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The use of CRISPR /Cas9 as a genome-editing tool in various model organisms has radically changed targeted mutagenesis.
Here, we present a high-throughput targeted mutagenesis pipeline using CRISPR / Cas? technology in zebrafish that will
make possible both saturation mutagenesis of the genome and large-scale phenotyping efforts. We describe a cloning-
free single-guide RNA (sgRNA) synthesis, coupled with streamlined mutant identification methods utilizing fluorescent
PCR and multiplexed, high-throughput sequencing. We report germline transmission data from 162 loci targeting 83 genes
in the zebrafish genome, in which we obtained a 99% success rate for generating mutations and an average germline trans-
mission rate of 28%. We verified 678 unique alleles from 58 genes by high-throughput sequencing. We demonstrate that
our method can be used for efficient multiplexed gene targeting. We also demonstrate that phenotyping can be done in the
F generation by inbreeding two injected founder fish, significantly reducing animal husbandry and time. This study com-
pares germline transmission data from CRISPR / Cas? with those of TALENs and ZFNs and shows that efficiency of CRISPR/
Cas? is sixfold more efficient than other techniques. We show that the majority of published “rules” for efficient sgRNA
design do not effectively predict germline transmission rates in zebrafish, with the exception of a GG or GA dinucleotide
genomic match at the 5" end of the sgRNA. Finally, we show that predicted off-target mutagenesis is of low concern for in

vivo genetic studies.
[Supplemental material is available for this article.]

Since the publication of the human genome sequence (Interna-
tional Human Genome Sequencing Consortium 2004), genome-
wide association studies (GWAS) (Welter et al. 2014) and exome-
sequencing projects have been identifying candidate human dis-
ease genes at a rapid rate (Rabbani et al. 2014). Clinical and geno-
mic data alone are normally insufficient proof that a candidate
gene is responsible for the observed phenotype, and human genet-
icists are now facing the immense challenge of finding methods to
validate those candidate disease genes. One of the most common
lines of support for candidate genes is by showing analogous phe-
notypes in animal models by inactivating the homologous gene,
commonly known as a gene “knockout.” For decades, the mouse
has been the most popular model organism in validating the func-
tion of genes, but large-scale validation of candidate genes in mice
is limited by many factors, such as the small number of progeny,
the lethality of many knockouts in utero, and relatively expensive
husbandry.
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For a number of reasons, the zebrafish (Danio rerio) has be-
come an increasingly important model organism for both basic
and translational research. The utility of the zebrafish has further
increased with a finished sequenced genome (Howe et al. 2013),
joining human and mouse as only the third, high-quality genome
for vertebrates. In zebrafish, major gene function studies were tra-
ditionally carried out using forward genetic screens or using anti-
sense morpholino technology. Targeting specific lesions in the
genome was impossible. Morpholinos were an accepted alterna-
tive to genomic lesions, but increasingly, there are reports of strong
phenotypes that are a result of clearly off-target inhibition (Kok
et al. 2014; Law and Sargent 2014). One report by Kok et al.
(2014) showed that 80% of gene knockouts did not recapitulate
the morpholino phenotype reported for the same gene. This is a
significant setback to researchers interested in rapidly testing can-
didate gene validity in a vertebrate model system.

Recently, many large-scale reverse genetics projects have
generated thousands of mutants in zebrafish, which will have a
major impact for systematically modeling human disease genes.
Typically, these large-scale projects used random mutagenesis ei-
ther by chemical-based (ENU) or retroviral-mediated methods
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Zebrafish mutagenesis with CRISPR/Cas9

(Clark et al. 2011; Kettleborough et al. 2013; Varshney et al. 2013a,
b). While these methods are effective for inactivating genes in a
high-throughput manner, they have certain disadvantages, one
of the major ones being that it is nearly impossible to cost-effec-
tively inactivate every gene in the genome with a random muta-
genesis scheme. At a certain depth of mutagenesis for any
random technique, the cost of identifying new random mutations
drops below useful levels, inherently limiting the number of genes
mutated using these approaches. In the last few years, targeted mu-
tagenesis methods based on engineered endonucleases such as
zinc finger nucleases (ZFNs) or transcription activator-like effector
nucleases (TALENs) have been shown to work well in zebrafish
(Doyon et al. 2008; Bedell et al. 2012). These engineered synthetic
nucleases induce double-stranded breaks in the specific gene of in-
terest, which are often imprecisely repaired by error-prone, non-
homologous end joining (NHE]J). More recently, the bacterial
type II clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system has emerged as a new,
targeted mutagenesis method in many species, including zebrafish
(Gasiunas et al. 2012; Jinek et al. 2012; Cong et al. 2013; Hwang
et al. 2013a,b; Jao et al. 2013; Mali et al. 2013; Gagnon et al.
2014; Hsu et al. 2014).

Neither ZFNs nor TALENs are readily amenable to high-
throughput mutagenesis projects due to the effort involved in as-
sembling DNA binding domains that work efficiently. CRISPR/
Cas9 is much more suited to high-throughput mutagenesis pro-
jects because of the simple design requirements, ease of use, and
the ability to simultaneously target multiple genes. While the ap-
plication of CRISPR/Cas9 in zebrafish genome editing has been
shown (Chang et al. 2013; Hwang et al. 2013a,b; Jao et al. 2013;
Gagnon et al. 2014); high-throughput methods for generating sta-
ble mutants had not been developed. Such techniques would be
invaluable for rapid testing of multiple candidate genes from
GWAS or exome studies in humans without the confounding arti-
facts often seen with morpholino studies (Law and Sargent 2014).
In this study, we demonstrate the efficiency of CRISPR/Cas9 in
generating stable, germline-transmitted mutants across 162 inde-
pendent targets in zebrafish. We further tested its efficiency in
multiplexed genome editing, increasing its potential for high-
throughput mutagenesis projects. In addition, we demonstrated
that phenotypes could be rapidly screened in the F; generation
by inbreeding founders, reducing the time needed for phenotyp-
ing screening by a generation (~3-4 mo).

Results

Genome-wide identification of CRISPR targets

Toassist in the design of CRISPR targets in zebrafish, we produced a
browser extensible data (BED) track computationally predicting
18,367,469 CRISPR 20-mers in the zebrafish reference genome
(http://genome.ucsc.edu/cgi-bin/hgHubConnect, “CRISPRs” track
on the ZebrafishGenomics track hub). The track allows for rapid se-
lection of guide sequences with embedded information on predict-
ed off-target sites in the genome. The number appearing in the
name field of the BED track indicates the number of off-targets
for the 12-mer seed region. This track is designed to be a useful
first-pass resource for identifying potential CRISPR targets and is
complementary to other tools such as http://crispr.mit.edu/
(Supplemental Fig. 1). We also designed two smaller BED files rep-
resenting the subset of CRISPR targets that can be synthesized in
vitro with either T7 “GG CRISPRs” or SP6 “GA CRISPRs.” We based

our guide RNA designs on published recommendations for CRISPR
design (Hsu et al. 2013). Each 20-mer on the track is upstream of an
NGG PAM site and differs by at least three mismatches from any
other 20-mer upstream of an NGG or NAG PAM site. In this
study, the majority of synthesized targets were from the pool of
13,177,179 targets that are in a region of invariant sequence in
the NHGRI-1 line (LaFave et al. 2014), which is closely related to
the wild-type TAB-5S line used in this study. This allowed us to
avoid the problem of sequence variants that might inhibit gene
targeting and thereby compromise data on the efficacy of target
design.

