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Abstract: The melanocortin-4 receptor (MC4R) plays a critical role in homeostasis and the regulation
of body weight. Polymorphisms in the mc4r gene have been discovered and linked to growth, carcass
composition, and meat quality traits. Therefore, we used the CRISPR-Cas9 system to target the mc4r
gene in the most important freshwater aquaculture species in the USA, channel catfish, Ictalurus
punctatus. Guide RNAs were designed to direct the Cas9 to the coding sequence of the channel
catfish mc4r gene. gRNA(s)-Cas9 mixtures were delivered into one-cell embryos using electroporation
and microinjection. For each treatment, the nature and rate of mutations were analyzed. Hatching
and survival rates were calculated. The overall mutation rates were 30.6% and 66.7–90.6% for
electroporation and microinjection, respectively. Mutated fish generated via electroporation or
microinjection exhibited 38% and 20% improvement in body weight, respectively, when compared
with the full-sib control. The mean feed conversion ratio of the mutants was 1.18 compared with
1.57 in the control fish. The improved growth and feed conversion indicate that the generation of
mc4r-edited fish could economically benefit aquaculture production.
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1. Introduction

Melanocortin receptors (MCRs) are transmembrane proteins that belong to the G-
protein-coupled receptors superfamily [1]. There are five subtypes of MCRs that are
numbered MC1R to MC5R according to the sequence in which they were cloned [2]. These
five receptors have been characterized in several vertebrates. Zebrafish, Danio rerio, has
six MCRs, including two MC5R orthologous, while pufferfish, Fugu rubripes, possesses
only four MCRs, lacking MC3R [3–5]. The melanocortin-4 receptor (MC4R) was cloned
and characterized first in humans [6]. It is widely expressed in the nervous system [7]
and plays a critical role in the regulation of food intake and energy homeostasis in both
lower and higher vertebrates [8–11]. MC4R has been cloned and identified in many fish
species including zebrafish [5], goldfish, Carassius auratus [12], spiny dogfish, Squalus
acanthias [13], sea bass, Dicentrarchus labrax [14], common carp, Cyprinus carpio [15], grass
carp, Ctenopharyngodon idella [16], gibel carp, Carassius gibelio [17], snakehead, Channa
argus [18], spotted sea bass, Lateolabrax maculatus [19], and rainbow trout, Oncorhynchus
mykiss [20]. In teleost fish, MC4R is expressed in certain tissues other than the central
nervous system, including the eyes, gonads, and gastrointestinal tract in zebrafish; the liver
and gonads in flounder; the eyes in sea bass; and the ovaries in goldfish, but the respective
physiological roles of the MC4Rs in these tissues are not clearly known. The amino acid
sequences of MC4R are highly conserved among different species [21].

Polymorphisms in the mc4r gene have been observed and linked to development
and growth in medaka, Oryzias latipes, and the cyprinid fish Spinibarbus hollandi [22,23].
In addition, inherited human obesity has been associated with MC4R mutations [24,25].
Knockout of MC4R in animal models increased the size and growth rate in homozygotes,
whereas heterozygotes exhibited intermediate weight gain compared with wild-type and
mutant homozygotes [26–31]. The homozygous knockout mice had maturity-onset obesity,
hyperphagia, increased linear growth, hyperinsulinemia, and hyperglycemia. In addition,
overexpression of the endogenous melanocortin antagonist agouti-related protein (AgRP)
in transgenic zebrafish resulted in obesity and increased linear growth [10]. Thus, MC4R
provides a promising target for potential improvement of fish growth.

In channel catfish, Ictalurus punctatus, the growth rate was increased in MC4R-knockout
fish [32]. Additional research on MC4R-knockout channel catfish is needed such as the
evaluation of additional families to ascertain potential family effects. If there are differences
in aggression or competitiveness between mutants and controls, genotype–environment
interactions are possible when comparing communal and separate evaluations, potentially
affecting the conclusion on the benefits of the mutation. Feed conversion efficiency is a criti-
cal trait in aquaculture, and was not measured in a previous study [32] on MC4R-knockout
channel catfish.

The use of gene editing methods to generate genetically modified animals has experi-
enced large advances due to the development of the clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) [33]. The CRISPR-Cas9
system consists of a guide sequence (sgRNA) and an endonuclease (Cas9). Once introduced
into the cell, the sgRNA guides the Cas9 to the target site, where a double-strand break is
induced. The broken ends are then repaired by non-homologous end joining which results
in mutations. The CRISPR-Cas9 system has several advantages including simplicity of
design, efficiency of edits, cost effectiveness, and ease of use relative to other gene-editing
systems [34]. CRISPR-Cas9 gene editing has been successfully performed in several aqua-
culture species to enhance performance traits [35–39]. These gene-edited lines have been
characterized for growth rate, feed efficiency, disease resistance, and carcass composition.

The channel catfish and its hybrid, channel catfish female × blue catfish (Ictalurus
furcatus) male, have been the primary fish grown in the United States aquaculture industry.
In the United States, catfish sales reached USD 371 million in 2020; which is 2% lower
than 2019 sales, and the total water surface area devoted to catfish production decreased
from 24,785 hectares in 2020 to 24,000 hectares in 2021 [40]. Factors contributing to the
decline in the catfish industry include increased grain and feed prices, raised fuel costs, and
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competition from imports [41]. Therefore, genetic improvement of catfish production is a
promising approach for the recovery, sustainability, and profitability of catfish production.

In this study, we delivered the CRISPR-Cas9 system into channel catfish zygotes via
electroporation or microinjection to edit the mc4r gene of channel catfish and assessed the
effects of gene knockout on growth and feed efficiency in an attempt to produce growth-
enhanced channel catfish. The potential disadvantage of electroporation with plasmid DNA
is the possibility of genomic integration of plasmids, which would result in a transgenic
organism not exhibiting one of the advantages of gene editing. Evaluation of potential
integration was another objective of the current study.

2. Materials and Methods
2.1. Experiment I: Electroporation
2.1.1. Design of the CRISPR-Cas9 System

Small guided RNAs (sgRNA) were designed (Table 1) and cloned into a pU6dsgRNA
(No. 5) plasmid [42] from Addgene (Cambridge, MA, USA). The Cas9 plasmid (pCS2-
nCas9n, No. 47929), which was previously tested in zebrafish [43], was obtained from
Addgene (Cambridge, MA, USA). The gRNA plasmids were driven by the U6 promoter,
while the Cas9 plasmid was driven by the cytomegalovirus (CMV) promoter. All of the
plasmids contained the antibiotic selection element for ampicillin.

