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Abstract

Effects of CRISPR/Cas9 knockout of the melanocortin-4 receptor (mc4r) gene in channel catfish, Ictalurus punctatus, were
investigated. Three sgRNAs targeting the channel catfish mc4r gene in conjunction with Cas9 protein were microinjected
in embryos and mutation rate, inheritance, and growth were studied. Efficient mutagenesis was achieved as demonstrated
by PCR, Surveyor® assay, and DNA sequencing. An overall mutation rate of 33% and 33% homozygosity/bi-allelism was
achieved in 2017. Approximately 71% of progeny inherited the mutation. Growth was generally higher in MC4R mutants
than controls (CNTRL) at all life stages and in both pond and tank environments. There was a positive relationship between
zygosity and growth, with F; homozygous/bi-allelic mutants reaching market size 30% faster than F, heterozygotes in earthen
ponds (p =0.022). At the stocker stage (~50 g), MC4R x MC4R mutants generated in 2019 were 40% larger than the mean
of combined CNTRL X CNTRL families (p =0.005) and 54% larger than F; MC4R X CNTRL mutants (p =0.001) indicating
mutation may be recessive. With a high mutation rate and inheritance of the mutation as well as improved growth, the use
of gene-edited MC4R channel catfish appears to be beneficial for application on commercial farms.
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Introduction

The melanocortin-4 receptor (mc4r) is a G protein-coupled
receptor within the five-member melanocortin receptor
family (MC1R-MC5R) (Cortés et al. 2014). This family
of receptors regulates many functions, with mc4r primar-
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In mammals, mc4r is predominantly expressed in the
central nervous system (Liu et al. 2019). mc4r plays a key
role in feeding inhibition with reduced expression leading
to increased appetite (Fan et al. 1997). Homozygous MC4R-
deficient mice, Mus musculus, showed hyperphagic obesity
and hyperinsulinemia, while heterozygous mice exhibited
an intermediate phenotype (Huszar et al. 1997). In humans,
mc4r mutations are the leading genetic cause of obesity with
some studies reporting up to 4% of early-onset obesity cases
being caused by a missense or nonsense mutation in the gene
(Yeo, et al. 1998; Vaisse et al. 1998). mc4r is a potentially
valuable gene for improving growth and feed conversion
traits in livestock as it can have large effects on body weight
and energy homeostasis.

In fish, mc4r plays a key role in many physiological pro-
cesses (Cerda-Reverter et al. 2003; Schjolden et al. 2009).
For instance, in zebrafish, Danio rerio, mc4r is largely con-
trolled by MRAP2, which is found in two forms. Larval
zebrafish produce MRAP2a, which downregulates mc4r,
thereby increasing appetite, and adults produce MRAP2b,
which upregulates mc4r (Agulleiro et al. 2010). Similarly,
clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) mc4r
knockout zebrafish showed no phenotypic differences from
wild-type individuals before 2.5 months post-fertilization
(mpf), while adults displayed increased food consumption,
increased growth, and higher body fat percentage compared
to wild-type individuals (Fei et al. 2017). This appears to
alter the natural growth rate of most fish, where larval fish
exhibiting fast growth rate, which gradually slows down
throughout its life and typically asymptotes after sexually
maturity. Goldfish, Carassius auratus, and rainbow trout,
Oncorhynchus mykiss, that were administered the mc4r
agonist MTII showed feed inhibition, while those injected
with mc4r antagonist, HSO24, had increased feed intake and
subsequent growth increases (Cerda-Reverter et al. 2003;
Schjolden et al. 2009). Transgenic zebrafish overexpressing
the mc4r antagonist agouti-related protein (AgRP) exhibited
obesity, increased linear growth, and adipocyte hypertrophy
(Song and Cone 2007).

Previous studies show high mutation rates in mc4r gene-
edited fish. In a study by Xie et al. (2016), the mloxP gene
was inserted into the zebrafish genome at the mc4r locus.
Using a novel method in which oocytes are injected in
advance and incubated in storage medium before fertiliza-
tion, they were able to achieve a mutation rate of 94.4% in
the mc4rlocus in P, individuals. Additionally, the germline
transmission for mc4r mutation was 96.7%. Kawahara et al.
(2015) achieved a 95% mutation rate in the mc4r locus of
medaka, Oryzias latipes, using transcription activator-like
effector nucleases (TALENS).

mc4r is a useful candidate not only for its role in body
weight but also in fat production. In both brown and brindle
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cattle, Bos taurus, the C1069G SNP of the mc4r gene was
associated with increased marbling (Lee et al. 2013). How-
ever, there was no association between the same SNP and
marbling in a third breed, or any effect on carcass weight
in any of the three breeds, indicating that certain mutations
may only have commercial value in specific populations and
species (Lee et al. 2013). If mc4r mutations cause a simi-
lar increase in fat production in fish, particularly in healthy
omega-3 fatty acids, it could improve its health and flavor
qualities.

The objectives of this study were to knock out the mc4r
gene in channel catfish, evaluate growth, test inheritance of
the mutation in the F, generation, and evaluate how zygosity
affects growth rate. To our knowledge, this is the first study
using CRISPR/Cas9 to induce a mutation in the mc4r gene
of a commercial food-fish species.