Generation of heritable mutations using CRISPR / Cas?

Our goal was to develop an efficient, high-throughput muta-
genesis and phenotyping pipeline in zebrafish. The critical step
of the CRISPR/Cas9 system is to generate the single-guide RNA
(sgRNA), which contains a 20-nucleotide (nt) sequence that targets
the genomic loci, and 80 nt of chimeric guide RNA (crRNA:
tractRNA) (Cong et al. 2013; Mali et al. 2013). Most methods rely
on subcloning 20-nt target sequences between a promoter (T7)
and the crRNA:tractRNA sequences and obtaining the sgRNAs
from in vitro transcription off of the plasmid. We developed a sim-
ple and high-throughput method of generating sgRNA using two,
partially overlapping oligonucleotides; one target-specific oligo-
nucleotide and the other a generic oligonucleotide that can be
used for all constructs, similar to a recently published method by
Gagnon et al. (2014). These two oligonucleotides formed a dou-
ble-stranded template by annealing at the 20-nt overlap and
were extended via Taq DNA polymerase; sgRNAs were then synthe-
sized by in vitro transcription directly off the linear, double-strand-
ed DNA (Fig. 1A). As these steps can be done in 96-well format,
hundreds of sgRNAs can be synthesized in a few hours, increasing
the throughput significantly over cloning-based methods. To test
the efficacy of sgRNAs generated by this method, we targeted three
genomic loci with known phenotypes such as tyrosinase (Jao et al.
2013), fgf24 (Fischer et al. 2003), and chordin (Haffter et al. 1996)
and scored expected phenotypes in the injected embryos
(Supplemental Fig. 2). As shown in previous publications, target-
ing tyrosinase resulted in reduced pigmentation, f§f24 resulted in
an absence of pectoral fins, and chordin resulted in ventralized tis-
sues in the tail. Together, these results indicate our oligo-based
sgRNA synthesis method is robust.

We designed sgRNAs to target 162 sites in 83 genes. For each
gene, we designed independent sgRNAs targeting two different ex-
ons, with the exception of smaller genes with only 1-2 exons; in
those cases we targeted two different positions in the same exon.
Our overall mutant generation strategy is outlined in Figure 1. To
determine the efficiency of CRISPR/Cas9 in inducing germline
mutations, we identified mutations in F; progeny by crossing
founder fish (F) to wild-type TAB-S5 fish and analyzing seven em-
bryos from each founder outcross for insertions or deletions
(indels) in the genomic target by fluorescence PCR or sequencing
(Figs. 1B, 2). In both approaches, the target region was amplified
using three primers: a pair of gene-specific primers, one of which
contained M13-forward sequences, and a third M13-forward
adapter primer, which was either fluorescently labeled (for ABI
size analysis) or contained a unique 6-bp barcode (for Illumina
MiSeq analysis) (Fig. 2). Using fluorescence PCR, we obtained
data from all 162 targeted genomic sites, and by barcoded PCR,
we obtained sequence data from 114 of the same sites.
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Figure 1. Overview of mutagenesis and phenotyping strategies. (A) Single-guide RNA (sgRNA) was
synthesized from a template that is generated by annealing and extending oligo A and B. Oligo B is
generic and is common in all reactions, while Oligo A contains a T7 promoter, 20-nt target sequence,
and another 20 nt overlapping the chimeric gRNA core sequence. Two sgRNAs targeting a single gene
were co-injected along with Cas9mRNA into either the yolk or the cell of one-cell stage embryos. The
injected embryos were raised to generate the founder fish. (B) The founder fish were then outcrossed
to wild type to generate heterozygous F; fish. The mutant fish were identified by fluorescence PCR and
sequencing. The siblings carrying mutations were then crossed to generate F, progeny, and pheno-
type-genotype correlations were done using the F, embryos. (C) Alternatively, the founder fish were
inbred and phenotyping was performed in the f; generation, and the embryos were genotyped by
fluorescence PCR or sequencing. (D) Phenotypes can also be observed in the injected embryos from
0 to 5 d, although off-target effects are more common with this approach. In order to score pheno-
types in injected embryos, the sgRNA and Cas9 must be injected in the cell instead of the yolk to
achieve maximum efficiency.

tial screening. We typically tested 6-7
founders for each gene, but we found
that screening more founders did occa-
sionally identify mutations from lower
activity sgRNAs. The overall success rate
can therefore be increased by screening
more founders per gene, but the cost of
increased success is a reduction in total
throughput.

We identified germline mutations
in 82 of 83 genes (99%), which demon-
strates that by designing at least two
targets per gene, there is a very high prob-
ability of identifying germline-transmit-
ted mutations from at least one sg|RNA.
From 1080 founders, we screened a total
of 7525 embryos, and out of these, 2097
embryos (28%) carried mutations (Fig.
3A). The average germline transmission
rate for injected fish was 53%, i.e., screen-
ing four founders should be sufficient for
most sgRNAs injected. The germline
transmission rate varied widely from tar-
get to target (Supplemental Table 1),
and it was as high as 100% for the top
quartile of targets.

Fluorescence PCR analysis of the
mutant alleles indicates CRISPR/Cas9
generated both deletions and insertions.
From 162 targets, we identified 1545 dele-
tions (74%) and 552 insertions (26%)
(Fig. 4A). Since we targeted exons, we
further identified the insertions or dele-
tions that either changed the reading
frame (frameshift) or did not change the
reading frame (in-frame). We identified
1056 frameshift deletions (68%), and
489 in-frame deletions (32%), along
with 428 frameshift insertions (77%)
and 124 in-frame insertions (23%) (Fig.
4A). Most of the mutations (>75%) gener-
ated by CRISPR/Cas9 are <12 bp +/— (Fig.
4B). However, we detected mutations
up to 182 bp for deletions and 52 bp
for insertions. Using the Illumina MiSeq
platform, we sequenced amplicons from
114 targets representing 58 genes (Sup-
plemental Files 1, 4-6). We detected at
least one allele from 93 of the targets
(82%) and identified a total of 678 unique
alleles, resulting in an average of seven al-
leles per gene, with a maximum number
of 34 unique alleles (Supplemental Table

To generate a high-throughput and robust mutagenesis pipe-
line, we determined the minimum number of founders necessary
to routinely identify germline mutations from the fluorescence
PCR screening data. For nearly every gene, six founder fish were
sufficient to identify at least one germline-transmitted mutation.
A total of 1080 founders were tested for their ability to generate
germline mutations (Fig. 3A), and 567 founders (53%) were posi-
tive for carrying mutations in the germline. We showed 138/162
targets had mutagenic activity, i.e., ~15% of guides failed the ini-

2). There were 28 genes with more than 10 alleles. This high effi-
ciency of identified alleles per gene demonstrates the utility of
CRISPR/Cas9 for high-throughput mutagenesis projects.

