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Abstract

With external fertilization, high fecundity, and established methods for propagation and larval rearing for cultured
species, fish provide systems well suited to genome-editing procedures. While early experiments utilized zinc-finger
nucleases and transcription activator-like effector nucleases (TALENs), most recent ones have used the CRISPR/Cas9
editor, and achieved rates of targeted genomic insertion well above those of classical transgenic methods, with lower

frequencies of off-site integration. Genome-editing experiments with cultured fishes have focused on improving
growth rate and disease resistance, achievement of reproductive confinement, and other valued traits. As reviewed
here, advances in knowledge of key molecular pathways and, in some cases, favorable alterations of phenotype have
been achieved. For example, loss-of-function of myostatin, a negative regulator of muscle growth, led to increased
muscle mass, greater weight, and greater fillet yield in genome-edited lines of red sea bream, tiger puffer, and Nile
tilapia than in their unedited counterparts. The red sea bream line become the first genome-edited animal to reach
commercial production. As for all animals, wide adoption of genome-edited fishes will depend upon addressing
issues of regulation, consumer acceptance, and breeding infrastructure.
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Introduction
Aquaculture, the controlled production of aquatic and
marine organisms, makes an important contribution to
the world supply of fisheries products. That contribution
has grown from 4% of world fisheries products in 1970
to over half today (Fig. 1), a growth rate of approximately
5.3% annually from 2001 to 2018 (FAO 2020). Aquacul-
ture products are important to human nutrition, espe-
cially in developing countries, contributing a large part of
the protein consumed. Aquaculture employs 20.5 million
people globally, 85% of them in Asia (FAO 2020).
Intensification of aquaculture production would con-
tribute to human well-being. Intensification can be
achieved by improving production systems and, more
critical to the scope of this review, by genetic improve-
ment of the farmed types (Mair and Lucente 2020).
Selective breeding of aquaculture species has achieved
notable successes, including Donaldson strain rainbow
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trout Oncorhynchus mykiss (Donaldson and Olson 1957),
Norwegian Atlantic salmon Salmo salar (Thodesen and
Gjedrem 2006), and Genetically Improved Farmed Tila-
pia (GIFT) Oreochromis niloticus (Ponzoni et al. 2011).
Further production value can be added by contributions
from biotechnology, including development of mono-
sex, triploid, genetically modified (Dunham 2011) and
genome-edited stocks. The application of genome-edit-
ing tools to improvement of cultured fishes is the focus
of this literature review and synthesis. Genome editing
of fishes has been reviewed by Barman et al. (2017), Zhu
and Ge (2018), Wargelius (2019), Gratacap et al. (2019),
Blix et al. (2021), and Yang et al. (2022). My objectives
are to provide an update on technical progress in genome
editing of cultured fishes, and to characterize regulatory,
consumer acceptance, and infrastructural issues facing
the adoption of genome-edited lines by the commercial
aquaculture sector.
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Progress in applying genome editing methods

to fishes

Fishes have high fecundity, ranging from hundreds (tila-
pias) to thousands (most freshwater fishes) to many
thousands (most marine fishes) of eggs per ovulation.
Protocols for artificial induction of spawning exist for
many cultured species. Fertilization of eggs is external,
and easily conducted in vitro. The eggs are large relative
to those of mammals, and are amenable to microinjec-
tion, electroporation, or other protocols to introduce
DNA constructs. Embryonic and larval development
occur outside the mother, and egg incubation and larval
rearing methods are established for aquacultured species.
For aquaculture species, generation times range from one
(tilapias) to several (carps, salmonids, catfishes) years.
These life-history and culture attributes are such that
fishes provide systems highly suitable for genetic modifi-
cations, including genome editing.

Proof of principle and application of alternative genome
editing approaches

Genome editing in fishes, as in any organism might be
approached through use of zinc-finger nucleases, ZFNs
(Bibikova et al. 2002, 2003), transcription activator-
like effector nucleases, TALENs (Boch and Bonas 2010)
or CRISPR-Cas9 (Doundna and Charpentier 2014).
Although ZFNs and TALENs made production of gene-
edited animals possible, they proved relatively difficult
to engineer and showed relatively low specificity to tar-
get DNA sequences (Maggio and Goncalves 2015). The
CRISPR/Cas9 (clustered regularly interspaced short pal-
indromic repeats/CRISPR-associated protein 9) system
originally was identified in bacteria and archaea, where
it provides a defense against bacteriophages and foreign

DNA (Horvath and Barrangou 2010; Garneau et al. 2010;
Wiedenheft et al. 2012). The CRISPR from Streptococ-
cus pyogenes (Horvath and Barrangou 2010; Ran et al.
2013) and endonuclease Cas9 are introduced into a host
cell with a synthetic small guide RNA (sgRNA) target-
ing a gene, creating a double-strand break in the DNA
at a targeted site. All genome-editing tools employ site-
directed nuclease (SDN) technology to make a targeted
DNA break. The host’s non-homologous end-joining
(NHEJ]) or homology-directed repair (HDR) process re-
ligates the double-strand break. SDN applications are
divided conceptually into three categories (NBT Plat-
form 2014). SDN-1 produces a double-stranded break in
the host genome without addition of foreign DNA. The
spontaneous repair of this break can lead to a mutation
or deletion, causing gene silencing, gene knock-out, or a
change in the activity of a gene. SDN-2 produces a dou-
ble-stranded break, and a small nucleotide template is
supplied that is complementary to the area of the break,
which in turn, is used by the cell to repair the break. The
template contains one to several small sequence changes
in the genomic code, which the host DNA repair mecha-
nism copies into the host genome, resulting in a muta-
tion of the target gene. SDN-1 and SDN-2 mutations
can be as specific as the editing of a single base. SDN-3
also induces a double-stranded break in the DNA, but is
accompanied by a template containing a gene or other
sequence of genetic material. The cell's DNA repair sys-
tem utilizes this template to repair the break, resulting in
the introduction of new genetic material. As noted below,
the distinction between these SDN categories likely will
affect government oversight of animals produced by
genome-editing technology and likely also public percep-
tion of applications of genome editing.
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Researchers seek new tools to improve editing effi-
ciency and reduce the rate of off-target mutations, lead-
ing to development of a new class of genome editors call
base editors. Base editors change one base to another
without breaking the target DNA strand. The first-devel-
oped cytosine base editor converts a cytosine—guanine
(C-G) base pair into a thymine—adenine (T-A) base
pair (Komor et al. 2016). Shortly later, an adenine base
editor was developed (Gaudelli et al. 2017) to transform
A-T to C-G base-pairs. Subsequently, Anzalone et al.
(2019) reported development of prime editing technol-
ogy, which addresses the limitations of base editing; that
is, prime editing implements all 12 types of base substi-
tutions (eight base transversions, four base conversions),
with a maximum of 44-base insertions and 80-base dele-
tions. Base editors provide higher transformation effi-
ciencies, about 40-50% for cell lines, and cause fewer
off-target mutations than previous genome editors.
Improved base editors are being developed at a rapid rate,
and are being applied to correct point mutations in cell
lines and animal model systems, with an eye to eventual
use for clinical use in human systems (Ravindran 2019).
Model systems notably include zebrafish Danio rerio
(Zhang et al. 2017; Qin et al. 2018; Lu et al. 2021). To my
knowledge, there are yet no reports of application of base
editing techniques to aquaculture species. Unlike ZFNs
and TALENs, for CRISPR/Cas9, the sgRNA is the only
component that needs to be designed for each genomic
target, simplifying the design and reducing the cost of
genome editing. Hence, CRISPR/Cas9 has been applied
in most recent studies of genome editing in fishes. The
first genome-editing experiments in fishes used model
systems such as zebrafish, first using ZFNs (Meng et al.
2008; Doyon et al. 2008), followed by the more efficient
TALENS (Huang et al. 2011), and ultimately by CRISPR/
Cas9 (Hwang et al. 2013). CRISPR/Cas9 is so efficient
that it can induce gene specific bi-allelic mutations in
the first, F, generation (Jao et al. 2013), making this tool
potentially useful for practical application in aquaculture
species with longer generation times.

Attempting to create specific bi-allelic mutations in
target genes in Atlantic salmon using the CRISPR/Cas9
system, Edvardsen et al. (2014) selected as markers genes
producing pronounced pigmentation phenotypes. Oli-
gonucleotides targeting the solute carrier family 45,
member 2 (slc45a2) and tyrosinase (tyr) genes that are
be involved in pigmentation in zebrafish and other spe-
cies were cloned into a CRISPR vector. The embryos were
assayed for mutation rates at the 17-somite stage, when
40 and 22% of all injected embryos showed mutations
at slc45a2 and tyr, respectively. At hatch, the effects of
mutations were readily visible for both targeted genes,
displaying a range of phenotypes from complete lack of
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pigmentation, to partial loss, to normal pigmentation
(Fig. 2), demonstrating that CRISPR/Cas9 can induce
double-allelic knockout in the F, generation. Because the
types and frequencies of indels might affect phenotype,
variation of indels was assayed among the graded pig-
mentation phenotypes produced by CRISPR/Cas9-edit-
ing of slc45a2. The results showed fewer types of indels in
juveniles completely lacking pigmentation than in juve-
niles displaying partial pigmentation. Hence, targeted
double-allelic mutations can be obtained, but mosaicism
has to be considered.