Table 1. The sequences of small guided RNAs and the universal (common) primer used to target the
channel catfish, Ictalurus punctatus, melanocortin-4 receptor (mc4r) gene.

Description sgRNA Name Oligo Sequence * (5′-3′) Locus on Strand

Experiment I
Electroporation

sgRNA I GCAGCTGTTGATCTCCACCG +
sgRNA II TACCAGGATGTTCTCCAGA −

Experiment II
Microinjection

MC4R A taatacgactcactataGGGATGGCGCTGATCACCAGgttttagagctagaa +
MC4R B taatacgactcactataGGGAAAGGAACTCGGAGTCgttttagagctagaa +
MC4R C taatacgactcactataGGGCAGGATGGTGAGCGTCAgttttagagctagaa −

Universal
primer

Aaaagcaccgactcggtgccactttttcaagttgataacggactagccttattttaacttgctatttctagctct
aaaac

* For experiment II sgRNAs, the uppercase lettering shows the target sequence, the lowercase lettering on the left
side represents the T7 promoter for in vitro transcription of sgRNAs, and the lowercase lettering on the right side
represents a sequence that is complementary to 15 nucleotides on the 3′ end of the universal primer for assembly
and preparation of sgRNAs in vitro. The locus on strand is indicated by (+) for the coding strand and (−) for the
non-coding strand.

2.1.2. Preparation of Plasmids for Electroporation

The plasmids were prepared according to Dunham et al. [44] with some modifications.
The sgRNA and Cas9 plasmids were transferred to One Shot® Top 10 Chemically Compe-
tent E. coli (Invitrogen, Grand Island, NY, USA) following the manufacturer’s guidelines
and cultured in Luria–Bertani (LB) broth. One hundred microliters of the transformation
mix were spread on the LB agar plate containing 100 µg/mL ampicillin. A single colony was
picked from each plate and cultured in 1 mL of LB medium with overnight incubation at
37 ◦C. Overnight cultures were then transferred to a glass bottle containing 400 mL LB broth
with 100 µg/mL ampicillin and incubated overnight. The plasmids were then extracted
with an IsoPure Plasmid Maxi II Prep Kit (Denville, Holliston, MA, USA) and the plasmid
quantity and quality were inspected with gel electrophoresis and spectrophotometry.

The gRNAs and Cas9 plasmids were prepared for the standard procedure of double
electroporation used in our laboratory [44]. Briefly, equal volumes of both gRNAs and
Cas9 plasmids were mixed and diluted in 1 mL saline (0.9 % NaCl) solution to the final
concentrations of 25 µg/mL for the first electroporation of sperm. The purpose of the saline
was to dehydrate the sperm once they were introduced to the solution; when rehydrated,
the transformation rates of the embryos can be improved [45,46]. In the meantime, the
same concentrations of plasmid solutions were prepared in 3 mL Tris-EDTA (TE) buffer
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(5 mM Tris–HCl, 0.5 mM EDTA, pH = 8.0) as solvent, which was then used for a second
electroporation of embryos.

2.1.3. Channel Catfish Spawning

Channel catfish spawning, egg collection, sperm preparation, and fertilization were
performed according to [34]. Sexually mature Kansas random channel catfish females were
implanted with 85 µg/kg body weight of luteinizing-hormone-releasing hormone analog
(LHRHa) in the dorsal musculature (Reproboost® Implant, Center of Marine Biotechnology,
University of Maryland Biotechnology Institute, Rockville, MD, USA). The eggs were
hand-stripped into a greased spawning pan by applying gentle pressure to the abdomen.
Sexually mature channel catfish males were euthanized, and their testes were collected,
crushed, and macerated into saline (0.9 % NaCl) solution to prepare the sperm solution.

2.1.4. Fertilization, Electroporation, and Embryo Incubation

Two drops of sperm solution were added to the plasmid saline solution, mixed, and
incubated at room temperature for 5 min. Then, the mixture was poured into a 10-mL
petri dish and 2 mL of freshwater were added. This solution was then electroporated
with a Baekon 2000 macromolecule transfer system (Baekon, Inc., Saratoga, CA, USA)
with the parameters adjusted to 6 kV, 27 pulses, 0.8 s burst, 4 cycles, and 160 µs [47]. The
eggs were fertilized with electroporated sperm and incubated at room temperature for
one hour. The fertilized eggs were then transferred into a 10 mL petri dish, and enough
TE-solution-containing plasmids was introduced to submerge all of the eggs (about 3 mL).
After 10 min of incubation at room temperature, the embryos were electroporated again as
described above. The same procedure was performed on the control group, using saline
and a TE buffer devoid of gRNA/Cas9 plasmids.

The embryos were reared in 10 L tubs filled with Holtfreter’s solution (59 mM NaCl,
0.67 mM KCl, 2.4 mM NaHCO3, 0.76 mM CaCl2, and 1.67 mM MgSO4) [48,49] containing
10 ppm doxycycline and incubated with continuous aeration at 27 ◦C for 6–7 days until
hatching. Dead embryos were removed and recorded, and the solution was changed daily.
After hatching, channel catfish fry were moved to 60 L glass aquaria in a recirculating
system at a density of 30 fry per aquarium. Water quality parameters were maintained with
a dissolved oxygen level above 5 ppm, pH between 6.8 and 7.4, hardness above 30 ppm,
less than 2 ppm unionized ammonia, and 0 ppm of nitrite and chlorine. The fry were
fed newly hatched brine shrimp four times a day for one week, then gradually switched
to Purina® AquaMax® Fry Powder (Purina Mills, LLC, Gray Summit, MO, USA) for one
month. The size of the feed increased as the fry grew. They were fed twice a day with
Purina® AquaMax® Fry Starter (Purina Mills, LLC, Gray Summit, MO, USA) 100, 200, and
300 according to their age and size. The fry were reared in aquaria for 10 months and
sampled for genotyping and individually pit-tagged.

