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Abstract

Zebrafish is a powerful model for the study of vertebrate development, being amenable to a wide range of genetic and other ma-
nipulations to probe themolecular basis of development and its perturbation in disease. Over recent years, genome editing
approaches have become increasingly used as an efficient and sophisticated approach to precisely engineer the zebrafish gen-
ome, which has further enhanced the utility of this organism. This review provides a practical overview of genome editing and
its application in zebrafish research, including alternate strategies for introducing and screening for specific genetic changes.
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Introduction

Zebrafish represents a powerful vertebrate model for the inves-

tigation of development and its disruption, with broad conser-

vation of key genes and developmental pathways between

zebrafish and humans [1]. The transparent externally develop-

ing zebrafish embryos are extremely accessible, providing ex-

quisite opportunities for manipulation and analysis. Forward

genetic screens are possible in zebrafish using chemical- or

transposon-mediated random mutagenesis to identify genes

affecting specific biological processes in either larvae or adults

[2–4]. Reverse genetic methodologies can also be used to study

the effects of gene ablation, either transiently using morpho-

lino-mediated gene knockdown [5] or permanently using target-

ing-induced local lesions in genome (TILLING) [6]. In addition,

genes are able to be overexpressed transiently by injection of

mRNA or DNA [7], or stably via transgenesis, including condi-

tional/inducible approaches [8].

A variety of genome-editing approaches, based on zinc fin-

ger nucleases (ZFNs) [9, 10], transcription activator-like effector

nucleases (TALENs) [11–13] or clustered regularly interspaced

short palindromic repeats (CRISPR) [14–16], have more recently

provided additional capabilities to efficiently achieve specific

gene manipulation. These different strategies use alternate

mechanisms to induce a double-stranded break (DSB) at a

specific site(s) in the zebrafish genome; both ZFNs and TALENs

rely on protein–DNA interactions to provide sequence specifi-

city, while CRISPR involves RNA/DNA targeting. However, all

three methodologies subsequently invoke common native re-

pair processes to achieve a range of permanent mutagenic out-

comes in a reliable and efficient manner. This review will

outline the alternative genome editing methodologies for spe-

cific cleavage, the strategies used to introduce a variety of gen-

etic changes taking advantage of native repair processes and

the approaches used for screening and propagation of success-

fully manipulated genes.

Sequence-specific targeting

Zinc finger nucleases

ZFNs were the first genome-editing strategy to be applied to

zebrafish. ZFNs act as artificial restriction enzymes, being a chi-

meric fusion between an array of sequence-specific,

DNA-binding Cys2His2 zinc-finger domains (ZFDs) and the non-

sequence-specific FokI endonuclease [17, 18]. Each ZFD is

composed of 30 amino acids that recognize a specific nucleotide

triplet and are used in an array of three to six domains, giving

each ZFN a 9–18bp target site [19]. Moreover, ZFNs are designed

in pairs, with each member recognizing a different chromosomal
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strand with a small spacer that enables FokI assembly

with a geometry that allows the nuclease domains to dimerize

(Figure 1A). Therefore, DNA cleavage only occurs when the two

ZFNs bind adjacently, such that a DSB is introduced [20, 21].

The make-up of ZFNs is flexible and can be customized to rec-

ognize any sequence of interest [22, 23]. ZFNs can be designed to

specific targets using online tools, including Zinc Finger Tools [24]

and ZiFiT Targeter [25, 26], with the encoding sequences able to

be synthesized by commercial suppliers or generated in-house by

context-dependent assembly method [27], oligomerized pool

engineering [28] or modular assembly [29].

ZFN pairs are delivered by co-injection of mRNAs encoding

the individual ZFNs into one-cell zebrafish embryos. This ap-

proach has a reported mutagenic frequency of 1.6–33% [25, 30]

and good germ line transmission, and is able to generate both

heterozygous and homozygous knockout organisms with a

wide variety of mutations at the target site [20, 21]. New ZFN

construction methods have been developed including the

Sigma CompoZr Custom Zinc Finger Nuclease Kit that has

shown up to 98% mutagenic efficiency [25].

The major limitations of this approach are the high failure

rates to generate ZFNs by modular assembly [31] and cutting at

off-target sites (those varying 1–4 bp from target site) [20, 32].

One study reported off-targeting in �1% of morphologically nor-

mal embryos but at a greater frequency in phenotypically ab-

normal embryos [20]. Delivery of ZFNs at an appropriate

concentration can minimize such off-target events [33].