In a variation of the common method of using mRNA
injections, Qin et al. (2016) designed three sets of ZFN
plasmids targeting the luteinizing hormone (LH) gene
and electroporated them at different concentrations into
one-cell channel catfish Ictalurus punctatus embryos.
The overall mutation rate was 19.7% for 66 channel cat-
fish, and the most effective treatment used ZFN set 1 at
a concentration 25 pg/ml. This was the first instance of
genome editing of fish via plasmid introduction, which

Fig. 2 Reduced pigmentation in larval Atlantic salmon modified
by Edvardsen et al. (2014). The solute carrier family 45, member 2
(slc45a2) and tyrosinase (tyr) genes are known to be involved in
pigmentation in fishes. Forty and 22% of injected Atlantic salmon
embryos showed mutations at slc45a2 and tyr, shown at top and
bottom, respectively, displayed phenotypes ranging from complete
lack of pigmentation, to partial loss, to normal pigmentation
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may have reduced mosaicism, as mutated individuals
were genome-edited in every tissue evaluated. Appar-
ently, the plasmids were eventually degraded without
integration, as they were not detectable in mutated indi-
viduals using PCR.

Marine fishes characteristically have high fecundity, but
low larval survival. Effective genome editing in marine
fishes will depend upon developing microinjection meth-
ods where eggs maintain their rate of survival and many
can be treated. Kishimoto et al. (2019) investigated the
effects of different isotonic solutions and elapsed time
from stripping of gametes from broodstock and from fer-
tilization to microinjection upon survival and numbers
of tiger pufferfish Takifugu rubripes and red sea bream
Pagrus major eggs treated. For pufferfish, Iwamatsu solu-
tion or diluted sea water was effective as the soaking
solution, and fertilization could be performed at intervals
of 15 min from fertilization until 2.5 h after stripping.
For red sea bream, Leibovitz’s L-15 medium or Iwamatsu
solution was effective as the soaking solution and ferti-
lization could be performed at intervals of 10 min from
fertilization until 2.5 h after stripping.

Though microinjection is the most common method
for manipulating fish embryos, it is not easy to inject the
RNA into the small eggs of pelagic marine fishes with a
hard egg chorion, such as olive flounder Paralichthys oli-
vaceus. Wang et al. (2021) evaluated use of electropora-
tion and the CRISPR/Cas9 system to edit different genes,
myomaker and gonadal soma derived factor (gsdf). With
electroporation at 3 pulses for 1 ms (ms) with a 50-ms
interval at 25 V, around 12% and 7% of the electroporated
embryos for myomaker and gsdf hatched, respectively.
Both insert and deletion mutations at the candidate sites
were observed for both targeted genes in the hatched
larvae. The observed frame-shift and start-codon dele-
tion mutations would lead to complete knockout of gene
expression. Using CRISPR/Cas9 and electroporation,
genome editing could be achieved on a large scale, which
may prove useful for marine fishes.

Improving the efficiency of precise genome editing in
founder individuals is more important than obtaining
a high number of mosaic F; fish; hence, recent meth-
odological work has focused on how to optimize edit-
ing protocols. CRISPR/Cas9-mediated gene knockouts
are produced by a Cas9-induced double-stranded DNA
break followed by activation of the endogenous, error-
prone non-homologous end joining (NHE]) pathway,
which introduces indels at the repair junction. Espe-
cially for fishes or other animals with a long generation
time, investigators would want to study the effects of
gene knockout in the F, generation; however, mosaicism
caused by NHE] may include partly functional in-frame
indels that affect the result. Better-controlled insertions
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utilizing the homology directed repair (HDR) mechanism
might instead be used to effectively insert a stop codon.
Double strand break repair by HDR can occur by several
pathways, such as synthesis-dependent strand anneal-
ing, or by the formation of Holliday junctions that can
be resolved with or without crossing-over. Straume et al.
(2020) performed knock-in of a FLAG element in the
slc45a2 gene in Atlantic salmon using sense, anti-sense,
and double-stranded oligodeoxynucleotide (ODN) tem-
plates with short (24, 48, or 84 bp) homology arms. They
observed ODN integration in almost all of the genome-
edited animals, including perfect HDR rates of up to 27%
in individual F;, embryos, much higher than reported
previously in any fish. HDR efficiency was dependent on
template concentration, but not homology arm length.
Analysis of imperfect HDR variants suggested that repair
occurs by synthesis-dependent strand annealing, with
indel location dependent on template polarity. Cor-
rect ODN polarity can be used to avoid 5'-indels inter-
rupting the reading frame of an inserted sequence and
could be important for HDR template design. Straume
et al. (2021) aimed to further improve the HDR preci-
sion and efficiency, aiming to reduce mosaicism in indi-
vidual F; animals. Asymmetrical ODNs in combination
with CRISPR/Cas9 have been shown to improve HDR
rates in cell cultures and induced pluripotent stem cells.
They showed that asymmetrical oligonucleotide donors
induced highly efficient and precise edits in individual
Atlantic salmon founder animals. They performed sin-
gle nucleotide replacement in the dead end (dnd) gene
with up to 59.2% efficiency, and inserted FLAG elements
into slc45a2 and dnd, with up to 36.7% and 19 32.7% effi-
ciency, respectively. HDR efficiency was dependent on
template concentration, but there was a trade-off with
respect to toxicity.

Before genome-edited fishes can enter routine com-
mercial production, technical issues of off-target muta-
tion and mosaicism in the founder F, generation must be
resolved. Although genome editors are designed to target
particular genomic sequences in the host, mutations also
can affect untargeted locations. Such off-target muta-
tions are the result of the editor’s guide RNA annealing to
non-targeted sequences in the genome, initiating muta-
tions that might lead to unknown or unintended effects
upon the host, such as change in gene activity, gene
silencing, or gene knockout (Kosicki et al. 2018). High
rates of embryo mortality (Qin et al. 2016; Elaswad et al.
2018; Simora et al. 2020) or malformation (Baloch et al.
2019) observed in some studies may have been the conse-
quence of off-target mutations. Such off-target mutations
can prove difficult to detect because the number and site
of nucleotide changes are unknown to the investigator.
The specificity of annealing of a guide RNA to host DNA
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may be the critical factor driving the frequency of off-tar-
get effects; Elaswad et al. (2018) suggest that a guide RNA
with as many as five mismatching guide RNA nucleotides
could still anneal to a host sequence. Off-target effects
may be minimized by careful design of the guide RNA
by comparing the candidate guide RNAs to established
genome assemblies; this approach has been applied in
some fish genome-editing studies date (e.g., Wargelius
et al. 2016; Zhong et al. 2016; Kishimoto et al. 2018, and
others—see Blix et al. 2021), although reference genomes
may be sparse or absent for some cultured species. Elas-
wad et al. (2018) suggest the use of Cas9 nickase with
paired guide RNAs to reduce off-target effects. Mosai-
cism for a mutation may occur in founder individuals
due to delayed induction of the mutation during embry-
ogenesis. An approach to recognizing off-target muta-
tions and mosaicism in founder individuals would be
routine rescreening of the genome for discovery of new
mutations. Application of this approach is complicated,
however, by natural DNA sequence variation within the
species, which by making comparator sequences unclear,
malkes it difficult to definitively identify off-target effects.
Blix et al. (2021) provide a more thorough consideration
of off-target effects in genome-edited finfishes. They sug-
gested broader use of next-generation sequencing and
multiple -omics approaches to distinguish natural DNA
sequence variation and the effects of mutations induced
by genome editing.

As jawless vertebrates, studies of lamprey development
and gene function provide insight into development of
the cranium and morphologies unique to vertebrates,
such as the neural crest, brain, pharyngeal skeleton, jaw,
vertebrae and appendages. Techniques for transforma-
tion of lampreys had not been established, and methods
to generate mutations through germ-line transmission
would be difficult to implement, as lampreys have a
complex life cycles and take up to 20 years to reach sex-
ual maturation. Zu et al. (2016) developed a CRISPR/
Cas9 system optimized for lamprey genomes and used
it to edit loci in Northeast Chinese lamprey Lethenteron
morii. Frequencies of indels observed at the target loci
golden (gol), kctd10, weel, soxe2, and wnt7b estimated
from direct sequencing of genomic DNA from injected
lamprey larvae ranged from 84 to 99%. These indels often
occurred in both alleles. Following editing of go/ and
ketd10, 38.6% and 85.3% of the targeted larvae exhibited
reduced retinal pigmentation and heart malformation,
respectively. Genome editing thus has the potential for
efficient genetic perturbation in organisms less amena-
ble to gene manipulation, which could facilitate studies of
development studies in additional model systems.

