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Within a relatively short period of time, single cell transcriptome analyses (SCT)
have become increasingly ubiquitous with transcriptomic research, uncovering
plentiful details that boost our molecular understanding of various biological
processes. Stemming from SCT analyses, the ever-growing number of newly
assigned genetic markers increases our understanding of general function and
development, while providing opportunities for identifying genes associated with
disease. SCT analyses have been carried out using tissue from numerous
organisms. However, despite the great potential of zebrafish as a model
organism, other models are still preferably used. In this mini review, we focus
on eye research as an example of the advantages in using zebrafish, particularly its
usefulness for single cell transcriptome analyses of developmental processes. As
studies have already shown, the unique opportunities offered by zebrafish,
including similarities to the human eye, in combination with the possibility to
analyze and extract specific cells at distinct developmental time points makes the
model a uniquely powerful one. Particularly the practicality of collecting large
numbers of embryos and therefore isolation of sufficient numbers of developing
cells is a distinct advantage compared to other model organisms. Lastly, the
advent of highly efficient genetic knockouts methods offers opportunities to
characterize target gene function in a more cost-efficient way. In conclusion,
we argue that the use of zebrafish for SCT approaches has great potential to
further deepen our molecular understanding of not only eye development, but
also many other organ systems.
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Introduction

The advent of new scientific methods always greatly contributes to discoveries and drives
progress. For molecular biologists it could be argued that two of the most recent highly
impactful techniques developed have been CRISPR-based gene manipulations and single cell
transcriptome (SCT) analyses (Jinek et al., 2012; Xue et al., 2016; Adli, 2018; Adil et al., 2021;
Nidhi et al., 2021; Mishra et al., 2022). Both techniques greatly influenced the advancement
of science. While the use of the CRISPR-based systems for genetic knockouts is well
established, single cell transcriptome analyses are a relatively recent addition to the toolkit
and the peak of its use and thereby its full potential might still be to come. Accordingly, the
use of single cell transcriptomes is likely to continue to evolve with additional optimization of
the chemistry involved and removal of current limitations, such as low read depth compared
to bulk RNA sequencing. In this mini review, we are aiming to summarize the application of
single cell transcriptome analyses and discuss the current use and overall potential of using
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Cluster analysis

Zebrafish development as a model for eye tissues used for SCT analyses. (A) The transparency of zebrafish larvae makes them ideal to follow
fluorescent cells throughout different stages of their development. (B) These cells can then easily be isolated by using FACS. Thereby, only the cells of
interest are collected for analysis while non-desirable cells are sorted out. In this visualization, the cells from different developmental stages are depicted
in different colors to highlight their origin. (C) The bioinformatical tools to analyze SCT data are progressing continuously and illustrated in a cartoon.

A cluster analysis sorts the cells into groups according to their gene expression profiles, enabling the identification of present cell types. In this example, it
is shown that clusters and thereby cell types can be composed of cells from different developmental time points.

zebrafish as a model for analyzing temporally dynamic
developmental events. To illustrate the potential of zebrafish in
SCT analysis we will focus on recent approaches taken to examine

zebrafish ocular development.

The approach of single cell transcriptome
analyses

Analyzing the transcriptome not only of whole tissues but of
individual cells, opens completely new doors for understanding gene
expression and its regulation. In the last few years, the application of
this method exploded, ever increasing our knowledge about gene
expression of specific tissues or cell types (Kanter and Kalisky, 2015;
Xue et al., 2016; Farrell et al., 2018; Wagner et al., 2018; Adil et al.,
2021; Mishra et al., 2022). In SCT analysis, individual cells are loaded
onto a microfluidic chip and processed in such a fashion, that
resulting cDNA libraries can retrospectively be assigned to a specific
cell with high accuracy. Alternatively, a recently developed method
named particle-templated instant partition sequencing (PIP-seq)
avoids microfluid processing. Instead, it entails barcoding the cDNA
after the cells were individually encapsulated in an emulsion (Clark
et al,, 2023). During the subsequent bioinformatical analysis, cells
get sorted into groups, depending on their gene expression profiles
(Figure 1). Thereby, we can examine individual and lineage
associated cell expression from complex tissues. This leads to a
detailed insight into the transcriptomic profiles of the studied tissues
by applying current bioinformatics analysis tools like Seurat or
Monocle that enable prediction of potential genetic interactions
and regulatory networks (Trapnell et al., 2014; Satija et al., 2015). For
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example, in one of the pioneering studies, Wagner et al. pointed out
the importance of chordin for the early development of the zebrafish
larvae (Wagner et al, 2018). Ultimately, this can help unravel
regulatory interactions and networks of genes crucial for cell
development and maintenance. Naturally, this new information
can prove to be highly useful when it comes to understanding
and treating the occurrence of genetic disorders.

