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Abstract

Genes and genetic variants associated with human disease are continually being discovered, but validating their causative roles and mechanisms
remains a significant challenge. CRISPR/Cas9 genome editing in model organisms like zebrafish can enable phenotypic characterization of
founder generation (FO) knockouts (Crispants), but existing approaches are not amenable to high-throughput genetic screening due to high
variability, cost, and low phenotype penetrance. To overcome these challenges, here we provide guide RNA (gRNA) selection rules that enable
high phenotypic penetrance of up to three simultaneous knockouts in FO animals following injection of 1-2 gRNAs per gene. WWe demonstrate a
strong transcriptomic overlap in our FO knockouts and stable knockout lines that take several months to generate. We systematically evaluated
this approach across 324 gRNAs targeting 125 genes and demonstrated its utility in studying epistasis, characterizing paralogous genes, and
validating human disease gene phenotypes across multiple tissues. Applying our approach in a high-throughput manner, we screened and
identified 10 novel neurodevelopmental disorders and 50 hearing genes not previously studied in zebrafish. Altogether, our approach achieves
high phenotypic penetrance using low numbers of gRNAs per gene in FO zebrafish, offering a robust pipeline for rapidly characterizing candidate
human disease genes.
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isms, zebrafish offer unique advantages, including rapid devel-

The advent of low-cost whole genome sequencing has accel-
erated our understanding of human disease genetics [1], but a
major challenge still remains to functionally validate and char-
acterize candidate disease variants identified through correla-
tive analyses like genome-wide association studies. The gold
standard for functional validation is to disrupt the gene of
interest or install precise disease gene variants into a model
organism to assess a variant’s phenotypic consequences and
mechanism of action [2]. Among the available model organ-

opment and generation time, external fertilization, and optical
transparency, which enable direct observation of phenotypes
throughout the embryonic stages [3, 4].

Genome editing with CRISPR/Cas9 and related technolo-
gies has accelerated these functional studies in zebrafish [5—
7], providing a means to generate knockout animals with
precise genetic perturbations. Typically, this involves a time-
consuming crossing scheme for about 6-9 months to gen-
erate the homozygous F2 generation—a process that is not
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conducive to high-throughput screening of larger numbers of
disease genes or variants. To overcome this limitation, sev-
eral methods have been devised to analyze phenotypes in in-
jected animals (founders, FO generation), markedly reducing
the time, labor, and cost associated with functional analysis
(6, 8-12].

Phenotypic assessment in the FO generation requires reliable
biallelic gene disruption in founder animals, which poses chal-
lenges due to the poor correlation between predicted guide
RNA (gRNA) efficiency, repair outcomes, and the resulting
loss-of-function phenotype [13, 14]. To increase the chances
of successfully disrupting gene function, previous methods
employed a combination of three to four gRNAs to target-
ing the same coding sequence, achieving a disruption prob-
ability of up to 98% [9, 10, 12]. Adding complexity, one-
third of zebrafish genome is duplicated, often necessitating the
simultaneous disruption of two functionally redundant par-
alogs to observe a phenotype. However, using multiple gRNAs
can result in 15-50% dysmorphic embryos [10], increased
off-targets, and higher costs. While these FO approaches are
effective on a smaller scale, they are not suitable for high-
throughput screening. Our work highlights that adoption of
robust standardized methods utilizing fewer well-targeted gR-
NAs maintains high phenotype penetrance, low variability,
and minimal mosaicism in order to enable efficient, large-scale
validation of candidate human disease genes in zebrafish. Op-
timizing gRNA selection might help achieve this goal; how-
ever, most design tools are based on data from cell culture ex-
periments, with the exception of CRISPRScan, which is devel-
oped using zebrafish and Xenopus data [15]. However, Uribe-
Salazar et al. demonstrated poor concordance between pre-
dicted and observed gRNA editing efficiency [13]. Recently,
a range of tools, such as Lindel, inDelphi, FORECasT, and
RGEN, have been developed to predict the types and fre-
quencies of insertions and deletions (indels) generated at a
target site, focusing on predicted repair outcomes follow-
ing double-strand breaks caused by Cas9 [16-20]. Naert et
al. showed improved phenotype penetrance in both Xeno-
pus and zebrafish using inDelphi scores; however, achieving
over 90% of animals displaying a strong phenotype remains
challenging [14].

By combining and adopting an optimal gRNA selec-
tion process, we show that we can significantly increase
the penetrance of loss-of-function phenotypes when validat-
ing a large number of candidate human disease genes in
zebrafish.

In this study, we thoroughly evaluated optimal gRNA se-
lection strategies to develop a well-tested workflow capable
of systematically providing low variability, high penetrance
FO zebrafish biallelic gene knockouts, which can enable high
throughput phenotypic assessment of candidate human dis-
ease genes. We observed strong concordance between our FO
models and stable homozygous F2 zebrafish lines, both in
phenotypic outcomes and transcriptomic responses to genetic
perturbation.

As a proof-of-concept, we used this approach to function-
ally characterize 37 genes hypothesized to affect eight dif-
ferent organs/tissues in parallel. We also conducted a high-
throughput screen of 63 genes implicated in hearing and
vestibular function, demonstrating phenotypic defects for 52
genes. Altogether, this method provides a rigorously tested
approach for scalable strategy for disease gene validation in

zebrafish.

Materials and methods

Ethics statement and zebrafish husbandry

All animal care procedures were conducted in compli-
ance with institutional and National Institutes of Health
(NIH) guidelines and regulations. Zebrafish (Danio rerio)
were housed and bred in a standard laboratory environ-
ment within an Association for Assessment and Accred-
itation of Laboratory Animal Care (AAALAC)-accredited
facility at the Oklahoma Medical Research Foundation
(OMREF). All experiments were performed in accordance
with protocols 22-43, 22-67, and 22-76, approved by
the OMRF Institutional Animal Care and Use Commit-
tee. Zebrafish work was carried out in the wild-type
(WT) strain NHGRI-1 [21], Tg(olig2:DsRed2;mnx1:EGFP),
Tg(kdrl:EGFP) [22], Tg(col2ala:EGFP-CAAX) [23], and
Tg(tubala:nls-Kal4FF;UAS:GCaMP7a);nacre [24].

gRNA design, synthesis and microinjection for
founder generation (FO) zebrafish

The coding sequences of 125 genes were obtained from the
Ensembl Genome Browser, and their functional domains were
annotated using either the Simple Modular Architecture Re-
search Tool (SMART) [25, 26] or the DRSC Integrative Or-
tholog Prediction Tool (DIOPT) [27, 28] tools. DNA se-
quences encoding the functional domains were used to design
324 gRNAs across the 125 genes using the CRISPOR website
[29]. CRISPOR incorporates predicted efficiency scores from
algorithms such as Doench et al. [30], Chari et al. [31], Wang
et al. [32], Moreno-Mateos (CRISPRScan [15]), and Stemmer
(CCTop [33]), as well as predicted outcome scores from Bae
et al. (RGEN [16]) and Chen et al. (Lindel [17]). Each gRNA
sequence was further analyzed using CHOPCHOP (incorpo-
rated inDelphi [18, 19]) and FORECasT [20] tools to obtain
additional predicted outcome scores. Target sequences start-
ing with GG, NG, or GN were prioritized to ensure efficient
transcription using the T7 promoter.

A total of 245 gRNAs were synthesized using i vitro tran-
scription (IVT) as described earlier [7]. For in vitro synthe-
sis, 20-nt sequences obtained from CRISPOR tool were ap-
pended with T7 promoter sequence (ttaatacgactcactata) at the
5" end and partial crRNA /tracrRNA sequence (gttttagagcta-
gaa) at the 3’ end. The resulting 53-nucleotide oligos, along
with a 100-nucleotide crRNA /tracrRNA oligo were synthe-
sized (IDT Technologies), annealed, and used as a template
for gRNA synthesis using T7 HiScribe Kit (NEB, USA). The
gRNAs were then purified using the Monarch RNA purifica-
tion kit (NEB, USA). An additional 76 gRNAs were ordered
as synthetic gRNAs with modifications at both ends including
74 single-gRNAs from Synthego, and two targets using Alt-R
oligos from IDT. The complete list of gRNA target sequences
can be found in Supplementary Table S1.

To generate FO knockout embryos, a 6 puL mixture con-
taining 1 pL of 40 uM Cas9-NLS protein (UC Berkeley QB3
Macrolab, Berkeley, CA), 2 uL of 1 M potassium chloride and
3 uL of gRNA(s) (1 pg for single gRNA injection or a maxi-
mum 3 pg for multiplex gRNAs injection) in nuclease-free wa-
ter was injected into one-cell-stage WT embryos or appropri-
ate transgenic reporter lines [8]. The crRNA:tracrRNA:Cas9
mixture was prepared following the method described in
Hoshijima et al. [9] Injection volumes were calibrated to
approximately 1.43 nL per injection (7.2 or 14.4 fmol of
gRNA (s) and 9.33 fmol of Cas9 protein, approximately 1 or
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1.5 gRNAs to 1 Cas9 protein). Injected embryos were raised
at 28°C, and their development was monitored daily until 5
days post-fertilization (dpf).

Sanger sequencing, next-generation sequencing,
and analyses for FO knockouts

DNA was extracted from whole embryos (WT or FO) by
dissolving them in 10 pL of 50 mM NaOH for 15 min at
95°C. Afterward, tissues were dissolved by properly by vor-
texing, and 15 puL of 100 mM Tris-HCl was added, fol-
lowed by dilution at a 1:100. Polymerase chain reaction (PCR)
amplification was carried out using a forward primer con-
jugated with M13 sequence (primer sequences are listed in
Supplementary Table S1). The PCR products were purified
using the DNA Clean & Concentrator-5 kit (ZYMO, USA)
and subsequently sequenced using Sanger sequencing method.
The sequencing results were analyzed using Tracking of In-
dels by DEcomposition (TIDE) [34], Synthego ICE (Inference
of CRISPR Edits) tools and knockout scores were obtained
from ICE tool.

For next-generation sequencing (NGS), genomic DNA was
extracted from WT or FO embryos using the same alkaline ly-
sis method described above. After PCR fragment purification,
the samples were subjected to paired-end read sequencing on
the lllumina NGS platform (GENEWIZ, NJ, USA). The se-
quencing data were analyzed using CRISPResso2 [35].