2.2. Experiment II: Microinjection
2.2.1. Design and Preparation of sgRNA and CRISPR/Cas9 System

Based on the results from experiment I where we achieved a single 285 bp deletion
in the mc4r gene, we thought changing the gRNA targets might achieve larger deletions
and more types of mutation. Therefore, we designed three gRNAs that cover the cod-
ing sequence of the channel catfish mc4r gene using the CRISPRscan online tool [50].
The sgRNAs (Table 1 and Figure 1) were selected depending on the scores provided by
CRISPRscan. The cloning-free (PCR-based) method to generate sgRNA templates was
used. The universal primer containing the sgRNA scaffold as well as ssDNAs templates for
gRNAs containing the T7 promoter and the 20 nt gene-specific target sequence without
the protospacer-adjacent motif (PAM) were manufactured by Invitrogen (Carlsbad, CA,
USA; Table 1). The sgRNAs were generated by T7 run-off as described in [51] with some
modifications. The universal primer and ssDNAs template were annealed and filled by
Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA, USA). In an RNAse-free environ-
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ment, the resulting double-stranded DNA served as the template for in vitro transcription
to generate sgRNA using a Maxiscript T7 Kit (Thermo Fisher Scientific, Waltham, MA)
following the manufacturer’s guidelines. Then, the sgRNAs were purified using a Zymo
RNA Clean and Concentrator Kit (Zymo Research, Irvine, CA, USA). The Cas9 protein was
obtained from PNA BIO, Inc. (Newbury Park, CA, USA) and reconstituted according to the
manufacturer’s guidelines. Four sets of injection solutions were prepared: three by mixing
each individual gRNA with Cas9 protein separately (MC4R A, B, and C) and the fourth by
combining the three gRNAs together with Cas9 protein (MC4R X). Phenol red was added
to color the gRNA/Cas9 solutions and mixed up to one third of the final volume [34].
The final concentrations of gRNA and Cas9 protein were 150–200 and 300–350 ng/µL,
respectively. The mixtures were then incubated for 10 min on ice before loading into the
microinjection needle.
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Figure 1. The genomic target sites of the sgRNAs in the channel catfish, Ictalurus punctatus,
melanocortin-4 receptor (mc4r) gene. The coding and non-coding sequences are indicated by upper-
case and lowercase letters, respectively. The start and stop codons are represented by bold uppercase
letters. The primer sites are indicated in red. The gRNA target sites for electroporation are indicated in
purple with a protospacer-adjacent motif (PAM) in blue. The gRNA target sites for microinjection are
indicated in green, with PAM in blue. ATG and TGA represent the start and stop codons, respectively.

2.2.2. Fertilization and Microinjection

The sperm and eggs were obtained and prepared as in experiment I. To fertilize the
eggs for microinjection, 200–300 eggs were transferred to a greased spawning pan. One
to two mL of the normal sperm solution were added to the eggs and mixed gently. Then,
freshwater was added to the eggs gently and swirled for 30 s to activate the sperm and eggs.
More fresh water was added to the fertilized eggs, and the eggs were allowed to harden
for 10–15 min before microinjection. The fertilized eggs were injected according to the
procedures of zygote injection developed recently in our laboratory [34]. Fifty nanoliters
of the mixture were directly injected into the yolk as close as possible to the blastodisc.
One-cell embryos were injected through 15–90 min post fertilization and just before the
beginning of the first division [52]. Two controls were used for this experiment: one injected
with the solution devoid of Cas9/gRNA (injected control, iCTRL) and the other not injected
(non-injected control, nCTRL). All of the injected and control embryos were then incubated
and reared as described before [53].
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2.3. Mutation Analysis
2.3.1. Genomic DNA Extraction

Fin-clip samples were collected from one-month-old channel catfish fry on ice. The
fry and fingerlings were euthanized, and samples from barbel, gills, muscle, and the
intestine were collected to study possible mosaicism of the mutations among different
tissues. The DNA was extracted according to [54]. Briefly, about 10 mg tissue samples were
digested with 0.1-mg/mL proteinase K in an Eppendorf tube containing 600 µL of cell lysis
buffer (100 mM NaCl, 10 mM Tris, 25-mM EDTA, and 0.5% sodium dodecyl sulfate) in
a shaker incubator 60–90 min. Protein precipitation was achieved by adding 200 µL of a
protein precipitation solution (Qiagen, Redwood City, CA, USA) and incubation on ice
for 15 min followed by centrifugation at top speed for 10 min at room temperature. The
supernatant was transferred to a clean, labeled Eppendorf tube. The DNA was subsequently
precipitated from the supernatant with isopropanol, washed with 75% ethanol, air-dried,
and dissolved in Tris-EDTA (TE) buffer. The integrity of DNA was examined by using
1% agarose gel electrophoresis. The quantity and purity of DNA were checked with a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.3.2. Polymerase Chain Reaction (PCR) and Surveyor Mutation Detection Assay

The primer sets for the PCR were designed to cover all possible mutation sites (Table 2
and Figure 1). PCR was performed using an Expand High Fidelity PLUS PCR System
(Roche, Indianapolis, IN). The PCR amplification procedure was as follows: initial denatu-
ration for 3 min at 94 ◦C, followed by 34 cycles of 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for
50 s, and a final elongation at 72 ◦C for 10 min. The resulting PCR product length was veri-
fied in 1.5% agarose gel. To detect mutations, the surveyor mutation detection assay was
performed on the amplified PCR products without mixing with wild-type DNA since the
P1 fish were expected to be mosaic (containing both the mutated and wild-type mc4r gene).
We used a Surveyor® mutation detection kit for standard gel electrophoresis (Integrated
DNA Technologies, Coralville, IA, USA) according to the manufacturer’s guidelines [55,56].
PCR products were denatured and re-annealed as follows: 95 ◦C for 10 min; 95 to 85 ◦C
at −2 ◦C/s; 85 to 35 ◦C at −0.3 ◦C/s; cooling to 4 ◦C. Then, nuclease S, enhancer S, and
MgCl2 were mixed, added to the PCR products, and incubated at 42 ◦C for 1 h. Digested
products were separated in 2% agarose gel and compared to those from a full-sib control
channel catfish.

Table 2. Primers used in the polymerase chain reaction (PCR) for molecular cloning of the channel
catfish, Ictalurus punctatus, melanocortin-4 receptor (mc4r) gene and detection of pU6dsgRNA and
Cas9 plasmids’ integration in gene-edited channel catfish.

