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Abstract

The CRISPR/Cas9 platform holds promise for modifying fish traits of interest as a
precise and versatile tool for genommanipulation To reduce introgression of transgsrand
control reproduction catfish were studied for upscakd disease resistanceoupled with
intervertion of reproductionto lower the potential environmentatisks of introgression of

transgeniescapees

To generate disease resistance and stgrilin channel catfish I¢talurus punctatus
CRISPR/Cas9systens were utilized tointegrat the cathelicidingene from an alligator
(Alligator sinensis As-Cath) into the targetluteinizing hormone lf) locus of channel catfish
using two delivery systera assisted bydoublestranded DNA dsDNA) and singlestranded
oligodeoxynucleotidesseODNMNs), respectively High knockin (KI) efficiency (22.38%0, 64/286
but low ontargetwas achievedusing the ssODN strategy whereasadoping a dsDNA as the
donor templatded toan efficienton-targetKl (10.80% 23/213. On-targetKl of AsCathwas
instrumental inestablising the |h knockout (H' As-Cath) catfish ling which displayed
heightend diseas resistance andeducedfecundity compared tothe wild-type sibling fish.
Furthermore,implantion with HCG and LHRHarestorel the fecundity, spawrability and
hatchabilityof thenewtransgenidish line.

To establish disease resistance and #tenil blue catfish(l. furcatug, transgenidlue catfishof
primarily Rio Grande strain ancestwyere generatedvith site-specific KI of the AsCath
trangiene ino the Ih locus via two CRISPR/Cas9nediatedKl systems assiseéd by the linear
dsDNA anddouble-cut plasmid(dcPlasmid, regpectively. High integration rates werebsened
with linear dsDNA (6.67% [13/78]) anddcPlasmidstrategieq24.53% [26/106). In addition,
the ontarget Kl efficiency ofthe dcPlasmidstrategy 16.04% [17/106) was 1.67 timeshigher
than that ofthe lineardsDNA strategy 10.26% [8/78]) based on the odds ratidhe relative
expression ofhe As-Cath transgeneof P1 founderswas detected in nine tissues, dominated by
the kidney skin, and muscl€14.30, 7.7% and 6.2-fold changeP < 0.05. Moreover,the As
Cath transgenic blue catfish showeadighersurvival rate than that of wittype controls 0%

vs 30%, P < 0.05 following Flavobacterium cova@fection Survival during culture supports



the challeng data as survival dis-Cathtransgenic indiduals was 97.1% while that of pooled
nontransgenic individuals was observed to be less 84P% 0.15) The gowth ratesand
external morphologyof the transgenic and wiitype siblingswere not different @ > 0.05),
indicaing no pleiotropic effectfor growth of the As-Cath trangjene integration at thié locus

was observet theP: founders

To generate transgenic channel catfish carrying éwa@genousantimcrobial peptide gaes
(AMGs), CRISPR/Cas@sssted microinjectionof cecropin(Ceg andAsCath was employedo
createduatAMG integraed (*_Cec’/*_Cath") transgenic embryowith high integration rates
Additionally, aunivariatemultiple logit regression modetas fittedto determine theymergistic
expressn of transgenes andndogenousAMGs in the head kidney pebiacterialinfection
Transgenieembryebasedgenome editingsignificantly increasedhe efficiency ofduatAMG
integrationfrom 17.6% to 37.3%. The survival rate obingle AMG (50% vs 20%, P = 0.023
and dualAMG (70% vs 20%, P = 0.005) integratedfish was dramaticallyhigher than that of
wild-type fish (20%) following Edwardsiellaictaluri challenge More dualAMG fry survived
than expected based on integration and inheritance rates of Ak@etransgenics compared to
other genotpes.Logistic regressioranalysisindicated thaindividual body weight andgender
did not affectsurvival while the transgene€ecand As-Cath contribueddirecty to the survival
during the bacterial infectionFurthermore transgenesnhaned fish digase resistance by
regulaing the expression ofFCPandNK-lysin genes.

To establishtransgenicsterile channelcatfish lines with elevated disease resistance and fast
growth rate, single-sgRNA-based genome editing (sSGE) and multi-sgRNA-based MGE
(msMGE) were usedo replace thdh and melanocortind receptor(mc4r) genes with the As
Cath trangieneandthe myostatin(two target sitesmstnl mstnd genewith the Cectrangiene
respectively A total of 9,000 embryosvere microinjectedrom three familiesand 1,004 live
fingerlings were generatezhd analyzedThere was no significant differencehatchability(all

P > 0.05 and fry survival &ll P > 0.05 between ssGE and msMGEomparedto ssGE
CRISPR/@®-mediatedmaVIGE assisted bythe mixture ofdsDNA and dcPlasmiddonors
yielded a highekKI efficiency of AsCath (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 trangenes respectively The



msMGEstrategycanbe used t@enerate transgenicshi carrying two transgenas multiple loci
In addition, double and quadruplemutant individualscan be produceavith high efficiency
(36.3% ~ 71.1% in onestep microinjection

Overall, the In genewas replacedvith the As-Cath transgeneand thenhormone therapywas
administeredo gaincompletereproductive control of diseasesistant transgenic catfish in an
environmentdy sound mannerin addition, potential sterile atfish with enhanced disease
resistancearying two AMGs at multiple locusing transgeniembrycbasedyenome eding or
mMsMGE stategy was achievedhis strategynot only effectively improves theonsumewalued
traits, but alsguards againgjendic contaminatiorof wild populations This isa breakthrough

in aquaalture genetcs to confinefish reproducton and prevent the establishment of transgenic
or domestic genotypes in the natural environment.
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CHAPTER ONE

Generd Introduct ion

1. Introduction

Proliferaing human populatiors and the demands for nutritious food have led to the
realization that aquatture is one of the most emenmentally sustainabl@aysto produce éod
and proteinln addition, aquaculturdirectly drives yearound jdos for farmers andontribues
to emplyment in othenndustries Dunham and Elaswad, 201 8herebyproviding ecoromic
growth (Naylor et al., P21). In 2018, world agaculure suppliedaround 82.1 million tons of
fish, encompssing more than 425 farmesgpedes, and bringimg it to an all-time high (FAO,
2020. Despite impressive achievements, the aquaculture industiy faces persistent
challerges In particular drug resstance and esidues are one of the major concerns for

sustainable aquaculture.

The drug residues iraquatic poducts aremainly due to the abuse and overuse of antibiotics,
which have been associat with the emergence ahultidrugresistant foodbom pahogens,
renckring treatment of infectious diseasesagquaculture and even humansffective (Dong ¢

al., 2@7; Karunasgar et al., 2020 The indiscriminate usef antibiotics lasted untithe ealy
2000s, especiallchloranphenico] resulting inserious pathogen esistance(Cabello, 2005k
Recently, FAO hs published a detailed fiyesar plan (from 2@1 to 2025) to restrct the use of
antibiotics/antimicrobials in animal productiofRXO, 202). In addition, WHOalso emphasies
avoiding the use of raibiotic-like drugs or medicalmportant antibiotics for ggventive and
therapeutic pyroses in foodproducing anmals WHO, 2017). Although antibiotic-free
aguaculture might be overly optimistic asaakfortunately,numerous stdies are being done to

find alternativego antibiotics.

Antimicrobial peptidegAMPs), promisingsubstitutef antibiotics(FAO, 2021, also knownas
cationic host defense peptidesiginated fromvirtually all domairs of life, are naturally
occurring innateimmune peptideswith immunocompetnceand homeostasiagainst bacteria,

viruses, fungi, and parasitédancock, 2001 \Wangetal., 2016 Wang ¢ al., 2022. In addition

-1-



to natural AMPs,an increasing number of studiéscus on developing shortenegnthetic
AMPs to improwe the stability and therapeutic indexXby harnessingationd designin silico
(Torres etal., 2019; Okella et al.,2020. AMPs, whether natural osyntheticaimodified, can
eliminate pathogemvasion,and trigger theh o s autdisinunity (Mookherjee et al.202). As
wide-spectrum antpathogen activitiesand harmless candidate for antibiotics versatile
applicationsof AMPs have sparled great interest in the scientific communifwang et al.,
2022. Curertly, AMPs are exploredto be use in food preservan (Said et al., 2019,
therapeutic drugfor human beinggMookherjeeet al., 202, and feed additivesas functonal

nutrition for animals(Silveira et al., 2021

2. Categories and Prgerties of Catfish AMPs

2.1 Summary from APD3 database

The antinicrobial peptidedatabase (APB) has catalogued more thajd@0 natural AMPs from
various organisms, inclding baceria, archa&, protozoa, fungplants,and animal§Wang et al.,
2016. A total of 3,1& AMP sequences were colledtefrom the online APDB
(https://wangapd8om/APD_sequenceaelease 0942020.fastp which were employed as query

sequences for putative AMP identificatiop BLASTP against chanel catish genomgLiu et
al., 2016. A total of 605 putative AMPs were obtained, whichndae divided into 51 classes
according to annation of AMPs in the APD3. Most of the identified catfish AMPs are
homologous to mammals, excdpt 10 AMPs extracted and iagified from catfish which ae
speciesspecific. Histonederived,thrombinderivedC-terminal peptides (TCPsad chemokine
derived werethe top thre classes among them, accounting2®180%, 13.22% and 9.92% of the
total AMP contens, respectively Kigure 1). Additionally, BPTI, Eotaxin, Refflgamma and
ShLvsGwere found in the caigh genome as well, with perntages othe toal AMPs d 2.81%,
2.31%, 2.15% and 1.65%, respectively. addition, two AMPs liver-expressed dmmicrobial
peptides?2 (LEAP-2) and hepcidinwhich are low in contentbut extensively studied in catfish

were observed
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Figure 1. Distribution of the frequency of antimicro bial peptides (AMPs) discovered across various
organisms (A) The distributon of AMPs in animalsThe number of AMPs from fishg sinilar to that
from human.Channel atfish (Ictalurus punctatug AMPs accounted for 239% ofthose fron fish. (B)
Proportion of the first 12 AMPdoundin channelcatfishbased on the screening oftalaase relative to
the totalputative AMPs from th&PD3 databasascreening

2.2 Categoriesfrom the database

Based on the APBdatabasewe categorized thdM Psin the channelcatfish genoménto the
following 7 groups, including the first and largdsstonederived AMP fami; buforin I,
hipposin andcipersin (of which thefirst two originated from the Nerminus domain of histone
H2A); thrombinderived Gterminal AMPs; chemdine-derived AMPSs scolopendins ubiquitin-
derived AMPs and the last grouBPTI, eotaxin, reglligamma ard shlysG. They were
introducel ard discused below based on the number of catfi8hPs found in eachategory

2.2.1 Histone-derived AMPs



In gereral, histones are primarily involved in the regulation of DNA packaging) Baylication
and transaption (Strahl et al., 200(Patd et al., 204). Histones are the basic structural teins
of eukaryotic chromosoes includingfour core proteins H2A, H2B, Hs, Ha and one connexin H
(Strahl et al., 2000 The core histones akeidely conserved, and the amai acid sequences are
very similar evenin the distatly related species, but histe H is diversified(Ryu etal., 202).
During the pastfew decadesall five histones or historderived peptidess innate immune
effectors lavebeenevaluatedrom fishto humansAs early as 958, Hirsch (1958 first reported
that histones Arad B purified from calf thymusexhibited antibacterial etivity against vaous
bacteria. #ice then, sch activity was described iaquatic animakissues such asAtlantic
salmonliver (Richardset al.,2007), rainbow tout skin (Fernandest al.,2002, Pacific white
shrimp (Litopenaeus vaname) (Patat et i, 2004, scallophemocyteqChlamys farrer) (Li et
al., 2007, olive flounder (P. olivaceu$ teges (Nam et al., 201 ard catfishskin (Park etal.,
1998; Chen€al., 2017.

Fragments from histone 1+bf human epithelial cells weractive against baeria (Rose et al.,
1998, they were rarely found in aquatic animalsBased on BLASTPfour core histonesof
catfish (accessin numbers: XP_017348432 XP_0173311874, XP_017345147.1 and
XP_017336153dwerefound in the catfish genomeith putative AMP fagments andsome @
their functionshave been verified by previous experintenRobinette et la (1998 determired
that fragmens from H2B-like prateinsin catfishskin had bactericidadnd fungicidahctivities In
addition to catfistH2B-like proteinsthe AMPs, such agarasin | hipposin, and buforiderived
from HA, wereconfirmed to possessanibacterial propertiegPak et al.,1996,1998; Birkemo
et al., 20@). These studies indicated that complbistones may have some deédigies when
used asntracdlular antibacterial factors due to their large molecular weight and functional areas
that are not related to antlaterial actvity. Therefae, he AMPs derived from histones smakr

fragmentsaremore effective thathe large histoneproteinitself in animals.

2.2.2 Buforin |, Hipposin and Acipensin

AMPs can be derived from larger intaaroteins with otherbiological functions or intring
artibacterial activities (Nguyen et al., 2@1). For exanple, buforin | and hipposinra both
derived fron the N-terminus dorain of histone KA (Park et al., 1996; Birkemo et al.0(3).

Nguyen et al(2011) havealsoreportedtha large proteinof ovetap dructurepossess similar
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functionality as AMPs.We found thatthe sequence of hippm shows 96.1% siitaity to
acipensinl; in addition,the same 3D structisare predictedlue to the same domawith an
overlayis preseniFigure 2). The only diferen@ between tk two potential AMB is an extra
leucine esidue at the ®erminal of lpposin, accompanéeby anamino acid mtation (histidine
mutates to glutamine).Similarly, we also observed buforin | (accession number:
XP_01336154.1), hipposina¢cession number:XP_017318461.landtwo varians of acipenan,
acipensinl and acipensif (accessiomumbes. XP_017318334.1ard XP_017318289.lin the

catfish proteome
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Figure 2. Examples of the diversity of catfish AMPs. Tettiary structures ofthe main pepides are
aranged by secondary structure corgenthleé | i c e s ar e-saridsihawn iiblue, and0) b
helices are shown in yellowlhe unit of coordinate scale is the number of amino acids (AAs), with
marginal legads indicating the numbefs e c ond ar y -felix inu-axis and susnbeof bsheet

in y-axis. LEAP2, liverexpressed antiroiobial peptide 2 CCL1, chemokine, CC faity; TCP,
Thrombinderived Gterminal peptide; BPTIbovine pancreatic trypsin inbitor;, ShLvsG, G-type
lysozyme;, AA, amino acid The 3D protein structural modelwae produced by SWISSIODEL
predction algorithm  (http://swissmodel.expasy.grg and visualized VMD software
(https://www.ks.uiuc.edu/Research/vind/



http://swissmodel.expasy.org/
https://www.ks.uiuc.edu/Research/vmd/

2.2.3 Thrombin-derived C-terminal Peptides

A key enzyme irthe coggulation cascadehrombinderived Gterminal peptide {CP) wasfirst
detectd in vivoin humanwounds exerting potet antrendotoxiceffect (Pgareddyet al., 201,
and interestinly, TCP homdogues were also observedfrom the channel catfish grome
(accession number: XP_017314082) Like most classical AMPs, TCPs exhibit
physcochemical properties, such as ampHifmty, cationicity andJ-helicity (Papareddet al.,
201Q Pdrlova et al., 2@7). Additionally, synthetic shorter peptides from theeminus of TCP
are antibacterial and adaghelical conformation in lipiggnvironmentgWang et al., 2006 TCP
has double rolesluring woundng ard infection conditions;TCP helps fibrin clot in the
coagulation system andlsoinhibits macrophage responses to bactdipaipolysaccharided S
by binding to LPS Such binding facilitated the formation of helical structuresind
permeabilizatiorof liposomegPapareddt al., 2019. A morerecent sidy furtherreveaédthe
significance of TCP in host defenas TCP canbind to LPS orgramnegativebacteria leading
to bacterial permeation amanyloidation/aggregation, which promsteclearanceybphagocytic
uptake(Petrlova et al., 2097As a potetial application ofa prototypic thrombirderived petide,
GKY25 showed bactericidal activity agairstmouse model oPseudomonas aeruginoséa
reduction of both systeic cytokine responses and exsige coagulation(Kalle etal., 2013.
Furthermore, artber homologue of GKY25 from C terminus of human thrombegatively
regulatedendotoxininduced responsgemhibition of TLR4 and TLR2elicitedNF-e B act i vat i ¢
and reduction of proinflammatory cytiole production inrmacrophageand monocyteqHansen
etal.,2015.

2.2.4 Chemokine-derived AMPs

Chemokines are a group of small structurally related proteins that are important participants and
moduators of avariety of physiological and pathological processesluding inflammation and
immunity (Baggiolin, 1998; Rollins, 1998, regulating cell migration and activatioandacting

as a bridge between innate and adaptive immuditytnik and Yoshie, 2000; Zlotnik et al.,

2006; Raman et al., 20LIThey are usually classified into four subfamilies: C, ©XC and

CX3C (or CXCL, CCL, CX3CL and XCL)ased on the arrangement of the consefivstdfour-

cysteinemotifs in N-terminal (Zlotnik and Yoshig 2000. Notably, not all chemokinesave



antibacterialproperties and antimicrobial chemokines usually fara large positively charged

electrostatic patch on the surface of the molefvéng et al., 2003

Initially, sevenphylogeneticgroups ofchannelcafish CC chenokines[CC chemokine ligand
(CCL)] wereidentified andcharacterizedincludingthe CCL19/21/25roup, the CCL20 group,
the CCL27/28 groupthe CCL17/22 group, the macrophage inflammatory protein (MIP) group,
the monocyte chemotactic prate{MCP) group and a fiskpecific group(Peatmanand Liu,
2007). With the availability of thechannel catfistyenone resourcegFu et al (2017 found that

64 CCLsweredivided into 11distinct classes, making this species with the largest number of
CCLs in fish. Additionally, based orour BLASTP result,the putative AMPs derived from
catfish chemokines includeCCL (CCL1, CCL8, CCL11, CCL13, CCL18, CCL19, CCL20,
CCL21 and CCL 2pandCXCL (CXCL6, CXCL10, CXCL11, CXCL12 and CXCLJ}3Fu et al.
(20173 reportedthe expression obne of theCCL19 membes, CCL19a.1 was upregulated
post E. ictalurid infection but significant upregulationwas observed inall CLL19 members
(CCL19a.1, CCL19a.2 and @@9b) after Flavobacterium columnarenfection suggesing
CCL19 contributesto fish immune responseSimilarly, another 17 CXC chemokimaembes
were identified in the channelcatfish genome andheir expressionwere genespecific after
bacterial infecons. CXCL11.3 and CXCL20.3 were two potential molecular markerg &g
resistance after ESC infection, while CXCL20.2 was suggestsv@molecular marker for
columnaris infectin (Fu et al., 2017pb Recently,CXCL20a/b ingrass cargCtenopharyngodon
idella) has beendenonstratel to havepotent antimicrobial activityn vitro andin vivo, and oral
administration of CXCL20a napeptide can efficiently prevent bacterial infectiarfish (Xiao

et al., 2020; Zhang et al., 2021; Wang et al., 208dch diversity in chemokine molecules may
provide enrichedresourcesfor dismvery of nhew AMPs and attract more interestowards

exploration of this gene family ammuneregulators

2.2.5 Swlopendins

Scolopendis were identified as a broadpectrum AMP from adult centipedes using RNA
sequencingincluding scolopendin 1 and (£Zhoi et al., 2014; Leet al., 201% Scolopendin 1
contains 52 amino acid residues with sequence similaritgdopin peptideswhile scolopendin
2 is shorter and ha%6 amino acidsin length. Compared with scolopendin 2, scolopendin 1

exhibits strongerantibacterial activity, ancdheitherinduce haemolysis at high concentrations
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(Wang etal., 2aL6). Although theyare from the sameanimal species, they exhibiarious
mechanisms against microbial pathogestalopendin lexerts antifungal activity by trigging

the apoptotic pathwaylLee et al.,2017 and scolopendin 2kills baderia by affecting cell
membraneqLee etal., 205). At present, no such AMP has been found in aquatic animals
except giant groupeEpinephelus lanceolaty$Wang et al., 2019 however,we identifiedboth
scolopendin 1 and scolopendin(@&cession humbers: XP_017306585.1 and XP_017328132
asputative catfish AMPb&ased on BLASTRearch

2.2.6 Ubiquitin -derived AMPs

As anadenylate cyclase stimulating polypeptidbiquitin was ifst isolated from bovine thymus
(Schlesingeland Gadstein, 1975 Like the chemokine family, it is highly caened in living
organismdgrom protozoango vertebrategHicke, 200). Recently, ubiquitin has been reported to
play an important role imnate immunedefensewia a bacteriostatic proceéSeo et al., 2013
and several ubiquithderived AMPs have beasdated from the secretions of bovisgmulated
chromaffn cells, the human amniotic fluid and the gill of Pacific oyg¢kaeffer et al.,2003;
Kim et al., 2007;Seo et al., 20)3In fish, ubiquitination regulates cellular processes, which is
vital for the generation of innate and adaptive immune responses to path@gensnatharet
al., 2010;Huanget al., 201Y. Here,the putative AMP dewned fromcatfish ubiquitin &ccession
number: XP_017315121)lis identical in sequence to oyster cgUbiqyitimplying a similar
antibacterial effect

2.2.7 BPTI, Eotaxin, Reglllgamma and ShLysG

In addition to the potentisBAMPs mentioned abovenotherfour AMPs were screened out
Bovine pancreatic trypsin inhibitor (BPTjas originallydetermined to ban enzyne inhibitor

with high stability related totemperature, acity and high pH (Fritz and Wunderer 1983.
Recently, it wagound to bean antifunghAMP with a novel mechanism of actidoy inhibiting
Mg?* uptake (Bleackley et al., 201% Eo s i n o p h g lchemmokines (Eataxis), rsuch as
eotaxinl (CCL11), eotaxir? (CCL24) and etaxin3 (CCL26),havepotentbactericidal activity
against pogiht iGr eanegativd patBogarn&@ela et al., 2015 As another brad
spectrum bactericidal peptidesdl lganma inhibits deleterious bacteria and regulates the spatial
relationships between microbiota and hogttemote hosbacterial mutualisnfVaishnaveet al.,
2017). ShLvsG is an ortholog of apsetype lysozyme characterized from seahers
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(Hippocampus atbomnalis) (Ko et al., 2015 andlytic activities of this AMP indicate it is an
antimicrobial effectorof the innate immune systeby hydrolyzirg the wall of bacterial cell
(Hikima et al., 2001Wanget al., 2012 Although thesdour AMPs have nbbeen denified or
isolated from fishspecies, we determingtiat there were four potential correspondingAMPs
from the catfish proteome (accession numbers: XP_017313286.1, XP_017328327.1,
XP_017350515.1 andP_017328787)1

2.3 Isolated AMPs from catfish
In addition to the putative AMPs ohined by usingthe APD3 database, we summarized the

catfishderived AMPs that have beercloned, isolated or identfied. So far 11 catfish
AMPS/AMGs have been extracted or sequenced in the past two ddGatids J).

The first purified AMP from catfishwas histonelike (H2B-like) antimicrobial protein(HLP-1)
isolated from the skinywhich was similar to trout histom H:B with 82% homologyRobinetteet
al., 1998. Almost at the same timenother AMP extracted from the skinuccsawas parasinl,
containng 19 amino acid¢Park et al., 1993 and18 of the 19 residues were identical to the N
terminal of buforin ldueto the same origifirom histone HA. The third AMP, haemoglobin
derived peptidegH b 61, was composed of 33 amino acid residfiesn the gill tissue of
channel catfishand itsexpressiorwasupregulated in the skin and gills afggarasiticinfection
(Ullal et al., 2003 Additionally, a novel catfish AMPpelteobagrinwas identifiel and isolated
from the epidermalmucus ofyellow catfish Pelteobagrus fulvidracgp which contained 20
amino acidsand it was predicted to cargypositive charge of +2 with 60% hydrophobic amino
acid conten{Su 2011]. Subsequentlyfour important catsh AMGs were cloned and geenced,
namely bactericidal permeabilitgicreasing protein (BPI), LEAR, natural killer lysin (Nk
lysin) and hepcidinhamp)(Bao et al., 20052006 Wang et al., 206). BPI is primarily resistant
to Gramnegative bacteria asligid transfer/LPSbinding proteinand has least57% homolay
with otherteleostfish. Channel atfishhasonly one copy oBPI gene whereas rainbow trout has
two (Xu et al., 200h Mature catfishLEAP-2 is a cysteingich peptide composed of 41 amino
acids which issimilar toothe fish, especially zebrafish and rainbow tr¢8t1, 201). NK-lysin
has threesultypes in catfisi{Petrlovaet al., 2012, which sharest4.6% amino aciddentity with
zebrafish NKlysin sequencéWanget al., 200§ Similar to these three sequenced genes, the

catfishhepcidinonly has one copy andalso conservedompared to other speci€&ome
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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

CathepsinD CC (32.59) Edwardsiella ictaluri Gene expression upregulated at 24 and 48 h Gisbert et

(regulation of after infection. al., 2011

parasin I)

b-defensin CC(625+7.3Q) E. ictaluri Gene expression ineased signifiartly at 48 h  Krogdahl,

afterinfection. et al., 2005

Hb BIP cC Vibrio alginolyticus Ichthyophthirius  MI C = 5 . algimplyticud  ( Yu et al.,
Aeromonas hydrophila  muiltifiliis (Ich) MI C = 12 A bhydrephilg ml ( 2010
Escherichia coli Ml C = MmR(E.Bol)e g

PGnn= 6 . 3 chtgophonits) ( i
PGoo= 12. 5¢gg/ ml (ich t
Hepcidin CC(32.59) E. ictaluri 1. Gene expression upregulated at 4, 6, 12, : Pascual et
(larvae) and 48 h after infection. al., 2005
2. Gene expression upregulaté® Haysafter
infection but returadto basallevel at 7 days.

HLP-1 CC V. alginolyticus Saprolegnisspp. MIC =50 ¢ d\/hydioph{g Hornick et
A. hydrophila MIC=0.37 e MNOE ®R3 &M al, 2000
Escherichia coli
LEAP-2 CCand BC E. ictaluri 1. Gene expressiamt significanty charged. Sacrisén et
(32.5 g)(larvae) 2. Gene expression upregulated (less than tv al., 2016;
folds) at 4 h after infection. Gisbert et
al., 2011
Parasin | AC Pseudomonas putida E. coli Cryptococcus Ml C = 2P. putid4 Srdureus S. Lemieux et
Bacillus subtilis Salmonellayphimurium  neoformans typhimurium C. neoformans, S. cerevisjae al., 1999
Staphylococcus aureus Serratiaspp. Saccharomyces MI C = 1B. subtilisi@ImutgnsE. coli,
Streptococcus cerevisiae C. albicang
mutans Candida albicans M1 C = 4S.spm)/ ml (
Pelteobagrin  YC Staphylococcus aureus E. coli C. albicans MIC =2¢ g / Bilsubtlig Muhlia-
Bacillus subtilis MI C =4S aurguy ml ( Almazanet
MI C = 1 & cdig/ ml ( al., 2002
Ml C = 6 €. abigahgm!|  (
NK-lysin CC (32.509) E. ictaluri Geneexpression upregulated at 24 and 48 h  Gisbert et
after infection. al,, 2011
BPI CcC E. ictaluri 1. Gene gpression upregulated at 48 h after Furnéet al,
(32.59) infection. 2008;
(larvae) 2. BPI upregulation peakl 3 days after Gisbert et
infection. al., 2011
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SaRpAMP AC Bacillus subtilis E. coli C. albicans MI C = 7. B.6ubtdig / ml ( Sakyiet al.,
Staphylococcus aureus S enterica MI C = 7. Sdurea3g/ ml ( 2020
Micrococcus luteus A. hydrophila MIC=11. 07 M Igtéusnl (

Streptococcus iniae Pseudomonas aeruginoa MI C = 5. B¢@oli)e g/ ml (
Shigella sonnei MI C = 8. 8.entegiogg/ ml (
Klebsiella pneumonia MI C = 7. 86o0nmig/ ml (
Enterobacter cloacae MI C = 6. B.8loaegg / ml (
MI C = 8. R aerugimpgaml (
MI C = 7. (K. pneenpriaml
MI C = 9. 8.Hiag g/ ml (
Ml C = 8. A bydrepgild) ml (
Ml C = 6 £.athigahgm!|  (

Note: AMPs, antimicrobial peptides; AMGs, antimicrobial peptide gefi&€%; channel catfisfictalurus punctatus BC, blue catfiskl. furcatug;

AC, amur catfisi(Silurus asotus YC, yellow catfish(Pylodictis olivarig; H 4., thd&moglobirderived peptide; HLP, historike protein; BPI,
bactericidal permeabilitincreasing proteinLEAP-2: liver-expressed antimicrobial pepti@ePGyin, the mhimum protozoacidal concentration is
the lowestconcentration that causes the death of at least one paPaGite.100% protozoacidal concentration is the lowest concentration where
all parasites dieMIC, the minimum inhibitory concentratn is definedas the lowest concentration that reduces battgrowth by more than
50%
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researcherarguethat LEAR2 and hepcidin arglenticalin other speciedHoweverbased on the
genomiccontents and characterizatiaf channel catfishthe precusor of the former is on
chromosome 23 (location: 16548086548089) while the latter is arthromosome 7l¢cation:

2040198320403674) Therefore weregard them as two diffene AMPs encoded by twgenes
(accession number&Y845143,AY834209, respectivel (Liu et al, 2016.

All of these bur sequenced AN@s exhibit diseaseesisance properties by increasg their
expression when invaded by pathogd®scently, another catfish AMBaRpAMP, was isdated
from the skin ofAmur catfish (Silurus asotus which originatedfrom theC-terminal region of

60S ribosomal protein L2&ndcomposed of 33 amino acid®h € al., 2020.

24 Structures

Based orthe 3D structuresthe following 14 main catfish AMP€ an b e d i -kelicdle d
AMPs (acipensinl, hipposin buforin 1, histone 4 an& h L v s-&hget AMPsgcolopendin and
hepci din), and regligamend,ubiguitif, eotdxim2sLEAR2, CCL1, BPTI and
TCP) (Figure2). The baic protein architeare of the majority of these AMPs is a short 3¢10)
helix. All these 14AMPs, excepfor ShLvsG, which is not charged, are cationic. Besides, catfish
skin peptide, chromogranin A, HbbetaP and b#étigmosin arealsonot charged. In adtion, we
found anotler 6 anionic catfish AMPs, includinpe N-terminal regionof surfactaih protein B
(SPBN), betaamyloid peptide, betagicroglobulin, vasostatin and TroTbetakhis confirms
that catfish have a diverse AMP repositoatzenback2015 statedthat fish AMPs can be
divided into five categories according to thetructures: et h e | i cdefdnsinss piscidins,
hepcidins, and histone derived peptides. Howelasg on our BLASTP resultthe putative
innate AMPs of catfish @ not completely correspond these classifications, mainly because
these peptidesriginate from diferent protein fragments thabaot necessarily fall into these

categories.

2.5 Properties

Length,netcharge.and hydrophobicity are important stru@lproperties that directly affethe
function of AMPs(Hancockand Scott, 2000Yin et al., 2013. However, these characteristics
have not beeninvestigatedin catfishderived AMPs.Catfish AMPs range from 24 to 184

residues with an average @2 amino acidsln generalmostAMPs havebeen identified as small
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peptides with around 50 anu aid residuegValero et al., 202), althoughrecent research has
found some exceptia{Mookherjeeet al, 2020. Likewise,Hancock and Sco{000 indicated
that extended AMP fragments usually e&se antimicrobial activityAlthough catfsh AMPs are
charged with dversity, the average net charge +5, which is consistent with the charge
characteristicsfomost fishAMPs.

Hydrophobicityis usually kept within a certain range, and if it exceedalts below this limit, it
causes hemolysi of the hostcells (Mookhejee et al., 202). For example,a fragment of
cathelicidin 1 of Atlantic salmon islight hemolytic with a27% hydrophobic ratidHR) (Wang
et al., 201§, but H2A is highy hydrophobicwith a HR of 50% and exhib& some hemolytic
propertiesvhen theconcentrationreachs 0.3 uM (Brunneret al., 202). From our summarythe
hydrophobicity of catsh AMPs is between teetwo, and the average HR i$.5%6. Catfish
parasin land pelteobagnihave been showro benontoxic and no-hemolytic(Parket al., 1998
Su, 201). Theoretically,theyreduce the @ssibility of hemolysis ithey aredevelogdto treat
diseases @oss speciesThus far, the categories and properties of catfish AMPs hlagen
determired mainly based on human and mammalistudes combinedwith catfish whole
genome analysis comparedthwthe APD3, but more research shoulddomdicted to further

verify their functionalities

3. Antimicrobial activities of fish AMPs
3.1 Antibacterial activity

The antibacterial properties of ARS have beenintensively studied compared to other
characeristics of AMPs, and of course, is of the dgesa interest for potential aquaculture
application They protect the host frotvacterid invasion via direct antimicrobial activity, which
is attribued to their epacity to form pores and disrupt cell menmiea(Olivieri et al., 2015;
Mookherjeeet al.,2020). Moreover, they also shoan antibacterial function against antibietic
resistant bacteai straing(Nogaet al., 200%. Indeed there arealsomary fish AMPs &hibiting
antimicrobial functions against ndish pathogens (revievereir). The bactericid activity of

fish AMPs underin vitro conditionshasbeen widely documented.

All the isolded catfishderived AMPs or identified AMGs exhibited ati@cterial properties
against divers pathogengTable ). Robinette et al(1998 concluded thaHLP-1 from the

catfish skin had a strong bactericidaleffect onaeromonads anderomonas hydrophilavas
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totally inhibited at 50eg/ml, which was as efficient as magaininHowever, the bactericidal
efficacy of HLP-1 againstA. hydrophiladependsipon the strairof the bacteriumand different

strains have different sensitis In addition,HLP-1 cankill Escherichiacoli with the lethal

concentr at i(Robinettetet a)d993.7 ¢ M

Park et al(1998 used ten pathogens to determine the minimum inhibttongentration (MIC)

of p aramAMP deriied from Amur catfish histone2M and it was areffective AMP for

killing bacteria and fungi. Comparéedo b uf or i n | or magawaslh 2, t
eg/ ml , whi ddurthiorsoneoundregth athe eoncentrationfor buforin | or magainin

2, suggesting a strongbactericidal efficacyAl t h ou g h p a togossitanhisttne #As h o mo
itisr egul ated by cathepsin D. Heal t hy catfish s
inactivation pro-cathepsin D)lt is only when the skin is damaged that the injumnslatesa
metallopraease anthe precursoof cathepsin D (pracathepsin Dto form the mature cathepsin

D, which cleaves the S@Q)Arg(20) bond of HA to producep a r a (Choretalt 2003. This

inducible mechanism has be@bservedin fish, including rainbow trout, loah (Misgurnus
anguillicanddus) and eel(Anguilla japonica (Cho et al.,, 2002 Molecular level studies
suggested that the expression of cathepsin D was upreywhaten catfish were infected by
bacteria(Petrlovaet al., 2012 with the purpose oprodueng more AMPs to resist thervasion

of pathogens.

Similarly, the Hb B1Pfrom channel catfishalso exhibited bactericidal function againsA.
hydrophilaandE. coliwi t h t he concentrations of 12.5 e¢egl
HLP-1 (Ullal et al., 2008 Compared with parasin |, yellow catfish pelteobagrin canbihhi

bacterial growthat higher concentrations against the sabacteria $taphylococcus aurewsd

Bacillus subtilig, indicatingthat parasin hntibacterial activity is higher under these ctiods

In addition, the most recently discoverddghly effedive catfish AMP,SeRpAMP has been

shown to inhibit 1 specie of bacteria with the MIC at aroudd0 ¢ @h en&, 2020.

3.2 Antifungal and antiparasitic activities

Although parasitic and fungal diseases are also common in fish, they have been lesslistudied.
catfishinfectious diseasethe mostcommon parasite and fungocumented arkehthyghthirius
multifiliis (Ich) andCandida albicansrespectivelyC. albicansis one of the most widely studied

fungi in catfish, and parasin |, pelteobagrin &@RpAMP allinhibit this species with different
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MI Cs : 1 eg/ ml, 64 ¢ g/ ly(Tabla §.dn aéddion,cpgrasimll can kille s p e ¢
fungi Cryptococcus neoformarsd Saccharomyces cerevisiaet t he concentratio
suggesting that fungi are sensitive to parasin |

HLP-1 not only has bactericidal effect, but also inhibits fuagjt showed sigricant antifungal
activity against Sgprolegnia spp., which was stronger than that of magainin HLP-1
significantly and continuously preventé&d prasitica germination to less than 5% in a-d8ur
time course antifungal activity evaluati@xperiment(Zasloff, 1987; Robinette et al 1998.
Ullal et al. (2008 proved thatich trophontscan be killedusingH b B1Pat the concentration of
6. 3 t o 1Rkcebtly,psgdinsderived from yellow croakekgrimichthys crocephave
been shown to demonstratparasitiedal activity againstCryptocaryonirritans by causing
macronuclei swelling, cell membrane rugtand content leakage of therofdbeng et al., 2020
2021).

3.3 Antiviral activity

AMPs are known asantiviral agents,althoughreports in the literature focus more on their
broadspectrum antbacterial activity. At present,the study of antiviralproperties mainly
focuseson fish hepcidins, piscidinanddefensinsagainst a diversity of viruse€hia et al (2010
firstly reported the possible antiviral mechanism of fish AMPs by analymagtivation of
nervous necrosis virus (NNV) bilapia hepciths, and they exhibited amtral activity by
agglutinating viral particles into clumps so that the viruses werekédboutside the cells.
Additionally, the synthetic SAepcidin2 derived from the spottestat Scatophagus argiis
showed antiviral functio against largemouth bagslicropterus salmoide} reovirus (MsReV)
andChinese perchSinipercachuats) rhabdovirugSCRV) (Gui et al., 201§ The effectiveness
of piscidinspurified from hybrid striped bass against channel catfish Y&@V) and frog vius

3 (FV3) has been demonstrated by plagqssay at different concentratio(Shincharet al.,
2009. In the case of defensints,h edefdnsin from the liver of the orangeotted grouper was
shown to reduce the Singapore grouper iridovi&G1V) and NNVinfectivity (Guoet al., 2012
Furt her mor edefengiredam @duce fattion fby the spring viraemia of carp virus
(SVCV) accompanying the upegulation of Mx(myxovirus resistancejene expression after

infection (GarciaValtanenet al., 2014. Ra i n b o w-defensm texhibitbd strongirucidal
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ability in regardto the viral haemorrhagic septicaemviaus (VHSV) when it was transmitted

into the epithdioma papulosum cyprinid (EPC) cdithe with a plasmidFalcoet al., 2008

4. Factors affecting AMG expression
4.1 Pathogenicinfection

The activation oAMPs is usually accompanied by the regulatiorafimcrobial pepide gene
(AMG) expressionAn increasing number aftudies have proved that ABfexpression increases
significantly when orgasims are stressed by pathogeks.ageneticmarker of fishhealth and
welfare, chronic stressesan lead tadownregulation of AMP®f the fish(Nogaet al., 201).
Therefoe, the molecularesponse of ANBs is vital to fish survival and growth, especialiythe
context ofinfectious diseasemnd abiotic stress.

Hitherto, the expression of AGk has been extensively researched in fig{s. one of the most
important members oAMG family, hepcidin has been wideipvestigate in fish, including
medaka, Atlant salmon,white bass, as well asatfish(Bao et &, 2009. In channel catfish hie
expression of hepcidigenewas significantly upregulated in head kidney and spleen but not liver
after 24-h Edwardsiella ictaluridchallenge.However, afterStreptococugniae infection, the
hepcidin of white bass was upregulated over 4f0d in the liver (Shikeet al., 200®, which
indicated that the pattern ohepcidin expression is tissugpecific and infection speofi
Bactericidal permeabilitincreasing protein (Bl) can be detectedt the early stage of
development ands widely expressed in various tissugfschannel catfishit was significantly
upregulated within 48 h postfection, and therremainedat high levelsfor 3 to 7dayspostE.
ictalurid treat(Xu et al., 2005;Petrlovaet al., 2013. Similar to BPI,catfish LEAR2 genewas
expressed in a variety of tissues except brainstochach which was different fronrainbow
trout that showed expressiam the liver and intestin€Zhanget al., 2004Bao et al, 200§. This
indicatel that AMG expressionwas not only tissue specifibut 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 aggregéfdsuet al., 2018 and the expressioof
AMG effector cathepsin D was dramatically induced after infectionEofictaluri and F.
columnare(Li et al., 2012; Sun et al., 20L4Although the expression profi®f catfish AMGs

are diverse, thear expressiorns rapidly upregulated in a short period of tifi® h postinfection),

suggesting that tlyeare quickly involved ininflammatoryresponsgto pathogen invasiom a
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tissuespecific manner Additionally, RNA-Seq dataconfirmed that two AMG families,
cathepsingWanget al., 2013;Donget al., 2015 and chemokine@~u et al., 2017alZhu et al.,
2017 were induced afteE. ictaluri infection in fish. Based on the summarAMGs display
tissuespecific or pathogespecific patterns ofexpression indicating distinct functions and

disparate roles irmmunity.

4.2 Abiotic stress

AMGs are not only induced by pathogen invasion, &ugw studies indicate that they are also
involved in physiological and genetiegulation under abiotic stresBhis may be attributetb
the increase diseasencidentswith exposures t@nvironmentalstresseswhich induceinnate
AMPs to combatagainstthem, especially when exposed tedt streseind hypoxigGeng et al.,
2014;Zhou et al., 2018 Heat shock proteins (HSPaje producedby cells andare ascribedto
heat stimuli, serving as powerful predictors of environmental stg@w et al., 2016
Members oHSPproteins, such as the HSP40 famiM&P70family and the HSP90 famijyere
significantly upregulated after heat chatige in fish(Liu et al., 2013 Similarly, one AMG
family, cathepsingcathepsin B, cathepsin D, cathepsin L and cathepswezg slightly up
regulated to 2.2, 2.9, 4.5 and 2.6 foldshagill after heat stimul{Liu et al., 201p Furthermore,
the CC ad CXC chemokine families were involved in the hypcesavell asdiseaseaesponse
(Fu et al., 20173bindicaing that similar pathways or mechanisai the responses tioypoxia
and bacterial infection in fislandthis interdependence of hypoxic respaaed innate immune
responsedave also beendetected in mammal&inkernagelet 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 aigbei
health care industryvhich is engaged in the treatment or prevention of many diseases in human
as well as fis(Heuer et al., 2009Cheunget al., 2015Mookherjeeet al., 2020Valeroet al.,

2020. Thecurrentapplication of AMPs in reducing ¢hcost of disease in the aquaculture sector

mainly includes immunostimulan(Sakaj 1999.