The eye as a study object

Vision is one of the most fundamental processes in our daily life
and vision impairment can have a negative impact on the quality of
life. Further, the eye is of particular interest for SCT analysis for
multiple reasons. It is a highly complex organ, composed of a variety
of tissues that are in turn made of different cell types (Chow and
Lang, 2001; Sinn and Wittbrodt, 2013; Miesfeld and Brown, 2019).
The probably best-known part of the eye is the retina, the neuronal
layer in the posterior segment of the eye. This layer alone already
includes the photoreceptor cells (i.e., rods and cones), bipolar cells,
horizontal cells, amacrine cells and retinal ganglion cells, which are
necessary to detect light and initiate the signal transduction after
light detection (Diacou et al., 2022). Non-retinal ocular components
such as the often-neglected retinal pigment epithelium (RPE), or the
anterior segment are also composed of multiple tissues including
cornea, ciliary body, lens and trabecular meshwork which in turn
require many specific cell types. All these cell types have their
characteristic gene expression profiles and require specific
interactions and regulations to differentiate. Moreover, the
different components of the eye are derived from different
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embryonic tissues (Cvekl and Tamm, 2004; Soules and Link, 2005).
For instance, while some components of the anterior segment are
derived from periocular mesenchyme cells, others originate from
cranial mesoderm. Thus, for a healthy eye to develop, these
embryonic tissues must be orchestrated and organized by a fine-
tuned network of interacting genes (Zuber et al., 2003; Sinn and
Wittbrodt, 2013). A single mistake in this developmental process
can lead to a severely negative impact on eye function and ultimately
even lead to blindness. Furthermore, any attempts to engineer cells
in vitro (via approaches such as iPSC) for the purpose of in vivo
treatment will require precise understanding of the pathways
involved in differentiation and specification. As such, detailed
examination of early developmental stages is of particular interest
to examine and characterize.

Single cell transcriptome analysis in
developmental biology

The popularity of SCT analyses has drastically increased within
the last few years. This led to the identification of gene expression
profiles for several different organ systems and cell types in different
species (Klein et al., 2015; Briggs et al., 2018; Pandey et al., 2018; Cao
et al,, 2019). Novel types of neurons were specificized in the part of
the zebrafish forebrain called habenular. The gene nrpla was found
to be specific for the left habenular and there was a general difference
in left and right genetic profiles among the neurons (Pandey et al.,
2018). Further, SCT analyses of Xenopus tropicalis showed that the
onset of several cell types, such as endothelium, is earlier than
previously assumed (Briggs et al., 2018). Also, direct comparison
between bulk RNA sequencing and SCT analyses showed that the
latter should be preferably used when studying individual cell types
since the former cannot be as precise (Hegenbarth et al., 2022).

Analyses of retinal tissues alone have been so substantial that
metadata analyses have already been performed singularly on retina
specific data (Macosko et al., 2015; Welby et al., 2017; Phillips et al.,
2018; Clark et al., 2019; Voigt et al,, 2019; Lu et al., 2020; Swamy
et al, 2021; Yi et al,, 2021). The outcomes of these studies have
demonstrated for instance, that cones cannot specify properly
without the gene atoh7 (Lu et al, 2020), gene expression of
Miiller glia cells differs among regions within the eye (Vi et al,
2021) and that NFI transcription factors play roles throughout eye
development (Clark et al., 2019), pointing to the importance of SCT
analyses. However, our understanding of eye development is far
from complete. One of the issues with many popular model
organisms is gathering sample tissue from multiple subsequent
time points during development (Hegenbarth et al, 2022). The
main limiting factors for this are the high costs of the SCT procedure
and limited access to appropriate tissue, e.g., human donor organs
(Welby etal., 2017; Phillips et al., 2018; Lukowski et al., 2019; van Zyl
et al,, 2022). Especially the limited access and ethical restrictions to
embryonic human tissue are the main reasons, why transcriptome
studies including early human development are still rare (Welby
etal,2017; Lu et al,, 2020). While it can be expected that the general
cost for SCT analyses will decrease over the next years, the
problematic access to tissue of different developmental stages will
remain a limiting factor. However, early developmental time points
are of particular importance since gene expression at early stages can
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characterize the involvement of genes responsible for the early onset
of diseases. In this respect zebrafish offer unique advantages.

Advantages of using zebrafish for
developmental single cell transcriptome
analyses

In the following sections we aim to highlight the unique benefits
that zebrafish offer
transcriptomics including sample accessibility, precise tissue

when examining developmental eye

collection and functional analysis of candidate genes.

Sample accessibility

Many SCT studies analyzing ocular components, that do not
include zebrafish, are limited to very few or only a single
developmental stage, which is almost always fully mature
(Shekhar et al., 2016; Phillips et al., 2018; Rheaume et al., 2018;
Lukowski et al., 2019; Voigt et al., 2019; Yi et al., 2021; Ying et al,,
2021; van Zyl et al., 2022). Further, it has already been pointed out
that human donor tissue may already suffer from detrimental effects
of old age (donor >60 years) or postmortem extraction, such as a
reduced number of photoreceptor cells (Lukowski et al., 2019; Yi
et al, 2021). Accordingly, the usefulness of these tissues to
characterize  gene early
developmental processes may be limited. When compared to

expression  regulation  during
other model organisms, zebrafish are well-suited for the study of
early developmental single cell transcriptomes (Parichy, 2015;
Wagner et al., 2018; Teame et al., 2019; Farnsworth et al., 2020;
Farnsworth et al,, 2021; Gautam et al., 2021). The cultivation of
zebrafish in the lab is more cost efficient than that of more popular
models such as mice or rats. Most importantly, the morphological
and physiological organization of the zebrafish eye and the
regulatory signaling pathways are well conserved when compared
to humans (>70% gene conservation), which makes them a great
model to study human eye diseases (Morris, 2011; Gestri et al., 2012;
Link and Collery, 2015; Santhanam et al., 2022). Zebrafish have
external fertilization, a high fecundity rate (a single female can
produce hundreds of embryos per week) and a rapid initial
development, in which the essential components of the eye are
developed by 5days post fertilization (Cvekl and Tamm, 2004;
Soules and Link, 2005). These advantages allow to easily access
and collect high numbers of embryos of any desired developmental
time point quickly without the necessity to surgically remove
offspring from the mother. Thanks to external fertilization, it is
also possible to monitor and regulate the pace of development (by
adjusting the external temperature) which facilitates to access the
exact stages of interest (Briggs et al, 2018; Farrell et al, 2018;
Wagner et al., 2018; Farnsworth et al, 2020). A topic of
particular interest is very early development, ie., tracing cell
development from the fertilized zygote to the early embryo. Two
very detailed analyses have been conducted by Farrell and coworkers
as well as Wagner and coworkers (Farrell et al., 2018; Wagner et al.,
2018). Both studies minutely analyzed multiple developmental time
points within the first 24 h and established the relationships of
transcriptional trajectories of various cell types and states.
Additionally, both compared gene expression patterns of mutant
lines to those of wildtype fish. While Farrell and coworkers found
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FIGURE 2

