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15.1	 HISTORY OF THE MODEL Aptera and recognized only three genera:  Cancer with mala-

The word crustacea is derived from the Latin  crusta , which	
branchiura, other branchiopods, copepods, ostracods and 

costracans and branchiopod anostracans; Monoculus with 

means that the body is covered with a hard shell. The 
two taxa including horseshoe crabs (which are now excluded 

name Crustacea was first proposed by Brünnich (1772). 
from crustaceans); and Oniscus, regrouped malacostracan 

Nevertheless, it took decades for it to establish itself, and 
isopods. In addition, the cirripeds with genus  Lepas was clas

the boundaries of the group have also changed signifi cantly. 	
sified in the Vermes Testacea, while the parasitic copepods 

Today, crustaceans are a paraphyletic group, representing 
with the genus Lernaea were classified among the Vermes 

approximately 70,000 currently valid species distributed in 
Mollusca. 

nearly 1,000 families and in 9 major lineages (Remipedia, 
Gradually, many species were described, and crusta-

Cephalocarida, Malacostraca, Copepoda, Thecostraca, 
ceans were separated from insects on the basis of having 

Branchiopoda, Mystacocarida, Branchiura and Ostracoda) 
a predominantly aquatic life, the presence of two pairs of 

(  Ahyong et al. 2011;   Regier et al. 2010  ). 
antennae, biramate appendages and a nauplius larva. Like 

Large crustaceans (malacostracans and barnacles— 
the morpho-anatomical diversity of the group, its classifi 

Figure 15.1) have always been known to humanity because 
cation has carried out numerous regroupings, and as such, 

they have been eaten for thousands of years (Gutiérrez-
many have been forgotten. The copepods, ostracods, bran-

Zugasti 2 011;  Zilhão et al. 2020). It is therefore quite logical 
chiopods and cirripeds were gradually individualized and 

that we can find crustaceans in old illustrations or in fi rst 
grouped in the entomostracans as opposed to the malacos

classifications. In Aristotle’s classification, some crustaceans 
tracans (see Monod and Forest 1996 ). In the 20th century, 

were already listed under the name  μαλακόστρακα (mala-
new lineages of crustaceans were discovered, such as mys

kostraka), which means animals with soft (malakós ) shell 
tacocarids (Pennak and Zinn 1943), cephalocarids (Sanders 

(óstrakon) (Zucker 2005). Even if the word Malacostraca  
1955) and remipeds (Yager 1981). Bowman and Abele (1982) 

evokes a classic name of the current classification, for a 
proposed a classification with six classes (Cephalocarida, 

very long time, most crustaceans were integrated among  
Branchiopoda, Remipedia, Maxillopoda, Ostracoda and 

the insects without a specific group. Others were ignored 
Malacostraca). The Maxillopoda grouped together the 

or sometimes classified with other organisms. For example, 
Mystacocarida, Cirripedia, Copepoda and Branchiura. 

Linnaeus (1758) classified some crustaceans in the order of 
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FIGURE 15.1 Marine crustacean (only Multicrustacea here) diversity illustrating morphological diversity, ecology and use. (a) 

Galathea strigosa (malacostracan); (b) Carcinus maenas (malacostracan) and  Sacculina carcini (cirripeds); (c) Palaemon elegans eggs 

(malacostracan); (d) Semibalanus balanoides (barnacle); (e)  Tigriopus brevicornis (copepod); (f) peneids in a market (malacostracan); 

(g)  Ligia oceanica (malacostracan); (h) Pinnotheres pisum (malacostracan); (i) Cancer pagurus (malacostracan), Anilocra frontalis 

(malacostracan), Processa edulis (malacostraca), caudal gene expression in late embryo of Sacculina carcini (cirripeds). Scale bar: (a, b, 

f, g, h, i, j, k) = 1 cm; (c, d, e) = 1 mm; (l) = 10 μm. 