Materials and Methods
Ethics Statement

All experiments were conducted at the Fish Genetics
Research Unit, E.W. Shell Fisheries Research Center,
Auburn University, AL. All experimental protocols used in
this experiment were approved by the Auburn University
Institutional Animal Care and Use Committee (IACUC)
before the experiment was initiated and followed the Asso-
ciation for Assessment and Accreditation of Laboratory Ani-
mal Care protocols and guidelines.

Broodstock Selection, Husbandry, and Spawning

The Kansas strain of channel catfish was chosen as brood-
stock due to their superior growth and fry output when
induced by injection of LHRHa. Broodstock were cultured
in 0.04 ha earthen ponds averaging 1 m in depth at a density
of 3,250 kgs/ha. They were fed a 32% protein catfish pellet at
1-2% of their body weight 5 days per week. Dissolved oxy-
gen was maintained >3 mg/L using a ¥2 horsepower surface
aerator (Air-O-Lator). Broodstock spawning followed the
procedures described by Qin et al. (2016).

Design and Preparation of sgRNA and CRISPR/Cas9
System

Three customized single guide RNAs (sgRNAs) were
designed and generated using the Maxiscript T7 PCR-
based method. First, three gene-specific oligonucleotides
(MC4R-A, MC4R-B, MC4R-C; Table 1) containing the
PAM were designed using the CRISPRscan online tool to
target the channel catfish mc4r gene (GenBank Accession
No. LBMLO01001141.1). The Universal Primer (Table 1),
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Table 1 Primers used to amplify partial sequences of channel catfish,
Ictalurus punctatus, oligonucleotides to target specified regions for
CRISPR/Cas9 cleavage in the melanocortin-4 receptor (mc4r) gene.
Universal primer was used to bind oligonucleotides to Cas-9 protein.
Bold letters indicate binding site to target gRNAs. MC4R-A, MC4R-

B, and MC4R-C were all used to target various loci in the channel
catfish mc4r gene. MC4R-ALL-1F and MC4R-ALL-1R were used to
amplify DNA segments flanking the target sites for guide RNAs in
the catfish mc4r gene

Oligo sequence (5’ to 3")

Oligo name

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTC

TAAAAC
taatacgactcactataGGGATGGCGCTGATCACCAGgttttagagctagaa
taatacgactcactataGGGAAAGGAACTCGGAGTC Cgttttagagctagaa
taatacgactcactataGGGCAGGATGGTGAGCGTCAgttttagagctagaa
GGAGATGGAGGACACGGAAG
GAGACATGAAGCAGACGCAATA

Universal primer

MC4R-A
MC4R-B
MCA4R-C
MC4R-ALL-1F
MC4R-ALL-1R

containing the sgRNA scaffold, was ordered through
Thermo Fisher Scientific. Each oligonucleotide was recon-
stituted using DNase/RNase free water to 10 mM. The
sgRNA templates were generated by synthesizing double
stranded DNA through T7 run-off as described by Varshney
et al. (2015) with modifications from Khalil et al. (2017).
The two oligos were annealed using EconoTaq® Plus
2 x Master Mix (Lucigen, Middleton, WI). The sgRNA was
synthesized using the Maxiscript T7 Kit (Thermo Fisher
Scientific), following manufacture guidelines. The obtained
sgRNAs were purified using the Zymo RNA Clean and Con-
centrator kit (Zymo Research). The sgRNAs were stored in
a— 80 °C freezer. The Cas9 protein was acquired from PNA
Bio (3541 Old Conejo Rd, Newbury Park, CA 91,320) and
reconstituted in dH,0 to a concentration of 1 mg/mL. Shortly
(20 min) prior to fertilizing the eggs, three sets of injection
solutions were prepared by mixing equal parts of Cas9 pro-
tein with each of the sgRNAs individually. The mixture was
incubated on ice for 10 min before adding phenol red to a
total ratio of 1:1:1 of Cas9, sgRNA, and phenol red, respec-
tively. The final concentrations of Cas9 protein and sgRNA
were 300-350 ng/uL and 150-200 ng/uL, respectively.

Gene-Edited Fish Production

Approximately 200-300-g eggs were transferred to a greased
pan for fertilization. Thereafter, ~3 mL of sperm solution
(10 mL/g of testes) was added to the eggs and mixed gently.
Fresh water was added to barely cover the eggs to activate
the gametes and water was swirled to form a single layer
and prevent sticking. After 2 min, the eggs should be ferti-
lized. More water was added to completely fill the pan and
the eggs were left to harden for 15 min. While the embryos
were hardening, 5-10 pL of the Cas9/sgRNA/phenol red
mixture was loaded into 1.0 mm OD borosilicate glass cap-
illary microinjection needles using a microloader. After
15 min, 100-200 embryos were transferred in a single layer
to a greased 100-mm petri dish and covered with Holtfreter’s

solution for microinjection. The microinjection procedure
followed that described by Khalil et al. (2017). Each embryo
was injected with 5 nL of solution at the 1 cell stage. Control
embryos were injected with 5 nL. of 12% phenol red solution.

After microinjection, embryos were placed in 4-L tubs of
Holtfreter’s solution (Bart and Dunham 1996) with 10 mg/L
doxycycline kept at 27 °C with continuous aeration. The
solution was changed, and dead embryos were removed
daily. After 5 days, or when the embryos were moving rap-
idly within the egg membrane and close to hatch, doxycy-
cline treatment was discontinued. Fry were kept at 20 fry/L
and fed Purina® AquaMax® powdered starter feed (50%
crude protein, 17% crude fat, 3% crude fiber, and 12% ash)
(Purina Animal Nutrition LL.C, Shoreview, MN) four times a
day for 2 months. At 20 dph, fry were moved to 60 L aquaria
in recirculating aquaculture systems (RAS).

