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Abstract

The genetic and genomic basis of crustacean body plan evolution

by Dennis A. Sun

Doctor of Philosophy in Molecular and Cell Biology

University of California, Berkeley

Professor Nipam H. Patel, Chair
Professor Hernan G. Garcia, Co-Chair

Crustaceans are a group of organisms with tremendous diversity in the organization of limbs along 
their body, also known as the bauplan, or body plan. This diversity is hypothesized to arise from 
evolutionary changes to the expression domains of the Hox genes, an ancient gene family conserved to 
most animals. Previous researchers have used the amphipod crustacean Parhyale hawaiensis as a genetic 
model organism to examine the expression and function of Hox genes within crustaceans. This work 
revealed that each of the Parhyale Hox genes is expressed in a unique domain of expression that 
pre�gures the ultimate arrangement of di�erent limb types within the Parhyale body plan. Moreover, 
RNA interference, CRISPR-Cas9 mutagenesis, and heat shock overexpression experiments revealed 
that each of the Hox genes in Parhyale is required – or su�cient – for the development of di�erent 
types of limbs. Taken in the context of changing Hox expression patterns, these results suggest that 
crustacean body plan evolution may be driven by changes to Hox gene regulation between di�erent 
crustacean groups.

In this thesis, I present several avenues of investigation into the genetic and genomic basis of crustacean 
body plan evolution. First, I describe the generation of a developmental functional genomic database 
for the amphipod crustacean Parhyale hawaiensis. Using Omni-ATAC-Seq and short- and long-read 
RNA-Seq, I generate an improved genome annotation for Parhyale, discover hundreds of thousands of 
candidate cis-regulatory elements across the Parhyale genome, and infer additional features of the 
chromatin landscape of Parhyale development. Using this dataset, I demonstrate the potential to 
generate novel reporter genes. This dataset will serve as a platform for future researchers to investigate 
cis-regulation across the genome during Parhyale development, and will also enable the discovery of 
Hox cis-regulatory mechanisms.

Second, I describe experiments that reveal the role of two families of general transcriptional regulators, 
the Polycomb Group and Trithorax Group proteins, in regulation of the Parhyale Hox genes. Loss of 
function of Polycomb Group genes in particular results in homeotic transformations and changes to 
Hox expression. By examining the timing of these changes and synthesizing these data with other work,
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I demonstrate that Parhyale Hox regulation occurs via at least three distinct mechanisms: early
PcG-independent boundary establishment, PcG-dependent boundary maintenance, and Hox
cross-regulatory interactions. I propose that crustacean Hox genes have evolved decoupled regulation at
the level of developmental timing, tissue type, and specific PcG gene function. These results provide
some of the first insights into the genetic mechanisms of Parhyale Hox regulation. Moreover, these data
provide new mechanistic explanations for how crustaceans may have evolved their tremendous body
plan diversity.

Finally, I describe efforts to establish animal husbandry, injection, and dissection techniques for the
isopod crustacean Asellus aquaticus and the decapod crustacean Neocaridina davidi. I provide a
developmental staging guide for each crustacean. I also describe the methods I have used to isolate early
embryos for injection and the various types of troubleshooting I have performed in an attempt to
establish these organisms as new genetic model systems. The work presented here will prove useful in
future efforts to establish new crustacean genetic model systems.
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Preface 
 

The genetic and genomic basis of crustacean body plan 
evolution 
 

Morphological diversity has been a topic of fascination from the earliest days of biological 
research. The classic work of scientists such as Gregor Mendel and Charles Darwin was focused on 
morphological variation in diverse organisms, including traits such as the color of flowers or the 
dimensions of finch beaks. Their work provided an understanding that diverse traits are inherited and 
may change over time. Others, such as Carl Linnaeus and Ernst Haeckel, cataloged and categorized 
diverse organisms based on their morphology, allowing us to better understand the breadth and the 
connections between diverse species. Much of the work of early biologists thus provided crucial 
theoretical insights into morphological diversity. However, the precise physical basis of these inherited 
differences – nucleotide-based genetic material and amino-acid based protein function – would not be 
discovered until centuries later. 

In the contemporary study of biology, we now have a clear understanding of the material basis 
for many biological phenomena. The work of many scientists has revealed that a central dogma 
controls all life on our planet: DNA is transcribed into RNA, which is translated into protein. We 
have the tools to explore the composition and function of the “genes” that underpin this central 
dogma using genomics and genome editing. We also have technologies developed in molecular 
biology, biochemistry, microscopy, embryology, cell biology, and innumerable other perspectives that 
allow us to more deeply understand gene function within an organism. As such, it is now possible to 
investigate the physical basis behind the morphological diversity that has long fascinated biologists. 

In this thesis, I examine the genetic and genomic basis of morphological diversity in 
crustaceans, with a focus on the crustacean body plan. Diverse groups of crustaceans show differences 
in the identity and organization of limbs along the anterior-posterior axis of the body. Researchers 
have begun to leverage technological advances from diverse biological fields to uncover the molecular 
basis of these morphological differences. In this thesis, I apply functional genomics, molecular biology, 
and developmental biology techniques to understand the development and evolution of three 
crustacean species: the sandhopper Parhyale hawaiensis, the pond louse Asellus aquaticus, and the 
cherry shrimp Neocaridina davidi. 
 
Overview by Chapter 

The first portion of the thesis focuses on the amphipod crustacean Parhyale hawaiensis, a 
tractable genetic model system for studying crustacean development. Work in Parhyale has benefited 
from technological advances ranging from advances in live imaging to the discovery of RNA-guided 
genome editing. I advance the study of Parhyale by generating new functional genomic resources. I 
also apply functional genomic resources and genome-editing technology to identify the function of 
Polycomb and Trithorax group genes in Parhyale development. 
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Chapter 0 

In Chapter 0, we describe our understanding of Parhyale biology (circa 2019) and how work 
in this organism has allowed biologists to understand diverse evolutionary processes. I provide a 
detailed description of the known cell biological and genetic processes that regulate Parhyale 
development; comprehensively describe the genetic and genomic resources currently available; and 
describe two case studies for how Parhyale has expanded our understanding of body plan evolution 
and the evolution of regeneration. This chapter was previously published as a review in Wiley 
Interdisciplinary Reviews: Developmental Biology. 

 
Chapter 1 

The Parhyale community has developed substantial tools and resources to identify coding 
genes in the genome and understand their function. However, the study of gene regulation in 
Parhyale has been limited. In Chapter 1, we adapt protocols and advances in the field of functional 
genomics to Parhyale in order to identify gene regulatory elements and infer their function. We 
improve the genome annotation using newer RNA-Seq and genome annotation approaches and 
identify numerous regulatory elements across the genome using Omni-ATAC-Seq. By integrating 
gene expression and accessibility information, we identify distinct groups of regulatory elements with 
shared function and reveal concordant and discordant relationships between regulatory element 
accessibility and gene expression. Moreover, we identify two new functional regulatory elements in 
Parhyale using a reporter gene approach. This work will provide a substantial genomic resource for 
the Parhyale community. This chapter was released on bioRXiv in 2021 and is accepted for 
publication at Development. 
 
Chapter 2 

To understand the regulation of the body plan in Parhyale, in Chapter 2, we identify and 
perturb the function of Polycomb and Trithorax group genes using CRISPR-Cas9 mutagenesis. 
Previous work has demonstrated the role of Hox genes, a group of genes crucial for body 
regionalization across animals, in Parhyale development. This work demonstrated that these genes 
work in combinatorial and cross-regulatory fashion to pattern the Parhyale body plan, a network 
which we refer to as the Parhyale “Hox code.” However, the upstream regulators of Hox expression in 
Parhyale remain undiscovered. By leveraging knowledge from two organisms for which Hox 
regulatory mechanisms have been thoroughly studied – the vinegar fly Drosophila melanogaster and 
the common mouse Mus musculus – we identify two groups of genes for further study in Parhyale: 
Polycomb Group and Trithorax Group genes. These general transcriptional activators and repressors 
are crucial for Hox regulation in both Drosophila and Mus, and perturbation of the function of these 
genes results in homeotic transformations. As such, we wanted to understand the function of these 
genes during Parhyale development. 

Using CRISPR-Cas9 mutagenesis, we ablate a number of Parhyale Polycomb and Trithorax 
Group genes to reveal that Polycomb Group genes appear to play an essential role in Hox regulation, 
whereas Trithorax Group genes do not. Then, using in situ hybridization chain reaction (HCR), we 
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reveal that each Hox gene in Parhyale appears to have distinct regulation by Polycomb Group genes in 
developmental timing, tissue location, and interaction with specific Polycomb Group genes. By 
combining our understanding of the Drosophila regulatory system with the current literature in 
Parhyale, we determine that crustaceans may have additional layers of Hox regulation than those 
found in insects. Variations in these additional layers of regulation may be directly responsible for 
crustacean body plan evolution. This chapter was released on bioRXiv in 2022. 
 

In addition to examining Parhyale, I also aimed to establish additional genetic model systems 
to understand the evolution of the crustacean body plan. To demonstrate that the “Hox code” that we 
have established for Parhyale can be analogized across diverse crustaceans, we must perturb the 
function of these genes in different species. However, at the start of this work, genetic perturbation 
was not possible in other Malacostracan crustaceans. As such, it was necessary to establish additional 
crustacean genetic model systems. I focused my efforts on two species: the isopod crustacean Asellus 
aquaticus and the decapod crustacean Neocaridina davidi, each of which has a different body plan 
from Parhyale. While I was unable to establish genetic manipulation for these organisms, by 
characterizing the development of these organisms and describing embryological techniques, I provide 
a framework for future researchers to establish genetic perturbation. 

 
Chapter 3 

The isopod crustacean Asellus aquaticus is an emerging ecological model system for 
understanding diverse evolutionary processes. Asellus has been studied for the relationship between its 
microbiome and environment, the evolution of distinct cave and surface ecotypes, and numerous 
other evolutionary processes. However, our understanding of Asellus embryonic development is 
limited and genetic perturbation has not yet been established in this organism. We describe Asellus 
embryonic development through a series of morphological stages. We also provide suggestions for 
improvements to animal husbandry protocols that enable the regular collection of embryos for 
embryonic injection, and identify the latest stages at which embryo injection would be possible. 
Finally, we describe preliminary results which suggest that genetic perturbation may be possible. 
 
Chapter 4 

Different populations of Asellus have independently migrated into caves in Southeastern 
Europe and evolved distinct cave populations. These cave animals display troglobitic traits including 
loss of pigmentation and loss of eyes. We examine the genetic basis of this trait evolution using 
differential RNA-Seq expression analysis to identify genes that are more highly expressed in either 
surface or cave embryos. We also explore the genomic basis of this evolution by using allele-specific 
expression analysis in hybrid embryos, which allows us to determine whether differential expression 
between populations might be caused by cis- or trans-regulatory mechanisms. We reveal that many 
genes that are differentially expressed between populations are likely to have cis-regulatory 
evolutionary differences. The candidate genes we identify will serve as an interesting set of target genes 
for future perturbation studies. Moreover, the transcriptomic resources will enable other researchers in 
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Asellus to identify embryonic genes – such as the Hox genes – for future mutagenesis studies. This 
chapter was previously published as a manuscript in Genes (Basel). 
Chapter 5 

The decapod crustacean Neocaridina davidi is a popular aquarium pet. Previous researchers 
have described basic genome sequence data and proposed to establish Neocaridina as a decapod 
genetic model system. We describe the development of Neocaridina and challenges with establishing 
injection in Neocaridina embryos, which develop under tremendous intra-embryonic pressure. We 
provide a guide that enables future researchers to stage embryos based on key morphological 
landmarks and use antibody staining to investigate protein expression. Our data suggest that 
Neocaridina may exhibit unexpected expression of the Hox genes Ubx and abd-A compared to other 
decapods. While we were unable to establish injection in this organism, other researchers report being 
able to successfully use CRISPR-Cas9 mutagenesis, albeit at a very low success rate. By combining our 
troubleshooting approaches with the techniques described in their manuscript, it may be possible to 
establish Neocaridina as a tractable decapod genetic model system. 
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Chapter 0. Introduction to Parhyale hawaiensis

0 – The amphipod crustacean Parhyale hawaiensis: an
emerging comparative model of arthropod development,
evolution, and regeneration

Dennis A Sun1 and Nipam H Patel2,3*

1. Department of Molecular and Cell Biology, University of California, Berkeley
2. Marine Biological Laboratory, Woods Hole, MA
3. Department of Organismal Biology and Anatomy, University of Chicago, Chicago, USA
* corresponding author

Previously published in Wiley Interdisciplinary Reviews: Developmental Biology

Abstract
Recent advances in genetic manipulation
and genome sequencing have paved the way
for a new generation of research organisms.
The amphipod crustacean Parhyale
hawaiensis is one such system. Parhyale are
easy to rear and offer large broods of
embryos amenable to injection, dissection,
and live imaging. Foundational work has
described Parhyale embryonic development,
while advancements in genetic manipulation
using CRISPR-Cas9 and other techniques,
combined with genome and transcriptome
sequencing, have enabled its use in studies of
arthropod development, evolution, and
regeneration. This article introduces Parhyale
development and life history, a catalog of
techniques and resources for Parhyale research, and two case studies illustrating its power as a
comparative research system.

Caption
The amphipod crustacean Parhyale hawaiensis is an emerging research system for the study of
arthropod development, evolution, and regeneration. Image in graphical abstract generated by Aaron
Pomerantz.
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0.1 – Introduction: Choosing a Model System
Research organisms have long been essential to the study of genetics. Early animal systems,

such as Drosophila melanogaster and Mus musculus, were used to uncover basic genetic principles
through the study of spontaneous and induced mutant alleles (Cuenot, 1905; Sturtevant, 1965). The
ease of husbandry and short generation time of Drosophila in particular have enabled genetic screens
that have revealed basic principles of animal development, such as axis formation, segmentation, body
regionalization, cell fate specification, and tissue morphogenesis. As genetics became more specialized,
researchers began to choose additional organisms for unique traits that made them ideal for studying
particular topics. For example, the roundworm Caenorhibitis elegans was first established to study the
development of the nervous system (Ankeny, 2001; Brenner, 1974). Its simple behavior, short
generation time, and hermaphroditic lifestyle allowed for genetic mutant analysis of traits otherwise
difficult to study in other systems. Around the same time, the zebrafish Danio rerio was established to
understand vertebrate genetics and development (Streisinger et al., 1981). Its small, transparent
embryos proved useful for identifying developmental mutants.

New discoveries in each of these systems expanded the breadth of their research potential,
while a number of technological breakthroughs greatly enhanced their usefulness and provided new
ways to address long-standing biological questions.  Examples include creating transgenic animals
using transposable elements or homologous recombination, imaging molecular events in living animals
using fluorescently labeled proteins, and carrying out reverse genetic screens using RNAi.

Work in such so-called “model” systems has uncovered basic principles of molecular, cell, and
developmental biology. However, these classical systems are separated by vast phylogenetic distances
and represent a tiny fraction of the planet’s biological diversity. To understand the evolution of
animals, it has become increasingly important for biologists to develop novel research systems. These
systems are sometimes selected to bridge phylogenetic gaps between current systems, and enable
investigations into the evolution of fundamental biological processes. In other cases, novel systems
possess interesting properties not found in classical systems, and are thus able to reveal previously
unknown biological processes. Finally, comparisons between novel and well-established systems can
enable deeper understanding of animal development and diversity.

One of the outstanding questions in evolutionary biology is how animals have diversified over
hundreds of millions of years. The most successful group of animals on the planet, measured by
biomass (Bar-On et al., 2018) and species diversity, is the arthropods, and their diversity has been the
subject of scientific curiosity and investigation for centuries. Arthropods have many shared features,
including their namesake jointed appendages (arthro – joint; pod – foot) and their hard exoskeletons,
which they molt repeatedly over their lifetimes. Along with insects, other arthropod lineages include
chelicerates (spiders, mites, and scorpions), myriapods (centipedes and millipedes), and non-insect
crustaceans (copepods, crabs, barnacles, and many other organisms)(Fig. 1a). These organisms contain
tremendous diversity in their development, body plan, and life history. However, much of the research
on arthropod diversity has relied on a handful of genetically tractable research systems.

In the field of arthropod development, Drosophila melanogaster remains the predominant
research system. Drosophila has been the subject of many foundational studies, such as the discovery of
the hierarchy of genes involved in segmentation (Nüsslein-Volhard and Wieschaus, 1980), body
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regionalization (Lewis, 1978), and embryonic axis formation (Driever and Nüsslein-Volhard, 1988a,
1988b), and many other developmental processes. Drosophila are easy and inexpensive to rear, tools for
genetic manipulation are well established, and animal stock centers maintain numerous mutant lines
for the large Drosophila research community. Over the years, various databases have been built to store
genetic, genomic and bioinformatic data for Drosophila, such as Flybase.org. With the discovery of
genome-editing technology such as CRISPR-Cas9, mutant and transgenic alleles are even easier to
generate. Thus, Drosophila remains a key system for the study of many biological phenomena.

Though Drosophila offers many resources, it represents but one type of organism within the
tremendous morphological diversity of arthropods. For example, Drosophila’s two-winged, six-legged
body plan stands in contrast to other insects, which may have two pairs of wings, or no wings at all.
Arthropods outside of the insects have even greater body plan diversity, with extreme examples in the
myriapods, which can have over one hundred pairs of limbs. Comparative studies have also
demonstrated that some aspects of Drosophila development are derived relative to those of other
arthropods. During embryogenesis, Drosophila undergoes long-germ development, wherein all body
segments form simultaneously towards the end of a syncytial stage (Davis and Patel, 2002). In contrast,
most insects undergo short-germ or intermediate-germ development, wherein only anterior segments
are specified during the early syncytial stage, while more posterior segments are successively established
in a cellular environment; in contrast, other arthropod groups lack a syncytial stage entirely (Davis and
Patel, 2002). Moreover, some key Drosophila segmentation genes, such as the homeobox-containing
genes fushi tarazu, even-skipped, zen, and bicoid, have changed dramatically in expression and
function when compared to homologs in species within early-branching arthropod lineages (Hughes
and Kaufman, 2002). Thus, while Drosophila has provided an excellent platform for studying general
developmental principles, some aspects of its development are not representative of more general, and
apparently ancestral, arthropod development.

Other models have expanded upon the foundational work in Drosophila to inform our
understanding of arthropod development and evolution. For example, the flour beetle Tribolium
castaneum has been offered as a more representative insect research system. Its intermediate-germ
development and leg-bearing larval stages are features shared with a broader diversity of insect clades
(Davis and Patel, 2002; Lynch et al., 2012). Tribolium has been used as a comparative model to
examine how pair-rule genes (Brown et al., 1994; Choe et al., 2006; El-Sherif et al., 2012; Sarrazin et al.,
2012) Hox genes (Beeman, 1987; Tomoyasu et al., 2005), and other developmental programs that have
evolved within Insecta, particularly by comparing its developmental processes to those of Drosophila.
Such studies have provided mechanistic insight into how genes and developmental processes change
over evolutionary time. In addition to gene expression data, genetic manipulations in Tribolium, such
as parental RNAi (Bucher et al., 2002), have provided methods to efficiently probe gene function, and
even carry out forward genetic screens (Christian et al., 2015; Knorr et al., 2013). The development of
such techniques has made Tribolium an appealing system for testing hypotheses about the course of
evolution at long timescales. Beyond insects, gene expression data and some functional data from
crustaceans, chelicerates, myriapods, and onychophorans have provided insights into the evolution of
body plan diversity within the arthropods and other closely related clades (Hughes and Kaufman,
2002; Janssen et al., 2014; Pace et al., 2016; Paese et al., 2018; Schwager et al., 2007, 2009). By
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synthesizing the observations made in these disparate systems, evolutionary biologists can develop a
more comprehensive understanding of the genetic and developmental processes that lead to organismal
diversification.

To enable broader comparative studies of arthropod development, Browne et al. (2005)
established the amphipod crustacean Parhyale hawaiensis (Dana, 1853) as a novel research system
(Gerberding et al., 2002). P. hawaiensis (hereafter referred to in short as Parhyale) is a phylogenetically
strategic choice that serves as an outgroup for insects (Oakley et al., 2013; Schwentner et al., 2017). As
a crustacean, it serves as a representative member from an ancient group of organisms that traces its
origin to the Cambrian era (Schwentner et al., 2017), and which have remained tremendously
successful in diversification since their emergence. As a malacostracan crustacean, it is also closely
related to commercially important shrimp, lobsters, and crabs. Moreover, its life history makes it
amenable to laboratory culture and molecular genetic manipulation. Parhyale are shallow-water,
circumtropical detritivores with a high tolerance for environmental osmotic changes (Clarence R
Shoemaker, 1956; J Laurens Barnard, 1965; Poovachiranon et al., 1986). Their large embryos are easy
to collect and image; though the yolk is opaque, the superficially-positioned embryo and surrounding
chorion are transparent, and a thorough staging scheme enables researchers to identify the relative
developmental stage of any embryo (Browne et al., 2005). In contrast to many other crustaceans, which
emerge as planktonic nauplii larvae that subsequently metamorphose into adults and can thus be
difficult to culture, Parhyale hatchlings emerge as miniature versions of adults, and can easily be raised
to adulthood to establish new genetic lines. These features have made Parhyale an ideal candidate to
become a new research system, and indeed, continued technique development over the last two
decades has advanced its tractability. Published protocols describe techniques for embryo injection
(Rehm et al., 2009a), dissection (Rehm et al., 2009b), antibody staining (Rehm et al., 2009c), and in
situ hybridization (Rehm et al., 2009d), enabling new researchers to explore Parhyale with ease.

An explosion in nucleotide sequencing technologies has facilitated gene discovery in Parhyale,
while advances in genetic manipulation have enabled studies of gene function. Such technological
advancements have enabled Parhyale researchers to examine several aspects of Parhyale development
and address some important issues in the evolution of arthropods. Initial genetic approaches used the
Minos transposase system to generate transgenic animals for misexpression (Pavlopoulos et al., 2009),
while morpholinos, injected siRNA, and expressed RNA hairpins have enabled gene knockdown
(Liubicich et al., 2009; Martin et al., 2015; Özhan-Kizil et al., 2009). Since the start of the
genome-editing revolution, CRISPR-Cas9 programmable nucleases have been used to generate
knock-out and knock-in animals (Kao et al., 2016; Martin et al., 2015; Serano et al., 2016). Meanwhile,
early genomics efforts included the isolation of conserved genes using PCR and RACE, as well as the
generation of a BAC library, from which early insights into genome structure were achieved (Parchem
et al., 2010). As sequencing costs have plummeted, several different groups have published
transcriptome sequencing data of both the adult and embryonic animals (Blythe et al., 2012; Nestorov
et al., 2013; Zeng and Extavour, 2012; Zeng et al., 2011). A recent paper describes the Parhyale
genome, positioning Parhyale for a new age of genome-scale investigations (Kao et al., 2016).
Moreover, an active and expanding group of Parhyale researchers has begun to curate protocols and
other resources to facilitate the expansion of the community (see “Further Reading” below.)
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Since its introduction as a research system almost two decades ago, Parhyale has enabled
investigations that address key questions in developmental and evolutionary biology. For example, its
short-germ development has allowed investigation into mechanisms of embryonic axis formation and
segmentation in the absence of a Drosophila-like embryonic syncytium (Browne et al., 2005;
Vargas-Vila et al., 2010)(Extavour, 2005; Gupta and Extavour, 2013; Nestorov et al., 2013; Özhan-Kizil
et al., 2009). These studies have offered clues to the ancestral function of genes critical to dorsal-ventral
patterning and neural specification in arthropods. In another set of studies, researchers discovered
correlations between germ layer identity and the differential distribution of mRNAs and other
cytoplasmic components at the 8-cell stage of development (Extavour, 2005; Gupta and Extavour,
2013; Nestorov et al., 2013; Özhan-Kizil et al., 2009). Parhyale has also been used to explore how germ
layers communicate during development, and how the embryo compensates within germ layers to
recover lost tissue (Hannibal et al., 2012; Price et al., 2010).

In this review, we summarize much of the work that has been accomplished to date. We begin
with a comprehensive summary of Parhyale life history and embryonic development, and then describe
techniques for genetic manipulation and resources for genomic analysis. Finally, we describe two case
studies that illustrate the power of Parhyale as a comparative system for studying body plan evolution
and regeneration. We review how work in Parhyale has provided insights into the evolution of
arthropod body plan diversity, through studies examining the expression and function of Hox genes in
this outgroup for Drosophila and all other insects. Then, we discuss how a striking discovery about the
mechanisms of Parhyale limb regeneration mirrors findings from vertebrate systems, and how the
optical properties of this small crustacean make it an ideal platform for future regenerative studies.

0.2 – Development, Anatomy and Life Cycle
Within Crustacea, Parhyale belong to the class Malacostraca (Fig. 0.1a). The Malacostracan

clade is composed of familiar shrimp, krill, crabs, and lobsters, in addition to crustaceans with other
unique body forms. Amphipoda, the order to which Parhyale belongs, are commonly referred to as
scuds, side swimmers, or beach hoppers, and are a ubiquitous sight on beaches. Parhyale are
detritivores with a circumtropical, intertidal, and shallow-water marine distribution (Clarence R
Shoemaker, 1956; J Laurens Barnard, 1965). The animals are easy and inexpensive to rear and
reproduce year-round, making them ideal for laboratory work.

Parhyale embryos can be collected from the ventral brood pouch of adult female animals
without harm to either the mother or the embryos. Adult females can grow up to 20mm in length, and
can produce large broods of embryos (50+). Development has been thoroughly characterized into a
series of morphologically identifiable stages (Browne et al., 2005)(Fig. 0.1b), and is consistent with
observations in other amphipod crustaceans, such as Orchestia cavimana (Wolff and Scholtz, 2002).
Embryonic development lasts about 11 days, beginning with a mediolateral holoblastic (total) cleavage
at 4 hours that generates a 2-cell embryo (Fig. 0.2a). After two additional stereotyped divisions, the
embryo at the 8-cell stage contains four micromeres (small cells, abbreviated in lowercase) and four
macromeres (large cells, abbreviated in Sentence Case) (Fig. 2b). At 12 hours, the embryo contains
~100 cells of about equal size. This is termed the ‘soccerball’ stage for its appearance. Shortly after, cell
cytoplasm separates from yolk, and cells migrate along the surface of the embryo into two predominant
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clusters of cells, one at the presumptive ventral end of the embryo, which will produce the ectoderm
anlagen, and the other into a small circular cluster of visceral mesoderm and germ cells, referred to as
the ‘rosette’ (Fig. 2b). After this stage, the majority of Parhyale morphogenesis remains at the surface of
the embryo, allowing for easy live imaging of development.

Gastrulation occurs at around 20hrs, when the rosette migrates beneath the ectoderm anlagen
(Alwes et al., 2011; Browne et al., 2005; Chaw and Patel, 2012)(Fig. 2c). This generates the ‘germ disc’
stage. Germ disc cells then migrate and proliferate in the transition to the ‘germband’ stage (Browne et
al., 2005)(Fig. 2d, e). During the initial phase of germband elongation, cells of the posterior ectoderm
organize into transverse rows of cuboidal cells referred to as “parasegment precursor rows” (PSPRs),
which together create a grid-like germband (Fig. 2f). The first of these cells to become morphologically
distinct will align along the midline of the embryo and express orthodentical (Browne et al., 2006).
These midline precursor cells will later express single-minded, which is critical for specifying the DV
axis of the Parhyale embryo (Vargas-Vila et al., 2010). Two waves of mitotic division sweep across the
PSPRs, beginning adjacent to the midline and spreading laterally, generate two cells (a/b and c/d), then
four cells (a, b, c, and d) from each original row of cells. These waves of division are highly organized;
more anterior PSPRs form first and begin dividing as more posterior PSPRs are beginning to organize.
The anterior-most cell row (a) expresses engrailed; each original PSPR row is thus equivalent to a
parasegment in Drosophila (Fig. 2h). The sequential addition of engrailed stripes provides a
benchmark for staging Parhyale embryos  (Browne et al., 2005).

A well-documented feature of Parhyale development is the presence of precise lineage
restriction, particularly between ectoderm and mesoderm (Gerberding et al., 2002; Price et al., 2010).
Lineage tracing has revealed that Parhyale restricts germ layers at the 8-cell stage (Fig. 2b). Two of the
macromeres, ‘El’ and ‘Er’, produce the anterior left and anterior right ectoderm respectively, while the
macromere ‘Ep’ produces the posterior ectoderm and the midline of the germband. During germband
elongation, there is some mixing between descendants of ‘El’ and ‘Er’ in the head segments, but the
gnathal and thoracic segments appear to have a distinct left-right division. Additionally, the boundary
between ‘El’/’Er’ contribution and ‘Ep’ contribution to the posterior ectoderm appears to be
determined stochastically.

Cell ablation experiments have demonstrated that ‘El’, ‘Er’, and ‘Ep’ represent an “ectoderm
group” that is able to undergo intra-germ layer compensation as late as gastrulation, but not after
initial germband formation (Price et al., 2010)(Fig. 3a). ‘Ep’ lineage cells, when ablated, can be replaced
by ‘El’ and ‘Er’ cells together, while ‘Ep’ cells can also replace either an ablated ‘El’ or ‘Er’. Notably, ‘El’
and ‘Er’ cells retain their left/right distinctions when compensating for the ablated ‘Ep’ cell.

Two micromeres and one macromere, ‘ml’, ‘mr’ and ‘Mav’, together produce the mesoderm,
including the head mesoderm, the visceral mesoderm, and a set of teloblasts that produce the
segmented mesoderm of the body (Gerberding et al., 2002; Price et al., 2010). The anterior mesoderm,
primarily composed of ‘Mav’ descendants with posterior contribution from ‘ml and ‘mr’, forms two
circular populations of cells at the germband stage that eventually migrate ventrally to form the head
and visceral mesoderm (Fig. 2e). The posterior teloblastic mesoderm, which arises from ‘ml’ and ‘mr’
descendants, produces the left and right mesoderm respectively (Fig. 2e). Lineage mixing between ‘ml’
and ‘mr’ descendants is rare, but occasionally observed. During germband elongation, eight
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mesodermal stem cells (four on each side of the embryo; descended from mr and ml; called
mesoteloblasts) migrate posteriorly, depositing rows of daughter cells, termed mesoblasts, beneath the
ectoderm (Gerberding et al., 2002) (Fig. 2g). (For a detailed analysis of the early mesoteloblast
divisions, see Price and Patel, 2008). The mesoblast rows eventually align with each ectodermal
parasegment, and go on to divide and differentiate into the muscle cells of each body segment (Price
and Patel, 2008).

Cell ablation experiments have also demonstrated that the ‘ml’, ‘mr’, and ‘Mav’ cells represent a
“mesoderm group” (Price et al., 2010)(Fig. 3d). Ablation of any one of the cells can be compensated
for by other members of the group. As with the ectoderm group, ‘ml’ and ‘mr’ compensate for an
ablated ‘Mav’. Moreover, ablation of two of the cells in the mesoderm group can be compensated for
entirely by the single remaining cell. Ablating all three mesoderm group cells results in a mesoderm-free
embryo, indicating that there is no inter-layer compensation between mesoderm and ectoderm lineages
(Price et al., 2010).

Additional ablation experiments have demonstrated that proper mesodermal segmentation is
dependent on signals from the ectoderm, while the ectoderm is capable of segmentation and
morphogenesis independent of mesoderm (Hannibal et al., 2012). Ablation of all three mesoderm
group cells results in an embryo with properly patterned ectoderm, but no muscle tissue, as visualized
by Mef-2 in situ hybridization. Meanwhile, ablation of either the El or Er cell after the initiation of
germband elongation, after which intra-germ layer compensation no longer occurs, causes defects in
mesenteloblast division and migration (Hannibal et al., 2012).

The micromere that sits above the smallest macromere is named ‘g’ and gives rise to the
germline (Gerberding et al., 2002). This cell inherits a specialized germ plasm that is sequestered as
early as the 1-cell stage and is visible in living embryos (Gupta and Extavour, 2013). During early
germband elongation, ‘g’ descendants sit in a single cluster beneath the ectodermal row that will give
rise to the future mandible. This cluster divides and migrates in two separate clusters until each
eventually settles in its final location on the dorsal side of the hatchling.

After limb development and organogenesis, animals hatch as miniature versions of adults
(Browne et al., 2005). The body plan of Parhyale contains 20 segments, 19 of which have appendages.
There are six head segments: an ocular segment (which does not contain an appendage), two antennal
segments (An1, An2), and three segments with feeding appendages: mandible (Mn), maxillule (Mx1),
and maxilla (Mx2). The thorax consists of eight segments, beginning with a segment bearing a
feeding-like appendage called a maxilliped (T1/Mxp). T2 and T3 segments have chelipeds, or claws; in
sexually mature males, the T3 cheliped is enlarged and used to grasp onto females before copulation.
T4-T8 segments have pereopods, or locomotary legs; T4-T5 legs face forward and are used for walking,
while T6-T8 legs are oriented in opposition to T4-T5, and are used when the animal backs up or
“jumps” rapidly. Finally, the abdomen consists of six segments with biramous appendages, with A1-A3
segments bearing pleopods, or swimming appendages, and A4-A6 bearing uropods, or anchoring
appendages.

About two months after hatching, animals become sexually mature. Adults are sexually
dimorphic: females are smaller and have prominent ovaries, which are visible through the body wall,
while males are larger, and have a pair of larger chelipeds on T3. Animals ready to mate can be found in
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pairs, with males clasping females before copulation and releasing females after sperm has been
deposited. This pre-copulatory amplexus allows for simple identification of animals ready to produce
new embryos, allowing for easy collection of early embryos for injections to perform genetic
manipulation and analysis.

0.3 – Tools for Genetic Manipulation
To investigate gene function in any research organism, it is critical to have tools to manipulate

gene activity, as well as to generate mutant or transgenic alleles. In the field of evolutionary
developmental biology, researchers are especially dependent on technology development, and often
make use of techniques first developed in other research organisms. Over the past decade, techniques
for gene knockdown, knockout, and transgenesis have been adapted for Parhyale. These techniques
take advantage of the ease of collecting and injecting early-stage embryos, and the long time-window of
the first several cell divisions.

Transgenesis in Parhyale was first achieved using the Minos transposon from Drosophila hydei
(Pavlopoulos and Averof, 2005). This transposon has been used for transgenesis in a variety of animal
systems, and consists of two terminal inverted repeats flanking a desired insert sequence (example in
Fig. 4a). Transgenesis can be achieved by injecting a recombinant construct containing the inverted
repeat sequences along with Minos transposase mRNA into a 1- or 2-cell Parhyale embryo. The Minos
construct will be randomly inserted into the genome, integrating transgenic alleles in up to 30% of
surviving hatchlings (Pavlopoulos and Averof, 2005). Minos was first tested by generating animals that
expressed DsRed in cells around the eye using a synthetic 3xP3 enhancer, and was subsequently used to
identify a muscle-specific enhancer upstream of the Parhyale hsp70 protein. This approach has allowed
for the generation of many transgenic lines (examples in Fig. 4b, c)(Pavlopoulos and Averof, 2005).

More sophisticated transgenic approaches have also been developed for Parhyale. Temporal
control of gene expression was first achieved in Parhyale through the identification of a heat shock
element from the Parhyale hsp70 gene (Pavlopoulos et al., 2009). Placing transgenic animals bearing
the hsp70 heat shock element at 37°C for 30min is sufficient to transiently induce high levels of
transgene expression within a few hours. This technique has been used to misexpress Ubx in mosaic
animals to study the effect of this Hox gene on segment identity across the Parhyale body plan
(Pavlopoulos et al., 2009). Another method, called “iTRAC” for gene-trapping and trap conversion in
Parhyale, used the Minos system to deliver a splice acceptor isolated from upstream of the Hsp70 gene
to a random genomic location (Kontarakis et al., 2011). Minos donor plasmid containing
Hsp70a-DsRed or EGFP was injected into 1-cell embryos to generate a diverse catalog of different
transgenic lines, in which each established line labels a different portion of the animal, depending on
available splice donor exons from genes in the neighborhood of the Minos insertion. Another feature
of this construct is the presence of an attB or attP sequence, which allows for insertion of additional
alleles or the replacement of alleles using the phi-C31 integrase system (Groth et al., 2004). Using such
transgenic tools, one can label and clone developmental and tissue-specific genes.

​​Genetic knockdown techniques in Parhyale have been established using morpholino and
RNAi technology. Morpholinos have been used to knock down the vasa gene, which is a well-studied
germ cell determinant conserved across many arthropods (Özhan-Kizil et al., 2009). This experiment
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suggested that Parhyale vasa is not necessary for the establishment of the ‘g’ cell, but it is critical for the
maintenance of germline identity. At about the same time, small interfering RNAs (siRNAs) were
used to knock down the leg patterning gene Distalless and the Hox gene Ultrabithorax (Liubicich et
al., 2009), producing a loss of distal limb elements and a transformation of the T2 and T3 segment
towards a more anterior T1 fate, respectively. In addition to siRNA, engineered RNA hairpins have
also been used to achieve gene knockdown via RNAi. By expressing a heat-shock controlled abd-A
sense/ antisense fusion transcript linked with a Drosophila white intron, Martin et al. were able to
generate knockdown animals that helped uncover the function of the abd-A gene (Martin et al., 2015).
These technologies often produce a range of phenotypes due to variation in the extent of knockdown,
which can be useful for understanding how gene dosage contributes to specific phenotypes.

The field of genome engineering has recently been revolutionized by the discovery of the
CRISPR-Cas9 programmable nuclease system (Doudna and Charpentier, 2014; Hsu et al., 2014;
Jinek et al., 2012). Following double-stranded cleavage at a target site specified by a guide RNA, native
DNA repair machinery can either induce indel mutations, or can be coopted to introduced exogenous
DNA through homologous recombination, among many more advanced techniques. This
transformative technology has enabled researchers of many organisms to perform genome editing and
other genetic manipulations.

In Parhyale, the CRISPR-Cas9 system was first used to systematically knock out a large
repertoire of Hox genes in order to examine their function in specifying segment and appendage
identity in G0 embryos (Martin et al., 2015)(example in Fig. 5a). It was also used for homologous
recombination with double-stranded DNA plasmids to generate animals expressing EGFP-T2A-Antp
(Serano et al., 2016)(Fig. 5b). Recent work in Parhyale has demonstrated that even in phenotypically
wild-type G0 animals, targeted alleles have a high rate of mutations within the germline, and
loss-of-function mutations can be revealed by crossing these phenotypically wild-type G0 animals to
each other and analyzing their G1 progeny (Kao et al., 2016). Moreover, NHEJ-mediated repair has
also been used to generate transgenic animals (Kao et al., 2016). By using a double-stranded donor
template without homology arms, one can generate fused transcripts at a higher rate than via a
homologous recombination pathway. More recent protocols in other systems have shown that an
alternate single-stranded DNA repair pathway can generate transgenic alleles at much higher
efficiencies than homologous recombination (Chen et al., 2015; Quadros et al., 2016). Moreover, the
identification and engineering of other CRISPR-Cas systems, including those that target RNA, or
modify specific bases, has created a diverse toolkit for targeted genetic manipulations (Abudayyeh et al.,
2017; Cox et al., 2017; Gaudelli et al., 2017; Komor et al., 2016). Future work in Parhyale will benefit
from adapting additional advances in CRISPR-Cas targeting technologies to this emerging research
system.

0.4 – Genomic and Bioinformatic Resources
Gene sequence and its analysis are instrumental to many molecular genetic approaches. For

example, in situ hybridization requires the generation of labeled antisense probes from specific
sequences of interest, while transgenesis using CRISPR-Cas9 requires sequences for specific targets in
the genome. In newer research systems such as Parhyale, identifying conserved genes is critical for
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comparative developmental genetic studies. Moreover, examining genome content and organization in
Parhyale can provide insights into arthropod and metazoan genome evolution.

The initial identification of gene sequences in Parhyale relied on low-throughput approaches,
such as degenerate PCR and RACE (Browne et al., 2006; Price and Patel, 2008; Prpic and Telford,
2008). The extensive efforts of early investigators generated sequences for the Hox genes and many
other developmentally important Parhyale genes for performing expression and genetic analysis.

Analysis of large genomic sequences was spurred on by the construction of a BAC library
consisting of 129,024 clones with an average insert size of 140kb (Parchem et al., 2010). This library
amounted to five genome equivalents of the ~3.6Gb genome. Analysis of specific genes and gene
families, including sequencing of several selected BAC clones, revealed several features of Parhyale,
which could be compared to those in other arthropods specifically and metazoans more broadly. For
example, the intergenic distance in the Parhyale genome is much greater than those of previously
sequenced arthropods. Furthermore, analysis of coding regions in Pax group III and other genes
revealed significantly greater intron size. These results are consistent with the very large genome size of
Parhyale, and suggest that Parhyale has undergone genome expansion.

Transcriptome data has also been generated from various stages of embryogenesis and adult
tissues (Blythe et al., 2012; Zeng et al., 2011). GO-term analysis of embryonic transcripts revealed no
significant enrichment in genes of a particular function relative to Daphnia and Drosophila, while
BLAST revealed an enrichment in transcripts containing a C2H2 zinc finger domain (Zeng et al.,
2011). (Blythe et al., 2012) generated a great deal of additional transcriptome data, including two
additional small RNA libraries from early embryos (S1-S4) and slightly later embryos (S4-germband)
to identify 55 conserved miRNA sequences. Two miRNAs conserved to Eumetazoa (miR-10 and
miR-100) and 9 out of 30 miRNA families conserved to Bilateria were identified in Parhyale using this
approach.

A recently published paper on a Parhyale genome assembly describes in deeper detail the
genomic features of this crustacean (Kao et al., 2016). Genomic DNA from a single adult male was
used to generate a genome assembly containing 133,015 scaffolds (N50 of 81,190bp), 259,343
unplaced contigs, and 584,293 shorter contigs that could represent polymorphic regions. Annotation
by Augustus, which uses high-confidence gene models generated using assembled transcriptomes, gene
homology, and ab initio predictions, generated 28,155 gene models. Combined genomic and
second-generation Illumina transcriptomic data accounted for 247 of the 248 CEGMA (Core
Eukaryotic Genes Mapping Approach) orthology groups, which are a measure of assembled genome
completeness (Parra et al., 2007). Moreover, 96% of new transcriptome reads map to the genome.
Taken together, this suggests that the current genome assembly captures nearly all of the
protein-coding information for Parhyale. This genome sequence is publically available through NCBI
(https://www.ncbi.nlm.nih.gov/genome/15533).

Further transcriptomic and genomic analysis was carried out to identify noncoding RNAs,
such as piRNAs, miRNAs, and lncRNAs, as well as their associated proteins. Parhyale has key
components of all major small RNA pathways, including 4 argonaute family members, 2 PIWI family
members, and orthologs of Dicer-1, Dicer-2, drosha, and loquacious (Kao et al., 2016). However, no
evidence was found for SID-1, a necessary component of systemic RNAi that is found in C. elegans
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and many species of mammals, fish, and insects. These findings will allow for investigations of small
RNA pathway evolution through studies in a crustacean.

The Parhyale genome assembly revealed several additional genomic features. Analysis of
transcriptomes representing Parhyale cultures from different labs, although all derived from the
original population extracted from the Shedd Aquarium, revealed high levels of heterozygosity in many
genes (Kao et al., 2016), a finding consistent with polymorphisms observed in overlapping BAC
sequences (a mean of 1.5-2.5% SNPs). Moreover, analysis of BAC sequences revealed many large
(~100bp) indels between haplotypes. Consequently, greater care must be taken when using
homology-dependent genetic manipulations such as CRISPR-Cas9 in this system.

Recently, the Parhyale community funded an updated genome sequencing effort, which
included Dovetail Chicago and Hi-C methods for stitching together large contigs and bridging gaps
over repetitive elements. This effort has resulted in a dramatically improved genome sequence, which
will facilitate deeper investigations into the regulatory information contained in the Parhyale genome.

Taken together, there is now a wealth of genomic and bioinformatics data for Parhyale,
including BACs, a high-quality genome sequence, assembled transcriptomes for various stages of
development, and annotated small RNAs. Such resources will enable deeper genetic investigations in
this emerging research system.

0.5 – Case Studies
With thoroughly characterized development, many methods for genetic manipulation, and

ample genomic resources, Parhyale has become a platform for a diverse portfolio of investigations.
Here, we examine two topics that highlight the advantages of using Parhyale as a research system.

Hox genes and body plan diversity
First discovered in Drosophila, the Homeotic or Hox family of genes has become appreciated

as a conserved mechanism for A-P patterning of animal body plans. These transcription factors are
usually found in a collinear genomic cluster that corresponds with their expression along the
anterior-posterior (AP) axis (William and Krumlauf, 1992). Given their broad conservation and critical
developmental function, Hox genes have been used to explore arthropod body plan diversity. Gene
expression data for Hox genes is available for all of the major arthropod clades, including chelicerates,
myriapods, crustaceans, and many diverse species of insects (Hughes and Kaufman, 2002)(partially
summarized in Fig. 6b). These data suggest a correlation between Hox gene expression and body plan
evolution. However, given the difficulties of homologizing body regions between different types of
arthropods, it has been difficult to determine how exactly Hox expression and body plan evolution are
related.

Within the arthropods, crustaceans offer an interesting opportunity for Hox gene analysis, as
they exhibit immense diversity, particularly in regards to limb morphology, yet have body regions that
can be readily homologized (VanHook and Patel, 2008), at least within some clades. Crustacean Hox
gene expression domains correlate with the presence of particular limb types, suggesting that AP body
regionalization is controlled by Hox expression. However, until recently, there has been no functional
validation of this hypothesis. Furthermore, when looking across crustacean body plans, changes in Hox
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gene expression also correlate directly with changes to body plan organization. This suggests that
changes to Hox gene expression are responsible for body plan evolution in crustaceans (Abzhanov and
Kaufman, 1999a, 1999b, 2000, 2000; Averof and Patel, 1997; Hughes and Kaufman, 2002).

With its unique status as a crustacean with advanced genetic tools and genomic resources,
Parhyale has become an excellent system for studying crustacean Hox genes. Recent studies in Parhyale
have provided additional crustacean Hox expression data, and the first forays into crustacean Hox gene
function in Parhyale using transgenesis and CRISPR/Cas9 mutagenesis have offered strong support
for previous hypotheses of Hox-mediated crustacean body plan evolution.

The first investigations into Parhyale Hox genes focused on Parhyale Ultrabithorax (Ph-Ubx).
In malacostracan crustaceans, this Hox gene was previously correlated with the transition between
feeding type appendages in the anterior thorax (maxillipeds) and the locomotory appendages found
more posteriorly on the thorax. Previous work has demonstrated that a posterior shift in the expression
of Ubx correlates with an increase in the number of maxillipeds across a variety of crustaceans,
suggesting that the removal of Ubx from a given thoracic segment allows for the emergence of
maxilliped identity (Averof and Patel, 1997).

In Parhyale, Ubx is expressed in segments T2-T8, which include the chelipeds, forward walking
legs, and reverse jumping legs (Liubicich et al., 2009). The T1 segment in Parhyale has a reduced size
and modified morphology, and is classified as a maxilliped. RNAi knockdown of Ubx induces a
transformation of the T2 and T3 segments (normally chelipeds, or claws) towards a T1/Mxp-like
identity, a result in agreement with previous evidence that suggested that loss or reduction of Ubx
expression could generate maxilliped morphology. In a complementary experiment, (Pavlopoulos et al.,
2009) described the effects of Ubx misexpression using a heat-shock inducible Ubx construct.
Ectopically induced Ubx expression in the antenna, Mx2, Mxp, and T2-T3 (chelipeds) produced a
homeotic transformation into T4-T5 (forward walking legs). Frequently, Mx2 could be transformed
into Mxp, which the authors correlated with repression of the more anteriorly expressed Hox gene
Ph-Sex combs reduced (Scr). Moreover, Ubx misexpression caused overall transformation of head
segments into thoracic segments. These two studies were the first demonstration that Hox genes in
Parhyale were necessary and sufficient to establish regional identity in the embryo. Moreover, they
provided the first functional evidence for the hypothesis that changes in Hox expression could be
responsible for changes in crustacean body plan organization.

A comprehensive analysis of the Parhyale Hox genes was first provided by (Serano et al.,
2016)(summarized in Fig. 6b). The authors initially identified the Hox genes through degenerate PCR
and RACE from cDNA. Using these sequences to probe the Parhyale BAC library allowed for the
isolation of genomic regions containing labial, proboscopedia, Hox3, Deformed, Sex combs reduced,
Antennapedia, abdominal-A, and Abdominal-B, in addition to the Ubx gene previously described.
The only ancestral arthropod Hox gene that appeared to be missing from Parhyale was fushi tarazu.
Overlapping BACs from this original data set determined that lab/pb and Dfd/Scr/Antp/Ubx were
clustered together. Recent work using fluorescent in situ hybridization to detect nascent Hox
transcripts has shown that the majority of the Hox genes are found in a single cluster, with the
exception of Hox3 (Kao et al., 2016). The 2018 Parhyale genome assembly places all of the Hox genes
in a single collinear cluster that spans approximately 3.5Mb.
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Expression analysis of each of the Hox genes was performed at several stages of development
using in situ hybridization and immunofluorescence using cross-reactive antibodies (Serano et al.,
2016). In summary, the Hox genes are expressed with temporal and spatial collinearity: four Hox genes
are expressed in the head: lab, pb, Hox3, and Dfd; two Hox genes are expressed in both the head and
the thorax: Scr and Antp; Ubx is expressed in the thorax; abd-A is expressed in the thorax and
abdomen, and Abd-B is expressed in the abdomen alone. Anterior genes are expressed earlier in
development (e.g. lab and Dfd are first expressed at S8, ~16hpf), while more posterior genes are
expressed later, depending on their position along the Hox cluster (e.g. Antp is first expressed at S12,
~56hpf, while Abd-B is first expressed at S17-S18, around ~86 hpf). The expression patterns identified
for Parhyale add to the catalog of crustacean Hox gene expression data from crustaceans with diverse
body plans, including from the branchiopods Artemia and Daphnia, the maxillopod Sacculina, and
the malacostracans Porcellio, Procambarus and Asellus, thus enabling further comparisons of gene
expression between species (Abzhanov and Kaufman, 1999a, 1999b, 2000a, 2000b; Averof and Akam,
1995; Blin et al., 2003; Brena et al., 2005; Copf et al., 2003; Mouchel‐Vielh et al., 2002; Papillon and
Telford, 2007; Shiga et al., 2002; Vick and Blum, 2010).

To interrogate how Hox genes specify regional identity in Parhyale, Martin et al. used both
CRISPR-Cas9 mutagenesis and RNAi knockdown (Martin et al., 2016), examining the posterior six
of the nine Parhyale Hox genes: Dfd, Scr, Antp, Ubx, abd-A, and Abd-B (summarized in Fig. 7). For
each CRISPR-Cas9 mutagenesis experiment, the authors independently tested two sgRNAs to control
for off-target effects. In summary, knockout of each of the Hox genes produced various homeotic
transformations that revealed their function in specifying regional identity (Fig. 7). For example,
knockout of abd-A caused a transformation of T6-T8 reverse jumping legs to T4-T5 forward walking
leg identity, as well as a transformation of A1-A3 swimming legs to A4-A6 anchoring leg identity. This
suggests that abd-A is necessary for the establishment of swimming leg and anchoring leg identity, and
that these leg identities are created as a result of overlapping expression of abd-A with either Ubx or
Abd-B. Together, the homeotic transformations identified in these experiments describe the “Hox
code” in Parhyale that dictates how combinations of Hox gene expression generate different limb types.

By examining the expression patterns of Hox genes in other crustaceans, then, one can begin to
make predictions about how the Hox codes in these crustaceans function to produce diverse body
plans. For example, using a cross-reactive antibody (FP6.87) targeting Ubx/abd-A proteins, Martin et
al. were able to discern that the abd-A expression boundary is 2 segments more posterior in the
decapod crustacean Procambarus fallax and the mysid Mysidium columbiae (Martin et al., 2016). This
shift in the posterior abd-A expression boundary correlates with an increased number of swimming
legs. Based on the CRISPR-Cas9 phenotype of abd-A in Parhyale, one can infer that the change in
pleopod number is directly induced by a change in the expression boundary of abd-A.

The present achievements in Hox gene analysis in Parhyale illustrate its particular advantages as
a research system. In particular, the ability to perform molecular genetic manipulations (including
RNAi and CRISPR-Cas9) allows for thorough analysis of gene function. As a crustacean, its complex
body plan posits many avenues of future inquiry, including how Hox proteins act in combination to
generate diverse limb types, and identification of genes downstream of the Hox genes that direct limb



14

morphogenesis.  Understanding Hox gene regulation will also help us understand further details of
how evolutionary changes in limb morphology have been achieved.

Regeneration
Regeneration is a widespread phenomenon found across animals. However, there does not

appear to be a unifying theme to all regenerative processes, as different clades demonstrate different
regenerative mechanisms and potentials. In vertebrates, such as the zebrafish, Danio rerio, and the
axolotl, Ambystoma mexicanum, lineage-restricted progenitors contribute to regenerated organs,
whereas in planarians, a population of pluripotent stem cells is responsible for regeneration (Tanaka
and Reddien, 2011). Unlike each of these species, humans lack any extensive ability to regenerate.
What, then, are the molecular and genetic factors that humans have lost, and regenerative animals
share?

The current research organisms available for regenerative research offer particular challenges.
For example, while axolotls exhibit immense regenerative potential in multiple tissues, their large
genome size and slow development make genetic research a challenge. Moreover, the regenerative
strategies of planarians appear to differ substantially from those of the vertebrates that have been
studied. To develop a broader picture of the ancestral regenerative state, one might wish to examine
more diverse species within the evolutionary tree.

Parhyale is an arthropod capable of adult limb regeneration, and thus presents an excellent
opportunity for examining regenerative mechanisms in a previously unexplored phylogenetic position.
Early research into the mechanisms of limb regeneration in Parhyale has offered new insights into the
ancestral urbilaterian regenerative state. Recently, (Konstantinides and Averof, 2014) used Parhyale to
describe a common cellular basis for muscle regeneration between arthropods and vertebrates. In
axolotls, limb regeneration appears to be lineage-restricted: dermis can make skin or cartilage, but not
muscle, while muscle cells are derived from a population of Pax3/7+ muscle stem cells called “satellite
cells” (Kragl et al., 2009). Konstantinides and Averof capitalized on the early germ layer restriction of
Parhyale embryos to label different germ layer-specific populations of cells using transposon-mediated
lineage labeling. For example, by injecting a GFP-expressing Minos transposable element and
transposase mRNA into El or Er blastomere cells, the authors labeled thoracic ectoderm cells. By
amputating lineage-labeled limbs, they showed that ectodermal lineages only give rise to ectodermal
cells. Meanwhile, injection into ml and mr cells labeled mesodermal lineages, including muscle. After
injury, regenerated mesodermal tissue was derived from the mesodermal lineage. The authors did not
identify any blastomeres that contributed to both the mesodermal and ectodermal lineages. This is also
consistent with previous evidence for germ layer restriction following embryonic blastomere ablations
(Price et al., 2010). Moreover, regeneration was also restricted locally to the portion of the body that
was lineage-labeled; for example, ml cells could not contribute to mesodermal regeneration on the right
side of the animal. These results suggest that regeneration in Parhyale is lineage-restricted, and that
Parhyale does not have a general pool of lineage-restricted progenitors in the body that contribute to
regeneration.

Upon deeper examination, the authors noticed a small population of DsRed-positive
mesoderm-lineage-labeled cells associated with muscle fibers, which resembled satellite cells. Using a
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Pax3/7 antibody known to cross-react across many species (Davis et al., 2005), they identified these
muscle-associated cells as a Pax-3/7+ population of satellite-like cells (SLC). EdU labeling revealed that
these cells also proliferate in response to limb amputation. Moreover, transplantation of fluorescently
lineage-labeled muscle cells into unlabeled limbs produced fluorescently labeled muscle fibers in
regenerated limbs. Together, these data suggest that Parhyale SLCs have similar function to satellite
cells found in vertebrates. This result reveals that a homologous cell type between vertebrates and
arthropods participates in limb regeneration, suggesting more broadly that the common ancestor of
arthropods and vertebrates had a muscle-regeneration program that employed Pax3/7-expressing
SLCs.

A recent paper by Alwes et al. has leveraged the unique optical properties of Parhyale to
live-image limb regeneration (Alwes et al., 2016). As Parhyale limbs are small and highly transparent, it
is possible to observe limb regeneration in real time at the level of single cells. This optical transparency
allows for live lineage tracking that is not possible in larger vertebrate regenerative systems. To visualize
the regenerative process, the authors glued transgenic Parhyale expressing either fluorescent histones or
lineage-restricted markers within a live-imaging chamber, securing the amputated limb in place. These
animals largely survived the procedure, and it was then possible to image the limb during the course of
regeneration, for up to 4-5 days at a time. The authors used fluorescent microscopy to examine the
migration and division of individual cells, as well as the broader morphogenesis of the regenerating
limb. By tracking individual cells, the authors were able to determine that all epidermal cells were
equally able to participate in the regenerative process; there is no specialized cell type responsible for
regeneration. Moreover, cells largely retained their original proximodistal positions along the limb as
they proliferated, but changed in their positional identities upon limb differentiation and
morphogenesis; for example, cells originally found in the middle of the limb, but at the edge of the
amputation site, would ultimately give rise to the distal tip of the regenerated limb.

By taking advantage of the unique phylogenetic position, optical qualities, and developmental
strategies of Parhyale, researchers have been able to develop a deeper understanding of properties
common across regenerative species. This unique research system is thus poised to become a platform
for novel discoveries about animal regeneration for years to come.

Conclusion: Future Directions
Since its introduction in the late 1990s, the amphipod crustacean Parhyale hawaiensis has

provided opportunity for a wealth of comparative developmental investigations. Parhyale has many
qualities that make it an excellent research organism, including its ease of care, easily accessible
embryos, and mosaic development. With an increasingly sophisticated molecular genetic toolkit and
continued proliferation in genomic and bioinformatics resources, Parhyale is accessible to any
researcher who wishes to capitalize on its unique qualities as a research system.

Parhyale has already been used to investigate the evolution of early development, gene
function, body plans, and regeneration. What is in store for the future of Parhyale? During a 2016
conference at the Howard Hughes Medical Research Institute’s Janelia Farm Campus, organized by
Anastasios Pavlopoulos and Michalis Averof, researchers interested in topics from lignocellulose
digestion to tissue forces to circadian rhythms presented early findings and ideas for new projects in
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Parhyale. Others proposed novel transcriptomic datasets and functional genomic approaches to study
Parhyale development. Moreover, the Parhyale community has begun to amalgamate protocols,
bioinformatic tools, and resources to aid additional work in this system. In the last several years, a
number of papers have been posted to bioRXiv and published in other journals that explore topics as
diverse as the evolutionary origins of insect wings, developmental lineage tracing, and neuroanatomy.
As more researchers continue to adopt Parhyale into their laboratories and examine unexplored aspects
of its biology, it will be exciting to see what other research explorations will be enabled by this unique
emerging research system.
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Figure 0.1: Phylogeny and
development of Parhyale
hawaiensis.

a) Parhyale hawaiensis is a
malacostracan crustacean,
and is within a clade with
lobsters, crabs, and shrimp.
Crustaceans are one of the
four major groups of
arthropods. The three
remaining groups are
chelicerates, including spiders
and scorpions; myriapods,
including millipedes and
centipedes; and hexapods,
including insects.
(Schwentner et al., 2017).

b) Parhyale development takes
place over ~10 days. The early
embryo undergoes rounds of
holoblastic cleavage (Stage
1-Stage 4) and cells eventually
coalesce into a germ cap
(Stage 8). Much of the
embryo develops on the
surface of the yolk during
germband elongation.
Parasegment formation can
be visualized by the
expression of engrailed (red).
Over the course of
embryogenesis, the Parhyale
Hox genes (yellow) initiate
expression over different
regions of the body in a
collinear anterior-posterior
temporal sequence. The
hatchling emerges as a
miniature version of the
adult. Sexually mature adults
display sexual dimorphism:
females are smaller and have
visible ovaries, while males are
larger and have larger
chelipeds on T3.

hpf, hours post-fertilization; Dfd,
Deformed; Scr, Sex combs reduced;
Antp, Antennapedia; Ubx,
Ultrabithorax; AbdA,
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Abdominal-A.

