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Abstract

Background: Genome editing using CRISPR/Cas9 has become a powerful tool in zebrafish to generate targeted
gene knockouts models. However, its use for targeted knock-in remains challenging due to inefficient homology
directed repair (HDR) pathway in zebrafish, highlighting the need for efficient and cost-effective screening methods.

Results: Here, we present our fluorescent PCR and capillary electrophoresis based screening approach for knock-

in using a single-stranded oligodeoxynucleotide donor (ssODN) as a repair template for the targeted insertion of
epitope tags, or single nucleotide changes to recapitulate pathogenic human alleles. For the insertion of epitope tags,
we took advantage of the expected change in size of the PCR product. For point mutations, we combined fluorescent
PCR with restriction fragment length polymorphism (RFLP) analysis to distinguish the fish with the knock-in allele. As a
proof-of-principle, we present our data on the generation of fish lines with insertion of a FLAG tag at the tcnba locus,
an HA tag at the gata2b locus, and a point mutation observed in Gaucher disease patients in the gba gene. Despite
the low number of germline transmitting founders (1-5%), combining our screening methods with prioritization of

founder fish by fin biopsies allowed us to establish stable knock-in lines by screening 12 or less fish per gene.

Conclusions: We have established a robust pipeline for the generation of zebrafish models with precise integra-
tion of small DNA sequences and point mutations at the desired sites in the genome. Our screening method is very
efficient and easy to implement as it is PCR-based and only requires access to a capillary sequencer.
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Background

Zebrafish are a popular vertebrate model system for
functional genomics and human disease modelling stud-
ies due to their external fertilization, optically trans-
parent embryos, high fecundity, rapid embryonic
development, evolutionarily conserved biological
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pathways, and availability of methods for genetic manipu-
lations [1-3]. Recent advances in targeted genome editing
technologies, especially Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/Cas9, have made it
relatively easy to generate desirable gene knockout models
in zebrafish [4-8]. These methods take advantage of the
error-prone non-homologous end joining (NHE]) path-
way that is activated by the double stranded break (DSB)
caused by the CRISPR/Cas9 [9]. Our lab and others have
developed high-throughput and cost-effective protocols
to generate single or multiple gene knockouts in zebrafish
using CRISPR/Cas9 [5, 7, 10—14]. Similarly, CRISPR/Cas9
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mediated targeted mutagenesis has been used to generate
fish models with targeted knock-in of desired exogeneous
sequences by providing a DNA repair template to activate
homology-directed repair (HDR) pathway [15]. A variety
of repair templates, such as, single-stranded oligodeoxy-
nucleotides (ssODNs) [4, 11, 16-25], long single or dou-
ble stranded DNA [26-28], or plasmid DNA [29-31] have
been shown to work in zebrafish and their choice depends
on the size of the cargo to be inserted. Examples of fish
lines generated using targeted knock-in include addi-
tion of fluorescent reporters for real time analysis of gene
expression [26, 29—-31], epitope tags for protein level anal-
yses [19, 23, 27], loxP sites for conditional gene knock-
outs [18, 20] and nucleotide substitutions for analysis of
disease-specific point mutations [16, 21, 22, 24].

Targeted knock-in by HDR still remains a challeng-
ing process in zebrafish as HDR is highly inefficient
compared to NHE], therefore, extensive screening is
required to identify the rare founder fish that transmit
a precisely integrated repair template to their progeny
[16, 22]. Furthermore, knock-in events are often impre-
cise either due to the presence of simultaneous indels
caused by NHE] or due to errors during recombina-
tion [4, 17, 19, 20, 23]. Screening for precise knock-in
is especially difficult when using ssODNs due to the
lack of visual tools, like fluorescent reporters, which
can be used for knock-in with larger repair templates
[26, 30, 31]. Therefore, expensive and labor-intensive
approaches, such as cloning and sequencing of a large
number of clones or next-generation sequencing (NGS)
of pooled embryos are used to determine the success
of knock-in using ssODNs [4, 11, 17, 21, 23, 24]. NGS
requires access to special equipment and bioinformatic
expertise for processing the large amounts of sequenc-
ing data, thus posing a challenge for many laboratories.
While online tools, such as, TIDER (Tracking of Inser-
tions, Deletions and Recombination events) and ICE
(Inference of CRISPR Edits) can be used to determine
the knock-in efficiency and infer the edited sequences
from Sanger sequencing data, these methods require
high quality sequence reads. If a particular nucleotide is
not represented well in the chromatogram it can lead to
errors in the inferred sequence, especially with knock-
in for point mutations [32, 33]. Recently, Prykhozhij and
colleagues [24] showed that a combination of allele-spe-
cific PCR (AS-PCR) with restriction digest accurately
identifies true knock-in from off-target trans knock-in
events for point mutations. However, AS-PCR is a gel-
based method and thus difficult to scale up.

Thus, the goal of our study was to develop robust
screening methods for knock-in using ssODNs that can
be easily implemented by others. Previously, we had
developed capillary electrophoresis-based fragment
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separation of fluorescent PCR products for accurate
genotyping of knockout fish lines with indels and its
modification, termed CRISPR-STAT (CRISPR Somatic
Tissue Activity Test) for the evaluation of sgRNA activ-
ity [6, 34]. Here, we describe how we adapted fluores-
cent PCR and CRISPR-STAT for somatic and germline
screening to detect precise integration of ssODNs. To
demonstrate our pipeline, we have generated stable fish
lines with a FLAG tag at the 3’ end of tcnba, an HA tag
at the 3’ end of gata2b and a Gaucher disease patient-
specific point mutation in the gha gene. For insertion of
epitope tags, we took advantage of knowing the exact
change in size of the PCR product expected by the inser-
tion of the repair template and used CRISPR-STAT
to detect the expected size peaks among the CRISPR/
Cas9-induced indels. Since no change in the size of PCR
product is expected when ssODNss are used for knock-in
of point mutations, we combined CRISPR-STAT with a
restriction enzyme digest followed by fluorescent RFLP
analysis to identify the knock-in events. Our methods
make valuable additions to the genome editing toolbox
for zebrafish researchers interested in generating model
systems for functional genomics and disease modelling
of human genetic disorders.

Results

Experimental design for knock-in of epitope tags
Commercial antibodies against zebrafish proteins are not
readily available and cross reactivity with antibodies from
other species can be hit or miss [35]. Therefore, doing
any protein level analysis in zebrafish requires consid-
erable effort to identify appropriate antibodies without
any guarantee of success. To overcome these limitations,
the preferred approach is to insert an epitope tag at the
5 or 3’ end of genes by targeted knock-in using ssODNs
for HDR [23, 27, 36]. Here, we demonstrate our fluores-
cent PCR and CRISPR-STAT based screening approach
for knock-in of epitope tags by two examples: insertion
of a FLAG tag at the tcnba locus and insertion of an HA
tag at the gata2b locus. In both examples, we chose to
insert epitope tags at the 3’ ends of the coding sequence
to avoid disrupting gene function in injected fish due to
CRISPR induced indels at 5’ ends.

Knock-in of FLAG tag at 3’ end of tcnba

Tcnba was recently identified as one of the three cobala-
min transport proteins (Tcn2, Tcnba, Tcnbb), which
function in a tissue-specific manner in the zebrafish
[37]. To elucidate its specific role in the cobalamin bind-
ing and transport, we sought to mark the tcnba locus by
a FLAG tag. Therefore, we first evaluated the activity of
two sgRNAs near the stop codon of tcnba by CRISPR-
STAT and selected the highly active sgRNA-T2 for the
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knock-in experiments (Additional file 1: Figure S1A-B).
Next, we designed the ssODN for repair template based
on sgRNA-T?2 as follows: 1) To maintain the entire cod-
ing region of tcnba and open reading frame (ORF) for
the expression of FLAG tag, we added the 16 nucleo-
tides from the Cas9 cut site to the stop codon into the
ssODN followed by the FLAG tag sequence (Fig. 1A,
Additional file 1: Figure S2A). 2) We introduced a
modification of the PAM site (G>C) as a CRISPR/
Cas-blocking mutation (Additional file 1: Figure S2A).
Following injections, CRISPR-STAT analysis was per-
formed on uninjected, sgRNA/Cas9, and sgRNA/Cas9
plus ssODN injected embryos collected at 1 day post
fertilization (dpf) (Fig. 1B) and plots were analyzed for
the presence of the peak corresponding to the expected
size of the knock-in allele (wildtype (WT) PCR prod-
uct size +43 bp due to integration of the ssODN). Since
only the size of the PCR product is being assessed in
this assay, not the nucleotide sequence, sgRNA/Cas9-
injected embryos were used as control to estimate the
likelihood of indels from NHE] that would lead to a sim-
ilar size product. We observed a peak at the expected
size in 1 out of 26 embryos injected with sgRNA/Cas9
alone in comparison to 6 out of 40 embryos in the
presence of ssODN (Fig. 1B). This enrichment of the
expected peak in the presence of repair template indi-
cates that knock-in by HDR is occurring in some of the
embryos. To validate that these expected size peaks
were in fact due to integration of the ssODN, we cloned
the gel purified PCR product from a positive embryo
and sequenced 20 clones. Sequence analysis showed
5 clones with expected knock-in sequence as well as
clean and precise integration at both ends of the ssODN
(Additional file 1: Figure S2B). The remaining 15 clones
were either WT (8 clones) or with random indels (7
clones) as expected due to the mosaicism for CRISPR-
induced mutations in the embryo being analyzed. These
data demonstrated that using CRISPR-STAT to look for
an enrichment of the expected size peak in the embryos
co-injected with the repair template compared to the
sgRNA/Cas9 alone can be used for a quick evalua-
tion of the sgRNA and ssODN designed for a knock-in
experiment.