Culture and Growth

Fry from each genetic type were stocked into 3 replicate 50
L aquaria in RAS for growth experiments. Fish were kept at
a density of 2 fish/L. Feed size was adjusted as the fish grew.
Fry were fed Aquaxcel WW Fish Starter 4512 (45% crude
protein, 12% crude fat, 3% crude fiber, and 1% phosphorus)
(Cargill Animal Nutrition, Minneapolis, MN) twice a day for
4 months. Juvenile fish were fed with WW 4010 Transition
(40% crude protein, 10% crude fat, 4% crude fiber, and 1%
phosphorus) (Cargill Animal Nutrition, Minneapolis, MN)
once a day. All fish were fed every day to satiation.

Mutation Analysis

At 6 months post-hatch (mph), pelvic fin-clip samples
(10-20 mg) were collected in sterile 1.5-mL Eppendorf
tubes and kept at —80 °C until DNA extraction. Genomic
DNA was extracted using proteinase K digestion followed by
protein precipitation and iso-propanol precipitation of DNA
as described by Kurita et al. (2004). DNA concentration and
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purity was measured using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific) and concentration was adjusted
to 500 ng/pL.

The primer set MC4R1-F and MC4R1-R (Table 1)
was designed using Primer3plus to encapsulate all pos-
sible mutation sites in the mc4r gene. The Expand High
Fidelity? VS PCR System (Roche) was used with 500 ng of
genomic DNA. A Bio-Rad T100 thermal cycler was used to
run the PCR with an initial denaturing at 95 °C for 3 min, 34
cycles of denaturation at 95 °C for 30 s, annealing at 60 °C
for 40 s with a ramp speed of —0.2 °C/s, extension at 72 °C
for 40 s, and final extension at 72 °C for 10 min. The PCR
product was confirmed on a 1% TAE (Tris base, acetic acid
and EDTA) agarose gel. The Surveyor® mutation detection
kit (Integrated DNA Technologies, Coralville, IA) was used
to detect mutations. The PCR product from the treatment
fish was mixed with PCR product from a wild-type control
of the same family at a 1:1 ratio. The combined product was
then hybridized in a BioRad thermocycler using the follow-
ing procedure: initial denaturing at 95 °C for 3 min, then 95
to 25 °C at—0.2 °C/s. Hybridized PCR products were mixed
with Nuclease S, Enhancer S, MgCl, and Reaction Buffer
(2) according to kit instructions and incubated at 42 °C for
1 h. The digested products were separated on a 1.5% TBE
(Tris base, borate, and EDTA) agarose gel and compared
with that of control samples.

To confirm and identify the mutations, positive sam-
ples were sequenced, and the DNA cloned using the TA
cloning method. First, genomic DNA from three mutants
per treatment was amplified with PCR using Expand High
Fidelity?"S PCR System (Roche) using the above protocol.
The PCR product was verified using a 1% TAE agarose gel
and cloned into the TOPO® TA Cloning® Kit (Invitrogen)
with 20 clones per sample and sent to MCLabs (320 Har-
bor Way, South San Francisco, CA 94,080) for sequencing.
The resulting sequences were interpreted using the MAFFT
sequence alignment tool.

Generation ofF,Progeny

In 2018, both male and female P; MC4R mutants were
injected with 40 pg/kg LHRHa and 1600 IU human cho-
rionic gonadotropin (HCG) intraperitoneally, resulting in
successful spawning of all pairs that were mated. A total of
8 MC4R pairings were generated. Five pairings were made
between wild-type females x P; MC4R mutant males,
2 pairings between P, MC4R mutant females X wild-
type males, and 1 pairing between a P, MC4R mutant
female X P, MC4R mutant male. One pair of wild-type
Kansas strain channel catfish from the same family was
paired in identical conditions as controls but using our
standard protocol of 100 pg/kg LHRHa. The system
received flow through water from a source pond between
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26 and 28 °C and dissolved oxygen was maintained above
5 mg/L using an air stone diffuser. Starting at 24 h after
injection, the bottom of each aquarium was checked every
2 h for courtship behavior and egg masses. Egg masses
were weighed and transferred to 4 L bins of Holtzfreter’s
solution and maintained according to the protocol previ-
ously mentioned in the “Gene-Edited Fish Production”
subsection.

In 2019, two more families of MC4R X MC4R and
MCA4R x CNTRL were generated using the same method
as 2018. Two- and 2-year-old MC4R gene-edited channel
catfish with good secondary sexual characteristics were
chosen as broodstock. Both male and female P MC4R
mutants were injected with 40 pg/kg LHRHa and 1600 TU
HCG intraperitoneally and kept in 70 L glass aquaria. Two
pairs of wild-type Kansas strain channel catfish from the
same family were paired in identical conditions as con-
trols. The spawning protocol was identical to that stated
above.

Grow Out and Growth Sampling

Fry (n=100 per genetic type) were stocked into 3 replicate
50 L aquaria in RAS for growth experiments. Fish in each
aquarium were fed ad libitum with Aquamax powder and
pelleted fish diets and catfish diets.