While sturgeons produce highly valued eggs and meat,
selective breeding is limited by their long generation
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time, usually 6-12 years for males and 10-18 years for
females. Hence, there is interest in applying genome-
editing techniques to achieve targeted modifications
rapidly. Chen et al. (2018) developed gene transfer and
genome-editing techniques for sterlet Acipenser ruthe-
nus. Following classical gene transfer of the enhanced
green fluorescent protein (EGFP) gene, it was efficiently
disrupted by use of TALENs or CRISPR/Cas9 systems.
The endogenous #no tail gene in sterlet was edited using
CRISPR/Cas9, with mutant P, embryos displaying the
expected phenotypes of bent spine and twisted tail. Effi-
cient mutation of endogenous genes in tetraploid star-
let suggested the utility of the CRISPR/Cas9 system in
in other sturgeon species with hexaploid or octoploid
genomes.

Enhancement of growth and muscular development
While genetic improvement programs may have multi-
ple breeding goals, rapid growth rate is universally val-
ued. Some programs also target greater investment in
the musculature, the portion of the fish that is ultimately
consumed.

Myostatin is a key regulator of skeletal muscle growth
in all vertebrates and regulates myoblast differentia-
tion in vitro. Expression of myostatin (mstn), or growth
and differentiation factor 8, is linked with the so-called
“double-muscled” phenotype in Belgian Blue and Pied-
montese cattle, resulting in a significant increase in
muscling compared to breeds lacking the causal muta-
tion (Grobet et al. 1998). Mstn knockout in mice led to
increased muscle mass (McPherron et al. 1997). The mstn
protein is conserved in teleost fishes, but its functions in
fishes were unknown because of the lack of spontane-
ous mstn null mutations. Knockout of mstn contributed
to understanding of the roles of this gene in fishes and
could contribute to purposeful alteration of phenotype.
Genome-editing experiments have targeted the myosta-
tin gene of several cultured fishes.

Yellow catfish Pelteobagrus fulvidraco is one of the
most important freshwater aquaculture species in China,
and hence worldwide (Table 1). However, small size and
low fillet yield limit its value. To assess the role of mstn
expression on growth and seeking to create a strain of
yellow catfish with heightened muscle mass, Dong et al.
(2011) targeted disruption of the mstn gene using zinc-
finger nucleases (ZFNs). Using zebrafish embryos as a
screening system, they obtained a pair of ZFNs that could
edit mstn. Using the ZFNs, they produced two yellow cat-
fish founders carrying a mutated mstn gene in their germ
cells. Founder July29-7 had a 4-bp insertion, predicted
to encode functionally null mstn. Founder July29-8 car-
ried a complex mutation, predicted to encode a protein
lacking two amino acids in the N-terminal secretory
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Table 1 Animal species important to aquaculture, ranked by contribution in percent to world finfish production (FAO 2020;
contributions do not add to 100% because species groups are not here included), and traits approached using genome editing

Species or group Share of 2018 Growth, muscle Reproductive Disease Other trait
production  development confinement resistance

Grass carp, Ctenopharyngodon idellus 10.5 X

Silver carp, Hypophthalmichthys molitrix 8.8

Nile tilapia, Oreochromis niloticus 83 X X

Common carp, Cyprinus carpio 7.7 X

Bighead carp, Hypophthalmichthys nobilis 58

Catla, Catla catla 56

Crucian carps, Carassius spp. 5.1 Coloration

Atlantic salmon, Salmo salar 45 X Coloration, fatty acid metabolism

Striped catfish, Pangasianodon hypophthalmus 4.3

Rohu, Labeo rohita 37 X

Milkfish, Chanos chanos 24

Torpedo-shaped catfishes, Clarias spp. 23

Rainbow trout, Oncorhynchus mykiss 1.6 X

Wuchang bream, Megalobrama amblycephala 14

Black carp, Mylopharyngodon piceus 13

Yellow catfish, Pelteobagrus fulvidraco 0.9

Channel catfish, Ictalurus punctatus - X X

Large-scale loach, Paramisgurnus dabryanus - Coloration

Olive flounder, Paralichtyhs olivaceaous - X

Pacific bluefin tuna, Thunnus orientalus - Swimming behavior

Pacific oyster, Crassostrea gigas - Myosin function

Red sea bream, Pagrus major - X

Ridgetail white prawn, Exopalaemon carinicauda - Chitinase function

Southern catfish, Silurus meridionalus - X

Tiger pufferfish, Takifugu rubripes - X

signal. In total, they obtained six mstnnju6/4+ and four-
teen mstnnju7/+ yellow catfish. Zhang et al. (2020) sub-
sequently reported that the genome-edited mstna yellow
catfish grew and bred normally. Both male and female
homozygous mutants displayed two obvious muscle
masses between the head and dorsal fin at 1-month-
old (Fig. 3b), which become more obvious with growth.
The body weight of mstna-null yellow catfish was 1.27-
1.37-fold higher than their wild-type siblings at 80 and
210 days post-fertilization. Histological analysis revealed
that the mstna-knockout yellow catfish had increased
numbers of fibers, but decreased fiber size in skeletal
muscle (Fig. 3¢).

Dong et al. (2014) reported identification of a second
myostatin gene, mstnb, and its knockout in yellow cat-
fish. The gene comprises three exons, and is predicted to
encode 373 amino acid residues with 59.3% identity with
yellow catfish MSTNa. After employing TALENSs, four
randomly selected founders exhibited six mutated mstnb
alleles, four with non-frameshift and two with frameshift
mutations. The frameshift-mutated alleles included

mstnbnju22, an 8-bp deletion, and mstnbnju24, a com-
plex mutation comprising a 7-bp deletion and a 12-bp
insertion, which were predicted to encode functionally
null MSTNb. The authors obtained two founders carry-
ing the mutated mstnb gene in their germ cells.

Common carp Cyprinus carpio is cultured in more
than 100 countries, with annual production of approxi-
mately 3.7 million metric tons (FAO 2020). The presence
of inter-muscular bones prevents it from being more
widely popular. Zhong et al. (2016) employed TALEN and
CRISPR/Cas9 to target bone and muscle development-
related genes. In the bone formation pathway, bmp2a is
an upstream gene, runx2 and sp7 are midstream genes,
sppl is a downstream gene, and opg inhibits osteoclast
formation. Myostatin mstn is involved in muscle forma-
tion. TALENs were shown to induce mutations in the
targeted coding sites of the sp7, runx2, sppl, and mstn
genes. CRISPR-Cas9 was used to separately target the
two sp7 genes, sp7a and sp7b. Mutations in bone-forma-
tion-related genes resulted in severe bone defects. The
mstn-mutated fish had significantly more muscle cells.
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Fig. 3 Yellow catfish exhibiting wild-type (A) and edited myostatin a (B) phenotypes (Dong et al. 2011). The homozygous mutants displayed
double-muscling, with two obvious muscle masses between the head and dorsal fin at 1-month-old, which become more obvious with growth. C
Histological sections showed that mstna-knockout fish had increased numbers of fibers, with decreased fiber size

KO

The results demonstrated the effectiveness of TALEN
and CRISPR/Cas9 for targeted modification of the tetra-
ploid common carp genome, although the bone develop-
ment-related modification likely will not prove useful for
practical genetic improvement.

Channel catfish is an important aquaculture species in
the United States, with annual production of ~136 mil-
lion kg per year (USDA-NASS 2018). Khalil et al. (2017)
used CRISPR/Cas9 to target the channel catfish mstn
gene and induced 88-100% rates of mutagenesis in its
protein-encoding sites. Mstn-edited fry had more mus-
cle cells (»p<0.001) than controls, and the mean body
weight of gene-edited fry increased by 29.7%. Alignments
of DNA sequences among mutated and wild-type fish
revealed multiple insertions and deletions. Further study
is needed to evaluate carcass composition and meat-
quality traits of mutated individuals at commercial food
size (400-700 g), and other physiological and immune
traits would have to be considered and linked to the pro-
ductivity of genome-modified lines.

Olive flounder Paralichthys olivaceus is a commercially
important fish species in Korea, China, and Japan. Kim
et al. (2019) edited its mstn gene using the CRISPR/Cas9
system following microinjection of 1-cell or 2-cell stage
embryos. On-target mutations on the mstn locus were
generated in somatic tissues with 75.6% efficiency, and F,

founders harboring germline mutations were produced.
Restriction fragment length polymorphism analysis was
applied to select biallelic mutants in the F; generation,
and heterozygous biallelic mutants with mstn disruption
were obtained. Mstn-disrupted olive flounders exhibited
greater body thickness and increased condition factor,
indicating increase of muscle mass with muscle hyper-
plasia. Expression of mstn mRNA and protein was sig-
nificantly reduced in the muscle of genome-edited fish,
and mRNA expression of the major myogenic regulatory
factors myogenin, MyoD, and Myf5 was differentially
affected in mstn-disrupted mutants.

