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Non-insect crustacean models in developmental
genetics including an encomium to Parhyale hawaiensis _

Evangelia Stamataki and Anastasios Pavlopoulos

The impressive diversity of body plans, lifestyles and
segmental specializations exhibited by crustaceans
(barnacles, copepods, shrimps, crabs, lobsters and their kin)
provides great material to address longstanding questions in
evolutionary developmental biology. Recent advances in
forward and reverse genetics and in imaging approaches
applied in the amphipod Parhyale hawaiensis and other
emerging crustacean model species have made it possible
to probe the molecular and cellular basis of crustacean
diversity. A number of biological and technical qualities like
the slow tempo and holoblastic cleavage mode, the
stereotypy of many cellular processes, the functional and
morphological diversity of limbs along the body axis, and the
availability of various experimental manipulations, have
made Parhyale a powerful system to study normal
development and regeneration.
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Introduction

Arthropods exhibit an enormous diversity and provide
ample material for comparative developmental studies
(Figure 1a) [1]. Among arthropod groups, insects have
attracted disproportionately more attention than crus-
taceans, myriapods and chelicerates, understandably so
because of the great contributions of Drosophila re-
search in developmental biology and genetics. Al-
though insects outnumber all metazoans in terms
of species number, the nearly 70 000 described crusta-
cean species are unrivalled in terms of form and life-
style [2,3].

@ CrossMark

Crustacean model systems in biological
research

Crustaceans have had a long history in other fields of
biological research, including ecology, neurobiology,
anatomy and physiology. Over the last years, a large body
of evidence has indicated that insects have evolved from
crustaceans [1,4°]. This realization motivated several
comparisons of gene expression between insect and crus-
tacean embryos, but also seeded the idea of developing
one or more suitable crustacean species as experimental
systems for developmental genetic studies.

The water flea Daphnia pulex has served as a valuable
model for environmental, evolutionary and developmen-
tal research, and was the first crustacean to have its
genome sequenced [5]. Another branchiopod, the brine
shrimp Artemia franciscana, has been used more exten-
sively in developmental studies to understand the orga-
nization and evolution of arthropod body plans [6°,7]. The
genetic and cellular basis of embryonic pattern formation
has been also probed in representatives from other crus-
tacean classes like barnacles [8,9] and malacostracans
[10,11], merely at a descriptive level.

The advent of next generation sequencing technologies,
the application of transgenesis and RNAI for functional
genetics and, lately, the revolution of the CRISPR/Cas
genome editing system have started closing the techno-
logical gap between established and emerging arthropod
systems [12]. The crustacean model that has benefited
the most from these technologies has been arguably the
malacostracan amphipod Parhyale hawaiensis and will be
the focus of the rest of this article.

