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Abstract Gene targeting is a powerful tool for analyzing gene
function. Recently, new technology for gene targeting using
engineered zinc-finger nucleases (ZFNs) has been described in
fish species. However, it has not yet been widely used for cold
water and slow developing species, such as Salmonidae. Here,
we present the results of successful ZFN-mediated disruption of
the sex-determining gene sdY (sexually dimorphic on the Y
chromosome) in rainbow trout (Oncorhynchus mykiss). Three
pairs of ZFN mRNA targeted to different regions of the sdY
gene were injected into fertilized rainbow trout eggs. Sperm
from 1-year-old male founders (parental generation one or P1)
carrying a ZFN-induced mutation in their germline were then
used to produce F1 non-mosaic animals. In these F1 popula-
tions, we characterized 14 different mutations in the sdY gene,
including one mutation leading to the deletion of leucine 43
(L43) and 13 mutations at other target sites that had different
effects on the SdYprotein, i.e., amino acid insertions, deletions,
and frameshift mutations producing premature stop codons in
the mRNA. The gonadal phenotype analysis of the F1-mutated
animals revealed that the single L43 amino acid deletion did not
lead to a male-to-female sex reversal, but all other mutations
induced a clear ovarian phenotype. These results show that
targeted gene disruption using ZFN is efficient in rainbow trout
but depends on the ZFN design.We also characterized new sdY
mutations resulting in male-to-female sex reversal, and we
conclude that L43 seems dispensable for SdY function.
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Introduction

The best way to understand the function of a gene of interest is to
modulate its expression and characterize the resulting biological
effects. Gene expression can be modulated at the transcript or
protein level by using knockdown technologies, such as
morpholinos (Heasman 2002) or RNAi (McManus and Sharp
2002; Dillin 2003; Tuschl 2002). However, a more effective
method utilizes specific gene targeting, inducing a total loss of
function by gene disruption (or knockout) or a gain of function
by gene insertion (or knock-in). In the past, functional studies by
gene targeting were restricted to mice, using embryonic stem
cells modified through homologous recombination of DNA in
the region of interest (for review, see Capecchi 2005). The
availability of embryonic stem cells and knowledge on the full
mouse genome allows specific gene targeting of essentially any
gene of interest. However, even though genome-wide sequenc-
ing has been completed in additional species, embryonic stem
cells have not yet been established for these species; thus, this
powerful technology cannot yet be applied to domestic species,
including cultured fish.

The rainbow trout (Oncorhynchus mykiss) is an important
worldwide aquaculture species and is a model organism of
considerable scientific importance (reviewed by Thorgaard
et al. 2002). Many genomic resources are available for rain-
bow trout, including extensive classical expressed sequenced
tag (EST) repertoires (Govoroun et al. 2006; Koop et al. 2008;
Rexroad et al. 2003). With the development of next-
generation sequencing (NGS) (Metzker, 2010), the identifica-
tion of complex tissue-specific transcriptomes is now possible
(Le Cam et al. 2012; Salem et al. 2010). This provides new
opportunities to identify and characterize novel salmonid-
specific genes. However, the functions of these genes cannot
be deduced from their sequences, and modulation of gene
expression is still needed.
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Until recently, gene knockdown technology using antisense
morpholino phosphorodiamidate oligonucleotides (AMOs) or
siRNAwas the only strategy available to investigate the in vivo
functions of genes in rainbow trout (Boonanuntanasarn et al.
2002, 2003). Microinjection of AMOs into fertilized eggs was
shown to efficiently block translation and mRNA splicing in
rainbow trout, but the efficiency decreased drastically around the
hatching stage. Therefore, the use of AMOs is restricted to the
investigation of genes involved in early development, as their
effect is limited in time (until hatching stage). Recently, zinc-
finger nuclease (ZFN) technology has provided a powerful tool
for editing the genomes of many plants and animals (for review,
Carroll 2011), including some fish species such as zebrafish
(Meng et al. 2008; Doyon et al. 2008), medaka (Ansai et al.
2012), and yellow catfish (Dong et al. 2011). By simple micro-
injection of ZFN mRNA into any fertilized egg, the ZFN intro-
duces a specific and heritable double-strand break in the target
sequence of the gene of interest (Bibikova et al. 2002).