Generation of stable knockouts and genotyping

Stable genetic knockouts for cdh23, hars, gars1, coch, pou4f3,
gipc3, tmprss3a/b, msrb3, and tbc1d24 were generated us-
ing the previously described CRISPR/Cas9 method [36, 37].
Founder fish injected with gRNA/Cas9 were raised and out-
crossed with WT zebrafish (NHGRI-1). Adult F1 fish were
fin-clipped for DNA extraction, and PCR products were ana-
lyzed by capillary electrophoresis as previously described [38].
Briefly, DNA was extracted from either adult fin clips or whole
embryos by dissolving the tissue in 30 pL of 50 mM NaOH
for 20 min at 95°C, adding 60 pL of 50 mM Tris-HCl, and
diluted 1:100. PCR amplification was performed using a fluo-
rescently labeled primer (FAM) (primer sequences were listed
in Supplementary Table S1). Denatured PCR product sizes
were measured on an Applied Biosystems 3500xL Genetic An-
alyzer using POP-7 polymer (Thermo Fisher Scientific, Cat #
A26073). The results were analyzed by GeneMapper Software
6 (Thermo Fisher Scientific, Cat # A38888) as previously de-
scribed comparing fragment sizes to WT product size. Het-
erozygous fish with two fragments indicating frameshifts mu-
tations (not a multiple of 3) were selected. After ExoSAP-IT
cleanup (Thermo Fisher Scientific), these PCR products were
Sanger sequenced. Confirmed heterozygous carriers were in-
crossed for further analysis.

IVT of capped mRNA synthesis for rescue
experiments

To rescue the observed phenotypes, we utilized the mRNA
rescue method. We cloned cDNAs encoding zebrafish wars1,
human WARS1 and human MED11 into the pCS2 + vector
[39, 40]. Following NotI linearization, capped mRNAs were
synthesized using the mMessage mMachine SP6 Transcription
kit (Invitrogen, CA, USA). Synthesized mRNAs were then pu-
rified using the RNA clean & concentrator-5 kit (Zymo re-
search, USA) and quantified using a nanodrop (DeNovix Inc,

USA). For FO knockout rescue, 150 picograms (pg) of either
zebrafish wars1 or human WARST mRNA, or 200 pg of hu-
man MED11 mRNA was co-injected with gRNAs/Cas9 pro-
tein into one-cell stage embryos.

Whole-mount in situ hybridization

To generate probes for whole-mount in situ hybridization
(WISH), 500-700 base pairs cDNA fragments were synthe-
sized using the SuperScript III One-step RT-PCR kit (Invit-
rogen, Cat # 12574-026) and gene-specific primers contain-
ing T3 and T7 tails in the forward and reverse primers, re-
spectively (Supplementary Table S1). These amplicons were
then used as templates for IVT of digoxigenin-UTP-labeled
antisense riboprobes using DIG RNA labeling mix (Roche,
Cat # 11277073910). The resulting RNA probes were puri-
fied with the RNA Clean & Concentrator-5 kit (Zymo, USA).
WISH was performed as previously described [41].

Sample preparation for reverse
transcription-quantitative PCR, RNA sequencing,
and analysis

Total RNA was extracted from whole larvae using the TRIzol
Reagent (Thermo Fisher Scientific, USA) and purified with the
RNA Clean and Concentrator-5 kit (Zymo, USA), following
the manufacturer’s instructions. At 3 days post-fertilization
(dpf), larvae were anesthetized with 168 mg/L Tricaine
methanesulfonate (MS-222; Sigma-Aldrich, MO, USA) before
extraction. Each experimental group consisted of three biolog-
ical replicates, with six larvae randomly pooled per replicate.
c¢DNA synthesis was performed using the iScript RT Supermix
(Bio-Rad, CA, USA) and subsequently used as a template for
reverse transcription-quantitative PCR (RT-qPCR) with SYBR
Green Supermix (Thermo Fisher Scientific, CA, USA) on the
LightCycler® 96 System (Roche, CA, USA). All RT-qPCR re-
actions were performed in biological triplicates with techni-
cal triplicates, using the 18S gene as a reference. Primer se-
quences for RT-qPCR are listed in Supplementary Table S1.
Relative gene expression levels were calculated using the 2
(-AACt) method, with cycle threshold (Ct) values analyzed in
Microsoft Excel. Total RNA was extracted from zebrafish em-
bryos using TRIzol Reagent (Thermo Fisher Scientific, USA)
and purified with the miRNeasy Mini kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocols and earlier
described method [42].

Differentially expressed genes (DEGs), comparisons, and
visualization of bulk RNA-seq data were performed using
the BxGenomics platform (BiolnfoRx). DEGs were identified
based on a P-value < 0.01 and a log2 fold change (log2FC)
> +1. This platform was also used to generate sample clus-
ter dendrograms, sample-sample distances, heatmaps, volcano
plots, Venn diagrams, gene expression plots, and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis to
interpret the results.

Hair cell development analysis

Hair cell quantification was performed on FO knockout and
control animals at 5 dpf. To visualize neuromast hair cells,
embryos were stained with YO-PRO-1 Iodide (491/509) (In-
vitrogen, Cat # Y3603) as previously described [42]. Stained
embryos were imaged in a lateral orientation, and hair cells
within the posterior lateral line neuromasts (P1-P4) were
quantified by counting stained nuclei using Image].
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Behavioral Phenotyping using LDTs, visual startle
response, and acoustic evoked behavioral response

All behavior tests were performed at room temperature (RT),
as previously described [43]. Briefly, to conduct the light-
dark transition (LDT) test, larvae at 4 dpf were delicately
moved into individual wells of a 96-well plate, each contain-
ing 150 uL of embryo water. The following day, the plate was
placed into a Noldus chamber, and locomotion activity was
recorded using the DanioVision system, which runs EthoVi-
sion XT software (Noldus Information Technology, Leesburg,
VA, USA). Specifically, larvae at 5 dpf were allowed a 30-min
habituation period in the light, followed by alternating 5-min
periods of light and dark for three cycles. The locomotion ac-
tivity of the larvae was measured in terms of distance trav-
eled (in millimeters) per minute. The recorded values for each
minute were then plotted using GraphPad Prism (GraphPad
Software, San Diego, CA, USA). Larvae at 6 dpf were then
subjected to VSR and acoustic evoked behavioral response
(AEBR) tests, using either the Zebrabox (ViewPoint Life Sci-
ences, Montreal, Canada) or the Noldus behavior chamber,
as previously described [44, 45]. For VSR quantification, the
number of responses to 5 stimuli for each larva was calculated
as a percentage of the total responses. For AEBR quantifica-
tion, the number of responses to 12 stimuli for each larva was
calculated as a percentage of the total responses. Values were
plotted using box and whisker plots generated by GraphPad
Prism. Error bars indicate the range from the minimum to the
maximum values, with the median value represented by the
line in the center of the box.

Phalloidin staining assay

Larvae at 10 dpf were euthanized with tricaine and fixed in
4% (v/v) PFA at indicated developmental stages. The larvae
were sequentially washed with 0.1% Triton X-100 in PBS (PB-
STx, phosphate-buffered saline with Triton X-100) and in-
cubated in Alexa Fluor 488 Phalloidin (1:100), (Invitrogen,
Cat # A12379) in PBSTx at 4°C overnight. After a series of
washes with PBSTx, the larvae were mounted laterally in 75%
glycerol/PBS on glass slides.

Oil red O staining

Staining was performed as previously described by Kim et al.
[46]. Briefly, 8 dpf larvae were fixed overnight in 4% PFA at
4°C. Following fixation, larvae were rinsed three times for §
min each with 0.1% Tween-20 in PBS (PBSTw). Larvae were
then stained for 15 min at RT in a solution of 300 uL 0.5%
Oil Red O in 100% isopropyl alcohol and 200 uL of distilled
water. After staining, larvae rinsed three times with PBSTw,
followed by two 5-min rinses in 60% isopropyl alcohol. Lar-
vae were briefly rinsed in PBSTw and then post-fixed in 4%
PFA for 10 min. Finally, larvae were mounted in 75% glycerol
for imaging.

Alcian blue staining

Cartilage development in the head of the 8 dpf larvae was vi-
sualized using a modified Alcian blue staining protocol [47].
Briefly, larvae were fixed overnight in 4% PFA at 4°C, then
dehydrated through a graded ethanol series (20%, 50%, and
70% ethanol in distilled water) for 10 minutes each. Larvae

were then incubated overnight at RT in 0.4% Alcian blue
(8GX, Sigma-Aldrich, MO) in 70% ethanol with 80 mM

MgCl, and incubated overnight at RT. After neutralization
with saturated sodium tetraborate for at least 2 h, larvae were
rinsed in distilled water, bleached for 20 min using 3% hy-
drogen peroxide and 1% potassium hydroxide (KOH), and
rinsed again. Following two washes in PBSTw, tissue clear-
ing was performed with 1% Trypsin for 1 hour at RT. Larvae
were washed thrice with PBSTw, rinsed with 0.25% KOH, and
passed through a graded glycerol series.

Pentylenetetrazole (PTZ) treatment

Larvae from Tg(tubala:nls-Kal4FF;UAS:GCaMP7a);nacre
inbred (7 = 3) at 5 dpf were individually mounted with 1.5%
low melting point agarose (Sigma-Aldrich, USA) in a mm
glass-bottom dish (Thermo Fisher Scientific). After solidifica-
tion for 2 min, the larvae were filled with E3 medium and
allowed to rest for 30 min. The medium was then replaced
with either 15 mM PTZ (P6500, Sigma Aldrich, USA) or a
PTZ-free E3 medium (used as negative controls). Imaging was
conducted 20 minutes after the PTZ treatment.

Morphological phenotyping and imaging

For morphological phenotypes of FO knockouts, animals at
the proper developmental stage were randomly selected for
imaging. Animals were manually oriented within 3% methyl-
cellulose (Sigma, USA) under a stereomicroscope and pho-
tographed. The head length was measured by tracing a line
from the tip of the snout to the end of the otic vesicle. Eye
diameter was used for eye size measurements. All bright-field
images were taken using either an Olympus SZX12 stereomi-
croscope equipped with an Olympus DP71 color digital cam-
era (Olympus, Tokyo, Japan) or a high-definition Nikon DS-
Fi2 camera mounted on a Nikon SMZ18 stereomicroscope
(Nikon, Japan) for auto-Z-stacking pictures. For phenotyp-
ing from stable genetic knockouts, animals were randomly se-
lected from heterozygous matings, and after imaging, animals
were genotyped and matched back to the corresponding im-
age. Images from transgenic zebrafish lines or phalloidin stain-
ing were acquired with a Zeiss LSM-710 confocal microscope.