Previous studies have shown that preselection of
founder fish by screening for knock-in allele in somatic
tissue using fin biopsies allows for efficient germline trans-
mission screening [23, 38, 39]. Therefore, to prioritize
founders for germline screening, we performed CRISPR-
STAT on fin biopsies of all adult founders (n=133) and
identified 13 founders with the expected knock-in size
peaks (Table 1). After screening the progeny of 12 out
of these 13 founders as pooled embryos, we identified
2 founders that transmitted the knock-in allele to their
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progeny (Table 1). These two founder fish were out-
crossed again to confirm knock-in by screening of individ-
ual embryos by fluorescent PCR and sequencing (Fig. 1C,
Additional file 1: Figure S2C, Table 1). Progenies from
these two founder fish were grown to adulthood and het-
erozygous adults were identified by fin biopsies. Expres-
sion of FLAG tag was confirmed in 5 dpf tcnba-A“/FLAG
embryos by RT-PCR (Fig. 1D, Additional file 2: Fig. 1 —
Supporting data) and sequencing (Additional file 1: Figure
S3). Thus, our CRISPR-STAT based screening of injected
embryos and adult founder fin biopsies allowed us to suc-
cessfully generate a stable line with FLAG tag at the 3’ end
of tcnba while saving time, labor and costs associated with
sequencing based screening methods.

Knock-in of HA tag at 3’ end of gata2b

To evaluate our screening approach at another locus,
we decided to add an HA tag to the 3’ end of gata2b,
a transcription factor with critical roles in definitive
hematopoiesis [40-42]. Two sgRNAs in close proximity
of the stop codon were evaluated by CRISPR-STAT and
sgRNA-T1 was selected (Additional file 1: Figure S4A-
B). ssODN for repair template was designed based on
this sgRNA and 6 bp between the DSB site and the stop
codon were incorporated in front of the HA tag with an
additional nucleotide change (G >C) to disrupt the PAM
site (Fig. 2A, Additional file 1: Figure S5A). The expected
knock-in peak, which is 36 bp larger than the WT peak,
was detected in 4 out of 40 embryos in the presence of
the repair template as opposed to only 1 in 31 of con-
trol embryos injected with sgRNA/Cas9 alone (Fig. 2B).
Validation by cloning and sequencing of the PCR prod-
uct from a positive embryo revealed correct knock-in of
the ssODN with clean and precise integration at each
end in 6/46 clones (Additional file 1: Figure S5B). Among
the remaining clones, 33 clones contained indels and 7
clones were WT.

Pre-screening of adult founders by fin biopsies led
us to prioritize 7 of the 41 fish for germline screening
(Table 1). Multiple pools of embryos from 2 of these
7 founders showed expected knock-in peak (Table 1).
These 2 founders were bred again, and individual
embryos were screened by fluorescent PCR (Additional
file 1: Figure S5C, Table 1) followed by sequence confir-
mation (Fig. 2C). Our data showed that these 2 found-
ers transmitted the knock-in allele to 1.2 — 3.4% and 18.8
— 27.1% of their progeny (Table 1). After establishing a
stable gata2b'/H4 line, we confirmed the expression of
the HA tag in 1 h post fertilization (hpf) gata2p™4/HA
embryos by RT-PCR (Fig. 2D, Additional file 2: Fig. 2 —
Supporting data) and sequencing (Additional file 1: Fig-
ure S6). Based on these two examples, we believe that our
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Fig. 1 Design, screening, and validation of knock-in of FLAG tag at 3'end of tcnba. A Schematic of tcnba genomic structure with coding region
shaded in black (top panel), alignment of genomic sequence and ssODN template with direction of 36 bp and 91 bp homology arms (HA) marked.
The ssODN contains a spacer (highlighted in blue) to maintain the ORF of tcnba as the double stranded break occurs 16 bp upstream of the stop
codon (TGA, marked in red), a modification to the PAM site (G> C, highlighted in yellow) to prevent recutting after integration and the FLAG
tag to be inserted (highlighted in green). B Representative CRISPR-STAT plots of uninjected, sgRNA/Cas9, and sgRNA/Cas9 plus ssODN injected
embryos with X-axis showing the size of the peaks, Y-axis showing the peak height, and the size of the expected WT allele denoted by a green
arrowhead. These plots were quantified for the presence of a peak generated by the insertion of ssODN (denoted by red arrowhead). C Sequence
chromatograms showing WT and a positive F1 embryo to confirm germline transmission of knock-in sequence. D An agarose gel image showing
expression of the FLAG tag at tcnba locus by RT-PCR. RNA from tcnba™* or tcnba™ 46 embryos were used as template and water was used as
the no template control (NTC). The original gel image is provided in additional file 2: Fig. 1 — Supporting data and its cropped version is shown here
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Table 1 Summary of founder screening data

Page 5 of 15

Gene  Somatic screening data Germline transmission data
#of founder # of founder # of founder fish positive /  # of positive F1 pools # of positive F1 embryos # of positive F1 adults
fish screened fish positive  # of founder fish screened  /# of total F1 pools  /# of total F1 embryos  /# of total F1 adults
tcnba 133 13 2/12 4/11 3/16 (18.8%) 9/45 (20.0%)
9/16 2/16 (12.5%) 4/40 (10.0%)
gata2b 41 7 2/7 3/7 6/32 (18.8%) 26/96 (27.1%)
4/24 2/58 (3.4%) 2/164 (1.2%)
gba 95 22 4/11 (1 precise, 3 with errors) ~ 3/21 11/94 (11.7%) 10/96 (10.4%)

screening strategy can be easily applied to insert a variety
of small sequences, such as epitope tags or loxP sites at
the desired sites in the genome.

Experimental design for knock-in of point mutation D430H
in the gba gene

It is estimated that~60% of disease-associated human
genetic variants are point mutations [43] and knockout
mutants do not always recapitulate their effect on the
gene function as not all point mutations lead to loss-of-
function of the mutated gene. Therefore, zebrafish mod-
els with exact point mutations as seen in the patients are
needed for their functional evaluation. Here, we present
our CRISPR-STAT based screening strategy for intro-
duction of targeted point mutations in zebrafish using
HDR. To demonstrate our screening approach, we chose
to develop a zebrafish model with a specific point muta-
tion observed in patients with Gaucher disease, type
3¢ (GD3c) in the glucocerebrosidase gene (GBA) [44].
These patients are homozygous for D409H mutation
and manifest specific ophthalmic phenotypes including
an oculomotor abnormality consisting of slowed hori-
zonal saccadic eye movements and corneal opacities [45].
However, the etiology of these ophthalmic manifesta-
tions is not well understood [46] and zebrafish offer well-
established methods to study these phenotypes [47-49].
Human GBA D409 is equivalent to D430 in the zebrafish
Gba and is located in exon 8 of gha gene (Fig. 3A).
Sequencing of this region in our WT strain showed two
single nucleotide polymorphisms (SNPs) when com-
pared to the reference sequence (GenBank accession
XM_682379); an A > G change (silent) and a G> A change
(D430N) (Fig. 3A). Therefore, we designed the ssODN
against the sequence of our cohort of WT fish. The most
efficient sgRNA generated a DSB 17 bp upstream from
the target nucleotide (Fig. 3, Additional file 1: Figure S7A-
B). The ssODN was designed with the following three
modifications: 1) A>C to generate the intended point
mutation (N430H in our cohort), 2) G> A to change the

endogenous SNP back to the reference genome sequence
and 3) a silent change (G>C) in the PAM site to act as
a CRISPR/Cas-blocking mutation (Fig. 3A, Additional
file 1: Figure S8A).