Pellet feed size was adjusted to a maximum of Y4 the size
of the mouth as the fish grew. Fry were fed Purina® Aqua-
Max® powdered starter feed (50% crude protein, 17% crude
fat, 3% crude fiber, and 12% ash) (Purina Animal Nutri-
tion LLC, Shoreview, MN) four times a day for 2 months
until they were large enough to eat Purina® AquaMax®
100. Fingerlings were fed Aquaxcel WW Fish Starter 4512
(45% crude protein, 12% crude fat, 3% crude fiber, and 1%
phosphorus) (Cargill Animal Nutrition, Minneapolis, MN)
twice a day for 4 months. Juvenile fish were fed with WW
4010 Transition feed (40% crude protein, 10% crude fat, 4%
crude fiber, and 1% phosphorus) (Cargill Animal Nutrition,
Minneapolis, MN) once a day. All fish were fed every day
to satiation. Mutants and controls were kept separately in
50 L aquaria until 12 mph, when they were pit-tagged and
transferred to 3 replicate 0.04 ha confined earthen ponds
and kept communally with unrelated channel catfish, blue
catfish, I. furcatus, and hybrids to bring the density to a
commercial level of 10,000 fish/ha and fed daily to satia-
tion. A random sample of fish (n=15 per genetic type)
remained in the aquaria in the RAS. The fish were sampled
at multiple time points in both aquaria and ponds and body
weight determined. Having fish in multiple environments is
necessary to determine any genotype-environment interac-
tions to ensure increased performance is observed in a more
commercial-like culture unit.
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Statistical Analyses

All data were analyzed using the R programming language
(R Core Team, Vienna, Austria). A paired #-test was used
to calculate differences in body weight between MC4R
mutants and controls. To calculate differences in body
weight between F| MC4R families and CNTRL families, a
one-way ANOVA followed by Tukey’s multiple comparisons
test was performed. When different treatments were kept in
separate aquaria at varying densities, a regression based on
density was calculated, and weights were adjusted accord-
ingly before running the statistical analysis. Differences in
mutation rate were calculated with logistic regression.

Results
Mutation Analysis

A total of 18 fish survived microinjection of CRISPR/Cas9
and sgRNA targeting the mc4r gene in 2017. The muta-
tion rate of the survivors was 33.3% (6/18) (Table 2). Of
the 6 P, mutants, 33.3% were homozygous/bi-allelic and
66.7% were heterozygous. In 2018, a total of 398 F; MC4R
offspring within 8 families were generated by pairing P,
mutants. There was a significant difference in mutation rate
between families generated in 2018 (p <0.05). One family
was generated by pairing a MC4R mutant female with a

Table 2 Knockout (KO) mutation rate and zygosity of all melano-
cortin-4 receptor (MC4R) gene-edited channel catfish, Ictalurus
punctatus, generated in 2017, 2018, and 2019. Each row indicates
a different family. P, indicates fish gene edited through microinjec-
tion using CRISPR/Cas9 and various gRNAs targeting the mc4r
gene. Approximately 50 nL of solution, composed of 300-350 ng/
uL Cas9 protein and 0-200 ng/uL sgRNA, was injected into each
embryo close to the blastodisc 15 min after fertilization using a glass
capillary needle. F; indicates the offspring of either control (CNTRL)

MC4R mutant male (MC4R x MC4R), 5 families were gen-
erated by pairing a wild-type female with a MC4R mutant
male (CNTRL x MC4R-1,2,3,4,5), and 2 families were gen-
erated by pairing a MC4R mutant female with a wild-type
male (MC4R X CNTRL-1,2). The average mutation rate for
all F; MC4R channel catfish was 42% (170/398). Of the 21
MC4R X MC4R F, mutants, 76% (16/21) were homozygotes/
bi-allelic.

In 2019, a total of 130 F; MC4R offspring were gen-
erated by pairing a MC4R mutant female with a MC4R
mutant male (MC4R x MC4R). The mutation rate was 86%
(112/130) and 72% of mutants were homozygotes/bi-allelic
(81/112) (Table 2). The same year, a total of 180 F; MC4R
offspring were generated by pairing a MC4R mutant female
with a wild-type male (MC4R X CNTRL). The mutation
rate was 61% (109/180). The average mutation rate for all
F, MC4R channel catfish was 71% (221/310). There was
a significant difference in mutation rate between families
generated in 2019 (p <0.05).

Gel electrophoresis confirmed mutations in both P, and
F, generations of MC4R mutants (Fig. 1). Multiple bands in
the image corresponded to expected cut sites. In all cases, 1
band indicated a wild-type sequence, while multiple bands
were associated with mutations. Each positive result was
confirmed with a second gel.