Alternatively, it is theoretically feasible to transfer exogenousGSMo the target organisms

through transgenic technology faroduce diseaeresistam lines of specific species Great

-17-



achievements haveeen accomplisheith this directionin recent yearsSome progresshas been
achieved byintroducing exogenous AMs of interestinto fish of interestthrough genetic
engineering or CRISPR/Casfediated targeted gemesertion which would be a sustainable
prophylactic strategy for acquiring hereditary high diseassistance. In this sense, a new
modified donor genome generated by CRISPR/Cas9 cart ioseing sequences of foreign
AMGs into the appropriate regions tdrget genome, potentiating AMP expression at the
specific sites.

5.1 AMPs act asimmunostimulants

The use of alternative feed ingredients may not only affect thewfedfare,health, nutrient
utilization, growth, and fillet qualitybut also intestinaiicrobiota. As nature provides a variety

of bioactive peptides such as AMPs from bacteria, algeecs, plants, crustaceans, csab
mollusks,and fish as well as milk and milk products, researchers have been exploiting their
potential as novel food pservatives and food additive@vadrazo and Campos 2020)
Commercialization oAMPs ha experiencegroblemsduring theinfant stages of clinical design,
clinical trials, funding sources and regulatory hurdfesx, 2013.

In aquaculture, considerableeatition has been paid to the use of imosiimulantsto enhance
activities of the immune system to improve the disease resistanfegnoéd fish(Sakai, 199%

As potential immunostimulantgxternalAMPs administered as feed additives to regulate-non
specfic immunity have been proved to playial role in the prevention of fish disead&akai,
1999 Kumariet al., 2003AbdelWahabet al., 202

In the previous literature, the most widelgcumenéd AMP is bovine lactoferrinBLF), which
has beerusedin 11 aquatic species, including tvepeciesof catfish, Asian catfishGlarias
batrachug and channel catfishl.(punctatuy (AbdetWahabet al., 2021 The nonspecific
immunity and disease resistance agafshydophila of Asian catfishcan begainedwhenthe
BLF was added to a regular diet at 100 mgheding for 1 weeKKumariet al., 2003 Welker
et al. (Welker et al., 201) establisheca minimal concentratioof 1,136 mg/kgBLF in feed
againstE. ictaluri infection for juvenile channel catfishand this level is in agreement with
Kakuta (1996 who reportedthat dietary lactoferrin supplementation up tQ0Q0 mdkg
improved growth performance in goldfisiEqrassius auratysafter 4 weeksHowever, the

amount and period of oral additives are degendn the species and individual size of the fish,
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and there is no unifornformulation at presentFor instance400 mg/kgof dietary BLF can
significantly improve survival ratef yellowfin sea breamAcanthopagrus latysuponchallenge
with Vibrio harveyi, and this levelwas optimalregarding the capability of killing bacteria
compared to 800 and,2D0 mg/kg(AbdetWahabet al., 202). Concentrationdluctuate for
different fish species and various pathogemdicating that the BLF as feed additive lsp®cies

specificity.

As a detary supplementatiorthe cecropin fromHyalophora cecropia(accesn number:
AAP93872.1) was added to common carCyprinus carpi9 basal dietsat different
concentrationso improveimmunity by increasingexpression of cytanes and IgMDonget al.,
2019. Lin et al (2015 reported that cecropin increased the disease resistance @gai@sinii
in tilapia when the diet was supplemented with 150 mg/kg cecropiaddition to BLF and
cecropin,a recombinant hepcidin pegé was added to grass carp feed formula, andgiiate
againstF. columnarewas achieved via regulation tiie iron distribution and immune gene
expression(Wei et al., 2018 Pridgeon et al(2013ah) developed twaecombinant plasmids
containingchickentype (pcDNA-Lys-c) andgoosetype (pcDNA-Lys-g) lysozyme which can
be used as novel immunostimulants to protect channel catfish agaihgtrophilainfection
For theseplasmid DNA immunostimulants,Pridgeo® geam delivered these plasmid DNA
immunostinulantsto the fishvia intraperitoneal injeddn and the challengexperiment revealed
that these noveinmunostimulant®ffered 100% protection again&t hydrophilaat 2 days post
injection (Pridgeoret al., 2013h).

5.2 AMGs act as transgenes

Genomeediting tools have revolutionizethe ability to accelerate the pace of aquaculture
breeding, bringing edibl@roducts,ncluding growth hormone gen&ansgenicAtlantic salmon,
AgquAdvantage salmo(Ledford, 2015;Waltz, 2017, leptin receptogene editediger puffer and
myostatindisruptedred sea breamhftps://doi.org/10.1038/s4158%21-0119%8) as commercial
applicationsIn addition,geneedited tilapiahas been exempted from genetically madif{GM)

regulation in  Argentina (https://thefishsite.com/articles/gerditedtilapia-securesymo

exemption. This initial commercializatiormay lead to increased memtum forGM fish to
reachthe table in the futureAs food additives, AMPs can effectively improve the désea

resistance of aquatic animals in a short teamg their integrity and stabilitdgepend on the
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concentrations and physiological status of {ishkutg 1996;Welkeret al., 2010AbdelWahab

et al., 202 However, from a genetic perspective, if germline of fish of interest harboring the
external AMG that anfers the host more antimicrobial activities ahd resistance is multi
generatioal, this would momentously increase the output of any aquacultured fish production,
relatively lower the mortality and cost, and increase the pi@fitrently, the introdation of
exogenous AMGsvia geneticengineering and CRISPR/Casfs attracted the attentiarf

researchers.

5.2.1Transgenes

The AMGs introduced into aquatic animal& transgenic technologyo improve disease
resistanceprimarily focus umn cecropin(Dunhamet al., 2002, Sarmasiket al., 2002 Chiou et
a., 2019, hepcidin(Hsiehet al., 2A0), epinecidin(Leeetal., 2013, piscidin(Lin et al., 201§
lysozyme(Yazawaet al., 200§ andlactoferrin(Zhonget al., 2002Mao et al., 2004;Lin etal.,
2010 andthese AMG transgenesave beerstudiedin nine species of fish, including two model
fish, zebrafish(Danio rerio) and medak#Oryzias latipa¥ (Sarmasiketal., 2002;Yazawaet al.,
2006; Lin etal., 2010 (Figure3).
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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 diseadds. 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 usethsgetigin
grass carpG. idella) and channel catfish. (punctatu$ for evaluation of LYA(B) A variety of pathogens
were involved for each parameter. For example, one bacterial spAcibydrophilg was used as a
pathogenic infection in grass carpdaohanel catfish for evaluation of LYA. Ich, Ichthyophthirius
multifilis; GCRV, grass carp reovirus; IHNV, infectious hematopoietic necrosis virus; TP3, tilapia
piscidin 3; TP4, tilapia piscidin 4; TH2, tilapia hepcidin B; TH1-5, tilapia hepcidin 3; PGRN1 a

type of progranulin gene from Mozambique tilapia; GRNGRNA, AMGs from Mozambique tilapia to
produce secreted GRN peptides;-CF, a synthetic cecropin B analog; IRGE, the expression of immune
related genes; TGE, the expression of exogendd&gs CR, cumulative survival rate; LYA, lysozyme
activity; CFU, colonyforming unit of bacteria.

The cecropin B gene, first discovered from the mdtlyalophora cecropip was the first
exogenous ANG to be integrated intthe genome of fishThe disease resistee againstF.
columnareand E. ictaluri of F1 channel catfisipossessing cecropin gene wasr@ased by
27.3% and14.8%, respectivelyDunham et al., 2002 and cecropintransgenicchannel catfish
conferredthe similr resistance tdch in hybrid catfish (channel catfish femal& blue catfish
male) (Elaswadet al., 2019 Sarmasik et ali2002 applied the same construct inteedakathe
result wasin agreement wittDunham et al(2002, asthe F2 progeny ofcecropintransgenic
medakaacquired enhanced istance td?seudomonas fluoresceasdV. anguillaruminfection.
In addition,two cecropin constructs,opcine cecropin and one synthetic cepin analog, were
used to generatéransgenic rainbow troutexhibiting resstance against both bacterigA.
salmanicida) and virus(infectious hematopoietic necrosis virus; IHN{Ghiou et al., 2014
These resultclearly indicated thatcecropirs as antimicrobial peptidgeneswere powerful

candidate gersfor improving diseaseesistance of aquatic animdts aquaulture.

In addition to being used as immunomodulators or addjtiaesoferrin and lysozymeerealso
integrated intdish to improve disease resistan@es a transgee, the humanactoferrin (hLF)
genehas beenwidely introduced into plants, such aséxco(Mitra andZhang 1994. For fish,
hLF-transgenic grass carp exhibited enhanced resistance agaihsidrophilainfection by
improving the phagocytic activityMao et &, 2004, and it also has been proved tbe an
antiviral againstGCH virus(Zhong et al., 2002 In addition to hLF, bovine lactoferrin AB) was
alsostudiedin fish, anda diseasaesistant line of zebrafistarrying LFBwas produced which
wasmore resistant t&. coli, E. tardaandA. hydrophia (Lin et al., 201). Lysozyme is presit

in a wide varietyof organisns, including aquatic animals. In order to verify that foesign

-21-



lysozyme has a higher bactericidal effect than itheate ong the hen egg white (HEW)
lysozyme gene was introducedonzebrafish, anthe results showed d@hthe disease resistance
was gratly improvedn F2 transgenigndividuals(Yazawaet al., 2005

In addition to lysozymepiscidinandepinecidinare alsdish-derived AMPs Interestingly, when
the fish musclevas injected with endogenouymscidin orepinecidin-1 via electroporationt can
greatly increase the overexpression of immuakated genes in the body, thereby improving
disease resistangeee et al., 2013; Lin et al., 20L6Although the construct containg AMGs
electroporatd intramuscularlganremainin the body forup tooneyear(Mir et al., 1999, their
heritability wasnot testedln addition to thes&AMGs applied in antimicrobial studies potent
antiviral gene, M, has also been used in antivigtilidies infish. Mx protein possesss direct
antiviral activity and inhibg multiple viruses by blocking the viral genome replication cycle
(Haller et al., 2007, which hasbeen proved in me and humaiiPavlovicet al., BD90; Arnheiter

et al., D0O7). The first attempt to apply thilx gene toaquatic animalsvas toconquerthe grass
carpreovirus (GCRV) in a rare minnow(Gobiocypris raru}, ard the offspring of genetically
modified fish hae greatly improvedantivirus ability (Suet al., 2009,

Obviously, AMGs can be transferred frorane speies of fishto another, or from other
organisng, and can enhance disease resistanme expressing corresponding priote or
promoting innate immune response in the body. Compared to food additives or
immunomodulatorsthe transgerc approach has the advages of allowing the fish always be
ready to respond to disease, the resistance is-garigrationgland once aturally incorporated
no additional cost is incurredll approaches mentioned would be considearapplication of a
drug by the US Foodnd Drug Administration, anall have this disadvantage of having to clear
the approval process for commercial apgiion.

5.2.2 Genome editing

To achieve sitespecific repair or gene modificatidlw enhance seval traits simultaneously
gerome editing technology, includingZFN (Kim et al., 1996;Doyon et al., 2003 TALEN
(Miller et al., 201) and CRISPRCas9(Jinek et al, 2012 Conget al., 2013 has developed
rapidly and applied in aquatic amal breedingo improvecommercially relevantraits, ncluding

reproduction and fertilityQin et al., 201§, fatty acid compositiofiChenget al., 2014Huanget
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al., 2@1), growth rate(Zhonget al., 2016Khalil et al., 2017Zhanget al., 202) and disease
resistancgElaswadet al., 208; Simoraet al.,2020q).

As the principal family of AMPs, cathelicidins play a pivotal role in immunesrie# against
microbial invasions, and are widely present in various organisitisding humans, plants and
aquatic animals, buhey are absent in catfigMaier et d., 200§. Recent studies have shown
that alligators are rich in cathelicidins, and these peptides ofrticedilian are more powerful
than those from other speci@hen et al., 2017 Moreover, comparkto moth cepin B, sea
snake cathelicidin, floura pleurocidin and ampicillin, alligator cathelicidin shows highest
effectiveness against bacterial pathog@imora et al., 202). In order totransfer this powerful
diseaseaesistant AMP into nowathelicidin speies, sane pioneer work haseendone va
CRISPR/Ca9 technique. Simora et &0200 investigated the bactericidal ability of the
cathelicidin gene derived from American alligatédligator mississippiens)sand compared it
with cecropin and pleurocidinThe resultsshowed that alligator catheidin had strong
bactericidal effect againd. ictalurid infection. Subsequently, it was integrated into the-non
coding region of channel catfiglenome via CRISPR/Cas9, these cathelieichnsgenic fish
possessegbotential anti-viral and antimicrobiakctivities (Simoraet al., 2026). Additionally,
cathelicidin gene was introduced into the genomes of another two catfish species, blud .catfish (

furcatug and white atfish Ameiurus catusatlh locus (Wang et aunpublished data).

Unlike inserting foreignAMGs, knocking out immuneelated gene® regulategene expression
or disturb pathwaysan also improve disease resistantdew other genes, TICAM1/RBL in
chamel catfish (our lab), TLR22 in rohu carpapeo rohita), stat2 ina Chinook salmorembryo
cell line ©. tshawytschg JAM-A in a grass carp cell linand PoMafl inolive flounder P.
olivaceus cell line,summarized in Gratacap et &bratacapet al., 2019 and Blix et al (Blix et
al., 2021 have ben mutatedmodifying the immunity of the fish andincreasng the hosts
disease resistanddsing CRISPR/Cas9 tool to edit TLR22linrohita carp abolished its mMRNA
expression, but phenotypic traits evaluation on the mutant genotypes had npedeemed
(Chakrapaniet al., 201§ Expressim of TICAM1 gene in channel catfish was dramatically
upregulatedagainstwith E. ictalurid infection (Baoprasertkulet d., 200§. Based on this
assumption, Elaswad et @§Elaswadet al., 2018 attempted to enhancke disease resistance by
knocking out TCAM1 and RBL Mutant atfish of R and R generatiorhave been producdult
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not thoroughlyevaluatedThis strategy has beeniccessfullyapplied againsgrass carp reovirus
(GCRV). As an immunoglobulin member, JAK serves as a receptor for reovi{éstar et al.,
2009, and JAMA expression aa support reovirus infectio(Bartonet al., 2001 In this way,

Ma et al (Ma et al., 201Bexploited CRISPR/Cas#nockoutgrass carp JAMA gene, inducing
disease resistancgainst reovirus infectiom cell lines In a second case of Chinook salmon cell
line, knockout of stat2 increasedral resistance as seen the increased production of viral
particles of the DNA virus, @zootic hematopoietic necrosis virus (EHNV), and Ri¢A virus,
salmon pancreatic disease&rus (SPDV), but less ssRNA viral particles, viral hemorrhagic
septicemia wus (VHSV) (Dehler et al., 2019 In a third hirame natural embryo cell line of
Japanese flounder, knockoBoMafl (an RNA polymerase (pol)lltassociated transcription
repressorysing CRISPR/Cas9 increased the VHSV glycoprotein (G) mRNA levels during viral
hemorrhagic sdcemia virus infectionKim et al., 2020. Although CRISPR/cas9 technology
has been successfully appliedhe researchfaliseaseresistah enhancemerdf aqudic animals,
further pathogen infection experimeimsvivo are needed to verifiys value regarding knock out

of AMGs and other immun@ssociated/responsive gerikat could potentially increase disease

resistance fiospecialized cases

The rapid developent of biotechnology especially CRISPRas 9 techniqueopers the
possibility for novelapplicationapproaches of AMGs. In thigin, we focused on rgewing the
application of AMPs/AMGs to improve disease resistan@@ aquaculturethrough genetic
engineeing and geomeediting. Although an increasing number of fish AARAMGSs have been
isolated ad identified, only a smallgation has been studied for potential applications because
of several insurmountable issudés.general whether testing the physicashical properties or
bactericidal potency of a novel AMP or applying itactualproduction,the need for sufficient
guantity of AMPs for adequate testingg the first step to achievihesegoak. There are three
main ways to accomplish this needjirect isolation and purification from natural products,
chemical synthesjsand biotechnolagal production. However, he source of naturéMPs is
limited, and the chemical synthesis has the problems of high cost anzlltiffin batch
production.Fortunately based ommolecular biology, especially genetic engineering technology,
it is a feasible wayagenerategurified peptides harnessinghe power ofplantbased production
systemsFor instanceplant production of regaobinantfish cytokine interleukin22 (IL-22) has

been achieved inhannelcafish, and the plantnade 1-:22 isof high quality at siufcient yield
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(5.4 mg/kgfresh tobacco leaffElkins and Dolan, 2091 Except for plarbased production
systems, bacteri@nd yeast expression systems are apguied, such as grass carp CXCL20a
(Zhang et al., 2021; Wang et al., 2022n the one hand, iprovides the possibility to produce
a large amountfdigh-purity AMPs atlow costandsolves the shortage of some spgc AMPs.
On the other hanayncegeretically modifiedconceptsare accepted by thmublic and the market
highly diseasaesistant aquatic animals carrying AlGreated by genetic enginegy or
geromeediting couldhave many practical and economic ateges

Although, public acceptance an issue, partially because of problems with public education,
transparency in regulatory approaches and governance,igstadnt of trust and othéactors
(Dehler et al., 20;9Dunham, 202R consumers in Chinah¢ US and around the world are likely

to be increasingly accepting to genetically engineered (GE) food when it lowers food costs or
increases nutritional qualitgBai et al., 2004 Curtis et al., 2004Hallerman et al., 2022 The

public is becoming incresengly aware of and coeenedaboutanimal welfare. Insertion of genes

that enhance health and wbking of aquatic organisms will likely be among the first strategies

to gain public approval.

6. Objectives

The longterm goal is to genetically improveoverall catfish performance induding disease
resistancerevisablesterility and growth ratein both channel catfishctalurus punctatus and
blue catfish,l. furcatus Our suppoititre/specific objectivesare 1) Replace theluteinizing
hormone(lh) genewith the cathelicidintrangienefrom the alligator (Alligator sinensisAs-Cath)
followed by hormone therapy to gaintdb reproductive control and confinement of disease
resistant transgenchannelcatfish 2) Integrae the AsCathtransgeneénto thetargetlh locusof
blue catfish using two CRISPR/Cas9nediateddelivery systera assisted bylinear double
stranded DNA @sDNA) and doublecut plasmid(dcRasmid), respectively 3) Genera¢ duat
gene integratedgenetic lines using transgenichannel cdish foundes caupled with a
CRISPR/Cas9nediated systemfor the introduction of a second gendo improve disease
resistance4) Establishthe linear dsDNA and doublecut plasmid(dcPlasmid)combiration
assisted multiplex genome editing in channel catfish allowing combindiond deletion

mutagenesis ahtransgen&nockin at multiple sitewia theNHEJHDR pathwayin parallel
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CHAPTER TWO

Generation of eo-friendly channelcatfish, Ictalurus punctatus harboring alligator
cathelicidin genewith robust diseaseaesiganceby harnessingdiff erent CRISPR/Cas$
mediatedsystens

Abstract

The CRISPR/Cas9 platform holds promise for modifying fish traits of interest as a precise and
versatile tool for genomemanipulation To reduce introgression of transgene and control
reproduction cafish speces have beestudied forupscaéddisease resistance amterveningof
reproductionto lower the potential environmentakisks of i nt r ogr essi on of
transgenic animalsTaking advantage othe CRISPR/Cas9nediated sstan, we succeede in
integrating the cahelicidin genefrom an alligator (Alligator sinensis As-Cath) into the target
luteinizing hormone If) locus of channel catfish I¢talurus punctatus using two delivery
systens assisted byoublestranded DNA ¢sDNA) and single stranded oligdeoxynucleoties
(ssODNMs), respectivelyIn this study, high knockin (Kl) efficiency (22.38%6, 64/286§ but low
onrtarget was achievedusing the ssODN strategy whereasadoping a dsDNA as the donor
templateled to an efficient on-target KI (10.80%, 23/213. On-target KI of AsCath was
instrumental inestablising the |h knockout (H' As-Cath) catfish ling which displayed
heightend disease resistance amelducedfecundity compared tothe wild-type sibling fish.
Furthermore,implanting with HCG and LHRHacan restorethe fecundity,spawrability and
hatchabilityof the new transgenidish line. Overall, wereplacel the h gene withan alligator
cathelicidin transgenand then administeredormone therapy to gaioompletereproductve
control of disaseresigant transgeii catfish in an environmentglsound mannefThis strategy

not only effectively improves the&onsumeivalued traits, but alsoguards againsgeneic
contamination This isa breakthroughn aquaculturegeneticsto corfine fish reproducton and
prevent theestablishment of transgenic or domestic genotypes in the natural environment.

Keywords:
Genome editingssODN, dsDNAantimicrobial peptidemmune reproductive confinment
aguaculture
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1. Introduction

Innovative biotechnolgies conthuously devedp as science advances, benefiting food
production qualityas well asanimalandhumanwelfare Since itsinception CRISPR/Cas9
(clustered regularly interspaced short palindromic repeats/CR#SBétiated protei®) has
served as aprototype in genome egineering paving the way fornew possibilities in
transgenesiaind breedingTwo mechanismsre involved for DNA repair whedouble strand
breaksare induced by th€RISPR/CasTomplex: nonrhomologous end joiningNHEJ) and
homologydirectedrepair (HDR)(Doudna ad Charpentier, 2034Both mechanisamediated
strategies have been employedquaculturéo improve the consumaalued qualitiegargeted
within genetic breedingorograms These harnessthe NHEJ repair pdtway to knock aut
(KO)/disrupt functional gens or knock in (KI) exogenous geseof interestvia HDR atthe

expected logsto improvethe target trag

Numerous CRISPR/Cas9 systems henerge recentlyto improve targeediting efficiency for
Kl via the HDR pathway.Successhas been observed inaael animals havdoeen shown
successsusing ssODNmediated K¢ for the targeted insertigrof small DNA fragments since
singlestranded oligodeoxynucleotides (ssSODNs) act as templateeganng DNA damage
(Storici et al, 2006; Clen et al., 2011; Wefers et al., 201¥oshimi et al (2016 haveoptimized
the ssODNmediated appmch to knockin larger sequencesby the combination of
CRISPR/Cas9 system with two -8 ssODNSsin length. In contrast to conventi@ plasmid
dorors, the dnor vectorusedin this system does not requitemologousarms(HAS), enabling
the insertion ofilarge vector (CAGGFP, 4.8 kb)nto thedesignatedite {Rosa26¢ with a~10%
integrationrate in rat zygotegYoshimi et al., 2016 Later, using the CRISFR/Cas9ssODNs
mediated Klsystem a 10.96% KI efficiency in sheep zygotes wlasermired (Mehravara et al.,
2019. Boel et al (2018 first apdied this optimized system to a fish model, zebra{iSanio
rerio), andsequencingesuts revealed tht erroneas repair was more likely to occur when
ssODNSs were used as repair templatdigrnatively, the modied donor plasmid containing two
HAs flanked by twosingle guide $gRNA)-targeted sequences (doublgt donors)typically
resultsin a site-spedfic KI with a high integrabn rate (Hisano et al., 2015; Zmng et al., 2017
and this HAmedicated Kl hasbeen adaptedto zebrafish and medak&Oryzias latipe¥
(Murakami et al., 2017Zhanget al., 201Y. Theoretically if we directly offer a linear doble-
strarded DNA (dsDNA) flankd by two HAs derived from & a n d- er8l€of the targeted site
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and ignore the difference in stability between circular DNA and dsDNA dather] effi ciency
will increaseby conventionlIn adlition to the ype of donors,a properconcentration of each
component othe CRISPR/Cas9 systetres a great positive impact on Ky reducing offtarget
eventsand embrydethality. In thisregard we anticipate dueving extremely efficient Kl if a
reliable delivery systemandanoptmized dosge of componentgre chosen in a nemodel fish

species.

Currently transgenesis andCRISPR/Ca3-mediated genomeediting have revolutionized
traditional theorie$o accelerge the pace ohquaculturdreedingprograms and deliveed edible
commercial praucts,such aghe geneticallymodified AquAdvantage salmofiedford, 2015;
Waltz, 2017, geneeditedtiger pufferfish andred sea breanhtips://doi.org/10.1038/s41587
021-01197-8, 2022). Althoughthe NHEJ strategypredominatesn alteringthe consumeffocused
traits of fish speciesincluding growthcoloration and reproductiorthe HDR-mediated Klis an

effective way to improve the omeg-3 fatty acid contentand diseaseesistance(Warg et al.,
2022; Xing et al., 20223bln compaisonto the nortinsertion of KO mutationghe integration
of foreign genedy harnessinghe HDR pathwayusuallyraises concernsaboutlow Kl efficiency
and introgression which direcly impact the advocacyof this mehod and theconsumer
acceptancef geneinsetedfish (Dunham and Su, 2020As a resultit is imperative tadevise a
strategy for both improving thdesiredtraits and preventing introgression to alleviate public
concerns aboutage-inserted aimals Fortunately,numerouggeromeediting-basedstudies have
demonstratedhat it is possible to render fish reprodively sterile by alterinddisruptingkey
genesnvolved inreproductiorvia the NHEJ repair pathwayl hus,potentialy reducing negative
environmetal effecs associated witlgenetically modifiedfish (Blix et al., 2021 Qin et al.,
2022 Yang et al., 2022 Luteinizing hormonellf) generegulaes gametogenesiand gestation
through binding he receptor (Grier, 1981; Yamague et al., 202). LH-deficient female
zebrafish arénfertile, whereaghe mutant males arerfage, indicaing thatthe Ih genefacilitates
fish oocyte matwationandtriggers ovulation(Chu et al., 204). In addition,interruptionof thelh
gene in chama catfish andwhite-edgeal rockfish (Sebastes taczanowgkitan result in the
production of sterile line@in et al., 2016yamaguchi et al., 2021

Largescale disease outbread® inevitableand methods of disease tahneed tdoe improved
Antimicrobial pepides (AMP$ are polypeptidesthat serveas substitute for antibioticsin a
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var i et y iatfal lire pfaefengmateimmunity) againstmicrobial invasionsithout
developingconsiderablentibiotic resistanc@Akira et al., 2006Wang et al., 206). AMPs and
antimicrobial peptide genes (AMGSs) including cecropin, hepcidin, piscidin, epinggidin
lysozyme, and lactoferrin have been used for decadespimve disease resistance in a variety
of aquatic animalsas feed suyplements oitransgenegWang et al.,2022; Wang et al., 2023
Cathelicidins are a particularly important AMP fam#paring the common cathelitke domain
(Mookherjeeet al., 2020 and exhibiting broadspectrumantimicrobial and immunrenodulating
activities (Hilchie et al., 2013 Recent invedigatiors have shown thatlligatorderived
cathelicidin(As-Cath) inhibits fish pathogengothin vivoandin vitro (Chen et al., 2017; Simora
et al., 2020; Simora et al., 202 herefore, integratg the AMG into the genomc DNA has
broadprospectdgor establising noveldiseaseresistant fish lines.

Fish transgeic for AMGs could provide a significant option to address disease problems,
however, and additional goal would be to preveatpossibility of breeding oéscapes with
wild populatiors. Hypothetically a reproducdive gene such ds, responsible fogame&ogenesis
andgestationcould be knocked outt the DNA level witithe replacement @ cathelicidin geng
leading to sterd fish with heightenedlisease resistae. Genomeedited steriized fish from this
approachwould have fertility temporarily restodewith hormone therapy used for artificial
spawning of fish and it is achievableto produceenvironmentdly-compatible and disease
resistant fisHines In this study, two CRISPR/Cas9 devery systemsHA- and ssOM-mediated
Kl were employed tansertthe As-Cath geneat the channel catfisfictalurus punctatugslh locus
to develop areversibly sterile and diseasesistantline. We compared hie Kl efficiency,
hathability and fy survivd from varioussystems,andthen restoré the fertility of As-Cath
integraed sterileof Po foundersthrough hormone therapiy addition, thebacterialresistance of
Po and R individualsfrom the new fish line waiirtherevaluded.

2. Materials and methods

2.1 Ethical approval

The care and use of animdtdlowed the applicable guidelinegrom experttraining courses
Experimental protocols inthe current study were approved by the Auburn University
Institutional Animal Care antise Committed AU-IACUC). All fish studies were catucted in
compliance with the proceduraad standards established by the Association for Assessment and
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Accreditation ofLaboratory Animal Care (AAALAC).

2.2 Target locus for gene insertion

As the targeintegrationsite, we slected thdh gene, whichis widely expressed in the theca
cells d the ovary and aids in egg maturation and ovulation during gonadal develof@hensgt
al., 2014. Based on the published genome of channel cdftfishet al., 205), thechoserlh site
for sgRNAtargetingwaslocatedin the middle of exon 2Figure 4A-B). The insertecsegnent
wasderived from thecodingsequenc€CDS) of the cathelicidin gene oflligator sinensiJAs
Cath, Gend®ank accession numbxM_006037211.3JChen et al.2017).
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Figure 4. Single-stranded oligodeoxynucleotide (ssODN) antinear double-stranded DNA (dsDNA)
with CRISPR/Cas9 mediating knock-in (Kl) at the luteinizing hormone(lh) locusof channel catfish
(A) Schematidllustration of the inset-specific rgion for the cathelicidin gene frorlligator sinensis
(As-Cath) KI via the twehit two-oligo (2H20P)systemassiséd by ssODNs atthe lh locus named ashe
ssODN1 As-Cath_ssODN2 construciThe structure ofthelh g e n e 6 sis censtmatesby yellow bas,
sgRNAstargeted sitesare indicated by black triangles, and the target sequemnceesdetailed in
rectangular boxesThe protospacemdjacent motif PAM) is highlightedin green Primer setsare
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illustrated, showinghe strategy to tedih mutation, ssOM1/ssODN2junctions,the UBI promoter region
and the inserspecific region othe As-Cath gene using PCR amplificatien(B) Schematic diagrarof

the As-Cath Kl via the dsDNA system nameal HA1_As-Cath HA2 donor Primersshowthe strategy to
testthe HA junctions, WBI promoter regionand As-Cath generegion (C) TAE agarose gel of PCR
amplicons showingoff-target positivedetection of the ssODN1_AsCath _ssODN2 construatising
2H20P methodThe promoter region (Provs-CATH, 519 bp) andAs-Cath region (AsCATH-PolyA,
591 bp) werdllustrated with sequencing resultédD) TAE agarose gel of PCR amplicons showing on
target positive detectionf the HA1_AsCath_HA2 constructising dsDNA methodThe targeted gene
regions (PromAs-CATH, 542 bp and A ATH-PolyA, 597 bp) andhe junctional regions (HA1, 573 bp
and HA2, 598 bpwere determined with sequencing resultse numbers on the top of the gel images
indicate the sample IDs of the fish. Lane N, negative consiolgwateras templateLane W, wild-type
contol (nCT); Lane P, positive (plasmid or dsDNdonop control; Lane M, DNA marker (1 kb), 500 and
650bp bands are highlighted wisholw thedifferenttosetofdonmrs:gl e s ;
plasmid or dsDNA.

2.3 Designof donor DNA, sgRNA andCRISPR/Cas9system

GenetargetedKl can be engineered via HDR usitigg dSDNAS or ssODNsas donor templates
In the current studywe employed twdCRISPR/Cas9nediated system® conduct targeted Ki
of the As-Cath fragmentat the Ih locus For the firstsysem, the CDS of the AsCath genewas
cloned into the pUCS57mini vector at the EcORV enzyme digestion sitéo create the
SSODNZ1 As-Cath ssODN2 construct as@asmiddonor.Two sgRNAs (SgRNA1 and sgRNA2)
were coinjected to operate dscissoso, cutting the Ih geneandlinearizing theplasmiddonor
respectivelyand providedwo short ssODNso ligate the ends of both cut sites, laukhsthe
2H20Psystem(Figure 4A). ssODN1 consists of 80ph of whichthe upstreanyd0 lp are derived
from patial exon 2 oflh geneand theremaining40 bp are homologous to pUCS5mini
backbone.For ssODN2, the upstream 40plkare from the pUC57mini backbone while
downstream 40 bps come from a portion of exon 2 offtlyene The dsDNA donowascreatel
by congructing the As-Cath CDS sequencdlanked with two homology arms (H& of 300 bp
derived fromthe Ih geneof channel catfision either side of the insert DNAnd we taggethe
secondconstructasHA1_As-Cath HA2. More specifically,163 bp ofHA1 (the lefthomology
arm) are deried from the upstrearnf exon 2; 136 bp are identical to intrdn and 1 bp
originated from exon 1. HAZthe right homology arin contains21 b from exon & s
downstream85 bys from intron 2 and 194 gpfrom upstream of exon GAppendix 4). Here,we
used ane sgRNA(sgRNA1)to cutthelh sitein the channel catfish geomic DNA and provided a
linear dsDNA as the donor templatnd thissystemwas labeled as dsDNAFigure 4B). For
both constructshe expression othe As-Cath gene wagslriven bythe zebrafishubiquitin (UBI)
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pronoter (Mosimannet al., 201L The linear dsDNA circular plamid and ssODNswere
synthesized bysenewiz(South Plainteld, NJ)

The sgRNAs were selected uiae CRISPR design online tool (CRISPR Guide RNA Deasig
Tool, Benching, https://zlab.bio/quidelesignreourcey that targeted théh geneof channel

catfish andhe donomplasmid Candidate sgRNA sequences were compared to the whole genome
of channel cdish via the Bsic LocalAlignment Search Tool to avoid cleavagfeoff-target sites.

In addition, putatve off-target sites were excludedusing the online tool CagOFFinder
(http://www.rgenome.net/casffinder) (Baeet al., 2@4). Eventually, sgRNAL1 foth locus and

sgRNAZ2 for dmor plasmid were obtained’he Maxiscript T7 kit (Thermo Fisher Scienti,
Waltham, MA) was usedo generatesgRNAs in vitro, according to the instructions. Then
purified sgRNAswere preparedising theRNA Clean and Concentrator tK{Zymo Research,
Irvine, CA). The concentration and quality o§RNAs were detected with Nadrop 2000
spectrophotometgiThermoFisher Scientific, Waltham, MAand 1%agarosegel with 1 x tris-
borateEDTA (TBE) buffer, respetively. Thesynthetic sgRNA werediluted to a concdration
of ~30 0 kb gnd then divided into PCR tubg&keL/tubg andstored at 80  until use The
Cas9 protein powdawas purchased from PNA BIO Inc. (Newbury Park, C#jydwas diluted
with DNasdRNasefreewatert o 5 Q, keepgirfg at 20 u n t .iSihgle gude RNAs and
universal primer used in this study are listedable2. Two differentdosages of the donor DNA
templateand two control groups weset up 5 OL, 10@/ eh,gHas-injectad control (iCT,
only the10% phenol red solution was mjted)and ron-injected control (nCTno injectior) for
eachKl system

Table 2. Target sequences of sgRNAs and the universal primer used in the present stuthnderlined
sajuences represe the potospacer adjacent motif.

sgRNA Targeted sequenRr3cte) for sgRNA (506
sgRNA1 5 GTTCAAACCGCCATCTGCAGEGG-3 6
sgRNA2 5 0GCGGACAGGTATCCGGTAAERGG-3 6

Universal primer  TTTTGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAG
CCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

2.4 Transgenicfish 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, weetectedindividualsweighing more

than 1.5kilograns for spavning. Femalechannelcatfish werei mp|l ant ed woft h 75
luteinizing hormoneeleasing hormone analog (LHRHa) to induce ovulation, then eggs were
gently stripped in a 20m greased spawning pan. Mature males were euthanessts were

collected rinsed,weighed,andcrushedand spem wereprepared in 0.96 saline solutiorfg:v =

1:10). Two milliliters of spermsolutionwere added topproximately300 eggs and gentiyixed

After a oneminute mixing, sufficient pond water was addedlthe eggs to activate the sperm,

then the sperm/eguixture was gently swirled for 30 Blore water wasddedand the embryos

were kepin a single layein the panand the embryos were allowed to harden for 15 min before
microinjection.

The CRISPR/Cs9 system used foKIl microinjectiors was corbhined wth Cas9 protein, sgRNA
and donotemplatein the ratio of2:1:1, including onecomponenbf phenol recas anindicator
For thessODN1 As-Cath_ssODN2 construg2H20Psysten), 8L of Cas9 protein (50 rigL),

2 eL of sgRNAYsgRNA2( 3 0 0 L)2gll of dororp | a s mi d L,( 5100 @), @ébedf €
SSODN1/ssODN25 0 h,g/ & 0 Q) andy2¢k of phenol redsolution were mixed for
microinjection (Total 8 + 2 + 2 + 2 + 2 + 2 + 2 = @0). With respect taheHA1 As-Cath HA2
construct(dsDNA system)4eL of Ca®p r ot e i nL), 24 0f sgRYIALLBO 0 h)g2elke
of donor dsDNA% 0 h,g / 0 Q), 2relgof ghenol recand 10eL of DNasefreewaterwere
mixedto bring it up t020 €L in total For each mixtur®f the CRISPR/Ca8 systemwe mixed
Cas9 protein andgRNA first and incubated them on ice for 10 mthen the donor templates
were supplementedror the iCT group, we only injected phenol (eduted with 0.9% saling.
The mixed solution for each tr@aent was microinjected into oreell stage embryossa
previously describe@halil et al., 2017. Every 6 €L of the mixture wasloaded 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 if8@0 embryosWe injected 1,000 embryos
dividing theminto 5 randomreplicates for each treatment, and another 200 embuyibtis 3
replicateswere prepared for each control group, respectivelythese embryosvere from the
same parest and the microinjectiowasterminaedafter90 min postfertilization.

All injected and control embryos were transferred inteL1fubs filled with7-L Ho |l t f r et er &
solution (59 mmol NaCl, 2.4 mmol NaHGQL.67 mmol MgS@ 0.76 mmol CaG| 0.67 mmol
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KCI) (Armstrong and Malacinski, 198&nd10 12 ppm doxycycline for hatchgnimmediately

after microinjectionAll tubs were placed in the same flaiwough hatching trough and a heater

was put upstream of the trough to ensure that the water temperature wa&s &6 while

dissolved oxygen levels were 5 ppm via continuous aeratiomith airstonesHo |l t f r et er 6
solution was replaced twice per day and dead emliryosere collectedand recorded daily

during hatchingto analyze hatchability fry survival rateand genotpe. The hatched fry were
transfered t o a Holtfretero6és sol ut i @memianauplifount d o x )
times per day. After one week of culture in tubs, allfy from each treatmenivere stocked

separately int®0 L aquaria(120 fish/tank)in a recirculating systenfor growth experiments.

Feed pellesizewas adjustedccording to the size of the fislmouthas the fish grew. In detail,

fry in tanks fed witiPurina® AquaMax®owderedeed 60% crude protein, 17% crude fat, 3%

crude fiber, and 12% aflHiour times per dayor two months. Therfingerlings were fedvith

Aquaxcel WW Fish Starter 4512 (45% crude protein, 12% crude fat, 3% crude fiber, and 1%
phosphorus) twice a ddgr two months. Juvenile fish were fed with WW 4010 Transition feed

(40% crude protein, 10% crudat, 4% crude fiber, and 1% phosphorus) once a(Gapgan et

al., 2022). All fish were fed to satiation.

2.5 Integration analysis and mutation detection

After a 4-month culture, all fingerling€20 40 g)were pittagged(BiomarkInc., Boise,ldaho,
USA) to distinguish each individuathe fishfrom different tratmens were then mixed together
and randomly dispersed into tvaircular tanks(1,200L volume filled with ~800L of waten
with the same densit§d 20 fish/tank for growth comparisomorthly. Meanwhile the pelvic fin
clip and barbel were aken from anestheted fish for DNA extraction and genotypic
identification During this phase, all fish receiva#W 4010 Transition feednce a day to
satiation.Different genotyping strategies werevatved for thesdwo constructsssODN1 As-
Cath ssODN2,the CDS region ofAs-Cath was amplified to confirmgeneinsertion using
primers Cathi-F/R (forward and reverse), and the promoter region was amplifiedrivieers
Praml-F/R. As for the junctilms, sSOIN1 and ssODN2 regns were amplified using primers
sSODN1F/R and ssODNF/R to determine whether it was a targie insertionWith respect
to the HA1 As-Cath HA2 construct,the AsCath and promoteregions were detded using
primers CatB-F/R and Pro2-F/R, respectivig. Then the left HA and right HAunctionswere
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amplified via primerdHA1l-F/R and HA2F/R. Primers were designed using the online software
Primer3Plus (http:/Mvww.bioinformatics.nl/cgtbin/primer3plus/primer3plus.cgiand listed in

TableS1 (Appendix1l). PCR was performed in a ¥l systemand PCRproducts wereesolved
and visualized by running .0% agarose gelith 1 x tris-acetateEDTA (TAE) buffer, and a
bright band ofeach region witrthe corresponding length indicated an-targetpositive (LH'
_As-Cath’). Here, F we candeterminethat some individuals hay@eninsertedwith the AsCath
fragment, but we canot detect the junctical regions (HA or ssODNregion) wethenconclude
themas potential offtargetpositives (LH*_As-Cath).

With respectto the LH* As-Cath fish, we seleced 60 individuals to be tested fdin mutations

In this casePCR was performed n  alL-v@luime systenusing Expand High Fidelif}'S PCR
System (Roche Diagnostics, Indianapolis, IN, USA) accordirigldewad et al(2018, andLH-
F/R primers were used in both construciben,the surveyor mutation detection assay was
performed viaSurveyor Mutation Detection Kit (Integrated DNA Technologies, IDT, Coralville,
lowa, USA) according to the detailed instructig@su et al., 2011 A negative control reaction
was included in the assay by usiggnomc DNA from the nCT groupSurveyordigested DNA
sampés were electrophoresed fohourin a 2% agarose gel using<ITBE bufferand compared
to wild-type samples.

