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16.1	 HISTORY OF THE MODEL Although many high-level and low-level phylogenetic 

The marine crustacean species  Parhyale hawaiensis (here-
phylogenetic and phylogenomic analyses have improved 

after referred to as Parhyale) was first described by James D. 
our knowledge on the relationships between malacostracans 

relationships still remain unresolved, several molecular 

Dana in 1853 from the Hawaiian island of Maui (Dana 1853;	
and the other crustacean and arthropod groups (Giribet and 

Shoemaker 1956;  Myers 1985). It was first introduced in the 
Edgecombe 2019). It is now almost universally accepted 

laboratory of Prof. Nipam Patel in 1997 from a population 
that insects (Hexapoda) represent a terrestrial lineage of 

that was collected from the filtration system of the Shedd 
crustaceans that together with the crustaceans constitute 

Aquarium in Chicago (Rehm et al. 2009e). Since the early 
the monophyletic taxon Pancrustacea (Figure 16.1c). Within 

2000s, it has emerged as an attractive experimental organ-	
Pancrustacea, Remipedia are increasingly supported as the 

ism for modern biological and biomedical research. An 
sister group to Hexapoda that together with Branchiopoda 

increasing number of laboratories in America and Europe 
and Cephalocarida form a group called Allotriocarida (von 

have embraced this model system for molecular, cellular, 
Reumont et al. 2012;  Schwentner et al. 2017). Malacostraca 

ecological, evolutionary, developmental genetic and func-
are more closely related to Copepoda and Thecostraca (with 

tional genomic studies (Stamataki and Pavlopoulos 2016). 
their exact relationships still unresolved) and form the sister 

Parhyale is a member of the order Amphipoda, a diverse 
group to Allotriocarida called Multicrustacea (Regier et al. 

group of crustaceans with more than 10,000 identifi ed spe-
2010;  Lozano-Fernandez et al. 2019). Finally, Oligostraca 

cies (Figure 16.1a) (Horton et al. 2020). Besides its biological 
constitute the third major pancrustacean clade containing 

and technical qualities described in the following sections, 
the Ostracoda, Mystacocarida, Branchiura and Pentastomida 

Parhyale was selected for its position in the arthropod phy-	
(Regier et al. 2010;  Oakley et al. 2013). High-level arthro

logenetic tree. Amphipoda belong to the class Malacostraca 
pod relationships have been also adequately resolved, end-

that comprises well-known and nutritionally important crus-
ing centuries of debates (Giribet and Edgecombe 2019). 

taceans from the order Decapoda such as crabs, lobsters, 
Myriapoda (centipedes, millipeds and allies) have been 

shrimps and crayfish, as well as other familiar crustaceans 	
placed as the sister group to Pancrustacea, in a clade known 

such as mantis shrimps (Stomatopoda), woodlice (Isopoda), 
as Mandibulata (jawed arthropods), and together with the 

krill (Euphausiacea) and others (Figure 16.1b). 
Chelicerata (sea spiders, horseshoe crabs and arachnids) 
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they form the three main branches of extant Arthropoda 

( Figure 16.1c ). 

This improved phylogeny seeded the development of suit

able crustacean species as experimental models for compar

ative studies to understand the conservation and divergence 

of developmental patterning mechanisms during pancrusta

cean and arthropod evolution. The insect  Drosophila mela
nogaster, which is one of the premier animal models for 

developmental genetic and genomic research, has attracted 

Emerging Marine Model Organisms 

disproportionately more attention compared to other emerg

ing insect, crustacean, myriapod and chelicerate models. 

Acknowledging all the major contributions that  Drosophila 
research has made in revealing many of the basic principles 

of animal development, its lineage represents only a tiny 

fraction of the morphological diversity and developmental 

strategies employed by arthropods alone. Over the last two 

decades, the availability of broadly applicable experimen

tal approaches has bridged the technological gap between 

FIGURE 16.1 Phylogenetic affiliation of Parhyale hawaiensis. (a) One of the few available molecular phylogenies depicting the rela

tionships between amphipod lineages, according to Copilaş-Ciocianu et al. 2020.  Parhyale is a marine talitrid amphipod that belongs to 

the family Hyalidae. (b) Phylogenetic relationships within Malacostraca, according to (Schwentner et al. 2018). Note that many topolo

gies are poorly supported and remain essentially unresolved.  Parhyale is a peracarid amphipod. (c) Molecular tree of the arthropods, as 

reviewed by  Giribet and Edgecombe 2019.  Parhyale is a Malacostracan crustacean. 
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Drosophila and emergent arthropod models enabling both 

mechanistic insights into biological diversity, as well the  

study of unique traits and biological processes that are not 

accessible in standard model systems. 

Parhyale is currently one of the very few available 

models representative of malacostracans, crustaceans and 

marine animals in general that is experimentally tractable 

and supported by a continuously expanding toolkit of tech

niques and resources (Kao et al. 2016). As a result, studies 

in Parhyale are increasing in scope and depth beyond the 

descriptive level, hypotheses can be tested functionally at a 

higher level of sophistication and novel discoveries are mak

ing research headlines (BBSRC Business Magazine 2017 ). 

16.2 GEOGRAPHICAL LOCATION 

Amphipods have inhabited almost all aquatic (marine, 

brackish and freshwater) environments, as well as moist 

terrestrial habitats, and play essential roles as detritovo

res or scavengers in nutrient recycling in these ecosystems 

(Copilaş-Ciocianu et al. 2020). Parhyale is an epibenthic  

detritovorous species with a worldwide, circumtropical dis

tribution (Shoemaker 1956;  Myers 1985). It lives in intertidal 

and shallow marine habitats, including bays, estuaries and 

mangrove litter; therefore, it can tolerate large changes in 

salinity, temperature and nutrient availability (Tararam et al. 

1978;  Poovachiranon et al. 1986). 

Based on measurements of the population structure 

and dynamics in communities of intertidal shores, the 

Parhyale lifestyle is consistent with the opportunistic strat

egies adopted by epifaunal species inhabiting unpredictable 

FIGURE 16.2 Parhyale hawaiensis as a laboratory experimen

tal model. (a) Typical laboratory  Parhyale culture in a plastic 

Tupperware (lid removed for the photo) containing artifi cial sea 

water, a layer of gravel (G), an air bubbler (AB) for aeration, a heat

ing filament (HF) for a constant temperature at 26°C and a phos

phate/nitrate remover (PNR) to keep the culture free of organic 

waste. (b) Petri dish with Parhyale mating pairs in precopulatory 

amplexus. (c) Adult male and (d) female  Parhyale. Lateral views 

with anterior to the left and ventral to the bottom. The sexually 

dimorphic gnathopods are indicated with asterisks. 

environments (Alegretti et al. 2016). Population size varies 

during the year and grows rapidly during favorable environ

mental conditions. The rapid growth of Parhyale popula

tions is attributed to their continuous reproductive capacity, 

a sex ratio biased toward females and multivoltinism (hav

ing several broods per season). The relatively low number 

of eggs per female (ranging between 5 and 30 per brood 

depending on the age and size of the female) is compensated 

for by the precocious sexual maturation of adults, as well 

as the low mortality of embryos and hatched juveniles that 

are kept by females in a ventral brood pouch. The average 

generation time of Parhyale in intertidal natural populations 

has been estimated at 3.5 months (Alegretti et al. 2016), but 

this is decreased to about 2 months in the laboratory. More 

broadly, this lifestyle enables  Parhyale to thrive under con

trolled laboratory conditions, where the only major consid

eration is the continuous aeration of the cultures with air or 

water pumps due to their generally low tolerance to hypoxic 

conditions. 

16.3 LIFE CYCLE 

In the laboratory,  Parhyale is cultured in large plastic con

tainers on a bed of crushed coral gravel and covered in arti

ficial sea water under continuous aeration (Figure 16.2a). 