Sequence results confirmed mutations indicated by gel
electrophoresis. Two F; mutants were tested with each pos-
sessing mutations in the mc4r gene (Fig. 2). Both samples

channel catfish female X CNTRL channel catfish male, CNTRL chan-
nel catfish female X homozygous/bi-allelic MC4R mutant channel
catfish male, homozygous/bi-allelic MC4R mutant channel catfish
female X CNTRL channel catfish or MC4R mutant channel catfish
female X homozygous/bi-allelic MC4R mutant channel catfish male.
Logistic regression was used to determine significance (p<0.05).
There were significant differences in mutation rate between families
in 2018 and 2019

Year spawned Family Mutation rate KO Homozygosity/
bi-allelism
2017 P, MC4R Channel 33% (6/18) 33% (2/6)
2018 F; MC4R x MC4R 50% (21/42) 76% (16/21)
2018 F; CNTRL X MC4R-1 67% (42/63) 0% (0/42)
2018 F; CNTRL X MC4R-2 44% (17/39) 0% (0/17)
2018 F, CNTRL X MC4R-3 50% (18/36) 0% (0/18)
2018 F, CNTRL X MC4R-4 50% (17/34) 0% (0/17)
2018 F; CNTRL X MC4R-5 83% (19/23) 0% (0/19)
2018 F; MC4R x CNTRL-1 15% (20/133) 0% (0/20)
2018 F, MC4R x CNTRL-2 57% (16/28) 0% (0/16)
2018 CNTRL xCNTRL 0% (0/20) 0% (0/0)
2019 F, MC4R x MC4R 86% (112/130) 72% (81/112)
2019 F, MC4R xCNTRL 61% (109/180) 0% (0/109)
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Fig. 1 Identification of edited melanocortin-4 receptor (mc4r)
gene sequences in channel catfish, Ictalurus punctatus, using the
Surveyor® mutation detection assay. All samples were hybrid-

«

ized with an equal volume of non-injected control (“-”) to
detect both homozygotes/bi-allelic and heterozygotes. Wild-
type sequences are indicated with a single 932 bp band, while
mutations are signified by three bands. Samples 1 and 2 are

had large deletions occurring outside of the target sites.
There were no insertions generated. The MC4R x MC4R
sample was a homozygous/bi-allelic mutant and contained
a deletion (— 641 bp) spanning nearly the entire amplicon.
The CNTRL X MC4R sample was a heterozygous mutant
with four large deletions (—427 bp,—211 bp,—67 bp,— 12
7 bp) and 26 substitutions.

Growth

A total of 6 MC4R mutant P, channel catfish and 29 control
channel catfish generated in 2017 were PIT tagged and trans-
ferred into a 0.04 ha earthen pond at 12 mph (mean body
weight for MC4R and CNTRL were 55.75 g and 46.90 g,
respectively). MC4R mutants had an observed mean body
weight between 13 and 48% larger than controls from 12 to
36 mph; however, the increase was not statistically signifi-
cant (p=0.061; Table 3; Fig. 3A).

A total of 21 MC4R female x MC4R male homozygous/
bi-allelic MC4R mutant F; channel catfish (MC4R x MC4R),
113 CNTRL female x MC4R male heterozygous MC4R
mutant channel catfish in 5 families (CNTRL x MC4R-1,
CNTRL XMC4R-2, CNTRL x MC4R-3, CNTRL x MC4R-
4, CNTRL X MC4R-5), 36 MC4R female x CNTRL male
heterozygous MC4R mutant channel catfish in 2 families
(MC4R x CNTRL-1 and MC4R x CNTRL-2), and 20 control
(CNTRL x CNTRL) channel catfish were generated in 2018.
Significant differences in body weight existed among treat-
ments at 6 mph, 12 mph, and 15 mph (p <0.0001; Table 4).
At most time points, homozygous MC4R mutants were
larger than controls, while most heterozygous MC4R mutant
families were smaller than controls. There were no signifi-
cant differences in body weight among treatments at 21 mph
when treatments were at market size (p=0.109; Fig. 3B).
Several families were not measured at 21 and 24 mph due to
partial sampling of the pond. No significant differences in
body weight existed among families at 28 mph (p =0.196).
However, homozygous/bi-allelic mutants were 30% larger
than pooled F, heterozygotes (p =0.022).
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MC4R xMC4R F, progeny. Sample 3 is CNTRLXMC4R-1 F,
progeny. Samples 4 and 5 are CNTRLXMC4R-2 F, progeny. Sam-
ples 6 and 7 are CNTRL X MC4R-3 F, progeny. Samples 8 and 9 are
CNTRL X MC4R-4 F1 progeny. Sample “+” is a previously identi-
fied MC4R x MC4R F, progeny mutant. Sample “~” came from wild-
type control. “M” indicates 1 kb marker

A total of 112 MC4R female X MC4R male homozygous/
bi-allelic MC4R mutant F; channel catfish (MC4R x MC4R),
109 MC4R female x CNTRL male heterozygous MC4R
mutant channel catfish (MC4R x CNTRL), and 108 con-
trol channel catfish in two families (CNTRL X CNTRL-1
and CNTRL x CNTRL-2) were generated in 2019. Sig-
nificant differences in body weight existed among treat-
ments at 12 and 18 mph (p <0.0001; Table 5). At 12 mph,
MC4R x MC4R mutants were 30% and 8.77 g larger than
the mean of both CNTRL X CNTRL families (p < 0.0001;
Table 5). MC4R X CNTRL mutants were 9% and 2.34 g
smaller than the mean of both CNTRL X CNTRL families
(p=0.493). At 18 mph, MC4R x MC4R mutants were 40%
and 15.75 g larger than the mean of both CNTRL x CNTRL
families (p =0.005; Fig. 3C). MC4R x CNTRL mutants
were 10% and 3.73 g smaller than the mean of both
CNTRL X CNTRL families (p=0.721).