Other studies have used large-scale CRISPR targeting of loci in
cell culture (Doench et al. 2014) or somatic tissue (Gagnon et
al. 2014) to determine general rules for sgRNA design that might
maximize efficiency. In terms of predicting mutagenesis rates,
none of the sequence-based observations made in Doench et al.
(2014) or Gagnon et al. (2014) were significantly predictive in

1032 Genome Research
www.genome.org



Zebrafish mutagenesis with CRISPR/Cas9

v
AGCGAGATCGATCAGCA--GGGTCATGCTGATTCGCCTGAAGGTCTC---CACAACCTGCTGGGCGAGATCGATC

\, TCGCTCTAGCTAGTCGT--CCCAGTACGACTAAGCGGACTTCCAGAG---GTGTTGGACGACCCGCTCTAGCTAG

Gene-specific forward

Gene-specific reverse primer

primer with M13F tail with PIG-tail
Option A Option B
+ Fluorescently labeled M13 + Sequence-barcoded M13
adapter primer adapter primer
* > NNNNN ——
_ NNNNN

Fluorescent PCR

¢

Amplicon size determination on
ABI Genentic analyzers (3130 or 3730)

'

Mga5-2

Barcoded multiplex sequencing

{

300bp paired-end MiSeq sequencing

v

wild-type 2-bp insertion TCTCCAGCTCTTGGGTCATGCTGATTCGCCTGAAGGTCTTCATGCGAGAGGGGTGAAGTCTATT Reference
. x® 2000 TCTCCAGCTCTTGGGTCATGCT - - - - - - C -T--tGGTCTTCATGCGAGAGGGGTGAAGTCTATT  -12,+3
1000 TCTCCAGCTCTTGGGTCATGCTGA -~ - - - - - - - A - GTCTTCATGCGAGAGGGGTGAAGTCTATT  -11,+1
500 TCTCCAGCTCTTGGGTCATGCTGATTCGE - - - - AGGTCTTCATGCGAGAGGGGTGAAGTCTATT -4
199,93 [202.08) s 5 S T R TGAAGGTCTTCATGCGAGAGGGGTGAAGTCTATT  -29
[2283] [2320 TCTCCAGCTCTTGGGTCATGCTGAT - --- - - AAGGTCTTCATGCGAGAGGGGTGAAGTCTATT -7
TCTCCAGCTCTTGGGTCATGCTGATTCGC - -GAAGGTCTTCATGCGAGAGGGGTGAAGTCTATT -2
Mga5-20 TCTCCAGCTCTTGGGTCATGCT aigeaca CTGAAGGTCTTCATGCGAGAGGGGTGAAGTCTATT — +7
wiiiiyne Ebe ihsaiiion TCTCCAGCTCTTGGGTCATGCTGAT - - - - - - - - AGGTCTTCATGCGAGAGGGGTGAAGTCTATT -8
P\ P o 900 TCTCCAGCTCTTGGGTCATGCTGATTCGCCT -AAGGTCTTCATGCGAGAGGGGTGAAGTCTATT -1
A J\ Eﬁuﬂ TCTCCAGCTCTTGGGTCATGCTG - -~ CTTCATGCGAGAGGGGTGAAGTCTATT  -14
300
[199.78] [204.81)
1177] (1022
Mga5-21
6-bp insertion wild-type
e N& F 500
1000
500
193.87 199.86)
[1510 [1630]

Figure 2. Overview of the mutant identification strategies. Mutant alleles were identified by fluorescence PCR and high-throughput sequencing. Gene-
specific primers were designed to amplify the regions around the target site (200-300 bp). The forward primer contains an M13-forward sequence on the
5’ end, and the reverse primer contains a pig-tail sequence to reduce size heterogeneity PCR artifacts. Depending on the application, one of two additional
primers was added. (Option A) For fluorescent PCR, an M13-forward oligo with the fluorophore FAM attached was added. The resulting primers were run
on an ABI 3100 or 3730 along with a size standard to obtain the amplicon sizes accurate to base-pair resolution. The size of the peak relative to the wild-type
peak control determines the nature and length of the mutant. (Option B) When amplicons were sequenced, a third primer containing M13-forward se-
quence with a 6-bp barcode attached to the 5’ end was used. A unique barcode was assigned to each embryo from the same target. The amplicons were
sequenced on an lllumina MiSeq platform with 300-bp paired-end reads. The sequences were processed using ampliconDIVider for the identification of
insertions and deletions induced by CRISPR/Cas9 (http://research.nhgri.nih.gov/CRISPRZ).

our experiments (Supplemental Figs. 3-6). The only feature that
had any predictive value was if we had mismatched bases at the
5" end of the targeting sequence (Supplemental Fig. 7). T7 requires
a GG at the RNA transcriptional start for efficient transcription.
Most of the 20-nt genomic targets we selected contained the GG
sequence at the 5" end of the 20-nt genomic target, but because
of the T7 promoter requirement, in a few cases we designed 20-
nt target sequences that did not have a GG in the genomic se-
quence at the 5" end. In these instances, we added one or two ad-
ditional G bases beyond the 20-nt targeting sequence that did have
a genomic sequence match. This had a significant negative impact
on the mutagenic activity of the sgRNA, with the median muta-
genic frequency being 20% compared to 67% for the guides with
a GG match at the 5’ end (Wilcoxon rank sum test with continuity
correction, P=6.432 x 107°).

Direct comparison of CRISPR /Cas? to ZFNs and TALENs

Previously, we targeted 26 genes with ZFNs or TALENs and success-
fully generated multiple knockout alleles for 21 genes (Sood et al.
2013). In addition to the substantial reduction in cost and in-
creased ease of design and assembly for CRISPR targets compared
to ZFNs and TALENSs, our data showed that the CRISPRs were sig-
nificantly more efficient in generating genetic mutations (Fig.
3A). To identify germline-transmitting founders with ZFNs or
TALENS, it was typically necessary to screen 60 embryos/founder.
Because F; fish from positive founders averaged 40% mutant carri-
ers, seven embryos/founder were almost always sufficient to iden-
tify mutations from CRISPR/Cas9 injected founders. We screened
more than 20,000 embryos to identify mutations in 21 genes
generated by either ZFNs or TALENs, while only ~7500 embryos
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with KO with founders | with germline | progeny |progeny with| transmission
alleles activity screened | transmission |screened | mutations efficiency
ZFNs’ 13 1 17 1 176 81 (46%) 10,5601 507 5%
TALENs 13 10 15 10 189 67 (35%) 11,3401 454 4%
CRISPRs 83 82 162 138 1,080 567 (53%) 7,525 2,097 28%
" Sood ef al., 2013
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Figure 3.

CRISPR/Cas9

Summary and comparison of CRISPR/Cas9 to ZFN- or TALEN-induced mutations. (A) Summary of mutant identification data compiled from

CRISPR/Cas9, TALENs, and ZFNs. The mutants were identified using fluorescent PCR and the aggregate data from each technique is shown. (B) Comparison
of the types of mutations detected by sequencing. The mutations were classified in three different groups: deletions, insertions, and complex (at least one
deletion and at least one insertion detected within £30 bp of the 3’ end of the sgRNA or ZFN/TALEN target).

were screened to identify mutations in 83 genes using CRISPR.
Furthermore, ~28% of F; progeny from germline-transmitting
founders targeted with CRISPR/Cas9 carry the mutant alleles, com-
pared to 5% and 4% for ZFNs and TALENS (Fig. 3A), thus reducing
the number of F; embryos that need to be raised for efficient recov-
ery of mutant alleles. Overall, our data demonstrate that CRISPR/
Cas9 is by far the most efficient gene targeting method in zebra-
fish. At the sequence level, indel mutations generated by these
gene-editing nucleases can be classified as simple insertions, sim-
ple deletions, and complex changes that include both deletion
and random insertion (Fig. 3B). Our data showed that ZFNs and
CRISPR/Cas9 both caused simple insertions and deletions at a sig-
nificant rate, while TALENSs rarely generated simple insertions in
zebrafish, which is consistent with the recent compilation of mu-
tations generated in mammalian and nonmammalian systems
with ZFNs and TALENs (Kim et al. 2013).