Since then, molecular phylogenies have completely revo- Other analyses identified that the hexapods, previously 

lutionized this classifi cation. believed to be close to crustaceans, were ultimately a lineage 

The pentastomides, which are respiratory parasites of ver- inside crustaceans (Regier et al. 2010) (Figure 15.2). As a 

tebrates that were previously classified in many groups such result, crustaceans are not a monophyletic group but a para-

as Tardigrada, Annelida, Platyhelminthes and Nematoda and phyletic group whose use remains practical to the extent that 

have a strange, elongated, worm-like body ringed with two most animals are aquatic and share many ancestral charac

pairs of hooks, were finally integrated into the Branchiura ters. The name of the group incorporating hexapods among 

thanks to the 18S gene sequencing comparison (Riley et al. crustaceans is called the Pancrustacea, initially proposed by 

1978;   Abele et al. 1989;   Martin and Davis 2001;   Lavrov et al. Zrzavý and Štys (1997 ), and some authors also use the name 

2004  ). Tetraconata (  Dohle 2001;   Richter 2002  ). Several studies 
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FIGURE 15.2 Phylogeny of Arthropoda. The dotted lines indicate that the position of these branches is uncertain. This fi gure clearly 

shows that crustaceans are paraphyletic. (From synthetic phylogeny built from Regier et al. 2010; Schwentner et al. 2017; Giribet and 

Edgecombe 2019.) 

are now confirmed this important finding (Lee et al. 2013; 

  Schwentner et al. 2017  ). 

Another important change in crustacean phylogeny is that 

maxillopods are not monophyletic (Regier et al. 2005). 

The relationships within the pancrustaceans are not 

entirely clear (Figure 15.1), mainly with respect to the posi

tion of branchiopods and cephalocarids (Schwentner et al. 

2017;  Giribet   and Edgecombe 2019 ) ( Figure 15.2 ). The earli

est emergent group, called Oligostraca, contains Ostracoda, 

Branchiura, Tantulocarida, Mystacocarida and Pentastomida. 

It is the sister group of the rest of the Pancrustacea, 

called Altocrustacea and including Multicrustacea. The 

Multicrustacea contains the Malacostraca, Copepoda and 

Thecostraca (including cirripeds) (Figure 15.1). The position 

of Cephalocarida and Branchiopoda remains uncertain. All 

of these Pancrustacea lineages are very old, as evidenced by 

the fact that there were already malacostracans (Collette and 

Hagadorn 2010) and branchiopods (Waloszek 1993) present 

in the Cambrian era. Phylogenetic analysis has allowed sci

entists to confirm this (Regier et al. 2005), which implies 

that Pancrustacea has a truly ancient history with numerous 

lineages, a large part of which has probably disappeared. 

In recent years, an important malacostracan amphipod 

model has been set up to study the development of crustaceans: 

Parhyale hawaiensis (  Browne et al. 2005  ). This model is 

important enough to constitute the subject of an entire part 

of the next chapter, and, as such, it will not be included in  

this chapter. Furthermore, in this chapter, some continental 

aquatic organisms will be considered with strictly marine ani

mals for reasons of phylogenetic coherence and usage. 

15.2 GEOGRAPHICAL LOCATION 

Crustaceans are extremely diverse and widely distributed 

all over the world in all climates. The place of the marine 

environment for crustaceans is considerable both in terms of 

the number of species and in the lineages represented. They 

also have considerable ecological functions. The whole will 

therefore be difficult to summarize, and we will focus on  

only some specifi c adaptations. 

Some crustacean species inhabit the deepest marine envi

ronments, such as the malacostracan amphipod Hirondellea 
gigas, which lives in the Mariana Trench, sometimes at 

depths of more than 10,000 meters. It consumes sunken  

wood coming from the surface thanks to particular enzy

matic activities detected in the animal’s gut (Kobayashi et 

al. 2012) and has also developed an aluminum hydroxide gel 

that covers its exoskeleton and that may be linked to life at 
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great depths (Kobayashi et al. 2019). In the deep sea, there 

are also many crustaceans that live around hydrothermal  

vents. Many of them use chemo-autotrophic bacteria that  

provide nutrients to animals. This is particularly the case 

with the malacostracan Rimicaris exoculata on the Mid-

Atlantic Ridge, which harbors bacterial communities in its 

branchial cavities (Petersen et al. 2010;  Zbinden et al. 2020). 