2.6 DNA sequencing

For theintegratedAs-Cath promoterand junctionsequences, PCR of positisampleswas

performed ina5 0 L-wlumesystem Then the PCR products were purified usingQIAquick®

PCR ProductPurification Kit (QIAGEN, Hilden, Germany according to the manufactutes
instructions. Before sequencing, all purified DNA samples wesmntitated and identifiedsing

Nanodrop and by running.®%6 agarose gelPrimers Cath®¥/Cath2F and Pranl-F/Pram-2F

were used for sequencing @&sCath and promoter regions for HAAs-Cath HA2 and

ssODN1 As-Cath ssODN2 constructs, respectivelyprimers HA1-F/HA2-F and ssODNL-

F/ssODN2-F were used for sequencingf junctional regions for these two constructs,
respectively.

Regardingh mutations we cloned the PCR products of putative mutant individuals using TOPO
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TA Cloning Kit (Invitrogen, Carlsbad, CAbefore sequencing follang the instructions with
some modifications. BrieflCR was performed on each mutamtividual that vaspreviously
identified with Surveyor assay using the primers-EAR for the next cloning stepdn addition
the DNA of three wildtype individuals fom the nCT group vas prepared using the same
primersand procedureshen combined into one reaction andned as a wiledype control for
sequencing.After cloning, we transformed the pCHR4-TOPO vector containing the PCR
products intoOne Shot TOP10 Edrocompg™ E. coli (Invitrogen, Carlsbad, CA) as previously
describedElaswadet al., 2018 Then15 single colonies were randomly picked tgpperform

Colony PCR andLH-F primer was used faghe sequencing afh mutant samples.

2.7 Determination of mosaicism and trangyeneexpression

Five 12-monthold on-target positive fishand five shaminjected control fish wereandonty
choserand sacrificedFoureentissues, including skin, liver, kidney, spleen, blootgstine gill,
stomachfin, barbel, musd, eye,brain,and gonadof each individualvere collectedn 1.5 mL
tubes and immediateliransferred into liquid nitrogefor DNA and RNA isolationPCR and
guantitative reatime PCR (JRT-PCR were conductedo detectthe As-Cath gen&® gotential
mosaiésm and mMRNA levd. Total RNAs were isolated fromvarious tissues usingRIzol
reagent (Thermo Fisher Scientifi@nd were reverse transcribeto cDNA using iScriptE
Synthesis Kit (BieRad, Hercules, CA) followinghe manufacture protocols.

gRT-PCRwas rformed ona C1000 Thermal Cycleusing SsoFakt EvaGreenSupermixKkit
(Bio-Rad, Hercules, CA) according to the instructioBencentrations of theDNA products
weredilute d t o 2 amil n geihpatewas used irm1 0 RCR reactionvolume The
MRNA level of 18SrRNA was used as an internal control, ahed tetaid qRT-PCR procedure
was set up according t©oogn et al.(2022. The primes (Cath RT-F and CathRT-R) used for
gRT-PCR are listed ifableS1 (Appendix1). The CFX Manager Softwaredrson 1.6 Bio-Rad)
was used taollect the raw crossingoint (G) values.The expressiotevel of a target gene to
the 18S rRNA genfrom transgenic fish againsbntransgenicibling fish was convertedbo fold
differences. Each sample wasalyzd in trplicate using thedrmula 2 7 ®*®CWhich sets the
zero expression of the naransgenic fulsiblings to 1x for comparison.
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2.8 Reproductive evaluation and restoration of parental Kl fish

All Po fish were stocked into &.04-ha eartten pondat Fish Geatics at Auburn Uniersity for
growth andmaturation At the age of twgears some B individuals are expected reach sexual
maturity (Davis, 2099. To evaluatethe reproduction oftwo-yearold Kl founders,on-target
positive (H' As-Cath'), off-target positive (LH"_As-Cath), and wild-type (WT) fish were
selected tawonducta threeround mating experimenFirstly, 3 pairs of WT, 6 pairs of LHAs-
Cath’, and 4 pairs oEH*_As-Cath” matureparents were randomly placedo 13 tankg60 x 45
x 30 cn?) for a twoweek naturabpawring to evaluatethe spawnability of each genotypend
egg masses were collected from the spawnable pafdms. we primed the males with5®
eg/kg LHRHa implant and 1600 IU/kg human chorionic gonadotropin (HE®&)e unspawned
groupswith a oneweek obseration to determine ifH' As-Catl femaleswere fertile After
this period we recruitedé more pairs of H'_As-Cath fish to perform &8 x 4 factorial design
with 3 dosiges ofa combination ofHCG andLHRHa implant(1200 IU/kgHCG + 50&eg/kg
LHRHa, 16001U/kg HCG + 50eg/kg LHRHa 2000 IU/kg HCG + 5Cg/kg LHRHg and
0.85% NacClinjected control groupo assess the effects of hormone therA®B80-g egg mass for
each genotype with 3 replicates was colledtedalculate the fecundity (egixg body weight
[BW]). The massewerethentransferred into tubfr hatchability and fry swvival determination
Fish were fed ad libitum throughothte experiment.

2.9 Generation andgenotypeanalysis for F; fish

All thefry were separated int®0 L tanks by differat genotypesAfter 4 months of culture,fin
clips and barbels were collectéar DNA extractionfrom 60 F individuals of each genotype
except the control group$he same culturand genotypingroceduresasdescribed aboveere
appliedto theF1 generabn.

2.10 Experimental challenge withFlavobacteriumcovaeand Edwardsiellaictaluri

Geneedited channel catfish were cultured in B0aquariumsin the greenhouse othe Fish
Genetics Laboratoryat Auburn University (approved byAU-IACUC). To detemine the
resistancagainsipathogensboth B and k fish were challenged by. covaeandE. ictaluri.
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F. covaechallenge Healthy Po fingerlings with body weight 150.62 4.24 g(meant SEM),
including four genotyps (15 fish/genotye): LH' As-Cath’, LH* As-Cath’, negative LH_As-
CatH (negative fish withoutAs-Cath insertion orlh mutatio) and WT were mixed and
acclimated inone hatching trouglfor five daysand then transferred @ 1,800L tank in the
challenge room foacclimaton for another 24d 48 h prior tobacterial infetions. All fish were
randomlyequally separagd into two 66L buckets(30 L water). Briefly, a revivedF. covae
isolate(strainALG-00-530) on modified Shieh agar (MSAyasinoculated intanultiple cultures
of 12 mL of modified Shieh broth (MSB) in 501L sterile flasks and grown ima shaker incubator
at 150 rpm for12 hoursat 2°C. These cultures were then expanded into 200 mL cultures (5 mL
additions) in 500 mL flasks and grown for another 1Zthe opticaldensity was adjued to
ODs40 = 0.731 andthenspreadplate dilutions were performed to determine tin@l inoculum
concentratio. One hundred microliters of each inoculureresserially diluted andspreadonto
MSA agar plates in duplicate and incubate@&°C for 48 hto quantify the concentration of the
inoculum Two flasks containing 32%L of inocula (4.55 x 108 CFU/mL) were immediately
addedto two 60 L buckets with fishfollowing preparation respectively.Then the fish were
immersed staticallyn bucketsfor 1.5 hars at ~28°C (immersion dose2.46 x 10° CFU/mL);
afterward all fish were gently move@ackinto the1,800L tank containing1,0006L water and
water flow was resumedMeanwhile,a mockchallenged tank was useas the control but
incorpaated another40 fish in 30 L of rearing water for b hourswith sterile modified Shieh
broth 325 nlL) insteadof the bacterial culturéqith respect to the challenge of ffy (3.15%
0.24 g),four families of F1 fry (45 fish/familyy LH'_As-Cath’, LH* As-Cath’, LH*_As-Cah'
andWT were selectedand each family asrandomlydivided into three replicatesith 15 fish
per basket The samechallenge procedure argirain of F. covaewith a dose of4.75 x 10
CFUmL (immersion dose: 2.5¢ 10° CFU/mL) wereimplantedfor the F1 generation

E. ictaluri challenge Sixty Po fish (142.62+ 3.72 9 including the above four genotypesvere
prepared for théc. ictaluri challeng. E. ictaluri (S97%773 was provided by the USDAARS,
Aquatic Animal HealthResearch UnjtAuburn, AL. The detailed procedures dlfie E. ictaluri
challenge were performed accordingSimora et al(2020 with some modificationsBriefly, 1
mL of frozen glycerol stoclkf E. ictaluri was inoculated into 2L brairi heart infusion broth
(BHIB; Hardy Diagnostics) a26°C ina shaker incubator at 180 rpm for 2duhs And then
bacteria were subcultured intelL BHIB for another 24 hourat the same conditioantil the cell

-52-



density reached~1 10° CFU/mL based onthe ODsoo value. All 60 Po individuals were
transferrednto one 1,800-L tank for thechallenge.Before startingk. ictaluri infection, water
was lowered to a total of 100 L, theme liter of E. ictaluri suspension containing.2 10°
CFU/mL cells was added to the tank resulting in a finainersion doseof 3.2 10° CFU/mL.
Fish were immersed statically f@rhours with aeration >5 ppm then water was restored. In
addition toinfected groups, one control tank containing 30 fisteived onlyBHIB as amock
challengedyroup.With respect to thehallenge of Efingerlings(54.27 £ 1.49 y a total offour
genotyps containing 60 fishwere selectedand he same challenge procedure and straik&.of
ictaluri with a dose o2.8 x 168 CFU/mL (immersion dose: 8.x 1¢° CFU/mL) were implanted
for theF1 generation.

During the first 72 h of the experiment, we checked for mortality efeenyhoursand then three
timesdaily. Chalengedfish were continuously monitored fof Haysfor externalclinical signs
of F. covaéE. ictaluri and confirmatiorof bacteria colony pwth byisolaing bacteria fronthe

kidney and liveto determine the cause of deadhd ead individualsvere recordedver time

2.11 Statistical analysis

Spawnability, hatchability, fecundity, fisurvival rate and growth dat were analyzedsing one

way ANOVA/ITuk ey 6 s mul t i pedt ¢o detesnmme dhe imeam rdiferences among
treatmentsTo compare the KI efficierycof differentgroups onewayANOVA/Tu k ey 6 s mul t i
comparisonsand odds rad (OR) were adopted The survinal curves of challenge experiments

from different genotypes were compared tne KaplanMeier plots followed by Logrank
(MantelCox) test. All statistical analysis was achieved @aphPad Prisn®.41 (GraphPad

Software, LLG. Gene expression beten trasgenicand nortransgenic fish wsanalyzed with

an unpairedStudends two-samplet-test Statistical significancevas set aP < 0.05, and all data

were presented as the mean * standard errdi(SE

3. Results

3.1 Targeted Kl of As-Cath geneinto the Ih locus

Both the 2H20P and dsDNAsystens can induce AsCathintegrated catfish linesvith high
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integrated ratis, but the 2H20P system had significant-taffget effectqFigure 4CD, Figure
S1-S4 in Appendix 2). More specifially, the 2H20Psystemcontaning 50 n g L &f donors
(2H20P50) showedthe highest Kl efficiency ©27.61% (37/134), followed by the graip
2H20P100 17.76%, 27/158 dsDNA50 (2.21%, 26/218 and dsDNAOO (10.25%, 25/24%
(Table 2 in Appendixl). Althoughthe 2H20OP50 groupcanintroduce the highest Kl effciency
(P <0.01) Figure RA), and 2H20Rystemo r 5 @ of Wandrssbring a significalyt higher Kl
efficiencythanthe dsDNAmethod(P= 0. 00 0 1) L af donats@PG 0.060469)digure
5BC). Howeve, the dsDNA with 50 g /Ledonors demonstrad the highest ortarget Ki
efficiency (10.80%, 23/213) compared to other treatmen® € 0.01) Figure 5D). In contrast
only one ortarget Kl case wasbsered in the 2H20ORystem which was significaty lower
than that in the dsDN (P < 0.0001)(Figure 5E). Although different dosges of donors exhibited
a significant effect on the total Kl efficiency, our results indicated that this difference was not
significant in the oftarget Kl ¢ = 0.3577)(Figure 5F).

According tothe oddsratio, the 2H20P systemand low dosagéended to bear higher total
integratedrate whichwas 230 and 1.47imes than that ofiie dsDNA (OR = 2.30 for 2H20Pvs
dsDNA) and high dosagéOR = 1.47 for 50/s 100 n g lL),erespectivelyNonethelessgsDNA
hadan owerwhelmingsurpriority in ontarget integrationwhich was more than 20 timegreaer
than that in the B20P system (OR = 26.7(able 8 in Appendix 1). Taken togetherthe
dsDNA system accompanied bydasage of 5(h g L af donors tends to yielthe highest on

target Kl effciengy in our current study

Given the norAsCathintegrated fish,we did detect individuals with only thia mutation
Specifically, 5.56% (3/54), 6.67% (4/603.33%6 (2/60), and 333% (2/60) of fish with Ih
deficiencyin the 2H20B0, 2H20P100, dsDNA50 and dsDNA100 grsupespectivelywere
detected by the Surveyonutationtest Table & in Appendix 1). The sequencing results
revealed tha®, 2, 1 and 3 types of mutations 4nh-mutant individuals from the 2H20P100
group Figure S5 in Appendix2).
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Figure 5. Effects of different CRISPR/Cas9mediated systemg2H20P vs dsDNA) with various
dosages of donors (50vs1 0 O Ly gr/tle knockin (KI) efficiency, hatchability and fry survival
rate. (A) Total Kl efficiency of different CRISPR/Cas9nediated systems and @égs combinations(B,
C) Comparison of total Kl efficiency for different systems or afes of donors (D) On-target Kl
efficiency of different CRISPR/Casfnhediated systems and dgs combinations(E, F) Comparison of
on-target Kl efficiencyof different systems or dages. (G) Effect of different CRISPR/Cas9nediated
systems and dage combinations on hehability. (H, I) Comparison of the hatchability forfirent
systems or dages.(J) Effect of different CRISPR/C8smediated systems and @gs combinations on
fry survival. (K, L) Comparison of the fry survival rate foifférent systems or dages.iCT, sham
injected control; nCT, noemjected control;2H20R50/100) the CRISPR/Ca9medicated system with
ssODN1_AsCah_ssODNZ2 construgivith apUC57_mini plasmicand ssODNdonor as 50/100 ngl);
dsDNA(50/100) the CRISPR/Ca9medicated system with HA1 sACath_ HA2 donor DNA (with a
dsDNA donor B)s*=P80.06,00=Pr 0.01g** =P <0.001;*** * = P <0.0001;ns=
not significant, byunpairedst u d et-testdy sneway ANOVA.
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3.2 Effects ofthe dosage and CRISPR/Cas9 system

Different donor doages andCRISPR/Cas9nediatedsystems exhibéd toxicity to fish embryos
by decreasing thehatchability and fry swival rate Although there were no significant
differences in hatchingrates among these four CRISPR/Gas®diated injected groups
compared taheiCT group @ = 0.1630), the hatching rate was lower thanrt@d group (P <
0.01) Figure 5G). Moreover, thelethality of embryoswas consistent across different donor
dosages (50vs 1 0 0O L @ # @.1080) or CRISPR/Cagtediated systems (2H2QR dsDNA)
(P = 0.0796) whichwas significanly higher than that in the nCT grogpigure 5H). For the fry
survival, the survival rate of the microinjection group was significantly lmeergred with the
nCT group @ < 0.0001) Figure 5J). In addition,the dsDNA system induced a higher survival
rate of fry @ = 0.0031) Figure 5K) thanthe 2H20Psystem Still, donor dosages showed no
significantdifferences in fry survivahfter hatchingP = 0.2923)(Figure5L).

3.3 Mosaicism andAs-Cath expression

PCR and RIPCR were used to detect tlAs-Cath transgene and its expression of different
tissues in oftarget positive fishThe results rewaed that hree of the fiveLH' As-Cath fish
showedtheexpression of thAs-Cathin all 14sampledissueqskin, liver, kidney, spleen, blood,
intestine, gill, stomach, fin, barbel, muscle, eye, brain and g¢Ragire 6AB), but oneof them
had expressiombsened in 11 tissues(exceptbarkel, musce and gill) and another one in 8
tissues(skin, liver, blood, intestine, gill, barbehuscle and gonadFigure S6 in Appendix?2),
suggesting mosaem in the on-targetpositiveindividuals We found thathe expression ohAs
Cathwas detected evemithout pahogenic infectios for the three ottarget positive individuals
The threehighest mRNA levis were detenined in thekidney (28.91 fold chang@égskin (24.30
fold), andgill (8.445 fold, followed bythe muscle 7.430 fold, spleen §.047 fold and larbel
(4.808 fold. However,the eye (1.327 fold), intestine (1.589 fold)andfin (1.608 fold)had the
lowest expressionompared to othdrssueqFigure 6C).

In addition, compared to the WT individualshe mRNA levelof lh in gonadswas down
regulatedin LH' _As-Catlf females at the age of one ye@ = 0.0016), but there was no
significantdifferencein that ofmales(P = 05817 (Figure6D).
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Figure 6. Mosaicism detection andthe expression of thecathelicidin gene from Alligator sinensis
(As-Cath) in the LH' As-Cath* fish line. (A) PCR ampliconsshow theAs-Cath regionin 14 tissues
from onerepresentativéH' _As-Cath fish. (B) Theagarose gel electrophorestsowed the\s-Cathgene
expression irvarioustissues of Ptransgenic channel catfistgtalurus punctatus (C) Relative AsCath

gene expression of different tissuesm RT-PCR analysegD) Relativelh gene expression of gonads
from LH'_As-Cath males and female€xpression levels were calibrated against corresponding tissues
from sibling wild-type fish, and three individuals were employed for each genotipae M, DNA
marker (1 kb); Lane P, positive (plasmid or dsDNA donor) control; Lane N, water negative ;cosutie|

W, wild-type control (nCT); = P < 0.05; ** =P < 0.01; ** = P < 0.001;**** =P < 0.0001; ns = not
significant, btyest oromeeay ANOWA. st udent 6s

3.4 Reproductive sterility and restoration of reproduction

A threeround mating experimemetermine thepromisefor complete control o€hannelkatfish
reproductim (Figure 7A). Our outcomeseveakd that hree pairs of W{100% 7927 egg8W)
and two pairs of LH_As-Cath' fish (50% 8952 egg8W) were spawned respectively during the
first two-week natural mating, Ut no spawn was observed tine LH' _As-Cath pairs (0%).
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Compared to the LHAs-Cath pairs, WT and LH_As-Cath fish had higher spawnability
under natural pairing condition® & 0.0148 and® = 0.1743. In addition,the LH™_As-Cath’

pairs did not shova significant difference irspawnability compared tt¢ WT pairs(P = 0.2143
(Figure7B).
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Figure 7. Reproductive determination andrestoration of the As-Cath-integrated fish lines. (A) A
threeround design of the reproduction experiment. Three genotypesfofiders: 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 uprandomly in 13 tanks for mating without hormone treatments, and avee& observation was
adopted. Second round, moved out spawned pairs and prirmadted maswith a 50eg/kg LHRHa
implant and 1600 1U/kg HCG to determine the reproduction df I44-Catl females, observing for one
week. Third round,12 pairs ofLH' As-Cath fish were complemented and-paired and treated with
three doses of LHRHa and HCG iBax 4factolial designfor 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 P, generation, and fry survival of;Fjeneration.LH, luteinizing
hormone LHRHa, luteinizing hormonereleasing hormone analogye HCG, human chorionic

gonadotropin* =P < 0.05;* =P<0.0l;ns = not significdatwmdtoronamay unpair
ANOVA.

Furthermorea oneweek hormone primin¢s0 eg/kg LHRHa+ 1600 IUkg HCG) of the males
did not stimulate LH As-Cath femalesto give eggs indicatingLH-deficientfemalesblocked
oocyte maturation and ovulatioHowever, our resultdiscoveed thata combination of LHRHa
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and HCG can effectively inte spawning fothe LH' As-Cath females when both males and
females were primed@&pecifically,two, two and one femaleage eggs after 24 to 48 hours post
hormone injection fronthe 1200 1U(6213 eggs/BV), 1600 IU (5514 eggs/BW)and 2000 1U/kg
(3778 egg$BW) HCG group combined with 50eg/kg LHRHa respectively.These three
treatmentsignificantly improved the fecundity coraped to 0.8%6 NaCl injection P < 0.00QL).
Additionally, the fecundity decreased with increasing hormoneagesbut the difference among
these three hormone dages was not significantR = 0.0731). Neverthelessthe fecundity can be
restored to amormal level when 120(P = 02627)or 1600(P = 01983 1U/kg HCG combined
with 50eg/kg LHRHa was adopte(Figure 7C). Compared with the Wa&nd the other hormonal
theragy groups the 2000 IUkg HCG groupsignificantly reducedhe fecundity 8778eggsBW,

P = 0.0494 and hatchability (8.01%, P = 0.0476) (Figure 7D). Although different hormonal
treatments had varying effects on fecundity and hatchability, they had nts effiefty survival
at the early stagd’(= 0.1018 (Figure 7E).

3.5 Growth comparisonin Poand F1

As mentioned abovehtee WT, twoLH* As-Catlf, and five LH' As-Cathi families were
generated from ouhreeround mating experimentowewer, genotype angsis determined that
only onefamily in the LH* As-Cath' line (33.33%[10/30] integratedate in the F1 offspring
and two families in the.H' _As-Cath' line (40% [12/30] integrated rate ithe F1 progenyof
family 1 and46.6®6 [14/30] integated rate irthe F1 offspring of family 2), respectively, hathe
As-Cathgene detectable in the §enerationThese results further confiedthe existence of the
mosaic phenomenan the B founders.

To determine the effects ¢ disruptionand As-Cath integrationon fish growth we compared
theBW over timeof the B foundersand the kprogenyrespectivelyThe growth data suggested
thatthe LH'_As-Cath' individuals did not shovsuperiorityin terms of growth in the first nine
monthsin the Po gereration Nonetteless,Po LH' _As-Cath' fish exhibitedthe largest body gain
compared to other genotypdaurthermore, significantly faster growth was demonstrated in the
F1 generationof LH' _As-Catlt after a threemonth culture Hence our results indicatd more
immediategrowth potential for the LH As-Cath fish than thewnT fish (Table3).
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Table 3. Mean monthly body weight (BW), sample size (Npver time of Ry and F1 As-Cath-integrated, negative and control channel catfish,
Ictalurus pundatus. P, founders were geerate in June 2020, andifprogeny were produced in June 202ar both generations, four genotypes:
WT, LH*_As-CatH, LH'_As-CatH, andLH*_As-Cath were includedFishwere kept separately 80-L aquariawith the density of Zry/L until 4
months post hatghthen they were pitagged(10/2/2020)and transferred to &,200-L circular tank (~800L water) with a mix of these 4
genotypesifitial number of fishwas 30, 30, 28 and32) and fed daily to satiatioifferences inBBW among these fougenotypesere ompared
usingoneway ANOVA foll owed by Tu k. .Mgadswithdifferent lgitdrseas sugerngripts are significantly diffeRert (
0.05).

Mean body weight (g) of fish at diffent 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 42.45+3.089 30 36.75+£231 30 50.75+3.58 27
LH*_As-Cath 26.30+2.28 60 36.40+214 30 38.30+£3.20 29 35.25+3.18 29 51.10+2.28 29
LH'_As-Cath 23.10+1.72 41 41.30+2.606 28 49.65+2.35 21 43.20+2.7% 20 58.45+42% 20
LH*_As-Catit 27.75£2.3% 63 39.95+£273 32 47.25+3.26° 33 34.50 £3.58 33 50.85+289 33
8/9/2022 9/11/2022 10/12/2022
BW N BW N BW N
F1 WT 2.63+0.16 60 1513+1.08 54 2290+123 54
LH*_As-Cath 2.60+0.16 60 1467091 56 21.30+1.03 54
LH'_As-Cath 3.03+0.14 60 1957 +1.3% 59 26.03 +1.32 57
LH*_As-Catlf 2.70+0.12 60 13.14+1.05 58 22.13+1.09 58

Note: WT, wild-type fish without injection; LM As-CatH, negative fish without thés-Cath insation orlh gene mutation; LH As-CatH’, on
target positive fish with the integion of theAs-Cath gene at théh locus; LH_As-Cath’, off-target positive fish with thAs-Cathinsertion but
no Ih mutation.
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3.6 Enhanced resistance against fish pathogens

Enhanced restance againskE. covae and E. ictaluri of AsCathintegratal fish was observed
compared toWT/negative individuals from our challenge experiments in both d&d k
generation. According toF. covae challengeresuls, there was no significant difference i
survival rate betweenthe two types of controls (WTral LH"_As-CatH) in both B (13.33% vs.
20%, P = 0.8683 and Rk generation 26.67% vs 40%, P = 0.8955. HoweverLH' As-Cath and
LH* As-Cath fish exhibitedsignificanty improvedsurvival postF. covae infectioncompared to
the WTcontrd groupin bothPo founders(LH' _As-Cath vs WT: 73.33% vs13.33%, P = 0.00L6;
LH* As-Cathvs WT: 66.67%Vs 13.33%,P = 0.0014) and R progeny(LH' As-Cathfvs WT:
86.67%vs 26.6P0, P = 0.0010 LH*™_As-Cath" vs WT: 73.330 vs 26.67™0, P = 0.0127).
Additionally, ontargetinsertion ofthe As-Cath generesuled in improvedresistance again$t
covaethan in the offtarget positives without statistitgldifferingin both generations/8.33%
Vs 66.67%,P = 0.7726for Po, and 86.67%vs 73.33%,P = 0.3613for F1). Furthermore, our
findings reveaéd thatthe F1 progeny was more resistartb F. covaethan itsPo parents(Figure
8AB).

Increased resistance o ictaluri was also observed thePo (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 k generations
(LH' _As-Cath vs WT: 66.6®6 vs 40%, P = 0.0658 LH* As-Cath vs WT: 73.33% vs 40%, P
= 0.150), with results that were similar to those of thecovaechalenge.Overall As-Cath
integrated individuals showe sgnificantimprovemenin the survival rateompaed tothe WT
fish (66.67%vs 33.33%,P = 0.0381 for B, 70% vs 40%, P = 0.0335 for k). Nevertheless,
there was no significant difference in LiAs-Cath and LH_As-Cath fish (73.33%vs 60%, P
= 04566for Po; 66.67%vs. 73.33%,P = 0.6851 for k) (Figure8CD).
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Figure 8. Kaplan-Meier plots of As-Cath integrated channel catfish against two fish bacterial
pathogers. (A, B) Survival curve of P, and F; generatios for a variety ofgenotypesinfected by
Flavobacterium ovae respectively(C, D) Survival curvesof Py foundersand k progenyfor different
genotypes infected bgdwardsiellaictaluri, respectivelyln addition to these bacterial infeart groups,
one control group with mediumimmersion wa imgemened for each challenge experimerdnd the
immersion dosevas presented in each figueomparison of different survival curves was determined by
the Log-rank (MantelCox) test WT, wild-type, non-injected fsh line; LH_As-CatH, negative fish Ine
(micro-injected fish withouth mutation andAs-Cath insertion); LH' _As-CatH, ontarget positive fish

(As-Cath insertion was detected #t locus); LH™ As-Cath’, off-target positive fish As-Cath insertion
was deécted but not dh locus.

4. Discusion

In contrast tahe previous genediting orientedexclusivelyto the improvement of thdesired
traits, the present studipok into account ways to lessre potential impact of transgenic fish
on the ecosystermandgeneticbiodiversity. Specificaly, we successfully integrateah AMG into
thereproductiorassociatedbcususing differentCRISPR/Cas9nediatedsystemsWe identified
a suitableKl system forchannelcatfish to achievéoosted restance against §h pathogenand
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reproductive controlyedwcing the reliance on antibioti@ndantiparasiticsin aquacultureThe
HA-mediated CRISPR/Cas9 systealisplayed a high integrated ratelow off-target @ents, and
low toxicity. In addition,repraduction isentirely controllable andcanonly be resteed b normal
levels of fecundity with hormontherapyin the new fish lineln general the insertionof the
cathelicidin gene at the Ih locus for enhancedresistance againgnfectious diseasesnd
reproductive confiement to improve cosumervalued quaities and to promote the
environmental friendliness of transgenic fish appears promising.

There have been several obstacles involved in the CRISPRA@akatedK| system when it is
used in the emlgos of nommodel animals. In the hisbry of genome eding, the initial
CRISPR/Cas9systems weregropogd based on mammalian cells @mbryosof the model
animabk. From model to nommodel animals, there aseveraluncertaintiessuch as embryo size,
devebpmental period and the sensitivity to Cas9 proteinhiat lesarchers have to optimize
fitted system when starting a new speoigsrome editing. Yoshimi et al. (2016 demonstrated
thatthe ssODNmediatedend joining approaciduced a high integratedtesof 17.6% (3/7) in
rats when a shortssODN templatewas provided Conversely recent works indicated that
ssODNmediated Klcould induce a high percemge (17.8%) of indel mutations in sheep
(Menchaca et al., 2020In the current study, weised CRISPRZas9 systemganedated by
ssODN and HAo create ortarget Kis of the As-Cath gene at théh locus. Although a high Ki
efficiency of 22.38%(64/289 was detected in thesODNmediated system, it caused a high off
target frequency (> 90%) in the channel isatfOur resultsare in agreement with findinga
zelrafish, which have illustrated thatrroneous ssODN integratiooccurred when various
template lengthsvere adoptedBoel et al., 201B These studies suggest that ssGDBdiated
Kl efficiency in fish modelsreliesheavily on ssODN template@an et al., P17), and caution is
warranted wheemployng ssODNdo createKl models

Compared to the ssODNMediated systemHA-assisted Klcan achieve &0i30% HDR
mediatedknockinin human cells with varimhomogenous segncegByrne et al., 2015Zhang
et d., 2017). In addition, Simora et al.(2020 determined thaHA-mediatel CRISPR/Cas9
provided with alinear dsDNA donor displayed total integrated rate of 29%t the norcoding
region of channel cath genome which is drastically higher than that of th work (29% vs
11.16%([51/457). We believe this difference integraion rateis due to thedifferent sample
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sizes, unknown functions in the target regions (raodingvs |h locus), efficiency of gRNA and
HA, andunpredictable genetic interactiadhg lager sample sizérom our study couldive more
robustconclusios. These findinggevealthat theHA-mediated system isiore efectivein the
catfish speciesompared to the ssODNhe Kl efficiency of HDR-inducedCRISPR/Cashas
been at a low levehcludng in cell lines and model anima¥oshimi et al., 2016Zhang et al.,
2017;Boel et al., 208). Fortunately, new CRISPRAsmediated techniques are constantly being
developed.For instance, th€€RISPR/Casl2mediated systenshowspromise in multiplexed
genomeediting with high mutation rates imumanT cells (McGaw et al., 2022 Additionally,
Kelly et al. (2021 established &CRISPR/Cas9 Hil system forthe insertion oflarge DNA
donorswith high integrated eftiency of 36% in humai293T cells. Recentl, a new approach
named dCas9SSAP demonstratech high ontarget Kl efficiency (~20%)knocking in long
sequences imammalian cell§Wang et al., 2022 These new tool®r systemsre encouraging
to be appliedrom model to normodel animalandcouldimprove genomeediting efficiency.

Although we predicted andavoided possible offarget sitesusing the well-acknowledged
software, the actual integrationstéts showedhe existence ofoff-target activities. Thisis
mainly due tahe failure ofin silico prediction to predicbonafide off-target sitesn vivo (Ran et
al., 2013; Heigwer et al., 20L4~urthermore the frequency of offarget eventss higherin vivo
of animal experiments #m thatof in cellular experimentsin vitro (Zhang et al., 208). The
majority of publishedstudies contendthat the observedinintendedmutationginsertions is one
major concern in the application afie CRISPR/Cas9 systenwhich could confound the
interpretationof findings (Patanayak et al., 2013Cho et al., 204; Heigwer et al., 2014
However,althoughsome reportsclaim that no detectable wesiable mutations/insertionfrom
the genotypes or phenotypeave beemevealedn mice and fish(Shen et al., 2013yer et al.,
2015; Simora et al., 2020 the following underlying potentials could ba&oted 1) Unaltered
pherotypes may be obsered sincethe off-target cleavagecan occur in a noncoding region
(Wang et al., 2014 2) The researcheitend tofocus on he Po founders \ith intended insertions
rather tharthoseharboring possibleoff-target mutationgLi et al., 2013b). 3) Most published
research using animal modelsed not usegenomewide methodologies for detecting efrget
caseswhich could conceatome infrequenbff-target editing site¢Zhanget al, 2015). In the
samecase with the exception ofh mutations we did notconducta thoroughdetecton onall
off-targetindividuals due tats being timeconsuming and expensivdeverthelesshis daes not
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precludeus from keeping thaon-analyzedoff-targetindividualsaswe will eventually genotype
themin a genomawide andunbiased way

Genetic mosaicisns have been and will still be anothesbstacle toapplying CRISPR/Cas9
mediatedgerome editing in practicalapplicatiors. In this study we failed to effedively obtain
100% of individuals without mosaicsn essencemnosaicism fromCRISPR/Cas@enomeedited
organismds common in the case of fertilized ebgsed editingandmosaicanimalshave ben
observed in nce (Oliver et al., 205%; Raveux et a) 2017), rats (Li et al., 2013 and zebrafish
(Jao et al., 2013; Auer et al., 2014ith a variety of frequencieSCRISPR/Cas9 engineered
mosaicismsbring undesiredconsequence hindering thegenerabn of homozygos positive
offspring and prolonging # gereration of homozygotesWe evaluated theAsCath gene
expression from five ctarget positive & founders and found that one individulaad no
expression in the gonath ou study,severalmosaicevents were detenined in thegermline
resulting inthe irahlity to transferthe As-Cath geneto the offspring. Thus we believethat
mosaicism isalso common and unavoidable in Amodel fish Although early spernitestisor
egg/wvary gendyping can be #ective in availing the creation otindesirableoffspring, it is
challenging to access the germline DMAhout sacrificing the parent®©f importancewe still
maintain our mosaic populatisrfor genotyping and phenotyping in therther F2 and K
progety until homozygais individualsareobtained Future reeard could reduce mosaicisms by
delivering CRISPR/Cas9 components @ery earlystage zygotefMehravara et al., 20}9
Alternatively, the new strategies.e., EastCRISPR C-CRISPR (Mehravara et al.2019,
CRISPRCas9 HITI (Kelly et al., 202}) anddCa9SSAP (Wang et al., 2022could be used to
prevent the induction of mosaic animals.

Regardless of thgype of CRISPR/Cas9nediated geomme editing, microinjection always has
irreversible effects onnabryos i.e., increased mortality and decreaseatchdility from our
current studyHigh embryonicdeaths were observdébm shame and CRISIR/Cas9mediated
microinjection in ouistudy revealingthat major mortality occurs due to the injection of thekyol
while fewer impacs are fom the DNAdonorsand reayents(Simora et al., 2020 Although a

high dosage resulted in a high embryonic mortality and lower hatching rate, it did not
significantly reducethe fry survival rate compared to the injectedntrol group, which isin
agreement witlthe findings fromElaswal et al (2018. This may be because microinjection
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only has aletrimentaleffect on the yolk of the embry&itill, this effect no longer affects the fry
once the fertilized eggs have successfaliiched Given the unavoidable physical lethalitf
embryacs, off-target effects and mosaicisimwe recommend microinjection 3000 fertilized
eggs for normodel fish species in order tafford enough genedited fish forsubsequent
validationexperimers.

To assesshe pleiotropic effectswe compaed the gravth perfamance of the@n-target/offtarget
As-Cathintegratedish line with the WT population.Our findings demonstragd that off-target
insertionsdid not exhibit growth depressiar improvemert in various fanlies of Po founders.
Nonethelessthe preiminary cata revealed théH' As-Cath fish had agreaer gainin body
weight compared to the WT individuaksfiter a threemonth culture in the tankndicating that
the growth differences are enggéng in the R progeny This variation may bedue to
heteraygous irdividuals lacking stable genetic traits, or-tdfget integratiosin otherregions
concealing growth advantagén the Po generation(Zhang et al., 2015 cfGnRHdeficient
channel catfis did not show mgnificant effectsin growth and surwial throughouta fouryear
culture compared to th&VT fish (Qin et al, 2022. However,potentialpleiotropic effectould
exist when thdh gene is replaced by ths-Cathin our casesTherefore,Po mosaic founders
carrying theAs-Cath gene should be ed toproduce k, F2 and B homozygous famiés, and
then the comparisons of the growth, survival rasginability and carcass traits could be
performedto avail the enhanced performance &H' As-Cath fish line moretransparent to

farmers andhe publicin thefuture

HDR-mediated Klis rarelyapplied in aquaculturdue tothe very low integration efficiengyput
most of the traits were achieved RYHEJ}mediated KQ(Blix et al., 2021; Yang et al2021). In
addition, few studiesiave provedhat genemutarts can induce diseagesistant fish lines via
KO to date(Wang et al., 2022 By contrastthe integration of AMG is encouraging to improve
resistance agast pathogens in fisiDunham and Su, 202 Wang et al.,2022. However,
consumersgenerdly have rdatively little awarenesof transgenesiand have moreegative
attitudes towardgenetically modifiedbrganigns thangenone-edited organisns (Hallerman et al.,
2022, hence theublic pushback agast transgenigjeneedited animalss hindeing themfrom
reaching the marketHere, wereasonablycontend that cathelicidin transgenic catfish would not
pose a threat to food safedincel) Meat fran atificially grown alligators is edibleeven when
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commumed raw andthe gut will digest most proteins angactvate them 2) Eventually,amino
acidsrather tharproteinsare absorbed by humar® Even though the gene sequence is -ever
changing in varios beingsthere are only 20 different tgg of encode@mino acids thatare
frequently consumed by humaris this vein, we are raising attentioto potential benefits and
risks of ourAs-Cathtransgenic catfish by making them transparent to the public.

Nonetheless, scientists and breeders rniedae aware othe possible daage that genetically
modified fish caild cause to the environment and ecosys{®unham ad Su, 202D Ontheone
hand, reproductive sterility via genome editing has been attracting the attenticeaichers

and offering opportunitieotreduce enviromental riskan aquaculturgHallermanet d., 2029.

On the other hand, representative examples have illustrated that reproductive confinement is
promising in model and cultured fish by knocking out/disrupting gonadalaj@wenirelated
genes(Su et al.,2014; Su et al., 201R)in et al., 2Q6; Wargeliuset al., 2016Gay et al., 2018
Recently,Qin et al.(2022 demonstrate that the reproductieblocked channel catfislaresterile,
andthis reproductive confinement can be liftddroughhormone therapwith LHRHa. In this
study,the doseof 160 IU/kg HCGc oupl ed wi t h &af restore fekugdityLaHtReH a
highest leveln comparisorto other hormone treatmentsjt this improvement is not significant
from that of 1200 IU/kg HCG. Therefora,low dose of 1200 IU/kg HCG is recommended f
hormone therap to restorehe reproductionof the sterile fish lin¢o reduce cost In addition to
genetically achieving reproductive sterility, webtinfined culture systems should be adopted to
avoid the escape of mutafitansgenicindividuals, espeially in the exgrimental phase of

transgenic fish.

In summary,we established a sterile tiah line that confers enhanced resistance to fish
pathogens by expressing the cathelicidin prot®um: studyhasdemonstrated thdhe insertion

of the catheicidin gene &the Ih locusby harnessinghe HA- or ssODNmediated CRISPR/Cas9
systemcan be aobust approach tprodue steriized andenvironmentdy-soundfish lines with
enhanceddisease resistancdncouragingly, CRISPR/Cas9nediated Kl of AMGs at he
reproducton-related loci coupled with hormone therapy cobkl applied in othecommercial
fish to increase profi and lower environmentaldanges posed by escapegenetiemodified
individuals Notably, ezen though thelesiredtraits (on-target inserbns) can bequickly achieved
throughCRISPR/Cas9nediatedgerome editing, this does natafeguardhatwe will be able to
yield enoughnon-mosaicPo founders We contendthe gerome-editing tool should be usedsa
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complemento existingbreeding technique nd a rephcenent for themHence,a combination

of gerome editing, and conventional selective breedingesguiredto maximize the benefits of
CRISPR/Cas9 toolsore effectively in aquatic applications and to hasten the breeding process.
In conclusion this study dhowed the potential of overexpressingdiseaseesistant peptide
inserted at a reproductioelated gene using CRISPR/Cas9 in channel catfish, which may
provide a strategy of decreasing bacterial disease problems in catfish at the saraduaong r
envionmental risks
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CHAPTER THREE

Integration of alligator cathelicidin genevia two CRISPR/Cas9assisted systems enhances
bacterial resistance in blue catfish|ctalurus furcatus

Abstract

CRISPR/Ca8 medided genome editinghas paved newavenus for improving produdion-
valued taits in aquaculture by knocking oot disruptingfunctional genesHowever,utilizing
CRISPR/Ca8-based knockn (KI) of exogenous genesan expedite genetic improvement
traits such as disease resistanadich remainsproblematicin farmed fish. In this study, we
successfullygenergedtransgenidlue catfish Ictalurus furcatu} of primarily Rio Grande strain
ancestrywith site-specificKl of the alligator(Alligator sinensi¥ cathelicidin(As-Cath) gene iro
the luteinizing hormongIh) locus via two CRISPR/Cas9nediatedKl systems assised by the
linear doublestranded DNA (dsDNA) andadiblecut plasmid respectively High integration
rates wereobsened with linear dsDNA (6.67% [13/78] and doublecut plasmid strategies
(24.53% [26/106)). In addition, the ontarget Kl efficiency ofthe doublecut plasmid strategy
(16.04% [17/106) was 1.67 timeshigher than that othe linear dsDNA strategy 10.26%
[8/78]) based on the odds ratibhe relative expression othe As-Cathtransgee of P1 founders
was detected in nine tissues, dominatedheykidney skin, and musclél4.30G, 7.7+ and 6.92
fold change P < 0.05. Moreover, theAsCath transgenic blue catfish showea higher
cumulative survival rate than that of witgpe controls(80% vs 30%, P < 0.05 following
Flavobacterium covaefection Survival during culture supports the challenge data as survival
of AsCath transgenic individuals was 97.1% while that of pooled-mansgenic individuals
was observed to be less 87.% = 0.15). The gowth ratesand external morphologyof the
transgenic and wildype siblingswere not different® > 0.05),indicaing no pleiotropic effects
of the AsCath trangiene integration at thkh locusin the P. foundersfor this trait Taken
togethe, our findings demonstrate thaCRISPR/Cas@ssisted Klof an antimicrobial peptide
gene can be achieved in blue catfigith high integration efficiencyand As-Cath transgenic
blue catfishhave improved disease resistancevhich is a promising strategy for disease

redwction in aquaculture

Keywords: Genome editingcathelicidin antimicrobial peptidedisease resistancklue catfish

-74-



1. Introduction

Fish disease is one of the majoostacleso aquaculturedevelopmentas largescale disease
outbreakscanresut in a saies of lossessuch as reduced yields, increased costs, and reduced
income for farmer{Dunham and Elaswad, 201Baylor et al., 202l Traditionally, farmers
prefer to use antibioticlike drugs to prevent or treat fisliom diseasesthereby reducing
financial losses(Cabello, 2006 For many years antibiotic misuse has polluted the water
environment, causing pathogens to develog resistanceand even endangering humiagalth
(BondadReantasaet al., 2020 Karunasagar et al., 2020n view of this, the WHO andFAO
advocate the development and search for alternatives that daussantimicrobialresistance
or produce antibioticesiduegWHO, 2017;FAO, 202), andthe U.S. governmerdlsostrictly
limits the use of antibiotefor prevenive andtherapeutic purposas aquacultureKDA, 2022).
Although some vaccines have been developed, thegftmepathogen or fish speciesspecific
underexperimental conditionsTheir successful applidahs in commercial ponagnvironments
are still depencent on vaccine efficacy ease ofadministration and availability due to the
approval process and regulatiofSommerset et al., 2005; Dunham dfdswad, 2018Priya
and Kappalli, 2022 As a promisingsubstitute antimicrobial peptideAMPSs) have boad
spectrum antimicrobial properties and do roatusedrug resistancéHancock, 2001; Wang et al.,
2016. In recent yearsAMPs have been usedot only in the development of humaredicing
such as anticancer drugs, but also in the preventiotreathet of livestockand aquatic animal
diseass(Mookherjee et al., 202@0ang et al., 202a; Wang et al., 2023).