Discussion

The US farmed-raised catfish industry has suffered decline
since its peak in 2003, largely due to foreign competition,
particularly in Asia. Longer and warmer growing seasons,
lower labor costs, and air breathing species such as Pan-
gasianodon spp. and Clarias batrachus that can be grown
in higher stocking densities make it difficult for US catfish
farmers to compete. Improving the genetics of channel cat-
fish, particularly for faster growth and feed efficiency, would
help American catfish farmers increase profits and improve
production. mc4r has been shown to be a valuable gene to
target for improving growth in a variety of model organisms;
however, its usefulness has not yet been demonstrated in
commercially important aquaculture species.

This study investigated the effects of microinjec-
tion of gRNAs targeting the channel catfish mc4r gene
in conjunction with Cas9 protein. Efficient mutagen-
esis was achieved as demonstrated by PCR, Surveyor®
assay, and DNA sequencing. A total of 18 fish survived
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Wild-type
ggagatggaggacacggaagagactcgcagattagaataaacgcagATGAAGACGGAAAGCGGAGGACTGTGGTGAGGAGGTCTTGCGGAT
ATGAACGTGTCGGAGCACCACGGGATGCAGCATGCACACCGGAACCACAGCCTGGGCGTGCAGATTGGAAACAA
AGCCGGCTCGG CTGCTACGAGCAGCTGTTGATCTCCACCGAGGTCTTCATCAC
GCTAGGGTTGGTCAGCCTTCTGGAGAACATCCTGGTAATCGCGGCCATCGTCAAGAACAAGAACTTCCACTCGCCC
ATGTACTTCTTCATCTGCAGCCTGGCGGTGGCCGACCTGCTGGTGAGCGTATCGAACGCGACAGAAACGGCT
CAACCTGACCATCTCTGGAGACGTCGTGAAAAGCATGGACAATGTGTTCGACTCCAT
GATCTGCAGCTCACTCCTGGCCTCCATTTGGAGTCTCCTGGCCATCGCCGTGGACCGCTACGTCACCATCTTCTACG
CCCTGCGCTACCACAACATCATGACCCAACGCCGCGCGGCGCTCATCATCGTATGCATATGGAGCTTCTGCACGGC
GTCCGGTGTGCTCTTCATCATCTACTCGGAGAGCGCTACAGTCCTCATCTGCCTTATCAGCATGTTCTTCACCATGC
TGGCCCTCATGGCCTCGCTTTACGTGCACATGTTCCTCTTGGCGCGGCTTCACATGAAACGCATCGCCGCCTTACCG

GGGAACGGCCCCGTGTGGCAGGCGGCCAACATGAAGGGCG

GGAGTGTTTGTC

GTGTGCTGGGCGCCGTTTTTTCTCCACCTCATTCTCATGA ctcttgtccgaggaaceegtattgegtetgettcatgtete

MC4RxMC4R

Wild Sequence

5" TGGAAACAAAGCCGGCTCGG
AA:

CTG//CAGGCGGCCAACATGA 3’

GNKAGSGERNSESGCYEQLLISTEVFITLGLVSLLENILVIAAIVKNKNFHSPMYFFICSLAVADLLVSVSNATETAVMALI

TSGNLTISG

DVVKSMDNVEDSMICSSLLASIWSLLAIAVDRYVTIFYALRYHNIMTQRRAALIIVCIWSFCTASGVLFITYSESATVLICLI
SMFFTMLALMASLYVHMFLLARLHMKRIAALPGNGPVWQAANM

Mutated Sequence
5" TGGAAACAAAGCC /
AA: GNKAQAANM

CNTRLxMC4R-1
Wild Sequence

CAGGCGGCCAACATGA 3’ [-641]

5’ aag//GGACAATGTGTTCGACTCC// TCAGCA// /ITTCACATGAAACGCA////GAtctcttgtccgaggaacccgtat 3’
AA: MDNVFDSMICSSLLASIWSLLAIAVDRYVTIFYALRYHNIMTQRRAALIIVCIWSFCTASGVLFIIYSESATVLICLISM
FFTMLALMASLYVHMFLLARLHMKRIAALPGNGPVWQAANMKGAVTLTILLGVFVVCWAPFFLHLILMISCPRNPYCV

CFMS

Mutated Sequence

5’aag--/--GAGTAGTATGTCCGAATTC--/--TCAGTA--/--TTCATATAAAGAGTA--/--GACCAGTAATACGTGGATGACCtat 3* [-

427,211, -67, -127]
AA: SSMSEFSVFI-RVDQ-YVDDLLRLLHV 3’

Fig.2 CRISPR/Cas9 induced mutations in the melanocortin-4 recep-
tor (mc4r) gene coding sequence of channel catfish, Ictalurus punc-
tatus, in two F| mutants generated in 2018. The exon and introns are
indicated by upper- and lowercase and the underlined bold uppercase
is the start codon. The primers used in PCR are indicated in red.
The guide RNA target sites are indicated in green followed by PAM
(Protospacer adjacent motif, NGG) in blue. Deletion mutations are
represented by a dashed line with each dash corresponding to a nucle-
otide that has been deleted. Double slash indicates wild-type continu-
ation of the sequence for simplicity. Single slash indicates that there

microinjection of CRISPR/Cas9 and sgRNA targeting the
mc4r gene in 2017 with a mutation rate of 33% (6/18).
Of the 6 P, mutants 33% were homozygous/bi-allelic.
This is substantially lower than the mutation rate of 87%
achieved in both zebrafish and rats (Li et al. 2013; Xie
et al. 2016). This can likely be attributed to variability
in the effectiveness of different sgRNAs, variability of
egg quality, period during the spawning season, timing