Since our strategy for detecting knock-in alleles with
insertion of epitope tags relied on the change in size
of the PCR product, it would not work for detection
of point mutations as there is no change in the size of
the PCR product. Thus, we combined CRISPR-STAT
with RFLP analysis by adding a restriction site to the
ssODN (Fig. 3B) to distinguish the knock-in allele
from the WT allele. In this example, the silent change
in PAM site created a new Sall restriction site (Fig. 3A)
which leads to a digested fragment size of 111 bp if the
ssODN is inserted (Fig. 3B). To avoid false negatives
due to restriction digest failure, we added the same
restriction site to the tail of reverse primer (Table S1)
to serve as an internal control for restriction enzyme
digestion as it leads to the removal of last 10 bp from
the PCR product (Fig. 3B). Analysis of WT (unin-
jected), sgRNA/Cas9, and sgRNA/Cas9 plus ssODN
injected embryos showed 111 bp peak in the latter
group of embryos (12/60) after digestion with Sall
(Fig. 3C). TOPO cloning and sequencing of 53 clones
from a positive embryo confirmed correct knock-in
of the ssODN with all three of the introduced nucleo-
tide changes and clean integration at each end in one
clone (Additional file 1: Figure S8B). The remaining 52
clones were either WT (18 clones) or contained indels
(34 clones).

Data from pre-screening of adult founders and ger-
mline transmission screening using the Sall digest fol-
lowed by CRISPR-STAT analysis are shown in Table 1. Of
the 22 prioritized founder fish, we identified four posi-
tive founders after screening pooled embryos from 11
founders and therefore, the remaining 11 founders were
not screened (Table 1, Fig. 4A). Sequencing showed that
progeny of only 1 founder had precise integration of the
ssODN with a germline transmission rate of 10.4 — 11.7%
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Fig. 2 Design, screening, and validation of knock-in of HA tag at 3'end of gata2b. A Schematic of gata2b genomic structure with coding region
shaded in black (top panel), alignment of genomic sequence and ssODN template with direction of 36 bp and 91 bp homology arms (HA) marked.
The ssODN contains a spacer (highlighted in blue) to maintain the ORF of gata2b as the double stranded break occurs 6 bp upstream of the stop
codon (TGA, marked in red), a modification to the PAM site (G>C, highlighted in yellow) to prevent recutting after integration and the HA tag to be
inserted (highlighted in green). B Representative CRISPR-STAT plots of uninjected, sgRNA/Cas9, and sgRNA/Cas9 plus ssODN injected embryos with
X-axis showing the size of the peaks, Y-axis showing the peak height, and the size of the expected WT allele denoted by a green arrowhead. These
plots were quantified for the presence of a peak generated by the insertion of ssODN (denoted by red arrowhead). C Sequence chromatograms
showing WT and a positive F1 embryo to confirm germline transmission of knock-in sequence. D An agarose gel image showing expression of HA
tag at gata2b locus by RT-PCR. RNA from gata2b™* or gata2b™" embryos were used as template and water was used as the no template control
(NTC). The original gel image is provided in additional file 2: Fig. 2 — Supporting data and its cropped version is shown here
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(Fig. 4B, Table 1). Among the remaining three founders,
founder 2 transmitted knock-in of the restriction site
but not the desired point mutation (Fig. 4B). We specu-
late that due to the large distance between the cut site
and the desired point mutation (17 bp), replicative repair
occurred within this region as has been previously dem-
onstrated [50] and thus only the PAM site change was
transmitted to the progeny of this founder. Founders 3
and 4 each transmitted the restriction site and desired
allele but also contained indels (Fig. 4B). Thus, a limita-
tion of our screening method is that false positives due
to imprecise knock-in either due to replicative repair
occurring between the restriction site and the point
mutation or due to indels at the 3’ end of the PCR prod-
uct will be identified since only 5’ end of the PCR product
is detected after digest. Hence, we recommend identify-
ing multiple germline transmitting founders and validate
by sequencing to identify one with precise knock-in at
both ends. With this example, we have demonstrated that
CRISPR-STAT can be easily adapted with the addition of
a restriction digest to detect knock-in of point mutations.

Proposed knock-in pipeline using our screening methods

Based on the successful generation of knock-in fish
lines at three different loci, we propose to use our pipe-
line as illustrated in Fig. 5 to introduce point muta-
tions or insert small sequences at desired loci using
ssODNs. This pipeline consists of 3 phases: Design,
somatic screening, and germline screening. The design
phase takes about 2 weeks and is the most important
step as it ensures that the chosen sgRNA and repair
template combination would lead to successful knock-
in. The major considerations in the design phase are to
sequence your cohort of WT fish to identify fish with
100% homology [36, 51], find highly active sgRNAs and
use these as the basis for design of the ssODN tem-
plate for HDR. Somatic screening occurs after injec-
tions and is used to look for an enrichment for expected
size peak in the presence of ssODN. This step takes

Page 7 of 15

only about a week and lets one to decide whether to
proceed with growing injected embryos for founder
screening or redesign a new sgRNA/ ssODN combi-
nation. During the germline screening phase, founder
fish are first screened by fin biopsies to select fish posi-
tive for expected knock-in peak and thus most likely
to transmit to their progeny. These prioritized fish are
then outcrossed and their progeny is screened to iden-
tify the germline transmitting founders. This step takes
about 2-3 weeks. Embryos from germline transmitting
founders are then grown to adulthood (~3 months)
and these F1 adults are genotyped by fin biopsy. All
positive F1 adult fish are then sequenced thorough the
entire sSODN to confirm precise integrations at both
ends. Overall, use of this pipeline allowed us to gen-
erate knock-in alleles quickly and efficiently for our
research and should prove useful to the entire zebrafish
community.

Discussion

Despite recent advances in genome editing tools, the
highly inefficient process of HDR still presents a major
hurdle in developing zebrafish models with targeted
knock-in of desired sequences. Thus, there is a need for
efficient screening methods to identify rare knock-in
events, specifically when inserting small sequences with
ssODNs due to the lack of visual screening tools. In this
study, we developed a robust pipeline using fluorescent
PCR and CRISPR-STAT based novel screening meth-
ods for quick, reliable, and cost-effective generation of
fish lines with desired point mutations and small inser-
tions using ssODNs as the repair template. We have
demonstrated the efficiency of our screening methods
with successful generation of fish lines with insertion
of epitope tags at 2 loci and a patient specific point
mutation at the third locus. For insertion of epitope
tags, we took advantage of knowing the exact size of
the knock-in allele compared to the WT allele. For
knock-in of point mutations, we used restriction digest

(See figure on next page.)

Fig. 3 Design of ssODN and screening strategy for knock-in of a point mutation in gba. A Schematic of gba genomic structure with coding region
shaded in black (top panel), alignment of genomic sequence, sequence in our cohort of fish showing 2 polymorphisms (highlighted in blue) and
ssODN design with direction of 36 bp and 91 bp homology arms (HA) marked. Amino acids coded by each triplet are marked above the genomic
sequence, with the amino acid to be changed marked in red. The ssODN contains a modification to the PAM site (G> C, highlighted in red) which
creates a Sall restriction site (marked by black rectangle), a G > A modification to change the SNP in our WT cohort back to the reference sequence
(highlighted in green) and the desired point mutation A>C (highlighted in yellow). B A schematic of the strategy for combining fluorescent PCR
and RFLP analysis to detect integration of ssODN. Top panel shows the 3-primer fluorescent PCR strategy with fluorophore denoted by blue star
and restriction sites marked as RS. Middle panel shows the two possible outcomes in injected embryos with size of the PCR product and location
of either 2 (insertion of ssODN) or 1 (no insertion of ssODN) restriction sites (marked in red). The bottom panel shows the expected fragment sizes
after the enzymatic digestion of the PCR product. Since only the fluorescently labelled fragments will be detected, embryos with knock-in can be
identified by the presence of a 111 bp fragment. Multiple peaks around the WT size of 235 bp are expected due to CRISPR-induced random indels.
C Representative CRISPR-STAT plots of uninjected, sgRNA/Cas9, and sgRNA/Cas9 plus ssODN injected embryos before and after Sall digestion

with X-axis showing the size of the peaks, Y-axis showing the peak height, and the size of the expected WT allele denoted by a green arrowhead.
Successful integration following digest results in a peak at 111 bp (denoted by red arrowhead)
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to generate fragments of different sizes based on if the
knock-in occurred or not. In the example presented
here, a silent nucleotide change in the PAM site added

to prevent recutting also led to a new Sall restriction
site. Alternately, other silent changes can be intro-
duced in the ssODN to create a new restriction site. In