Although they can tolerate a wide range of temperatures 

from at least 18°C to 30°C, they are routinely kept at 26°C 

to standardize developmental timing.  Parhyale are omnivo

rous; therefore, different labs have adopted different diets 

ranging from plain carrots to rich mixes of larval shrimp 

and fi sh flakes supplemented with fatty acids and vitamins. 

Under these conditions and with frequent feeding and water 

change regimes, Parhyale has in the laboratory a life cycle 

of about two months. This relatively short generation time 

and the ease and cost effectiveness to grow this marine crus

tacean in dense cultures, as well as the daily availability of 

hundreds of individuals at any desired developmental stage 

throughout the year, make Parhyale a convenient model sys

tem for research purposes. 

Parhyale is a sexually dimorphic species (Figure 16.2b– 

d). Adult males can be easily distinguished from females 

based on a pair of enlarged grasping appendages (the second 

pair of gnathopods) in their anterior thorax (Figure 16.2c,  

d). A sexually mature male uses the other first pair of unen

larged gnathopods to grasp and carry a female, guarding her 

against other males before copulation (Conlan 1991). The 

duration of this precopulatory amplexus varies from several 

hours to days, during which time the couple is capable of 

walking and swimming (Figure 16.2b). Shortly before copu

lation, the female molts, producing a new brood chamber 

(marsupium) under her ventral surface from fl exible fl aps 

(oostegites) extending medially from her thoracic append

ages. The male then deposits sperm into the new marsu

pium, and the female ovulates, depositing her oocytes into 

the marsupium while the new exoskeleton is still fl exible to 

allow their passage through the oviducts (Hyne 2011). The 
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poorly understood process of fertilization takes place exter

nally in the marsupium while the male and female separate. 

As noted earlier, Parhyale females lay about 5 to 30 eggs 

during each molting cycle depending on their age and size 

and can produce successive broods every few weeks dur

ing their lifetime. Considering also that females do not store 

sperm, this reproductive behavior is convenient for genetic 

research as single backcrosses and intercrosses can be set 

routinely to generate  Parhyale inbred lines. 

After fertilization, the embryos of each brood develop 

fairly synchronously inside the marsupium. Embryos at any 

stage of their development can be easily dissected or fl ashed 

out from the marsupial pouch of anesthetized gravid females 

(without sacrificing them) and cultured in Petri dishes in arti

ficial seawater. Similar to the rest of amphipods,  Parhyale 
are direct developers and lack intermediate larval stages  

(Figure 16.3). After about ten days of embryogenesis at 

26°C, the juveniles that hatch and then are released from the 

marsupium resemble miniature versions of the adult form. 

Juveniles increase in size through successive molts and reach 

sexual maturations about six to seven weeks after hatching. 

16.4 EMBRYOGENESIS 

Parhyale was originally selected as a new crustacean model 

for comparative developmental studies (Rehm et al. 2009e). 

From the beginning, great effort has been invested in the 

detailed study of Parhyale embryogenesis that has been 

conveniently subdivided into well-defined stages based on 

morphological and molecular markers (Browne et al. 2005). 

Embryos have a number of useful properties for detailed 

microscopic inspection using brightfield or fl uorescence 

imaging (Figure 16.3): the eggs are about 500 μm long, the 

eggshell is transparent, and early development takes place 

on the egg surface, resulting in a nice contrast between the 

embryo and the underlying opaque yolk that later on gets 

sequestered inside the developing midgut. 

16.4.1 EARLY CLEAVAGE STAGES 

Early cleavages of the  Parhyale zygote (Figure 16.3, 3h) 

follow a holoblastic, radial, determinate and stereotyped 

pattern (Gerberding et al. 2002). The fi rst cleavage occurs 

FIGURE 16.3 Parhyale hawaiensis embryogenesis. Brightfield images (aligned in the outer positions) and fluorescent images (aligned 

in the inner positions) of embryos at the indicated stages in hours (h) or days (d) after egg lay. Embryos can be removed from the mar

supial pouch of anesthetized gravid females at any stage. The names of the macromeres and micromeres contributing to the different 

germ layers and the germ line are indicated in the eight-cell stage embryo (8 h). The juveniles that hatch from the eggs are miniature 

versions of the adults. All embryonic stages are shown to scale. Abbreviations: GD, germ disc; H, head; G, grid; PE, posterior end; hp, 

hepatopancreatic caecum; e, eye. 
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about four hours after egg lay (AEL) at 26°C (Figure 16.3, 

5h). It is perpendicular to the long axis of the egg and 

slightly unequal, and the fate of each of the two blastomeres 

is already restricted to the left or right side of the animal 

with regard to a large fraction of the ectoderm and meso

derm. The second cleavage is parallel to the long axis of  

the egg and also slightly unequal (Figure 16.3, 7h), while 

the third cleavage (perpendicular to the other two) is highly 

unequal, producing a stereotypical arrangement of four 

macromeres and four micromeres uniquely identifi able 

based on their relative position and size (Figure 16.3, 8h). 

Each of these blastomeres has an invariant fate restricted to 

a single germ layer already at this early developmental stage 

(Gerberding et al. 2002;  Browne et al. 2005;  Price and Patel 

2008;  Hannibal et al. 2012). Three macromeres, termed El, 

Er and Ep, give rise to the ectoderm: El and Er contribute 

the left and right head ectoderm and parts of the left and 

right thoracic ectoderm, respectively, while Ep contributes 

the remaining thoracic and abdominal ectoderm, as well as 

a distinct column of cells marking the ventral midline of the 

embryo and separating its left and right sides. The fourth 

macromere, termed Mav, generates the visceral and somatic 

head mesoderm. Two micromeres, called mL and mr, form 

the left and right somatic trunk mesoderm, while the other 

two micromeres, called en and g, give rise to the endoderm 

and germ line, respectively. Despite these very early lineage 

restrictions,  Parhyale embryos have the capacity to replace 

missing parts of the ectoderm and mesoderm after ablation 

of precursors during early development (Price et al. 2010). 

Similarly, although the germ line is normally specifi ed in 

a cell-autonomous manner at the eight-cell stage (Extavour 

2005;  Ozhan-Kizil et al. 2009;  Gupta and Extavour 2013), 

Parhyale has the astonishing flexibility to regenerate its 

germ line post-embryonically (presumably through repro

gramming of somatic cells) after ablation of the g micro

mere ( Modrell 2007 ;  Kaczmarczyk 2014 ). 

16.4.2 GASTRULATION AND GERM DISC FORMATION 

Synchrony is gradually lost in later cleavages, and cells 

become yolk free as they extrude their yolk toward the cen

ter of the egg. The macromeres divide faster than the micro

meres, forming a soccer ball-like embryo that consists of 

about 100 uniform cells around the egg surface at 12 hours 

AEL (Figure 16.3, 12h). Over the following 8 hours, gastru

lation is effected by cell shape changes, neighbor exchange 

and cell migration (Figure 16.3, 18h) (Price and Patel 2008; 

Alwes et al. 2011;  Chaw and Patel 2012). The group of 

Mav and g descendants (visible as a characteristic rosette) 

internalizes underneath a condensing epithelial monolayer 

formed by the El, Er and Ep descendants (ectoderm primor

dium), resulting in a multi-layered and bilaterally symmetric 

germ disc (embryo rudiment) at the anterior ventral side of 

the egg (Figure 16.3, 1d). The presumptive trunk somatic 

mesoderm (mL and mr descendants) and endoderm (en 

descendants) precursors internalize at the periphery of the 

germ disc. A few cells that do not contribute to the initial 

ventral germ disc remain widely distributed around the dor

sal egg surface. The descendants of these cells contribute 

later on to the growing embryo proper, as well as to the 

adjoining extra-embryonic region. 