Red sea bream Pagrus major is an important aquacul-
ture fish in Japan. Using CRISPR/Cas9, Kishimoto et al.
(2018) demonstrated complete mstn knockout. The
mutations were deletions in the first exon of the mstn
gene, which caused disruption of the C-terminal active
domain of MSTN. The fish showed a 16% increase of
skeletal muscle, as well as short body length and small
centrum, which was not observed in studies of other
teleost fishes. They established the homozygous, gene-
disrupted line in 2 years, which was shorter than pos-
sible using conventional breeding. Ohama et al. (2020)
subsequently performed a feeding trial and characterized
growth rate, feed conversion efficiency, and whole-body
proximate analysis. Weight gain, specific growth rate, and
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feed efficiency were significantly higher in the homozy-
gous mutant (HM) group than that in the wild-type
(WT) group, and there was no significant difference in
the daily feed intake. The protein efficiency and apparent
protein retention were significantly higher in HM than
in WT. While HM fish fed similarly to WT fish during
the juvenile stage, HM fish had a higher ability to convert
feed efficiently and accumulate ingested protein, result-
ing in better overall growth.

The U.S.-based company AquaBounty has developed
a Nile tilapia Oreochomus niloticus FLT-01 line with a
26-bp deletion in its myostatin gene, creating an early
stop codon. Loss of function of myostatin led to increased
muscle mass, greater weight, and greater fillet yield than
its unedited counterpart (M. Walton, AquaBounty, pers.
comm). The FLT-01 line was created using microinjec-
tion with nuclease mRNA; no introduction of DNA was
involved. The final product is homozygous for the 26-bp
deletion, and there are no off-target sites of modification.

The growth hormone (GH)—insulin-like growth fac-
tor (IGF)-I axis is a positive regulator of growth in ver-
tebrates, including fishes. The IGF-binding proteins
(IGFBP) prolong the half-life of IGF-I in circulation and
regulate the availability of IGFs to target specific tissues.
In salmonid fishes, the majority of circulating IGF-I is
bound to IGF-binding proteins (IGFBP), with IGFBP-
2b the most abundant in circulation. Cleveland et al.
(2018) CRISPR/Cas9 to disrupt expression of a func-
tional IGFBP-2b protein by co-targeting for gene edit-
ing both IGFBP-2bl and IGFBP-2b2 subtypes, which
represent salmonid-specific gene duplicates in the
tetraploid salmonids. Twenty-four rainbow trout Onco-
rhynchus mykiss were produced with mutations in the
IGFBP-2b1 and IGFBP-2b2 genes. Mutant fish exhibited
between 8—100% and 2-83% frequencies of gene disrup-
tion for IGFBP-2bl and IGFBP-2b2, respectively, with
a positive correlation (p<0.001) in gene mutation rate
between individual fish. Analysis of IGFBP-2b protein
indicated reductions in plasma IGFBP-2b abundance to
between 4 and 96% of control levels. Plasma IGF-I, body
weight, and fork length were reduced in mutants at 8 and
10 months after hatch, which supports the interpretation
that IGFBP-2b is important for carrying IGF-I. Despite
reduced plasma IGF-I and IGFBP-2b in mutant indi-
viduals, growth retardation in mutants was less severe
between 10 and 12 months post-hatch (p <0.05), suggest-
ing a compensatory growth response.

Reproductive confinement and embryonic development

Cultured fishes routinely escape from aquaculture facili-
ties. They may pose ecological impacts upon receiving
ecosystems, especially if they are a non-native species,
and they pose genetic impacts upon populations with
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which they can interbreed. These concerns are especially
pertinent where aquaculture development is intensive
and where populations of conservation concern occur in
the accessible ecosystem. Further, reproductive confine-
ment protects the interest of the breeder in their invest-
ment in a genetic improvement program. Hence, lines of
research have been opened into reproductive confine-
ment of several key species groups. In mammals, which
have an XX/XY sex determination system, the Sry (sex-
determining region of the Y chromosome) gene was iden-
tified by Sinclair et al. (1990) as the first vertebrate master
sex-determining gene. In birds, which have a female het-
erogametic (ZZ/ZW) sex-determination system, the
Z-linked Dmrt1 (doublesex and mab-3 related transcrip-
tion factor 1) gene is a strong candidate for the chicken
sex-determining gene (Smith et al. 2009), triggering
gonadal masculinization by a double dosage mechanism
in males. Fishes exhibit a diversity of sex-determination
systems (Mank and Avise 2009). Those systems are not
well characterized in aquaculture species. Genome-edit-
ing techniques have contributed to understanding of sex
determination in some species and towards development
of reproductively confined aquaculture stocks.

Zhang et al. (2014) employed CRISPR/Cas9 to knock
out the dmrt6 gene in Nile tilapia. This knockout resulted
in fewer spermatocytes, down-regulated cytochrome
P,s, family 11 subfamily B member 2 (Cyp11b2) in tes-
tes, and consequently produced a lower level of serum
11-ketotestosterone (11-KT) in dmrt6-deficient XY
(male) fish compared to the XY control at 120 days-
after-hatch (dah). From 150 to 180 dah, spermatogenesis
gradually recovered, and cypl1b2 expression and serum
11-KT level were restored to the same levels as in the
XY control fish. A dmrt6 mutation was observed in the
genomic DNA of sperm of G, mutant and F, fish. Thus,
the dmrt6 gene is highly expressed in spermatocytes and
is involved in spermatogenesis in tilapia.

Li et al. (2014) used CRISPR/Cas9 to disrupt selected
genes involved in sexual differentiation in Nile tilapia,
including nanos2, nanos3, dmrtl, and foxl2. Nanos2
plays a key role in the sexual differentiation of germ cells
by promoting the male fate and suppressing the female
fate by suppressing meiosis. Nanos3 maintains the undif-
ferentiated state of germ cells regulating the spermato-
gonia cell cycle and inducing a prolonged transit in G1
phase. FoxI2, or forkhead box L2, encodes a protein con-
taining a fork-head DNA-binding domain and may play
a role in ovarian development and function. Mutation
efficiencies as high as 95% were observed. In the G, gen-
eration, loss of Nanos2 and Nanos3 in XY and XX fish
resulted in germ cell-deficient gonads. Masculinization
of somatic cells in both XY and XX gonads was demon-
strated by Dmrtl and Cypl1b2 immunohistochemistry
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and by up-regulation of serum androgen levels. Muta-
tions in dmrtl and foxl2 induced by CRISPR/Cas9 were
efficiently transmitted through the germline to the F,
generation.

Steroidogenic factor-1 (Sf-1), also known as nuclear
receptor subfamily 5 group A member 1 (NR5AI) is a
master regulator of steroidogenesis and reproduction in
mammals. Using immunohistochemistry, Xie et al. (2016)
detected expression of Sf-1 in steroidogenic cells, intersti-
tial, granulosa, and theca cells of the ovary, and in Leydig
cells of the testis in Nile tilapia. CRISPR/Cas9-mediated
cleavage of sf-1 resulted in a high mutation rate in the
F, generation associated with gonadal dysgenesis and
reduced steroidogenic cells in XX (female) and XY (male)
fish. In XX fish, sf-1 deficiency also resulted in decreased
cytochrome P, family 19 subfamily A, polypeptide
la, forkhead box L2, and serum estradiol-17b expres-
sion. In XY fish, Sf-1 deficiency increased cytochrome
P,so family 19 subfamily A polypeptide 1a and forkhead
box L2 expression, but decreased cytochrome P, fam-
ily 11 subfamily B polypeptide 2 expression and serum
11-ketotestosterone levels. 17a-methyltestosterone treat-
ment rescued the gonadal phenotype of Sf-1-deficient XY
fish, leading to normal spermatogenesis and production
of F, mutants. In contrast, estradiol-17f treatment only
partially rescued the gonadal phenotype of Sf-1-deficient
XX fish, as demonstrated by the appearance of phase II
oocytes. Further, both sf-1*/~ F; XX and XY mutants
developed as fertile males, although spermatogenesis was
delayed and efferent duct formation was disordered. Sf-1
deficiency resulted in gonadal dysgenesis and feminiza-
tion of XY gonads, and also resulted in female-to-male
sex reversal in 8.1% of F,and 92.1% of sf-1™/~ F, XX fish.