Figure 0.2: Parhyale cell lineage and development.
a) Following fertilization, the embryo undergoes a series of stereotyped holoblastic cleavages. At the 4-cell stage, the

embryo can either undergo left- or right-cleavage, characterized by the position of the Mv+g cell.
b) Lineage tracing has revealed that descendants of cells of the eight-cell stage display germ layer restriction. The eight-cell

embryo contains four macromeres (El, Er, Ep, Mav) and four micromeres (ml, mr, en, g). During the transition from
S6 to S7, cells extrude their yolk to separate the cytoplasm from the yolk. The cells in the rosette of the S7 stage migrate
beneath a layer of ectodermal cells in a process associated with gastrulation to generate the S8 germ cap stage.

c) Illustration of cell migrations during gastrulation.
d) Illustration of the contributions of El, Er, and Ep cells to the ectoderm at the germband stage. e) Illustration of the

contributions of ml, mr, and Mav cells to the mesoderm and the position of the germ cells at the germband stage.
f) Left, schematic of the cell division cycles that give rise to the embryonic parasegments. Unorganized cells in the posterior

of the embryo organize to form parasegment precursor rows (PSPRs), which then divide to once to generate a/b and
c/d cells, then again to generate a, b, c, and d cells. These divisions occur as mediolateral waves of division, beginning



19

with the cells immediately next to the midline, and then spreading laterally. The midline cells divide shortly after the
cells that are adjacent to them. Right, illustration of the organization of cells at the germband stage.

g) Migrations of the mesoteloblasts and mesoblasts during germband elongation. Illustration represents a subset of the
mesoteloblasts. Mesoteloblasts migrate posteriorly and divide to deposit mesoblasts. Mesoblasts then migrate
anteriorly to pair with their specified ectodermal parasegments.

h) Trunk ectodermal parasegments and their corresponding out-of-phase morphological segments. The “a” cell in each
parasegment expresses engrailed, which marks the posterior of each morphological segment. i) Gene expression
markers and morphological markers in Parhyale development. At S17-S19, engrailed marks the anterior of each
parasegment, while distalless marks the developing limb buds. At S21, engrailed marks the parasegments, and at S23,
mef-2 marks the developing mesoderm. The gut anlagen, which sequesters the yolk and develops into the gut, is a
prominent feature of embryos, and is useful in classifying embryonic stages.

A, anterior; P, posterior; D, dorsal; V, ventral; L, left; R, right; An, antenna; Mn, mandible; Mx1, maxillule; Mx2, maxilla;
Mxp, maxilliped.
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Figure 0.3: Germ layer compensation and germ layer interactions in Parhyale.
For ease of comprehension, in this figure, embryos are illustrated with the dorsal side facing towards the reader. During
actual development, the dorsal side of the embryo faces the yolk, while the ventral side is superficial and clearly visible.
a) Left column: illustration of wildtype lineage patterns and morphology for ectoderm-lineage blastomeres. Middle and

right columns: illustrations of ablation experiments, demonstrating intra-germ layer compensation in the ectoderm.
Ablation of any two cells from the ectoderm lineage results in embryonic lethality.

b) Ablation of ectoderm lineage cells after the start of germband elongation. Germ layer compensation does not occur
after the start of the germband stage.
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c) Left column: illustration of wildtype lineage patterns and morphology for mesoderm-lineage blastomeres. Middle and
right columns: illustrations of ablation experiments demonstrating intra-germ layer compensation in the mesoderm.

d) Ablation of mesoderm lineage cells after the start of germband elongation. Germ layer compensation does not occur
after the start of the germband stage.

e) Ablation of the mesoderm after the start of germband elongation does not affect ectodermal segmentation.
f) Ablation of the ectoderm after the start of germband elongation leads to defects in mesoblast division and migration.

A, anterior; P, posterior; D, dorsal; V, ventral; L, left; R, right; An, antenna; Mn, mandible; Mx1, maxillule; Mx2, maxilla;
Mxp, maxilliped.
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Figure 0.4: Transgenesis in Parhyale using the Minos transposase system.
a) A basic Minos transposase donor plasmid and a schematic of the transgenesis experiment.
b) Fluorescence image of a Minos-transformed female Parhyale that exhibits transformation in one-half of the body, with

fully transgenic hatchlings in the brood pouch.
c) An example transgenic animal in which DsRed expression is specified by a Parhylale muscle enhancer.
d) Same as in c, but using DsRed that contains a nuclear localization signal (NLS). The bright signal that runs the length

of the body is autofluorescence.
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Figure 0.5: CRISPR-Cas9
mutagenesis and transgenesis in
Parhyale.

a) Bilateral CRISPR-Cas9 knockout of Abd-B.
Left panel shows a wildtype Parhyale
hatching. Right panel shows a
CRISPR-Cas9 mutant for Abd-B. The
abdominal appendages in the mutant are
transformed to thoracic walking and
jumping leg identities.

b) CRISPR-Cas9 homologous recombination
plasmid and strategy to insert GFP into the
Antp locus.

c) CRISPR-Cas9 homologous
combination-mediated transgenesis.
Transgenic embryo wherein GFP is
expressed in segments that express Antp.
Figure adapted from Martin et al 2016.
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Figure 0.6: Body plan organization and Hox gene expression of Parhyale and other
representative arthropods.

a) Body plan of Parhyale. b) Body plan and Hox gene expression of Parhyale and several representative arthropods. The
expression of Hox genes correlates strongly with differing segment identities across the arthropods. Thermobia,
Lithobius, and Cupiennius patterns adapted from Hughes and Kaufman, 2002.
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Figure 0.7: Homeotic transformations of segment identity in Parhyale through Hox gene
knockout.

CRISPR-Cas9 knockout of Hox genes induces a range of different homeotic transformations, revealing the roles of these
genes in specifying segment identity.
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Chapter 1. Functional genomics of Parhyale hawaiensis

1 – Identification and classification of cis-regulatory elements
in the amphipod crustacean Parhyale hawaiensis
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Abstract
Emerging research organisms enable the study
of biology that cannot be addressed using
classical “model” organisms. The development
of new data resources can accelerate research in
such animals. Here, we present new functional
genomic resources for the amphipod crustacean
Parhyale hawaiensis, facilitating the exploration
of gene regulatory evolution using this
emerging research organism. We use
Omni-ATAC-Seq, an improved form of the
Assay for Transposase-Accessible Chromatin
coupled with next-generation sequencing
(ATAC-Seq), to identify accessible chromatin
genome-wide across a broad time course of
Parhyale embryonic development. This time
course encompasses many major morphological
events, including segmentation, body regionalization, gut morphogenesis, and limb development. In
addition, we use short- and long-read RNA-Seq to generate an improved Parhyale genome annotation,
enabling deeper classification of identified regulatory elements. We discover differential accessibility,
predict nucleosome positioning, infer transcription factor binding, cluster peaks based on accessibility
dynamics, classify biological functions, and correlate gene expression with accessibility. Using a Minos
transposase reporter system, we demonstrate the potential to identify novel regulatory elements using
this approach, including distal regulatory elements. This work provides a platform for the
identification of novel developmental regulatory elements in Parhyale, and offers a framework for
performing such experiments in other emerging research organisms.
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Primary Findings
- Omni-ATAC-Seq identifies cis-regulatory elements genome-wide during crustacean embryogenesis
- Combined short- and long-read RNA-Seq improves the Parhyale genome annotation
- ImpulseDE2 analysis identifies dynamically regulated candidate regulatory elements
- NucleoATAC and HINT-ATAC enable inference of nucleosome occupancy and transcription factor

binding
- Fuzzy clustering reveals peaks with distinct accessibility and chromatin dynamics
- Integration of accessibility and gene expression reveals possible enhancers and repressors
- Omni-ATAC can identify known and novel regulatory elements

1.0 – Introduction
Advances in genomic techniques have facilitated genetic research in emerging research

organisms. As sequencing tools become more sophisticated and less expensive over time, understanding
what genes an organism expresses at any time in development becomes more straightforward. The
expansion of genome sequencing has accelerated to such a degree that cost per gigabase of genome
sequence has decreased at a rate faster than predicted by Moore’s Law (Wetterstramd), enabling the
inexpensive generation of gene sequence. Moreover, the establishment of techniques, including RNAi
and CRISPR-Cas9 mutagenesis, has made genetic ablation available to researchers working in a range
of different research organisms, enabling the rapid characterization of gene function. RNAi
knockdown has been applied to various insects (Christian et al., 2015; Mito et al., 2011), chelicerates
(Sharma et al., 2013), flatworms (Rouhana et al., 2013; Srivastava et al., 2014), and numerous other
organisms to study gene function. More recently, CRISPR-Cas9 mutagenesis has enabled both
targeted ablation and targeted transgenesis in organisms as diverse as cephalopods (Crawford et al.,
2020) and reptiles (Rasys et al., 2019). Using these tools, it is now possible to identify and perturb the
function of genes across diverse organisms to understand how genes and genomes evolve across the tree
of life.

While changes to gene function have been shown to play a significant role in evolutionary
processes, recent studies have revealed how changes to gene regulation can also play a meaningful role
in shaping the diversity of cell types, morphologies, and populations across clades (Mattioli et al., 2020;
Signor and Nuzhdin, 2018; Wittkopp et al., 2004). The evolution of gene regulation is governed by
changes in the function of two gene-regulatory modes: changes to trans-regulatory factors and changes
to cis-regulatory elements. Trans-regulatory factors may include transcription factors, noncoding
RNAs, and other diffusible elements that modify the expression of distant genes, while cis-regulatory
elements are considered regions of the genome that locally mediate gene regulation.

The identification and characterization of possible trans-regulatory factors in a genome can be
accomplished with relative ease using genome sequencing. For example, functional annotation of
transcriptomes is able to easily identify transcription factors based on highly conserved protein
domains (Ofran et al., 2007; Wang and Brown, 2006). Many bioinformatic tools also exist to identify
microRNAs and long noncoding RNAs through sequence-based approaches (Duan et al., 2020; Liu et
al., 2014). RNA-Seq approaches can also enable the identification of differentially expressed transcripts
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which might be important for biological function (Costa-Silva et al., 2017). Thus, it is possible to
identify many of the trans-regulatory factors within an organism’s genome with straightforward RNA
sequencing approaches.

Cis-regulatory elements (CREs), on the other hand, have historically proven difficult to
identify even in model organisms. Unlike protein-coding sequences, cis-regulatory elements are
composed of complex assemblies of transcription factor binding sites, which can be computationally
challenging to identify (Li et al., 2015; Wasserman and Sandelin, 2004). These sites can change
dramatically over short periods of time; for example, in the context of the even-skipped stripe 2
enhancer across several Drosophila species, the position of critical transcription factor binding sites
shifted in as short a span as 1–2 million years divergence (Ludwig et al., 1998). Such rapid evolutionary
flexibility, while important for driving short- and long-term evolutionary processes, makes the
identification of such elements in novel research organisms a considerable challenge.

In recent years, novel techniques for identifying CREs have been developed, which rely on the
fact that CREs often occur in regions of accessible chromatin. The earliest, including DNAse I
hypersensitivity and Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE-Seq) enabled
researchers to locate accessible chromatin regions and discover novel regulatory elements in a range of
research organisms (Giresi et al., 2007; Lai et al., 2018; Pérez-Zamorano et al., 2017). However, such
techniques were hampered by low signal-to-noise ratios, the requirement for very large amounts of
tissue, and technically challenging protocols. In 2013, Buenrostro et al. published papers describing the
Assay for Transposase-Accessible Chromatin with next-generation sequencing (ATAC-Seq), a novel
technique using a hyperactive version of the Tn5 transposase, as a way of identifying accessible
chromatin regions genome-wide (Buenrostro et al., 2015). In this paper, they demonstrated that
ATAC-Seq performed comparably to previous accessibility techniques with reduced tissue
requirements and increased convenience and speed.

ATAC-Seq has proved to be an effective technique for traditional model systems, and has
offered a true revolution for emerging model systems. The low material input requirements of
ATAC-Seq are of particular use in emerging research organisms, for which generating the millions of
cells required for previous techniques would prove challenging. Researchers have applied ATAC-Seq to
gar embryos in order to study the evolution of limb development (JL and Shubin, 2015) and
regenerating acoel flatworms and hydra to study regeneration (Cazet et al., 2021; Gehrke et al., 2019),
among numerous other examples. Thus, ATAC-Seq is now established as a generalizable tool that is
particularly well-suited to accelerating work in emerging research organisms.

In 2017, Corces et al. reported a further-improved version of ATAC-Seq, Omni-ATAC-Seq,
which provides several improvements to the standard ATAC-Seq protocol (Corces et al., 2017). In
particular, it has been reported to have a greater signal-to-noise ratio, decreased mitochondrial read
contamination, and applicability to fixed and frozen tissues, with only minor modifications to the
buffers and detergents used in the standard ATAC-Seq protocol.

In this paper, we apply the Omni-ATAC-Seq protocol to embryos of the amphipod crustacean
Parhyale hawaiensis, an emerging research organism for the study of arthropod development,
evolution, and regeneration (Paris et al., 2021; Stamataki and Pavlopoulos, 2016; Sun and Patel, 2019).
We identify dynamic regions of open chromatin (“peaks”) across a broad swath of Parhyale
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developmental time. We comprehensively analyze our Omni-ATAC-Seq data to predict the position of
nucleosomes along the genome and infer the footprints of transcription factors bound to peaks. Using
fuzzy clustering (Kumar and E Futschik, 2007), we partition our peaks into groups based on similar
accessibility trajectories, revealing groups of peaks with different transcription factor footprint
enrichment and nucleosome occupancy that are active at different points in development. In addition,
we use short- and long-read RNA-Seq to improve the Parhyale genome annotation and investigate the
relationship between accessibility and gene expression over time during development.

Parhyale has served as a platform for foundational discoveries about such processes as body
plan evolution (Martin et al., 2015), the evolution of arthropod limbs (Bruce and Patel, 2020), and the
evolution of regeneration (Konstantinides and Averof, 2014). By facilitating the identification of
regulatory elements in this research organism, our work will enable other researchers to investigate the
complexities of gene regulatory evolution in these processes and others. Furthermore, by enabling the
assessment of cis-regulatory elements in Parhyale, we open avenues to investigate fundamental
mechanisms of gene regulation in the understudied non-insect crustacean clade.

While this work primarily focuses on Parhyale, our methods can provide examples of how one
can perform thorough analyses of ATAC-Seq and RNA-Seq data using existing tools to generate
hypotheses about gene expression dynamics and regulatory element function. Such approaches can be
applied to a diverse range of organisms, and will facilitate deeper understanding of gene regulation
across the tree of life.

1.1 – Results
1.1.1 – Omni-ATAC-Seq identifies open chromatin across Parhyale developmental stages

To identify developmental regulatory elements, we performed Omni-ATAC-Seq on 15 stages
of Parhyale embryonic development (Fig. 1). For each developmental stage, we generated two
Omni-ATAC-Seq libraries using five embryos each, and fixed and DAPI stained sibling embryos to
confirm staging (Fig. 1A). The developmental stages catalogued in our dataset are illustrated on a
timeline in Fig. 1B, and representative fixed, DAPI-stained sibling embryos are illustrated in Fig. 1C.
Additional brightfield images of embryos prior to tagmentation can be found in Supp. Fig. 1A.

To assess the quality of our libraries, we employed a battery of standard tests used to assess the
quality of ATAC-Seq data (Supp Fig. 2A). Omni-ATAC-Seq libraries were also compared to previous
ATAC-Seq libraries (see Methods), and had greater library size, higher numbers of non-duplicated
reads, and lower amounts of mitochondrial DNA contamination (Supp. Fig. 2B, C). Fragment size
analysis of Omni-ATAC-Seq reads after mapping revealed distinct 1-nucleosome and 2-nucleosome
peaks, indicating that tagmentation was efficient (Supp Fig. 2E, F).

To determine whether our Omni-ATAC-Seq data represented genuine enrichment in
accessible chromatin regions, we examined promoter accessibility genome-wide. A hallmark of
successful ATAC-Seq experiments is strong enrichment of reads in gene promoters (Yan et al., 2020).
We evaluated our ATAC-Seq using the most recent phaw_5.0 gene annotations (obtained from Leo
Blondel, hereafter referred to as the “MAKER annotation”) at the start of annotated mRNAs and
across mRNA lengths, and compared our results to RNA-Seq read pileups (Fig. 2A–B). As expected,
Omni-ATAC-Seq signal is enriched symmetrically at mRNA starts, whereas RNA-Seq reads are
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enriched 3’ of mRNA starts. In addition, Omni-ATAC-Seq data shows greater enrichment at
promoters than over annotated mRNA regions, and decreased enrichment outside of annotated
mRNAs. These data suggest that our Omni-ATAC-Seq performed as expected in identifying promoter
regions genome-wide.

To assess whether our libraries were capable of capturing significant variation over time, we
performed Principal Component Analysis (PCA) on our libraries (Fig. 2C). PCA revealed that our
libraries were primarily separated along two principal components (PCs), PC1 (60% of variation) and
PC2 (18% of variation), with a considerable drop in variation explained in other PCs (Supp. Fig. 2D).
PC1 appeared to be associated with developmental time, with earlier developmental stage libraries
showing a negative loading, and later developmental stages showing a positive loading. Within the
PCA plots, samples from the S21 and S22 time points appeared to be more separated in PC2 relative to
the other timepoints. A discussion of this observation and its implications can be found in the
Supplementary Methods and Supplementary Figures 2.2 and 2.3C.

To identify regions of dynamically accessible chromatin, we used the ImpulseDE2 (IDE2)
pipeline (Fischer et al., 2018). IDE2 differs from other software for differential expression analysis in
that it allows the investigation of trajectories of dynamic expression over large numbers of timepoints.
It does so by modeling a gene expression trajectory as an “impulse” function that is the product of two
sigmoid functions (Chechik and Koller, 2009; Yosef and Regev, 2011). This approach enables the
modeling of a trajectory of gene expression in three parts: an initial value, a peak value, and a steady
state value, thus summarizing an expression trajectory using a fixed number of parameters. With the
ability to capture the differences between early, middle, and late expression values for each gene in a
dataset, IDE2 also enables the detection of transient changes in gene expression or accessibility during a
time course. Identifying differential expression over large numbers of timepoints is difficult for more
categorical differential expression software such as edgeR and DESeq2, which generally use pairwise
comparisons between timepoints to assess change over time (Love et al., 2014; Robinson et al., 2010).

We used Genrich (Gaspar) to call significant peaks (merged q-value between replicates < 0.05)
in each of our 15 timepoints independently, and merged overlapping peaks across timepoints using
bedtools (Quinlan and Hall, 2010), yielding 190,078 genomic regions which we used as our “peaks” in
downstream analyses, including IDE2. The dynamic accessibility of these peaks is illustrated in a
heatmap in Fig. 2D. Of these peaks, 163,227 (85.87%) were classified as having statistically significant
variation (padj < 0.01) over our time-course; 60,909 (37.32%) were classified as having transient
expression dynamics; and 88,231 (54.05%) were classified as showing positively or negatively
monotonic expression dynamics. These results indicate that we were able to identify many dynamically
accessible regions across the Parhyale genome.

IDE2 produces a fitted model of accessibility for each of the peaks used in the analysis (Fischer
et al., 2018)(see Supp. Fig. 2.3C, D for examples). We used these model fits to summarize the global
properties of the dynamic peaks we identified. First, we estimated the number of models that achieved
their maximum accessibility during each of the 15 timepoints sampled (Fig. 2F). The timepoints
during which models most frequently showed their highest accessibility were S13, S21, and S27,
representing approximately the earliest, middle, and latest timepoints.
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We then used these IDE2 model fits to understand how the variance of our libraries captured
by the PCs was related to accessibility dynamics (Supp. Fig. 2G). We extracted the 100 peaks with the
most positive and negative loadings in PC1 and PC2 and plotted their IDE2 model fits. Based on these
plots, we inferred that PC1 captured variation along developmental time, with positively-loaded peaks
showing a “low early, high late” accessibility trajectory, and negatively-loaded peaks showing a “high
early, low late” accessibility trajectory. Peaks with high positive loading in PC2 appeared to be those
with highest accessibility in the middle developmental stages.

These global analysis results indicate that our Omni-ATAC-Seq experiments captured
information normally found in ATAC-Seq data, including strong enrichment at promoters. Overall,
the low mitochondrial read contamination, large library size, and low fraction of duplicated reads
suggest that our Omni-ATAC-Seq data are of high quality. In addition, the results of the IDE2
differential accessibility analyses indicate that the vast majority of accessible regions in the Parhyale
genome show dynamic accessibility over developmental time.

1.1.2 – Improving the Parhyale genome annotation using short- and long-read
RNA-Sequencing

While Omni-ATAC-Seq signal showed enrichment across annotated mRNA starts in a
genome-wide analysis, careful examination of individual genes and gene models indicates that many of
the MAKER gene annotations are fragmented. For example, among the Parhyale Hox genes, 7 of 9 the
genes showed discrepancies in annotation compared to previously-published Rapid Amplification of
cDNA Ends (RACE) data (Serano et al., 2016), with lab, pb, Ubx, and abd-A showing fragmented
gene models (Supp. Fig. 3.1A, B).

A more accurate genome annotation would improve both genome-wide analyses and enable
the precise classification of candidate regulatory elements as promoters, exonic and intronic regulatory
elements, and intergenic regulatory elements. To generate a more complete genome annotation, we
performed RNA-Seq using two approaches: short-read sequencing using the Illumina NovaSeq
platform and long-read sequencing using Oxford Nanopore technology. For four developmental stages
(S13, S19, S21, and S23), we generated triplicate RNA-Seq libraries, which were sequenced using a
short-read approach (Illumina NovaSeq) and a long-read approach (Oxford Nanopore) (Fig. 3A, B;
representative embryo images in Supp. Fig. 1B).

We assembled multiple transcriptomes from each of the sequencing approaches (Fig. 3B).
Using the Trinity (Haas et al., 2013) pipeline to assemble the short-read sequences, we generated four
developmental stage-specific de novo transcriptomes (Trinity-S13 to Trinity-S23) and two merged
transcriptomes, one de novo (Trinity-all) and one genome-guided (Trinity-GG). Additionally, we
generated two transcriptomes with reads from several developmental stages covering the time course of
limb development (Trinity-limb (new) and Trinity-limb (old), see Methods). Although the merged
transcriptomes were generated from all four developmental stages (Trinity-all, Trinity-GG), they scored
lower compared to stage-specific transcriptomes when CDS completeness was assessed using BUSCO
(Fig 3D). One possible explanation for this could be an increase in transcript assembly fragmentation
from de Bruijn graph assembly caused by the high heterozygosity previously described of the Parhyale
genome (Kao et al., 2016). For long-read sequencing, we mapped the reads to the phaw_5.0 genome
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using minimap2 and assembled a transcriptome using StringTie2 (Kovaka et al., 2019; Li, 2018). We
also used StringTie2 to generate a combined transcriptome containing both short and long reads.
While the long-read transcriptome (StringTie2 L) yielded a low BUSCO score, the short- + long-read
transcriptome (StringTie2 SL) scored comparably to our other transcriptomes (Fig. 3D).

To generate a more complete genome annotation, we used the Mikado pipeline to merge our
assembled transcriptomes with the previously-generated Kao et al. 2016 transcriptome and the
MAKER genome annotation. The Mikado pipeline and others (e.g. EvidentialGene) take advantage of
the previously observed variable ability of transcriptome assemblers to produce complete gene models
for different types of genes (Gilbert, 2019; Venturini et al., 2018). Such software uses a variety of
metrics to compare transcripts from different sources to determine the “best” gene models for each
gene region in the genome. We evaluated the Mikado-merged transcriptome (hereafter “Mikado
transcriptome”) using BUSCO, and observed a comparable score to the best of the individual
transcriptomes (90.9% complete), and a marked improvement compared to the MAKER annotation
(80.9% complete).

We first examined the Mikado transcriptome models representing the Parhyale Hox cluster
genes and compared those to the RACE data and the MAKER annotation (Supp. Fig. 3 C–E). The
gene models from the Mikado transcriptome showed an improvement relative to the MAKER models
overall, with complete models for pb, Hox3, Dfd and Scr, which were fragmented in the MAKER
annotation. While the Mikado pipeline was only able to recover one transcript isoform each for the
three posterior Hox genes, for abd-A and Ubx, the isoforms identified were more complete than those
the MAKER annotation. Moreover, the Mikado-merged transcriptome was able to produce a more
complete gene model for Hox3 than the previous RACE data or MAKER annotation. Combining the
RACE data with our Mikado transcriptome, we have assembled the most complete annotation of the
Parhyale Hox cluster to date.

To quantify the level of gene model fragmentation in our dataset, we generated a series of
manual gene annotations based on RACE sequences. Among 143 previously-generated RACE
transcripts, we selected 49 multi-exonic transcripts that appeared to have a single promoter based on
the Omni-ATAC-Seq data (Supp. Fig. 3D). For each of these RACE transcripts, we manually
annotated the extent of the first and last exon by comparing RNA-Seq read pileups to RACE data and
the current genome annotation. We also identified the Omni-ATAC-Seq peak most likely to capture
the gene promoter, based on the strength of the peak (as evaluated by the number of timepoints over
which we observed a statistically significant peak), as well as overlap to RNA-Seq read data. We used
these manual annotations (see Supp. Table 2) to evaluate the gene models from each of the different
transcript sources (transcriptomes or gene annotations).

For each of the 49 genes in our dataset, we evaluated whether any models in each of the
transcript sources in our dataset overlapped the promoter peak (Supp. Fig. 3E). The ability to
unambiguously identify promoters is essential for downstream analyses, including building reporter
constructs or targeting CRISPR guides to the 5’-most end of genes. Among the transcript sources, the
Trinity de novo transcriptomes had the highest proportion (0.96) of genes where at least one model
overlapped with the promoter peak. However, the Trinity models we observed often (0.98, 48/49
RACE genes examined for the Trinity-limb transcriptome) contained numerous spurious transcript
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fragments in introns, exons, and 3’UTR regions (see Supp. Fig. 3.2 for summary statistics and
examples). Among the remaining transcript sources, the Mikado transcriptome had the highest
fraction of genes where at least one model overlapped with the promoter peak (0.84).

In addition, we assessed the degree of fragmentation of gene models across the 49 RACE
transcripts (Supp. Fig. 3.1D, Methods). For each gene, we determined first whether any single gene
model spanned the first and last exon, representing a complete “single” transcript. If there was not a
single model, we next assessed whether two separate models overlapped with the first and last exon, or
if all models only overlapped either the first or last exon. These results together formed a measure of
transcript completeness. Comparing the different transcript sources, the StringTie2 SL transcriptome
had the highest fraction (0.76) of complete “single” transcripts, with the Mikado transcriptome having
a slightly lower fraction of “single” transcripts (0.73)(Supp. Fig. 3E).

When we directly compared the completeness measures between the Mikado transcriptome
and the MAKER genome annotation, we observed a marked improvement. Notably, the Mikado
transcriptome had a greater proportion of RACE genes with promoter-peak overlap (Mikado 0.84 >
MAKER 0.71), as well as a greater fraction of “single” transcripts (Mikado 0.73 > MAKER 0.55)(Fig.
3D).

To further evaluate the quality of the Mikado transcriptome as a reference, we compared its
performance to the MAKER annotation using a variety of metrics (Fig. 3E). The Mikado
transcriptome produced a larger number of total gene models (n = 21,218) than are found in the
MAKER annotation (n = 15,105). Using bedtools, we attempted to assign a candidate promoter peak
to each transcript in each genome annotation (see Methods), and observed that the Mikado
transcriptome had a larger number of transcripts with an assigned promoter (Mikado n = 18,946;
MAKER n = 11,909), further suggesting improved genome-wide gene completeness.

We further examined the quality of the Mikado and MAKER transcriptomes by evaluating
Omni-ATAC-Seq signal and RNA-Seq signal genome-wide at mRNA starts (Fig. 3F, G). We observed
a comparable RNA-Seq signal, but a higher Omni-ATAC-Seq signal for the Mikado transcriptome as
compared to the MAKER annotation, suggesting a stronger enrichment of promoters in our dataset.
These results together suggest that the Mikado transcriptome produces a more complete genome
annotation, capturing more of the bona fide genes in the Parhyale genome with greater accuracy than
previously available.

To further assess the quality of the two genome annotations, we performed automated
functional annotations to assign gene names and functions. We used two approaches: eggNOG and
OrthoFinder (Emms and Kelly, 2019; Huerta-Cepas et al., 2019). eggNOG is a rapid and lightweight
genome annotation software, and assigns gene names, KEGG pathway information, and GO terms,
among numerous other metrics, to gene models. OrthoFinder facilitates the identification of
orthogroups between provided peptide libraries, enabling automated comparisons between gene lists
in species of interest.

We observed that the Mikado transcriptome included a greater number of GO-term assigned
genes, eggNOG named genes, and eggNOG uniquely-named genes than found in the MAKER
annotation (Fig. 3E). We used OrthoFinder to assign orthogroups between the Mikado or MAKER
transcriptomes and the list of all Drosophila melanogaster peptides from the UNIPROT-SWISSPROT
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database. The Mikado and MAKER transcriptomes produced similar numbers of orthogroups;
however, the Mikado transcriptome produced a greater number of 1:1 orthogroups, which proved
useful for downstream GO term enrichment analysis (summarized in Fig. 3E, see Supp. Fig. 3.3 for
further explanation of orthogroup size comparisons).

Overall, we observed an improvement across nearly all metrics we used to compare the Mikado
transcriptome to the MAKER annotation. The Mikado transcriptome appeared to produce more
complete gene models than in the MAKER annotation, and more of these models could be annotated
using automated methods such as eggNOG and OrthoFinder. Moreover, the Mikado transcriptome
draws from a diverse range of tissue sources, as the previous Kao transcriptome and MAKER
annotations that contribute to the Mikado transcriptome also incorporated data from adult tissues and
other embryonic stages (See Supp. Fig. 3.1G for contributions to Mikado from each transcript source).
Given these results, we used the Mikado transcriptome as our reference genome annotation for
downstream analyses.

Using the Mikado transcriptome as a reference, we assigned Omni-ATAC-Seq peaks to a
number of different spatial categories (“peak types”) along the genome (Fig. 3H, see Methods). We
observed approximately equivalent numbers of peaks over gene bodies (34.4%: 6.2% exonic, 28.2%
intronic) and in intergenic regions (37.2%: 7% proximal intergenic, 30.2% distal intergenic). We further
partitioned the intergenic peaks into proximal and distal segments, with distal intergenic peaks
representing those peaks >10kb away from the nearest gene. We established this cutoff with the
rationale that peaks beyond this distance would be considerably more difficult to isolate as single
fragments combined with a promoter peak using PCR, agnostic of their orientation with respect to
the promoter element. Such peaks could not have been easily identified using previous transgenic
approaches, and are thus distinguished from “proximal” peaks by their necessary identification using
techniques such as ATAC-Seq. The majority of intergenic peaks in our dataset were distal intergenic
peaks (82%; 30.2%/ 37.2%), indicating that many intergenic regulatory elements could not have been
identified using previous approaches. The average distance of intergenic peaks was 73,351bp away
from the nearest gene (Supp. Fig. 2.3B). Nearly a fifth of regulatory elements (18.2%) were also located
on contigs that did not contain genes, and were classified as “unknown”.

As our peaks represent the merged combination of peaks across individual timepoints, we also
evaluated the proportion of peak types from each time-point (Fig. 3H). Peaks analyzed in this way
could reveal differences in the spatial distribution of significant peaks across the genome over
developmental time. After normalizing for the number of “unknown” peaks, the proportion of peaks
belonging to intergenic and promoter regions declined slightly as development progressed, while the
proportion of gene body peaks increased (Supp. Fig. 2.3E). There appeared to be slightly more
intergenic peaks than gene body peaks at all developmental time points, and the ratio of intergenic
peaks to gene body peaks declined very slightly over time (Supp. Fig. 2.3F). These data indicate that
intergenic and gene body peaks have different enrichment trajectories over time. As development
progresses, gene body peaks are increasingly enriched, and may have a greater impact on gene
regulation.
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1.1.3 – Inferring nucleosome positioning and transcription factor footprints from
Omni-ATAC-Seq

ATAC-Seq and other accessibility approaches primarily identify regions of open chromatin in
the genome. However, with sequencing performed at sufficient depth, one can infer additional
information from the pattern of insertions of ATAC-Seq adapters into the genome. Using our
Omni-ATAC data, we predicted the temporal positioning of nucleosomes near Omni-ATACpeaks
using NucleoATAC and inferred the footprints of transcription factors bound to accessible peaks
using HINT-ATAC.

NucleoATAC enables the prediction of nucleosome positioning from ATAC-Seq data (Schep
et al., 2015). We applied NucleoATAC to a window of +/- 500bp around our Omni-ATAC-Seq peaks
at each developmental stage. NucleoATAC depends on a stereotypical signal of Tn5 insertion around
nucleosomes referred to as a “V-plot”, which resembles the fragmentation pattern around chromatin
subjected to chemical fragmentation. We observed across developmental time-points a clear V-plot
signal generated by NucleoATAC (example of V-plot from S21 libraries shown in Supp. Fig. 4A).

A well-established signal of nucleosome positioning found across animals is the presence of
strong +1 and -1 nucleosome positioning around gene promoters, and a depletion of nucleosomes at
RNA-Pol II binding sites (referred to as nucleosome-free region, or NFR) (Brogaard et al., 2012;
Radman-Livaja and Rando, 2010). We visualized NucleoATAC signal and nucleosome occupancy
around mRNA starts genome-wide, and observed strong signals associated with +1 and -1
nucleosomes (Fig. 4 A, B;  Supp. Fig. 4 B–D). We also observed a depletion of nucleosomes and a
decrease in NucleoATAC signal between the +1 and -1 nucleosomes, which may represent
nucleosome-free regions. This signal was observed consistently in each of our stage-specific libraries
(Supp. Fig. 4 E, F). These data indicate that we were able to identify the stereotypical signal of
nucleosomes at promoters from our Omni-ATAC data. Moreover, these results suggest that
NucleoATAC is more generally able to infer nucleosome positions and nucleosome-free regions within
our dataset genome-wide.

In addition to inferring nucleosome positions, deeply sequenced ATAC-Seq data also enables
the inference of transcription factor footprints. We used HINT-ATAC to identify transcription factor
footprints in Omni-ATAC-Seq peaks from each developmental stage (Li et al., 2019) and evaluated the
enrichment of these TF footprints across developmental time. We observed that HINT-ATAC
enriched TF footprints appeared to group into three broad clusters based on the timing of highest
enrichment: early, S21/S22, and late (Fig. 4D, E). These trends were true both when examining all
JASPAR CORE position frequency matrices (PFMs) (Fornes et al., 2020), and when examining only
those JASPAR CORE PFMs from Drosophila. These results are consistent with the general trends
observed in PCA, which suggest that the early, middle, and late timepoints in development have the
greatest variation.

The data generated from these analyses enable the visualization of chromatin accessibility,
predicted nucleosome position, inferred transcription factor binding, and RNA-Seq expression at
individual loci across around half of Parhyale development. The strengths of these data are illustrated
in Fig 4C at the predicted promoter of the Parhyale Engrailed-1 locus for stage S21. Thus, for any
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genomic region of interest, one can develop a comprehensive prediction of the local chromatin
environment at each of the 15 timepoints in our dataset.

1.1.4 – Identifying gene regulatory programs from Omni-ATAC-Seq using fuzzy clustering
To assess the potential for our dataset to provide new biological insights, we attempted to

identify distinct gene regulatory programs based on differential accessibility. We used the Mfuzz
package to perform fuzzy c-means clustering on the matrix of read counts generated from our
Omni-ATAC-Seq peaks (Kumar and E Futschik, 2007). Fuzzy clustering differs from categorical
clustering approaches, such as hierarchical clustering and k-means clustering, in that it assigns a
probability for each element in the dataset to fall into each of the identified clusters. For example,
rather than a given peak falling into either cluster A or B exclusively, a given peak might have a 95%
chance of falling into cluster A and a 5% chance of calling into cluster B.

The Mfuzz package allows the specification of two parameters: c, or the number of clusters to
create from the data, and m, the stringency of the clustering. To determine the optimal number of
clusters in our fuzzy c-means clustering, we varied the c-value from 3 to 13, and evaluated the quality
of clustering using the cluster overlap metric provided by Mfuzz, as well as the silhouette score metric
(Supp. Fig. 5.2)(Kumar and E Futschik, 2007). We determined that 9 clusters yielded the highest mean
silhouette score, while avoiding clusters below the silhouette score average and minimizing size
variability between clusters. Figure 5A plots with t-stochastic neighbor embedding (t-SNE,
implemented in scikit-learn) (Hinton and Roweis, 2003; Maaten and Hinton, 2008; Pedregosa et al.,
2011) the top 10,000 most significant peaks called by IDE2, where each point is colored by its IDE2
model max fit, while Figure 5B illustrates the same clusters, colored by their Mfuzz cluster.

We evaluated the differences between clusters through a variety of approaches. Figure 5D
shows the standardized raw accessibility scores of peaks in each of the 9 clusters over time. We first
assessed the spatial category distribution of each cluster compared to the global average (Figure 5C).
Clusters 1, 2, and 8 appeared to be enriched for “unknown” regions, while clusters 3-7 appeared to
show slightly greater proportions of intronic elements than distal intergenic elements, counter to the
global average. Cluster 8 is notable in that it is both the smallest cluster, and the cluster where a
majority of peaks are found in “unknown” regions. In addition, we used the IDE2 model fits for each
cluster to evaluate the general accessibility dynamics of each cluster (Supp. Fig. 5.1B, C). Clusters 1
and 2 appear to be enriched for peaks that achieve high accessibility early in development and decrease
in accessibility over time. Clusters 3–6 appear to be enriched for peaks that achieve maximum
accessibility at different timepoints along developmental time. Cluster 7 appears to be enriched for
peaks that show low accessibility early in development, and increased accessibility late in development.
Finally, clusters 8 and 9 showed a more striking pattern, with Cluster 8 composed of peaks that appear
to have a pulsatile increase in accessibility around stages S21–S22, and Cluster 9 composed of peaks
with an opposite pattern: those with a sudden pulsatile decrease around S21–S22. Thus, the 9 clusters
identified in our analysis appeared to capture distinct patterns of accessibility throughout time.

We further investigated the clusters identified by Mfuzz using additional metrics in order to
understand the biological significance of these clusters. First, we investigated the relationship between
accessibility dynamics and nucleosome positioning between clusters (Fig. 5E, Supp. Fig. 5.1D). For
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each developmental time point, we visualized Omni-ATAC accessibility (solid line, black axis)
compared to NucleoATAC signal (dashed line, blue axis) for peaks belonging to each cluster. We
observed that peaks belonging to Clusters 3–7 and 9 all appeared to have an inverse relationship
between accessibility and NucleoATAC signal; this inverse relationship was most obvious at the time
points during which these peaks achieved their maximum accessibility (Fig. 5E, blue dashed boxes).
Moreover, these peaks all appeared to have a depletion of nucleosome occupancy at peak centers
relative to the region around peaks (Supp. Fig. 5.1D, solid line, pink axis). By contrast, peaks in clusters
1, 2, and 8 appeared to show a counterintuitive and opposite result: both high NucleoATAC signal
and high nucleosome occupancy at timepoints during which those peaks achieved maximum
accessibility (Fig. 5E, Supp. Fig. 5.1D, solid line, pink axis). As with the clusters that showed an inverse
relationship between accessibility and occupancy, the clusters that showed a parallel relationship
between accessibility and occupancy showed the strongest relationship at those timepoints during
which they achieved maximum accessibility (Fig. 5E, red dashed boxes).

To assess the biological function of each of the 9 Mfuzz clusters, we performed GO term
enrichment analysis. To assign functions to each peak, we extracted the Drosophila melanogaster gene
assigned to the nearest gene for each peak, and performed GO enrichment analysis on the list of
unique gene names associated with peaks from each cluster relative to the list of all
OrthoFinder-assigned gene names in the genome. Fig. 6A illustrates the top 10 most-enriched GO
terms for each of the clusters. While we were not able to identify significantly enriched GO-terms
(FDR < 0.05) for Clusters 1, 2, and 8, Clusters 3–7 and 9 all showed enrichment of developmental
GO-terms. These enriched GO-terms generally appeared to match the expected biological functions of
peaks based on their accessibility dynamics. For example, Cluster 3 peaks, which generally achieve
maximum accessibility during germ band elongation stages in development, showed enrichment for
GO terms including head segmentation and neuroblast fate, two processes which take place during this
developmental period. Meanwhile, Cluster 7 peaks appeared to be enriched for neuronal terms
(neuropeptide signaling pathway, synaptic target recognition, neuron recognition), potentially
reflecting the function of genes near these peaks which achieve their maximum accessibility towards
the very end of the developmental time-course, during which much of the morphology of the
organism has been specified, and the embryo begins to twitch inside the egg. Notably, Clusters 3–7
showed slightly greater enrichment of intronic peaks than distal intergenic peaks, suggesting that
intronic peaks may be more likely to regulate developmental processes. These results resemble the
observation from recent work showing that tissue-specific enhancers are enriched in intronic regions in
various human cell types (Borsari et al., 2021).

To further investigate the clusters in our dataset, we examined the enrichment of TF footprints
generated from HINT-ATAC in each of our clusters. For each cluster, we compiled all of the TF
footprints predicted across developmental stages for all peaks within that cluster. We compared the
enrichment of those TF footprints to our randomly generated background data, and examined all
JASPAR CORE transcription factors, as well as the subset of JASPAR CORE transcription factors
found in Drosophila.

We observed strong differential enrichment of different groups of transcription factors in each
of our 9 clusters. Notably, particular families of transcription factors appeared enriched in several of
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the clusters. For example, Cluster 1 and Cluster 2 appeared to have enrichment for footprints
matching C2H2 zinc-finger transcription factors and homeodomain transcription factors. Clusters 4
and 7 showed enrichment for footprints matching beta helix-loop-helix (b-HLH) transcription factors.
Meanwhile, clusters 5, 8, and 9 showed strong enrichment for footprints of ethylene response factor
(ERF), DM-type intertwined zinc-finger factor (DM IZF), and forkhead domain (FKH) transcription
factor families, respectively.

Given that many JASPAR position frequency matrices (PFMs) come from non-arthropod
sources, we attempted to identify possible Drosophila motif matches for the enriched transcription
factor footprints found in the JASPAR CORE dataset by comparing the most-enriched JASPAR
CORE and JASPAR Drosophila PFMs. We used the STAMP tool through the JASPAR webpage to
align motif sequences based on similarity (Mahony and Benos, 2007). We identified groups of aligned
PFMs between non-Drosophila and Drosophila PFMs (see Supp. Fig. 6). Selected pairs of motifs are
shown in Fig. 6C for each cluster (non-Drosophila labeled in black, Drosophila labeled in red). For
some pairs, we were able to identify candidate Drosophila transcription factors that appeared highly
similar to non-Drosophila sequences. For example, in Cluster 9, we observed strong enrichment for
FKH family transcription factors, whose PFMs matched the br(var.4) and slp1 PFMs. This suggests
that peaks found in Cluster 9 may be regulated by br(var.4) and slp1 binding in Parhyale.

For other clusters, we had variable success. For example, we were unable to identify a strong
Drosophila match to explain the strong enrichment of ERF transcription factors (found in Arabidopsis
thaliana) in Cluster 5. Nonetheless, footprints matching ERF transcription factors appeared to be
highly enriched in Cluster 5, suggesting that there may be a transcription factor within the Parhyale
genome whose PFM matches that of ERF transcription factors, and which may be important for the
regulation of Cluster 5 peaks.

Altogether, our results indicate that clustering Omni-ATAC data using accessibility can
identify groups of transcription factors with similar accessibility trajectories. In addition, these clusters
can be further analyzed using nucleosome occupancy, GO enrichment, and transcription factor
footprint enrichment to understand possible biological functions and genetic mechanisms behind
differential accessibility.

1.1.5 – Concordant and discordant expression and accessibility dynamics appear across
development

To understand the relationship between peak accessibility and gene expression, we examined
the correlation between Omni-ATAC accessibility in individual peaks with respect to RNA-Seq
expression for the nearest gene at each of the developmental stages for which we generated RNA-Seq
data. We first examined the relationship between accessibility at all peaks compared to their nearest
genes (Supp. Fig. 7A) and observed a very weak (Pearson R2 = 0.11–0.15, Spearman ρ = 0.1–0.14) but
statistically significant (p < 0.001) positive correlation between peak accessibility and the expression of
nearby genes. When we examined only promoter peaks (Fig. 7B), we observed a slightly greater
correlation between accessibility and gene expression (Pearson R2 = 0.19–0.22, Spearman ρ =
0.17–0.25) correlation that was also significant (p < 0.001). Notably, at each developmental stage, we
observed a higher correlation between accessibility and expression at promoter peaks than at all peaks.
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We expect that regulatory elements with a variety of impacts on gene expression might be
found among our ATAC-Seq peaks. To further classify peaks, we examined the relationship between
the change in accessibility of individual peaks and the change in expression of nearby genes. We used
DESeq2 to evaluate the log2-fold change of both expression (RNA-Seq) and accessibility (ATAC-Seq)
for all genes and peaks. We then correlated the differential accessibility and gene expression for all
peak-gene pairs where both the differential accessibility of a peak and expression of the peak’s nearest
gene were statistically significant (FDR/ padj < 0.05). When examining all peaks, we observed a weak
but significant correlation between log2-fold change in accessibility and gene expression (Pearson R2 =
0.25–0.27, Spearman ρ = 0.27–0.31)(Fig. 7A). This correlation was slightly stronger at promoter peaks
(Pearson R2 = 0.28–0.40, Spearman ρ = 0.35–0.41)(Fig. 7C).

Among our differential accessibility and expression analyses, we classified two broad classes of
peak-gene pairs representing concordant and discordant accessibility and expression dynamics. Peaks
with concordant accessibility and gene expression were those where the sign of the log2-fold change in
expression and accessibility were in agreement—for example, peaks where an increase in accessibility
was observed concurrently with an increase in expression. Meanwhile, peaks with discordant
accessibility and gene expression were those where an increase in accessibility was observed
concurrently with a decrease in expression, or vice versa.

We observed both classes of peak-gene pairs among all peaks, but also among promoter peaks.
Over time, the number of concordant peak-gene pairs increased from 1,888 at the S19-vs-S13
comparison, to 5,738 at the S21-vs-S19 comparison, and then decreased to 5,240 at the S23-vs-S21
comparison (Supp Fig. 7D). Meanwhile, the number of discordant peaks gradually increased over time
(761 to 2,231 to 3,115 peak-gene pairs)(Supp Fig. 7D). These trends were also observed for the
promoter-only peaks. The gradual increase in discordant peaks may indicate an increase in repressive
gene regulatory mechanisms over time, such as chromatin compaction, as developmental gene
networks become refined over the course of differentiation.

Overall, the classification of peaks as concordant or discordant in accessibility and gene
expression may provide downstream users of this data with hypotheses about cis-regulatory element
function. Given that cis-regulatory elements have recently been shown to function as both activating
elements and silencers, depending on tissue context (Gisselbrecht et al., 2020; Halfon, 2020), we
cannot directly map concordant peaks to enhancers or discordant peaks to silencers. Without
information about higher-order chromosome contacts, it is also difficult to precisely assign a given
regulatory element’s function to a particular gene of interest.

However, information about concordance and discordance of peaks could be useful for
researchers deciding which among many peaks surrounding a gene of interest could be most fruitful
for reporter construction. To facilitate analysis of accessibility and expression for peak-gene pairs of
interest, we have included functions enabling visualization of these two factors for arbitrary peak-gene
pairs, illustrated in Supp. Fig. 7.2. The visualization tool displays accessibility and gene expression for
user-selected Omni-ATAC peaks and Mikado genes over RNA-Seq stages (S13, S19, S21, S23), fold
change in accessibility and expression between adjacent timepoints, significance of fold change as
evaluated by DESeq2, and concordance/discordance assignment at each time point.
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1.1.6 – Omni-ATAC-Seq re-identifies known Parhyale regulatory elements
To assess the practical usefulness of our Omni-ATAC-Seq dataset, we compared our

Omni-ATAC-Seq peaks to known regulatory elements in Parhyale. A very limited set of regulatory
elements have been described in Parhyale: a muscle reporter, PhMS (Pavlopoulos and Averof, 2005); a
heat shock element, HS2a (Pavlopoulos et al., 2009); an embryonic ubiquitous reporter, PEB (Danielle
Liubicich, unpublished); and two reporter constructs for Parhyale Opsin-1 and Opsin-2 (Ramos et al.,
2019). We were unable to locate any Omni-ATAC-Seq peaks for the Parhyale Opsin genes, likely owing
to their late expression (outside of our developmental time course) and very low cell number (a handful
of cells per eye). However, strong Omni-ATAC-Seq enrichment was observed at the PhMS, HS2a, and
PEB elements, as illustrated in Supp. Fig. 8.1.

Each of these reporter constructs consists of the first exon and intron of a gene. In each case, we
observed an Omni-ATAC peak overlapping the 5’ end of the gene. For the PhMS reporter (Supp. Fig.
8.1B), previous work had identified a cluster of putative b-HLH transcription factor binding sites.
These sites were captured within our Omni-ATAC peak. The HS2a reporter has been reported to
contain two binding sites for heat shock factor (HSF) proteins upstream of a minimal promoter
(PhHsp70), both of which are captured within our Omni-ATAC peak (Supp. Fig. 8.1D). Finally, the
PEB element appears to contain two Omni-ATAC peaks. These results suggest Omni-ATAC is able to
identify the position of functional cis-regulatory elements, and has been able to capture those regions
important for cis-regulatory element function.

1.1.7 – Minos transposase reporter assays can reveal novel promoters and distal enhancers
Given that our Omni-ATAC peaks were able to capture known regulatory elements, we

attempted to use these peaks to identify novel regulatory elements. Careful examination of
developmentally important genes revealed that many are surrounded by large numbers of peaks (>10)
spread over large genomic distances. To further filter our Omni-ATAC peaks, we identified regions of
sequence conservation to another amphipod crustacean, Hyalella azteca (Poynton et al., 2018), using
the VISTA sequence alignment software (Ratnere and Dubchak, 2009)(Supp. Fig. 8.2A). Hyalella
serves as a useful comparison to Parhyale, as its genome size is smaller (1.05 Gb), but as it is also an
amphipod crustacean, we expect that key developmental regulatory elements might have some level of
sequence conservation.

Among our Omni-ATAC peaks, we took two strategies to identify candidate reporter
elements. In the first approach, we identified all peaks within 5kb of mRNA starts. In doing so, we
were able to identify a handful of genomic regions in which we were able to locate both a putative
promoter and a candidate proximal enhancer. We also identified several putative promoters, which we
tested in isolation. In the second approach, we examined the genomic regions around important
developmental genes of interest. Many of the genes we examined showed very large numbers of strong
peaks, and were therefore intractable to thorough analysis. For the purposes of this study, we focused
on three regions: the region around the Engrailed-1 gene, the region around the Sp-69 gene, and the
region around the Heat shock protein 70 complex, where two previous cis-regulatory elements (PhMS
and HS2a) had been identified.

https://www.zotero.org/google-docs/?1hT2iS
https://www.zotero.org/google-docs/?bh6xGn
https://www.zotero.org/google-docs/?ptTVk0
https://www.zotero.org/google-docs/?ptTVk0
https://www.zotero.org/google-docs/?ZzNpNH
https://www.zotero.org/google-docs/?o5GZXz
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To assess the function of candidate regulatory elements identified by Omni-ATAC-Seq, we
employed a Minos transposase reporter assay (Fig. 8A). In this assay, we injected Minos transposase
mRNA along with a transposon donor plasmid containing a reporter gene construct that expressed
DsRed to 1- and 2-cell embryos. Once per day, from 3–10dpf, we screened for DsRed expression on a
Zeiss LSM780 confocal microscope.

The reporters we examined are summarized in Table 1. In the course of our experiments, we
observed numerous spontaneous expression patterns (Supp. Fig. 9). These expression patterns may
represent rare integration events, or may reflect fortuitous insertions into regions of the genome with
promiscuous regulatory sequences that facilitate expression.

One expression pattern observed from the Sp69-p3 enhancer appeared to be repeated in 5
embryos along the ~300 we injected. This expression pattern was characterized by strong expression in
the head, antenna 1, and antenna 2 (Supp. Fig. 10). In the same set of experiments, we also observed
three spontaneous expression patterns that appeared to differ amongst each other, labeling different
regions of the limbs and gills. It is possible that the repeated expression observed from the Sp69-p3
enhancer represents a genuine expression pattern. We tested this hypothesis by raising three Sp69-p3
head-expressing animals to adulthood and mating the two adults that showed the strongest expression
during development. However, none of the offspring of this cross showed obvious head expression, or
any obvious DsRed expression elsewhere in the embryo.

Among the novel reporter constructs we tested, two showed robust expression: pMi(Hsc70-4)
and pMi(ne1)-Hsp70-p2. The pMi(Hsc70-4) construct was constructed using the putative promoter
peak of the Hsc70-4 gene (Fig. 8B, D). This reporter showed strong expression in a cluster of neurons
associated with the eye beginning at around 9dpf (Fig. 8C). The expression pattern of these neurons
appears to be distinct from those observed using a synthetic 3XP3 enhancer, which has previously
been used as a positive marker of transformation Parhyale (Pavlopoulos and Averof, 2005). Thus, it is
possible to build new reporters from our Omni-ATAC peaks using putative promoter peaks.

The second reporter that showed robust expression was the pMi(ne1)-Hsp70-p2 construct,
which contains the PhHsp70 minimal promoter along with a strong peak extracted from the Hsp70
cluster, about 30kb away from the location of the minimal promoter (Fig. 8E, G). Hsp70-p2 drives
strong expression in cells of the embryonic yolk (Fig. 8F). Some yolk cells labeled by this reporter
moved dynamically around the yolk, and while others appeared static and showed spongiform
morphology (Supp. Video 1). We observed defects in the development of the dorsal portion of the
embryo in mid-stage (~6–7dpf) embryos injected with this construct, which stereotypically displayed a
separation between the embryo proper and the eggshell (Fig. 8F, bottom panel, marked with arrow).
While we were unable to establish a genetic line using this construct, we observed strong and
reproducible expression in many embryos. This reporter is the first indication that distal enhancers
exist and can be identified in Parhyale.

While it remains challenging to identify novel cis-regulatory elements in Parhyale, our results
suggest that functional regulatory elements can be identified from our Omni-ATAC data. Among the
numerous peaks identified in our dataset, we expect that many will reveal novel gene regulatory
dynamics. Future work to identify such elements will require the optimization of reporter expression
and transgenic strategies to increase the throughput and sensitivity of reporter gene assays.

https://www.zotero.org/google-docs/?POmcfS
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1.2 – Discussion
New genomic data enable deeper understanding of underlying biology. This is especially true

in emerging research organisms, for which data and resources are limited. This work provides a wealth
of genomic resources for the amphipod crustacean Parhyale hawaiensis. In addition to providing
Omni-ATAC-Seq and RNA-Seq data for a broad developmental time course, our work generates
multiple new transcriptomes, an updated genome annotation, a catalog of dynamically accessible
chromatin regions, and predictions of nucleosome occupancy and transcription factor binding.
Moreover, our thorough analysis of regulatory element dynamics through clustering, GO enrichment,
predicted TF binding, and correlations with RNA-Seq present numerous hypotheses for cis-regulatory
element function. Such data will support researchers in the growing Parhyale community in efforts to
identify and characterize developmental regulatory elements, and provide the foundations for more
advanced approaches, including single-cell sequencing techniques, which rely on high-quality reference
datasets.

1.2.1 – The Parhyale genome contains many distant and dynamic regulatory elements
From our data, we were able to glean new information about the global dynamics of gene

regulation during Parhyale development, as well as the composition of the Parhyale genome. We
observed that the vast majority of our peaks showed dynamic accessibility over developmental time,
and that peaks could have a variety of different temporal dynamics, including transient increases and
decreases in accessibility alongside more absolute increases and decreases. These results indicate that
much of the Parhyale genome undergoes dynamic changes in accessibility over developmental time.

With an improved genome annotation, we were also able to determine that many (~37.2%)
regulatory elements in Parhyale are located in intergenic regions, and that among all elements at all
timepoints, elements located >10kb away from the nearest gene (distal intergenic peaks) were the
largest group, followed by intronic peaks. These results are notable, given that many of the currently
studied protostome genomes are small (for example, Drosophila melanogaster is 180Mb, Tribolium
castaneum is 200Mb, and Bombyx mori is 530Mb). In such organisms, regulatory elements tend to
occur within short distances from promoters, and it is common in such systems to attempt to build
reporter genes using a short window upstream of the promoter of a gene of interest.

Parhyale is an example of an arthropod with a large genome (3.6 Gb, or ~10% larger than
Homo sapiens at 3.2 Gb). Given the large genome size, and the large proportion of elements located
distant to genes, we expect that regulatory elements within Parhyale may be located more distantly
from gene promoters than in other arthropods. Future attempts at building reporter genes in this
organism will need to account for the large number of distant regulatory elements, which may be
critical to proper reporter expression.

Our data are among the first to identify regulatory elements genome-wide in a non-insect
arthropod (Gatzmann et al., 2018; Kissane et al., 2021), and also examine one of the largest sequenced
arthropod genomes available to date (Kao et al., 2016). These data will enable other researchers to
examine the relationship between genome size and regulatory element composition across more diverse
taxa, and will be useful in developing a deeper understanding of how genome organization affects gene
expression across the metazoans.

https://www.zotero.org/google-docs/?ow2oXb
https://www.zotero.org/google-docs/?CCXZZ6
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1.2.2 – Combined short- and long-read transcriptomes can improve genome annotations
In addition to providing a resource for the Parhyale community, our work can also serve as a

guide for other researchers working on developing such datasets in emerging research organisms. First,
our work demonstrates the utility of combining short- and long-read sequencing in generating more
accurate genome annotations for emerging research organisms. Even with a small number of sequences
(~1.2 million reads) generated using inexpensive Nanopore sequencing, we were able to assemble a
transcriptome with a moderate BUSCO score (71%). Combining short reads and long reads
(StringTie2 SL), we were able to construct a transcriptome with both a high BUSCO score (91.8%)
and low rate of gene fragmentation.