Numerousstudieshave demonstratethe benefis of dietary supplementation withMPs on
innate immunity and disease resistance in aquatmals (Welker et al., 2010Lin et al., 2015;
AbdelWahab et al., 202IMi et al., 2022. On the one hand, as a feed additivigh demand is
required and relying only omatural AMPswill not be sufficient to fill that market nee@®n the
other hand,syntheszing buk AMPs artificially is timeconsuming laborintensive, and
expensive(Wang & al., 203a). The administration of AMPs as feed additivés disease
reduction usually provides shortterm disease controAlternatively, genetic strategy vidghe
integrationof antimicrobial peptide geng®AMGS) into the genome of target fish can encode
functional AMPs and enable their expressideadng to diseaseesistantgenetic line with
multigenerational inheritang@Vang et al., 2022alNang et al., 223b; Warg et al, 20239. The
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use ofengineered AMGs as transgenesstrengtherfish resistance tanvading pathogens has
yielded promising results recent yearsOne of the most important developments in disease
resistant enhancement was Dunham's @ong researchon a cecropintransgeit channel
catfish (Ictalurus punctatusline (Dunham et al., 2002 Since thenan increasing number of
studies documened that AMGtransgenic fish exhibitecan elevaed resistanceto various
pathogens iimedaka(Oryzias latipeg (Samasik et al., 2002, grass cargCtenopharyngodon
idella) (Zhong et al., 2002Mao et al., 200¢ zebrafish(Danio rerig) (Yazawa et al., 2006;
Hsieh et al., 2010 rainbow trou{Oncorhynchus mykis$¢Chiou et al., 204) and channel catfis
(Ictalurus purtatug (Abass et al., 2032 Therefore, AMGs as transgenes are robustd
promisingfor improving disease resistance in fish species, whitlemefical to the aquaculture
sector

Conventional trasgenesisof an AMG in a random integteéon mamer conérs enhanced
immunity to fish.However, the random serton approach maynpair normal gene function and
rendertracing the specificintegrationsites impossible As one ofthe mosteffective genetic
improvementtools, CRISPR/Cas%hased geome edting is vital in enhancingorodu@r-valued
traitsin aquacultur€dHallerman et al., 2092A considerable number of studidscumengd that
CRISPR/Cas9nediated knockin (KI) can createontarget insertioa of foreign genesin
zebrafish Auer et al, 2014 Morita et al., 2017 and medakaWatakabe et al., 20)&ia the
homologydirected repai(HDR) or nornthomologous end joiningathway. Although effective
Kl systemdor model fishhave been reportednly a few such approachésve beerapplied in
farmedfish. Several CRISPR/Cas@sssted Kl strategis includinglinear doublestrandedDNA
(dEDNA)-, doublecut plasmid, and ssODN (singlestrandedoligodeoxynucleotidemediated
systems weradoptedo generateenhanced diseasesistant channel cashi (Simara et al, 202Q
Wang et al.,, 202439 and docosahexaenoiecid/eicosapentaenoi@cid- (DHA/EPA)-enriched

channekatfish Xing et al., 2022 with relatively high efficienges.

Blue catfish(Ictalurus furcatu} is avaluablefood fishdue toits large sizeand flavorful flesh
(Pflieger, 1997. However blue catfishtend to contracsome bacterial diseasemore than
channel catfishespecially after handling or haulingsraham, 199). Dunham et al. (2008)
discoverd thatblue catfish were more susdiye to Flavobacterium columnarebacteria than

channel catfish.Therefore,improving the disease resistance ldfie catfish is critical to
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achievng commercial farmings this species is hybridized with channel catfish to produce an F
hybrid exhibiting hetaobeliosis for several traits Gosh et al., 202). Cathelicidins arean
importantAMP family with broadspectrum antibacterial, antifungal, antivirahd antiparasitic
properties (Mookherjee et al., 2020 Alligator (Alligator sinensi$ cathelicidin As-Cath)
demongtated potentantimicrobial activity againsta variety ofpathogensn vitro andin vivo
(Chenet al., 2@7). A blast search of the cathelicidin sequence against the blue catfish genome
prior to the initiation of the current experiment diot revea the cdhelicidin or cathelicidirlike

gene.

CRISPR/Cas9nediated genome editing has already been widely usedhannel catfish to
improve growth, control reproduction, increase orm@datty acid content and enhance disease
resistanceKhalil etal., 2017;Qin, 2019; Simora et al., 2020Coogan et al., 202Xing et al.,
2022. We recently generadd AsCath transgenic channel catfish linegia different
CRISPR/Cas9nediated Kl systemsand tle transgenicfish displayedincreasd resistance
aganst fish bactera (Wang et al., 2043. However,no research has been conductecteate

transgenigermlinesin theblue catfish.

Luteinizing hormone (LH) acts as a key regulator throughout the reproductive cycle and
significantly contributes to therfal matuation d female fish (Gen et al.,, 2003; Chu et al.,
2014). Studies conducted earlier haslgown that oocyte maturation and ovulation were
disrupted inh-mutant zebrafish (Chu et al., 2014). In addititmdeficient channel catfish are
sterile,andthe sterilizaton 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 diseaseesistant blue catfish gmlines and revesible transgenic
sterilization system we replaced thelh gene with the AsCath trangiene by harnessing
CRISPR/Cas9nediated Kl systems coupled witHiaear dsDNA (dsDNA_AsCath or double

cut plasmid (pUC57_A<Cath).The efficiencies oftotal KI and onrtarget Kl of the two systems
wereassesad, as well as thgotential effectof CRISPR/Cas9nediated microinjectiomn the
hatchability fry survival and growthin blue catfish The relative expressioof the AsCath

transgenecompared to the wiltype (WT) individuals was determinedfor various tissues.
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Furthermore we compared theesistanceof As-Cathtransgenic and Windividuals against

Flavobacterium covabacteria

2. Materials and methods

2.1 Ethical approval

The experimentablue catfishwere of an unkiown percentage or complete Rio Grande strain
ancestry based on each individual beregavily spotted, and wemearedat the Fish Genetics
Research Unit, E.W. Shell Fisheries Research Center, Auburn University, AL. The Institutional
Animal Care andUse Canmittee at Auburn University (AJACUC) approved the experimental
techniques used in ithstudy. All experiment werecarried outfollowing the procedures and
standards established by the Association for Assessment and Accreditation atdegl#arimal

Cae (AAALAC).

2.2 Target locus fortransgene insertion

As the target integration site, wahosethe blue catfishlh locus expecting to create disease
resistant and sterile genetic lind&ased on the published genomebbfe catfish (Wanget al.,
2022), we targetedhe middle of exor? of |h siteusing asingle guide RNA$gRNA) targeting
is in (Figure 9A). The insertedcoding sequence (CDS)f cathelicidin gendas derived from
Alligator sinensis(As-Cath, GeneBank accession numbefM _006037211.3) (Chen et al.,
2017.

2.3 Designof donor DNA, sgRNA and CRISPR/Cas9 system

GenetargetedKl can beachievel viathe HDR pathwayusing thelinear dsDNA orengineered
plasmidas donor templateShe two types of donors harboring the Cath genetargeting thelh
locuswere adopted and installed BRISPR/Cas9nediated system to condumt-target KI.The
first systemwasbuilt with a dsDNA as the dondgdsDNA_AsCath) The main AsCathcassette
(promoter As-Cath_polyA)was flanked by two 360p honology ams (HA1 and HA2) derived
from the blue catfishh gene to create the dsDNA dondm the dsDNA_AsCath systemthe
sgRNA only cleaves the blue catfishgenomic DNA(gDNA) at thelh locus andthen thelinear
dsDNA donoris pastel to the cleavagerepairing the camaged DNA. The donor in the second
system was an engineer doublecut plasmid (pUC57As-Cath). To create theloublecut
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plasmid donor, the same linear dsDNA flankedtly sgRNA recognition sequences (SgRNA
PAM, 23 bp) on each side was clanato the pUC57 vector at th&ecdRV enzyme digestion site
(Appendix 9. In the pUC57_AsCath systemsgRNAs simultaneouslycut thelh locus and the
plasmid donorandthen thecleavedlh andthe linear dsDNAgeneratedrom the plasmid can
induce DNA repair via the HDR pathway In detail, the mainAs-Cath cassette includeshé
zebrafish ubiquitin (UBlpromoter diving the expression of thas-Cath transgeneNlosimann

et al., 201}, the CDS of the AsCath gene anda poly-A tail to enhance translatiqifrigure 9A,
Appendx 5). The linear dsDNAand circularplasmid were synthesized by Genewiz (South
Plainfield, NJ).

The sgRNA vasdesignedusing the CRISPRscan online toottps://www.crisprscan.orjj/and
potental off-target events were excluded using theonline tool CasOFFinder

(http://www.rgenome.net/casffinder/) (Bae et al. 2014) Accordingt o t he manuf act

instructions the sgRNAs weregeneraed usng the Maxiscript T7 kit (Thermo Fisher Scientific,

Waltham, MA)in vitro. The RNA Clean and Concentrator Kit (Zymo Research, Irvine, CA)
purified sgRNAs. The concentratioa and qualiies of the sgRNA were determined using a
Nanodrop 2000 spectroptoaneer (Themo FisherScientific, Waltham, MA) and a % agarose

gel with the 1xtris-borateEDTA (TBE) buffer. The synthetic sgRN#&were diluted to 300

n g/, aliquoted g ¢ L) intcuRCRtubesandstored at 8 0 unt il use. The
powderwas purchasedfrom PNA BIO Inc. (Newbury Park, CA) and was dilutédo 50 ng/ gL
with DNase/RNasdéree waterand thenstoredat™ 2 0 u nTthe soRNA and universal

primer used in this study are listedTiable4.

2.4 Microinjection , transgenic fish production and rearing

Mature blue catfishfemales and malegere paired for artificial spawning aquara 60cm x 45
cm x 30cm). The general artificial spawning procedures followed thos&wfet al. (2013)
Briefly, we selected individuals weighing mdtentwo kilograms for pairing Blue catfishpairs
(body weight difference < 1 kgwere anesthetizedin a solution of 100 mg/L tricaine
methanesulfonateMS222 Syndel,Ferndale, WA)andthe water was buffered usib@ mg/L
sodium bicarbonateFemaleswere then admnistered intraperitoneal injections of luteinizing
hormonereleasing hormone analogue H R Ha ) L#&g bodyveigh{BW) followed by a
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Table 4. Oligonucleotide sequences for single guide RNA (sgRNA) syntheaisd PCR. Primers used
for the detection of thellggator (Alligator sinensi¥ cathelicidin As-Cath) transgenibiquitin promoter
region luteinizinghormone(lh) mutation and the relative expression of the-Cath gene in blue catfish
(Ictalurus furcatuy. HA, homology arm

Oligo name Nucleotide seq e n c e 3(65 6 Product Size (bp)  Purpose
SgRNA synthesis
sgRNA TTCAAACCGCCATCTGCAGC o] sgRNA synthesis
Universal TTTTGCACCGACTCGGTGCCACTTTTT o Scaffold of the sgRNA synthesis
Primer CAAGTTGATAACGGACTAGCCTTATTT

TAACTTGCTATTTCTAGCTCTAAAAC
PCR Primers
CathF TTCAGGAGCCGTACTGTTCC 597 Determine the CatpolyA region of
Cah-R GCATTCTAGTTGTGGTTTGTCCA the As-Cathtransgenic fish
PromF ACCCTTTGCCACAGTTCTCC 542 Determine the Prortath region of
PromR GGCCCTTGGTTGTAGACG the As-Cathtransgenic fish
HA1-F TAAGGCCACGTTTCGATTCT 573 Determine the junction of the HA
HA1-R TCATTTTGCCGTCTGTTGTT
HA2-F TGAGTTTGGACAAACCACAAC 598 Determine the junction of the FA
HA2-R TTGATTGAAAATGTTTCCCTGTT
LH-F TGAGCGATCACAGCAAAATC 594 Determine thenutationof thelh gene
LH-R GCAGCTTAGTGCGACAGGAT
gRT-PCR Primers
Cath_gPCRF GCAGGGGTCTATTCAAGAAGC 125 For quantitative reaime PCR (QRT
Cath_gPCRR GTCTGGATCTCACCGCCTTC PCR) ofAsCathtransgene
18sF GAGAAACGG CTACCACATCC 128 Internalcontrol fa quantitativereal
18sR GATACGCTCATT CCGATTACAG time PCR

1 0 @/kgeof resolvingdose 12 h laterAt the same timenales were injectedith one dose of
50 ¢ L/ k glnjéctddpairmwere gently placed into amaquariumwith flow-through pond
waterand aerated with compressed diis§olved oxygembove6 mg/L; water temperaturg4

2 6 ). The females were checked for egngery 4 h at 36 hafter thehormone injectionThe
mades wereremoved andeuthanizedo collect testes once a small egg layer was observed at the
bottom of the tang andfemales were anesthetiz to handstrip eggs in a 2@m greased
spawning panFresh testes were rinseslgighed,and crushed. Spermene pepaed in0.9 %
saline solution (g:v = 1:10)'wo milliliters of sperm solution were added to approximately 300
eggs and gently mixed. After oneminute mixing, sufficient pond water was added to the eggs
to activate the spernhen the sperm/egg wiurewasgently swirled for 30 sThe embryos were
kept in a single layer in the pavith additional water supplieénd the embryos were allowed

harden for 15 min before microinjection.

The CRISPR/Casthediatedmicroinjection solution was composed b Ca® praein, sgRNA,

donor templatend phenaeted indiator in the ratio of 2:1:10.5. For each systerdle L of Cas 9
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protein (50 fsggNAI13)0,0 21gé¢ E L p, terd@plate(linearodsDNA orn o r

doublecutplasmid,50 ng/ €le)l, odngphenol red solution
The Cas9 protein and sgRNwerefirst mixed and incubated on ic®r 10 minto form a Cas9
sgRNA compex, then donor templates weeelded. The mixed solution for eadysten was
microinjected into oneell stage embryos as previously descrifi€ldalil et al., 2017. Every 6

¢ Lof the mixture was loaded into a 1.0 mm ®0brosilicateglass needle that wasllfed by a
micropipette puller(Sutter Instrumens, Model R97, VWR, GA), then injected into 600
embryos.We microinjected 1,000 embryoslividing them into 5 random replicatés eachKI
system and anothef,000 embyos divided into5 replicates were pparedas a noninjected
control group(nCT). In addition toCRISPR/Cas$hased microinjection and nCT groups also
microinjected 1,000 embryos (divided into 5 replicates) wghenol red (dilutedvith 0.9 %
saline) without donorsas an injected groupir). All these embryos were from the same

parents, and the microinjection was terminated after 90 minf@aization.

After microinjection, d injected and control embryos were transferred stailized10-L tubs
filled with 7-L  Ho | t $oluient (8rnminsl NaCl, 2.4 mmol NaHCO3, 1.67 mmol MgS0O4,
0.76 mmol CaCl2, 0.67 mmol KC[Armstrong and Malacinski, 198%or hatching All tubs
were randomlyplaced intwo flow-through hatching trough300 an x 60 cm x 45 cm), and

each tulreceived one airshefor continuous oxygen (> mg/L). A heater vasutilized upstream

wer |

near the water inlet to keep the water temperature "at228 i n ed#dohttreughod

solution wascompletely replaced twice per dayand dead ebryos/fry were collected and
recordeddaily to determine thénatchabilityandearlyfry survival.

All hatchedsacfry weremovedto new tubdfilled with pond wateland fedad libitum four times
per daywith live Artemia nauplii After one week of cultura tubs, all fry were stocked intd6
L recirculatingaquariaby treatmentor growth. The feed pellet size was adjuster matchthe

size of the fishoés mout h averefedaddibitdim withhPurga®e w .

AguaMax® powdered faek(50% crude protein, 1% crude fat3 % crude fiber, and 1% ash)
four times per day folreemonths. Then fingerlings wered with Cargill Aquaxcel WW Fish
Starter 4512 (456 crude protein, 12 crude fat, 36 crude fiber, and % phosphorus) twica

day for treemonthsto apparent getion. Juvenile fish were fed with WW 4010 Transition feed
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(40 % crude protein, 106 crude fat, 4% crude fiber, and 26 phosphorus) once a day
apparent satiation

2.5 Integration analysis and mutation det&tion

All fingerlings were pittaggel (Biomark Inc., Boise, Idaho, USAdfter a5-month cultureto
individual identification The pelvic fin clip and barbel wemixed and collectedfrom each
anesthetized fish for DNA extraction and genotypic identificatiThe marked fish from
different groups were thencombired and randomlydistributedinto two flow-through tanks
(1,200 L volume filled with 800 L of water) with the same density5(L fish/tank) for
comparisorof growth During this phase, all fisiwereprovided WW 4010 Transition feed once
a dayfor satiation.The samegenotyping stratggwas adoped for these twaCRISPR/Cas9
mediated systemn the CDS region othe AsCath genewas amplified to confirntrangene
insertion using primers CafR (forwardand reverse), and the promoter regiees amplified
using primers Pom-F/R. With respect tgunctions,HA regions were amplified using primers
HA1-F/R andHA2-F/R to determine raontarget insertion. Primers were designed using the

online software Primer3es (hitp://www.bioinformatics.nl/cgbin/primer3plus/primer3plus.cpi

and are listed in Table 4. PCR was performed in a -BOL s y antd Q@R produts were
resolved and visuded by running 1.0% agarose gel withx trisacetateEDTA (TAE) buffer,
and a bright band of each region with the corresponding lendibatedan ontarget positive
individual (LH'_As-Cath). Some individuals ha the As-Cath transgeneinserted butno

detectble unction regionswe thenclassifed them as potential oftarget positives (LH As-

Cath).

Concerning the nonAsCath inserted fish, we neeed to detect the potentialh-mutant
individuals (H'_As-CatH). In this case, PCR was performed in as2@volume system using

the Expand Hih FidelityPLUS PCR System (Roche Diagnostics, Indianapolis, IN, USA)
accordingto Elaswad et al. (2018and LHF/R primers were used. Then, the surveyor mutation
detection assawas carried out using the Surveyor Miga Detection Kit (Integrated DNA
Technologies, IDT, Coralville, lowa, USA) per the instructio@su(et al., 2001 A negative
control reaction was included in the assay by using gDNA from the nCT group. Sudrveyor

digested DNA samples were electrophoresesl 2% agarose gel with 1 x TBE buffer for 1 hour
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and compared to WT samplesdditionally, we identified the fish as negative (LHAs-CatH)
whenno As-Cathinsertions ancho lh mutationsweredetectel.

To confirm theinserted transgene or mutatsme cloned the PCR products of putatpa@sitive

or mutant individuals usingghe TOPO TA Cloning Kit (Invitrogen, Carlsbad, CAjpr
sequencing following the instructiaon¥he PCR products werdransformed into One Shot
TOP10F chemically competeBscherchia coli (Invitrogen, Carlsbad, CA). Then three colonies
from each transgenic fislwere randomly picked to perform Colony PCR, and ligHidcoli
cultures were prepared for rolling circle amplification (RCA) sequencing by Sequetech
(Mountain View, CA) (udng the M13 forward primer) As for the potentiallh-mutant
individuals we selectedten colonies from each fish to perform Colony PCR and RCA

sequencing.Finally, the sequencing results were blasted with transffao&gions using

MAFFT (version 7,https://mafft.cbrc.jp/alignment/sezw) to identify inserted DNAfragmens

or mutantsequences.

2.6 Determination of mosaicism and transgene expression

Threel2-monthold ontarget positive fish anthreeshaminjected control fish were chosen and
sacrificed.The fin, barbel, kin, muscle, intestine, hedddney, stomach liver, and gonadf a
singleindividual were collected in 1.5 mL tubes and immediately transferred to liquid nitrogen
for DNA and RNAisolation. To determine the potential mosaicism and the relative expression of
the AsCathtransgenePCR,and quantitative redlme PCR (qRTPCR) were conducted. Total
RNA wasisolated from various tissues usititg TRIzol reagent (Therm®&isher Scientit) and

was reverse transcribed to cDNA usirlge iScriptt Synthesis Kit (BieRad, Hercules, CA)

following the manufacture gotocols.

gRT-PCR was performed on a C1000 Thermal Cycler using S$oFasaGreen Supermix kit
(Bio-Rad, Hercuts, CA) accordig to the instructionsThe cDNA products were diluted to 250

ng/ L, and 1 €L template was wused in a 10 €L
was used as an internal control, and the detailedB@®R procedure was set up accordiag t
Coogan et al(2022) The raw crossingpoint (G) values were collected usifgFX Manager

Software (version 1.6, BiRad). The expression level thfe As-Cathtransgenéo the 18S rRNA

geneof transgenic fish againghat of nontransgenic sibling fish was converted determine
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fold differences Each sample was analyzed in triplicate using the formula®®{[ivak and
Schmittgen, 2001 which sets the zero expression of the-transgenic fullsiblings to 1x for
comparisonThe primers used for gRFPCR are listed iTable4.

2.7 Flavobacterium covaehallenge

Healthy R blue catfishfingerlings wih BW 6.25 + 1.03 g (mean = SEM), including four
genotypes (A fish/genotype): LM As-Cath, LH* As-Catlf, LH* As-Catd and WT were
separate into four net basketslbem x 15cm x 25cinand acclimated i hatching trough for
three days before beingtransfered to achallengng tank (3m x 0.6m x 1.2mwith aeration
(dissolved oxygen > Bg/L). The challenge tank was supplied with fldarough pond watetio
maintaina depth of20 cm. A revivedF. covaeisolate (strain ALE00-530) on modified Shieh
agar (MSA)was inoculated inta culture of 12 mL of modified Shieh broth (MSB) &ab0-mL
sterile flask and growfor 12 h at 28°Gn a shaker incubator at 150 rpm. Ttwture wasthen
subcultuedinto 200 mMLMSB (5 mL additions)within 500 mL flasks and grown foranother 12
h. The optical density was adjusted to €®= 0.731 and then spread plate dilutions were
performed to determine the final inoculum concentrati@me hundred microliters othe
inoculum were serially diluted and spread onto MSA agar platesiandated at 28 °C for 48 h
to quantify the concentration of the inoculu@necombinedflask containing 325 mL of inocula
(4.75 x 1¢ CFU/mL) was immediatelydispergd into the challenge tankthe fish werethen
immersed statically fot h at ~28 °C (immesion dose: &7 x 1 CFU/mL) without flow water.
Meanwhile, a mocichallenged tank was used as the control but incorporated a26tfish (5
fish/genotype)n a 20-cm depthof pondwater forl hwith sterile 325 mLof MSB instead of the
bacterial cultve. After the 1 h bacterial infection, watdlow in the tanks was resumed.

During the first 72 h of the experiment, tanks were obsefmenhortality everyfour hours then
three times dailylnfected fish were continuously monitoréat clinical signs ¢ F. covaefor 10
days by isolatingbacteria from the liver to determine the cause of demtidead individuals

were recorded over time

2.8 Pleiotropic effect
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To evaluate any pleiotropic effects causgthe two CRISPR/Cas9 mediatég-Cath into the
Ih locus, he individual BW was collected &, 7-, 200 and 3tmonths posthatch (mph)to
compare growth Then the fish were photographed individually at 31 mBbdy shape
parameters, including the total length (TL), standard length (SL), head létigthefe dianeter
(ED), body depth (BD), and caudal depth (CD), were mea&amalyzedindividually using
ImageJ softwarehftps://imagej.nih.gov/i)/ to evaluate the potential deformitfigure S7 in

Appendix2).

2.9 Statistical analysis

Hatchability, fry survival rate, and growth ddtam differentsystemsjenotypa were analyzed

using oneway ANOVA/T u k emuéige comparisons testhe body shape parametefiom

different groupsvere comparedusing multivariate ANOVA followed by Hotellingd s-sqiiared

test To compare the Kl efficiency of differesystens,Fi s h e r 6 sanceodds catio (PR3 s t
were adopted. The survival curves of challenge experimentsfthangenotypes were compared

by the Kapla-Meier plots followed by Logank (MantelCox) test. Gene expression between
transgenicandnenr ansgeni c fish was an attgskzAd gtatistigalt h  an
analysis was achieved using GraphPad P8sfnl (GraphPad Software, LLCJhe statistical
significancelevel was set a P < 0.05, and all data were presented as the mean + standard
deviation(SD).

3. Results
3.1 Targeted Kl of the As-Cathinto the |Ih locus

In both systems,ow hatching rate were observedollowing the CRISPR/@s9mediated
microinjection.All microinjected groups had lower hatching sa(8.50 + 0.44% for iCT,P =
0.004; 8.40+ 1.06% for dsDNA_AsCath,P = 0.003; 12.4Gt 0.79% for pUC57_A<Cath,P =
0.624)compared to thaCT group(14.00+ 1.21%). However,thepUC57_AsCathsystemhad a
significanty higher hatching rate than the dsDNA A&ath @ = 0.03%) (Figure 9B). In the
present study, & obtained5, 78 and 106 alivéngerlings after microinjecting 1,000 embryos
in the iCT, dsDNA_AgCath and pUC57_A€athgroups, respectivelyn addition, 92 fry were

generated from thaCT group without microinjection Our statistical results indicated thidue

-85-


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

microinjectiondid not affectearly fry survivalcompared to th@eCT group (P = 0.062 (Figure
90).

Bothlinear dsDNA and doublecut-plasmid strategeintegraed the As-Cathtransgenigemline
in blue catfish Total KI efficiency in the pUC57_A€ath system was significantly higher than
thatin the dsDNA_AsCath system[2453% (26/1069 vs 16.6®%6 (13/78, P = 0.019 (Figure
9D). Moreover,the pUC57_AgCath system had significanty higher on-targetKI efficiency
than the dsDNA_AsCath [16.04% (17/106)vs. 10.26% (8/78) P = 0.007] (Figure 9E).
According to the ORthe total and ottarget Klrates of the pUC57_AsCah sydgem were 1.8
and 1.67 times higher than those of tllsDNA_AsCathsystem, respectivelgTable5). These
findings suggested that thEJC57 _AsCath systeneffectivdy creaed the As-Cath transgenic
genetic lins by increasing Kl efficiency andedudng theoff-targeteventsin blue catfish All
the positive individuals were confirmed Iyl dectrophoresis andequencing(Figure 9F-G,
Figure S8 in Appendix2).

Table 5. The summary of otal knock-in (KI) and on-target Kl efficiency from two CRISPR/Cas%
mediated systems in blue catfishi¢talurus furcatus). KO, knock out; OR, odds ratio; #, the odds ratio
of total Kl efficiency of thgpUC57_AsCath system relative to dsDNA_AZath, OR = (26x65)/(13%80)
= 1.63; ##, the odds ratio of darget Kl efficiency of the pUC57_A€ath system relative to
dsDNA_AsCath, OR = (17x70)/(8x89) = 1.6dsDNA_ AsCath CRISPR/Cas®nediate Kl system
coupkd with a dsDNA as the dongtJC57_AsCath CRISPR/Casfnediate Kl system coupled with a
doublecut plasmid aghe daor.

System

Efficiency (number)

OR

Total Ki Onttarget Kl Only KO
dsDNA_AsCath  16.67% (13/78)  10.26%(8/78) 5.88% (3/51) 1.63
pUC57_AsCath  24.53% (26/106) 16.04% (17/106) 8.33% (6/72) 1.67#
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Figure 9. The knock-in (KI) efficiency of the As-Cath transgene at thelh locus wsing two different
CRISPR/Cas9mediated systemsn blue catfish (ctalurus furcatus). (A) Schematidllustrationof two
different CRISPR/Casfnediated systems (dsDNA_AZath vs pUC57_AsCath). The sgRNA
protospacer adjacent mo{iPAM) was highlighted irgreen, and thegRNA target sites were indicated
with black arrows. Theletectionstrategyfor positive individuals was illustratedusing specific primer
sets.(B, C) The dfectsof the microinjectionon hatching rate and fry survivdD, E) Total and ortarget
Kl efficiency of dsDNA_AsCath and pUC57_A€ath systems(F) Ontarget msitive fish were
identified by detecting the As-Cath region (AsCath_polyA, 597 bp)promoterregion (prom_As-Cath,
542 bp) and junctions (HA1lprom, 573 bp; polyA HAZ2, 598 busing 1% TAE gel electrophoresis. The
number above each lanepresered the 1D ofthefish. Full gel electrophoresiss attacled inFigure S8 in
Appendix 2 (G) Sequencingesults corespondingto Figure 9F. As-Cath alligator (Alligator sinensi¥
cathelicidin Ih, luteinizing hormongHA, homologous arm; UBI, zebrafish ubiquitin; PA, pdytail,
Lane N, negative control using water as a template; LaneiMitype control; Lane P, pasve contol
using a plasmid donor as a template; Lane M, DNA marker (1 kb), 300ai@® 65€bp bands were
highlighted with black trianglest.H As-Cath’, ontarget positive fish, theAsCath transgene was
integratedcatthelh 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 theAs-Cath transgenic blue catfish, wsereened.88% (3/51) and8.33% (6/72)
Ih-mutant fish from the dsDNA_A€ath and pUC57_A€ath sytems,respectively. Compared

to the WT control/h-mutant individualsshowal multiple bands aftethe Surveyof® digestion
(Figure 10A, Figure S9 in Appendix 2). The Sanger sequencing resuttnfirmed that the Ih
gene was mutatedithin or ousidethe CasXleavaye site These sequence mutationsluded
substitutionsdeletions andinsertionsthat caused odid not cause amino acid®A) alteratiors.

The sametype of sbstitution(C to G wasobserved inndividuals#9 6 , # 1 0 6resullogp d  # 1 1
in amutant AA (Cysteine tolryptophan. Two types of deletionsweredetectedn# 8 6 (f 6 s h
bp,” 2 bp), leadng to large amourgof mutatedAA sequences @ven premature termination of
translation In addition,insertions were observed imdividuals# 2 6 ,, a b 0@FEA4LbP,6-2 bp,

+4 bp) These insertionaltered AA sequencgat positiors 52 or 53 and beyond'wo types of
mutations wereobserne d i (C ta&#T1 © to G and# 8(0 6 bp,” 2 bp/+1 bp individuals,

indicating that these two fish were mos@dferent mutations in barbel and Ji(Figure 10B).

The gsteine residues in theH serve a primary physiological purpose foyming disulfide

bonds betweethe two peptide chainsThese disulfide bonds can stabilize the tertiary structure

of LH and prevent ifrom denatunng under extreme condition#n this study,in all Ih-mutant

blue catfish, themutaion of thelh generesulted inthe lossof cysteine residuedn particular,

one gsteine residuavas mutéed in individuals# 1, & 9 06 , #10Andamdli# 1 daal s
#50, #70, # 8v0 cysieel resitite hidtaedh Therebrie, the biological functionof

LH may be diminished or destroydde to theveakened andamagedtructure

3.3 Mosaicism andthe As-Cath transgeneexpression

The potentiabn-targetmosaic transgenic blue catfish weliscoveed in this studyFish #1 #5
and #7 were determined as-tamget positives by sequencingigure 9F). Our results indicated
that wo of thesethreefish (#1 and #5had the As-Cath transgenaletectedn all nine tissues
including the fin, barbel, skin, muscle, intestine, kidnesgomah, liver, and gonad. However
one of them#7) hadthe transgenéound in six tissues lparbel, skin, muscle, intestinkidney,

and stomach(Figure 11A, Figure S10 in Appendix 2, suggestinghat #7 fish was mon-target
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positive individualwith mosaicism In additon,# 1&nd # 8 6 i n dnosaicfa thalh s

mutation Eigure 10).

A dsDNA As-Cath pUCS7_As-Cath #5' AAATGCCTTGTGTTTCAAACTGCGCCATCTGCAGCGGGCACTGC (8/10;+2)
M t 203 4 5 wr e 7 8 9 10 11 12 K ¢ LV FQTAUPSAATGTA

5°0bp>E——— —— e —— — — — — Vv

100 bp =« #7° AAATGCCTTGTGTTTC-AACGGCCATCTGCAGCGGGCACTGCTT (8/10;-1,+1)
K C LV F Q K P 8§ A X B T A

B

WT  TTTACGGAACACAAAGTTTGGCGGTAGACGTCGCCCGTGACGAA 5 A0 8 B v A

5 AAATGCCTTGTGTTTCAAACCGCCATCTGCAGCGGGCACTGCTT B8 AAATGCCTTGTGTTTCAAACCG —mmm e GCAGCGGGCACTGCTT (2/10;-6)
KTe LV Fg S A il G = G _H C_F 4 v

K ¢C LV FQT G S G H C

sgRNA target sequence PAM

o o o T,

AAATGTCTTGTGTTTCAAACCGCCATCT -~ AGCGGGCACTGCTT (8/10;-2)
#17 AAATGTCTTGTGTTTCAAACCGCCATCTGCAGCGGGCACTGCTT (4/10;-1,+1) K ¢ LV FQT A | Stop

K ¢c LV FQT A1l €C S G HC F /\I\m?{\”"n""""??? r‘, ,M} A

\/

AAATGGCTTGTGTTTCAAACCGCCATCTGCAGCGGGCACTGCTT (8/10;-1,41) 49144’ AAATGGCTTGTGTTTCAAACCGCCATCTGCAGCGGGCACTGCTT (10/10;-1,+1)

KOwE BV TR QA L G St 6Tl Gk KW LV FQTAIGC CS G HGC F
¥ AAATGCCTTGTGTTTCAAACCAGCCGCCATCTGCAGCGGGCACT (9/110;+4)  #121  AAATGCCTTGTGTTTCAAACCGGCCGCCATCTGCAGCGGGCACT (7/10;+4)

LV F @ T $ &£ 8 L3 K A L K ¢ LV FQ TG R HUL QR A L

Figure 10. Identification of Ih-mutant blue catfish (ctalurus furcatus) and mutation analysis.(A)
Identification of editedlh gene in P blue catfish using the 8rveyor mutatio assay.Full gel
electrophoresiss provided inFigure S9 in Appendix 2 Lane WT, wide-type control; Lane M, DNA
marker (1 kb) 100- and 650-bp bands werdighlighted with blak triangles (B) The CRISPR/Cas9
induced nserti;-deletion (indel) mutationsin the lh gene of kue catfish.Single guide RNA (sgRNA)
target sequence and PAbfe highlighted.Dashes and red letters indicate fiheel of nucleotides,
respectively.Blue letters show thesubstitution of nucleotides Altered amino acid spiences are
highlighted in redNumbers on the right side of each sequargeesenthe number of nucleotides that
have bee e | et ed ( 1 ).Eash muiant allelwat detbcte@d timesin 10 sequencing reactions
(4/10). In, luteinizing hormongPAM, protospacer adjacent motif

We found that the expression tiie AsCath gene was detected evein the absence of
pathogenic infectionin three LH* As-Cath’ individuals. The three highest mMRNA levels
compared to the netmansgenic fishwere determing in the kidney 14.30fold changp), skin
(7.72fold), andmuscle(6.92fold), followed by theliver (6.61-fold), intestine(5.78fold) and
gonad(3.81fold). However, thebarbel(3.24fold), fin (1.97-fold), andstomach(1.59fold) had

the lowest expressin compared to otheissues Figure 11B).

-89-

wer ¢



3.4 Enhanced resistance againgt. covae

The R generationof AsCathintegrated blue catfish exhibited enhanced resistance agdrainst
covaebacteria compared to WT individuals from almallenge experimeniost oftheinfected
WT blue catfsh showed visible clinical signsaddleback, fin erosion and yellow skin coloration
on the body. HowevesomeAs-Cathtransgenic fisthad mild clinical signs, witlfrayed finsbut
survived the infetion. In comparison tdhe WT individuals, the LH As-Cah* and LH_As-
Cath™ fish lines showed significantly improved survival sgostF. covaeinfection in R
founders (LH_As-Cath vs WT: 80% vs 30%,P = 0.010; LH* As-Cath vs WT: 80% vs 30%,

P = 0.024). Although ontargetand offtarget positiveshowed the sameesistant enhancement
againstF. covae(LH' As-Cath vs LH*_As-Cath: 80% vs 80%), the ontarget positive fish
had aslower death ratéeath on the&™ day postinfectior) compared tdahe offtarget positive
individuals (death on the& day postinfection) (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' AsCath, LH* As-Catlf and LH' As-CatH, respectively. This
survivd during culture supports the challenge data as survivAk@ath transgenic individuals
was 97.1% while that of pooled néransgenic individuals was observed to be less 8{R%
0.15)
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Figure 11 Identification of mosaicindividuals and relative expression of theAs-Cath transgenein
blue catfish (ctalurus furcatus). (A) The As-Cathtransgene was detectédnine, ning and six tissues
from three positive fish (#1, #=and #7), respectivelyand the #7 individual was mosaicismFull gel
electroploresis is provided inFigure S10 in Appendix 2 (B) Relative expression of thAsCath
transgene in various tissues from the LAk-Cath™ genetic line compared to WT fish (N = 3C)
KaplanMeier plots ofAs-Cathintegrate blue catfish againgtlavobacterium ovae Fourgenotypes (10
fish/genotype) were immersed in 2.57 »® GFU/mL bacteria for 1 h in one challentank thenflow-
throughwater was resumedn addition to the bacterial infection tank, one control té&rtrol) with
medium immersion was implemented. Thegkrtank (MantelCox) test to compare survival curvess
Cath, alligator (Alligator sinensi} cathelicidin |h, luteinizing hormongWT, wild-type fish; LH_As-
CatH, negative fish line (microinjected fistithoutlh mutation orAs-Cathinsertion); LH_As-Cah*, on-
target positive fish, thAs-Cathtransgene was inserted at thdocus; LH_As-Cath', off-target positive
fish, theAsCath transgene was detected but not atlthkvcus ns, not significant; *P < 0.05; **, P <
0.01; *** P < 0.001; **** P <0.0001.

3.5 External morphology and body weight

Multivariate ANOVA resultsshowed thathere were no apparent differences imody shape
parameter¢TL, SL, HL, ED, BD, and Cpbetween WT and transgefgeneeditedblue catfish
(P = 0.667) indicatirg that As-Cathtransgaic blue catfishdid not display the deformiy or
pleiotropicchanges in body shapempared to the WT fis{Figure 12A, Table6). The growth
and survival rateat 5, 7, 20, and 31 mph are displayedn Table7. The initialobservedBW (5
mph) of the WT group (6.77 + 1.72 g) waslower than that of LH*_As-CatH (7.30 + 259 g),
LH' As-Cath (7.73+ 281 ), LH* _As-Cath (8.14+ 260 g) andLH'_As-CatH fish (8.22+
1.94 g), but no signiicant differences were observéu statisticsamorg these groupgP =
0.158. Similarly, there were no significant differences in BW among thesetyps at 7, 20
and 31 nph (all P > 0.05)(Figure 12B). Thesedata suggested that tRe As-Cath-transgeniand
Ih-deficient individuals did not showsuperioity in growth compared tothe WT fish in the

recirculating culture system
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Table 6. Morphological measuremelf total length (TL) standard length (SLheadlength (HL) eye diameter (ED)pody depth (BD), and
caudal depth (CDin P, blue catfish(Ictalurus furcatu} at 31montts posthatch.SD, standard deviatignCV, coefficient of variationN, sample

size.The body shapparameters from differentegotype were compared usimgultivariate ANOVA SL, HL, BD, and CD were standardizéy
dividing by TL. No statistical differences were obsen{d= 0.667) betweerdifferent genotypes.