16.4.3 GERM BAND EXTENSION AND SEGMENTATION 

The germ disc grows by cell proliferation and recruit

ment of new cells laterally and posteriorly. About two days 

AEL, embryonic cells start organizing into an anterior pair 

of head lobes followed by a grid-like array that will give 

rise to the rest of the germ band (Figure 16.3, 2d–3d and 

Figure 16.4a, b). The ectodermal cells in this grid exhibit 

an ordered arrangement in transverse rows (perpendicular 

to the ventral midline) and longitudinal columns (parallel 

to the ventral midline) (Figure 16.4). The formation and 

growth of the ectodermal grid occur with an anterior-to

posterior progression, that is, the more anterior rows are 

formed first, and the more posterior rows are added sequen

tially at the posterior end of the grid (Figure 16.4b) (Browne 

et al. 2005). These rows will eventually give rise to most  

body units of  Parhyale (called the post-naupliar region), and 

only the head region anterior to the mandibles (called the 

naupliar region) is formed from ectodermal cells outside the 

grid. Among all pancrustaceans and arthropods, this early 

patterning of the ectoderm by means of a highly ordered 

grid-like array of precursor cells is a unique common fea

ture of Malacostracans (Dohle et al. 2003). Unlike most 

Malacostracans, though, that form this grid through the 

asymmetric repeated divisions of ectoderm stem cells called 

ectoteloblasts, amphipods like Parhyale lack ectoteloblasts 

and form the post-naupliar grid through the aforementioned 

progressive self-organization of scattered ectodermal cells 

into transverse rows of cells (Figure 16.4b).

  Similar to Drosophila and the rest of the arthropods, 

the metameric organization of the early  Parhyale embryo 

is parasegmental, with each transverse row of cells corre

sponding to one parasegment (Browne et al. 2005). Each 

row of cells undergoes two rounds of stereotyped and sym

metric mitotic divisions, first producing a two-row and then 

a four-row parasegment (Figure 16.4c). These divisions are 

oriented parallel to the anterior–posterior axis, producing 

the ordered arrangement of daughter cells in well-defi ned 

longitudinal columns of cells. The geometric precision and 

invariance of the grid pattern enables to identify individual 

cells between the left and right side in each embryo and 

across embryos. A naming convention based on numbers 

and letters has been established by Prof. Wolfgang Dohle 

to indicate the position of cells in the one-, two- or four-

row parasegments along the anterior–posterior axis and in 

the columns along the dorsal-ventral axis (Figure 16.4b, c) 

(Dohle et al. 2003;  Browne et al. 2005). 

The regularity of the grid dissolves during the follow

ing divisions that are not strictly longitudinal but have a 

more complex, yet still invariant, pattern. At the tissue 
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FIGURE 16.4 Parhyale hawaiensis ectoderm segmentation. (a) Right side of a live imaged Parhyale embryo with fl uorescently labeled 

nuclei at the mid-germ band stage (anterior to the top and ventral to the right). Note the distinct organization and density of cells in the 

naupliar head region (H), the post-naupliar grid (G), the midgut primordium (M) and the extra-embryonic region (EE). (b) Ventral view 

of a similar staged fixed embryo with stained nuclei. From anterior (top) to posterior (bottom), the embryo is organized into the bilateral 

pairs of head lobes (HL) and midgut primordia (M), the conspicuous column of ectodermal cells marking the ventral midline (fl anked 

by arrows) and the ectodermal grid with the constellation of parasegments that have undergone two rounds of mitotic cell divisions 

(four-row parasegment indicated with a, b, c and d), one round of cell divisions (two-row parasegment indicated with ab and cd), no cell 

division (one-row parasegment indicated with abcd) and unorganized cells before they become arranged in rows (U). (c) Schematic rep

resentation and naming convention of grid cells: one-row-parasegment (top) with abcd cells; two-row-parasegment (middle) with anterior 

ab and posterior cd cells; and four-row-parasegment (bottom) with a, b, c and d cells. Mediolateral columns are indexed by numbers with 

0 denoting the ventral midline and 1, 2 . . .  n the more lateral columns based on their distance from the midline. (d) Schematic representa

tion of segmental organization. Cells from two neighboring parasegments (indicated with different patterns) contribute to each morpho

logical segment (bounded by a rectangular line). Each segment is compartmentalized into anterior (A) and posterior (P) compartment 

cells derived from the anterior and posterior parasegment, respectively. Segmental boundaries run between progenies of the b cell rows. 

level, transverse intersegmental furrows indicate the tran- al. 2005;  Price and Patel 2008). The segmental rows of meso

sition from the parasegmental to the segmental metameric blasts are the product of the asymmetric, repeated divisions of 

organization of the embryo, and pairs of appendage buds eight mesodermal stem cells, called mesoteloblasts, that are 

start appearing ventrally, first in the anterior head segments derived from the mL and mr lineages and are also uniquely 

and then more posteriorly (Figure 16.3, 4d). Like in other identifiable based on their position and the use of a standard-

arthropods, each morphological segment and associated ized nomenclature (Dohle et al. 2003). To summarize, axial 

appendages are composed of cells from two neighboring elongation of the  Parhyale germ band occurs by the sequen

parasegments without any cell mixing (Figure 16.4d): cells tial addition and division of new ectodermal and mesodermal 

from the posterior rows of one parasegment contribute to the rows. As the growing germ band reaches the posterior pole of 

anterior compartment of the segment, while cells from the the egg, it bends downward (Figure 16.3, 4d). During subse

anterior rows of the following parasegment contribute to the quent stages, the embryo acquires a comma shape, where the 

posterior compartment of the segment (Browne et al. 2005; posterior abdominal trunk develops juxtaposed to the more 

Wolff et al. 2018). anterior thoracic trunk. 

The mesoderm in Parhyale is derived from the mL and mr 

micromeres producing the left and right segmental mesoderm 16.4.4 ORGANOGENESIS 
in the trunk, respectively, and the Mav macromere producing 

the head and visceral mesoderm (Gerberding et al. 2002;  Price Ectodermal cells from the medial columns in the grid give 

and Patel 2008;  Vargas-Vila et al. 2010). The segmental trunk rise to the nervous system and sternites, cells from the lateral 

mesoderm develops in tight association with the overlying, columns give rise to the forming limbs and cells at the edge 

growing ectodermal monolayer also with an anterior-to-poste- of the grid give rise to the dorsal body wall tergites (Vargas

rior progression ( Hannibal et al. 2012). In all Malacostracans, Vila et al. 2010;  Wolff et al. 2018). As the comma-shaped 

including Parhyale, the mesoderm in each trunk segment is embryo continues to grow, the posterior terminus (telson) 

formed from a row of eight founder cells, called mesoblasts, projects anteriorly until it reaches the anterior thoracic region 

four in the left and four in the right hemisegment (Browne et (Figure 16.3, 5d–6d). Concurrent with axial elongation, the 
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lateral edges of the ectoderm expand dorsally and the form

ing tergites from the two body halves fuse along the dorsal 

midline completing dorsal closure. Starting from the ante

rior head region backward and sequentially bulging out in 

the thorax and the abdomen, a total of 19 pairs of append

ages develop along the  Parhyale body (Figure 16.3, 4d–6d). 

Appendages increase in size and elongate along their respec

tive proximal–distal axes (Browne et al. 2005;  Wolff et al. 

2018). As detailed in the next sections, the elaboration of the 

proximal–distal axis varies between different appendage 

types in terms of their pattern, size and shape, resulting in a 

remarkable morphological diversity along the anterior–pos

terior axis. Appendage growth, morphogenesis and differen

tiation continue until the late stages of embryogenesis, when 

the fully formed appendages occupy almost half of the egg 

space before hatching (Figure 16.3, 8d–9d). 