Carrington et al. BMC Genomics (2022) 23:810 Page 9 of 15
A gba +/+ gba N430H / +
105 135 165 195 225 255 105 135 165 195 225 255
6400 5600
ho)
_.G_J.. 4800 4200
3
O) 3200 2800
©
C 1600 1400
> |
| |
0 A 0 A
105 135 165 195 225 255 105 135 165 195 225 255
o] 4800 2400
o)
9
) 3600 1800 ‘
o
m }
'.6 2400 1200 ‘
2 | |
(_U 1200 j‘ 600 ‘ ‘
2 ,“ | \‘ 1 H
0 “A 0—A A~
Wildtype G>C G>A A>C
precise Kl
_ G G A
o) C A C
H IS0 MY
=}
3 fa YAVAY
false positive knock-in
o~ G A
5 C
H WMMM AW\WNWM@
E A\ [\
o
o) >
g INDEL
=}
= m
<
3 INDEL
C
E MAAK\(WAMAN MMQM&&

Fig. 4 Germline screening data for knock-in of the point mutation in gba. A Representative plots of undigested and Sall digested fluorescent

PCR products showing detection of the mutant allele (N430H) denoted by the red arrowhead in the progeny of a germline transmitting founder.
In all plots, the X-axis represents the size of the peaks and the Y-axis shows the peak height. WT alleles (denoted by green arrowhead) are slightly
smaller after digest (bottom panel) due to the restriction site in reverse primer used as internal control for successful restriction enzyme digestion.
B Sequence chromatograms from representative embryos from each of the 4 founders positive for somatic knock-in compared with a WT embryo.
Expected nucleotide modifications by knock-in of the ssODN are marked by yellow rectangles. Only founder 1 transmitted precise integration of
the ssODN with all 3 modifications while the other 3 founders were false positives. Founder 2 had incomplete integration (the nucleotide for the
restriction site was modified (G > C) but the desired (A>C) allele not changed) and founders 3 and 4 had indels
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Fig. 5 Workflow of our 3-phase knock-in pipeline. The design phase consists of five steps involving selection of WT fish for injections by sequence
analysis of the target region in your WT fish line, finding an active sgRNA and designing the ssODN based on these data. The somatic screening
phase occurs following injections. Embryos are collected and CRISPR-STAT or CRISPR-STAT/RFLP analysis is performed to determine if there is an
enrichment of the expected peak in the sgRNA/Cas9 + ssODN group. If no enrichment is seen, another sgRNA/ssODN combination needs to be
designed and tested. If expected size peaks are observed, representative samples are TOPO cloned and sequenced to confirm knock-in. The last
phase is germline screening and begins by pre-screening of adult founder fish by fin biopsies for somatic knock-in. Positive fish are then prioritized
for breeding to screen for germline transmission. Founders that transmit knock-in allele to their progeny are bred to grow F1 adults for genotyping,
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all 3 examples, we used the enrichment for expected
size fragment in injected embryos as an indication of
knock-in and successfully identified germline transmit-
ting founders by looking for the expected size peak in
their fin biopsies. Consistent with previous studies [23,
38, 39], we found that the prioritization of founder fish
by pre-screening reduced the number of fish to be out-
crossed for germline screening. In total, pre-screening
of founder fish eliminated the need to screen 239 fish

and allowed recovery of precise knock-in alleles for
all 3 loci by screening a total of 30 fish with germline
transmission rates ranging from 1.2-27.1%.

Our methods present several advantages over the com-
monly used sequencing-based screening approaches.
First, our methods are based on fluorescent PCR [6] and
CRISPR-STAT ([34], both of which are becoming popular
in the zebrafish community for accurate genotyping of
fish with indels and evaluation of sgRNAs, respectively
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[21, 52-60]. Thus, it would be easy to implement them
for knock-in screening as described here. Second, these
methods allow one to determine if knock-in is occur-
ring in injected embryos within a week, thus saving
considerable amount of time, fish facility space and hus-
bandry costs associated with growing fish if no knock-in
occurred. Third, due to the single base pair resolution
provided by capillary electrophoresis, false positives due
to imprecise integrations are expected to be rare. We did
not observe any false positive founders in epitope tag
insertions. However, we did observe false positives in
screening for point mutation, specifically indels at the 3’
end of the ssODN were observed in 2 out of 4 founders.
This is expected as our method relies on the restriction
site which is present even in cases of knock-in occurring
with simultaneous indels. While indels at the 5" end of
ssODN integration site would lead to a change in the size
of the digested fragment, indels at the 3’ end are missed
as it gets cleaved off after the digest. However, unlike
allele-specific PCR [24] or NGS based screening meth-
ods [11, 17, 21, 24, 60] that require additional valida-
tion steps, our primers are designed to not overlap with
the ssODN and therefore, we could simply sequence the
PCR product to confirm precise or imprecise integra-
tion events without additional amplification steps. Thus,
although there is a caveat to our screening approach for
point mutations, it can be overcome by screening addi-
tional prioritized founders and sequence validation. As
demonstrated previously [34], CRISPR-STAT is sensitive
enough to detect up to 20% mosaicism. Therefore, it is
possible to miss low level knock-in events during somatic
screening, especially after restriction digest. However, we
believe that this limitation can be overcome by screening
additional prioritized founder fish for germline transmis-
sion to establish the desired knock-in fish model.

The best way to put our screening approach in per-
spective with other commonly used knock-in screening
methods, i.e., PCR or PCR/RFLP analysis by gel electro-
phoresis, AS-PCR and NGS is to compare our founder
screening efficiencies with those published using these
methods [16, 17, 19, 21, 22, 24, 38]. Since the knock-in
efficiency can be influenced by several factors, i.e., design
of sgRNA, the proximity of the cut site to the insertion
site, and design of the donor template, we selected two
studies for comparison where donor design criteria used
were similar to ours [21, 24]. Their recovery rate of found-
ers transmitting precise knock-in events ranged from
3.3-21.4% by AS-PCR [24] and 10.0-18.2% by NGS [21].
In our study, following preselection of founders by fin
biopsies, we were able to identify precise knock-in in 9.1-
28.6% of founders screened for germline transmission.
Overall, our screening method performed at compara-
ble or higher levels than NGS and AS-PCR and provides
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an alternate option between costly but high throughput
methods (NGS) and cheaper and easily accessible but
low throughput methods (AS-PCR or PCR/RFLP assay)
for screening to establish desired zebrafish models with
knock-in using ssODNs. To overcome the limitation of
access to a capillary electrophoresis machine, commer-
cial vendors or Institute’s sequencing cores can be used
for fragment size analysis.

Conclusions

In this study, we have established a robust pipeline to effi-
ciently generate fish with small DNA insertions as well as
point mutations (Fig. 5). By using capillary electrophore-
sis, we can detect low frequency events in somatic tissue
to quickly determine the success of knock-in design. To
detect point mutations, we developed a CRISPR-STAT/
RFLP hybrid assay that was highly successful in gener-
ating fish lines without having to sequence an exorbi-
tant number of samples. We believe that these methods
would be of tremendous help to zebrafish researchers in
generating their desired fish models using knock-in for
insertion of small sequences or nucleotide substitutions.
Given the versatility of fluorescent PCR and CRISPR-
STAT, these methods could easily be scaled or adapted by
researchers using a variety of model systems to efficiently
screen and detect knock-in alleles.