Paving the way for malacostracans in modern
developmental biology

In 2004, Dohle, Scholtz and colleagues remarked: ‘Un-
fortunately, not many investigators take advantage of the
fact that in the developing germband of malacostracans,
expression of genes can be described with the resolution
of single cells of which the origin is known.” [13°].
Malacostracans comprise the well-known and culinary
delightful decapods (crabs, lobsters, shrimps, crayfish)
and other less-recognizable orders like amphipods
(scuds), isopods (woodlice) among others. (Figure 1a)
[2,3]. A salient feature of malacostracan embryos that
cannot be found in the rest of crustaceans and arthropods
is the stereotypy of cell lineages observed during early
cleavage and later germband stages [13°,14,15]. This
invariance in many cell patterning events, together with
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Parhyale hawaiensis, an emerging crustacean model system for developmental genetic research. (a) Phylogeny of arthropod and crustacean
groups. The depicted relationships among major arthropod groups reflect most current phylogenies. There are still alternative hypotheses
regarding the position of certain crustacean lineages like the barnacles (not shown here) and the branchiopods (shown with dotted line). (b)
Number of citations in PubMed per indicated time period with the keyword ‘Parhyale’ in their title or abstract. (c) Parhyale life cycle. Parhyale eggs
can be dissected from the female’s ventral brood pouch at any stage of development and can be cultured in seawater. During the first 8 hours
after egg lay, each egg undergoes three total cleavages producing a stereotyped arrangement of four macromeres and four micromeres with
restricted cell fates: the three El, Er and Ep macromeres give rise to the ectoderm, the fourth Mav macromere gives rise to the visceral and
anterior mesoderm, the ml and mr micromeres form the rest somatic mesoderm, the en and g micromeres give rise to the endoderm and
germline, respectively. Later divisions produce yolk-free cells (12 h) that aggregate ventrally and anteriorly to form the embryo rudiment (2 days).
During subsequent segmentation stages, the embryo elongates posteriorly and the appendage buds develop in an anterior to posterior
progression (4 days). Appendages continue to grow as the yolk gets sequestered in the developing midgut and the head region separates from
the trunk (6 days). Organogenesis appears complete during the last days of embryogenesis when the pigmented compound eyes form (9 days).
The hatchling that emerges from the egg looks like a miniature adult (day 10). It increases in size through successive molts and reaches sexual
maturation about 2 months after egg lay. All scale bars are 200 um except in the adult female that is 1000 um.
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the amenability of Parfyale to a large and ever-increasing
number of experimental manipulations, are some of the
biological and technical qualities that make this species
an increasingly popular model system for modern biolog-
ical research (Figure 1b).

The biology of Parhyale hawaiensis

Parhyale is a marine amphipod crustacean that was intro-
duced in the lab by Browne and Patel in the late 1990s
[16°°,17]. It has a worldwide tropical distribution living in
shallow aquatic habitats and feeding on detritus. This
lifestyle makes Parhyale a robust experimental organism
that thrives under standard culturing conditions.

Parhyale has a life cycle of 7-8 weeks at 26 °C (Figure 1¢).
Embryogenesis takes about 10 days and the juvenile that
emerges from the egg looks like a miniature adult
[16°°,17]. Thus, almost all aspects of body patterning,
growth and differentiation — with the exception of a few
traits associated with sexual maturation — can be studied
during embryogenesis that is well-described and compre-
hensively staged [16°°,17]. Sexually mature females are
distinct from males by their conspicuous gonads and their
smaller grasping appendages (limbs) in the thorax
(Figure 2a). Male Parhyale seize and retain hold of the
female until copulation occurs [15,16°°]. After sperm
transfer, the female molts, gets released from the male
and oviposits her fertilized eggs in a ventral brood pouch

Figure 2

(Figure 1c). Parhyalists take advantage of these ethologi-
cal features to streamline the collection of embryos from
gravid females [18]. Considering that thousands of ani-
mals can be raised routinely in small containers and that
adults breed year-round, hundreds of fertilized eggs can
be obtained daily for experimental manipulations.

The Parhyale body plan

The body of Parhyale, like in the rest malacostracans,
consists of appendage-bearing segments that are orga-
nized into the head, thorax (perecon) and abdomen (pleon)
(Figure 2a) [16°°]. The lateral compression of the body
together with the orientation of the thoracic limbs that are
directed forwards and backwards give amphipods their
characteristic appearance and name. Many malacostracan
groups, including amphipods, exhibit a striking speciali-
zation in their appendages that have been adapted for
different functions like sensation, feeding, locomotion
and others (Figure 2b) [2,3]. The evolution of these
groups into living Swiss army knives has no equal among
metazoans, and offers excellent material to investigate
the molecular, cellular and biophysical basis of organ
morphogenesis [16°°,19°%,20°°].