Gonadal soma-derived factor (Gsdf) is a TGF-f super-
family member expressed only in the gonads of fish,
predominantly in the Sertoli cells and neighboring sper-
matogonia of the testes. There was no direct evidence of
transcriptional regulation of gsdf. Jiang et al. (2016) used
CRSPR/Cas9 to knock out the gsdf gene of Nile tilapia.
F, gsdf-deficient XY fish with high mutation rate (>58%)
developed as intersex individuals, exhibiting ovotes-
tes at 90 dah, and became completely sex-reversed with
ovaries at 180 and 240 dah. Individuals with low muta-
tion rate (<58%) and XY gsdf"'~ fish developed as males
with normal testes. In F, XY gsdf '~ fish, the gonads first
expressed Dmrtl (doublesex and mab-3 related tran-
scription factor 1), which initiated the male pathway at 10
dah; then both male and female pathways were activated,
as reflected by the simultaneous expression of Dmrt1 and
Cypl9ala (ovarian aromatase) in different cell popula-
tions at 18 dah, and then shifted to the female pathway,
expressing only Cypl9ala at 36 dah, and developed func-
tional ovaries as adults. The male pathway and Dmrtl
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expression were initiated but not maintained in the
absence of Gsdf. Aromatase-inhibitor treatment from 10
to 35 dah rescued the phenotype, resulting in XY gsdf~~
individuals with normal testes that expressed Dmrt1 and
Cypl1b2. In-vitro promoter analyses demonstrated that
Dmrtl activated gsdf expression in a dose-dependent
manner in the presence of Sfl, although Dmrtl alone
could not. The results demonstrated that gsdf is a fac-
tor downstream of dmrtl in the reproductive regulatory
pathway, probably inhibiting estrogen production to trig-
ger testicular differentiation.

Eukaryotic translation elongation factor 1A (eEF1A) is
critical for protein synthesis, as it delivers aminoacylated
tRNAs to the A site of the ribosome. Mutation of elonga-
tion factors for protein synthesis may result in infertility
in vertebrates, but the role of eEF1A remains to be elu-
cidated. CRISPR/Cas9-mediated mutation of eEFIAIb
resulted in arrest of spermatogenesis and infertility in
F, male Nile tilapia (Chen et al. 2017). Heterozygous
mutation of eEFIA1b resulted in absence of spermato-
cytes at 90 dah, very few spermatocytes, spermatids,
and spermatozoa at 180 dah, and decreased Cypllb2
and serum 11-ketotestosterone level at both stages.
The eEF1A1b+/— males proved infertile due to abnor-
mal spermiogenesis. Transcriptomic analyses of the
eEFIA1b+/— testis from fish 180 dah revealed that key
elements involved in spermatogenesis, steroidogenesis,
and sperm motility were significantly down-regulated
compared with the control XY. Hence, eEF1A1b is crucial
for spermatogenesis and male fertility in Nile tilapia.

The urinary and genital systems are closely related dur-
ing embryogenesis. Wilms tumor 1 (Wtl) is an essential
factor for urogenital system development. Teleost fishes
have two wtl genes, wtla and wtlb. Jiang et al. (2017)
studied the expression and functions of wtla and wtlb
on the urogenital system of Nile tilapia using in-situ
hybridization and CRISPR/Cas9-mediated gene knock-
out. wtla was expressed in the glomerulus of the kidney
at 3 dah, earlier than wt1b. Wtla and wt1b were simulta-
neously expressed in the somatic cells of gonads at 3 dah,
when their cellular localizations were similar, although
not so in adult fish gonads. The wtia~'~ fish displayed
pericardial edema and yolk-sac edema at 3 dah which
subsequently expanded to general body edema at 6 dah,
failed to develop the glomerulus, and died during 6-10
dah, while the wt1b~/~ fish were phenotypically normal.
Immunohistochemical analyses revealed that the germ-
cell marker Vasa was expressed, while somatic-cell genes
Cypl9ala, Amh, Gsdf and Dmrtl were not expressed in
the wtla~'~ gonads at 6 dah. The sex phenotypes of XX
and XY in the wtIb~'~ fish were not affected. Real-time
PCR showed that ovarian cypl9ala expression was up-
regulated in XX wt1b~'~ fish relative to XX control fish at
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90 dah. Serum estradiol-17f level was also up-regulated
in XX wtlb™'" fish at 90 and 180 dah. The XY wtlb™'~
fish had normal serum estradiol-17p and 11-ketotestos-
terone levels and remained fertile. The results show that
Wtla and Wtlb have different functions in the kidneys
and gonads of Nile tilapia.

As a first step towards generating sterile channel cat-
fish, Qin et al. (2016) electroporated three sets of zinc fin-
ger nuclease plasmids targeting the luteinizing hormone
(LH) gene into one-cell embryos. DNA sequencing and
mating experiments showed that channel catfish carrying
the mutated LH gene were sterile. Carp pituitary extract
failed to induce spawning and restoration of fertility,
indicating the need for developing other hormone thera-
pies to achieve reversal of sterility upon demand.

Wargelius et al. (2016) investigated whether it is pos-
sible to produce germ cell-free Atlantic salmon in the
F, generation by using CRISPR/Cas9 to knock out dead
end, or dnd, a factor required for the survival of germ
cells in vertebrates. To avoid studying mosaic animals,
slc45a2, or alb, a pigmentation gene, was targeted simul-
taneously as an obvious visual tracer, as the phenotype of
alb knockout is complete loss of pigmentation. Induced
mutations for the alb and the dnd genes were highly cor-
related and produced germ cell-less fish lacking pigmen-
tation, demonstrating the utility of alb knockout as a
tracer for targeted double allelic mutations in F; animals
in species with long generation times. Analysis of gene
expression and histology of dnd knockout fish showed
that sexual differentiation of the somatic compartment
did not depend on the presence of germ cells, although
the organization of the ovarian somatic compartment
seemed compromised in mutant fish. Kleppe et al. (2017)
showed that the germ cell-free Atlantic salmon remained
immature and did not undergo puberty (Fig. 4). Salmon
lacking germ cells cannot be used for breeding; hence, a
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strategy for recovering reproductive ability is needed for
these fish to prove useful for aquaculture. Guralp et al.
(2020) reported a rescue approach for producing germ
cells in dnd knockout fish. They co-injected the wild-type
variant of salmon dnd mRNA together with CRISPR/
Cas9 constructs targeting dund into one-cell stage
embryos. Rescued one-year-old fish contained germ cells,
i.e., type A spermatogonia in males and previtellogenic
primary oocytes in females. Further study is needed of
germline transmission of dnd mutations and examination
of phenotypes and genotypes of F, juveniles. The group is
examining the maturation process in rescued males and
females, which takes an additional year in females, so that
generation of F; homozygous and heterozygous carriers
of the mutation would occur in 2021. The generation of
sterile offspring will take four more years, but poses pro-
duction of thousands of sterile larvae. Hence, evaluation
of this technology is ongoing and scale-up to commer-
cialization is yet over the horizon.

In vertebrates, female germ cells enter meiosis during
embryonic development, while male germ cells enter
meiosis at puberty. Retinoic acid (RA) is the key factor
controlling the sex-specific timing of meiotic initiation in
tetrapods; however, the role of RA in meiotic initiation
in teleost fishes has remained unclear. The level of RA is
regulated by the balance between synthesis by the retinal
dehydrogenase enzymes Aldhlal-3 and oxidative degra-
dation by the enzymes Cyp26al, b1, and c1 (cytochrome
P,5, family 26 subfamily A member 1, subfamily B mem-
berl, and subfamily C member 1, respectively). The
key factors regulating meiotic initiation in germ cells
in fish remain unclear. Feng et al. (2015) characterized
the genes encoding RA synthase aldhla2, and cata-
bolic enzyme cyp26al of Nile tilapia, a species lacking
the gene stra8 (stimulated by retinoic acid gene 8). The
expression of aldhla2 was up-regulated and cyp26al was
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Fig. 4 Aiming to produce reproductively confined Atlantic salmon, Wargelius et al. (2016) knocked out dnd, which encodes a factor required

for survival of germ cells. The induced dnd mutations produced fish lacking germ cells. Kleppe et al. (2017) showed that germ cell-free salmon
remained immature and did not undergo puberty. Top left: Wild-type female; inset picture shows developed ovaries. Top right: Dnd-knockout
female showing no ovarian development. Bottom left: Wild-type male with developed testes. Bottom right: Dnd-knockout male with undeveloped
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down-regulated before the meiotic initiation in ovaries
and in testes. Treatment with RA synthase inhibitor or
disruption of the aldhla2 gene by CRISPR/Cas9-medi-
ated genome editing resulted in delayed meiotic initia-
tion, with simultaneous down-regulation of cyp26al and
up-regulation of sycp3 (synaptonemal complex protein
3). Treatment with an inhibitor of RA catabolic enzyme
and disruption of cyp26al resulted in earlier meiotic ini-
tiation, with increased expression of aldhla2 and sycp3.
Treatment of XY male fish with estrogen (E2) and XX fish
with fadrozole led to sex reversal and reversion of meiotic
initiation. Thus, RA is indispensable for meiotic initiation
in teleost fishes via a stra8-independent signaling path-
way, and E2 is a major regulator of sex determination and
meiotic initiation in teleost fishes.