Comparison of somatic and germline mutations generated
by CRISPR/Cas9

To understand how CRISPR/Cas9-mediated mutagenesis impacts
different cell types and how the mutations are distributed during
zebrafish embryonic development, we compared mutations that
were generated in somatic cells of the founder fish to germline-
transmitted mutations. We randomly selected 21 founders con-
taining mutations from CRISPR targets with high activity (desig-
nated as group I) and 22 founders from CRISPR targets with
moderate activity (designated as group II). For somatic mutations,
we used tissue from the founder fish’s (Fp) tail fins and amplified
the genomic sequences targeted by the CRISPR/Cas9. We also
PCR-amplified the same genomic regions in F; embryos known

to carry mutations in the targeted region and sequenced them us-
ing the Illumina MiSeq platform. Sequence analysis of the muta-
tion frequency showed 2618 mutations were detected in the
somatic cells of the injected fish for a mean of 53.4 mutations
per founder; 99 of those mutations (3.8%) were transmitted
through the germline to the F; generation. Seventy-six percent
(75/99) of the mutations found in the F, generation were also
detectable in the somatic samples from the corresponding founder
tissue (Supplemental Fig. 8).

While the sampling of seven F; embryos underrepresents the
total potential mutagenized genomes that might have transmitted
through the germline, analysis of mutation distribution in both
groups indicates most (76%) mutations transmitted through the
germline can be detected in the somatic cells. In contrast, the
majority of somatic cell mutations were not found in the F; gener-
ation. These data suggest that the majority of germline-transmit-
ted mutations are happening very early after injection. It is
known that the zebrafish germ cells are committed at the latest
by the 1000-cell stage (Yoon et al. 1997), so any mutation that
can be detected in both the somatic tissue and the F; generation
most likely was generated in the first 3 h after injection, and
they will be the majority of mutants identified in the F; genera-
tion. Somatic and germline mutations continue to build up after
the germline has been committed, but they will be represented
in a much lower percentage of F; embryos.

CRISPR /Cas? can generate heritable large deletions

When injected in pairs, ZFNs and TALENs have been shown to in-
duce genomic modification such as deletions and inversions
(Gupta et al. 2013; Lim et al. 2013). We investigated whether
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Figure4. Distribution of CRISPR/Cas9-induced mutations in the germline. CRISPR/Cas9 induced more
deletions than insertions. Approximately two-thirds of the deletions and insertions were frameshift mu-
tations and most likely caused gene truncations. (B) Mutations were classified according to their insertion
or deletion size as determined by fluorescent PCR data. Left bars (dark gray) indicate the deletion range
and right bars (light gray) indicate insertion sizes. The bars on each extreme of the x-axis indicate the total
number of mutations (deletions or insertions) that are >20 bp in size. Insertions and deletions >20 bp
ranged to the largest detected size of a 182-bp deletion and 52-bp insertion.

CRISPR/Cas9 induced heritable large deletions when two sgRNAs
were simultaneously used. We routinely injected two sgRNAs tar-
geting two different sites for each gene to ensure mutant recovery,
so we were able to test the frequency of deletions during the nor-
mal process of identifying mutants. Primer pairs flanking the
two target sites were used to amplify the junction sequence be-
tween the two targets; it was possible to amplify the junction
across the intervening region only when a large deletion occurred.
We screened 15 targeted genes by fluorescent PCR and detected
24 large deletions. Five out of 15 (33%) genes had deletion events,
with 24 embryos out of 322 from germline-transmitting founders
carrying these deletions. The deletions occurred at an average rate
of ~3% (Fig. SA). If the founders were first selected for germline
transmission of mutations at a single target site, the transmission
rate was boosted to 7.4%. The germline transmission rate for big
deletions was consistent with the reported 1%-3% somatic muta-
genesis rate described previously (Xiao et al. 2013). The junction
sequences were confirmed by Sanger sequencing. We detected a
25,717-bp deletion in man2al, a 9632-bp in mgatlb, a 1687-bp
in man2bl, and a 676-bp deletion in mgat3a (Fig. SB-E).
Together, our results show that CRISPR/Cas9 can be used to effi-
ciently generate large deletions.
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Heritable multiplex genome editing
induced by CRISPR /Cas9

The CRISPR/Cas9 system is capable of
targeting multiple genomic loci simulta-
neously, making it a versatile technology
for multiplex gene targeting. This could
be a significant tool given that zebrafish
frequently have duplicated paralogs or
functionally redundant genes. Jao and
colleagues targeted five different geno-
mic loci simultaneously, and associated
phenotypes were observed in the inject-
ed embryos (Jao et al. 2013). We exam-
ined multiplex targeting for generating
germline mutations as an approach to
further increase mutagenesis through-
put. We randomly selected 10 gene tar-
gets and synthesized 10 sgRNAs by
pooling 10 oligos in a single reaction.
We then co-injected ~2 nL of the
sgRNA mixture (100 ng/pL) and 150
ng/uL Cas9mRNA into the yolk of one-
cell stage embryos and raised injected
embryos to adults. The injected founder
fish (Fo) were crossed with wild-type
fish (TAB-5), and seven embryos from
12 different founders were tested by fluo-
rescence PCR as described above. We ob-
served gene editing in seven out of
10 targeted loci with germline efficien-
cies from 5% to 88% (Supplemental
Table 3). One target also did not work
when injected individually, suggesting
that the failure for that guide was not a
result of the multiplexing. Forty percent
of the embryos had mutations in one
gene, 24% embryos in two genes, 10%
in three genes, 6% in four genes, and
one embryo carried germline mutations
in five genes (Table 1). Given that 40% of the F; embryos were car-
rying mutations in only one gene, 8-10 loci can be targeted simul-
taneously and fish carrying a single mutation can readily be
identified in the F, generation. Multiplexing increases the muta-
genesis throughput 10-fold by reducing the animal husbandry
needed to identify single mutant carriers. There is a small but mea-
surable drop in mutagenic efficiency when multiplexing, most of
which can be compensated for by increased concentration or
more careful injection techniques.

Phenotypic analysis of CRISPR/Cas%-induced alleles
in the F; generation

The primary purpose for generating knockout alleles is to study the
consequences of gene function loss. Traditionally, phenotypic
analysis is done using homozygous mutants generated by inbreed-
ing heterozygous mutant carriers. Previous studies showed
CRISPR/Cas9 can generate bi-allelic mutations and phenotypes
can often be detected directly in injected embryos (Fy) (Jao et al.
2013). In order to develop a high-throughput phenotypic pipeline,
we sought to test whether phenotypic analysis can systematically
be done in the F, generation by inbreeding injected founders (Fig.
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ent genomic loci (targets 1 and 2: T1, T2).