Statistical analysis

The statistical analysis was conducted using GraphPad Prism.
Data are presented as indicated in figure legends. For all
analyses, the significance level was set at 0.05. Significance
was determined using Brown-Forsythe and Welch’s ANOVA
with Dunnett’s T3 multiple comparisons test for multiple
comparisons, and two-tailed unpaired Student’s #-test with
Welch’s correction for two comparisons, as detailed in the fig-
ure legends. P-values were represented as follows: not signifi-
cant (ns) P>0.05, *P <0.05, **P <0.01, ***P < 0.001, and
*EEEP <0.0001.

Results

Optimizing gRNA selection and target selection for
high-efficiency FO knockout

In this study, we aimed to evaluate an optimal and scal-
able knockout pipeline capable of introducing biallelic loss-
of-function mutations in the FO generation with high effi-
ciency and strong phenotypic penetrance using just one or
two gRNAs. First, we investigated the optimal gRNA concen-
tration by titrating a gRNA (slc45a2) at various concentra-
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tions (Supplementary Fig. S1A) and examining its correlation
with phenotypic penetrance (pigmentation defects) and toxic-
ity (dysmorphic phenotypes). The results revealed that a con-
centration of ~240 pg was sufficient to maximize gRNA effi-
ciency. Higher concentration did not enhance phenotypic pen-
etrance but increased the incidence of dysmorphic embryos
(Supplementary Fig. S1B-D).

Next, we hypothesized that the key limitations of existing
methods could be addressed by refining the gRNA selection
process to identify high-efficiency gRNAs, thereby enhanc-
ing the penetrance of loss-of-function phenotypes. To explore
this, we assessed how predicted gRNA efficiency (cleavage
activity at the target site), predicted editing outcomes (like-
lihood of frameshift mutations or out-of-frame knockouts),
and target site selection influenced phenotypic penetrance. For
gRNA screening, we selected six characterized genes (noto,
rx3, slc45a2, rif1, hars, and gars1) with established homozy-
gous lines that exhibit clear morphological abnormalities or
pigmentation defects, facilitating phenotypic evaluation [48—
51]. We used our previously established cloning-free method
for gRNA synthesis to minimize cost [36].

For gRNA selection, we utilized the CRISPOR tool [29]
to predict gRNA efficiencies and editing outcomes, as it in-
cluded most of the algorithms such as CRISPRScan and Lin-
del scores. Additionally, we reanalyzed each gRNA sequence
using CHOPCHOP (inDelphi score) and FORECasT to pre-
dict editing outcomes [18-20]. Prior studies suggested that tar-
geting sequences encoding essential protein domains can in-
creases the likelihood of disrupting gene function, even with
in-frame mutations [52-54]. However, whether this principle
applies universally or follows specific positional rules for loss-
of-function phenotypes in vertebrate animal models has not
been thoroughly validated [8].

To investigate, we designed gRNAs to target sites either in-
side (ID) or outside (OD) annotated functional protein do-
mains of the target genes. We designed 51 gRNAs (35 ID and
16 OD) across the six target genes, with predicted efficiencies
and outcome scores (ranging from 0 to 100, Supplementary
Table S2). Each gRNA, or combinations of two gRNAs tar-
geting the same gene, mixed with Cas9 protein to form an
RNP complex, which was then injected into zebrafish em-
bryos. Phenotypes of FO knockouts were assessed at specific
developmental stages and categorized as normal, intermedi-
ate, or strong compared to established homozygous knockout
lines (Fig. 1A-D and Supplementary Fig. S2A and B). Dysmor-
phic phenotypes were also recorded (Supplementary Figs S1D
and S2C). Phenotypic penetrance was graded on a scale of 0-5
based on the percentage of injected embryos exhibiting strong
phenotypes (Fig. 1E).

Consistent with prior findings, ID-targeting gRNAs in-
duced more robust phenotypes with higher penetrance than
OD-targeting gRNAs, which showed variable phenotypic
penetrance (Fig. 1F and Supplementary Table S2). Notably,
gRNAs targeting the first half (N-terminal encoding se-
quences) of the functional domain significantly increased phe-
notypic penetrance compared to those targeting the latter
half (C-terminal encoding sequences). The gRNAs target-
ing the C-terminal of the functional domain showed vari-
able phenotypic penetrance, as evidenced in multiple cases:
noto_9, rx3_9, rtf1_5-8, hars_3-6, and gars1_3 (Fig. 1A-D,
Supplementary Fig. S2A,B, and Supplementary Table S2). Sim-
ilarly, variable results were observed with gRNAs targeting re-
gions too close to the end of the coding sequence (CDS), such

as slc45a2_13 and _14. We also noted that lower phenotypic
penetrance correlated with predicted gRNA scores falling be-
low mean values across different prediction tools, as demon-
strated by 7x3_6 and rtf1_4 (Supplementary Table S2).

And using two gRNAs (either both ID or at least one ID)
produced strong phenotypes with penetrance up to 100%
while dysmorphic phenotypes generally less than 5% (Fig.
1A-C, Supplementary Fig. S1A and B and Supplementary
Table S2). Low phenotypic penetrance also occurred in cases
when the two gRNA target sites are very close together (e.g.
Fig. 1B: rx3_1 + 2 (14 bp distance between cutting sites),
1 + 3 (47 bp distance), and 2 + 3 (61 bp distance); Fig. 1C:
slc45a2_1 + 2 (21 bp distance), 1 + 3 (96 bp distance), and
2 + 3 (75 bp distance)). Examining gRNAs that achieved the
highest phenotypic penetrance (Grade 5, where > 80% of in-
jected animals showed a strong phenotype), we found that
predicted efficiency from Stemmer (CCTop) scores and the
predicted outcome from Lindel scores were generally higher
and had relatively lower standard deviation compared to
other tools (Fig. 1G).

Additionally, we raised the FO knockouts to adulthood
and found that the phenotypes observed in early embryos
are consistent in the adult stage for these non-lethal genes.
For example, aberrant pigmentation phenotypes remain un-
til adulthood and are identical to what is observed in the
stable homozygous knockout lines (Supplementary Fig. S3A
and B).

Together, selecting gRNAs targeting the first (N-terminal)
half of the functional domain and having high prediction
scores is key to achieving a strong loss-of-function phenotype
with high penetrance when using the FO method.

Strong phenotypic penetrance correlates positively
with editing outcome prediction tools

To further investigate the relationships between predicted ef-
ficiency, editing outcomes, and experimental results, we per-
formed Sanger sequencing for 41 gRNA-targeted loci and an-
alyzed data using TIDE, Synthego’s ICE tools. Higher Lindel
scores (>75) corresponded to high KO scores, while lower
Lindel scores (<75) corresponded to low KO scores (Fig.
2A and B; Supplementary Table S2). However, no significant
correlation was observed with Lindel score and editing effi-
ciency. This observation was further confirmed by NGS deep
sequencing results (Supplementary Figs S4-S7).

Pearson correlation heatmap analysis revealed that the pre-
diction tools exhibited varying degrees of positive correlation
depending on their specific functions (Fig. 2C). Notably, inDel-
phi, Lindel, and FORECasT showed strong positive correla-
tions (Pearson 7 > 0.5) with each other and with observed KO
scores. We also included data on strong phenotype penetrance
(percentage of animals exhibiting a strong phenotype; 7 = 51
gRNAs) and RT-qPCR analysis (log2 fold change; n = 41
gRNAs) for each target (Fig. 2C; Supplementary Table S2).
RT-qPCR results exhibited a weak-to-moderate negative cor-
relation with editing outcome prediction tools (Lindel > in-
Delphi > FORECasT = RGEN) and observed KO scores.
These findings suggest that editing outcome prediction tools
can be relied for predicting frameshift mutations that lead
to premature termination codons (PTCs), which in turn trig-
ger nonsense-mediated decay (NMD) of the mutated mRNA.
Analysis of data from the first half of the functional domains
revealed strong positive correlations between editing outcome
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Figure 1. Examination of the relationship between predicted scores from online tools and phenotype penetrance for each gRNA. Four genes were
selected based on the knockout phenotype, which includes (A) absence of notochord (arrow) in noto knockout at 2 dpf, (B) missing eyes (arrowheads) in
rx3 knockout at 2 dpf, (C) lack of pigmentation in slc45a2 knockout at 3 dpf, and (D) pericardial edema (arrow and closed circle) in rtf1 knockout at 2 dpf.
The gRNAs (indicated by numbered triangles) were designed across gene exons (gray boxes) and the corresponding functional domain (s) encoded by
exons (yellow boxes) for each gene were displayed in colored boxes below. Brown arrows indicate the forward (qF) and reverse (qR) primer for RT-gPCR.
The introns were removed to simplify the schematics. The injected animals were first categorized by morphological phenotype as shown in each figure
in the right panel and then calculated as a percentage of the total. The editing efficiency of each gRNA was analyzed using TIDE and ICE. (E) Grade 0O
indicates that over 90% of injected animals for a gRNA exhibit no effect on phenotype; Grade 1 indicates that less than 10% fall into the strong
category; Grade 2 indicates that between 10% and less than 25% are in the strong category; Grade 3 indicates that between 25% and less than 50%
belong to the strong category; Grade 4 indicates that between 50% and less than 80% are categorized in the strong category; Grade 5 indicates that
over 80% are classified in the strong category. (F) Quantification of phenotype penetrance for gRNAs targeting outside (OD) and inside (ID) of the
functional domain. Each dot represents one gRNA. (G) A scatter plot was used to visualize the distribution of predicted scores for a gRNA generated
from different online tools. Each dot represents one gRNA, and the mean value + standard deviation (SD) of each group is placed at the bottom of the

respective bar in the figure..

prediction tools and observed results, including TIDE, ICE,
KO scores, and strong phenotype penetrance. Additionally,
there were strong negative correlations with RT-qPCR results
(Fig. 2D). These findings suggest that editing outcome pre-
diction tools are reliable for selecting gRNAs that maximize
editing efficiency, highest phenotype penetrance, and NMD
induction.