Primer
Name Primer Sequence (5′-3′) Product

Length (bp) Description

MC4R-F GGAGATGGAGGACACGGAAG
932 Amplification of mc4r gene

and mutation detectionMC4R-R GAGACATGAAGCAGACGCAATA

Cas9i-1F CAGGCACAGCATCAAGAA
715

Detection of Cas9 plasmid
integrationCas9i-1R GTTATCCAGGTCATCGTCAT

pU6d-1F GAGGTAGTTGGCGTCATC
484

Detection of pU6dsgRNA
plasmid integrationpU6d-1R GCGAGTTCCATAGCGTTA

MSTNi-1F ATTGTGAGGAGTGTGAGAC
311

Negative Control in
integration detectionMSTNi-1R AGAGACCAGGAGGAGAATT

2.3.3. Cloning and Sequencing

To confirm and identify the mutations in each treatment, genomic DNA was obtained
from three positive mutated individuals for each treatment, pooled to save the cost, ampli-
fied with PCR, and the resulting amplicons were cloned into a TOPO® TA Cloning® Kit
for Sequencing (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions
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(Invitrogen, Carlsbad, CA). TOPO plasmids were then transformed into One Shot® TOP10
Electrocomp™ E. coli (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA, USA) with some modifications [53]. Fifteen single colonies
were selected from each treatment, inoculated into 1.5-mL Eppendorf tubes containing 1 mL
LB medium with 100 ppm ampicillin, incubated overnight at 37 ◦C, and sent to Eurofins
Genomics (Louisville, KY, USA) for sequencing. Alignments of nucleotides and amino acid
sequences were created and interpreted.

2.3.4. Detection of Plasmid Integration

To determine the integration of plasmids into the channel catfish genome or their
persistence in the cytoplasm, two pairs of PCR primers (Table 2) were designed to detect
gRNA and Cas9 plasmids in mutated channel catfish by amplifying the vector backbone
and/or antibiotic selection gene. In addition, a pair of PCR primers was used to amplify a
segment of the channel catfish myostatin gene as an internal control. The PCR procedure
was the same as above except that the annealing step was performed at 61 ◦C. The PCR
products were inspected with 1.5 % agarose gel electrophoresis.

2.4. Evaluation of Growth and Feed Efficiency

Ten-month-old mc4r-mutant fish from experiment I were divided into two replicates
(eight fish each) and reared in aquaria in a recirculating system. Two control replicates
(eight fish each) from normal full-sib channel catfish were reared in the same system under
the same feeding regime. The fish were fed ad libitum on a 32% crude protein diet twice a
day. The rearing experiment continued for nine months during which feed consumption
was recorded daily, and body weight was evaluated at five different time-points. The
growth pattern was then determined for the mutated and control channel catfish. The feed
conversion ratio (FCR) was calculated for each replicate by dividing the total amount of
feed consumed by total weight gain.

2.5. Statistical Analysis

Dead microinjected embryos were collected, recorded, and assigned a value represent-
ing the time of death (day post fertilization, dpf). The mortality % was calculated as the
number of dead fish in a treatment divided by the total number of embryos in the same
treatment and multiplied by 100. The survival curves of embryos and fry and the time to
hatch for all treatment and control groups were compared using the Kaplan –Meier test.
Multiple comparisons of mean survival and hatch time were performed using the log rank
(Mantel–Cox) test [53]. The plots of embryo survival, time to hatch, and fry survival were
generated using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA).
Dead embryos were excluded from the calculation of hatch rate and time to hatching. The
monthly body weights of mutated and control channel catfish from experiment I were com-
pared using two-way (month and treatment) analysis of variance test with interaction. The
statistical significance was set at p < 0.05, and all data are presented as the mean ± standard
error (SE). All analyses were performed using IBM SPSS 23.0 software.

3. Results
3.1. Experiment I: Electroporation
3.1.1. Embryo Mortality, Hatchability, and Fry Survival

Two sets of eggs were prepared for electroporation with two hundred eggs in each
set. The first set was double electroporated with the CRISPR/Cas9 plasmids targeting
the channel catfish mc4r gene. Sixty-two embryos hatched (31% hatch rate), and after five
months, 50 fish were still alive (survival rate 83.3%; Table 3). Nineteen of the sixty-two
individuals had the modified mc4r gene (30.6% mutation rate). The second set (control)
was electroporated in buffer without plasmids, resulting in 87 fry (43.5% hatch rate) with a
survival rate of 90.8%.
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Table 3. The mortality, hatchability, and survival of electroporated (experiment I) and microinjected
fry (experiment II) from the Kansas random strain of channel catfish, Ictalurus punctatus. In experiment
I, one-celled embryos were electroporated with sgRNA and Cas9 plasmids targeting the channel
catfish melanocortin-4 receptor (mc4r) gene, while the control group was electroporated with TE
buffer without plasmids. In experiment II, one-celled embryos were microinjected with sgRNAs-Cas9
protein targeting the same gene. Three groups were injected with individual sgRNAs (MC4RA,
MC4RB, and MC4RC), while MC4RMIX was injected with a mixture of the three sgRNAs and Cas9.
Two control groups were used for experiment II, including an injected control (injected with the same
injection solution but without sgRNA or Cas9, iCTRL) and a non-injected control (nCTRL).

Experiment Group Total
Embryos

Dead
Embryos

Embryo Mean
Time to Death

(Days ± SE)

Alive
Embryos
(Hatched)

Mean Time
to Hatch

(Days ± SE)

Fry
Survival
Rate (%)

Fry Mean Time to
Death

(Days ± SE)

Mutation
Rate (%)

N % N % Embryo Fry

I
Electroporated 200 138 69.0 - 62 31.0 - 80.6 - - 30.6

Control 200 113 56.5 - 87 43.5 - 90.8 - -

II

MC4RA 52 24 46.2 5.9 ± 0.34 ab 28 53.8 6.9 ± 0.14 b 82.1 18.2 ± 0.74 ab 87.5 78.6
MC4RB 91 38 41.8 6.2 ± 0.25 a 53 58.2 7.0 ± 0.11 b 69.8 16.6 ± 0.71 a 92.1 90.6
MC4RC 123 117 95.1 4.8 ± 0.12 6 4.9 7.2 ± 0.31 ab 83.3 17.8 ± 1.98 ab 87.2 66.7

MC4RMIX 132 75 56.8 5.6 ± 0.23 b 57 43.2 7.0 ± 0.08 b 75.4 17.2 ± 0.64 a 100.0 84.2
iCTRL 119 64 53.2 5.9 ± 0.21 ab 55 46.2 7.4 ± 0.10 a 89.1 19.2 ± 0.35 b - -
nCTRL 420 128 30.5 7.3 ± 0.07 292 69.5 7.0 ± 0.04 b 87.0 18.8 ± 0.20 b - -

Data are presented as the mean ± standard error of the mean (SE). Means with different superscript letters in the
same column are significantly different (p < 0.05).