The use of zebrafish for Single Cell Transcriptome analyses. (A) The key stages of zebrafish eye development from 12 to 120hpf, including important
milestones at the given timepoints. (B) Diagrams of GFP+ cells in the reporter lines Tg(foxc1b:GFP), Tg(foxd3:GFP), Tg(pitx2:GFP), Tg(lmx1b:GFP),
Tg(sox10:GFP), Tg(rx3:GFP) and Tg(xops:GFP) display different migratory behavior and demonstrate that eye tissues have different developmental origins.
(C) Time course SCT data can be analyzed in depth by using pseudotime analysis or cluster comparison as illustrated in the cartoon to determine
changes in gene expression profiles throughout early stages of development. (D) CRISPR/Cas9 knockout efficiency in zebrafish can be as high as 90%.

that nodal mutants lacked mesendodermal cell types, Wagner and
coworkers described an increase in ventral tissues in a chordin
mutant line (Farrell et al., 2018; Wagner et al., 2018). Farnsworth
and coworkers focused their attention to organogenesis of three
early time points (1-, 2- and 5-days post fertilization), identifying
over 200 cell clusters and highlighting gene expression changes of
various cell types during early development (Farnsworth et al,
2020). Another approach has been to make use of the
regenerative capabilities of zebrafish. For example, Celotto and
coworkers induced injury to Miiller glial cells in the retina and
then traced the gene expression profile of these cells over several
time points of their recovery. Thereby, they found that a
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subpopulation of Miiller glial cells is involved in the renewal
process of the recovering retina (Celotto et al., 2023). Clearly,
zebrafish offer an unparallel access to large quantities of various
tissues at any developmental timepoint.

Precise tissue collection

Another critical aspect of SCT analyses is the excision of the
tissue of interest. If the goal of the analysis is to study a specific tissue
alone, it is imperative to include only this respective tissue in the
analysis. The eye is a particularly delicate organ in which layers of
different cell types are closely adjacent or intertwined. This can make
manual isolation of individual cell types extremely difficult or even
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impossible. This increases the risk of accidently cross-contaminating
samples and hence, misidentifying cells and potentially
misinterpreting results. Also, due to the smaller eye size in small
animal models, removing the correct tissue gets increasingly more
challenging. Zebrafish offer a solution for these potential pitfalls,
despite their own relatively small size. It is a well-established fact,
that zebrafish are singularly suited when it comes to establishing
transgenic lines. In these lines the expression of a fluorescent marker
such as GFP or RFP is under the control of a promoter of a specific
gene of interest. This way these transgenic lines can be used to solely
represent a specific cell population of interest and study them in
isolation. While these lines also exist for other model species such as
mice, the expression of these fluorescent markers in transparent
zebrafish larvae offers the unique possibility to trace fluorescent cells
throughout development (Figures 1, 2). Well established transgenic
lines useful for ocular developmental studies include those labeling
the periocular mesenchyme, driven by promoters of: foxclb, foxd3,
pitx2, Imx1b and sox10, retinal marker rx3 which progressively labels
cells associated with the ventral region of the eye and the optic
fissure as well as rod photoreceptor driver XOPS or cone
photoreceptor driver TaC (Figure 2B) (Carmona et al, 2017;
Hernandez et al., 2018; Van Der Meulen et al., 2020; Howard
et al, 2021; Liu et al, 2022). For SCT analysis, this offers the
unique possibility to narrow the analysis down to a specific cell
type during a defined developmental time point as well as to avoid
potential cross-contamination of the sample with cells from non-
wanted tissues. With the help of fluorescent activated cell sorting
(FACS), non-fluorescent cells can simply be sorted out, which allows
the use of only the specifically desired cell type for the analysis. This
method has already been applied successfully to isolate various
neural crest cells including those forming the anterior segment,
but also retinal cells, immune cells and cells of the developing gonads
among others (see Figure 1) (Carmona et al., 2017; Hernandez et al.,
2018; Zhang et al., 2019; Van Der Meulen et al., 2020; Howard et al.,
2021; Tatarakis et al., 2021; Liu et al., 2022; Vocking and Famulski,
2023). Hence, the dissection of the fragile tissue can be avoided
altogether. The base requirement for this is to identify candidate
genes whose expression is specific for a certain cell or tissue type (see
Figure 2B). Establishing a reporter line with a fluorescent marker
under the control of the promoter of this gene will then specifically
mark only the desired cells. While not unique to zebrafish, this
approach is standard in the zebrafish field and considered routine.