Moreover, the completeness of the StringTie2 SL transcriptome met or exceeded that of several
of our Trinity-derived transcriptomes. Examination of individual genomic regions in the Parhyale
genome indicates that Trinity generates numerous spurious transcripts, which can be confounding for
whole-genome analysis (see Supp. Fig. 3.2 for examples). Thus, for other researchers with access to a
genome assembly, we would strongly recommend performing both short- and long-read sequencing,
and assembling using multiple different assembly strategies to generate higher quality genome
annotations. For those without access to a high-quality genome, we would caution against relying
strictly on transcripts generated from software such as Trinity, which in our system generated many
transcripts that did not appear to match with previous RACE data. Filtering transcripts by expression
values, as well as employing transcriptome-merging pipelines such as Mikado (in the case of a
high-quality genome) and EvidentialGene (in the absence of a genome), would likely help remove such
spurious transcripts.

1.2.3 – Deep analysis of ATAC-Seq data can reveal more than just dynamic accessibility
While the most direct analysis of ATAC-Seq data can enable the identification of dynamic

regulatory elements, our work uses additional tools to infer nucleosome positioning and transcription
factor binding from our ATAC-Seq data. Using NucleoATAC, we were able to recover clear signals of
nucleosome positioning at promoters, a quality observed in numerous organisms. Using
HINT-ATAC, we were able to predict transcription factor binding across developmental stages. Such
analyses enable a glimpse of the possible chromatin landscape of the genome, particularly in the
absence of more direct and specific, but also more time-consuming and expensive approaches such as
ChIP-Seq or CUT&RUN.

In addition to performing inference, we were able to identify clusters of peaks with potentially
distinct biological functions using fuzzy clustering. These clusters of peaks appeared to differ in their
accessibility dynamics, nucleosome positioning, and enrichment of transcription factor footprints,
indicating that meaningful biological differences can be gleaned from deeper analysis of ATAC-Seq
data. For example, we observed strong enrichment in Cluster 9 for FKH transcription factors
footprints matching the PFMs for Drosophila br(var.4) and slp1. The strongest peaks in this cluster
appeared to share a common decrease in accessibility during stages S21–S22, and an enrichment for
genes with GO terms related to cytoskeletal function. This group of peaks appeared to show a decrease
in accessibility at a time point during which the embryo undergoes a dramatic morphogenetic event in
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which it splits along the midline. Based on our data, it is possible that FKH domain-containing
transcription factors may play a role in that important morphogenetic event. Using our analyses as a
starting point, other Parhyale researchers may be able to make hypotheses about their own
developmental processes of interest.

1.2.4 – Omni-ATAC-Seq identifies old and new regulatory elements, including enhancers
Our data were able to capture most of the previously-identified regulatory elements that had

been described for Parhyale. In addition, we were able to demonstrate that our data contain new
regulatory elements. Notably, we demonstrate the first identification of a distal regulatory element,
Hsp70-p2, located about 30kb from the PhHsp70 minimal promoter. These results are the first
identification of an enhancer separated by a large distance from a minimal promoter element in this
organism.

Our results demonstrate that Omni-ATAC-Seq is able to identify novel regulatory elements,
and we expect that numerous new reporter genes will be built from these data. Previous work relied on
examining candidate regulatory elements within individual genomic regions, or attempting to build
new reporters through random integration events. With this dataset, it is now possible to identify
candidate regulatory elements for any gene of interest and to screen for expression patterns using the
Minos reporter system. Moreover, by evaluating concordance and discordance of gene expression and
accessibility using this dataset, it is possible to further refine the list of candidates for reporter
construction. As this approach enables the direct investigation of candidate regulatory regions with
known sequence, this will also enable the generation of novel synthetic reporters generated by
modifying endogenous sequences. Such future directions will enable thorough dissection of regulatory
elements to determine how transcription factor binding influences gene expression during Parhyale
development.

While we were unable to identify regulatory elements that drove clear expression patterns for
the handful of genes we tested, numerous additional peaks near these genes remain to be investigated.
Future work to build new reporters in Parhyale may require the development of more efficient
transgenesis and screening strategies. For example, improving the efficiency of CRISPR-mediated
homologous recombination or CRISPR-mediated NHEJ transgenesis could enable researchers to
insert a reporter near a candidate regulatory region of interest. Moreover, future approaches will also
need to account for the numerous distant regulatory elements in the Parhyale genome, which may be
important for gene regulation. Examining local DNA interactions using approaches such as Hi-C or
other chromatin conformation capture approaches will be instrumental in identifying distant
regulatory regions.

Together, these approaches have enabled the exploration of chromatin dynamics and
transcription factor binding in an emerging model organism. Our work illustrates how a single, easily
adapted protocol can yield data amenable to deep analysis. We would recommend that other
researchers using ATAC-Seq or similar assays in emerging model organisms also take advantage of the
additional information that could be gleaned from deep analysis of their data, which could provide
further insights into how both local and global changes to nucleosome occupancy and transcription
factor binding influence their biological processes of interest.
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1.2.5 – Conclusion
By combining Omni-ATAC-Seq with RNA-Seq across a broad developmental time course,

our work is able to identify and classify numerous candidate cis-regulatory elements in the genome of
the amphipod crustacean Parhyale hawaiensis. We demonstrate how deep analysis of Omni-ATAC
data can facilitate the identification of peaks with distinct accessibility, nucleosome occupancy, and
transcription factor footprint enrichment. We further classify peaks as concordant or discordant
regulatory elements by integrating differential accessibility and differential expression, revealing
potential relationships between regulatory elements and nearby genes. Moreover, we show the
potential to identify novel reporter genes using candidate promoters and enhancers from our data.

This work provides a substantial resource to the Parhyale community, and should accelerate
the study of gene regulation in this emerging research organism. In addition, our work can serve as a
framework for other researchers deploying ATAC-Seq and RNA-Seq approaches in emerging research
organisms. Through deep analysis of ATAC-Seq data, combined short- and long-read sequencing, and
integration of accessibility and gene expression, such researchers can identify regulatory elements with
distinct biological functions and advance the study of gene regulation in their organisms of interest.



51

Fig. 1.1: Time-course ATAC-Seq in Parhyale hawaiensis embryos.
A) Overview of ATAC-Seq protocol. Embryos were collected at early developmental stages and raised to specific

developmental timepoints. Duplicate libraries were generated by tagmenting 5 embryos each from a single clutch of
sibling embryos. qPCR analysis was used to determine the optimum number of additional cycles of PCR. Tagmented
DNA was cleaned and fragment analysis was performed to assess library quality. Final libraries were pooled in equal
concentrations, size-selected, and sequence on an Illumina NovaSeq short read sequencer.

B) Timeline of developmental stages. RNA-Seq libraries were also generated for timepoints marked with a star.
C) Representative embryo images from clutches used for Omni-ATAC-Seq. Embryos are stained with DAPI and

mounted ventral-side up. (A: anterior, P: posterior, L: left, R: right).
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Fig. 1.2: Whole-genome analysis of ATAC-Seq reveals enrichment of promoter signals,
dynamic accessibility over developmental time

A) Omni-ATAC and RNA-Seq signal enrichment at promoters. Annotated mRNA start positions are aligned, and
average signal across genomic positions is plotted for either Omni-ATAC or RNA-Seq signal. Axes reflect the average
signal of RNA-Seq or Omni-ATAC reads across all mRNA start positions in the genome. A strong enrichment of
RNA-Seq signal is observed 3’ of mRNA start sites, while enrichment of Omni-ATAC-Seq signal appears symmetric
around mRNA start sites.

B) Omni-ATAC and RNA-Seq signal enrichment across gene bodies. Omni-ATAC signal is greatly enriched 5’ of gene
bodies and slightly enriched across genes, while RNA-Seq reads are enriched across gene bodies, with an increase in
enrichment towards the 3’ end of gene bodies.

C) PCA of Omni-ATAC libraries, generated using DESeq2. PCA loadings were assigned to the top 1000 variant peaks,
where variance was measured as row variance across all libraries. PC1 (60% of variance) appears to correlate with
developmental time. PC2 (18% variance) appears to be associated with middle developmental timepoints.

D) Heatmap of Omni-ATAC accessibility dynamics, generated from ImpulseDE2 model fits. Colors reflect a Z-score
calculated from ImpulseDE2, where red (high Z) indicates increase in accessibility and blue (low Z) indicates decrease in
accessibility.

E) Bar chart indicating number of peaks classified as significant, transient, and monotonic by ImpulseDE2.
F) Bar chart quantifying stage of maximum accessibility for significant ImpulseDE2 model fits. Peaks predominantly

achieved maximum accessibility at the start and end of the time course.
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Fig. 1.3: Time-course RNA-Seq of Parhyale embryos
A) RNA-Seq protocol overview. Triplicate libraries were generated for four developmental stages.
B) RNA-Seq transcriptome assembly and merging pipeline. Short-read, long-read, and long- + short-read transcriptomes

were generated for pooled developmental stages matched to Omni-ATAC timepoints (S13, S19, S21, S23) using Trinity
and StringTie2. Transcriptomes were also assembled using Trinity for short reads from a limb developmental time
course (see Methods). Assembled transcriptomes were then merged with additional transcripts from previous
publications into a Mikado transcriptome.

C) BUSCO scores for representative datasets and Mikado transcriptome. Overall, the StringTie2 short + long -read
transcriptome (StringTie2 SL) performed comparably to the best Trinity transcriptomes. The Mikado transcriptome
appeared to have a comparable BUSCO complement to the other datasets with high BUSCO completeness.

D) Gene model completeness for Mikado transcriptome vs. MAKER genome annotation based on a dataset of 49 RACE
genes. The Mikado transcriptome appears to have more complete gene models and less fragmentation.

E) Comparison of number of gene models of different functional annotation categories between MAKER genome
annotation and Mikado transcriptome. The Mikado transcriptome appears to produce more annotated genes with a
higher annotation quality.

F) Plot comparing RNA-Seq signal pileups between MAKER mRNA starts and Mikado mRNA starts. Axis represents
mean signal at mRNA start sites for each dataset.
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G) Plot comparing Omni-ATAC-Seq signal pileups between MAKER mRNA starts and Mikado mRNA starts.
H) Categorization of Omni-ATAC-Seq peaks in each stage-specific ATAC-Seq library by their position relative to Mikado

gene models. Distal intergenic peaks are defined as those greater than 10kb away from the nearest gene, whereas
unknown peaks were peaks that were located on a contig that did not have a gene model. A large majority of peaks
(>71%) were intergenic peaks, and a majority of peaks (>51%) were distal intergenic peaks. The proportion of peaks of
each type appeared relatively stable across developmental stages.
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Fig. 1.4: Inference of nucleosome positioning and transcription factor binding from
Omni-ATAC-Seq data

A) NucleoATAC smoothed signal at mRNA starts genome-wide. A clear pattern of peaks in the signal can be observed,
suggestive of nucleosome positioning. Axis reflects mean signal across all mRNA starts at stage S21.

B) Inferred nucleosome occupancy at mRNA starts genome-wide. Axis reflects mean signal across all mRNA starts at
stage S21. Inferred nucleosome annotations on A and B added based on observed signal.

C) Visualization of NucleoATAC, HINT-ATAC, Omni-ATAC, and RNA-Seq data at the inferred Engrailed-1 promoter
at stage S21. Deeper inference on Omni-ATAC-Seq data allows insight into the broader chromatin landscape at
developmental time points included in this dataset.

D) Summary of standardized enrichment of JASPAR CORE position frequency matrices (PFMs) among HINT-ATAC
identified footprints across developmental stages. The top 25 most-enriched PFMs are displayed. Color is based on
standardized enrichment, where minimum and maximum enrichment within each row are set to 0 and 1, respectively.
PFMs marked in blue had identical enrichment ratios within each group at all timepoints, likely due to having highly
similar PFMs. Overall, PFMs appeared enriched at early, late, or middle developmental stages.

E) Summary of top 25 most-enriched Drosophila PFMs from the JASPAR CORE database. Overall, PFMs appeared
enriched at early, late, or middle developmental stages.
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Fig. 1.5: Identification and classification of regulatory element clusters
A) t-SNE plot of the top 10,000 most statistically significant peaks identified by ImpulseDE2 (IDE2), colored by IDE2

max fit.
B) t-SNE plot of the same points from A colored by Mfuzz cluster.
C) Distribution of peak position categories by Mfuzz cluster. Clusters, 1, 2, and 8 appeared to be enriched for “unknown”

peaks, while other clusters appeared to be enriched for distal intergenic peaks.
D) Standardized accessibility plot for top 1000 peaks with strongest membership in each of the 9 clusters. Each library is

plotted as a separate point along the line plot. Line color indicates the cluster membership value for each peak in each
plot, with dark red indicating strong cluster membership, and blue indicating weaker cluster membership. An asterisk in
the Cluster 9 panel marks the decrease in accessibility observed commonly in Cluster 9 peaks, more clearly shown in the
IDE2 model fits in Supp. Fig. 5.1B.

E) Line plots showing Omni-ATAC accessibility (solid line, blue axis) and NucleoATAC signal (dashed line, black axis) for
peaks in each cluster across time. Each box contains a line plot summarizing each signal at all peaks within that cluster
with respect to a given developmental Omni-ATAC-Seq library. The center of each line plot reflects the average signal at
the center of all Omni-ATAC-Seq peaks in that cluster at that developmental stage. Signal is visualized at 0.4kb
upstream and downstream of peak centers. Within each signal type, the axes across line plots for each cluster are
identical. Dotted lines around subsections of the plot highlight regions of interest. Dotted blue lines indicate the time
point during which peaks in a given cluster achieved both maximum accessibility and decreased nucleosome occupancy.
Dotted red lines indicate the time point during which peaks in a given cluster achieved both maximum accessibility and
increased nucleosome occupancy.
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Fig. 1.6: Functional annotation of clusters using GO enrichment and transcription factor
binding prediction

A) GO enrichment per cluster based on the nearest gene for each peak. For each peak in each cluster, we identified the
nearest gene and extracted the Drosophila OrthoFinder gene name for that gene. We performed GO enrichment using
Drosophila GO terms, using the list of all OrthoFinder gene names found in our genome as the background for the
analysis. Bar charts display fold enrichment for each GO term. Gray text represents GO terms that did not have a
significant p-value (p < 0.05) after false discovery rate (FDR) correction.

B) HINT-ATAC enrichment per cluster for JASPAR CORE PFMs. For each cluster, we identified all unique TF
footprints across all 15 timepoints found within peaks of that cluster and performed enrichment relative to a
randomly-selected background. We show the top 12 PFMs with the greatest enrichment for each cluster that also had
the highest enrichment in that cluster relative to other clusters. Colored boxes represent the transcription factor family
of each transcription factor in the clustermap.

C) JASPAR motif logos for select pairs of transcription factors between non-Drosophila and Drosophila TFs with similar
motifs as determined by STAMP alignment. For each cluster, two pairs of transcription factors are shown: a
non-Drosophila transcription factor (labeled in black) and a Drosophila transcription factor (labeled in black). In some
cases, a strong similarity is observed between the non-Drosophila and Drosophila PWMs.

D) HINT-ATAC enrichment per cluster for Drosophila JASPAR CORE PFMs. Some clusters had fewer than 12 PFMs
for which that cluster had the highest enrichment.
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Fig. 1.7: Correlation between RNA-Seq and Omni-ATAC-Seq
A) Correlation between log2-fold change RNA-Seq and log2-fold change Omni-ATAC-Seq at peak-gene pairs in

sequential pairwise comparisons of developmental stages. Only peak-gene pairs with a significant difference in
expression and accessibility between the two time points are plotted. Positive axis reflects higher expression or
accessibility at the later developmental stage for each plot. Points colored in red reflect concordant relationships
between log2-fold change in RNA-Seq and Omni-ATAC-Seq; blue peaks reflect discordant relationships. Dotted
line represents a linear fit to all data in the plot. Pearson correlation R2 and Spearman correlation ρ for all points
are displayed in each plot.

B) GO-term enrichment for gene-peak pairs with concordant or discordant expression and accessibility log2-fold
change, for all peaks. Gene lists were extracted based on the nearest Mikado gene to each peak.

C) Correlation between log2-fold change RNA-Seq and log2-fold change Omni-ATAC-Seq at all peaks in each
developmental stage. Positive axis reflects higher expression at the later developmental stage for each plot.

D) GO-term enrichment for gene-peak pairs with concordant or discordant expression and accessibility log2-fold
change, for promoter peaks.

(*** = p < 0.001)
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Fig. 1.8: Minos transposase reporter assay identification of novel regulatory elements
A) Minos transposase reporter assay and screening approach.
B) Plasmid schematic for the pMi(Hsc70-4) reporter.
C) Expression of the pMi(Hsc70-4) reporter in neurons associated with the eye of a 9hpf embryo. Bottom row shows a

zoomed-in image of the head region. A clear projection of the neurons can be seen.
D) The genomic region of the Hsc70-4 promoter peak.
E) Plasmid schematic for the pMi(ne1)-Hsp70-p2 reporter.
F) Expression of pMi(ne1)-Hsp70-p2 reporter at 5 and 6dpf showing strong expression in the yolk. Arrow marks aberrant

morphology at the dorsal side of the embryo observed consistently in all embryos with fluorescent expression.
G) The genomic region of the Hsp70-p2 peak relative to the HS2a element. The PhHsp70 minimal promoter used in this

construct is located within the HS2a element.
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Table 1.1: Plasmids tested using Minos transgenesis
Plasmid Type Gene – Drosophila

expression
#
Inj.

#
Surv.

# DsRed+ Phenotype

pMi(gm) promoter N/A – Parhyale muscle
reporter PhMS

109 39 24 Green muscle
expression

pMi(retn) promoter retained – expressed in
some neurons

240 104 5 No consistent
phenotype

pMi(SVP) promoter seven up – expressed in
ventral neuroblasts

122 31 0 None

pMi(su-s-2) pro + peak suppressor of sable –
embryonic ubiquitous
expression

127 57 7 No consistent
phenotype

pMi(Rx) pro + peak retinal homeobox –
expressed in various neural
tissues

74 28 0 None

pMi(Hsc70-4) promoter Heat shock 70 complex
protein 4 – embryonic
ubiquitous

212 99 22 Neurons
associated
with the eye

pMi(En1) promoter engrailed – parasegment
stripes

71 33 0 None

pMi(En1)-p1 pro + peak ‘’ 67 46 0 None

pMi(En1)-p1.5 pro + peak ‘’ 70 51 0 None

pMi(En1)-p5 pro + peak ‘’ 68 58 1 Faint
expression
domain

pMi(Sp69) promoter Sp69 – leg gap gene 74 56 0 None

pMi(Sp69)-p1 pro + peak ‘’ 50 30 0 None

pMi(Sp69)-p1.5 pro + peak ‘’ 86 32 3 No
consistent
phenotype

pMi(Sp69)-p2.5 pro + peak ‘’ 71 35 0 None

pMi(Sp69)-p3 pro + peak ‘’ 241 121 8 Head, leg, gill

pMi(ne1)-Hsp70-p1 pro + peak Hsp70 complex 45 26 0 None

pMi(ne1)-Hsp70-p2 pro + peak Hsp70 complex 310 81 61 Yolk cells
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1.3 – Methods, Chapter 1
Crustacean Cultures
Parhyale hawaiensis were raised at 25°C and fed a diet of carrots, shrimp pellets, and Spirulina flakes in
Tropic Marin artificial seawater with a salinity between 31–35ppm in plastic tanks.

Embryo Cultures
Embryos were collected using previously described protocols (Rehm et al., 2009), staged using the
Browne et al. 2003 staging guide, and raised at 27°C in a humidity-controlled incubator in
filter-sterilized ASW (FASW). For ATAC-Seq and RNA-Seq experiments, clutches of 15 or more
embryos were collected and staged between S1–S6, as these timepoints are among the shortest and
most morphologically identifiable during early development.

Embryo Staging
Two groups of five embryos each from a single clutch were used in the ATAC-Seq experiments, and
three groups of five embryos each from a single clutch were used in the RNA-Seq experiments.
Embryos of the correct stage were selected based on morphological characteristics as described in the
Browne et al. staging guide, and any embryos with abnormal or asynchronous morphology were
discarded. Morphologically representative embryos from the same clutch as used for the ATAC-Seq
were photographed on ventral and lateral positions within 10 minutes of beginning the tagmentation
procedure. Any remaining embryos were boiled briefly and fixed using the protocol described in
(Rehm et al., 2009) and DAPI stained to further confirm staging. The process of staging embryos,
imaging embryos, boiling, and mashing embryos for Omni-ATAC tagmentation were all performed
within a 30 minute time interval for each developmental stage.

RNA Sequencing
Embryos for RNA isolation were homogenized in TriZol using a DWK Life Sciences (Kimble)
Biomasher II Closed System Disposable Tissue Homogenizer, and RNA was isolated using the Zymo
Direct-Zol Miniprep Plus kit. RNA quality was assessed based on fragment analysis using a
Bioanalyzer. cDNA was generated from RNA using the TaKaRa SMART-Seq v4 Ultra Low-Input kit.
cDNA was then sequenced using the Illumina NovaSeq to generate short reads. Using the Nanopore
Direct cDNA barcoding kit (SQK-LSK109), cDNA was also sequenced on a Nanopore MinION flow
cell to generate long reads.

Limb development RNA Sequencing Methods
A pool of embryos consisting of embryonic stages 19, 20, 22, 23, 25, and 28 were homogenized with
DWK Life Sciences Kimble Kontes Pellet Pestle Cordless Motor in Trizol and extracted using Trizol;
PolyA+ libraries were prepared with the Truseq V1 kit (Illumina), starting with 0.6–3.5 mg of total
mRNA, and sequenced on the Illumina HiSeq 2000 as paired-end 100 base reads, at the QB3 Vincent
J. Coates Genomics Sequencing Laboratory.

Limb development RNA-Seq de novo Transcriptome assembly

https://www.zotero.org/google-docs/?qRFEAm
https://www.zotero.org/google-docs/?XkTcRX
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For the Trinity-limb (old) assembly, transcripts were assembled de novo using Trinity r2013_08_14
(Grabherr et al., 2011)with parameters --JM 170G --CPU 10 --inchworm_cpu 6 --min_kmer_cov 2
--min_contig_length 49 --group_pairs_distance 700. Input RNA-Seq reads were treated as
paired-ends. Output transcript assemblies shorter than 200 bp were discarded. The remaining
assemblies were screened for contaminants with BLASTX (BLAST+ v2.2.26; parameters:
-num_descriptions 50 -num_alignments 50 -evalue 1e-5 -lcase_masking -soft_masking true -seg
yes)(Camacho et al., 2009) against a database of all bacterial proteins downloaded from NCBI
(retrieved 2013-08-31), then against Swiss-Prot UniProt human sequences (retrieved 2013-08-31)(The
UniProt Consortium, 2019). All hits were further required to cover a minimum of 40% of each
assembled transcript sequence. When filtering for human contaminants, a 98% identity threshold was
also required. For the Trinity-limb (new) assembly, transcripts were assembled using Trinity v2.5.1
using standard settings.

Transcriptome Assemblies
Short-read RNA-Seq data was used to generate both de novo and genome-guided transcriptomes using
Trinity. For genome-guided assembly, reads were mapped using HISAT2. Long-read RNA-Seq data
was mapped to the most recent Parhyale genome (phaw_5.0) using minimap2 and assembled using
StringTie2. A combined transcriptome using both HISAT2-mapped short reads and
minimap2-mapped long reads was also generated using StringTie2. See Supplementary Methods for
additional information about assembly parameters.

Mikado Transcriptome
Short-read Trinity transcriptomes and the transcriptome from the Kao et al. manuscript were mapped
to the phaw_5.0 genome using GMAP. Short-read transcriptomes and long-read StringTie2
transcriptomes were merged using the Mikado software along with a previous genome annotation
generated by Leo Blondel (using MAKER). See supplementary methods for additional information
about Mikado parameters.

Functional Annotation of Transcripts
The merged Mikado combined transcriptome was annotated using eggNOG and an Orthofinder
comparison to Drosophila. The MAKER genome annotation was also annotated using eggNOG and
OrthoFinder. See Supplementary Methods for additional information about functional annotation.

ATAC-Seq Data
We performed conventional ATAC-Seq as per Buenrostro et al. 2013 for stages S13–S22. Data were
used for benchmarking in comparison to Omni-ATAC data, but were not used for downstream
analyses.

Omni-ATAC-Seq Tagmentation
Tagmentation was performed using the reagents described in the Corces et al. 2017 Omni-ATAC-Seq
paper, with the following modifications. Instead of the Illumina Nextera TD buffer, 2x Tagmentation

https://www.zotero.org/google-docs/?S0OlZi
https://www.zotero.org/google-docs/?Z7esib
https://www.zotero.org/google-docs/?PxTmhQ
https://www.zotero.org/google-docs/?PxTmhQ
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Buffer from Wang et al. 2013 was used (Corces et al., 2017; Wang et al., 2013). Homemade Tn5
enzymes were purified and received as a gift from Jase Gehring and assembled into Tn5 transposomes
as per Picelli et al 2014, using adapters purchased from IDT with 5’ phosphorylation (Picelli et al.,
2014). Prior to adding RSB+D, embryos were washed 3x using 1X PBS. Embryos were mashed into a
near-uniform solution using the tip of a low-retention p10 pipette, and the pipette was visually
inspected for any remaining debris. We used the QIAGEN MinElute kit for purification and
concentration of DNA.

Omni-ATAC-Seq Library Preparation
Saturation PCR conditions for Omni-ATAC-Seq libraries were performed using a Roche Lightcycler
480 as per the Corces et al. 2017 paper. Optimal conditions for additional amplification after
pre-amplification were determined based on the number of additional PCR cycles corresponding to
one-third of the maximum value, rounded up. Barcodes were added to samples using primers supplied
by QB3-Berkeley using PCR as described in the Corces et al. 2017 Omni-ATAC-Seq paper. Following
amplification, adapters were removed from libraries using Ampure bead purification and analyzed
using a Bioanalyzer or Fragment Analyzer machine to assess library quality. Final libraries were pooled
together to have relatively equal proportions based on additional qPCR quantification and
size-selected using a Pippin Prep to remove fragments greater than 1.5kb in size. All libraries were
sequenced on one lane of each of Illumina NovaSeq SP 150PE and NovaSeq S1 150PE. Adapters used
for libraries are listed in Supplementary Table 1.

Omni-ATAC Sequencing Quality Control
Adapter trimming was performed using Trim Galore, which leverages Cutadapt and FASTQC
(Andrews, 2010; Kreuger, 2017; Martin, 2011). FASTQC was also performed before and after adapter
trimming to confirm removal of sequencing and Tn5 adapters. Percentage of reads remaining after
deduplication was estimated based on FASTQC metrics. Library size was estimated by multiplying raw
read count by percentage of reads remaining after deduplication for each lane, and then summing the
two lanes. Reads were aligned to the phaw_5.0 genome as well as the Parhyale chrM using Bowtie2,
and percentage read mapping was determined using Bowtie2 output (Langmead and Salzberg, 2012).
After peak calling, merged peaks were used to evaluate correlation between replicates. Replicates were
highly correlated, with a mean Pearson correlation of 0.988 and a mean Spearman correlation of 0.936
(Supp. Fig. 2 H, I).

Omni-ATAC Peak Calling
Aligned reads were quality-filtered with a Q value of 10 in samtools and used for Genrich analysis.
Genrich analysis was run on both duplicate libraries simultaneously; Genrich performs peak calling on
each peak individually, and then merges the p-values of the replicates using Fisher’s method to generate
a q-value, obviating the need to calculate an Irreproducible Discovery Rate (IDR). Output
.bedgraph-like files from Genrich were reformatted using a custom Python script to be standard
.bedgraph files, which were converted to bigWig files using the bedGraphToBigWig executable from

https://www.zotero.org/google-docs/?MsuRdJ
https://www.zotero.org/google-docs/?PxVhnN
https://www.zotero.org/google-docs/?PxVhnN
https://www.zotero.org/google-docs/?Oj0Bsv
https://www.zotero.org/google-docs/?0DeIsX
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the UCSC Genome Tools software bundle. Output .narrowPeak files from Genrich were converted
into .bed files for ease of visualization in IGV using a custom Python script.

Assigning spatial categories to Omni-ATAC peaks
We first assigned the nearest peak within 5kb of the first 200bp of each gene (mRNA and ncRNA) as a
promoter peak using bedtools closest. We then assigned the remaining peaks into categories based on
their position relative to mRNA and ncRNA annotations. Peaks that overlapped with mRNA and
ncRNA annotations were assigned as exonic or intronic regulatory elements. The remaining
peaks—those which had not been classified as promoters, and which did not overlap with genes—were
classified as intergenic peaks. The intergenic peaks were divided into two categories: proximal and distal
intergenic peaks. Proximal peaks were those less than 10kb away from the nearest gene, while distal
intergenic peaks were those greater than 10kb away from the nearest gene.

Differential Expression and Accessibility Analyses
We performed differential expression analysis using ImpulseDE2 and DESeq2 using standard settings.
To generate the Omni-ATAC-Seq read count matrix, we used bedtools multicov, using the merged
Genrich peaks as our regions of interest. For our ImpulseDE2 analyses using the Omni-ATAC-Seq
data, ImpulseDE2 model fits were extracted from the ImpulseDE2 output and used to visualize model
expression using a custom Python script (see Supplementary Methods). To generate the RNA-Seq read
count matrix for DESeq2, we generated a gene_trans_map file for the Mikado transcriptome, as would
be available for the Trinity RNA-Seq analysis pipeline, and used the built-in Trinity differential
expression pipeline (align_and_estimate_abundance.pl, abundance_estimates_to_matrix.pl) with
Kallisto to generate a matrix of read counts. To comply with the requirement for integer counts in
DESeq2 analysis, we rounded each value to the nearest whole number.

NucleoATAC Nucleosome Predictions
Quality-filtered reads from each biological duplicate were merged and analyzed using NucleoATAC,
with genomic regions set as +/- 500bp windows around Genrich peaks.

HINT-ATAC Transcription Factor Footprinting
Quality-filtered reads from each biological duplicate were merged and analyzed using rgt-hint
footprinting. We used the JASPAR2020 database and converted the position weight matrices from
JASPAR format into a simple matrix format expected by RGT-HINT using the R package
“universalmotif,” and generated a “.mtf” file to store database information (see Supplementary
Methods). For enrichment analyses, we used bedtools random to generate 13 million random 20bp
sequences, as this was the average footprint size of genuine footprints detected by RGT-HINT in our
data. This set of random sequences was used as background for our enrichment analyses. For
cluster-specific enrichment analyses, we collated all unique transcription factor footprints from all
developmental stages for each cluster (e.g. all footprints across S13, S14, etc. for all peaks in a given
cluster) and compared enrichment levels to our randomly generated background.
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Minos Transposon Cloning
Minos transposon reporter plasmids were cloned using Gibson homology-mediated cloning
approaches and the NEB Gibson Assembly or NEBuilder kits. As a base plasmid, we used the
pMi(ne1) plasmid, which contains the Hsp70 minimal promoter, a DsRed protein sequence, and an
SV40 3’UTR sequence, as well as two Minos inverted repeats. For plasmids containing the Hsp70
minimal promoter, the insert was integrated between the EcoRV and BglII restriction sites. For
plasmids containing an endogenous promoter, the insert replaced the sequence between the EcoRV
and NcoI restriction sites, thereby removing the Hsp70 minimal promoter. Cloned plasmids were
Sanger sequenced to confirm a full DsRed ORF and inclusion of desired genomic sequences.

Minos Transposase Assay
Minos transposase mRNA was generated using the ThermoFisher mMESSAGE mMACHINE T7 or
T7 ULTRA kit using NotI-digested pBlueSK-MimRNA (Addgene #102535). mRNA and
concentrated DNA were mixed into a final concentration of 1 µg/µL in a solution of 0.1% phenol red
in nuclease-free water. 1- and 2-cell Parhyale embryos were injected with approximately 3-5 picoliters
of injection mix using a borosilicate glass capillary needle pulled using a Sutter P-80 or P-85
instrument. Embryos were raised until hatching and examined once per day from 3dpf–10dpf using a
Zeiss LSM780 confocal microscope to screen for DsRed fluorescence.

Data Availability
Omni-ATAC-Seq raw reads will be available at SRA, Bioproject: PRJNA765106. RNA-Seq raw reads
will be available at SRA. Omni-ATAC and RNA-Seq downstream analyses will be available at GEO by
time of future publication. Downstream analysis files for Omni-ATAC-Seq will include BigWig files
for visualizing Omni-ATAC read pileups; stage-specific and combined Genrich peaks; NucleoATAC
signal, occupancy, insert, v-plots, and other miscellaneous data; HINT-ATAC transcription factor
footprinting predictions and enrichment statistics; JASPAR2020 converted database and .mtf file for
HINT-ATAC analyses; and differential accessibility analysis tables. Downstream analysis files for
RNA-Seq will include BigWig files for visualizing RNA-Seq read pileups; Nanopore alignment
sequences; individual transcriptome GFF and FASTA files; eggNOG annotations and OrthoFinder
annotations of transcripts; and RNA-Seq differential expression analysis tables. In addition, the GEO
database will contain the updated Mikado genome annotation and assignment of peaks based on their
position relative to genes, along with classification data for peaks as concordant or discordant in
expression and accessibility. Code for analysis and visualizations will be curated and deposited in a
GitHub repository prior to publication.
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Supp. Fig. 1.1: Embryo images for time course Omni-ATAC-Seq and RNA-Seq
A) Representative embryo images from Omni-ATAC-Seq libraries. Top row shows ventral view of DAPI stained embryo.

Bottom rows show ventral and lateral brightfield images of embryos shortly before tagmentation.
B) Representative embryo images from RNA-Seq libraries. Top row shows ventral view of DAPI stained embryo. Bottom

rows show ventral and lateral brightfield images of embryos shortly before RNA extraction.
(A: anterior, P: posterior, L: left, R: right; D: dorsal, V: ventral).
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Supp. Fig. 1.2.1: Omni-ATAC-Seq analysis pipeline and quality control metrics
A) Analysis pipeline for generating Omni-ATAC peaks and QC metrics from raw reads. Reads were quality and

adapter-trimmed using trim_galore, and trimmed reads were mapped to either the entire genome or to only the
mitochondrial chromosome (ChrM) to generate a conservative estimate of mtDNA contamination. Mapped reads were
further filtered using samtools (Q = 10) and read ends were shifted using Picardtools to reflect the mechanism of Tn5
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insertion. Shifted reads were passed to Genrich in ATAC mode using a q-value cutoff of 0.05. Files produced by
Genrich included stage-specific peaks and bedgraph-like read pileup formats.

B) Quality control metrics for Omni-ATAC-Seq libraries. Library size, percentage of reads remaining after deduplication
(%dedup), percentage of aligned reads (%aligned), and percentage of reads mapping to the mitochondrial genome
(%mtDNA) are displayed for individual Omni-ATAC libraries.

C) Metrics from B visualized for conventional ATAC-Seq libraries. Overall, Omni-ATAC seq shows similar or improved
performance on all metrics.

D) Percentage contribution to variance of each of the top 10 principal components from PCA in Fig. 2C.
E) Mapped fragment size distribution of Omni-ATAC-Seq reads. Two clear peaks are seen in the fragment size

distribution, reflecting proper sub-nucleosomal insertions.
F) Mapped fragment size distribution of conventional ATAC-Seq reads for 4 developmental stages: S19, S19+, S20, S21.

Fragment size peaks are less distinct as compared to Omni-ATAC-Seq libraries.
G) Plots of ImpulseDE2 model fits to the top 100 and bottom 100 peaks loading for PC1 and PC2 in figure 1C. PC1

appears to be associated with developmental time, while PC2 appears to be associated with peaks that show an increase
in accessibility in the middle of development.

H) Pearson correlation of mapped read counts in merged peaks between replicates for each developmental stage. Replicate
libraries show a high average correlation value (0.988).

I) Spearman correlation of mapped read counts in merged peaks between replicates for each developmental stage.
Replicate libraries show a high average correlation value (0.936). A lower correlation coefficient compared to Pearson
may suggest that strong outliers contribute to the high Pearson correlation measure.
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Supp. Fig. 1.2.2: Examining outlier effects of S21/S22 samples
A) Principal Components Analysis (PCA) of all libraries. Samples S21 and S22 appear highly separated in PC2 relative to

other samples.
B) PCA of all libraries except S21 and S22 samples. The relative position of libraries in PC2 appears largely unchanged,

with early and late time points showing negative loading in PC2, and middle timepoints showing higher loading in PC2.
This suggests PC2 is not driven entirely by differences in the S21/ S22 samples.

C) ImpulseDE2 model max fit for all data (alldata, blue) or data excluding S21-S22 (noS21S22, orange). For each peak, the
developmental time of maximum accessibility was estimated, and the results are summarized as a histogram. In the
absence of S21-S22 samples, the same overall trend of early, middle, and late peak maximum fit is observed.

D) Peak stability analysis. The 15 developmental stages were broken into 5 quintiles of 3 stages each (label in C). For each
peak, the IDE2 model max fit stage was calculated for alldata or noS21S22, and the shift in the model max fit was
evaluated. Peaks that moved more than 3 developmental stages (equivalent to 1 quintile shift) were considered
“unstable”. The majority of peaks from each quintile were considered “stable” in the absence of S21/S22 data.

E) Fraction of stable peaks from analysis in (D). For each quintile, >80% of peaks were considered “stable”, suggesting that
most peaks have the same trajectory regardless of the presence of S21/S22 data. This suggests that the remaining data are
sufficient to reproduce the general accessibility trajectory of most peaks.
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Supp. Fig. 1.2.3: Peak category analyses and data visualization tools
A) Visualization of the genomic region around the Parhyale Engrailed-1 and Engrailed-2 loci using the Region Type

Viewer found in the ParhyaleATACExplorer Jupyter notebook. Peak types are colored based on their identity. A
1000bp padding has been added to the 5’ and 3’ widths of each element, for ease of visualization.

B) Distribution of peak-nearest gene distances for intergenic peaks. Most peaks are “distal intergenic”, or >10kb away
(red dotted line) and could not have been identified easily using previous Minos reporter techniques. The average
distance of intergenic peaks from the nearest gene is 73,351bp (blue dotted line).
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C) Visualization of ImpulseDE2 model fits for all data (blue line) or noS21S22 data (orange line), plotted alongside
raw accessibility values (points; stage S21 and S22 points are highlighted in orange), shown for the promoter peak
of the Engrailed-1 gene. Using the ImpulseDE2 Model Comparisons section of the ParhyaleATACExplorer
Jupyter notebook, users can visualize the two model fits for arbitrary peaks of interest.

D) Visualization of ImpulseDE2 model fits for all data within a selected genomic region (same as shown in A),
filtered by “peak strength” = 15, or the number of peaks found within a merged peak, summed over time. IDE2
model fits can be visualized for all peaks within an arbitrary genomic address, or a specific set of labeled peaks
when provided as a Python dictionary.

E) Fraction of intergenic, gene body, and promoter peaks across developmental time, normalized for the number of
peaks after removing “unknown” peaks. The fraction of intergenic and promoter peaks appears to slightly decline,
while the fraction of gene body peaks increases over time.

F) Ratio of gene body peaks to intergenic peaks over time. The ratio appears to decline very slightly over time.
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Supp. Fig. 1.3.1: Additional transcriptome and gene model evaluation metrics
A) Summarized completeness of RACE Hox gene models. Hox gene models for most genes are complete, including

two isoforms each for Ubx, abd-A, and Abd-B. For Hox3, only a homeodomain sequence was isolated.
B) Summarized completeness of MAKER (phaw_5.0) Hox gene models. Many gene models show deviations from

RACE sequences, including fragmentation, artefactual fusion of gene models, and extension of 5’ UTRs.
C) Summarized completeness of Hox gene models from Mikado transcriptome. The Mikado transcriptome appears

to have more complete Hox gene models than the MAKER genome annotation. In addition, a complete Hox3
sequence was generated.

D) Model evaluation methods for gene model fragmentation. 49 RACE genes were selected based on the ability to
unambiguously annotate a first exon, last exon, and promoter peak based on examination of all gene models,
Omni-ATAC-Seq peaks, and Omni-ATAC-Seq and RNA-Seq read pileups. For each transcriptome or genome
annotation, for each RACE gene, all models were compared to manual annotation windows using bedtools. If a
single model from all models in a given transcriptome overlapped with the first and last exon of the manual
annotation, that RACE gene was classified as a “single” model for that transcriptome. If no single model
overlapped both first and last exons, but models existed that overlapped either, the RACE gene was classified as
“split” for that transcriptome. If gene models only overlapped with manually annotated first or last exons, then
the RACE gene was classified as “first” or “last”. Finally, if no gene models overlapped, the RACE gene was
classified as “no model”.

E) Summary of gene model evaluations from D for select transcriptomes. Overall, the Trinity-S21 transcriptome had
the highest number of models that overlapped the Omni-ATAC promoter peak, and the Mikado transcriptome
had the second highest. The StringTie2 SL transcriptome had the highest number of single gene models, and the
Mikado transcriptome had the second highest. For both metrics, the Mikado transcriptome outperformed the
MAKER genome annotation.

F) BUSCO evaluation for additional transcriptomes included in the dataset.
G) Fraction of gene models attributed to each transcriptome in the final Mikado transcriptome. Overall, the

StringTie2 SL transcriptome produced the greatest number of transcripts evaluated as “best” by the Mikado
pipeline.
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Supp. Fig. 1.3.2: Additional transcriptome and gene model evaluation metrics
A) Fraction of Trinity-limb (old) gene models with spurious transcript fragments when compared with RACE data.

Fragments were observed overlapping with introns, exons, or both; some transcript fragments appeared to contain
erroneous splice junctions joining exons and introns, while others were strictly intronic.

B) Example of transcript fragments compared to RACE data at the Parhyale distal-less late 2 locus. This gene model
had two transcript fragments overlapping with known exons, but no single gene model spanning the entire locus.
Moreover, a large number of small 3’UTR-mapping fragments were observed, a signal that was frequently
observed across genes in the RACE dataset.

C) Example of transcript fragments compared to RACE data at the Parhyale scratch locus. Transcript fragments that
overlap with both intronic and exonic sequences are observed, as well as strictly intronic fragments. This gene
model was a particularly extreme example of transcript fragmentation observed among the genes in the RACE
dataset.
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Supp. Fig. 1.3.3: Additional transcriptome and gene model evaluation metrics
A) Orthogroup sizes grouped by number of Drosophila orthologs in each orthogroup for the MAKER genome

annotation and the Mikado transcriptome. The MAKER genome annotation, when annotated using
OrthoFinder, produces many gene models that are grouped into orthogroups with large numbers of putative
orthologs when compared to the results of using OrthoFinder on the Mikado transcriptome.

B) Orthogroup sizes grouped by number of Parhyale orthologs in each orthogroup for the MAKER genome
annotation and the Mikado transcriptome. As with the Drosophila measure, the number of orthogroups with



85

large numbers of orthologs is greater for the MAKER genome annotation.
C) Example of peptides spuriously classified as orthologs when comparing the MAKER genome annotation to the

Mikado transcriptome. OG0000000 is the single largest orthogroup identified by OrthoFinder when comparing
the Drosophila UNIPROT database to either the MAKER genome annotation or the Mikado transcriptome. In
the MAKER annotation, the largest orthogroup contains two unrelated Drosophila proteins (Sec8 and MED21),
which are grouped together along with 213 different Parhyale gene models scattered across the genome.
Examination of other orthogroups revealed a similar result, in which unrelated Drosophila proteins were grouped
along with numerous Parhyale gene models, impeding precise identification of orthologs between the species, and
suggesting problems in the quality of the MAKER gene models. In the Mikado annotation, the largest
orthogroup contains a single Drosophila protein (Rpn12) grouped along with 7 splice isoforms of a single
Parhyale gene model located on a single contig. Examination of other orthogroups derived from the Mikado
transcriptome revealed fewer obviously incorrect groupings than observed for the MAKER annotation.
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Supp. Fig. 1.4: NucleoATAC quality control and signal over time
A) Insertion V-plot generated from NucleoATAC using reads from S21 libraries. A clear V-shaped pattern is

observed, as expected from read data fragmented along a nucleosomal distribution.
B) NucleoATAC raw signal at mRNA starts genome-wide. A strong +1 and -1 nucleosome position signal is

observed. A strong negative signal is observed at the expected nucleosome-free region (NFR). Overlaid windows
in B-D were drawn manually based on observed signal.

C) NucleoATAC smoothed signal at mRNA starts genome-wide. A strong +1 and -1 nucleosome position signal is
observed.

D) NucleoATAC occupancy at mRNA starts genome-wide. A strong +1 and -1 nucleosome position signal is
observed.

E) NucleoATAC smoothed signal at mRNA starts genome-wide for all developmental stages.
F) NucleoATAC occupancy signal at mRNA starts genome-wide for all developmental stages. The occupancy value

calculated by NucleoATAC varies based on library size; in this plot, values are not normalized based on library
size.
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Supp. Fig. 1.5.1: Identification and classification of regulatory element clusters
A) Standardized accessibility plot for top 1000 peaks with strongest membership in each of the 9 clusters. Each

library is plotted as a separate point along the line plot.
B) ImpulseDE2 model fits for the top 200 peaks with strongest membership in each of the 9 clusters.
C) Histogram of when all peaks in each cluster achieve their maximum accessibility as calculated by IDE2 max fit.
D) Line plots showing Omni-ATAC accessibility (dashed line, blue axis), NucleoATAC signal (dotted line, black

axis), and relative NucleoATAC histone occupancy (solid line, pink axis) for peaks in each cluster across time.
Each box contains a line plot summarizing each of the three signals at all peaks within that cluster with respect to a
given developmental Omni-ATAC-Seq library. The center of each line plot reflects the average signal at the center
of all Omni-ATAC-Seq peaks in that cluster at that developmental stage. Signal is visualized at 0.4kb upstream
and downstream of peak centers. Within each signal type, the axes across line plots for each cluster are identical.
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Supp. Fig. 1.5.2: Mfuzz clustering assessment
Note: cluster labels in this plot are for assessment purposes, and do not correspond to cluster labels used in other figures.
A–I) Cluster overlap matrices generated my Mfuzz indicating percentage overlap between clusters.
J) Silhouette plots for different numbers of clusters. Dashed red line marks the average silhouette score. Asterisks mark

clusters with marginal silhouettes (silhouettes at or below the average). An arrowhead marks the thinnest silhouette,
while an arrow marks the thickest silhouette within each plot. All cluster numbers other than 9 and 13 showed marginal
clusters and large contrast between the thinnest and thickest silhouette widths.

K) Mean silhouette score by number of clusters.
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Supp. Fig. 1.6: Alignment of motifs in fuzzy clusters
A–I) Dendrograms generated from sequence alignment of JASPAR motifs using the online STAMP tool visualized using
Interactive Tree of Life (iTOL). Top 12 most-enriched transcription factor binding sites from the entire JASPAR CORE
database are in black for each dendrogram; up to top 12 most-enriched transcription factor binding sites from the
Drosophila transcription factors in JASPAR CORE are in red for each dendrogram.
A’–I’) Select pairs of transcription factor binding sites with apparently similar sequences based on STAMP alignment. All
JASPAR CORE TFs are in black; Drosophila TFs are in red.
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Supp. Fig. 1.7.1: Correlation between accessibility and gene expression at individual
timepoints

A) Correlation between log mean RNA-Seq TPM and log mean Omni-ATAC-Seq accessibility at all peaks in each
developmental stage. Peaks colored based on highest and lowest quartiles of expression and accessibility. Dotted
line represents a linear fit to all data in the plot. Pearson correlation R2 and Spearman correlation ρ for all points
are displayed in each plot.

B) GO-term enrichment for gene-peak pairs with high accessibility and high expression (purple), high accessibility
and medium expression (coral), medium accessibility and high expression (blue), and medium accessibility and
medium expression (yellow), for all peaks. The threshold for “high” expression and accessibility were all values
above the 75th percentile, while “mid” expression and accessibility were all values below the 25th percentile. Gene
lists were extracted based on the nearest Mikado gene to each peak, and orthologous Drosophila names were
assigned to genes using OrthoFinder.

C) Correlation between log mean RNA-Seq TPM and log mean Omni-ATAC-Seq accessibility at promoter peaks.
D) Quantification of number of significant peak-gene pairs at each time point comparison in Fig. 7. Left plot

quantifies number of concordant and discordant peaks across all peak-gene pairs, while right plot quantifies
peak-gene pairs that were assigned as promoters.
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Supp. Fig. 1.7.2: Visualization of accessibility versus expression for arbitrary peak-gene pairs
A) Visualization of the genomic region around the Parhyale Engrailed-1 and Engrailed-2 loci. Text labels in plot

region were added manually after plotting.
B) Visualization of the average accessibility (red line) and raw accessibility values (red dots) for the promoter peak of

the Engrailed-1 gene (top). Visualization of the average gene expression (lavender line) and raw expression values
(lavender dots) of the nearest gene to the Engrailed-1 promoter peak (in this case, Engrailed-1, or
mikado.phaw_50.283864aG46)(bottom). Visualization of log2 fold change in accessibility (red bars) and gene
expression (lavender bars) for each pair of timepoint comparisons (S19 vs. S13, S21 vs. S19, and S23 vs. S21)
(middle). Asterisks in bar charts mark log2 fold changes called as statistically significant by DESeq2 (padj < 0.05).
Color of comparison labels indicates concordant or discordant relationships between accessibility and gene
expression (red for concordant, blue for discordant). When interpreting this visualization, it is important to note



95

that some comparisons may show high log2 fold change that is non-significant; usually, this is when the measured
values for a feature are very low. Additionally, statements about concordance and discordance should consider
whether both accessibility and expression log2 fold changes are significant. In the case of this example, the
comparisons at S19 vs. S13 would be considered truly “concordant” in our dataset, while the comparisons at S21
vs. S19 and S23 vs. S21 would not be considered concordant or discordant, as one or more features are not
significantly changing over time.

C) Visualizations as described in (B) for the Engrailed-1 gene and a distal intergenic peak located between
Engrailed-1 and Engrailed-2, nicknamed “En1_peak5”, position labeled in (A).

D) Visualizations as described in (B) for the Engrailed-2 gene and “En1_peak5”.
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Supp. Fig. 1.8.1: Omni-ATAC-Seq recovers previously identified regulatory elements
A) Expression of the PhMS reporter visualized using GFP in a juvenile Parhyale.
B) The PhMS genomic region. A strong Genrich peak overlaps with a predicted cluster of b-HLH binding sites.
C) Heat shock expression images from a transgenic Parhyale embryo carrying the HS2a element.
D) The HS2a genomic region. A peak covers the PhHsp70 minimal promoter and heat shock factor binding sites.
E) Expression of the PEB reporter, visualized in a dissected embryo using a DsRed antibody. Injected embryos

showed nearly full expression of this reporter in each germ layer (Liubicich 2007 PhD thesis).
F) The PEB genomic region. Two strong peaks overlap with the 5’ end of this reporter.
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Supp. Fig. 1.8.2: VISTA homology identification between Parhyale and Hyalella
A) Adult female Parhyale hawaiensis.
B) Adult female Hyalella azteca.
C) Pipeline for identification of orthologous genomic regions between Hyalella and Parhyale for

VISTA sequence conservation analysis.
D) Visualization of Genrich peaks, NucleoATAC nucleosome-free regions (NFRs), VISTA

conservation, Omni-ATAC-Seq signal, RNA-Seq signal, and Mikado gene models at the
putative Sp69 promoter peak.
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Supplementary Video 1.1: Yolk cells labeled by the Hsp70-p2 reporter
Max intensity projection; frames taken 5 minutes apart.
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Supp. Fig. 1.9: Spontaneous, non-reproducible expression patterns observed in Minos assays
A) Expression observed in one embryo injected with a plasmid containing the PhHsp70 minimal promoter and the

Sp69-p1 peak.
B) Expression observed in one embryo injected with a plasmid containing proximal promoter peak for the

odd-skipped gene along with an Hsp80 minimal promoter.
C) Expression observed in one embryo injected with a plasmid containing a putative minimal promoter for the abd-A

gene and an upstream peak (abd-A-peak1).
D) Expression observed in one embryo injected with a plasmid containing a putative minimal promoter for the abd-A

gene and an upstream peak (abd-A-peak13).
E) Expression observed in one embryo injected with a plasmid containing the putative Parhyale-retn promoter.
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Supp. Fig. 1.10: Expression observed from Sp69-p3 reporter
A) Plasmid map of the pMi(Sp69)-peak3 construct. The construct contains both the putative promoter peak of

Sp69, along with a distal peak (peak3).
B) Gill and claw expression observed in one embryo injected with this plasmid.
C) Leg expression observed in one embryo injected with this plasmid.
D) Head and antennal expression patterns observed in 5 embryos injected with this plasmid; embryo with strongest

expression pattern shown.
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Supplementary Table 1.1: Illumina sequencing indices for Omni-ATAC libraries
Sample ID i7 (4000) i5 (4000) PE i5 (4000) SR Flowcell/MiSeq

S13A TACAGAGC CTTGGATG CATCCAAG

S13B AAGCGTTC GGAAGGAT ATCCTTCC

S14A AGTGACCT TTCTCTCG CGAGAGAA

S14B ACCATAGG AAGTCCGT ACGGACTT

S15A CTCGAACA ATGGTCCA TGGACCAT

S15B TGCGTAAC TGTCCAGA TCTGGACA

S17A AACAGTCC GATTGCTC GAGCAATC

S17B CTAAGACC GTTGTAGC GCTACAAC

S18A TGTTCCGT GTGAATCC GGATTCAC

S18B ACTCAACG ACTCCATC GATGGAGT

S19A GCCTTCTT TGAGGTGT ACACCTCA

S19B TGCTCTAC TCTTGACG CGTCAAGA

S19plusA GTACCACA GATACTGG CCAGTATC

S19plusB GCATTGGT ATCTTCGG CCGAAGAT

S20A CTGTGGTA ACATTGCG CGCAATGT

S20B TTACCGAC GTTGTTCG CGAACAAC

S21A TGACCGTT CATGGAAC GTTCCATG

S21B GCTAAGGA AACGTGGA TCCACGTT

S22A TAGCCATG CTGCACTT AAGTGCAG

S22B ACTTGGCT GTAGCATC GATGCTAC

S23A TGTCACAC GTGCTTAC GTAAGCAC

S23B GACACAGT CAACCTAG CTAGGTTG

S24A GTGGTATG ATCTCGCT AGCGAGAT

S24B ATGCGCTT GGACCTAT ATAGGTCC

S25A AGGAACAC ACGTTACC GGTAACGT

S25B TGGAAGCA TACTGCGT ACGCAGTA

S26A GTCGTTAC GGTACTAC GTAGTACC

S26B GAACCTTC AGCTTGAG CTCAAGCT

S27A TATGACCG TGTGAAGC GCTTCACA

S27B AACGCACA CGTTATGC GCATAACG
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Supplementary Table 1.3: Software version numbers
Software name Version Usage

bamtools 2.5.1 Bam file manipulations

bedtools 2.28.0 or 2.30.0 Bed file manipulations

Bowtie2 2.3.0 or 2.3.4.1 Read alignment

BUSCO 3.0.2 Transcriptome and genome completion evaluation

cutadapt 2.4 Removing sequencing adapters from reads

deeptools 3.3.1 Visualization of data genome-wide

DESeq2 (R) 1.34.0 Differential accessibility/ expression analyses in pairwise comparisons

eggNOG-mapper 2.0.5 Automated gene function assignment

FASTQC 0.11.7 Library quality assessment

Genrich 0.6 Omni-ATAC peak calling

GMAP 2020-11-20 Aligning transcriptomes to genome for Mikado analyses

HISAT2 2.1.0 Aligning RNA_Seq reads to genome

igvtools 2.3.98 File format conversions for viewing in IGV

ImpulseDE2 (R) 0.99.10 Performing IDE2 analyses

JASPAR2020 (R) 0.99.10 Extracting PWMs from JASPAR

kallisto 0.43.1 Read abundance estimation for RNA-Seq

Mfuzz 2.54.0 Fuzzy clustering of peak accessibility

Mikado 2.3.0 Mikado transcriptome merging

minimap2 2.18-r1052-dirty Aligning long-read Nanopore sequences to Parhyale genome

NucleoATAC 0.2.1 Prediction of nucleosome positions using Omni-ATAC data

OrthoFinder 2.5.4 Orthology assignment between Parhyale and Drosophila

PicardTools 2.9.0 Deduplication of reads

Portcullis 1.1.2 Identifying valid splice junctions from RNA-Seq read data

Python 3.7 or 3.8.8 Interfacing with Jupyter notebooks and running Python scripts on a SLURM scheduler

R 4.1.1 or 4.0.3 or 3.8 Performing IDE2, DESeq2 analyses; converting JASPAR files to RGT-HINT format

RGT-HINT 0.13.1 Inference of transcription factor footprints

samtools 1.8 Quality filtering (q=10) and sorting of bowtie2-mapped reads

StringTie 2.1.7 Assembly of StringTie2 L and StringTie2 SL transcriptomes

Transdecoder 5.0.2 Generating peptide sequences for OrthoFinder, Mikado, and other analyses

trim_galore 0.4.4 Trimming reads used in all analyses

Trinity r2013_08_14 Assembling Trinity-limb (old) transcriptome

Trinity 2.5.1 Assembling Trinity-all, Trinity-gg, Trinity-S13, Trinity-S19, Trinity-S21, Trinity-S23,
Trinity-limb (new) transcriptomes

universalmotif (R) 1.12.1 Converting JASPAR PWMs to RGT-HINT compatible format

VISTA web VISTA Identifying sequence homology between Parhyale and Hyalella
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1.5 – Supplementary Methods, Chapter 1
S21-S22 sample outlier properties
For several metrics, the data we generated for samples at stages S21 and S22 appeared to show outlier
effects, such as strong separation in PC2 of PCA analysis (Fig. 2C), a lower percentage of mapped reads
(Supp. Fig. 2.1B), and lower inter-sample Spearman correlation (Supp. Fig. 2.1I). These data could be a
reflection of variability in library quality, or could represent genuine biological differences with these
samples. The shape of the PCA curve in Fig. 2C is consistent with a previously-described “horseshoe
effect”, “Guttman effect”, or “arch effect” that is observed in microbial ecology datasets where a single
strong gradient drives separation between samples in the dataset (Legendre and Legendre, 2012;
Morton James T. et al.; Podani and Miklós, 2002). In the case of our dataset, we expect to find a single
strong gradient – developmental time – which should separate out our samples.

To assess the degree to which PC2 in our data is driven by separation of S21/S22 samples, we
removed the S21/S22 samples from our dataset and performed PCA. We observed that the relative
positions of the remaining libraries remains largely similar (Supp. Fig. 2.2A, B), with time points closer
to the middle of development showing a positive loading in PC2, and time points closer to the
beginning and end of development showing a negative loading. This suggests that the second major
axis of variation in our dataset would remain a contrast between middle vs. terminal timepoints, even
without the S21/S22 data, and that the relative positioning of the remaining data within PC-space is
not entirely driven by S21/S22.

