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Pooled perturbation screens can reveal cellular regulatory networks, yet
scaling these techniques for large-scale screens in animals remains challen-

ging. Here we present MIC-Drop-seq, a technique that addresses these chal-
lenges by combining high-throughput CRISPR gene disruption in zebrafish
embryos with phenotyping by multiplexed single-cell RNAseq. In one MIC-
Drop-seq experiment, we simultaneously identified changes in gene expres-
sion and cell abundance across 74 cell types resulting from loss of function of
50 transcription factors. These observations recapitulate many known phe-
notypes, while also uncovering previously uncharacterized roles for tran-
scription factors in brain and mesoderm development. A key advantage of
whole-animal screens is that they reveal how changes in one cell type affect the
development of other cell types. Surprisingly, such cell-extrinsic phenotypes
are abundant, indicating that transcription factors frequently exert effects
beyond the cells where they are expressed to adjacent cells. We propose that
MIC-Drop-seq will facilitate efforts to dissect the complete gene regulatory
networks that guide animal development.

Much of our understanding of biology derives from studying how
genetic perturbations manifest in organismal phenotypes'. Forward
mutagenic screens, for instance, provided a foundational knowledge
of genetic networks underlying animal development**. The recent
advent of reverse genetic strategies employing CRISPR has opened
new possibilities for targeted screens that enable rapid linking of
genotypes to phenotypes’. Such targeted approaches, however, have
been limited in scope by cumbersome manual delivery of perturba-
tions to individual animals. We recently developed Multiplexed Inter-
mixed CRISPR Droplets (MIC-Drop) as a technique for high-
throughput generation of libraries of barcoded mutant zebrafish®. In
a MIC-Drop screen, a library of intermixed droplets is created and
injected dropwise into zebrafish embryos at the single-cell stage to
generate a pool of whole-animal mutants. Each droplet contains
unique Cas9/guide RNA (gRNA) complexes targeting a single gene
alongside a unique DNA barcode to facilitate rapid genotyping. We

previously employed MIC-Drop to rapidly identify regulators of car-
diac development, demonstrating its power to expand the scale of
reverse genetic screens in zebrafish’.

Genetic screens of laboratory animals are often limited to easily
observable phenotypes best suited for detection by simple visual
assays. However, many developmental phenotypes are subtle or lack
obvious morphological changes, rendering them invisible to conven-
tional screening methods. Furthermore, many experimental measures
of phenotype are qualitative or bespoke to specific systems, making
them difficult to compare across experiments and laboratories. The
advent of high-throughput transcriptional profiling, including single-
cell RNA sequencing (scRNAseq), has provided a means to system-
atically characterize and quantify mutant phenotypes at the cellular
and molecular levels. Single-cell methods have been used to map time-
resolved cell atlases of zebrafish development, providing a baseline to
compare perturbed states in a developing vertebrate®'°. Recent
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methodological advancements in combining embryo barcoding and
combinatorial cell indexing have enabled the generation of genetic
perturbation atlases of early development for dozens of mutants in
parallel. These datasets have enabled the simultaneous comparison of
dozens of mutants and revealed previously uncharacterized develop-
mental phenotypes™ ' By pooling samples, these methods circumvent
the conventional requirement for separate housing and sequencing of
animals with different genotypes. However, challenges persist in
scaling up the number of profiled mutants, as the labor and complexity
involved in embryo-level indexing impose practical limitations on
screen size.

Approaches that couple multiplexed perturbation delivery with
pooled scRNAseq offer a scalable platform for single-cell CRISPR
screens. Methods such as Perturb-seq and CROP-seq use sequencing of
gRNA-linked molecular barcodes, allowing genotypes to be assigned at
the cellular level across hundreds of perturbations within a single
experiment ™. These tools have allowed the identification of unique
cell states and changes in gene regulatory networks caused by per-
turbing genes in cultured cells'*™®, Perturb-seq has been extended to
organ-targeted in vivo systems, allowing the characterization of many
knockout phenotypes within clonal populations in the brains of indi-
vidual mice using viral vectors'. Existing in vivo Perturb-seq approa-
ches, however, fail to capture early developmental phenotypes that
would manifest in full knockout animals, and can be confounded by
interactions between clones with different genotypes in the same
mosaic tissue. A whole-animal Perturb-seq approach, where each
individual has a single-gene knockout, is therefore needed to fully
characterize the developmental function of genes in vivo.

Here we present MIC-Drop-seq, a technique that couples rapid,
multiplexed CRISPR perturbation with scRNAseq from pooled whole-
animals. We demonstrate that MIC-Drop-seq enables effective geno-
type inference by gRNA capture in mutant cells and recapitulates
known mutant phenotypes at the cellular level. Using MIC-Drop-seq
for a screen of 50 transcription factors, we discover and validate roles
for several genes in brain and mesoderm development. We demon-
strate that disruptions of transcription factors often cause pervasive
yet gene-specific cell-extrinsic effects, indicating that transcription
factors frequently alter cellular behaviors beyond the cells in which
they are expressed and highlighting the unique advantages that come
from performing Perturb-seq experiments in animals. Overall, our
findings showcase the utility of MIC-Drop-seq for high-throughput
screens of animal development, enabling the mapping of genotypes to
phenotypes across dozens of genes in parallel in a single experiment.

Results

MIC-Drop-seq enables multiplexed embryo phenotyping
MIC-Drop-seq uses a simple workflow to create and pool animals with
different mutant genotypes for multiplexed scRNAseq (Fig. 1a). As in
MIC-Drop®’, sets of droplets containing Cas9/gRNA complexes tar-
geting different genes are intermixed to form a library. Cohorts of
zebrafish embryos are injected at the single-cell stage with a single
droplet from the library, so that each embryo has a single gene
mutated. Pooled mutant embryos are dissociated into a single-cell
suspension of mixed genotypes and prepared for transcriptional
profiling. To facilitate demultiplexing of mutant genotypes, MIC-Drop-
seq uses direct capture and sequencing of gRNA. We used gRNAs with
a modified scaffold that incorporates a capture sequence compatible
with 10X Genomics feature barcoding” (Supplementary Fig. 1a). We
validated that these gRNAs persist for days after injection (Supple-
mentary Fig. 1b) and were highly active for CRISPR mutagenesis in
zebrafish embryos (Supplementary Fig. 1c). This approach enables the
unified capture of both mRNA and gRNA from each cell in pools
derived from zebrafish embryos with mixed genotypes, enabling
multiplexed generation and single-cell transcriptomic profiling of
many whole-animal mutants in a single experiment.

As a proof-of-concept, we performed a small MIC-Drop-seq screen
targeting seven transcription factors with well-characterized mutant
phenotypes (tbx16, tbxta, cdx4, foxa2, hoxblb, rx3, and hand?), as well
as a non-transcription factor control gene (tyr). A set of droplets was
created for each gene target, with each droplet containing 4 unique
gRNAs targeting the gene of interest and Cas9 protein, followed by
intermixing to form a MIC-Drop library (Supplementary Data 1). These
droplets were used to inject a cohort of embryos at the single-cell
stage. A set of 40 individuals were then dissociated in a single pool at
24 hours post-fertilization (hpf) and processed together in a single
super-loaded 10X channel. After sequencing the barcoded gRNA
library, read thresholds were established to filter out ambient gRNA
reads (see Methods). With these criteria, gRNAs were confidently
detected in 71% of cells, with a median of 15 gRNA molecules recovered
from each classified cell (Fig. 1b). Sequencing of gRNA targeting
regions revealed that most cells had gRNAs targeting a single gene,
while a smaller subset had gRNAs that targeted multiple genes (Fig. 1c).
We reasoned that these cells represent doublets created by super-
loading cells during microfluidic library preparation. Indeed, the pro-
portion of cells with guides targeting multiple genes matched the
expected doublet rate from super-loading. Computational doublet
classification demonstrated that cells with gRNAs targeting multiple
genes had characteristics of multiplet artifacts (Supplementary Fig. 2a)
and were more likely to be assigned as doublets (Supplementary
Fig. 2b)?°. We therefore considered these cells to be technical doublets
and removed them from the dataset. The mutant genotype of the
remaining 21,994 cells was inferred based on the sequence of the
captured gRNAs, recovering a range of 661 to 2,198 cells per targeted
gene (Supplementary Fig. 3a, b).