Experimental tools and resources for Parhyale
research

The Parfyale community has developed various exper-
imental approaches and standardized resources that
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Parhyale body plan and appendage diversity. (a) Lateral view of adult Parhyale with anterior towards the left and dorsal towards the top. The head
region is made up of six segments and carries two pairs of sensory antennae (An1 and An2) and three pairs of feeding appendages (mandibles,
maxillae 1 and maxillae 2 concealed in this view). The first thoracic segment (T1) is fused to the head and bears another pair of feeding
appendages, known as maxillipeds. T2 and T3 bear clawed appendages known as gnathopods that are used for grasping, while T4 to T8 bear
elongated appendages used for walking. The abdomen is composed of six segments bearing three pairs of paddling appendages (A1-A3
pleopods not visible here) followed by three pairs of thickened appendages used for anchoring and jumping (A4-A6 uropods). This particular adult
is a spontaneous mutant carrying a small female-like gnathopod (T3") on its left side and an enlarged male-like gnathopod (T3™) on its right side.
(b) Cuticle preparations of dissected appendages shown in scale with distal towards the left: maxillae 2 (Mx2), T1 maxillipeds, T2 gnathopod, T4
leg, A1 pleopods and A4 uropods. The feeding appendages like Mx2 and T1, and the abdominal pleopods and uropods are medially fused; both
the left (L) and right (R) appendages are shown. Thoracic appendages like T1, T2 and T4 have a single segmented limb branch (uniramous), while
abdominal appendages like A1 and A4 are branched distally (biramous). Appendages are uniquely identifiable by the distinct size and shape of
their segments, as well as the presence/absence of characteristic pattern elements like cuticle plates, gills and setae. Scale bars are 100 pm.
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have advanced Par#kyale into a powerful system to tackle
fundamental questions in developmental biology
(Figure 3). The foundational reports describing the
early cell fate map and embryonic development of
Parhyale demonstrated that embryos were amenable
to various embryological manipulations and gene ex-
pression studies using whole-mount in situ hybridiza-
tion and immunohistochemistry [21°°,22°23-25]. To
facilitate and advance molecular genetic research, a
number of genomic and transcriptomic resources were
generated by high-throughput sequencing of BAC
clones and c¢cDNA libraries [26-30]. Most recently,
the huge Parkyale genome that resembles the human
genome in terms of size and chromosome count was
also sequenced, assembled e novo and annotated
(http://www.ncbi.nlm.nih.gov/genome/15533).

The first transposon-based functional studies also
indicated that Parkyale embryos could be genetically

Figure 3

transformed with high efficiency (Figure 3d) [18,31°].
In these and all subsequent experiments, it was evident
that transgene expression was not only detected in trans-
genic animals (F1, F2 generations), but also in a large
fraction of injected embryos (F0O generation). Injection of
FOs at the 1-cell stage often resulted in bilateral transgene
expression, while single-blastomere injection at the 2-cell
stage produced unilateral expression due to early lineage
restrictions [19°°,20°°,31°]. These features are extremely
useful for experimentation in Par/kyale, first, because they
enable fast and reliable FO genetic approaches, and
second, because they allow the comparison of wild-type
versus the genetically perturbed conditions in the same
embryo (Figure 3c).

The transgenesis toolkit in Parfyale was further expanded
with a site-specific integrase system [32]. The establish-
ment of transposon and integrase-based transformation
systems has increased the sophistication and versatility of

CRISPR-KI

CRISPR-KO
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Functional genetic manipulations in Parhyale. (a) Scanning electron microscopy analysis after RNAi knocked-down of gene activity (loss-of-
function), (b) of a wild-type juvenile, and (c) after trangenesis-based misexpression of a gene (gain-of-function). In (a), the T2 gnathopods (yellow)
have been partially transformed into T1 maxillipeds (green), while in (c), the T1 maxilliped and T2/T3 gnathopods have acquired the T4 identity
(magenta) on one side but are wild-type on the contralateral side. (d) Transgenic animal expressing a muscle-specific fluorescent reporter
construct (in red) merged with the auto-fluorescence of the cuticle (in cyan). () CRISPR-mediated knock-in (KI) of a construct driving expression
of a fluorescent reporter in the appendages (shown in red) merged with the corresponding bright field image (in cyan). (f) Wild-type juvenile
stained for cuticle and color-coded by depth, and (g) similarly stained mutant with truncated appendages after CRISPR-based gene knock-out
(KO). Panels a-c are ventral views with anterior upwards, while d-g are lateral views with anterior towards the left and dorsal towards the top.