Exploring candidate gene function

Thanks to the ease of SCT analyses there is now a flood of
potential eye development regulator candidate genes and the new
challenge is to identify their function (Briggs et al., 2018; Farrell
et al,, 2018; Wagner et al., 2018; Clark et al., 2019; Farnsworth et al.,
2020; Hoang et al., 2020; Farnsworth et al., 2021). For example, klf7
was found to be important for the differentiation of retinal ganglion
cells in different vertebrates (Gautam et al., 2021), while Voigt and
co-workers pointed out the role of bco2 for certain cone
photoreceptors (Voigt et al, 2019). Due to the overwhelming
abundance of candidates, characterizing actual gene functions is a
looming problem that requires a solution. All too often in current
SCT analyses, long lists of genes are given and a potential function in
a certain tissue is claimed without further explanation or exploration
of the actual gene function.
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For functional analyses, zebrafish are again an ideal animal
model. Before performing functional studies, the expression profile
of the candidate gene can be easily and rapidly confirmed via whole
mount in situ (WISH) hybridization experiments (Thisse and
Thisse, 2008). Once a candidate gene with specific expression
pattern has been identified, a great way to explore gene function
is genetic knockout with the CRISPR system (Li et al., 2016; Choi
et al,, 2021). Particularly, the Alt R CRISPR/Cas9 system which has
been demonstrated to be extremely effective in zebrafish, with a
knockout success rate of up to 90% (Hoshijima et al., 2019). In fact,
these injections can lead to bi-allelic cutting and therefore functional
analysis in the FO “crispants” (Figure 2D). This quick and direct
knockout approach can also be supplemented with classical
morpholino knockdowns (Walters et al, 2015). Either way,
preliminary analysis, or screening, of potential candidates can be
fast, inexpensive and even high throughput. These functional
analyses are key not only to identify gene function, but also to
characterize phenotypes resembling known ocular diseases (Choi
et al, 2021; Santhanam et al, 2022). Accordingly, finding
phenotypes created by genetic knockout might translate directly
to known ocular diseases in humans.

Zebrafish developmental single cell
transcriptome application to study of
anterior segment specification and assembly

Zebrafish have been well-established as a model for different
human congenital ocular diseases such as coloboma, retinitis
pigmentosa, glaucoma, holoprosencephaly and anterior segment
dysgenesis (Morris, 2011; Gestri et al., 2012; Link and Collery,
2015; Hong and Luo, 2021; Santhanam et al,, 2022). The general
similarities in ocular development and genetic conservation make
zebrafish a powerful model for the study of ocular disease (see
Figure 2A). To date, most zebrafish-based studies have focused on
retinopathies, but lately zebrafish are also being employed for the
study of anterior segment dysgenesis (Gestri et al., 2012; Richardson
etal., 2017; Hong and Luo, 2021; Seese et al., 2021; Santhanam et al.,
2022; Vocking and Famulski, 2023). Despite some differences in
anatomy, our own group recently suggested that the annular
ligament (AL) of zebrafish can be used as a model for the human
trabecular meshwork, highlighting the potential use of zebrafish as a
glaucoma model (Vocking and Famulski, 2023). In this study, we
collected anterior segment (AS) mesenchyme cells from several
developmental time via FACS and analyzed expression in AS
specific GFP + cells of the anterior segment reporter transgenic
line Tg(foxc1b:GFP). Not only could we identify cell types of the
cornea and AL, but we were also able to follow clusters of these cells
throughout the different timepoints and thereby monitor changes in
their gene expression profiles. We were able to compare our data to
human studies (van Zyl et al., 2020; van Zyl et al., 2022) and found
that human marker genes such as krt4, krt5 and myoc are expressed
in the zebrafish cornea and AL respectively. Moreover, we found
previously unknown markers like h1gd and cndp1 expressed in the AL
which might also play a role in human TM development (Vécking
and Famulski, 2023). This kind of multiple time point analyses
enables the exact determination of the genetic profile of cells during
their development and help identify critical moments of their
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differentiation (Figure 2C) (also see Farnsworth et al, 2020;
Farnsworth et al, 2021). Since studies of human samples are
mostly limited to mature tissues, insights of early timepoints in
model organisms such as zebrafish are crucial to understand early
development. Compared to other study animals, this approach is
most feasible to perform in zebrafish due to ease of tissue collection
and their affordability (Farrell et al.,, 2018; Wagner et al., 2018;
Farnsworth et al., 2020; Farnsworth et al, 2021; Vocking and
Famulski, 2023).

Conclusion

As we hope to summarize with this minireview, zebrafish are a
nearly perfect model organism to use for multi-timepoint vertebrate
developmental single cell transcriptome analysis and subsequent
functional gene analysis.

Combining multiple developmental time points for single cell
transcriptome analysis is a powerful tool to gain insights into
developmental processes critical to the assembly of organs such
as the eye. If this approach gets further combined with the use of
transgenic lines, the examined cells can be limited to a specific group
and their exact role during differentiation and specification. The use
of zebrafish embryos facilitates all these advantages which makes the
zebrafish embryo the ideal model. This has been nicely
demonstrated by several recent studies, including our own, where
different timepoints during development are used to highlight gene
expression changes for cells involved in lens formation, anterior
segment formation as well as differentiating retinal neurons
(Farnsworth et al., 2020; Farnsworth et al, 2021; Vocking and
2023).
opportunity to easily study newly identified candidate genes via
genetic knockout with the Alt R CRISPR/Cas9 system, as
demonstrated by Farrell and coworkers (Farrell et al, 2018).