Recently, we characterized a novel master sex-determining
gene in rainbow trout. This gene, named sdY (sexually dimor-
phic on the Y chromosome ), has been identified as a Y
chromosome-specific gene that is conserved in many salmo-
nids (Yano et al. 2012, 2013). Here, we report on additional
technical details and mutations induced by different ZFNs that
have been designed to target the sdY gene in rainbow trout.
Because sdY is a Y chromosome gene, present as a single
copy and only in the male genome, we can more easily detect
and analyze an inactivation phenotype directly in the F1
generation. In addition, as sdY is known to be the master
sex-determining gene in rainbow trout, loss of function of
sdY using ZFNs should induce the feminization of genetically
male (XY) individuals, and the characterization of this mutant
phenotype can be easily determined by histological analysis of
the gonads. These technical and biological advantages provide
a favorable context to investigate the efficiency of ZFNs in a
salmonid species. Therefore, in this study, we microinjected
three different ZFNs targeted to two different regions of the
sdY gene into fertilized rainbow trout eggs. The three ZFN
pairs were initially designed to overcome any potential off-
target effects of a single ZFN pair. Off-target effects were
indeed a problem, as it was not possible to account for them
in the in silico design owing to the absence of a publicly
available full-genome sequence for rainbow trout.

Materials and Methods

Animals

Research involving animal experimentation conformed to the
principles for the use and care of laboratory animals and
complied with French and European regulations on animal
welfare. Genetically all-male (XY) rainbow trout larvae

were obtained from the Institut National de la Recherche
Agronomique experimental fish farm (Drennec, France) as
previously described (Guiguen et al. 1999). The eggs from
the all-male populations were obtained by fertilization of
normal eggs with sperm from YY males (Chevassus
et al. 1988).

Zinc-Finger Nuclease Targeted Inactivation of sdY
in Rainbow Trout

Targeted inactivation of sdY was generated using the
CompoZr knockout ZFN technology according to the manu-
facturer's instructions (Sigma-Aldrich) and previously de-
scribed protocols (Doyon et al. 2008; Amacher 2008). Three
types of ZFN (ZFN1, ZFN2, and ZFN3) were designed to
target two different sites in the sdY gene (Fig. 1). The ZFN
target sequences were searched in all available rainbow trout
transcript databases (Govoroun et al. 2006; Koop et al. 2008;
Rexroad et al. 2003; Le Cam et al. 2012; Salem et al. 2010) to
identify potential off-target sites. Fertilized eggs were activat-
ed in 1-mM reduced glutathione solution (pH 8.0) to prevent
hardening of the chorion (Yoshizaki et al. 1991). A total of
100–500 ng/μl mRNA encoding the appropriate ZFN protein
was injected into the blastodisc of all-male fertilized eggs as
previously described (Yoshizaki et al. 1991).

Analysis of Germline Transmission

To characterize P1 animals carrying mutations transmitted to
the germline, genomic DNAwas extracted from the sperm of
spermiating P1 males as previously described (Gharbi et al.
2006). Potential germline mutations were characterized using a
CEL-I assay (SURVEYOR Mutation Detection Assay,
Transgenomic), a technology based on a mismatch-specific
endonuclease that cleaves all types of mismatches. This assay
was performed on sdY PCR fragments containing the relevant
ZFN cleavage site (Figs. 1 and 2). Sperm from the founders
carrying a potential ZFN-induced mutation was then used to
produce F1 animals. At 45 days postfertilization (dpf), the
heads of 50–100 F1 embryos were collected for genomic
DNA extraction. Genomic DNA from each F1 animal was
extracted individually. A 5-fold dilution of the DNA samples
was used for PCR with sdY primers (sdY Fw: 5′-
CCCAGCACTGTTTTCTTGTCTC-3′ and sdY Rv: 5′-
CTGTTGAAGAGCATCACAGGGTC-3′) to identify male in-
dividuals and to amplify the region surrounding the ZFN cleav-
age sites. The PCR conditions were as described (Yano et al.
2012a). To detect the mutations in male individuals, restriction
enzyme digestion using BtsCI (New England Biolabs) for
ZFN1 or BslI (New England Biolabs) for ZFN3was performed
on each of the F1 male animals. An absence of digestion at
these sites indicated a mutation of this region by ZFN, and the
PCR product of the mutated animals was directly sequenced.
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Analysis of the Gonadal Phenotype of the ZFN-Mutated Fish

After 90 dpf, 288 F1 offspring were sacrificed from each P1
founder male with a positive germlinemutation. A fin clip was
taken for genomic DNA extraction, and a sample from the
trunk was used for histological processing for each F1 animal.
Genomic DNA from all of the F1 animals was extracted
individually, and mutations were detected by restriction en-
zyme digestion as described above. PCR fragments from
selected animals showing an absence of BslI or BtsCI sites
were sequenced with the sdY Fw primer to confirm and
characterize each mutation. All animals with a well-
characterized mutation were fixed for at least 24 h in Bouin
Holland fluid and embedded in paraffin. Each embedded

sample was cut into 5-μm-thick sections and stained with
Regaud's hematoxylin for histological analysis.