Trait WT (N = 26) LH* As-CatH (N =27) LH'" AsCath (N = 22) LH* AsCath (N =12) LH" AsCati(N=7)
Mean+ SD CV Mean + SD CV Mean + SD CV Mean + SD CV Mean + SD CV
TL(cm) 13.33+2.45 18.38 1252 +3.03 24.20 14.68 + 1.46 9.9 1291 +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 + 006 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 withoutmicroinjection; LH"_As-CatH, negative fish without th&s-Cathinserton orlh mutation; LH_As-Cath’, on
target positie fish with the integration of thAs-Cathtransgene at thi locus; LH_As-Cath’, off-target positive fish with thAs-Cathinsertion

but nolh mutation LH'_As-CatH, only Ih-mutant withoutAs-Cathinsetion; LH/lh, luteinizing hormongAs-Cath alligabr (Alligator sinensi¥
cathelicidin.
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Table 7. Mean body weight (BW) £ standard deviation (S€)efficient of variationCV), sample size (Ndver time of P blue catfish Ictalurus
furcatug, including wild type (WT),negative(LH* As-CatH), AsCath ontarget integraté (LH' As-Catl), As-Cath off-target integrated
(LH*_As-Cath), and onlyih-mutant {H'_As-CatH). P, founders were generated oA June 2020Fishwere kept separately 60-L aquaria with
the density of 2 fry/L untib months post hatctmph), then theywere pittagged {1/7/2020) and transferred to a fldtarough tank (500-L
water) with a mix of thesfive genotypes (initial number of fish was 30, 30, 24 and 9 and fed daily to satiatiorAt the age of 20 mph |ldish
were transferred into a laggcircular tank £800-L water) for growth.Differences in BW among thesiwé genotypes were compared using -one
way ANOVA. No statistical differences were obsern(®d> 0.05)between different genotypes at 5, 7, 20 ahdnph

Mean BW (g) ofblue catish 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 Ccv N BW Ccv N BW cv N BW Ccv N
WT 677172 2536 30 6.85+2.47 36.07 29 1223+4390 3592 28 46243 +10.01 3655 26
LH*_As-CatH 730x259 3546 30 8.42+273 3247 30 13662+ 40.93 29.96 29 501.02+ 173.33 34.60 27
LH'_AsCatht 773+281 36.32 23 8.40+2.69 32.00 23 135.18 £32.23 23.84 22 46790+ 10366 2215 22
LH*_AsCatht 8.14+260 3190 12 789+£3.15 3992 12 14125+ 4977 3524 12 44796+ 16421 36.66 12
LH' As-CatH 8.22+1.94 2357 9 8.17+£1.98 24.30 9 131.88+39.63  30.05 8 53171+98.29 1849 7

Note: WT, wild-type fish without microinjection; LH"_As-CatH, negative fish without th&s-Cathinsertion orlh mutation; LH_As-Cath’, on
target positive fish with the integration of tAs-Cathtransgene at thia locus; LH_As-Cath, off-target positive fish with th&s-Cathinsertion
but nolh mutation LH' _As-Cath, only Ih-mutant withoutAs-Cathinsertion; LHIh, Luteinizing hormoe; As-Cath alligator @Alligator sinensi}
cathelicidin.
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4. Discussion

Genome editing toolflave beendensivelyemployal to enhancerodue@r-favorabletraits in
fish by disrupting or silencing functional gené&&everthelessCRISPRmedated geome editing
for KI transgenes is still rarely achieved dueptmor integration efficiency This study used
CRISPRCas9systemscouded with linear dsDNA and doublecut plasmid donorsto confer
immunity to columnaris diseasdor blue catfish via a transgenically encoded igator
cathelicidin(As-Cath) geneinserted and replacingreproductiorrelated locuglh). The double
cut plasmd strategyresulted ina high irtegration ratewith low off-target everg In addition,a
high mRNA level of he As-Cath transgenavas deternmied inthe kidney,and mucosaltissues
(skin and musclein the LH' _As-Cath genetic line In contrast to WT bluesatfish,knocking in
the AsCath transgene at thi locusincreagd survival up t@®.5fold postbacterial infeaon.
Our findings demonstratthat it is feasible to creatéds-Cath transgenic blue catfishtilizing
precie CRISPR/Cas9 wls, which is a pomising approach to disease retion in aquaculture

for this andother species
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Figure 12. Body shape and body weight (BW) determination of P, WT, negative, As-Cath
transgenic and Ih-mutant blue catfish, Ictalurus furcatus. (A) A representativedxly shape fromeach
genotype wasphotograpled at 31 mphscale bar =3 cm. (B) A comparison of the BW atariousages.
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P founders were generate 7" June 2020. Fish were kept separately iF_&uariaat adensity of 2
fry/L until 5 months post hatcls mph), then pittagged and traferred to a flowthrough tank (~50Q
water) with a mix of thesBve genotypes (itial numbes of fish were30, 30,23, 12and9) and fed daily
to satiation.The deformity was evaluated by mitivariate ANOVA followed by the Hotelling test.
Differences inBW among these four genotypes were compared usingvageANOVA. AsCath,
alligator (Alligator sinensi¥ cathelicidin |h, luteinizing hormongWT, wild-type fish; LH _As-CatH,
negative fish linemicroinjected fish withotilh mutation orAs-Cathinserton; LH _As-Cath, ontarget
positive fish, theAs-Cath transgene was inserted heth locus; LH_As-Cath', off-target positive fish,
the As-Cathtransgene was detected but not atithlecus ns, not sigificant (all P > 0.05)

Over the past fewears our team hadeengeneratinggendically engineeredcatfish with
improved traitsvia CRISPR/Cas®nediated genome editindut the low hatching rate of
embryc has made itchallengingto obtaintransgenigjeneedited blue atfish. The redution in
embryosurvival, partially due tomicroinjectionandthe majority due toartificial spawiing and
poor gamete qualityvas more pronounced blue catfish than in channel catfjsts reflected by
higher mortality(> 85% vs ~55%), severely limiting microinjection success These findings
suggestha blue catfish embryos are maotgile andsersitive to the physical damageaused
by microinjection and probably poequality gametes are used for the microinjecti@suling
in heavymortality. In this case, wavould need tobuild a more robugmhicroinjection pracedure
(Figure 13A). For the bluecafish broodstock,fortificationof brood stockwith proteinenriched
aquafeed andorage fish (e.g., sunfish minnowg for at leastsix months priorto spawing
(Dunhan and Elaswad, 20)8nay be beneficialThen,the optimal hormone type and dase
induce spawninghauld be determinedsng variousovulation-inducing hormonesBecause of
the erratic spawning behavior of bloatfish, artificial fertilization procedurdsmve beeradopted
from those forchannel catfishTiming inductionof ovulation, knowledge fothe spawning, and
optimization of the artificid spawning procedurdor blue catish are needed.Lastly, the
concentation, motility, and velocity offresh spernatozoa should be evaluatdd detect the
spermquality to increase artificial fertilization rateb addition tospermquality, egg viability
could be assessdny samplingudng a trypanblue solution $trober,2001). Taking all these
factors into considetion, the quality of fertilized eggs used for microinjection could be

increased
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Figure 13. Tailored microinjection procedure and hatding apparatus for blue catfish (Ictalurus
furcatus). (A) A procedure of theCRISPR/Cas®hased genome editingsing microinjectionin blue
catfish. StepdFor six months prior to spawninglue catfishbrood would be fed wih proteirenriched
aguafeed antbrage fish (e.gsunfish minnaws) daily for nutrient enrichmentSte2: Variousovulation
inducing frormones would be applied to determine thgptimal hormone type and dos8tep3 The
concentration, motility angelocity of sperm shoultle evaluated tdetermine spermatozapuality prior
to fertilization Step4 Microinjection with transgene donors should be acdmshpdwithin 90 min post
fertilization. (B) Schematiaiagramof conventional hatching setdpr blue catfishin this study Ten 10
L tubs (DO embryos/tub, filled with 7 Lfo Ho |l t f r e tae placed atsthe baitami obtime)hatching
troughin this seup. An air stonds provided for each tub to keep dissolved oxygen ovegh. , and the
trough is supplied with continuau flow-through pod water to keep all tubat the same hatching
temperatureEmbrycs usuallyremainstationary at the bottom of theb. (C) Schematidllustration of the
tailored hatchingpparatugor blue catfish. In this setup, ten-L5ubs (L00 embrys/tub, filled wth 10 L
of Hol t f r e tauld lieplacadat thetbottorm gf a hatching trough. A fingal mesh vill be
usedto keepthe embryogrom touchingthe bottom oftub, and two air stees wil be provided togently

roll the eggs. The tragh will be supplied with continuous flonthrough pnd water to keep all tulzd the
same hatching temperature.
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Intriguingly, evenin the norinjected groupa large number aecayedembrycs wereobserved
after 12 hours offertilization. Therefore another possibility is that inappropriatehatching
methods lead to higlembryomortality. The hatching othe blue catfish embryowasconducted
utilizing the conventionalhatchingmethodasthat used foiseparated and manipulatedannel
catfish embryos(Figure 13B). For the conventionalsetup,ten 10L tubs(200 embryos/tub, filled
with 7 L of Hol t fr et er 6ttem of ahatching tamugh. Arwadr stene p | a ¢ ¢
was provided for each tub to keep dissolved oxyg®mve 5mg/L , and tle trough wasupplied
with cortinuous flowthrough pond waterot keep all tubsat the same hatching temperature.
Previously,a 45% hatching ratevasobtanedin channel catfisbor this method Simora et al.,
2020; Wang et al., 2023bwhereas hatchabilitjor similarly treatedblue cafish embryoshas
typically not reached 15%. The absence of water flushing in the conventionethodleadsto the
blue catfish embryos remang stationary at the bottom of thaly and theyare more likely to
decompose.Thus a hypothetcal tailored hatbing methodology for the blue catish was
designedFigure 13C). In thetailoredconfiguration ten 15L tubs @00 embryos/tub, filled with
10 L of Hol t ivereglaced ab the bettorh af & hathiny trougting metl mesh
was used to keep thembryos from touching thbottom of thetub, and two air stoneare
provided togently agitateand flush the mbryos.

In addition,the slow maturation rate anothermpotentialobstacleto the generation of transgenic
blue cdfish. Blue catfish have @exual maturity period o#-6 yeas (Dunham et al., 1994,
Graham 199), which hinders thefrequent acquisition of artificially fertilized eggs for
microinjection. In addition toproviding enoughmaturefounders for spawningan alternative
strategy isad@ting xenogenesis to shorten theproductive cycleof blue catfish. Previous
studieshave shown that sterile fishas recipiens can produce donederived gametes vithe
transplaraion of undifferentiated germ cells derived mnodiploid fish (donors) Wong et al.,
2011;Perera et al.,@.7, Shang et al., 201&jettiarachchi et al., 2022Hypothetically triploid
chamel catfish parentsréproductively sterile fishare producedisinga highpressure method.
Then blue catfish stn cellsare transplantednto these triploid channel catfils, andonce these
triploid channel catfish maturghey have the capability to pyduce donotderived gametest
xenogenictriploid channelcatfish | (transplanted with bluesatfish stem celly are mated

with xenogenictriploid channelcatfish Il (transplated with blue stem cells)blue catfish
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sperm/eggsshould be obtainefom these xenogenic maléamalesin two-three years This
method takes advéamge of the short reproductive cycle diannelcatfish byallowing blue
cafish, which have a long reprodiive cycle, toreach sexual maturity and gametogenesis in a
short amount of timeThe abovementioned strategiesuld be applied to improveansgeit
embryo survival providing new approacks to achievethe microinjection of blue catfish

embryoson alarger scale

Prior to the introductionof ZFN, TALEN, and CRISPR toolgransgenic fishwere created by
randomly integratinggectorengineerd plasmidscontairing targeéd genesvia microinjecton or
electroporabn (Zhu et al., 1985Chen and Powsr 1990;Dunham et al.,, 2002; Mao et al.,
20049. Although effective in integrating foreign genes into fish genomes, these strategies risked
untracedale insertedDNA fragmentsand disruption of functional ges (Song and Séger,
2017. The CRISPR systerhas the ability toprecisely drive transgene integration at specific
loci. This greatly reduces the incidence of unwanted insertitms.use of lineadsDNA as a
donor template usually results in a lowategrationefficiency compared to a plasmid or a
douwble-cut plasmid(Zhang et al., 2017; Simora et al., 2D20/e generatedknockins using a
linear dsDNA donor with an insertion ratdé 16.7% in suruving fingerlings. This result was
comparableto the preae insertion rat®f 101 28.6% in channel catfish rad mice (Gu et al.,
2018; Simora et al., 2020; Wang et al., 2028b the present study higher integration rate of
24.53% was observagsingthe doublecut plasmid donocompared to the linear dsDNAvhich

is consistenwith the efficiency in medaka & 27%) (Murakami, et al., 2007 To improve the
efficiency of the transgenga cocktail design of donor plasmwas used in channel catfish
combiring HDR, NHEJ and microhomologymediated end joining (MMBJathwaysby using
multiple homolog armsof differentlengths.This new approachasachievel a high integration
rate 0f28.1% King et al., 2023 which could be applieoh blue catfish and othdish speies to
improvethe efficiency otransgempsis

Althoughonline off-target tools were usad this studyto screerfor off-targetfree sgRNAs, we
detected the offtarget insertioa of the AsCath transgee and Ih mutaions in both
CRISPR/Cas9nediatedsystemsThis is mainly due tan silico predictiors failing to precct true
off-target cleavageis vivo (Ran et al., 2013; Heigwer et al., 201Kloreover off-target events

are more frequentithin in vivo animal experiments thawithin in vitro cellular experiments
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(Zhang et al., 2015 Neverthelessour resultsdisplayed that HDRmediatedKl was dominant
compared to NHEdmediated knockoutl16.67% vs 5.88% and 24.53%s 8.33% in the
presence otlonor templateswhich was foundat different frequenciesn channel catfislusing
eitherdsDNA or ssODNdonors ing et al, 2022;Wang et al., 2023bThe ssODNassistednd
joining approactresuledin a high integration rate of 17.6% (3/17)time rat (Yoshimi et al.,
2016, but this efficiency was ariable in different specieskor example, ssODMediatedKI
showeda low integrationrate of 1i 4% when difierent sSSODNsvere usedn zebrafish(Boel et
al., 2018. Recently,Xing et al. (2022)demonstrated th&l efficiency could reachas high as
37.5%(81/216)in channel catfislusingtwo ssODNs as DNA repaitemplatesHoweve, this
high integration efficieay was also accompanied by a high-taffget effect.These findings
indicated thathe CRISPR/Cas9nediated system coupled with a doublg plasmiddonorwas
more efficientthan tke oneusing a dsDNAor s©ODN donorfor cafish. Despite thanevitaklity
of off-targetcleavag, it is promisingthat newly developedCRISPR/Casased toolsvith high
onttarget efficiency in model animals or human ceBach asEasitCRISPR C-CRISPR
(Quadros et al., 20}, /CRISHR/Cas9HITI (Kelly et al., 202}, anddCas9SSAP(Wang et al.,
202Z) canbe applied to nomodel fish aquaalturally relevant fishin the future to reduce

potential offtarget effects

Genetic nesaicism has been and will continue to be another obstathe practicabpplication
of CRISPR/Cas%nedided genome editinglo date, there is no effective strategyctompletely
eliminatemosaicism(Mehravara et al., 20)9In this study we were unal# to generatel00 %
mosaicfree individuals demonstrahg that mosaicism $ commonand unavoidable in fiskand
other animalsEsseially, mosaicismof transgenicgeneedited organisms common in the case
of embryebased editingMosaic animals have beeobserved in mice, ratzebrafish,and
channel catfishvith varyingfrequencies(Auer et al., 2014Mehravara et al., 201;9imoraet al.,
2020. CRISPR/Cas9nduced mosaicismhas greatly alleviated this problem as mosaicism is
much lesscompared to theoriginal random gene transfer procedur@urtham, 2028 We
evaluated thexpressiorof the As-Cathtrangiere in nine tissue$rom threeon-target positive P
founders finding that onefemalehad notransgeneexpressionin the gonad Thus, 67% of the
broad stock should be able to produce offspring. Much lovaaramission ratesere obtained in

the past with &ditional approaches.
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Antimicrobial peptide genefAMGSs) as transgenes can significantly improve the survival rate of
channel catfishunham et aJ 2002; Abass et al., 20R2rass carpZdhong et al., 202; Mao et
al., 2004), rainbow trout Chiouet al, 2013 after pathogen infection in comparison to WT fish.
The survival rate can be increased up to 106%r. example, cecropin transgenic chanmfish
had a 100% survival rate, whereas only 27% of W&h fsurvied after infection with
Flavobacteium cdumnare (Dunham et al., 2002 Our resuls showed that As-Cath-transgenic
blue catfishexhibited boostedresistanceo F. covaebacteriawith a twofold higher survival rate
compared to WT individual§80% vs. 30%). Earlier studies haveillustrated AMG transgenes
contribute to themodulaton of innate immunityin fish by improving lysozyme activity,
activaing immunéanttinflammatory factors and facilitating the synergstic expression of
transgenicAMGs andimmure-related gnes(Wang and Cheng, 2023Additionally, transgenic
AMGs caninhibit the proliferation of pathogens increasesurvival (Mao et al.,2004; Wang
and Cheng, 2033

Genetically malified (GM) animals, includingransgeni¢geneeditedfish, are not universlly
embraced bgonsumes due pmarily to concerns regarding food safety and environmental risk
The current study contribute®t onlyto the improvement of disease resistancéloé catfish
through transgenesis but also to the germtiievemat of reproductive confinement of these
GM fish to avoid introgression caused by escapees mating with wild populafioasvailable
data indicates that transgenic fish would likely netfib in the natural environment. However,
the conservatie and ethical appach is to prevent the estabhisént of transgenic fish in the
wild to prevent breeding and introgression thaild genetically contaminateative/naturaivild
populations The best strategyto prevent establishment of or introgressioh tansgenic
gendypes in the wilds genetic stdlization of transgenic fish with the intervention of man the
only option for retoring fertility. The production of LH' _As-Cath genetic linesleficient forlh
gene is a good strategy for achieving thaalgPrevious stdies haveshown that Ih-mutant
female zebrafishand channel catfistwere sterile (Chu et al., 2014; Qin, 2019More recently,
our work showed that replacing tie-Cath at thelh locus ofthe channel catfish genome can
producesterilized fish lines and fertility can be restorethy hormme therapy(Wang et al.,
2023%). Theoretically LH' As-Cath’ blue catfish arepotentialy reproductivéy confined
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preventing any potentiglendic contaminationof wild fish populationsFuture research shiul
evaluate thesffect of Ih-knockout on the gomkal development via performing tissue sections,
measuring the LH hormone changes #ndene expression, evaluating the feasibilityeofility
redorationof P. mutantsvia hormone therapy, thudlawing reproductive cofinement ofthese
geneedited trasgenic fish and eliminating the chance of gene flehile allowing the
production of disease resistant fingerlings for culture applicatida hypdhesize that this
reversible sterilization will be succéskwith blue catish aslh knockout followed by brmone
therapy sterilized and then restored fertility in the closely related species, channel catfish (Qin
2019).

Transgenic and gene editéidh now appear on the tablas growth hormone gerngangenic
Atlantic sdmon Salmo salay AquAdvantage almon) (Ledford, 2015; Waltz, 2017 leptin
edited tiger puffe(Takifugu rubripey and myostatirdeficient red sea breaffPagrus major
https://doiorg/10.1038/s41&/-021-0119%#8) have beerapprowed for consumption and are on

the marketCreatng transgenic and gene editish with characteristicyalued by producers and
consumerss only tre first stepto impact.The largerchallenge focommerciéizing GM fish is
public education Dunham, 2028 Now cathelicidin transgenidh knockout blue catfish and
cathelicidin transgenidh knockout channel catfishA(ang et al., 2023bhave been proded.
Future research should evaluate the performance tenititys of the hybrid betweenLH' As-
Cath channé catfish females antdH' _As-Cath blue catfish males. The WT hybrid is the best
genotype for pond culture of ictalurid catfish in the US catfigtustry, and now accounts for
601 70% of catfish productiofTorrans and Ot2018. The WT hybrid exhibits herobeltiosis
for disease resistaa Qunham et al., 2008However, they do not hawetal disease resistance
and significant mortality can occu€Combining interspecific hybridization with cathelicidin
transgenesis and &okout of reproductive genes suablh may result in a catfish witnear total

disease resistance that is sterile with no possible impact on native gene pools.
Our work provideghe aquaculture community with another new diseasestat genetic line b

catfish, demonstrating that trsgenic fishpossessindAMG transgenes hold great promise for

disease reduction in aquacultufgnally, the use of AMG transgenic fish offers arprsing
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approach for ecologically sustainable aquacultivat tcan effectidy address the growing

challengegosed by antimicrobiaksistance.
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CHAPTER FOUR

CRISPR/Cas9microinjection of transgenic embryosenhancesthe dual-geneintegration
efficiency of antimicrobial peptide genes forbacterial resistancein channelcatfish,
Ictalurus punctatus

Abstract

Integrating a vecteengineered antimicrobial peptide gene (AMG) into the fish genome
effectivdy modulatel the innate immune system and increassistane to infectious disease
channel catfishi¢talurus punctatus CRISPR/Cas@sssted microinjection of cecropin(Ceq
and cathelicidin (Cath) was employedto create duatAMG integraed (* Cec'/*_Cath')
transgenic embryoswith high integration rates Additionally, a univariatemultiple logit
regressionmodel was fitted to determine the ymergistic expressiorof transgenes and
endogenousAMGs in the head kidney pebfcterial infection Transgenieembrycbasd
genome editingsignificantly increasedhe effciency ofduatAMG integrationfrom 17.6% to
37.3%. The survival rate ofingleAMG (50%vs 20%, P = 0.023 and dualAMG (70%vs 20%,

P = 0.0() integratedfish was dramaticallyhigher than that oWild-type fish (20%) following
Edwardsiella ictaluri chdlenge More dualAMG fry survived than expectedased on
integration and inheritance rates of singl&lG transgenics compared to other genotypes.
Logistic regressior{LR) analysisindicated thatndividual bodyweight andgenderdid not affect
survival while the transgenesCec and Cath contribued directly to the survivalduring the
bacterial infectionFurthermore transgenegnhaned fish disease resistance iggulaing the
expression off CP and NK-lysin genes. This study demonstragehatit is promisng to generate
dualgene integrated genetic Im@&vith a high integrationefficiency by adoping transgenie
embryebased CRISPR/Cas9nediated genome edign and an LR model is feasible for

assessing theysergistic effects of gene expression

Keywords: Genome editingknock in;antimicrobial peptidedisease resistandepgistic

regressionaquaculture
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1. Introduction

Over thelast decade, versatile applications of CRISPR/Gasliated genome editing V&
sparkedagreat interest in the lifscience comnmunity in full swing to improve the favorablaiis
due to its high ostarget efficiency Gratacap et al., 2019; Blix et al., 202l aquaculture, some
consumeifocused characteristics of fish, inclugimuscle massJoogan et al., 202ba Shahi et
al.,, 2022, reproduction Jiang et al., 2017 coloration Cal et al., 2019Mandal et al., 2020
disease resistanchlé et al., 208) and omegs fatty acids Xing et al., 2022h) can be altered

by disrypting or irtroducing a gene of interefitrough genomediting or transgenesis

The high level of indstrialization and intensification of aquaculture is bringing fish disease
outbreaks to a peak, and an increasing number of alternatitigation straegies arebeing
investigatedo controlthe potential eronmentalimpacs, andantimicrobial resistanclerought
on by antibiotic abus€FAQO, 202). As promising substitusesfor antibioticsand antiparasitics
antimicrobial peptides (AMPsre wellrecognizd by immunologists for their highly effective
spectum bactericidal and anthflammatorycapabilities (Hancock et al., 2006 AMPs areused
not onl in developng humananttcancer druggMookherjee et al., 202Mut are also effective
as feed additivem the prevention angharmacotherappf animal diseses (Rodrigues et al.,
2021; Silveira et al., 202 Wang et al., 2092 For instance cecropin andactoferrin as feed
supplements have positive effects onithprovement of immune resporsda livestodk and fish
(Dai et al., 2020; AbdéWahab et al., 202 Wang et al., 202). Neverthelessthe marketig of

AMPs as additives is severely constrained by their high demand/cost and brief permanence

Alternatively, the researchers useapknetic engineeringo introduce an antimicrobial peptide
gene (AMG), whith can encode an AMP, into the host to allay theésavback (Wang et al.,
2022. Integratng foreign AMGs into the genome of target species can effectivelgombat
various pathogenthroughthe overexprasion of AMPSA typical pioneeing studycomes from
Dunham et al(2002) who successfully transfem one copy ofthe cecropingeneinto the

genome ofchannelcatfish (Ictalurus punctatusto establish a highly diseasesistant catfish
germling and itsviability was supported by subsequetudies(Sarnmask et al., 2002; Chiou et
al., 2014; Elaswad «dl., 2019; Abass et al., 20RPrevious studies have revealed tAMG-

integrated fish can reduce pathogen lo#dz@wa et al., 2006; Hsieh et al., 2D1dowever,
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sincethese AMGs are randomly integraiatb the target genomé is challenging tdrack down
precise mutationsThis uncertainty posegsotentialconcerns for theegulatory assessment and
future commercializatiorof geneeditedtransgenidish CRISPR/Ca3-mediated genome editing
can producenultiple mutationgintegrationshroughone systen (Yang et al., 2013; Cong et al.,
2013; Ota et al.2014, allowing for combinations of different trait enhancements or double
enhancements of the samaitir In this vein,inducing multiple AMGs at different loci could
theoreticallyachievemore robustmprovemenin disease resistancempared t@ singleAMG

integration

A potential complication of the effect of AMG transgene insertion is the epigtéi@action
with native immunerelated geneAMG transgenesi€an increase lysozyneetivity (Mao 4 al.,
2004 and induce the expression of immumedated genefHsieh et al., 2010; Peng et al., 2D10
to increase survival after pathogen infecioRoregn AMG has inducel the expression of
immunerelatedgenes or endogenouBMGs, and there may be@otertial synergistic effects.
Publishedrepors demonstragd thatAMG-transgenic fish tend to indu@emore robustmmune
responsethan nontransgenic fish(Warg et al.,, 2022 Although the expression profileof
immuneassocated genes are frequently studadl enumeratedidependently of the integrated
AMGs, this is not conducive to exploring and revealing the potential synergistic expression of
these two type of genes. lmaddition, the mRNA levels adetecte genes are tissuend time
specific(Chiou et &, 2014, making this approach tedious and tiensuming for investigating
the coexpression of exogenous AMGs and immuekted genesin pathogerchallenge
experiments, AMGntegrated individuals alschew decreasednortality and large fluctuations
in MRNA levels(Lo et al.,, 20%). If a list of immune responsivgene are perturbed and
interrogated it has not been possibte determine the extent to wili exogenous AM& or

immunerelated genesontribue to the survival oAMG-transgenidish.

Logistic regression (LR) is a machine learning method for solving bimariple classification
problems to estimate the likelihood @bserved events afiterest(Sperandei, 204) or exploring
the associationbeween explanatory factors and categorical outcerfieee, 198, making it
useful inclinical research and epidemiologicstudies(Ostir and Uchida, 2000An LR model

might include both continuous and cgteical explanatory variablesllowing researcheto
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interpret raw datéBender and Grouven, 199@stir et al., 2000 Recently, wausedLR models
in fish challenge experiments to determine the effect of transgenes wmakwand gene
expressionLR mockel helps examine the association of all variableduding binary outcome
(die or live), transgess, body weight, gender and mRNA expression level of immeiated

genes, avoiding any confounding effects

In the currehstudy,cecropin(Ceg- and catklicidin (Cath)-transgenic embryosere subjected
to CRISPR/Cas9nediated genome editirtg increae the integrationefficiency andcreatefish
lines possessg two AMGs in the channel catfishinheritance otransgenesnd the integration
rates of duaAM G in the same familyereinvestigaéd. Then thehatchability andfry survival
of microinjeced individualswere determinedompared taon-injectedembryc. Additionally,
we evaluated the bacterial resistancseingle andduatAMG transgenic fistirom adiversity of
genotypes Finally, a unvariate LR modd was employed toanalyze the contribution b
endogenousAMGs to the cumulativesurvival rate (CSR) and their synergistic effect with
transgeni”AMGs.

2. Materials and methods

2.1 Ethical approval

All experiments were conducted at the Fish Geseesarch Unit, E.W. Shell Fisheries
Research Gueer, Auburn University, ALThe handling and use of animalerecertified by the
relevantguidelines from professionatraining prograns. The InstitutionaAnimal Care and Use
Committee at Auburn Universit(AU-IACUC) approvedthe experimental techniquesed in
the currentstudy. All fish studies werecarried outin compliance with the procedures and
standards established by the Association for Assessméicareditation of Laboratory Animal
Care (AAALAC).

2.2 Preparation of sgRNA, CRISPR/Cas9 systengnd donors

As the target integration sites, we choose the luteinizing hornfibneaccession number
NM_001200080.1and myostatinristn accessiomumber AF3967471) geneswhich regulate
gonad developmérandgrowth, respectively. Previous works haewealed thalh-mutant fish

are temporarily sterilized, ansstrdeficient individuals grow faster than the wild typ@irg,
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2019; Coogan et al., 2022. Therebre, themstngeneof chanrel catfish was replad bythe

coding sequencgCDS) of the cecropin@eq gene &ccession numbeNM_079851.3 (Hoskins
et al., 200Y. Thelh gene was replaced by the CDS of the cathelici@atl) gene &ccession
number XM_006037211.3 (Chen et al., 2007 In this contex{ two customized mgle guide
RNAs (sgRNAL and sgRM2) were designed to target the exonIridtnand the exon2 of thié

locus of the channel catfish genome, respectjvefgh high efficiency and success refsa
(Khalil et al., 2017; Xing et al., 202RcThe sgRAs were selectedsing theCRISPRscan orie

tool (https://www.crisprscan.orjj/ and @ndidate sgRNA sequences weaakgned with the

channel catfish genomea the Basic Local Alignment Search Tool to avoifitargetcleavags.
Additionally, putative offtarget siteswere excludedusing the online tool CasOFFinder
(http://www.rgenome.net/casifinder/) (Baeet al., 2014 The MaxiscriptT7 kit (Thermo Fiker

Sdentific, Waltham, MA)syntheszed sgRNAL and sgRNA2in vitro according tananufacturer
instructions Then purified sgRNAs were prepared using the RNA CleanCamtentrator Kit
(Zymo Research, IrvinegCA). The concentration and quality of sgR&l#ere evauaed with
Nanodrop 2000 spectrophotomet&hermo Scientific, USAand2% agarose gekith 1 x TBE
buffer. The synthetic sgRN&were diluted to a concentratioof ~3 0 0 Lnagd divided into
PCR tubegq?2 ¢ fkube) thenstored at 8 0 u nTthe CasOprotem powder was purchased

from PNA BIO Inc. (Newbury Park, CA), and was diluted with DNase/RMiesawater to 50
n gL, keeping at 80 u n Two benaspedic oligonucleotidedor sgRNAs recaynition

and universal primer used in this stuy Iisted inTable8.

To increase the etarget knockin (KI) efficiency, doublestranded DNA (dsDNA) flanked by a
targeting cassettand two sgRNA recognition sequencegre cloned intahe pUC57 mini
vecbor at the ECORV enzyme digestion siti® createa dsDNA construct asthe doublecut
plasmid dono(Appendix6). In detail, thepUC57 Cec donor was constructed using the CDS of
the Cecgene flanked by two 30Bp homolagy arms(HA1 and HA2, derived from thexonl of
the mstngene) andgRNAL-PAM sequenes(23 bp each) Figure 14A). Similarly, thepUC57
_Cath donor was established using the CDS ofG#itn gene flanked by two 36Bp homology
arms(HA3 and HA4, derived fnm the exon2 of théh gene) andsgRNA2-PAM sequence$23

bp each) Figure 14B). Expression ¢ both the Cecand Cath genes was drivehy the zebrafish
ubiquitin (UBI) promoter(Mosimann et al., 2031In addition to the UBI promoter and CDS, a
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Table 8. Oligonucleotidesequence$or single guide RNA (sgRNA) synthesisansgene detection, and
guantification oftransgene/immuneelated antimicrobial peptidge PCR primers were used todetect
cathelicidin Cath) and cecropin Geq transgenedsn putative transgen channel catfish|ctalurus
punctatus gRT-PCR primers were used to determine the expression dafansgenes and innate
antimicrobial peptide gene€atpd catrepsin D;UBI, ubiquitin; LEAP2 liver-expressed antimicrobial
peptide2; NK-lysin, natural kille lysin; BPI, bactericidal permeabilitincreasing protein;TCP,
thrombinderived Gterminal pepties;H2A, histone H2ACCL3 C-C motif chemokines.

Oligoname Nucl eot i de -s3ebq)u e nc e ProductSize(bp) Purpose

SgRNA synthesis

sgRNA1 TTCAAACCGCCATCTGCAGC o} sgRNAL1 synthesis

sgRNA2 GCGGACAGGTATCCGGTAAG o} sgRNAZ2 synthesis

Universal TTTTGCACCGACTCGGTGCCACTTTTT o Scaffold of the sgRNA synthesis

Primer CAAGTTGATAACGGACTAGCCTTATTT

TAACTTGCTATTTCTAGCTCTAAAAC

PCR Primers

Chrl_CathtF GCAGCCAATCACTGCTTGTA 591 Determine the CatpolyA region of

Chrl_CathR GTGGTTTGTCCAAACTCATCAA the Chrl_Cath transgenic fish

IR_CecF1 CCAATAGGGACTTTCCATTGAC 448 Determine the CepolyA region of

IR_CecR1 CCAGTTAAGCAGTGGGTTCTCT the IR_Cec transgenic fishs{PCR)

IR_CecF2 CCCACTTGGCAGTACATCAA 305 Determine theCecpolyA region of

IR_CecR2 GGCGGAGTTGTTACGACATT the IR_Cec transgenic fish"PCR)

CecF GGAGCCGTACTGTTCCGTTA 352 Determine the CepolyA region of

CecR CCCATATGTCCTTCCGAGTG the Mstn_Cec transganfish

PromZF GCAGCCAATCACTGCTTGTA 462 Determine the ProrTec region of

Prom:R ATTCCGAGGACCTGGATTG the Mstn_Cec transgenic fish

HA1-F TGGAGAAAGTTGTGGGTCTG 636 Determine the junction of the HA1

HA1-R CAGGTCACTGATCCCTCCAT

HA2-F CCCCTTGAGCATCTGAQTC 664 Determine the junction of the HA2

HA2-R AAGCAGTAGTAAAGGGACTCACG

CathF TTCAGGAGCCGTACTGTTCC 597 Determine the CatpolyA region of

CathR GCATTCTAGTTGTGGTTTGTCCA the LH_Cath transgenic fish

Prom2F ACCCTTTGCCACAGTTCTCC 542 Determine the ProrCath region of

Prom2R 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 tHeA4

HA4-R TTGATTGAAAATGTTTCCCTGTT

gRT-PCR Primers

Cec_gPCR- CTTCGTCTTTGTGCACTCA 166

Cec_gPCRR AGCGGTGGCTGCAACATT

Cath_gqPCRF GCAGGGGTCTATTCAAGAAGC 125

Cath_gPCRR GTCTGGATCTCACCGCCTTC

CatpdF CCTCTGATCATGGGGGAGTA 132

CatpdR GCCCATCTTTGTGGACTTGT o

UBI-F CGCACCCTGTCTGACTACAA 106 E%ré‘“am'ta“ve reaime PCR(QRT-
)of transgenesGecandCath)

UBI-R TGGGGGTGGTGTAAGACTTC and innate AMGsGatpd, UBI

LEAP2-F GTACTCGCCCAACAGGTAGC 120 LEAP2 NKI-lysin, BPI T’CP HZA

LEAP2-R GATTCTCCAAAGGGGTGTCA andCCL3) ' ' '

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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CCL3F TCTCGTTCTCTCCTGCTGGT

CCL3R AGGGATTGGATGTGTCTGGA
18sF GAGAAACGG CTACCACATCC Internal control for quantitative real
18sR GATACGCTCATT CCGATTACAG time PCR

poly-A tail was providedat the right of CDSo0 enhanceranslation in both plasmidonors.

DonorspUC57 Cec andpUC57 Cath wee integrated respectively into thestnandlh loci in a

doublecut manne(Zhang et al., 2007 The plasmid donorsvere synthesized by GenewizC

(South Plainteld, NJ).

A yS8RNAL
Exonl Exon2 Exon3 mstn locus

sgRNA1 Y ¥ sgRNA1
| HA1 [UBIPromoter PA HA2 |
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v
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HA3-F Prom2-F covp ¢ HA%E
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Figure 14. Construction of the plasmd donors and he exp&imental breeding designfor knock-in
and knock-out in channel catfish (ctalurus punctatug. (A) Schematic representation tife HA-
mediated CRISPR/Cas9 system knockinghimcecropin gene from mothHfaloptora cecropia Ceq at
the mstn locus Double-cut plasmid donor (pUC57 Cec)was constructed using the coding sequence
(CDS) of theCecgene flanked by two 36Bp homology arms (HA1 and HA2) derived from exonihaf
mstn gene and sgRNAPAM sequences (23 bp eachighlighted with ed line3. (B) Scheméc
illustration of the alligatorAlligator sinensi$ cathelicidin(Cath) geneknocking in via theHA-mediated
CRISPR/Cas%ystemat thelh locus.pUC57_Cath plasmid was constructed using the CDS oCé#tle
gene flanked by two 30Bp homology armgHA3 and HA4) derived from exod of the Ih gene and
SgRNA2-PAM sequences (23 bp eache structure of thtargetl o £dxdnsvas constructed biprown
bars,and sgRNAtargeted sitesvere indicated byed triangles. Primer setwere illustratedand showed
the drategy todetectjunctions, the UBI promoter regipmand the inserspecific region oftrangjenes
using PCR amplifications(C) Crossbreeding combined witBRISPR/Cas&ided microinjection to
generatgrogenyharboringtwo transgene§_Cec’/*_Cath'). We did notperformthe microinjectiorfor
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embryos fromIR_Cecl x Chrl_Cathll family. In addition tothe nornrinjected control family,the
microinjection was conducteth IR_Cecél x IR_Ce¢ll and Chrl_Cathl x Chrl_Cathl using
pUC57_Cathand pUC57_Cec msmids respectively IR_Ced, F; cecropintransgenic channel cath
with the integration of th€ecgenein a random manneChrl_Cath, P; cathelicidintransgenichannel
catfish produced by integrating the Cath gene at a nowoding region of chromosome 1.
IR_Cec/Chrl_Cath, transgenicfish possessed botiCec and Cath trangienes Cec was integrated
randomly andCath was integrated athe non-coding region of chromosomg); IR_Cec/ LH_Cath,
transgenicfish possessed botBGec and Cath trangenes Cec was integated randomly an&ath was
integrated at thdh locus); Mstn_Ceé/ Chrl_Cath, transgenicfish possessed botGec and Cath
trangienes Cecwas integrated at thestnlocus andCath was integrated ahe non-coding region of
chromosomd). IR, integated andomly; Chrl, chromosomellBl, zebrafish ubiquitinPA, poly-A tail.

2.3 Brood stock selection and experimental design

Healthy and mature sFcecropin and R cathelicidinintegrated channel catfisbarents were
utilized. Specifically, the Ececopintransgenic (IR_Cec) fish line was establishedDioyiham

et al (2002)with the integation of themoth (Hyalophora cecropiacecropin gene in mandom
manner. B cathelicidintransgenic (Chrl_Cath) founders were produced by knocking in the
alligator Alligator mississippiens)scathelicidin gene at a naoding regon in chromosomé
(Simaa et al., 2020 The mating design follows here and isFigure14C. Here, three positive
pairs (IR_Cec¢l , I and Chrl_Cath , Il ) from each fish linevere identifiedby running the
nested PCR and normal PCR to detect the correspondingly ing&dragments. Primers
IR_CecFi/R1(and IR_Ced2/R2), andChrl_CathF/R were used fothe determination athese

two genotypesTable8).

To generateghe channel cdish line possessing botbecandCathtransgenes (*_Céf&_Cath’),
three painngs (IR_Cecl x IR _Cecll, IR _Ceé¢l x Chrl _Cathll and Chrl_Cath x
Chrl_Cath'll ) combined with a CRISPR/CasBediated microinjetion were conducted Figure
14C). The embryos from IR_Cécx Chrl_Cathl were hatched without a second
microinjectionto produce’_Cec'/*_Cath' individuals(family 1). The embryos from IR_C#&c x
IR_Cecll were divided into two parts, ofthird of them washatched without microinjection
(family 2), while the remaining twthirds were subjected to the CRISPR/GhsSed
microinjection using the pUC5Tath plasmid as a donor template (fan8ly Similarly, the
embryos from Chrl_Cath x Chrl_Cathll were separat into norinjected family 4) anda

group microinjected with the pUC5Tec donor (familys). Based on this trail, our objectives
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were: 1) determining the inheritance of transgedesandCath 2) comparing the efficiency of
dualAMG integration;and 3) as®ssing resistance against bacteria in progeny with siagh
duatAMG integrated fish.

2.4 Fertilization, transgenic fish production and rearing

Three mature IR_CéandChrl_Cathtransgenic femalesachwereimplantedwi t h 75 € g/ kg
luteinizing hormonereleasing hormone analog (LHRHa) and weleeced in spawningags in a
flow-through tank (800 L of water) at 262 8 wi t It>5@mndiasblved axygenjor

ovulation (Khalil et al., 2017. Spawningbagswere cheked for eggsevery 4 hoursta36 hours

post hormone injectionFemales were gently stripped if several eggs were observed in the
spawning bag, and the embryos were divided into two graagsnentioned aboveifter a
female of either genotype spawned, dema thatsamegenotype andhe 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 ~36§ys and mixed gently in a-20n greased

pan. Afer oneminute quiescence, Hicient pond water was supplemented to activate the sperm,
then the sperm/egg mixture was swirled for 30 s. More watead@dsdandkept the embryos in

a single layer in the panthen the embryos were allowed to harden for i before

microinjection.