3.1.2. Identification of Mutations, Mosaicism, and Plasmid Integration

The results of the surveyor mutation detection assay revealed one distinct band in the
digested PCR products from control fish, while mutated samples showed three distinct
bands (Figure 2A). The PCR product from the mutated P1 fish will likely contain mutated
and wild-type sequences. Consequently, the hybridization step in the surveyor assay
produces heteroduplex DNA which is composed of wild-type and mutated DNA strands
in the same double helix. This results in mismatches in the double helices, which will then
be cleaved producing two additional bands besides the original band. PCR products from
wild-type fish will not contain mismatches and, therefore, will not be cleaved resulting
in a single band. Three of the mutated samples were cloned and sequenced according
to [53]. Alignment of both mutated and wild-type sequences verified the deletion of
285 nucleotides at the target sites between sgRNA I and II (Figure 3). The deletion began
in the non-coding sequence 14 bp upstream of the start codon with 271 bp deleted from
the 5′ end of the coding sequence. Another finding was the insertion of a few nucleotides
in different positions and point mutations in 25 positions within the coding sequence. To
assess mosaicism, samples from the barbel, muscle, eye, and intestine were analyzed for
mc4r mutations. Mutations were detected in all of the tested tissues the from mutated
fish (Figure 2B). Inspection of the plasmid integration revealed that the genome of the
mc4r-mutated individuals did not possess exogenous DNA fragments from Cas9 or sgRNA
plasmids (Figure 2C).
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the WT lane represents samples from wild-type channel catfish. L indicates 1 kb plus DNA ladder 
(Invitrogen). (A) Surveyor-based detection of mc4r gene mutations in pelvic fins from 10 channel 
catfish. Letters and numbers represent channel catfish tested from different treatments; E1, E2 
(electroporated treatment); A1, A2 (MC4RA treatment); B1, B2 (MC4RB treatment); C1, C2 (MC4RC 
treatment); X1, X2 (MC4RMIX treatment). The presence of two or more additional bands compared 
to the WT lane indicates the occurrence of mutations. (B) Surveyor-based detection of mc4r gene 
mutations in different tissues from two mutated channel catfish. E, eye; G, gills; I, intestine; M, 
muscle. (C) Integration of Cas9 and sgRNA plasmids in electroporated fish. The plus sign (+) 
indicates the positive controls (Cas9 and sgRNA plasmids). The plus/minus sign (±) indicates the 
positive controls and wild-type channel catfish. Numbers represent channel catfish individuals 
carrying mutated mc4r gene. 
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Figure 2. Identification of mutated melanocortin-4 receptor (mc4r) gene and integration of sgRNA
and Cas9 plasmids in channel catfish, Ictalurus punctatus. N indicates the no-template control, while
the WT lane represents samples from wild-type channel catfish. L indicates 1 kb plus DNA ladder
(Invitrogen). (A) Surveyor-based detection of mc4r gene mutations in pelvic fins from 10 channel
catfish. Letters and numbers represent channel catfish tested from different treatments; E1, E2
(electroporated treatment); A1, A2 (MC4RA treatment); B1, B2 (MC4RB treatment); C1, C2 (MC4RC
treatment); X1, X2 (MC4RMIX treatment). The presence of two or more additional bands compared
to the WT lane indicates the occurrence of mutations. (B) Surveyor-based detection of mc4r gene
mutations in different tissues from two mutated channel catfish. E, eye; G, gills; I, intestine; M, muscle.
(C) Integration of Cas9 and sgRNA plasmids in electroporated fish. The plus sign (+) indicates the
positive controls (Cas9 and sgRNA plasmids). The plus/minus sign (±) indicates the positive controls
and wild-type channel catfish. Numbers represent channel catfish individuals carrying mutated
mc4r gene.
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Figure 3. CRISPR-Cas9-induced mutations in channel catfish, Ictalurus punctatus, mc4r gene via the
co-electroporation of the Cas9 plasmid and two sgRNAs plasmids. The wild-type (WT) channel
catfish mc4r gene sequence is shown on the top. Sequences in purple and blue colors are the target
sites of the sgRNA and protospacer-adjacent motif (PAM), respectively. Uppercase and lowercase
letters indicate the coding and non-coding sequences, respectively. Red arrows indicate the expected
sites of cleavage by Cas9. Dashes represent the deletion of nucleotides along the mc4r gene.

3.1.3. Evaluation of Growth and Feed Efficiency in Experiment I

Regardless of the fish genotype, body weights increased over time (F4,120 = 2237.86,
p < 0.001). Regardless of the sampling time-points, the mutated fish had higher body
weights than the control fish (F1,30 = 8.07, p = 0.008). The body weights of mutated fish were
significantly higher than those of the control fish in November and January (Figure 4). At
the end of the sampling period, the mutated fish (n = 16) had a 38% increase in their body
weights (421.9± 35.2 g) compared with the control fish (n = 16; body weight 304.9 ± 15.5 g).
The feed conversion ratio was 1.18 in the mc4r-mutated fish compared with 1.57 in the
control fish, an observed percent difference of 33% (Table 4). Noting that the sample size
for the feed conversion ratio is very small (two replicates), we did not detect a significant
difference between the two groups (independent t-test, p = 0.104).



Fishes 2023, 8, 116 10 of 20

1 
 

 
 

 
3 
 
 

 
 
 
4 
 

Figure 4. Growth of melanocortin-4 receptor (mc4r) mutated Kansas random channel catfish, Ictalurus
punctatus, compared with the full-sib control fish. The fish were grown in 60 L glass aquaria in a
recirculating system at a density of eight fish per aquarium and two replicates per group. All of the
fish were fed ad libitum on a 32% crude protein diet. Means are shown for each sampling time-point,
where with different superscript letters indicate significant difference (Two-way month and treatment
analysis of variance test with interaction).