The naupliar (anterior head) and post-naupliar somatic 

mesoderm are separated early on as they derive from the 

Mav macromere and the mL/mr micromeres at the eight-

cell stage, respectively (Figure 16.3, 8h) (Gerberding et al.  

2002;  Browne et al. 2005). The micromere-derived rows of 

four mesoteloblasts (labeled M1 to M4 medial-to-lateral)  

under each side the ectodermal grid generate the segmen

tal mesodermal founders (mesoblasts labeled m1 to m4) in 

the posterior head (second maxillary segment) and the tho

racic and abdominal segments. Similar to the ectodermal 

structures, patterning of mesoderm occurs with an anterior 

(earlier developing) to posterior (later developing) progres

sion. The origin and first division of mesoblasts has been 

described in Parhyale (Price and Patel 2008). The contribu

tion of these mesoblasts to the different muscle groups along 

the dorsal–ventral body axis has been studied in the closely 

related amphipod  Orchestia cavimana and is only briefl y 

summarized here (Hunnekuhl and Wolff 2012). Descendant 

cells from the medial-most m1 mesoblasts give rise to the 

ventromedian muscles, cells from the central m2 and m3 

mesoblasts generate the extrinsic and intrinsic musculature 

of the appendages and cells from the m3 and m4 mesoblasts 

give rise to the dorsolateral trunk musculature and the heart 

( Figure 16.7e ). 

The Mav macromere gives rise to the head musculature 

of the antennae and the mandibular and first maxillary seg

ments (Price and Patel 2008;  Price et al. 2010;  Hunnekuhl 

and Wolff 2012), as well as to the visceral mesoderm. After 

gastrulation, a subset of the Mav progeny migrates under 

the developing head segments and becomes partitioned 

into the differentiating head segments in a less studied 

manner. The majority of Mav progeny, together with the 

descendants from the en micromere, give rise to the mid

gut tube that will eventually spread over and encapsulate 

the central yolk mass (Gerberding et al. 2002). During the 

germ band stages, the midgut primordium becomes visible 

as a bilateral pair of discs under the head lobes (Figure 

16.4a, b). The discs increase in size, forming a continuous 

ventral layer that expands dorsally and posteriorly under 

the ectoderm and mesoderm to cover the yolk (Gerberding 

et al. 2002). The midgut develops a number of blind tubes 

(caeca) that function in food digestion and absorption 

(Schmitz and Scherrey 1983). The most conspicuous pair 

of anterior caeca, called hepatopancreatic caeca, extend in 

synchrony through peristaltic contractions from the ante

rior end of the midgut until the posterior abdomen of the 

embryo (Browne et al. 2005). The hepatopancreatic caeca 

flank and extend parallel to the midgut that is visible along 

the dorsal side (Figure 16.3, 8d–9d). The  Parhyale heart 

develops as a muscular tube along the dorsal thoracic region 

with three pairs of lateral inflow valves and an anterior out

flow valve, and it can be observed while beating on top of 

the midgut (Kontarakis et al. 2011b). At around the same 

stage when the heart starts beating, the bilaterally sym

metric compound eyes become visible in the head capsule 

as small white clusters, each with about three ommatidia 

(Figure 16.3, 8d). During the last two days of embryogen

esis, the eyes become dark pigmented, and  Parhyale hatch 

with about eight to nine pigmented ommatidia per eye 

(Figure 16.3, 9d–10d), but this number increases gradually 

to about 50 in older adults (Ramos et al. 2019). 

The smallest micromere g at the eight-cell stage is the 

source of germ line cells in the adult ovaries and testes 

(Figure 16.3, 8h) (Gerberding et al. 2002;  Extavour 2005). 

There is strong evidence that germ cells in  Parhyale are 

specified by a cell-autonomous mechanism (preformation) 

via the early asymmetric segregation of maternally provided 

germ line determinants (Extavour 2005;  Modrell 2007; 

Gupta and Extavour 2013). The primordial germ cells (prog

eny of the g micromere) that have internalized and prolif

erated during the gastrulation and germ disc stages form a 

single medial cluster of about 15 cells under the posterior 

head ectoderm as the germ band elongates. During organo

genesis stages, they split into two bilaterally opposed cell 

populations that migrate separately under the lateral ecto

derm toward the dorsal side of the embryo (Extavour 2005; 

Browne et al. 2005). At the end of embryogenesis, when the 

eyes and the heart have formed, the primordial germ cells 

are aligned in two rows flanking the dorsal midline at the 

site of the future gonads (Extavour 2005). 

16.5 ANATOMY 

Parhyale displays the typical amphipod body plan that is lat

erally compressed and consists of a series of repeating seg

mental units along the anterior–posterior axis organized into 

three major tagmata: the head, the thorax and the abdomen 

(Figure 16.5a, b). The head (a.k.a. cephalon) is composed of 

six segments with five pairs of appendages. The most ante

rior limbless pre-antennal segment is followed by fi ve seg

ments bearing the first and second pair of antennae (An1 

and An2; Figure 16.5a,  b) and three pairs of medially fused 

gnathal appendages: the mandibles (Mn;  Figure 16.5c) and 

the first and second maxillae (Mx1 and Mx2;  Figure 16.5d). 

The thoracic region is composed of eight segments, each 

bearing a pair of jointed uniramous appendages (I-shaped 

limbs with a single proximal–distal axis) (Figure 16.5e–i). 

The abdominal region is composed of six segments, each 



296 

bearing a pair of jointed biramous appendages (Y-shaped 

limbs with a bifurcated proximal–distal axis) (Figure 16.5J, 

K). Each thoracic and abdominal appendage consists of a 

proximal part and a distal part (Boxshall 2004;  Pavlopoulos 

and Wolff 2020). The proximal part, called a protopod, is 

composed of two appendage articles (a.k.a. podomeres or 

limb segments), namely the proximal coxa and the distal 

basis (Figure 16.5g). The existence of a third proximal-most 

podomere, the precoxa, has been also proposed recently 

(Bruce and Patel 2020). In uniramous thoracic appendages 

(Figure 16.5e–i), a single branch extends distally from the 

protopod called the endopod (or telopod). In abdominal 

biramous appendages (Figure 16.5j,  k), two branches extend 

distally from the protopod called the endopod (inner branch) 

and exopod (outer branch). As detailed in the following, dif

ferent types of appendages develop also a variable number 

Emerging Marine Model Organisms 

of ventral and/or dorsal outgrowths from their protopod 

called endites and exites, respectively, 

 The first thoracic segment (T1) is fused to the head that 

is also referred to as the cephalothorax. The T1 appendages, 

called maxillipeds (T1/Mxp; Figure 16.5e), are jointed, 

and uniramous like the more posterior thoracic append

ages. However, unlike the other thoracic appendages and 

similar to the more anterior maxillae, maxillipeds are 

reduced in size, are medially fused at their base and have 

two prominent endites on their proximal segments (Figure 

16.5e). Maxillipeds and gnathal appendages are special

ized for feeding and have a compact arrangement around 

the mouth region (Figure 16.5b). The thoracic region behind 

T1, known as the pereon, is composed of seven segments 

(T2 to T8), each with a pair of uniramous appendages (a.k.a. 

pereopods or thoracopods) that articulate independently on 

FIGURE 16.5 Appendage diversity in  Parhyale hawaiensis. (a) Scanning electron micrograph of a  Parhyale juvenile showing the dif

ferent tagmata along the anterior–posterior body axis and the first and second pair of antennae (An1 and An2). Lateral view with anterior 

to the left and ventral to the bottom. (b) Similar to (a) from a ventral view. (c–k) Cuticle preparations of dissected appendages with their 

proximal side to left and their distal side to the right: (c) mandible (Mn); (d) Maxilla 1 (Mx1) and Maxilla 2 (Mx2); (e) bilateral pair of 

maxillipeds from the first thoracic segment (T1/Mxp) indicating the pair of endites (2Xen) on each side; (f) gnathopod from the second 

thoracic segment (T2); (g) gnathopod from the third thoracic segment (T3) indicating the seven segments, coxa (cx), basis (ba), ischium 