Parameters

Both loci were tested in five embryos

# of genes screened

# of genes with big deletions

Total # of founders screened by fluorescence PCR

Total # of embryos screened

# of embryos screened from germline transmitting founders

# of embryos with big deletions

Germline Transmission Efficiency

Absolute Germline Transmission Efficiency

with phenotypes and 43 normal-looking
15 embryos. All phenotypically normal em-
bryos were either genotyped as wild type
5 or heterozygous; all five phenotypic em-
bryos were compound heterozygous

1M1 mutants.
769 We tested 19 genes by founder in-
breeding using two different strategies.
322 The first strategy was to “prescreen” the
founders by outcrossing to wild-type
24 fish and testing embryos for germline
7% (24/322) transmission of mutations. Germline-
positive founders were then crossed to
3% (24/769) generate F; fish with compound hetero-

man2a1 (ChrS: 58,419,682-58,611,483)

zygous mutations. We tested eight differ-
ent genomic targets with this approach
and an average of 36% of the F; larvae
were scored as compound heterozygous
mutations (Table 2A). The second strat-

: ~ ki ,{ ~ egy was to cross founder fish without pre-

_%' j screening. We tested 10 genes in this

g | Target1 3 3 Tarqet 2 5 fashion, including the previously men-

GGCTGGTAGAGAACGGT SGAGG/ / TCCAG SAATT! CATGGAG WT tioned fgfr4. Forty-one percent of crosses

GGCTGGTAGI\GMCGGKRGC---—/! ------- GGMGMTTRGCNTCCRTGGAG -26kb had at least one identified Compound

heterozygous mutant larva; 11% of all

embryos were compound heterozygous

mgan‘b (Chf"9 27354109'27880851) mutants. There were no cases in either

GGATTG STGAAGTGA \TTGGCTGAAGA/ /ACGG ITGAMGGCTCGGGACCGTTT WT strategy where no compound heterozy-
GGATTGGCCGGTGAAGTGATCA ~~mmmmmmmmmm Jmmm e CTCGGGACCGTTT -9.6kb

man2b1 (Chr11: 32,083,215-32,101, 155)

gous mutants were identified. These tests
demonstrate that embryos can consis-
tently be screened in the F; generation
for mutant phenotypes, thus saving a

GTAGTCCAAGCGGCCANAGAAGAN "CCAT/ / TTCTG CCACCAGCGGT WT L g
GTAGTCCAAG=mmmmmmem—————————————————— o R R KN e S S CGGT -2kb minimum of 3 mo of animal husbandry
when initially testing for phenotypes.
E
mgat3a (chr.? 25338666-25370018) . .
GCATAAG \CTGGG/ /GTGTG LCGTCAGGGTTGGCATGGCCCTC WT Phenotypic correlation between human
GCATAAGGTCTTCCTGGTGTGC T - ——— Jmmmmmm e GGGTTGGCATGGCCCTC -0.65kb disease loci and zebrafish mutations

Figure 5. Heritable chromosomal deletions induced by CRISPR/Cas9. (A) Summary of detected large
deletions between two target sites. Large deletions were identified in man2al, mgat1b, man2b1, and
mgat3a. (B) Graphical representation of the man2al locus and the sequence of the deletion interval.
(C-E) Sequence of the deleted interval for mgat1b, man2b1, and mgat3a. The target sites are marked
in gray, while the PAM sites are underlined. The sequences were obtained from the PCR products across
the two target sites. The top strand represents the wild-type sequence and the bottom strand represents
the junction sequences between two target sites. The size of the deletion is indicated on the right side.

1B-D). We inbred a number of founders and collected embryos
from the F; generation to screen mutant phenotypes and correlate
them with genotypes. F; embryos were genotyped by both fluores-
cence PCR and sequencing. Consistent with other studies, most
knocked-out genes did not display a readily observable embryonic
phenotype (Kettleborough et al. 2013), but there were crosses with
phenotypes clearly linked to the mutation.

For example, we targeted the tyrosine kinase receptor fgfr4
(Ota et al. 2010) and inbred founders that had not been pre-
screened to confirm germline transmission of mutants. Six foun-
der pairs were crossed and one cross had embryos that displayed
consistent phenotypes of heart edema, reduced midbrain-hind-
brain, and modestly shortened bodies (Fig. 6). These founders
had been injected with two different sgRNAs targeting two differ-

To get an initial estimate of how often
zebrafish can be used to rapidly confirm
candidate genes for human diseases, we
chose eight genes (Table 3) from a highly
curated list of genes that when mutated
are known to cause nonsyndromic deaf-
ness in humans (Van Camp and Smith).

Table 1. Summary of germline transmission data from multiplex
gene targeting

Number of mutated Number of F; Germline transmission %

genes/embryos embryos (maximum 84 embryos)
0 16 19.05
1 34 40.48
2 20 23.81
3 8 9.52
4 5 5.95
5 1 1.19

Data summarizing mutant distribution in the F; larvae of fish injected
with 10 different sgRNAs.
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Figure 6. fgfr4~/~ phenotype identified by inbreeding injected founder fish. Two single-guide RNAs
(sgRNAs) targeting two different exons of the fgfr4 gene were co-injected with Cas9mRNA into wild-
type embryos and raised to adults to generate founder fish (fy). Six pairs of founder fish (Fo) were inbred
and scored for mutant phenotypes. One of the six pairs showed multiple embryos with the same pheno-
type observable at 48 h post-fertilization. (A) Wild-type embryo at 48 h post-fertilization. White arrow in-
dicates a normally sized hindbrain, white arrowhead indicates a normal heart chamber, and black arrow
represents a normal tail length. (B) An fgfr4 compound heterozygous mutation displaying multiple phe-
notypes. White arrow indicates a reduced hindbrain region, white arrowhead points to a heart edema,
and black arrow shows the shortened body axis. All phenotypes were only found in the compound het-

erozygous mutant embryos.

Zebrafish larvae can be rapidly tested for hearing and vestibular
function by tapping on the dish to elicit an acoustic startle re-
sponse (Nicolson et al. 1998). Of the eight tested, three genes
(cdh23, dfna5h, and ushlc) displayed a loss of startle response
directly linked to the genotype of the fish (Table 3). All three of
these genes have published phenotypes from either mutants or
morpholino inhibition (Busch-Nentwich et al. 2004; Sollner
et al. 2004; Phillips et al. 2011). Our observed phenotypes for
cdh23 and ushlc matched the published mutant phenotypes ex-
actly; however, our observed phenotype for dfna5h was signifi-
cantly less severe than the morpholino inhibition phenotype
reported in Busch-Nentwich et al. (2004). Specifically, we did not
see the reported craniofacial defects reported by Busch-
Nentwich, potentially reinforcing the recent cautions emerging re-
garding the use of morpholinos for phenotypic analysis (Kok et al.
2014). It is notable that the jaw phenotypes reported by Busch-
Nentwich only emerged at relatively high morpholino concentra-
tions (15-40 ng), suggesting that this phenotype might represent
an off-target effect of the morpholinos used. Five of the eight genes
did not display an obvious deafness phenotype despite strong ev-
idence of their involvement in human deafness. This most likely
represents the general limitations of simple gene inactivation in
assessing human disease loci, which does not fully represent the
variety of ways mutations can influence protein function or
pathology.

Analysis of off-target activities induced by CRISPR/Cas?

CRISPR/Cas9 not only induces mutations at the intended target
sites but can also bind to similar sequences and induce mutations
at other genomic loci. CRISPR/Cas9 has a tolerance for mismatches
atthe 5" end of the target site but less so in the seed region (8-12 nt)
at the 3’ end adjacent to the PAM site. Three independent studies
have shown CRISPR/Cas9 could induce mutations even at the sites
with up to five mismatches (Fu et al. 2013; Hsu et al. 2013;
Pattanayak et al. 2013). We investigated the co-inheritance of mu-

tations generated at the target site and at
related off-target locations induced by
CRISPR/Cas9. From our collection of
162 targets that we used for identifying
germline mutations, we selected five tar-
gets with different levels of activity at the
target location; these targets were eya4-
T2, dfna5b-T2, ptprn2-T2, marveld2b-T1,
and fndc7a-T2, and their mutagenic ac-
tivities were 84%, 78%, 37%, 12%, and
5%, respectively. We selected a subset of
potential off-target locations that were
located specifically in exons of other
genes. We selected five off-targets from
each sgRNA that differed from the target
sequence ranging from three to nine mis-
matches, and PCR-amplified the off-tar-
get genomic loci. Amplicons were
pooled and sequenced on the Illumina
MiSeq sequencing platform. Only one
of the 25 off-target loci tested displayed
a detectable mutation (Supplemental
Table 4). The dfina5h-OT1 with three mis-
matches generated a 3-bp deletion, and
other off-targets did not show any activi-
ty. Generally speaking, between segrega-
tion of unlinked mutations and the low occurrence of predicted
off-target sites in exons or regulatory elements, off-target effects
confounding phenotypic analysis of mutations in zebrafish can
be considered a relatively small risk.