The diversity of crustaceans is also considerable in the 

tidal zone, with some species able to survive conditions that 

vary according to the water level variations. Some, like the 

malacostracan Carcinus maenas (Figure 15.1), are able to  

temporarily acclimatize to the absence of water and resist 

consequent variations in the environment. Native to Europe, 

this particularly well-adapted species has colonized many 

temperate sites around the world (Jensen et al. 2007). In pools 

of the highest tidal levels, we can often observe copepods 

Tigriopus (Figure 15.1), which are also impacted by high  

temperatures and consequent variations in salinity (Fraser  

1936;  Raisuddin et al. 2007). As in many groups, underwa

ter caves have also been colonized and can be the refuge of 

many specialized and original organisms. Among these are 

remipeds, a group of blind, predatory crustaceans that inhabit 

anchialine underwater caves (Yager 1981;  Koenemann et al. 

2007). These are also the only venomous crustaceans (von 

Reumont et al. 2014). Among the meiofauna, there are many 

species of crustaceans such as copepods and ostracods living 

in sediments. It is also in this type of biotope that we can fi nd 

the odd cephalocarids (Sanders 1955;  Neiber et al. 2011). 

Many crustaceans such as ostracods, malacostracans, 

copepods and branchiopods have also colonized brackish 

or fresh water. The border between the two environments is 

not necessarily clear, and after passing through fresh water, 

some organisms then return to the marine environment, such 

as the marine cladocerans that represent few species but have 

a global distribution (Durbin et al. 2008). The hypersaline 

environments that form in coastal areas or sometimes in the 

middle of continents have also been colonized by crusta

ceans, in particular ostracods and copepods. However, the 

champion of resistance is unmistakably the branchiopod  

Artemia, which can survive in supersaturated salty environ

ments up to 340 g/l (Gajardo and Beardmore 2012). 

As it is sometimes difficult to dissociate marine crusta

ceans from freshwater or hypersaline crustaceans in an evo

lutionary way, they will be partially integrated in this chapter. 

There have also been several colonizations by pancrusta

ceans of terrestrial environments such as hexapods or woodlice, 

but there are also terrestrial lineages in the adult state whose 

larvae are completely marine, as is the case for many terrestrial 

crabs or terrestrial hermit crabs. In this category, there are the 

largest land-living arthropods, like the coconut crab (Birgus 
latro) (Krieger et al. 2010). This hybrid lifestyle, which is also 

found in amphidromic crustaceans (living partially in freshwa

ter and seawater), allows these animals to exploit the dispersive 

abilities of marine planktonic life and to colonize more or less 

isolated continental environments (Bauer 2013). 

Crustaceans are also an essential component in the plank

ton of all seas. Some species live their entire life cycle as 
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plankton and play a major ecological role (copepods, euphau

siids). However, for many species, the passage through plank

ton is transient as part of a marine bentho-pelagic species or 

many terrestrial or freshwater crustaceans. 

Crustaceans are so ubiquitous, it is almost impossible to 

study the aquatic environment without fi nding one! 

15.3 LIFE CYCLE 

In crustaceans, the life cycle presents extremely variable 

modalities. The majority of species are gonochoric with 

separate sexes, but there are cases of parthenogenesis in the 

brine shrimp  Artemia (Bowen et al. 1978) and many fresh

water and terrestrial species, probably due to the dispersive 

advantage (  Scholtz et al. 2003;   Kawai et al. 2009  ). There are 

cases of simultaneous hermaphroditism (both type of gonads 

are present simultaneously) in remipeds (Neiber et al. 2011), 

cephalocarids (  Addis et al. 2012  ), cirripeds (  Charnov 1987) 

and some branchiopods (Scanabissi and Mondini 2002; 

Weeks et al. 2014). Sequential hermaphrodism (change of 

sex during the life) is more observed in malacostracans 

(  Benvenuto and Weeks 2020  ). 