To further assess the degree of the S21/S22 samples’ outlying effects, we also performed
ImpulseDE2 analysis to generate model fits without S21/S22 data. Doing so allowed us to determine
to what degree the S21/S22 stages are necessary for driving the accessibility trajectory of individual
peaks, and of the data more broadly. We performed IDE2 with either all data, or the S21/S22 data
removed prior to input into IDE2. This generated two sets of model fits to the “cloud” of accessibility
vs. time measurements: one that included the S21/S22 data, and one without. We evaluated, for each
peak in our dataset, the time point at which the IDE2 model achieved maximum accessibility (the
“IDE2 max fit”), and plotted both the “all” and “noS21S22” data as a histogram (Supp. Fig. 2.2C).
The presence of peaks that achieve predicted maximum accessibility in the S21/S22 stages in the “no
S21/S22” data is a result of how we calculate “max fit”, which does not require that there is a known
accessibility value at a given timepoint; only that the time point during which the model fit is
maximum is closest to the timing of that developmental stage. Overall, we still observed early, middle,
and late enrichment of IDE2 max fit even when the S21/S22 data are removed. We do see a rightward
shift in the middle timepoint histogram in the direction of later stages, although this may be expected
given the absence of concrete accessibility values at S21/S22 in the “no S21/S22” data. This indicates
that our data globally retain the general trends of early, middle, and late enrichment of accessibility in
the absence of the S21/S22 data. Moreover, this suggests that, even without the S21/S22 data, the
remaining data from early and late stages result in a model fit that still predicts maximum accessibility
at middle developmental stages for many peaks.

To further measure the influence of the S21/S22 data in IDE2 model fit, we also evaluated the
degree of change in the general accessibility of a peak when the S21/S22 stages were removed. This
analysis aimed to assess whether removing S21/S22 data resulted in an IDE2 model with the same

https://www.zotero.org/google-docs/?W72uN1
https://www.zotero.org/google-docs/?W72uN1
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general trajectory as with all data, as opposed to the more stringent requirement of evaluating whether
the exact developmental stage of the peak was changed. To perform this analysis, we grouped
developmental stages into five quintiles, each representing three stages of development. We asked, for
each peak in our dataset, whether that peak’s IDE2 max fit was “stable” when the S21/S22 data were
removed; that is, if the quintile of the IDE2 max fit was altered when the S21/S22 data were removed
(i.e. if a peak moved more than 3 developmental stages away from its original position), a peak was
considered “unstable” (Supp. Fig. 2.2D, E). We observed that over 80% of peaks in each quintile
remained “stable” after removing the S21/S22 data, suggesting that the vast majority peaks show the
same general trajectory of accessibility even without the S21/S22 data. Peaks within the middle time
points appeared to be more unstable than peaks at the terminal timepoints, which could be expected
given that the S21/S22 timepoints constituted the middle-most timepoints in our dataset.

It is difficult to determine whether a change in accessibility trajectory for a given peak caused by
the removal of S21/S22 data is indicative of technical differences in sample preparation, such as batch
effects; biological variation, such as a potentially unknown mutant or sick embryo; or due to genuine
wildtype biological processes that occur at the S21/S22 stages. These caveats acknowledged, a
comparative analysis of the data in the absence of the S21/S22 stages suggests that much of the global
picture of development remains the same.

To facilitate future users of this dataset, we have included the model parameters calculated
from IDE2 using both the full dataset and the data with S21/S22 removed, as well as a Jupyter
notebook (ParhyaleATACExplorer.ipynb) that allows users to plot the raw accessibility data and IDE2
model fits with respect to time, so that downstream experiments can consider the potential differences
with the S21/S22 samples.

Trinity transcriptome assembly parameters
Trinity de novo transcriptome (all stages) was assembled with --max_memory 1500G and --CPU 32.
Illumina NovaSeq short reads were supplied as a sample file, where each sample had two read files for
read1 and read2. Read files were generated by first trimming transcripts using trim_galore, and then
combining the val_1 reads with unpaired_1, and val_2 reads with unpaired_2 for each stage using cat.
The same merged read files were used for stage-specific assemblies. For the genome-guided assembly, in
silico normalized reads generated by Trinity for read1 and read2 across all stages were aligned to the
genome using hisat2 --dta and then sorted using samtools. Trinity was run as Trinity
--genome_guided_bam <bam file> --genome_guided_max_intron 300000.

StringTie2 transcriptome assembly parameters
Nanopore reads, when generated, are partitioned into chunks in different folders in the output. Reads
were compiled by barcode. All reads were combined together into a single file and mapped to the
genome using minimap2 -ax splice using the phaw_5.0.fa genome file as a target. StringTie2 L assembly
was run using stringtie -L <nanopore_reads.bam>, while StringTie2 SL assembly was run using
stringtie -mix <illumina_reads.bam> <nanopore_reads.bam>. Both StringTie2 assemblies used default
settings.
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Mikado setup parameters
Trinity transcriptomes were aligned to the phaw_5.0.fa genome using GMAP with
--max-intronlength-ends=300000 --format=gff3_gene. All HISAT2 aligned read BAM files from
Illumina RNA-Seq were fed into Portcullis using portcullis full --force --copy --verbose -t 32. Due to
yet-to-be-resolved errors in the Portcullis package, we manually converted some assignments of the
portcullis output using the following commands:

$ cat portcullis_out/2-junc/portcullis_all.junctions.tab |awk '!(($11=="?" && $14=="NA") ||
($11=="?" && $13=="NA"))' > portcullis_out/2-junc/portcullis_all.junctions.cleaned.tab

$ portcullis filter --verbose portcullis_out/1-prep
portcullis_out/2-junc/portcullis_all.junctions.cleaned.tab

The scoring parameters and other variables for the Mikado configure file are found in the
“20210630_list.txt” file. We applied penalties to the Trinity-based transcriptomes and bonuses to the
StringTie2 transcriptomes based on our observations that Trinity transcripts, when aligned to the
genome, showed many apparently spurious short transcripts at the RACE genes we examined.

For mikado configure, we used --mode permissive --scoring mammalian.yaml --copy-scoring
mammalian.yaml -bt uniprot_sprot.fasta. We reasoned that the large genome size of Parhyale would be
appropriate to analyze using the mammalian settings as opposed to the other available settings.

For the Transdecoder step, we ran the analysis with default settings. We omitted BLAST from
our Mikado pipeline, as the extremely large file size of our mikado_prepared.fasta file proved
intractable to straightforward BLASTX analysis. We estimated that it would take around 5 months to
run using our current computing approaches. An updated Mikado transcriptome could be generated
by breaking up the mikado_prepared.fasta file into many smaller BLASTX analyses, which could run
much faster. The required files for further Mikado analyses are available in the GEO accession data.

eggNOG annotation
We generated a .pep file of the final Mikado transcriptome or the MAKER genome annotation using
Transdecoder, and used emapper.py with default settings and -m diamond.

OrthoFinder annotation
Using a .pep file generated from the final Mikado transcriptome or the MAKER genome annotation
using Transdecoder, we ran OrthoFinder to compare each transcript source to the database of all
Drosophila melanogaster proteins found in the UNIPROT database.

DESeq2 parameters
For differential expression and accessibility analyses, we performed pairwise DESeq2 runs for adjacent
pairs of developmental stages (e.g. S19 vs. S13, S21 vs. S19). Analysis was performed using standard
settings. Peaks or genes were considered differentially expressed when padj < 0.05.

ImpulseDE2 analysis
We performed ImpulseDE2 analysis using standard settings, using the matrix of reads generated from
bedtools multicov and used for DESeq2 analysis. For the Time parameter, we used the number of
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hours for each developmental stage, as indicated in the Browne et al. Parhyale staging guide (Browne et
al., 2005). The time points were: 72, 77, 80, 87, 90, 96, 104, 112, 120, 132, 144, 155, 168, 180, and 192
hours, representing stages 'S13', 'S14', 'S15', 'S17', 'S18', 'S19', 'S19+', 'S20', 'S21', 'S22', 'S23', 'S24',
'S25', 'S26', 'S27', respectively. We extracted the IDE2 model fits for each peak (available at the GEO
accession) as a .tsv file, used a custom Python function to plot accessibility trajectories (will be available
at the GitHub repository). To generate such plots, we recreated the accessibility plotting function from
the ImpulseDE2 package in R as two Python functions, shown below:

def ImpulseFunction(t, vecImpulseParam):
return (1/vecImpulseParam[3]) * (vecImpulseParam[2] + (vecImpulseParam[3] -

vecImpulseParam[2]) * (1/(1 + np.exp(-vecImpulseParam[1] * (t - vecImpulseParam[5]))))) *
(vecImpulseParam[4] + (vecImpulseParam[3] - vecImpulseParam[4]) * (1/(1 +
np.exp(vecImpulseParam[1] * (t - vecImpulseParam[6])))))

def ImpulseEvaluate(vecTimepoints, vecImpulseParam):
vecImpulseValue = [ImpulseFunction(i, vecImpulseParam) for i in vecTimepoints]
vecImpulseOutput = [i if i > 10^(-10) else 10^(-10) for i in vecImpulseValue]
return vecImpulseOutput

JASPAR2020 database
For RGT-HINT analyses, the software expects each motif as a simple matrix representing position
weights at each base for A, T, G, and C. This format is not readily available for the JASPAR2020
database, which utilizes the JASPAR format. We downloaded the full JASPAR2020 CORE
non-redundant database, split the database into individual JASPAR format files for each transcription
factor, and then converted that JASPAR format tile into a plain matrix file using the “universalmotif”
R package. We also utilized the metadata extracted from this package to generate an .mtf file as required
by RGT-HINT. All files for this type of analysis will be available on GEO at time of publication.

https://www.zotero.org/google-docs/?d1WtmF
https://www.zotero.org/google-docs/?d1WtmF


108

Chapter 2. Parhyale hawaiensis Polycomb and Trithorax

2 – Distinct regulation of Hox genes by Polycomb Group
genes in a crustacean
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Abstract
Non-insect crustaceans exhibit tremendous
body plan diversity. The evolution of diverse
patterns of Hox gene expression has been
implicated as a primary driver of body plan
evolution between crustacean groups, but
the mechanisms underlying Hox regulatory
evolution remain unknown. We identify
Polycomb and Trithorax Group proteins,
crucial for proper Hox regulation across
bilaterians, in the genome of the amphipod
crustacean Parhyale hawaiensis, and
demonstrate their essential functions in
crustacean Hox regulation and embryonic
development using CRISPR-Cas9
mutagenesis. Examination of Hox
misexpression patterns between individual
Hox genes with respect to timing, tissue, and
PcG mutant gene in mutant embryos reveals
that each crustacean Hox gene follows its own idiosyncratic regulatory mechanism. These results
suggest a distinct regulation of Hox genes that may have enabled crustacean body plan evolution.

Primary Findings
- The genome of the amphipod crustacean Parhyale hawaiensis contains all core Polycomb Group

(PcG) and Trithorax Group (TrxG) proteins
- CRISPR-Cas9 mutagenesis of PcG proteins induces homeotic transformations and misexpression

of Hox genes that differ from similar experiments in insects
- PcG knockout embryos show proper initiation of Hox expression boundaries at early

developmental stages
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- Each of the three posterior Hox genes in Parhyale displays distinct patterns of misexpression in
response to PcG knockout

- Hox regulation appears to occur via different mechanisms in the nervous system vs. limbs
- PcG phenotypes reveal the potential for distinct layers of Hox regulation in crustaceans

2.0 – Introduction
Non-insect crustaceans are a group of organisms with tremendous variation in body

organization. Unlike hexapods or chelicerates, which stereotypically only have head and thoracic
appendages, crustaceans generally have one appendage for every body segment (Angelini and
Kaufman, 2005; Hughes and Kaufman, 2002). Moreover, unlike the limbs found in myriapods
(millipedes and centipedes), which are largely serially identical along the body axis, crustaceans have a
tremendous variety of limbs for different functions, such as feeding, grasping, walking, or swimming.

Individual groups of crustaceans have evolved different arrangements of these appendages,
which are referred to as bauplans, or body plans (Averof and Akam, 1995; Deutsch and
Mouchel-Vielh, 2003). Some of these body plans are familiar to most people, such as the decapod body
plans of shrimp, crabs, and lobsters, or the isopod body plan of pill bugs and woodlice (Schwentner et
al., 2017, 2018; Wolfe et al., 2019). Beyond those with familiar body plans, many other crustacean
groups exist, including remipedes, fairy shrimp, and shield shrimp, each with its own unique
arrangement of limbs along the anterior-posterior axis. As a result of these Swiss Army knife-like
bodies, crustaceans are able to survive in numerous aquatic and terrestrial environments.

The evolution of crustacean body plan diversity is hypothesized to be a consequence of
variations in the expression of Homeotic (Hox) genes, a family of genes crucial for establishing identity
along the anterior-posterior axis in diverse animal groups (Averof and Akam, 1995; Averof and Patel,
1997; Hrycaj and Wellik, 2016; Krumlauf, 1994; Panganiban et al., 1995). For example, shifts in the
expression domain of the Hox gene Ultrabithorax have been correlated with the emergence of novel
identities across the crustacean tree (Averof and Patel, 1997). These results have suggested that
crustacean Hox regulatory network evolution may be a driving force in crustacean body plan
evolution.

Recent experiments in the amphipod crustacean Parhyale hawaiensis have begun to directly
reveal the function of Hox genes in patterning crustacean body plans. Using CRISPR-Cas9
mutagenesis, RNA interference, and heat shock-induced misexpression, previous work has
characterized the expression (Liubicich et al., 2009; Serano et al., 2016) and function (Liubicich et al.,
2009; Martin et al., 2015; Pavlopoulos et al., 2009) of each of the Parhyale Hox genes (summarized in
Supp. Fig. 1.1D).

For example, the Hox gene Ultrabithorax (Ubx) is expressed in most of the thoracic
appendages (T2-8) in Parhyale: at lower levels in the claws (T2/3) and higher levels in the walking legs
(T4/5) and jumping legs (T6-8). RNAi knockdown and CRISPR knockout of Ubx reveal that this
gene is necessary for the forward walking leg (T4/5) identity, and overexpression experiments have
revealed that ectopic Ubx expression can induce transformations of anterior body segments towards
T4/5 walking leg identity (Supp Fig. 1.1F). These results indicate that Ubx expression is both necessary
and sufficient for establishing T4/5 forward walking leg identity.

https://www.zotero.org/google-docs/?zBYJwG
https://www.zotero.org/google-docs/?zBYJwG
https://www.zotero.org/google-docs/?11ysyb
https://www.zotero.org/google-docs/?11ysyb
https://www.zotero.org/google-docs/?cxthC9
https://www.zotero.org/google-docs/?cxthC9
https://www.zotero.org/google-docs/?pqLnUH
https://www.zotero.org/google-docs/?pqLnUH
https://www.zotero.org/google-docs/?j27VXs
https://www.zotero.org/google-docs/?wg5q59
https://www.zotero.org/google-docs/?HmxVkt
https://www.zotero.org/google-docs/?HmxVkt
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Moreover, knockout experiments examining multiple Hox genes in Parhyale have indicated
that Hox genes also regulate one another (Jarvis et al., 2022). For example, upon CRISPR-Cas9
knockout of the Hox gene Abdominal-B, normally found in the abdominal appendages (A1-6),
expression of Ubx expands into the previous Abd-B domain, suggesting that Abd-B represses Ubx
(summarized in Supp. Fig. 1.1E). Knockout of both Abd-B and Ubx results in expansion of Scr
expression towards the posterior, inducing homeotic transformations to T1 identity in the regions
lacking abd-A expression; thus, Ubx and Abd-B repress Scr. These results suggest that Hox
cross-regulatory mechanisms are essential for proper body organization in Parhyale.

While these studies have revealed the function of Hox genes in establishing regional identity
and in cross-regulation, the upstream mechanisms of crustacean Hox regulation remain unknown. In
insects, early Hox regulation appears to be governed at two phases: early establishment of Hox
boundaries by upstream transcription factors, and maintenance of proper Hox expression through
later stages of development (Akam, 1987; Denell, 1978; Irish et al., 1989; Maeda and Karch, 2006,
2015; Puro and Nygrén, 1975; Wedeen et al., 1986). For example, in Drosophila, the gap and pair-rule
gene networks activate or repress Hox genes through special cis-regulatory elements known as initiator
elements, which establish active or repressive chromatin in specific regions of the genome for each
body segment (Maeda and Karch, 2006, 2015; Peifer et al., 1987)(Supp. Fig. 1A). These chromatin
marks are laid down and maintained by the activity of Polycomb Group (PcG) and Trithorax Group
(TrxG) genes, two families of general transcriptional repressors and activators, respectively (Geisler and
Paro, 2015; Kassis et al., 2017; Schuettengruber et al., 2017).

PcG and TrxG genes were first identified as Hox regulators in Drosophila due to the homeotic
transformations induced by perturbation of PcG/TrxG function. For example, maternal-zygotic null
embryos for many PcG genes exhibit homeotic transformations of all thoracic segments towards the
most posterior identity (A8)(Breen and Duncan, 1986; Martin and Adler, 1993)(Supp. Fig. 1B-C).
Within these mutants, most of the Drosophila Hox genes (such as Scr, Dfd, Antp, Ubx, abd-A, and
Abd-B) appear to be broadly misexpressed anterior to their wildtype boundary and in a variety of
different embryonic tissues, including the embryonic ectoderm, nervous system, and mesoderm
(Simon et al., 1992; Wedeen et al., 1986). Despite this broad misexpression of many genes, it is
proposed that the cross-regulatory repression of more anterior Hox genes by Abd-B results in a
uniform transformation of all body segments to the most posterior identity (Breen and Duncan, 1986;
Simon et al., 1992; Struhl and White, 1985).

In contrast, some TrxG genes were observed to induce homeotic transformations in the
opposite direction – posterior to anterior – as a result of decrease or loss of proper Hox expression
(Breen and Harte, 1991, 1993)(Supp. Fig. 1B). Others TrxG genes were identified through their
dominant suppressor effects on PcG mutants, indicating their competing roles in Hox regulation
(Fauvarque et al., 2001; Kennison and Tamkun, 1988).

These two families of genes appear to have globally similar functions in vertebrate Hox
regulation. Loss of PcG or TrxG function in mice often results in Hox misexpression and homeotic
transformations (Akasaka et al., 2001; Brinkmeier et al., 2015; Guenther et al., 2005; Isono Kyo-ichi et
al., 2005; del Mar Lorente et al., 2000; Wang et al., 2007; Yu Benjamin D. et al., 1998), suggesting that
the ancestral bilaterian Hox cluster was regulated by PcG/TrxG function. However, mouse Hox

https://www.zotero.org/google-docs/?rijAxm
https://www.zotero.org/google-docs/?rijAxm
https://www.zotero.org/google-docs/?zUaBoh
https://www.zotero.org/google-docs/?lCjayI
https://www.zotero.org/google-docs/?lCjayI
https://www.zotero.org/google-docs/?McalVs
https://www.zotero.org/google-docs/?fsjFUt
https://www.zotero.org/google-docs/?1iKxLt
https://www.zotero.org/google-docs/?1iKxLt
https://www.zotero.org/google-docs/?tuKk6p
https://www.zotero.org/google-docs/?GzPnUQ
https://www.zotero.org/google-docs/?n5CVrh
https://www.zotero.org/google-docs/?n5CVrh
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regulation differs from that of Drosophila in that Hox expression is first initiated in a temporal
sequence within a single tissue region (the posterior primitive streak), rather than being initiated in
spatially separate regions (Deschamps and van Nes, 2005; Deschamps and Wijgerde, 1993; Kmita and
Duboule, 2003; Mallo and Alonso, 2013; Wang et al., 2004). This early activation is then followed by
an expansion of the expression domains towards their final expression patterns, a process not governed
by cell migration, but instead by progressive changes to histone marks associated with PcG/TrxG
function (Chambeyron and Bickmore, 2004; de Graaff Wim et al., 2003; Deschamps and van Nes,
2005; Deschamps and Wijgerde, 1993; Rastegar Mojgan et al., 2004; Soshnikova and Duboule, 2009).
Thus, in vertebrates, the final expression pattern of Hox genes appears to be both established and
maintained by PcG/TrxG function.

The molecular functions of PcG/TrxG complexes across organisms are diverse, but primarily
occur via the chromatin modifications they establish. Multiple PcG complexes exist, but are broadly
broken down into three groups: Polycomb Repressive Complex 1 (PRC1), Polycomb Repressive
Complex 2 (PRC2), and Pleiohomeotic Repressive Complex (PhoRC) (Fig. 1A, adapted from
Erokhin et al., 2018; Schuettengruber et al., 2017). Within these broader groups, additional
sub-complexes have been characterized, such as PRC1 vs. dRAF, and PRC2.1 vs. PRC2.2, each of
which has its own particular biochemical function. TrxG complexes are more diverse both in function
and number, including BAP/PBAP, TAC1, COMPASS and COMPASS-like, and other complexes
(Fig. 1A, adapted from Kassis et al., 2017). Many of the TrxG complexes directly reverse the
biochemical function of PcG complexes; as such, the two groups of genes are often considered to
function in opposition (Geisler and Paro, 2015).

In this paper, we reveal the role of PcG and TrxG genes in the regulation of Hox genes in the
amphipod crustacean Parhyale hawaiensis. We demonstrate that all core members of these complexes
are present in the Parhyale genome and expressed during embryonic development. Using
CRISPR-Cas9 mutagenesis, we ablate PcG and TrxG function and identify homeotic transformations
induced by PcG knockout, indicating that these genes are essential for Parhyale Hox regulation. In
addition, we examine the effects of PcG knockout on the expression of Parhyale Hox genes using in situ
hybridization chain reaction and immunohistochemistry. These data reveal that the Parhyale Hox
genes appear to have idiosyncratic regulatory mechanisms with respect to developmental timing, tissue
type, and specific PcG complex components. Our results provide the first mechanistic insights into the
upstream regulatory architecture of the Parhyale Hox complex, and suggest that Hox genes in
crustaceans may have evolved distinct regulation. Such distinct regulation offers a mechanistic
explanation for how different crustacean groups were able to evolve distinct patterns of Hox expression
to generate their dramatic body plan diversity.

2.1 – Results
2.1.1 – The Parhyale genome contains all core PcG/TrxG components

To identify candidate genes of interest for CRISPR-Cas9 mutagenesis, we examined the
current literature on Drosophila melanogaster and Mus musculus PcG/TrxG function. We cataloged
phenotypes of interest for a number of genes (Supp. Tables 1 and 2), and used reciprocal BLAST to

https://www.zotero.org/google-docs/?oAR2wc
https://www.zotero.org/google-docs/?oAR2wc
https://www.zotero.org/google-docs/?7g8zi2
https://www.zotero.org/google-docs/?7g8zi2
https://www.zotero.org/google-docs/?0SMLQd
https://www.zotero.org/google-docs/?zu07dK
https://www.zotero.org/google-docs/?j2FsJC
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search for all core PcG/TrxG complex components in several Parhyale hawaiensis transcriptomes and
genome annotations (see Methods). The data sources for each transcript, along with the gene ID in
that transcript source, are listed in Supp. Tables 3 and 4.

We were able to identify all of the core PcG/TrxG genes we examined in the Parhyale genome.
We observed that Parhyale has a single copy of extra sex combs and pleiohomeotic, in contrast to
Drosophila, where additional gene duplications with redundant functionality (extra sex combs-like
(esc-l) and pleiohomeotic-like (pho-l) appear to have evolved (Figure 1B)(Brown et al., 2003; Kurzhals
et al., 2008; Ohno et al., 2008). In addition, we found four Parhyale genes that appeared to be related
to the Drosophila genes Psc, Su(z)2, and l(3)73Ah.

Psc and Su(z)2 are two genes in Drosophila that are located adjacent to each other in the
genome and which have semi-redundant functionality (Brunk et al., 1991; Lo Stanley M. et al., 2009).
In Parhyale, we found four potential candidates for Psc and Su(z)2 (Fig. 1C, Supp. Fig. 2.1F, G). One
of these candidates, which we named Phaw Psc-1, appeared to be the top BLAST hit for both Dmel
Psc and Dmel Su(z)2. A second candidate, which we named Phaw Psc-2, appeared to be the
second-best BLAST hit for both Dmel Psc and Dmel Su(z)2. For both Dmel Psc and Su(z)2, we also
found a third BLAST hit, which we identified as Phaw l3(73)Ah based on BLAST to Dmel l3(73)Ah.
Finally, the fourth-best BLAST hit to both Dmel Psc and Dmel Su(z)2 appeared to be another protein
with a RING-HC PCGF and RAWUL PCGF2-like domain, similar to Psc (Supp. Fig. 2.1F, G). We
named this gene Phaw Psc-like.

To determine whether each of these PcG/TrxG genes were expressed during embryonic
development in Parhyale, we leveraged the recently described Mikado transcriptome, which also serves
as an improved genome annotation (Sun et al., 2021). We identified the best Mikado transcript for
each PcG/TrxG gene, and examined the expression of that transcript at four developmental stages (S13,
S19, S21, S23; three replicates per stage) from a previously described transcriptome (Supp. Fig.
1.2)(data from Sun et al. 2021). Based on these data, all PcG/TrxG genes we examined appeared to be
expressed at these four stages of development.

Based on the potential to induce homeotic phenotypes previously described in Drosophila, we
selected a number of PcG and TrxG genes to perform CRISPR-Cas9 mutagenesis. For PcG, we
designed CRISPR guide RNAs to the PRC1 genes Sce, Pc, Psc-1, Psc-2; the PRC2 genes Su(z)12,
E(z), Esc, and Pcl; and the PhoRC gene pho. For TrxG, we designed CRISPR guide RNAs to the
BAP/PBAP gene Brm; Kis; the COMPASS and COMPASS-like genes Ash2 and Trx; and three
additional genes categorized as TrxG members: Fs1h, kto, and skd. For each gene, we designed guide
RNAs targeting the 5’-most region of the RNA sequence for which BLAST evidence suggested
homology to either Drosophila or another arthropod. We injected pairs of guide RNAs into 1- or 2-cell
embryos and screened embryos for phenotypes using confocal and widefield microscopy.

2.1.2 – PcG KO induces homeotic transformations of anterior segments to T4/T5 walking
leg identity

When we examined knockouts of PcG genes, we consistently observed striking homeotic
transformations of anterior body segments towards T4/5 walking leg identity. Representative
hatchlings  from select CRISPR experiments are shown in Fig. 2, illustrating the homeotic

https://www.zotero.org/google-docs/?woGSca
https://www.zotero.org/google-docs/?woGSca
https://www.zotero.org/google-docs/?VC5NDp
https://www.zotero.org/google-docs/?XK1yLZ


113

transformations we observed. We observed this phenotype in hatchlings for 7/9 of the genes we
targeted using CRISPR (Sce, Pc, Su(z)12, E(z), Esc, Pcl, and pho, see Table 1). We most frequently
observed transformations of T2/3 claw appendages to T4/5 walking leg identity, but we also observed
for some genes, such as Pcl and Su(z)12, transformations of antennae towards T4/5 walking leg
identity. We also observed another class of apparent transformations of A1-3 swimming leg identities
to A4-6 anchoring leg identities in Pc mutants, but at frequencies much lower than transformations to
T4/5 walking leg identities. Finally, among all mutants exhibiting transformations towards T4/5
identity, we also observed defects in mouthpart morphology, where mouthparts appeared to exhibit
“stubby” morphology not obviously analogous to any known wild type morphology. A summary of
the phenotypes we observed can be found in Table 1.

The transformations of anterior segments to T4/5 identity are notable in that they appear
identical to the homeotic transformations observed by heat shock misexpression of Parhyale
Ultrabithorax (Pavlopoulos et al., 2009). In that previous study, anterior segments were frequently
transformed towards T4/5 walking leg identities in heat-treated embryos and hatchlings. Based on our
understanding of the role of each Hox gene in patterning the Parhyale body plan, we hypothesized that
the homeotic phenotypes we observed in our PcG knockouts would be a result of misexpression of
Ubx. These results suggest that PcG genes are necessary for proper Hox regulation in Parhyale.

2.1.3 – PcG genes are essential for proper limb proximal-distal axis development and plate
formation

In addition to the homeotic phenotypes we observed, we also observed other types of
developmental defects in CRISPR-targeted embryos. In particular, for 8/9 genes we examined
(excluding Psc-1), we observed various non-homeotic defects in limb morphogenesis (see Table 1). For
example, in addition to homeosis of T2/3 -> T4/5 in Sce mutant embryos, we also observed fusions or
loss of leg segments (Fig. 2C, Fig. 3B, B’). This proximal-distal defect phenotype varied from hatchling
to hatchling, and from limb to limb across the body plan. To assess the potential for off-target effects of
our knockouts, we performed thorough phenotype analyses of hatchlings from CRISPR knockouts
using single guides of three genes:Sce, Pcl, Su(z)12. For all three genes, we were able to recover all of our
cataloged phenotypes for each guide RNA (Supp. Figs. 2.2, 2.3, 2.4).

In addition, we observed seemingly improper cuticle deposition, resulting in wrinkled-looking
appendages, bulbous limbs, twisted limbs, and other general morphological defects (Fig. 3, Supp. Figs.
2.1, 2.2, 2.3, 2.4, 2.5). These results indicate that PcG genes are necessary for proper development of
limbs along the proximal-distal axis, potentially interfacing with the leg gap gene system described in
(Bruce and Patel, 2020; Clark-Hachtel and Tomoyasu, 2020), and that loss of PcG function can induce
general morphogenic irregularities.

We also observed defects in the development of tergal, coxal, and basal plates in a number of
PcG knockout hatchlings. For example, for all genes other than Psc-1 and Psc-2, we observed reduced
coxal, tergal, and basal plates (Fig. 3B, B’, D, D’). These phenotypes were reminiscent of previous
phenotypes induced by knockout of wing developmental genes such as vestigial and scalloped
(Clark-Hachtel and Tomoyasu, 2020). For many PcG genes, we also observed total loss of plate
morphogenesis, such as loss of the entire T2 tergal and coxal plates, which usually present with a
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stereotypical triangular shape (Fig. 3C, C’). In other cases, we observed “floating” tergal plates, where
the left and right halves of the hatchling failed to properly close on the dorsal side of the embryo (Fig.
3E). Some of these “floating” plates appeared to be caused by improper pairing of the left and right
halves of the embryo (Fig. 3F, F’, F’’). For example, Figure 3F’ shows a hatchling where the left T2 plate
has joined with the right T3 plate. These results suggest that PcG genes may also play a role in
regulating the process of dorsal closure.

The phenotypes we observed appear to affect body segments in more restricted domains than
those governed by Hox regionalization alone. For example, the T2 segment, in which we frequently
observed total loss of the tergal and coxal plates, normally develops into a clawed appendage. The T3
segment also develops a clawed appendage, but we did not observe total loss of T3 tergal and coxal
plates in our mutants. These results reveal potential segmental identities unique to individual
numerical body segments, regulated by a more specific mechanism than that of Hox regional identity,
in which PcG genes play some important role.

2.1.4 – Parhyale Psc-2, but not Psc-1, is essential for proper embryonic development
Parhyale Psc-1 and Psc-2 were the only ambiguously identified orthologs of PcG or TrxG genes

found in our examination of the Parhyale genome. CRISPR-Cas9 mutagenesis of Psc-2 caused major
developmental defects, including apparent fusion of body segments and dramatic truncation of limbs
(Supp. Fig. 2.1). Most Psc-2 hatchlings did not hatch on their own, and required dissection from the
egg at late developmental stages. CRISPR treatment with guides targeting Psc-1 produced no
observable phenotypes. Thus, Psc-2 is indispensable for embryonic development, and likely serves a
role in PcG complex function, while Psc-1 does not appear to be essential for development.

2.1.5 – TrxG KO induces embryonic lethality, major developmental defects, or no phenotype;
but not homeosis

In contrast to the consistent phenotypes observed for PcG knockouts, TrxG knockout
hatchlings displayed a wider variety of phenotypes including embryonic lethality, major developmental
defects, or no visible phenotype. We also did not observe any obvious homeotic transformations in
TrxG knockout hatchlings.

Knockouts of Brm and Fs1h in Parhyale appeared to result in embryonic lethality (Supp. Fig.
2.6D-D’, E). None of the Fs1h knockout embryos survived long enough to hatch, and only a small
number of Brm embryos survived to late developmental stages. In the few Brm hatchlings we
recovered, it appeared that approximately half of the embryo was deleted (Supp. Fig. 2.6D). This
phenotype is consistent with the loss of one-half of the embryo starting at the 2-cell stage, based on
previous lineage tracing experiments (Gerberding et al., 2002; Price et al., 2010), and suggests that Brm
is essential for cell viability during Parhyale development.

Knockouts of kto and skd, members of the Mediator complex, showed major morphological
defects such as compaction along the anterior-posterior axis, including fusion between adjacent body
segments and defects in dorsal closure (Supp. Fig. 2.6A-A’’, B-B’’). Careful analysis of kto and skd
mutant limbs did not reveal any obvious homeotic transformations. Ash2 knockout hatchlings showed
occasional defects in plate development, with reduced plates reminiscent of PcG mutants, as well as

https://www.zotero.org/google-docs/?5K9Dva
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twisted limbs, but did not appear to show any obvious homeotic transformations (Supp. Fig.
2.6C-C’’).

Trx and Kis knockout embryos did not show any obvious phenotypic differences from WT
embryos with the first pair of guide RNAs we used for each gene (Supp. Fig. 2.7). We designed
additional pairs of guide RNAs targeted towards the 5’ end of conserved domains of these genes that
have previously been characterized as being important for gene function. In the case of Trx, careful
analysis of gene models from several different transcriptomes revealed that the Trx gene may contain
two separate, non-contiguous ORFs. The 5’ ORF appeared to contain the conserved PHD domain
and FYRN domains found in the 5’ end of Drosophila Trx, while the 3’ ORF appeared to contain
FYRC and SET domains found in the 3’ end of Drosophila Trx (Supp. Fig. 2.7C). When we identified
Trx in the Mikado transcriptome, the 5’ and 3’ ORFs were annotated as two separate genes, which we
referred to as Trx (DBD) and Trx (SET). Quantification of the expression of each of these two
transcripts across a developmental RNA-Seq timecourse (from Sun et al., 2021) revealed that the two
ORFs appeared to have differential expression over time (Supp. Fig. 2.7B). To account for the
possibility of the Trx (SET) ORF performing a function separate from the Trx (DBD) ORF, we also
designed a pair of guides specifically targeting the Trx (SET) ORF. In total, we designed 8 guides
targeting Trx and 4 guides targeting Kis. We did not observe any obvious homeotic phenotypes for any
of the guides we tested for these genes. Hatchlings overall showed WT morphology or mild
morphological defects (such as twisted body axis) which have previously been observed in sham
injection experiments (Schmid, 2011).

Our experiments were unable to reveal any obvious role of TrxG in Hox regulation in Parhyale.
It is possible that the homeotic effects of TrxG knockout are more subtle than the limb
transformations observed in PcG knockouts; deeper analysis will be necessary to define the
morphological landmarks of such phenotypes, such as the exact pattern of setae (sensory hairs) and
other fine structures which may be specified via Hox mechanisms (such as was performed in Almazán
et al., 2021). Additional experiments, such as using RNAi to induce gene knockdown for essential
genes, or CRISPR mutagenesis of multiple genes simultaneously, could also help more clearly reveal
whether TrxG genes play any role in Hox regulation in this organism.

2.1.6 – PcG gene knockout induces Hox misexpression during limb developmental stages
Based on the homeotic phenotypes we observed, we hypothesized that Ubx would be

misexpressed in anterior segments in PcG mutants. To test this hypothesis, we performed in situ
hybridization chain reaction (Bruce et al., 2021; Choi et al., 2018) on CRISPR-treated embryos for
Parhyale Ubx, along with other Hox genes, including abd-A and Abd-B. We performed HCR on
dissected embryos treated with CRISPR guides targeting Sce and Pcl at developmental stage 23, during
which limb morphogenesis is underway. For both genes, we observed strong misexpression of Ubx in
anterior body segments (Fig. 4A, B, C; Ubx panel), as predicted by the observed homeotic
transformations. Thus, PcG knockout induces ectopic expression of Ubx, resulting in homeotic
transformations of anterior body segments to T4/T5 identity.

We also examined the expression of abd-A and Abd-B in mutant embryos (Fig. 4A, B; abd-A
and Abd-B panels). At late developmental stages, the tissue location and degree of misexpression of
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abd-A and Abd-B differed when compared to Ubx. For example, in Sce mutant embryos, whereas Ubx
misexpression appear to expand anteriorly broadly across all tissues, Abd-B expression expanded
anteriorly, but appeared to be restricted to the medial region of the body, where the neurogenic
ectoderm is located. abd-A in Sce mutant embryos appeared to be only misexpressed in the nervous
system in a few cells per body segment. These results suggest that Sce is necessary for repression of
Abd-B in the nervous system, but not in the limbs, and that Sce weakly represses abd-A.

We also examined the expression of two other Hox genes, Scr and Antp, in mutant embryos at
S23 (Fig. 5A, B). Scr in WT embryos is expressed in the Mx1, Mx2, and T1 segments. In mutant
embryos, Scr appeared to be expressed within the same regions, but with a notable reduction in
expression in the T1 appendage. In the Mn segment, we observed patches of ectopic Scr expression. Scr
expression also appeared to exhibit trace misexpression in further anterior structures, with a few
transcriptional spots in the brain and antennae (Fig. 5B, Scr channel, arrows). When we compared the
domain of Scr expression to Ubx expression, we observed that Ubx expression appeared to expand into
the T1 appendage, suggesting a mechanism for the reduction of Scr expression in that limb. In a
previous study (Pavlopoulos et al., 2009), heat shock overexpression of Ubx was associated with
decreased or nearly abolished Scr expression within its normal domain, providing an explanation for
the reduction in Scr expression in T1 as Ubx expression expands into that segment, as well as a lack of
strong expression in more anterior segments, where Ubx is strongly misexpressed.

However, in PcG knockout embryos, Scr expression is retained in Mx1 and Mx2 (Fig. 5B).
Closer examination of the patterns of Scr and Ubx expression within the same embryo revealed that Scr
expression in PcG mutants is maintained in the posterior half of the Mx1 and Mx2, and missing in the
anterior half of the limbs. In these appendages, Ubx is expressed in a nearly mutually-exclusive domain
when compared to Scr. This phenotype can be explained if Scr loss in the anterior half of the Mx1 and
Mx2 limbs is also mediated by Ubx repression of Scr.

In addition, these results suggest that the posterior half of the Mx1 and Mx2 appendages may
lack some activating factor necessary for PcG derepression-mediated Ubx misexpression. These findings
of mosaic Hox expression in mouthparts may also explain the relatively infrequent occurrence of
mouthpart -> T4/5 transformations we observed in our knockout experiments, as well as the stubby or
malformed morphology of mouthparts in most PcG mutants, which did not clearly resemble any
known limb type.

To examine Antp expression, we used the cross-reactive mouse anti-Antp antibody (8C11)
rather than in situ HCR. A challenge of in situ hybridization for detecting Antp in crustaceans is that
crustaceans express a hybrid Antp-Ubx transcript in limbs across the broad region overlapping both
Antp and Ubx expression, in addition to broad expression of Antp in the nervous system (Serano et al.,
2016; Shiga et al., 2006). Antibody staining has previously revealed that functional Antp protein is
only produced in the T2/3 appendages and in the nervous system – thus, examination of Antp
expression requires direct detection of Antp protein. Using 8C11, we observed that the anterior
boundary of Antp expression was perturbed in mutant embryos (Fig. 5C, D). In WT embryos, Antp
protein in the nervous system is bounded in the anterior at the Mx2 segment. However, we observed
strong Antp expression in the nervous system throughout the entire body axis in Sce and Pcl mutant
embryos.
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Together, these results indicate that PcG genes are essential for proper repression of Hox
expression in Parhyale, as loss of PcG expression induces ectopic Hox expression for all of the five Hox
genes we examined. In addition, these results reveal that each Hox gene in Parhyale appears to have a
differential requirement for PcG function in different tissues and regions of the body.

2.1.7 – PcG knockout-induced misexpression begins after wild-type Ubx boundary
establishment

To examine the role of PcG genes in the establishment of Hox expression patterns, we
performed HCR on a developmental time course of Sce and Pcl mutant embryos at developmental
stages S13 (early germband), S19 (posterior flexure/ late germband), S21 (early limb morphogenesis)
and S23 (late limb morphogenesis) and compared the expression of Ubx and Abd-B to that of
wild-type embryos.

We observed that the anterior boundary of Ubx expression appeared unchanged in
CRISPR-treated versus WT embryos (Fig. 6A, Supp. Fig. 6.1A, B). In WT embryos, Ubx expression
begins at the very earliest stages in parasegment 5, and then expands anteriorly into parasegment 4 by
around S13 (Liubicich et al., 2009). At S13, for both Sce and Pcl knockout embryos, we observed Ubx
expression with an anterior boundary of parasegment 4 (5/5 Sce embryos, 9/9 Pcl embryos; Fig. 6A,
Supp Fig. 6.1B). In the case of Sce we observed several embryos where one side of the embryo appeared
developmentally delayed relative to the other, suggesting that one half of the embryo had been affected
by CRISPR-Cas9 mutagenesis, while the other half had not (Fig. 6A). In these embryos, we also
observed that the anterior boundary of Ubx expression was unchanged.

When we examined the expression of Ubx at S19 in knockout embryos, we began to see
misexpression anterior to the WT expression boundary. Among the embryos we dissected at the S19
developmental stage, some embryos appeared to have developmental delay such that they had not yet
formed the ventral furrow characteristic of S19 embryos. We labeled these embryos “S17-like” based on
their morphology, and embryos with a more typical morphology “S19-like”. Among S19-like embryos,
we observed spots of Ubx misexpression anterior to the WT boundary (Sce: 1/3 embryos; Pcl: 3/3
embryos; Fig. 6C, D, Supp. Fig. 6D-D’’). The misexpression seemed to be localized primarily to the
neurogenic ectoderm. These results suggest that PcG genes are dispensable for wildtype Ubx anterior
boundary establishment, but are essential for anterior boundary maintenance.

We observed a difference in the timing of misexpression relative to anterior boundary
establishment when we examined Abd-B expression in knockout embryos at S19, in both S17-like and
S19-like embryos. In S17-like embryos, we observed that Abd-B misexpression appeared to begin nearly
concurrently with the early stages of Abd-B expression at the wildtype boundary (Sce: 3/5 embryos; Pcl
3/3 embryos; Fig. 6B, B’; Supp. Fig. 6.1C, C’). Moreover, S17-like embryos displayed Abd-B
misexpression, but not Ubx misexpression. All S19-like embryos expressing Ubx also misexpressed
Abd-B (Fig. 6E, Supp. Fig. 6.1E). These results suggest that the timing of Abd-B dependence on PcG
function may differ from that of Ubx; namely, that Abd-B dependence on PcG function precedes Ubx
dependence, and that Abd-B PcG-dependent boundary maintenance occurs simultaneously with
wildtype boundary establishment.

https://www.zotero.org/google-docs/?ZESB64
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2.1.8 – Tissue- and PcG knockout gene-specific effects on Hox expression
As development progresses to S21, we observed misexpression of Ubx, abd-A, and Abd-B in

mutant embryos (Supp. Fig. 6.2). For Sce mutant embryos, we observed broad misexpression of Ubx in
both limbs and the nervous system, weak misexpression of Abd-B in the nervous system, and very weak
misexpression of abd-A in a few cells of the nervous system. The expression of these genes appeared to
differ relative to that of Pcl mutant embryos, which displayed strong and broad misexpression of Ubx
in both limbs and the nervous system, strong misexpression of Abd-B in the nervous system, and weak
misexpression of abd-A in the nervous system. Thus, by the S21 stage, we began to observe differences
in the effects of individual PcG gene knockouts on the expression of individual Hox genes.

At S23, the differences between Sce and Pcl mutant embryos became more dramatic (Fig. 4).
While both knockouts displayed strong and broad Ubx misexpression, as well as strong Abd-B
expression in the nervous system, we observed striking differences in the degree of abd-A misexpression
between mutants. In Sce mutants, a small number of cells, restricted to the neurogenic ectoderm,
appeared to show strong abd-A misexpression. In contrast, in Pcl mutants, we observed strong
misexpression of abd-A all across the neurogenic ectoderm, as well as patchy misexpression in the
limbs. The difference in these phenotypes suggests that Pcl is indispensable for proper abd-A
repression, while Sce more weakly represses abd-A, indicating that individual PcG genes may have
different roles in regulating individual Hox genes.

To assess the tissue localization of the apparent Hox misexpression, we performed in situ HCR
on abd-A and Abd-B along with the pan-neural marker elav in Sce and Pcl knockout embryos (Fig. 7A,
B; Supp. Fig. 7.1). We observed restriction of the Abd-B misexpression region to the neurogenic
ectoderm, as we had imputed based on morphological evidence. Moreover, we confirmed that abd-A
misexpression in Sce mutants is primarily restricted to small patches of cells in the nervous system,
while abd-A misexpression in Pcl mutants expands into both neural and limb tissue.

Based on these data, we further quantified the degree of Hox misexpression for Ubx, abd-A,
and Abd-B across our HCR-stained wildtype and knockout embryos. For each segment of the body,
we evaluated the expression of each of the three posterior Hox genes in both the medial portion of the
embryo containing the neurogenic ectoderm, and the lateral regions containing limb tissue. We
assigned a value of 1 to a wildtype-like high level of Hox expression, a value of 0.5 to expression below
the maximum wildtype expression or for patchy or partial expression, and a value of 0 to absence of
expression. The results of this quantification are summarized in Fig. 7C for S21 embryos and Fig. 7D
for S23 embryos. Notably, we observed that abd-A expression appeared to be lower in the nervous
system in Sce knockout embryos at both stages S21 and S23 when compared to Pcl knockout embryos.
We also observed that abd-A appeared largely absent from the limbs in Sce knockout embryos, but
showed strong expression in Pcl knockout embryos, further confirming our observation that Sce and
Pcl appear to have different roles in regulating abd-A.

These results together reveal that individual Hox genes in Parhyale appear to be regulated by
distinct genetic mechanisms. For Ubx, both Sce and Pcl mutants showed similarly strong misexpression
in the nervous system and limbs. Abd-B misexpression appeared to be concentrated in the nervous
system in Sce knockout embryos, with slight misexpression in the limbs – for Pcl knockout embryos,
we also observed strong misexpression in the nervous system and slightly higher Abd-B misexpression
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in the limbs. Among the three posterior Hox genes, abd-A showed the strongest difference in effect
between Pcl and Sce knockout embryos, with weak, neurally-restricted misexpression induced by Sce
knockout and broad, strong misexpression induced by Pcl knockout. These results suggest that each of
the three posterior Hox genes have differential dependence on the function of individual PcG genes,
and that the role of PcG regulation in the limbs and nervous system also differs between Hox genes.

2.2 – Discussion
In this paper, we reveal the essential roles of PcG genes in maintaining proper Hox expression

in the amphipod crustacean Parhyale hawaiensis. Loss of PcG function induces Hox misexpression and
homeotic transformations in a manner similar to that observed in other systems. However, the effects
of PcG loss of function appeared to manifest differently for individual Hox genes, in different regions
of the embryo, and for individual PcG genes. The striking differences in the effects of PcG knockout
suggest idiosyncratic regulation of Hox genes by PcG group genes. Moreover, the phenotypes we
observed across tissues and timepoints also provided additional insights into the mechanisms of Hox
regulation in this organism.

2.2.1 – Proper Hox regulation in Parhyale requires at least three distinct mechanisms
The phenotypes we observed, when considered in relation to previous experiments, suggest

that there are at least three distinct regulatory mechanisms involved in proper Hox regulation in
Parhyale: boundary establishment, boundary maintenance, and Hox cross-regulation. These results are
consistent with previous work on Hox regulation in Drosophila (Akam, 1987; Mallo and Alonso,
2013).

1. A PcG-independent mechanism governs early Hox anterior boundary establishment
First, our data suggest that an early boundary establishment mechanism precedes the

PcG-dependent phase of Hox regulation in Parhyale. In PcG knockout embryos at the early germband
stage (S13), we consistently observed proper establishment of the anterior expression boundary of Ubx.
This suggests that PcG genes are dispensable for the proper establishment of the anterior expression
boundary, and that the early regionalization of the Parhyale embryo is governed by other mechanisms.

In insects, gap and pair rule transcription factors are the upstream regulators of Hox genes, and
are responsible for anterior boundary establishment (Maeda and Karch, 2006, 2015). While the precise
determinants of anterior boundary establishment in Parhyale remain unknown, a similar phase of
regulation prior to PcG dependence must also proceed during early development. We hypothesize that
a family of transcription factors may act in a similar function to the gap and pair-rule genes in insects to
establish the early anterior expression boundaries of Hox genes in Parhyale. Future experiments using
techniques such as single-cell RNA sequencing may provide opportunities to identify such factors.

2. A PcG-dependent mechanism governs Hox anterior expression boundary maintenance
Second, our data clearly demonstrate that, following the boundary establishment phase of Hox

expression, PcG genes become essential for proper anterior boundary maintenance. For the five Hox
genes we examined (Scr, Antp, Ubx, abd-A, and Abd-B), we observed evidence of Hox misexpression
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anterior to the wildtype anterior expression boundary. This result demonstrates a second phase of Hox
regulation, wherein PcG function is required to maintain proper Hox repression. The degree of PcG
dependence appeared to vary at the level of tissue location and PcG gene for each of the genes we
examined.

The observation of two phases of early Hox regulation in Parhyale is notable when compared
to previous experiments in insects. In the long-germ insect Drosophila, the boundary establishment
and boundary maintenance phases of Hox regulation appear to occur in an ordered sequence, wherein
gap and pair rule genes serve as upstream inputs to Hox regulation, and PcG genes later become
essential for Hox repression (Jaeger, 2011; Simon et al., 1992; Struhl and Akam, 1985). In contrast, in
the short-germ insect Gryllus bimaculatus, RNAi knockdown of PRC2 complex components E(z) and
Esc appeared to suggest that the Hox genes abd-A and Abd-B lacked the gap gene-based establishment
phase of Hox expression (Matsuoka et al., 2015). The authors made this assertion based on data
indicating that anterior Hox genes (Scr, Antp, Ubx) in PRC2-RNAi embryos displayed wild-type
anterior expression boundaries early in development, followed by expansion of expression later in
development. In contrast, for the posterior Hox genes abd-A and Abd-B, PRC2-RNAi embryos
exhibited much earlier misexpression, which appeared at the same time that the wildtype expression
boundary would be observed in WT embryos.

We observed a similar contrast in the potential timing of boundary establishment and
boundary maintenance between Ubx and Abd-B in Parhyale. Namely, the Ubx anterior expression
boundary in PcG knockouts appeared normal at early stages (~S13), while misexpression began later in
development (~S19). In contrast, for Abd-B, misexpression appeared to begin concurrently with the
wildtype expression boundary (~S17). These data in Parhyale could indicate a similar mechanism to
that observed in Gryllus: that anterior and posterior Hox genes have different boundary maintenance
and boundary establishment requirements. However, in Parhyale, while Abd-B misexpression
appeared to occur simultaneously with normal boundary establishment, the tissue location and
intensity of expression differed. Abd-B misexpression appeared primarily in the neurogenic ectoderm at
that early stage, and the broad normal anterior boundary was also clearly visible. Thus, it is possible
that, despite the simultaneous appearance of the normal anterior boundary and ectopic expression,
both mechanisms could still be required for Parhyale Abd-B.

Our results suggest that the previous data in Gryllus could benefit from reinvestigation. For
Gryllus abd-A and Abd-B, the colorimetric in situ hybridization results presented show strong
misexpression at developmental stages concurrent with strong wildtype expression; however, it is
possible that at slightly earlier stages, one might still observe a stronger and clearer normal expression
boundary, as we observed in Parhyale. Using a more sensitive technique such as in situ HCR at earlier
stages could reveal the potential for a simultaneous biphasic regulatory mechanism, as our results in
Parhyale suggest.

3. PcG knockouts reveal conditional cross-regulation of Hox genes
Third, our results provide further insight into the complexities of Hox cross-regulatory

mechanisms in Parhyale. Previous studies have revealed that Hox genes in Parhyale exhibit
cross-regulation. For example, CRISPR-Cas9 knockout of Abd-B results in posterior expansion of Ubx
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expression, and homeotic transformations of abdominal segments to walking and jumping legs
(Martin 2016, Jarvis 2018). This indicates that Abd-B represses Ubx. In a different set of studies, heat
shock-induced misexpression of Ubx resulted in decreased Scr expression, indicating that Ubx represses
Scr (Pavlopoulos et al., 2009). In our study, we observed contrasting effects of PcG knockout on the
AbdB repression of Ubx and the Ubx repression of Scr.

In PcG knockout embryos, Abd-B appeared to properly repress Ubx in the abdomen of the
embryo, while in regions where Abd-B was ectopically expressed, Ubx did not appear to be ectopically
repressed. In wildtype embryos, Ubx expression is strongly observed in cells that begin expressing
Abd-B at S17, and gradually grows weaker after S19, such that Ubx expression in the abdominal limbs
and nervous system is weak but still observable by S21. By S23, Ubx expression in wildtype embryos is
not observable in abdominal limbs, but weakly persists in some cells of the nervous system.

In PcG knockouts, the same trend is observed: strong Ubx expression in Abd-B-expressing cells
of the abdomen, which gradually tapers into weak expression restricted to the nervous system by S23.
In the same PcG knockouts, Abd-B misexpression begins with a few cells of the neurogenic ectoderm
at early stages (S17), expanding to encompass much of the nervous system of all anterior segments by
S23. Despite this strong expression of Abd-B, Ubx expression does not appear to be repressed in the
nervous system. Cells expressing both Ubx and Abd-B can be found even at S23 in the nervous system
of PcG knockout embryos. Thus, despite the fact that both anterior neural cells and posterior
abdominal tissue contain cells that simultaneously express Ubx and Abd-B beginning at S17, Abd-B
only represses Ubx in the abdomen, and not in the anterior neural tissue where it is ectopically
expressed.

One explanation for this observation may be that Abd-B repression of Ubx depends on some
third factor expressed in abdominal tissue, and that Abd-B repression by Ubx in the abdomen is not
dependent on PcG function. Alternatively, anteriorly expressed Ubx could undergo auto-regulation,
thus escaping later ectopic Abd-B expression. Heat shock misexpression of Abd-B could more precisely
reveal whether Abd-B repression of Ubx in anterior tissue is dependent on PcG function.

PcG knockout embryos also revealed further complexity in the repression of Scr by Ubx. In
PcG mutants, Scr expression in T1 is substantially reduced, likely due to strong misexpression of Ubx.
Moreover, Scr misexpression in the antennae is observed in only a few cells, potentially also due to
strong Ubx misexpression in those tissues. These results indicate that, in the antennae and T1
appendages, Ubx repression of Scr is not dependent on PcG function.

A more complicated mechanism appears to take place in the Mn, Mx1, and Mx2 appendages,
where mutually exclusive Scr and Ubx expression domains are observed. In anterior regions of these
limbs that ectopically express Ubx, Scr expression is almost completely eliminated. However, the
posterior regions of these limbs appear to retain Scr expression. In these tissues, it is possible that either
Ubx requires PcG function to repress Scr, or that some other mechanism prevents ectopic Ubx
expression, such as the presence of a Ubx repressor or absence of Ubx activators. Thus, these results
indicate that Hox cross-regulation may depend on factors found only in particular regions of an
individual body segment.

Together, these data indicate that Hox cross-regulation occurs in Parhyale via layered
mechanisms, potentially dependent on tissue type, expression timing, and body region. Future

https://www.zotero.org/google-docs/?Bo9DmQ


122

experiments using knockouts of Hox genes and PcG genes, or heat shock induced misexpression
combined with PcG knockout, could clarify the role of PcG function in Hox cross-regulation.

2.2.2 – Each posterior Hox gene in Parhyale exhibits idiosyncratic regulation
In addition to revealing insights into broader Hox regulatory mechanisms, our results also

suggest that individual Hox genes in Parhyale follow idiosyncratic regulation. The three posterior Hox
genes showed differences in the timing of their dependence on PcG function, the tissues in which
ectopic expression was observed, and their dependence on specific PcG complex genes.

Differences in relative Hox misexpression timing
We were able to characterize the timing of misexpression for Ubx and Abd-B, and observed

differences in the relative timing of Hox misexpression in relation to the normal anterior boundary
establishment. Ubx showed no misexpression at the time of Hox initiation (S13), and did not exhibit
observable misexpression in segments more anterior than the normal anterior expression boundary
until around S19. In contrast, Abd-B showed simultaneous misexpression and normal anterior
boundary establishment at S17. These results suggest that Ubx and Abd-B become dependent on PcG
function at different times during development.

Differences in tissues competent for ectopic expression
While Ubx became strongly misexpressed upon knockout of PcG genes, Abd-B misexpression

appeared to exhibit tissue dependence. For both Pcl and Sce knockout, Abd-B became strongly
misexpressed in the nervous system, but did not appear to exhibit strong misexpression in the limbs.
This result suggests that PcG may not be the primary method of repression for Abd-B in the limbs, and
that additional mechanisms may be needed to explain how Abd-B is expressed within the limbs.

The presence of differential expression of Hox genes along the proximal-distal axis (in this case,
the medial neurogenic ectoderm and the more distal limbs) is not without precedent in Parhyale.
Indeed, more anterior Hox genes such as Scr appear to have differential regulation along the
proximal-distal axis. Scr expression in the T1/Mxp appendage is restricted to the limb, and is absent
from the nervous system. This Scr expression is critical to T1/Mxp identity, as revealed in knockout
experiments. Our results indicate that a similar partitioning of limb and nervous system expression
potential also exists for Abd-B. The precise mechanisms of this proximal-distal regulation remain to be
investigated.

Together, these data suggest that proximal-distal regulation of Hox expression may be a general
feature of the crustacean Hox regulatory architecture. Moreover, the existence of such mechanisms
provide another regulatory parameter for the fine tuning of Hox expression, which may have played a
role in the evolution of different expression patterns across crustaceans.

Differences in PcG complex gene dependence
Among the three genes we examined, abd-A appeared to show a striking difference in its

dependence on different PcG genes for proper regulation. The phenotypes for PcG knockout-induced
Ubx and Abd-B misexpression appeared similar in Sce and Pcl mutants; however, they differed
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substantially in the case of abd-A. Sce knockout induced misexpression in a few cells of the nervous
system, whereas Pcl knockout induced strong and broad abd-A misexpression in the nervous system
and strong but patchy misexpression in the limbs.

These results indicate that individual PcG genes may have gene-specific regulatory functions
for individual Hox genes. In the case of Sce and Pcl, members of PRC1 and PRC2.1 respectively,
complex-specific functions may explain the differences in phenotypes. For example, PRC1 is
responsible for H2AK188 ubiquitylation, whereas PRC2 is responsible for H3K4 trimethylation.
Thus, it is possible that H2AK188ub is largely dispensable for abd-A regulation, whereas H3K4me3 is
essential. Immunofluorescence experiments on PcG knockout embryos could reveal such differences,
while ChIP-Seq or CUT&RUN experiments could reveal the precise cis-regulatory targets of these
genes.