(is), merus (me), carpus (ca), propodus (pro) and dactylus (da), as well as the two exites, the coxal plate (cp) and the gill (g); (h) pereopod 

from the fourth thoracic segment (T4); (i) pereopod from the eighth thoracic segment (T8); (j) bilateral pair of pleopods from the fi rst 

abdominal segment (A1) and (k) bilateral pair of uropods from the fourth abdominal segment (A4) indicating the endopod (endo) and 

exopod (exo) on each side. All appendages are shown to scale. 
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each side (Figure 16.5f–i). From proximal to distal, each  

jointed pereopod is made of seven segments: two protopo

dal segments (coxa and basis) and five endopodal segments 

(ischium, merus, carpus, propodus and dactylus) (Figure 

16.5g). The T2 and T3 segments bear subchelate (clawed)  

grasping appendages, called gnathopods (Figure 16.5f,  g), 

that are used for defense, grooming and as precopulatory 

organs (the T2 gnathopods) by males to carry the females 

(Holmquist 1982). The post-embryonic enlargement of the 

propodus and dactylus exclusively in the male T3 gnatho

pod is the most striking sexually dimorphic character in 

Parhyale (Figure 16.2c,  d). The remaining five pereonic seg

ments T4 to T8 bear elongated walking appendages (Figure 

16.5h ,  i). Importantly, the opposite orientation between the 

T4/T5 pereopods that extend anteriorly and the T6/T7/T8 

pereopods that extend posteriorly (Figure 16.5a, b) is what 

gives the group its name (from Greek words  αμφί [amphi = 

both ways] and  πόδι [podi = limb]). Besides their distinct 

function, podomere morphology and orientation, the T2–T8 

pereopods are also distinguished by the presence or absence 

and the shape of exites attached on their protopodal coxa. 

Protective coxal plates of variable size and shapes are pres

ent on all pereopods, while respiratory gills are present on 

T3 to T7 appendages (Figure 16.5g). In the case of adult  

females, special endites (oostegites) forming the marsupium 

are attached on the pereopods T2 to T5. 

The abdominal (pleonic) segments A1 to A6 develop two 

types of paired biramous appendages: pleopods on A1 to A3 

(Figure 16.5j) and uropods on A4 to A6 (Figure 16.5k). Each 

of these biramous limbs has similar endopodal and exopo

dal branches. The A1–A3 pleopods (a.k.a. swimmerets) are 

highly setose and are coupled together for swimming and 

moving water over the thoracic gills. The A4–A6 uropods 

are thickened and spiky appendages used for jumping. The 

most posterior terminal structure is the telson, which is a 

small flap over the anus attached to segment A6. Overall, the 

morphological and functional specialization of body parts 

and associated appendages has been one of the main reasons 

for putting  Parhyale forward as an attractive model organ

ism for molecular, cellular, developmental and evolutionary 

studies described in Section 16.8. 

Much less work has been invested in Parhyale to study 

the development, anatomy and physiology of the nervous 

system compared to other crustaceans (Wiese 2002). 

Parhyale neuroanatomy was recently described using a 

combination of histological, immuno-histochemical, opti

cal and X-ray tomography methods (Wittfoth et al. 2019). 

The central nervous system consists of the brain and the 

ventral nerve cord. The ventral nerve cord is composed of 

the subesophageal ganglion, seven segmental ganglia of the 

pereon, three segmental ganglia of the pleosome and one 

fused ganglion of the urosome. The brain lies between the 

compound eyes in the dorsal part of the head capsule with 

its three neuromeres, the protocerebrum, deutocerebrum 

and tritocerebrum lining up from dorsal to ventral. The pro

tocerebrum is equipped with the optic neuropils, the deu

tocerebrum with the antenna 1 neuropil and the olfactory 

lobe and the tritocerebrum with the antenna 2 neuropil. The 

three optic neuropils, the lamina, medulla and lobula, are 

in close proximity with each other, but only the lamina con

nects to the photoreceptors of the ommatidia in the com

pound eye (Wittfoth et al. 2019;  Ramos et al. 2019). The 

architecture and neural connectivity of the Parhyale visual 

system have diverged from the typical organization exhib

ited by other malacostracan crustaceans and are associated 

with a shift to low spatial resolution and simple visual tasks 

(Ramos et al. 2019). 

16.6 GENOMIC DATA 

For many years, the high cost of next-generation sequenc

ing technologies and the big size of malacostracan crus

tacean genomes have been prohibitive for amphipod 

genomics. Thanks to the decreasing sequencing costs, this 

limitation was overcome during the last five years, fi rst 

with the sequencing,  de novo assembly and annotation of 

the  Parhyale genome in 2016, followed more recently by  

genome assemblies of variable quality for the amphipods 

Hyalella azteca, Trinorchestia longiramous, Platorchestia 
hallaensis, Orchestia grillus and  Gammarus roeselii ( Table 

16.1) (Poynton et al. 2018;  Patra et al. 2020a,  2020b;  Cormier 

et al. 2021).

 The Parhyale genome resembles and even exceeds in 

many respects the complexity of the human genome. The 

genome consists of 23 pairs of chromosomes (2n = 46; 

Figure 16.6a), and its size is estimated at 3.6 Gb. The huge 

genome size is associated with an expansion in repetitive  

and intronic sequences and exhibits very high levels of 

TABLE 16.1 
Sequenced Amphipod Genomes 
Species Size No. of Scaffold N50 NCBI Link 

(Gb) Scaffolds (Kb) 

Parhyale hawaiensis  2.75 278,189 20,229   www.ncbi.nlm.nih.gov/assembly/GCA_001587735.2  

Hyalella azteca  0.55 18,000 215   www.ncbi.nlm.nih.gov/assembly/GCA_000764305.3  

Trinorchestia longiramus  0.89 30,897 120   www.ncbi.nlm.nih.gov/assembly/GCA_006783055.1  

Platorchestia hallaensis  1.18 39,873 87   www.ncbi.nlm.nih.gov/assembly/GCA_014220935.1  

Orchestia grillus  0.81 143,039 17   www.ncbi.nlm.nih.gov/assembly/GCA_014899125.1  

Gammarus roeselii  3.2 1,130,582 4.8   www.ncbi.nlm.nih.gov/assembly/GCA_016164225.1  

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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heterozygosity and polymorphism (Kao et al. 2016). This 

published version of the genome called Phaw_3.0 (GenBank 

Accession number GCA_001587735.1) was sequenced to 

about 115x coverage from variable-sized shotgun and mate-

pair Illumina libraries prepared from a single adult male 

from the Chicago-F iso-female line. The latest version of 

the genome, called Phaw_5.0 (GenBank Accession number 

GCA_001587735.2), was assembled from these reads sup

plemented with extra sequences to about 150x coverage from 

Dovetail Genomics proximity ligation libraries, which were 

generated from both in vitro reconstituted chromatin (so

called Chicago libraries prepared from the same genomic 

DNA used for the Illumina libraries) and native chromatin 

(so-called Hi-C libraries prepared from another adult male 

belonging to the same iso-female line) (Putnam et al. 2016). 

The resulting assembly with the Dovetail HiRise scaffolding 

pipeline has a total length of 2.75 Gb and consists of 278,189 

scaffolds with an N50 of about 20 Mb and an L50 of 42 scaf

folds ( Table 16.1 ).  

