPVLGGENFSSKANQERIRTRLEEFV
RVPLLPLPPYGGLRLRLGLDYCPKTLOGQLLLGRVRLRALAEVPAYTLGEQGOQPTWHCRPLLHAHQDVSH
QHALLORKRADHLROQDPLHGSGSLWLLV

- 287 -



msMGE-MUTATION#6’: (mstn2-mutation-msMGE, #6’)

ATGCATTTAGCGCAGGTTCTGATTTCGCTGGGCTTCGTGGTGGCGTTCGGTCCGATGGCGCGCACTGACACCGGA

GCACCGGAGCAGCAGCAGCAGCAGCAGCAACCTACCGCCGTGACGGAGGAGCGCGAGGCGCAGTGTTCAGCGG

CCAGCGCGTGCGCTTTCCGCCAGCACAGCAAGCAGCTCCGTCTGCAAGCCATCAAGTCCCAGATTCTGAGCAAACT
GCGCCTCAAACAAGCTCCCAACGTGAGCCGCGATGTGGTCAAGCAGCTGCTGCCGAAAGCGCCACCGGTGCAGCA
GCTGCTCGACCTGTACGACGTGCTCGGGGACGACGGCAAGCCGGGCACAGCGCTCCAGGACGAGGAGGAGGAC

GACGAGGAGCACGCCACCACCGAGACCGTCATGAGCATGGCCGCCGAGCCCAACCCHENBINGTOEAGEMAA A A

CCGAAGTGCTGTTTTTTCTCCTTCAGCCCGAAGATCCAAGCGAGCCGCATCGTAAGGGCGCAGCTCTGGGTGCACT
TGCGCCCGGCGGATGAGGCGACAACGGTGTTCTTGCAGATATCGCGACTCATGCCCATCAAAGACGGGAGAAGG

CACGTACGAATACGTTCGCTGAAGATCGACGTGGACGCAGGAGTCAGTTCGTGGCAGAGCATCGACGTGAAGCA

GGTGCTTGCGGTGTGGCTGAGGCAGCCGGAAACCAACTGGGGGATTGAGATCAACGCGTTCGACTCCAAAAGCA

ACGATCTCGCGATCACTTCTGCGGAGCCTGGAGAAGAGGGACTGCTCCCGTTCTTGGAGGTGAAAATTTCTGAAG

TTCCAAAGCGAACCAGGAGAGAATCAGGACTAGACTGTGATGAGAATTCGTCCGAGTCCCGCTGCTGCCGCTACC

CCCTTACGGTGGACTTTGAAGACTTCGGCTGGGACTGGATTATTGCCCCAAAACGCTACAAGGCCAACTACTGCTC

GGGCGAGTGCGACTACGTGCACTTGCAGAAGTACCCGCATACACACTTGGTGAACAAGGCCAACCCACGTGGCAC
TGCCGGCCCCTGCTGCACGCCCACCAAGATGTCTCCCATCAACATGCTCTACTTCAACGGAAAAGAGCAGATCATC

TACGGCAAGATCCCCTCCATGGTAGTGGATCGCTGTGGCTGCTCGTGA

Predicted AA:

MHLAQVLISLGFVVAFGPMARTDTGAPEQQOQQQQOPTAVTEEREAQCSAASACAFROHSKOQLRLOATKSQ
ILSKLRLKQAPNVSRDVVKQLLPKAPPVOQQOLLDLYDVLGDDGKPGTALOQDEEEDDEEHATTETVMSMAAE
PNPDSTKNRSAVESPSARRSKRAASGRSSGCTCARRMRRQRCSCRYRDSCPSKTGEGTYEYVRRSTWTQE
SVRGRASTSRCLRCGGSRKPTGGLRSTRSTPKATISRSLLRSLEKRDCSRSWRKELKEFQSEPGENQDTVM
RIRPSPAAAATPLRWTLKTSAGTGLLPONATRPTTARASATTCTCRSTRIHTWTRPTHVALPAPAARPPR
CLPSTCSTSTEKSRSSTARSPPWWIAVAAR
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