Famulski, Furthermore, using zebrafish offers the

Accordingly, we encourage the use of zebrafish at it provides
unique opportunities and can therefore significantly increase the

References

Adil, A., Kumar, V., Jan, A. T., and Asger, M. (2021). Single-cell transcriptomics:
Current methods and challenges in data acquisition and analysis. Front. Neurosci. 15,
591122. doi:10.3389/fnins.2021.591122

Adli, M. (2018). The CRISPR tool kit for genome editing and beyond. Nat. Commun.
9 (1), 1911. doi:10.1038/s41467-018-04252-2

Briggs, J. A., Weinreb, C., Wagner, D. E., Megason, S., Peshkin, L., Kirschner, M. W.,
etal. (2018). The dynamics of gene expression in vertebrate embryogenesis at single-cell
resolution. Science 360 (6392), eaar5780. doi:10.1126/science.aar5780

Cao, J., Spielmann, M., Qiu, X., Huang, X., Ibrahim, D. M., Hill, A. ], et al. (2019). The
single-cell transcriptional landscape of mammalian organogenesis. Nature 566 (7745),
496-502. doi:10.1038/541586-019-0969-x

Carmona, S. J., Teichmann, S. A., Ferreira, L., Macaulay, I. C., Stubbington, M. J.,
Cvejic, A., et al. (2017). Single-cell transcriptome analysis of fish immune cells provides
insight into the evolution of vertebrate immune cell types. Genome Res. 27 (3), 451-461.
doi:10.1101/gr.207704.116

Celotto, L., Rost, F., Machate, A., Blasche, J., Dahl, A., Weber, A, et al. Single cell RNA
sequencing unravels the transcriptional network underlying zebrafish retina
regeneration. eLife. 2023;12:RP86507. d0i:10.1101/2023.01.26.525679

Choi, T. Y., Choi, T. I, Lee, Y. R,, Choe, S. K., and Kim, C. H. (2021). Zebrafish as an
animal model for biomedical research. Exp. Mol. Med. 53 (3), 310-317. doi:10.1038/
s12276-021-00571-5

Chow, R. L., and Lang, R. A. (2001). Early eye development in vertebrates. Annu. Rev.
Cell Dev. Biol. 17, 255-296. doi:10.1146/annurev.cellbio.17.1.255

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1213382

impact of developmental SCT studies in the eye or other major
organ systems.

Author contributions

OV and JF wrote the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

This work was funded by the NIH-NEI- ROI1EY027805-
01A1 awarded to JF.

Acknowledgments

The authors would like to thank the members of the Famulski
lab for helpful discussions during the preparation of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Clark, B. S., Stein-O’Brien, G. L., Shiau, F., Cannon, G. H., Davis-Marcisak, E.,
Sherman, T., et al. (2019). Single-cell RNA-seq analysis of retinal development identifies
NFI factors as regulating mitotic exit and late-born cell specification. Neuron 102 (6),
1111-1126 5. doi:10.1016/j.neuron.2019.04.010

Clark, I. C,, Fontanez, K. M., Meltzer, R. H., Xue, Y., Hayford, C., May-Zhang, A., et al.
(2023). Microfluidics-free single-cell genomics with templated emulsification. Nat.
Biotechnol. Epub ahead of print. PMID: 36879006. doi:10.1038/s41587-023-01685-z

Cvekl, A, and Tamm, E. R. (2004). Anterior eye development and ocular
mesenchyme: New insights from mouse models and human diseases. Bioessays 26
(4), 374-386. doi:10.1002/bies.20009

Diacou, R., Nandigrami, P., Fiser, A., Liu, W., Ashery-Padan, R., and Cvekl, A.
(2022). Cell fate decisions, transcription factors and signaling during early retinal
development. Prog. Retin Eye Res. 91, 101093. doi:10.1016/j.preteyeres.2022.
101093

Farnsworth, D. R., Posner, M., and Miller, A. C. (2021). Single cell transcriptomics of
the developing zebrafish lens and identification of putative controllers of lens
development. Exp. Eye Res. 206, 108535. doi:10.1016/j.exer.2021.108535

Farnsworth, D. R, Saunders, L. M., and Miller, A. C. (2020). A single-cell
transcriptome atlas for zebrafish development. Dev. Biol. 459 (2), 100-108. doi:10.
1016/j.ydbio.2019.11.008

Farrell, J. A, Wang, Y., Riesenfeld, S. J., Shekhar, K., Regev, A., and Schier, A. F.
(2018). Single-cell reconstruction of developmental trajectories during zebrafish
embryogenesis. Science 360 (6392), eaar3131. doi:10.1126/science.aar3131

frontiersin.org


https://doi.org/10.3389/fnins.2021.591122
https://doi.org/10.1038/s41467-018-04252-2
https://doi.org/10.1126/science.aar5780
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1101/gr.207704.116
https://doi.org/10.1101/2023.01.26.525679
https://doi.org/10.1038/s12276-021-00571-5
https://doi.org/10.1038/s12276-021-00571-5
https://doi.org/10.1146/annurev.cellbio.17.1.255
https://doi.org/10.1016/j.neuron.2019.04.010
https://doi.org/10.1038/s41587-023-01685-z
https://doi.org/10.1002/bies.20009
https://doi.org/10.1016/j.preteyeres.2022.101093
https://doi.org/10.1016/j.preteyeres.2022.101093
https://doi.org/10.1016/j.exer.2021.108535
https://doi.org/10.1016/j.ydbio.2019.11.008
https://doi.org/10.1016/j.ydbio.2019.11.008
https://doi.org/10.1126/science.aar3131
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1213382

Voécking and Famulski

Gautam, P., Hamashima, K., Chen, Y., Zeng, Y., Makovoz, B., Parikh, B. H,, et al.
(2021). Multi-species single-cell transcriptomic analysis of ocular compartment
regulons. Nat. Commun. 12 (1), 5675. doi:10.1038/s41467-021-25968-8

Gestri, G., Link, B. A,, and Neuhauss, S. C. (2012). The visual system of zebrafish and
its use to model human ocular diseases. Dev. Neurobiol. 72 (3), 302-327. doi:10.1002/
dneu.20919

Hegenbarth, J-C., Lezzoche, G., De Windt, L. J., and Stoll, M. (2022). Perspectives on
bulk-tissue  RNA  sequencing and single-cell RNA sequencing for cardiac
transcriptomics. Front. Mol. Med. 2. doi:10.3389/fmmed.2022.839338