We determined the efficiency of CRISPR mutagenesis in our MIC-
Drop-seq experiment using pooled amplicon sequencing of genomic
DNA from the remaining dissociated cells at each of the predicted cut
sites. As expected, CRISPR mutagenesis induced frequent deletions in
regions adjacent to gRNA cut sites (Supplementary Fig. 3c). For each
gene, we calculated the frequency of indels at the target cut sites and in
experimental and wild-type cells. We then compared indel frequency
at the site with the highest indel rate to the frequency of predicted
mutant genotypes among cells in the dataset. The proportion of edited
DNA and predicted mutant genotypes were highly correlated, indi-
cating a high efficiency of mutagenesis (Fig. 1e). Furthermore, a con-
servative estimate of cumulative frameshift probability was high for
each target (75-99%), calculated across the amplified cut sites (Sup-
plementary Fig. 3d). Thus, the MIC-Drop-seq protocol induced high
rates of CRISPR mutagenesis, similar to previous MIC-Drop
experiments’.

We evaluated whether MIC-Drop-seq could recapitulate known
developmental phenotypes. Two of the transcription factors we tar-
geted have well-characterized roles in somitogenesis, each causing
distinct changes in the abundance of specific mesodermal cell types.
Embryos harboring mutations in tbx16 have patterning defects in trunk
somites and an accumulation of uncommitted presomitic mesoderm?.
Conversely, mutations in tbxta result in the failure to specify pre-
somitic mesoderm and do not make posterior somites’. We performed
dimensionality reduction and clustering on the dataset, yielding 35 cell
clusters (Fig. 1d), which were annotated by label transfer from the
Daniocell reference atlas® (Supplementary Fig. 4a—c). Cluster annota-
tions were manually verified by examining marker gene expression and
represent all tissue types known to be present in the 24 hpf embryo
(Supplementary Data 2). We computed the proportion of cells in the
presomitic mesoderm cluster for each genotype. Consistent with the
known mutant phenotypes, we observed a ~ 4-fold enrichment of tbx16
mutant cells and a-~10-fold depletion of tbxta mutant cells in the
presomitic mesoderm relative to the control tyr mutant cells (Fig. 1f,g).
Additionally, rx3 mutant embryos have defects in the specification of
retinal neurons from early forebrain progenitors, resulting in an
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eyeless phenotype®. Consistent with this phenotype, we observed a
depletion of rx3 mutant cells among all retinal cell types compared to
tyr mutant cells (Supplementary Fig. 5a, b). Therefore, MIC-Drop-seq is
capable of detecting phenotypes that enrich or deplete particular
cell types.

Some mutant phenotypes manifest as a result of altered gene
expression without changing the abundance of any cell type. To

determine whether MIC-Drop-seq can also detect these phenotypes,
we tested for differential gene expression between mutant genotypes
in each cell type. cdx4 has a well characterized role in regulating hox
family gene expression domains in the spinal cord”*. We identified
cdx4 mutant cells in the spinal cord and compared their gene
expression profile to all other non-cdx4 mutant cells in these clusters
(Fig. 1h). Consistent with the known phenotype, expression of hoxb9a,
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Fig. 1| MIC-Drop-seq enables multiplexed single-cell phenotyping of mutant
zebrafish embryos. a Overview of MIC-Drop-seq. b Histogram of gRNA molecule
counts per cell (quantified by Unique Molecular Identifiers, UMIs) for cells with an
assigned mutation. ¢ Quantification of the number of cells in the dataset with no
gRNAs detected (0), gRNA(s) targeting a single gene target (1) or gRNAs targeting
multiple genes (2 +). d UMAP embedding of 24 hpf zebrafish cells from the MIC-
Drop-seq experiment. Cell clusters are classified by color and are further described
in Supplementary Data 2. e Comparison of observed DNA editing frequency and
inferred genotypic composition of sequenced cells. The percentage of cells clas-
sified with the indicated genotype among all labeled cells was calculated (black)

and compared to the observed indel frequency from bulk genomic DNA at the
highest efficiency of the four cut sites for each gene (gray). f, h Subsets of UMAP
embeddings that highlight cells with the predicted genotype indicated (black) vs
other cells (gray) in the f presomitic mesoderm and h spinal cord cluster(s).

g Quantification of the percent of cells from the indicated genotype in the pre-
somitic mesoderm cluster. i Gene expression violin plot comparing selected hox
gene expression in cdx4 mutant cells compared to all other cells in the spinal cord
cluster. elavl3 is a common marker of spinal cord cells whose expression is
unchanged. Source data are provided as a Source Data file. Created in BioRender.
Carey, C. (2026) https://BioRender.com/zlfrclu.

hoxcéb, and hoxa9a was significantly downregulated among cdx4
mutant spinal cord cells (Fig. 1i, Supplementary Fig. 5c). Taken toge-
ther, these experiments demonstrate that MIC-Drop-seq is a reliable
and sensitive method for multiplexed mutant phenotyping with cel-
lular resolution.

MIC-Drop-seq screen of 50 developmental genes

We next applied MIC-Drop-seq in a large-scale screen in an effort to
discover uncharacterized developmental phenotypes. We selected a
set of 50 transcriptional regulator genes that are variable in expression
across cell types in the 24 hpf zebrafish embryo and highly expressed
in at least one cell type (Supplementary Fig. 6a, see Methods for
details). These transcription factors are expressed across a wide vari-
ety of cell types and have roles in development that range from well-
characterized to mostly uninvestigated (Supplementary Fig. 6b).

A MIC-Drop library containing droplets targeting these 50 genes
for mutagenesis was generated and injected into 1,000 zebrafish
embryos (Supplementary Data 3). To facilitate downstream statistical
analysis, injected embryos were split into pools of 250 embryos,
representing four biological replicates (Fig. 2a). Each pool was inde-
pendently dissociated into single-cells and sequenced at 24 hpf. As in
the previous experiment, gRNA was captured and sequenced from
overloaded cells, yielding similar rates of cells with single, multiple, or
no gRNA types assigned (Supplementary Fig. 6¢), and a median of 5
gRNA molecules recovered per cell (Supplementary Fig. 6d). After
integration, filtering, and clustering, we recovered 226,492 cells dis-
tributed across 74 cell clusters (Fig. 2b, Supplementary Data 4). Cell
types were again assigned with reference-based label transfer and
broadly classified as either Neural, Mesoderm/Endoderm, or Non-
neural ectoderm (Fig. 2b, Supplementary Data 4). Genotypes were
confidently assigned in 135,881 cells, with each of the 50 genes
represented in each of the 4 replicates with an average of 2,718 cells
per genotype (Supplementary Fig. 6e).

To characterize mutant molecular phenotypes, we examined how
each transcription factor disruption changed gene expression across
all major cell types in the embryo. Differential gene expression testing
leveraged the four biological replicates and revealed pervasive cell-
type specific gene expression profiles for each mutant (Fig. 2c).
Overall, transcription factor disruptions resulted in a median of 12
affected cell types (>10 Differentially Expressed Genes (DEGs)) per
genotype (Supplementary Fig. 7a). Some DEGs appeared repeatedly
across all perturbed cell types and mutant genotypes (Supplementary
Fig. 7b). Among these frequently observed DEGs, there was an
enrichment for genes involved in Notch signaling, neurogenesis, cell
cycle regulation, and stem cell differentiation, consistent with the roles
of the targeted transcription factors in regulating embryonic devel-
opment (Supplementary Fig. 7c).

Mutations in developmental regulators can alter cell type differ-
entiation trajectories and change the abundance of different tissues or
cell populations. We tested whether each of the 50 gene disruptions
produced detectable changes in the abundance of cell types in the 24
hpf embryo. For each perturbation, fold-changes in cell counts were
calculated for each replicate, enabling significance testing of

enrichment or depletion of each cell cluster (Fig. 2d). Overall, changes
in cell type abundance were less common than transcriptional phe-
notypes, with a median mutant having only a single major cell type
with significantly altered abundance (Supplementary Fig. 8a).