The stra8 gene has been observed in several fish spe-
cies, including Southern catfish Silurus meridionalis.
Li et al. (2016a) used immunohistochemistry, real-time
PCR, administration of exogenous RA, inhibition of RA
degradation, and CRISPR/Cas9-mediated knockdown
of cyp26al and showed induced meiotic initiation in the
ovaries. Hence, RA might trigger meiotic initiation via
stra8-dependent and independent pathways in different
teleost fishes.

Among 26 species of sturgeon, 22 are in some degree
of imperilment. Techniques promoting captive propaga-
tion of imperiled species would be valued for conserva-
tion aquaculture aimed at demographic enhancement of
targeted populations. Use of surrogate species has been
demonstrated in several piscine systems, in which germ-
line cells of the species of conservation interest are trans-
planted into a germ cell-free host of a related species,
ultimately yielding gametes. Such an approach would be
especially valued because of the late age-at-maturity for
sturgeons, but could be complicated by the polyploid
genome of the species. Because of its relatively young
maturation, Baloch et al. (2019) chose sterlet as the sur-
rogate for producing late-maturing species of sturgeons.
Using CRISPR/Cas9 technology to knock out dndi, few
or no primordial germ cells were detected in crispants.
Comparing three methods established to achieve sterility
in sterlet, they found higher embryo survival and hatch-
ing rates using CRISPR/Cas9 than for UV light treatment
or morpholino oligonucleotides.

Disease resistance

Aquaculturists routinely hold their stocks at popula-
tion densities well above those found in nature, and
the organisms may be subject to physiological or social
stress, rendering them susceptible to parasites and patho-
gens. Losses to parasites and disease threaten the viabil-
ity of aquaculture operations. While informed culturists
attend to water quality to minimize that driver of stress
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and practice biosecurity to limit entry of parasites and
pathogens into their facilities, genetic improvement
of disease resistance remains a high breeding priority.
Several genome-editing experiments have addressed
improvement of disease resistance.

Toll-like receptors (TLRs) are integral membrane glyco-
proteins with leucine-rich repeat (LRR) domains in their
extracellular regions for binding pathogen-associated
molecular patterns (PAMPs), and a Toll-interleukin-1
receptor domain (TIR), which transmits downstream sig-
nals into the cytosol to cue response of the immune sys-
tem. Elucidation of immune-related pathways has been
achieved by establishing model animals with disrupted
target genes, often knock-out mice. Chakrapani et al.
(2016) used the CRISPR/Cas9 system to disrupt the Toll-
like receptor 22 (TLR22) gene of rohu Labeo rohita, a
farmed Indian major carp. The null mutant lacked TLR22
mRNA expression. This carp model system could be used
to investigate the role pf TLR22 regarding resistance to
pathogenic double-stranded RNA viruses, bacteria, and
parasites such as fish lice.

The hemorrhagic disease of grass carp Ctenopharyn-
godon idellus, induced by grass carp reovirus (GCRV),
leads to huge economic losses. An effective approach is
needed to control against multiple genotypes of GCRV.
Junctional adhesion molecule-A (JAM-A) is an immuno-
globulin superfamily (IgSF) member. Recent reports sug-
gest that the grass carp JAM-A may be a useful target for
developing strategies against GCRV infection. Ma et al.
(2018) used CRISPR/Cas9 to knock out the grass carp
JAM-A gene and evaluated in vitro resistance against var-
ious GCRYV genotypes. The results showed that CRISPR/
Cas9 effectively knocked out JAM-A and reduced GCRV
infection for two different genotypes in grass carp kidney
cells. The results demonstrated that JAM-A is necessary
for GCRYV infection, suggesting a potential approach for
viral control in aquaculture. In-vivo experiments with
whole fish will be needed.

Disease resistance is an important trait for commercial
channel catfish production, and Elaswad et al. (2018) tar-
geted two disease susceptibility-related genes. The toll/
interleukin 1 receptor domain-containing adapter mol-
ecule (TICAM]I) gene is involved in the signaling path-
way initiated by Toll-like receptor 3. In channel catfish,
TICAM1 was dramatically upregulated following bac-
terial challenge with Edwardsiella ictaluri, while it was
downregulated in blue catfish Ictalurus furcatus, a closely
related species resistant to the disease. The rhamnose
binding lectin (RBL) gene plays an important role in early
infection with Flavobacterium columnare, the causa-
tive agent of columnaris disease, where acute and robust
upregulation was recorded in a columnaris-susceptible
channel catfish strain compared to a columnaris-resistant
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strain. The authors used CRISPR/Cas9 to target those
genes. The TICAMI mutation rate was 79% in the 24
individuals analyzed; deletion mutations resulted in
removal of a few to several amino acids from the pre-
dicted TICAM1 protein, changing the downstream
reading frame and prematurely terminating translation.
The RBL mutation rate was 88% among 40 individuals
analyzed; deletions ranged from 5 to 183 bp, while up
to 20 bp were inserted. The 183-bp deletions completely
removed intron 1, exon 2, and 19 bp from intron 2, which
should influence the splicing of the RBL gene since the
splice sites were mutated. Any effects of the mutations on
survival and disease resistance were not reported.

One strategy for development of disease-resistant
lines would be addition of genes whose products confer
resistance to disease. One class of antimicrobial pep-
tides (AMPs) that could prove useful are cathelicidins,
which exhibit broad-spectrum antimicrobial activity.
Cathelicidins derived from American alligator Alliga-
tor mississippiensis exhibit strong activity against some
Gram-negative bacteria, as well as multi-drug resistant
bacterial pathogens such as Acinetobacter baumannii
and Klebsiella pneumoniae. Using CRISPR/Cas 9, Simora
et al. (2020) integrated an exogenous alligator catheli-
cidin gene at high efficiency into a targeted non-coding
region of channel catfish chromosome 1 using synthe-
sized linear double-stranded DNA and cloned plasmid
DNA constructs. They tested two different promoters
for driving expression of the gene, the zebrafish ubiquitin
promoter and common carp B-actin promoter. Integra-
tion rates were higher in dead fry than in live fingerlings,
indicating either off-target effects or pleiotropic effects.
Low levels of mosaicism were detected in the tissues of P,
individuals harboring the transgene, and high transgene
expression was observed in the blood of some P, fish.
This may indicate expression of cathelicidin in neutro-
phils and macrophage granules, as is observed for most
antimicrobial peptides. Follow-up studies will be needed
to compare expression of cathelicidin driven by the ubig-
uitin and B-actin promoters. High expression of cathelici-
din in the blood, gills, and other tissues of channel catfish
is suggestive of potential disease resistance. Variability
in expression among individuals indicate that selection
among founders likely will be needed to maximize dis-
ease resistance.

Other breeding goals
Genome editing might be applied to approach other
breeding goals as well, including muscle contraction
properties, coloration, and fatty acid composition of the
flesh.

Aquaculture of tuna is an emerging sector in Mexico,
Australia, and Japan, and countries on the Mediterranean
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Sea. Producers have observed high mortality rates for
hatchery-reared juveniles following panic-induced colli-
sions with the walls of sea cases, often driven by changes
in illumination. A mutant zebrafish displaying slow
swimming and weak muscle contractions in response to
external stimuli carried a 32-bp ¢cDNA insertion in the
ryanodine receptor (ryrlb) gene, whose product allows
the sarcoplasmic reticulum to release Ca*" in fast skel-
etal muscle, suggesting that ryrib is critical to high-speed
swimming of fish. Higuchi et al. (2019) used TALENS tar-
geting exons 2 and 43 of the Pacific bluefin tuna Thunnus
orientalis ryr1b gene and induced such deletions. Ryr1b
expression was significantly decreased in the mutated
G, larvae at seven dah. A behavioral assay showed that
the ryrib-mutated larvae swam away less efficiently in
response to mechanosensory stimulation at 7 dah than
did wild-type larvae. The ryrib-mutated larvae survived
to a month after hatch. Further studies are needed to
examine the response to sudden illumination of ryrib-
mutated fish at the juvenile and later stages. Ryrlb-
mutated fish will have to be reared to adulthood for the
establishment of homozygous null F, fish and to examine
survival, growth and fillet quality. Amorphous cores in
muscle may affect fillet quality. Further, poor swimming
behaviour may negatively impact spawning behaviour
and mating success.