In summary, our data indicate that high phenotypic pene-
trance in FO zebrafish is better achieved by selecting gRNAs
targeting the sequences encoding the N-terminus of a func-
tional domain, i.e. the first half of the functional domain,
which is termed the “first-half domain rule.” Additionally, se-
lecting gRNAs with Lindel scores above 75 enhances the like-
lihood of success of achieving high phenotypic penetrance.
Although the FORECasT tool slightly outperformed Lindel,

we recommend prioritizing Lindel scores using the CRISPOR
tool, as it integrates multiple prediction tools, including off-
target predictions, for systematic gRNA selection. Alterna-
tively, one can verify gRNA scores using the FORECasT tool
to ensure they exceed 70.

Comparison of the optimized approach with
existing FO knockout approaches

Currently, the most commonly used methods for FO muta-
genesis include the use of four random in vitro transcribed
gRNAs, multiple synthetic gRNAs, or dual-gRNAs (dgRNAs
combine chemically synthesized crRNA and tracrRNA into a
crRNA:tracrRNA). To compare our optimized approach with
existing methods, we synthesized four gRNAs from Wu et al.
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Figure 2. Predicted versus observed knockout efficiency correlations and Indel distributions across gRNAs. Synthego ICE analysis showing indel
distributions for each gRNA scoring >75 in Lindel shown in (A) and those scoring <75 shown in (B). Panels (C) and (D) present heatmap visualizations of
Pearson correlations between observed results and various prediction tools, including editing efficiency (TIDE and ICE), knockout (KO) score, strong
phenotype penetrance, and RT-gPCR. Panel (C) summarizes aggregated data, while panel (D) focuses on gRNAs targeting the first half of the functional
domain. Positive correlations (Pearson coefficient r > 0) are shown in magenta, while negative correlations (r < 0) are displayed in blue.

[12], and one or two gRNAs targeting tbx16, slc24a5, and
tbx5a using our approach were synthesized via IVT (Fig. 3A—
C). Additionally, we examined the phenotype penetrance us-
ing synthetic gRNA, and IVT gRNAs, as the 5'-GG require-
ment for efficient IVT by T7 RNA polymerase, (or GA for SP6)
may limit the availability of effective guides within a given tar-
get region [5, 7].

As expected, using four random IVT gRNAs targeting ex-
ons resulted in strong phenotype penetrance but also caused a
higher proportion of dysmorphic embryos (Fig. 3A and B and
Supplementary Fig. S2D). In contrast, gRNAs selected using
our optimized approach consistently exhibited strong pheno-
type penetrance, either comparable to (Fig. 3A and C) or ex-
ceeding (Fig. 3B) that of the four gRNAs, while significantly
reducing dysmorphic phenotypes. Furthermore, synthetic gR-
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Figure 3. Comparison of phenotype penetrance across current FO knockout methods. gRNAs targeting tbx16 (A), slc24a5 (B), and tbx5a (C) were
obtained either from the methods described by Wu et al. (JRNAs 1-4; blue triangles) or our selection approach (gRNAs 5-8 for tbx76 and slc24a5, and
gRNAs 5-7 for tbx5a; brown triangles). These gRNAs were synthesized via IVT or chemical synthesis (green triangles). (A) Tbx76 FO embryos exhibited a
curved tail phenotype at 1 dpf. The brown arrowhead highlights a kinked tail phenotype, which is distinct from the commonly observed curved tail
phenotype in tbx16 knockouts. (B) At 2 dpf, slc24a5 FO embryos displayed a lack of pigment cells, although some FO embryos exhibited dysmorphic
phenotypes (Supplementary Fig. S2D). (C) Thx5a FO embryos showed both pectoral fin loss and heart edema at 3 dpf. Black arrowheads indicate normal
pectoral fins, gray arrowheads indicate shorter or kinked fins, and empty arrowheads denote the absence of pectoral fins. Representative images of
heart edema graded | to IV, and corresponding quantifications post-injection are presented in the right panel. (D) Cartoon diagrams illustrate gRNA
positions: synthesized via IVT (gRNA_1), chemically synthesized (gRNA_2), or chemically synthesized and assembled into crRNA:tracrRNA complexes
(gRNA_3) for foxd3 and tfap2a genes. (E-H) Representative phenotypes for uninjected, foxd3 FO, tfap2a FO, and foxd3;tfap2a FO embryos include
pigmentation phenotypes at 2 dpf (Ea-Ha), aberrant lower jaw morphology at 3 dpf (Eb-Hb), abnormal Alcian blue cartilage staining at 5 dpf (Ec-Hc), and
expression patterns of the pharyngeal arch progenitor marker dix2a (Ed-Hd). Magenta arrows indicate pigment cells, while blue arrows denote aberrant
lower jaws. (I) Phenotype quantifications were performed for the number of pigment cells on the yolk sac in 2 dpf embryos and for embryos with
missing lower jaws at 3 dpf. Additional dysmorphic phenotypes are shown in Supplementary Fig. S2E.
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NAs selected with our method showed an equal or improved
phenotype penetrance compared to IVT gRNAs (Fig. 3A-C).

Next, we compared our approach to a study that used dgR-
NAs targeting both foxd3 and #fap2a to achieve strong pheno-
type penetrance, such as loss pigmentation and missing jaw in
double knockouts [9]. Three gRNAs were designed to target
foxd3 - one IVT gRNA (Lindel: 80; number 1), one synthetic
gRNA (Lindel score: 90; number 2), and one dgRNA (Lindel
score: 67; number 3) from Hoshijima et al. (Fig. 3D). Simi-
larly, three gRNAs were designed to target #fap2a - one IVT
gRNA (Lindel score: 84), one synthetic gRNA (Lindel score:
86), and one dgRNA (Lindel score: 85). Due to challenges in
identifying a good IVT gRNA targeting the first half of the
forkhead domain of foxd3, we selected an sgRNA (foxd3_1)
targeting the later part of the domain. (Fig. 3D).

As previously reported in studies on FOs [9] and stable
knockouts [55], foxd3 FOs showed a mild reduction in pig-
ment cells (10-20 cells) on the yolk sac (Fig. 3Fa), a dysmor-
phic jaw phenotype (Fig. 3Fb and Fc) and a significant re-
duction in the expression of the pharyngeal arch progenitor
marker dlx2a (Fig. 3Fd). In contrast, tfap2a FOs exhibited a
more severe reduction in pigment cells (fewer than 10) on the
yolk sac (Fig. 3Ga), a dysmorphic jaw phenotype (Fig. 3Gb
and Gc) and a partial decrease in dlx2a expression (Fig. 3Gd).
Double FO knockout of foxd3 and tfap2a resulted in a com-
plete loss of pigment cells on the yolk sac (Fig. 3Ha), a missing
jaw (Fig. 3Hb and Hc), and a complete loss of dix2a expres-
sion (Fig. 3Hd). Quantification of pigment cell counts across
genotypes and gRNA types revealed that IVT gRNA, syn-
thetic gRNA, and dgRNA produced a similar degree of strong
phenotype penetrance in FO knockouts (Fig. 31). However, a
higher proportion of dysmorphic embryos was observed in
dgRNA-injected group (Fig. 31 and Supplementary Fig. S2E),
potentially due to the high number of predicted off-target sites
(152 off-targets) identified using CRISPOR.

In summary, our comparative analysis demonstrated that
carefully selected gRNAs—either one or two-are sufficient to
achieve consistent and high phenotype penetrance with low
toxicity, outperforming the use of four random gRNAs.

Optimized multiplex FO mutagenesis for studying
epistasis, duplicated genes, and genetic pathways.
Polygenic disorders, characterized by the interplay of multiple
genes, are significantly more common in humans than mono-
genic disorders caused by single gene mutations [56]. Ze-
brafish could provide a fast and robust model system in which
to dissect gene interactions implicated in human polygenic dis-
ease, but only with the development of reliable approaches
for simultaneously disrupting multiple genes in the FO genera-
tion. Further emphasizing this need is the fact that one third of
the zebrafish genome is duplicated, and this redundancy com-
bined with reports of genetic compensation [57-59] necessi-
tate the ability to efficiently target multiple genes [4]. While
previous reports have demonstrated the ability to target up
to three genes simultaneously, these approaches required be-
tween 9 and 12 gRNAs and typically resulted in high toxicity
and/or unacceptable levels of off-target gene disruption in in-
jected animals [10, 12].

As the experiments above demonstrate that our gRNA
selection approach can achieve efficient double knockouts,
we further aimed to establish a proof-of-concept for mul-

tiplex biallelic mutations in the FO generation. We targeted
three genes with known morphological phenotypes (10fo_8,
rx3_5, and slc45a2_9) simultaneously, using one gRNA for
each, resulting in 95% (40/42) embryos exhibiting all three
phenotypes (Supplementary Fig. S8). Therefore, we demon-
strate the ability to achieve high phenotypic penetrance
using just one well-designed gRNA per gene for a triple
knockout.

Next, we tested this approach by knocking out multiple
genes in a genetic pathway, focusing here on the highly redun-
dant fibroblast growth factor receptors (FGFRs). Double and
triple knockouts of fgfria, fgfr1b, and fgfr2 exhibit morpho-
logical defects, including a kinked tail, loss of pectoral fins,
and aberrant otic vesicle development, with varying severity
[60]. All guides showed editing efficiencies in the range of
70-90%. Using the criteria and score thresholds established
above, we designed three gRNAs for each gene: two targeting
near the beginning of the CDS (OD gRNAs) and one target-
ing the sequence encoding the kinase domain (ID gRNA) (Fig.
4A). As expected, only the ID gRNAs induced pronounced
phenotypes (Fig. 4B-D), regardless of editing efficiency or co-
injection of two OD gRNAs.

Consistent with previous findings in stable knockouts, the
fgfrla;fgfr2 double knockout resulted in moderate pheno-
types such as a kinked tail (Fig. 4B) and defective pectoral fins
(Fig. 4C). The fgfrla;fgfr1b double knockouts showed even
more severe tail and fin defects, along with additional abnor-
mal otoliths (Fig. 4D). Animals with triple knockouts exhib-
ited even more severe otolith abnormalities with higher pene-
trance, increasing from 45% in the double FO to 88% in the
triple FO.

Both double and triple FO knockouts recapitulated previous
findings in double and triple stable homozygous knockouts
[60], validating our approach and highlighting the value of
assessing multiple gene knockouts in the FO generation.