Hernandez, P. P., Strzelecka, P. M., Athanasiadis, E. I., Hall, D., Robalo, A. F., Collins,
C. M, et al. (2018). Single-cell transcriptional analysis reveals ILC-like cells in zebrafish.
Sci. Immunol. 3 (29), eaau5265. doi:10.1126/sciimmunol.aau5265

Hoang, T., Wang, J., Boyd, P., Wang, F., Santiago, C., Jiang, L., et al. (2020). Gene
regulatory networks controlling vertebrate retinal regeneration. Science 370 (6519),
eabb8598. doi:10.1126/science.abb8598

Hong, Y., and Luo, Y. (2021). Zebrafish model in ophthalmology to study disease
mechanism and drug discovery. Pharm. (Basel) 14 (8), 716. doi:10.3390/ph14080716

Hoshijima, K., Jurynec, M. J., Klatt Shaw, D., Jacobi, A. M., Behlke, M. A., and
Grunwald, D. J. (2019). Highly efficient CRISPR-cas9-based methods for generating
deletion mutations and FO embryos that lack gene function in zebrafish. Dev. Cell 51 (5),
645-657 e4. doi:10.1016/j.devcel.2019.10.004

Howard, A. G. T., Baker, P. A., Ibarra-Garcia-Padilla, R., Moore, J. A., Rivas, L. J.,
Tallman, J. J., et al. (2021). An atlas of neural crest lineages along the posterior
developing zebrafish at single-cell resolution. Elife 10, €60005. doi:10.7554/eLife.60005

Jinek, M., Chylinski, K., Fonfara, 1., Hauer, M., Doudna, J. A., and Charpentier, E.
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science 337 (6096), 816-821. doi:10.1126/science.1225829

Kanter, I, and Kalisky, T. (2015). Single cell transcriptomics: Methods and
applications. Front. Oncol. 5, 53. doi:10.3389/fonc.2015.00053

Klein, A. M., Mazutis, L., Akartuna, I, Tallapragada, N., Veres, A., Li, V., et al. (2015).
Droplet barcoding for single-cell transcriptomics applied to embryonic stem cells. Cell
161 (5), 1187-1201. doi:10.1016/j.cell.2015.04.044

Li, M., Zhao, L., Page-McCaw, P. S., and Chen, W. (2016). Zebrafish genome engineering
using the CRISPR-cas9 system. Trends Genet. 32 (12), 815-827. doi:10.1016/j.tig.2016.10.005

Link, B. A,, and Collery, R. F. (2015). Zebrafish models of retinal disease. Annu. Rev.
Vis. Sci. 1, 125-153. doi:10.1146/annurev-vision-082114-035717

Liu, Y., Kossack, M. E., McFaul, M. E,, Christensen, L. N,, Siebert, S., Wyatt, S. R., et al.
(2022). Single-cell transcriptome reveals insights into the development and function of
the zebrafish ovary. Elife 11, €76014. doi:10.7554/eLife.76014

Lu, Y., Shiau, F., Yi, W,, Lu, S., Wu, Q,, Pearson, J. D., et al. (2020). Single-cell analysis
of human retina identifies evolutionarily conserved and species-specific mechanisms
controlling development. Dev. Cell 53 (4), 473-491 €9. doi:10.1016/j.devcel.2020.04.009

Lukowski, S. W., Lo, C. Y., Sharov, A. A,, Nguyen, Q., Fang, L., Hung, S. S, et al.
(2019). A single-cell transcriptome atlas of the adult human retina. EMBO J. 38 (18),
€100811. doi:10.15252/embj.2018100811

Macosko, E. Z., Basu, A, Satija, R., Nemesh, J., Shekhar, K., Goldman, M., et al. (2015).
Highly parallel genome-wide expression profiling of individual cells using nanoliter
droplets. Cell 161 (5), 1202-1214. doi:10.1016/j.cell.2015.05.002

Miesfeld, J. B., and Brown, N. L. (2019). Eye organogenesis: A hierarchical view of ocular
development. Curr. Top. Dev. Biol. 132, 351-393. doi:10.1016/bs.ctdb.2018.12.008

Mishra, T., Bhardwaj, V., Ahuja, N., Gadgil, P., Ramdas, P., Shukla, S., et al. (2022).
Improved loss-of-function CRISPR-Cas9 genome editing in human cells concomitant
with inhibition of TGF-beta signaling. Mol. Ther. Nucleic Acids 28, 202-218. doi:10.
1016/j.omtn.2022.03.003

Morris, A. C. (2011). The genetics of ocular disorders: Insights from the zebrafish.
Birth Defects Res. C Embryo Today 93 (3), 215-228. doi:10.1002/bdrc.20211

Nidhi, S., Anand, U., Oleksak, P., Tripathi, P., Lal, J. A., Thomas, G., et al. (2021).
Novel CRISPR-cas systems: An updated review of the current achievements,
applications, and future research perspectives. Int. J. Mol. Sci. 22 (7), 3327. doi:10.
3390/ijms22073327

Pandey, S., Shekhar, K., Regev, A., and Schier, A. F. (2018). Comprehensive
identification and spatial mapping of habenular neuronal types using single-cell
RNA-seq. Curr. Biol. 28 (7), 1052-1065 7. doi:10.1016/j.cub.2018.02.040

Parichy, D. M. (2015). Advancing biology through a deeper understanding of
zebrafish ecology and evolution. Elife 4, €05635. doi:10.7554/eLife.05635