The availability of the high-quality reference genome 

has boosted functional studies of coding and non-coding 

sequences in Parhyale, as well as comparative genomic stud

ies with other amphipods and animal taxa in general (Figure 

16.6b–d) (Kao et al. 2016 ). The genome is accompanied and 

supported by an increasing number of other genome-wide 

resources, such as sex, stage and tissue-specifi c transcrip

tomes and proteomes, sequenced BAC clones, epigenetic 

marks and chromatin accessibility profiles (Parchem et al. 

2010;  Zeng et al. 2011;  Zeng and Extavour 2012;  Blythe 

et al. 2012;  Nestorov et al. 2013;  Trapp et al. 2016;  Kao et 

al. 2016;  Hunt et al. 2019;  Artal et al. 2020). Annotation of 

the genome based on assembled  Parhyale transcriptomes, 
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homology with other model organisms and  ab initio predic

tions has resulted in more than 28,000 protein-coding gene 

models (Kao et al. 2016). Most likely, this number is an  

overestimate of the actual protein-coding gene number (due 

to fragmented genes, different alleles or isoforms sorted  

as separate entries) that will be dropping as more genome-

wide datasets become available. A much larger number of  

assembled transcripts with small predicted open reading 

frames have been classified as non-coding, bringing the 

total number of transcripts in the  Parhyale transcriptome to 

over 280,000. These annotated non-coding RNAs include 

rRNAs, tRNAs, snRNAs, snoRNAs, eRNAs, ribozymes 

and lncRNAs, as well as non-coding RNAs and associated 

proteins of the siRNA, piRNA and miRNA pathways (Kao 

et al. 2016 ). 

All common signaling pathways have been annotated 

in Parhyale, including components of the Wnt, TGF-β, 

Notch and FGF pathways. The genome encodes more than 

1,100 transcription factors belonging to all major families, 

such as zinc-finger, helix-loop-helix, helix-turn-helix, 

ETS, Forkhead, homeobox-containing genes and others 

(Kao et al. 2016). As will be discussed in Section 16.8, 

particular efforts have been devoted to the analysis of 

transcription factors encoded by the nine  Parhyale Hox 

genes that are organized in a cluster spanning more than 

2 Mb (Serano et al. 2016;  Kao et al. 2016;  Pavlopoulos 

and Wolff 2020). Special attention has been given to the 

annotation of innate immunity genes and pathways as a  

resource for immunological studies relevant for crustacean 

food crop species (Kao et al. 2016;  Lai and Aboobaker 

2017). Another important discovery that emerged from 

comparative genomic and transcriptomic analyses is 

FIGURE 16.6 Parhyale genome-wide resources. (a) The karyotype of  Parhyale consisting of 46 chromosomes. (b–c) Two examples of 

the  Parhyale genome visualized with the Integrative Genomics Viewer. In each case, the small gray box at the top indicates the zoomed-

in region of the scaffold that is displayed in detail. The span and the ruler underneath indicate the number of bases in display. Gene mod

els are shown at the bottom, with filled boxes representing exons and thin lines representing introns. The track with the histograms above 

each gene model indicates the mapped reads from a transcriptomic data set. (d) Vista plots showing pairwise sequence comparisons 

for one locus between  Parhyale and each of three other available amphipod genomes. High sequence similarity (above 50% indicated 

with histograms) is observed in exonic sequences (filled boxes) and in some non-exonic regions corresponding to putative conserved  cis

regulatory sequences.  ([b-c] Robinson et al. 2011.) 
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TABLE 16.2 
Experimental Resources for  Parhyale Research

 Embryological manipulations 	  Cell microinjection 

 Cell isolation 

Cell ablation (manual and photo-ablation) 

Gene expression analysis 	 Colorimetric in situ hybridization 

Fluorescent hybridization chain reaction 

Colorimetric and fluorescent antibody staining

 Transgenesis  Transposon-based (Minos) 
 Integrase-based (ΦC31) 

 Gene trapping  Exon/enhancer trapping 

iTRAC (trap conversion) 

Gain-of-function studies Heat-inducible gene overexpression 

Binary systems (UAS/Gal4 under development) 

Loss-of-function studies 	 CRISPR/Cas-based gene knock-out 

RNA interference-based gene knock-down 

Morpholino-based gene knock-down 

Genome editing 	 CRISPR/Cas-based gene knock-in 

via homology-directed repair 

or non-homologous end joining 

 Imaging  Bright-fi eld microscopy 

Laser scanning confocal microscopy 

 Light-sheet microscopy 

Scanning and transmission electron microscopy 

that the genomes of Parhyale and other marine crusta

ceans encode the full complement of enzymes required 

to extract metabolizable sugars from a lignocellulosic diet 

in the absence of symbiotic microorganisms (King et al. 

2010;  Kao et al. 2016 ). The capacity of marine crustaceans 

and Parhyale for autonomous wood digestion allows to 

harness the natural diversity in lignocellulose depolymer

ization mechanisms for green biofuel production and other 

biotechnological applications (Kern et al. 2013;  Cragg et 

al. 2015;  Chang and Lai 2018). 

16.7	 FUNCTIONAL APPROACHES: TOOLS FOR 
MOLECULAR AND CELLULAR ANALYSES 

Parhyale has a set of biological and technical attributes 

that make it an attractive and powerful system for embryo

logical and developmental genetic research (Rehm et al. 

2009e; Stamataki and Pavlopoulos 2016 ). It is cultured eas

ily and inexpensively in large numbers in the laboratory, it 

has a relatively fast life cycle, and a large number of trans

parent embryos are accessible at all stages of development 

and throughout the year. The arsenal of  Parhyale tools 

and resources (Table 16.2) was built on a detailed descrip

tion of the early embryo fate map and a comprehensive 

staging system for embryonic development (Gerberding et 

al. 2002;  Browne et al. 2005). Robust protocols have been 

established for embryo dissection and fixation, as well as 

analysis of gene expression by colorimetric and fl uorescent 

in situ hybridizations and immunohistochemistry (Rehm 

et al. 2009b,  2009c,  2009a ;  Choi et al. 2018). Likewise, 

a number of studies have demonstrated the amenability 

of Parhyale embryos to diverse embryological manipula

tions, including cell microinjection, labeling with lineage 

tracers, manual or photo-ablation, isolation and combina

tions thereof (Gerberding et al. 2002;  Rehm et al. 2009d; 

Extavour 2005;  Price et al. 2010;  Hannibal et al. 2012; 

Nast and Extavour 2014;  Kontarakis and Pavlopoulos 

2014 ). 

To facilitate functional genetic and genomic research in 

Parhyale, several efforts have been invested in developing an 

experimental toolkit of increasing scope and sophistication 

(Figure 16.7). Transgenesis in  Parhyale was fi rst achieved 

using the  Minos transposon from Drosophila hydei that is 

active in a large variety of animal models (Pavlopoulos and 

Averof 2005;  Pavlopoulos et al. 2007). Engineered transpo

sons consist of the terminal inverted repeats of the  Minos 
transposon flanking a transformation marker gene for detec

tion of transgenic individuals (Figure 16.7d) and the desired 

transgene that is being tested (Figure 16.7e). Engineered  

transposons are mobilized from plasmids co-injected with 

a transient source of the  Minos transposase into fertilized 

eggs and get randomly inserted into the genome (Kontarakis 

and Pavlopoulos 2014). Transposon-based transgenesis 

is used routinely to insert exogenous DNA into  Parhyale 
(Pavlopoulos and Averof 2005;  Pavlopoulos et al. 2009; 

Ramos et al. 2019) but has been also employed in unbiased 

gene trapping screens on a small scale to identify new gene 

functions (Kontarakis et al. 2011b). The characterization of 
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endogenous heat-inducible promoters further allowed the 

development of conditional gene misexpression systems 

for gain-of-function studies in Parhyale (Pavlopoulos et al. 