To apply multiplexed gene knockout as a proof-of-concept
to study epistasis, we next aimed to simultaneously knock
out the tumor suppressor LLGL scribble cell polarity complex
component 2 (llgl2) and the oncogene erb-b2 receptor tyrosine
kinase 2 (erbb2). Previous studies have shown that disruption
of erbb2 is sufficient to alleviate the epithelial-mesenchymal
transition (EMT) phenotype of llgl2 knockouts [61, 62]. We
designed three ID gRNAs for each gene (Fig. 4E), and editing
efficiency for each gRNA was confirmed (Fig. 4F).

We found that injecting two ID gRNAs targeting llgl2 in-
duced EMT in 84-92% of FO knockouts, while two ID gR-
NAs targeting erbb2 resulted in the established aberrant fin
fold phenotype in 86-91% of FO knockouts (Fig. 4G-I and K).
Given that the LLGL domain of Llgl2 and the kinase domain
of Erbb2 are key functional regions, and that two ID gRNAs
produced strong phenotype penetrance, we co-injected four
gRNAs targeting llgl2 and erbb2 (target numbers 2 and 3 for
each gene), which rescued the neoplastic phenotype in 64%
of FO knockouts (Fig. 4], J’, and K). Additionally, we did not
observe any dysmorphic phenotypes other than the expected
knockout phenotypes.

Our findings suggest that using one or two gRNAs per gene
enables the knockout of at least three genes without caus-
ing noticeable toxicity in zebrafish. This is significant because
other commonly used methods typically require 3—4 guides,
making it more challenging to simultaneously knock out 2-3
genes.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf180#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf180#supplementary-data
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Figure 4. Multiplex mutagenesis for duplicated genes and synthetic rescue using FO approach. (A) Schematics of gRNA target loci (blue triangle), gene
exons (gray boxes) and their corresponding kinase domain (yellow boxes) for fgfria, fgfrib and fgfr2 are shown. gRNA_1 and gRNA_2 target the
beginning of the gene, while gRNA_3 targets the exon encoding the kinase domain. Editing efficiency for each gRNA was shown below. Representative
phenotypic images for (B) kinked tail, (C) defective pectoral fins, and (D) abnormal otoliths of FO animals at 3 dpf, along with their quantification results

for different gRNA combinations, are presented. For phenotype categorization,

animals showing either a kinked tail (indicated by red arrow in B),

complete absence of both fins (C), or two otoliths stuck together (D) are considered in the strong category. (E) Schematics of gRNA target loci, exons,
and corresponding functional domains for both /lgl2 and erbb2 are depicted. The exons encoding LLGL domain for /lg/2 and the kinase domain for erbb2
are shown in yellow boxes. (F) Editing efficiency for each gRNA. (G-J) Representative images for uninjected, /lgl2 FO, erbb2 FO and llgl2;erbb2 FO at 5
dpf. The white arrow indicates the beginning position of the dorsal fin fold observed in erbb2 FO knockouts, and red arrowheads indicated the

uncontrolled proliferation of epidermal cells. The lower jaw image was enlarged in (G'-J'). Because these phenotypes are difficult to quantify the severity,
animals showing excessive epidermal cells were counted with phenotype for /lgi2 FO knockouts, and animals showing aberrant dorsal fin fold and
missing lower jaw were counted as phenotype for erbb2 FO knockouts. For the /lgl2;,erbb2 FO group, animals showing either excessive epidermal cells or
aberrant dorsal fin fold or missing lower jaw were counted as phenotype. We didn’t see any dysmorphic (phenotypes other than characterized) animals
in these experiments. (K) Quantifications of animals with phenotypes as shown in (G-J).

Gene expression profiles validate FO CRISPR
knockouts as reliable alternatives to stable
zebrafish lines
Given the high phenotypic resemblance between FO and sta-
ble knockouts, we investigated whether their gene expression
profiles exhibited similar patterns. First, contrary to a previ-
ous study that suggested microinjection can trigger a wound-
healing response in injected animals [13], we demonstrated
that Cas9 injection in FO zebrafish does not induce major
or consistently observed gene expression changes compared
to uninjected embryos as assessed by RNA-seq (Fig. SA and
Supplementary Fig. S9A).

Next, we performed RNA-seq to compare gene expression
profiles of WT, FO stable homozygous knockout, and mRNA-
rescued FO animals, making the first transcriptomic analysis

of rescued animals. Utilizing our prior study on tryptophanyl-
tRNA synthetase 1 (wars1), we employed four gRNAs target-
ing the kinase domain [39, 63]. Editing efficiencies were val-
idated through Sanger sequencing (Fig. 5B). A stable knock-
out generated in the earlier study using the wars1_2 gRNA
showed a two-base-pair deletion, designated as wars1-/-, con-
firmed via Sanger sequencing (Fig. 5C). The microcephaly phe-
notype observed in both wars1-/- and wars1 FO knockouts
was successfully rescued by co-injection of zebrafish or hu-
man mRNA encoding wars1/WARS1 (Fig. 5C).

Clustering of RNA-seq profiles revealed two distinct groups
based on genetic lineage. Group 1 encompassed all FO knock-
outs, further subdivided into uninjected, Cas9 injected, and
rescued FO animals. Group 2 included stable homozygous
knockouts (-/-), clustered separately from their WT siblings


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf180#supplementary-data
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Figure 5. Comprehensive transcriptomic analysis of uninjected and Cas9-injected control, FO, stable knockout, and rescued animals. (A) A Venn diagram
compares DEGs in Cas9-injected versus uninjected embryos at 3 dpf. Three replicates indicate three independent runs of RNA-sequencing (RNA-seq),
with each replicate containing biological triplicates (n = 6 embryos for each biological replicate). (B) Schematics of two gRNA target loci (blue triangle)
and exons encoding kinase domain (yellow boxes) for the wars7 gene. The editing efficiency for each gRNA, injected either individually or in
combination, is shown below. (C) Sequence alignment and chromatogram showing a 4bp deletion in the wars7 stable mutant generated by the wars7_2
gRNA, as revealed by Sanger sequencing. (D) Representative images of morphology for wars? WT sibling (wars7+/+), homozygous knockout (wars1-/-),
FO and FO rescued with human WARST mRNA embryos at 3dpf. Lateral view and anterior to the left. (E) A heatmap visualization of DEGs in uninjected
(uninj.), Cas9 protein-injected (Cas9), wars1 FO, FO rescued with zebrafish wars7 mRNA (FO + zf), FO rescued with human WARST mRNA (FO + hm),
wars 1 WT sibling (+/+ sib) and homozygous knockout (-/- KO) animals from RNA-seq data. The genes used for heatmap visualization were a set of
DEGs in the FO versus uninjected group. (F) Another heatmap visualizes genes involved in aminoacyl-tRNA biosynthesis. (G and H) Volcano plots for
wars1 FO versus uninjected control and wars1-/- versus wars1+/+ sibling animals. Overlapped top DEGs are revealed on the figure. (I and J) KEGG
pathway analysis shows DEGs enrichment in three groups (wars7 FO versus uninjected, FO versus Cas9, and wars1-/- versus wars1+/+ sibling) and is
further divided into upregulation (I) and downregulation (J) groups. (K) Representative images of morphology for uninjected, med77 FO and FO rescued
with human MED11 mRNA at 4 dpf are shown at the left panel. The heatmap at the right panel visualizes 1000 DEGs of uninjected, Cas9-injected,
med11 FO, med11 FO rescued with human MED11 mRNA, wars1 FO and wars1 FO rescued with human WARST mRNA animals at 3 dpf. Each group
contains biological triplicates with six animals in each replicate. Note that one outlier in Cas9 group was removed in (E-J), and another in FO + WARS1
group was removed in (K). For (A, E-K), the threshold cutoff was set to two-fold change (log2 fold change > +1) and a P-value less than 0.01.
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(+/+) (Supplementary Fig. S9B-F). DEGs analysis confirmed
this separation, with FO forming distinct clusters from unin-
jected, Cas9-injected, rescued, and +/+ sibling samples (Fig.
SE and Supplementary Fig. S10A).

Pathway analysis revealed shared set of genes that were sim-
ilarly up- or down-regulated in both FO and stable knockouts
(Fig. 5F-J and Supplementary Fig. S10B-F, Supplementary
Figs S11-S13). These findings were further validated in knock-
outs of a second gene, histidyl-tRNA synthetase (hars) which
exhibited comparable patterns of gene expression changes
(Supplementary Fig. S14). Notably, RNA-seq profiles could
accurately distinguish FO knockouts from their controls and
rescued groups (Fig. 5K), underscoring the utility of this ap-
proach for functional studies. To our knowledge, this repre-
sents the first comprehensive RNA-seq analysis of gene-edited
zebrafish following phenotypic rescue using mRNA overex-
pression. Together, these results demonstrate that the pheno-
typic resemblance between FO and stable homozygous knock-
outs is mirrored in their gene expression profiles, validating FO
screening as a reliable proxy for stable knockout approach.

Our data highlight the importance of designing gRNAs
with high cutting efficiency and a high likelihood of generat-
ing frameshift alleles to achieve efficient biallelic mutations,
high penetrance, and low variability. We recommend using
prediction tools such as CRISPOR to enhance the probabil-

ity of generating null mutant-like phenotypes in FO knockouts
(Fig. 6). Contrary to common strategies, targeting early cod-
ing exons to induce PTCs was not effective in achieving high
phenotype penetrance. Instead, targeting exons encoding the
first half of functional domains [9, 10, 12], particularly those
with high predicted scores, proved more reproducible and re-
liable. For larger genes (>3 kb coding), we recommend design-
ing multiple gRNAs targeting different functional domains or
conserved amino acid regions to maximize the percentage of
animals with null mutant-like phenotypes while minimizing
toxicity. These strategies provide a robust framework for gen-
erating reliable FO knockouts that closely mimic stable knock-
out lines, facilitating rapid and accurate functional genomics
studies.

