








is consistent with previously published data (Sood et al. 2010). In
another example, zebrafishwith gyg2zko624amutation displayed in-
creased blood glucose content (Supplemental Fig. S4B). Similarly,
GYG2 mutation has been characterized as a pathogenic mutation
in human Leigh syndrome, an early-onset progressive neurode-
generative disorder resulting from defective glycogen synthesis
(Imagawa et al. 2014). Taken together, by following a conventional
pipeline for phenotype identification of the generated mutants,
we revealed a large number of previously uncharacterized pheno-
types associated with development and disease.

Comparison between genetic mutants generated by CRISPR/Cas9

and their corresponding morphants by antisense MO knockdown

During the past two decades, reverse genetic approaches, includ-
ing ZFNs, TALENs, and CRISPR/Cas9, have been developed rapidly
and used extensively in genome editing and disease modeling

(Boch et al. 2009; Urnov et al. 2010; Jinek et al. 2012;
Wiedenheft et al. 2012; Hwang et al. 2013). However, a large pro-
portion ofmutants generated by reverse geneticsmethods failed to
recapitulate published morpholino-induced phenotypes (mor-
phants) in zebrafish (Kok et al. 2015). Moreover, it was reported
that genetic compensation can be induced by deleterious muta-
tions (El-Brolosy et al. 2019; Ma et al. 2019), for example, as ob-
served in zebrafish egfl7 mutants (Rossi et al. 2015). We also
observed phenotypes inconsistent between newly generated mu-
tants and their corresponding morphants. For instance, the muta-
tion of dpy30zko989, encoding a histonemethyltransferase complex
subunit, showed no obvious phenotypes of hematopoietic cell
differentiation (Supplemental Fig. S5A,B), which is inconsistent
with the published morphant phenotypes that exhibit defective
erythropoiesis and lymphopoiesis (Yang et al. 2014). In addition,
transcriptional repressor Kruppel-like factor 3 (Klf3), which is en-
coded by klf3zko352, can inhibit the expression of ferric-chelate
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Figure 3. Characterization of plrg1mutant generated by the CRISPR/Cas9 system. (A) Whole-mount in situ hybridization (WISH) showing the expression
of plrg1 at different developmental time points from the one-cell stage to 36 h postfertilization (hpf). (B) The comparison of genomic DNA sequences be-
tween wild type (WT) and plrg1 mutants with 10-base pair deletion. (C) The plrg1 mutants and morphants showed severe developmental defects, with
black head and small body compared to the siblings and control embryos, respectively, at 24 hpf. (D) WISH showing the expression of gsc and ntl at
the 50% epiboly stage, sox17 at 90% epiboly stage, and ntl at bud stage in the offspring of plrg1 heterozygous parents. The right panels show themagnified
images, and the black arrowheads indicate corresponding expression of gsc at the dorsal margin, ntl at anterior axial hypoblast, forerunner cell group, and
margin, and sox17 at endoderm and forerunner cells. (E) WISH showing the expression of lmo2, gata1, and scl at lateral plate mesoderm in the siblings and
plrg1mutants. (F) Overexpression of the plrg1 full-length mRNA can rescue plrg1mutants until 4 dpf. The body defects of mutants were rescued efficiently
by mRNA overexpression, but there is still a black head at 48 hpf (arrowhead) in plrg1mutants. (G) TUNEL assay displays that there are obvious apoptotic
signals at 48 hpf in plrg1mutants injected with plrg1mRNA. (H) Injection of tp53morpholino can rescue the developmentally defective phenotype of plrg1
mutants efficiently at 24 hpf. There are three subtypes of defective embryos, and we describe the siblings as normal, plrg1mutants as severe (S), and partial
rescued mutants as mild (T1) and mild (T2). (I) The quantification of plrg1 mutant embryos in different treatment groups shown in H.
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reductase 1b to promote thematuration of erythroid cells in zebra-
fish embryos (Crossley et al. 1996; Xue et al. 2015). The homozy-
gous klf3 mutant was able to survive until adulthood, and the
maternal-zygotic klf3 mutant (hereafter MZ-klf3) showed mild
erythropoiesis defects (Fig. 4A). Quantitative real-time PCR analy-
sis showed that klf3 expression was significantly decreased in MZ-
klf3 at 24 hpf, whereas the expression of klf1was up-regulated (Fig.
4B). These data indicate that the inconsistent phenotype between
klf3 mutants and morphants could be explained by genetic com-
pensation from other members of the Klf family in the klf3
mutants.