2009). The transgenic approaches in  Parhyale have been 

expanded with the use of the bacteriophage  ΦC31 integrase 

for the site-specific insertion of transgenes into the genome 

(Kontarakis et al. 2011b). In addition, the combination of 

transposon with integrase-based transformation systems can 

increase the versatility of genetic manipulations in  Parhyale, 

such as the redeployment of gene traps for creating cell and 

tissue markers for microscopy, drivers for ectopic gene 

expression, landing sites for inserting large cargos and other 

applications (Kontarakis et al. 2011a, 2011b). 

Complementary loss-of-function studies in Parhyale were 

first conducted using RNA interference and morpholino

mediated gene knock-down approaches (Liubicich et al.  

2009;  Ozhan-Kizil et al. 2009). However, gene knock-down 

suffered a number of limitations, such as the incomplete and 

transient reduction in gene function. This problem was solved 

by employing targeted genome editing approaches based on 

the clustered regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR-associated (Cas) system (Figure 16.7a– 

c). For reasons explained in the following, complete null 

phenotypes can be obtained with very high effi ciency using 

CRISPR/Cas-based gene knock-out in Parhyale ( Martin 
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et al. 2016;  Kao et al. 2016;  Clark-Hachtel and Tomoyasu 

2020;  Bruce and Patel 2020). Moreover, the CRISPR/Cas 

system has been adapted to generate live fl uorescent report

ers of gene expression (Figure 16.7f) using both homology-

dependent and homology-independent knock-in approaches 

in Parhyale (Serano et al. 2016;  Kao et al. 2016 ). 

It should be stressed that the effects of all aforementioned 

functional genetic manipulations are routinely analyzed fi rst 

in treated embryos (in the G0 generation) and subsequently 

confirmed through the study of established transgenic or 

mutant lines (in the G1 or G2 generations) (Kontarakis and 

Pavlopoulos 2014;  Kao et al. 2016 ). The early accessibility to 

fertilized eggs in Parhyale, together with their complete cleav

age mode and slow tempo of development, results in high 

transgenesis rates and high CRISPR/Cas-mediated mutagene

sis efficiencies in treated G0 embryos that exhibit very low lev

els of mosaicism and carry the genetic alterations both in their 

soma and in their germ line (Pavlopoulos and Averof 2005; 

Pavlopoulos et al. 2009;  Martin et al. 2016;  Kao et al. 2016; 

Clark-Hachtel and Tomoyasu 2020;  Bruce and Patel 2020). 

Furthermore, the early and stereotyped lineage restrictions in 

the Parhyale embryo allow the comparison between the wild-

type and the genetically altered conditions in the same embryo 

(Figure 16.7a)(Pavlopoulos and Averof 2005;  Pavlopoulos et 

al. 2009;  Martin et al. 2016 ), as well as the targeting of specifi c 

FIGURE 16.7 Functional approaches in Parhyale. (a) Phenotypic example of a CRISPR-based gene knock-out (CRISPR-KO) experi

ment. The image shows a scanning electron micrograph of a mosaic Parhyale juvenile with wild-type appendages on its right side and 

truncated appendages on its left side that are mutant for the limb patterning gene Distal-less (Dll). Lateral view with anterior to the right 

and ventral to the top. (b) Cuticle preparation of a wild-type and (c) a mutant thoracic T4 appendage after CRISPR-based Dll knock-out. 

The proximal side is to the left and the distal side to the right. Color masks in panels (a) to (c) indicate the distal appendage structures 

(magenta) that are missing after  Dll knock-out, as well as the proximal appendage structures (coxal plates in orange, gills in red and 

basis in cyan) that are not affected. (d) Transgenic late-stage  Parhyale embryo expressing two different fluorescent transgenesis markers 

in the head region (arrowheads): a  PhOpsin1-driven expression in the compound eye shown in green and a  3xP3-driven expression more 

dorsally, shown in magenta. Asterisks indicate non-specifi c autofl uorescence detected in the gnathal appendages (green) and in the gut 

(magenta). Lateral view with anterior to the left and ventral to the bottom. (e) Transgenic Parhyale juvenile, oriented as in (a), express

ing a muscle-specifi c fluorescent reporter construct shown in green. (f) CRISPR-mediated knock-in (CRISPR-KI) of a construct in the 

Dll locus driving expression of a fl uorescent reporter in the appendages (shown in magenta) merged with the corresponding brightfi eld 

image.  ([d] Ramos et al. 2019; Pavlopoulos and Averof 2005.) 
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lineages for labeling or ablation (Price et al. 2010;  Alwes et 

al. 2011;  Hannibal et al. 2012;  Konstantinides and Averof 

2014). All these features are very useful for experimentation in 

Parhyale, because they provide fast and reliable information 

about gene expression, regulation and function months before 

stable lines are available for analysis. 

Parhyale is not only a genetically tractable but also an 

optically tractable experimental model, which is ideal to 

make the connection between the molecular and cellular 

basis of development. Light and electron microscopy analy

ses of fixed specimens have been used widely to character

ize wild-type and mutant phenotypes in detail (Pavlopoulos 

et al. 2009;  Serano et al. 2016;  Martin et al. 2016;  Ramos 

et al. 2019;  Clark-Hachtel and Tomoyasu 2020;  Bruce and 

Patel 2020). The increasing collection of genetic tools 

and transgenic lines for imaging, in combination with the 

transparency and low autofluorescence of embryos, have 

enabled the implementation of live microscopic inspections 

of cellular dynamics with exceptional spatial and tempo

ral resolution. Different microscopy modalities, including 

bright-field, confocal and multi-view light-sheet microscopy, 

have been adapted successfully to image embryonic and 

post-embryonic processes over several days of development, 

such as Parhyale gastrulation and germ band formation,  

appendage development and regeneration (Price and Patel 

2008;  Alwes et al. 2011;  Chaw and Patel 2012;  Hannibal 

et al. 2012;  Alwes et al. 2016;  Wolff et al. 2018). Last but 

not least, thanks to a very productive collaboration between 

biologists, microscopists and computer scientists, a suite of 

sophisticated and open-source software is available for the 

visualization of image datasets, the manual and automated 

tracking of cells and the reconstruction and editing of cell 

lineages to understand the cellular behaviors contributing to 

tissue and organ development in Parhyale (Wolff et al. 2018; 

Salvador-Martínez et al. 2020;  Sugawara et al. 2021). 

16.8	 CHALLENGING QUESTIONS BOTH IN 
ACADEMIC AND APPLIED RESEARCH 

Parhyale lends itself to address several longstanding questions 

and problems in modern biological and biomedical research  

(Stamataki and Pavlopoulos 2016). Based on its phyloge

netic position and its technical and biological attributes, it has 

increased the breadth and depth of comparative developmen

tal studies with other pancrustacean, arthropod and animal 

groups. As a malacostracan crustacean, it is also closely related 

to shrimps, crabs and lobsters that have attracted research inter

est as commercially and nutritionally important crop species. 

16.8.1	 DEVELOPMENTAL BASIS OF 

MORPHOLOGICAL EVOLUTION 

Research in Parhyale was inspired by and has greatly con

tributed toward our understanding of the developmental 

mechanisms driving body plan evolution and specialization 

of body parts. Crustaceans exhibit a tremendous morpho

logical diversity observed both within and between spe

cies. Seminal studies in crustaceans were among the fi rst 

to implicate changes in the expression of  Hox genes with 

the evolution of animal body plans and the diversifi cation 

of developing appendages (Averof and Akam 1995; Averof 

and Patel 1997 ). Although expression studies of Hox genes 

have been carried out in all major crustacean lineages, the 

most comprehensive analysis of all nine Hox genes has been 

carried out in Parhyale, where they exhibit both spatial and 

temporal collinearity (Serano et al. 2016). Hox expression 

domains correspond to the subdivision of the body into 

morphologically and functionally distinct regions and cor

relate with the development of distinct appendages types.  