TALENs

TALENs also represent engineered restriction enzymes consist-

ing of fusions between a DNA binding region and FokI that work

in pairs [34]. In this case the DNA binding domain is based on

an array of Tal effectors, originally discovered in the plant

pathogen Xanthomonas [35]. These consist of a 33–35 amino acid

repeat containing two hypervariable amino acids at positions 12

and 13, termed repeat variable diresidues (RVDs), which each

bind to a specific target base [34, 36, 37]. From the wide variety

available, the commonly used RVDs are NN to bind guanine, NI

to bind adenine, HD to bind cytosine and NG to bind thymine

[34]. Between 12 and 31 repeats are fused in an array, followed

by a 20-amino acid ‘half repeat’ before a 63-amino acid C ter-

minal region fused to FokI sequences [38, 39] (Figure 1B). Like

ZFNs, the FokI endonuclease of each TALEN pair must dimerize

to introduce a DSB.

TALENs targeting specific sites can be designed with the help

of online tools, such as TAL Effector Nucleotide Targeter 2.0 at

Cornell University [40], and the encoding sequences either syn-

thesized by commercial suppliers or constructed using low-cost

kits, such as the ‘Golden Gate’ assembly system [41]. The latter

method relies on the conjugation of half TALEN pairs consisting

of 10 repeats and adding the remaining repeats through sequen-

tial cutting and ligation, eventually splicing with sequences

encoding FokI. An updated system, the Golden Gate Platinum as-

sembly kit, involves conjugation of four RVDs together in the first

step, which greatly increases the ease of TALEN generation [42].

Figure 1. Genome targeting by ZFNs, TALENs and CRISPR. (A) ZFN-mediated targeting. Zinc finger domains are shown schematically, with the 3 bp sequence targeted

by each indicated, and the fused FokI domains shown. Binding of a pair of ZFNs with the correct geometry at the target site allows FokI nuclease dimerization, facilitat-

ing the introduction of a DSB into the DNA. (B) TALEN-mediated targeting. TALEN RVDs are coded (NG: solid; NN: checked pattern; NI: horizontal stripes; HD: vertical

stripes) with the nucleotides they target indicated, and the fused FokI domains shown. Appropriate FokI nuclease dimerization again facilitates DSBs at the target site.

(C) CRISPR-mediated targeting. The guide RNA is shown alongside the nucleotides it binds to. This targets the Cas9 (shaded) adjacent to the PAM motif (NGG), where it

generates a DSB. (A colour version of this figure is available online at: http://bfg.oxfordjournals.org)
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TALEN pairs are also delivered by injection of encoding

mRNAs, and have been used to generate a wide variety of muta-

tions in zebrafish [39, 43–46], with up to 98.5% efficiency [47].

When compared with ZFNs, TALENs are more reliable, with

higher efficiency, but also greater target specificity leading to

reduced off-target effects [47, 48].

CRISPR

The Clustered, Regularly Interspaced, Short Palindromic Repeat

(CRISPR)/CRISPR-associated 9 (Cas9) system has proven to be a

simple, efficient and reliable alternative approach for genome

editing in zebrafish [49, 50]. This system is derived from the

adaptive immune mechanisms of bacteria and archaea that is

used to defend against viruses and plasmids [14, 15, 51]. It con-

sists of a CRISPR RNA (crRNA) array made of short foreign DNA

fragments derived from viruses and/or plasmids that are re-

tained as a memory of previous exposures, a trans-activating

crRNA (tracrRNA) that mediates the processing of the crRNA

array into short fragments and a Cas nuclease [51, 52]. A chi-

mera of the crRNA and tracrRNA, known as the single-guide

RNA (sgRNA), has been generated for ease of gene manipulation

[53]. The ‘guide’ sequence within the sgRNA recognizes and

binds to a complementary 20bp DNA target adjacent to a proto-

spacer adjacent motif (PAM) sequence, NGG, and the DNA is

cleaved by Cas at the RuvC and HNH sites lying upstream [53].

sgRNA specific for a target site can be designed using ZiFiT

Targeter [16, 26] and ordered as an oligonucleotide for subse-

quent cloning and in vitro transcription. This is co-injected into

zebrafish embryos along with capped and poly A-tailed mRNA

encoding Cas9. CRISPR-Cas9 gene editing has proven to be

highly specific, being more efficient and easy to customize com-

pared with other approaches. This approach can also be used to

generate tissue-specific knockouts, transcribing the gRNA ubi-

quitously using a U6 promoter, while limiting expression of

Cas9 with a tissue-specific promoter [54]. CRISPR can also be

multiplexed by injection of multiple sgRNAs, allowing simultan-

eous targeting of multiple genes or locations within a gene [55].