Coloration is a trait of interest in some aquaculture
species, as novel coloration may attract consumer atten-
tion to a fish product in the marketplace. As noted above,
by knocking out the tyrosinase (tyr) and solute carrier
family 45, member 2 (slc45a2) genes of Atlantic salmon,
Edvardsen et al. (2014) observed a graded range of phe-
notypes ranging from complete lack of pigmentation to
partial loss and normal pigmentation. Large-scale loach
Paramisgurnus dabryanus is an important aquacul-
ture species in southeast Asia. Traits of breeding inter-
est include body color, and Xu et al. (2019) employed
the CRISPR/Cas9 system to target tyr. Two guide RNAs
were designed and used separately, transforming 89.4%
and 96.1% of injected loach juveniles, respectively, which
displayed loss of pigmentation. One group of juveniles,
termed clear albino, may have high ornamental and com-
mercial value. White crucian carp (Carassius auratus
cuvieri, WCC), a subspecies of goldfish, is economically
important in Asia. Liu et al. (2019) used CRISPR-Cas9
to target tyr in WCC and in hybrid progeny (WR) of a
cross of female WCC and male red crucian carp (Caras-
sius auratus red variety, RCC). Both the mutant WCC
and the mutant WR showed different degrees of mela-
nin reduction compared to wild-type sibling control fish,
with mutation efficiencies ranging from 60 to 90%. A pro-
file of gene expression for pigment synthesis genes tyrp1,
mitfa, mitfb, dct and sox10 showed down-regulation in
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the tyr-edited WCC, which caused the observed reduc-
tion in melanin synthesis.

The health benefits of fish oil, particularly eicosapen-
taenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-
3), are well documented for prevention of inflammatory
and cardiovascular diseases in humans. Products of
coldwater marine fishes are the primary dietary sources
of omega-3 long chain polyunsaturated fatty acids (n-3
LC-PUFAs) in the human diet. Cultured fishes tend to
have lower levels of n-3 LC-PUFAs than wild fish, espe-
cially fish fed diets in which vegetable oils have been
substituted for fish oil and meal, supplies of which are
increasingly limited. To a limited degree, Atlantic salmon
can synthesize polyunsaturated fatty acids (PUFAs),
such as eicosapentaenoic acid, arachidonic acid (20:4n-
6) and docosahexaenoic acid via activities of very long
chain fatty acyl elongases (Elovls) and fatty acyl desatu-
rases (Fads). Understanding the molecular mechanisms
of PUFA biosynthesis and regulation would be valued.
Datsomor et al. (2019) used CRISPR/Cas9 to partially
knock out the elovi2 gene and showed that the enzyme
is crucial for multi-tissue synthesis of 22:6n-3 in vivo and
that endogenously synthesized PUFAs are important for
transcriptional regulation of lipogenic genes. The elovi2-
knockout fish showed reduced levels of 22:6n-3 and accu-
mulation of 20:5n-3 and docosapentaenoic acid (22:5n-3)
in liver, brain and white muscle, suggesting inhibition of
elongation. Additionally, elov/2-knockout salmon showed
accumulation of 20:4n-6 in brain and white muscle. The
impaired synthesis of 22:6n-3 induced hepatic expression
of sterol regulatory element binding protein-1 (srebp-1),
fatty acid synthase-b, A6fad-a, A5fad and elovi5. Thus,
thus study demonstrated key roles of elovi2 at the two
penultimate steps of PUFA synthesis in vivo and sug-
gested that Srebp-1 is a main regulator of endogenous
PUEFA synthesis in Atlantic salmon.

Other aquaculture species

The scope of world aquaculture is broader than fishes,
and includes mollusks, crustaceans, and seaweeds (FAO
2020). Recent work has developed protocols for genome
editing of members of these taxa.

Yu et al. (2019) investigated the possibility of deliver-
ing CRISPR/Cas9 ribonucleoproteins into Pacific oyster
Crassostrea gigas eggs by microinjection and sought to
optimize doses of sgRNA and Cas9 for inducing muta-
tions in the targeted myostatin and Twist (a transcrip-
tion factor) genes. Their results showed indel mutations
of 1-24 bp, demonstrating the utility of the approach for
marine mollusks. Li et al. (2021) applied CRISPR/Cas9
technology to analyze the function of myosin essential
light chain (CgMELC) during larval development of C.
gigas. The approach caused extensive indel mutations
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in the CgMELC gene, and mutant larvae showed defec-
tive musculature and reduced motility. Potts et al. (2021)
asserted that genome editing is achievable on a greater
scale in mollusks that in other farmed taxa, making
genome-wide CRISPR-based screening approaches plau-
sible, and discussed the potential of selective breeding,
genomic approaches, and genome editing for under-
standing and improving resistance to infectious disease
in mollusks.

Among aquaculture species, crustaceans are difficult
to transform, as fertilization is internal. While protocols
have been developed for microinjection of spermato-
phores or ovary and for ballistic introduction of gene con-
structs into embryos, low frequency of transformation,
and random genomic integration discouraged use of clas-
sical gene transfer techniques. Recent work with oriental
or ridgetail white prawn Exopalaemon carnicaudata has
shown how genome editing of crustaceans may be prac-
ticed. Gui et al. (2016) applied CRISPR/Cas9 technology,
co-injecting mRNA of Cas9 nuclease and gRNA targeted
for the E. carinicauda chitinase 4 (EcChi4) gene. Shrimps
with indel mutations were obtained, the first site-specific
genome editing of a decapod crustacean. The mutations
were transmitted to the next generation. Xu et al. (2020)
reviewed embryonic microinjection techniques for three
model crustaceans—(the cladocerans Daphnia magna
and D. pulex, amphipod Parhyale hawaiensis, and deca-
pod E. carinicauda) and described two potentially useful
new techniques for delivering CRISPR/Cas9 components
into crustaceans, Receptor-Mediated Ovary Transduc-
tion of Cargo (ReMOT Control) and electroporation.
Experience with genome editing of these model species
can inform genome editing of cultured species.

Production of seaweeds is the largest sector of world
aquaculture (FAO 2020). Despite a search of the techni-
cal literature, I found no reports of genome editing of
seaweeds.

Towards practical adoption of genome-edited
fishes

Because their life history is amenable to genetic manip-
ulation and their importance to aquaculture, much
effort has been devoted to genetic modification of fishes
(Hallerman 2021). The first two genetically modified ani-
mal products marketed to consumers are fishes. GloFish
are fluorescent aquarium fishes of several species now
marketed in the United States and Canada (www.glofi
sh.com). The AquAdvantage salmon (www.aquabounty.
com) is a rapidly growing Atlantic salmon, marketed in
Canada and in the United States, and perhaps soon in
Brazil. However, these products result from applica-
tions of classical gene transfer techniques. New genome-
editing techniques yield higher transformation rates and
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better target a modification to a specific genomic site.
What, then, are the prospects for commercial production
of genome-edited fishes? Rising world aquaculture pro-
duction poses great potential for commercial application.
What will it take for this potential to be realized? The
body of studies cited above suggest that we are well on
our way to having the techniques needed for purposeful
genome editing of aquaculture species. While technology
is necessary, it is not, however, sufficient. The experience
with animals modified using classical gene transfer tech-
niques shows the need for progress in key non-technical
areas.

Regulatory context

Underlying any regulatory policy are the definitions of
regulated articles, which thereby define the scope of
regulation. Technical definitions underlying existing bio-
technology regulatory policies may need to be updated to
encompass new breeding technologies, such as genome
editing. As noted above, SDN-1 and SDN-2 can intro-
duce base-pair changes or small insertions or deletions
without addition of foreign DNA; the exact change
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cannot be predetermined and is quasi-random at the tar-
get site. SDN-2 uses a small DNA template to generate
a specific change by homologous recombination. SDN-3
inserts larger DNA elements of foreign origin using an
approach similar to SDN-2. The distinction between
these SDN categories in public policy may affect govern-
ment oversight of animals produced by genome-editing
technology (e.g., European Commission/SWD 2021) and
likely also public perception of applications of genome
editing (Friedrichs et al. 2019; Hallerman et al. in press).
As noted below, SDN-1-edited animals may not be regu-
lated as GMOs in some countries.

Different approaches to definition of new breeding
technologies and oversight of food safety of associated
products have been adopted in different countries and
groups of countries, and varying levels of progress have
been achieved (Schmidt et al. 2020; Okoli et al. 2021;
Hallerman et al. in press; Fig. 5). In Europe, the EU
Court of Justice (ECJ) ruled in 2018 that all genome-
edited organisms must be categorized as GMOs and
thus are subject to significant regulatory burdens under
the EU GMO Directive (Schmidt et al. 2020; Okoli et al.