Importantly, systematic loss-of-function and gain-of-func

tion studies of Hox genes in Parhyale have provided com

pelling evidence for the causal association between  Hox 
genes and crustacean segmental organization and append

age diversification (Pavlopoulos et al. 2009;  Liubicich et al. 

2009;  Martin et al. 2016). The homeotic transformations 

produced in these functional studies were recapitulating in 

Parhyale macroevolutionary changes observed in the body 

organization of other crustacean lineages, like the repeated 

evolution of feeding maxillipeds from locomotory append

ages in the anterior thorax of many crustacean lineages or 

the change in the relative number of abdominal pleopods 

and uropods between malacostracan lineages (Averof et al. 

2010;  Martin et al. 2016;  Pavlopoulos and Wolff 2020). 

Along similar lines, expression and functional studies of 

developmental patterning genes in  Parhyale have enabled 

to test century-old hypotheses about the homology and evo

lutionary novelty of arthropod appendages (McKenna et al. 

2021). Considering that winged insects evolved from wingless 

crustaceans, different theories have been proposed to explain 

the origin of insect wings (Clark-Hachtel and Tomoyasu 

2016 ): they are novel lateral outgrowths from the dorsal body 

wall (tergal origin or paranotal hypothesis), or they evolved 

from the exites of proximal leg segments (pleural origin  

hypothesis). By comparing the expression patterns and the 

loss-of-function phenotypes of leg, wing and body wall pat

terning genes between insects and  Parhyale, it was proposed 

that the proximal exite-bearing leg segments present in the 

common ancestor of insects and crustaceans were incorpo

rated into the insect body wall, giving rise to the insect wings 

(Clark-Hachtel and Tomoyasu 2020;  Bruce and Patel 2020). 

Thus, these elegant studies in Parhyale have provided a fresh 

and unified model in favor of the evolution of insect wings 

from a pre-existing structure in their crustacean ancestor. A 

similar framework has been adopted to homologize pancrus

tacean, myriapod and chelicerate appendages, suggesting an 

eight-segment ground plan for the arthropod leg (Bruce 2021). 

16.8.2	 MOLECULAR AND CELLULAR 

BASIS OF DEVELOPMENT 

One of the biggest challenges in developmental biology is to 

understand how the genomic information encodes the mor

phogenetic cell behaviors, like cell proliferation and death,  

cell shape changes and cell movements, that produce the 

characteristic size and shape of developing tissues and organs 
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in multicellular organisms (Heisenberg and Bellaïche 2013; 

Wan et al. 2019). The optical properties of the  Parhyale egg 

and the embryonic development of its appendages as direct 

outgrowths from the body wall have enabled to advance 

beyond a gene-centric view of development and start inte

grating the molecular with the cellular aspects of appendage 

formation. In a tour-de-force study that involved advanced 

light-sheet fluorescence microscopy and image analysis 

tools, the complete lineage of developing  Parhyale limbs was 

reconstructed with single-cell resolution (Wolff et al. 2018). 

The spatial coordinates for all constituent cells, their tem

poral dynamics and mother-daughter relationships were then 

analyzed to shed light on the cellular mechanisms driving  

appendage outgrowth, elongation and segmentation. These 

analyses revealed the cellular architecture and patterned cell 

activities operating at different stages of appendage develop

ment that were then correlated with the expression patterns 

of candidate patterning genes known from limb studies in 

Drosophila (Wolff et al. 2018). Interestingly, some of these 

cellular events were similar, but some were distinct com

pared to the textbook Drosophila paradigm, motivating 

future experiments to understand the conservation and diver

gence of appendage patterning mechanism during pancrusta

cean and arthropod evolution (Pavlopoulos and Wolff 2020). 

In a broader perspective, all recent technical break

throughs in Parhyale research provide the opportunity to 

study gene expression and function in the context of single-

cell-resolution fate maps, both under wild-type and under 

genetically perturbed conditions. These multidisciplinary 

approaches will be employed by the community to advance 

our knowledge on longstanding questions in developmental 

biology, such as the identity and function of cell fate deter

minants (Nestorov et al. 2013;  Gupta and Extavour 2013), 

the molecular and cellular mechanisms underlying embryo 

formation and healing (Alwes et al. 2011;  Chaw and Patel 

2012), the relative contributions of cell history and cell com

munication in development (Price et al. 2010;  Hannibal et 

al. 2012) and the allometric growth of serially homologous 

appendages (Pavlopoulos et al. 2009;  Martin et al. 2016). 

16.8.3	 MOLECULAR AND CELLULAR 

BASIS OF REGENERATION 

Besides studying embryonic development, Parhyale has 

emerged as an attractive model system for regenerative stud

ies, as it has the capacity to replace lost tissues and entire 

body parts post-embryonically (Grillo et al. 2016). It has  

been demonstrated that  Parhyale has the ability to regener

ate missing limbs after amputation (Kontarakis et al. 2011b) 

and its germ line after ablation of the g micromere (Modrell 

2007;  Kaczmarczyk 2014). In principle, new cells for regen

eration can be produced from the activation of pluripotent or 

lineage-restricted stem cells, as well as the de-differentiation 

or trans-differentiation of differentiated cells (Tanaka and 

Reddien 2011). Thanks to the early lineage restrictions in 

the Parhyale embryo, it has been possible to label and iden

tify the source cells and examine their regenerative potential 

Emerging Marine Model Organisms 

during regrowth of limbs (Konstantinides and Averof 2014). 

The sources for the new cells are restricted by their lineage 

and proximity to the regenerating appendage: the ectoder

mal and mesodermal lineages make distinct contributions 

to ectoderm-derived tissues (epidermis and neurons) and 

mesoderm-derived tissues (muscles and blood cells), respec

tively. Importantly, the availability of cell-specifi c markers 

led to the major discovery of invertebrate muscle stem cells 

in Parhyale that, similar to satellite cells in vertebrates, serve 

as progenitors for muscle repair during limb regeneration 

(Konstantinides and Averof 2014). It has been also possible 

to trace cell behaviors through live imaging of appendage 

regeneration in Parhyale with high resolution and over sev

eral days after amputation (Alwes et al. 2016). For example, 

the epidermis of the new limb is not formed by specialized 

stem cells but by the cell proliferation and redifferentiation of 

existing epidermal cells. Overall, crustaceans have a long his

tory in regenerative research, albeit at the physiological and 

anatomical level. The addition of Parhyale as a new geneti

cally and optically tractable regenerative model has opened 

new possibilities to dissect the molecular and cellular mecha

nisms that can be redeployed during its lifetime to replace 

missing limbs, germ cells and possibly other structures. 

16.8.4	 NEW RESEARCH DIRECTIONS 

We will conclude this chapter with some more exciting new 

research avenues that, like regeneration, were not conceiv

able when  Parhyale was first introduced in the laboratory 

but have the potential to make big contributions to both basic 

and applied fields of research. The first steps have been taken 

already in establishing Parhyale as a model in the fi elds of 

chronobiology and ecotoxicology (Hunt et al. 2019;  Artal 

et al. 2018 ,  2020;  Diehl et al. 2021). Studies of the  Parhyale 
innate immunity have been also proposed for disease control 

in crustacean aquaculture through a better understanding of 

infectious pathogens and host defense mechanisms (Kao et al. 

2016;  Lai and Aboobaker 2017). Last but not least, studies of 

lignocellulose digestion in Parhyale can offer novel insights 

into the ecologically important and understudied mechanisms 

of wood recycling in marine environments and can unleash 

their significant potential for biotechnological applications 

(Cragg et al. 2015;  Kao et al. 2016;  Chang and Lai 2018). 
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