The presence of differential regulation of Hox genes by PcG genes reveals that the upstream
factors governing Hox regulation in Parhyale may have become distinct. Alterations to the function of
Sce, for example, could preferentially result in changes to Ubx and Abd-B expression, without altering
abd-A expression. While we only examined two PcG genes in detail in our study, it is possible that
other PcG genes may also have regulatory functions that preferentially affect or exclude individual Hox
genes. Such regulatory mechanisms would provide a direct method to alter the expression of a single
Hox gene while leaving the expression of other Hox genes intact, providing a potential mechanism for
the evolution of new Hox expression patterns.

2.2.3 – PcG genes are crucial for diverse developmental processes in Parhyale
In addition to homeotic phenotypes and effects on Hox regulation, we characterized a number

of additional roles for PcG genes during Parhyale development. In particular, we observed defects in
the development of body and limb plates, as well as defects in proximal-distal patterning, suggesting
that PcG genes may also play important roles in these developmental processes.

PcG knockout embryos displayed reduced plates reminiscent of those observed in knockouts of
genes crucial for the development of insect wings, such as vestigial, nubbin, and apterous, which
resulted in coxal, tergal, and basal plates of reduced size. This suggests that PcG genes may regulate such
plate developmental genes. For one gene, pho, we observed potential homeotic transformations of
plates, suggesting that PcG genes may also play a role in plate identity. We also observed phenotypes
indicating that PcG genes play a role in the closing of the dorsal side of the embryo, as we observed
tergal plates that failed to fuse dorsally, fused asymmetrically between left and right halves of the
embryo, or fused adjacent segments along the anterior-posterior axis. The genes involved in dorsal
closure in Parhyale remain uninvestigated, but we expect such genes are likely also regulated by PcG
function.

Moreover, the consistent loss of the T2 coxal and tergal plates across PcG genes reveals
subdivisions of regions of Hox-specified identity in the Parhyale embryo. Both T2 and T3 limbs in
Parhyale develop into a claw, or cheliped. However, knockout of PcG frequently ablates the entire T2
tergal and coxal plates, in addition to inducing T2 -> T4/5 transformations. In the T3 segment, which
also consistently had homeotic transformations of T3 -> T4/5 identity, we sometimes observed failure
of fusion of the tergal plate, but we did not observe total loss of the tergal and coxal plates. Thus, PcG
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knockout reveals that distinct genetic mechanisms may separate body segments with similar homeotic
identity, revealing additional layers of distinction that subdivide body segments with similar Hox
expression.

Finally, we observed defects in proximal-distal development for most of the PcG knockouts we
examined, including truncation of limbs and fusion of limb segments. For some of these phenotypes, it
was possible to infer the specific limb segments that were lost or fused. For example, Sce knockout
appears to induce variable fusion of the propodus, carpus, and merus. Such fusions are not identical to
any of the phenotypes previously described for the leg gap gene or Hox gene knockouts in Parhyale.
These results indicate that PcG genes may work in concert with leg gap genes, and other unknown
genes, to specify proximal-distal identity along the legs in Parhyale.

2.2.4 – TrxG proteins show no obvious role in Parhyale Hox regulation
We were unable to recover any homeotic phenotypes for the TrxG genes we targeted using

CRISPR-Cas9 mutagenesis. Some of the genes we analyzed displayed their roles in Hox regulation in
suppressor screens of PcG genes in Drosophila – performing combined knockouts of these genes and
PcG genes in Parhyale could clarify their roles in Hox regulation.

The absence of any obvious phenotypes for Trx is somewhat surprising, given the phenotypes
observed in Drosophila knockouts, which show homeotic transformations of haltere to wing structures
(Breen and Harte, 1991, 1993). It is possible that the function of Trx could be replaced in Parhyale by
Trithorax-related (Trr), which we also found in the Parhyale genome, which would be an interesting
question for a future study. More careful analysis of the Trx locus, including long-read
RNA-sequencing, RACE, or other experiments that examine the exact sequence content of Trx
transcripts, could also clarify whether Trx in Parhyale is indeed expressed as two separate transcripts,
and lead to clearer understanding of the function and structure of this gene.

2.3 – Ideas and Speculation
When considered alongside previous data in this organism, our results provide a number of

interesting testable hypotheses and avenues for future investigation. In particular, we propose that
currently undiscovered mechanisms, both ancestral to arthropods and evolved in crustaceans, may play
a role in crustacean Hox regulation. We also examine the implications of our data in relationship to
previous studies characterizing the functions of PcG genes in other organisms.

2.3.1 – PcG knockout phenotypes suggest a limb-specific repression mechanism for Abd-B
While we observed strong and broad misexpression of Ubx in both limbs and the nervous

system in response to PcG knockout at late stages (S21-S23), Abd-B misexpression was mostly
restricted to the nervous system for both Sce and Pcl knockouts. This result contrasts with PcG
knockout phenotypes observed in Drosophila, where broad Abd-B misexpression and homeotic
transformations of body segments towards the Abd-B-specified A8 identity have been observed. The
absence of strong Abd-B misexpression in the limbs of PcG knockout Parhyale suggests the presence of

https://www.zotero.org/google-docs/?hzzRoi
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a secondary limb-specific repression mechanism. Such a mechanism could be either the absence of an
essential Abd-B activator, or the presence of an additional Abd-B repressor in limb tissue.

This observation reveals potential insights into crustacean Hox regulatory evolution when
compared to the results found in Gryllus bimaculatus PRC2 knockdown experiments (Matsuoka et
al., 2015). In those studies, Abd-B misexpression also appeared to be restricted to the neurogenic
ectoderm, although the authors do not make any special note of this phenotype. Given that Abd-B is
not normally expressed in any limb tissue in insects, the absence of Abd-B expression in limbs may not
be surprising for this organism. However, the phenotypes observed in Parhyale provide additional
context, namely suggesting that an ancestral secondary mechanism for Abd-B repression in thoracic
limbs may be shared between crustaceans and short-germ insects. This secondary repression
mechanism may then have been lost in long-germ insects, such as Drosophila, enabling broader
derepression of Abd-B in response to loss of PcG function (Supp. Fig. 8.1A).

2.3.2 – PcG knockouts reveal gene-specific roles in abd-A regulation and an unknown
posterior boundary maintenance mechanism

In addition to the differences in effect for individual PcG gene knockouts on abd-A, it is also
notable that the posterior boundary of abd-A appears to remain intact in PcG mutants. In Drosophila,
while the anterior boundaries of Hox expression are maintained by PcG function, the posterior
boundaries of Hox expression are thought to be maintained by Hox cross-regulation. In Parhyale, this
posterior boundary maintenance appears to be true for Abd-B repression of Ubx and Ubx repression of
Scr. However, previous knockout experiments have shown that neither Ubx nor Abd-B is necessary for
the proper posterior boundary maintenance of abd-A, suggesting no role of Hox cross-regulation in
this process (Jarvis et al., 2022). Our data indicate that PcG knockout also does not disrupt the
posterior boundary of abd-A expression. Thus, an additional, unknown mechanism governs the
position of the posterior boundary of abd-A expression which is independent of known Hox
maintenance mechanisms in arthropods.

The existence of such a mechanism could provide an explanation for the divergent expression
patterns of abd-A in different groups of crustaceans. For example, in the decapod crustacean
Procambarus fallax and the mysid Mysidium columbiae, abd-A is strongly expressed in segments A4
and A5, whereas its expression is weaker in Parhyale. The evolution of a novel, gradated abd-A
repression mechanism could explain the shift in abd-A expression in Parhyale and other amphipods,
providing a mechanistic explanation for crustacean body plan evolution. We propose that a Posterior
Boundary Factor may govern the regulation of the posterior boundary of abd-A in crustaceans, and
that this factor operates independently of Hox cross-regulatory mechanisms (Supp. Fig. 8.1B). This
factor may be one of the many additional PcG genes for which phenotypes have not been thoroughly
investigated, or it may be another mechanism entirely. Such a Posterior Boundary Factor, if identified,
could represent a novel regulatory mechanisms evolved within crustaceans.

2.3.3 – Implications for the cis-regulatory architecture of the Parhyale Hox cluster
Our experiments demonstrate a clear role for PcG genes in Parhyale Hox regulation. Given the

current understanding of PcG function in Drosophila and its relationship to cis-regulatory elements,

https://www.zotero.org/google-docs/?6P1wvS
https://www.zotero.org/google-docs/?6P1wvS
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we can make certain hypotheses about the cis-regulatory architecture of the Parhyale Hox cluster. In
particular, our data imply the existence of Polycomb Response Elements (PREs) in the Parhyale Hox
cluster. PREs are specialized cis-regulatory elements that recruit pho binding and later PcG complex
activity to a locus in Drosophila.

Future studies using ChIP-Seq or CUT&RUN, combined with newly available functional
genomic data for Parhyale, such as ATAC-Seq (Sun et al., 2021), could reveal the precise location of
PREs and other important cis-regulatory elements in the Parhyale Hox cluster. Such approaches could
then enable the precise dissection of cis- and trans-regulatory mechanisms of Hox regulation, and
enable direct comparisons of the Parhyale Hox cluster to the more well-studied Drosophila Hox cluster.

2.3.4 – Implications for the ancestral roles of PcG in Hox regulation
Previous work in flies and mice has revealed two different potential roles for PcG regulation of

Hox genes. In Drosophila, Hox boundary establishment occurs independently of PcG function, and
PcG genes are required for proper boundary maintenance (Maeda and Karch, 2006, 2015). In
vertebrates, boundary establishment and maintenance both appear to depend on PcG/TrxG-mediated
chromatin states (Chambeyron and Bickmore, 2004; Deschamps and van Nes, 2005; Kmita and
Duboule, 2003; Rastegar Mojgan et al., 2004; Soshnikova and Duboule, 2009; Tschopp and Duboule,
2011).

The previous study in the cricket Gryllus bimaculatus suggested that Gryllus may represent an
intermediate between the mouse and fly literature, wherein anterior Hox genes depend on PcG for
boundary maintenance, but not boundary establishment, whereas abd-A and Abd-B have a
vertebrate-like dependence on PcG for both boundary establishment and maintenance (Matsuoka et
al., 2015).

Our data suggest that more careful examination of the timing and intensity of misexpression
could reveal that Hox genes require PcG only for boundary maintenance, rather than both
maintenance and establishment, in short-germ arthropods such as Gryllus and Parhyale. Notably,
short-germ arthropods have progressive segmentation of the body, where anterior regions segments
develop prior to more posterior segments. Thus, within an embryo, anterior segments are “older” than
posterior segments, and often further along in developmental processes such as limb bud formation
and Hox expression. In PcG loss of function experiments in both Gryllus and Parhyale, ectopic Hox
expression in anterior tissues occurs concurrently with appearance of the wildtype boundary. The
previous study in Gryllus argued that this result suggested that Gryllus abd-A and Abd-B did not utilize
a PcG-independent boundary establishment phase, and instead used a vertebrate-like PcG-dependent
boundary establishment mechanism. We favor the interpretation that the PcG-dependent boundary
maintenance phase begins in anterior tissue at the same time that more posterior tissue enters the
PcG-independent boundary establishment phase in short germ insects such as Gryllus and Parhyale,
and that the apparent concurrent timing is a result of the different “ages” of the anterior and posterior
regions.

As our data do not directly identify upstream PcG-independent boundary establishment
factors for Parhyale Abd-B, we provide two potential interpretations of our findings in the context of
broader bilaterian Hox regulation by PcG (Supp. Fig. 8.1C). In the first hypothesis, Parhyale Abd-B

https://www.zotero.org/google-docs/?3wicLc
https://www.zotero.org/google-docs/?Vf3zE6
https://www.zotero.org/google-docs/?iiKyMT
https://www.zotero.org/google-docs/?iiKyMT
https://www.zotero.org/google-docs/?iiKyMT
https://www.zotero.org/google-docs/?BbQObZ
https://www.zotero.org/google-docs/?BbQObZ
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behaves analogously to the previous interpretation of Gryllus abd-A and Abd-B regulation, wherein
the more posterior Hox genes utilize a PcG-independent mechanism of boundary establishment. The
second hypothesis, which we favor based on our interpretation of the early Abd-B misexpression
pattern in Parhyale, suggests that all arthropods may deploy two phases of boundary regulation:
PcG-independent boundary establishment, and PcG-dependent boundary maintenance.

In the case of the second hypothesis, a striking asymmetry is observed between arthropod and
vertebrate Hox regulation by PcG genes, wherein arthropod PcG function is primarily necessary for
Hox expression maintenance, rather than initial boundary establishment, while vertebrate PcG
function is important for both establishing and maintaining Hox patterns. These results refute the
assertion that a transition in Hox regulation occurred during arthropod evolution from an ancestral
PcG-based Hox boundary establishment mechanism towards a gap-gene mechanism during arthropod
evolution. Instead, our results suggest that understanding the ancestral role of PcG in regulating the
urbilaterian Hox cluster will require further sampling at more early-branching protostome and
deuterostome lineages.

2.4 – Conclusion
Distinct regulatory strategies provide possible mechanisms for Hox regulatory evolution

Together, our PcG knockout and Hox expression data indicate that Parhyale Hox genes have
meaningful differences in their upstream regulatory mechanisms. These differences can occur with
respect to the timing of PcG dependence, tissue-specific regulatory mechanisms, and PcG gene-specific
effects. The presence of distinct regulatory mechanisms for each Hox gene in Parhyale suggest that
crustacean Hox genes more broadly could have evolved distinct Hox regulatory mechanisms, wherein
perturbations to canonical regulation could have effects on individual Hox genes, at specific times in
development, and in individual tissues, rather than affecting all Hox genes uniformly across the body.

In addition, the phenotypes we have observed, when considered in conjunction with previous
work examining Hox cross-regulatory mechanisms, suggest that additional layers and mechanisms of
regulation remain to be discovered within crustacean Hox clusters. Such unknown mechanisms may
include: the affectors responsible for Hox anterior boundary establishment prior to PcG dependence;
the activators and repressors governing Ubx expression potential in mouthparts; the secondary
repression mechanism for Abd-B in the limbs; and the affectors maintaining the posterior boundary of
abd-A. Identifying such factors and examining their function across crustaceans could lead to a deeper
mechanistic understanding of the ancient processes underlying crustacean body plan evolution.
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Figure 2.1: The Parhyale hawaiensis genome contains all core PcG and TrxG genes.
A) Schematic of the core PcG and TrxG complexes found in Drosophila, in addition to other genes classified as PcG/TrxG

genes, alongside known gene regulatory functions. Adapted from (Erokhin et al., 2018; Geisler and Paro, 2015; Kassis et
al., 2017; Schuettengruber et al., 2017).

B) Summary of PcG/TrxG genes found in Parhyale using reciprocal BLAST. All genes except esc-l and pho-l were found in
the Parhyale genome.

C) Drosophila Psc and Su(z)2 in Parhyale map ambiguously to two transcripts, which we have named Psc-1 and Psc-2. A
third potential Psc paralog was also identified. We named this gene Psc-like.

https://www.zotero.org/google-docs/?VImBO7
https://www.zotero.org/google-docs/?VImBO7
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Fig. 2.2. PcG knockout hatchlings exhibit homeotic transformations
A) Representative wildtype Parhyale hatchling. Of note, the T2 and T3 appendages are claws (chelipeds) and the T4

and T5 appendages are forward walking legs (forward pereopods).
B) Representative Sce mutant hatchling. Sce mutants show various limb defects, in addition to homeotic

transformation of anterior thoracic appendages (T1-3) toward T4/5 identity.
C) Proximal-distal phenotypes concurrent with homeotic phenotypes in Sce mutants. Left column shows dissected

WT T2/3 and T4/5 appendages. Right column shows a range of different proximal-distal defects in Sce T2/3
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appendages. Despite these proximal-distal defects, comparison of the merus of Sce mutant T2/3 appendages to the
merus of WT T2/3 and WT T4/5 shows a clear homeosis.

D) Representative Pcl mutant hatchling, showing prominent T1/2/3 -> T4/5 homeotic transformations. Pcl
mutants did not often appear to have proximal-distal defects.

E) Representative Pcl mutant hatchling showing T1/2/3 -> T4/5 homeotic transformations, as well as An2 -> T4/5
transformation. Notably, the formation of an ectopic coxal plate suggests T4/5 transformation and phenocopies
previous Ubx heat shock overexpression experiments (Pavlopoulos et al., 2009).

F) Representative Pc mutant hatchling showing T1/2/3 -> T4/5 homeosis, as well as A1-3 -> A4-6 homeosis and
antennal defects.

G) Dissected WT A1-3 swimming leg (pleopod).
H) Dissected WT A4-6 anchoring leg (uropod).

https://www.zotero.org/google-docs/?F2MhA1
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Fig. 2.3: Proximal-distal and plate defects of PcG mutants
A) Wildtype Parhyale posterior showing T6-8 jumping legs and abdomen.
A’) Sce mutant hatchling showing proximal-distal defects in T6/8 appendages and deformed basal plates.
B) WT T8 appendage.
B’) Sce mutant T8 appendage showing proximal-distal leg segment fusion and reduced basal plate.
C) WT anterior, with tergal and coxal plates labeled.
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C’) Pcl mutant showing loss, with dotted line indicating position of missing T2 tergal and coxal plates, as evidenced by the
lack of the triangular T2 coxal plate.

D) View of tergal and coxal plates along WT thorax.
D’) Pcl mutant showing reduced coxal and basal plates. Marked with asterisks are the gills, normally not visible from a

lateral view in a WT hatchling, but revealed by coxal plate reduction.
E) Pcl mutant showing unfused tergal plate (labeled). This sample also shows reduced coxal plates and visible gills.
F-F’) Lateral and dorsal views of the same Pc mutant hatchling, illustrating asymmetrical fusion of plates between left and

right halves of the body. Asterisk marks a bubble in the mounting medium.
F’’) Dorsal view of a WT hatchling.
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Fig. 2.4: CRISPR mutagenesis of PcG induces Hox misexpression
A) In situ HCR of Ubx, abd-A, and Abd-B in a representative WT embryo at stage 23. The anterior boundary of Ubx

expression is in the T2 appendage, with weak Ubx expression in T2-3 and stronger Ubx expression in T4-8. The
anterior boundary of abd-A expression is the T6 appendage. Strong abd-A expression is found in T6-A3, with
weaker, gradated expression found in A4 and A5. The anterior boundary of Abd-B expression is A1, and Abd-B
expression is found throughout the abdomen (A1-6).

B) In situ HCR of Ubx, abd-A, and Abd-B in a representative Sce mutant embryo at stage 23. The embryo appears to
have mosaic loss of function, with the head and anterior-left half of the embryo showing Ubx misexpression
beyond the normal WT anterior boundary (the embryo is mounted ventral side up; in the image, the left half of
the embryo is on the right side). abd-A misexpression is slight, restricted to a few cells of the nervous system.
Abd-B is misexpressed strongly in the nervous system and not in the limbs.

C) In situ HCR of Ubx, abd-A, and Abd-B in a representative Pcl mutant embryo at stage 23. The embryo appears to
have bilateral loss of function. Ubx misexpression expands throughout the anterior of the embryo. abdA
misexpression appears strongly throughout the nervous system and in strong patches in the limbs, in stark
contrast to weak misexpression in Sce mutant embryos. Abd-B appears strongly misexpressed in the nervous
system, including long filaments of Abd-B misexpression in the limbs, which resembles the pattern of limb
enervation.
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Fig. 2.5. Misexpression of Scr and Antp in PcG mutants
A) In situ HCR of Scr and Ubx in the head of a WT embryo at stage 23. Scr is expressed in Mx1, Mx2, and T1. Ubx is

expressed in T2 and T3.
B) In situ HCR of Scr and Ubx in  the head of a Pcl mutant embryo at stage 23. Scr expression expands anteriorly into Mn,

as well as a few transcriptional spots (arrowheads) in the antennal segments. Scr expression is largely abolished from T1,
and is retained in patches of Mx1 and Mx2. Ubx expression expands anteriorly into all anterior segments. Ubx and Scr
appear to be expressed in mutually-exclusive domains in Mx1 and Mx2.

C) Antibody stain using ms anti-Antp (8C11) in WT embryo at stage 21. The anterior boundary of Antp protein is the
Mx2 segment.

D) Antibody stain using 8C11 in a Pcl mutant embryo at stage 21. Antp protein is found more anterior than the normal
boundary, expanding into the nervous system of the An1, An2, Mn, and Mx1 segments.
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Fig. 2.6: Differential timing of PcG knockout-mediated misexpression for Ubx and Abd-B
A) In situ HCR of Ubx in a unilateral Sce mutant embryo. Based on a delayed pattern of cell divisions found in the right

half of the embryo (embryo mounted ventrally; right half of embryo is on the left of the image), we infer that this half
has lost Sce expression. The anterior boundary of Ubx expression between the Sce mutant and wildtype halves is the
same, at parasegment E4, which primarily contributes to the T2 appendage. We observed a parasegment E4 anterior
boundary of Ubx expression in 5/5 embryos examined at this stage.

B) In situ HCR of Ubx and Abd-B in an S17-like embryo. The very early stages of Abd-B expression have begun in the
posterior of the embryo. Concurrently, Abd-B misexpression is found in the neurogenic ectoderm of anterior segments.

B’) Inset region of interest showing clear Ubx and Abd-B transcription spots in the nucleus of an Sce S17-like mutant
embryo. Previous work has shown that the Parhyale Hox cluster is a single cluster. Ubx and Abd-B transcription spots
should be nearly co-localized within the nucleus.

C) In situ HCR of Ubx and Abd-B in a WT embryo at S19.
C’) Inset region of Mx2, T1, T2, and T3 segments in embryo from panel C.
D) In situ HCR of Ubx and Abd-B in a Sce S19-like mutant embryo. Arrows in Ubx and Abd-B panels mark regions of

misexpression.
D’) Inset region of Mx2, T1, T2, and T3 segments in embryo from panel D.
D’’) Inset region from panel D’ showing Ubx misexpression spots in a cell found in the Mx2 segment.
D’’’) Inset region from panel D’ showing Ubx and Abd-B misexpression in cells found in the T2 segment.
E) Schematic representation of Ubx and Abd-B misexpression patterns in S17-like and S19-like Sce mutant embryos. All

S17-like mutants showing misexpression appeared to show only Abd-B misexpression. The single S19-like mutant
embryo showed both Ubx and Abd-B misexpression.
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Fig. 2.7: Differential tissue-specific misexpression of Hox genes between PcG mutants
A) In situ HCR of abd-A and Abd-B as well as the neural marker elav in a Sce mutant embryo at stage 23. Abd-B

misexpression appears to be restricted to the nervous system. abd-A misexpression is found in a small number of
nervous system cells.

B) In situ HCR of abd-A and Abd-B as well as the neural marker elav in a Pcl mutant embryo at stage 23. Abd-B
misexpression appears to be primarily found in the nervous system. abd-A misexpression, in contrast to Sce mutants, is
stronger in the nervous system and also occurs in patches of the limbs.

C) Quantification of Ubx, abd-A, and Abd-B expression in the limbs and nervous system of each segment of the body in
WT, Sce, and Pcl embryos at stage 21. A region containing strong expression equivalent to the strongest WT expression
was assigned a value of 1; a region containing patchy expression or expression less than the strongest WT expression was
assigned a value of 0.5. 3 WT embryos, 5 Sce mutants, and 9 Pcl mutants were examined.

D) Quantification of Ubx, abd-A, and Abd-B expression in the limbs and nervous system of each segment of the body in
WT, Sce, and Pcl embryos at stage 21. Analysis performed identically to panel C. 4 WT embryos, 5 Sce mutants, and 6
Pcl mutants were examined. Differences were observed between abd-A and Abd-B expression in Sce and Pcl mutants.
abd-A expression in Sce mutants is weaker in the nervous system and largely absent from the limbs, as compared to in Pcl
mutants. Abd-B misexpression was stronger in the limbs of Sce mutants, but was largely found in strips reminiscent of
limb enervation.
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Fig. 2.8: Summary of findings and implications for Hox regulatory evolution
A) Summary of the phenotypes and inferred genetic relationships of Hox genes and PcG genes at S13, S19, S21, and S23.
B) Model of Hox regulation in crustaceans consisting of at least three mechanisms: anterior boundary establishment,

anterior boundary maintenance (PcG-dependent), and Hox cross-regulation. Comparison of the results of PcG
knockout to Hox gene knockout suggests that additional unknown regulatory mechanisms may also be involved in
crustacean Hox regulation.

C) Summary of the Hox regulatory mechanisms for each of the three posterior Hox genes in Parhyale. Ubx anterior
boundary establishment occurs at around S13, and the PcG-dependent phase of Ubx expression begins around S19. The
inability of ectopic Abd-B to repress Ubx in anterior tissues suggests that anterior Ubx expression may achieve an
autoregulatory state, preventing repression by Abd-B. The mutually exclusive expression domains of Ubx and Scr in the
mouthparts suggest differential competence of mouthpart tissue to express Ubx. abd-A establishes its Hox expression
between S13 and S17, but does not appear to become dependent on PcG repression until around S21. abd-A is
differentially dependent on Sce and Pcl function for proper repression. An unknown factor may be responsible for the
posterior boundary of abd-A expression, which is not perturbed by either Abd-B knockout or PcG loss of function.
Abd-B establishes its anterior boundary and becomes dependent on PcG function at S19. Abd-B misexpression induced
by PcG knockout appears to be primarily restricted to neural tissue. An unknown mechanism may repress Abd-B
expression in the anterior limbs.
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Table 1: Summary of PcG and TrxG CRISPR phenotypes
Gene Family Complex Homeosis Plate Defects Limb Defects Other Phenotypes

Polycomb (Pc) PcG PRC1 T1 -> T4/5
T2/3 -> T4/5
A1-3 -> A4-6

Missing T2 coxal and
tergal plates, unfused
plates, asymmetric
plate fusion

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs

–

Sex combs extra (Sce) PcG PRC1,
dRAF

T1 -> T4/5
T2/3 -> T4/5

Missing T2 coxal and
tergal plates, reduced
basal plates, unfused
tergal plates

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs

–

Posterior sex combs-1
(Psc-1)

PcG ? – – – –

Posterior sex combs-2
(Psc-2)

PcG PRC1,
dRAF

Not observable
(no limbs)

Loss of plates Loss or major reduction of
limbs

High embryonic
lethality

Suppressor of zeste 12
(Su(z)12)

PcG PRC2 An -> T4/5
Mp -> T4/5
T1 -> T4/5
T2/3 -> T4/5

Missing T2 coxal and
tergal plates, reduced
basal plates, unfused
tergal plates

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs,
twisted limbs

–

Enhancer of zeste
(E(z))

PcG PRC2 T2/3 -> T4/5 Reduced basal and
coxal plates

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs,
twisted limbs

Major malformations,
possible body segment
fusion

Extra sex combs (Esc) PcG PRC2 T2/3 -> T4/5 Reduced basal and
coxal plates

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs,
twisted limbs

Major malformations

Polycomb-like (Pcl) PcG PRC2.1 An -> T4/5
Mp -> T4/5
T1 -> T4/5
T2/3 -> T4/5

Missing T2 coxal and
tergal plates, reduced
basal and coxal plates,
unfused tergal plates

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs,
twisted limbs

–

Pleiohometic (pho) PcG PhoRC T1 -> T4/5
T2/3 -> T4/5
Coxal plate T2-5
-> posterior plates

Reduced basal and
coxal plates

Deformed antenna, deformed
mouthparts, deformed limbs,
proximal-distal fused limbs,
twisted limbs

–

Trithorax (Trx) TrxG TAC1 – – – –

Brahma (Brm) TrxG PBAP, BAP – Missing plates Missing limbs Embryonic lethality,
major malformations

Kismet (Kis) TrxG – – – – –

Absent, small, or
homeotic discs 2
(Ash2)

TrxG COMPASS,
COMPASS-li
ke

– Reduced coxal, tergal,
basal plates; unfused
tergal plates

Rounded limbs Major malformations

Female sterile (1)
homeotic (Fs1h)

TrxG – – – – Embryonic lethality

Kohtalo (kto) aka
Med12

TrxG (?) Mediator – Unfused tergal plates Deformed limbs Embryonic lethality,
major malformations

Skuld (skd) aka
Med13

TrxG (?) Mediator – Unfused tergal plates Deformed limbs Embryonic lethality,
major malformations

CTCF Other – – – – –
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2.5 – Methods
BLAST identification of PcG/TrxG genes
General strategy outlined in Supp Fig. 1.2b. We identified core PcG/TrxG genes from the Drosophila
and Mus literature, with special attention to those genes that had previously been shown to induce
homeotic phenotypes (Supp Tables 1 and 2). We downloaded peptide sequences for these genes from
UNIPROT and used tblastn to identify potential best hits to the Parhyale genome. For each peptide,
we used BLAST against 5 different Parhyale transcript sources: the Parhyale MAKER genome
annotation (acquired from Leo Blondel), the Kao et al. Mikado transcriptome, the Sun et al. Mikado
transcriptome, the Sun et al. StringTie2 short + long read embryonic transcriptome, and the
Trinity-Limb transcriptome from the Sun et al. manuscript (generated by Heather Bruce and Jessen
Bredeson). Several groups of genes appeared to have shared BLAST hits, including Trx, Setd1, and Trr.
We disambiguated any inconclusive results using reciprocal best BLAST searches using the online
BLAST portal. The full list of the Parhyale PcG/TrxG genes we identified is found in Supp. Tables 3
and 4.

RNA-Seq expression quantification
We used RNA-Seq data from the Sun et al. 2022 manuscript for developmental stages S13, S19, S21,
and S23 (three replicates for each stage). We quantified the expression of all transcripts using Kallisto
alignment-free transcript abundance estimation to the Sun-Mikado transcriptome. For each
PcG/TrxG gene, we used the best Mikado transcript BLAST hit.

CRISPR-Cas9 guide design
We used the CRISPR-Cas9 targeting tool in Benchling to choose guide RNA sequences. We designed
guides targeting either a 5’ portion of the ORF of a gene of interest, determined based on BLAST to all
organisms to assess the true START codon, or to a specifically identifiable BLAST homology domain
with suggested importance in gene function.

CRISPR-Cas9 mutagenesis
Cas9 ribonucleoprotein complexes were assembled using Cas9-NLS enzyme purchased from the QB3
MacroLab at Berkeley and guide RNAs purchased from Synthego. Cas9 enzyme was used at a final
concentration of 333 ng/µL and guide RNAs were used at a final concentration of 100ng/µL for each
guide RNA in multi-guide knockout experiments, and 200ng/µL for single-guide knockout
experiments. Final guide injection mix also included 0.05% phenol red; all injection components were
mixed in nuclease-free water. For most experiments, we used two guide RNAs targeting each gene of
interest. To demonstrate the reproducibility of single guide RNAs to generate the same phenotypes,
thus controlling for potential off-target effects, we performed single-guide knockouts of Sce, Pcl, and
Su(Z)12 (see Supp. Figs. 2.2, 2.3, and 2.4) and quantified the proportion of phenotypes we observed
between single and double-guide knockout experiments. We recovered the same classes of phenotypes
between the single-guide and double-guide knockout experiments, although the relative proportion of
each phenotype and total mutagenic efficacy varied.
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Embryo culture and dissection
Embryos were raised as previously described. After injection, embryos were transferred to
filter-sterilized artificial sea water (FASW) made using Tropic Marin sea salt to a final salinity of
~31-35%. Embryos were raised at 27°C in a humidified chamber in an incubator. We performed regular
water changes on embryos every 1-2 days, removing any dead embryos. Wildtype embryos usually
hatch by 10-11dpf. For our experiments, if any embryos remained unhatched but alive at 14dpf, we
sacrificed and dissected those embryos using sharpened tungsten needles. For in situ hybridization and
immunofluorescence experiments, we dissected embryos in 9 parts FASW, 1 part PEM buffer, and 1
part 32% paraformaldehyde and fixed for 25-35 minutes at room temperature (~21°C) using previously
described techniques.

Microscopy and phenotype analyses
Hatchlings were fixed in 9 parts FASW, 1 part PEM buffer, and 1 part 32% paraformaldehyde. After
removing FASW and applying the 9:1:1 fix, we used a tungsten needle to pierce the gut tube, usually
through the ventral side of the hatchling around the juncture between the head and thorax. This
“throat punch” technique largely prevented gross morphological distortions often observed in fixed
hatchlings. Hatchlings were fixed for 1hr at room temperature in 9:1:1 fix, or overnight at 4°C. After
fixation, hatchlings were washed 3X with PT and transferred to 50% glycerol/ 50% 1XPBS, then 70%
glycerol/ 30% 1X PBS for mounting. For limb dissection panels, limbs were dissected in the 70%
glycerol/ 30% 1X PBS mounting medium. Hatchlings were imaged on a Zeiss LSM 780 confocal
microscope using the 10X objective and 405 laser; hatchling cuticle is highly autofluorescent in the
DAPI channel. Images were processed using FIJI. First, the Gamma value was adjusted to create a more
visually uniform cuticle, and levels were adjusted to bring the background fluorescence to 0. A depth
projection was then generated using the Stacks > Hyperstacks > Temporal Color Code command and
the “Spectrum” LUT. Images were adjusted for additional brightness using the Levels command in
Adobe Photoshop Creative Cloud.

In situ HCR probes
We ordered in situ hybridization chain reaction probes for Ph-Ubx isoform 2, Ph-abd-A isoform 2,
Ph-Abd-B isoform 2, Ph-Scr, and Ph-elav through Molecular Instruments (Lot #PRG221-225).

In situ hybridization chain reaction
We performed in situ hybridization chain reaction on dissected embryos using the Bruce et al.
modifications to the Choi et al. in situ hybridization chain reaction 3.0 method. Embryos were
mounted as previously described and imaged using a Zeiss LSM 780 confocal microscope using a 10X
or 20X objective. We substantially narrowed the detection range for the fluorophores for each probe to
avoid bleedthrough between channels, using wildtype single-probe stains as a benchmark for expected
expression boundaries. We utilized the same detection ranges for imaging our mutant and wildtype
embryos. Z-stack maximum intensity projection images were generated using FIJI, and background
(non-embryo tissue) fluorescence was adjusted to 0 using the Window/Level tool.
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Hox expression analysis
For each embryo used for analysis in Fig. 7, we examined the expression of each Hox gene compared to
the DAPI-stained morphology of each embryo. For each embryo, we evaluated whether any expression
was observed in the medial region or the limbs. We assigned a 1 to expression equivalent to the highest
wildtype expression (evaluated by eye), and a 0.5 to lower levels of expression or patchy expression. As
embryos are symmetrical, but we observed mosaicism in our knockouts, if either half of the embryo
showed any expression, we used that value as our measure for that region of the embryo. This allowed
us to gauge the maximum possible extent of misexpression in mutants.
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Supp. Fig. 2.1.1: Background
A) Summary model of phases of Hox regulation as described in Drosophila. Hox expression boundaries are specified in the

early embryo via transcription factor-based mechanisms. As development progresses, PcG and TrxG genes are required
to maintain proper Hox expression through repressive and activating mechanisms, respectively. The presence of Hox
effectors in given body regions throughout development helps specify regional identity.

B) Summary of PcG and TrxG loss of function phenotypes. Loss of PcG genes frequently results in all body segments
transformed to the most posterior body segment. Loss of TrxG genes can induce posterior to anterior transformations,
such as haltere to wing transformation.

C) Example of Hox misexpression in PcG mutants. Loss of function of Sce results in broad misexpression of multiple Hox
genes, with Abd-B overriding the other Hox identities to cause transformations of all thoracic segments to the A8
identity.

D) Limb identities and expression of five Hox genes (Scr, Antp, Ubx, abd-A, and Abd-B) in the wildtype Parhyale body
plan.

E) Summary of Abd-B CRISPR knockout experiments from M(Martin et al., 2015) and Jarvis et al., 2022. Loss of Abd-B
results in expansion of Ubx to the posterior of the embryo, and subsequent homeotic transformations. This result
indicates that Abd-B represses Ubx to set the posterior boundary of Ubx expression.

F) Summary of Ubx heat shock overexpression results from Pavlopoulos et al., 2009. Heat shock results in transformation
of anterior appendages to T4/5 forward walking leg identity.
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Supp. Fig. 2.1.2: Identification and expression of PcG/TrxG genes in Parhyale hawaiensis
A) Full diagram of PcG/TrxG genes found in the Parhyale genome.
B) Schematic of bioinformatic methods used to identify PcG/TrxG genes. A literature review was performed to identify

the core components of PcG/TrxG genes in both Mus musculus and Drosophila melanogaster. Mouse and fly peptide
sequences were obtained for each gene from UNIPROT and tblastn was used to identify the top BLAST hits in several
transcript sources, including the phaw_5.0 MAKER genome annotation, the Kao et al. Mikado annotation, the
Trinity-limb transcriptome from Sun et al., and the Sun et al. Mikado annotation. For each top candidate, the gene
models were manually examined within the Parhyale genome to identify gene model completeness and clarify orthologs
based on relative genomic location. We also identified the location of possible splice junctions at this step to avoid
designing CRISPR guides that overlapped with slice junctions. After determining the best candidate locus and best
gene model from across the transcript sources, we performed reciprocal BLAST to both the Drosophila and mouse
genomes to confirm our top hits, and clarify potential paralog identities. Upon identifying the best candidate for each
gene and paralog in the genome, we used online web BLAST to identify potential conserved protein domains and
peptide sequences in order to design CRISPR guide RNAs.

C) Summary of PcG and TrxG complexes in the Parhyale genome.
D) Expression of each PcG/TrxG gene in the Parhyale genome across three replicates at four developmental stages (S13,

S19, S21, S23). Transcriptome data from Sun et al. 2022 was used. All genes of interest showed expression at all
timepoints.
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Supp. Fig. 2.2.1: Psc family genes in Parhyale
A) Psc-2 CRISPR knockout hatchlings. Hatchlings showed major morphological defects, including total loss of limbs and

plates, with varying degrees of severity. A shows an apparently mosaic knockout, where some limbs and other body
structures are visible. A’ shows a severe phenotype from a ventral view, showing major reduction along the
proximal-distal axis. A’’ shows a severe phenotype from a lateral view, showing that body segments develop, but limbs do
not.

B) Psc-1 CRISPR knockout hatchling. We did not observe any noticeable phenotypes from dual-guide knockout of Psc-1.
C) Expression of Psc-1, Psc-2, and Psc-like in the Sun et al. 2022 embryonic transcriptome dataset. Psc-2 is expressed at a

much higher level than Psc-1 or Psc-like.
D) Average survivorship curve for Psc-2 CRISPR experiments. The vast majority of surviving Psc-2 hatchlings required

dissection, and were not able to hatch on their own.
E) Average survivorship curve for Psc-1 CRISPR experiments. Nearly all embryos surviving to late stages of development

were able to hatch successfully.
F) Diagram of Parhyale Psc-1, Psc-2, and Psc-like genes compared to Drosophila Psc and Su(Z)2 genes. BLAST identified

homology domains are placed in relative position along the peptide. All three Parhyale Psc homologs appear to have
RING-HC PCGF domains and RAWUL PCGF2-like domains.

G) BLAST top hit mapping for Drosophila to Parhyale genes. Parhyale Psc-1 is the top hit for both Drosophila Psc and
Su(Z)2, while Parhyale Psc-2 is the second best BLAST hit for Drosophila Psc and Su(Z)2. The third top BLAST hit for
both Drosophila Psc and Su(Z)2 is Parhyale l(3)73Ah, which was identified as being the top BLAST hit for Drosophila
l(3)73Ah. A fourth gene, which we named Parhyale Psc-like, was a top blast hit for Drosophila Psc, Su(Z)2, and
l(3)73Ah, but the reciprocal best BLAST hit for Parhyale Psc-like was Drosophila Psc. Given that Parhyale Psc-1 and
Psc-2 are better reciprocal BLAST hits for Drosophila Psc, we termed this fourth gene Parhyale Psc-like.
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Supp. Fig. 2.2.2: Sce CRISPR phenotype data
A) Wildtype Parhyale hatchling head and anterior thorax.
A’) Sce CRISPR hatchling head and anterior thorax showing various homeotic transformations and missing T2 tergal and

coxal plates.
B) Average survivorship curve for dual-guide Sce CRISPR knockout experiments.
C) Wildtype Parhyale hatchling view focused on tergal and coxal plates.
C’) Sce CRISPR hatchling showing defects in tergal plate fusion marked with arrowheads.
D) Wildtype Parhyale hatchling posterior, with T8 tergal plate marked with arrowhead.
D’) Sce CRISPR hatchling showing tergal plate reduction and proximal-distal defects, marked with arrowheads.
E) Dissected wildtype T8 limb with leg segments labeled.
E’) Dissected Sce CRISPR T8 limb with leg segments and limb defects labeled.
F) Proportion of WT, deformed, and transformed hatchlings for Sce dual-guide knockout (guide RNAs 041 and 042)

from n=19 hatchlings.
F’) Proportion of phenotypes from Sce (041+042) dual-guide knockout for n=17 hatchlings that we did not classify as

wildtype. Yellow labels indicate phenotypes we classified as homeotic mutations.
G) Proportion of WT, deformed, and transformed hatchlings for Sce (041) single-guide knockout for n=52 hatchlings.
G’) Proportion of phenotypes from Sce (041) single-guide knockout for n=33 mutant hatchlings.
H) Proportion of WT, deformed, and transformed hatchlings for Sce (042) single-guide knockout for n=41 hatchlings.
H’) Proportion of phenotypes from Sce (042) single-guide knockout for n=29 mutant hatchlings.
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Supp. Fig. 2.2.3: Pcl CRISPR phenotype data
A) Wildtype Parhyale hatchling head and anterior thorax.
A’) Pcl CRISPR hatchling head and anterior thorax showing various homeotic transformations and missing T2 tergal and

coxal plates.
B) Wildtype T1 appendages.
B’) Wildtype T2/3 appendage.
B’’) Wildtype T4/5 appendage.
C) Wildtype Parhyale hatchling view focused on tergal and coxal plates.
C’) Pcl CRISPR hatchling showing reduction in basal plates (arrows) and exposed gills (asterisks) revealed by reduction in

coxal plates.
C’’) Pcl CRISPR hatchling showing tergal plate fusion defect.
D) Pcl CRISPR hatchling showing unilateral transformations from a ventral view. Mx2 - T3 appendages are all

transformed towards T4/5 forward walking leg identity.
E) Pcl CRISPR hatchling showing twisted legs.
F) Average survivorship curve of Pcl dual-guide knockout experiments.
G) Proportion of WT, deformed, and transformed hatchlings for Pcl dual-guide knockout (guide RNAs 051 and 052)

from n=25 hatchlings.
G’) Proportion of phenotypes from Pcl (051+052) dual-guide knockout for n=21 hatchlings that we did not classify as

wildtype. Yellow labels indicate phenotypes we classified as homeotic mutations.
H) Proportion of WT, deformed, and transformed hatchlings for Pcl (051) single-guide knockout for n=70 hatchlings.
H’) Proportion of phenotypes from Pcl (051) single-guide knockout for n=16 mutant hatchlings.
I) Proportion of WT, deformed, and transformed hatchlings for Pcl (052) single-guide knockout for n=79 hatchlings.
I’) Proportion of phenotypes from Pcl (052) single-guide knockout for n=49 mutant hatchlings.
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Supp. Fig. 2.2.4: Su(Z)12 CRISPR phenotype data
A) Wildtype Parhyale hatchling, lateral view.
A’) Su(Z)12 CRISPR hatchling showing various homeotic transformations and limb defects.
B) Wildtype Parhyale hatchling, ventral view.
B’) Su(Z)12 CRISPR hatchling showing various unilateral homeotic transformations and limb defects, ventral view.
C) Su(Z)12 CRISPR hatchling showing tergal plate fusion defect.
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D) Su(Z)12 CRISPR hatchling head showing antenna to T4/5 partial transformation. The hallmark of this
transformation is the emergence of a coxal plate on the antennal segment, not normally observed.

D’) Wildtype Parhyale hatchling head. Note the absence of the plate seen in the Su(Z)12 knockout.
E) Average survivorship curve of Su(Z)12 quadruple-guide knockout experiments.
F) Proportion of WT, deformed, and transformed hatchlings for Pcl quadruple-guide knockout (guide RNAs 047-050)

from n=19 hatchlings. We also performed single-guide knockout experiments for guides 047 and 048, which we
designed as a result of ambiguity about the true START codon for the Su(Z)12 gene. These guides did not appear to
show any obvious defects or homeotic transformations.

F’) Proportion of phenotypes from Su(Z)12 (047-050) quadruple-guide knockout for n=18 hatchlings that we did not
classify as wildtype. Yellow labels indicate phenotypes we classified as homeotic mutations.

G) Proportion of WT, deformed, and transformed hatchlings for Su(Z)12 (049) single-guide knockout for n=95
hatchlings.

G’) Proportion of phenotypes from Su(Z)12 (049) single-guide knockout for n=52 mutant hatchlings.
H) Proportion of WT, deformed, and transformed hatchlings for Su(Z)12 (050) single-guide knockout for n=42

hatchlings.
H’) Proportion of phenotypes from Su(Z)12 (050) single-guide knockout for n=32 mutant hatchlings.
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Supp. Fig. 2.2.5: Phenotype data for additional PcG genes
A-A’’’) Representative hatchling showing T2/3 to T4/5 transformations, mutant classes, phenotype proportions, and

survivorship curve for Pc CRISPR knockout.
B-B’’’) Representative hatchling showing T2/3 to T4/5 transformations, mutant classes, phenotype proportions, and

survivorship curve for pho CRISPR knockout.
C-C’’’) Representative hatchling showing T2/3 to T4/5 transformations, mutant classes, phenotype proportions, and

survivorship curve for E(z) CRISPR knockout.
D-D’’’) Representative hatchling showing T2/3 to T4/5 transformations, mutant classes, phenotype proportions, and

survivorship curve for Esc CRISPR knockout.
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Supp. Fig. 2.2.6: Example phenotypes for TrxG CRISPR knockouts
A-A’’) Representative hatchlings and survivorship curve of kto CRISPR experiments. A) shows a milder kto hatchling,

while A’) shows a more severe phenotype, with fusion between adjacent body segments marked by arrowhead.
B-B’’) Representative hatchlings and survivorship curve of skd CRISPR experiments. B) shows a milder skd hatchling,

while B’) shows a more severe phenotype, with fusion between adjacent body segments marked by arrowhead.
C-C’’) Representative hatchlings and survivorship curve of Ash2 CRISPR experiments. C) shows an Ash2 hatchling with

rounded legs and plates, while C’) shows a hatchling with minor morphological defects.
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D-D’) Representative hatchlings and survivorship curve of Brm CRISPR experiments. D) shows an example of a Brm
mutant hatchling where one half of the embryo appears not to have developed.

E) Survivorship curve of Fs1h CRISPR experiments. We recovered no surviving embryos from Fs1h knockout
experiments, suggesting that Fs1h knockout is embryonic lethal.



164



165

Supp. Fig. 2.2.7: Lack of obvious phenotypes for Trx and Kis knockout experiments
A) Wildtype Parhyale hatchling, lateral view.
B) Expression of two candidate Parhyale Trx ORFs, one containing DNA binding domains (Trx-DBD) and one

containing the SET domain (Trx-SET). The two candidate ORFs appear to be expressed at different levels throughout
development.

C) Representation of relative position of protein domains comparing Parhyale Trx-DBD and Trx-SET to Drosophila Trx.
Parhyale may have a split in the two peptide domains. Relative position of CRISPR guide RNAs is illustrated for all 8
guides used to target Trx.

D-D’’’) Representative hatchlings from Trx CRISPR knockout experiments. Each experiment used a different pair of
guide RNAs, shown in the bottom left corner. We did not observe obvious homeotic transformations for any of the
guides.

E-E’) Representative hatchlings from Kis CRISPR knockout experiments. Each experiment used a different pair of guide
RNAs, shown in the bottom left corner. We did not observe obvious homeotic transformations for any of the guides.

F-F’’’) Survivorship curves for Trx CRISPR knockout experiments. We observed varying levels of survivorship for these
experiments; however, during the course of the experiments, we did not observe hatchlings that showed obvious
morphological defects, as was observed for PcG gene knockout experiments, or other TrxG knockouts, such as Brm or
Fs1h.

G-G’) Survivorship curves for Kis CRISPR knockout experiments. We observed a similar lack of obvious defects in Kis
knockout embryos during development.
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Supp. Fig. 2.3.1: Asymmetric fusion of plates in Pc mutant hatchlings
A-A’) Lateral and dorsal views of the same Pc mutant hatchling, showing asymmetric fusion of plates. The same image is

displayed as in Fig. 3; however, we display the entire hatchling here in A’ to illustrate how we counted the number of
tergal plates.

B) Dorsal view of a WT hatchling showing the counting of tergal plates.
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Supp. Fig. 2.4.1: Expression of posterior Hox genes in PcG mutant embryos
This figure is identical to Fig. 4, with the exception that we have removed limb labels.
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Supp. Fig. 2.5.1: Misexpression of Scr, Ubx, and Abd-B in Pcl mutant embryos
A) Wildtype Parhyale embryo at S23 showing expression domains of Scr (magenta), Ubx (cyan), and Abd-B (red).
B) Pcl CRISPR embryo at S23 showing expression domains of Scr (magenta), Ubx (cyan), and Abd-B (red). The embryo

displayed appears to be bilaterally mutant throughout the body axis, as evidenced by strong Abd-B expression
throughout the head and thoracic nervous system.

C) Schematic of patterns of Sce, Ubx, and Antp expression in wildtype versus PcG mutant embryos.
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Supp. Fig. 2.6.1: Differences in PcG dependence timing in Pcl mutant embryos
A) Wildtype Parhyale embryo at S13 showing expression of Ubx (cyan) and DAPI. The anterior boundary of Ubx

expression is the E4 parasegment.
B) Pcl CRISPR embryo at S13 showing expression of Ubx (cyan). The anterior boundary of Ubx expression is the E4

parasegment. We observed the same anterior boundary in 9/9 embryos imaged at this stage.
C) Expression of Ubx and Abd-B in S17-like Pcl mutant embryos. At the same time as Abd-B expression is beginning in

the posterior, we observed ectopic Abd-B expression initiation in the anterior.
C’) Inset panel from C) showing a handful of cells with strong Abd-B transcriptional spots, and Ubx expression in the

same cells.
D) Expression of Ubx and Abd-B in S19-like Pcl mutant embryos. We observed misexpression of both Ubx and Abd-B at

this stage, as marked with arrowheads in gene-specific panels; all embryos that showed Abd-B misexpression also showed
Ubx misexpression.

E) Number of embryos showing different patterns of misexpression in S17-like and S19-like embryos dissected
concurrently when wildtype embryos were at stage S19. We observed that 3/3 S17-like embryos showed only
misexpression of Abd-B, while 5/6 S19-like embryos showed simultaneous misexpression of Ubx and Abd-B.
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Supp. Fig. 2.6.2: Expression of posterior Hox genes in S21 embryos
A) Wildtype Parhyale embryo at S21 showing expression of Ubx (cyan), abd-A (green), Abd-B (red), and DAPI (gray).
B) Sce CRISPR embryo at S21. Weak Abd-B and Ubx misexpression anterior of the wildtype domain is observed. Very

little abd-A misexpression is observed.
C) Sce CRISPR embryo at S21. This embryo is mounted as a lateral view, and is slightly more morphologically developed

than in B. Ubx misexpression is much stronger by this point, and small patches of abd-A misexpression are beginning.
D) Pcl CRISPR embryo at S21. Strong Ubx and Abd-B misexpression are observed, and the beginning of abd-A

misexpression is observed.



173



174

Supp. Fig. 2.7.1: abd-A, Abd-B, and elav expression
A) Wildtype Parhyale embryo at S21 showing expression of elav (blue), abd-A (green), Abd-B (red), and DAPI (gray).
B) Sce CRISPR embryo at S21. Patches of Abd-B misexpression are observed at the lateral borders of elav expression.
C) Pcl CRISPR embryo at S21. Stronger Abd-B misexpression is observed than compared to an Sce mutant.
D) Wildtype Parhyale embryo at S23.
E) Sce CRISPR embryo at S23. Strong Abd-B misexpression is observed throughout the nervous system. abd-A

misexpression is restricted to a few cells of the nervous system.
F) Pcl CRISPR embryo at S23. Strong Abd-B misexpression is observed throughout the nervous system. abd-A

misexpression expands broadly through the nervous system and into the limbs.
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Supp. Fig. 2.8.1: Hypothesized Hox regulatory mechanisms
A) An unknown limb-specific repression mechanism for Abd-B in arthropods. In both Parhyale CRISPR knockout of

PcG genes and Tribolium RNAi, Abd-B misexpression extends into the nervous system, but not the limbs. This is in
contrast to Drosophila, where Abd-B misexpression is possible across broad tissue types, including imaginal tissues such
as wing discs. This suggests that a potentially ancestral limb-specific repression mechanism of Abd-B may have been lost
in the lineage leading to flies. Future experiments using PcG knockout in more diverse organisms could reveal whether
such a repression mechanism is commonly found across non-dipteran pancrustaceans.

B) A posterior boundary factor for abd-A. CRISPR-Cas9 knockout of Ubx and Abd-B, the Hox genes overlapping abd-A,
do not result in disruption of the pattern of abd-A expression (Jarvis et al. 2022). This suggests that abd-A is not
regulated by the other posterior Hox genes. In our study, PcG knockout resulted in misexpression of abd-A in the
anterior, but no disruption to the pattern of abd-A expression in the posterior. This suggests that neither Hox
cross-regulatory interactions or PcG repression sets the posterior boundary of abd-A. We propose a third mechanism, a
posterior boundary factor, which represses abd-A at the posterior end of the abdomen. We hypothesize that such a
factor may also be responsible for the shifts in the abd-A expression boundary between different groups of crustaceans.

C) Summary of Hox regulatory mechanisms at different phases of development across bilaterians. In Mus, Hox gene
expression establishment is linked to PcG function, whereas in Drosophila, PcG repression appears to occur after an
early transcription factor-dependent phase of regulation. In examining the Parhyale and Gryllus data, two possible
interpretations emerge: either both Parhyale and Gryllus have TF-dependent regulation for some Hox genes and not
others, or both Parhyale and Gryllus have concurrent TF-dependent and PcG-dependent regulatory mechanisms,
which are distinguishable only at very early stages of Hox misexpression in PcG mutants. If the latter interpretation is
true, this would suggest that arthropods and vertebrates have evolved fundamentally different mechanisms of early Hox
boundary establishment. Additional experiments with representatives across bilaterians will be needed to determine
whether the ancestral bilaterian used PcG- or TF-dependent Hox boundary establishment.
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Supp. Table. 2.1: Select Drosophila PcG/TrxG homeotic phenotypes

Family
Drosophila
Protein Genotype Phenotype(s) Source(s)

PcG Ph
Ph-d m-z- Ph-p
m-z-

A1-7 segments resemble A8 segment. Thoracic segments have denticles characteristic of
abdominal segments.

McKeon et al., 1994; Dura et al.,
1987; Doe et al., 1988

Psc Psc m-z-
Anterior segments transformed into A8 segment. Hox misexpression. Other early
developmental defects.

Martin and Adler, 1993; Morimoto
et al., 2016

Sce Sce m-z- Anterior→posterior transformations. No segmentation defects. Ubx misexpression.
Breen and Duncan, 1986; Fritsch et
al., 2003

Pc Pc m+z- or Pc m-z-
Transformation of all thoracic and abdominal segments to A8 segment identity. En
misexpression.

Chiang et al., 1995; Kassis and
Brown, 2013; Haynie, 1983;
Lawrence et al., 1983

Scm Scm m-z-
Anterior→posterior homeotic transformation of most segments. No segmentation
defects. Breen and Duncan, 1986

Su(z)12 Su(z)12 m+z-

All abdominal, thoracic, and some head segments are transformed into the A8 segment.
Abd-B misexpression in every segment. Antennae partially transformed into legs. Smaller
wings. Birve et al., 2001

E(z) E(z) m+z- All thoracic and abdominal segments transformed to more posterior segments. Phillips and Shearn, 1990

Pcl Pcl m-z-

A7 segment partially transformed into A8 segment. Dorsal setal belt in head. Wart-like
sense organs (normally in A8) in the anterior abdominal segments. Defects in even
numbered segments. Breen and Duncan, 1986

Esc Esc m-z- Transformation of all abdominal segments to A8 segment identity.
Wang et al., 2006; Kurzhals et al.,
2008; Ohno et al., 2008

TrxG Trx Trx m-z-

Transformation of T1-3 segments into T2 segment identity. Posterior→anterior
transformations of abdominal segments. Reduced Ubx and abd-A protein levels. Haltere
to wing transformation (due to decreased Ubx expression). Posterior abdominal and
genital structures transformed to more anterior identities (due to decreased abd-A and
Abd-B expression).

Gildea et al., 2000; Breen and Harte,
1991; Ingham, 1983; Klymenko and
Müller, 2004; Tripoulas et al., 1994;
Mazo et al., 1990; Ingham, 1981;
Ingham and Whittle, 1980

Ash2 Ash2 m-z-
Various posterior→anterior homeotic transformations including: haltere to wing
transformation, leg 3 to leg 2 transformation, and genitalia to leg/antenna transformation. Shearn, 1989

Ash1 Ash1 m-z-

Various posterior→anterior homeotic transformations including: posterior wing to
anterior wing transformation, haltere to wing transformation, leg 3 to leg 2
transformation, and genitalia to leg/antenna transformation. Loss of En function.
Reduction of Hox expression.

Shearn, 1989; Tripoulas et al., 1994;
Klymenko and Müller, 2004

Kis Kis m+z- clones

Homozygous clone of Kis m+z- tissue in A5 segment is transformed to a more anterior
identity (loss of Abd-B function). Some clones showed transformations of first leg
towards a second leg identity (loss of Scr function). Daubresse et al., 1999

Kis m-z- Pair-rule segmentation defects. Daubresse et al., 1999

Mor Mor z-
Embryonic lethal. Head defects that resemble defects seen in
Dfd z- flies. Harding et al., 1995

Mor z- clones

Clones of Mor z- cells caused transformations of metanotum and haltere to mesonotum
and anterior wing, respectively. Posterior wing to anterior wing transformation (loss of En
function). Brizuela and Kennison, 1997

Brm
Brm
hypomorph

Reductions in the number of sex comb teeth. Transformations of A5 segment to a more
anterior identity. Abnormalities similar to those seen in ANTP-C and BX-C
loss-of-function mutants. Tamkun et al., 1992

Brm m- Early embryonic defects. Brizuela et al., 1994

Fs1h
Fs1h m-z- temp.
sen.