Discussion

In this study, we performed large-scale knockout of 1333 genes on
zebrafish Chromosome 1 and successfully mutated 1029 of them.
Among them, 962 are coding genes and 67 are noncoding genes.
Mutations for 438 genes are first reported in this study. We also
characterized the features of target sequences and revealed correla-
tion of GC content and nucleotide motifs with the successful mu-
tation rate (success rate) of the CRISPR/Cas9 system. At the
molecular level, we reveal that the efficiency of the CRISPR/Cas9
system is highly dependent on the local sequence feature of
gRNA target sites. We noticed that 304 genes have not been suc-
cessfully mutated in our study, which is possibly due to the fact
that they are noncoding genes or genes that are close to the telo-
mere. In total, we generated 1039 germline-transmissible alleles
corresponding to 636 genes (Supplemental Table S2), of which
the information on 693 alleles corresponding to 491 genes has
been shared with the ZFIN database (Supplemental Table S2). As
the first step, we identified the early morphological defects in
47 of 701 alleles; the detectable phenotype rate is 6.7%, such as
in the plrg1 mutant and in later developmental or metabolic phe-
notypes in a large number of mutants, such as runx1zko52a and
gyg2zko624a. We found that some mutants exhibit phenotypes

inconsistent with their corresponding morphants. More impor-
tantly, we discovered that mutants of nearly one in four genes
are related to human diseases.

Although there exist some differences, the overall tendencies
of the sequence or mutagenesis features of the CRISPR/Cas9 target
sites are largely comparable with previous publications based on
zebrafish large-scale data sets. (1) Gagnon et al. observed a clear
positive correlation between GC content and indel frequency in
founder embryos (Gagnon et al. 2014), though Varshney et al.
did not detect a significant influence of GC percentage on themu-
tation rate by examining the germline transmission of the muta-
tions in founder fish (Varshney et al. 2015). We observed a
strong positive correlation of the success rate of targeting with
the GC content of the 12-nt seed sequences in our data set (Fig.
1), compatible with the result reported by Gagnon et al.
(Gagnon et al. 2014). Furthermore, the positive influence of G/C
nucleotides on targeting efficiencies was also supported by the ob-
servations reported byMoreno-Mateos et al., where nucleotides in
the target sites were dominated by G or C enrichment, whereas T
and A nucleotides were overall depleted (Moreno-Mateos et al.
2015). (2) We observed that the distribution of PAM sequences
did not show significant differences between the positive and
negative target sites, although GGG and CGG appear slightly
more frequently in the positive sites than in the negative ones
(Supplemental Fig. S2A), well reconciling the observation by
Moreno-Mateos et al., where G and Cwere enriched at the first nu-
cleotide of the PAM sequence (Moreno-Mateos et al. 2015). (3)
Regarding the nucleotide at position −1 adjacent to (upstream
of) the PAM sequence, our result showed that G is relatively en-
riched in the positive sites, while C is largely enriched in the neg-
ative sites (Supplemental Fig. S3C), which is consistent with the
observations reported by Moreno-Mateos et al., where there is a
strong enrichment for G but depletion in C at this position
(Moreno-Mateos et al. 2015). This is also consistent with the obser-
vation reported by Gagnon et al., showing that target sites bearing
a G adjacent to the PAMmotif displayed significantly higher indel
frequencies than other bases (Gagnon et al. 2014).

The most valuable resource obtained from this systematic
gene perturbation project is the large number of disease-mimicked
mutant phenotypes. For example, a recent study reveals that the
deficiency of a cilia-related gene, pkd2zko977a, in zebrafish embryos
results in phenotypes similar to those of human idiopathic scolio-
sis (Zhang et al. 2018). Given that it is convenient to performhigh-
throughput drug screening and genetic modification for disease
modeling in zebrafish (Langenau and Zon 2005; Jing and Zon
2011), the abundant disease models of model organisms provide
a powerful platform for preclinical trials of drug development
(Zon and Peterson 2005; MacRae and Peterson 2015; Leung and
Mourrain 2016).

Molecularly, it is essential to further decipher the mecha-
nisms underlying the inconsistency in phenotypes between mu-
tants and morphants. Our finding in klf3 mutants and
morphants demonstrated that the compensatory up-regulation
of klf1 is largely responsible for the phenotypic recovery in klf3
mutants. Genetic compensation (also known as transcriptional ad-
aptation) is a common physiological phenomenon employed by
organisms to accommodate genetic mutations mechanistically
through DNA damage response and mutant RNA response (El-
Brolosy and Stainier 2017; El-Brolosy et al. 2019; Ma et al. 2019).
Additionally, it should be pointed out that maternal effects and
MO off-target effects could also contribute to the phenotypic in-
consistency (Kok et al. 2015; El-Brolosy and Stainier 2017).

A

B

Figure 4. Phenotypic comparison between klf3 mutants and mor-
phants. (A) WISH showing the expression of hbbe2 (also known as βe2-glo-
bin) in klf3 WT, morphants, and mutants. The black arrowheads indicate
hbbe2 expression in erythroid lineages. (B) Quantitative real-time PCR
showing the expression of Klf members klf1, klf3, klf4b, klf6a, and klf8 in
klf3 mutants.
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Taken together, the results of our study provide valuable re-
sources for mutant phenotype identification and disease model
studies in zebrafish and provide insights into the general working
mechanism of the CRISPR/Cas9 system. These findings can facili-
tate future gRNA design in developmental biology studies and
model animal-based drug discovery.