Together, these analyses demonstrate the ability of MIC-Drop-seq
to comprehensively profile cellular and molecular phenotypes for
hundreds of mutant animals in parallel. This rich dataset contains
phenotypic reference information across hundreds of perturbation/
cell type combinations. We created a web-based interactive tool to
facilitate community exploration of the differential gene expression
and cell type abundance data (link).

MIC-Drop-seq reveals transcriptional and cellular phenotypes
The molecular and cellular phenotypes generated and observed from
MIC-Drop-seq serve as testable hypotheses for experimental valida-
tion, enabling the discovery of biological functions of target genes.
Using orthogonal methods, we validated several previously unde-
scribed phenotypes identified in our analyses. Transcriptional reg-
ulator meoxI (mesenchyme homeobox 1) is a critical mesoderm
regulator involved in somitogenesis, axial skeleton formation, and
mesenchymal cell function®?. Loss-of-function mutations in meoxI
are associated with congenital scoliosis and vertebral fusions, known
as Klippel-Feil syndrome, in both humans and in zebrafish®**, The
specific set of effector genes that are dysregulated in meoxI mutants
that manifest this phenotype, however, has not been determined. At 24
hpf, meoxI is highly expressed in paraxial mesoderm cell types. Among
these cells, we detected a significant reduction in expression of a set of
secreted extracellular matrix proteins in meoxI mutant cells (Fig. 3a).
These factors, including cartilage oligomeric matrix protein (comp),
are specifically co-expressed with meoxI in paraxial mesoderm at 24
hpf (Fig. 3b), but have not previously been shown to be altered in
meoxI mutants. To validate these findings, we injected embryos with
Cas9/gRNA complexes targeting meoxI and examined comp expres-
sion with in situ hybridization. In contrast to control injected embryos
(Fig. 3c), meox1 gRNA-injected embryos showed a loss of comp
expression in myosepta and tailbud mesoderm, while retaining comp
expression in the notochord (Fig. 3d). Comp has a well-documented
role in matrix function, and mutations in this gene are commonly
associated with disorders of the joints and skeleton in humans®. Thus,
our finding of dysregulated comp expression in meoxI mutants
demonstrates the ability of MIC-Drop-seq to uncover localized devel-
opmental phenotypes for clinically relevant genes.

Developmental phenotypes can manifest as depletion or accu-
mulation of different cell types. From the MIC-Drop-seq dataset, sev-
eral transcription factor deletions resulted in changes in neural cell
type abundance in the developing brain (Fig. 2d). We validated these
phenotypes in the optic tectum and the hypothalamus / preoptic area
(POA), two cell clusters where multiple mutants had altered cell
abundance. In the optic tectum, mafba, neurodl, and nkx2.7 mutant
cells appeared enriched while sox11b cells were depleted based on cell
count data (Fig. 3e and Supplementary Fig. 8b). We identified gata2a as
a marker gene for the optic tectum, similar to the orthologous Gata2,
which marks photorecipient neurons in the mammalian tectum®
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(Fig. 3f). In situ hybridization of gata2a confirmed the expansion of the  a marker of the hypothalamus / POA precursors® (Fig. 3j), in soxIIb

optic tectum in the brains of neurod1, mafba,

nkx2.7 and a decrease in  gRNA-injected embryos confirmed a depletion of these cells compared

sox11b gRNA-injected embryos (Fig. 3g, h). We observed similar to control injected embryos, while rx3 gRNA-injected embryos showed

dynamic changes in cell abundance in the cell

cluster correspondingto  a marked increase in dlxIa expression domain (Fig. 3k, 1). Critically,

a ventral forebrain region encompassing hypothalamus and POA, none of the affected mutants showed changes in expression of marker
where eyeless rx3 mutant cells are enriched and soxI1b cells are genes gata2a and dixla on a per-cell basis (Supplementary Fig. 9a, b).
depleted (Fig. 3i, Supplementary Fig. 8b). In situ hybridization of dixIa, These mutants also did not cause unexpected changes to other
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Fig. 2 | A 50 gene MIC-Drop-seq screen for early zebrafish development phe-
notypes. a Schematic of MIC-Drop-seq experiment. A MIC-Drop library was con-
structed with droplets targeting a set of 50 highly expressed transcription factors
(see Methods) and injected into 1000 embryos. Embryos were divided at 24 hpf
into 4 replicate groups of 250 and separately dissociated into single cells for
sequencing. b UMAP embedding of 226,492 cells derived from MIC-Drop injected
zebrafish embryos. Cluster numbers indicate individual cell types; colors indicate
broad tissue classifications. Full cluster annotations are detailed in Supplementary
Data 4. ¢ Heatmap of differential gene expression in prominent cell types (>800
recovered cells). Color scale indicates the total number of differentially expressed
genes (DEGs) in each cell type in cells with the indicated perturbation compared to
all other classified cells in the cluster. Total DEG counts (up or downregulated) are

shown for each cell type (row) and perturbation (column). Cells are grouped by
tissue categories: Neural, Mesoderm + Endoderm, and Non-neural Ectoderm +
Neural Crest (NNE + NC). d Bubble plot of differentially abundant cell types in
prominent cell types (> 800 recovered cells). Cell counts were used to calculate the
fold change in cell abundance for each mutant genotype in every cell type (bubble
size), while g values were calculated using hooke® (color scale), and signed cor-
responding to a depletion (- sign, blue) or enrichment ( + sign, red) for each cell
type. Changes in cell abundance with g <0.05 and absolute log,FC of > 0.5 are
shown. Cell clusters with no detected cell abundance changes in any mutant were
omitted. Source data are provided as a Source Data file. Created in BioRender.
Carey, C. (2026) https://BioRender.com/7zmkxz0.
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Fig. 3 | MIC-Drop-seq enables discovery of transcriptional and cellular pheno-
types. a Gene expression bubble plot comparing expression of a set of secreted
extracellular matrix factors in meoxI mutant vs other cells in the somitic mesoderm
(myotome, sclerotome, presomitic mesoderm, and early somite clusters). tcf15 is a
marker of somitic mesoderm and is unchanged in meoxI mutant cells. b Gene
expression feature plots for meoxI and comp. Somitic mesoderm clusters are
highlighted inside the dashed line. ¢, d Colorimetric RNA in situ hybridization of
comp mRNA in ¢ control and d meoxI gRNA injected 24 hpf embryos. Scale bars =
400 um. e Quantification of cell type abundance in the optic tectum cluster. The
percentage of cells in the cluster is shown for each indicated mutant genotype, with
individual dots representing values from the 4 replicate pools (n =4 biological
replicates per genotype), compared to all other genotypes across replicates (Other,
n=188 observations). Differential cell abundance was tested using Hooke>® with
Poisson-Lognormal models. Hooke q values for highlighted perturbations: neurodl
q=4.13x1073, nkx2.7 q=0.012, mafba q = 0.025, sox11b q = 0.035. f Gene expres-
sion feature plot of gata2a; optic tectum cluster is encircled (dashed line).

g Representative dorsal-view colorimetric RNA in situ hybridization images for
gata2a mRNA are shown for 24 hpf zebrafish embryos injected with the indicated
gRNA. Scale bars = 100 um. h Quantification of gata2a stain area for embryos
injected with the indicated gRNA (control n =8, soxI1b n=10, mafba n=9, neurodl
n=8, nkx2.7 n=8 embryos; each data point represents one individual embryo).

i Quantification of cell type abundance in the hypothalamus / preoptic area (POA)

cluster. The percentage of cells in the cluster is shown for each mutant genotype,
with individual dots representing values from the 4 replicate pools (n = 4 biological
replicates per genotype), compared to all other genotypes across replicates (Other,
n=196 observations). Differential cell abundance was tested using Hooke>® with
Poisson-Lognormal models. Hooke q values for highlighted perturbations: rx3
q=2.02x1073, soxIIb q = 0.024. j Gene expression feature plot of dlxIa expression
in the single-cell dataset, hypothalamus / POA cluster is encircled (dashed line).