Table 4. Feed conversion ratio (FCR) of melanocortin-4 receptor (mc4r) gene-mutated channel catfish,
Ictalurus punctatus, compared with the full-sib control fish (experiment I, electroporation). The fish
were reared in 60 L glass aquaria in a recirculating system for nine months. Two replicates of eight
fish each were used for the control and mc4r-mutated fish. Each of the initial weight, final weight,
and weight gain values presented below are the sum of the values of all of the fish per replicate.

Group Replicate Initial
Weight (g)

Final
Weight (g)

Weight
Gain (g)

Feed
Given (g)

FCR *

Replicate Group

Mutated
1 537.0 3575.5 3038.5 3199 1.05

1.182 642.0 3174.5 2532.5 3303 1.31

Control
1 412.0 2470.5 2058.5 3151 1.53

1.572 384.5 2408.0 2023.5 3240 1.60
* Noting the very small sample size, we did not detect a significant difference between the FCR of both groups
(independent t-test, p = 0.104).

3.2. Experiment II: Microinjection
3.2.1. Embryo Mortality, Hatchability, and Fry Survival

Embryo mortality started on the first day post fertilization (dpf) and continued until
eight dpf (Figure 5A). Embryo mortality was the lowest in the nCTRL embryos followed
by the injected embryos (Table 3, Figure 5A). The higher embryo mortality in the MC4RC
group was due to infection with fungus. The mean survival time ranged from 4.8 to 7.2 dpf.
Overall comparisons revealed significant differences in the mean survival time among
at least two groups (p < 0.0001). With multiple comparisons, the mean survival time for
the nCTRL group was significantly longer than those for all other groups (p < 0.005). The
MC4RC group had a significantly shorter mean survival time than those for all other groups
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(p < 0.0001). Survival time was significantly different between the MC4RB and MC4RMIX
groups (p = 0.031). All other comparisons were not significant (p > 0.05).
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Figure 5. Embryo survival, hatchability, and fry survival curves of channel catfish, Ictalurus punctatus,
embryos from the Kansas random strain microinjected at the one-cell stage with sgRNAs/Cas9 protein
targeting the melanocortin-4 receptor (mc4r) gene. Three gRNAs were microinjected individually
(MC4RA, MC4RB, and MC4RC) or multiplexed (MC4RMIX). Two control treatments were used.
Injected control embryos (iCTRL) were full-sib to the treatment groups and injected with the same
solution and volume, but without sgRNA or Cas9 protein. The second control was not injected
(nCTRL). (A) Embryo cumulative survival was considered 100% at day 0 then decreased over time as
embryos died. (B) The hatch rate was calculated as the fraction of embryos that hatched at a given
time point compared to the total live embryos that hatched. (C) Fry survival was calculated for the
fry just after hatching and until 20 days post fertilization (dpf).

The embryos started to hatch at 6 dpf and all embryo hatching was completed at 8 dpf
(Figure 5B). The embryo mean time to hatch ranged from 6.9 to 7.4 dpf (Table 3). The
overall comparison of embryo mean time to hatch revealed significant differences among at
least two groups (p = 0.001). Multiple comparisons detected significant differences between
the iCTRL group and all of the other groups except MC4RC (p < 0.005). All of the other
comparisons were not significant (p > 0.05).

Fry survival curves were plotted (Figure 5C). The fry mean survival time ranged
from 16.6 to 19.2 dpf (Table 3). Overall comparison of the fry survival time revealed
significant differences between at least two groups (p = 0.01). With multiple comparisons,
significant differences were detected between fry mean survival time MC4RB and both
iCTRL (p = 0.009) and nCTRL (p = 0.001). Significant differences were also detected between
MC4RMIX and both iCTRL (p = 0.048) and nCTRL (p = 0.02).

3.2.2. Identification of Mutations and Mosaicism

Mutated individuals from among both dead embryos and live fry were identified using
a surveyor mutation detection assay. More than 87% of dead embryos from all treatments
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were mutated, while the mutagenesis frequencies in live fry from treatment groups MC4RA,
MC4RB, MC4RC, and MC4RMIX were 78.6%, 90.6%, 66.7%, and 84.2%, respectively. The
digested PCR products from the control samples produced only one band, while the
mutated samples revealed more than one clear band (Figure 2A). The mutated samples of
the MC4RMIX group showed the highest variability of banding patterns observed using
gel electrophoresis.

The barbel, muscle, eye, and intestine were analyzed for mc4r mutations to assess
mosaicism. The mutated fish exhibited the targeted mutation in every tissue examined,
with similar banding patterns produced by gel electrophoresis (Figure 2B).

The PCR amplicons from mutated individuals were cloned and sequenced to identify
the nature of mutations in each treatment. The nucleic acid alignment of the mutated
sequences against the wild-type sequence revealed multiple forms of insertions/deletions
caused by the CRISPR/Cas9 system at target sites (Figure 6). The mutated individuals
from the MC4RA group showed five types of deletions of 4, 8, 13, 18, and 22 base pairs and
only one insertion of 14 base pairs (Figure 6A). In the MC4RB group, only two types of
deletions (6 and 10 bp) and one insertion (9 bp) were observed (Figure 6B). The MC4RC
group had two types of insertions (4 and 12 bp) and one large deletion (516 bp, Figure 6C).
In the 516 bp deletion, approximately half of the exon of the channel catfish mc4r gene was
removed. The MC4RMIX group exhibited multiple forms of deletions/insertions, including
several large deletions of up to 693 bases (Figure 6D). 

2 
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Figure 6. CRISPR-Cas9-induced mutagenesis in the melanocortin-4 receptor (mc4r) gene of channel
catfish, Ictalurus punctatus, Kansas random strain through microinjection of guide RNAs and Cas9
enzyme. The partial sequence of wild-type channel catfish mc4r gene (WT) is the top sequence in
each panel. Sequences in green and blue colors are the target sites of the sgRNAs followed by the
protospacer-adjacent motif (PAM) sequence, respectively. Red arrows indicate the expected sites of
cleavage by Cas9. Dashes indicate the deletion of nucleotides along the mc4r gene. The plus (+) and
minus (−) signs indicate insertions and deletions, respectively. (A) MC4RA treatment, (B) MC4RB
treatment, (C) MC4RC treatment, and (D) MC4RMIX treatment.