Methods

Zebrafish strains

The zebrafish strain Tuebingenwas raised in automated facilities at
28.5°C. One-cell stage embryos were used for micro-injection of
Cas9 mRNA and gRNA. This study was approved by the Ethical
Review Committees from the 24 institutions.

In vitro synthesis of capped Cas9 mRNA and gRNA,

and microinjection

Sequences of humanized Cas9 and zebrafish-codon-optimized
Cas9 were cloned into pXT7 vectors separately (Chang et al.
2013; Liu et al. 2014). Capped Cas9 mRNA was synthesized using
the mMESSAGE mMACHINE mRNA transcription synthesis kit
(Invitrogen, cat.# AM1344). Then, Cas9 mRNAwas purified using
an RNAclean kit (TIANGEN, cat.# DP412).

Gene-specific gRNAs were designed using the websites (http
://zifit.partners.org/ZiFiT/ and https://www.benchling.com/
crispr/). gRNAswere synthesized in vitrowith a PCR product-based
approach, as previously reported (Chang et al. 2013). All tested
gRNAs are listed in Supplemental Table S1.

Two hundred picograms of humanized Cas9 or zebrafish-
codon-optimized Cas9 mRNA and 50–100 pg of gRNA were co-
injected into zebrafish embryos at the one-cell stage.

Generation and identification of mutants, and phenotype

observation

Direct embryo injection with gRNAs and Cas9 mRNA generates
the F0 line with mosaic mutation, which usually cannot result in
embryonic lethality. Further outcross of the F0 line with the
wild-type line was performed to generate F1 heterozygous lines.
Finally, the F2 mutant line with homozygous mutation was ob-
tained via incross of F1 heterozygotes.

F0 embryos were identified by Sanger sequencing, T7E1 assay,
and restriction enzyme digestion, and gRNA efficiencies were eval-
uated according to previous descriptions (Chang et al. 2013; Liu
et al. 2014). Detailed information for heritable germline transmis-
sion strains can be found in Supplemental Table S2. The F1 or F2
mutant lines were genotyped through Sanger sequencing of PCR
fragments covering the gRNA target sites. All the frame-shiftedmu-
tants were collected by the China Zebrafish Resource Center, and
the genotype of each allele was verified by Sanger sequencing.

The male and female of the F1 alleles with the same genotype
were crossed to obtain F2 progeny. The F2 embryos were raised in
0.3× Danieau Buffer at 28.5°C and regularly observed under stereo-
microscope formorphological defects before 10 d postfertilization.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as previously
described (Wang et al. 2011). TheDigoxigenin-labeled RNAprobes
detecting plrg1, gsc, ntl, sox17, lmo2, gata1, scl, hbbe2, hbbe1, cmyb,
and rag1 were transcribed using T7 or SP6 polymerase.

MO microinjection and mRNA overexpression

The antisensemorpholinos including plrg1MOand tp53MOwere
purchased fromGeneTools. The detail sequences are shown as fol-
lows: plrg1 MO (5′-TGCTTCTGCACGTCCTCGGTCATGT-3′), tp53
MO (5′- GCGCCATTGCTTTGCAAGAATTG-3′). For injection into
zebrafish embryos at the one- to four-cell stage, 0.16 ng plrg1
MO and 4 ng tp53 MO were used.

plrg1 full-lengthmRNAwas synthesized from zebrafish cDNA
using an mMESSAGE mMACHINE mRNA transcription synthesis
kit (Invitrogen, cat.# AM1344). Then, plrg1mRNAwas purified us-
ing an RNAclean kit (TIANGEN, cat.# DP412). Seventy-five pico-
grams of plrg1 mRNA was used for injection into zebrafish
embryos at the one-cell stage.

Quantitative real-time PCR

Total RNAs from the whole embryos of siblings and mutants
were extracted using TRIzol reagent (Life Technologies, cat.#
15596018). The cDNA was reversely transcribed from the total
RNAs using M-MLV Reverse Transcriptase (Promega, cat.#
M1701). Then, the cDNA was used as a template for quantitative
real-time PCR.

TUNEL assay

A TUNEL assay was performed using an In Situ Death Detection
kit, TMR red (Roche, cat.# 12156792910) following the manu-
facturer’s instructions. Briefly, plrg1 siblings and mutants at 48 h
postfertilization were fixed with 4% paraformaldehyde and
permeabilized with Proteinase K (10 μg/mL) for 20 min.
Subsequently, the embryos were incubated with the TUNEL reac-
tion mixture at 4°C. After the reaction, confocal microscopy was
performed using a Nikon confocal A1 laser microscope (Nikon).

Data access

All the data related to available alleles from this study have been
submitted to the China Zebrafish Resource Center (CZRC) at the
following link: http://www.zfish.cn/TargetList.aspx, and to the
Zebrafish Information Network (ZFIN) at the following link: http
://zfin.org/action/publication/ZDB-PUB-171002-4/feature-list.
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