k Representative dorsal-view images of colorimetric RNA in situ hybridization of 24
hpf zebrafish embryos for dixIa mRNA are shown for the indicated genotype. Scale
bars = 400 um. I Quantification of dixIa stain area in 24 hpf embryos injected with
the indicated gRNA (control n =10, soxI11b n=10, rx3 n=11 embryos; each data
point represents one individual embryo). Significance testing in h and I was per-
formed with one-way ANOVA followed by two-sided Dunnett’s post-hoc test
comparing each mutant to control. For panel h: F(4,38) =44.65, p=7.24 x 1014
Dunnett’s p values: control vs soxI1b p =0.026, 95% CI [ - 2069, -108]; control vs
mafba p =1.50 x 10719, 95% CI [2328, 4337]; control vs neurodl p=7.30 x 1077, 95%
ClI [1457, 3524]; control vs nkx2.7 p = 0.015, 95% CI [207, 2274]. For panel I:

F(2,28) =43.24, p=2.74 x 10~%; Dunnett’s p values: control vs soxIIb p=0.0043,
95% CI [ - 4533, -823]; control vs rx3 p=7.50 x 1076, 95% CI [2649, 6274]. In all box
plots, the center line represents the median, box bounds represent the 25th and
75th percentiles, and whiskers extend to 1.5x the interquartile range (IQR); outliers
are shown as individual points. Source data are provided as a Source Data file.

structures including the notochord (Supplementary Fig. 9f, g). In the
hindbrain, while mafba mutants displayed reduced rhombomere 5
(RS) width (Supplementary Fig. 9¢), this phenotype is consistent with
the established role of mafba in hindbrain patterning®™**. Other
mutants showed no changes in rhombomere size (Supplementary
Fig. 9c-e), demonstrating the specificity of the described mutant
phenotypes. Together, these data validate several transcriptional and
cellular phenotypes identified by MIC-Drop-seq, demonstrating its use
to discover previously uncharacterized regulators of tissue develop-
ment from large-scale pooled datasets.

MIC-Drop-seq detects indirect developmental effects

During development, cells frequently influence each other’s behavior
through direct contact or secreted signals. These cell-extrinsic
effects (also called non-cell autonomous or indirect effects) can be
triggered by transcription factors acting within one cell type but
affecting others. Such interactions are difficult to predict in whole
animals and often absent in simplified cell culture systems. We rea-
soned that our large MIC-Drop-seq dataset, containing transcrip-
tional profiles from 50 mutant genotypes, provides an opportunity to
systematically identify and classify these cell-extrinsic phenotypes.
To distinguish direct from indirect effects, we established clear
definitions (Fig. 4a): phenotypes are “cell-intrinsic” when the dis-
rupted transcription factor is expressed in the affected cell type,
“lineage-intrinsic” when expressed in progenitor populations but not
the affected 24 hpf cell type, and “cell-extrinsic” when the factor is
not expressed in the affected cell type or its developmental lineage.
We integrated our MIC-Drop-seq data with Daniocell, a time-course
scRNAseq atlas of zebrafish embryogenesis®, and used published
lineage relationships®® to build a simplified developmental tree
tracking cell types from early blastula through 24 hpf (Fig. 4b). This
allowed us to trace whether each transcription factor was expressed
at any point during each cell type’s developmental history (Supple-
mentary Fig. 10a).

We next classified transcriptional phenotypes using these defini-
tions across all 50 mutants in each cell type. The number of differen-
tially expressed genes (DEGs) varied widely across cell type/
perturbation combinations, with most showing few or no changes. We
set a threshold of >10 DEGs to define a meaningful transcriptional
phenotype, capturing the top 30% of observations (Supplementary
Fig.10b). For each affected cell type, we determined whether the target
transcription factor was expressed in the affected cell type or its

lineage using expression data from Daniocell (see Methods), classify-
ing each as cell-intrinsic, lineage-intrinsic, or cell-extrinsic (Fig. 4c).

We sought to address two questions about transcription factor
function during development: first, how commonly do transcription
factors exert cell-extrinsic effects, and second, does target gene
expression predict phenotype occurrence and strength? Strikingly,
classification of each transcriptional phenotype based on target gene
expression history revealed that cell-extrinsic effects were the most
common phenotype class by raw count, accounting for over half of
all observed effects (Fig. 4d), a pattern that held across a range of
different DEG thresholds (Supplementary Fig. 10c, d). Examining all
cell type/perturbation combinations stratified by target gene
expression showed that transcriptional responses occurred more
frequently when targets were expressed in the affected cell type or
its lineage (Fig. 4e), and these cell types showed higher average DEG
counts (Fig. 4f). Thus, while cell-extrinsic effects represent the
dominant transcriptional phenotype class, transcription factor per-
turbations still generally produce stronger effects in cells where they
are expressed. Taken together, most cell types exhibiting transcrip-
tional responses to perturbations in our dataset do so through cell-
extrinsic mechanisms, demonstrating the prevalence of indirect
interactions in development.

To verify the veracity of cell-extrinsic phenotypes observed by
MIC-Drop-seq, we focused on vascular cell types, which displayed cell-
extrinsic phenotypes in multiple mutants. For example, disrupting
tp63, a transcription factor critical for epidermal cell development®,
caused a decrease in venous cell abundance (Supplementary Fig. 11a)
and altered gene expression in all vascular cell types, indicating aty-
pical vascular development (Supplementary Fig. 11b). These pheno-
types are unexpected, given that ¢p63 is not expressed in vascular cells
but is instead restricted to the epidermis (Supplementary Fig. 11c). To
verify dysregulated vascular development in tp63 mutants, a trans-
genic kdrl:GFP zebrafish line was used to compare vascular patterning
in embryos injected with either tp63-targeting or control gRNAs. At 24
hpf, tp63 mutants displayed altered caudal vein plexus (CVP) mor-
phology (Fig. 4g). At 48 hpf, vascular development remained dis-
rupted, with failure to form typical vascular fenestrations in the CVP of
tp63 mutants (Fig. 4g) and decreased CVP width (Fig. 4h). Notably,
while length of intersegmental vessels (ISVs) remained unchanged
(Supplementary Fig. 11d), optical flow analysis revealed defects in
erythrocyte transit in tp63 mutants (Supplementary Fig. 11e), including
a significant decrease in the number of ISVs with detectable flow
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(Fig. 4i). Co-injection of tp63 mRNA partially rescued these vascular
phenotypes, with embryos showing restoration of CVP morphology,
width, and blood flow, confirming the specificity of these defects to
tp63 loss-of-function (Fig. 4g-i). Intussusceptive angiogenesis in the
CVP is linked to shear force supplied from cardiac output®, and p63
null mice have defects in heart formation®. While tp63-injected zeb-
rafish embryos had defects in skin formation (Supplementary Fig, 11f),
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no changes in heart rate were apparent (Supplementary Fig. 11g).
These defects in early vasculogenesis could therefore be the result of
altered physical forces stemming from an improperly formed epi-
dermal layer. Together, these findings demonstrate how the unbiased
whole-animal datasets generated by MIC-Drop-seq can detect unanti-
cipated emergent phenotypes, even in cell types where the target gene
is not expressed.
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Fig. 4 | MIC-Drop-seq reveals pervasive cell-extrinsic effects of transcription
factor disruption. a Schematic of classification of perturbation types. Perturbed
cell types with significant differential gene expression can be a result of direct
cellular effects (target gene currently expressed in perturbed cell type), direct
lineage effects (target expressed only in precursor cells of the same lineage), or
indirect effects (target not expressed in perturbed cell type or its precursors).

b Map of zebrafish cell lineage differentiation trajectories. Each cell type label is
derived from the Daniocell reference dataset, with literature-based lineage con-
nections. ¢ Categorical map of perturbation effects. Detected phenotypes were
classified as cell-intrinsic when the target gene is expressed in the affected cell type
(dark blue) or precursor cells (light blue), while phenotypes in cell types with no
history of expression were classified as cell-extrinsic (yellow). Clusters with <10
DEGs are classified as not affected (white). d Proportion plot of each perturbation
type within the dataset. Totals and percentages for each perturbation type are
indicated. e, f Transcriptional responses were grouped by target gene expression
context for each measured cell type: target gene not expressed in the affected cell
type (not expressed), target gene expressed only in lineage precursors (lineage), or
target gene expressed in the cell type (cell type). For each expression scenario:

e bars show the frequency of transcriptional phenotypes observed (>10 DEGs).