Results

Mutation Rate in ZFN-Induced Rainbow Trout

Three different pairs of ZFNs were designed (Fig. 1) to target
two different regions of the sdY gene (ZFN2 and ZFN3
targeted the same region of the sdY gene). Potential off-
target ZFN sequences were searched in rainbow trout data-
bases, and no related sequences were found. The three pairs of
ZFNs were injected into fertilized rainbow trout eggs.

sdY Exon 2
sdY Fw CCCAGCACTGTTT

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CCCAGCACTGTTT 53   
A  Q  H  C  F 

TCTTGTCTC
TCTTGTCTCAGTGGAGTACTGCGAAGAGGAGGTGCTTAGTCATGAGGTCATGGGGGGTGA 420  
L  V  S  V  E  Y  C  E  E E V  L  S  H  E  V  M  G  G D 

BtsCI GGATG_nn'
BslI CCnn_nnn'nnGG

ZFN3 TGCCCACAAGACCTCcctaaTGATGGATGGGATC
ZFN2 GCCCACAAGACCTCCctaatGATGGATGGGATCCC

TGTCAGAATTGCCCACAAGACCTCCCTAATGATGGATGGGATCCCCTTCATCTCTCTCCC 480  
V  R  I  A  H  K  T  S  L  M  M D  G  I  P  F  I  S  L  P 

AAAGCCCCCCAACACCCTTCCTATCTCCTCTGATCGTTCAATCCTCTCCAACCTGTTGTC 233  
K  P  P N  T  L  P  I  S  S D  R  S  I  L  S  N  L  L S 

CCnn_nnn'nnGG BslI
CCTCATGGAGGGTGGAGTGGTTTTAAGCTCTAGGGAGGAAGGTATCTATGCTGAACGGCA 293 
L  M  E  G  G  V  V  L  S  S  R  E  E  G  I  Y  A  E  R  H 

BtsCI GGATG_nn'
ZFN1 AGCCACAGTCTCCTGGatgggtGGCACCGGAGATGAG
TAGCCAAGCCACAGTCTCCTGGATGGGTGGCACCGGAGATGAGATGCACGTGATGGAGCG 660   

S  Q  A  T  V  S  W  M  G  G  T  G  D  E  M  H  V  M  E  R 

sdY Rv GACCCTGTGATGCTCTTCAACAG
TGATGTGGACCCTGTGATGCTCTTCAACAGAGAGCACTTCAGACAGG~~~~~~~~~~~~~ 400  

D  V  D  P  V  M  L  F  N  R  E  H  F  R  Q               

Fig. 1 ZFN target positions on the sequence of sdY exon 2. The primers
used are shown in italics , the ZFN-targeted sequences are underlined ,
and the restriction enzymes sites are shown in bold type . To detect ZFN2-
or ZFN3-induced mutations, we used the BslI restriction enzyme which
cut the 343-bp sdY wild-type PCR product into three fragments of 96,
105, and 142 bp and the sdY PCR products containing a ZFN2- or ZFN3-
induced mutation into two fragments of 201 and 142 bp. To detect ZFN1-

induced mutations, we used the BtsCI restriction enzyme, which cut the
343-bp sdY wild-type PCR product into three fragments of 167, 114, and
62 bp and the sdY PCR products containing a ZFN1-induced mutation
into two fragments of 281 and 62 bp. The positive PCR products showing
only one restriction site (producing two digested PCR fragments) were
verified by direct sequencing of the PCR product with the sdY E2Sa
primer
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Macroscopic observation of the gonads of 1-year-old ZFN
microinjected animals revealed that none of the P1 ZFN-
mutated males had an ovarian phenotype. Therefore, sperm from
the P1 founders was collected to determine germline mutation
transmission. Using a CEL-I assay (Fig. 2), we detected 17
germline mutation transmissions from 70 ZFN1-injected mature
fish (24 %), 5 germline mutation transmissions from 59 ZFN3-
injected mature fish (8.5 %), and no germline mutation transmis-
sions in 39 ZFN2-injected mature fish. Sperm from 9 founders
carrying a ZFN1-induce nine mutations and two founders carry-
ing a ZFN3-induced mutation were then used to produce F1
animals. The germline transmission rate was measured for each
population by analyzing only male embryos (Table 1). The
frequency of ZFN-mutated fish in the F1 populations ranged
from 3 to 17 % (Table 1).