The biggest limitation of this methodology is its inability to tar-

get all sequences, relying on specific sequence motifs to be pre-

sent (Table 1).

Repair mechanisms

The DSBs generated by the various genome editing approaches

are subsequently repaired through native repair processes [22].

Non-homologous end joining

Non-homologous end joining (NHEJ) is an error-prone process

that occurs in the absence of any repair template, resulting in

the efficient introduction of random insertion/deletion (indel)

mutations, some of which will result in ablation of gene func-

tion [19] (Figure 2). NHEJ is primarily aimed at the generation of

loss-of-function alleles, with indels introduced in coding exons,

causing frame shift mutations and premature stop codons,

leading to truncation of the encoded protein or other changes

that serve to disrupt an essential domain [56, 57].

Microhomology end joining

Another process for repairing DSBs is microhomology end join-

ing (MHEJ), which relies on small regions of homology adjacent

to the target site for repair [58]. The occurrence of frameshift

versus in-frame mutations is greatly affected by these regions

of microhomology. However, careful analysis of the target site

using prediction tools can maximize the chance of generating

frameshift mutations [59].

Homology-dependent repair

In contrast to NHEJ/MHEJ, homology-dependent repair (HDR)

uses a donor template for repair that displays homology to the

cleavage site, thereby facilitating the introduction of specific

genetic alterations in an efficient manner [44]. The repair tem-

plate is exogenously introduced either as a double-stranded

DNA construct with flanking insertion sequences in the hom-

ology arms either linear or circular, or as a single-stranded DNA

oligonucleotide. The HDR approach can introduce a full range of

genetic alterations through recombination of the repair tem-

plate with the target locus [56, 57].

Homology-independent repair

Homology-independent repair (HIR) relies on ligation of cleaved

donor DNA into a similarly cleaved target site using genome

editing technologies to facilitate the repair in injected embryos.

This technique has shown up to 33% efficiency in achieving tar-

geted insertion [60].

Suggested workflow

A suitable genome editing strategy is designed using online re-

sources in concert with sequencing of the target location to

avoid polymorphisms at the target site and the necessary re-

agents ordered or generated in-house. Injected embryos are ini-

tially screened by appropriate method to determine cleavage

efficiency. Efficiencies of 10% or more are acceptable for the

generation of indels but optimization is suggested, as it will de-

crease the amount of subsequent screening. To identify founder

(F0) fish, their progeny are screened, with in-crosses used to de-

crease the amount of screening.

Positive founders are then out-crossed with wild-types, with

the aim of producing at least three independent lines that are

propagated for further analysis. F1 embryos are raised to adult-

hood with a fin clip used to genotype and identify carriers,

which are subsequently out-crossed with wild-types. F2 carriers

are identified and can be in-crossed to produce homozygotes at

Mendelian ratios. If viable, homozygote mutant zebrafish can

Table 1. Comparison of genome editing technologies

Property ZFNs TALENs CRISPR

Recognition motif Zinc finger Tal effector Guide RNA

Specificity 18–36bp

(3 bases per finger)

40 bp

(1 base per effector)

20 bp

(1 base per base)

Targetability Broad Broad Limited by motifs

Reported efficiency 1.6–33% 10–98.5% Up to 100%

Off target effects High Low High

324 | Sertori et al.
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be used to create stable lines, or alternatively maintained as a

heterozygote for phenotypic analysis (Figure 3).

Screening

Overview

There are a range of techniques available to screen the injected

founders and their progeny for correct genome targeting. Each

involves DNA extraction and polymerase chain reaction (PCR)

amplification of the region around the target site for subsequent

analysis. The approach selected is based on the type of muta-

tion, likely efficiency and other practical considerations. As the

efficiency of genome editing improves, screening is increasingly

becoming the bottle-neck, and so throughput and cost are im-

portant considerations.

Specific methodologies

The simplest method for screening is based on differential

amplicon size. Agarose gel electrophoresis can resolve differ-

ences in amplicon length down to �10% of the amplicon size.

This approach is simple, quick and applicable to high through-

put, but is practically effective only for large deletions, such as

whole exon deletion using genome editing technologies to tar-

get two sites simultaneously.

Several approaches are based on the generation of heterodu-

plexes formed by the presence of induced mutations. Using

TILLING, these heteroduplexes are partially digested by a nuclease

such as CelI [61] or T7 endonuclease I [16, 62] and separated by

acrylamide gel electrophoresis. This is a sensitive technique allow-

ing simultaneous screening of up to eight pooled samples [63], pro-

viding reasonable throughput. However, this approach can give a

large number of false positives that increase the cost of screening

by requiring larger numbers of samples to be sequenced.