Homeotic defects: anterior metanotum to anterior mesonotum transformation, and
anterior haltere to anterior wing transformation. Mimics loss of Ubx function. Mutants
often missing legs, halteres, or tergites. Zalokar et al., 1975
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Supp. Table. 2.2: Select Mus PcG/TrxG homeotic phenotypes
Family Drosophila Protein Genotype Phenotype(s) Source(s)

PcG Ph PHC1-/- Perinatal lethality. Anterior→posterior skeletal homeotic transformations. Isono et al., 2005; Takihara et al., 1997

Psc PCGF2-/- Anterior→posterior transformation of axial skeleton. Growth retardation. Akasaka et al., 2001

PCGF4-/- Anterior→posterior transformation of axial skeleton. Akasaka et al., 2001

PCGF2-/-
PCGF4-/- Embryonic lethal. Akasaka et al., 2001

Sce RING1A+/- or -/- Anterior→posterior transformations of vertebrae. Rib abnormalities. del Mar Lorente et al., 2000

RING1B-/- Anterior→posterior homeotic transformations of the axial skeleton. Suzuki et al., 2002

Pc CDX2-/-
Malformations of axial skeleton. Reduced viability. Poor growth. Male to female sex reversal. T7
vertebra transformed into T8 vertebra. Coré et al., 1997

CDX4-/- Complete neonatal lethality. Severe thymus hypoplasia. Coré et al., 1997

CDX7-/- Increased body length. Developed liver and lung adenomas and carcinomas. Forzati et al., 2012

Scm Scmh1 SPM-/- Anterior→posterior vertebral transformations. Male infertility. Takada et al., 2007

Scmh1-/- Abnormal hematopoiesis. Normal fertility and skeleton. Yasunaga et al., 2013

Su(z)12 Su(z)12-/- Embryonic lethal. Li et al., 2011

Su(z)12+/-
Anterior tuberculums (characteristic of C6 vertebra) associated with C5 vertebra. Anteriorly shifted
sternum. Spinous process (characteristic of T2 vertebra) associated with T1 vertebra. Li et al., 2011

E(z) EZH2 -/- Embryonic lethal. O’Carroll et al., 2001

EZH2 cond. loss Severe growth retardation of neonate. Gastrulation failure. O’Carroll et al., 2001

Pcl Pcl2 -/- Anterior→posterior transformation of axial skeleton. Wang et al., 2007

Esc EED -/- Early gastrulation defect. Wang et al., 2002

EED hypomorph Anterior expression boundaries of several Hox genes were shifted rostrally by one segment. Wang et al., 2002

TrxG Trx Mll -/-
Hoxa7 expression is activated normally but is not maintained. Branchial arch dysplasia. Aberrant
segmental boundaries of spinal ganglia and somites. Yu et al., 1998

Ash2 Ash2l -/- Die early during gestation. Stoller et al., 2010

Ash1
Ash1l -/- (gene
trap)

Corpus to caput transformation. Widening of the cauda. Transformations similar to
posterior→anterior transformations that occur in Hoxa10-/- mutant males. Brinkmeier et al., 2015

Kis CHD7 -/- Embryonic lethal. Sperry et al., 2014

Brm Brm -/- Increased cell proliferation. Reyes et al., 1998

Fs1h BRD2 -/- Embryonic lethal. Shang et al., 2009
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Supp. Table. 3: Parhyale PcG genes
Complex Parhyale Gene Name Drosophila Protein Mus Proteins Best Parhyale Transcript Txome

Parhyale IGV
Address

PRC1 Par-haw_ph
ph-d [Q9W523], ph-p
[P39769]

PHC1 [Q64028], PHC2
[Q9QWH1], PHC3
[Q8CHP6] mikado.phaw_50.283863eG7.1 Sun-Mikado

phaw_50.283863e:707,
281-945,757

Par-haw_Psc-1 Psc [P35820] PCGF1 [Q8R023] mikado.phaw_50.283028bG288.1 Sun-Mikado
phaw_50.283028b:226
54336-22754322

Par-haw_Psc-2 Su(z)2 [P25172] PCGF2 [P23798] mikado.phaw_50.283028bG712.1 Sun-Mikado
phaw_50.283028b:21,8
22,602-21,858,763

PCGF3 [Q8BTQ0],
PCGF4 [P25916], PCGF5
[Q3UK78], PCGF6
[Q99NA9]

Par-haw_Sce Sce [Q9VB08]
RING1A [O35730],
RING1B [Q9CQJ4] mikado.phaw_50.283875aG27.1 Sun-Mikado

phaw_50.283875a:2670
126-2804666

Par-haw_Pc Pc [P26017]

CBX2 [P30658], CBX4
[O55187], CBX6
[Q9DBY5], CBX7
[Q8VDS3], CBX8
[Q9QXV1] mikado.phaw_50.000214fG102.1 Sun-Mikado

phaw_50.000214f:7,05
9,547-7,067,561

dRAF includes Par-haw_Psc-1*, Par-haw_Psc-2*, Par-haw_Sce* (see above)

Par-haw_Kdm2-isoform_a Kdm2 [Q9VHH9] Kdm2a [P59997] STRG.39002.1
Sun-
StringTie2 -

Par-haw_Kdm2-isoform_b mikado.phaw_50.283869cG487.1 Sun-Mikado
phaw_50.283869c:39,7
38,428-39,800,237

PR-DUB Par-haw_Calypso Calypso [Q7K5N4] Bap1 [Q99PU7] comp166625_c1_seq3 Trinity-Limb
phaw_50.000214e:2,66
3,327-2,803,232

Par-haw_Asx Asx [Q9V727]

ASXL1 [P59598], ASXL2
[Q8BZ32], ASXL3
[Q8C4A5] mikado.phaw_50.283821G75.2 Sun-Mikado

phaw_50.283821:4,766,
576-4,819,515

Scm Par-haw_Scm Scm [Q9VHA0]

SCMH1 [Q8K214],
SCML2 [B1AVB5],
SCML4 [Q80VG1] comp171618_c0 Trinity-Limb

phaw_50.007301a:14,9
31,316-14,976,242

PRC2.1 Par-haw_Su(z)12 Su(z)12 [Q9NJG9] SUZ12 [Q80U70] mikado.phaw_50.283867cG387.1 Sun-Mikado
phaw_50.283867c:2450
3623-24641721

Par-haw_E(z) E(z) [P42124]
EZH1 [P70351], EZH2
[Q61188] mikado.phaw_50.001137bG316.1 Sun-Mikado

phaw_50.001137b:172
54399-17416111

Par-haw_Caf1 Caf1 [Q24572] Rbbp4 [Q60972] mikado.phaw_50.283826G445.1 Sun-Mikado
phaw_50.283826:29293
007-29339138

Par-haw_Pcl Pcl [Q24459]
PCL2 [Q02395], PCL3
[Q9CXG9] mikado.phaw_50.283817cG134.1 Kao-Mikado

phaw_50.283817c:3067
340-3096584

Par-haw_HDAC1 Rpd3 [Q94517] Hdac1 [O09106] comp160143_c0_seq1 Trinity-Limb -

Par-haw_Esc Esc [Q24338] EED [Q921E6] mikado.phaw_50.283863aG40.1 Sun-Mikado
phaw_50.283863a:3,18
8,185-3,235,909

PRC2.2 includes Par-haw_Su(z)12*, Par-haw_E(z)*, Par-haw_Caf1*, Par-haw_Esc* (see above)

Par-haw_Jarid2 Jarid2 [Q9VT00] Jarid2 [Q62315] mikado.phaw_50.283865bG254.1 Kao-Mikado -

Par-haw_Jing Jing [Q7KHG2] Aebp2 [Q9Z248] mikado.phaw_50.282260aG393.1 Sun-Mikado -

PhoRC Par-haw_pho Pho [Q8ST83] YY1 [Q00899] mikado.phaw_50.000289aG44.1 Sun-Mikado
phaw_50.000289a:1971
807-1992607

Par-haw_Sfmbt dSfmbt [Q9VK33]
SFMBT1 [Q9JMD1],
SFMBT2 [Q5DTW2] mikado.phaw_50.283867cG203.1 Sun-Mikado

phaw_50.283867c:1491
6319-14971921
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Supp. Table. 2.4: Parhyale TrxG genes

Complex
Parhyale
Protein Name

Drosophila
Protein Mus Protein Best Parhyale Transcript Txome

Parhyale IGV
Address

dCOMPASS-like
Par-haw_Trx
(SET) Trx [P20659] KMT2B [O08550] mikado.phaw_50.282275aG400.1 Sun-Mikado

phaw_50.282275a:22
,898,633-23,055,618

Par-haw_Trx
(DBD) mikado.phaw_50.282275aG397.1 Sun-Mikado -

Par-haw_Ash2 Ash2 [Q94545] Ash2l [Q91X20] comp174477_c0_seq5 Trinity-Limb
phaw_50.282695g:21
78005-2220752

dCOMPASS includes Par-haw_Ash2 (see above)

Par-haw_Set1 Set1 [Q5LJZ2] Setd1a [E9PYH6] mikado.phaw_50.283355aG178.1 Sun-Mikado
phaw_50.283355a:94
93556-9551696

Trr Par-haw_Trr Trr [Q8IRW8] Kmt2c [Q8BRH4] mikado.phaw_50.282861eG448.1 Kao-Mikado
phaw_50.282861e:9,
250,785-9,312,955

TAC1 includes Par-haw_Trx (see above)

Par-haw_nej nej [M9MS40] Crebbp [P45481] mikado.phaw_50.282695dG124.1 Sun-Mikado
phaw_50.282695d:7
790068-7814604

Par-haw_Sbf1 Sbf [Q9VGH9]
SBF1 [Q6ZPE2], SBF2
[E9PXF8] mikado.phaw_50.283826G523.1 Sun-Mikado

phaw_50.283826:340
87962-34200876

Ash1 Psr-haw_Ash1 Ash1 [Q9VW15] Ash1l [Q99MY8] mikado.phaw_50.007301aG268.1 Kao-Mikado
phaw_50.007301a:3,
925,168-4,034,186

Kis Par-haw_Kis
Kismet
[Q9Y1L3]

Chd6 [A3KFM7],
Chd7 [A2AJK6] mikado.phaw_50.283870G403.1 Sun-Mikado

phaw_50.283870:219
45760-22131964

PBAP Par-haw_Osa Osa [Q8IN94]
Arid1a [A2BH40],
Arid1b [E9Q4N7] mikado.phaw_50.283815cG377.1 Sun-Mikado

phaw_50.283815c:19
852707-19939426

Par-haw_Mor Mor [Q7KPY3] Smarcc2 [Q6PDG5] mikado.phaw_50.283823aG160.1 Sun-Mikado
phaw_50.283823a:63
11700-6337044

Par-haw_Snr1 Snr1 [Q24090] Smarcb1 [Q9Z0H3] mikado.phaw_50.282275bG198.1 Kao-Mikado
phaw_50.282275b:3
482023-3497731

Par-haw_Brm Brm [P25439]
Smarca2 [Q6DIC0],
Smarca4 [Q3TKT4] mikado.phaw_50.283873aG49.1 Sun-Mikado

phaw_50.283873a:28
37385-2858196

BAP includes Par-haw_Mor*, Par-haw_Snr1*, Par-haw_Brm* (see above)

Par-haw_SAYP SAYP [Q9VWF2] Phf10 [Q8WUB8] mikado.phaw_50.000135aG190.1 Kao-Mikado
phaw_50.000135a:36
00922-3684882

Other Par-haw_Fs1h Fs1h [P13709] - comp_163013 Trinity-Limb
phaw_50.283821:4,4
06,782-4,518,976

Par-haw_Kto Kto [Q9VW47] Med12l [Q8BQM9] comp_154627 Trinity-Limb
phaw_50.283867c:20
,195,413-20,284,996

Par-haw_Skd Skd [Q7KTX8] Med13 [Q5SWW4] comp_160166 Trinity-Limb
phaw_50.283867c:20
,195,413-20,284,996
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Supp. Table. 2.5: CRISPR guide sequences
Family Gene CRISPR Guide ID CRISPR Guide Sequence

PcG Par-haw_Psc-1 Syn078_Psc-1_g1 AAAGCACACACACGAAGTGG

Syn079_Psc-1_g2 AGCAACAGAGTGTCGCAGTG

Par-haw_Psc-2 Syn039_PhawPsc2_g1 GTGAGAGGAATTCGGCGTAG

Syn040_PhawPsc2_g2 CACAGATGAGGTGTGCGTTT

Par-haw_Sce Syn041_PhawSce_g1 AACAGCAGAACTACTGTTGT

Syn042_PhawSce_g2 TGAACTGCATCGAACTCCTC

Par-haw_Pc Syn059_Pc_g1 GAATACCTTGTAAAATGGAA

Syn060_Pc_g2 TTTAGATGGACGCCTGCTTG

Par-haw_E(z) Syn084_Ez_g1 ATCATCAATGAAGCCCGTCT

Syn085_Ez_g2 GCCTCGGGCAACAAGGCCAG

Par-haw_Pcl Syn051_PhawPcl_g1 CTCGGGCGCACTTGCAAGCG

Syn052_PhawPcl_g2 CAGCCAACACAAGAGCAGCT

Par-haw_Esc Syn082_Esc_g1 TTGAATGCCACACCAAACAG

Syn083_Esc_g2 GTGTACCAGTGCGAGAAGCA

Par-haw_pho Syn086_pho_g1 CGACTATGCAGAGTACATGG

Syn087_pho_g2 GGGTCACTGAGATCAACATC

TrxG Par-haw_Trx Syn043_PhawTrx_g1 GAGGATCCATGTGGTAATGG

Syn044_PhawTrx_g2 GGGATCCGGACAGAGGAGGA

Syn057_PhawTrx_rg1 TGTCAGCGACTGGTTGCCAT

Syn058_PhawTrx_rg2 GACCAAGTGGTGAAGTCACT

Syn061_Trx_rd3g1 TCGTAACACCCCTGACACAG

Syn062_Trx_rd3g2 AGTGCGGTCAGTGCAAGGAA

Syn076_Trx-SET_g1 GTCCGAGGATGGCTTCAAAG

Syn077_Trx-SET_g2 GTGGCAGACGGTCTTTGATG

Par-haw_Ash2 Syn080_Ash2_g1 GCCCCTTGAGACACCATGAG

Syn081_Ash2_g2 AGCCTGATGGGTCACATGTA

Par-haw_Kis Syn055_PhawKis_g1 GGCAGACGTCTCGAGCACTG

Syn056_PhawKis_g2 CTCAGACACCCAAAAAGAAG

Syn063_Kis_rd2g1 ACGGAAGAGGAATTACTCAA

Syn064_Kis_rd2g2 AACAGCAACCTTCTTTCCTG

Par-haw_Brm Syn053_PhawBRM_g1 TGGCCAGAGCCCAAGCCCTG

Syn054_PhawBRM_g2 GGAGGAGGAGGCATTGGTGA

Par-haw_Fs1h Syn069_fs1h_g1 AAGCTGCCTGGCGATAAGCT

Syn070_fs1h_g2 GGATTGGAATCTCTGAGAGA

Par-haw_Kto Syn065_kto_g1 TCCTGCTAAATCTTTGAACC

Syn066_kto_g2 AACCAGATGGCACGCTGCGT

Par-haw_Skd Syn067_skd_g1 CTGCCACAAGACTTGGACTG

Syn068_skd_g2 CAACTGCAGTATTTCCACCT
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Abstract
Isopod crustaceans are a group of
animals with a distinctive and familiar
body plan. Some commonly known
isopods include wood lice, commonly
referred to as “pill bugs” or
“rolly-pollies,” as well as the charismatic
giant isopods found roaming the deepest
benthic reaches of the ocean. Among
isopods, two species have been the focus
of developmental biology studies:
Porcellio scaber and Asellus aquaticus.
Porcellio scaber is a terrestrial isopod
commonly used in embryological
studies, while Asellus aquaticus is a
freshwater isopod used to study a variety
of ecological factors. Asellus has evolved
distinct yet genetically interfertile
ecotypes which have been the subject of population genetic investigations, with a particular focus on
differences between cave and surface populations. This chapter describes recent efforts to establish
developmental and genetic tools for Asellus. We describe a developmental staging guide and compare
the morphogenetic processes observed in Asellus embryos to those of Porcellio and other
well-characterized crustaceans. We describe methods to improve the isolation of early stage Asellus
embryos for microinjection through animal husbandry and embryo collection techniques, as well as
microinjection trial experiments. These results and observations will provide a framework for the
further development of Asellus as an emerging model system for the study of arthropod development
and the evolution of cave traits.
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3.0 – Introduction
Asellus aquaticus (Crustacea, Isopoda, Asellidae; (Linnaeus, 1758)) is a freshwater isopod

crustacean found broadly across Europe. As an isopod crustacean, one of the defining characteristics of
its body plan is the uniform walking leg identity of its thoracic appendages (T2-T8). Isopod
crustaceans are phylogenetically grouped among others with amphipod crustaceans such as Parhyale in
the clade Pericarida, based on their shared ventral brood pouch (Poore, 2002, 2005). Historically,
isopods and amphipods had been considered sister taxa, although recent data suggests their
relationship is more distant (Schwentner et al., 2018; Wilson, 2009). Some of the morphological
differences between isopod and amphipod crustaceans, such as differences in the segmental identities of
abdominal segments, have been attributed to changes in Hox expression between these groups of
organisms (Abzhanov and Kaufman, 2000; Martin et al., 2015; Panganiban et al., 1995). In particular,
amphipods have 3 pairs of swimming legs (pleopods) and 3 pairs of anchoring legs (uropods) along
with a terminal segment (telson), while isopods have 5 pleopods and 1 pleotelson, a fusion between the
A6 appendage and the telson (Fig. 3.1). The shift in the number of pleopods is attributed to changes to
the expression of abd-A (Abzhanov and Kaufman, 2000; Martin et al., 2015).

Among isopod crustaceans, Asellus aquaticus is relatively well-studied in a diverse range of
fields. The first studies of Asellus began around 150 years ago, when researchers characterized the gross
morphology of embryonic development and the ability of adult Asellus to regenerate amputated limbs
(Dohrn, 1867; Wege, 1909; Zuelzer, 1908). In recent years, Asellus has become a platform for studies
examining the effects of ecological variables on organismal development and physiology (reviewed in
Lafuente et al., 2021). Researchers have probed the microbiome of Asellus in different ecological
contexts, examined interspecies predator-prey and host-parasite interactions involving Asellus, and
examined the effects of microbes on sex determination in this organism. The broad geographic
distribution and ecological variation presented by Asellus positions it as an excellent emerging
ecological model system.

Asellus have more recently been established as an emerging genetic model system for the
evolution of cave traits. Different populations of Asellus found across Europe have independently
colonized different freshwater cave ecosystems (reviewed in Verovnik and Konec, 2019). In doing so,
these populations have convergently evolved common troglobitic traits, including loss of
pigmentation, reduction or loss of eyes, and elongated limbs. Some cave Asellus populations remain
interfertile with surface populations and can mate in laboratory conditions to give rise to cave-surface
hybrid animals, allowing researchers to identify potential genetic determinants of cave traits. For
example, previous studies have used quantitative trait locus (QTL) mapping to identify regions of the
Asellus genome that are associated with specific traits (Protas et al., 2011). Other studies have used
differential expression and allele-specific expression analyses to examine genes that differ in expression
between cave and surface populations, or have allele-specific expression in hybrids (Gross et al., 2019;
Stahl et al., 2015).

These genomic approaches have enabled researchers to identify potential candidate genes that
may be responsible for driving cave trait development and evolution. However, genetic perturbations
such as RNA interference (RNAi) or CRISPR-Cas9 mutagenesis would be needed to validate the
function of such genes (Doudna and Charpentier, 2014; Hutvágner and Zamore, 2002). To date,
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genetic perturbation techniques have not been reported for the embryos of any isopod crustacean
(although adult RNAi has been reported for Eurydice pulchra (Zhang et al., 2013)). As such,
establishing such techniques would enable the Asellus community to more directly test the function of
genes during embryonic development in this organism, and would provide other isopod researchers
with a tractable genetic model with the potential for generating transgenic lines. Such techniques
would rely on the development of microinjection techniques, as have been established for organisms
such as the amphipod crustacean Parhyale hawaiensis (Rehm et al., 2009).

In this manuscript, we describe efforts to establish embryological techniques in Asellus. We
outline an animal husbandry approach that enables the collection of early stage Asellus embryos, as well
as methods to improve embryo survival during and after collection. Furthermore, we describe early
attempts at establishing microinjection for Asellus. During the course of this work, we realized that
very early stage Asellus embryos lack obvious morphological markers. As such, it also became necessary
to more carefully characterize the early stages of embryonic development in this organism in order to
identify such markers and to determine the optimum timing for microinjections.

Much of previous Asellus biology has focused on features associated with adult animals, with
fewer studies examining Asellus development. Previous work has roughly characterized the broad stages
of Asellus development in the context of Hox expression and the development of cave-associated traits
(Mojaddidi et al., 2018; Vick and Blum, 2010; Vick et al., 2009). Much older work has also described
some of the developmental stages of Asellus and related species through hand illustrations (Dohrn,
1867; McMurrich, 1895). In contrast, detailed descriptions of embryonic development exist for the
terrestrial isopod Porcellio scaber (Milatovič et al., 2010; Wolff, 2009). Previous work has relied on
Porcellio development as a proxy for Asellus development, but the potential differences in development
between these organisms have not been investigated. More careful descriptions of early Asellus
development would fill a gap in the current literature, and provide the tools for more complete
comparisons between these two isopod crustaceans.

In this chapter, we also examine the early development of Asellus using brightfield microscopy
and nuclear staining. We provide a rough staging guide of Asellus development, with particular
attention to the morphological features that can distinguish the early developmental stages. In
addition, we compare the developmental progression in Asellus to that of Porcellio to reveal that the
two isopod crustaceans have a number of notable differences during early developmental processes.
These data will provide a useful framework for future studies of Asellus development and reveal a
number of interesting evolutionary questions for future investigations.

By improving animal husbandry techniques and identifying the timing of cellularization, we
also set the stage for microinjection experiments in Asellus. We describe trial injection experiments
using mRNA for fluorescent proteins, with results suggesting that microinjection may be possible.
This work will provide the foundation for establishing genetic manipulation in this emerging
eco-evolutionary model organism.

3.1 – Asellus animal husbandry and reproductive biology
Asellus used in this study were surface ecotype animals in a population originally isolated from

Rakov Škocjan in Slovenia. Mature males and females of the surface ecotype are sexually dimorphic,
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with females having smaller, more oval-shaped bodies and males having larger, elongated, more
triangular-shaped bodies and elongated posterior thoracic limbs (Fig. 3.1.1). Adult males also appear to
have a genital appendage around the posterior end of the thorax that is not present in females.

Prior to mating, Asellus adults form mating pairs in a pose referred to as “amplexus.” Larger
males will grasp the smaller females from above using their elongated thoracic legs and maintain this
coupled position until mating. After fertilization, the female is released and the fertilized embryos are
deposited into a marsupium or “brood pouch” composed of medial plates (oostegites) located on the
ventral side of the female which overlap to form a sealed compartment (Fig 3.1.1G, H). Females with
embryos (“gravid” females) are easily identified when flipped so the ventral side of the animal is visible.
Embryos can be seen through the semi-transparent brood pouch plates as small, semi-opaque beige
spheres.

Adult animals used in this study were raised at 10°C in Artificial Pond Water (APW) and fed a
diet of rotting leaves collected from Strawberry Creek on the University of California, Berkeley campus
(see 3.1.6 – Materials and Methods for further details). As Asellus are highly cannibalistic of their
juveniles and hatchlings, we regularly collected embryos from gravid female Asellus and raised
hatchlings in cohorts of 20-30 individuals in isolated plastic containers (Fig. 3.1.1I). We raised embryos
and hatchlings at 18°C to accelerate their development. After hatchlings appeared to have darker
pigmentation and reached around 2mm in size, we classified them as “juveniles” and moved them to
much larger tanks containing juveniles from different cohorts, which were kept at 10°C. Animals that
grew large and appeared sexually dimorphic were regularly transferred into an “adult” tank for mating
and embryo collection.

3.2 – Strategies for the isolation of early stage Asellus embryos
A major early challenge of collecting Asellus embryos for injection and embryological studies

has been the unreliable pace of mating after amplexus. In our observations, amplexus pairs could take
several weeks to separate after forming. The unreliability of mating can prove a major hindrance to
performing research in this system, particularly in embryo injection experiments.

We determined that Asellus embryos and hatchlings could safely be raised at 18°C to accelerate
development (see section 3.3 for further discussion). Given that the normal geographic distribution of
Asellus is within temperate climate regions, and some populations of Asellus undergo seasonal mating
(Andersson, 1969; Murphy and Learner, 1982; Økland, 1978), we wondered if shifting paired adults to
higher temperatures might also “trick” them into mating faster by mimicking a temperature shift from
winter to spring. We observed that shifting amplexus pairs from 10°C to 18°C in the evening usually
resulted in animals mating overnight. This allowed us to collect very early embryos for attempts at
microinjection.

When first deposited into the brood pouch, embryos have an irregular appearance similar to
the tightly-packed honeycomb of cells in an epithelium. Embryos cannot easily be collected at this
stage, in part because the brood pouch is tightly sealed, with the individual plates overlapping like an
envelope, and in part because the embryos are extremely delicate and prone to bursting when any force
is applied.

https://www.zotero.org/google-docs/?ji067i
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We attempted early embryo collection and injection after the embryos developed a more
spherical appearance (Fig. 3.2). However, embryos collected at those stages do not appear to progress
further through development and eventually die. When collecting embryos from this very early stage,
we observed that opening the brood pouch results in the release of a slightly viscous liquid. The liquid
released appeared to disperse in a similar fashion to the mixture of water of two different salinities/
osmolarities, suggesting that the brood pouch may function similarly to the Porcellio marsupium in
maintaining a specialized environment for embryonic survival.

Previous experiments in Porcellio scaber raised embryos in a slightly saline solution (isopod
saline) (Surbida and Wright, 2001). We determined that Asellus embryos collected at very early stages
and raised in a 10% isopod saline solution were able to progress through development until hatching.
Upon hatching, animals were raised in APW or spring water.

We also developed improved techniques for embryo collection from the marsupium. Prior to
embryo collection, gravid Asellus females were anesthetized in 20µL clove oil in 50mL spring water for
15-20 minutes, and then anesthetized adults were rinsed in spring water and transferred to spring water
for collection. In the absence of rinsing with spring water, embryos did not survive to hatching.

Embryo collection from amphipod crustaceans such as Parhyale often uses a pulled glass
Pasteur pipette with a rounded hook, referred to colloquially as “embryo scrapers.” The Asellus
marsupium is considerably more rigid than the Parhyale marsupium, and the larger plates of Asellus
require multiple embryo scrapers: one to hold open the plates, and another to scrape out the embryos.
This technique is very cumbersome, and runs the risk of accidentally killing the female if one uses too
much force to hold her down during the scraping process.

Rather than using the embryo scraper approach, we have found that simply using a glass
Pasteur pipette fitted with a rubber bulb allows one to “blow” embryos out of the brood pouch. To
perform this technique, one first draws a small volume of liquid into the Pasteur pipette, then slides the
tip of the pipette between the plates of the brood pouch using a gentle side-to-side motion. Once the
Pasteur pipette is in place, rapidly injecting liquid into the brood pouch causes embryos to be
jettisoned. This technique has the drawback of spraying embryos in random directions outside of the
brood pouch, some of which might be crushed after moving the adult female. Moreover, it is usually
quite difficult to recover all of the embryos from the brood pouch using this technique, as some will
become jammed between plates or protrusions within the brood pouch. However, given that Asellus
females can carry nearly 100 embryos per clutch, the loss of a few embryos is a small sacrifice compared
to the potential to accidentally kill the female with a riskier technique.

3.3 – Stages of Asellus aquaticus development
During the early stages of my experiments with Asellus, prior to determining that temperature

shift appeared to increase the frequency of mating, we collected many clutches of embryos of various
stages and observed their development at 18°C. From the individual embryonic timelines we observed,
we were able to characterize the general trajectory of Asellus development over time. As we raised these
Asellus embryos, we fixed and DAPI-stained a few embryos each day. Compiling the data we generated
from these short, semi-overlapping time course experiments, we have generated a broad picture of
Asellus embryonic development.

https://www.zotero.org/google-docs/?mbVMJq
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Very early stages of Asellus embryos are morphologically difficult to distinguish using ambient
or overhead illumination. During the course of our observations, we discovered that transillumination
of Asellus embryos revealed morphological features stereotypical of different developmental stages, and
would prove essential for the proper staging of early stage embryos. For most of the figures we display
in our timecourse, we show both ambient/angled and transmitted illumination, which should assist
future Asellus researchers in determining the developmental stage of freshly collected embryos.

Early cell divisions (0-1dpf )
The earliest stages of Asellus embryonic development are difficult to characterize, as the

embryos are very delicate. When we performed my initial characterization experiments, we had also not
yet determined that isopod saline was required for embryonic viability at this stage, and so embryos we
collected at this stage did not progress through development.

Despite these drawbacks, we were able to collect very early Asellus embryos and determine
some morphological landmarks that could distinguish them from later developmental stages. The
earliest Asellus embryos we were able to collect appeared not to have completed the first cell division
(Fig. 3.2). These embryos appeared to have a nuclear “shadow” when transilluminated. Sibling
embryos, some of which were likely slightly more developed, often showed multiple nuclear shadows
upon transillumination. These results are consistent with observations in Porcellio scaber that the
region around the nucleus of the embryo is noticeably more opaque, casting a shadow upon
transillumination (Wolff, 2009).

DAPI stains of these embryos were not able to distinguish any obvious nuclear morphology
(data not shown), and appeared to show uniform background staining of the yolk. A potential
explanation for this difficulty could be that DAPI also binds tubulin, which may be abundant in the
early embryo. Early embryos may also be more likely to die upon removal and exhibit degraded
morphology. Moreover, upon fixation and methanol treatment of Asellus embryos, the normally
semi-opaque yolk becomes opaque and white, potentially interfering with the proper imaging of the
embryonic nuclei, which would be located deep within the center of the opaque tissue.

Future work should attempt to optically “clear” the early embryonic tissue for improved
imaging and will benefit from collecting embryos into 10%  isopod saline, to facilitate embryonic
viability after collection. Alternatively, using DAPI or other stains in living embryos, along with other
vital markers, could better characterize the earliest developmental stages.

From around 0.5-1dpf, multiple nuclear shadows can be observed in transillumination views.
At this stage, indentations can be seen along the surface of the embryo, suggesting that cell boundaries
may be forming. If true, this would mean that Asellus embryos undergo cellularization at a much
earlier stage than is reported for Porcellio embryos, which appear to develop distinct cell membranes at
around the germ cap stage. The presence of early cellularization means that Asellus embryos should be
injected within the first 12 hours of development for genetic perturbations to be able to affect all cells
of the embryo.

https://www.zotero.org/google-docs/?dIEkqP
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“Soccerball” or blastoderm stage (2dpf )
As it was previously not possible to raise embryos collected at the earliest developmental stages,

we determined the relative timing of this developmental stage by collecting embryos about 2 days after
amplexus pairs separated. Embryos collected at this stage appeared to display a visible “ring” in
transillumination, which is barely noticeable in the overhead illumination view (Fig. 3.3). DAPI
staining of embryos at this stage show a uniform distribution of nuclei along the surface of the embryo,
which is morphologically similar to the “soccerball” stage (S6) in Parhyale (Browne et al., 2005), or
early stage 3 embryos of Porcellio (Milatovič et al., 2010; Wolff, 2009). The gross morphology of a
central yolk surrounded by a uniform sheet of cells also resembles the blastoderm stage of Drosophila
development. Moreover, the distinct boundary separating the cell and yolk layers suggests that
cellularization has completed by this stage, again much earlier than has been reported for Porcellio.

Gastrulation/ germ cap (3dpf )
A day after the “soccerball” stage, embryos appear to show a very small transparent region on

one side of the embryo, which is barely perceptible as a cloudy indentation in the overhead
illumination view (Fig. 3.3). DAPI staining of embryos at this stage reveals that nuclei of different sizes
can be found in a crude morphological organization. Sibling embryos of slightly younger and older
stages appear to show the organization of a row of cells with larger nuclei (“large cell row”). These
larger cells are bounded “above” by the two gradually developing lobes, and “below” by a small focus of
cells. Further “below” that region appears to be a region of sparse and uniformly spaced
extraembryonic cells, reminiscent of the extraembryonic tissue found in the Parhyale germ cap stages
of development (S8-S11).

Based on the morphology of the Asellus embryo in comparison to Porcellio embryos, it is likely
that this large cell row represents the ectoteloblasts previously described in Porcellio, which give rise to
the parasegmental rows of the body. This cell row at early stages is not a straight line, but instead a
semicircle around the site of gastrulation, which gradually straightens into a row as more ectoteloblasts
are recruited. At this developmental stage, the ectoteloblast row consists of 10-12 cells.

In Porcellio embryos at this stage, the condensation of cells in the presumptive posterior is the
result of the gastrulation process, wherein some cells migrate from the surface of the embryo into the
interior to form the mesoderm. An analogous process likely also occurs at this stage in Asellus
development.

Early germband (4-5dpf )
Following the germ cap stage, Asellus embryos develop morphology that is more obviously

recognizable as a malacostracan embryo, with morphologically obvious rows of cells that will become
the trunk and abdomen, as well as two lobes of cells that will become the head (Fig. 3.4). While the
embryo at this stage is very hard to distinguish from the yolk in both transillumination and overhead
illumination, DAPI stains of embryos at this stage are much easier to compare to those of Parhyale and
Porcellio. Asellus embryos develop two lobes of cells in the anterior and progressively add parasegmental
rows to the trunk and abdomen in the posterior of the embryo. At ~4dpf, the large cell row is
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morphologically identifiable as an ectoteloblast row similar to what has been previously described in
Porcellio.

A notable difference in Asellus embryos in comparison to Parhyale or Porcellio embryos is the
presence of additional large cells in the head lobes. These cells are larger than their neighbors,
positioned towards the anterior-most region of the head lobes, and resemble the presumptive neural
structures found in the anterior of branchiopod crustaceans such as Daphnia magma (Mittmann et
al., 2014). In addition, the apparent head lobes of Asellus embryos appear morphologically
discontinuous with the rest of the body, with a gap separating the head lobes from the trunk
parasegmental rows. This gap is most obvious from the lateral and anterior views of the embryo, where
a region of the embryo that is only sparsely populated by cells separates the head lobes from the rest of
the body. The two head lobes are also separated from one another by a large gap, similar to what has
been described in Parhyale and Porcellio.

The morphological gap between head structures and the trunk parasegmental rows continues
to be visible at 5dpf, although the two regions of the body appear to gradually become more
contiguous. At this stage, the gap between the two head lobes appears to become more obvious, and
appears grossly similar to the split between head lobes in Porcellio stage 6 embryos. The posterior
ectoteloblast region remains morphologically distinct from surrounding cells as a row of large cells.
There appear to be 19 ectoteloblasts in the posterior of the embryo, consistent with the number of cells
found in other crustacean groups (Dohle and Scholtz, 1997).

Moreover, at 5dpf, a large group of cells appears to be condensing into two rounded structures
on the lateral sides of the embryo, slightly anterior to the gap between the head lobes and the trunk
parasegmental rows. These cells appear to be organized in a circular pattern around a focus, and are
contiguous with the embryonic head lobes, suggesting that these cells may be embryonic in origin. The
position of this condensation of cells is consistent with the position of the Asellus lateral organ, which
becomes more obvious at later developmental stages. Notably, the anterior-posterior position of the
Asellus lateral organ bud appears to be around the mandibular segment (Mn), which is the final
segment of the anterior that develops without contribution from the trunk ectoteloblast rows.

Middle germband (6dpf )
By around 6dpf, the lateral organ primordia appear to be fully separated from the rest of the

embryo as a pair of cell condensations to the distal and lateral sides of the embryo (Fig 3.5). At this
stage, the anterior-most regions of the head lobes appear to connect along the embryonic midline,
creating a “gap” in the middle of the head. Moreover, the parasegments of the body appear to become
more morphologically obvious as indentations along the body axis. The ectoteloblast row remains
visible at this stage in the embryonic posterior.

Late germband/ limb bud elongation (7-9dpf )
At ~7dpf, the limb primordia in the head of the embryo become obvious as limb buds, and the

lateral organ appears to become fully developed with its distinctive and unusual shape, composed of a
central circular lobe and two pointed lobes that together resemble a crescent moon (Fig 3.5). In the
posterior of the embryo, the ectoteloblast row that was morphologically obvious at earlier stages is now
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not easily distinguishable, although a group of cells with slightly larger nuclei and slightly dimmer
DAPI staining is visible.

By ~8dpf, the limb primordia of the trunk become more obvious as limb buds. In contrast to
the limb buds of the head segments, which appear to grow out along the proximal-distal axis of the
embryo, the thoracic limb buds appear to grow from the lateral edge of the embryo towards the
midline. In addition, the gap in the head of the embryo appears nearly sealed, and the presumptive
stomodeum/foregut becomes obvious with a distinctive U-shaped pucker-like morphology. In the
posterior, a ring-like condensation of cells appears to form the presumptive anus.

The embryo also fully wraps the yolk at this stage, with anterior and posterior portions of the
embryo nearly coming into contact. Between the anterior and posterior ends of the embryo, the yolk
appears to begin a process of invagination, which will eventually morphologically separate the anterior
and posterior ends of the embryo.

At around this developmental stage, embryos begin to undergo their first “hatching” event,
wherein the loose outer chorion of the embryo is shed, and the lateral organs become released, similar
to a pair of wings around a small spherical ball. Colloquially, we referred to this stage as the “snitch”
stage.

By ~9dpf, the limbs of the embryo have substantially elongated, and an additional membrane
becomes obvious in the gap between the invaginating anterior and posterior halves of the embryo. In
the posterior of the embryo, cells begin invaginating towards the core of the embryo, resulting in a
condensation of cells and brighter DAPI staining.

The developmental stages of the embryo beyond this stage were considerably more difficult to
profile with nuclear staining, as the embryo became increasingly difficult to dissect. I observed at least 3
different additional “ecdyses” beyond this stage, which contributed to the difficulty dissecting the
embryos and laying them flat, and may have contributed to uneven DAPI staining along the body axis.
In the interest of providing a reference for future studies, I have included these images from my
dissection attempts in this thesis chapter, but the remaining morphological stages of development will
be described primarily based on the morphology of the embryos under brightfield microscopy.

Body and limb elongation (10-12dpf )
In the later stages of embryonic development, the embryo gradually unfurls, pushing the

anterior and posterior regions away as the body axis elongates and straightens (Fig 3.6). Around 10dpf,
the embryo undergoes a second “hatching” to reveal a pair of antennae. The lateral organs also rotate
over the course of body axis elongation so that they become perpendicular to the body axis, rather than
parallel.

“Angel” stage (14dpf ) to hatching (16dpf )
Sometime between 12-14dpf, the embryo undergoes a third “hatching” that exposes the

remaining limbs (Fig 3.6). At this point, the embryo appears to be a nearly fully-developed manca, with
the exception of the retained and rotated lateral organs, which resemble a pair of wings. The limbs are
freely exposed at this developmental stage, and can move separately from each other.  We colloquially
referred to this late pre-hatching stage as the “angel” stage.
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Upon hatching at around 16dpf, the embryo sheds a final membrane that includes the lateral
organs to undergo its true ecdysis. This membrane tightly encases each of the limbs of the hatchling,
such that during the hatching process, the manca appears as though it is trying to worm its way out of
a very complex set of pants.

Comparisons to previous studies
Previous work has examined Asellus development on a coarse scale, marking a handful of major

morphological events in this organism (Mojaddidi et al., 2018; Vick and Blum, 2010). By cataloging
Asellus development along a timecourse, we generated a more comprehensive view of Asellus
development and the morphogenetic processes occurring within the embryo (Fig. 3.7).

We compared our timecourse analysis to previous studies to examine how development might
vary under different temperature conditions (Fig. 3.8). While the Vick and Blum study did not provide
information about the precise number of days or the temperature at which embryos were raised, we
were able to benchmark development using the “angel” stage. The Mojaddidi et al. study raised
embryos at a lower temperature (12°C), which resulted in slower development. Embryos reached the
“angel” stage at around 32 dpf in the Mojadiddi study, in comparison to around 14 days in our study,
suggesting that a shift in temperature from 12°C to 18°C caused development to complete in around
half as much time. These results may prove useful for examining developmental timing in different
populations of Asellus which preferentially develop at different temperatures.

3.4 – Injection trials for Asellus embryos
In addition to characterizing the early stages of Asellus development, we also performed

preliminary injection experiments in Asellus embryos. For these experiments, we used borosilicate glass
needles pulled as specified for Parhyale injection experiments. We injected DsRed-NLS mRNA (see
methods) into early embryos, for which we could see the nuclear shadows suggesting very early
embryonic stages (Fig. 3.9).

One day post-injection (1dpi), we imaged the embryos using fluorescent microscopy. We
observed in some embryos apparent red fluorescence that was markedly distinct from autofluorescence
found in green or blue fluorescent channels. Some of the morphology of the red fluorescence was
reminiscent of the nuclear shadows observed in 1dpf embryos, suggesting that DsRed-NLS mRNA
may have been transcribed in those embryos. After 1dpi, we recovered no surviving embryos. We
repeated these experiments in three separate trials, and observed similar results across the experiments:
we observed DsRed fluorescence in some embryos, but no embryos survived after 1dpi.

These results suggest that embryonic injection is possible in Asellus embryos, but survivorship
post-injection remains a major challenge. When we first conducted these experiments, we had not
determined that embryos collected at very early stages may require isopod saline for survival. It is
possible that the embryos died not as a result of injection trauma, but instead as a result of lack of
isopod saline. Future experiments should attempt collection and injection in isopod saline, which may
allow for embryos to survive until hatching. If these injection experiments had indeed been successful,
microinjection of mRNAs would allow for live imaging of Asellus embryonic development or
introduction of CRISPR-Cas9 complexes for targeted mutagenesis.

https://www.zotero.org/google-docs/?1nscc2
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3.5 – Discussion
The isopod crustacean Asellus aquaticus shows great promise as an emerging ecological and

evolutionary-developmental model system. To further empower Asellus researchers, we have generated
a timecourse of Asellus development, revealing unique processes that distinguish its development from
that of other isopod crustaceans such as Porcellio scaber. We determine that, unlike Porcellio, which
appears to cellularize its embryos around the time of gastrulation, Asellus appears to generate cell
membranes as early as within the first 12hrs after egg laying. In addition, we have described animal
husbandry practices and injection trials that will serve as a foundation for the development of genetic
perturbations such as RNAi and CRISPR-Cas9 mutagenesis in this system.

By analyzing the developmental progression of Asellus in comparison with other crustaceans,
we suggest that Asellus has several unique developmental features that deserve further investigation: the
separated development of the head and thorax during early embryogenesis; the developmental and
evolutionary origin of the Asellus lateral organ; and the origin of the numerous false “hatching” events
during the late stages of development.

3.5.1 – The potential for dual growth zones during Asellus germband elongation
The head and trunk regions of the Asellus embryo appear to be separated by a morphological

gap during the early stages of development, from 4-5dpf. In other malacostracan crustaceans, the head
segments and trunk segments form through distinct developmental mechanisms: the head segments
appear to develop from cells that do not have a stereotypical organization, while the trunk segments
develop from an ectodermal germband grid. In the case of Asellus and other isopods such as Porcellio,
this ectodermal germband grid appears to emerge as a result of the division of a population of stem
cells known as ectoteloblasts, which form a row of cells in the posterior-most region of the embryo.

Despite this bifurcation in mechanisms, a physical separation between the two sets of
structures has not been previously reported in any malacostracan, indicating that Asellus may have
unique early developmental processes that result in a morphological gap between head and trunk
structures. This may be a direct consequence from the heterochronic shifts in developmental timing
that have been described across diverse crustacean groups, which are hypothesized to result from the
transition from an ancestral indirect development to direct development (Jirikowski et al., 2015).

In the anterior of the Asellus embryo, we observed two groups of large cells, one in each of the
two bilobed sections of the separated head. In the branchiopod crustacean Daphnia magna, a similar
pair of kidney-shaped structures composed of large cells develops at early developmental stages. These
structures are purported to develop into neural structures. Such large cells have not been characterized
in Porcellio, or in amphipods such as Parhyale and Orchestia. It is possible that the large cells found in
the anterior of the Asellus embryo have a similar developmental function to the large cells found in
Daphnia, and that these cells become neural structures later in development. Such a developmental
trajectory would be unique among the isopod and decapod crustaceans studied to date.

Another hypothesis would be that the large cells in the anterior of the Asellus embryo are, in
fact, ectoteloblasts of the head. The large anterior cells appear morphologically similar to the
ectoteloblasts of the posterior of the embryo in their size and diffuse DAPI staining in comparison to

https://www.zotero.org/google-docs/?djtfwD
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their smaller neighbors. The morphological gap that exists between the head lobes and the trunk at
4dpf, which shrinks as development progresses towards 5dpf and 6dpf, might suggest that the trunk
and head structures are growing towards each other. In such a model, the Asellus embryo might have
two separate growth and segmentation processes: the posterior growth zone, which gives rise to the
ectodermal germband grid of the trunk, and which is conserved to other isopods and amphipods; and
an anterior growth zone, which gives rise to the segments of the head.

To test these hypotheses, it will be necessary for additional tools to be developed and applied in
the Asellus embryo. For example, nuclear labeling using injectable mRNAs would allow for cell lineage
analysis over live developmental timecourses. Such experiments could enable researchers to determine
how cells in the anterior and posterior of the embryo are organized, and whether the large cells of the
anterior develop into neural structures, or give rise to the segments of the head. Other approaches, such
as improved in situ hybridization or antibody staining techniques, would allow researchers to
determine the genetic identity of the large cells of the anterior and posterior to better reveal their
function during development.

3.5.2 – The developmental and evolutionary origin of the Asellus lateral organ
Over the developmental timecourse presented in this chapter, we reveal that the Asellus lateral

organ appears to emerge laterally from the head region of the embryo. Moreover, this region falls in the
same anterior-posterior axis region as the developing mandible. In the stages presented, the lateral
organ appears to progressively bud off from the ectodermal cells of the body beginning at 4dpf to
become its own distinct, fully-formed structure by 7dpf. These data, when considered in comparison
to previous hypotheses and the development of other crustaceans, suggests that the Asellus lateral
organ may share an evolutionary-developmental origin with other lateral structures, such as the
Daphnia carapace.

The developmental origin of the Asellus lateral organ has not been previously characterized,
and its function during development remains unclear. Previous work has suggested that the lateral
organs may serve as either an embryonic kidney or respiratory structure. Such hypotheses would
suggest that the lateral organ is an extraembryonic structure, and would likely develop from the
uniformly distributed extraembryonic cells of the embryo. Another hypothesis might be that the lateral
organ is homologous to the dorsal organ found in Parhyale, Orchestia, or other amphipod crustaceans,
which is also formed from extraembryonic cells. The data presented in this section suggests that the
lateral organ is actually embryonic and ectodermal in origin, budding directly off from the mandibular
segment, condensing laterally, and then growing outward to form its unique trident shape.

The position of the lateral organ is particularly notable when considered in the context of the
development of other crustaceans groups. In particular, the lateral organs appear to emerge from the
same anterior-posterior position as the carapace of the branchiopod crustacean Daphnia magna
(Bruce and Patel, 2021; Shiga et al., 2017). In Daphnia, the carapace develops from the region of the
embryo dorsal to the mandibular segment, as evidenced by expression of Scr and Dfd. In Asellus, this
same region appears to bud off to become the lateral organ. Given the apparent positional similarity
between these structures, it is possible that a conserved developmental program may pattern these two
processes.

https://www.zotero.org/google-docs/?bru6TB
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Previous work by Shiga et al. suggested that the Daphnia carapace may be a novel, co-opted
structure that borrows the genetic network responsible for developing insect wings (Shiga et al., 2017).
A more recent study by Bruce and Patel contradicts this view by showing that the Daphnia carapace
may be a structure known as an “exite,” or a protruding structure emerging from an arthropod limb
(Bruce and Patel, 2021). In the latter study, the authors posit a model of “cryptic persistence” as an
explanation for how such seemingly novel structures might arise. In a cryptic persistence model,
developmental fields and genetic programs are retained in intermediate lineages from which apparently
novel structures then develop. These developmental fields do not give rise to obvious structures in
intermediate lineages, but the persistence of developmental potential allows seemingly new structures
to form in later-branching organisms.

The Asellus lateral organ may serve as a platform to examine these two hypotheses of gene
network co-option versus conserved, cryptic developmental fields. By performing in situ hybridization
experiments on Hox, wing, and leg gap genes in Asellus embryos, it should be possible to determine the
exact proximal-distal register of the lateral organ. Moreover, live imaging experiments using nuclear
dyes or injectable mRNAs could more precisely reveal the morphogenetic processes leading to lateral
organ outgrowth. By examining another type of seemingly novel structure in a different crustacean, it
should be possible to establish whether the Asellus lateral organ and Daphnia carapace share an
evolutionary-developmental origin.

3.5.3 – Multiple false “hatching” events during Asellus development and similarities to
nauplii

During the course of Asellus development, the embryo undergoes multiple “hatching” events
that progressively reveal developmental structures. The timing of these hatching events is interesting
when considering the development of the naupliar and postnaupliar appendages of this organism. In
many crustaceans, including many clades of Malacostracan crustaceans, of which isopods are a
member, embryonic development includes a naupliar stage, wherein the embryo develops its first three
segments – An1, An2, Mn – and then hatches as a free-floating nauplius, which grows additional body
segments and limbs as it develops (Jirikowski et al., 2013, 2015).

In the case of Asellus, the timing of the multiple false “hatching” events  seems to mirror to
some degree the phases of naupliar development found in other malacostracans. For example, the
second hatching of Asellus reveals the second antennae and head, while the third hatching reveals the
entirety of the developing limbs. Moreover, even the first hatching results in the release of limb-like
structures – the lateral organs – reminiscent of the hatching of a naupliar larvae. The parallels between
the progressive naupliar ecdyses and the embryonic hatchings of Asellus could be a result of a conserved
set of developmental processes shared between true naupliar crustaceans and direct-developing
crustaceans.

Asellus has several features that suggest that it may be an excellent candidate for examining the
evolution of naupliar development. These include: the unusual morphological separation between the
head and trunk, which is the same separation as the naupliar and post-naupliar appendages; the
emergence of the lateral organs, which seem to share a positional origin with the carapace of Daphnia;
and the presence of multiple limb-revealing “hatchings” prior to the final, true hatching that results in

https://www.zotero.org/google-docs/?Duelbf
https://www.zotero.org/google-docs/?U2pqFB
https://www.zotero.org/google-docs/?QlZU1S
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a free-moving manca. Each of these features show an interesting intermediate developmental
morphology to naupliar and direct-developing crustaceans, suggesting that the embryonic
development of Asellus may represent a “bridge” stage between these two life history approaches.

Future studies will need to more precisely examine the early development of Asellus in
comparison to the development of naupliar embryos, both in terms of morphogenetic movements and
gene expression. By examining Asellus development more closely in comparison to better-studied
organisms such as Parhyale or Daphnia, it might be possible to understand how these distinct
crustacean life histories have evolved.

3.5.4 – Next steps and future directions
The data presented in this chapter provide the groundwork for future embryological and

genetic manipulations in this organism. Notably, the preliminary injection trials suggest that it is
possible to introduce exogenous nucleic acids, such as mRNAs, and that such injected materials can be
transcribed to generate fluorescent proteins. However, these experiments resulted in total embryonic
lethality, which could be a result of the unique osmolar requirements of early Asellus embryogenesis.
Future attempts at injections could use 0.5X isopod saline to improve early embryonic viability, and
would benefit from the improved animal husbandry techniques that enable the more reproducible
isolation of early stage embryos.

In addition, since the early investigations of Asellus development, more advanced techniques
have been developed that could enable investigations into gene expression in this organism. In
particular, past experiments used colorimetric in situ hybridization to examine gene expression, in
whole mount and on slices of embryonic tissue, to variable success. One major challenge for such
experiments could be the numerous layers of membranes that emerge during development.

Recent work using the in situ hybridization chain reaction approach (in situ HCR) have
enabled staining through the cuticle of adult crustaceans such as Daphnia magna (Bruce and Patel,
2021; Bruce et al., 2021). Given the success of such approaches, establishing in situ HCR for Asellus
could enable the characterization of expression patterns for numerous developmental genes, such as leg
gap genes or Hox genes. Moreover, in situ HCR could also enable the direct staining of genes of
interest from cave and surface population embryos, allowing researchers to more precisely identify the
developmental-genetic basis of cave trait evolution, and to validate the hypotheses that have been
generated using currently available data.

3.5.5 – Conclusion
By collecting and staining timecourses of Asellus embryos, I have filled in a gap in the current

knowledge of this emerging research organism and provided a guide for future embryological research.
I demonstrate a number of interesting developmental features of Asellus that may prove fruitful for
future evolutionary-developmental comparisons. Moreover, through improved animal husbandry and
early injection trials, I demonstrate the potential for genetic studies in Asellus. Future work to establish
genetic perturbation and provide more effective gene expression visualization tools in this organism
will help establish Asellus as a novel and exciting genetic system for evolutionary research.

https://www.zotero.org/google-docs/?GMgEqn
https://www.zotero.org/google-docs/?GMgEqn
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3.6 – Materials and Methods
Asellus aquaticus animal husbandry
Adult surface animals were received as a gift from Meredith Protas, and were originally collected from
Rakov Škocjan in Slovenia. Animals were raised in large tanks of artificial pond water (APW)
consisting of 5.32g Tropic Marin Sea Salt, 36.8 mL of CaCl2 solution (5.88g CaCl2 in 50mL H2O),
35.2mL of NaHCO3 solution (1.26g NaHCO3 in 50mL water) in 16L of distilled water. Animals
were fed with decaying leaves collected from Strawberry Creek on the University of California,
Berkeley campus. Decayed leaves were dredged up from the creek and visually cleaned of any
macroscopic organisms (mosquito larvae, amphipods, trichopteran larvae, etc.) before being rinsed and
stored in APW before feeding. We attempted to culture rotting leaves by taking dried leaves and mixing
them with the debris leftover from the rotting leaf tank, but the animals did not seem to eat these
cultured leaves. All tanks were oxygenated using a standard aquarium air pump and airstone and water
was changed every few months, or added as evaporation reduced the water level. Water removed during
water changes was bleached to a final volume of 10% bleach to avoid any potential contamination to
local water systems.

Embryo collection and culture
Adult tanks were checked periodically for pairs in amplexus, which were then separated into
individual, smaller tanks. Tanks were inspected each morning for separated pairs and separated females
were flipped ventrally to see if they were gravid. Gravid females were anesthetized in 20µL clove oil in
50mL APW for around 20-30 minutes prior to embryo collection. Embryos were collected initially
using a pair of flamed glass pasteur pipettes similar to those used for Parhyale embryo collection, but
eventually were collected simply by jetting water into the brood pouch to eject embryos into solution.
Embryos were raised in APW or spring water (e.g. Poland Spring) at 18°C until hatching. Hatchlings
were raised in clutch-specific tanks of no more than 30 animals. Juveniles were transferred to a large
juvenile tank and mature adults were moved from the juvenile tank into the adult tank. The separation
of animals of different ages was a measure to decrease cannibalism, as suggested by Prof. Protas.

Embryo fixation, dissection, and staining
Embryos were fixed in 9 parts APW to 1 part 37% paraformaldehyde for either 1-2hrs at room
temperature (~21°C) or overnight at 4°C. During fixation, the most well-separated embryonic
membranes were removed using a pair of sharpened tungsten needles in an analogous fashion to
Parhyale embryo dissections. At early stages, after removing the chorion, additional membranes were
present but could not be removed easily without destroying the embryo; for those stages, a puncture
was inserted randomly into the embryo, or when possible, into the region of the embryo without
obvious embryonic tissue. Fixed embryos were washed 3x in PT and stained in 0.1 µg/mL DAPI in PT
for up to 2 weeks at 4°C. After staining, embryos were washed in PT and transferred to 50% glycerol/
50% 1X PBS and 70% glycerol/ 30% 1X PBS for mounting.
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Microscopy
Live embryos, hatchlings, and adults were imaged using a Leica (model no.) trinocular microscope or a
Keyence (model no.) microscope. The Leica microscope had a glass platform with an adjustable mirror,
allowing for total transmission of light or angled illumination settings. Transmitted light and angled
illumination were essential for revealing the morphological characteristics of early (0-4dpf) embryos,
and should be used for future experiments. DAPI-stained embryos were imaged using a Zeiss (model
no.) compound fluorescence microscope. For DAPI-stained embryos, a z-stack was manually
performed by slowly taking images of different focal planes and focus-stacking using the Helicon Focus
software. For images used in most figures, a single embryo was imaged from multiple angles by rolling
the embryo between a glass cover slide and the microscope slide while the embryo was embedded in a
70% glycerol/ 30% PBS solution. For injection experiments, fluorescence was examined using a Zeiss
(model no.) fluorescent dissecting microscope.

Capped messenger RNA transcription
Capped DsRed-NLS messenger RNA for injections was made using the mMESSAGE mMACHINE
kit (Life Technologies, now a part of Thermo-Fisher Scientific). After digestion with DNAse and LiCl
precipitation, mRNA was quantified using a Nanodrop and mixed to a final concentration of 1µg/µL
in nuclease-free water and filter-sterilized 0.05% phenol red. Injection mixes were aliquoted in 1.5µL
volumes, stored at -80°C, and used once before being discarded, as capped mRNA tends to degrade
within 24hrs after being thawed.

Microinjection
Embryos were injected using needles used for Parhyale hawaiensis microinjections, following the
standard procedure for those injections. Needles were able to penetrate the embryo very easily, as
evidenced by obvious phenol red staining entering and remaining within the embryo after injection.
Early injected embryos (injected around 0-0.5dpf) never survived injection, although it remains unclear
whether the lack of survival was due to injection trauma, the need for a more saline environment, or
another issue such as contamination. mRNA-injected embryos were imaged at 1 day post injection. We
did not observe any surviving embryos at 2dpi for the injection trials performed.
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Figure 3.1: Animal husbandry and body plan of Asellus aquaticus
Scale bars are approximate.
A-C) Asellus adult female. Females tend to be darker in coloration and have a more oval-shaped body, with a widening in

the anterior around the region where the brood pouch is located.
D-F) Asellus adult male. Males tend to be lighter in coloration and around 1.5-2x the size of females. Males also tend to

have a more triangular body shape, with the width of the body increasing along the anterior-posterior axis. In the
posterior of the animal, around the juncture between the thorax and abdomen, a genital structure can be found.

G-H) Gravid Asellus female, ventral view. Developing embryos are clearly visible through the transparent brood pouch.
I) Optimal animal husbandry strategy for obtaining early embryos. Adults are raised at 10°C. Pairs of adults in amplexus

are collected regularly and moved into individual paired tanks, which are kept at 18°C. Frequently after temperature
shift, mating occurs. Gravid females are isolated and anesthetized in artificial pond water (APW) with 0.2% clove oil.
Embryos that appear to be at very early stages of development are collected in 0.5X isopod saline, while embryos at
later stages are collected in APW. Very early stage embryos are used for injection attempts. Older embryos are raised to
hatching, which takes about 16 days at 18°C. Hatchlings are raised in individual tanks per clutch of embryos to protect
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against cannibalism. Once animals appear light brown in coloration, they are transferred to large juvenile tanks. Large,
mature-looking animals are transferred from the juvenile tank to the adult tank at regular intervals after manual
inspection of tanks every 3-6 weeks.

J) Body plan of Asellus aquaticus. Major differences between Asellus and other isopods in comparison to amphipods such
as Parhyale hawaiensis include a lack of claws (chelipeds) and reverse jumping legs (reverse pereopods) in the thorax, as
well as a difference in the number of pleopods in the abdomen.