f bars show the mean number of differentially expressed genes. g Representative
greyscale fluorescence images of Caudal Vein Plexus (CVP) and posterior trunk of

kdrl:GFP labeled transgenic embryos injected with control gRNA, tp63 gRNA, or
tp63 gRNA + tp63 mRNA at 24 and 48 hpf. Blue arrows highlight CVP fenestrations in
control embryos. Scale bar = 100 um. h, i Quantification of vascular phenotypes at
48 hpfin embryos injected with control gRNA, tp63 gRNA, or tp63 gRNA + tp63
mRNA (control n=10, tp63 n =11, tp63+ mRNA n =11 embryos for panel h; control
n=10, tp63 n=10, tp63 + mRNA n =10 embryos for panel i; each data point
represents one individual embryo) measuring h width of the Caudal Vein Plexus
(CVP) and i number of Intersegmental Vessels (ISVs) with detectable flow. Statistical
significance was assessed using one-way ANOVA followed by two-sided Tukey’s
post-hoc test. For panel h: ANOVA F(2,29) =15.46, p =2.69 x 10~5; Tukey’s p values:
control vs tp63 p=1.56 x 1075, 95% CI [ - 38.8, —14.9]; control vs tp63 + mRNA
p=0.017, 95% CI [ - 26.2, -2.34]; tp63 vs tp63 + mRNA p = 0.032, 95% CI [0.953,
24.2]. For panel i: ANOVA F(2,25) = 24.02, p = 1.51 x 107%; Tukey’s p values: control vs
tp63 p=9.89 x 1077, 95% CI [ - 12.3, -5.74]; control vs tp63 + MRNA p=6.10 x 1074,
95% CI [-8.70, -2.34]; tp63 vs tp63 + mRNA p = 0.030, 95% CI [0.296, 6.66]. In all
box plots, the center line represents the median, box bounds represent the 25th
and 75th percentiles, and whiskers extend to 1.5x the interquartile range (IQR);
outliers are shown as individual points. Source data are provided as a Source Data
file. Created in BioRender. Carey, C. (2026) https://BioRender.com/vxn9jb2,
https://BioRender.com/xjdsd2x.

Discussion

Profiling mutant phenotypes with scRNAseq provides a way to com-
prehensively map the link between genotype and the networks of
genes, cells, tissues, and organs underlying animal development. In
this report, we present MIC-Drop-seq as a technique for pooled CRISPR
screening in whole zebrafish embryos with cellular resolution pheno-
typing across all embryonic cell types. MIC-Drop-seq is related to
existing multiplexed scRNAseq technologies like CROP-seq and Per-
turb-seq, but offers several differentiating features that enable its use
in whole animals. CROP-seq and Perturb-seq similarly rely on sequen-
cing gRNA-linked molecular barcodes to index mutant genotypes, but
have been limited to screens of cultured cells, constraining the scope
of observable phenotypes to a subset of molecular networks active in a
handful of cell types'®**™*°, In-vivo Perturb-seq uses transduction of
CRISPR-containing viral particles to create clones with differing
mutant genotypes within individual animals'®*'. This approach, while
useful for studying tissue-specific regulatory networks, fails to capture
earlier developmental phenotypes of the targeted genes or to isolate
gene-specific cell-extrinsic effects. MIC-Drop-seq uses gene disruption
at the zygotic stage, where mutations are rapidly generated and
inherited by early progenitors during development, enabling whole-
animal developmental phenotypes to be profiled with cellular resolu-
tion at scale. Furthermore, MIC-Drop-seq uses injection of purified
Cas9 RNP complexes instead of viral vectors, dramatically reducing the
possibility of genotyping errors from ambient gRNA or cells infected
with multiple viral vectors. These features make MIC-Drop-seq a highly
efficient platform that could be scaled to study hundreds to thousands
of whole-animal mutants in parallel.

The cellular-level comparisons made possible by MIC-Drop-seq
enable detection of phenotypes that would otherwise be difficult to
detect by conventional observation methods or would not manifest in
vitro. For example, we identified and validated widespread cell abun-
dance changes in the developing brain of soxI1b mutant embryos,
which appear visually indistinguishable from wildtype siblings and
have been classified as developmentally normal in previous studies***>.
Furthermore, our transcriptomic profiling revealed extensive changes
in the makeup of the myosepta extracellular matrix in meoxI mutants,
despite only having a visible phenotype at much later stages of
development. While recent studies have also leveraged parallel
scRNAseq of multiple mutant embryos to detect such cryptic devel-
opmental phenotypes”, MIC-Drop-seq meaningfully increases
throughput by enabling rapid delivery and demultiplexing of pertur-
bations. Indeed, our approach enabled the simultaneous collection of

phenotypic information for 50 mutants across 74 embryonic cell types
in a single experiment carried out by a small team in a single day. This
unbiased approach revealed pervasive cell-extrinsic phenotypes,
including an unexpected emergent phenotype in the vasculature of
embryos with disrupted tp63, a transcription factor that is expressed
only in ectoderm in the 24 hpf embryo.

Our MIC-Drop-seq experiments focused on the 24 hpf zebrafish
embryo, but further modifications might enable a broader set of
applications. MIC-Drop-seq is in principle compatible with any species
where embryos are amenable to injection at the zygotic stage. While
we demonstrate efficient gRNA sequence recovery at 24 hpf zebrafish
embryos, studying later developmental time points will likely result in
lower recovery as the gRNAs are diluted and degraded. DNA barcodes
or chemically-stabilized gRNAs could enhance genotype recovery at
later stages*‘. Another challenge of whole-animal scRNAseq as a phe-
notyping method is the detection of transcriptional effects in low-
abundance cell types. Small sample sizes can reduce statistical power
and increase the risk of both false positives and false negatives in
differential expression testing. To mitigate these risks, we applied a
conservative threshold requiring >800 recovered cells per cluster for
inclusion in our analysis. Statistical power for rare cell types could be
improved by leveraging emerging scRNAseq technologies that enable
profiling of larger cell numbers across additional replicates**¢, or by
using cell sorting to enrich specific populations of interest prior to
screening. Combining MIC-Drop-seq with oligonucleotide-based
indexing of individual embryos, as implemented in approaches like
ZSCAPE™?, could further aid in enhancing mutant cell recovery
through genotype imputation from cells where gRNAs are not
recovered.

MIC-Drop-seq is a flexible phenotyping platform that can be
integrated with other perturbation types or single-cell methods in the
future. For example, combining MIC-Drop-seq with scATAC or
scCUT&TAG" would enable deeper probing of developmental gene
regulatory networks. MIC-Drop-seq could be used to deliver and
characterize the combinatorial effects of chemical and genetic per-
turbations in pharmacogenetic screens. More precise genome engi-
neering methods, like base or prime editing*®, could enable the
simultaneous profiling of phenotypes of panels of specific genetic
variants. Finally, MIC-Drop-seq could be coupled with other quantita-
tive and high-throughput measures of phenotype, including body
morphology, neural activity, and behavior. Phenotypic data from sys-
tematic perturbation screens like these can be used to train predictive
models of animal development*™. Large-scale molecular
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phenotyping of mutant animals with methods like MIC-Drop-seq will
be crucial to providing training data to bridge the gap between
molecular and higher-order organismal phenotypes. Such models will
aid in connecting, interpreting, and predicting the gene regulatory
networks that build a functional animal.

Methods

Ethics statement

All experiments were performed on Zebrafish (Danio rerio) strain
TuAB. Experiments were approved and performed in accordance with
University of Utah Institutional Animal Care and Use Committee pro-
tocols #00001701 and #00001487 and Northwestern University
Institutional Animal Care and Use Committee protocols #1S00027025
and #IS00026745. Disaggregation by sex was not applicable to the
experiments in this manuscript because embryos were profiled prior
to sex determination.