Discussion

Human candidate disease genes are being identified at a rapid rate
from various GWAS and exome-sequencing projects, and these
candidates need to be functionally validated. Zebrafish has been
increasingly used to validate candidate disease genes because
they represent a model organism that is a good compromise be-
tween speed of testing and relative closeness to human biology
(Davis et al. 2014). For example, a recent, large-scale exome-se-
quencing project identified genes putatively causing developmen-
tal disorders. This study quickly validated 21 candidate genes in
zebrafish using morpholino-mediated knockdown (Deciphering
Developmental Disorders Study 2015). However, a recent report
demonstrated that morpholino-mediated knockdown in zebrafish
caused significantly more off-target induced phenotypes than was
typically believed (Kok et al. 2014). In fact, 80% of the morphant
phenotypes were not recapitulated by an actual genetic knockout
of the matching gene, and many of the traditional controls used
with morpholinos were also subject to misleading artifacts.
There are currently no commonly used, high-throughput methods
available in zebrafish that can substitute for morpholino-mediated
knockdown to quickly verify the phenotype of a gene knockout.
We describe here a high-throughput, streamlined pipeline for gen-
erating genomic lesions in zebrafish genes by CRISPR/Cas9. The
targeting mutagenesis pipeline we described here includes a rapid
method of generating sgRNA, mutant identification by fluores-
cence PCR, preliminary phenotype screening by inbreeding inject-
ed founder fish, and verification of insertions or deletions by
multiplexed next-generation sequencing.

CRISPR/Cas9-mediated mutagenesis studies in zebrafish have
reported mutagenesis efficiencies from 17% to 90%, but germline
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Table 2. Mutant screening by inbreeding injected founder fish

Compound hets
(i.e., mutants)

Gene Number of embryos Wild-type Heterozygous
(A) Summary of the results for prescreening founders
ogt.2 21 7 12
junbb Target1 33 6 16
junbb Target2 33 28 4
krt15 22 0 10
23 3 6
man2al 19 1 7
mgeas 21 1 5
hyoul 39 7 18
sesnl 39 7 20
Total 250 60 98
Percentage
(B) Summary of the results for crossing founders blindly
cdkn1ba cross 1 8 2 3
cross 2 16 1 5
cross 3 16 1 14
cross 4 16 0 7
cross 5 16 7 4
cross 6 16 5 11
cdkn1bb cross 1 8 6 1
cross 2 16 14 2
cross 3 16 16 0
cross 4 16 15 1
cross 5 16 11 6
cross 6 16 15 1
fgf13a cross 1 8 6 2
cross 2 8 7 1
cross 3 8 8 0
cross 4 7 1 2
cross 5 8 5 3
cross 6 8 8 0
fgf13b cross 1 8 0 2
cross 2 8 8 0
cross 3 8 8 0
cross 4 7 0 3
cross 5 8 1 6
cross 6 8 7 1
mpzl2a 16 1 7
rbm39b cross 1 16 1 14
cross 2 8 5 1
cross 3 15 7 8
cross 4 16 12 4
cav3 cross 1 13 4 7
cross 2 14 11 3
rbm39a cross 1 15 8 4
cross 2 16 16 0
cross 3 16 11 5
cross 4 16 15 1
flt4 cross 1 16 9 6
cross 2 15 7 8
cross 3 16 12 4
cross 4 16 8 6
cross 5 15 11 4
cross 6 17 10 5
fgfr4 cross 1 46 15 26
cross 2 9 6 3
cross 3 4 3 1
cross 4 7 4 3
cross 5 16 16 0
cross 6 16 14 2
Total 624 358 197
Percentage

SOOOOOU’INO—‘OO—‘OOOWONOON—‘OOO—'-#OOO\OOAOOOOOOOO—‘OUW\O—‘

11.21%

Two different strategies were tested for screening phenotypes of embryos resulting from inbreeding two
CRISPR/Cas9-injected founder fish. (A) Founder fish were first outcrossed to wild-type fish and embryos
were tested by fluorescent PCR for mutant alleles. Injected fish that were positive for germline transmission
of mutations were subsequently bred together to generate embryos that contained compound heterozy-
gous deletions/insertions in the targeted gene. Thirty-six percent of all embryos were scored as double
mutant. (B) Up to six pairs of injected fish for each targeted gene were randomly bred together and up to
32 embryos genotyped. An average of 11% of embryos were compound heterozygous double mutants.

transmission rates were based on a small
number of targets (Chang et al. 2013;
Hwang et al. 2013a,b; Jao et al. 2013;
Gagnon et al. 2014). This study provides
enough germline transmission data to
confidently identify the average efficien-
cy for mutations induced by CRISPR/
Cas9 and to robustly test the validity of
guidelines for efficient sgRNA design.

We targeted two different loci for
each gene and found we had a 99% suc-
cess rate for generating mutations across
83 genes. The average rate of positive
founders from more than 1000 fish test-
ed was ~50%, meaning that, on average,
every other injected embryo transmitted
mutations through the germline to the
next generation. Although the average
germline transmission rate was ~50%,
the rate varied substantially from target
to target, ranging from 0% to 100%
(Supplemental Table 1). When muta-
tions were detected in the F; generation,
on average >50% of the F; offspring were
mutant carriers. Our data shows CRISPR/
Cas9 was on average six times more effi-
cient at making mutations in zebrafish
when compared to ZFNs or TALENs
(Fig. 3A).

Comparing the efficiency of target-
ing across 162 sgRNAs, we can make sev-
eral conclusions about target efficacy.
First, >75% of the targets we designed
had activities with >20% germline suc-
cess (Supplemental Table 1, compare
first and second quartile). This has the
important ramification that for the ma-
jority of targets tested, six to eight inject-
ed embryos was sufficient to identify
mutant carriers. Similarly, in most fish,
50% or more of the embryos were mu-
tant carriers, so for high-throughput mu-
tagenesis, we routinely only had to test
seven F; embryos to confidently identify
mutants. Although some weak trends
could be detected in our data, most of
the published “rules” for sgRNA design
did not have statistically significant ef-
fects on targeting efficiency across a large
number of genomic targets, leading us to
conclude that most of the variation in ef-
ficiency is not a result of deviating from
the “ideal” design.