Phillips, M. ], Jiang, P., Howden, S., Barney, P., Min, ], York, N. W, et al. (2018). A novel
approach to single cell RNA-sequence analysis facilitates in silico gene reporting of human
pluripotent stem cell-derived retinal cell types. Stemn Cells 36 (3), 313-324. doi:10.1002/stem.2755

Rheaume, B. A, Jereen, A., Bolisetty, M., Sajid, M. S., Yang, Y., Renna, K,, et al. (2018).
Single cell transcriptome profiling of retinal ganglion cells identifies cellular subtypes.
Nat. Commun. 9 (1), 2759. doi:10.1038/s41467-018-05134-3

Richardson, R., Tracey-White, D., Webster, A., and Moosajee, M. (2017). The
zebrafish eye-a paradigm for investigating human ocular genetics. Eye (Lond). 31
(1), 68-86. doi:10.1038/eye.2016.198

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1213382

Santhanam, A., Shihabeddin, E., Wei, H., Wu, J., and O’Brien, J. (2022).
Transcriptomic remodeling of the retina in a zebrafish model of retinitis
pigmentosa. bioRxiv, 2022, 510882. doi:10.1101/2022.10.04.510882

Satija, R, Farrell, J. A, Gennert, D., Schier, A. F., and Regev, A. (2015). Spatial
reconstruction of single-cell gene expression data. Nat. Biotechnol. 33 (5), 495-502.
doi:10.1038/nbt.3192

Seese, S. E., Deml, B., Muheisen, S., Sorokina, E., and Semina, E. V. (2021). Genetic
disruption of zebrafish mab21l1 reveals a conserved role in eye development and
affected pathways. Dev. Dyn. 250 (8), 1056-1073. doi:10.1002/dvdy.312

Shekhar, K., Lapan, S. W., Whitney, I. E., Tran, N. M., Macosko, E. Z., Kowalczyk, M.,
et al. (2016). Comprehensive classification of retinal bipolar neurons by single-cell
transcriptomics. Cell 166 (5), 1308-1323 €30. doi:10.1016/j.cell.2016.07.054

Sinn, R., and Wittbrodst, J. (2013). An eye on eye development. Mech. Dev. 130 (6-8),
347-358. doi:10.1016/j.m0d.2013.05.001

Soules, K. A., and Link, B. A. (2005). Morphogenesis of the anterior segment in the
zebrafish eye. BMC Dev. Biol. 5, 12. doi:10.1186/1471-213X-5-12

Swamy, V. S., Fufa, T. D., Hufnagel, R. B, and McGaughey, D. M. (2021). Building the
mega single-cell transcriptome ocular meta-atlas. Gigascience 10 (10), giab061. doi:10.
1093/gigascience/giab061

Tatarakis, D., Cang, Z., Wu, X., Sharma, P. P., Karikomi, M., MacLean, A. L., et al.
(2021). Single-cell transcriptomic analysis of zebrafish cranial neural crest reveals
spatiotemporal regulation of lineage decisions during development. Cell Rep. 37
(12), 110140. doi:10.1016/j.celrep.2021.110140

Teame, T., Zhang, Z., Ran, C., Zhang, H., Yang, Y., Ding, Q., et al. (2019). The use of
zebrafish (Danio rerio) as biomedical models. Anim. Front. 9 (3), 68-77. doi:10.1093/af/
v{z020

Thisse, C., and Thisse, B. (2008). High-resolution in situ hybridization to whole-
mount zebrafish embryos. Nat. Protoc. 3 (1), 59-69. doi:10.1038/nprot.2007.514

Trapnell, C., Cacchiarelli, D., Grimsby, J., Pokharel, P., Li, S., Morse, M., et al. (2014).
The dynamics and regulators of cell fate decisions are revealed by pseudotemporal
ordering of single cells. Nat. Biotechnol. 32 (4), 381-386. doi:10.1038/nbt.2859

Van Der Meulen, K. L., Vécking, O., Weaver, M. L., Meshram, N. N., and Famulski,
J. K. (2020). Spatiotemporal characterization of anterior segment mesenchyme
heterogeneity during zebrafish ocular anterior segment development. Front. Cell
Deyv. Biol. 8, 379. doi:10.3389/fcell.2020.00379

van Zyl, T, Yan, W., McAdams, A., Peng, Y. R,, Shekhar, K., Regev, A, et al. (2020).
Cell atlas of aqueous humor outflow pathways in eyes of humans and four model species
provides insight into glaucoma pathogenesis. Proc. Natl. Acad. Sci. U. S. A. 117 (19),
10339-10349. doi:10.1073/pnas.2001250117

van Zyl, T., Yan, W., McAdams, A. M., Monavarfeshani, A., Hageman, G. S., and
Sanes, J. R. (2022). Cell atlas of the human ocular anterior segment: Tissue-specific and
shared cell types. Proc. Natl. Acad. Sci. U. S. A. 119 (29), €2200914119. doi:10.1073/pnas.
2200914119

Vécking, O., and Famulski, J. K. (2023). A temporal single cell transcriptome atlas of
zebrafish anterior segment development. Sci. Rep. 13 (1), 5656. doi:10.1038/s41598-023-
32212-4

Voigt, A. P., Whitmore, S. S., Flamme-Wiese, M. J., Riker, M. J., Wiley, L. A., Tucker,
B. A, etal. (2019). Molecular characterization of foveal versus peripheral human retina
by single-cell RNA sequencing. Exp. Eye Res. 184, 234-242. doi:10.1016/j.exer.2019.
05.001

Wagner, D. E., Weinreb, C., Collins, Z. M., Briggs, J. A., Megason, S. G., and Klein, A.
M. (2018). Single-cell mapping of gene expression landscapes and lineage in the
zebrafish embryo. Science 360 (6392), 981-987. doi:10.1126/science.aar4362