K) Body plan of Parhyale hawaiensis.
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Figure 3.2: Earliest stages of Asellus embryogenesis
Scale bars represent approximately 100µM.
A) Schematic illustration of Asellus 1-nucleus embryo. A nuclear “shadow” can be observed in transmitted and oblique

light microscopy.
B-C) Angled (B) and transmitted (C) light microscopy of a 1-nucleus (0dpf) embryo.
D) Porcellio scaber embryo (image from Wolff 2009) showing an analogous early stage of development as in A-C with a

visible nuclear shadow.
E) Schematic illustration of Asellus 2-nucleus embryo. Two nuclear “shadows” can be observed.
F-G) Angled (F) and transmitted (G) light microscopy of a 2-nucleus (0dpf) embryo.
H) Porcellio scaber embryo (image from Wolff 2009) showing an analogous early stage of development as in E-G with a

visible pair of nuclear shadows.
I) Schematic illustration of Asellus embryo at 0.5-1dpf. Multiple nuclear “shadows” are visible. Asterisks mark cell

boundary furrows observed at this stage.
J-K) Transmitted light microscopy of a 2-nucleus (0dpf) embryo. (K) is a contrast-enhanced view of J. Asterisks mark

apparent furrows between cells at this stage, suggesting that cellularization is occurring.
L) Porcellio scaber embryo (image from Wolff 2009) showing an analogous early stage of development as in I-K with

multiple condensations.
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Figure 3.3: “Soccerball” and gastrulation stages
Scale bars represent approximately 100µM.
A) Schematic illustration of Asellus “soccerball” embryo.
B) DAPI stain of fixed 2dpf embryo.
C-D) Transmitted (C) and ambient (D) light microscopy of 2dpf embryo. In the transmitted image, a circle (boundaries

marked by arrows) is visible within the embryo, suggesting a partition between the outer layer of cells and interior yolk.
Magenta arrow marks visible boundary of the vitelline membrane (VM).

E-F) Schematic illustration of Asellus embryos at stages analogous to gastrulation stages found in Porcellio. Three
populations of cells can be observed at this stage: small cells forming the bilobed structures and condensed “posterior”
structure (light blue); large cells forming a cell row (light blue); and uniformly scattered smaller cells, which in other
malacostracans (Porcellio scaber, Parhyale hawaiensis, Orchestia cavimana) form extraembryonic structures.

G-H) Two views of the same embryo at early stages of gastrulation. Cells have begun to form bilobed structures in the
“anterior” and a row of large cells is beginning to form (dotted lines). A lateral view (H) shows that cells appear to be
condensing at one end of the embryo. In Porcellio, cells begin migrating internally at this stage to begin the gastrulation
process.

I-J) Two views of the same embryo at slightly later stages of gastrulation. The two bilobed structures are more obvious in
the “anterior”, and a full row of large cells is formed (dotted lines). The cell condensation in the “posterior” appears
more diffuse, suggesting that most of the gastrulation process may have completed by this point.

K-L) Transmitted (K) and ambient (L) light microscopy of 3dpf embryo. At one end of the embryo, a slight transparent
region can be observed, which is likely the position where cells are condensing during the gastrulation process.
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Figure 3.4: Early germband and lateral organ bud stages
Scale bars represent approximately 100µM.
A-C) Three views of the same 4dpf embryo: lateral (A), anterior (B), posterior (C). The embryo has developed an obvious

pair of head lobes, analogous to those observed in other crustaceans. These head lobes are separated by a large
morphological gap with the trunk (yellow arrows in A and B). Within each head lobe is a population of large cells
(dotted lines) which resemble the ectoteloblasts in the posterior. In the posterior, the ectoteloblast row is well-formed
(demarcated by dotted lines in C). In the posterior, the parasegment rows are beginning to form.

D) Schematic view of 4dpf embryo showing bilobed head structures separated by a morphological gap; uniformly
distributed extraembryonic cells; and ectoteloblast row.

E-F) Transmitted (E) and ambient (F) light microscopy of 4dpf embryo. The embryo is a very thin sheet at this stage, and
no obvious structures can be observed aside from a mottled yolk.

G-I) Three views of the same 5dpf embryo: lateral (G), anterior (H), posterior (I). The embryo has developed obvious
parasegmental rows, as well as anterior lateral outgrowths. In (G), an outgrowth of cells anterior to the gap between
head and trunk regions is observed (green triangle marks outgrowth, yellow arrows mark head-trunk gap). The cells in
this region appear to bud off from the embryonic ectoderm and condense in a radial pattern. At this position in later
stages, the lateral organ emerges. This structure is thus likely the lateral organ bud. In the posterior (I), the ectodermal
germband grid is highly organized and obvious. The ectoteloblast row persists in the posterior (dotted lines).

J) Schematic view of 5dpf embryo showing bilobed head structures separated by a split in the head, as well as a gap
between the head and trunk structures (yellow arrows), the ectoteloblast row (large blue nuclei), and the lateral organ
bud (green arrow). An “unfolded” view, as well as lateral, anterior, and posterior schematics are shown.

K-L) Transmitted (K) and ambient (L) light microscopy of 4dpf embryo. The wrapping of the embryo around the yolk
can be observed as a thin region of transparency, marked in the anterior and posterior by arrows.
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Figure 3.5: Mid germband to late germband and limb bud elongation stages.
Scale bars represent approximately 100µM.
A-D) Four views of the same 6dpf embryo: lateral (A), and three rotations along the anterior-posterior axis (B-D). In a

lateral view, the developing lateral organ is visible as a circular condensation of cells (A, green arrow). Additionally, the
segments of the body are becoming more obvious through indentations along the AP grid of the trunk. In the anterior
(B), the head lobes have joined at the anterior-most region, resulting in a “gap” where the mouth and gut tube will
likely later form. At the juncture of the head and trunk regions (C), the morphological gap observed at previous stages
is less obvious. The condensations to the left and right sides of the trunk are the lateral organ buds (marked with a
green triangle in A). The curvature of the cell regions anterior of the lateral organ buds indicates their origin anterior to
the head-trunk gap. In the posterior (D), the ectoderm germband grid continues to elongate, and the ectoteloblasts are
still visible.

E-F) Transmitted (E) and ambient (F) light microscopy of 6dpf embryo. The wrapping of the embryo around the yolk can
be observed as a thin region of transparency, as at the 5dpf stage.

G) Zoom of the lateral organ from a lateral view at 7dpf. The trident shape of the lateral organ is fully developed at this
stage, although the lateral organ itself remains underneath the first false “ecdysis” membrane.

H-K) Four views of the same 7dpf embryo: lateral (H), and three rotations along the anterior-posterior axis (I-K). In the
anterior, the antennal and mandibular limb buds appear to be formed. The ectoteloblast row remains visible in the
posterior.

L-M) Transmitted (L) and ambient (M) light microscopy of 7dpf embryo.
N)  Zoom of the lateral organ from a lateral view at 8dpf. The lateral organ is released from the first “ecdysis” at this stage.

However, it does not appear to undergo any change in cell number or morphology from the 7dpf stage.
O-R) Four views of the same 8dpf embryo: lateral (O), and three rotations along the anterior-posterior axis (P-R). In the

anterior, a U-shaped pucker forms at the presumptive labrum. The thoracic limb buds begin to appear, and grow
inwards towards the midline, in contrast to the head appendages, which grow outward. The ectoteloblast row is no
longer visible in the posterior of the embryo.

S-T) Transmitted (S) and ambient (T) light microscopy of 8dpf embryo. Between 7-8dpf, most embryos undergo a first
false “ecdysis,” which reveals the lateral organs. We referred to this stage colloquially as the “snitch” stage.

U-U’) Dissected lateral organ at 9dpf in brightfield and DAPI views. The trident shape of the organ is preserved across
developmental stages. Comparisons of the gross nuclear morphology of the lateral organ across 7-9dpf suggest that the
organ appears to be fully formed by 7dpf and does not undergo additional cell divisions or morphological changes.

V-Y) Four views of the same 9dpf embryo: lateral (V), and three rotations along the anterior-posterior axis (W-Y). Staining
of embryos at this stage was not uniform, even after long incubation times in DAPI-PT, potentially due to the
numerous membranes surrounding the embryo by this stage. Across the body axis, limb buds are visible and
elongating.

Z-AA) Transmitted (Z) and ambient (AA) light microscopy of 9dpf embryo. The dorsal portion of the embryo is
beginning to unfold, resulting in a growing separation of the developing head and abdomen and an elongation of the
body axis. A gap between the membrane and the unfolding dorsal side of the embryo is visible.

AB) Unfolded 9dpf embryo, ventral view, showing elongated limbs. Due to the curvature of the embryo and the large
number of membranes at this stage, mounting, dissection, and staining of the embryo became considerably more
challenging.

AC) Schematic illustration of days 6-9dpf. The embryo closes in the anterior, forming a hole where the gut tube
presumably forms. The lateral organs develop and are released. Segmentation progresses and completes, and the limb
buds begin to grow and elongate. The embryo also undergoes its first false “ecdysis.”



208



209

Figure 3.6: Late limb elongation stages to “angel” stage
Scale bars represent approximately 100µM.
A) DAPI stain of a 10dpf embryo.
B-C) Transmitted (B) and ambient (C) light microscopy of 10dpf embryo. Around the 9-10dpf stage, the embryo

undergoes a second false “ecdysis” and reveals a pair of antennae. The embryo begins to elongate further, and the lateral
organ begins to rotate towards its final position, with the trident pointing outward to the sides of the embryo.

D) DAPI stain of an 11dpf embryo.
E-F) Transmitted (E) and ambient (F) light microscopy of 11dpf embryo. The body axis elongates further at this stage, and

the lateral organs continue their rotation.
G) DAPI stain of a 12dpf embryo.
H-I) Transmitted (H) and ambient (I) light microscopy of 12dpf embryo. The anterior-most portions of the head of the

embryo further develop at this stage, such that the antennae no longer appear to be the anterior-most structures, but
instead flank the left and right sides of the “neck” of the embryo. The lateral organs have nearly completed their
rotation. Through the yolk, it is possible to see the formation of two parallel gut tubes running down the
anterior-posterior axis.

J-M) Transmitted (J, L) and ambient (K, M) light microscopy of 12dpf embryo from dorsal and lateral views. We referred
to embryos at this stage as “angel” embryos. Around 12-14dpf, the embryo undergoes its third false “ecdysis” to reveal
all of the embryonic limbs. The animal resembles a hatchling or manca at this stage, with the exception of the obvious
“wings” that are the lateral organs. The lateral organs are shed with the final, fourth “ecdysis” which is when the
embryo truly hatches.

N) Schematic illustration of later developmental stages, indicating those features that most distinguish the different stages.
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Figure 3.7: Schematic timeline of Asellus development
A) Developmental timeline for Asellus, indicating the most prominent features or processes for most of the ~16 days of

development at 18°C (top row) and more general developmental processes (bottom row).
B) Early developmental stages. From 0-4dpf, the embryo undergoes early cell divisions, cellularization, gastrulation, and

the start of germband elongation.
C) Middle developmental stages. The embryo buds and develops its lateral organs, forms limb buds, closes the gap

between the anterior head lobes, and undergoes its first “ecdysis.”
D) Late developmental stages. The embryo undergoes multiple false “ecdyses” and the anterior and posterior halves of the

embryo unfold as the embryo elongates. The lateral organ is released and rotates. The gut tubes emerge at late stages.
The limbs progressively elongate and develop.
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Figure 3.8: Comparison of developmental timelines to previous studies.
A-D) Images from Vick and Blum, 2010 showing four developmental stages. The authors did not report the precise timings
of these images, but instead reported percentages of developmental time.
E-H) Images from Mojaddidi et al. 2018, showing four developmental stages. The ages shown are approximate.
I-J) Comparable stages to (A-H) from the current study.
M-O) Developmental time for the three studies examined, anchored by the timing of the “angel” stage. Each time bar has
been scaled so that 0dpf and 8dpf occupy the same horizontal space in the figure. In the Mojaddidi et al. study, development
took around twice as long as in the present study, likely owing to the colder temperatures used to raise animals in that study.
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Figure 3.9: Trial injections of DsRed mRNA in Asellus embryos.
A) Schematic of injection approach. Embryos were collected from females that appeared to have mated within the last 12

hours. Injected embryos showed the nuclear “shadow” morphology. Selected embryos were injected with 1µg/µL
capped DsRed mRNA + 0.05% phenol red and raised for 1 day, then imaged.

B-B’’’) Multiple brightfield and fluorescence views of embryos at 1dpf. In the DsRed channel, apparent fluorescence can
be observed which is distinct from any autofluorescent signal found in the DAPI or GFP channels. Not all embryos
appear to show this fluorescence, as is consistent with other mRNA injection experiments such as those in Parhyale.

C-C’’) View of a single embryo from the first trial experiment that appeared to show multiple diffuse red fluorescent foci,
suggestive of the multiple nuclear shadows observed at around 1dpf in uninjected embryos.

D-D’’) Views of two embryos from the second trial experiment. Arrow marks an embryo at 1dpi that shows more
condensed apparent nuclear morphology and fluorescence.

E-E’’’) Views of two embryos from the third trial experiment. Arrow marks an embryo at 1dpi that shows diffuse
background fluorescence, while asterisk marks an embryo that is dead, as indicated by its highly opaque yolk. The
apparent fluorescence observed in these injection experiments is not likely to be driven by dead embryos, as evidenced
by the lack of strong red fluorescence in the dead embryo. The absence of obvious nuclear staining in the fluorescent
embryo may be a result of capturing an image as the embryo is in the midst of a synchronous cell division, as has
previously been shown to occur in Porcellio.
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Abstract
Cave animals are a fascinating group of species
often demonstrating characteristics including
reduced eyes and pigmentation, metabolic
efficiency, and enhanced sensory systems.
Asellus aquaticus, an isopod crustacean, is an
emerging model for cave biology. Cave and
surface forms of this species differ in many
characteristics, including eye size,
pigmentation, and antennal length. Existing
resources for this species include a linkage
map, mapped regions responsible for eye and
pigmentation traits, sequenced adult
transcriptomes, and comparative
embryological descriptions of the surface and
cave forms. Our ultimate goal is to identify
genes and mutations responsible for the differences between the cave and surface forms. To advance
this goal, we decided to use a transcriptomic approach. Because many of these changes first appear
during embryonic development, we sequenced embryonic transcriptomes of cave, surface, and hybrid
individuals at the stage when eyes and pigment become evident in the surface form. We generated a
cave, a surface, a hybrid, and an integrated transcriptome to identify differentially expressed genes in
the cave and surface forms. Additionally, we identified genes with allele-specific expression in hybrid
individuals. These embryonic transcriptomes are an important resource to assist in our ultimate goal of
determining the genetic underpinnings of the divergence between the cave and surface forms.
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4.0 – Introduction
Cave animals are fascinating organisms that frequently share a common suite of characteristics,

including reduced eyes, reduced pigmentation, metabolic differences, and enhanced sensory systems.
Questions that have long fascinated cave biologists include how and why these characteristics have
evolved and whether the same underlying mechanisms mediate trait loss between different cave
populations and different cave species.

Historically, it has been challenging to understand how and why cave characteristics have
evolved, due to difficulties with rearing cave organisms in captivity and a lack of contemporary
experimental resources (e.g., genomic, genetic, and functional molecular tools) for most cave species. In
recent years, however, there have been vast expansions of, and improvements in, resources and tools for
emerging model organisms. Obtaining genomic information is now possible for most systems, and the
complete genomic sequence is available for a limited number of cave-dwelling species (McGaugh et al.,
2014; Yang et al., 2016). In addition, many studies have involved transcriptome sequencing projects for
cave dwellers such as crayfish, salamanders, amphipods, isopods, and fish (Carlini et al., 2013; Meng et
al., 2013; Passow et al., 2017; Stahl et al., 2015; Stern and Crandall, 2018a, 2018b). For the vast
majority of these projects, adult samples have been utilized due to the challenge of obtaining
embryonic samples of natural, cave-dwelling species. However, for several cave species, many trait
differences are established early in embryonic development, underscoring the importance (and value)
of analyzing gene expression differences across embryonic development.

The most widely studied cave model species is Astyanax mexicanus, where it is possible to work
with embryos and obtain embryonic samples, as well as perform genetic analyses (reviewed in (Jeffery,
2005, 2009)). Both adult and embryonic transcriptomes, as well as a draft genome sequence for cave
and surface morphs (Gross et al., 2013; Hinaux et al., 2013; McGaugh et al., 2014), have been
generated. Additionally, contemporary genomic tools, such as gene editing, provide the ability to
functionally analyze candidate genes discovered through transcriptome sequencing (Klaassen et al.,
2018; Kowalko et al., 2016; Ma et al., 2015). Because of the wealth of data provided by these emerging
resources, historical questions impacting on the evolution of cave animals can now be addressed
(reviewed in (Casane and Rétaux, 2016; Gross et al., 2015)).

Despite the great deal of information provided by decades of research in A. mexicanus, studies
from additional cave organisms are necessary to understand the convergence of regressive loss across
animals that inhabit the cave biome. Specifically, the mechanisms that mediate regressive loss in A.
mexicanus may differ from those mechanisms operating in other cave-adapted species. Thus, it is
important to develop other species in a similar way to A. mexicanus in order to widen our perspective
and to gain a broader understanding of how cave evolution occurs across diverse taxa.

Unfortunately, not every cave animal is amenable to develop as a model in the same way as A.
mexicanus. There are many considerations, foremost of which is the ability to raise and breed a species
in the lab. This feature greatly reduces the number of cave-adapted species for which genetic and
developmental studies are feasible. Another important feature for these investigations is an extant
surface-dwelling form capable of interbreeding with cave morphs. Owing to the divergence times
between cave and surface morphs, the ability to produce viable hybrid offspring is very unusual among
studied cave organisms.

https://www.zotero.org/google-docs/?Oh06pQ
https://www.zotero.org/google-docs/?Oh06pQ
https://www.zotero.org/google-docs/?630TZo
https://www.zotero.org/google-docs/?630TZo
https://www.zotero.org/google-docs/?wgYQcL
https://www.zotero.org/google-docs/?wgYQcL
https://www.zotero.org/google-docs/?Zrsndq
https://www.zotero.org/google-docs/?Bt3q2q
https://www.zotero.org/google-docs/?Bt3q2q
https://www.zotero.org/google-docs/?tcA4J2
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Asellus aquaticus is a freshwater crustacean that has two morphs, a cave and surface form, both
of which can be raised in the lab and can interbreed (Protas and Jeffery, 2012). Much of the historical
work on Asellus aquaticus has included comparative morphology between the surface and cave forms,
and population genetic analyses of several cave and surface populations throughout Europe
(Pérez-Moreno et al., 2017; Turk et al., 1996; Turk-Prevorčnik and Blejec, 1998; Verovnik et al., 2003,
2004; VEROVNIK et al., 2005). Recently, a classical genetics approach has been made possible by
multiple crossing strategies to create F1, F2, and backcross pedigrees between cave and surface
populations. These studies have resulted in production of a linkage map, insight into the genetic
architecture of this species, and identification of genomic regions associated with different
cave-associated phenotypes (Mojaddidi et al., 2018; Protas et al., 2011; Re et al., 2018).

Though advances have been made in genomic mapping alongside the development of genetic
resources, the identity of genes responsible for these trait differences between cave and surface forms
remains unknown. A powerful approach to identifying genetic differences between cave-and
surface-dwelling forms is comparative transcriptomics. Transcriptomes have been characterized for the
Pivka Channel of Planina Cave population, the Molnár János Cave population, and nearby surface
populations to both caves (Pérez-Moreno et al., 2018; Stahl et al., 2015). Though these studies have
been useful in generating genetic resources, the causative genes mediating differences between cave and
surface populations have not been established. Part of the issue, as discussed above, is that adult
samples are not the most appropriate, as many different characteristics between cave and surface
individuals are established during embryonic development (Mojaddidi et al., 2018; Sket, 1956). For
example, eye loss and pigment loss are established by the end of embryogenesis. To investigate the
genetic pathways responsible for eye and pigment loss, the most appropriate samples to sequence
would be those obtained at this timepoint in embryonic development.

To address this gap in knowledge, we generated de novo embryonic transcriptomes from one
cave and one surface population, as well as from hybrid individuals. We hypothesized that many genes
would be differentially expressed between cave and surface forms, including those involved in
neurogenesis, pigment development, eye development, and metabolism. Furthermore, we expected
that a subset of these differentially expressed genes would also show allele-specific expression,
suggesting that regulatory mutations result in altered transcriptional abundance for those genes.

4.1 – Results
4.1.1 – Characterization of Surface, Cave, and Hybrid Transcriptomes
Following the optimization of our assembly parameters, we retrieved highly similar results for all three
of our assembled transcriptomes (Table 1; Supplementary Figure S1). The total number of reads that
were assessed for each transcriptome was very similar between surface morphs (~364 M), cave morphs
(~361 M), and hybrids (~394 M). The total number of assembled reads for surface (~155 M), cave
(~164 M), and hybrids (~132 M) were similarly comparable, although a higher proportion of
assembled reads were utilized in cave morphs (45.5%) compared to surface morphs (42.4%) and hybrids
(33.5%). The reduced proportion of assembled reads used in the hybrid transcriptome assembly may
reflect the sequence divergence between cave and surface morphs.

https://www.zotero.org/google-docs/?sCzajj
https://www.zotero.org/google-docs/?BKdR0k
https://www.zotero.org/google-docs/?BKdR0k
https://www.zotero.org/google-docs/?H4LF64
https://www.zotero.org/google-docs/?VDEVFN
https://www.zotero.org/google-docs/?Fe4KuF
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All assemblies were completed in roughly the same amount of time (50.4–54.2 h) and yielded
comparable numbers of transcripts (surface = 113 K; cave = 119 K; hybrid = 143 K), or comparable
average lengths (surface = 1061 bp; cave = 1069 bp; hybrid = 952 bp). Our goal, however, was to
annotate the best-characterized transcripts in each dataset. We reasoned that the longest transcripts
represented the best individual transcript assemblies, and therefore proceeded to annotate those
assembled transcripts that were 1000 bp or longer. This value was similar across all three assemblies:
surface = 49,233; cave = 51,822; hybrids = 52,390 (Table 2).

Using these assemblies as a starting point, we subjected each transcriptome to comprehensive
annotation using Blast2GO (Methods). This BLAST-based approach was performed against the
Tribolium castaneum genome and SwissProt database, in order to compare the quality of each
database. We chose these databases because Tribolium castaneum is an arthropod with a
comprehensive genome database, and the SwissProt database is an open-access and manually annotated
resource of protein sequence and functional information. Overall, we found that the average
percentage of failed BLAST hits was higher when we used the SwissProt database (mean = 61.3%)
compared to the Tribolium castaneum database (mean = 58.4%). Consequently, our final
transcriptome size was larger when we annotated against the Tribolium (mean = 19,727 transcripts)
compared to the SwissProt database (mean = 18,110 transcripts). In sum, our results indicated that the
Tribolium castaneum database provided better results (Table 2), and therefore our downstream
analyses utilized these annotated transcriptomes.

4.1.2 – Differential RNA-Seq Analysis Between Cave and Surface Morphs
We mapped the cave and surface reads separately to each of the four different transcriptomes: cave,
surface, hybrid, and integrated transcriptomes. We selected all genes that had at least a two-fold change
in the same direction (increased or decreased expression) between cave and surface in all four
experiments and had a standard deviation of less than or equal to 8. Then we selected the top 50 genes
that were underexpressed in the cave form and the top 50 genes that were overexpressed in the cave
form to analyze further (Figure 1E; Supplementary Table S1).

Several of the genes that were underexpressed in the cave made biological sense, as they are involved in
eye or pigment function such as long-wavelength sensitive opsin, cell cycle control protein 50A-like,
membrane-bound transcription factor site 1 protease-like protein, scarlet-like protein, protein
pygopus-like, and atonal. Genes that were overexpressed in the cave form include those involved in
metabolism, such as solute carrier family 35 member F6-like protein, gamma-glutamyltransferase 7-like
protein, and inositol oxygenase-like protein. Also overexpressed in the cave samples was annulin-like
protein, which is expressed in stripes in each limb bud segment (Bastiani et al., 1992) and could be a
candidate for differential antennal characteristics in the cave form.

4.1.3 – Allele-Specific Expression Analysis in Hybrid Individuals
Genes that display differential expression between populations may arrive at this difference

through both cis- and trans-regulatory mechanisms. In cis-regulatory changes to gene expression, a

https://www.zotero.org/google-docs/?xFbk6Q
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change to the DNA sequence either within a gene or in regulatory elements thereof is responsible for
an observed expression difference between populations (Figure 2A). When trans-regulatory factors
change gene expression, the regulatory sequence of a gene may not change, but instead, a change to the
expression of a trans-regulatory factor (an activator, repressor, etc.) between populations drives the
difference in expression of a downstream gene. By examining the expression of alleles of a given gene in
hybrid organisms, one can determine mechanisms of gene expression difference, whether they be
cis-regulatory, trans-regulatory, or a combination of both. In hybrid animals, trans-regulatory effects
are normalized across alleles, as both alleles existing in the same nucleus are subjected to the same input
by activators and repressors. As such, when expression differences in alleles are observed in hybrids, one
possible explanation is that cis-regulatory changes contribute to differential expression between
populations (Figure 2A). Allele-specific differences can also come about due to parent-of-origin effects
(see Discussion).

We wanted to examine the mechanism of differential gene expression for the genes we
identified as differentially expressed between cave and surface populations. To do this, we performed
allele-specific expression (ASE) analysis using the ASE-TIGAR software package (Nariai et al., 2016).
This software, given a FASTA file containing both isoforms of a gene and FASTQ reads from hybrid
animals, generates transcript abundance estimates for each allele (Figure 2B). We identified pairs of
alleles for the most differentially expressed genes and generated a log fold change value for the usage of
surface vs. cave alleles in hybrid animals (Figure 2). We then used a two-sample Kolmogorov–Smirnov
test with a Benjamini–Hochberg multiple hypothesis testing correction to call significance of observed
ASE, using intra-allele log fold change as our null distribution (see Methods; Figure 2C,D). Overall,
genes with significant ASE tended to have larger log2 fold change between the two alleles (Figure 2E;
Supplementary Table S1).

Many of the genes we identified as highly differentially expressed (DE) between individuals of
different populations also appeared to show ASE between alleles in hybrid animals (Figure 2E, Figure
3A,B; Supplementary Table S1). For example, the long-wavelength sensitive opsin gene was found to
be about four-fold (mean log2 fold change across transcriptomes) underexpressed in cave than surface
animals (mean = 4.15 (log2 scale), SEM = 0.33), and was the most surface-biased gene by DE analysis.
In hybrid animals containing one surface and one cave allele, we observed that the same gene showed a
10-fold (mean log2 fold change) difference between alleles (mean = 10.497, SEM = 2.79).
Cis-regulatory changes may contribute to differences in long-wavelength sensitive opsin expression
between populations.

By examining all genes with significant ASE, we observed that most of the genes likely had
some cis-regulatory component to their change in expression between populations. We inferred this
result because genes that showed DE in favor of surface animals, on the whole, tended to also show
ASE in favor of the surface allele (23 out of 26 genes, Figure 3A,B). Meanwhile, genes that showed DE
in favor of cave animals also tended to have ASE in favor of the cave allele (16 out of 19 genes, Figure
3A,B). For six genes (Figure 3B, marked with asterisks), we observed significant ASE that showed a
strong bias in the opposite direction from what we expected from the DE analysis. For example,
C-terminal binding protein-like protein and maltase A1-like protein were found to be more highly

https://www.zotero.org/google-docs/?WdQiFS
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expressed in surface animals, but by ASE the cave allele appeared to be more expressed. Such results can
be explained through models of competing cis-by-trans effects.

4.2 – Discussion
4.2.1 – Candidate Genes

Typical features of cave animals include loss of eyes, loss of pigment, differences in metabolism,
and enhanced sensory structures. Specifically in Asellus aquaticus, the cave form can show loss of eyes,
loss of pigment, and increased appendage length (Prevorcnik et al., 2004; Turk et al., 1996;
Turk-Prevorčnik and Blejec, 1998). Less is known about metabolic and behavioral differences between
the cave and surface populations, but a recent study showed that acetylcholinesterase and glutathionine
S transferase had lower activity in cave individuals as compared to the surface individuals, supporting
the idea that the cave form has lower metabolic and locomotor activity (Jemec et al., 2017). Differences
in allele-specific expression were also seen in glutathione S transferase mu 5 from a previous analysis
(Stahl et al., 2015). In addition, shelter-seeking behavior has been shown to be different between some
cave and surface populations (Fišer et al., 2019). Overall, we expected to find differential expression and
allele-specific expression in genes involved in eye development, pigmentation, appendage development,
and metabolism. As expected, some of the differentially expressed genes that we found to be
differentially expressed have been shown to play a role in phototransduction, photoreceptor
development, and/or eye development, such as atonal, long-wavelength sensitive opsin, cell cycle
control protein 50A-like, membrane-bound transcription factor site 1 protease-like protein, protein
EFR3 homolog cmp44E-like protein, pygopus-like protein, and domeless. Furthermore, a subset of the
above (long-wavelength sensitive opsin, cell cycle control protein 50A-like, membrane-bound
transcription factor site 1 protease-like protein, pygopus-like protein, and protein EFR3 homolog
cmp44E-like protein) also showed allele-specific expression indicating that cis-regulatory changes may
be responsible for the differential expression of those genes. Fewer genes with known involvement in
pigmentation were observed. Scarlet, a gene involved in pigment transport (Tearle et al., 1989), was
overexpressed in the surface form; however, scarlet was not shown to have allele-specific expression and
therefore is unlikely to have a cis-regulatory change. Annulin-like protein was another gene of interest
that was overexpressed in the cave form as compared to the surface form and had higher cave allele
expression in the hybrids. Interestingly, this gene is expressed in grasshoppers in stripes along the
forming limb segments and could be a candidate for appendage length changes in A. aquaticus
(Bastiani et al., 1992). Another gene of interest that had showed higher ASE for the cave allele was
myotubularin-related protein 9-like protein (MTMR9). Polymorphisms in this gene have been shown
to be associated with obesity and glucose tolerance in Genome-wide association studies (GWAS) in
humans (Tang et al., 2014; Yanagiya et al., 2007). One study in Asellus aquaticus found that the surface
form had a greater feeding activity than the cave form (Mösslacher and Creuzé des Châtelliers, 1996),
but little else is known regarding differences in food acquisition in the cave environment for Asellus
aquaticus. However, studies in the cavefish Astyanax mexicanus have shown that some cave
populations are insulin resistant and able to binge eat (Aspiras Ariel C. et al., 2015; Riddle et al., 2018).

Another interesting gene that showed both expression differences between populations and
allele-specific differences is gamma-glutamyl transferase 7-like protein (GGT7). Elevated GGT is
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commonly seen in individuals with non-alcoholic fatty liver disease (Rajput and Ahlawat, 2019).
Interestingly, one of the cave populations of the cavefish Astyanax mexicanus develops fatty livers when
exposed to high-nutrient conditions (Aspiras Ariel C. et al., 2015). Lipid, carbohydrate, and protein
amount have been examined in wild-caught cave and surface specimens of Asellus aquaticus, and little
difference was observed (Zidar et al., 2018). Future studies can examine whether lab-reared cave and
surface forms of Asellus aquaticus differ in fat storage, insulin resistance, and starvation resistance
similar to cave and surface populations of Astyanax mexicanus.

4.2.2 – Involvement of Regulatory Mutation Versus Coding Mutation in Evolution of Cave
Traits

When working with species with limited genomic and genetic resources, most studies that
discover the causative genes for particular phenotypes involve coding mutations. This may be due to
ascertainment bias, as coding mutations are much easier to identify than cis-regulatory mutations,
which could be in much larger (and uncharacterized) regions of the genome. Furthermore,
cis-regulatory changes can be more difficult to test functionally than coding mutations. Because of
these challenges, most of the mutations and genes identified as causative for cave-related traits in the
model system of Astyanax mexicanus have been coding mutations (Aspiras Ariel C. et al., 2015;
Berning et al., 2019; Elipot et al., 2014; Gross and Wilkens, 2013; Gross et al., 2009; Protas et al., 2006;
Riddle et al., 2018) though there are some exceptions (Stahl and Gross, 2015). Allele-specific
expression studies in hybrids are a powerful way of identifying cis-regulatory differences. Here, we have
identified many genes with allele-specific expression, some of which likely have cis-regulatory changes,
as inferred through a positive correlation between allele-specific expression and differential expression.
Studies have indicated that much of evolutionary change occurs via cis-regulatory mutations (reviewed
in (Wray, 2007)), and therefore the establishment of techniques to identify such changes in species that
have limited genomic and genetic resources is crucial for identifying the genetic/genomic substrate of
evolutionary change.

4.2.3 – Cis-Versus Trans-Regulation
Another major question in evolutionary biology regards whether cis- or trans-regulatory

changes dominate in driving evolutionary change. In trans-regulatory changes, modifications to the
expression or function of trans-regulatory factors, such as transcription factors, have a cascading effect
on the expression of many other downstream target genes, driving evolutionary changes.
Cis-regulatory changes, on the other hand, are more restricted, tend to occur in regulatory regions, and
affect the expression of a particular gene. Trans-regulatory change might be expected to cause more
drastic and pleiotropic effects, whereas cis-regulatory change would be less likely to have pleiotropic
consequences (reviewed in (Signor and Nuzhdin, 2018)). Previous studies comparing species and
interspecific hybrids have shown input of both trans-and cis-regulatory change (reviewed in (Signor
and Nuzhdin, 2018)).

In our study, we have observed possible cases of both cis- and trans- regulation between Asellus
aquaticus populations. An example of a likely cis-regulatory change is in the case of the
long-wavelength sensitive opsin gene, for which cave samples showed lower expression than surface
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samples. In hybrid samples, the cave allele also showed significantly lower expression as compared to the
surface allele; the shared directionality of the DE and ASE results for this gene suggests that
cis-regulatory effects are responsible for expression differences between the populations. On the other
hand, the scarlet gene is a likely example of a trans-regulatory change in our dataset. Here, though the
cave samples showed lower expression as compared to the surface samples, in hybrid samples, the cave
allele was not significantly reduced in expression compared to the surface allele. When both scarlet
alleles were placed in an identical trans-regulatory environment, the alleles expressed at
indistinguishable levels, suggesting that differences in a trans-regulatory factor between the populations
is responsible for expression differences. However, we cannot exclude cis-regulation for this gene as it is
possible that certain genes show allele-specific expression only in specific tissues and sequencing
transcriptomes of entire bodies dilutes out any tissue-specific allele-specific expression (Buchberger et
al., 2019). In addition, we observed cases wherein cave samples showed lower expression compared to
surface samples, but in hybrids the cave allele had higher expression. This might indicate both trans and
cis modes of regulation, which may be evidence for compensatory mutations (reviewed in (Signor and
Nuzhdin, 2018)). However, a recent study indicated that cases of compensatory cis-and
trans-regulation are often overestimated as a result of correlated errors that occur when estimating ASE
(Fraser, 2019). Our data were not amenable to the analysis presented in this paper, due to the methods
we used to estimate ASE. The interplay between cis-and trans-regulation can ideally be examined by
comparing the fold change of DE versus ASE. If the fold change of ASE is equal to the fold change of
DE, cis-regulation likely explains the differential expression fully (Signor and Nuzhdin, 2018). If the
fold change of ASE is less than the fold change of DE, a combination of cis-regulation and
trans-regulation likely explains the differential expression. Our DE and ASE analyses used different
measures of transcript abundance, and therefore the fold changes of each are not directly comparable.
Future analyses with greater sample sizes and different measures of transcript abundance may enable
finer examination of the differences in ASE and DE for other genes.

4.2.4 – Parent-of-Origin Effects Versus Cis-Regulation
Allele-specific expression in hybrid organisms can result from cis-regulatory change or because

of parent-of-origin effects, in which the maternal and paternal copies of the gene are expressed
differently, as has been observed in different organisms, including mammals, insects, and plants
(Lawson et al., 2013). We cannot exclude parent-of-origin effects in the genes we found to have
significant allele-specific expression, but it is likely that many of these genes have cis-regulatory changes.
Future studies can eliminate potential parent-of-origin effects by generating hybrid samples from both
cave female/surface male and surface female/cave male matings. As the former crosses are considerably
more difficult to generate, our study was restricted to samples from the latter type of cross. Future
investigations may tease apart the genes that are truly expressed as a result of cis-regulatory changes
versus those with parent-of-origin effects, once it is more tractable to generate crosses with cave female
and surface male animals.
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4.2.5 – Comparison to Adult Asellus Transcriptome
There are two previously published transcriptomes from Asellus aquaticus, both on mostly

adult samples (Pérez-Moreno et al., 2018; Speiser et al., 2014; Stahl et al., 2015). The first
transcriptome utilized Roche/454 sequencing technology and was more limited in terms of actual
sequence generated, though some surface embryonic samples were sequenced (Speiser et al., 2014;
Stahl et al., 2015). This transcriptome was generated from individuals from the Pivka Channel of
Planina Cave and a nearby surface population, Planina Polje, both found in Slovenia. More recently, a
transcriptome was generated from Hungarian populations of Asellus aquaticus, including the Molnár
Janós Cave population. This study found that genes involved in phototransduction were still expressed
in this cave population (Pérez-Moreno et al., 2018). The authors found two expressed opsins, and
neither seemed to have drastic coding changes. Consequently, they hypothesized that if vision loss has
occurred in this population, it is likely due to the decreased expression of opsins. This idea is supported
by our study, which uses a different cave population. Specifically, we found both differential and
allele-specific expression in long-wavelength sensitive opsin. Our studies have expanded the
transcriptomic resources for this species by generating a transcriptome for an additional cave
population, the Rak Channel of Planina Cave. This is a useful cave population to examine as
comparative embryology, as well as genetic mapping studies, have both been performed for this cave
population (Mojaddidi et al., 2018; Re et al., 2018). In addition, this is the first study generating an
embryonic transcriptome of a cave population of Asellus aquaticus and examining differential and
allele-specific expression between cave and surface embryonic samples, giving us a window into the
developmental mechanisms resulting in population-specific differences.

4.2.6 – Comparison to Other Cave-Dwelling Animal Transcriptomes
Transcriptomes of many cave-dwelling organisms have now been sequenced. Examples include

other populations of Asellus aquaticus, Gammarus minus (an amphipod crustacean) (Carlini and
Fong, 2017), Niphargus hrabei (another amphipod crustacean; (Pérez-Moreno et al., 2018)), cave
crayfishes (Stern and Crandall, 2018a, 2018b), Poecilia mexicana (Passow et al., 2017), Sinocycloheilus
species (Huang et al., 2019; Meng et al., 2013), multiple species of cave beetles (Friedrich et al., 2011;
Tierney et al., 2018), multiple isopod species (Lefébure et al., 2017), and Astyanax mexicanus (Gross et
al., 2013; Hinaux et al., 2013). Transcriptome studies of these cave animals often look to see whether
genes involved in phototransduction are still expressed and whether there are any obvious mutations in
genes involved with vision. The majority of the transcriptomes described above are from adult samples,
owing to difficulties with breeding or otherwise obtaining embryonic samples. However, embryonic
samples have been examined in Astyanax mexicanus (Hinaux et al., 2013).

One approach that has been lacking in studies of cave transcriptomes is using hybrid
transcriptomes to evaluate allele-specific expression. A previous study in Asellus aquaticus examined
allele-specific expression in a limited number of genes from a single adult hybrid sample (Stahl et al.,
2015). In most other cave-dwelling animals, it is not possible to examine allele-specific expression
because it requires both a cave and surface form, and they must be capable of interbreeding. However,
here we show that where this approach is possible, it is a powerful way to investigate genes that might
have cis-regulatory mutations. In the future, this approach can be applied to other species that have
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surface and cave forms, even those that might not have fertile hybrids or viable hybrids (as long as the
hybrids can start development). Potential species to examine include Poecilia mexicana and Gammarus
minus.

4.2.7 – Future Steps
Here, we examined comparative expression and allele-specific expression in whole bodies of

groups of individuals at a particular developmental timepoint. In the future, we aim to expand our
analysis to additional timepoints and potentially specific tissues, as these two factors are known to
influence both comparative and allele-specific expression (Buchberger et al., 2019). Additionally, now
that methods are established to investigate differential expression and allele-specific expression in
embryonic samples of cave versus surface morphs of Asellus aquaticus, one next step is to expand the
analysis to other cave populations. One of the advantages of working with this species is the number of
populations that are thought to be independently evolved (Konec et al., 2015; Pérez-Moreno et al.,
2017). By examining gene expression and allele expression differences in these different cave
populations, it should be possible to better understand how these cave-specific traits have evolved and
determine if the independently evolved populations have evolved similarly or differently. Furthermore,
now that a number of candidates with putative cis-regulatory changes have been identified, we can
investigate them by placing them to the linkage map to determine if they coincide with mapped regions
responsible for eye and pigment variation. Future work developing functional methods in Asellus
aquaticus, such as genome editing and gene expression visualization, will enable testing of these genes
to validate whether they are causative for associated cave-related traits.

4.3 – Materials and Methods
Animals

Animals were collected from Rakov Škocjan (surface) and the Rak Channel of Planina Cave
(cave) (Figure 1A). Animals were reared in water, lighting, and food conditions as previously described
(Mojaddidi et al., 2018; Protas et al., 2011; Re et al., 2018). Briefly, the animals were kept in an
incubator at 12 °C with no lights and were only exposed to light when they were removed from the
incubator or the incubator door was opened. Surface animals were raised in tanks with around 10
individuals per tank. Similarly, cave animals were raised in tanks with around 10 individuals per tank.
Hybrid crosses were generated by mating a single cave male to a single surface female. When a female
with embryos was observed in any of the above tanks, the females were monitored until the embryos
were around 70% of the way through development. They were then removed from the female using a
clove oil solution of 20 µL in 50 mL of fresh water as previously described (Mojaddidi et al., 2018).
Embryos were kept in a small dish with commercial spring water (Crystal Geyser) until they reached
90% of embryonic development, when both pigmentation and incipient ommatidia were present in
the surface, but not cave, embryos (Figure 1B,C) (Mojaddidi et al., 2018).

RNA Extraction, Library Preparation, and Sequencing
An entire brood at 90% of embryonic development was used for a single sample, which ranged

from 25–89 embryos. Embryos were extracted in 200 µL of TRIzol (Thermofisher, Waltham, MA,
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USA) and mechanically disrupted using an Eppendorf pestle. Samples were sent to the Functional
Genomics Lab, Vincent J. Coates Genomics Sequencing Laboratory, California Institute for
Quantitative Biosciences (QB3) University of California, Berkeley. Total RNA was extracted using the
TRIzol Thermofisher protocol. PolyA selection was performed, and library preparation was performed
using the low input protocol of the Nugen kit. Sequencing was performed using 150 bp paired end
reads on both the Illumina HiSeq 4000 and the HiSeq 2500 sequencing machines to ensure a quality
dataset by the sequencing facility.

De Novo Transcriptome Assembly and Annotation
A total of nine samples, which produced 36 fastq files, were processed for transcriptome

assembly and annotation. We evaluated three Asellus cave embryonic samples (MPD1, MPD5,
MPD6), three surface embryonic samples (MPD2, MPD3, MPD8), and three hybrid embryonic
samples (MPD4, MPD7, MPD9) subjected to pair-read sequencing and processed in duplicate (total =
36 files). To achieve the most accurate mapping for downstream RNA-seq studies, we built
morphotype-specific transcriptomes using SeqMan NGen (DNAStar, Madison, WI, USA). Initial de
novo assemblies utilized the default assembly parameters for SeqMan NGen, including a mer size of 21,
a minimum match percentage of 80%, and a maximum cluster size of 100,000, resulting in
incompletely assembled contigs. This was based on the fact that default parameters yielded far fewer
transcripts >1 kb in length. We sought to increase the average transcript lengths of our assemblies, and
we tested a variety of parameters. We found the optimal results when we adjusted the mer size (19) and
increased the minimum match percentage (to 97%) and maximum cluster size (to 300,000). This
approach resulted in a 30% increase in the number of transcripts >1 kb in length (from 37,769 to
49,146 in the surface assembly). This approach also provided the longest mean transcript lengths
(surface = 1061 bp, cave = 1069 bp, hybrids = 952 bp), as well as the most assembled transcripts >1 kb
in length (surface = 49,233, cave = 51,822, hybrids = 52,390; Table 1). Additionally, we performed a
BUSCO analysis and found highly similar results across all three transcriptomes, as well as an
“integrated transcriptome” that utilized every read we generated (Supplementary Figure S1). We felt
that the longest transcripts represented the best individual transcript assemblies, and therefore
proceeded to annotate those assembled transcripts that were 1000 bp or longer.

All annotations were carried out using Blast2GO (v.5.2.5) running Java v.1.8.0_144. To
capture the most comprehensive information, we performed two rounds of BLAST-associated
annotations for each of three transcriptomes—one using the Tribolium castaneum genome as a
reference and one using the SwissProt database (Table 2). The latest SwissProt database was
downloaded from within Blast2GO, using the following link: https://ftp.ncbi.nlm.nih.gov/blast/db.
The Tribolium database used for our blast-based annotation was downloaded from
ftp.ncbi.nlm.nih.gov. We used the Tribolium reference that was uploaded in March 2016. Although
the SwissProt database is perpetually being updated, both databases were retrieved (and all annotation
tasks were performed) in May 2018. In brief, we submitted a fasta-formatted file containing all de
novo-assembled sequences to Blast2GO, specified our database of interest, and proceeded through all
default annotation steps. We implemented a script to remove all annotated transcripts associated with
ribosomal or mitochondrial sequences, which ranged between 734–1066 sequences with an identified
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blast hit. For all three transcriptomes (surface, cave, and hybrids), we obtained comparable results for
both databases; however, the Tribolium castaneum reference provided the largest number of successful
annotations.

RNA-Sequencing and Expression Analyses
Once annotation was completed using Blast2GO, we performed RNA-sequencing analyses

using ArrayStar (v.13; DNAStar, Madison, WI, USA). We performed RNA-seq analyses for all
transcriptome references (i.e., Tribolium castaneum and SwissProt). Specifically, we mapped reads
from all of our embryonic samples to all of our transcriptome references. All of our analyses retrieved
very similar results. Our workflow involved mapping sequencing reads from all three morphotypes
(cave, surface, and hybrids). Gene expression results were normalized using reads per kilobase per
million mapped (RPKM). This normalization strategy is necessary to control for differences in
sequencing depth between samples and to compare expression levels of transcripts that differ in length.
Our resulting dataset included a measure of linear total RPKM, which provides a statistical metric of
expression that could be compared across datasets. This metric was then used to compare expression
(based on fold change difference) between groups (e.g., cave versus surface).

We compared assemblies of different transcriptome reference files to evaluate the consistency of
this calculated expression metric and found them to be highly similar. However, our process of
annotation using Blast2Go periodically yielded more than one blast hit to a single, orthologous
reference transcript. To deal with this issue, we averaged the expression values (i.e., RPKM values) for
contigs that blasted to the same reference transcript. This yielded the most accurate expression value
for each annotated gene. This calculation enabled us to correct for multiple blast hits to the same
reference, however it may have inadvertently collapsed the expression for different isoforms (or
paralogues) into a single transcript. This project could not evaluate the possibility of Asellus
aquaticus-specific isoforms or paralogous genes, a caveat that will need to be addressed in future
genome sequencing projects. Finally, given the inaccessibility of fresh tissues (with which to extract
RNA for quantitative PCR validation), we used a variety of filters to maximize the validity of our
reported differentially-expressed genes.

Allele-Specific Expression Using ASE-TIGAR
To assess allele-specific expression of differentially expressed genes, pairs of transcripts were

identified across cave and surface transcriptomes if they had the same Tribolium castaneum Uniprot
ID. For a given pair of alleles, transcripts were manually trimmed to be similar in length, based on
sequence identity (Figure 2B; Supplementary File 1). We then used the ASE-TIGAR software [30] to
generate transcript abundances for each allele. The software was supplied a single FASTA file
containing both trimmed alleles from the cave and surface transcriptomes, as well as paired-end reads
from the MPD4, MPD7, and MPD9 hybrid embryo transcriptomes. The output of this software was a
file containing the expected number of fragments mapped by ASE-TIGAR, an FPKM value, and a
THETA value, which was the estimated transcript abundance. We used this THETA value as our
metric of expression for each allele. Given that the list of genes we selected for allele-specific expression
analysis could be biased towards genes that might show allele-specific expression, we determined that it
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was important to have a statistically rigorous approach to identifying genes with true allele-specific
expression differences. An ideal null distribution for hypothesis testing in this scenario would be the
distribution of all log fold change values for all pairs of genes. However, generating such a dataset was
neither practical nor computationally feasible. Instead, we chose to simulate a null distribution that
represented the intra-allele variance using the THETA values calculated for each allele in each replicate
(MPD4, MPD7, MPD9). This null distribution would convolve noise arising from technical
differences (batch effects, sequencing errors, etc.) and biological differences (gene expression variability
between samples, gene expression noise, etc.). We generated an intra-allele null distribution by
comparing inter-replicate log fold changes for all replicates within a given allele, e.g., gene X, surface
allele replicate 1 vs. gene X, surface allele replicate 2, etc., using a custom Python script. Genes that had
THETA = 0 in one or more replicates of one or more alleles were filtered out of the analysis. We then
compared the distributions of intra-allele variations for surface alleles and cave alleles using a
two-sample Kolmogorov–Smirnov (K–S) test and found that the two distributions were
indistinguishable (K–S statistic = 0.0289, p-value = 0.9643). We merged the surface and cave allele null
distributions and used this total distribution as a null distribution for assessing significance, also using
a two-sample Kolmogorov–Smirnov (K–S) test. For each pair of alleles, we generated a distribution of
log fold changes by comparing each replicate of one allele to each replicate of the other allele, for a total
of nine values per pair of alleles. We used the two-sample K–S test implemented in the Pandas Python
package to generate a K–S statistic and a p-value, and then performed the Benjamini–Hochberg (B–H)
multiple hypothesis testing correction procedure to that p-value using a Scipy.stats Python package and
α = 0.05. Genes for which significant log fold change differences were observed based on this B–H
corrected p-value were called genes with true allele-specific expression differences.

Data Deposition
All sequences analyzed in this report have been provisionally submitted to the National Center for
Biotechnology Information, Sequencing Reads Archive (BioProject ID:PRJNA597080).
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Fig. 4.1: Top 50 overexpressed genes and top 50 underexpressed genes in the cave samples as
compared to the surface samples.

A) Illustrations of a surface adult and a cave adult. Cave adults lack pigmentation and eyes, and have longer limbs.
B) Surface embryo that has gone through 90% of embryonic development.
C) Cave embryo that has gone through 90% of embryonic development.
D) Four different transcriptomes were generated, one from the cave embryonic samples, one from surface embryonic

samples, one from hybrid embryonic samples, and one from all embryonic samples (referred to as the integrated
transcriptome).

E) Heatmap showing the top 50 downregulated genes in the cave form (various shades of orange) or top 50 upregulated
genes in the cave form (various shades of purple). All genes shown had the same direction of fold change and a standard
deviation of less than 8 across all four analyses. Uniprot ID and gene name from the Tribolium castaneum genome is
shown.
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Fig. 4.2: Experimental design of allele-specific expression analysis.
A) A hypothetical example of gene X, which is differentially expressed between cave versus surface individuals and also

shows allele-specific expression with lower expression of the cave allele. In this case, the underlying mechanism may be a
result of differences between trans-regulatory factors between populations, or in the cis-regulatory sequence. If
cis-regulatory mechanisms dominate, then we expect to see similar surface-biased expression in hybrids. However, if
trans-regulatory mechanisms dominate, then the equalized trans-regulatory environment in hybrids will result in no
allele-specific expression.

B) Pipeline of allele-specific expression (ASE) analysis. The top 50 differentially expressed genes, in both directions,
present in both the cave and surface transcriptomes were selected, paired genes were trimmed to the same length, and
hybrid reads were mapped to the trimmed cave and surface versions of each gene.

C) Intra-allele log2 fold change was calculated by comparing transcript abundance between replicates of a given allele
(green arrows). This null distribution (green curve) was then compared to distributions of inter-allele log2 fold change
(red arrows, red curve) using a two-sample Kolmogorov–Smirnov test.

D) Intra-allele log2 fold change distributions for cave and surface populations. The top panel shows each allele separately,
overlapped. These distributions were determined to be indistinguishable (K–S test, see Methods). The bottom panel
shows the combined distribution (green), and a Laplace fit (black line) and Gaussian fit (magenta line) to the
distribution. The combined null distribution does not neatly fit either a Laplace or Gaussian distribution, validating
that the two-sample Kolmogorov–Smirnov test is appropriate, as it does not assume that either distribution is
parametric.

E) The analysis identified 45 genes that had significant allele-specific expression (green) and 55 genes that did not have
significant allele-specific expression.
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Fig. 4.3: Allele-specific
expression suggests
cis-regulatory
contribution to
population difference.

A) For the subset of genes that
showed significant
allele-specific expression,
mean log2 fold change
comparing surface and cave
differential expression.

B) Mean log2 fold change
comparing surface allele and
cave allele expression within
the hybrid, in the same order
as in (A).

C) A Spearman correlation test
indicates that differentially
expressed (DE) and ASE
analyses are significantly
correlated (correlation =
0.5241, p-value = 2.197 ×
10−4). Note: The gene with
the highest allele-specific
expression, an
uncharacterized protein, was
omitted from the scatter plot
for ease of visualization.
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Table 4.1: Comparison of transcriptome assemblies of Asellus cave morphs, surface morphs
and hybrid individuals.

Sequence Read Summary
Surface Morphs

Cave Morphs Hybrids

Total Assembled Reads 155039720 164487662 132336702

Total Unassembled Reads 83386227 109047509 84947885

Total Reads Excluded by Sampling 126373422 87592389 176811792

Total Number of Reads 364799369 361127560 394096379

Transcript Summary

Total number of Transcripts 113432 119569 143962

Average Length of Assembled Transcripts 1061 1069 952

Assembled Transcripts >1kb 49,233 51,822 52,390

Assembly Time 50.7 h 54.7 h 54.2 h

Table 4.2: Comparison of transcriptome assemblies of Asellus cave morphs, surface morphs
and hybrid individuals.

Surface Morphs Cave Morphs Hybrids

Tribolium Genome Database

Total Number of Transcripts 113,432 119,569 143,962

Assembled Transcripts >1kb 49,233 51,822 52,390

No BLAST hits 28,648 30,340 30,709

Ribosomal sequences 518 749 712

Mitochondrial sequences 880 734 973

Total number of annotated sequences 19,187 19,999 19,996

Surface Morphs Cave Morphs Hybrids

SwissProt Database

Total Number of Transcripts 113,432 119,569 143,962

Assembled Transcripts >1kb 49,233 51,822 52,390

No BLAST hits 29,918 31,928 32,157

Ribosomal sequences 603 624 839

Mitochondrial sequences 986 992 1066

Total number of annotated sequences 17,726 18,278 18,328
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Chapter 5. Embryonic development of Neocaridina davidi

5 – Developmental staging and embryological techniques for
the decapod crustacean Neocaridina davidi
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Abstract
Decapods are a diverse group of
crustaceans with a diverse variety of body
plans, life histories, and geographic
distributions. The crustaceans most
commonly used as food sources – crabs,
shrimp, and lobsters – are members of
the decapod clade. Despite their
commercial importance, the embryonic
development of decapods is relatively less
thoroughly characterized than for
isopods such as Porcellio scaber or
amphipods such as Parhyale hawaiensis.
As of yet, a tractable and widely available
laboratory model for decapod
development has also not been
established. Here, we characterize the
development of the cherry shrimp
Neocaridina davidi, previously known as Neocaridina heteropoda or Neocaridina denticulata sinensis
using brightfield microscopy, nuclear staining, and immuofluorescence, with the goal of establishing
this organism as a decapod model system. Moreover, we describe animal husbandry techniques for
collecting early stage embryos, as well as early attempts and current challenges at establishing
microinjection in this organism. This work will serve as a platform for future studies that will establish
Neocaridina as a decapod genetic model organism.
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5.0 – Introduction
Decapod crustaceans are a highly speciose group of organisms and contain the most

commercially important crustaceans: crabs, shrimp, and lobsters. Their name – “deca”: ten, “pod”: leg
– refers to their stereotypical collection of 10 visible legs, although in reality these organisms have an
appendage on every segment of the body, as is true for other crustaceans (Wolfe et al., 2019).

The development of decapod crustaceans has been characterized to varying degrees of
thoroughness. Some examples of developmental studies include gross morphological characterization
of development in the crabs Goniopsis pulchra and Aratus pisonii (García-Guerrero and Hendrickx,
2004), scanning electron microscopy of the crayfish Pacifastacus leniusculus (Celada et al., 1987),
brightfield microscopy of the ornamental shrimp Lysmata ankeri and the red-striped shrimp Lysmata
vittata (Alves et al., 2019; Costa et al., 2021), cell lineage analysis using nuclear staining of the
freshwater Amano shrimp Caridina multidentata (Klann and Scholtz, 2014), and nuclear
developmental staining of the peppermint shrimp Lysmata boggessi (Romero-Carvajal et al., 2018).
Thorough staging guides have been developed for far fewer organisms – one being the crayfish Cherax
destructor (Sandeman and Sandeman, 1991). Embryonic gene expression has been examined in a few
species, such as Procambarus clarkii (Abzhanov and Kaufman, 2000a; Martin et al., 2015). Despite
their commercial importance, a tractable and widely-available genetic model system for decapods has
not yet been established.

Many decapods, such as crabs and lobsters, undergo larval post-embryonic development where
the body plan of the larva is not the same as that of the final adult (Jirikowski et al., 2013, 2015). A few
groups of decapods undergo more direct development, wherein the first post-embryonic stage more
closely resembles the final adult body plan. To establish a decapod model system for investigating Hox
function, we selected the Caridean red cherry shrimp, Neocaridina davidi (previously known as
Neocaridina heteropoda or Neocaridina denticulata sinensis), as a candidate for the development of
embryological approaches.

Neocaridina davidi is a favorable system for establishment as a decapod model system, as it is a
popular aquarium pet with a closed lifecycle, has a well-established animal husbandry system, and has
some available genomic sequence for the design of CRISPR-Cas9 guide RNAs (Kenny et al., 2014;
Mykles and Hui, 2015). Moreover, its early post-embryonic stages appear to mirror the adult body plan
(Pantaleao et al., 2015). As such, it is well-positioned as a candidate for the establishment of genetic
manipulation for embryological studies.

In this chapter, we describe the developmental stages of Neocaridina davidi, with comparisons
to the development observed in previous studies of decapod development. We use DAPI staining and
immunofluorescence to characterize the developmental stages and reveal gene expression patterns of
interest. We also demonstrate early attempts at establishing injection techniques in this organism and
illustrate the challenges of working with cherry shrimp embryos, which have high intraembryonic
pressure. We provide a number of potential solutions for troubleshooting microinjections in this
system. While our work was unable to establish microinjection in this organism, other researchers have
shown that microinjection and CRISPR-Cas9 mutagenesis are possible (Li et al., 2022). In
conjunction with other work, this staging guide will prove useful to researchers aiming to establish
Neocaridina davidi as a decapod genetic model system.
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5.1 – Neocaridina animal husbandry and reproductive biology
Adult Neocaridina are sexually dimorphic (Fig. 5.1). Males have a triangular body shape and

usually have lighter or more transparent coloration, whereas females are larger and have rounded
abdominal tergites, as well as more intense or opaque red coloration. Coloration of Neocaridina davidi
varies by breed, but the animals we used were of the “Fire Red” variety, and had intense, opaque red
pigmentation. Fertile females have a noticeable opaque yellow or lime green ovary located at the dorsal
juncture between the thorax and abdomen. Upon fertilization, females attach embryos to the
pleopods, as is observed across most decapods. Aquarists commonly refer to fertile females with a
prominent ovary as “saddled,” and gravid females as “berried.”