3.2.3. Evaluation of Growth of Microinjected Fry in Experiment II (Microinjection)

The distribution of body weights of mc4r-mutated fry was shifted towards higher val-
ues (Figure 7). The mutated fry exhibited significantly higher body weights (215.8 ± 9.6 mg,
n = 72) compared with the control fry (179.4 ± 4.4 mg, n = 117; p = 0.001), which was about
a 20% increase in body weight. The comparison of body weight was performed with and
without the inclusion of an outlier mutant fry (body weight = 590 mg), but no changes to
the significance of the results were detected. No significant differences in body length were
detected between the mutated and control fry (p = 0.467).
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Figure 7. Distribution of body weights of melanocortin-4 receptor (mc4r)-mutated Kansas random
channel catfish, Ictalurus punctatus, at 30 days post fertilization (dpf) compared with full-sib control
fish. The fry were reared in fry catchers in a flow-through system and fed Artemia nauplii for one
week post fertilization, followed by Purina® AquaMax® Fry Powder. The mean body weight of the
mc4r-mutated fry was higher than the control fry (independent t-test, p = 0.001).
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4. Discussion

Gene editing of the channel catfish mc4r gene using the CRISPR-Cas9 system was
accomplished with both electroporation and microinjection. In the first experiment, the
plasmids expressing Cas9 and sgRNAs were delivered into fertilized eggs using electro-
poration, whereas in the second experiment, the gRNA and Cas9 protein were directly
co-injected into the zygote at the one-cell stage. The overall mutation rates were 30.6% and
66.7–90.6% for the electroporation and microinjection, respectively. The mutated fish gener-
ated via electroporation or microinjection exhibited 38% and 20% improvement in body
weight, respectively, when compared with the full-sib control fish. The feed conversion
ratio was also improved from 1.57 in the control fish to 1.18 in the mc4r-edited fish. No
potential integration events of plasmid constructs were detected in the gene-edited fish.

CRISPR-Cas9 has been used as a gene editing tool for targeted gene disruption in many
living organisms such as the fruit fly [57], zebrafish [43], medaka [58], mice [59], sheep [60],
cattle [61], and human cells [62]. The mutation rate differs among studies, ranging from
2–4% [63] to 75–99% [43]. In aquaculture species, CRISPR-Cas9 gene editing was performed
in common carp [38], Atlantic salmon, Salmo salar [36], Nile tilapia, Oreochromis niloticus [37],
and channel catfish [64]. The mutation rate ranged widely from 2% [35] to 100% [65]. In
our study, the mutation rate was 30.6% for electroporation, while the mutation rate varied
from 66.7% to 90.6% for microinjection. These results are consistent with these previous
studies on channel catfish [34,53,65]. The higher mutation rate for microinjection compared
with electroporation was expected. The CRISPR-Cas9 system can be introduced into all
microinjected zygotes, whereas in electroporation, the uptake of exogenous nucleic acids by
all zygotes is not guaranteed. However, electroporation provides a non-invasive alternative
in which gene-editing tools could be applied to large batches of embryos in a short time [34].
In the current study, the overall mutation rates were higher than those obtained in Atlantic
salmon [36,66] and common carp [38].

Oligonucleotides are most active when injected directly into the embryonic cells rather
than the yolk [67]. However, this procedure needs careful orientation of the embryos and is
more time consuming. We co-microinjected Cas9 protein and sgRNA directly into the yolk
at the one-cell stage so that it would be transferred to the cytoplasm through cytoplasmic
streaming [68,69]. This is usually adequate to edit the genome, requiring less time and
effort during microinjection with less disruption of embryos, leading to higher mutation
and survival rates [34]. In addition, microinjecting the Cas9 protein instead of its plasmid
eliminated the time required for expression of Cas9 plasmids and made genome targeting
during the one-cell stage of embryonic development possible.

The CRISPR-Cas9 system showed high gene-targeting specificity, as all the mutations
were located within the expected sgRNA binding sites. These mutations should lead
to deletion of key amino acids and/or frameshift, generating a premature stop codon
and early termination of translation, which should disrupt the molecular functions of
the gene. In the design of sgRNA for the current study, our in silico investigation did
not discover any possible off-targets. This is supported by the absence of any adverse
effects on embryonic development or survival as compared with other gene-editing tools
such as the zinc finger nucleases (ZFNs) or transcription activator-like effector nucleases
(TALENs) [70]. Compared to the results obtained from TALENs and ZFNs in channel
catfish [64,71], the CRISPR-Cas9 system has higher specificity in targeted gene editing,
low incidence of off-target effects, and low cell toxicity, which is similar to what was
accomplished in zebrafish [43], medaka [58], Nile tilapia [37], Atlantic salmon [36], and
channel catfish [53,65].

Electroporated fish showed a 285 bp on-target deletion in addition to substitution
mutations that were not at the target sites but were still within the coding sequence. The
285 bp deletion began 14 bp upstream of the start codon and continued for 271 bp in the 5′

end of the coding sequence. The deletion of the 5′ untranslated leader and the start codon
from mRNA should reduce ribosome binding strength and translational efficiency [72],
and if translated, 90 amino acid residues would be missing from the protein’s N-terminal
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end in addition to a frameshift mutation. All these consequences of the deletion would
likely inhibit MC4R function. Unlike electroporation, which gave only one type of deletion,
microinjected fish had several forms of on-target mutations ranging from insertion/deletion
of a few base pairs to 693 bp deletion. Deletion or insertion of nucleotides that are not
multiples of three is expected to switch the reading frame and change the entire protein. The
MC4RA sgRNA resulted in six types of mutations, including 4, 8, 13, 18, and 22 bp deletions
and a 14-bp insertion. The 18 bp deletion is expected to eliminate 6 amino acid residues
from the protein without changing the frame for translation, while all other mutations
should result in a frameshift and a premature stop codon. MC4RB induced two deletions
(6 and 10 bp) and 9 bp insertion. A deletion of 516 bp was generated by MC4RC sgRNA
in addition to 4 and 12 bp insertions. Eleven mutations were identified in the MC4RMIX
group which was simultaneously injected with the three sgRNAs. These mutations included
insertions, deletions, or a combination of both. About 82% of these mutations (9 of 11) are
expected to shift the reading frame. The other two mutations—the deletions of 264 and 693
bp—would not change the reading frame but are expected to eliminate 88 and 231 amino
acid residues from the protein. Compared with the wild type, the patterns and lengths of
bands revealed with gel electrophoresis differed depending on the treatment group of the
mutated fry. The mutated samples of the MC4RMIX group showed the highest variability
in banding patterns revealed by gel electrophoresis. Similarly, the alignment of MC4RMIX
group sequences revealed the most variable types of mutation. This may be attributed to
the co-injection of the three sgRNAs resulting in several possibilities of double strand break
and repair. In several sequencing clones from the MC4RMIX group, the region between
two or three sgRNAs was eliminated. This result aligns with those of previous reports of
inducing large deletions in channel catfish using multiple sgRNAs simultaneously [53].