Methods

Zebrafish husbandry

Zebrafish (Danio rerio) from WT strain TAB-5 [61],
generated in Hopkins lab at Massachusetts Institute of
Technology and maintained in our own aquatic facility
for several years, were used in this study. All zebrafish
experiments were done under an approved animal study
protocol. Embryo care and zebrafish handling were per-
formed as described in the Zebrafish book [62]. Adult
male and female zebrafish were bred to obtain embryos,
which were raised in an incubator at 28.5°C until 5-6
dpf. Larvae and adult animals were housed in a recircu-
lating aquatic system with a light—dark cycle (14/10 h)
and a water temperature of 28°C. The final number of
zebrafish used in this study was 2400 (1600 embryos, 800
adults). Number of fish used in each of the three projects
described here was determined based on the expected
viability of injected embryos grown to adulthood (~ 80%)
and expected efficiency of achieving desired knock-
in events (<10%) without a priori power calculations.
Anesthesia and euthanasia were performed as required
using approved animal care and use committee guide-
lines. Anesthesia was performed on adult animals prior
to fin biopsy by submersion in 0.4 g/L MS-222 (Western
Chemical) buffered to pH 7. Following fin biopsy, animals
were allowed to recover in aquatic water in a tank before
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being placed back onto the housing system. Embryos (<5
dpf) were euthanized by rapid freezing in a -80°C freezer
followed by immersion in lysis buffer.

sgRNA and Cas9 mRNA synthesis

and microinjections

CRISPR target sites (Table S1) were identified using
the CRISPRscan [63] or ZebrafishGenomics [7] tracks
on assembly GRCz11/danRer11 in the UCSC Genome
Browser. sgRNAs and Cas9 mRNA were prepared using
previously described protocols [13]. WT embryos were
injected at the 1-cell stage using a PicoPump (World
Precision Instruments) and standard microinjection
protocols [62]. Injection mixes contained 300 pg Cas9
mRNA and 50 pg sgRNA with or without 25 pg of
ssODN template.

DNA Extraction and CRISPR-STAT for evaluation of sgRNA
activity

Extraction of DNA and CRISPR-STAT were performed
as previously described [13]. Briefly, embryos were
collected at 1 dpf and euthanized for DNA extraction
using the Sigma Extract-N-Amp kit. Fluorescent PCR
amplification was then performed using equimolar
ratios of forward, reverse and a universal 6FAM-M13F
primer with the following conditions: 12 min dena-
turation at 94 °C; 40 cycles of 94 °C for 30 s, 57 °C for
30 s, and 72 °C for 30 s; and final extension at 72 °C
for 10 min followed by a hold at 4 °C. Sequences of all
primers used for fluorescent PCR are listed in Table
S1. PCR products were then mixed with 1:50 mix of
GeneScan 400HD ROX dye size standard and Hi-Di
Formamide (ThermoFisher) and run on a 3130xl or a
3730-sequencer using CRISPR-STAT settings (dou-
ble injection time). Data analysis was performed using
GeneMapper (ThermoFisher) to determine activity for
each sgRNA.

Design of ssODNs and screening primers

Fin biopsies from anesthetized WT fish were sequenced
using primers listed in Table S1 to identify a cohort of
fish with identical sequences in the target region. Asym-
metric ssODNs were designed based on the active sgRNA
and sequence of our cohort of WT fish. We followed
the guidelines from Richardson and colleagues [64] to
design ssODNs against the nontargeting strand with the
sequence to be inserted flanked by a 36 bp homology arm
on the distal side and 91 bp homology arm on the proxi-
mal side of the DSB. In addition, ssODNs were designed
with PAM site modifications known as CRISPR/Cas9-
blocking mutations [65] to prevent recutting after HDR.
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All ssODNs were synthesized as Ultramer DNA oligos
(Integrated DNA technologies). Screening primers were
designed from the genomic regions outside of the homol-
ogy arms to prevent false positives that can result from
imprecise integration of the repair template (Table S1).

Somatic screening for knock-in of epitope tags

At 1 dpf individual uninjected control (n=8), sgRNA/
Cas9-injected (n=16) and sgRNA/Cas9 plus ssODN-
injected embryos (n=24) were collected, euthanized,
and processed for DNA extraction, fluorescent PCR
and capillary electrophoresis as described above.
These numbers allowed us to analyze embryos from all
desired combinations in half of a 96 well plate. Plots for
each embryo were analyzed and scored in GeneMapper
(ThermoFisher) for the presence or absence of peaks
at the expected knock-in size. If a peak was detected
above the background threshold, the sample was con-
sidered positive. After positive hits were detected and
confirmed by cloning as described below, the remain-
ing injected embryos were grown to adults for ger-
mline screening. If additional embryos needed to be
injected to grow the founder generation, somatic analy-
sis was repeated to rule out any technical issues with
injections.

Somatic screening for knock-in of point mutations

At 1 dpf individual uninjected control (n=38), sgRNA/
Cas9-injected (n=16) and sgRNA/Cas9 plus ssODN-
injected embryos (n=24) were collected in a half a 96
well plate, euthanized, and processed for DNA extrac-
tion and fluorescent PCR as described above. Five pl
of PCR product was mixed with 0.2 pl (4U) Sall-HF
enzyme, 1 pl cut smart buffer (New England BioLabs)
and 3.8 pl water and incubated at 37 °C for 1.5 h fol-
lowed by inactivation at 65 °C for 20 min. Samples were
then mixed with GeneScan 400HD ROX dye size stand-
ard/ Hi-Di Formamide and run as previously described.
Scoring of plots and subsequent steps of confirma-
tion of positive hits by cloning and growing injected
embryos to adulthood were performed as described
above for epitope tags.

Cloning and sequencing of positive samples

To confirm knock-in in injected embryos, we repeated
PCR from a representative CRISPR-STAT positive
sample for each target site without the 6FAM-M13F
primer. PCR products from gata2b and gba samples
were purified using a MinElute PCR purification kit
(Qiagen). PCR products from tcnba samples were gel
purified using the QIAquick gel extraction kit (Qia-
gen) to specifically enrich for knock-in product due
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to its relatively lower intensity compared to the other
peaks. Purified PCR products were cloned in pCR4-
TOPO vector (ThermoFisher), and colony PCR was
performed on all colonies with the same set of prim-
ers used to amplify the original product. Colony PCR
products were treated with ExoSAP-IT (ThermoFisher)
and sequenced using BigDye Terminator v3.1 (Ther-
moFisher). Sequences were analyzed using Sequencher
(Gene Codes) to determine the number of clones with
desired knock-in.

Prioritization of founders and germline screening

to establish stable lines

All founder fish were pre-screened by CRISPR-STAT
(epitope tags) or CRISPR-STAT/RFLP (point mutations)
analysis of their fin biopsies. Founder fish with positive
hits for the expected peak were then used in pairwise out-
crosses with WT fish. Four founders could be screened
on a single 96 well plate by collecting embryos at 1 dpf in
pools of 3 embryos/well (up to 24 pools/founder), eutha-
nized, and processed for DNA extraction and fluorescent
PCR followed by Sall digestion for gha samples. All sam-
ples were then run on a sequencer with standard fluo-
rescent PCR settings [13] and the plots were analyzed in
GeneMapper (ThermoFisher) for the expected knock-in
allele peak. The founders with positive hits in the pooled
embryos were outcrossed again to screen up to 96 indi-
vidual embryos, followed by sequencing of representative
positive embryos for confirmation of precise knock-in.
To establish stable lines, embryos from germline trans-
mitting founders were grown to adults and genotyped by
fluorescent PCR.

RT-PCR to confirm expression of epitope tags

Embryos homozygous for the knock-in alleles were euth-
anized and collected at different time points depend-
ing upon when the corresponding gene is known to
be expressed at high level: for tcnba (5 dpf) [37] and
for gata2b (1 hpf) [42]. RNA was extracted from these
embryos along with the age-matched WT embryos using
the Direct-zol RNA Microprep kit (Zymo Research).
RT-PCR was performed using primers listed in Table
S1 and the SuperScript III One-Step RT-PCR System
(ThermoFisher) with the following conditions: 50 °C for
30 min, 94 °C for 2 min; 40 cycles of 94 °C for 15 s, 57 °C
for 30 s, 72 °C for 1.5 min; 72 °C for 10 min. RT-PCR
products were analyzed by gel electrophoresis using 1.5%
agarose gels, imaged with an Azure Biosystem 200 imag-
ing system and sequenced as described above to confirm
expression.
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indromic Repeats; CRISPR-STAT: CRISPR Somatic Tissue Activity Test; dpf: Days
post fertilization; DSB: Double stranded break; HDR: Homology-directed repair;
hpf: Hours post fertilization; ICE: Inference of CRISPR Edits; NGS: Next-gener-
ation sequencing; NHEJ: Non-homologous end joining; ORF: Open reading
frame; SNPs: Single nucleotide polymorphisms; ssODNs: Single-stranded oli-
godeoxynucleotides; RFLP: Restriction fragment length polymorphism; TIDER:
Tracking of Insertions, Deletions and Recombination events; WT: Wildtype.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-022-08971-1.