Oligonucleotide synthesis

All DNA oligonucleotides (PCR primers, gRNA synthesis templates)
were ordered as unmodified custom single-stranded DNA oligonu-
cleotides or ultramers from Integrated DNA Technologies (IDT).

Guide RNA design for feature barcoding

Guide RNAs (gRNAs) targeting the genes-of-interest were designed
using CHOPCHOP as previously described®”*’. Briefly, four gRNAs
targeting each gene were filtered from CHOPCHOP output based on
the following criteria: (1) target sites of 20 bp length that start with GN,
(2) non-overlapping target sites targeting the first half of the coding
sequence, (3) gRNAs with predicted on-target efficiency score of >40,
(4) gRNAs with GC content of 45-75%, (5) gRNAs without poly Ts
(TTTT), and (6) gRNAs with no predicted off-targets with 3 bases or
fewer mismatches. In cases where gRNAs with no off-targets could not
be identified, gRNAs that contain at least 3 mismatches at the off-target
sites were used. gRNAs that contain at least one mismatch within the
seed region were prioritized. Target sites for all genes are listed in
Supplementary Data 1 and 3.

DNA template synthesis and in vitro transcription (IVT)
Gene-specific forward oligos (5-ATTTAGGTGACACTATA GNy
GTTTAAGAGCTAAGCTGGAAACA-3', where GNjo refers to the sgRNA
target/spacer sequence) containing an SP6 promoter were ordered at
500 pmol scale from IDT. The sgRNA universal reverse oligo contain-
ing the capture sequence (5AAAAAAAGCACCGACTCGGTGC-
CACTTGGCCTTGCTAGGACCGGCCTTAAAGCGGCCAAGTTGA-
TAACGGACTAGCCTTATTTAAACTTGCTATGCTGTTTCCAGCT-
TAGCTCTTAAAC-3) was ordered from IDT as an ultramer. To generate
the DNA template for IVT, a fill-in PCR was performed as described
previously with slight modifications®. Briefly, a 50 uL mix was assem-
bled containing 2uM forward gene-specific oligo, 2uM universal
reverse oligo, 1x HF buffer, 200uM dNTPs (Invitrogen, cat. no.
10297018), 3% DMSO, 1 U of Phusion polymerase (NEB, cat. no.
MOS535L). The fill-in reaction was performed in a thermal cycler at the
following conditions: 98 °C for 2min, 50°C for 10 min, 72°C for
10 min. This DNA template was cleaned up using a PCR cleanup kit
(Zymo Research, cat. no. D4024). DNA templates for the four gRNAs
targeting each gene were then pooled and used for in vitro tran-
scription (IVT). IVT was performed using a MEGAScript SP6 kit (Invi-
trogen, cat. No. AM1330) per manufacturer’s protocol. Briefly, a 10 uL
IVT mix was assembled containing 5 mM of NTPs, 1x reaction buffer, 1
U RNase inhibitor (Thermo Scientific, cat. no. EO0381), 1x SP6 enzyme
mix, and 20 ng/uL pooled template DNA. The sample was incubated at
37 °C overnight after which 10 pL nuclease free water and 1 uL of 2 U/uL
Turbo DNase I was added, and the sample incubated for an additional
20 minutes. RNA cleanup was performed using a ZR96 RNA Clean and
Concentrator-5 (Zymo Research; cat. no. R1080) kit per manufacturer’s

instruction. RNA concentration was determined using a Nanodrop and
RNA integrity verified using gel electrophoresis.

MIC-Drop library design and injection

3% FS-HFE was prepared by dissolving 1g of 008-fluorosurfactant
(Ran Biotechnologies, cat. no. 008-Fluorosurfactant) in 33.3 mL of
HFE-7500 (3 M, cat. no. Novec 7500). A 21.5 uL ribonucleoprotein
(RNP) complex targeting each gene containing 200 ng/uL gRNAs,
3.36 uM EnGen Cas9 (NEB, cat. no. M0646M) and 1x NEB buffer
r3.1 (NEB, cat. no. B6003S) was assembled and incubated at room
temperature for 5-10 min. 3.5uL of 0.5% phenol red dye (Sigma-
Aldrich, cat. no. P0290-100 mL) was added to each sample and
mixed. The droplets containing RNP were generated using a
BioRad QX200 droplet generator (BioRad, cat. no. 1864002) as
previously described®’. Briefly, 20 uL of RNP mix was transferred
to wells labeled ‘sample’ of a QX 200 cartridge (BioRad, cat. no.
1864007). 70 uL of 3% FS-HFE was added to the wells labeled ‘oil’.
The cartridge was sealed using the provided rubber gasket and
loaded in the droplet generator. Droplet generation starts as soon
as the lid is closed. Droplets for 8 samples were generated
simultaneously from a single cartridge. The droplets were care-
fully transferred to PCR strip tubes containing 50 uL 3% FS-HFE.
To generate the MIC-Drop library, equal volume of droplets for
each sample were pooled into a separate PCR tube containing
50 uL 3% FS-HFE. The droplets were gently mixed to get an even
distribution and stored at 4 °C. 3-5uL of the intermixed droplets
were transferred to a microinjection needle (World Precision
Instruments, cat. no. TW100F-3) using a microloader tip (Eppen-
dorf, cat. no. 5242956003). A single droplet per embryo was
injected as previously described®’. Injected embryos were trans-
ferred to a petri dish (30-50 embryos/petri dish) in E3 medium
containing methylene blue and incubated at 28.5°C.

Embryo dissociation and single-cell library preparation

Dead and severely deformed embryos were removed at 24 hpf. For the
pilot experiment, 40 total injected embryos were pooled. Dissociation
of embryos was performed similarly to previously published
protocols®™. 1mL of 1X FACSmax (Fisher Scientific, cat no. T200100)
solution was added to the sample and incubated at 28 °C for 20 min.
To generate a single-cell suspension, the sample was pipetted up and
down 10 times every 5min using a P1000 pipette. Cells were then
passed through a 40 um strainer and centrifuged at 310 g for 5 min-
utes, washed once with 1X FACSmax solution, and resuspended in
phosphate buffered saline (Thermo Fisher Scientific, cat no.14190094)
with 0.5% bovine serum albumin (Thermo Fisher Scientific, cat no.
BP9706100). Cell viability of >90% was determined for each sample
using Acridine Orange (Thermo Fisher Scientific, cat no. A1301) and
Propidium lodide (Thermo Fisher Scientific (cat no. P1304MP)) stain-
ing. For the screen of 50 transcription factors, after removing any dead
and severely deformed embryos at 24 hpf, injected embryos were split
into four pools of approximately 250 individuals each. Each pool was
dissociated into a single-cell suspension as described earlier. Each pool
of dissociated cells was split into four parts, for a total of 16 samples.
Each sample was loaded and processed on a 10X Chromium controller
using Next Gem 3.1.

Gene expression matrix generation and genotype assignment

Single-cell RNA sequencing transcriptome reads were processed using
Cell Ranger software from 10X Genomics and aligned to the GRCz11
v4.3.2 zebrafish reference genome®. Gene expression count matrices
were generated using the Cell Ranger default settings. A custom
reference was used containing the sequence of each gRNA protospacer
(Supplementary Data 1 and Supplementary Data 3) to generate a
separate CRISPR gRNA count matrix for each sample. To distinguish
ambient gRNA reads from injected gRNAs, a Gaussian mixture model
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(Cell Ranger software, 10X Genomics) was used to set UMI thresholds
for each detection of each gRNA species. Predicted genotypes were
assigned to each cell based on the presence of gRNA using these
thresholds. Cells with no guide RNA counts exceeding the UMI
threshold were assigned “Not Determined”. Cells with gRNA counts
exceeding UMI thresholds for multiple gene targets were assigned as
“Multiple”. Cells with detectable gRNAs for a particular gene were
assigned as having that mutant genotype. In silico doublet detection
was performed with scDblFinder®.

Dimensionality reduction, clustering and cell cluster labeling
Quality control filtering was implemented to remove cells with >15% of
reads mapping to mitochondrial RNA, and cells with fewer than 200
unique detected genes. Cells with gRNA counts for multiple genes
were considered doublets and removed from the dataset. Filtered
gene expression matrices were log normalized and used to identify
variable features for scaling and dimensionality reduction. When
multiple sequencing runs were used to generate a dataset, the samples
were merged into a single dataset using the data integration functions
in Seurat before dimensionality reduction and clustering.