The one sgRNA feature that we were
able to demonstrate had a very strong ef-
fect on targeting efficiency was when
there were mismatched bases at the 5
end of the sgRNA. Hwang et al. (2013b)
reported no loss of guide activity if the
GG dinucleotide necessary for T7 RNA
synthesis was not part of the genomic
target sequence. In contrast, we found
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Table 3. Phenotype testing of seven human, nonsyndromic deaf-
ness genes in zebrafish

Distribution
Deafness of genotypes
Gene phenotype (WT:het:hom) Allele(s)
cdh23 No startle 6:6:12% 31-bp insertion
response 4:6:12° 1-bp deletion x
1-bp insertion
dfna5b  Attenuated startle 19:38:14 2-bp deletion
response
coch No observable 15:24:14 5-bp deletion
phenotype 12:21:14 7-bp deletion
crym No observable 20:36:15 8-bp deletion
phenotype 4:8:4 4-bp insertion
pou4f3  No observable 7:18:5 1-bp deletion T1
phenotype 6:10:5 4-bp deletion T2
cx35.4  No observable 3:12:6 5-bp deletion
phenotype
ushlc No startle 5:10:5 2-bp insertion
response
coll1TA2  No observable 4:14:6 4-bp deletion T2
phenotype

®For Cdh23, 12 phenotypic and 12 nonphenotypic were scored. One
hundred percent of phenotypic embryos were homozygous mutant;
100% of nonphenotypic were either heterozygous or wild type.

of the 30 sgRNAs that contained extra, mismatched bases at the
5" end of the sgRNA, nine failed completely (30%), and only five
of the 30 targets were in the top 50% in terms of activity.
However, sgRNAs that started with a GG that matched the genome
had only 15 failures from 132 targets (11%) (Supplemental Table
1). In other words, having a one- or two-base mismatch at the
5 end of the sgRNA makes the guide three times more likely to
fail completely. This is an effect similar to what was seen in
Gagnon et al. (2014) when they used nonconsensus starting dinu-
cleotides for T7 (GA or AG), and our interpretation is that the loss
of activity they saw was the result of mismatched bases from “slip-
page” being incorporated at the 5" end of the sgRNA. If you remove
the sgRNA targets with 5" mismatches from our data, the overall
success rate improves to 88%. We have not established whether
the loss in efficiency is a result of the mismatched bases at the 5’
end or that the total length of the sgRNA is 1-2 bases longer.

We saw relatively little in terms of off-target effects compared
to the data coming from cell culture studies. One possible reason
for the high off-target rates observed in cell culture and minimal
off-target events in zebrafish is the duration of Cas9/sgRNA activ-
ity. This may be because of a shorter duration of Cas9 activity, fast-
er dividing cells, or segregation of unlinked loci during meiosis.
Regardless of the reason, off-target effects appear to be of minimal
concern. We agree with the conclusions in Kok et al. (2014) that
morpholino-generated phenotypes are problematic without con-
firmation from cognate mutant alleles.

We showed three methods for determining phenotype. The
fastest method is to observe phenotypes in the injected embryos
when the guide RNA is sufficiently active. While occasionally ef-
fective, there are significant limitations to this approach. In partic-
ular, if the phenotype is unknown, then off-target artifacts are
possible just as they are for morpholinos, and it is not possible to
confirm the phenotype/genotype correlation by genetic linkage.
We showed the second approach of inbreeding injected fish can
be an efficient way to rapidly screen for mutant phenotypes. It is
somewhat more difficult than “traditional” screening because
you are looking at the effects of compound heterozygous mutants

with non-Mendelian distributions, but as a “first-pass” screening
method it can be very effective. The traditional route (demonstrat-
ed with our tests of the human deafness genes) can provide clear,
unambiguous results with Mendelian distributions allowing for
high-resolution linkage. The methods described here can routinely
determine mutant phenotypes in ~3 mo for tens to hundreds
of genes, depending on need. The key limitation when it comes
to functional annotation of genes remains the accuracy and sensi-
tivity of detecting phenotypes once the gene is inactivated. High
resolution and high-throughput phenotyping remains a funda-
mental challenge for genetics.

Methods

Designing of CRISPR targets

We generated the SpCas9 CRISPR track by using Bowtie version
0.12.7 to identify relevant sequences (Langmead et al. 2009). We
began by identifying all the NGG and NAG protospacer-adjacent
motifs (PAMs) in version Zv9 of the zebrafish genome. For each
12-mer “seed” region 5’ of these sites, we counted the number of
other seed regions that could be aligned with no more than one
mismatch. This number indicates the number of potential off-tar-
get sites based on the seed alone. We expanded the analysis to the
full 20-mer 5’ of the PAMs and identified the number of other such
20-mers that could be aligned with no more than two mismatches.
The final output represented in the track are the 20-mers that meet
the following criteria:

1. NGG PAM site
2. At least three mismatches in the full 20-mer, relative to all
possible off-targets

The 18,367,469 CRISPR targets identified in this man-
ner are viewable in the University of California, Santa Cruz
(UCSC) Genome Browser in the “CRISPRs” track of the
“ZebrafishGenomics” data hub at http:/genome.ucsc.edu/cgi-
bin/hgHubConnect, or in the Ensembl genome browser by upload-
ing http://research.nhgri.nih.gov/manuscripts/Burgess/zebrafish/
downloads/NHGRI-1/hub.txt as a TrackHub (Kent et al. 2002;
Flicek et al. 2014). The name field of the BED file indicates the se-
quence of the 20-mer and the number of off-target 12-mers that
are less than two mismatches away from the seed region. Note
that this is an overestimate of the number of off-targets for the
full 20-mer, as mismatches in the region upstream of the seed
may further reduce the number of off-targets. In general, a lower
number in this field indicates a CRISPR target less likely to cut at
an off-target site. The values in the score column are scaled to the
number of seed off-targets, such that targets with fewer off-targets
appear as darker bars on the UCSC Genome Browser (Kent et al.
2002). Most targets used in this study start with GG followed
by N18, which are directly upstream of the NGG PAM sequence
(5'-GG-N18-NGG-3') to satisfy the requirement for in vitro tran-
scription using a T7 promoter. Three tracks are provided:
“CRISPRs,” which lists all predicted targets, “GG CRISPRs,” which
lists targets that can be synthesized by T7 in vitro, and “GA
CRISPRs,” which lists targets that can be synthesized with SP6.

sgsRNA template assembly and preparation of sgRNA
and CasymRNA

We used a cloning-free method to generate sgRNA templates. To
generate sgRNA templates, an oligo consisting of the T7 promoter,
18- to 20-nt target sequences, and 20-nt sequence that overlapped
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to a generic sgRNA template was designed as follows (IDT):
5'-TAATACGACTCACTATA-GGN(18.20)-GTTTTAGAGCTAGAAAT
AGC-3'.

The two guanines at the beginning of the target sequence are
required for in vitro transcription and are the first two bases to be
transcribed. Although for most sgRNAs we chose targets that start
with GG, this requirement was relaxed for 30 of the targets, and ex-
tra guanines were added if the target did not start with two gua-
nines. The targeting oligo was annealed with an 80-nt chimeric
sgRNA core sequence: (5-AAAAGCACCGACTCGGTGCCACT
TTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTC
TAGCTCTAAAAC-3'). The annealed oligos were then filled in us-
ing Phusion polymerase (New England BioLabs) under the follow-
ing conditions: 98°C for 2 min; 50°C for 10 min; 72°C for 10 min.

The quality of the assembled oligos was checked on a 2.5%
agarose gel. Approximately 2-3 pL of gRNA template was then
used to transcribe RNA by in vitro transcription using the
HiScribe T7 High Yield RNA Synthesis kit (New England BioLabs)
according to the manufacturer’s instructions. The sgRNAs were
precipitated using isopropanol/sodium acetate (pH 5.2).

For Cas9mRNA, the zebrafish codon optimized cas9 plasmid
pT3TS-nls-zCas9-nls was used as template (Jao et al. 2013). The
template DNA was linearized by Xbal and purified using a
QIAprep purification column (Qiagen). Five hundred to 1000 ng
linearized template was used to synthesize capped RNA using the
mMESSAGE mMACHINE T3 kit (Life Technologies) and precipitat-
ed using LiCl.