Walters, B. J., Azam, A. B., Gillon, C. J,, Josselyn, S. A., and Zovkic, L. B. (2015).
Advanced in vivo use of CRISPR/Cas9 and anti-sense DNA inhibition for gene
manipulation in the brain. Front. Genet. 6, 362. doi:10.3389/fgene.2015.00362

Welby, E., Lakowski, J., Di Foggia, V., Budinger, D., Gonzalez-Cordero, A., Lun, A. T.
L., et al. (2017). Isolation and comparative transcriptome analysis of human fetal and
iPSC-derived cone photoreceptor cells. Stem Cell Rep. 9 (6), 1898-1915. doi:10.1016/j.
stemcr.2017.10.018

Xue, H. Y., Ji, L. ]., Gao, A. M., Liu, P., He, ]. D., and Lu, X. J. (2016). CRISPR-Cas9 for
medical genetic screens: Applications and future perspectives. J. Med. Genet. 53 (2),
91-97. doi:10.1136/jmedgenet-2015-103409

Yi, W, Lu, Y., Zhong, S., Zhang, M., Sun, L., Dong, H., et al. (2021). A single-cell
transcriptome atlas of the aging human and macaque retina. Natl. Sci. Rev. 8 (4),
nwaal79. doi:10.1093/nsr/nwaal79

Ying, P., Huang, C., Wang, Y., Guo, X,, Cao, Y., Zhang, Y., et al. (2021). Single-cell
RNA sequencing of retina:new looks for gene marker and old diseases. Front. Mol.
Biosci. 8, 699906. doi:10.3389/fmolb.2021.699906

Zhang, X,, Li, X,, Li, R,, Zhang, Y., Li, Y., and Li, S. (2019). Transcriptomic profile of
early zebrafish PGCs by single cell sequencing. PLoS One 14 (8), €0220364. doi:10.1371/
journal.pone.0220364

Zuber, M. E., Gestri, G., Viczian, A. S., Barsacchi, G., and Harris, W. A. (2003).
Specification of the vertebrate eye by a network of eye field transcription factors.
Development 130 (21), 5155-5167. doi:10.1242/dev.00723

frontiersin.org


https://doi.org/10.1038/s41467-021-25968-8
https://doi.org/10.1002/dneu.20919
https://doi.org/10.1002/dneu.20919
https://doi.org/10.3389/fmmed.2022.839338
https://doi.org/10.1126/sciimmunol.aau5265
https://doi.org/10.1126/science.abb8598
https://doi.org/10.3390/ph14080716
https://doi.org/10.1016/j.devcel.2019.10.004
https://doi.org/10.7554/eLife.60005
https://doi.org/10.1126/science.1225829
https://doi.org/10.3389/fonc.2015.00053
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.tig.2016.10.005
https://doi.org/10.1146/annurev-vision-082114-035717
https://doi.org/10.7554/eLife.76014
https://doi.org/10.1016/j.devcel.2020.04.009
https://doi.org/10.15252/embj.2018100811
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/bs.ctdb.2018.12.008
https://doi.org/10.1016/j.omtn.2022.03.003
https://doi.org/10.1016/j.omtn.2022.03.003
https://doi.org/10.1002/bdrc.20211
https://doi.org/10.3390/ijms22073327
https://doi.org/10.3390/ijms22073327
https://doi.org/10.1016/j.cub.2018.02.040
https://doi.org/10.7554/eLife.05635
https://doi.org/10.1002/stem.2755
https://doi.org/10.1038/s41467-018-05134-3
https://doi.org/10.1038/eye.2016.198
https://doi.org/10.1101/2022.10.04.510882
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1002/dvdy.312
https://doi.org/10.1016/j.cell.2016.07.054
https://doi.org/10.1016/j.mod.2013.05.001
https://doi.org/10.1186/1471-213X-5-12
https://doi.org/10.1093/gigascience/giab061
https://doi.org/10.1093/gigascience/giab061
https://doi.org/10.1016/j.celrep.2021.110140
https://doi.org/10.1093/af/vfz020
https://doi.org/10.1093/af/vfz020
https://doi.org/10.1038/nprot.2007.514
https://doi.org/10.1038/nbt.2859
https://doi.org/10.3389/fcell.2020.00379
https://doi.org/10.1073/pnas.2001250117
https://doi.org/10.1073/pnas.2200914119
https://doi.org/10.1073/pnas.2200914119
https://doi.org/10.1038/s41598-023-32212-4
https://doi.org/10.1038/s41598-023-32212-4
https://doi.org/10.1016/j.exer.2019.05.001
https://doi.org/10.1016/j.exer.2019.05.001
https://doi.org/10.1126/science.aar4362
https://doi.org/10.3389/fgene.2015.00362
https://doi.org/10.1016/j.stemcr.2017.10.018
https://doi.org/10.1016/j.stemcr.2017.10.018
https://doi.org/10.1136/jmedgenet-2015-103409
https://doi.org/10.1093/nsr/nwaa179
https://doi.org/10.3389/fmolb.2021.699906
https://doi.org/10.1371/journal.pone.0220364
https://doi.org/10.1371/journal.pone.0220364
https://doi.org/10.1242/dev.00723
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1213382

	Single cell transcriptome analyses of the developing zebrafish eye— perspectives and applications
	Introduction
	The approach of single cell transcriptome analyses
	The eye as a study object
	Single cell transcriptome analysis in developmental biology
	Advantages of using zebrafish for developmental single cell transcriptome analyses
	Sample accessibility
	Precise tissue collection
	Exploring candidate gene function

	Zebrafish developmental single cell transcriptome application to study of anterior segment specification and assembly

	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