Sequence Analysis of ZFN Mutations

Fourteen different mutations in the sdY gene were detected
from the nine mutant populations (eight ZFN1-mutated pop-
ulations and one in the ZFN3-mutated population). Eight
different nucleotide deletions, one insertion, and five combi-
nations of nucleotide insertions and deletions were observed
(Table 2, Fig. 3). Of the 14 different types of nucleotide
mutation, six caused a frameshift leading to the generation
of premature stop codons, four caused amino acid deletions
(−1 to −5 AA), and the four remaining mutations were a
combination of amino acid deletions, insertions, and substitu-
tions (Fig. 3).

Phenotypes of ZFN-Mutated Animals

The gonad histology of the ZFN1-induced populations re-
vealed a clear ovarian structure. This was characterized by
the presence of the ovarian lamellae, which were delimited by

connective tissue and contained meiotic oocytes (Fig. 4). In
contrast, the ZFN3-mutated animals with a single amino acid
deletion (the leucine at position 43) did not show any sex-
reversal gonadal phenotype.

Discussion

sdY, the rainbow trout master sex-determining gene (Yano
et al. 2012), was recently shown to be conserved in many
salmonid species (Yano et al. 2013); however, it was not found
in species outside the salmonid lineage. Because this gene is a
salmonid innovation, it was necessary to analyze its function
using a salmonid model such as rainbow trout. sdY is a Y
chromosome gene that is present only in the male genome and
as a single copy. Thus, the detection and characterization of an
inactivation phenotype was possible in the F1 generation. In
contrast, autosomal genes would require an additional gener-
ation (F2) to obtain a homozygous mutation, one that is
present on both copies of the gene. The sdY gene was there-
fore a good target for investigating the possibility of generat-
ing loss-of-function mutations using the ZFN technology. We
were able to create and characterize numerous mutations in
the targeted gene, with identification of a clear associated
phenotype for most of the mutations. Therefore, our results
confirm the efficacy of ZFN technology in rainbow trout
(Yano et al. 2012) and other fish species (Meng et al. 2008;
Doyon et al. 2008; Ansai et al. 2012; Dong et al. 2011).

However, none of the P1 ZFN-mutated males displayed an
ovarian phenotype, as would be expected for a loss-of-
function mutation in a master sex-determining gene. This
could be explained by possible cellular mosaicism of sdY
mutations in the gonads of the P1 males. The mosaicism of
the somatic cells in the mutated male gonads was not directly
investigated in the present study. However, a high degree of

Table 1 Germline transmission rates of ZFN-induced mutations

ZFN
pair

Fish batch
number

Number of
mutated fish

Number of
males analyzed

Germline
transmission rate
(%)

1 794 4 42 10

249 5 40 13

786 1 30 3

798 4 70 6

680 7 80 9

697 4 24 17

A14 4 28 14

783 4 52 8

228 1 27 4

3 6917 7 42 17

11917 4 54 7

Fig. 2 A representative pattern of the characterization of mutations using
the CEL-I assay in the germline (sperm) of P1 male founders. XY wild-
type fish (XY control), ZFN1-mutated founder fish (ZFN1), and ZFN3-
mutated founder fish (ZFN3) with (plus sign) or without (negative sign)
addition of the CEL-I enzyme. Arrows show the cleaved DNA PCR
fragments generated by the CEL-I enzyme, which creates double-strand
breaks at nucleotide mismatches
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mosaicism was detected during genotyping of the P1 animals
before they reached maturity (data not shown). In addition, the
low germline transmission rate (3–17 %), based on the

mutation rate of F1 animals, also supports the hypothesis of
an important mosaicism in the sdY loss-of-functionmutations.
This would suggest that even low expression of sdY can block

Table 2 Types of ZFN-induced
mutations and their frequency
within each founder population
(batch number)