Embryo injections

All animal husbandry procedures were performed according to ap-
proved NHGRI animal protocol G-01-3. All injections were per-
formed in the wild-type strain TAB-5. Approximately 2 nL total
volume of Cas9 RNA and sgRNA were co-injected into the yolk
of one-cell stage embryos. We used two different concentrations:
~25 pg of sgRNA per target with ~300 pg Cas9, or ~50 pg sgRNA
per target with ~150 pg Cas9. Injected embryos were then raised
to adulthood to generate “founder” fish (Fy).

Multiplex RNA synthesis and injection

To test the efficiency of multiplex gene targeting, we chose 10 tar-
gets randomly. The targeting oligos from each target were pooled
together in equimolar concentrations (10 uM each). The sgRNA as-
sembly was performed using the pooled guide oligos and the back-
bone oligo as described above. The resulting pool of templates was
used for in vitro transcription. The pool of RNA representing all
targets (~200 pg) was co-injected with Cas9 (~300 pg).

Founder screening, F; genotyping, and deletion testing
by fluorescence PCR

Genomic DNA extraction

Injected fish were grown to adulthood and screened for germline
transmission of CRISPR-induced mutations by fluorescence PCR
(Sood et al. 2013). Each putative founder fish was crossed with a
wild-type fish and embryos were harvested at 24-72 h post-fertili-
zation in 96-well plates, one embryo per well. Typically, we ana-
lyzed seven embryos/founder and raised the remaining embryos
to adulthood. This method allowed us to screen 12 founders/plate
with positive (DNA from wild-type fish of same strain) and nega-
tive controls (water) for PCR. The embryo plate was centrifuged

briefly and excess embryo medium was removed from the wells.
The plate was then processed for DNA extraction using the DNA
Extract-N-Amp Tissue PCR kit (Sigma-Aldrich; St. Louis, MO,
USA) or NaOH/Tris-HCI (Meeker et al. 2007). For extraction using
the kit, embryos were incubated in 32 uL of a 4:1 mixture of extrac-
tion solution and tissue preparation solution at room temperature
for 10 min, heated to 95°C for 5 min, and mixed with 25 uL of neu-
tralization solution by vortexing. DNA was then diluted 10x with
ultra-clean water to remove any PCR inhibitors in the mixture.
Note that this dilution step is very important for success of the pro-
tocol. Both original and diluted DNA can be stored at —20°C for up
to 6 mo.

Fluorescence PCR

PCRreactions used 1.5 pL of diluted DNA and 5 uL of PCR mix con-
taining AmpliTaq Gold DNA polymerase (Life Technologies) with
appropriate buffer, MgCl,, dNTPs, and equimolar ratios of the
following three primers at 5 pmol/uL: M13F primer with fluores-
cent tag (6-FAM, HEX, or TAMRA), amplicon-specific forward pri-
mer with M13 forward tail (5'-TGTAAAACGACGGCCAGT-3) and
5 PIG-tailed (5'-GTGTCTT-3’) amplicon-specific reverse primer
(gene-specific primers are listed in Supplemental File 2)
(Brownstein et al. 1996). PCR conditions were as follows: denatu-
ration at 94°C for 12 min, followed by 35 cycles of amplification
(94°C for 30 sec, 57°C for 30 sec, and 72°C for 30 sec), final exten-
sion at 72°C for 10 min, and indefinite hold at 4°C. Ten microliters
of 1:25 mixture of ROX400 size-standard and Hi-Di formamide
(Life Technologies) were added to 1.5 uL of PCR product and sam-
ples were denatured at 95°C for 5 min. Denatured PCR products
were analyzed to identify wild-type and mutant fragments gener-
ated by insertion or deletion on a Genetic Analyzer 3130x] using
POP-7 polymer. Data were analyzed for allele sizes and correspond-
ing peak heights using the local Southern algorithm available in
the Genescan and Genotyper software of the GeneMapper soft-
ware package (Life Technologies). The allele sizes were used to cal-
culate the observed indel mutations. Mutations from two
independent founders that were not in multiples of 3 bp and
thus predicted to be frameshift truncations were selected for fur-
ther confirmation by sequencing. Adult F; progeny of these foun-
der fish were genotyped similarly by fluorescent PCR using DNA
extracted from fin clips.

Deletion screening

We tested for possible deletion of the regions between two targets
in several genes where mutations were detected individually for
both targets. Fluorescence PCR was performed using the same pro-
tocol as described above except the forward primer of the target site
in the 5’ exon was mixed with the reverse primer of the target site
for the 3" exon. The deletions were confirmed by sequencing of the
PCR products from the samples that yielded a peak of significant
peak height under these conditions.

Multiplex barcode sequencing

Targeted regions were amplified using gene-specific primers and a
third primer containing a 6-bp barcode (Supplemental File 3). The
barcoding allowed us to multiplex up to 96 samples from each tar-
geted region. The PCR amplicons were purified using a QIAquick
PCR purification kit. Equimolar concentrations from each target
were pooled together to construct the sequencing library.
Libraries compatible with Illumina HiSeq 2500 sequencing
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were constructed from 100 ng CRISPR DNA using the Ovation
Ultralow Library System (NuGEN). The libraries were quantitated
by qPCR (KAPA Biosystems). Approximately 10 million 300-base
read pairs were generated on an Illumina MiSeq sequencer.
Three libraries were prepared in this manner. The sequence
data were processed using RTA version 1.18.54 and CASAVA ver-
sion 1.8.2.

Deletion/insertion variant identification

We identified the deletion and insertion variants (DIVs) using
ampliconDIVider v.1.0.0 (http://research.nhgri.nih.gov/CRISPRz).
This software uses cutadapt v.1.3 (Martin 2011) to trim nonge-
nomic DNA from the reads, NovoAlign v.3.02.07 (http://www.
novocraft.com/) to align trimmed reads to amplicons from version
Zv9 of the zebrafish genome (Howe et al. 2013), bam2mpg and
mpg2vct.pl (http://research.nhgri.nih.gov/software/bam2mpg/)
(Teer et al. 2010) to identify samples with DIVs, samZ2pairwise
v.1.0.0 to (https://github.com/mlafave/sam2pairwise) visualize
DIV-containing reads as pairwise alignments, and SAMtools
v.0.1.19 (Li et al. 2009), BAMtools v.2.3.0 (Barnett et al. 2011),
and bgzip to process file formats. We identified all DIVs that over-
lapped the region 30 bp + or — from the 3’ end of the guide RNA se-
quence and used MUSCLE v3.8.31 to visualize the multiple
sequence alignments (Edgar 2004). The alignments in Supplemen-
tal File 1 arein ClustalW format and have been manually rearranged
such that the reference sequence is the first line. We summed and
compared DIVs by identifying the type (deletion or insertion), po-
sition from the 5’ end of the fragment, and length of the variant.

Statistical analysis

The statistical analyses carried out in Supplemental Figures 3-7
were carried out in R v.3.0.2 using kruskal.test() (Supplemental
Figs. 3-6) and wilcox.test() (Supplemental Fig. 7; R Core Team
2013). The significance threshold was adjusted from P=0.05 to
P=0.01 by Bonferroni correction. These figures were created using
ggplot2 v.0.9.3.1 (Wickham 2009).

Data access

All sequence data derived from PCR amplicons for CRISPR tar-
gets have been submitted to the NCBI BioProject database
(http://www.ncbi.nlm.nih.gov/bioproject) under accession num-
ber PRJINA262180.
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