High-throughput FO analysis demonstrates utility
for modeling human disease phenotypes

To demonstrate the utility of our approach for rapid FO
phenotypic analysis across a wide range of tissues and phe-
notypes, we selected 23 genes and utilized bright-field mi-
croscopy, tissue-specific reporter lines, live dyes, and immuno-
histochemistry to assess phenotypic outcomes in FO knock-
outs (Table 1). The genes we targeted included: eight ARS
genes implicated in neurological disorders, six genes that cause
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Figure 7. Utilizing the FO approach to investigate the tissue-specific effects of genes with transgenic reporter lines or through immunohistochemistry. A
transgenic line, Tg(olig2:DsRed2;mnx1:EGFP), was used to reveal the morphology of (A) the cerebellum (dorsal view; n = 3 embryos) and (B) motor
neurons (n = 5 embryos) with red fluorescent protein driven by the olig2 promoter. (C) Fluorescent conjugated phalloidin staining was used to reveal
actin filaments in the skeletal muscles of the fish trunk at 10 dpf (n = 6 larvae). Blue arrowheads indicate missing (loosened) muscle fibers. (D) Alcian
blue staining and Tg(col2ala:EGFP-CAAX) was used to reveal the structures of cartilages in cog? FO knockouts at 5 dpf (n = 10 larvae). The magenta
arrow indicates aberrant cartilage development. A ventral view is shown. (E) Bright-field images revealed the cardiac development of animals (n = 4
larvae). The heart was outlined by blue lines, and the blue arrow indicates empty space in pericardium. BuA, bulbus arteriosus; V, ventricle; and A, atrium
are indicated. A ventral view is shown. (F) Blood vasculature was revealed by Tg(kdrl:EGFP) at 5 dpf (n = 6 larvae). DLAV, dorsal longitudinal anastomotic
vessel; ISV, intersegmental vessel; and DA, dorsal aorta. White asterisks indicate aberrant connected vessel, white arrow indicates defective
angiogenesis and the white arrowhead indicates enlarged ISV. (G) Oil Red O staining was used to visualize the lipid accumulation in animals at 8 dpf

(n = 35 larvae). Animals are presented in lateral view, with anterior to the left, unless specifically addressed.

muscular phenotypes, the cogl gene implicated in craniofacial
morphology, three genes affecting heart development, three
genes involved in vasculature, and five lipid metabolism genes.

As expected, gars1 FO knockouts showed a reduced cere-
bellum size (Fig. 7A), while FO knockouts of sars1 and gars1
exhibit abnormal development of motor neurons (Fig. 7B).
We observed abnormal muscular development by fluorescent-
conjugated phalloidin staining in all six targeted muscular

genes: MYHs (one gRNA targeting multiple myosin heavy
chain genes), tpm1, slc25a4, sdha, mdh2, and lonp1 (Fig. 7C).
cogl FOs displayed abnormal cartilage development as indi-
cated by either Alcian blue staining or a collagen fluorescent
reporter line (Fig. 7D). We also observed abnormal heart de-
velopment in tpml, mlip, and ipo8 FO knockouts (Fig. 7E)
and aberrant vasculature in sars1, setd2, and ipo8 FO knock-
outs (Fig. 7F). We used Oil Red O staining for the lipid
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metabolism genes to demonstrate abnormal lipid accumula-
tion in the liver for all five genes (Fig. 7G) [46]. The descrip-
tions for phenotypes for each gene, associated human diseases
and previous findings from mouse models are described in
Supplementary Table S3. Overall, our data demonstrate that
this optimized FO mutagenesis method together with tissue-
appropriate phenotypic readouts can expedite the functional
analysis of genes associated with diverse human diseases.

Understanding disease phenotypes often extends beyond
gross morphological or tissue-specific phenotypes to in-
clude more complex outcomes such as behavioral changes,
especially when considering neurodevelopmental disorders
(NDDs), including intellectual disability, psychiatric disorders,
and deficits in motor skills [64, 65]. While zebrafish are a valu-
able model for studying NDD-related behaviors [66-68], it
has not been thoroughly tested whether FO mutagenesis is a
suitable method for behavioral analysis due to concerns sur-
rounding the potential impact of the injection procedure. To
address this question, we compared the visual startle response
(VSR), acoustically evoked behavioral response (AEBR), and
LDTs of Cas9-injected larvae and uninjected controls. We
found no significant differences in any of these behavioral re-
sponses (Supplementary Fig. 15A-L), in congruence with our
finding that Cas9 injections did not significantly alter gene ex-
pression profiles.

Next, we focused on 20 genes linked to NDDs, particu-
larly those causing embryonic lethality in rodents, which has
precluded their phenotypic characterization in animal models
(Table 2). For each gene, we examined WISH data from the
ZFIN database (https://zfin.org) [69] when available, or gen-
erated WISH data for the remaining selected genes. Each gene
exhibited unique expression patterns, most abundant in the
brain (Fig. 8A-D’, Supplementary Fig. S16A-E", and Table
2), as would be expected for NDD-associated genes. We gen-
erated FO knockouts for each gene, finding that 6/20 exhibited
smaller head and/or eye sizes, 3/20 showed heart edema, and
1/20 had shorter body length (Fig. 8E~], Supplementary Fig.
S16F-Y and Table 2)—all resembling the microcephaly, mi-
crophthalmia, cardiomyopathy and short stature found in pa-
tients harboring mutations in these genes. Additionally, we
observed that atad3 FO exhibited abnormal lipid metabolism
and craniofacial defects (Supplementary Fig. S17A and B),
which are similar to the nonalcoholic fatty liver disease [70]
and facial dysmorphism [71] features, respectively, found in
ATAD3A affected individuals (Table 2).

To assess behavioral phenotypes resulting from each knock-
out, we placed FO knockout and control larvae in 96-well
plates and recorded their activity after VSR, AEBR, and LDT
assays (Fig. 8K). Three of the 20 tested genes (atad3, afg2b
(previously known as spata5l1), and cox4il) have been linked
to visual or hearing problems in humans [44, 72-74], and we
show that their corresponding FO knockouts displayed similar
abnormalities (Fig. 8L). In particular, atad3 FO larvae traveled
longer during the first minute after light exposure (indicated
by blue arrows in Fig. 8M and quantified in Fig. 8N), sug-
gesting a potential light-induced seizure-like behavior [75]. In
support of this, atad3 FOs in a transgenic calcium indicator
line showed stronger fluorescence intensity than controls, sim-
ilar to animals experiencing PTZ-induced seizures (Fig. 8O).
However, their overall movement was lower during dark cy-
cles than controls (Fig. 8P), indicating possible movement dis-
abilities. afg2b FO larvae, on the other hand, exhibited a re-
duction in VSR and AEBR and an increase in distance trav-

eled during the dark period in the more extended 30-minute
LDT assay (Fig. 8L, M, and P and Supplementary Fig. S17C
and D), which might correlate to the NDD with hearing loss
and spasticity (MIM # 619616) in human patients [44].

For the remaining 17 genes we tested, zebrafish FO larvae
recapitulated most of the clinical manifestations observed in
human patients for seven genes (sdha, cogl, yif1b, atnl, itsnl,
mdh2, and kdm3b), while three genes (lonp1, ndufal2, and
aifm1) partially recapitulated human phenotypes (Table 2 and
Supplementary Figs S$18-520). The phenotypes observed in FO
larvae for three of the genes (cachdl, phf8, and thbs1) were
similar to those seen in homozygous knockout mice but have
no related reports in patients. For three of the genes (slc25a4,
tpm1 and gsox1),no NDD-related phenotypes have been doc-
umented for either humans or mouse models, but our ex-
periments suggest an abnormal brain and eye morphological
phenotypes as well as visual and hearing defects in pm1 FO
knockouts and decreased locomotor activity in the LDT as-
say for gsox1 FO knockouts. For the necapl FO larvae, we
observed reduced VSR and AEBR as well as small otoliths,
whereas previous studies have not found any discernible phe-
notypes in humans or mouse models. All specific phenotypes
from these experiments are shown in Supplementary Figs
S18-5S20 and summarized in Table 2. Overall, we conclude
that our high-throughput FO mutagenesis approach identi-
fied morphological and behavioral abnormalities like those
observed in human patients or mouse knockouts, provid-
ing a powerful tool for rapidly screening candidate human
disease genes associated with different conditions, including
NDDs.

FO phenotype screening for efficient identification
of hearing loss-associated genes

Hearing loss is a genetically heterogeneous condition, with
over 125 genes implicated in non-syndromic hearing loss pre-
dominantly in an autosomal recessive fashion [76]. The ze-
brafish inner ear is functional by five days post-fertilization
and bears striking morphological and genetic similarities with
human inner ear [77-80]. In particular, two calcified struc-
tures known as otoliths—akin to human otoconia—play a
crucial role in transmitting acceleration forces and sound vi-
brations and can cause hearing or balance disorders if im-
properly crystallized [81]. Moreover, the zebrafish lateral line
system, present along the length of the body and involved
in mechanotransduction, is composed of hair cells that bear
striking resemblance to those found in the human inner ear
(Fig. 9A).

Earlier, we performed transcriptomic studies on adult ze-
brafish inner ear structures and identified hundreds of genes
that were differentially expressed in the utricle (more spe-
cialized in horizontal movement related to gravity, vestibu-
lar function), saccule (hearing and vertical movement), and
lagena (hearing) structures of the inner ear [82, 83]. Addition-
ally, studies using single-cell RNA sequencing (scRNA-seq) on
zebrafish lateral line neuromasts have also revealed the di-
verse functions of hearing-related genes [84, 85]. However,
there are some genes exclusively expressed in the cells in ze-
brafish inner ear but not in lateral line neuromasts [86], or vice
versa. This suggests that a comprehensive functional analysis
for hearing genes is required. Here we aimed to apply our FO
screening approach (Fig. 9B) to rapidly assess the function of
63 genes identified in these previous transcriptomic studies to
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Figure 8. Functional analysis of NDD genes using FO mutagenesis. (A-D) WISH method was performed to study mRNA expression patterns for atad3 at
1 dpf (A, A), 2 dpf (B, B'), and 3 dpf (C, C', C"), and for afg2b at 1 dpf (D) and 2 dpf (D). (A, B, C, and D’), lateral view; and (A, B, C', and D), dorsal view.
(E-1) Representative images of morphology for uninjected (E and H), atad3 (F), afg2b (G), and cox4i1 (I) at 5 dpf. The blue line indicates head size, the red
line indicates eye size, the black line indicates body length, magenta arrowheads indicate heart edema, and blue hashtags indicate missing swim
bladder. Lateral view and anterior to the left. (J) Measurements of head and eye size, and body length of atad3 (n = 15), afg2b (n = 20), cox4i1 (n = 10)
FO knockouts. (K) Experimental procedures were conducted for three behavioral assays on FO zebrafish larvae. Larvae, with or without injection at 4 dpf,
were individually transferred to 96-well plates. The plates were then placed in the behavioral recording chamber on the following day (at 5 dpf) for the
LDT test. Subsequently, the plates were moved to an incubator and left for an additional day for the VSR and AEBR assays. The animals’ responses to
each stimulus and their locomotion were tracked and analyzed using customized software. (L) A box and whisker plot was utilized to visualize the
percentage of responses in FO knockouts after VSR and AEBR assays, with a sample size of n = 24 larvae for each group. The percentage of responses
to five light stimuli for VSR and the responses to 12 sound stimuli for AEBR were calculated for each larva. (M) Locomotor activities of zebrafish larvae in
LDTs at 5 dpf, n=48 larvae for each group. Larvae were habituated in the dark for 30 min, followed by three cycles of 5-min periods of light and dark.
Error bars represent the mean + SEM. D, dark period, L, light period. Blue arrows indicate the distance moved at the first minute lights on for atad3 FO
larvae, and magenta arrows indicate the increased distance moved during dark period of afg2b FO larvae. (N) Average cumulative distance traveled by
each larva during the first minute of the light period as indicated by blue arrow in (M). (O) Average cumulative distance traveled by each larva during
three cycles of either light or dark periods. (P) Representative images of the uninjected control and atad3 FO in
Tg(tubala:nls-Kal4FF;UAS:GCaMP7a);nacre under bright-field (left panel) and fluorescent microscopy (middle panel) at 5 dpf. The schematic diagram
illustrates the structure of the zebrafish larva brain at the top right panel, while the bottom right panel displays a fluorescent image of uninjected larvae
treated with 15 mM pentylenetetrazole (PTZ) at 5 dpf. n= 3 larvae for each group. Dorsal view, anterior to the left. For (J, N, and O), each dot represents
one larva, and error bars indicate the mean + SD. For (J, L, and O), statistical significance was calculated by Brown-Forsthye and Welch's ANOVA with
Dunnett's T3 multiple comparisons test; for (N), two-tailed unpaired Student's t test with Welch's correction: not significant (ns) P> 0.05, * P < 0.05,