Batch number
and ZFN pair

Mutation type Number of
mutated fish

Percentage of mutation
(within batch) (%)

Phenotype

794 (ZFN1) Δ4;+7nt (MG→TGD) 14 73 Yes

Δ4nt (shift/stop) 5 26.31 Yes

249 (ZFN1) Δ15nt (−5AA) 28 100 Yes

786 (ZFN1) Δ23nt (shift/stop) 2 100 Yes

798 (ZFN1) Δ8nt (shift/stop) 10 100 Yes

680 (ZFN1) Δ8;+20nt (+4AA) 13 72 Yes

Δ8nt (shift/stop) 2 11 Yes

Δ9(−3AA) 1 5 Yes

+7nt (shift/stop) 2 11 Yes

697 (ZFN1) Δ8;+14nt (shift/stop) 17 89 Yes

Δ3nt (−G) 2 11 Yes

A14 (ZFN1) Δ5nt;+2nt (−1AA:MG→K) 1 8 Yes

Δ5nt:+38nt (+11AA) 11 92 Yes

783 (ZFN1) Δ14nt (shift/stop) 2 100 Yes

6917 (ZFN3) Δ3nt (−L) 6 100 No

Δ3nt;+14 (shift/stop)

Δ 5nt;+38nt (+11 AA)

Δ 23nt (shift/stop)

Δ9nt (-3 AA)

sdY WT

Δ 8nt (shift/stop)

+7nt (shift/stop)

Δ 8n;+20nt (+4 AA)

Δ 3nt (-1 AA)

Δ 14nt (shift/stop)

Δ 5nt;+2nt (-1 AA)

Δ15nt (-5 AA)

Δ4;+7nt (+ 1 AA)

Δ4nt (shift/stop)

Δ 3nt (-1 AA)

sdY WT

a

b

ZFN 1 site ZFN 1 site

ZFN 3 site ZFN 3 site

Fig. 3 a Mutations in the sdY sequence induced by ZFN1. Nucleotide and
derived protein sequences are shown for eachmutation. A total of 13 different
mutations in the sdY gene were detected in ZFN1 F1 animals; these included
nucleotide deletion and insertion or deletion followed by insertion of

nucleotides. b Mutated sdY sequence induced by ZFN3. Only one mutation
was identified in the ZFN3 F1 animals. The asterisk represents a stop codon,
resulting from a frameshift induced by the mutation in the sdY sequence. The
numbers and frequencies of these mutations are listed in Table 2
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the female differentiation pathway and/or induce the male
differentiation pathway. These data fit with the idea that, as a
master sex-determining gene acting at the top of the sex
differentiation cascade, sdY has a very strong effect on the
downstream pathway.

The percentage of male germline transmission detected in
the P1 founders was highly variable, ranging from 0 %
(ZFN2) to 25 % (ZFN1). The ZFN2 and ZFN3 pairs resulted
in a lower percentage of germline transmission compared to
ZFN1-injected populations. ZFN2 and ZFN3 pairs were
designed to target the same region in the sdY sequence. Thus,
the activity of these two pairs of ZFNs cannot be explained by
the local structure of the genome that could interfere with
nuclease recognition or function, such as chromatin architec-
ture or DNAmethylation status. The in vitro ZFN activities of
these two different ZFN pairs, provided by the manufacturer
and measured by the yeast MEL-1 reporter assay (Doyon et al.
2008), were very close (80.3 % for the ZFN2 pair and 74.3 %
for the ZFN3 pair). The efficiency differences in vivo for these
two constructs are most likely due to a suboptimal and
unpredictable design, underlining the necessity of designing

multiple ZFN pairs; this increases the likelihood of obtaining
one pair with an efficient mutation rate in vivo.

In the F1 population, we observed low and variable
germline transmission (3–17 %). This variability may be the
consequence of the different concentrations of ZFN mRNA
(100–500 ng/μl) that were injected into the P1 fertilized eggs.
Initially, our study was designed to look at the effects of
different ZFN mRNA concentrations. However, owing to
space constraints of the experimental facilities, we were not
able to keep the animals separated in different tanks;
therefore, we could not differentiate between founders
injected with a high or low concentration of ZFN
mRNA. Space constraints are an important problem for
large animals such as rainbow trout, especially as these
experiments need to be conducted in well-controlled,
recirculating water facilities to prevent escapees. How-
ever, our results demonstrated that, depending on the ZFN
design, the efficiency can be good enough to produce
germline mutations in 25 % of the microinjected fish. Com-
bined with the fact that in some cases we were able to char-
acterize multiple mutations in the same founder, an optimum