Additional file 1: Table S1. Sequences of all primers and sgRNA's used in
this study. Figure S1. tcnba CRISPR selection and CRISPR-STAT analysis. A
Screenshot of the tcnba target region from UCSC genome browser using
the CRISPRscan track showing possible sgRNAs near the stop codon. B
Evaluation of individual embryos by CRISPR-STAT to determine activity lev-
els. In all plots, the X-axis shows the size of the peaks and the Y-axis shows
the peak height. sgRNA-T2 showed higher activity and was selected for
knock-in experiments. Figure S2. Design of tcnba ssODN and somatic and
germline screening. A Detailed design of the ssODN aligned with the ref
sequence (chr5:30,618,013-30,618,151) and sgRNA used for generating
the DSB. B Sequence chromatogram of a clone from an injected embryo
positive for the knock-in peak confirming the insertion of the desired
sequence as well clean and precise integration at each end of the ssODN.
C Representative plot (X-axis showing the size of the peaks and the Y-axis
showing the peak height) from an F1 embryo heterozygous for the knock-
in allele (denoted by red arrowhead) compared to a WT embryo. Figure
$3. Sequence confirmation of the tcnba™“4¢ RT-PCR product. Figure
S4. gata2b CRISPR selection and CRISPR-STAT analysis. A Screenshot of
UCSC genome browser using the CRISPRscan and ZebrafishGenomics
tracks showing possible sgRNAs near the stop codon. B Evaluation of indi-
vidual embryos by CRISPR-STAT to determine activity levels. In all plots, the
X-axis shows the size of the peaks and the Y-axis shows the peak height.
sgRNA-T1 showed higher activity and was selected for knock-in experi-
ments. Figure S5. Design of gata2b ssODN and somatic and germline
screening. A Detailed design of the ssODN aligned with the ref sequence
(chr6:40,803,222-40,803,359) and sgRNA used for generating the DSB.

B Sequence of a TOPO clone from an injected embryo positive for the
knock-in peak confirming the insertion of the desired sequence as well
clean and precise integration at each end of the ssSODN. C Representative
plot (X-axis showing the size of the peaks and the Y-axis showing the peak
height) from an F1 embryo heterozygous for the knock-in allele (denoted
by red arrowhead) compared to a WT embryo. Figure S6. Sequence con-
firmation of gata2b™" RT-PCR product. Figure S7. gba CRISPR selection
and CRISPR-STAT analysis. A Screenshot of UCSC genome browser using
the CRISPRscan track showing possible sgRNAs near the desired point
mutation. B Evaluation of individual embryos by CRISPR-STAT to deter-
mine activity levels. In all plots, the X-axis shows the size of the peaks and
the Y-axis shows the peak height. sgRNA-T1 showed higher activity and
was selected for knock-in experiments. Figure S8. Design of gba ssODN
and sequence confirmation of knock-in in injected embryos. A Detailed
design of the ssODN aligned with the ref sequence (chr16:14,227,951-
14,228,090), sequence of our WT cohort of fish, the sgRNA used for gener-
ating the DSB and the Sall restriction site that is generated by the sSODN.
B Sequence of a TOPO clone from an injected embryos positive for the
knock-in peak confirming the presence of the desired nucleotide changes
as well clean and precise integration at each end of the ssODN.

Additional file 2. Original images for gels shown in Figures 1D and 2D.

Acknowledgements

We would like to thank Drs. Larry Brody and Ellen Sidransky and Mr. Kevin
Bishop for their helpful suggestions and discussions. We would also like to
thank the NIH shared zebrafish facility for the excellent care of our zebrafish.


https://doi.org/10.1186/s12864-022-08971-1
https://doi.org/10.1186/s12864-022-08971-1

Carrington et al. BMC Genomics (2022) 23:810

Authors’ contributions

B.C., RR, EB, TH.and RS. conceived and designed experiments; B.C, RR, and
E.B. performed the experiments and analyzed the data; R.S. supervised the
project; B.C. and R.S. wrote the manuscript. All authors read and approved the
final manuscript.

Funding

Open Access funding provided by the National Institutes of Health (NIH). This
research was funded by the Intramural Research Program of the National
Human Genome Research Institute, National Institutes of Health (ZIC
HG200351). The funding agency was not directly involved in study design,
data collection, data analysis, data interpretation, or writing of the manuscript.

Availability of data and materials

The sequences of genes targeted in this study were obtained from GenBank as
follows: tcnba (Accession number NM_001128735), gata2b (Accession number
NM_001002689) and gba (Accession number XM_682379). All Sanger sequenc-
ing data from TOPO cloning and founder screening are available as FASTQ

files in the Sequence Read Archive of the National Center for Biotechnology
Information database under BioProject PRINA889809 (http://www.ncbi.nim.
nih.gov/bioproject/889809). Information about the three new zebrafish lines
generated during this study is available at The Zebrafish Information Network
as follows: tcnba-FLAG (hg132): https://zfin.org/ZDB-ALT-220104-1; gata2b-HA
(hg133): https://zfin.org/ZDB-ALT-220104-2; gba-D430H (hg134): https.//zfin.
org/ZDB-ALT-220104-3.

Declarations

Ethics approval and consent to participate

All zebrafish experiments were approved by the National Human Genome
Research Institute’s Animal Care and Use Committee (ACUC), protocol #
G-05-5. Consent to participate is not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Translational and Functional Genomics Branch, Zebrafish Core, National Human
Genome Research Institute, National Institutes of Health, Bethesda, MD 20892,
USA. *Cancer Genetics Unit, Cancer Genetics and Comparative Genomics Branch,
National Human Genome Research Institute, National Institutes of Health,
Bethesda, MD 20892, USA. *Oncogenesis and Development Section, Translational
and Functional Genomics Branch, National Human Genome Research Institute,
National Institutes of Health, Bethesda, MD 20892, USA. *“Molecular Neuroge-
netics Section, Medical Genetics Branch, National Human Genome Research
Institute, National Institutes of Health, Bethesda, MD 20892, USA.

Received: 23 March 2022 Accepted: 26 October 2022
Published online: 07 December 2022

References

1. Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, Collins
JE, Humphray S, McLaren K, Matthews L, et al. The zebrafish reference
genome sequence and its relationship to the human genome. Nature.
2013,496(7446):498-503.

2. ChoiTY, ChoiTl, Lee YR, Choe SK, Kim CH. Zebrafish as an animal model
for biomedical research. Exp Mol Med. 2021;53(3):310-7.

3. Santoriello C, Zon LI. Hooked! Modeling human disease in zebrafish. J Clin
Invest. 2012;122(7):2337-43.

4. Hwang WY, FuY, Reyon D, Maeder ML, Kaini P, Sander JD, Joung JK, Peter-
son RT, Yeh JR. Heritable and precise zebrafish genome editing using a
CRISPR-Cas system. PLoS ONE. 2013;8(7):e68708.

5. Jao LE, Wente SR, Chen W. Efficient multiplex biallelic zebrafish genome
editing using a CRISPR nuclease system. Proc Natl Acad Sci U S A.
2013;110(34):13904-9.

20.

21

22.

23.

24.

25.

Page 14 of 15

Sood R, Carrington B, Bishop K, Jones M, Rissone A, Candotti F, Chan-
drasekharappa SC, Liu P. Efficient methods for targeted mutagenesis in
zebrafish using zinc-finger nucleases: data from targeting of nine genes
using CompoZr or CoDA ZFNs. PLoS ONE. 2013;8(2):e57239.

Varshney GK, Pei W, LaFave MC, Idol J, Xu L, Gallardo V, Carrington

B, Bishop K, Jones M, Li M, et al. High-throughput gene target-

ing and phenotyping in zebrafish using CRISPR/Cas9. Genome Res.
2015;25(7):1030-42.

Hwang WY, Fu'Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, Peterson RT,
Yeh JR, Joung JK. Efficient genome editing in zebrafish using a CRISPR-
Cas system. Nat Biotechnol. 2013;31(3):227-9.

Varshney GK, Sood R, Burgess SM. Understanding and Editing the
Zebrafish Genome. Adv Genet. 2015;92:1-52.