One of the most promising screening technologies is High

Resolution Melt (HRM) analysis, which involves the quantitative

analysis of DNA melt curves. Genomic samples are saturated

with DNA binding dye and fluorescence measured as the tem-

perature is increased. HRM can detect single-nucleotide

changes, even when present in relatively low frequency [64, 65],

while different length amplicons typically produce different

curves, allowing allelic series to be identified before sequencing.

This represents an efficient and effective approach, although

the presence of polymorphisms can complicate the interpret-

ation/usefulness significantly.

Quantitative PCR (qPCR) can be used to detect indels by de-

signing a primer set that flanks the target region and a second

set where the 30 end is targeted to the mutational hot spot re-

gion, usually the middle four to five bases of the spacer region

in ZFNs and TALENs and the four bases upstream of the PAM

Figure 2. Utilization of endogenous repair process for a variety of genome editing outcomes. DSBs introduced by alternative genome targeting approaches are repaired

by MHEJ, NHEJ, HDR or HIR. MHEJ and NHEJ occur in the absence of donor template and result in insertions or deletions (indels), which are predictable in the case of

MHEJ but essentially random for NHEJ. In HDR, a transgene donor template can be provided either in linear or circular form, facilitating targeted insertion or modifica-

tion, while in HIR a circular donor template is the target of the DSB. (A colour version of this figure is available online at: http://bfg.oxfordjournals.org)

Zebrafish genome editing | 325

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
fg

/a
rtic

le
/1

5
/4

/3
2
2
/2

4
1
2
1
8
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

Deleted Text: s
Deleted Text: are 
Deleted Text:  
Deleted Text: Targeting Induced Local Lesions in Genomes (
Deleted Text: )
Deleted Text: 8 
Deleted Text: s
Deleted Text:        
Deleted Text:  
Deleted Text: prior to
Deleted Text: very 
Deleted Text:  
Deleted Text: '
Deleted Text: 4-5
Deleted Text: 4 
http://bfg.oxfordjournals.org


when targeting with CRISPR. The presence of mutant RNA will

decrease the amplification efficiency, resulting in decreased

relative expression. Using this methodology, mutation efficien-

cies as low as 10% can be detected [66].

Other approaches screen for the specific sequence change. For

example, restriction fragment length polymorphism (RFLP) ana-

lysis involves designing an editing site coincident with a restric-

tion enzyme site—or introducing one through HDR—allowing

identification of potential mutants by the loss/gain of a restriction

site in an amplified product, resulting in altered fragment sizes

following digestion. This strategy works most effectively if there

is an additional site for the enzyme away from the targeted se-

quence, which can be used to ensure efficient digestion, thereby

avoiding false positives/negatives. This approach is straightfor-

ward and has similar throughput to endonuclease assay diges-

tion, but requires a suitable site for screening and can be

expensive whenmore obscure enzymes are needed.

For any genome editing project, sequencing is always

required. The screening techniques mentioned above can only

indicate that a change is present, but sequencing alone can fully

characterize the molecular details of each targeting event.

Sanger sequencing is reliable and easy to interpret when com-

pared with a wild-type sequence analysed in parallel. Potential

mutants can also be screened by NextGen sequencing

approaches, which offer high throughput for screening of mul-

tiple loci [67] (Figure 4) (Table 2).

Potential problems and some solutions

Genome editing technology is still in its relative infancy, with

a number of problems commonly experienced. However,

the methodology is rapidly evolving to address these issues.

For example, off-targeting remains a key problem. To reduce

off-targeting of both ZFNs and TALENs, FokI variants have been

generated carrying mutations in the dimerization helices such

that only heterodimerization is possible, thereby reducing off-

targeting. These include Q486E:I499L and E490K:I538K (ELþKK)

[9] or R487D and D483R (DþR) [68] with complementary FokI

variants attached to each DNA binding segment. To increase

cleavage efficiency, mutants have also been generated in the

cleavage domain of FokI, such as S418P and K441E, which show

a 3- to 6-fold increase in mutagenesis rates compared with

wild-type FokI [69]. Combining cleavage and dimerization mu-

tants further increases effectiveness particular for NHEJ. To in-

crease the efficiency of HDR, an inactivating mutation, D450A

[70, 71], has been incorporated into one of the FokI cleavage do-

mains so that a single strand cut or ‘nick’ will be introduced

[72], which inhibits formation of indels associated with NHEJ

[73]. Variants of Cas9 have also been generated to reduce off-

target mutations, including nickase mutants and FokI fusions

that require two adjacent sgRNAs to introduce a DSB, thereby

doubling the size of the target recognition sequence [74].