The mating modalities are also extremely varied in crus

taceans and result in very different appendicular adaptations. 

The most original is undoubtedly the presence of a long penis 

in the barnacles which is always fixed and which compen

sates for the low mobility of the gametes (Barazandeh et al. 

2013  ). 

In most species, the mother will protect her offspring to 

allow the release of larvae. However, most calanoid copepods, 

euphausiids and dendrobranchiate decapods (Penaeoidea and 

Sergestoidea) shed their eggs into the water column (Lindley 

1997  ). 

In many crustaceans, the instability of trophic resources 

and living conditions has favored the development of a strat

egy of slowing down or stopping development during the 

deficit season (Alekseev and Starobogatov 1996). In this  

case, the eggs are laid and start diapausis. There are also 

resistance forms in anhydrobiosis or cryptobiosis (absence 

of metabolism with dehydration) (Fryer 1996;  Alekseev and 

Starobogatov 1996). This innovation sometimes concerns 

the larvae, as in the copepod  Metacyclops minutus ( Maier 

1992), but more often, it is the embryo that enters a state of 

suspended life. The embryo can be enveloped by different 

layers of varying natures and becomes resistant to drying 

out or freezing. In this form, we speak of a resting egg (also 

called a “duration egg” or “cyst”), and, when conditions are 

favorable, development resumes, leading to the release of a 

larva or an aquatic juvenile (Brendonck 2008). 

In a group of malacostracan shrimps of the Alpheidae 

family, the existence of eusocial behavior has recently been 

reported, such as is found in insects and vertebrates (Duffy 

1996  ). 

In many species, the larvae released after hatching  

become planktonic. During this planktonic phase, the ani

mals grow and disperse. At the end of the larval stages, there 

are animals whose adults remain in the plankton (many 
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copepods, euphausiids) and others which emerge, most often 

becoming benthic. Sometimes the modifications are brutal 

and called metamorphosis for sessile animals, like in bar

nacles (Høeg and Møller 2006;  Maruzzo et al. 2012). In this 

group, the transformation will result in a completely fi xed 

animal. The choice of the fixation site is therefore essen

tial for the survival of the individual, because it will sub

sequently have to withstand the conditions imposed by the 

environment. Recruitment is carried out by olfaction through 

antenna 1 of the substrate (Figure 15.4c). The bacterial fi lm 

can be detected and, depending on its composition, induce 

the attachment of the cyprid larva (Rajitha et al. 2020). The 

presence of congeners due to the release of pheromones from 

adults that are not always necessarily from the same species 

is also an essential factor for fixation ( Abramova et al. 2019 ). 

After an exploration phase using the attachment discs located 

at the end of the antenna 1, the fi nal fixation is achieved by 

the deposition of a cement comprised of lipids and phospho

proteins (Liang et al. 2019). 

In parasitic crustaceans, the life cycle is often highly 

modified. The most extensive parasitic life transformations 

are found in pentastomids, copepods and cirripeds. Adults 

are often very divergent from their non-parasitic parents, to 

the point that association with a taxonomic group has only 

been possible by studying the larval stages like for the cir

riped Rhizocephala (Thompson 1836) (Figure 15.1b) or more 

recently by molecular data, like for the pentastomids (Abele et 

al. 1989). Rhizocephalic cirripeds are parasites characterized 

by considerable morphological transformations but also con

siderable modifications of their life cycle. The female larva  

will transform into a kentrogon, a kind of injection system 

that allows a few cells to invade the host, which will develop 

into a network resembling roots and allowing it to feed. The 

male larvae transform into trichogons and settle as hyperpara

sites on the females. The mature parasite profoundly modifi es 

the physiology of the organism by feminizing it and blocking 

the molt (Delage 1884;  Høeg and Lützen 1995). 