The CRISPR/Cas9 system was previously microinjected in channel catfish in our
laboratory with variable rates of embryo hatch and fry survival. In the present study, these
rates were comparable to those of previous results on channel catfish with considerably
high mutation rates [34,53,64,65]. For electroporated fish, hatching, survival, and mutation
rates were not greatly changed from what was obtained before [64,71]. In the present study,
we assessed the effects of the microinjection technique and introduction of the CRISPR-Cas9
system on embryo survival, hatch rate, and early fry survival. We included an injected
control group (without CRISPR-Cas9) in addition to the normal non-injected control group.
The injection negatively affected embryo survival while the CRISPR-Cas9 system did not
exhibit any noticeable effects on embryonic development or hatch rate, which aligns with
the results of Elaswad et al. in channel catfish [53]. In addition, we did not record any
abnormalities pre or post hatching, suggesting that off-target mutations did not occur or
did not affect the embryonic development or hatching.

Mutations in the mc4r gene have been reported in several species including mammals,
birds, and fish [73–75], resulting in increased body weight. The mc4r gene was edited
in zebrafish [76], channel catfish [32], rats, and mice [77]. In zebrafish, knockout of the
mc4r gene improved growth after 2.5 months post fertilization [78]. In a previous study
on channel catfish, mc4r mutants exhibited 40% and 30% increase in body weight at the
stocker stage (50 g) and the market size, respectively [32]. In the current study, growth was
improved by 20% in the one-month-old fry compared with 38% improvement in nineteen-
month-old fish. The variations in body weights of the mutated fish were higher than the
control fish, which provides the basis for selective breeding to further increase growth and
reduce variation. Therefore, future studies are needed to correlate the different types of
mutations with body weight. The previous study [32] was conducted with communal eval-
uation and the current one was conducted with separate evaluation, and the results were
similar with no apparent genotype–environment interactions. This is also circumstantial
evidence that the aggressiveness of the mc4r mutants and wild type were similar in regard
to feeding behavior.

Myostatin (MSTN) is another target for growth improvement in fish. MSTN was
successfully knocked out in channel catfish using the CRISPR-Cas9 system [39,65]. The
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improvement in body weight was variable. At one month of age, the mean body weight
of the MSTN-mutant fry was 29.7% higher than the full-sib wild-type fry [65]. The P1
MSTN-mutant channel catfish exhibited 88% and 27% higher body weight than the control
fish at the stocker stage (100–200 g) and market size, respectively [39]. The F1 MSTN-
mutant channel catfish were 218% larger than the control fish at the stocker stage [39].
Considering the improvement of body weight in the mc4r and MSTN mutant fish, it would
be interesting to edit these two genes simultaneously in channel catfish and assess the
effects in double mutants.

In aquaculture, feeding costs exceed half of the variable operating costs [41]. Therefore,
the lower the feeding costs, the higher the profitability of aquaculture production. In our
study, the mean FCR was 1.18 in the mc4r-edited fish compared with 1.57 in the control
fish. Although the calculated FCR was not statistically different between the mc4r-edited
fish and the control fish, it suggests an economically important result. The mc4r-edited
fish consumed about 25% less feed to produce the same live weight as the control fish,
which can be translated into lower variable operating costs and higher profits. However,
production-scale performance trials and in the commercial environment, ponds, are needed
to demonstrate this point. Previous studies have reported that certain mutations in the
mc4r gene were associated with improved FCR in pigs. In Lithuanian White pigs, a
significant association between mc4r mutations and better FCR was reported [79]. Another
study indicated that the best FCR was linked with certain polymorphisms in the mc4r
gene in Italian Large White and Italian Duroc pigs [80]. The improvement of growth and
FCR reported in the current study can be maximized by applying genetic improvement
programs, such as selection, to the mc4r-mutant fish. Enhancing growth and improving
FCR are desirable traits for aquaculture production and profitability.

Overall, there are fewer concerns regarding commercialization of gene-edited animals
than transgenic animals. In the United States, the Food and Drug Administration (FDA)
regulates gene-edited animals, and no gene-edited animals have completely navigated the
FDA process to date. However, myostatin gene-edited Nile tilapia are now approved in
Argentina and Brazil [81]. The Japanese Ministry for Health, Labor and Welfare approved
mstn-knockout red sea bream (Pagrus major) and leptin gene-edited tiger puffer (Takifugu
rubripes), and they are now sold in Japan.

5. Conclusions

We successfully applied CRISPR-Cas9 technology for targeted gene editing in channel
catfish. Both electroporation and microinjection approaches were evaluated, and the
channel catfish mc4r gene was mutated. At the fry stage, growth was enhanced by 20% in
mc4r-mutated fry. The mutated fish showed 38% improvement in body weight compared
with the full-sib control fish. The FCR was 1.18 in the mc4r-edited fish compared with
1.57 in the control fish. Our study goes beyond vertebrate models (zebrafish and medaka)
and addresses the utility of CRISPR-Cas9 as an efficient tool in generating gene-edited
channel catfish, and potentially other aquaculture species, with high efficiency. Further
studies are needed to evaluate the carcass composition and meat-quality traits of mutated
fish when they reach food size and to demonstrate results at the production scale. Other
physiological parameters and immune status are worthy of being considered and linked to
the productivity of these gene-modified strains.
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