Source: Panels a and b were reproduced from [34] and panel ¢ from [19°°].
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genetic manipulations in Parkyale with unbiased gene
trapping screens and the redeployment of gene traps
for various applications [32,33]. The characterization of
endogenous heat-inducible promoters allowed the devel-
opment of conditional misexpression systems for gain-of-
function genetic studies [18,19°°], while RNA interfer-
ence and morpholino-mediated gene knock-down were
employed for complementary loss-of-function approaches
(Figure 3a—c) [34,35]. The inherent limitations of gene
knock-down approaches, like transient and incomplete
reduction in gene function, were recently mitigated with
the application of the revolutionary CRISPR/Cas system
for targeted genome editing [12]. More specifically,
CRISPR/Cas editing has been adapted to completely
knock-out gene function in Parkyale embryos [20°°], as
well as for knock-in approaches to generate fluorescent
reporters of gene expression (Figure 3e—g) [36°]. As with
all previously tested functional genetic manipulations,
the slow tempo and complete early cleavage mode of
Parhyale embryogenesis resulted in very high targeting
efficiencies and low levels of mosaicism in treated em-

bryos [20°°].

Finally, Parhyale has stood up to the challenge of making
the link between the genetic and cellular basis of devel-
opment. The advent of genetic tools for live imaging, in
combination with the transparency and low autofluores-
cence of Parhyale, have allowed detailed microscopic
inspections of cellular dynamics with exceptional spatio-
temporal resolution. Different types of light microscopy,
including bright field, confocal and multi-view light-sheet
microscopy have been used successfully to image embry-
onic and post-embryonic processes over several days
of development ([37°%,38,39]; htep://www.cell.com/
pictureshow/lightsheet2).

The genetic basis of Parhyale appendage
specialization

Most of these techniques have been applied primarily to
study appendage development and diversification in Par-
hyale, and elucidate the role of patterning genes in body
plan evolution. Hox genes have been long linked to
segmental specialization in arthropods [40,41], but Par-
hyale and other crustacean species are extreme illustra-
tions of this association (Figure 2b). Comprehensive
studies have suggested that Parkyale Hox genes are
clustered in the genome and expressed collinearly along
the anterior—posterior body axis [36°]. The different
appendage types are specified by a remarkable Hox code
that involves distinct combinations of Hox genes together
with intrasegmental modulation in the patterns and levels
of Hox gene expression [36°]. Homeotic transformations
of one appendage type into another have been generated
systematically using complementary gain-of-function and
loss-of-function approaches (Figure 3a—c) [19°°,20°°,34].
These functional studies, together with the comparison of
the morphological transitions and expression domains of

Hox homologues between Paryale and other crustacean
groups have provided compelling evidence that changes
in Hox genes are causally related with phenotypic varia-
tion and evolution [42°°,43]. The stage is set in Parkyale to
investigate the differential cell behaviors and target genes
modulated by Hox genes to control morphogenesis and
diversification of serially homologous structures.