is a large deletion. Each sequence starting with 5’ and ending with
3’ came from a single reaction representing a single allele. Brackets
indicate deletion/insertion/substitution value. The wild-type sequence
was acquired from Genbank (Accession No. LBML01001141.1).
Corresponding predicted amino acid sequence indicated by “AA.”
Red letters indicate substitutions. Corresponding predicted amino
acid sequence is indicated by “AA.” Red letters indicate substitutions.
Predicted amino acid sequence acquired from Expasy and confirmed
with NCBI ORFfinder

after ovulation, and/or other unknown factors. Future
experiments should exclusively use best performing
sgRNAs and test family and strain effects on mutation
rate. Multiple sgRNAs were used to increase likelihood
of mutation. Growth was higher in P; MC4R mutants
when compared to controls at all life stages and in pond
and tank environments, and the same result was observed
in F; homozygous mutants.
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Table 3 Sample size (N), mean body weight (g) +standard deviation (SD), and coefficient of variation (CV) of P, melanocortin-4 receptor (MC4R) knockout mutant and control (CNTRL)
channel catfish, Ictalurus punctatus, generated in 2017 at 12 to 36 months post-hatch. Mutants and controls were kept separately in 50 L aquaria until 12 months post-hatch, when they were pit-

tagged and transferred to a 0.04 ha earthen pond and kept communally with unrelated channel catfish, blue catfish, I. furcatus, and hybrids to bring the density to a commercial level of 10,000

fish/ha and fed daily to satiation. Sampling was performed with partial seining of the pond. Paired z-test was used to determine significance (p <0.05)

36 months

33 months

27 months

18 months

12 months

(0%

Mean +SD

N

CvV

Mean + SD

N

(6\%

Mean +SD

N

(6%

Mean + SD

+ CcvV N

Mean+SD

N

16.8
26.23

1820.0+305.8
2120.0+£556.1

8
5

26.13

1412.0+368.9
1600.0 +629.3

0.517

15
6

52.08 16 917.5+212.8 23.19
5

45.66

417.6+217.5
616.7+£281.5

29
0.151

6

50.01

46.9+23.5
55.8+£13.8

0.522

27
2

CNTRL
MC4R

39.33

33.22

1044.0 +346.8

24.73

0.314

0.475

p-value

Successful spawning of MC4R mutants to produce F,
progeny was achieved in both 2018 and 2019, and offspring
inherited the mutation at a high rate. In 2018, a total of
398 F; MC4R offspring within 8 families were generated
by pairing P, mutants. The average mutation rate for all
F, MC4R channel catfish was 42% (170/398). Of the 21
MC4R X MC4R F, mutants, 76% (16/21) were homozygotes/
bi-allelic. In 2019, a total of 310 F; MC4R offspring within
2 families were generated by pairing P, mutants. The aver-
age mutation rate for all F} MC4R channel catfish was 71%
(221/310). The inheritance rates were much higher than
those achieved by Hruscha et al. (2013) and Varshney et al.
(2015) with zebrafish, where 11% and 28% of mutations
were inherited by progeny. This indicates much less mosai-
cism being generated with our protocols for catfish. How-
ever, these studies looked at different species and different
genes. The variability in inheritance between different years
is likely due to a combination of environmental and genetic
effects and different sets of parents.

Growth was generally higher in homozygous F; MC4R
mutants when compared to controls at all life stages and in
both pond and tank environments. Homozygous F; MC4R
mutants grew 26.7% faster than controls in earthen ponds to
1 kg, but heterozygous F, mutants were not different than
controls for body weight. There was a positive relation-
ship between zygosity and growth, with F; homozygous/
bi-allelic mutants growing faster than both MC4R X CNTRL
and CNTRL x MC4R F, heterozygotes. The wild-type allele
appears to be dominant as body weight in heterozygous
MC4R mutants was not different than that of controls, while
homozygous mutants were generally larger than controls.
This contradicts previous studies that found mutations in
mc4r in humans are associated with a dominant form of
obesity (Vaisse et al. 1998; Yeo et al. 1998; Hinney et al.
1999). Similar to our results with channel catfish, chickens
with bi-allelic SNPs in the G54C locus of the mc4r gene
were larger than heterozygous mutants and wild-type chick-
ens, while heterozygotes were smaller than wild-type chick-
ens (Li and Li, 2006). Ortega-Azorin et al. (2012) found a
third genetic mechanism in play for MC4R mutants, as there
was an additive effect of human mc4r polymorphisms on
appetite, while Kim et al. (2004, 2006) showed that additive
action of mc4r may influence growth and fat deposition in
pigs. In channel catfish, it appears that only one functional
copy of the mc4r wild-type allele is necessary for normal
growth. Further research should evaluate whether zygosity
impacts other important traits such as fertility, survival, and
fat deposition in channel catfish.