15.4	 EMBRYOGENESIS AND 
LARVAL DEVELOPMENT 

In crustaceans, embryonic development is very variable 

depending on the groups or species. In the case of direct  

development, all of the ontogenetic stages lead to the release 

of a juvenile. In the case of the release of a larva, the steps 

missing to obtain a juvenile will be performed by larval 

development. The predominance of one or the other is there

fore variable depending on phylogenetic history and eco

logical context, and both must be studied to understand the 

ontogeny of a species. In the case of the release of a larva, 

the essential difference with the equivalent embryonic stages 

in another species is at least the acquisition of mobility and 

sometimes early nutrition. 

The modalities of embryonic development are extremely 

variable in crustaceans, and it is not possible to present  

them all here. We will use Chapter 16 as a reference for 

malacostracans, and here we will mainly develop the  Artemia 

model, which is the organism with the best-studied anamor

phic development. 

15.4.1 EMBRYOGENESIS 

The embryonic development of Artemia has been described 

by  Benesch (1969) and  Rosowski et al. (1997 ). After fertil

ization, the embryo forms a gastrula. Postgastrulean devel

opment until nauplius hatching occurs without any cell 

division (Olson and Clegg 1978). The 5,000 cells present in 

the gastrula organize and differentiate the head structures, 

including the three pairs of appendages and the salt gland. 

The rest of the head and the post-cephalic structures are 

formed from the remaining 2,000 cells. The posterior region 

of the embryo then takes the shape of a cone, and the ecto

derm of this post-mandibular region takes on the appear

ance of a grid with long columns of cells arranged in parallel 

along the antero–posterior axis. The posterior region thus 

resembles that of other crustaceans, but in this case, it results 

from a phenomenon of reorganization. Upon hatching, the 

cells that compose the larva are small and diploid in the 

posterior region, while the cephalic elements (salt gland and 

appendages) are constituted by polyploid cells (Olson and 

Clegg 1978). At the gastrula stage, the embryo can go into 

cryptobiosis, and the dormant state is stabilized by the P26 

protein (Malitan et al. 2019). In this case, the outer layers 

(shell) of the embryo are produced by the shell glands of the 

female (  Morris and Afzelius 1967;   Anderson 1970;   Garreau 

de Loubresse 1974) and allow the protection of the embryo 

against variations in the environment. A shell gland specifi 

cally expressed gene (SGEG) has been found to be involved 

in egg shell formation. Lacking SGEG protein (by RNA 

interference) caused the eggs’ shell to become translucent 

and induce a defective resting egg (Liu et al. 2009). 

15.4.2 LARVAL DEVELOPMENT 

The emblematic larva of crustaceans is undoubtedly the 

nauplius larva (Figure 15.3). The first observation of nau

plius dates back to the emergence of the fi rst microscopes 

and was made by Antonie van Leeuwenhoek in 1699 on 

Cyclops copepods (Gurney 1942). Since then, it is found in 

many lineages of Pancrustacea and is probably one of the  

synapomorphies of this group (Regier et al. 2010). It is an 

externally unsegmented oligomeric head larva with three 

pairs of appendages and one pair of eyes corresponding to 

the most anterior part of the head (Figure 15.3a–c) (Dahms 

2000). It shows similarities with the protonymphon larva of 

the pycnogonids, and the presence of homologous append

ages (Figure 15.3d) suggests that this type of larva is pos

sibly ancestral (Alexeeva et al. 2017). In crustaceans, the 

nauplius is the earliest larval stage observed. 

The larval development of Artemia has been studied in 

detail (  Anderson 1967;   Benesch 1969;   Schrehardt 1987). 