Lineage restriction and cell fate specification
Parhyale fertilized eggs undergo a series of complete,
stereotyped cleavages. Formed blastomeres are uniquely
identifiable based on their size, position and contacts
(Figure 1c) [21°°]. Cell lineage studies in Parhyale and
other amphipods have revealed very early restrictions in
the fate of these blastomeres with important implications
for various experimental manipulations [21°°,44°]. The
first cleavage separates the left from the right side for
most of the ectodermal and mesodermal tissues. Just two
cleavages later, at the 8-cell stage, each blastomere is
further restricted to a single germ layer (Figure 1c),
although a certain capacity for regulation within each
germ layer is observed after blastomere ablation [45°].
These properties of the early Parhyale embryo make it an
excellent model system to study longstanding questions
in developmental biology: What is the role of invariant
cell lineages and how plastic are they? What is the relative
contribution of cell history versus cell communication in
different processes and at different stages of develop-
ment? What is the identity of cell fate determinants and
how conserved are they? A number of embryological,
genetic and genomic approaches have started addressing
these issues in the Paryale embryo revealing both mosaic
as well as regulative patterns of development [30,38,45°].

Parhyale germband formation and maturation
The malacostracan germband is composed of an early-
forming anterior head (naupliar) region and a posterior
(post-naupliar) region that gives rise to the posterior head
and all trunk segments sequentially in anterior-to-posterior
progression [13°]. The ectodermal cells in this post-nau-
pliar region become organized in a highly ordered grid of
cells where each row of cells corresponds to one paraseg-
ment. The majority of malacostracan groups generate the
parasegmental rows through sequential asymmetric divi-
sions of stem cell-like cells called ectoteloblasts. Ectotelo-
blasts are absent in amphipods where the grid is self-
organized by scattered cells that become aligned in para-
segmental rows [14,16°°,38]. The post-naupliar germband
grows in size through a series of stereotyped events in-
cluding the progressive addition of new rows at the poste-
rior end and invariant rounds of mitotic divisions in each
formed parasegment. During germband morphogenesis,
the metameric organization transitions from parasegmental
to segmental with the establishment of segmental bound-
aries and formation of paired appendage buds in each
segment. Contrary to ectoderm development, post-nau-
pliar mesoderm formation follows the stem cell-based
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teloblastic mode in all malacostracan groups [38,46,47].
Significant effort has been and continues to be invested in
understanding the genetic and cellular mechanisms un-
derlying (para)segment formation, neurogenesis, myogen-
esis and appendage outgrowth in Parkyale. For example,
oscillations in the expression of segmentation genes appear
to be a common theme during axial elongation in Parkyale,
insects (but not Drosophila), other arthropods and verte-
brates (R] Parchem, PhD thesis, University of California,
Berkeley, 2008; [48-50]).

Tissue and organ regeneration in Parhyale

Ongoing studies in Parkyale are also offering a fresh look
at the molecular and cellular basis of regeneration. Par-
/yale are able to regenerate their appendages after ampu-
tation [32]. It has been possible to systematically label all
different lincages and identify lineage-specific progeni-
tors contributing to the regenerating muscles, epidermis
and neurons [51°°]. Furthermore, the availability of trans-
genic lines labeling specific cell types led to the discovery
of satellite-cell-like muscle progenitors in Parkyale which
resemble muscle regeneration in vertebrates [51°°]. An-
other extraordinary case under investigation is the ability
of Parhyale to regenerate its germline. Normally, the
germline segregates from the soma at the 8-cell stage
and is formed by one blastomere (Figure 1c¢) [21°°,22°].
Surprisingly, ablation of this blastomere did not result in
sterile animals but in fertile animals that were somehow
able to replace their lost germ cells (MS Modrell, PhD
thesis, University of California, Berkeley, 2007). In all
these studies, researchers have benefited from the early
cell fate restriction in the Parkyale embryo and the avail-
ability of various embryological and functional genetic
tools to identify, track and manipulate the cells involved.

Concluding remarks

In their updated classification of the crustaceans, Martin
and Davis wrote: ‘No group of plants or animals on the
planet exhibits the range of morphological diversity seen
among the extant Crustacea’ [52]. We are now able to
actively pursue the developmental genetic basis of this
diversity. This is what makes studies in Par#yale and other
emerging crustacean models so exciting.
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