ThedsDNA-mediated CRISPR/Cas9 system for microinjection consists of Cas9 protein, sgRNA,
plasmid dongrand phenated indiator in a 2:1:10.5ratio. Embryos from family3 and family5

were subjected to a second microinjectio produce the *_Cég¢:_Cath* fish line. Specifically,

4 e¢L of Cas9 protein (50 ng/elL), 2Xatepasnad s gRN
(50 ng/ elL), a fed solutiore viere onixedna Imigroirgelcted for family8. With

respect to family, the same components wexeopted for microinjection, but the sgRNA and

donor templatewere replaced with sgRNAand pUC57 Cec plasmid, respectively. For each

mixture of the CRISPR/Cas9 system, westfimixed Cas9 protein and sgRNA on ice for 10 mins,

then the donor plasmids weeedded To reduce potential mosaicism and-taffget effects, the

mixed solution was microinjected into eoell stage embryos as previouslgscribed Khalil et

al.,2017. Every 6 €L of the mi xmnu@Dlelorosiicate glassa@apibady i nt o
thatwas pulled into a needle by a vertical needle puller (David Kopf Instruments, Tujunga, CA)

and injected into 600 embrydsiring the first90 min postfertilization.
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To calculate the hatchability, fry survival ragnd inheritancntegrationrate, the microinjected
(family 3 and 5) and nemjected embryos (familt, 2 and 4) from each family were separated
into five 10L tubs refilled with 2L Hol t f r et @ mihd Naclp 2.4ummioldNaHC 5
1.67 mmol MgS@, 0.76 mmol CaGJ| 0.67 mmol KCI) Armstrong and Malacinski, 198%vith
continuous oxygen (> 5 ppmA\. total of 5 families x 5 replicates = 25 tulZ00Q eggs/tub) were
separately and randomly placed into twowHthrough hatching troughs, and the rest of the
embryos were incubated in another flttwough trough with paddles for oxygenation (> 5 ppm).

Drop-in heaters wereatilized upstream near the wateret to keep the water temperature at 26

28 i n hBacHolttrforuegt er 6s solution was compl et

eggs/fry were recorded and removed.

All sac fry were transferred into new tubs refilled with pond water at six daydeytbzation
and fed ale artemiafour times per day. féer a two-week culture in tubs, fry from each family
were placed into separate-BOtanksin a recirculating systerfor growth out (120 fry/tank).
During this phase, the fry (< 1 g) receivBdrina® AqudMax® powderedfeed 60% crude
protein, 17% crude fat, 3% e fiber, and 12% ajMiour times per day for two monthghen
fingerlings(5 10 g)were fed with AquaxcelWW Fish Starter 4512 (45% crude protein, 12%

crude fat, 3% crude fiber, and 1% phosphorus) twice a day for two ntorgipparent satiation
Juvenie fish (20 50 g)were fed with WW 4010 Transition feed (40% crude protein, t0%de

fat, 4% crude fiber,rad 1% phosphorus) onceday(Coogan et al., 2022a

2.5 Sample collection and integration analysis
After a 4month culture, all fingerlings (2050 g) were pittagged (Biomark Inc., Boise, Idaho,

USA) and weighed individuatl Mixed samples of fin and barbel clip were collected from each
family and stored at 2 0 un t DNA extracton was performed using proteinase K
followed by protein precipaton as described b¥urita et al. (2004) Different genotyping
strategies wee employed for different families: PrimertR_CecFi/R1, IR_CecF2/R2, and
Chrl_CathF/R were used for the detectionl® CecandChrl_Cathregionsin family 1, 2 and
4; Givenfamily 3, primers IR_Ceé¢1/R:1 and IR_Ced-/R2 wereusedor amplifying thelR_Cec
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region, and Catf/R, Prom2F/R, HA3-F/R, and HA4F/R were used to detect the insertion of
the Cath at the lh locus. With respect to familyp, primers Chrl_CatR/R were usal to
determine th&€€hrl_Cathregion and Ced~/R, Prom1F/R, HA1-F/R and HA2F/R were used to
detect the integration of th@ecat themstnlocus Figure 14AB). All primers were designed via

the online software Primer3Plus htifp://www.bioinformatics.nlqi-

bin/primer3plus/primer3plus.cpand listed inTable8. PCR was performed inak0L sy st em

and PCR producteere electrophoresed on a 1.0% agarose gel with 1 x TAE baffieright

band of each region with the corresponding length indicated -target positive. PCR products

were inserted into the pC®4-TOPO vector using TOPO TA Cloning Kit (Invitrogen, Caddb

CA) according to the manufacturerds i1nstruct
chemically competeng&scherichia coli(Invitrogen, Carlsbad, CA) as previously described
(Elaswad et al., 2038Thenthree colonies were randomly pickexperform ®@lony 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
usng MAFFT (version 7,https://mafft.cbrc.jp/alignment/servirto identify inserted DNA

sequences.

2.6 Edwardsiella ictalurichallenge

A total of 80 channel catfish (mearSDweight = 1649 + 3.69g) from three major groups
containing eight genotypes (10 fish/genotypt-target individuals excludgdvere used for the
Edwardsiella ictaluri challenge experimentwild-type (WT, from family 1), oneAMG
integrated (IR_Ce¢* Cath [from family 2], IR_Cec /LH_Cath [from family 3], * Cec
/Chrl_Cath [from family 4], Mstn_Ce¢/Chrl_Cath [from family 5]) and tweAMG integrated
(IR_Cec/Chrl_Cath [from family 1], IR _Cec¢/LH_Cath" [from family 3],
Mstn_Ce¢/Chrl_Cath [from family 5]). All catfish were reared and acclimated for five days
(temperature ~26 200LDi&hk withflew-t@roughpwateifrom a wagershed
retention pond. The system was contained within a biosecure chattegeatthe E.W. Shell
Fisheries ResedncCenter Auburn University, AL.Cryo-stock of E. ictaluri (S97%773) was
streaked for isolation onto braheart infusion agar (BHIA; Hardy Diagnostics) and incubated

for 48 h at 28C. A single colony was harvested and inoculated 2@&onL brairi heart ifusion
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broth (BHIB; Hardy Diagnostics)The culture was incubated (28; 175 rpm) for 18 h. Bcteria
were subcultured int@50 nL of BHIB for anotherl8 h at the samgrowth conditiors. The
culture was then adjusted to an &df 1.11. Before startin§. ictaluri infection, the water was
lowered to a total 080 L, then50 mL of E. ictaluri suspension containing.0 x10® CFU/mL
cells was added to the tank resulting in a finalkedf6.76 x 10° CFU/mL. Fish were immersed
statially for one houwith aeraton provided from air stoneandthen water was restored to 1/2

volume ofthetank (DO > 6 ppm, and water temperature was 28°C). In addition to infected

groups, one mockhallenged tank containing 30 fish received ostigrile BHIB in lieu of the

bacteria

During the first 72 hours of the experimetainks were observezlrery 4 hourgor mortality and
then three times dgil Chalenged fish were continuously monitored fototal of10 days for
clinical signs ofE. ictaluri by isolating bacterimn BHIA platesfrom the liver to @scernthe
cause of deatfrom the pathogernlThe moribundfish were considered as dead and nesied,
and the fresh head kidney was transferred directlyligiod nitrogen(within cryovials) After a
10-day observation,all surviving individuals were euthanizedwith 200 ppm tricaine
methanesulfonate (MS22Berndale, WA) andhead kidneysvere quickly obtainedfor storage
in liquid nitrogen All samples frommoribundand sacrificedindividuals werethen stored at

80 for RNA isolation.

2.7 RNA isolation and gene expression

Total RNAs were isolated fromime kidneyusing TRIzol reagent (Thernféisher Scientific) and
were reverse transcribed to cDNA using iS&ipSynthesis Kit (BieRad, Hercules, CA)
according tahe manufacture dnstructions To determine the contribution of transgenes to fish
survival and the cexpression witlendogenouantimcrobial peptide genes (AMGSs) after tBe
ictaluri challenge, the mRNA level of channel catfish AMGs was evaluated, incladthgpsin

D (Catpd GU588646, ubiquitin (UBI, NM_001200293 liver-expressed antimicrobial peptide

2 (LEAP2 AY845141), naturalkiller lysin (NK-lysin, AY934592), bactericidal permeability
increasing protein (BPIl, AY816351), thrombinderived GCterminal peptides (TCP,
XM_017458593, histone H2A H2A, XM 017462467 and C-C motif chemokine3(CCL3,
XM_017471106, and two transgene€éh andCeq 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

Reattime quantitative reverse transcription PCR(QRT-PCR was performed on a C1000
Themal Cycler using SsoFdst EvaGreen Supermix kit (BiRad, Hercules, CA).
Concentrations of the cDNA products were diluted2062 ng/ ¢ L, and 1 €L was
gRT-PCR reaction volume. The mRNAMel of 18S rRNA was used as an internal control, and

the detailed gRTPCR procedure was set up accordiagCoogan et al(2022a) All raw data

were expressed relative to the expression levels of 18S rRNA in each sample using the CFX
Manager Software vamn 1.6 (BicRad, Hercules, CA), and crossipgint (CT) values were
converted to fold differences using the relative quantification methmak and Schmittgen,

2001). The primers used for gRPCRare listed inTable8.

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

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

Yy = [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 traregy€ath and Ceqg and
innate AMGs Catpd, H2A, UBI, LEAP2 NK-lysin, BPI, TCPandCCL3) could contribute to fish
survival. Here, Sex was a binary predictor, and we redefined idasiay variable

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

Sex= [
Therefore, the LR model was used &tatmine the effects ohése 12 predictors on our binary
outcomes:

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

Then, Log|tﬁTCX)] - ﬁ0+ﬁlsex + ﬁgBW+53Cath+...+ﬁ12 CCL3

n(x)=P¥ =1)=

Wherer(x) denotes the probability of experimensfhds s
indicates different predictors. The paramegierefers to the effect of; on the log odds that Y =

1 (fish is alive afteE. ictaluri challenge), controlling the oth&r Concerningthe interpretation,
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larger f3; is an indicative of greataralue ofr; (probability ofsurvival afterE. ictaluri challenge).
For instance, we can conclude that @egth trangyene contributes more tharettCL3 gene in

improving survival rate i3; > By, > 0.

With respect to the model construction, univariate multiple LR models wereé digteg both
categorical(Sex) andcontinuous(BW and the mRNA level of genepjedictors. In this case, a
model with more than 10 predictors may suffer fnomlti-collinearity, making it seem thatt is
nearly redundantvhen all the others are in the mbd€&herefore, a correlation test was first
performed among these data from gene expression to determine the potdiimedr variabls.

Then a full logit model containing all identified predictors was constructedsaiosequeiy,
reduced models wereuibt by removing nossignificant predictors utilizing the deckward
elimination method. The ikelihood ratio testand &aike information criterion (AIC) were
adapted to compare the fitness of full and reduced md&eismham and Anderson, 2004
Lastly, thegoodnessof-fit of the final model was determined by model adequacy assessment

using the Hosmekemeshow and sensitivity/specificity tebtqsme et al, 2013.

2.9 Statistical analysis

Theoneway ANOVA followed byTu k ey 6 s mu | t itgstiwe useddordgteanmine he n s
mean differences of the inheritance/integration, hatching rate, and fry survival. The survival
curves of different genotypes following tke ictaluri challenge were compared bHye Kaplan

Meier plots followed by the Logark (Mantd-Cox) test.All statistical analysis was achieved via
GraphPad Pris.41 (GraphPad Software, LDCFinal survival between singland dualAMG
transgenic, gne expression betweenoribund and sacrificed fish were analyzedusing the
unpairedStucents two-sanplet-test Statistical significanceas set aP < 0.05, and all datare
presented as the mean * standard erroM(SE

3. Results

3.1 Inheritance and integration rate

Traditional crossbreeding combined with CRISPR/Gas@liated targeted gene insen

producedCec, Cath- and CedCath- transgenic individuals including oneMG and tweAMG

integrated fishn this study. We implanted positiehrl_Cath (Chrl_Cath: #1, #11 and #19
andIR_CeetransgeniclR_Cec: #23 #29 and #30jemale founders wiit 75 pg/kg LHRHafor
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spawning(Figure 15A), andoneChrl_Cath (#1) and twolR_Cec females (#23 and #30) gave
eggs, respectively. Then three pairs of crossbreeding combined with genome editing were
acconplished: #30R_Cec¢ | x #7 Chrl Cath'll , #30IR_Cec¢ | x #24IR_Cec¢ll, and #1

Chrl Cath" | x #21 ChrlCath" I . All the positive individuals were determined by gel
electrophoresiand DNA sequencing-{gure 158C).

A total of five families containing three main groups wgmeduced fromthe threepair
crossbreeding: neAMG (*_Cec /*_Cath ), oneAMG (*_Cec /*_Cath", *_Cec/*_Cath ) and

two-AMG integrated (*_Cet*_Cath’) (Table 9). Our resultssuggestd that transgenes were
multi-generational and dualAMG transgenic fish wh a high integréon rate that can be
induced through genome editingsing transgenic embryosombined with crosdreeding.

Specifically, the £ generation of familyl had four genotypesncluding nonrAMG (IR_Cec
/Chrl_Cath ), oneAMG (IR_Cec/Chrl_Cath , IR_Cec /Chrl _Cah") and tweAMG

integrated (IR_CeéChrl_Cath), and the mean inheritance of each genotype wa8@27.0%,
25.0%, and 21.0%, respectively, without significant difference statistics(P = 0582) (Figure
S12A in Appendix2). NonrAMG (IR_Cec ) andoneAMG (IR_Cec) transgenigrogeny with

similar inheritance34.8% and45.26, P = 0.130) in the family2 (Figure S12B in Appendix2).
Similarly, norAMG (IR_Cec /LH_Cath ), oneAMG (IR_Cec¢/LH_Cath, IR_Cec/*_Cath),

and tweAMG (IR_Cec/*_Cath") trangyenicfish were presented with the inheritafictegration
rate of 20.%, 22.%%6, 19.4% and 3.3% in the family3 (Figure S12C in Appendix2). The
percentage ofluatAMG transgenicindividuals was significantly higher than that of single
AMG transgnesis(37.3% vs 22.%8%, P < 0.0001; 3.3% vs 19.86, P = 0.0Q) in the family3.
Besides, notAMG (Chrl Cath , 567%) and oneAMG (Chrl_Cath, 433%) transgenic

progeny can be detected with no differen€e= 0.127) in the family4 (Figure S12D in
Appendix 2). In addition, norAMG (Mstn_Cec /Chrl_Cath , 29.£4), oneAMG
(*_Ced/Chrl_Cath , 176%; Mstn_Cec /Chrl_Gath', 19.1%) and tweAMG

(*_Ced/Chrl_Cath, 33.8%) transgenicindividuals with differentinheritance/integration rate
were identified in the familys (Figure S12E in Appendix 2), and a significantly increased
integration rate in the tw8MG group comparetb the oneAMG (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 (Ceq and cathelicidin (Cath) transgenesintroduced by the CRISPR/Cas9
mediated microinjection in five families of channel catfish, Ictalurus punctatus The embryos from family 3 and family 5 received
microinjectionof pUC57_Cathand pUC57_Cec plasmids, respectivépncerninglR_Cec/*_Cath” and *_Ce¢/Chrl_Cath, off-targetpositive
individuals(Cathwas inserted at neln locus Cec was inserted at nanstnlocus)were includedN, the number of fingerlings of each genotype.

. . L Genotyping Integration (%) Inheritance (%)
Family  Mating Microinjection  Progeny Genotype N % Cec Cath Cec Cath
1 IR_Cecl x Chrl_Cathll No IR_Cec/Chrl_Cath 41 270 _ _ 48.0 46.0
IR_Cec/Chrl_Cath 38 250
IR_Cec/Chrl_Cath 32 210
IR_Cec/Chrl_Cath 41 270

2 IR_Cecl x IR_Cecll No IR_Cec 63 452 _ _ 45.2 _
IR_Cec 76 548

3 IR_Cecl x IR_Cecll pUC57_Cath  IR_Cec¢/LH_Cath 15 224 _ 56.7 59.7 _
IR_Cec/LH_Cath 13 194
IR_Cec/*_Cath 25 373
IR_Cec/LH_Cath 14 209

4 Chrl_Cathl x Chrl_Cathl No Chrl_Cath 39 433 _ _ _ 43.3
Chrl_Cath 51 567

5 Chrl_Cathl x Chrl_Cathl pUC57_Cec Mstn_Cec/Chrl_Cath 12 176 51.4 _ _ 52.9
Mstn_CedChrl_Cath 13 19.1
*_CecC/Chrl_Cath 23 338

Mstn CedChrl Cath 20 294
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In the current taidy, the dualAMG transgenicprogeny was generated from a traditional
crossbreeding IR _Céc|l x Chrl Cath I with an inheritance rate of 12%
(IR_Cec/Chrl_Cath). Still, microinjection using the IR_Cec or Chrl_Cathtransgenic
embryos can yield a higharheiitanceintegrationrateas ¥.3% (IR_Cec¢/*_Cath) and 3.8%
(*_Ced/Chrl_Cath) in family 3 and family5, respectively.

Notably, offtarget events were observed in fan8lyand family5 when the transgenic embryos
were subjected to microinjectiom detail, 76% [19/25] of ortarget (R_Cec¢/LH _Cath) and
24% [6/25] of offtarget (R_Cec’/IR_Cath) integrated individuals from thdéwo-AMG
(IR_Cec/*_Cath) genotype were observed the family 3, respectively. A total of 56.52%
[13/23] ontarget podive (Mstn Cec/Chrl_Cath) fish and 43.48% [1@3] off-target positive
(IR_Cec/Chrl_Cath) were detected from thdwo-AMG (*_Cec/Chrl_Cath) insered

individualsin family 5.
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Figure 15. Determination of transgene integrationand sequencing resultérom various genotypesn
channel catfish (ctalurus punctatu3. (A) 1% TAE gel electrophorsis of PCR amplicons shasd the
detection of positive cathelicidin (Chrl Cath; Chrl_CathpolyA, 591 bp)and cecropintransgenic
(IR_Ced; IR_CeepolyA, 305 bp founders.(B) 1% TAE agarose gel of PCR amplicomslicatedthe
detemination of insertion ofthe Cec trangiene at themstn locus from the Mstn_Ce@Chrl_Cath
genotype The CDS region (Mstn_CeepolyA, 352 by, promoter regior{PromMstn_Cec, 462 bpand
junctional regiongHA1-Prom 636bp and PolyAHA2, 664 bp) wereverifiedby sequencing(C) Results
from PCR amplicons shoxd the insertion of theCath trangene at thelh locus from the IR_Cec
/LH_Cath" genotype The CDS region(LH_Cath-polyA, 597 bp), promoter region (ProtoH_Cath 542
bp) and junctionategions(HA3-Prom 573 bp and PolyAHA4, 598 bp) were verified by sequencing
The numbers on the top of tigel images indicatethe sample IDs of the fish. Lane N, negative control
usingwaterasatemplate Lane W, wildtype control; Lane P, positive ool using a plasmid donor as
template Lane M, DNA marker (1 kb)300,500 and 65p bandsvere highlighted with black triangles;
CDS, coding sequenceBA, polyA tail; Mstn_Ceé&/Chrl_Cath, Cectrangyeric fish (theCectransgene

was integratecht the mstnlocus. IR_Cec /LH_Cath’, Cath trangjeric fish (the Cath transgene was

integratedat thelh locug; IR_Ced, F; cecropintransgenic channel catfish with the integration ofGlee
genein a random manner. Chrl_C&tP; cathelicidintransgenic channel catfish produced by integrating
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the Cath gene at a nowoding region in chromosonie Full gel electrophoresiphobs are attached in
Figure S11 in Appendix2.

3.2 Hatching rate and fry survival rate

Familiesl, 2 and 4 were produced by artificial fertilization. Families 3 and 5 were produced by
artificial fertilization and microinjection.The hatching rate was 48, 424, 225, 448, and 2.7%,
andthe fry survival rate was38.2 40.4 20.4, 33.1, and 14.26 for families, 1, 2, 3, 4 and 5,
respectively Although the CRISPR/Cas®@ediated genome editing increased the efficyeof a
dualAMG transgenesisgsing transgenic embryos, the microinjection significantly decreased the
hatchability compeedto the norinjectiongroup (family3 vs family 2: 22.50%vs. 42.40%,P <
0.0001; family5 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 (faBmilg family 2:
28.44% vs 39.45%, P = 0.004%; family 5 vs family 4: 29.24% vs 37.54%, P = 0.0(; Figure

16B).

Based on the inheritance &fec and Cath in family 1, the percentage of dual transgenic
individuals inheriting both transgenes should be (aRAthe observed value was 0.2T4ble9).
Based on the integration and inheritance rates exhibited in famihye3ercentage of double
transgaics predicted shoulthe 34% and it was 37%. Similarlyin family 5, the expected

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

3.3 Bacterial resistance

Compared to th&®/T individuals, AMGintegrated fish exhibited enhantessistance againkt
ictaluri during the challenge experimenthe WT fish showed the lowesESR at 20% after
infection. Two types of Cectransgenic fish (40% for IR_C&¢ Cath , 50% for

Mstn_Cec¢/Chrl Cath; P = 0.117) had a simila€CSR after the bacterial infection, which was

significantly higher than the neAMG inserted fish P < 0.0001).Cath-transgenic individuals
had higher observed CSR thdaDectransgenicchannel catfis(50% for * Cec/Chrl_Cath,

60% for IR_Cec/LH_Cath); however, there was no significant difference in @8R among
different types ofCec and Cathtransgenic fish® = 0.800). In addition, three types of two

AMG integrated fish showed highe€CSRs (60% for IR_Cec/Chrl Cath, 70% for
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IR_Cec/LH_Cath’, and 80% for Mstn_CétChrl Cath) than theCec or Cathinserted fish,

and these three types of w#dG integrated groups had no difference in surviaahong
themselvegP = 0478) (Figure 16C).
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Fig 16. Hatch and fry survival of transgenic channel catfish [ctalurus punctatug and the resulting
cumulative survival rate from different genotypes following challenge withEdwardsiella ictaluri (A)

The effect ofmicroinjectionon the hatchability(B) The efect of the microinjection on thiey survival

rate (C) KaplanMeier plots of AMGintegratedchannelcatfish. A total of 8 genotypes were involved in

the bacterial challengén 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 Logank (MantelCox) test.(B) Comparison of cumulative survival rate in eAMG

and tweAMG integrated individuals posE. ictaluri infection. OneAMG group had 4 genotypes:
IR_Cec/* _Cath , Mstn_Cet¢/Chrl_Cath, * Cec /Chrl_Cath and IR_Cec/LH_Cath; Two-AMG

group contained 3 genotypes: IR_Qé&hrl_Cath, IR_Ceé/LH_Cath" and Mstn_Ce@Chrl_Cath. WT,
wild-type fish; IR_Cet* Cath , Cec transgenic fish Gec was integrated in a random manner);

Mstn_Ceé¢/Chrl_Cath, Cec transgenic fish@ecwas integrated at thmstnlocus); * Cec/Chrl_Cath,
Cath transgenic fish Cath was integrated at the nanoding region of the chromosome 1); IR_Cec

/LH_Cath', Cath transgenic fish @ath was integrated at thid locus); IR_Cet/Chrl CatH, transgenic
fish possessed boecandCathtransgenegCecwasintegrated randomly andathwas integratedt the
noncoding region of chromosome 1); IR_Cidd Cath®, transgenic fish possessed b@tbcand Cath
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transgers (Cec was integrated randomly andCath was integrated at thelh locus);
Mstn_Ce¢/Chrl_Cath, transgenic fish possessed b@hcand Cath transgene¢Cecwas integrated at
themstnlocus andCathwas integrated at theon-coding region of chromosome 1). AMGs, antinobial

peptide genes; or&MG, one AMG (Cecor Cath) integrated in the genome of channel catfish;-two

AMG, two AMGs (Cecand Cath) integrated in the genome of channel catfish. B < 0.06; ## =P <

0.01; #### =P < 0.001; #### < 0. 0001 ; nNs = not si gt-testbriomesan t , by
ANOVA.

Overall, oneAMG (50% vs 20%, P = 0.023) and twAMG (70% vs 20%, P = 0.0()
transgenicchannel cdish hadsignificanty enhancd resistance again&. ictaluri comparedo
the WT individuals The bacterialdiseaseresistanceof double AMG integrationvas greater
whencompared to tht of single AMG integration (nean CSR70%vs 50%,r = 0.79;P = 0.082;

Pearson Correlatioanalysi$ (Figure 16D).

3.4 Synergistic expression of transgenes and innate AMGs

The mRNA level of 10 AMGs from 38 moribund and 42 sacrificed figs determined
individually (Figure S13-14 in Appendix2), and the mRNA levels ofeg Cath CCL3 H2A,
LEAP2 UBI, BPI, TCPandNK-lysinincreased (all levels > 0) in the challenged group coetpba
to the norinfected group. In addition, significantly elevatenRNA levels of theCath (P <
0.0001) andrCPgenes P < 0.0001) were detected in the sacrificed individual®gaed to the
moribund fish.Compared with themoribund fish the expression of th€ec transgene also
showed upregulated but not significafP = 0.1732). In contrast, thexpressiorof the LEAP2
(P = 0.0022) and\NK-lysin genes was significantly downnéigted (P < 0.0001) in the moribund

fish compared to sacrificaddividuals Eigure 17A).

In our study, bothategoricaSex) anccontinuougBW and the mRNA level of genes) variables
were used as predictors to construct a univariate multiple LR n(ddpkendix 3. Because we
employedmore thanlO predictorsin the LR model, whicimay causemulti-collinearity, we first
performed a correlation test amonge thee expression matrix to determine and remove the
potential collinear variablse. The results ofthe correlabn andysis showed correlation
coefficients of-0.33 (Cath and NK-lysin) to 042 (LEAP2and Catpd between different genes,
suggesting a weakorrelaion (Figure 17B). Therefore we fitted a full model combining Sex,
BW, Cath, Cec H2A, UBI, TCP Catpd LEAP2, BPI, NK-lysin, andCCL3as predictors. The full
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model had an AIC value of 69.30R € 0.0001), and the SeP & 0.678), BW P = 0.130),UBI
(P =0.%8),H2A (P = 0.103),Catpd (P = 0.181),BPI (P = 0.294) andCCL3 (P = 0.214) were
not signficant (Table $4-5 in Appendix1). Then we refined a reduced model after removing
thesenonsignificant predictorsNotably, we kept theCecfor the reduced odel since thé® =
0.0874 and it was the transgeié focus. The reducedmodel had a smaller Al@alue QIC:2 =
62.776 P < 0.000) thanthat of theoriginal model (AIC. = 69.304)(Table $-7 in Appendixl).
Therefore, thiditted model was more rolst than the full model. Nonetheles€£AP2was not
significant @ = 0.06), and wediscarad it to fit a seond redwced model correspondingly.
Finally, a model was built that onlyuotained theCec(P = 0.034),Cath (P = 0.047),TCP (P =
0.007), andNK-lysin (P = 0.003) with significant effects on the survival aftér ictalurid
challenge: Logitf) =11.95 + 017Cath + 0.23ec + 1.48TCP 0.39NK:-lysin (Figure 17C;

Table 8-9in Appendixl).

In addition, we assessed the interactions among thase pfedictors, andhere were no
significant interactions among them (1> 0.05 Table S0 in Appendix1). Additionally, the
AIC = 71035 >64.585 indicated that the fithedecreasd when we took the interactions into
the modelTableS11in Appendixl1). Therefore, the final mode&las fittedwithout interactios.
The Goodnessf-Fit test revealed that our fineR model fitted the datevell (P = 0.206 > 0.05)
(Table 22 in Appendix1). Additionally, the ROC curve showed 92.04% confidence that high
MRNA levels of Cath, Ceg TCP, and low mRNA leved of NK-lysin significantly improvedhe
CSR postE. ictaluri infection (Figure S15 in Appendix 2). Our final model displayed that the
Cath and Cec transgenes had a similar contribution to the surviyal € 0.17 for Cath,
B>, = 0.23 for Ceq), and the expression of transgenes improved the mRNA level ofGie
(B; = 1.48) but decreased thaf the NK-lysin (8, = - 0.39). In particular, the BW and gender
of fish did not affect the CSR during the bactecisllenge.
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Figure 17. Determination of co-expression of transgenes and innate AMG# channel catfish
(Ictalurus punctatug based on aunivariate-multiple logistic regression model(A) Comparison of the
relative mRNA levels ofnnate AMGs Catpd H2A, UBI, LEAP2 NK-lysin, BPI, TCP and CCL3) and
transgenes Gec and Cath) in the head kidney from moribund and sacrificedindividuals after
Edwardsiella ictaluriinfection (B) Gene expression heatmap to detect potential foollinearity among
these 10AMGs. (C) A standardized procedure for building a logistic regression magley the gene
expression matrix10 AMGs) body weight (BW) and geler (Sex) AIC, akaike information criterion
judges a model by how close fisted values tend to be to the true vajuasdthe smaller, the better.
AMGs, antimicrobial peptide genesCatpd cathepsin D (GU588646); H2A, histone H2A
(XM_017462467);UBI, ubiquitin (NM_001200293);,LEAP2 liver-expressed antimicrobial pepti@e
(AY845141);NK-lysin, natural killer lysin (AY934592)BPI, bactericidal permeabilitincreasing protein

(AY816351); TCP, thrombinderived Gterminal peptides (XM_017458593); CCL3 C-C motif
chemokine3.
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4. Discussion

For the first time, wegeneragéd dialgene integratedjeneticlines using transgenichannel
caffish foundes caipledwith a CRISPR/Cas@ssistedsystemfor introduction ofa second gene.
Our resultsconfirmed the relabiity and dficiency of this approachpavingthe wayfor novel
aguatic genetic enhancemenAdditionally, two-AMG-integratedchannel cdish were more
resistant topathogenicbacteria thanWT or oneAMG-inserted individualsFurthemore we
appled univariatemultiple LR models to quantify the contribution efrioustransgenesand
endogenousAMGs to fish survivalafter bacterial challengerevealing potential synergistic
expressiorof transgenes anshdogenou®AMGs.

In recent decadesnuch research & addresed AMG as transgenes to improve disease
resistance in fislfWang and Chey 2023. The pooled results of these studiesveaéd that
AMG-transgenic fishwere more resistant to disease thafil fish, even though thereas high
heterogeneityl? = 97.73%) acrosghese publishegapes (Figure18A). Our conclusios werein

line with thoseprevioudy describedsuggesting thatecand Cath transgenes can significantly
enhancechannel catfishresistancdo E. ictaluri (Figure 18B) compared toNT fish. Although
AMGs as transgenes can significantly inhibit bactegrawth,the metaanalysis found thahey

did not effectively controfomeparasites and viges(e.g, Ichthyophthirius multifilisandgrass
carp hemorrhagic virggFigure18C). In addition,we dedu@dfrom a collection of publications
thatthe Cath-transgenic fish showestronger resistance agaiqgithogenghan that inthe Cec
transgenic linegFigure 18D). Contrarily, our findingsuncoveed no significant difference in
improving the CSR éween Cec andCathrintegratedchannel cdish, implying that integration

of different loci of the sam@angene may cause vadgenetic pleiotropy on disease resistance
enhancementConsequently, wapplied @ AMG-moderatormetaanalysisof recruitedstudies

to verify that theCecintegrated at thenstnlocusconferredhigher disease resistance than that in
a random locuswhich may implythat mstnknockout might have other biological functions,
such as immunological response, or potentially-negligble interaction between th€ec
transgene anthstnlocus Besides the Cathintegrated at the necodingareaof chromosomél
had a higher resistante bacteriathan that at théh locus Figure18E). In addition to the locus
change effectghe authos (Figure 18F), fish speciegFigure 18G), and pathogen typg$igure
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18H) were also in response to thfectvariation of theCecandCath For instancethe metadata
illustrated thatCec transgene showed significdntincreased CSR in rainbow trout/channel
céfish againstAeromonasFlavobacteriumandEdwardsiellafrom three previousnvestigations
(Dunham et al., 2002; Sarmasik et &002; Chiou et al., 20)3However, theCec did not
enhance resistance agairtbie Ich parasitein statistics when we corhined all rekevant
publications to conduct global assessmer®verall, althoughthe Cec or Cathintegrated fish
exhibited enhanced resistance against a diversity of pathogens following previous tinerks,
effects of these two transgenes vartspendingon publicatiors, fish species, patlgens and

inserton loci.
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Figure 18 Higher cumulative survival rates (CSRs) postinfection in AMG -integrated fish
compared to wildtype individuals based onthe metadata. (A) The overall effect of AMG as
transgenson fish CSRscombinal with all AMG transgenegelated studiesAlthough highheterogeneity
(12 = 97.73%) existed across different studi®|G-transgenic fish showed high@SRsthan the wild
type fish (effect size 6.87,k = 54,P < 0.000). (B) The efeec of AMG transgenesn CSRsvaried with
the fish speciesAMGs as transgemesignificantly improvedhe CSRs in zebrafistP(= 0.0114), grass
carp P = 0.0®7), and channel catfisiP(= 0.00495. (C) Different effects were observedandiversity of
pahogenic challenge experimentwhen AMGs were integrated into the figfenome AMGs were
significantly effective againsYibrio (P = 0.007, StreptococcugP = 0.0011), IHNV P = 0.0007),
Flavobacterium(P < 0.0001),Edwardsiella(P = 0.0257)and AeromonagP = 0.0126) (D) The type of
AMG affected the improvement of CSRmd TH15 (P = 0.0069), LysozymeR < 0.0001), Lactoferrin
(P = 0.0003),CF17 (P < 0.0001), Cecropin@eg P = 0.0029) and CathelicidinCath, P < 0.0001)as
transgenes significantly ineagd CSRs offish after pathogen invasiorfE) Differences inimproving
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CSRsby Cecor Cathintegrated at different locFish integratinghe Cath trangjeneat thenon-coding
region of chromosonig(Chrl_CathP = 0.000) demonstrate the robustresistane o diseasefollowed

by integration of theCathat thelh locus (H_Cath P = 0.00032, the Cecat themstnlocus (Mstn_CecP

= 0.0076 and theCecintegrated randomly (IR_Ce® < 0.000). (F) The Cec or Cathtransgenic fish
displayed differencegn the dfect of CSRsin various studiesA significant incrementof CSRs was
observed irbunham et al. 2002°(= 0.0030, Sarmasik et al. 2002 (= 0.009§, Chiou et al. 2013 <
0.000), Wang et al. 2023R = 0.0023 and thisstudy P < 0.000), respectively(G) The effect ofCecor
Cathas transgenes varied in different fish spe@esl significant enhancement in CSRs was displayed in
rainbow trout P = 0.001Q and channel catfishP(< 0.000). (H) The Cec or Cathintegrated fish
showed different effectaganst various pathogenandsignificant enhancement in CSRs wageaéd in
Aeromonas(P = 0.0®5), Flavobacterium (P = 0.0143, and Edwardsiella (P = 0.00®). Ich,
Ichthyophthirius multifilis GCHV, grass carp hemorrhage virus; IHNV, infectious hepuittic
necrosis virus; TH®, tilapia hepcidin 5; PGRNL1, a type of progranulin gene from Mozambique tilapia;
GRN-41/GRNA, AMGs from Mozambique tilapia to produce secreted GRN peptided;7Cé& synthetic
cecropin B analogSMD, standardized mean diftere (H e d ggevasdused to calculate SMO¥, the
number of effect sizes for each category of different moderdfotse heterogeneity index across
studies; 95% CI, 95% confidendeterval. AMG (Cec or Cath)-integrated,transgenicfish possess an
exogemusAMG (Cecor Cath) integrated into the genome \g@netic engineering = P < 0.05; ** =P
<0.01; *** =P < 0.001; **** = P < 0.0001; ns = not significant.

As mentioned abovehé¢ Cec, Cath, and other AMGtransgenic fishwere more resistant to
pattogens compared to WT individualsNevertheless, no studies hawmcumengéd the
integration of two AMGs in aquatianimals.We successfly createdchannel catfistgenetic
lines harloring both Cec and Cath trangienes and * Cec’/* _Cath® fish lines displayed
heightened resistance agaipsithogenidacteria compared to tlgec or Cathtransgenic fish
These new genetic line@gth duatAMG integrationshould be evaluated asstrategyto control

parasiticor viral diseases in the future.

Importantly, ourwork showed thattransgenéasedcrosdreeding combined with CRISPR/Cas9
mediated microinjectiosignificantly improvel the efficiency ofgeneratingdual transgenicdn
the current studywe candirectly generate * Ce¢* Cath™ offspring by crossbreeding *Cec
and *_Cath founders and the efectivenessof the double AMG integration depends on the
heterozygosity of th@arents However,in a scenariq if one transgenic type of the founders is
avalable,the present studgfferedthe feasibilitythatthe migoinjection of transgenic fertilized
eggs carproduceduatAMG transgenic fish/animal#\lthoughonestep CRISPR/Cas&ssisted
microinjection canresult in duat and multipleinsertions generating transgenic animals

harboing multiple transgenes hawdow efficiency regardng the increased offarget events and
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decreased integration rates as more kxnolenes arénvolved (Yang et al., 2013Qta et al.,

2014. Interestingly, other studies may haveatléhe possibility of direct editing geme to
producedud- or multiple-transgenic fish via delicate but complicatedespression of multiple
transgenes, such as introducing multiple plasmids either by targeting long repeated sequences
(Xing et al., 2022) or via polycistronic vector using 2A peptid@siu et d., 2017, which

requires further documentatioAs a result, we believe that genome editiig transgenic
embryos combined witbrosbreeding to integrate multiple genes and reduce¢aoffet effetsis

promising in boosting disease resistance ahdrabnsumetvalued traits in aquaculture.

Unlike previous studies that only enumerated gene expression matricesknaelvantage of the
LR analysisto quantify the contribution ofthe body weight, gnder,transgeres and innate
AMGs to the CSR after baterial infection And our preliminaryfindings demanstrate thathe
LR model iscapable ofhanding bivariate analysis based on gene expression mataids
categorial variables suchchallengng expeiments According to our finaLR model,fish body
weight and gendehad noimpacton CSR during bacterial infection, which esnsistent witha
recent study that prosehere is no correctioneededbetween the body weight and the CSR
(Abass et al., 2092 Concerningthe AMG expressionalthough various gesions of eight
endogenoudMGs were detected in midrund and sadiced fish after thee. ictaluri challenge,
only theTCP andNK-lysin significantly contributed to the fissurvivalbased on the LRnalysis.
Earlier studies found that bacterial infect elevaied the mRNA level of the NK-lysin genein
norttransgenic channehtfish(Wang et al., 2006; Pridgeon et al., 2DX2owever in this study,
the upregulation othe Ceg Cath and TCP, as wellas the downregulation of th&lK-lysin,
resulted ina high CSR. This may be due tthe significant upregulation ofthe Cec and Cath
transgeneseduced contribution of endogenoud&s in thedisease challengexperiments
However, the detailed effects ahimicrobial peptides as transgenes on the endogenbliB 8 6
immune modulation, and thgiotentialinteraction on regulating and conveying the more disease

resitance in catfish require further investigation.

The current study only focused t¢ime innate AMGs but did not include other immumelated
genes Eight enrdogenousAMGs were chosenbased ongenomewide alignmentusing the

channel catfish protein sequence and theantimicrobial peptide database (APDS3,
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https://aps.omc.edu/AP), andthe signifie of theirexpressiorwas hypothesied by a pol of

studies(Wang et al., 2022 Although LR modelsrevealedthat an expression matrix based on
eight genes can effectively screamt AMGs with significant effects on survivahere is a high
liklihood that moregenesare implicatal in the immune responsé addition to these innate
AMGs, toll-like receptos (e.g, TLR2, TLR3 and TLR5) (Bilodeau and Waldbieser, 2005
NOD-like receptos (e.g, NOD1, NOD2, NOD3aand NOD3b)(Sha et al., 2009Rajendran et
al., 2013, interferors (e.g., IFN-1, IFN-2, and IFN4) (Long et al., 200pandinterleukirs (IL-
b1 anbdp(Wahg et al., 2006also play vital rolsin the host response to diseasechmnnel
catfish. In the future, a bater LR model could be generated utiliziag manyimmure-related
genesas possibleAn dternativestrategy to address this concevould be to apply RNA-Seq
technologyto the currentbacterialchallengeand screen out more immunelated genes to fit a

more conprehensive.R model.