. Burger A, Lindsay H, Felker A, Hess C, Anders C, Chiavacci E, Zaugg

J, Weber LM, Catena R, Jinek M, et al. Maximizing mutagenesis with
solubilized CRISPR-Cas9 ribonucleoprotein complexes. Development.
2016;143(11):2025-37.

. Gagnon JA, Valen E, Thyme SB, Huang P, Akhmetova L, Pauli A, Montague

TG, Zimmerman S, Richter C, Schier AF. Efficient mutagenesis by Cas9
protein-mediated oligonucleotide insertion and large-scale assessment
of single-guide RNAs. PLoS ONE. 2014;9(5):e98186.

. LiuD,Wang Z, Xiao A, Zhang Y, LiW, Zu Y, Yao S, Lin S, Zhang B. Efficient

gene targeting in zebrafish mediated by a zebrafish-codon-optimized
cas9 and evaluation of off-targeting effect. J Genet Genomics.
2014,41(1):43-6.

. Varshney GK, Carrington B, Pei W, Bishop K, Chen Z, Fan C, Xu L, Jones M,

LaFave MC, Ledin J, et al. A high-throughput functional genomics work-
flow based on CRISPR/Cas9-mediated targeted mutagenesis in zebrafish.
Nat Protoc. 2016;11(12):2357-75.

. Vejnar CE, Moreno-Mateos MA, Cifuentes D, Bazzini AA, Giraldez AJ. Opti-

mized CRISPR-Cas9 System for Genome Editing in Zebrafish. Cold Spring
Harb Protoc 2016(10). https://doi.org/10.1101/pdb.prot086850.

. Ata H, Clark KJ, Ekker SC. The zebrafish genome editing toolkit. Methods

Cell Biol. 2016;135:149-70.

. Armstrong GA, Liao M, You Z, Lissouba A, Chen BE, Drapeau P. Homol-

ogy Directed Knockin of Point Mutations in the Zebrafish tardbp

and fus Genes in ALS Using the CRISPR/Cas9 System. PLoS ONE.
2016;11(3):e0150188.

Boel A, De Saffel H, Steyaert W, Callewaert B, De Paepe A, Coucke PJ,
Willaert A. CRISPR/Cas9-mediated homology-directed repair by ssODNs
in zebrafish induces complex mutational patterns resulting from
genomic integration of repair-template fragments. Dis Model Mech.
2018;11(10):dmm035352.

Burg L, Palmer N, Kikhi K, Miroshnik ES, Rueckert H, Gaddy E, MacPher-
son Cunningham C, Mattonet K, Lai SL, Marin-Juez R, et al. Conditional
mutagenesis by oligonucleotide-mediated integration of loxP sites in
zebrafish. PLoS Genet. 2018;14(11):21007754.

Burg L, Zhang K, Bonawitz T, Grajevskaja V, Bellipanni G, Waring R, Balciu-
nas D. Internal epitope tagging informed by relative lack of sequence
conservation. Sci Rep. 2016;6:36986.

Chang N, Sun C, Gao L, Zhu D, Xu X, Zhu X, Xiong JW, Xi JJ. Genome
editing with RNA-guided Cas9 nuclease in zebrafish embryos. Cell Res.
2013;23(4):465-72.

de Vrieze E, de Bruijn SE, Reurink J, Broekman S, van de Riet V, Aben M,
Kremer H, van Wijk E. Efficient Generation of Knock-In Zebrafish Models
for Inherited Disorders Using CRISPR-Cas9 Ribonucleoprotein Complexes.
Int J Mol Sci. 2021;22(17):9429.

Farr GH 3rd, Imani K, Pouv D, Maves L. Functional testing of a human
PBX3 variant in zebrafish reveals a potential modifier role in congenital
heart defects. Dis Model Mech. 2018;11(10):dmm035972.

Hruscha A, Krawitz P, Rechenberg A, Heinrich V, Hecht J, Haass C, Schmid
B. Efficient CRISPR/Cas9 genome editing with low off-target effects in
zebrafish. Development. 2013;140(24):4982-7.

Prykhozhij SV, Fuller C, Steele SL, Veinotte CJ, Razaghi B, Robitaille JM,
McMaster CR, Shlien A, Malkin D, Berman JN. Optimized knock-in of
point mutations in zebrafish using CRISPR/Cas9. Nucleic Acids Res.
2018;46(17):102.

Tessadori F, Roessler HI, Savelberg SMC, Chocron S, Kamel SM, Duran KJ,
van Haelst MM, van Haaften G, Bakkers J. Effective CRISPR/Cas9-based
nucleotide editing in zebrafish to model human genetic cardiovascular
disorders. Dis Model Mech. 2018;11(10):dmm035469.


http://www.ncbi.nlm.nih.gov/bioproject/889809
http://www.ncbi.nlm.nih.gov/bioproject/889809
https://zfin.org/ZDB-ALT-220104-1
https://zfin.org/ZDB-ALT-220104-2
https://zfin.org/ZDB-ALT-220104-3
https://zfin.org/ZDB-ALT-220104-3
https://doi.org/10.1101/pdb.prot086850

Carrington et al. BMC Genomics

26.

27.

28.

29.

30.

31.

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

(2022) 23:810

Levic DS, Yamaguchi N, Wang S, Knaut H, Bagnat M. Knock-in tagging in
zebrafish facilitated by insertion into non-coding regions. Development.
2021;148(19).dev199994.

Ranawakage DC, Okada K, Sugio K, Kawaguchi'Y, Kuninobu-Bonkohara

Y, Takada T, Kamachi Y. Efficient CRISPR-Cas9-Mediated Knock-In of Com-
posite Tags in Zebrafish Using Long ssDNA as a Donor. Front Cell Dev Biol.
2020;8:598634.

Bai H, Liu L, An K, Lu X, Harrison M, Zhao Y, Yan R, Lu Z, Li S, Lin S, et al.
CRISPR/Cas9-mediated precise genome modification by a long ssDNA
template in zebrafish. BMC Genomics. 2020;21(1):67.

Eschstruth A, Schneider-Maunoury S, Giudicelli F. Creation of zebrafish
knock-in reporter lines in the nefma gene by Cas9-mediated homolo-
gous recombination. Genesis. 2020;58(1):e23340.

Hisano Y, Sakuma T, Nakade S, Ohga R, Ota S, Okamoto H, Yamamoto T,
Kawahara A. Precise in-frame integration of exogenous DNA mediated by
CRISPR/Cas9 system in zebrafish. Sci Rep. 2015,5:8841.

Wierson WA, Welker JM, Almeida MP, Mann CM, Webster DA, Torrie ME,
Weiss TJ, Kambakam S, Vollbrecht MK, Lan M, et al. Efficient targeted inte-
gration directed by short homology in zebrafish and mammalian cells.
Elife. 2020;9:253968.

Brinkman EK, Kousholt AN, Harmsen T, Leemans C, Chen T, Jonkers J, van
Steensel B. Easy quantification of template-directed CRISPR/Cas9 editing.
Nucleic Acids Res. 2018;46(10):e58.

Conant D, Hsiau T, Rossi N, Oki J, Maures T, Waite K, Yang J, Joshi S, Kelso R,
Holden K, et al. Inference of CRISPR Edits from Sanger Trace Data. CRISPR
J.2022;5(1):123-30.

Carrington B, Varshney GK, Burgess SM, Sood R. CRISPR-STAT: an easy and
reliable PCR-based method to evaluate target-specific SgRNA activity.
Nucleic Acids Res. 2015;43(22):.e157.

Villarreal MA, Biediger NM, Bonner NA, Miller JN, Zepeda SK, Ricard BJ,
Garcia DM, Lewis KA. Determining Zebrafish Epitope Reactivity to Com-
mercially Available Antibodies. Zebrafish. 2017;14(4):387-9.

Hoshijima K, Jurynec MJ, Grunwald DJ. Precise Editing of the Zebrafish
Genome Made Simple and Efficient. Dev Cell. 2016;36(6):654-67.

Benoit CR, Stanton AE, Tartanian AC, Motzer AR, McGaughey DM, Bond
SR, Brody LC. Functional and phylogenetic characterization of noncanoni-
cal vitamin B12-binding proteins in zebrafish suggests involvement in
cobalamin transport. J Biol Chem. 2018;293(45):17606-21.

Bedell VM, Wang Y, Campbell JM, Poshusta TL, Starker CG, Krug RG 2nd,
Tan W, Penheiter SG, Ma AC, Leung AY, et al. In vivo genome editing using
a high-efficiency TALEN system. Nature. 2012;491(7422):114-8.