Fig. 4 a Control XY male gonad
at 100 days postfertilization (dpf),
with germ cells shown by arrows
and a characteristic dorsal blood
vessel (BV) surrounded by a
dotted line . b Control XX female
gonad at 100 dpf showing a clear
ovarian organization with ovarian
lamellae (line) and meiotic germ
cells (arrow head). ZFN1-
mutated XY fish gonads at 100
dpf with a c Δ 14nt (shift/stop), d
Δ 5nt;+2nt (−1 AA), and e Δ
5nt ;+38nt (+11 AA) mutation
presenting a male-to-female sex-
reversal phenotype, with a clear
ovarian organization showing
ovarian lamellae (line) and
meiotic germ cells (arrow head).
f ZFN3-induced XY fish gonad
with a Δ 3nt (−1 AA) mutation
with no male-to-female sex-
reversal phenotype
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strategy would be to design different ZFN pairs and keep only
a limited number of founders to maturity.

We targeted two different positions of sdY with the ZFN
pairs. This allowed us to investigate whether mutations in
different parts of the protein could differentially affect the
protein function and the resulting phenotype. For the ZFN3
pair, we observed only one mutation, which led to the deletion
of leucine 43 (L43) and did not impact the sex phenotype.
Many mutations were identified for the ZFN1 pair that
targeted another region of the sdY gene; all of these mutations
produced a clear sex-reversal phenotype. Among these ZFN1
mutations, we found one mutation leading to a single amino
acid deletion of glycine 103 (G103). Interestingly, SdY G103
and L43 are both conserved, not only in all salmonid SdY
proteins but also in the Irf9 interaction association domain
(IAD) sequence that presents homologies with SdY (Yano
et al. 2012, 2013). Although SdY is thought to be derived
from an ancestral Irf9 duplication, the proteins are quite di-
vergent in their overlapping domains; it is unknown whether
the IAD domain is still functionally conserved in the SdY
protein. However, the conservation of many amino acids
between SdY and Irf9 suggests that some are likely to be
crucial for the structure of both proteins. We show here that
some of the conserved amino acids may not be as crucial for
SdY function. For example, deletion of L43 does not affect the
resulting sex phenotype. Comparison of the SdY sequences
within salmonids shows that the region containing the ZFN1
target site is much more conserved (11/12 amino acids, i.e.,
99.6 % identity) than the region containing the ZFN3 target
site (8/12 identical amino acids, i.e., 66.6 % identity). These
data suggest that the structure of the protein around the ZFN1-
targeted region is more constrained than the region targeted by
ZFN3. This hypothesis would explain why all the mutations
characterized for the ZFN1 pair produced a clear sex-reversal
phenotype, while the single mutation characterized with the
ZFN3 pair did not produce a sex-reversal phenotype.

Unexpected off-target effects are a significant concern in
targeted gene modification technologies. We did not identify
any conservation of the ZFN-targeted sequences in the pub-
licly available rainbow trout transcriptomes (Govoroun et al.
2006; Koop et al. 2008; Rexroad et al. 2003; Le Cam et al.
2012; Salem et al. 2010). This suggested that there were no
potential off-target sites for the ZFN pairs that we used, at least
in the protein-coding regions of the trout genome. The fact
that we did not observe any unexpected phenotypic abnormal-
ities in the mutated ZFN embryos (both at F1 and F2) also
supports the absence of major off-target events. Genome
editing with ZFNs has been reported in many species: plants
(Shukla et al. 2009), Drosophila (Beumer et al. 2006),
Xenopus (Young et al. 2011; Nakajima et al. 2012), fish
(Meng et al. 2008; Doyon et al. 2008; Ansai et al. 2012;
Dong et al. 2011), and many mammalian species (Carroll
2011), including domestic animals such as pigs (Watanabe

et al. 2010; Whyte et al. 2011) and cattle (Yu et al. 2011).
Accordingly, ZFN technology has high potential to produce
gene knockouts in non-model species including salmonids.
Our result shows that ZFN works in a cold-water spe-
cies in which embryonic development is slow, and the
generation times are extremely long. The ZFN approach
provides the opportunity to characterize the function of
novel salmonid-specific genes that are difficult to ana-
lyze using AMOs or siRNA.
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