This studyperformed a univariatemultiple LR analysisas a binary onse appeared in our
bacterial infection experimentn fact, a polytomouslogit regression model with muttie
responsgfor variables can stilbe appliedo morecomplex casedn teleost fishthe skin, liver,
spleen and kidneyare known to be involved irhost immune regulatioqUribe et al., 2011;
Rauta et al., 2092 Previous studies have&hownthat immunerelated genesre significantly
expressedn theliver, spleenandkidneyin channelcatfish (Bao et al., 2005; Xu et al., 2005;
Peatman et al., 2006; Pridgeon et al., 2Giffer pathogen infectigrwhereaghe current study
only investigaed the expression &MGs in the head kidneyn view of this, we could builda
proportionalodds LR model (Fox and Hong, 20Q%that includes the skin, liver, kidney, and
spleenin the model, allowing us todetermine which tissue is rsbfavored by transgenic
synergisn with endogenous AMG expression. Thadtects of temporal genexpression
(regardless ofleal or alive individuals)could be examined wita multi-temporalanalysis using

a baselinecategoryl.R model(Brophy et al., 201jlallowing identification ofwhich time is most
favored by transgenic sgrgistic endogenous AMG expressioRinally, we can apdy
generalized linear models toassessthe pattern of transgene synergistic expression with
endogenous AM&at different times irvarioustissues Future studies should also consider the

interactions btweentransgenicAMGs and endogenous A@Is may haveimplicatiors in such
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immune modulatiorand documenting their potential immunological function as a biological

factorin conveying the disease rgance in catfish

In this study AMG transgenidish demmstratedenhancedlisease resistance, and dAMIG
integrded fish were moreresistat than single AM G-transgenic channel catfisiln aggregate,
crosbreeding combined with genome editivig transgenic embryos a promisingstrategyto
control disease dbreals in aquacultureas it can effectively creae bi-AMG- or mult-rAMG-
trangyenic fish lineswith enhanced pathogeresistance Logistic regression models are
applicable for determining the contribution of transgenes and immalaked genes to survival
rates as well as potential synergistic effectsictvitould be adaped for research and genetic
enhancement application fotherdiseaseandaquaticanimal species
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CHAPTER FIVE

One-step knockin of two antimicrobial peptide transgenesat multiple | oci of channel
catfish (Ictalurus punctatug by CRISPR/Cas3mediated
multiplex genomeengineering

Abstract

CRISPR/@s9mediatedmultiplex genomeediting (MGE) conventionallyuses muliple single
guide RNAs $gRNAg9 for genetargeed mutagenesisvia the non-homologousend joining
(NHEJ) pathway MGE has been proven to be highly efficient for functional gene
disruptioriknockout (KO)at multple loci in mammalian celloor organisms However,in the
absence of a DNA dongthis approach is limited temall indelswithout transgene itegration
Here we establisithelinear doublestranded DNA(dsDNA) anddoublecut plasmiddcPlasmid)
combiration-assistedMGE in channel catfish I¢talurus punctatus allowing combindiond
deletion mutagenesis and transgémeckin (KI) at multiple sitesthrough NHEJYhomology
directed repai(HDR) pathwayin parallel In this study, weusedsingle-sgRNA-basedgenome
editing (ssGE) andnulti-sgRNA-based MGE (msMGE) teeplace thduteinizing hormonélh)
and melanocortind receptor(mc4n gene with the cathelicidin AsCath) trangene and the
myostatin(two target sitesmstnl mstng genewith the cecropin Ceq trangiene respectively
A total 0of 9,000 embryosvere microinjectedrom three familiesand 1,004 live fingerlings were
generatednd analyzedThere was no significadliifference inhatchability(all P > 0.05 and fry
survival @ll P > 0.05 between SGE and msMGEComparedo ssGE CRISPR/@®-mediated
MIVIGE assisted byhe mixture ofdsDNA and dcPlasmidonorsyielded a higher knockn (KI)
efficiency of AsCath (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 transgenesespectivelyThe msMGEstrategycanbe
used togenerate transgenic fish carrying two transgextesultiple loci In addition,doubleand
guadruplemutant individualscan be producedith high efficiency 36.3% ~ 71.1% in onestep
microinjection In conclusion we demonstrate thatthe CRISPR/@s9-mediatednsMGEallows
theonestep generation aimultaneousnsertionof the As-CathandCectransgeneat foursites
andthe simultaneoudglisruptionof the lh, mc4r, mstrl and mstn2alleles This msMGE system
aided bythe mixture donorspromisesto pioneer a new dimension the drive and selectn of

multiple designatedraits in other noamodel organisms.
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Keywords: Multiplex genome editingranggenesismutagenesicatelicidin, cecropin,
aguaculture

1. Introduction

CRISPR/Cas9 genome editing technology has profoundly transformed the landscape of genetic
engineering by providingreefficient, precise targeed modification ofDNA sequence§linek et
al., 2013, enablng the creation of new genetic varianits recent years, the application of this
cuttingedge technology to aquacultubas emerged as a promising frontier taitivating
aguatic organismssuch as fisHGratacap et al., 20)9shellfish(Yu et al., 2019 andshrimp
(Sun et al., 2017 Aquaculture constitutesaitical sector of the global food industry, cateriog

a substantiafraction of the world's seafood demand. Netheless, itconfrons multifaceted
challenges such as disease outbreaks, emaeotal stressors, and genetiariation that can
impede the growth, health, and quality of farmed speg@té®©, 2020 Houstonet al., 20D).
CRISPR/Cas%holds tremendous proiee as a meansf overconing these challenges by
facilitating the generatioof diseaseresistant, fastegrowing, andhigheryielding aquaculture
speciegGratacap et al., 2019Vang et al., 2023.

Cas enzymes can either be programmed to target mamag ge& once, or multipleingle guide
RNAs (gRNAS9 can be directed to a singlergdic locus to enhance the efficiency of edjtim
this contextpne of the most exciting developments in genome editing is the advewnidtgilex
genomeediting (MGE). Traditional geomme editing bols make themodification of multiple
genes a slow anchallenging proceswith low efficiency (Wang et al., 201,3Cong et al., 2013
However, MGEis a groundbreaking technology that offéine simultaneousmodification of
multiple genesn paralle| enablingunparalleled control over genetic traitgthin anorganism
This breakthrough has permitted researchecsdate genetic modifications with high efficiency
and investigate the genetic basis of complex traits more efficightin ever before
(Abdelrahman et al., 202McCarty et al., 202R For instance80% biallelic mutatiors (Tetl
andTet2gene$ wereobserved inthe progenywhenCas9 mRNA and multiple sgRNAs were-co
injected into mice(Mus musculus zygotes Wang et al. 2013. Campaet al. (2019)
demonstrated thain increased efficiency (up to 60%an beachieved in human293T cells
using CRISPR/Cas12aediated MGEcompared t@ingle-sgRNA-basedgenomeediting (ssGE,
ranges from 2 to 17%In addition, multi-sgRNA-based MGE (msMGEusinga CRISPR/Cas9
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nuclease vectotargeting seven genasaninduce multi-gene mutationsat ratesranging from
4.3% to 36.7%n human293T cells(Sakuma et al., 2@1).

In addition to the applications imammaian cell lines, CRISPRCa®-mediaed msMGE has
monumental implications and myriad applications which hae undergone extensive
developmenin aquaulture rendering precise, programmable, and multiplex targeting of DNA
sequenceso gererate new fish genetic lineswith improved yield, disease resistance, and
nutritional value (Elaswadet al., 2018 Gratacap eal., 2019 Cooganet al., 2022aXing et al,
2022ab). Not surprisingly a highersinglelocus mutation efficiency wafound in zebrafish
(Danio rerio) (90%vs 80%,Kroll et al., 202}, blotched snakeheg€hannamaculatg (53.3%
vs 40.0% Ou et al., P23), channel catfislkfictalurus punctatus(96.3%vs. 88.6%,Khalil et al.,
2017 64%vs 46%,Cooganet al., 202B) using CRISPR/Cas®basednsMGE compared to the
ssGEstraegy. FurthermoremsMGEcan achievenorethan onemutation in multiple genesith

a relatively high efficiencyFor exampleco-injecting two sgRNAs and Cas9 proteiargeting
the slc45a2andtyr genes generatadutantAtlantic salmon(Salmo salay with the efficienges

of 40% and 22% respectively(Edvardsen et al.,, 2014Additionally, 61.12% of biallelic
mutations (GFBP-2b1 andIGFBP-2b2 gene$ were observed ithe offspringwhen Cas$rotein
and two sgRNAs were cénjected into rainbow trout (Oncorhyntius mykiss embrycs
(Clevelandet al., 208). Recently Krug et al. (2023xonfirmed thatmsMGE coupled with three
sgRNAs can inducea triple-gene mutation (mitfa, Itk and csflrg in the African Killifish
(Nothobranchiudurzeri) with a high efficiency 0f23% These studies indicated thaisMGE
can not only improvethe efficiency of mutating a single genebut also can achievehe
simultaneous mutation of multiple genesth a high efficiencyusing multiple sgRNAsnN

aguacultual species.

Homologous reombination can generate transgenic animals witidtspecific insertionsf a
doror DNA with homology to the ends flanking the doubteanad breaks is ceanjected
(Meyer et al.,, 2010Cui et al., 2011 The ease of design, construction, aoo-delivery of
multiple CRISPR/Cas$gRNA complexesand donor templatessuggest the possibily of
msMGEbased transgenesi&lthough nsMGE has beempplied todisruptknockout (KO)one
or multiple geneswith considerable efficiengyfew studieshave usal msMGE couplked with

donor templatego introduce foreign genesin organisms Recently, Wang etal. (2022)
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developedan engineered doublstranded DNA (dsDNApssistednsMGE system(dReaMGE)
and observedkilobasescale sequenceeplacemerst at two loci in bacteria $dlegelella
brevitaleg with anefficiency of 80% accompaied by simultaneousleldions (3 to 10 kb)with
the efficiency from 11.5% to 19.1%n addition 33.8% and7.3% of tiple and quadruple
mutants respectively were detectedn Paraburkholderiamegaplitana using the dReaMGE
technology(Wang et al., 2023. SubsequentlyXing et d. (2022) demonstrated thahsMGE
coupled with three donor plasmitErgetinglong repeatd sequencg was capable adchievng
transgenetransferrates of 11.4% to 25%for single gene insertion, ant® for triple gene
insertionin channel catfishSimilarly, the integration rateof single or double gengat long
repeated sequersavere 28.1% and 7.8%0r 6.8% respectively,in channel catfistby using
cocktaildesigred plagnids as donor templates<ing et al., 2023 These reportsuggestthat
CRISPR/Ca8-mediated msMGE ia promisingapproachto achieve multiransgene insertions

atdifferentloci/genesaided by dsDNA or plasmid donors.

Luteinizing hormonellf) serves as aregulator of theeproductve processand plays an important
role inthefinal maurationof fish gametegGen et al., 2003Chu et al., 2014 Previous studies
have determined th#t-deficientchannel catfish are steril®in et al., 2016Qin, 2019, and the
sterilization can be temporarily reverseglhormone therapy in channel iah Qin, 2019. In
addition, nyostatin (mstn), a critical growth factor inhibits myogenesisand hypertrophyfor
body weightgain (Thomas et al., 2000Currently,two loci of the myostatin genénstrra and
mstrrb) have been identified inumeroudeleos fish speciesincluding channel catfisn_{u et
al., 2016;Zhang et al., 2020 In diploid teleosts,mstrb remains responsible formuscle
developmentwhereasmstnrais associatedith immune function Zhang et al., 2020Coogan et
al., 20223. Thefocus of the presenstudywason mstrnb in channel catfish, and therefore, unless
otherwisenoted all referenceso myostatin should béaken torefer to mstrb. Mstn mutaris
showeda higher growth rate in channel catfish, red sea br@agrus majoy, and ommon carp
(Cyprinus carpi9 compared to wildype (WT) fish Ohama et al., 2020; Coogat al., 2022a;
Shahiet al., 2022 Similarly, the melanocortitd receptor fic4n controk energy homeostasis
(Cone, 200 andmc4rmutantchannel catfish had a fasiacrea® in body weight compared to
WT individuals Cooganet al., 202B). Additionally, transgenic fish carrying aaxogenous

antimicrobial peptide gene (AMG)ave shwn heightenedesistanceo a varietyof pathogens in
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channel catfish, blue catfisH. (furcatug, grass carp Gtenopharyngodon idelf), Atlantic

salmonand other fish specie@Vang et al., 202a; Wang and Cheng, 2023Although high
diseaseresistage, fast growth orgenetic sterility have been establishad fish speciesno

studieshave yet documentedwhetherit would be possibleto combineall these producer
favorable traits in single fish via orsep CRISPR/Cas9nediatedmaVIGE. Hypotheticaly,

sterile, fastgrowing lines with high diseaseould generateresistanceby simultaneously
integratingAMGs atboththe reproductionand growthrelated loci

The ability to perforrmsMGE helps to enhanceur understanding of the genetic underpinnings
of complex traits and creae multiple producerdesired characteristics in crops and animals
(Warg et al., 2013; Abdelrahman et al., 2028ere,we replacedh gene with thecathelicidin
(As-Cath) transgene andistn gene with the cecropinCgeg transgengrespectivly, usingthe
SsGE methodassisted bya doublecut plasmid dcPlasmig. To confirm the feasibility of
simultaneoushKI/KO different transgendginctional geneat multipleloci in one stepwe usel

the CRISPR/C&mediated msMGHo drive both NHE:based gne disruption an#iDR-based
trangene insertiorio achieve highly efficienteplacemat of two AMGs (AsCathandCeg at
four targets(lh, mc4r, mstnlandmstng in channel catfishHatchability, fry survivaljntegration
efficiency, off-target eventamasaicism, and protein structuneere compared between ssGE and
msMGE.

2. Materials and methods
2.1 Ethical statement

Mature channelcatfish brood stock(Kmix strain) were cultured inearthen ponds ahe Fish
Genetics Research Unit, E.W. Shell Fisheesearch Center, Auburn University, AAll
experimentsvere conductedusingthe Institutional Animal Care and Use Committee at Auburn
University (AU-IACUC) IACUC and AU Biosafety Committeapproved protocols.

2.2 Experimental design andpreparation of Cas95gRNA

We sekcted the |h (GeneBank NM001200080.), mc4r (GeneBank LBML01001141.1), and
mstn(GeneBankAF3967471) (Liu et al., 201% genesas transgendargetng sites, expecting to
geneate sterile genetic linesith high growthand disease resgance Specifically, four single
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guide RNAs (sgRNAs) were selected |h_sgRNA mc4r sgRNA, mstnl sgRNA and
mstn2 sgRNAtargetingthe Ih, mc4r, mstrl andmstn2(exonl and exon2 of thastngeng sites
respectively.We usel the ssGE1/ssGE3ystem to integrde the AsCath/Cec transgeneat the
mc4randmstnlloci, respectively. Given the msMGHystem, we replaced tifieandmc4rgenes
with the As-Cathtransgene, anohstn(mstnlandmstng with theCectransgene, respectively, by
co-injecting four designed dondemplatesTherefore,the ultimate goaivas to introduce two
copies ofAs-Cath and Cec transgenes at multiple loci. Specifically, the plan involved inserting
one copy ofAs-Cathat thelh locus and one copy @&s-Cath at themc4rlocus.In addition, one
copy of Cecwas intended to be insertetithe exonl oimstn and another copy dfecat the

exon2 ofmstn

The sgRNAs weréesigred by CHOPCHOP(https://chopchop.cbu.uib.nolLabun et al., 2019
based onthe scores Putative offtarget siteswere excludedwith the use ofCasOFFinder
(http://www.rgenome.net/casffinder/) (Bae et al., 2014 Selected sgRNAs were synthesized

vitro using the Maxiscript T7 Kit (Thermo Fisher Scientific, Waltham, MA) accordingthe
manufactured $nstructions 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 Wi 1 x TBE buffer were used to assess the concentration and quality of
sgRNAs, respedwely. Synthetic sgRNA were diluted to a concentration of3 0 0 Lnagd ¢
distribued into PCR tubeg§ eL/tube) then stored at-8 0 needediThe Cas9 protein

powder wasobtaired from PNA BIO Inc. (Newbury Park, CA), dilutdd 100  nlLgwitls
DNase/RNasdree water, keeping at 80 u n fThelgenesedic oligonucleotidedfor

SgRNA recognition and the universal primer used in this study are listedTiable S13 in
Appendix2.

2.3 Construction of donor templates

The inserted coding sequence (C&§ derived from the cathelicidin geneAdfigator sinensis
(AsCath GeneBank XM_006037211.3)(Chen et al.,, 2017 and the cecropin gene of
Hyalophoracecropia(Ceg GeneBank M34924.) (Bomanet al.,1989. To achieve multiple
Kls at foursites we used a migd donorof linear doublestranded DNA(dsDNA) anddouble

cut plasmid (dcPlasmid)ased on our previous studigimara et al., 2020; Wang et al., 2023
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Therefore, four donors (HAl UBI _AsCath pA HA2, HA3 UBI _AsCath pA HA4,
HA5 UBI _Cec pA HA6 and HA7 _UBI_Cec pA HA8) were provided toassist transgene
integration at théh, mc4r, mstnlandmstn2sites respectively [Figure D). In detail,the dsDNA
donor wascreated by constructing th&s-Cath CDS flankedby two 300 bphomology arms
(HAs) derived from théh gene of channel catfish on either side o itsert sequenceWith
respect to the dcPlasmih As-Cath- or CecdsDNA cassettdélanked bytwo sgRNA recognition
sequence$sgRNAPAM, 23 bp eachyas cloned intothe pUC57 mini vectorat the ECORV
enzyme digestion sittAppendix 3. Expression bthe Cecand As-Cath trangienes was driven
by the zebrafish ubiquitifUBI) promoter(Mosimann et al., 20)1The dsDNA/plasmid donors
were synthesized by GenewikzC (South Plainfeld, NJ).

A Insert the As-Cath at the /h locus

Ih-sgRNA
Ih locus - B . b —F
.. 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
| 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
] h 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 catfishi¢talurus punctatug. (A) HDR-mediated Kl of
the alligator cathelicidin As-Cath) gene targeting théh locus coupled witha linear dsDNA donor

- 149-



(HA1_UBI_AsCath pA HA2). (B) HDR-mediated Kl of theAsCath gene targeting thenc4r locus
coupled witha doublecut plasmid (dcPlasmidjonor(sg HA3 _UBI_AsCath pA HA4 sg. (C) HDR-

mediated Kl of themoth cecropin(Ceq gene targeting thenstnland mstn2sites coupled withtwo

dcPlasnid donos (sg_ HA5 UBI Cec pA HA6 sgandsg HA7 UBI Cec pA HA8_sg, respectively
Ih, luteinizing hormongmc4r, melanocortind receptormstnl the exonl ofmyostatin mstn2 the exon2
of myostatin HA, homology arm{UBI, ubiquitin promoter from ebrdish (Danio rerio); sg, SQRNA pA,

polyA tail termination

2.4 Microinjection , transgenic fish production and rearing

Chamel catfishspawning.embryopreparationandmicroinjectionwere gerformedaccording to
previous proceduresfrom our laloratoy (Khalil et al., 2017;Wang et al., 2@3a) with
modificatiors. In brief, three strategies (ssGE1, ssGE2 and msMGE) were usgdntrate
transgenifgeneeditedchannel catfish in this studZRISPR/Cas9nediatedssGE1/ssGE2 as
used toproduce single traagenc (AsCathor Ceg/geneedited(mc4ror mstn) by targetingthe
mc4ror mstnlsite assisted bHA3 _UBI_As-Cath pA HA4 or HAS UBI_Cec pA HAG6 donor.
MsMGE was used to generate multiple transgenic/geiited individualdy targetinglh, mc4r,
mstnlandmstn2in parallel assisted byhe mixture offour donors(Figure 20A). In addition to
these three microinjected grous000 micoinjected embryos per groyponinjected (nCT)
(600 embryoskand injectediCT, 60% phenol red solution only600 embryosgroups wee
utilized. The mcroinjection wasconduced on6/15/2021, 6/17/2023and 6/19/20210 generate
fingerlingsfrom three &milies All injected embryos and theiull-sibling controls wereultured
in Holtfreter's solution(Bart and Dunham, 199%6until hatching. During this period, dead
embryos and fry wereollected for hatchability and fry survival calculatsorfhe fry wee
subsequently movenhto tanks within arecirculating systemmaintaining a density dt fry/L.
They weregfed Aquamaxry powder 50% cude protein, 17% crude fat, 3% crude fiber and 12%
ash;Purina Animal Nutrition LLC, Shoreview, MN) four timetaily to satiationtwo months.
The fingerlings were then fed Aquaxcel WW Fish Starter 4512 (489de protein, 12% crude
fat, 3% cruddfiber, and 1% phosphorus; Cargi#inimal Nutrition, Minneapolis, MN) twice dgy
to satiation until sampling.

2.5 Integration analysisand mutation detection
After 4 months ofreaing, all fingerlings (20 50 g) were pitagged (Biomarknc., Boise, Idab,

USA) and individually weighed GenomicDNA was extractedrom the mixtureof fin clips and

- 150-



barbet from eachinjectedfish. Specific primersTableS13 in Appendix1) were designeg using

the online software Primer3Plus ht€p://www.bioinformatics.nl/cgi

bin/primer3plus/primer3plus.cgto screen for transgendy detecting the UBpromoter and

CDS of tramsgenes n al | mi cr oi nj ect e dregiors wdrethen@idbeeted5 Nj a n d
and off-target eventsvere determinedy PCR.For theintegratedAs-Cath/Ceg promoterand
junctionsequences, PCR of positisamplesva s per f or imwldmeiofnsysemlbed ¢

PCR products were purified usirthe QIAquick PCR Product Purification Kit (QIAGEN,

Hilden, Germanyccording to the manufactuéemstructions. Before sequencing, all purified

DNA samples were quafittd and identifiedby Nanodrop andl.0% agarosegels. The

sequencing results were blasted with transgenes using MAFFT (version 7,
https://mafft.cbrc.jp/alignment/servito identify inserted DNA sequenc@sgure DB).

With respect to the poteatimutant individualsPCR products were inserted into the p&®
TOPO vector usinghe TOPO TACloning Kit (Invitrogen, Carlsbad, CA) and transformed into
One Shot TOP10F chemically competeischerichia coli(Invitrogen, Carlsbad, CA) as
previously desdbed (Elaswad et al., 20)8 Three colonies wer¢hen randomly pickedfor
colony PCR, and liquicE. coli cultures were prepared for rolling circle amplification (RCA)
sequencing by Sequetech (Mountain View, GA%ing a primer M13 forward primerJhe
sequercing results of the mixture of fielips and barbels weranalyzed using TIDE online
(https://tide.nki.nly (Brinkman et al., 204to quantify the editing efficiency and to identify the

types of insertions and deleti® (indels) in the poterdl mutant individuals TIDE analysis
calculates the efficiency of gerediting by quantifying the percentage of indels in a target DNA
sequencédased on the sequencing chromatogranTdis is typically achieved by comparing the
seqience of edited samples to a control or reference sequence. The higher the editing efficiency,
the greater the proportion of indelsepent in the edited sampleSinally, the 3D protein
structures of the mutant genes were predicted usindpe online tool AlphaFold
(https://alphafold.com/{Jumper et al., 2021
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Figure 20. Experimenal design andgenotyping in channel catfish I€talurus punctatus using
CRISPR/Cas9nediatel ssGE and msMGE, respectivelijA) Microinjectionand fish rearindor ssGE1,
sGE2 and msMGEsystens. (B) Procedurefor transgene determination and mutatievaluationof
transgenic/genedited channel catfisiFor the mutatioriest, TIDE analysis was imgrnered for each
nontransgenidish. ssGEL, single sgRNA-basd genomeediting coupled with thggUC57 As-Cathdonor
targeting themc4r locus; ssGE2,single sgRNA-ba®d genomeediting coupled with thepUC57_Cec
donortargeting themstnlsite msMGE, multi-sgRNA-basedmultiplex genomeediting couplel with the
mixture of dSDNA_As-Cath, pUC57 AsCathandpUC57_Cecdonorstargeting thdh, mc4r, mstnland
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mstn2 sites in paralle] Ih, luteinizing hormong mc4r, melanocortird receptor mstnl the exonl of
myostatin mstn2 the exon2 omyostatin TIDE, tracking ofindels bydecomposition(http://tide.nki.n).

2.6 Determination of mosaicism

Three 12monthold positive transgenicchannel cdish (AsCath, Cec and AsCathCec
transgenic fishwith amean body weighof 72.4 g, were collected amithanizedvith buffered
tricaine methanesulfonate (MS222yndel, Ferndale, WA)at 200 ppm.The fin, barbel, skin,
muscle, intestine, head kidney, stomach, libéopd, gill, brain, eyespleen,and gonad of each
individud were collected in 1.5 mL tubefr DNA isolation. To determine the potential

mosaicisnof thetransgene, PCRasperformedusing specific primers as described above

2.7 Statistical analysis

Hatchabilityandfry survival rate from differengroups in ead family were analyzed using one
way ANOVA followed by T u k emyulbide comparison teskKl efficiency and offtarget events
betweenCRISPR/Cas9nediatedssGEand msMGE (ssGE1lvs. msMGE, ssGEZs msMGE)
werecompaedusingtheu n p ai r e dt-tedtAll staistidal@salyss wereperformed using
GraphPad Prism 9.4.1 (GraphPad Software, LO®E gatistical significance level was setRt
< 0.05, and all data were presented as the mean * stateldgation(SD).

3. Results

3.1 Hatchability and fry survival

Different familiesdemonstrad significant differences in hatchability and fry surviualboth
NnCT and injected group8CT, ssGE1, ssGE2 and msMGE)able S14-16 in Appendix 1).
Comparedwith the nCT group, the injected graghoweda significantdecrease in hatchaibyl
for all three families R < 0.01), butthere wereno significant differencebetweenCT, ssGE1,
ssGE2, and msMGHRll P > 0.06) (Figure ZLA). Although significanly lower hatchability was
observed in injected grougempared tohte nCT groupn family 1 and family 3, there was no
significantdifference in fry survivabf these two familiegP = 0.0551 in family 1P = 0.3256in
family 3). Family 2 showed a significant decrease in fry survivdhemsMGE group compared
to thenCT group(P = 0.0136, but there was no significant difference amosgGE1, ssGE2 and
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msMGE @ = 0.4819) Figure 2B). These results indicated th@RISPR/Cas9nediated ssGE1,
ssGE2 and msMGEsignificantly reduce the hatchability in channel catfish, but the

microinjection did not lsargethe fry survivalratein 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 (ctalurus
punctatug microinjected at the one-cell stagefrom three families using three CRISPR/Cas$
mediated knock-in (KI) strategies (SSGE1, ssGE2 and msMGEontrol groups includethe injected
control (iCT, 60% phenol red solution only) and rinjected control (nCT).Three families were
generated on 6/15/20Zfamily 1), 6/17/2021(family 2) and6/19/2021(family 3), respectively. SGE1,
single sgRNA-basd genomeediting coupled with thgoUC57 As-Cath donor targeting thenc4r locus;
ssGE2 single sgRNA-basd genomeediting coupled with thggUC57 Cecdonor targeting thenstnlsite
msMGE, multi-sgRNA-basedmultiplex genomeediting coupled with the mixture aisDNA_As-Cath,
pUC57 As-Cath and pUC57 Cec donors targeting théh, mc4r, mstnland mstn2sitesin paralle| Ih,
luteinizing hormongmc4r, melanocortipd receptor mdnl, the exonl ofmyostatin 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 an# msMG
groups after microinjecting,000 embryos respectiye All the positive individuals were
confirmed by gel kectrophoresis andequencing(Figure 22; Figure S16-18 in Appendix 2).
Both ssGE and msMGE strategis induaed the transgenifgeneedited channel catfish The
overall Kl efficiency of As-Cath and Cec transgenesn the msMGE system was significantly
higher than thadf the sSSGE1(19.93%6 [59296] vs 12.96% [45347], 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 loth As
CathandCectransgees a higheroff-targetratewas observed in msMGEompared to ssGE1
(59.326 [3559] vs 37.78% [17/45], P = 01163 for As-Cath) or ssGE2(66.18% [45/68] vs
43.5% [17/39], P = 0.0050 for Ceq) (Figure 23B). In addition,we obtaned double(9.67%,
3/31), triple (6.45%, 2/31), and quadruple (9.67%, 3/31) transgenic fishusing CRISPR/Cas9
medated msMGHETable D).

Table 10. Genotyping of on-target insertion types for cathelicidin (As-Cath) or cecropin (Cec)
transgenic channel cafish (Ictalurus punctatug using CRISPR/Cas9mediated msMGE. msMGE,
multi-sgRNA-basedmultiplex genomeediting coupled with the mixture aflsDNA_AsCath, pUC57 As
Cath and pUC57_Cecdonors targeting thth, mc4r, mstnland mstn2sitesin paralel; Ih_AsCath, the
AsCathtransgene is integrated at thelocus; mc4r As-Cath the AsCathtransgene is integrated at the
mc4rlocus;mstnl Cec theCectransgene is integrated at timstnlsite mstn2 Cec theCectransgene is
integratedat themstr? site The ontarget positive 8h were identified using speicifprimers for each
DNA sample (the mixture of fin and barbel) of a single fish.

FishID |h AsCath mc4r AsCath mstnl Cec mstn2 Cec Copy of AsCath Copy of Cec

1 a a 2 0
2 a 0 1
3 a a a 1 2
4 a 1 0
5 a 0 1
6 a a a a 2 2
7 a 0 1
8 a 1 0
9 a 0 1
10 a a a a 2 2
11 a a a 1 2
12 a 1 0
13 a 0 1
14 a 1 0
15 a 1 0
16 a 0 1
17 a 1 0
18 a 0 1
19 a 1 0
20 a a 0 2
21 a a 1 1
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22 a 1 0
23 a a a a 2 2
24 a 0 1
25 a 1 0
26 a 1 0
27 a 0 1
28 a 1 0
29 a 1 0
30 a 0 1
31 a 1 0
Total 4 20 7 16

Although HDR-mediated Kls were dominant when donor templates were suptiedEE-
mediated KOs weralsodetectablen our present studyn bath ssGE1 and ssGE2 systertis
percentage of HDKI was significantly higher than that of NHEKD (62.22%[28/43 vs
4.97%][15/302] P = 0.0037for ssGE1; 56.41% [22/3%9 2.48% [8/322]P = 0.0001for ssGR)
(Figure 23C). Regarding thansMGE systemHDR-KI accounted for a significantly higher rate
compared to NHEKO for both AsCath and Cec transgeneq40.686 [24/59] vs 4.64%
[11/237], P = 0.001 for AsCath 33.826 [23/68] vs 7.02% [16/228], P = 0.0QL3 for Ce¢Q
(Figure23D). In this case, we not onbybtainedtransgenic fish but alsgenemutant individuals

Table 11. Genotyping of mutations in geneedited channel catfish (ctalurus punciatus) using
CRISPR/Cas9mediated ssCGE. The effidency was calculated using the online todIDE
(https://tide.nki.nly for each DNA sample (the mixture of fin and barbel) of a single THDE anaysis
calculates the &tiency of gene editing by quantifying the pentage of indels in a target DNA sequence
based on the sequencing chromatograms.e A Pr ot ei no col umn i ndicates
result in an alteration in the protein strua r e . | f of@il stracture has bhangeau,rotherwise not.
ssGH,, single sgRNA-basedgenomeediting coupl@ with thepUC57 As-Cathdonor targeting thenc4r

locus; ssGE2single sgRNA-basedgenomeediting coupled with thegpUC57 Cec donor targeting the
mstnlsite

ssGE1 ssGE2

Fish ID mc4r-Indel Efficiency (%) Protein Fish ID mstnl-Indel Efficiency (%) Protein
32 +1,-2 39.2 Yes 47 +1,-5 35.1 Yes
33 +1 71.4 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 71.1 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 mutagenesisn sequences

Sanger sequencing and TIDE results with distinct indel spectra at different frequencies in the
ssGE and msMGE systentonfirmed that the targetdowere mutated within or outside the
Cas9 cleavage sitG.hese sequence natibns included substitutions, édbns, and insertions
that caused or did not causéierationsin the protein domain Singlelocus mutations were
induced atmc4r in 15 fish andat mstnlin eight fish using ssGE1 and ssGE&trategies
respectively Similar meanmutation frequency was determined for the4r and mstnlsitesin
ssGE (nc4r vs mstnl 53.03%[28.6% ~ 84.1%] vs 62.04% [35.1% ~91.6%P = 0.251)
(Table11). For example TIDE determined thaihdividual #32showedthat 29.2% ofthe mc4r
sequenes in the editing cell mix carried an indel, wih.3% R? = 0.78,P < 0.001) being a +1
bp insertion (a G nucleotide)n thesensestrand A 2-bp deletionwith the frequency of 3%
was not significantly detected by TID& #32 (Figure24A). In addition,a5 bpdeletion anch 1
bpinsertionwere foundat themstnlsite in fish #47with editing efficiencies 06.1% and 30.0%
respectively(R? = 0.9, P < 0.001)(Figure24B).
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A ssGE1: KI As-Cath at mcdrsite B ssGE2: Kl Cec at mstn1site

As-Cath_polyA Cec_polyA
4 4 » 4 » 1 »
o T W —— M ‘ ‘u —
UBI_As-Cath UBI_Cec
samples samples
: NWPM NWPM | )
UBI_As-Cath cOoOc"we e w- 500 bp UBI_Cec FE- PP 9 ¢ ™ @ 400 bp
WNPM ) T NW P M
As-Cath_polyA ® = @ ® ®ew =~ 650bp Cec_polyA [ -_~ 300bp
M . M )
HA3_junction . e - w w 400bp HAS_junction - - - - - 400 bp
’
HA4_junction - -w - = w 400bp HA6_junction .= « - - T - 500 bp
C msMGE: KI As-Cath at Ih/mc4rsite, and Kl Cec at mstn1/mstn2site
As-Cath integrated at /h site As-Cath integrated at mc4rsite
As-Cath_p?lyA As-Cath_polyA
- ™ - W ki o W
UBI_As-Cath UBI_As-Cath
samples samples
M — W N P M — WN P
UBLAsCath =. =~ eewe @ @ 500 bp UBI_As-Cath - - &S % » @ 500 bp
M N WP M T N W P
As-Cath_polyA === - - o-- - ® 650 bp As-Cath_polyA WE G- = - @ 650 bp
M | M
HAL_junction - e e e 500 bp HA3_junction S L a—— 400 bp
HA2_junction ~ = o @@ = - 650 bp HA4_junction - e e e e e 400 bp
Cec integrated at mstn1site Cec integrated at mstn2ssite
Cec_polyA UBI_Cec
i “ » 1 - » - | '
UBI_Cec Cec_polyA
samples samples
T NW P M NW P M
UBI_Cec ow - - w _400bp UBL.Cec @ w w @ ®~wew w _400bp
T NWPM 1M P N W
Cec_polyA - - - w._  300bp CeCPOlyA ™ & @ = & = « w w = -- 300 bp
M M — ~
HAS_junction - - - - - - 400 bp HA7_junction - - - - - 400 bp
HA6_junction - - o - 500 bp HA8_junction - . -- - 500 bp

Figure 22. Genotyping strategyand PCR amplification for transgene determiration of sSGE1(A),
ssGE2 B) and msMGE (C) in channel catfish (ctalurus punctaus). The trarsgenes As-CathandCeq
weredriven bythe zebrafish ubiquitiflUBI) promoter.To test the integrity of the insertebnoss, the
promotertransgene  region (UBI_As-CathuBI_Ceq, transgengolyA region (As
Cath_polyA/Cec polyA) andthe ®and36junction regiondHA_junction)were amplifiedusing specific
primers.The 300 bp, 400 bp, 500 bp and 650daMds are indicatebly black triangleson the M lane
ssGE1 single sgRNA-basd genomeediting coupled with thgpUC57 As-Cath donor targeting tamc4r
locus; ssGE2single sgRNA-basd genomeediting coupled with thegpUC57 Cec donor targeting the
mstnl site msMGE, multi-sgRNA-based multiplex genome editing coupled withthe mixture of
dsDNA_AsCath, pUC57 AsCathandpUC57 Cecdonors targeting thi, mc4r, mstnland mstn2sites
in parallel; Ceg the cecropin gene from moti#is-Cath the cathelicidin gene from alligatofh,
luteinizing hormongmc4r, melanocortird recgtor; mstnl the exonl ofmyostatin mstn2 the exon2 of
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myostatin HA, homologyarm;LaneN, water aghe blank contrglLaneW, awild-typeindividual as the
negative controlLane P.aplasmid as the positive contrééine M, 1kb+ DNA marker.The pesere of a
distinct band indicates positive for transgehiee gelelectrophoresisnages shown here are croppedd
full-length gels are presentedRigure S16-18in Appendix2.
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Figure 23. Knock-in (KI) efficiency and mutation rate of CRISPR/Cas9mediated ssGE and
msMGE in channel catfish (ctalurus punctatug. (A-B) Comparison of integration ratesd offtarget
eventsbetweenssGEand msMGE (ssGE1vs msMGE and ssGE2s msMGE). C-D) Comparison of
HDR-KI (transgenesis) and NHEKIO (mutagenesid)eween ssGEandmsMGE (ssGE1lvs msMGE and
ssGE2vs msMGE). Sample size idisplayed on each columidDR-KI, homologydirected repair
mediated knockn; NHEJKO, nonhomologous end joinirgediated knock out; ssGEdingle sgRNA-

basedgenomeediting coupledwith the pUC57 As-Cath donor targeting thenc4rlocus; ssGE2single

sgRNA basedgenomeediting coupled with thepgUC57 Cec donor targeting thenstnl site msMGE,
multi-sgRNA-basednultiplex genomeediting coupled with the mixture alsSDNA_As-Cath, pUC57_As-

Cath and pUC57 Cecdonors targeting théh, mc4r, mstnland mstn2sitesin parallel; lh, luteinizing

hormone mc4r, melanocortind receptormstnl the exonl ofmyostatin mstn2 the exon2 ofnyostatin

As-Cath the cathelicidin transgene from alligat®eg the cecropin transgene from moth.

Thelh locus(29.81% [19.2% ~ 40.7%])ad alower average mutation ratmmpared to thenc4r
(51.9%06 [35.9% ~ 63.8%0]) (P = 0.1513, mstn1(45.88% [194% ~ 71.1%]) (P = 0.1029 and
mstn2(65.2% [50.0% ~80.5%]) (P = 0.0090 sitesin the msMGE strategf{Table12). In detalil
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fish #1aneficlermyd d7.8% witha 1 bp insertion at théh locus, and thet1 bp
consisted almost exclusively of an A nucleotide on gbasestrand(R?> = 053, P < 0.001)
(Figure 24C). Althoughthe same sgRNAnfc4rsgRNA) targetig the mc4rlocuswasused in
ssGE1 and msMGETIDE analysisreveakd different indelsand efficienciesin ssGE1 and
MSMGE For examplef i sh #36 had a 35. S5Medrocus, tonsistinga f f i c i
194% insertion (+1 bpa C nucleotideand 161% deletion (2 bp (R’ = 0.92,P < 0.00)
(Figure 24D). Similarly, different indel types and efficieres were observed at tinestnlsite
usingssGE2 and msMGE. For instandish #4 &howedthat 50.3% of mstn sequencest the
exonl in thefin/barbelmix carried variousindels, of which46.6% werea T nucleotidensertion
11.2%a5 bp deletionand 5.8%a 2 bp deletiorfR? = 0.93,P < 0.001)(Figure 24E). Two types
of deletions {1 bp and-3 bp with efficiencies 0f 66.7% and 13.8%, respectivelyere deteted
inf i s hR2# 8.95,P € 0.001) Figure24F). In addition to singldocusmutant fish, msMGE
induced doubld# 1 5 6 a)nadd qdatirBpid# 5 6 a)nnuutantir@lididuals with distinct
indel spectrgTalde 12).

3.4 Prediction of mutant proteins

Both ssGE (ssGE1 and ssGE2) and msMGE induced singles mutants, anthe mutations
were predictedo lead to frame shifts yielding ndanctional proteins or toamino acid(AA)
substitutionsthat alter prdein structures.Fourteen ofthe 15 mc4r mutans showed structure
modified proteins based on the AlphaFold predictitom the ssGE1 strateglfor exanple,a G
nucleotide insertion and a 2 bpletion(TC) were detected ifish #32, leading tolarge amourg
of mutated AAsequencest the position 44 and bgond. This mutationresulted ina non
functionalmelanocortingd receptomprotein By contrast50% of the mstnlmutations(4/8) altered
the protein structureusing the ssGE2 strateggTable 11, Appendk 8). Specifically, a 1 bp
insertionand a 5 bp delion were observedt themstnlsite in individual #47. These inlels
altered AA sequences at pasit 11 and beyondwhichalso silenceanyostatinfunction (Figure
25A).
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Figure 24. Indel spectrum and the frequency determined by TIDE analysis in channel catfish
(Ictalurus punctatug from CRISPR/Cas9mediated ssGE and msMGE (A-B) TIDE analysis ofthe
mc4r and mstn genestargetedby Cas9/sgRNA complex using ssGE1 and ssGE&pectively (C-F)
TIDE anaysis of the Ih, mc4r, mstnland mstn2sites targetedby Cas9/sgRNA complex usingsMGE
ssGE1 single sgRNA-basd genomeediting coupled with thegUC57 As-Cathdonor targeting thenc4r
locus; ssGE2single sgRNA-basd genomeediting coupled with thepUC57 Cec donor targeting the
mstnl site msMGE, multi-sgRNA-based multiplex genome editing coupled with the mixture of
dsDNA_AsCath pUC57 AsCathandpUC57_Cecdonors targeting thih, mc4r, mstnland mstn2sites
in paralle] TIDE, tracking ofindels bydeconpostion (http://tide.nki.n); Ih, luteinizing hormongmc4r,
melanocortind receptor mstnl the exonl ofmyostatin mstn2 the exon2 ofmyostatin PAM,
protospacer adjacent mot®* andP valuesindicatethe statisticasignificance for eacindel based on the
goodnesf-fit test.
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Table 12. Genotyping of mutations in geneedited channel catfish (ctalurus punctatug using CRISPR/Cas9mediated msMGE. The

efficiency was calculated using the online tool TID&{s://tide.nki.nlf for each DNA sample (the mixture of fin and barbel) of a sifigle

TIDE aralysis calculates the efficiency of gene editing by quantifying the percentage of indels in a target DNA sequence leasedumcitiy
chromatogramsThe A Proteind column indicates whet hheprottimseacimut at etdf séyeence
structure has changed, otherwise mosMGE, multi-sgRNA-basedmultiplex genomeediting coupled with e nixture of dsSDNA AsCath,

pUC57 AsCathandpUC57_Cecdonors targeting thid, mc4r, mstnlandmstn2sitesin parallel

Fish ID Ih — mc4r_ - mstnl_ - mstn_2_ Mutagenesis Protein
Indel Efficiency Indel Efficiency Indel Efficiency Indel  Efficiency
16 +1,+2,-4/+44 20.8% Ih Yes
20 +1,-3 19.2% Ih Yes
36 +1,-2 35.5% mcé4r Yes
406 +1,-2,-5 63.6% mstnl No
56 +1,-3 40.7% +2,+3 63.8% -1/+1 71.1% +1,-8 50.0% Ih, mc4r, mstnl mstn2 -
606 -1,-7  80.5% mstn2 Yes
706 +1,+3-5 56.9% mstnl Yes
86 +1,-5 33.3% -5 56.6% +1,+3,-5 61.0% +1,-8 65.3% Ih, mc4, mstnl mstn2 -
96 +3 34.4% mstnl No
106 +1,-3 66.1% mstnl Yes
116 +3 58.2% mstnl No
126 +1,-3 40.1% mstnl Yes
136 -1/+1 32.% mstnl No
146 -2/+2,-3 29.1% Ih Yes
156 +1,-5 30.3% +1-3 29.8% Ih, mstnl -
166 +1,-3/+3  19.%% mstnl Yes
17606 +1,-3 21.2%% mstnl Yes
186 +1, +2,-2 36.3% +3 42.4% Ih, mstnl -
19 6 +1,-5 28.8% Ih Yes
Total 8 3 13 3
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Fifteen geneedited fishexhibited mutations at a singlgte (4 Ih-mutant, 1mc4rmutant, 9
mstntmutant and Imstn2mutan), and he induced singkocus mutations at théh, mcd4r,
msinl or msin2 site showeda different spectrum of indelsn the msMGE All mutations oflh,
mc4r and mstn2 cau®d alternations in the tertiary structure tife corresponding proten
Intriguingly, 44.44% (4/9) of individuals carryingmstnl mutationshad no charge in the
structure ofthe myostatinprotein (Table 12, Appendk 8). Representative individual sequences
of the mutants and the corresponding prtedl protein structures are shown Figure 25B.
Geneeditedndi vi dual s #1606, mrn¥undioaatalteredl@ednizipyhasntonec e d
melanocortind receptoy and myostatin proteins respectively.However eventhougha 5 bp
deletion ofmstnlwasinduced ini n d i v i ,dhe aybstatth@rdtein réained thesamedomain
asthe WT control Thiswas becawse themutationat position 12rfear the start codpmesuledin
only afew AA substitutios (FVV changed to L) which dd not causeany subsequenfA
alteratiors (Figure25B).