Mating in Neocaridina does not begin with amplexus, as is true for isopod and amphipod
crustaceans. As such, it is more difficult to predict when fertilization will occur. We developed a
protocol to improve the frequency at which embryos could be obtained for embryological experiments
(Fig. 5.1). In our approach, fertile females were isolated in female-only tanks and fed aggressively to
stimulate ovary maturation. Once animals appeared to have very large, prominent yellow ovaries, we
re-introduced a handful of males into the tanks. This resulted in more regular and predictable mating.
Recent work has suggested that ovary development in cherry shrimp may require male touch (Tropea
et al., 2018). We did not examine the effects of restriction from males in ovary development, but we
were nonetheless able to regularly obtain fertilized embryos after re-introduction of males.

5.2 – Stages of Neocaridina davidi development
We characterized Neocaridina development through a series of partially-overlapping

timecourses of embryogenesis, which we combined to generate a relatively complete picture of
ontogeny from the 1-cell stage until hatching. We characterized development using brightfield
microscopy and live imaging, as well as fluorescent microscopy of DAPI and antibody stains of fixed
embryos.

Early cell divisions (0-24hpf )
We characterized the very earliest stages of Neocaridina development using brightfield

microscopy. As has been observed for other Caridean shrimp such as Caridina multidentata and
Lysmata boggessi, early embryos undergo holoblastic cleavage, where cell divisions fully partition the
yolk into very large cells (Fig 5.2)

We used live microscopy to trace the timing of the early cell divisions at 21°C (Fig. 5.3). During
a timecourse imaging of 1-cell embryos, we observed that the first cell division occurred after ~8 hours,
and the second occurred at ~12 hours post embryo collection. This suggests that the 1-cell stage lasts
for at least 8 hours, providing plenty of time for early embryonic injections such as CRISPR
mutagenesis, which would then affect all descendant cells of the embryo.

Morula to blastoderm (1-4dpf )
Following the first rounds of cell division, the embryo arrives at a “morula”-like stage, where

large round cells are visible as protrusions from the surface of the embryo, which is retracted inward
from the chorion (Fig. 5.4). These protrusions flatten out, and the embryo gradually becomes a

https://www.zotero.org/google-docs/?z2xB7K
https://www.zotero.org/google-docs/?z2xB7K


240

relatively uniform and opaque field of yolk. DAPI staining reveals that embryonic cells appear to form
a blastoderm-like surface that uniformly coats the yolk by around 3dpf. Cells begin to polarize and
condense on one side of the embryo, which likely results in the formation of embryonic tissue around
4dpf. These data are consistent with the morphology of the embryo at similar stages in the more
thoroughly characterized Caridina multidentata and Lysmata boggessi.

Naupliar limb bud stage (6dpf )
By 6dpf, the embryo develops into a recognizable morphology, with obvious limb buds for the

antennae and the mandible (Fig. 5.4). This morphology appears identical to similar stages in Caridina
multidentata and Lysmata boggessi. By this stage, the future telson is visible as an indentation in the
presumptive posterior of the embryo, referred to as the caudal papillae. Relative to the final position of
the embryonic anterior within the egg, the embryo is “upside down” at this stage, with the anterior
positioned towards the final ventral side of the egg, and the posterior pointed towards the final dorsal
side of the egg. As in other previously-studied decapods, embryonic tissue will gradually expand first
ventrally, then anteriorly, and close dorsally around the yolk over the course of embryogenesis.

Head development and maxilliped bud stages (7-10dpf )
At 7dpf, the optic lobes of the embryo appear to develop, as evidenced by a more obvious

bilobed morphology (Fig. 5.5). In addition, staining with a cross-reactive antibody for engrailed (4F11)
shows that the optic lobe stripe of engrailed begins to be visible as a handful of nuclei at this stage.

This emergence of optic lobe engrailed staining is very early relative to that observed in the
amphipod Parhyale hawaiensis, for which the optic lobe stripe only becomes visible at around S19, or
about 39% development (Browne et al., 2005). At that stage in Parhyale, all of the head and thoracic
limb buds have formed, and most of the abdominal segments have developed. In contrast, at this stage
in Neocaridina, very few segmental stripes of engrailed expression are visible, and only the antennal
and mandibular limb buds are visible, suggesting that segmentation has not completed. This may be
reflective of the “embryonic nauplius” mode of development in Neocaridina, in whose clade naupliar
development is the ancestral state.

The caudal papilla of 7dpf embryos is more obviously bilobed, and the future abdomen of the
embryo is folded over the rest of the developing thorax. This folding, as observed in other decapods,
persists throughout development.

As development progresses, additional engrailed stripes become visible, and the maxilliped
limb buds become obvious by 9dpf (Fig. 5.5). The optic lobes continue to enlarge, and the optic lobe
engrailed stripe becomes vertically oriented.

In brightfield microscopy, the embryo appears as a very thin transparency on one end of the
egg. A head-on view (not shown) strongly resembles the morphology of embryos from other decapods,
such as Cherax destructor, where the developing embryonic limb buds are clearly visible without any
staining (Sandeman and Sandeman, 1991). The embryo continues to develop as a “cap” at the end of
the egg until around 11dpf.

https://www.zotero.org/google-docs/?NaxCIL
https://www.zotero.org/google-docs/?ZhCtns
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Anterior expansion stages (11-12dpf )
Beginning at 11dpf, the transparent embryonic tissue begins to gradually extend towards the

future anterior of the egg (Fig. 5.6). The embryo thus begins the process of encircling the yolk. By this
stage, the developing thorax and abdomen have elongated and are easier to unfold from the embryo for
dissection purposes. Counting of the engrailed stripes suggests that segmentation has not been
completed by 12dpf. Moreover, at this stage, the T3 maxilliped is the most-posterior limb bud that is
morphologically obvious.

Thoracic limb elongation stages (13-15dpf )
Beginning around 13-14dpf, the thoracic limb buds become more obviously visible (Fig. 5.7).

By these stages, the segments of the abdomen are obvious, and the early stages of pleopod elongation
are visible. However, the thoracic appendages remain highly compacted into a more condensed area of
the body. At the lateral sides of the embryo, the carapace begins to develop as a pair of thin sheets of
cells.

At 13-14dpf, the eyes of the embryo become morphologically obvious in brightfield
microscopy as a pair of thin angled spots of pigmentation on the ventral side of the egg. In the dorsal
posterior of the embryo, the presumptive gut becomes morphologically distinct as a pair of slightly pale
regions of the yolk, each of which has a concentration of yellow coloration in the center. At around
this stage, an embryonic heartbeat also begins to be noticeable in the region between the gut bubbles.

By 15dpf, the thoracic appendages become elongated and encompass a much larger portion of
the embryonic anterior. The pleopod limb buds begin to extend from the clearly partitioned
abdominal segments. The embryo can be clearly divided into cephalon, pereon, and pleon at this stage.

In brightfield microscopy, the embryo appears to slightly retract towards the posterior, while
the presumptive gut forms two morphologically distinct “bubbles” in the dorsal posterior. This pair of
gut bubbles is characterized by a pale coloration on the exterior and a yellow coloration in the center.
Along the AP axis, bright red pigment cells, which have a complex branching morphology resembling
astrocytes or other cells with elongated processes, become visible. These cells appear to form on the
lateral margins of each developing body segment, and the boundaries of each morphological segment
can be clearly seen in the gaps between these cells.

Cephalothorax stages (17-20dpf )
By around 17dpf, the previously distinct head (An1 to T3/Mxp3) and thoracic regions of the

body become morphologically unified into a clear cephalothorax (Fig. 5.7). DAPI staining at this stage
is partially impeded by the development of cuticle; as such, images contain some tissue where DAPI
stain has not penetrated fully. The pleopods of the animal are clearly distinguishable as petal-shaped
protrusions to the lateral sides of each morphological segment.

In brightfield microscopy at 17dpf, the eyes begin to darken from a bright red pigment towards
a brownish coloration. The stellate red pigment cells begin to elongate in their morphology. The
presumptive yolk bubbles begin to rotate and migrate further towards the dorsal surface of the embryo.
The anterior-most regions of the head of the embryo reach fully towards the anterior-most end of the
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egg. Through brightfield microscopy, the developing thoracic limbs are also morphologically obvious,
and become much larger than the mouthparts (Mx1 to T3/Mxp3).

By 20dpf, the embryo appears to approach its final morphology. The eyes of the embryo show
clear and regular rows of ommatidia, and the carapace fully encompasses the cephalothorax, with the
elongating tips of the thoracic limbs folded and pointing towards the anterior.

In brightfield microscopy at 20dpf, the stellate red pigment cells become considerably more
complex and large, and expand further across the surface of the embryo. In addition, small opaque cells
with a whitish-yellow color emerge throughout the body. These cells are considerably less stellate and
elongated in their branching morphology, and instead have a more amoeboid morphology. The eyes of
the embryo begin to expand into a more rounded, rather than narrow shape. The developing gut
develops a more complex structure resembling a walnut, with a variety of symmetrical internal folds.

Late stages to hatching (23-26dpf )
At the latest stages of development, the embryonic yolk becomes progressively reduced into a

series of discrete bubbles, which are rapidly consumed by the developing embryo (Fig. 5.7). The eyes of
the embryo rotate and become round and very dark. The embryonic tissue is highly transparent at
these stages, but the gross morphology of the hatchling is obvious. The embryo begins to twitch
frequently within the chorion in the days leading up to hatching. The stellate red pigment cells and
opaque yellow cells continue their expansion and multiplication across the surface of the embryo,
although at hatching, the embryo is still largely translucent throughout.

Early hatchling morphology for Neocaridina had been thoroughly described in previous work,
and the morphology of the hatchlings we observed is consistent with previous data. Hatchlings raised
in vitro died very quickly after hatching in the absence of food, potentially as a result of stress or
starvation. To improve survival of hatchlings, transferring late stage embryos into larger tanks and
providing a food source is essential. At these late stages, keeping the embryos shaking does not appear
to be essential for further development, although to maintain aeration of the freshwater, we used an
airstone to bubble the water.

5.3 – Antibody staining reveals unexpected Ubx + abd-A expression
To further characterize the development of Neocaridina davidi, we performed antibody stains

using cross-reactive antibodies that have previously worked well across different arthropods. In our
timecourse analysis, we used the anti-engrailed antibody 4F11 (Fig. 5.8). We additionally used the
mouse DP312 antibody, which stains Pax3/7; the mouse FP6.87 antibody, which stains both Ubx and
abd-A; and the rat PhUbx antibody, which was built to target Parhyale Ubx, but which also appears to
work in Drosophila and other crustaceans.

We observed that DP312 (Fig. 5.8 I-K) stains parasegments in a similar but broader pattern
than 4F11. This antibody would also be appropriate for staging embryogenesis, as the meristic
divisions of the body are clearly marked, and the staining is more robust than with 4F11. Additionally,
DP312 appears to stain a population of large cells in the embryonic posterior, which may represent the
proliferation zone that gives rise to individual body segments.
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When we analyzed the staining pattern of the FP6.87 antibody, we observed a surprising
pattern that was not expected based on previous data from other decapod crustaceans. FP6.87 stains
both Ubx and abd-A protein. As such, it is not possible to know which gene is being stained along the
FP6.87 pattern. However, our knowledge of the function and pattern of Hox expression in crustaceans
such as Porcellio scaber, Parhyale hawaiensis, Mysidium columbiae, and Procambarus fallax would
suggest that the anterior boundary of FP6.87 staining represents the anterior boundary of Ubx
expression, whereas the posterior boundary of FP6.87 staining represents the posterior boundary of
abd-A expression (Abzhanov and Kaufman, 2000b, 2000a; Martin et al., 2015). Using this
interpretation, we observed some surprising results for the expected Ubx and abd-A expression profiles.

Across diverse crustaceans, Ubx expression is associated with the boundary between the
thoracic appendages and the maxillipeds, which are appendages that are thoracic in origin (deriving
from the post-naupliar body segments, e.g. those after Mx2), but which have morphology more similar
to the mouthparts, or Mn / Mx1/ Mx2 segments. The number of maxillipeds varies between different
groups of crustaceans, but Ubx has been shown to usually be expressed at the posterior boundary of
the maxilliped identity. Scr, a more anterior Hox gene, is expressed in the maxillipeds. Overexpression
of Ubx results in loss of T1 maxilliped identity in Parhyale, whereas loss of Ubx or other
more-posterior Hox genes results in homeotic transformations towards maxilliped, likely caused by the
expansion of the Scr expression domain.

In Caridean shrimp, such as Periclimenes pedersoni or Neocaridina davidi, there are three pairs
of maxillipeds on the T1 / T2 / T3 segments (Averof and Patel, 1997). In previous work in
Periclimenes, Ubx expression was shown to have an anterior boundary at the first segment after the
maxilliped segments. Our FP6.87 data in Neocaridina show that the anterior boundary of Ubx
expression is not the posterior of the T3 segment, as would be expected, but instead that Ubx has
stepwise decreases in expression in T2 and T3, both of which eventually develop into maxilliped
identity.

This expression pattern is unexpected, as in nearly all previously-examined crustaceans, loss of
Ubx expression in a thoracic segment is associated with expansion of the maxilliped identity. A recent
paper in the Mystacocarid crustacean Derochellocharis remanei argues that a new method of maxilliped
identity might be found in that crustacean, as the maxilliped segment also contains Ubx expression,
also detected by FP6.87 (Fritsch and Richter, 2017). However, in that crustacean, Ubx expression is
largely restricted to the posterior half of the Mxp limb, indicating that a shift in Ubx is still associated
with the Mxp identity.

In contrast, in Neocaridina, it appears that the T2 and T3 maxilliped express Ubx at varying
levels in 13dpf embryos. The morphology of these appendages in the adult is unique, in that both T2
and T3 have elongated biramous structures. The T2 appendage has a cheliped-like endopod, and an
elongated feather-like exopod, whereas the T3 appendage has an elongated walking-leg like endopod,
and a feather-like exopod. The endopod morphology of T2 and T3 have a thoracic-like character,
which may be reflective of the Ubx expression in these segments.

We also stained the limbs using the Parhyale Ubx antibody (Fig. 5.8). However, our staining
was inconclusive. The thoracic appendage segments, as well as the T3 segment, appeared to show

https://www.zotero.org/google-docs/?7vN7mE
https://www.zotero.org/google-docs/?eWXjr2
https://www.zotero.org/google-docs/?b2iSMI
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distinct nuclear staining. However, potential T2 staining was not distinguishable from background
fluorescence at 12dpf. Optimization of the antibody staining protocol may provide better results.

In the posterior of the Neocaridina embryo, we also observed an unexpected expression
pattern: a gradient at the predicted posterior boundary of abd-A expression. In other decapods
(Procambarus fallax), mysids (Mysidium columbiae), and isopods (Porcellio scaber), abd-A is expressed
uniformly across the abdomen, with a posterior boundary at the posterior of the A5 segment
(Abzhanov and Kaufman, 2000b; Martin et al., 2015). No abd-A is observed in the A6 segment in
these organisms. In contrast, in the amphipod Parhyale hawaiensis, abd-A is expressed as a stepwise
gradient, with high expression in T6-8 and A1-3, and decreasing expression in A4 and A5, with no
expression in A6 (Serano et al., 2016).

As a decapod crustacean, where the A1-A5 appendages develop into pleopods, we would
expect that abd-A in Neocaridina would show a similar pattern to that of Procambarus, in that abd-A
would have strong uniform expression in A1-5. In our Neocaridina FP6.87 staining, however, we
instead observed a stepwise pattern of expression from A2-A5, which more strongly resembled the
Parhyale expression pattern. In the hatchling, the pleopods show a slight gradient in their size, which
may be a result of this gradient of abd-A expression.

A caveat of the results we observed is that we only profiled the embryo within a narrow
developmental time window. Both the anterior Ubx expression pattern and the posterior abd-A
expression pattern could be dynamic during development. Scr expression in isopods, for example, shifts
at different times of development. As such, further experiments will be needed to determine what the
ultimate Ubx expression pattern is at different developmental stages. Moreover, additional experiments
that precisely stain Ubx separately from abd-A will be needed to resolve the true boundaries of these
two genes. Regardless of these caveats, the expression patterns we observed in this organism at this
developmental stage were surprising, and if maintained at later stages, would suggest that Neocaridina
uses a slightly different “Hox code” that has been observed in other decapod crustaceans.

5.4 – Challenges of establishing microinjection in Neocaridina
To establish an organism as a new potential genetic model system, it is essential to have the

ability to perform genetic manipulations. In crustaceans such as Parhyale, Daphnia, and Artemia, the
development of techniques to introduce exogenous genetic or cellular material has been instrumental
in demonstrating experimental tractability (Copf Tijana et al., 2004; Hiruta et al., 2013; Rehm et al.,
2009). As in our attempts to establish injections in Asellus aquaticus, we encountered various
challenges as we attempted to inject Neocaridina davidi embryos. In particular, we observed that
Neocaridina embryos have a very hard chorion that is difficult to penetrate; embryos at early stages
exhibit immense intraembryonic pressure; and that, once punctured, the chorion does not readily seal
on its own.

A recent publication claims to demonstrate that placing Neocaridina heteropoda embryos on
wetted filter paper is sufficient to enable microinjection (Li et al., 2022). This manuscript also shows
data suggesting successful CRISPR-Cas9 mutagenesis of Neocaridina heteropoda Scarlet genes. As
Neocaridina heteropoda and Neocaridina davidi are synonymous, if the manuscript’s techniques are
valid, this would represent a major advance in establishing a decapod crustacean genetic model system.

https://www.zotero.org/google-docs/?Jd2M9A
https://www.zotero.org/google-docs/?VCT4Hw
https://www.zotero.org/google-docs/?yhOw2L
https://www.zotero.org/google-docs/?yhOw2L
https://www.zotero.org/google-docs/?VuGkh8
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The result that using filter paper is sufficient to allow Neocaridina embryo injection is highly surprising
to us, given the challenges we faced in establishing microinjections in our experiments.

Here, we describe the challenges we observed when attempting to inject Neocaridina embryos.
We found that Neocaridina embryos are under tremendous intraembryonic pressure, and usually
explode upon any weakening of the chorion. We attempted to resolve this problem through the design
of a diverse variety of microinjection needles, adjusting the intraembryonic pressure using a variety of
different osmolarity-modifying solutions, and developing techniques to generate synthetic membranes
for these embryos to avoid leakage of the yolk after injection. We propose a variety of more complex
solutions than the reported solution of injecting embryos on wetted filter paper.

We have yet to apply the techniques described in the more recent paper, but the solution of the
microinjection challenges would be a great boon to decapod genetic research. Given that the recent
publication demonstrated a low survival rate from their injections, we would suggest that integrating
some of the approaches we attempted with the newly-reported result could arrive at more successful
genetic perturbation in Neocaridina, and to begin to establish this organism as a genuine decapod
genetic model system.

Glass capillary needle design
For Parhyale microinjections, we use long, thin pulled borosilicate glass capillaries. These

capillaries are loaded with our injection mix, such as capped mRNA or CRISPR-Cas9
ribonucleoprotein complexes (Martin et al., 2015). When we tested these needles on early-stage
Neocaridina embryos, we observed that the needles when broken to their normal bore size were too
flexible to puncture the very rigid chorion. When broken to a thicker bore size, and thus having less
flexibility, the puncture was very large, resulting in rupture of the embryo.

We generated a variety of different borosilicate glass needles by varying the pull strength and
heating parameters. Decreasing the pull strength or heat parameter resulted in a needle with a more
squat taper. We also designed needles with a rapid taper, but a wider bore size throughout the length of
the needle by using two rounds of heating and pulling, modifying a protocol used for injecting C.
elegans embryos. These needles were considerably more rigid than the Parhyale or squat needles, and
could easily penetrate the chorion without having to break the bore size to a wider diameter. However,
these needles still were not sufficient to be able to break the chorion without causing rupture.

Finally, to generate the needles with the most optimal combination of thin bore size, sharpness,
and rigidity, we used beveled quartz glass needles. These needles require laser-heated pulling using
specialized equipment. We beveled these needles to have a point with an approximately a 30° angle
using a Sutter needle beveler. Quartz needles are considerably harder and more rigid than borosilicate
glass needles, and a beveled needle allows for a much smaller hole to be created upon puncture of the
chorion. When we tested these needles, we discovered that having a highly rigid, fine-tipped needle was
still not sufficient to prevent embryos from rupturing.

Modulating intraembryonic pressure
After testing a variety of different needles, we determined that a sufficiently rigid and sharp

needle alone was not sufficient to enable microinjection in Neocaridina embryos. The largest problem

https://www.zotero.org/google-docs/?FSE7bG
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with these embryos appeared to be the very high intraembryonic pressure present at early
developmental stages. While this pressure is a boon for microdissection, especially at later stages when
the embryonic tissue is visible, the high intraembryonic pressure represented a major barrier to
successful injections in this organism.

We attempted to modify the intraembryonic pressure of Neocaridina embryos by immersing
them in a variety of solutions that could affect osmolarity, including phosphate-buffered saline (PBS),
artificial seawater (ASW), sucrose, glycerol, and poly-ethylene glycol (PEG). We selected these solutions
based on the observation that many of these solutions are commonly used for preserving live cells, and
thus might be compatible with embryonic survival. We performed most of these experiments using
1dpf embryos, as we conducted these experiments prior to developing a consistent protocol for
obtaining 0dpf embryos. For these experiments, we tested whether the embryonic pressure varied by
using the “stinger” style needles, which we were able to generate on a regular basis, unlike the quartz
needles, for which specialized equipment was needed.

Our tests indicated that Neocaridina embryos are highly sensitive to varying levels of salt, as
even 0.125X ASW (3.75% salinity) resulted in clear cellular abnormalities, including separation of oil
droplets out from the yolk. Moreover, altering the salinity of the surrounding medium had a negligible
impact on embryonic pressure. Embryos also did not tolerate concentrations of glycerol that were able
to sufficiently decrease embryonic pressure.

Among the solutions we tested on 1dpf embryos, sucrose and PEG-400 were able to modulate
intraembryonic pressure. 20% sucrose did not appear to have obvious effects on cellular morphology as
observed with glycerol or salt solutions, and resulted in sufficient depressurization that embryos could
be injected with a “stinger” style needle without any leakage of yolk. However, returning embryos to
freshwater revealed that the chorion of the embryo does not re-seal after puncture, resulting in a
continuous stream of yolk emanating from the pore.

When we were able to obtain 0dpf embryos, we attempted the 20% sucrose solution and
observed that neither 20% or 40% sucrose was sufficiently able to reduce intraembryonic pressure to
enable injections, suggesting that 0dpf embryos have an even higher intraembryonic pressure. We
would propose that PEG-400, which was too depressurizing at 1dpf embryos, might be useful for 0dpf
embryonic injections in the future.

Generating artificial membranes
We were able to effectively modulate embryonic pressure using some of the

osmolarity-modifying solutions we tested. However, during these tests, we observed that the
embryonic chorion is rigid, and does not easily seal after puncture occurs. As such, to ensure
embryonic viability, we determined that it would be necessary to generate a synthetic chorion, so that
embryonic yolk would not be ejected after injection.

We developed two approaches to generating synthetic membranes. The first was to embed
embryos in droplets of low-melt agarose. To do so, we melted agarose in freshwater and brought the
agarose to ~37°C. We gently mixed embryos into the still-liquid solution to form a crude suspension.
We then used a plastic transfer pipette to create small droplets of agarose onto parafilm placed atop ice.
This resulted in rapid gelling of the agarose, creating small capsules that surrounded the embryo.
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Injecting embryos embedded in agarose – without modifying osmolarity – appeared to protect
from total yolk loss. The presence of the plastic-like agarose gel impeded large volumes from yolk from
being ejected from the embryo upon withdrawal of a “stinger” type needle, and embryos appeared to
survive for at least a few days after being injected. Uninjected embryos were able to survive the agarose
embedding until hatching, suggesting that the agarose did not inhibit normal development.

A second approach we developed was to use sodium alginate. This salt readily forms a hydrogel
when exposed to calcium-containing solutions such as CaCl2. Sodium alginate is commonly used as a
food additive, and in modernist “molecular gastronomy” cuisine, is used for a process called
“spherification”, in which sodium alginate added to a liquid containing some flavorant is able to be
rapidly encapsulated by a gel membrane upon exposure to CaCl2.

We suspended embryos in a solution of 10% sodium alginate, and then used a plastic transfer
pipette to drop bubbles of embryos into CaCl2 solution. A hard, rigid gel rapidly formed around the
embryos, suggesting that this approach might be used to quickly generate a synthetic chorion.
Unfortunately, embryos encapsulated in sodium alginate did not appear to continue to develop. This
could have been a result of extended exposure to CaCl2 solution (we allowed gel formation to occur
over ~10 minutes), or a result of the thickness of the gel impeding oxygen from entering the embryo.
Further experiments will need to be performed to optimize sodium alginate spherification and a
technique for generating synthetic membranes.

Improved injection may require combining multiple approaches
While we were unable to demonstrate effective embryonic injection and CRISPR-Cas9

mutagenesis using our approaches, Li et al. adapted an injection approach designed for pea aphid
injection to enable apparently successful embryonic injection in Neocaridina (Li et al., 2022). This
approach places embryos on an air-water interface while maintaining moisture by touching embryos to
wetted filter paper. This result, if true, is very exciting. However, there appear to be ways in which the
described technique could be improved. Li et al. report a low rate of embryonic survival after
microinjection (2% for injection with dextran sulfate, 23% after injection with phenol red), as well as a
low efficiency of apparent CRISPR-Cas9 mutagenesis (~10%, or 3/28 surviving embryos).

It is important to consider some caveats of the reported results. First, we note that some
phenotypes that might suggest successful CRISPR-Cas9 mutagenesis, such as asymmetric embryonic
development or apparently aberrant structures, can be observed simply as a result of injection trauma.
For example, in Parhyale hawaiensis, injection of water alone can result in gross morphological defects,
such as wrinkled limbs, gut malformation, or improper cuticle development (Schmid, 2011).
Moreover, embryonic injection in Parhyale can result in developmental delay, irrespective of
mutagenesis.

The authors of this study targeted the Neocaridina scarlet gene, which is involved in eye
pigmentation, and observed apparent disappearance or reduction of the eyes in 3/28 surviving
embryos. The images they display show embryos with slight unilateral reductions to embryonic eye
morphology. However, some of the phenotypes observed could be a result of injection-induced
trauma, or developmental delay. For example, the anterior-posterior position of the eyes in Fig. 5D, the
lack of folds lateral to the eyes, and the slit-shaped morphology of the eyes suggest that that embryo is

https://www.zotero.org/google-docs/?L7pE9l
https://www.zotero.org/google-docs/?I6QToi
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at an earlier embryonic stage than in the panels in Fig. 5A-C. We demonstrate in our developmental
time course that eye shape and pigmentation vary during the course of development. The apparent
“loss of eye” phenotype could be a consequence of the pigmentation of the embryo being less mature
in these embryos, as pigmentation increases over developmental time. The number of embryos in
which these phenotypes are observed is also consistent with the frequency of injection trauma-induced
phenotypes in Parhyale.

A more reliable candidate for CRISPR-Cas9 mutagenesis would be a gene that produces a
highly conserved phenotype, such as distal-less, which has been used consistently across taxa with a
more interpretable result, and which could not be easily explained by developmental delay phenotypes.
It would be helpful to test the Li et al. techniques with guides against such targets to confirm that the
wetted filter paper method is able to enable embryonic injection.

The authors also show in Supplementary Fig. S1B that embryonic injection results in yolk
leakage, similarly to what we observed in our injection experiments. We are surprised that these
embryos continued to survive and develop, as in our experiments, embryos with this degree of yolk
leakage and trauma died within a few days after injection. It is difficult to assess the morphology of the
embryos in the images provided, due to apparent degradation of image quality.

If the results of the Li et al. manuscript are reproducible, we would be excited to test a variety
of potential improvements to their protocol. One simple approach that could integrate some of the
methods we tested with the methods used in the other study would be to wet the filter paper with a
sodium alginate solution. This would allow a thin coating of sodium alginate to form around the
surface of the embryo. Following injection, one could then apply a brief wash of CaCl2 solution to
quickly form an artificial membrane around the eggs, potentially generating a thin artificial chorion
that would reduce the potential for yolk loss, and improve embryonic survival.

Other approaches to embryonic injection might use combinations of embryonic osmolarity
modulation, artificial membranes, and other techniques such as electroporation to improve efficiency
of the process and embryonic survival. Yet other approaches might leverage injection into the adult
ovary, such as ReMOT, to obviate the need to solve the challenges of embryonic injection
(Chaverra-Rodriguez et al., 2018; Sharma et al., 2022). The development of a robust and reproducible
protocol for injecting embryos will help establish Neocaridina as a decapod genetic model system.

5.5 – Discussion
The development of a decapod crustacean genetic model system would enable researchers to

better understand the biology of this economically important clade of organisms. In this chapter, we
provide a staging guide for the cherry shrimp, Neocaridina davidi, with the aim of building
developmental resources for this organism. Along with other work that demonstrates the potential for
CRISPR-Cas9 mutagenesis in this system, these data will serve as a useful resource for future
developmental studies in Neocaridina.

In addition to examining the stages of development in Neocaridina, we also generated some
preliminary information about Hox expression during development. Notably, we observed unexpected
expression patterns for Ubx + abd-A using the cross-reactive FP6.87 antibody.

https://www.zotero.org/google-docs/?C6NsJQ
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Ubx expression in Neocaridina appeared to be contrary to the expected expression pattern in
this organism based on its hatchling morphology. In most malacostracan crustaceans, the anterior
boundary of Ubx expression sits at the posterior of the final maxilliped segment (Averof and Patel,
1997). The number of maxillipeds varies between different groups of crustaceans, and the anterior
boundary of Ubx varies in a pattern that correlates with maxilliped identity shifts. In Neocaridina, at
the 13dpf stage, Ubx expression appears to occur in both the T2 and T3 segments, which develop into
maxillipeds later in development, contrary to expectations.

In this study, we only examined expression at this time point; it is possible that Ubx expression
shifts dynamically during embryogenesis, as is observed for other Hox genes in other arthropods.
Nonetheless, the expression of Ubx in the T2 and T3 segments may be important for patterning the
segmental identity of these maxilliped-bearing segments. T2 Ubx + abd-A expression appears to be
lower than T3 expression at 13dpf, suggesting that these two segments have begun to diverge in their
identity by this stage. Each of the T1, T2, and T3 segments, which eventually bears a maxilliped, has a
different morphology in hatchlings. The variability in levels of Ubx expression among these segments
may play a role in establishing different morphologies for the limbs.

abd-A expression in Neocaridina was also different than expected, as it showed a gradient of
expression in the abdomen. abd-A expression is associated with the development of pleopod identity in
a variety of crustaceans. Knockout of abd-A also results in loss of pleopod identity in the abdomen in
Parhyale. Interestingly, the low level of abd-A expression in the A4 and A5 segments of Parhyale is not
sufficient to generate a pleopod identity, and these segments instead default to a uropod identity, which
is specified by Abd-B. abd-A expression appears to have the potential for quantitative effects, such as in
Abd-B knockouts in Parhyale. In those experiments, abd-A retains its stepwise expression pattern, but
Ubx expression expands to the posterior, resulting in transformations of swimming legs to jumping
legs and anchoring legs to forward walking legs. In this unusual scenario, limbs with low levels of
abd-A and high levels of Ubx are formed. These limbs develop a morphology that is intermediate
between Ubx-only forward walking legs and Ubx+abd-A-specified reverse jumping legs. This
phenotype does not appear to require Ubx. In Ubx+abd-A double knockout experiments, the obvious
jumping leg transformations in high-abd-A-expressing A1-3 are retained alongside the intermediate
phenotypes of the A4 and A5 transformations. This suggests that abd-A acts dominantly with respect
to Ubx expression in Parhyale.

In Neocaridina at 13dpf, a gradated abd-A posterior expression boundary is also observed,
analogous to the pattern observed in Parhyale. However, the A3-A6 appendages develop into
pleopods. It is possible that this gradation is specific to this developmental time point, and more
thorough investigations could reveal a uniform expression pattern. If the gradated expression pattern is
maintained, however, this would suggest that the dosage needed for abd-A to pattern pleopod identity
is different than in Parhyale. In Parhyale, only high abd-A is sufficient to generate a combinatorial
effect with Abd-B to generate pleopods; in Neocaridina, it is possible that lower levels of abd-A would
be sufficient to generate pleopod identities.

Future experiments in Neocaridina will benefit from tools such as in situ hybridization chain
reaction, which will allow for the precise determination of the expression domains of each of the Hox
genes. Moreover, more thorough time-course experiments will reveal whether the expression patterns

https://www.zotero.org/google-docs/?KFngp1
https://www.zotero.org/google-docs/?KFngp1
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of these genes are dynamic in their segmental boundaries over time. The reported development of
CRISPR-Cas9 mutagenesis will also enable future researchers to directly test the function of these
genes by generating knockouts. The resultant homeotic transformations should shed light into the
function of these genes.

Our embryological data provide a useful developmental staging guide for Neocaridina and our
preliminary expression studies suggest that further investigation will be needed to understand the
relationship between Hox expression and the body plan in this system. By combining our data with
recent work, we aim to establish Neocaridina davidi as a novel decapod genetic model organism.

5.6 – Materials and Methods
Animals
Neocaridina davidi were obtained from Pan Ocean Aquarium, Inc. in Hayward, CA. Around 100
adults were raised in large tanks of dechlorinated tap water with Fluval Stratum Volcanic Sediment.
Tanks were supplemented with freshwater plants such as Java moss, Java fern (Microsorium
pteropterus), Anubias nana, and Agaria densa. Animals were fed a varied diet including Shirakura Ebi
Dama pellets, Shirakura Chi Ebi powder, and New Life Spectrum Algaemax Wafers.

Embryo culture
Embryos were collected from females by anesthetizing them in 1mL Kava kava root extract/ 40 mL
dechlorinated tap water (first suggested to us by Jonathon Stillman). Animals usually decreased in
movement after 30-45 minutes in this solution. We also attempted anesthetizing animals in various
concentrations of clove oil, as is used for Parhyale or Asellus, but even small volumes of clove oil
(2.5µL/50mL dechlorinated tap water) were lethal to Neocaridina. After animals reduced movement,
we flipped them ventrally and gently held them with a pair of forceps. Using a pulled glass Pasteur
pipette with a loop or hook at the end, we were able to scrape embryos off of the pleopods. This
technique requires some care, as pulling too hard on the tethers that attach the embryos to the
pleopods can result in rupturing of the embryo or damage to the female’s pleopods.

Embryos were raised at room temperature (~21°C) in aquarium tank water on a rocking
shaker, to simulate the frequent movement of the maternal pleopods during normal brooding
conditions. Water was changed every 2-3 days with fresh water from the aquarium tank. Embryos took
around 25-26 days to hatch at room temperature. We observed that hatchlings die very shortly after
hatching in the absence of food; as such, at very late stages of development, it is important to move
embryos into larger tanks, and provide some food source, such as fish flakes, to allow the hatchlings to
survive.

Dissections and antibody staining
Embryos were dissected using forceps by grasping the regions of the egg that were primarily yolk, and
then pulling away the membranes. Antibody staining was performed using previously described
protocols for Parhyale (Liubicich et al., 2009; Martin et al., 2015; Serano et al., 2016). Stained embryos
were imaged on a Zeiss LSM 780 or LSM 700 confocal microscope.

https://www.zotero.org/google-docs/?yG7wLb
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Microinjection
Needles were generated using a Sutter P-80 pipette puller. A lower heat and a stronger pull resulted in
more tapered needles. Embryos were injected in tank water atop Sylgard dishes. Embryos were held
using fine forceps prior to injection.

Osmolarity-modulating solutions
Osmolarity-modulating solutions were made using dechlorinated tap water with the appropriate
concentration or volume of additional material added.

Agarose membranes
A microwave was used to heat dechlorinated tap water in order to dissolve 0.1-0.2% low-melting
agarose. A flask containing heated agarose was held at 37°C in a standard incubator. Embryos in
minimal tank water were mixed with the warm, liquid agarose. Embryos were pipetted into tiny
bubbles onto parafilm placed atop crushed ice using a plastic Pasteur pipette. Agarose quickly
hardened, and encapsulated embryos were placed back into dishes with tank water.

Sodium alginate membranes
Sodium alginate was dissolved in room-temperature water at a concentration of 10mg/mL. For best
results, thoroughly mixing the suspended sodium alginate particles and allowing them to dissolve
overnight at 4°C results in a more uniform solution. Embryos in minimal tank water were mixed with
sodium alginate, and small bubbles of sodium alginate, each containing a single embryo, were dropped
into a medicine cup containing 10mg/mL CaCl2. Sodium alginate bubbles became very hard after ~10
minutes. A brief incubation or a smaller volume of sodium alginate around the embryos may improve
embryo survival.

5.7 – References, Chapter 5
Abzhanov, A., and Kaufman, T. (2000a). Embryonic expression patterns of the Hox genes of the

crayfish Procambarus clarkii (Crustacea, Decapoda). Evol. Dev.
https://doi.org/10.1046/j.1525-142x.2000.00066.x.

Abzhanov, A., and Kaufman, T. (2000b). Crustacean (malacostracan) Hox genes and the evolution of
the arthropod trunk. Development.

Alves, D.F.R., López Greco, L.S., Barros-Alves, S. de P., and Hirose, G.L. (2019). Sexual system,
reproductive cycle and embryonic development of the red-striped shrimp Lysmata vittata, an invader
in the western Atlantic Ocean. PLOS ONE 14, e0210723.
https://doi.org/10.1371/journal.pone.0210723.

Averof, M., and Patel, N.H. (1997). Crustacean appendage evolution associated with changes in Hox
gene expression. Nature 388, 682. .

Browne, W.E., Price, A.L., Gerberding, M., and Patel, N.H. (2005). Stages of embryonic development
in the amphipod crustacean, Parhyale hawaiensis. Genesis 42, 124–149.
https://doi.org/10.1002/gene.20145.

Celada, J.D., de Paz, P., Gaudioso, V.R., and Fernández, R. (1987). Embryonic development of the

https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2


252

freshwater crayfish (Pacifastacus leniusculus Dana): A scanning electron microscopic study. Anat.
Rec. 219, 304–310. https://doi.org/10.1002/ar.1092190311.

Chaverra-Rodriguez, D., Macias, V.M., Hughes, G.L., Pujhari, S., Suzuki, Y., Peterson, D.R., Kim, D.,
McKeand, S., and Rasgon, J.L. (2018). Targeted delivery of CRISPR-Cas9 ribonucleoprotein into
arthropod ovaries for heritable germline gene editing. Nat. Commun. 9, 1–11. .

Copf Tijana, Schröder Reinhard, and Averof Michalis (2004). Ancestral role of caudal genes in axis
elongation and segmentation. Proc. Natl. Acad. Sci. 101, 17711–17715.
https://doi.org/10.1073/pnas.0407327102.

Costa, J.W.P., Brito, T.Y. da S., Marques Neto, J.C., Abrunhosa, F.A., Maciel, C.M.T., and Maciel,
C.R. (2021). Reproductive cycle and embryonic development of the ornamental shrimp Lysmata
ankeri Rhyne and Lin, 2006. Aquaculture 543, 736994.
https://doi.org/10.1016/j.aquaculture.2021.736994.

Fritsch, M., and Richter, S. (2017). Unexpected UBX expression in the maxilliped of the mystacocarid
crustacean Derocheilocharis remanei—evidence for a different way of making a maxilliped? Dev.
Genes Evol. 227, 289–296. https://doi.org/10.1007/s00427-017-0586-3.

García-Guerrero, M., and Hendrickx, M.E. (2004). Embryology of Decapod Crustaceans I.
Embryonic Development of the Mangrove Crabs Goniopsis Pulchra and Aratus Pisonii (Decapoda:
Brachyura). J. Crustac. Biol. 24, 666–672. https://doi.org/10.1651/C-2497.

Hiruta, C., Toyota, K., Miyakawa, H., Ogino, Y., Miyagawa, S., Tatarazako, N., Shaw, J.R., and Iguchi,
T. (2013). Development of a microinjection system for RNA interference in the water flea Daphnia
pulex. BMC Biotechnol. 13, 96. https://doi.org/10.1186/1472-6750-13-96.

Jirikowski, G.J., Richter, S., and Wolff, C. (2013). Myogenesis of Malacostraca – the “egg-nauplius”
concept revisited. Front. Zool. 10, 76. https://doi.org/10.1186/1742-9994-10-76.

Jirikowski, G.J., Wolff, C., and Richter, S. (2015). Evolution of eumalacostracan development—new
insights into loss and reacquisition of larval stages revealed by heterochrony analysis. EvoDevo 6, 4.
https://doi.org/10.1186/2041-9139-6-4.

Kenny, N.J., Sin, Y.W., Shen, X., Zhe, Q., Wang, W., Chan, T.F., Tobe, S.S., Shimeld, S.M., Chu, K.H.,
and Hui, J.H.L. (2014). Genomic Sequence and Experimental Tractability of a New Decapod
Shrimp Model, Neocaridina denticulata. Mar. Drugs 12. https://doi.org/10.3390/md12031419.

Klann, M., and Scholtz, G. (2014). Early embryonic development of the freshwater shrimp Caridina
multidentata (Crustacea, Decapoda, Atyidae). Zoomorphology.

Li, R., Meng, Q., Qi, J., Hu, L., Huang, J., Zhang, Y., Yang, J., and Sun, J. (2022).
Microinjection-based CRISPR/Cas9 mutagenesis in the decapoda crustaceans Neocaridina
heteropoda and Eriocheir sinensis. J. Exp. Biol. 225, jeb243702. https://doi.org/10.1242/jeb.243702.

Liubicich, D.M., Serano, J.M., Pavlopoulos, A., Kontarakis, Z., Protas, M.E., Kwan, E., Chatterjee, S.,
Tran, K.D., Averof, M., and Patel, N.H. (2009). Knockdown of Parhyale Ultrabithorax recapitulates
evolutionary changes in crustacean appendage morphology. Proc Natl Acad Sci USA 106,
13892–13896. https://doi.org/10.1073/pnas.0903105106.

Martin, A., Serano, J.M., Jarvis, E., Bruce, H.S., Wang, J., Ray, S., Barker, C.A., C, O., Liam, and Patel,
N.H. (2015). CRISPR/Cas9 Mutagenesis Reveals Versatile Roles of Hox Genes in Crustacean Limb
Specification and Evolution. Curr Biol 26, 14–26. https://doi.org/10.1016/j.cub.2015.11.021.

https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2


253

Mykles, D.L., and Hui, J.H.L. (2015). Neocaridina denticulata: A Decapod Crustacean Model for
Functional Genomics. Integr. Comp. Biol. 55, 891–897. https://doi.org/10.1093/icb/icv050.

Pantaleao, J., Gregati, R., and Costa, R. (2015). Post‐hatching development of the ornamental ’Red
Cherry Shrimp’Neocaridina davidi (Bouvier, 1904)(Crustacea, Caridea, Atyidae) under laboratorial
conditions. Aquac. ….

Rehm, E.J., Hannibal, R.L., Chaw, R.C., Vargas-Vila, M.A., and Patel, N.H. (2009). Injection of
Parhyale hawaiensis Blastomeres with Fluorescently Labeled Tracers. Cold Spring Harb. Protoc.
2009, pdb.prot5128. https://doi.org/10.1101/pdb.prot5128.

Romero-Carvajal, A., Turnbull, M.W., and Baeza, J.A. (2018). Embryonic Development in the
Peppermint Shrimp, Lysmata boggessi (Caridea: Lysmatidae). Biol. Bull. 234, 165–179.
https://doi.org/10.1086/698468.

Sandeman, R., and Sandeman, D. (1991). Stages in the development of the embryo of the fresh-water
crayfishCherax destructor. Rouxs Arch. Dev. Biol. 200, 27–37.
https://doi.org/10.1007/BF02457638.

Schmid, B. (2011). Molecular Studies on Head Development of the Amphipod Crustacean Parhyale
hawaiensis (Georg-August-University Göttingen).

Serano, J.M., Martin, A., Liubicich, D.M., Jarvis, E., Bruce, H.S., La, K., Browne, W.E., Grimwood, J.,
and Patel, N.H. (2016). Comprehensive analysis of Hox gene expression in the amphipod crustacean
Parhyale hawaiensis. Dev Biol 409, 297–309. https://doi.org/10.1016/j.ydbio.2015.10.029.

Sharma, A., Pham, M.N., Reyes, J.B., Chana, R., Yim, W.C., Heu, C.C., Kim, D.,
Chaverra-Rodriguez, D., Rasgon, J.L., Harrell, R.A., et al. (2022). Cas9-mediated gene editing in the
black-legged tick, Ixodes scapularis, by embryo injection and ReMOT Control. IScience 25, 103781.
https://doi.org/10.1016/j.isci.2022.103781.

Tropea, C., Lavarías, S.M.L., and López Greco, L.S. (2018). Getting ready for mating: The importance
of male touching as an accelerator of ovarian growth in a caridean shrimp. Zoology 130, 57–66.
https://doi.org/10.1016/j.zool.2018.08.003.

Wolfe, J.M., Breinholt, J.W., Crandall, K.A., Lemmon, A.R., Lemmon, E.M., Timm, L.E., Siddall,
M.E., and Bracken-Grissom, H.D. (2019). A phylogenomic framework, evolutionary timeline and
genomic resources for comparative studies of decapod crustaceans. Proc. R. Soc. B Biol. Sci. 286,
20190079. https://doi.org/10.1098/rspb.2019.0079.

https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2
https://www.zotero.org/google-docs/?lwHtU2


254

Figure 5.1: Adult morphology and animal husbandry strategy for Neocaridina davidi
A) Adult female Neocaridinia. Females have rounded abdominal tergites. The pictured female has a yellow-pigmented

ovary (referred to as a “saddle”) covering the dorsal side of the embryo at the junction between the cephalothorax and
abdomen.

B) Adult male Neocaridina. Males tend to be more transparent and less well-pigmented than females. Males have a more
triangular silhouette to the abdominal tergites. Males tend to spend more time swimming freely through the water.

C) Gravid female, referred to as “berried.” The brightly visible yellow embryos are attached to the pleopods, as is common
for many decapod crustaceans. While “berried,” females tend to spend more time hiding in darkened parts of the
aquarium tank, hiding beneath or behind the leaves of aquarium plants.

D) Animal husbandry strategy for obtaining early embryos. Saddled females are takeen from a mixed adult tank and fed
regularly until the saddle becomes very prominent for most of the animals in the tank. Males are introduced prior to
desired experimental timing, and tanks are checked regularly throughout the day for embryos. Embryos are collected
and used for injection trials, or raised on a shaking plate at room temperature (~21°C) until hatching.

E) Adult body plan of Neocaridina. Like Parhyale, Neocaridina has multiple appendage types in the thorax. Neocaridina
has more maxillipeds than Parhyale (three vs. one) and more pleopods in the abdomen.

F) Adult body plan of Parhyale.
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Figure 5.2: Early cell divisions of Neocaridina davidi embryos
Scale bars are approximate. Unless otherwise indicated, scale bars are approximately 100µM.
A) Field of early stage embryos all from a single clutch, showing variability in developmental progression for sibling

embryos. Embryos at the 1-cell, 2-cell, and 4-cell stages are all observed.
B-C) Schematic (B) and angled light (C) images of 1-cell stage embryo. The most prominent feature is a pale, opaque focus

within the yolk at the position of the zygotic nucleus. In transmitted or angled light microsopy, the opacity is visible as
a nuclear shadow.

D-E) Schematic (D) and angled light (E) images of an early 2-cell stage embryo. Two nuclear shadows are observed,
suggesting that the first nuclear cleavage has occurred, but the process of cytokinesis has not yet completed.

F-H) Schematic (F), brightfield (G), and transmitted light (H) images of macromere-stage embryos. Pale opacities are
visible within the macromeres of the embryo, whose nuclei also are visible as shadows through transmitted light.

I-K) Schematic (I) image and two brightfield images (J, K) of early “morula” stage embryos. The embryonic cells are
distinguishable as obviously separate cells with well-defined membranes. During cell division waves, the membranes
become rounded (J) before compacting into a uniform surface again (K).

L-M) Schematic (L), brightfield (M), and transmitted light (N) images of later morula embryos. At this stage, the embryo
contracts from the chorion, leaving obvious gaps in the anterior and posterior poles. The cell membranes become less
obvious, although the embryo still retains a slightly rough and bumpy-looking shape, which distinguishes it from
2-3dpf embryos, which have a mostly uniform yolk with no noticeable features.
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Figure 5.3: Live imaging reveals timing of early Neocaridina developmental stages
A-B) Schematic (A) and brightfield (B) images of 1-cell embryo.
C-D) Schematic (C) and brightfield (D) images of 2-cell embryo, taken about 8-9 hrs after the image in B.
E-F) Schematic (E) and brightfield (F) images of 4-cell embryo, taken abouut 12-13 hrs after the image in B.
G-J) Schematic (G, I) and brightfield (H, J) images of morula stage embryos. By J, around 24 hours after B, the embryo

appears to have a compacted morphology with gaps at the anterioir and posterior.
K) Time series of images taken around the first cell division. Images are taken at 15 minute intervals.
L) Time series of images taken around the second cell division. Images are taken at 15 minute intervals.
M) Summary of embryonic stage timings inferred from time series live imaging. After the 4-cell stage, the image quality

and angle of embryonic divisions made it difficult to determine the precise timing of additional cell divisions.
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Figure 5.4: Soccerball to early
germband stages (2-6dpf )

Brightfield scale bars are approximate.
DAPI scale bars are exact.

A) 2dpf embryo showing gaps at the
anterior and posterior ends of the
embryo and compacted embryonic
tissue and yolk.

B) Schematic of 2 and 3-4dpf embryos.
C-D) Brightfield (C) and DAPI (D)

images of 3dpf embryo. Embryonic
nuclei are uniformly distributed
across the yolk surface.

E-F) Brightfield (E) and DAPI (F)
images of 4dpf embryo. Embryonic
cells appear to be condensing on
one end of the embryo, which will
likely give rise to the embryonic
tissue.

G-I) Brightfield (G), DAPI (H), and
schematic (I) images of 6dpf
embryo. By this stage, the
embryonic tissue is visible as a tiny
semi-transparent pale structure in
the posterior of the egg. From a
head-on view (not shown) the limb
buds of the naupliar segments
(An1, An2, Mn) are visible. In the
posterior, the caudal papillae are
beginning to form (purple
arrowhead).
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Figure 5.5: Head development and posterior segmentation stages (7-10dpf )
Brightfield scale bars are approximate. Fluorescence scale bars are exact.
Key: white arrow – optic lobe engrailed stripe; purple arrowhead – caudal papillae.
A-E) Schematic and images of 7dpf embryo. The embryo increases in size and becomes a more obvious transparent

structure in the posterior of the egg. The optic lobe engrailed stripes become visible as a small number of nuclei in the
anterior, and the developing eye segment becomes more obvious. The caudal papillae begin to take on a bilobed
morphology.



259

F-J) Schematic and images of 8dpf embryo. The second antennae become obviously biramous, and the caudal papillae
become more obviously bilobed. The thoracic and abdominal segments are obscured by the fold of the embryo, with
the developing abdomen covering the developing thorax.

K-O) Schematic and images of 9dpf embryo. Additional leg segments develop, including the bilobed Mx1, Mx, T1, and
T2. The eye lobes become larger and more prominent.

P-T) Schematic and images of 10dpf embryo. Naupliar segment and maxilliped limb buds are visible. The cephalothorax
segments become wider, while the abdomen remains narrow and nested between the developing limb buds.
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Figure 5.6: Anterior expansion stages
(11-12dpf )

Brightfield scale bars are approximate.
Fluorescence scale bars are exact.

A-D) Schematic and images of 11dpf embryos.
The embryo has developed obvious
morphology for the An1 to T3 (Mxp3)
segments. In brightfield microscopy, the
embryo is thickening in the posterior of the
egg.

E-H) Schematic and images of 12dpf embryos.
The anterior of the embryo begins
expanding towards the anterior of the egg.
The engrailed stripes of the thorax begin to
curve as the limb-bearing segments expand in
their development.
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Figure 5.7: Late developmental stages (14dpf to hatching)
Scale bars represent approximately 100µM.
Key: green triangles – carapace; dotted lines in B and G mark the boundaries of the head (An1 to T3 (Mxp3)), thorax

(T4-8), and abdominal (A1-6) segments; dotted lines in L and Q mark the boundary between the cephalothorax and
the abdomen.

A-E) Schematic and images of 14dpf embryos. The abdominal segments are fully distinct, as well as the pleotelson.
Regular rows of developing ommatidia are visible in the developing eye. The eyes also begin developing a red
pigmentation. On the dorsal side of the embryo, a pair of pale regions develop in the yolk, each with a yellow region in
the middle. These will become the gut bubbles. At the lateral edges of the embryo, the carapace begins to develop.

F-J) Schematic and images of 15dpf embryos. The thoracic segments develop substantially, revealing the elongated
thoracic limb buds of the T4-8 segments. The gut bubbles become morphologically distinct from the embryonic yolk.
Along the embryonic axis, small stellate red pigment cells begin to emerge.

K-O) Schematic and images of 17dpf embryos. The thoracic limbs have developed considerably at this point to be larger
than the maxillipeds, and the head segments and thoracic segments seem to coalesce into a cephalothorax. Cuticle has
formed, impeding complete DAPI staining in panel L. The pleopod limb buds become morphologically distinct from
the pleopod segments. The eyes begin to darken to a brown color. The stellate red pigment cells expand.

P-T) Schematic and images of 20dpf embryos. The eyes darken to a black coloration and begin to become more round in
their morphology. The gut partitions the yolk into a walnut-like shape. Opaque yellow cells appear throughout the
body with a different morphology than the stellate red pigment cells.

U-X) Schematic and images of 23dpf embryos. The embryo is nearly fully developed and will hatch within 2-3 days after
this point. The eyes are fully black and rounded, and have rotated to become longer along the anterior-posterior than
dorsal-ventral axes. Opaque yellow cells expand in their distribution across the embryo.
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Figure 5.8: Unexpected Ubx + abd-A expression patterns in Neocaridina embryos
Scale bars are exactly 100µM.
A-E) Antibody stain of FB6.87 (cross-reactive Ubx + abd-A antibody, mint); HRP (purple), and DAPI (white/gray) in a

13dpf embryo. Ubx + abd-A expression appears to be bounded at the anterior in the T2 segment and in the posterior
by the A5 segment.

F-H) Antibody stain of PhUbx with DAPI in a 12dpf embryo. Background staining is substantial, but nuclear
morphology is visible in cells of the T3 segment onwards.

I-K) Antibody stain of DP312 (cross-reactive Pax3/7 antibody, red) in a 12dpf embryo. In addition to stripes that mirror
engrailed expression, there is a population of cells with large nuclei that are stained in the posterior portion of the
abdomen anterior to the caudal papillae.

L) FP6.87 staining schematic and inferred Ubx and abd-A expression patterns. Contrary to the expectation from
Periclimenes, in which the anterior boundary of Ubx expression occurs after the last maxilliped, in Neocaridina
embryos at 13dpf, Ubx appears to be expressed the T2 and T3 appendages, each of which forms a different type of
maxilliped. abd-A expression in Neocaridina appears to be gradated in the posterior, similar to Parhyale, which
contrasts with other decapod crustaceans such as Procambarus fallax.

M) Schematic of Ubx expression patterns in diverse crustacean groups, summarizing work from (Averof and Patel, 1997;
Fritsch and Richter, 2017). Neocaridina davidi appears to be a crustacean with a unique expression of Ubx in
maxillipeds.

N) Schematic of abd-A expression patterns in diverse crustacean groups, summarizing work from (Abzhanov and
Kaufman, 2000b; Martin et al., 2015).
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Figure 5.9: Z-slice analysis confirms unexpected register of Ubx + abd-A staining
Scale bars are exactly 100µM.
Top row: Maximum intensity projection (MIP) of slices 1-66 of embryo from top row of Fig. 4.8.
Middle row: MIP of slices 17-25. Segment boundaries are labeled in brackets.
Bottom row: MIP of slices 45-66. Segment boundaries are labeled in brackets.
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Figure 5.10: Thoracic limb buds show Ubx + abd-A staining
Scale bar is exactly 25µM.
Zoomed view of FP6.87 (Ubx + abd-A) expression in slices 17-25 from figure 4.9. Red dotted lines indicate outline of
T4-6 thoracic limbs stained with FP6.87.
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Figure 5.11: Schematic summary of Neocaridina development
A) Schematic timeline of stages and developmental events during Neocaridina development.
B) Schematic of early phases of Neocaridina development from zygote to blastula-like embryonic stages, 0-4dpf.
C) Schematic of limb bud stages, including representations of embryonic morphology, from 6-10dpf.
D) Schematic lateral view of embryos from 11-23dpf, illustrating gross morphological movements of the embryo within the
egg, stages of eye development, and emergence of pigment cell types.



269

Figure 5.12: High
intraembryonic pressure as a
barrier to successful
Neocaridina injections

A) Parhyale injection needle and
“squat” style needle.

B) Two different “stinger” type
needles generated with multiple
rounds of heating and pulling.

C) 1- and 2-cell embryos being
prepared for microinjection in a
Sylgard dish.

D) Early blastomere embryos lined
up for injection in a plastic needle
holder.

E) Injection angle and setup for early
stage embryos using a quartz
needle.

F) Time-series of embryonic injection
trials showing exploding embryo.
Red dotted line marks frame in
which the chorion is punctured.
Blue asterisks mark escaping yolk
or cells.

G) Time-series of embryonic
injection trial in a different
embryo than F.
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Figure 5.13: Effects of various osmotic solutions on early embryonic pressure and survival
Table showing effects of a variety of different solutions on embryonic survival and intraembryonic pressure.
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Figure 5.14: Methods to generate synthetic “membranes” for Neocaridina injection
Scale bars represent approximately 100µM.
A-B) Method to generate artificial membrane for embryos using agarose embedding.
C-D) Method to generate artificial membrane for embryos using sodium alginate.
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Figure 5.15: Proposed future strategies for embryonic injection in Neocaridina
A) Proposed approach combining sodium alginate with embryonic depressurization to improve injection success.
B) Proposed approach combining agarose embedding with electroporation to improve injection success.
C) Proposed approach combining sodium alginate methods described in current manuscript with Li et al. 2022 filter

paper approaches to generate synthetic membranes rapidly after injection. This approach may improve embryo
survival by decreasing leakage.


	I.Title-Abstract
	II.Prelim-Pages
	0. Introduction to Parhyale hawaiensis
	1. Functional genomics of Parhyale hawaiensis
	2. Parhyale hawaiensis Polycomb and Trithorax
	3. Embryonic development of Asellus aquaticus
	4. Transcriptomics of Asellus aquaticus
	5. Embryonic development of Neocaridina davidi