Cell clusters were annotated in two steps. First, a reference atlas
was used containing labeled cell types from the Daniocell atlas of
zebrafish development, using time points between 21 and 26 hpf®. The
reference atlas was used to generate transfer anchors using the prin-
cipal component analysis reference reduction using the TransferData
function in Seurat®®, generating a predicted cell type label for each cell
in the dataset. Cell cluster labels were then assigned based on a con-
sensus of predicted cell types. Predicted cell types were verified and
adjusted using marker gene expression (Supplementary Data 2 and
Supplementary Data 4).

Determination of CRISPR editing frequency

A subset of the pool of cells used for single-cell RNA sequencing
library preparation were retained for analysis of DNA editing at each
target locus. Genomic DNA was extracted by lysing the cells in 1x PCR
lysis buffer (10 mM Tris (pH 8), 2mM EDTA, 0.2% Triton X-100)
containing 0.2mg/mL Proteinase K (MilliporeSigma, cat no.
3115887001). The RNase H2-dependent PCR platform (Integrated
DNA Technologies) was used for pooled amplification of each cut
site, according to the manufacturer’s specifications. Briefly, pooled
primers were designed and produced by IDT to amplify each CRISPR
cut site using the provided design tool. To avoid overlapping PCR
products, the reactions were split into two pools. For each pool, a
20 ul PCR reaction was created containing 2 ng gDNA, 250 uM of each
primer, and 1X rhAmpSeq library mix. A second PCR reaction was
performed to add sequencing adapters and a sample index, followed
by AMPure XP bead purification. Libraries were generated for both
experimental MIC-Drop injected embryo cells as well as wild-type
control cells. Each library was sequenced using an Illumina MiSeq
instrument with a Micro 150 cycle Paired End Sequencing Kit v2. The
IDT rhAmpSeq CRISPR Analysis Tool was used to assess DNA editing
frequency at each locus. DNA editing was quantified by the presence
of nucleotide insertions or deletions (indels) in individual reads
compared to each amplicon reference sequence. For each target
gene, the gRNA with highest indel frequency was used as a con-
servative estimate of editing frequency (Fig. 1e). Frameshift rates
were calculated using the ampliCan R package for each of the indi-
vidual gRNA targeting sites®. Frameshift frequencies were normal-
ized to the proportion of cells with the corresponding inferred
genotype in the single-cell dataset. Because intragenomic frameshift
frequency could not be directly measured, we calculated a cumula-
tive frameshift probability for each target gene. This was calculated
by determining the complement of the product of wild-type allele
frequencies across all four sites: 1 - [(1-X1) % (1-X2) x (1-X3) x (1-X4)],

where X; represents the frameshift frequency at each gRNA
target site.

Differential gene expression analysis

In the pilot dataset (Fig. 1), which did not include biological replicates,
differential gene expression was calculated with a Wilcoxon rank sum
test as implemented in Seurat™. Tests were performed by first sub-
setting cells from each cluster, then comparing gene expression in
cells of each mutant genotype against all other classified cells in the
cluster.

For the 50 gene MIC-Drop-seq screen, differential gene expres-
sion testing was performed using pseudobulk analysis using edgeR™®
for each genotype in each cell type. First, a subset was created for each
cell type with more than 800 total cells, removing any cells with
undetermined genotype (ND). Next, aggregate read count libraries
were generated for each cell type and genotype, grouped by biological
replicate. Each library was filtered by expression and normalized prior
to differential gene expression testing with the glmQLFit test in edgeR.
Genes with an FDR <0.05 and an absolute value log,FC greater than
0.5 were considered differentially expressed.

Differential cell abundance analysis

Cell counts were tabulated for each mutant genotype in each cell
cluster across each biological replicate pool, excluding cells with
undetermined genotype (ND). Hooke* (https://github.com/cole-
trapnell-lab/hooke), an extension of the Monocle3 package®®, was
used to test for differential cell abundance using cell count data.
Abundance fold change and significance testing used Poisson-
Lognormal models (PLNmodels)®. Estimated cell abundances were
used to calculate positive or negative log,FC in cell abundance in
mutant cells compared to all other cells in each cluster. Cell type
abundance changes were considered significant with an FDR <0.05
and an absolute log,FC of > 0.5.

Determination of cell extrinsic and cell intrinsic effects

To determine the lineage history of gene expression for each targeted
gene, the Daniocell dataset was downloaded and subsetted to include
cell types and time points present from 3-24 hpf®. Average expression
of each factor was calculated for every cell type and time point. Line-
age relationships were manually curated based on prior studies™*®,
Gene expression values for each target in each cluster were scaled to a
range of 0-1. Factors were considered expressed if the scaled expres-
sion value exceeded 0.2 in the cell type at 24 hpf. Transcriptional
phenotypes were classified for each cell type with a threshold of 10
differentially expressed genes (absolute log,FC>0.5, FDR<0.05).
Phenotypes were classified as cell-intrinsic when the cell type or its
lineage precursors expressed the factor or were otherwise classified as
cell-extrinsic.

Zebrafish FO mutant validation

FO CRISPR injected embryos for validation experiments were gener-
ated using the same gRNAs as were employed in the 50 gene MIC-
Drop-seq screen (Supplementary Data 3). Control injections contained
equimolar amounts of Cas9 with gRNAs that do not target any locus in
the zebrafish genome. 1-1.5nL of the RNP was injected into zebrafish
embryos at the single-cell stage. The RNP injection mixture contained
100 ng/puL gRNAs, 2uM EnGen Cas9 NLS (NEB, cat no. MO646M), 1x
Buffer r3.1 (NEB, cat no. B7203S) and 0.1% Phenol Red. At 24 hpf,
embryos were manually dechorionated and fixed in 4% Paraf-
ormaldehyde Solution in Phosphate Buffered Saline (ChemCruz, cat
no. sc-281692) overnight at 4 °C. Fixed embryos were washed with PBS
and either taken directly into in situ hybridization staining protocols or
washed with successive washing of 50% and 100% methanol for short
term storage at 4 °C.
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In situ hybridization

Antisense probes for in situ hybridization were generated by first PCR
amplifying genomic regions from gDNA extracted from TuAB
embryos®’. Primers were designed incorporating T7 RNA polymerase
promoter sequences for amplifying probes for gata2a (forward 5-
CACTGACCATGAAGAAGGAG-3, reverse: 5-GGATCCTAATAGACT
CACTATAGGGAAAGCAAAGGAAGTACTCATGG-3), dixla (forward: 5-
AACCTTTGAGCGAG TTTGTG-3, reverse: 5’GGATCCTAA-
TACGACTCACTATAGGGAAAGTCCAACATT CTCGTAGT GC-3'), comp
(forward: 5-GCCAAACTCATCACCATCAAAT-3’, reverse: 5-GGATCC
TAATACGACTCACTATAGAGAG CTTTCTTTGGGCCACTT-3’), and
egr2b (forward: 5- CCCTCTTGCCGATAGCATCT-3, reverse 5-
GTTGGAAAAAGCCGGCGTAG-3'). The resulting purified PCR products
were used as templates for in vitro transcription using the Roche
Digoxigenin labeling kit (Sigma, cat. no. 11175025910). In situ hybridi-
zation procedure was performed as described previously®*. For probe
hybridization, 50 ng of purified RNA probe was incubated overnight at
70 °C in 200 pl hybridization mix containing 5% Dextran sulfate.

In situ imaging and quantification

Stained embryos were mounted in glycerol and imaged with a Leica
M205 dissecting microscope. For comp, tbxta, and egr2b in situs,
embryos were oriented laterally. For gata2a and dlxla in situs,
embryos were oriented for dorsal viewing. To quantify the staining
area in gata2a and dlxla stained embryos, color deconvolution was
performed in ImageJ to isolate blue hues. Images were cropped to
isolate the head and an 8-bit pixel intensity threshold of 0-230 was
applied to measure stained area. Total pixel area within the threshold
was quantified and normalized by dividing by the measured width of
the head anterior to the eye. For egr2b in situs, pixel width measure-
ments were taken at rhombomere 3 and rhombomere 5 at the ventral
edge of the embryo. Notochord width was measured above the ter-
minus of the yolk extension for tbxta in situs. Notochord, rhombomere
3, and rhombomere 5 width measurements were normalized to the
width of the trunk at the beginning of the yolk extension to account for
embryo size.