The mMGE strategy also generataetbuble and quadruplenutant indivduak, and thee
mutationsmutagenized protein loss of functiofi s h  # 1 8 6 |h ¢+t bpw-e dp-2 bip)e
andmstn1(+3 bp)mutations with differenedting efficienaesof 36.3% and 42.4%, respectively
(Figure26AB). F i s h  #yBadruplenauthtionsat the lh (+1 bp, -3 bp) mc4r(+2 bp, +3 bp),
mstnl(-1/+1 bp), andmstn2(+1 bp,-8 bp) with parallel efficienciesof 40.7%, 63.8%, 71.1%

and 50.06 (Figure 26AC). The mutanthi n  f i/#slh8add raubanmcdri n  f iirkddced# 5 6
nonfunctional luteiniazng homone and melanocortind receptor proteins. Furthermore,
combinedvariants ofmstnlandmstn2in fish# 56 r e s u |l t -@l@grednyostainpt@nma i n
However, mutant mstnldid not change the yostatinpr ot ei n i (Riguré 26B8).hin # 1 8 6
addition, individuals #156 (30.3% at thelh and29.8% at themstn) a n d (38.8% at thdh,

56.6% at themc4r, 61.0% at themstnl and 65.3% at thenstng had double and quadruple
mutations Table 12). Thesemodified sequenceeadto a nonfunctional luteinizing hormone

and a domairaltered myostatini n f i sAnd fB8HLB®. g e n eectve latenizinge f
hormone melanocortind receptor and myostatinin pardlel due to the modified sequences
(Appendk 8).
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A ssGE1/ssGE2 jout site Mutant

mc4r WT: GGCTGCTACGAGCAGCTGTTGATCTCCACCGAGGTCTTCATCACG
#32 25.3% GCTGCTACGAGCAGCTGTTGATCTCCAGCCGAGGTCTTCATCACG
3.9% GGCTGCTACGAGCAGCTGTTGA--TCCACCGAGGTCTTCATCACG

*cut site ’

mstn1 WT: AGCGCAGGTTCTGATTTCGCTGGGCTTCGTGGTGGCGTTCGGTCC i artf Ul 5 o e

sq7 00% GCGCAGGTTCTGATTTCGCTGGTGCTTCGTGGTGGCGTTCGGTCC /b «m -
51% AGCGCAGGTTCTGATTTCGCTGGGC-———— GGTGGCGTTCGGTCC ¢

B msMGE y cut site

Ih WT: TGCCTTGTGTTTCAAACCGCCATCTGCAGCGGGCACTGCTTCACC o J,S‘”
17.8% GCCTTGTGTTTCAAACCGCCATCTGCAAGCGGGCACTGCTTCACC '*;)' t . N ¢

#1° 21% CCTTGTGTTTCAAACCGCCATCTGCAACGCGGGCACTGCTTCACC . ’:.‘/)
0.9% TGCCTTGTGTTTCAAACCGCCATCTGCAGCTACGACTGCTTCACC -

*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

1

11.2% AGCGCAGGTTCTGATTTCGCTGGGCTT————~ TGGCGTTCGGTCC
+cut site i
mstn2 WT: CCTTTAGCCAACCCCGACGTTCAAGTCGACCAAAAACCGAAGTGC Vs VRO @
g 00 7% CCTTTAGCCAACCCCGAC—TTCAAGTCGACCAAAAACCGAAGTGC A }(m "
y < { 5 Ray, -

13.8% CCTTTAGCCAACCCCGACGT---AGTCGACCAAAAACCGAAGTGC AV

Figure 25. Mutated sequenceand corresponding predicted 3D protein structures of the single gene
in channel catfish (ctalurus punctatug using CRISPR/Cas9mediated ssGE and msMGE Sanger
sequenaig and AlphaFold were usedfor sequencedeterminationand protein sticture prediction

respectivg). Insations and gbstitutions are highlighted in red and blue, respectivBietionsare
indicated bydashesProtospacer adjacent mot# highlighted m bold. The mutation efficiency ishown
on the left of eacBequenceWT, wild-type control;ssGE1 single sgRNA-basd genomeediting coupled
with the pUC57 AsCath donor targeting thenc4r locus; ssGE2single sgRNA-basd genomeediting

coupled with thepUC57 Cec donor targeting thenstnl site msMGE, multi-sgRNA-basedmultiplex

genomeediting coupledwith the mixture & dsDNA_As-Cath pUC57 As-Cath and pUC57 Cecdonors
targeting thelh, mc4r, mstnland mstn2sitesin parallel; TIDE, tracking ofindels bydecomposition
(http://tide.nki.n); Ih, luteinizing hormonemc4, melanocortin4 receptor mstnl the exonl ofmyostatin
mstn2 the exon2 oMmyostatin

3.5 Detection of mosaicism

To assesshe potential mosaiem of transgenicchannelcatfish transgenes were detected by
examining 14 tissueBom three representag trarsgenic indivduals (#2, Cectransgenic; #,
AsCath transgenic; #21AsCath/Cec transgenit. The PCR resultsshowed thafish #21 had
detectableAs-Cath and Cectransgengin all 14 tissuesincluding liver, kidney, spleen, blood,

gill, skin, intesine, fin, barbel,muscle, storach brain, eye,and gonadAdditionally, the As
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Cath transgene can be detected in all 14 tissfaadividual #4 However,in fish #2, the Cec
transgenavas presenin 13 tissuedut for the stomach indicatinga mosaic Figure 27, Figure
S19in Appendix2).

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

mstn2 AGCATGGCCGCCGAGCCCAACCCCGACGTTCAAGTCGA WT (bp) <
AGCATGGCCGCCGAGCCCAACCCCGTACGTTCAAGTCG +1 #5' mutant /h

AGCATGGCCGCCGA-——————— CCGACGTTCAAGTCGA -8
B , :
704 #18'-lh-mutation
62.3 N g
604 #18’-mstn1-mutation
- 53.4
O 504 #5' mutant mc4r
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Figure 26. Mutated sequencesnd corresponding predicted 3D protein structuresof the dual and
guadruple genesin channel catfish (ctalurus punctatug using CRISPR/Cas9mediated msMGE (A)
The sequences of duél# 1 814 yjuadruple mt a n t sverq detBriipedising Sanger sequencing
Insertions and substitutions are highlighted in red hhue, respectively. Ddiens are indicated by
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dashes.Protospacer adjacent moti§ highlighted in bold.(B-C) Indel speaum and the frequency
determined by TIDEanalysis inindividual# 1 & & d # 506, . (Dg Ehe Dcstructures lofymutant
proteinswere predictedising AlphaFold WT, wild-type control;ssGE1,single sgRNA-basd genome
editing coupled with thegUC57 As-Cath doror targeting themc4r locus; ssGE2single sgRNA-baed
genomeediting coupled with thggUC57 Cec donor targeting thenstnl site msMGE, multi-sgRNA-
based multiplex genomeediting coupled with the mixture ofisDNA_AsCath pUC57 AsCath and
pUC57 Cecdonorstargeting thdh, mc4r, mstnlandmstn2sitesin parallel; TIDE, tracking ofindels by
decomposition (http://tide.nk.nl); Ih, luteinizing hormong mc4r, melanocortird receptor mstnl the
exonl ofmyostatin mstre, theexon2 ofmyostain.

Similarly, mosaic individualsvere presengd in mutant fish.Compared to the ssGE strategy,
msMGE induced morgenedeficient mosaic fish (26.67% [4/15] in ssGE1, 25.00% [2/8] in
ssGE2,and 77.78% [21/27] in msMGBE. The resultsof TIDE analysisin the ssGE/ssGE2
strategyindicated thatmc4r mutantindividuals #32(+1 bp,-2 bp), #38 (+1 bp,-2 bp), #42(+4
bp, -2 bp, and#43 (+1 Ip, -2 bp had variedindels in the mixture of fin clips and barbels.
Specificaly, fish #32and#38 had tle same inlels of type andsequence (+G;TC). Although
individual #43had the sam#ype ofindels as #32 and #38, it was differenthe sequence+T, -
CT). In addition,the same typand sequencef indels(+1 bp,-5 bg +T, -TTCGT) in themstnl
locuswere foundin mosac individuals #47 and #5f2Table 11). With respect to MdGE, in
addition to the singkocus mutant mosaicisin f i s -h# 44816664 8 %1 0 6 , # B4R .6 O ,
# 1 arid# 10 double and quadrupkoci mosaic mutants#(1 5 6 1a88r3ha w d ) wek o
alsodetectedTablel12, Appendk 8).
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Figure 27. Determination of mosaicism in transgenic channel catfish (ctalurus punctaus) by
detecting the transgene in fourteen tissuesfrom three individuals (#2, #4 and #21 The ¢l
eledrophoresis images etwvn here arecropped and full-length gels are presented Figure 99 in
Appendix 2. Ceg the cecropin gene from motAs-Cath, the cathelicidin gene from alligatdraneN,
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water aghe blank contrglLane W, awild-type individual asthe negative conttpLane P, a plasmid as
the positive controllane M 1kb+DNA marker.

4. Discussion

To enablea preciseknockin strategyin fish specieshroughCRISPR/Cas9nediatedmultiplex
genome editinga multipronged systerwas implemenéd to introduce multiple antimicrobial
peptide genesn channel catfishA blend of donor constructs copriang linear dsDNA and
doublecut dasmics was designed taoncurrentlygenerate transgenic/gendited fish lines
with the goal of replacinghe repodudion-associated gen@h) and growthregulating genes
(mc4r and mstr) of channel catfish @are modified utilizing the CRISPR/Cas9system
Subsequetty, diseaseaesistance genetic lines carrying alligatathelicidin and moth cecropin
transgeneatthreeloci (two targets atite mstnlocus)were establishethathave the potential for
improveddiseaseesistancevith high growth rate andreversiblesterility. This is the first report
of two targetedgene insertions athree lociin an aquaticspecies which holds promise for

applicationto other organisms.

The msMGE system exhibited low toxicitywards channel cdish embryos as reflected by
comparablehatchabilityobservedn injectedcontrol and msMGE groupsAdditionally, the fry
survival rates vere identicalbetweenWT control and msMGEgroups, further confirming the
low toxicity. Although lower hatchrateswere observed in thdnjection groug (ssGE and
msMGE) compared to th&/T group,there was no difference betwettre ssGE and msMGE
groups. Thesefindings suggestd hat CRISPR/Cas9 complex wasinimally toxic to channel
catfish embryosevenwhen multiple Cas9/sgRNAcomplexes and donor temptes wereco-
injectedinto a singleembrya Hencethe heavy mortalitpbservedn the embryoswas primarily
attributed tothe physical damageaused by meroinjectionor pleiotropic effectsesulting from
genedisruption Elaswad et al., 201&imora etal., 2020, rather than the inherent toxicity of the
CRISPR/Cas9 complex itsefbchubert et al.2014)fourd that zebrafishzygote mortality was
positively correlata with the amounbf reagentinjected Notably, fertilized zebrafisheggs are
only 0.6 t00.8 mm in size. The volume of solution for microinjectiotyjsicaly 10% to 20% of
the egg volura, whid inceases the mortalitgf the injected eggs tsome exten{Xu, 1999;
Rosenet al., 2009. However,in channel catfishapproximately 3-mm embrycs were injected

with 25 nL (8 eL for 320 gggs) of the solutionwhich wasonly 0.2% of the volume, greatly
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redudng the contribution of injected volume to mortality our work Additionally, gamets of
varying quality due to parental effectlso affect hathability and fry survivalln the present
study, the hatchability and number of surviving fog family 2 were significantly lower than

those of other families, whiolhas likelyrelated to gamete quality

The notableresult of the current project wale preciseintegration of muiple transgenes at
multiple sites inducing double, triple, and quadruple transgenic fish using CRISPR/Cas9
mediated msMGEOur datashowedthat6.45%and9.67%of thefish carried triple or quadruple
transgenesespectivelyand this efficiencywas comprable toresults ofXing et al. (2022ajor
which a 7% integration rate of channel catfish carrying three transgenes was achieved using a
cocktail design involving the simultaneous introduction of the tipl@esmids Compared to
targetingonly one inserton locus,our studydemonstrated amcreased transgene efficiencpf

1.5 to 2.1-X by targetng multiple loci coupledvith the same transgene donor using the msMGE
strategy However,the same transgene had varied integraticgsrat different lociFor example,

the Kl efficiency of theAsCath transgene at themc4r locus was 33.89% which was
significantly higher than thatt theIh locus (6.78%)The difference in Kl rates is mainly caused
by the type of donotemplategZhanget al., 201Y. In this stug, we used two types of donor
templates in onstep microinjectionwhile different types of donor templates contributed to
variousKI efficiencies Yoshimi et al., 2016Zhang et al., 2017Boel et al., 2018 A dsDNA
containingthe As-Cath coding sequeres wasused toreplacethe Ih gene,while a doublecut
plasmid was designed taeplacethe mc4r gene. Previous studies haveeported thatthe
CRISPR/Cas9nediated system assisted by a dowtieplasmid canmncreasethe Kl efficiency

up to B.76 in medaka(Oryzias latipe} (Murakami et al., 2017 More recently Simora et al.
(2020 demonstrated thatlasmid donorsnducedhigher integration ratethan linear dsDNA
donorsin channel catfishThese findings indicated théte trangenehad a higher integraton

ratewhen adoublecut plasmidwvas provided rather thariaear dsDNA

Mutagenesis was achieveddesmonstrated by DNA sequenciagd TIDE analysig both ssGE
andmsMGE systemtargeting single or multipléoci. Interestngly, dthough the same sd@iAs
and constructs were used ssGE1 and msMGE to target thac4r locus, the TIDE results
manifested different indel spectra with varied geneadited efficiencies Specifically,

mc4r sgRNA targeting thenc4r gene produat mainly small insertionsn the ss&1 strategy
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whereasinsertions were majoin the msMGE Overall, small indels appeed to be the most
common mutations induced by Cas@mbined with one sgRNAwhich is in agreement with
other studiegYang et al., 2013; Canvest al., 2014,Kim et al., D19; Wang et al., 2023b
Furthermoreeven in the msMGE systerour data suggestl that not all genomic locwere
equally accessibléeo mutagenizationSimilar observations have been made in previous studies
(Jao et al., 2013wang et al., 2013 Compard to thelh locus, themc4rand mstngeneshad
higher mutagenesis ratesiggesting thathe mc4r and mstngenesare more amenable to gene
editing Previous studieBave alsshownthatdifferent editing systems have selectivity Kl or
mutation sites, rad even the same system produgarioustypes and efficiencies of indels
(Sakuma et al., 201&ing et al, 20223. These findings indicate th#tie efficacy andnutation
spectravary greatly depending on tlsgRNA target site ad CRISPR systenused(Hsu et al.,
2013;Fu et al.2014; Brinkman et al., 20)4Future experiments are needealucidatehow the

DSB repair machinery selects bag@sinsertion

Despite the promising applications of multiplex genome editimgye ae severabbstacls that
need to beaddressed. One of the biggest challenges itaofet effectsWhile multiplex genome
editing creates complex genetic modificatiprisalso increases the risk of unintended genetic
modifications at sites other than tilended targetéMcCarty et al., 220; Abdelrahman et al.,
2021). Compared to the CRISPR/Castediated ssGE systemsMGEinduced a higher rate of
off-targetinsertionsin our current studyOn the one hand, he efficiency of ortarget Kl via
HDR is hincered by the competing NHEphthway(Maruyama et al., 2015; Chu et al., 2p15
while the use of multiple sgRNASs increases the risk oftarfjet effectgFortin et al., 2019;
McCarty et al., 2020 On the other hanXing et al. (2023) demonstratedhat same ontarget
insered sequaces at thé& 6 a joidts dBl @ot fully matchtheoretical expectatiordue to the
complex of multiple construcgtsndicating that using PCRnly to detect the junction regions
may underestimate the etarget efficiencyRecenly, someengineered Cas9 kants (St1Cas9
and SaCas9yith alteredPAM specificities(Kleinstiver et al., 2015 as wellasthe enhanced
specificity Cas9 (eSpCas9)Slaymaker et al., 20)6and the highfidelity SpCas9HF1
(Kleinstiver et al., 208) have leendeveloped to reduceff-target by making the Cas9/sgRNA
complex less tolerartb mismatchesAnotherpossible strategfor off-target reductions the use
of a 2A peptidethatlinks two ormore coding sequencesindependentlyrive the expression of

multiple transgenesThis reducesff-target events byecreamg the number of target lo¢iran
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et al., 201QLiu et al., 201Y. Continued researobndeavors to discover or enginéah-fidelity
nuclease varias, refine construct/sgRNA design, and eBtdibexceptionally sensitevdetection
techniques, will ultimately render thespioneering CRISPR/Cas9 systems viable for

implementation in nomodel animals

Another challenge is the potential fosomatic mosaicisn. Induced mosaicism from
CRISPR/Cas9nedated genanutaion/transgersisis commondue tothe continuous targetg
and cleaageof genesduring various embryonic developmental stagle® et al., 2013ylizuno
et al, 2014; Oliver et a).2015 Mehravar et al., 20)9Different levels of mosaicisrhave been
observedn zebuafish Blitz et al., 2013, channel catfish§imora et al., 2020Xing et al., 2022
blue catfish YWang et al., 2023band other fish specieBljx et al., 202). In this study,
mosaicismwas observedby both donordependent NHJ repair and HDRlirectedinsertim,
which is consistent with our previous study/dng et al., 2023band other studiesJéo et al.,
2013;Auer et al., 2014Zuo et al., 201y The frequency of mosaicismaries betweenspecies
and CRISPR/Cas9 systgnandthere is currently no cleand effective strategyp completdy
eliminake mosaicism To overcome mosaicism in ngnodel animals, the initial stes to
generad a founder animal harboring the desired modificati@gsequently, the generation of
new muart strains is accomplishatdrough outcrossing these mostanders(Mehravar et al.,
2019. Notwithstanding these constraints, the findings articulated invtbr& furnish a robust

foundation for future inquiries and engender new avenues of exploration

Not all sequence mutatis resulted in nofunctional or structurally alteredroteinsbased on
AlphaFold prediction Some mutations have minimal or no impact on proticture or
function (Schaefer and Rost, 2012Basedon our findings,the mstrii mutants had a lower
probabilty of acquiringa lossof-function myostatin proteirtompared to thenstr2 mutants For
exampletheloss of 3 base@n-frame deletionsat themstnllocus in fish#48 and #50esulted
in the deletion ofanalanine(A) at positon 15, but no subsequent®AAchanges. Thus, thist3
deletion did noperurb the structure of myostatifppendk 8). Mutations at thenstnllocus are
unlikely to result in structural changes in the prat@ossiblybecause the protein encoded by
exonl is distah from the myostain growth factordomain(Zhang et al., 2020 In this case,
unlessit is a nonsens mutationor a large numbeof AA sequence substitutignit is less likely

to affect the protein'structure(Jumper et al., 2021In contrad, this work observed discenible
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loss offunctionwhenbothexons of thenstngene(mstnlandmstng werealtered. This efficient
mutationwasdemonstragdin a previousreportby Ou et al. (2023)wheretheydeteceda higher
mutation rate by simultaneously targeting exonl andxor? with two sgRNAsin blotched
snakeheadHowever, g§ent mutations, for example, previous studghowed that the substitution
of a single basadid not change thé&A sequence in the protein due to the redundancy of the
geneic codein blue catfish \Wang etal., 2023). In the present studyfish #3 hada 2-bp
subgitution at the cleavage sité the mc4r gene while this modification did noalterthe AA
sequence due toodon degeneracyAdditionally, Jao et al. (2013)epoted that mitfa-null
zebrafshdid not showany phenotyjpc changen pigmentation Thelack of phenotypic change is
likely due to the mutated sequences still encodifighatioral protein. In view of this,after the
base sequence mutation is realized, fellgp work including the argsis of AA sequence and
protein structure, and the verification of protein funci®essential. Naturallghe acquisition of

phenotype depends on the integrity of protein fiomal structure.

Previousstudies have establishenstn, Ih-, and mc4rdeficient or As-Cath and Cectransgenic
channel catfisHiDunham et al., 2002in et al., 2016Khalil et al., 2017;Simora et al., 2020;
Coogan et al., 2022a, 2022ang et al., 2023. In addition,previouswork has demonstrated
growth advantages imc4rmgn-ddicient fish, including channel catfisiKKfalil et al., 2017,
Coogan et al., 2022a, 2092lcommon carp Zhong et al., 2016Shahi et al., 20292 olive
flounder (Paralichthys olivaceys (Kim et al., 2019, and red sea brean{Pagrus majoy
(Kishimoto ¢ al, 2018. Meanwhile,Ih-mutant channel catfish with reversible sterility, and
cecropin/cathelicidin transgenic channel catfish with enhanced resistance to bacteria were
establishedunham et al., 2002; Qin et al., 2016; (26,19 Wang et al., 2023aln this study,
we firstachieved the integration of dual antimicrobial peptideegeatthreeloci (reproduction
and growthregulationrelated)by onestep microinjectionThat is thelh/mc4rwas replaceavith

the cathelicidintransgene and thmstnwith the cecropin transgene. Weypothesze thatthis
new transgenic line has the comdtion ofthesebreear-prefered traitsbasel on the supported
publications. Howevemultiple traits including disease resistance, growth raté reproductive

capacity bouldbe evaluated in the future.

In conclusionwe succeeded in knocking in two transgenethigeloci and four targetsn the
genome usinghe CRISPR/Cas9nediated msMGE systemouwpled with a mixure of dsDNA
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and doublecut plasmids which is perfecty applicable in channel catfislit is very promisingto
replace functional alleles witthansgenest multiple lociin parallel The findings of this study
contribute to the existingdaly of knowledgeonthe application of gemoe editing in aquaculture
and povide valuable insights intproducing multiple consumefalued qualities Given its
simplicity and high efficiencywe propos that the describeghethodcould become astandard

tedhnique forthe generatn of transgenic andhutantfish.
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Future Perspectives

Genome editing dominaed by CRSPRbased platform has risen rapidly inthe life sciences
over the past decadl aquaulture,the CRISPR/@s9-mediatedsystemholds promise forthe
enhancement ofavorable traits especiallygrowth disease resistancsterility, and fattyacid
profile. In addition tobeing affordable and effective, CRISFRas9has the property of being
widely aplicable because itlaws for simultaneousnodificaions to varous genomic sites by
delivering multiple sgRNAs with the Cas9opeinfnRNA (Yang et al., 2013; Ota et al., 2014
As previously established, AMGs can successfullypiove fish diseaseresistace through
transgenic integrationHowever, @cumental studies primarilgoncentratedon singleAMG
integration Theoretically,it is conceivableto introducetwo or more AMGsinto thegenone to

acquire higheheritable resistance to diseasky using CRISPRCas9mediated transgenesis

In addition to integrating exogenodgViGs into the genomeexperimentshave demonstrate
that knockout ofimmunerelated genes cagnhane resstanceagainst pathgensby negativdy
regulatng gene expressioor disrupting pathways For instancea few representativgenes]jike
rhamnosebinding lectin (RBL), signal transducer and activator of tranption 2 (STAT3,
junctional adhaen moleculeA (JAM-A), the repressor of RNA polymeradl transcriptionof
Paralichthys dvaceus (PoMafl), and GRBZ2associated binding protei3 (GAB3) have
undergone mutations that mimicked and altered the immuhttyedish and improved the host's
resistance taiseasgWang et al., 2022yang et al., 202R Indeed,RBL is a critcal compnent
of fish's innate immnity as anantibacterial and neseli-recognition molecul¢Booy et al., 2005;
Watanabe et al., 20D%®speciallyin the protection ofeleosteggs aswvell asin the mucos#&Beck
et al., 2012 Interestingly,a potentiahegativeregulaion of RBLis involved inthe immunity of
some fishes against pathogenic invasioBeck & al. (2012 confirmed that columnais
susceptibility was negatively linkedithy RBL expression leveld-urthermoreyulnerable fish's
gills showedhigher upreguated levels oRBLthan those of resistant fi§Reatman et al., 2013
Recently, an RBL-mutatedchannel catfish line was eslished(Elaswad et al., 20)8and a
higher suvival rate was represented their E individuals compaed to thoseNT fish after
being infected withFlavobacteriumcoumnare In this regad, integratingAMGs into these

suscepbility loci can bidirectionallyboost disease resistancbased ongene pleiotropy
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Alternatively, some studies have proved thETN-deficient fish not only grow faster, budlso
reducel disease sisceptibiliy to Edwardsiella ictaluri in channel catfisifCoogan et al., 2032
Therebre, MSTN is also an alternativelocus of an AMG integration br enhaned disease

resistance.

Beyond thesucessfulachievemenof one desieed trait,it is possible to use CRISP®as9to
simultaneously imprge mutiple charactestics based on empcal data and theoretical
foundationg/Alimuddin et al., 2008Qin & al., 2016; Qiret al., 2022Xing et d., 2022, which
means that weauld alter other traits through the construatioof different vectorswhile we
focus onenhancemendf disease resistancBocumentary investgations havealreadyshown
that single transgeneor multiple transgeng can be integratemto the fish genoméy single
sgRNA-medided genomeediting (ssGB or multi-sgRNA-mediatedmultiple genome editing
(msMGE)assistedisingplasmid donorgXing et al., 20222023. Wang et al(unpublished da)
demonstrated thdhe cathelicidintransgenecanbe knocked in the LH locus ofchannel catfish
by doublestranded DA (dsDNA)-mediated ssGHn addition,a doublecut plasnid containing
a foreign AMG transgeneas a donor is beneficial to improve integjion rates using
CRISPR/Cas9nediated ssGEXing etal., 2022;Wang et al., 2023 In general, several points
need tobe congilerd in the implementation of AMG transgenesi$ The AMG candidates
should first ensure that the encod®dPs arenon-toxic orless toxicto fish cells which should
be confrmedby in vitro experiment§Dunham et al., 200Sarmasik et al., 2@) Hsiehet al.,
2010. 2) An appropriatecassetteontainng thetransgene, promoter, and termination sequence
should be constructed nsure that the transgene is expresdésl integration(Wang et al.,
2022). 3) Selected sgRNA should be subjectedndne tods to minmizethe offtarget events,
and the cleavage efficiency gfntheticsgRNA should be examinead vitro (Hallerman efal.,
2022. 4) Microinjection or electroporatio of the CRISPRCas9/sgRNA complexshould be

performedat theonecell stage toreducemosaic effect¢Mehravar et al., 2099

From agenetic perspectiveour hypothesis is that replacing thegimal funcional genes with
AMGs in specific coding regiam of the chromosomewould confer multi-generational
antimicrobial activiies ofthe hostandimprove multiple produceifavor traits. This strategy will

hopefully allow us tareate newfish linespossessing nitiple traits, such asterile anddisease
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resigant, growth-boosted,and diseaseesistant, ordocosahexaenoic aci@HA)-enriched and
diseaseaesistant, ohybrid linesthat haveall these trait§Figure 28). In this vein, an example
from our work demorstrates that it is highly feasible to insert theathelicidin gene at the
luteinizing hormonélh) locusandcecropin gae atMSTN locususing a onestep CRISPR/Cas9
mediatedsystem resulting in genedited fish with increased diseassistace and growh, but
decreasedecundity (unpublished data)However, #te-directed knockn of multi-locus genes
tends toincrease mgaicismand off-targeteffects(Hsu et &, 2013; Yang et al., 20)3In this
scenariothe implementation and disseminationgeineedited fish toindustry needs to be well

planned
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Disease resistanceenhancedish with high DHA content was produced by knockihg Cath andElovI2
genes athe noncodingregion of chromosome 11)(Multiple CRISPR/Cas9 systems produce fish lines
that contain enhancefisease resisance, fasgrowth, sterility and enrichdeDHA traits. DHA,
docosahexaenoic aci®RBL, like rhamnosébinding lectin Elovl2, ELOVL fatty acid elongase 2Fatl,
humanized omega desaturaseMSTN myostatin/MC4R melanocortin 4 receptoGnRH gonadotropin
releasinghormone;LH, luteinizing hormone; Chrlchromosome 1; KO, knock out; Kl, knock in; Cath
[Elovi2-/Fatl-pUC57,a plasmil containingthe CathElovl2/Fatl genes constructed with pUC57 as the
vector; CDS, coding sequences; DSB, dotgttanded break.
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Appendix 1: Supplement tables

Table S1. Oligonucleotide primers for PCR and gP@Rre usedn Chapter one

ConstructGene  Purpose Name Nud eoti de se3gbuence |
SSODNZ1As- PCR: Cathelicidin region  CathtF CTCTCGACCATCGGCAGATT
Cath-ssODN2 (591 bp) CathiR GTCTGGATCTCACCGCCTTC
PCR: Promoter region PromLF CCGCTTTTCCTGGTCCAGAT
(519 bp) PromIR TTGGTTGTAGACGTCGACGG
PCR: SSODN1 region SSODNZLF CGGGCTCTTGTACACAGGTT
(234 bp) sSODN1IR ATCGACGCTCAAGTCAGAGG
PCR: SSODNZ2 region SSODN2F CAGTGGCGATAAGTCGTGTC
(296 bp) ssODN2R GCTACATTCTGCCACACTGC
HA1-As-Cath PCR: Cathelicidin region  Cath2F TTCAGGAGCCGTACTGTTCC
HA2 (597 lp) Cath2R GCATTCTAGTTGTGGTTTGTCCA
PCR: Promoter region Prom2F ACCCTTTGCCACAGTTCTCC
(542bp) Prom2R GGCCCTTGGTTGTAGACG
PCR:Left HA region HA1-F TAAGGCCACGTTTCGATTCT
(573 bp) HA1-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 18sF GAGAAACGG CTACCACATCC
(128 bp) 18sR GATACGCTCATT CCGATTACAG

Table S2. Thesummaryof total knockin (KI) efficiency and ortarget Kl eficiency of different
CRISPR/Cas9nediated systems

Percent % (number)

System On-targetKI

Off-targetKl Only KO

2H20P50 0.75%(1/134)

2H20P100 0(/152)

dsDNA50  10.80%(23/213)
dsDNA100 6.97(17/244)

26.87%(36/134) 5.56%(3/54)

17.76%(27/152)  6.67%(4/60)

1.41%(3/213)  3.33%(2/60)
3.28%(8/244)  3.33%(2/60)
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Table S3 The odds ratio (OR) calculation aftal knockin (Kl) efficiency and orarget Kl efficiency

2H20P dsDNA 50 hcl00 Ing

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

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

Comparison of total Kefficiency:
2H20Pvs dsDNA: OR = (64x406)/(22%51) =2.30times
50 hg/l190 0 LnQR =£63x344)/(28452) =1.47 times

Comparisorof onttarget Kl efficiency:

dsDNAvs 2H20P. OR = (285x40)/(1x427)= 26.70 times
50 hgs/ld 0 Ln@R =£R4x379)/(323x17) = 1.66times

Table $4. A full model based on allZLpredictors involved since there was no muatillinearity in the
gene epression 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 . 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 6. The first reduced model after removing msignificant @ > 0.05) predictors (BW, Sex;CL3
H2A, UBI, BPl andCatpd. Here, we kept th€ecfor the reduced modsince theP = 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 valués we observed, this fitted model had a smaller
AIC value (62.776) than that of the full model (AIC = 69.304). Thereforehalieved that this reduced
model was more robust than the full model. Nonethelessfoured LEAP2 was not significanP(=
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 contair@@ath Cec TCP andNK-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 . Fit statistics of the reduced modeth AIC value

Model Fit Statistics

Criterion | Intercept Only  Intercept and Covariates

AlC 112.703 654.585
sC 115.085 76.495
-2Log L 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 interactomang them (alP > 0.05).

Analysis of Maximum Likelihood Estimates

Standard Wald
Parameter DF | Estimate Error | Chi-Square | Pr > ChiSq
Intercept 1 5.9369 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 tookiiattions into the modeTlhe AIC
= 71.035 > 64.585 indicated that the fitness was reduced when we took the interactions into the model.
Therefore, wditted the final model without interactions involved.

Model Fit Statistics

Criterion | Intercept Only | Intercept and Covariates

AlC 1M2.703 71.035
SC 115.085 109.148
-2Log L 110.703 39.035
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Table Sl2. The final model wasubjected to the sensitivity/specificity test and the Hodreeneshow
test to determine the sensitivity and rolnests And the Goodnessf-Fit test revealed that otinal logit
model fitted the data welP(= 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) synthesisand
transgenémutagenesisdetection PCR primers were used to detect AsCath/Cec transgeng and
Ih/mc4rmstnIman2 mutation in putative transgenigeneedited channel catfish]ctalurus punctatus
Cec the cecropin gene from motAs-Cath, the cathelicidin gene from alligatdh, luteinizing hormong
mc4r, melanocortird receptormstnl the exonl ofyostatin man2, the exon2 ofmyostatin

Oligoname Nucl eot i de -s3eb6q)u e n ProductSze(bp) Purpose
SgRNA synthesis
sgRNA1 TTCAAACCGCCATCTGCAGGSGG & Ih_sgRNA synthesis
sgRNA2 GCAGCTGTTGATCTCCACC@AGG o} mc4r sgRNA synthesis
sgRNA3 TCTGATTTCGCTGGGCTTCGGG o} mstnl sgRNA synthesis
o}
o}

SgRNA4 CCCCGACGTTCAAGTCGACCAAA mstn2 sgRNAsynthesis
Universal TTTTGCACCGACTCGGTGCCACTT Scaffold of the sgRNA synthesi:

Primer TTTCAAGTTGATAACGGACTAGCC

TTATTTTAACTTGCTATTTCTAGCT

CTAAAAC
PCR Primers
AsCath F TTCAGGAGCCGTACTGTTCC 597 Determine théAs-Cath polyA
AsCath R GCATTCTAGTTGTGGTTTGTCCA regionof As-Cathtransgenic fish
Cec F GGAGCCGTACTGTTCCGTTA 352 Determine theCec polyA region
CecR CCCATATGTCCTTCCGAGTG of As-Cathtransgenic fish
PromlF GCAGCCAATCACTGCTIGTA 462 Determine théJBI_Cecregion
Proml1R ATTCCGAGGACCTGGATTG of Cectransgenic fish
Prom2 F ACCCTTTGCCACAGTTCTCC 542 Determine the UBIAs-Cath
Prom2 R GGCCCTTGGTTGTAGACG region ofAsCathtransgenic fish
Ih_F TGAGCGATCACAGCAAAATC 594 Determine théh mutation
Ih_R GCAGCTTAGTGCGACAGGAT
mcdr F CTGCTCTTCCTCATCCTTCG 598 Determine thenc4rmutation
mc4r R ATGCTTTTCACGACGTCTCC
mstnl F CATGACATCTCGCGCTACCT 390 Determine thenstnimutation
mstnl R GCAGCTGCTTGACCACATC
mstn2 F CCGTGTTCGGTTGTGTGTAG 480 Determine thenstn2mutation
mstn2 R ATCTCAATCCCCCAGTTGGT
HAl_F TAAGGCCACGTTTCGATTCT 533 Determine the junction of HA1
HA1l R TCATTTTGCCGTCTGTTGTT at thelh locus
HA2_F TGAGTTTGGACAAACCACAA 598 Determine the junction of HA2
HA2_R TTGATTGAAAATGTTTCCCTGTT at thelh locus
HA3_F AAAGTGCCAATCTGCCAAAG 467 Determine the junction dfiA3
HA3 R CCGGCTTTGTTTCCAATCT at themcd4rlocus
HA4 F ATCACGCTAGGGTTGGTCAG 463 Determine the junction of HA4
HA4 R GCATGGTGAAGAACATGCTG at themc4rlocus
HAS5 F TGGAGAAAGTTGTGGGTCTGT 334 Determine the junction of HAS
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HA5 R CCCAGCGAAATCAGAACCT at themstnllocus

HAG6_F ACATATGGGAGGGCAAATCA 574 Determine the junction of HA6
HA6_R AAGCAGTAGTAAAGGGACTCACG at themstnllocus

HA7_F GAATCGTTTCAGAATGGACGA 395 Determine theynction of HA7
HA7_R GGGGTTGGCTAAAGGAGAGA at themstn2locus

HA8_F ACCAAAAACCGAAGTGCTGT 498 Determine the junction of HA8
HA8 R ATCCCATTTCAACCAGCAAA at themstn2locus

Table S1l4. The hatchability and fry survival of channel catfisttglurus punctatusin the family 1.

Group Hatchability Fry survival
nCT IiCT ssGE1 ssGE2 msMGE nCT ICT 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
Repb 21 17 40 16 21 16 34 14
Survival 195 130 128 155 130 188 126 106 119 86

Table SL5. The hatchability and frgurvival of channel catfisHdtalurus punctatusin the family 2.

Group Hatchability Fry survival
nCT IiCT ssGE1l ssGE2 msMGE nCT IiICT 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 chael catfish Ictalurus punctatukin the family3.

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 individualsfrom ssGE1, ssGE2 and msMGE
ssGH.: mc4r Ascath(106+52+189=347 fish)
PCR positiveAs-Cath 12/106=11.32%; 5/52=9.62%, 28/X8%1.81% (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%)

-191-



45 fish haveAs-Cath transgene.Specifically, HDRmediated Kl: 8/12=66.67%; 2/5=40%;
18/28=64.29%{28/45=62.22%)

15 fish havemc4r mutation. NHEJmediated KO: 5/94=5.32%; 0/47=0; 10/161=6.2(1%/302=4.97%)
sSGR: mstnl Cec(119+70+172=361 fish)
PCR positiveCec 9/119=7.56%; 8/70=11386, 22/172=12.79%39/361=10.80%)

Off-target events: 4/119=3.36% (4/9=44.44%); 3/70=4.298=37.5%); 10/172=5.81% (10/22=45.45%)
(17/39=43.59%)

39 fish haveCectransgene.Specifically, HDRmediated Kl: 5/9=55.56%; 5/8=62.5%; 12/22=54.55%
(22/39=56.41%)

8 fish havemstnlmutation. NHEJ}mediated KO: 1/110=0.91%; 0/62=0; 7/150=4.6(8/322=2.8%)
MsMGE 86+57+153=296 fish

PCR positiveAs-Cath 15/86=17.44%; 11/57=19.30%, 33/153=21.5B%/296=19.93%)

Off-target events: (9/15=60%); (7/11=63.63%); (19/3358%)(35/59=59.32%)

59 fish haveAs-Cath transgene.Specifically, HDRmediated Kl: 6/15=@% (mc4r As-Cath, 6 and
Ih_AsCath, 0); 4/11=36.36%0c4r AsCath 4 andh_AsCath, 0); 14/33=42.42%njc4r AsCath, 10
andlh_AsCath 4) (24/59=40.68%)

NHEJmediated KO: 1/71=1.41%h(KO, 1); 2/46=4.35%lI KO 1, mc4rKO 1); 8/120=6.67%lk KO 6,
mc4rKO, 2) (11/237=4.64%)

24 fish haveAs-Cathinsertion on target: 20 target atmcd4r, 4 target atlh
11 fish havelh or mc4r mutation: 8 fish havelh KO, 3 fish havemc4r KO

PCR positiveCec 18/86=20.93%; 13/57=22.81%, 37/153=24.1@8/296=22.97%)
Off-tarcet events: (11/18=61.11%); (8/13=61.54%); (26/37=70.XAB58=66.18%)

68 fish haveCectransgene.Specifically, HDRmediated KI: 7/18=38.89%{stn1 Cec2, mstn2 Cecb);
5/13=38.46%rfstn1 Cecl, mstn2 Cec4); 11/37=29.73%r\stn1 Cec4, mstn2 Cec7) (23/68=33.82%)

NHEJmediated KO: 2/68=2.94%nstn1KO 2, mstn2KO 0); 2/44=4.55%rtstn1KO 2, mstn2KO 0);
12/116=10.34%nstn1KO 9, mstn2KO 3) (16/228=7.02%)

23 fish haveCecinsertion on target: 7 target atmstnl, 16 target atmstn2

16 fish havemstnlor msn2 mutation: 13 fish havemstn1KO, 3 fish havemstn2KO

Both: PCR positivéAsCathandCec 11/86=12.79%; 6/57=10.53%; 15/153=9.8(B2/296=10.81%)

32 fish have bothAs-Cath and Cectransgenes, and 6 fish are ottarget. On-target positiveAs-Cath
andCec: 2/11=18.18% [#7: 2 copy &s-Cath(atlh andmc4rloci) and 2 copy oec(at mstnland
mstn3; #12: 1 copy ofAs-Cath (atmc4n and 2 copy oCec(1 copy aimstnland 1 copy amstn2d];
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0/6=0; 4/15=6.67% [#11 and #25: 2 copyAstCath(1 copy ath locus and 1 copy anc4r) and 2 copy
of Cec(1 copy atmstnland 1 copy at mstn2); #22&#3: 1 copy oAs-Cath(atmc4rlocus), 2 copy of
Cec(1 copy atmstnland 1 copy amstnd ] (6/32=18.75%)

Totally, 347+361+296=1004 fish
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Appendix 2: Supplementfigures
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Figure S1. Full 1% TAEgel picturesof transgene detectidrom thessODNZ1As-Cathh.ssODN2
construct (2H20P system)

-194-



Figure S2. Full sequencing results transgene detectidrom thessODN1As-Cath-ssODN2 construct
(2H20P system).

- 195-