LiW, Zhang Y, Han B, Li L, Li M, Lu X, Chen C, Lu M, Zhang V, Jia X, et al.
One-step efficient generation of dual-function conditional knockout and
geno-tagging alleles in zebrafish. Elife. 2019;8:e48081.

Gioacchino E, Koyunlar C, Zink J, de Looper H, de Jong M, DobrzyckiT,
Mahony CB, Hoogenboezem R, Bosch D, van Strien PMH, et al. Essential
role for Gata2 in modulating lineage output from hematopoietic stem
cells in zebrafish. Blood Adv. 2021;5(13):2687-700.

Pena OA, Lubin A, Rowell J, Hoade Y, Khokhar N, Lemmik H, Mahony C,
Dace P, Umamahesan C, Payne EM. Differential Requirement of Gata2a
and Gata2b for Primitive and Definitive Myeloid Development in
Zebrafish. Front Cell Dev Biol. 2021;9:708113.

Butko E, Distel M, Pouget C, Weijts B, Kobayashi |, Ng K, Mosimann C,
Poulain FE, McPherson A, Ni CW, et al. Gata2b is a restricted early regula-
tor of hemogenic endothelium in the zebrafish embryo. Development.
2015;142(6):1050-61.

Rees HA, Liu DR. Base editing: precision chemistry on the genome and
transcriptome of living cells. Nat Rev Genet. 2018;19(12):770-88.
Abrahamov A, Elstein D, Gross-Tsur V, Farber B, Glaser Y, Hadas-Halpern

I, Ronen S, Tafakjdi M, Horowitz M, Zimran A. Gaucher’s disease variant
characterised by progressive calcification of heart valves and unique
genotype. Lancet. 1995;346(8981):1000-3.

Kurolap A, Del Toro M, Spiegel R, Gutstein A, Shafir G, Cohen 1J, Bar-

rabes JA, Feldman HB. Gaucher disease type 3c: New patients with
unique presentations and review of the literature. Mol Genet Metab.
2019;127(2):138-46.

Winter AW, Salimi A, Ospina LH, Roos JCP. Ophthalmic manifestations

of Gaucher disease: the most common lysosomal storage disorder. Br J
Ophthalmol. 2019;103(3):315-26.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 15 of 15

Dehmelt FA, von Daranyi A, Leyden C, Arrenberg AB. Publisher Correction:
Evoking and tracking zebrafish eye movement in multiple larvae with
ZebEyeTrack. Nat Protoc. 2019;14(7):2258.

Ma M, Ramirez AD, Wang T, Roberts RL, Harmon KE, Schoppik D, Sharma
A, Kuang C, Goei SL, Gagnon JA, et al. Zebrafish dscaml1 Deficiency
Impairs Retinal Patterning and Oculomotor Function. J Neurosci.
2020;40(1):143-58.

Takamiya M, Weger BD, Schindler S, Beil T, Yang L, Armant O, Ferg M,
Schlunck G, Reinhard T, Dickmeis T, et al. Molecular description of eye
defects in the zebrafish Pax6b mutant, sunrise, reveals a Pax6b-depend-
ent genetic network in the developing anterior chamber. PLoS ONE.
2015;10(2):e0117645.

Paix A, Folkmann A, Goldman DH, Kulaga H, Grzelak MJ, Rasoloson D,
Paidemarry S, Green R, Reed RR, Seydoux G. Precision genome editing
using synthesis-dependent repair of Cas9-induced DNA breaks. Proc Natl
Acad SciU S A.2017;114(50):E10745-54.

Albadri S, Del Bene F, Revenu C. Genome editing using CRISPR/Cas9-
based knock-in approaches in zebrafish. Methods. 2017;121-122:77-85.
Hoshijima K, Jurynec MJ, Klatt Shaw D, Jacobi AM, Behlke MA, Grunwald
DJ. Highly Efficient CRISPR-Cas9-Based Methods for Generating Deletion
Mutations and FO Embryos that Lack Gene Function in Zebrafish. Dev
Cell. 2019;51(5):645-657 e644.

Klatt Shaw D, Mokalled MH. Efficient CRISPR/Cas9 mutagenesis

for neurobehavioral screening in adult zebrafish. G3 (Bethesda).
2021;11(8);jkab089.

Unal Eroglu A, Mulligan TS, Zhang L, White DT, Sengupta S, Nie C, Lu NY,
Qian J, Xu L, Pei W, et al. Multiplexed CRISPR/Cas9 Targeting of Genes
Implicated in Retinal Regeneration and Degeneration. Front Cell Dev Biol.
2018;6:88.

Waldmann L, Leyhr J, Zhang H, Ohman-Magi C, Allalou A, Haitina T. The
broad role of Nkx3.2 in the development of the zebrafish axial skeleton.
PLoS One. 2021;16(8):0255953.

Brunt LH, Begg K, Kague E, Cross S, Hammond CL. Wnt signalling controls
the response to mechanical loading during zebrafish joint development.
Development. 2017;144(15):2798-809.

Buglo E, Sarmiento E, Martuscelli NB, Sant DW, Danzi MC, Abrams AJ, Dall-
man JE, Zuchner S. Genetic compensation in a stable slc25a46 mutant
zebrafish: A case for using FO CRISPR mutagenesis to study phenotypes
caused by inherited disease. PLoS ONE. 2020;15(3):e0230566.

Kague E, Turci F, Newman E, Yang Y, Brown KR, Aglan MS, Otaify GA,
Temtamy SA, Ruiz-Perez VL, Cross S, et al. 3D assessment of intervertebral
disc degeneration in zebrafish identifies changes in bone density that
prime disc disease. Bone Res. 2021;9(1):39.

Lopez-Cuevas P, Deane L, Yang Y, Hammond CL, Kague E. Transformed
notochordal cells trigger chronic wounds destabilizing the vertebral col-
umn and bone homeostasis. Dis Model Mech. 2021;14(3):dmm047001.
DiNapoli SE, Martinez-McFaline R, Gribbin CK, Wrighton PJ, Balgobin CA,
Nelson |, Leonard A, Maskin CR, Shwartz A, Quenzer ED, et al. Synthetic
CRISPR/Cas9 reagents facilitate genome editing and homology directed
repair. Nucleic Acids Res. 2020;48(7):e38.

Amsterdam A, Burgess S, Golling G, Chen W, Sun Z, Townsend K, Far-
rington S, Haldi M, Hopkins N. A large-scale insertional mutagenesis
screen in zebrafish. Genes Dev. 1999;13(20):2713-24.

Westerfield M. THE ZEBRAFISH BOOK, A guide for the laboratory use of
zebrafish (Danio rerio). 4th ed., Eugene: Univ. of Oregon Press; 2000.
Moreno-Mateos MA, Vejnar CE, Beaudoin JD, Fernandez JP, Mis EK,
Khokha MK, Giraldez AJ. CRISPRscan: designing highly efficient sgRNAs
for CRISPR-Cas9 targeting in vivo. Nat Methods. 2015;12(10):982-8.
Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE. Enhancing homol-
ogy-directed genome editing by catalytically active and inactive CRISPR-
Cas9 using asymmetric donor DNA. Nat Biotechnol. 2016;34(3):339-44.
Paquet D, Kwart D, Chen A, Sproul A, Jacob S, Teo S, Olsen KM, Gregg

A, Noggle S, Tessier-Lavigne M. Efficient introduction of specific
homozygous and heterozygous mutations using CRISPR/Cas9. Nature.
2016;533(7601):125-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	A robust pipeline for efficient knock-in of point mutations and epitope tags in zebrafish using fluorescent PCR based screening
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Experimental design for knock-in of epitope tags
	Knock-in of FLAG tag at 3’ end of tcnba
	Knock-in of HA tag at 3’ end of gata2b
	Experimental design for knock-in of point mutation D430H in the gba gene
	Proposed knock-in pipeline using our screening methods

	Discussion
	Conclusions
	Methods
	Zebrafish husbandry

	sgRNA and Cas9 mRNA synthesis and microinjections
	DNA Extraction and CRISPR-STAT for evaluation of sgRNA activity
	Design of ssODNs and screening primers

	Somatic screening for knock-in of epitope tags
	Somatic screening for knock-in of point mutations
	Cloning and sequencing of positive samples
	Prioritization of founders and germline screening to establish stable lines
	RT-PCR to confirm expression of epitope tags

	Acknowledgements
	References