**P <0.01, and ****P < 0.0001. Di, diencephalon; E, eye; Tel, telencephalon; Ov, otic vesicle; Re, retina; Le, lens; Li, liver; In, intestine; Fb, forebrain;
Mb, midbrain; Hb, hindbrain; TeO, optic tectum; Cb, cerebellum.



20 Lin et al.

A anterior LL posterior LL B

| Microinjection | |Y0-Pro-1 uptake .| | AEBR assay |

Inner ear phenotyping .s.

Yo-Pro-1
uptake @

Place into

. A plate .
Hearing o ”“; \ \;-!
= A 5 Clean embryo [ 5
Balance g 4 warerﬁveﬁyday
A= Day 0 o Days § Day 6
crista

otolith

C| Spatiotemporal gene expressions
tecta - y tekt3

1 dpf otic \}ssicle 4 d;';f -
otog Fr cabp2b . myh14 ©  eeftalb
inner ear i : oo "
1 dpf 3 dpf Al
ptprq ptprq ptprq
e s i ' R ‘
- . -
1 dpf 2 dpf
D [ Inner ear phenotyping |
s otol1a;
cdh23_1_i+ _ cdh23-I- cdh23 F, uninj. foxi1 otol1b . otol1b otomp

plgs2a

calb2a;
calb2b capga capgb

col11ala;
col11alb

calb2a calb2b -

capga;
capgb’  cd16412  chmade

eeflata; kecna2a;
eeflala eefialb eeflalb gas6 kena2b kena2b
T p—— B~ . = g . -~

ptprg serpinat serpinit serpine2
= -_e

Figure 9. Screening for genes involved in hearing and vestibular function by FO approach. (A) The cartoon figure illustrates zebrafish larval sensory
systems, including the inner ear and the neuromast in the lateral line. The inner ear contains the anterior macula (am) with an otolith attached to the
ciliary bundles of macular hair cells, responsible for balance, and the posterior macula (pm) with an otolith attached to the ciliary bundles of macular hair
cells, responsible for hearing. Additionally, there are three cristae for sensing angular rotation. Functional (mechanotransduction) and viable hair cells in
the lateral line neuromast can uptake live nuclear dyes such as Yo-Pro-1. (B) A hearing gene screening pipeline was established. Embryos, both with and
without microinjection, were rinsed with embryo water daily until 5 dpf for inner ear phenotyping and Yo-Pro-1 uptake experiments. The remaining larvae
were individually transferred to 96-well plates for the AEBR assay at 6 dpf. (C) The WISH method was performed to study mRNA expression patterns for
hearing genes. The blue arrowheads indicate the lateral line neuromast, the dashed close circle indicates the inner ear, and the red asterisk indicates the
sensory epithelium in the inner ear. Stained embryos at 1 dpf for all genes, at 3 dpf for oto/7a and otol71b in the left panel, and at 2 dpf for ptprg were
displayed in dorsal view. The rest were shown in lateral view, with the anterior to the left. (D) Representative images of inner ear morphology for each FO
knockout. Scale bar = 0.1 mm. Lateral view with the anterior to the left.
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investigate their role in inner ear and lateral line development
and function.

First, we verified the expression of selected genes for the
screen in hearing related tissues by analyzing publicly avail-
able databases including scRNA-seq from the mouse cochlear
epithelium and zebrafish neuromast (https://umgear.org/), and
ZFIN to gather the spatial and/or temporal gene expression
profiles that corelate with hearing function. For genes lack-
ing expression data in these datasets, we performed WISH
to visualize their tissue distribution. We used known genes
such as fecta and otog (otic vesicle), otolla (inner ear), tekt3
and capgb (lateral line neuromasts), and cabp2b (both in-
ner ear and neuromasts) as positive controls (Fig. 9C). This
analysis revealed 13 genes that were previously not known to
be highly expressed in hearing-related tissues. Notably, some
duplicated genes displayed similar expression patterns (e.g.
otollajotollb, eeflala/eeflalb, and vsnlla/vsnl1b) (Fig. 9C,
Supplementary Fig. S21, and Supplementary Table S4).

Next, we generated FO knockouts for 62 genes, includ-
ing single knockouts for each gene and double knockouts
for duplicated genes (total of 71 injected groups), and
assessed inner ear morphological phenotypes. We com-
pared these observations to previously published stable
knockouts, including foxil-/- (quadro™’') [87], otog-/-
(eis®26f) [88] and tecta-/- (rst"2¢) [88] as positive controls.
We observed aberrant otolith phenotype in 33 injected
groups, including three FOs corresponding to the positive
controls and seven genes that were previously implicated
in otolith formation using morpholino knockdown (esrrga
[89], otomp [90], pigs2a [91], stm [92], sparc [93], tectb
[94], and dIx3b [95]) (Fig. 9D and Supplementary Table S4).
Additionally, we found that FO knockouts of five genes
(otos, thx3a, capgb, dcn, and dspa) showed aberrant otolith
phenotypes that were previously undescribed. In contrast
to previous studies [90, 96], we found that FO kncokouts
in two genes (otogl and otolla) showed normal otoliths.
Altogether, 22 novel genes (Supplementary Table S4)

and one double FO knockout (eeflalaseeflalb)
showed abnormal otolith phenotypes in our screen
(Fig. 9D).

For each single or double FO knockout, we assessed hair
cell development and function using the Yo-Pro-1 uptake as-
say [42] and compared to cdh23-/- and cdh23 FO (defective
mechanotransduction) and capgb FO (defective hair cell devel-
opment) animals as positive controls. As expected, both the
cdh23-/- knockouts and FOs displayed a complete absence of
Yo-Pro-1 + hair cells (Fig. 10A and B) while the capgb FOs
showed a significant reduction in Yo-Pro-1 + hair cells. Of
the 71 injected groups, 38 exhibited aberrant Yo-Pro-1 up-
take, including 32 single FOs, six double FOs containing one
or more of the single-gene hits, and one double knockout
(ptgs2a;ptgs2b) composed of two genes that did not display
a phenotype on their own (Fig. 10A and B, Supplementary
Figs S22 and S23, and Supplementary Table S4). In addition
to this set of FOs, we also assayed an FO knockout of a mature
hair cell-specific gene, tekt3 [97] (Fig. 9C), and found a signifi-
cant reduction in the number of Yo-Pro-1 + hair cells (Fig. 10A
and B), further suggesting its role in hair cell development.

To measure hearing function, we performed the AEBR as-
say — in which zebrafish larvae are exposed to sudden sound
stimuli and their movement following each stimulation is
recorded—on the 71 injected groups of FO animals. 19 in-
jected groups (including 18 single gene FO knockouts and one

double FO knockout (capga;capgb)) showed a reduction in
their hearing startle responses (Fig. 10C, Supplementary Figs
S24 and S25, and Supplementary Table S4). Interestingly, we
found six FO knockouts that showed neither otolith morphol-
ogy nor Yo-Pro-1 uptake phenotypes but exhibited aberrant
AEBR. Two of these genes (#lx2 and pcdh9) are expressed
in the statoacoustic ganglion, and another two (otogl and
col9al) have been implicated in mouse tectorial membrane
morphology [98, 99].

In summary, our FO screening approach rapidly identified
abnormalities in 52 out of 63 individual genes with known
hearing-related functions, recapitulating the phenotypes ob-
served in stable knockout lines and morpholino knockdown
animals. We also uncovered three pairs of duplicated genes
that exhibited phenotypes when both paralogs were targeted,
but not when each was disrupted on its own. We used this
rapid approach to discover many previously unknown phe-
notypes, including 22 FOs with aberrant otoliths, 32 FOs
with abnormal Yo-Pro-1 uptake, and 19 FOs with abnormal
hearing startle responses. Notably, the otol1b FO as well as
otolla;otol1b FO knockouts displayed an enlarged anterior
otolith with vestibular dysfunction but normal hearing (Fig.
9D and 10C and Supplementary Video 1, Supplementary
Video 2), which is an unusual outcome that merits further in-
vestigation [83, 100, 101].