Beyond the stocker stage, MC4R mutants typically grew
faster than controls. This concurs with results found by
Fei et al. (2017), in which MC4R knockout zebrafish only
showed increased growth after 2.5 mpf as well as those by
Liu et al. (2019), where zebrafish showed downregulation of
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Fig.3 Box and whisker plots A

1400
I

of body weights (g). A Control
(CNTRL) and melanocortin-4
receptor (MC4R) P, knock-

out channel catfish, Ictalurus
punctatus, generated in 2017 at
27 months post-hatch (mph). B
CNTRL, MCA4R F, heterozy-
gous knockout, and MC4R F,
homozygous/bi-allelic knockout
channel catfish generated in
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800
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I

2018, at 21 mph. C CNTRL, \
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bi-allelic knockout channel B
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catfish generated in 2019 at 18
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respectively), area 1.5 X inter-
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—
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mc4r in larval fish and upregulation in adults. These results
compliment the natural growth rate in fish and may coun-
teract the normal decrease in growth that occurs when fish
reach sexual maturity. The current market size for catfish
is between 0.5 and 1.0 kg, typically reached before sexual
maturity (Green and Engle 2004). However, there is a
demand for larger market-sized fish, which could be satis-
fied by genetically improved MC4R knockout fish (Green
and Engle 2004).

This increase in growth in MC4R mutants supports previ-
ous studies on fish, chickens, pigs, and mice (Lu et al. 1994;
Kim et al. 2000; Li et al. 2006; Wan et al. 2012; Yang et al.
2018; Yang et al. 2020). Homozygous F; MC4R mutants

CNTRLXCNTRL-2

T T
MC4RxCNTRL MC4RxMC4R

Family

grew 26.7% faster than controls to market size. Similarly,
Holland’s carp containing a SNP in the mc4r gene grew
25% faster at 1 year of age than wild-type carp (Yang 2018).
MC4R knockout zebrafish were 15.7% larger at 3 months
of age than wild-type zebrafish (Fei et al. 2017). Chicken,
Awassi sheep, and pigs each containing a SNP in the mc4r
gene were between 1.1 and 6.7%, 17.1%, and 6.0% larger
respectively than wild-type individuals (Li and Li 2006;
Meidtner et al. 2006; Kubota et al. 2019; Al-Thuwaini et al.
2021). While few studies have investigated mutations of
mc4r in fish, current data indicates that mutations in fish
result in larger phenotypic gains than terrestrial animals. The
larger gains in teleost fish are likely explained by the larger

@ Springer
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Table 5 Sample size (N), mean body weight (g) +standard deviation
(SD), and coefficient of variation (CV) of melanocortin-4 receptor
(MC4R) F, heterozygous knockout, MC4R F, homozygous/bi-allelic
knockout, and control (CNTRL), channel catfish, Ictalurus punctatus,
generated in 2019 at 12 and 18 months post-hatch. Mutants and con-
trols were kept separately in 50 L aquaria until 12 months post-hatch,

when they were pit-tagged and transferred to a 0.04 ha earthen pond
and kept communally with unrelated channel catfish, blue catfish, 1.
furcatus, and hybrids to bring the density to a commercial level of
10,000 fish/ha and fed daily to satiation. Sampling was performed
with partial seining of the pond. Means with different letters as super-
scripts are significantly different (p <0.05)

12 months 18 months

N Mean + SD CV N Mean + SD CV
Family
MC4R x MC4R 112 37.6+10.1% 26.79 41 55442120 38.21
MC4R x CNTRL 109 26.5+8.9% 33.76 44 36.0+£17.1% 47.56
CNTRL X CNTRL-1 79 30.5+26.0° 85.19 26 43.9+29.3% 66.76
CNTRL X CNTRL-2 30 24.4+9.0° 36.96 12 30.6+18.2° 59.63
Treatment
MC4R x MC4R 112 37.6+10.1% 26.79 41 554+21.2° 38.21
MC4R x CNTRL 108 26.5+8.9% 33.88 44 36.0+£17.1% 47.56
CNTRL X CNTRL 109 28.8+22.7° 78.91 38 39.7+26.8 67.52

proportion of muscle to body weight in fish compared to ter-
restrial animals or the indeterminate growth of fish (Tlusty
et al. 2018). This faster growth to harvest makes mc4r a
valuable gene commercially.

The growth of individual MC4R mutants and differ-
ent MC4R families varied. This can be attributed to dif-
ferences in knockout patterns and subsequent expression
levels of mc4r, differences in genetic background coupled
with epistatic interaction with other loci. The variability can
be advantageous as combining gene editing with selection
could result in maximum genetic enhancement.

The improved growth indicates that the use of gene-edited
MC4R channel catfish could be beneficial for commercial
farms. Gene editing presents a valuable tool to increase profit-
ability, sustainability, and industry growth. There are, how-
ever, ethical, logistical, and regulatory hurdles for the MC4R
mutant channel catfish to become applied commercially in the
USA, as FDA currently regulates gene-edited animals. The
improvement of gene editing technologies, greater understand-
ing of its effects, and the commercial success of genetically
improved organisms, including Aquabounty’s AquaAdvan-
tage salmon in the USA and Canada, Intrexon’s gene-edited
tilapia in Argentina, and Regional Fish Institute’s gene-edited
sea bream and tiger puffer fish in Japan, make this technology
a viable option in the near future (Waltz et al. 2017; “Japan
embraces CRISPR-edited fish” 2022). By combining mc4r
gene editing with other genetic techniques, such as selection,
crossbreeding, and hybridization, it is likely possible to achieve
even greater growth results, shorten the grow-out period, and
select for multiple traits. With an increasing human population
and declining natural resources, all solutions should be evalu-
ated to determine the most efficient and sustainable methods
of food production.
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