Gene ontology enrichment analysis

The top 50 most frequently occurring DEGs were selected from all
genotypes in prominent cell types (>800 recovered cells). Gene
ontology term enrichment analysis was performed on the gene list
using metascape express analysis via the web portal (https://
metascape.org)®.

Vasculature imaging and quantification

Zebrafish embryos were raised in E3 media until reaching shield stage
and then transferred to E3 media with 0.003% N-phenylthiourea (PTU,
Sigma Aldrich) to block pigmentation. Embryos from kdrl:GFP+ in-
crosses were screened for fluorescence using a Zeiss fluorescent ste-
reoscope. Confocal microscopy was performed using a Zeiss LSM700
confocal microscope on larvae anesthetized in 3-amino benzoic acid
ethyl ester (Tricaine, Sigma Aldrich) in E3 at 0.2 mg/ml and embedded
in 1% low-melting agarose in 35mm glass bottom dishes (MatTek
Corporation, Part No. P35G-0.170-14-C). Optical sectioning through
the trunk of embryos generated Z-stacks of the developing vasculature
with 3.028 um or 5.400 um steps between slices and centered around
the developing caudal vein plexus just posterior to the yolk extension.
Maximum intensity Z-projections were generated using ImageJ (NIH)
software. The width of the CVP and ISV length were measured at the
location of the first ISV posterior to the yolk extension in image).

Optical flow analysis

To visualize blood flow in caudal vein plexus and intersomitic vessels,
embryos were anesthetized in tricaine and embedded in 1% low-
melting agarose. Videos capturing blood flow through the tail

vasculature were recorded using a Leica Flexacam C5 mounted on a
stereoscope. All videos were recorded at 30fps and were at least
10 seconds in duration. The FlowJ plugin integrated into ImageJ was
used to measure optical flow. The default central slice of each video
was set as the central slice and the Lucas Kanade algorithm with
Gaussian derived gradient method, and Gaussian 1D regularization was
used to compute optical flow. Parameters were set as follows: X-s =2, X-
t=2,1t=175, X-w=175.

Embryo editing efficiency with rx3 capture sequence-

modified gRNAs

Zebrafish embryos at the single-cell stage were injected with 1-1.5nL of
RNP containing 100 ng/uL of either capture sequence-modified gRNAs
or gRNAs without the capture sequence, 2 uM EnGen Cas9 NLS (NEB,
cat no. M0646M), 1x Buffer r3.1 (NEB, cat no. B7203S) and 0.1% Phenol
Red. Missing eyes phenotype, characteristic of loss of the rx3 gene, was
assessed at 72 hpf and the number of embryos that showed a complete
lack of eye development were tallied.

Modified gRNA qPCR

Zebrafish embryos at the single-cell stage were injected with RNP
containing capture sequence-modified gRNAs as described earlier. For
each sample, 10 embryos at each of the following stages (6 hpf, 12 hpf,
24 hpf, 36 hpf, 48 hpf, 60 hpf, 72 hpf, 84 hpf, 96 hpf, and 120 hpf) were
collected, dechorionated and washed three times with PBS. The
embryos were flash frozen in liquid nitrogen and stored in =80 °C until
ready for RNA extraction. RNA was extracted using a miRNeasy kit
(Qiagen, cat no. 217084) following manufacturer’s instructions.
Homogenization of the tissue was performed using a handheld
mechanical tissue grinder (Fisher Scientific, cat no. 12-141-361). A total
of 1000 ng of the extracted RNA was reverse transcribed using
QuantiTect reverse transcription kit (Qiagen, cat no. 205313) per
manufacturer instructions. gRNA barcode-specific primer (5-
TTGCTAGGACCGGCCTTAAAGC-3’) at 500 nM was used for reverse
transcription. qRT-PCR was performed on a 7500 Fast Real-Time PCR
system (Thermo Fisher Scientific). A 10 uL qRT-PCR reaction mix con-
tained 500 nM forward primer (5-GACACTATAGATCTGCCAGACG-3'),
500 nM reverse primer (5-GGACTAGCCTTATTTAAACTTGCTATG-3),
1.25 ng/ul cDNA, and 1x PowerUp SYBR Green master mix (Fisher, cat
no. A25742). PCR cycling conditions were 50 °C for 2 min, 95 °C for
2min, [95°C for 15s, 60 °C for 15, 72 °C for 1 min]x 40 cycles and a
melt curve analysis at 95 °C for 15 s, 60 °C for 1 min, 95 °C for 30 s and
60 °C for 15s.

tp63 mRNA rescue

Codon-optimized gene sequence for ANp63 was ordered as custom
gene synthesis in the pEXP-IDT expression plasmid. The DNA template
was amplified using forward primers appending an SP6 promoter site
to the 5 of the template (5-ATTTAGGTGACACTA-
TAGGAGCCACCATGCTGTACCTCGAGAC-3') and reverse primers spe-
cific to the 3 terminus of the mRNA sequence (5-
TCACTCACCCTCTTCTTTTATACG-3’). mRNA was transcribed and
poly(A) tailed using a SP6 mMessage mMachine transcription kit
(Thermo Fisher Scientific, cat # AM1340), and a poly(A) tailing kit
(Thermo Fisher Scientific, cat # AM1350), following the manufacturer’s
protocol. 1-1.5 nL of RNP containing 100 ng/pL gRNA, 2 pM Cas9, and
300 ng/pL mRNA was injected in embryos at 1-cell stage. Phenotyping
was performed as described in the “Vasculature imaging and quanti-
fication” and “Optical flow analysis” sections.

Statistics and reproducibility

Statistical analyses were performed in R. For imaging-based and in situ
hybridization experiments, differences between experimental groups
were assessed using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test when comparing multiple mutant conditions
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to a single control, or by Tukey’s post hoc test when all pairwise
comparisons were of interest, such as in tp63 mRNA rescue experi-
ments. Two-sided unpaired t-tests were used where only two groups
were compared. Sample sizes (n) represent individual embryos unless
otherwise stated. For rhombomere width analyses, measurements of
rhombomeres 3 and 5 were obtained from the same set of embryos but
were analyzed separately. Exact test statistics, degrees of freedom,
tails, confidence intervals, effect sizes, and P values for all embryo-level
comparisons are reported in Supplementary Data 5. All experiments
involving embryo imaging in the manuscript main figures were repe-
ated a minimum of 2 times with similar results. The control in situ
hybridization experiments in supplementary fig. 9 confirming no
unexpected changes in cell abundance were not repeated. No statis-
tical method was used to predetermine sample sizes. No data were
excluded from the analyses. The experiments were not randomized.
The Investigators were not blinded to allocation during experiments
and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data and feature-barcode count matrices gener-
ated in this study have been deposited in the NCBI Gene Expression
Omnibus (GEO) database under accession code GSE315445. The pro-
cessed single-cell RNA sequencing data, including annotated Seurat
objects and metadata, generated in this study have been deposited to
Zenodo [https://doi.org/10.5281/zenodo.18602858]. Source data are
provided with this paper.

Code availability

Custom code for the MIC-Drop-seq pipeline and downstream single-
cell analysis is available at GitHub [https://github.com/clay-carey/MIC-
Drop-seq] under an MIT license. The version of the code used to
generate the results presented in this study is archived on Zenodo
[https://doi.org/10.5281/zenodo.18615355]. Analyses were performed
in R (v4.4.0) using Seurat (v5.3.1), edgeR (v4.2.2), monocle3 (v1.3.7),
PLNmodels (v1.0.4.200), and hooke (v0.0.1). Raw scRNAseq data was
processed using Cell Ranger (v5.0.0) for alignment and gene expres-
sion matrix generation. A comprehensive list of software dependen-
cies is provided in the repository’s README file.
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