Combined with the available bioinformatics tools for design

[75], off-targeting can be greatly minimized. In addition, several

methods exist to detect off-target events, most underpinned by

Next-Gen sequencing, such as unbiased identification of DSBs

enabled by sequencing (GUIDE-seq), in vitro nuclease-digested

genome sequencing (Digenome-seq) and high-throughput

genomic translocation sequencing [75]. Analysis of multiple in-

dependent alleles and extensive back-crossing provide add-

itional strategies to circumvent potential off-target issues.

For CRISPR, the sites available for targeting are limited by se-

quence requirements of the promoter chosen to initiate the

transcription of the sgRNA and also the (PAM) motif. For

Figure 3. Typical workflow for genome editing. Schematic depiction of steps in

genome editing including genome editing design, target site pre-screening, injec-

tion of embryos and subsequent strategies for the identification and propaga-

tion of specific mutants. (A colour version of this figure is available online at:

http://bfg.oxfordjournals.org)
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instance, the use of T7-based RNA has limited targeting poten-

tial owing to the first transcribed base using T7 polymerase

incorporating a GG to start the sgRNA, which in concert with

PAM requirements limits the targeting potential to sites with

the sequence context of GGN19GG [16], although this can also be

overcome by designing shorter guides that have a 50 mismatch

gGN19GG [76]. Use of other promoters to initiate transcription

such as U6, which only incorporates a single G, can also

Figure 4. Key molecular methodologies for mutant screening. Screening for introduced mutations relies on two underlying approaches, mismatch recognition or se-

quence recognition of an amplicon including the target site. Cel I or T7 endonucleases will cleave the DNA at a mismatch generating cleavage products of the

wild-type amplicon. High-resolution melt (HRM) analysis uses fluorescence to detect altered melt temperatures between wild-type and mutant. Restriction enzymes

identify the loss of a specific sequence in a mutant with an uncleaved amplicon in the mutant digest. Sanger sequencing directly distinguishes mutant and wild-type

sequences by termination fluorescence, which shows a characteristic double-peak pattern on the chromatogram. (A colour version of this figure is available online at:

http://bfg.oxfordjournals.org)
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increase potential targets to GN20GG sites [77]. Recently, a PAM

mutant D1135V/R1335Q/T1337R was generated allowing modest

targeting of NGAG sites [78], which greatly increases the target-

ing ability of CRISPR.

The effectiveness and efficiency of genome editing

approaches can vary widely, depending on the target se-

quence. Apparent ‘non-functionality’ can be owing to several

factors, including single nucleotide polymorphisms and other

sequence variants, methylation and alternate modifications,

as well as inaccessible chromatin. A variety of approaches

can circumvent these issues, including prior sequencing of

relevant genomic regions of in-house fish and targeting of

multiple target sites for each gene. The efficiency of CRISPR

can be further increased by directly injecting Cas9 protein or

protein/sgRNA complex to bypass endogenous transcription

of Cas9 RNA [67, 79], while codon-optimized and green fluo-

rescent protein (GFP)-tagged versions of Fok1 and Cas9 are

available [54, 80, 81]. For HDR, the use of longer homology

arms has been shown to increase targeting efficiency [82],

and the purification of donor DNA with a nucleotide removal

kit can increase the survival of injected embryos [83].

Finally, as a result of the widespread utilization of genome

editing and morpholino-mediated gene knockdown in paral-

lel, it has become apparent that different phenotypes result,

with so-called ‘morphants’ typically having more pro-

nounced/extensive phenotypic alterations than ‘knockouts’.

Two reasons have been proposed — firstly, that morpholinos

result in off-target/non-specific effects [84] and, secondly, that

mutations induce genetic compensation that serves to mask

phenotypic changes [85] — which are not mutually exclusive.

Practical approaches to provide further confidence about

observed phenotypes include the analysis of multiple alleles,

genetic rescue, combining morpholinos and mutants, as well

as global transcriptome analysis.

Conclusions

Zebrafish has proven to be a robust model for studying the gen-

etic basis of development and its disruption in disease. Genome

editing provides an expanded repertoire of possibilities to effi-

ciently create virtually any genetic manipulation. This will con-

tinue to enhance the use of zebrafish, particularly for modelling

human disease.

Key Points

• Zebrafish can be manipulated by ZFNs, TALENs and

CRISPR.
• Both random (MHEJ, NHEJ) and targeted (HDR, HIR)

mutants are possible.
• New approaches are being rapidly developed to in-

crease efficiency and sophistication.
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