]

Countries with regulatory
policy with exclusions
|:| Countries with regulatory policy
with exclusions (plants only)

I:I Countries with pending policies,
regulations, or legal rulings

D Countries with GMO only policy
with no exclusions

Fig. 5 Overview of national or supranational regulatory regimes for genetically modified or genome-edited animals (Hallerman et al. in press)
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2021). New Zealand regulates genome editing under
its GM biosafety rules, also following a court deci-
sion. In January 2020, India released a draft document
on genome-edited organisms, “Regulatory Framework
and Guidelines for Risk Assessment”, which proposes a
tiered approach to group products based on risk, with
single or a few base-pair edits identified as low risk, and
insertion of large or foreign DNA as higher risk; India
recently requested public comments to inform their
decisions on future policies on genome editing, and the
document is under revision. Although China has most
publications and patents for genome-editing applica-
tions in agriculture (Cohen 2019; Martin-Laffon et al.
2019), they do not yet have a regulatory framework for
evaluating genome-edited products distinct from that
for GM products; proponents must obtain both a safety
certificate and a business-related certification before
commercialization can go forward, which has proven a
road block for commercialization of GM crops (Li et al.
2016b, 2020). The degree of oversight to be applied to
genome-edited organisms hopefully will be scaled to
any food or ecological risk posed that organism, not-
ing that ecological risk can be managed by appropriate
risk management (Kapuscinski et al. 2007). Risk assess-
ment frameworks and guidelines specific to organisms
and products developed by genome-editing technolo-
gies including CRISPR/Cas do not yet exist; risk asses-
sors currently adopt frameworks originally developed
for classical GMOs (Agapito-Tenfen et al. 2018). Expe-
rience and guidance specific for risk assessment of
genome-edited fish do not yet exist (CBD/SBSTTA
2020; Sweet 2019). This background led Okoli et al.
(2021) to regard current regulatory and risk assessment
frameworks as not fit-for-purpose.

Japan is a Party to the Cartagena Protocol, promulgated
following the adoption of the Convention on Biological
Diversity, that obligates Parties to establish the means
to regulate the use and release of living modified organ-
isms (LMOs). After considering organisms produced by
genome editing, the Japanese government determined
that some genome-edited organisms should be consid-
ered as LMOs, while others are not subject to the Japan’s
Cartagena Act (Tsuda et al. 2019). Genome-edited end
products derived by modifications of SDN-1 type—
directed mutation without using a DNA sequence tem-
plate—would not represent LMOs under the Japanese
Cartagena Act. Hence, in 2021, the Japanese Ministry
of Health, Labor and Welfare (MHLW) determined that
two genome-edited fishes with increased edible mus-
cle, myostatin knockouts in red sea bream Pagrus major
and tiger puffer Takifugu rubripe, are not GM and there-
fore are not subject to a requisite GM food safety review
(MHLW 2021).
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The genome-edited Nile tilapia FLT-01 developed by
AquaBounty (then part of Intrexon) was created using
microinjection with nuclease mRNA, without introduc-
tion of DNA. The final product is homozygous for the
26-bp deletion, and no off-target sites of modification
were observed. Critical in regulatory consideration of the
FLT-01 fish is lack of new genetic material or unwanted
integration of plasmid DNA in the final product. In par-
ticular, it does not contain a new combination of genetic
material in the genome generated by the application of
modern biotechnology, and hence is not covered by the
definition of a regulated article under Res. 763 under the
Cartagena Protocol for Biosafety (https://bch.cbd.int/
protocol/). Hence, under Argentine Resolution 173/15—
New Breeding Techniques, this fish is not regarded as
a GMO. Brazil made a similar determination for this
genome-edited fish in 2019.

Regulatory frameworks have tended to focus upon the
food and environmental safety of products of biotechnol-
ogy, and generally have not addressed non-safety issues
in an attempt to reach a decision that is socially accept-
able (Myskja and Myhr 2020). Several countries, however,
have implemented such measures. In Norway, environ-
mental, societal and economic dimensions, as well as
non-safety criteria—contribution to sustainable develop-
ment, ethical justifiability and societal utility—are con-
sidered in the evaluation of GMOs.

Commercial context

Three genome-edited lines of fish are advancing along the
pathway towards commercial production. A Kyoto-based
start-up, Regional Fish Institute, Ltd., submitted the noti-
fications to the Ministry of Health, Labor and Welfare
and the Ministry of Agriculture, Forestry and Fisher-
ies to market these fish, which were the result of a col-
laboration between Kyoto and Kindai Universities (The
Fish Site 2021; Asahi Shimbun 2021; Yomiuri Shimbun
2021). Another product has been submitted to regulatory
review, the FLT-01 Nile tilapia, was developed by Aqua-
Bounty, the company that developed and produces the
transgenic AquAdvantage salmon. Still, some of the spe-
cies most important to world aquaculture (Table 1) have
not yet been subject to genome-editing research, which
limits the near-term potential impact of the set of tools.

Consumer acceptance

The regulatory process and commercialization of crop
plants and animals modified by classical gene trans-
fer techniques were complicated by lack of consumer
acceptance. Should the respective regulatory authori-
ties come to regard the products of genome editing as
not-GMO, especially SDN-1 modifications where the
product is essentially no different from those of selective
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breeding, then the mainstream public will accept regu-
latory assurance that the product is safe. Consumer
acceptance may not prove a substantive barrier to com-
mercialization of such genome-edited animal products.
However, other genome-editing applications add DNA
sequences or modify target sequences in ways that could
not be achieved by crosses within species. To promote
consumer acceptance, the proponent of a particular
product will have to communicate to the public not so
much sow, but rather why genome-editing technology
was applied (Hallerman et al. in press). Such commu-
nication will have to speak to the values system of that
public, i.e., that application of the technology is safe, pro-
duces healthful food, increases animal welfare, or makes
production more sustainable. Ultimately, acceptance
in the marketplace will depend upon the consumer not
only seeing resonance with their values, but also value in
the product itself. A wide range of potential consumers
will accept products from genome-edited animals with
heightened disease resistance, heightened welfare, or
product quality (Van Eenennaam 2021). Indeed, results
of recent surveys (Conroy 2021) showed that although
consumer awareness of genome-editing technology
remains low, western consumers have a generally posi-
tive view of genome-edited foods, especially if they bring
social, economic, and environmental benefits. Consum-
ers were more accepting of genome-edited plants than
animals. Younger, more educated, and male respondents
were more accepting of the technology.

Market acceptance of GM and GnEd products also
can prove critical. After a history of chefs and supermar-
kets stating that they would not accept the AquaBounty
salmon, the company has marketed its product as envi-
ronmentally conscious and proving rural employment,
and sales are now constrained by production capacity.

Development of required technical infrastructure

Production of genetically improved farmed types can
contribute to regional economies and human well-being
(ADB 2005). However, only ~10% of world aquaculture
production comes from well-managed selective breeding
programs (Gjedrem et al. 2012; Oleson et al. 2015), and
FAO (2019) reported that most farmed types are consid-
ered ‘wild type’ The adoption of selectively bred stocks
varies among species; all Atlantic salmon culture involves
selectively bred lines, but virtually none of Chinese and
Indian major carp production, which collectively con-
tributes 48% of world aquaculture production (Table 1),
is genetically improved. Development of the infrastruc-
ture for selective breeding and distribution of genetically
improved lines is a major challenge facing key sectors
of world aquaculture (Hallerman et al. 2021). Against
this background, it becomes clear that not all sectors are
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ready today for adoption of genome-edited lines of fishes.
Depending upon regulatory and consumer acceptance, I
anticipate adoption of genome-edited lines in the salmo-
nid sector, and the recirculating aquaculture segment of
the tilapia sector, with other possibilities realized else-
where only later.

Concluding perspectives

The studies reviewed here collectively have consider-
able impact on development of basic knowledge, par-
ticularly on understanding of the processes of germ cell
and gonadal differentiation and maturation. Regulation
of growth is a relatively straightforward and well-stud-
ied process, and commercial applications may be seen
relatively soon. As noted above, the myostatin-knockout
FLTO1 line of Nile tilapia shows heightened produc-
tion, has a proponent in the private sector, and may be
approved for production in two countries. Marketing of
the first genome-edited animal product as food will be an
important development in terms of showing a pathway to
commercialization and attracting investment in develop-
ment of new genome-edited animal lines.

The progress of genome-edited fishes, as all genome-
edited animals, to routine production will turn on the
policy determination of just what is a regulated article
within national biotechnology policy. I anticipate that
SDN1 animals will pose little, SDN2 animals moderate,
and SDN3 animals with addition of new genetic material
a higher level of regulatory concern. However, I expect
less popular pushback against genome-edited products
that we witnessed for genetically modified products
developed using classical gene transfer techniques. This
is because genome editing offers better targeting to par-
ticular genomic sites, with fewer off-target mutations,
and fewer associated animal welfare problems.

While I report progress on applying genome editing
to 18 species of fishes, Table 1 shows that these tools
are yet to be applied to eight of the 16 most important
aquaculture species. This observation suggests that the
impact of genome editing upon world aquaculture pro-
duction will be limited through at least the medium term
as new genetic lines are developed, countries develop
regulatory oversight policies, and companies adopt lines
for production in countries where aquaculture is impor-
tant to human well-being, particularly in Asia. Much of
the work applying genome editing to aquaculture spe-
cies has occurred in China. This is not surprising, as
~60% of world aquaculture production occurs in China
(FAO 2020) and China has invested heavily in animal
biotechnology. This raises the question of whether Chi-
nese regulatory authorities will approve production of
genome-edited fishes and animals more generally.
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