Investigation of genetic compensation in FO and
stable knockouts

Genetic knockouts in animal models are essential for study-
ing gene function, but they do not always accurately reflect
human diseases. For example, recent studies have shown sig-
nificant differences in hearing loss severity between human pa-
tients and genetically modified mice for approximately half
of the genes tested [102-105]. Similarly, many single-gene ze-
brafish knockouts exhibit mild or no phenotypes, unlike their
morpholino-mediated gene knockdown counterparts [106].
Recent studies suggest genetic compensation, also known as
transcriptional adaptation, is a phenomenon where the loss of
function of one gene leads to the upregulation of related genes,
potentially masking the phenotypic effects of the mutation
could explain this discrepancy in both zebrafish and mice [58,
59,107, 108]. Although some studies indicate that zebrafish
FO knockouts might circumvent this genetic compensation
mechanism observed in stable knockout lines [108-110], the
relationship between FO knockouts and genetic compensation
remains an area of active investigation. To explore this further,
we compared the phenotypes and gene expression profiles of
FO knockouts and stable mutant lines for several genes associ-
ated with hearing loss. In our previous work, we generated a
library of knockouts for genes associated with non-syndromic
hearing loss and found that some stable knockouts accurately
recapitulate hearing-associated phenotypes, while others dis-
played mild or no phenotypes [7]. To determine whether ge-
netic compensation could be playing a role in some of these
stable knockout lines, we used the AEBR assay to compare
hearing startle responses between FO and stable knockouts for
six hearing-related genes.

First, we used msrb3 and tmprss3a;tmprss3b double knock-
outs, both these stable knockouts show hearing defects in our
hands [7], with TMPRSS3 as an example of a duplicated gene
in zebrafish, and Msrb3 as an example of a genetic compensa-
tion found in mouse model [111]. FO knockouts for msrb3
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Figure 10. High-throughput hearing gene screening in FO knockouts using Yo-Pro-1 and acoustic evoked behavior response (AEBR) assay. (A)
Representative fluorescent images of Yo-Pro-1 uptake for each FO with an enlarged image of a neuromast placed in the bottom right corner. The images
are shown in lateral view with the anterior to the left. A homozygous cdh23 knockout (cdh23-/-) was used as a positive control for the hearing loss
phenotype. For example, neuromast morphology can be observed under bright-field, but no Yo-Pro-1-positive (Yo-Pro-1+) cells are present. Images for
other hearing genes were presented in Supplementary Fig. S22 and Supplementary Fig. S23. (B) Quantification of the average number of Yo-Pro-1+
cells per neuromast (n = 4 neuromasts) of each FO knockout (n = 5 larvae). Since the average number of Yo-Pro-1 + cells per neuromast was around 10
cells for uninjected controls across multiple experiments, we combined all numbers (n = 45 larvae). Error bars indicate the mean + SD. Statistical
significance was compared to the uninjected control group and calculated by Brown-Forsthye and Welch's ANOVA with Dunnett's T3 multiple
comparisons test: not significant (ns) P>0.05, *P<0.05, ***P < 0.001, and ****P < 0.0001. (C) A stable homozygous cdh23 knockout (cdh23-/-) was
used as a positive control for the hearing loss phenotype. The AEBR assay results for other hearing genes were presented in Supplementary Fig. S24
and Supplementary Fig. S25. The percentage of responses to 12 sound stimuli for AEBR was calculated for each larva using AEBR. Statistical
significance was determined using two-tailed unpaired Student’s t test with Welch's correction: not significant (ns) P> 0.05, *P<0.05, **P < 0.01,
¥**P <0.001, and ****P < 0.0001 compared to uninjected controls from the same batch.
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and tmprss3 displayed phenotypes similar to those of sta-
ble knockouts (Fig. 11A and B), suggesting genetic compen-
sation may not be a factor in these cases. However, we did
observe an upregulation of msrbla, msrb1b, and msrb2 in
msrb3-/- knockouts. Next, we selected four stable knockouts
(coch, thc1d24, pou4f3, and gipc3), which their mutations
cause hearing loss in humans [112-115] but zebrafish knock-
outs don’t show obvious hearing defects in our hands. Results
showed that FO knockouts in all four genes did not exhibit
any evident hearing defects (Fig. 11C-F) as observed in their
stable knockouts, suggesting genetic compensation may also
not be a factor in these cases.

To determine whether genetic compensation could explain
the lack of phenotype in these mutants, we explored the role
of the NMD pathway, which has been implicated in trigger-
ing genetic compensation. Recent studies have shown that
PTC-bearing mRNAs can induce upregulation of related genes
through a mechanism involving the NMD pathway and the
COMPASS complex. Our previous data, along with pub-
lished reports, suggest that suppressing components of the
UPF pathway (UPF3 or UPF1) can block genetic compensa-
tion [107, 108, 116]. Here we targeted the double FO knock-
outs of upf3a and upf3b due to their partial redundancy [116]
and to avoid the behavioral effect observed in upf1 knock-
out (Supplementary Fig. S26). Notably, knocking down UPF3
paralogs in msrb3-/- reduced their hearing startle responses;
however, stable knockouts for coch, tbc1d24, poudf3, and
gipc3 did not exhibit any hearing phenotype (Fig. 11C-F).
These findings suggest that genetic compensation is unlikely
to explain the lack of phenotype observed in these specific
knockouts.

Taken together, our results suggest that the absence of a
disease-related phenotype in stable knockouts may not always
be due to genetic compensation, and it is not a universal phe-
nomenon in the zebrafish model system.

Discussion

Functional validation of human disease-associated genes re-
mains a critical bottleneck in understanding and predicting ge-
netic disorders. Traditional approaches often necessitate time-
and resource-intensive multigenerational breeding schemes
in gene-edited model organisms [7]. Zebrafish offer a com-
pelling platform for rapid phenotypic characterization of dis-
ease genes in the FO generation, but the scalability of such
studies has been hindered by challenges including low pheno-
typic penetrance, potential toxicity and off-target editing, high
variability, and possible genetic redundancy and/or compen-
sation [117-121].

In this study, we present a systematically tested and opti-
mized approach to FO CRISPR/Cas9 mutagenesis in zebrafish,
enabling, high-throughput screening functional validation of
candidate human disease genes with high phenotype pene-
trance. Our approach faithfully recapitulates pathophysiolog-
ical phenotypes and gene expression changes observed in sta-
ble knockout lines, which typically takes months to generate
[43]. Through the systematic evaluation of 324 gRNAs target-
ing 125 genes, we demonstrate the robustness of this approach
for analyzing disease genes affecting various tissues. Our suc-
cessful identification of previously uncharacterized impacts of
genes implicated in NDDs and hearing abnormalities under-
scores the potential of our FO screening method to uncover
novel genetic functions and interactions in a high-throughput

and efficient manner, particularly in the context of polygenic
traits and diseases.

Various groups have refined FO mutagenesis protocols
in zebrafish using different modifications such as in vitro-
transcribed (IVT) gRNA co-injected with Cas9 mRNA or
Cas9 protein [5, 8], dgRNA (crRNA/tracrRNA) with Cas9
protein, or chemically synthesized single gRNA with Cas9
protein [9]. We recommend synthetic gRNAs (either single
or dual) due to limitations inherent in the use of T7 RNA
polymerase for IVT gRNA synthesis, which necessitates ad-
herence to the 5'-GG (N);sNGG-3' rule to ensure high-quality
and efficient editing [5]. This constraint reduces the flexibility
of selecting gRNAs with optimal scores. While IVT gRNAs
are not inherently less effective than synthetic gRNAs, the ad-
dition of extra G or GG at the 5’ end significantly reduces
editing efficiency [7, 122]. Conversely, IVT gRNAs that retain
the original 5'-GG exhibit similar editing efficiencies to syn-
thetic gRNAs (see Fig. 1F in Hoshijima et al. 2019) [9]. For
this study, we selected gRNA target sequences containing at
least one G at the first two bases of the 5" end, replacing non-
G bases with G when necessary. In certain cases, we replaced
5’-NN with GG during gRNA selection (e.g. Fig. 1A: noto_2
and Fig. 1B: rx3_8), yet consistently achieved > 80% pheno-
typic penetrance (and often > 90%) with robust phenotypes
[5,7,122].

The utility of our method is exemplified through the phe-
notypic validation of numerous human disease genes across
diverse tissues. By targeting genes implicated in NDDs, hear-
ing loss, and metabolic diseases, we uncovered previously un-
characterized phenotypes, many of which recapitulate clinical
manifestations in human patients. For example, our findings
on atad3 and afg2b FO knockouts provide new insights into
the pathophysiology of these genes, underscoring the trans-
lational potential of FO mutagenesis. Furthermore, the ability
to investigate polygenic traits through multiplexed FO knock-
outs highlights the adaptability of this approach for studying
complex genetic interactions and epistasis.

Our findings suggest that genetic compensation is not a uni-
versal phenomenon and may vary depending on the specific
gene and genetic background. The observation that some FO
knockouts and stable mutants show similar phenotypes indi-
cates that FO screening can be a valuable tool for rapid assess-
ment of gene function. However, the lack of phenotypes in
both FO and stable knockouts for some hearing-related genes
highlights the complexity of genetic networks and the po-
tential limitations of single-gene knockout approaches. These
results emphasize the importance of considering alternative
mechanisms that may explain the absence of expected phe-
notypes in knockout models. Future studies should explore
the role of other NMD components and epigenetic factors
in genetic compensation, the potential for combinatorial gene
knockouts to reveal masked phenotypes, the use of more sensi-
tive phenotyping methods to detect subtle functional changes,
and the investigation of potential species-specific differences
in genetic compensation mechanisms between zebrafish and
mammals.

Adopting this optimal gRNA selection process not only in-
creases the likelihood of generating loss-of-function models,
but it may simplify the workflow, making the guide selection
and evaluation of the model more scalable. Assuming this can
achieve gains in model generation with fewer guides and less
time spent selecting a model, adopting this robust workflow
enables small-to-medium scale screening of 50-500 genes with
ease. For instance, human microdeletions—small chromoso-
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mal deletions associated with various rare diseases—often
span multiple genes within a region. Wetzel et al. reported over
250 such microdeletions identified in humans [123]. Using this
approach, it will be possible to efficiently screen many genes in
parallel. Given the multiplexing capabilities of this approach,
it will be possible to knock out genes in combination with
other genes within a microdeletion region.

Moving forward, the scalability of this method could be
enhanced further through automation and integration with
high-throughput phenotyping [124] or screening, such as
Multiplexed Intermixed CRISPR Droplets (MIC-Drop) plat-
forms [125]. Additionally, expanding this pipeline to other
model organisms could facilitate cross-species comparisons
and the identification of conserved genetic pathways. In con-
clusion, our study establishes a robust and scalable framework
for the functional analysis of human disease genes by compar-
ing various gRNA selection tools and knockout approaches
while highlighting best practices for selecting efficient guides.
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