The development of the anterior structures leads to the 

replacement of structures composed of polyploid cells by 

the definitive adult organs, developed from diploid precursor 
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FIGURE 15.3 Some “head larvae” of different arthropods. The nauplius larva (a, b, c) is a synapomorphy of Pancrustacea. It closely 

resembles the protonymphon larva of sea spiders (d). (a)  Artemia franciscana (branchiopods); (b)  Heterocypris incongruens (ostracods); 

(c)  Tigriopus brevicornis (copepods); (d)  Endeis sp. (pycnogonids). a1: antenna 1, a2: antenna 2, md: mandible, ch: cheliphore, pa: palp, 

ov: oviger. The scale bar measures 50 μm for (a, b, c) and 10 μm for (d). 

cells remaining within the cephalic structures (Olson and with this expression, the arrangement of the cells changes, 

Clegg 1978  ). forming rows of cells perpendicular to the anteroposterior 

In the posterior region of the larva, in front of the telson, axis (Figure 15.3a). In this same area, the intersegmental 

a “morphogenetic differentiation area” is established. Along boundaries then appear by constriction of the ectoderm  
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around the body, first creating the parasegments, then the 

final segments (Prpic 2008). We can therefore observe, in 

the same  Artemia larva, a whole series of levels of develop

ment of the segments and their appendages (Figures 15.4, 

15.5). When new appendages appear in the nauplius, these 

stages can be called metanauplius (Figure 15.4). 

In the posterior region of the larva, in front of the tel

son, the segments appear and then gradually differentiate, 

making it possible to distinguish, at a given stage and in an 

arbitrary fashion, several levels of differentiation located 

from back to front as follows (Figures 15.4, 15.5): 

• Initial cell proliferation; 

• Cellular and genetic segmentation program; 

• Segmental morphogenesis; 

• Morphogenesis of the appendages. 

FIGURE 15.4 Larval development. (a, b) Metanauplius (late nauplius) stage of Artemia franciscana showing the levels of segment 

differentiation according to their position in the anteroposterior axis. (b) zoom of (a) at the level. (c) Cyprid stage of  Sacculina carcini. 
This cyprid stage is a synapomorphy of Cirripeds and probably Thecostraceans. a1: antenna 1, a2: antenna 2, md: mandible, th: thorax, 

te: telson, ca: carapace. Scale bar: 100 μm. 

FIGURE 15.5 Comparison of the early larval development of Artemia franciscana and  Sacculina carcini. Artemia has an anamorphous 

development with progressive elongation of the body.  Sacculina, although producing nauplius, has an altered development showing syn

chronization of morphogenesis. The arrow indicates the position of a region of a specific thoracic segment during larval development. 

(The stage is redrawn after Collis and Walker 1994; Anderson 1967; Schrehardt 1987. The identifi cation of the territories is synthesized 

after Schrehardt 1987; Manzanares et al. 1993; Copf et al. 2003; Gibert et al. 2000; Rabet et al. 2001; Trédez 2016.) 
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This type of development is found in many lineages of  

crustaceans: Cephalocarida, Remipedia, Branchiopoda, Bran

chiura, Ostracoda, Copepoda, Mystacocarida, Malacostraca, 

Dendrobranchiata and Euphausiacea (Martin et al. 2014). 

In cirripeds, nauplius are morphologically quite similar to 

the others, but larval development leads to a fairly synchro

nous intracuticular construction of thoracic segments that 

deviate clearly from the anamorphic model (see Figure 15.5) 

(Trédez et al. 2016). In addition, in this group, larval devel

opment leads to a typical stage called cypris, which precedes 

a metamorphosis for a fixed life (Høeg and Møller 2006; 

  Maruzzo et al. 2012  ) ( Figure 15.4 ). 

In malacostracans, there are several direct or pseudo-direct 

developments, but in many groups, the hatching reaches a 

zoea-like larva stage (Jirikowski et al. 2015). This stage also 

appears in malacostracans producing a nauplius. The larva is 

characterized by a complete or nearly complete body segment 

number. It has functional thoracic appendages and most of the 

time has two eyes (Anger 2001). These generally planktonic 

larvae have specific names depending on their morphology 

and belong to different groups of malacostracans (protozoea, 

metazoea, mysis or phyllosoma) (Anger 2001) 

In many malacostracans, an embryo with a nauplius-

like form appears transiently in the embryo reminiscent of 

ancestral development (  Scholtz 2002;   Jirikowski et al. 2013; 

Jirikowski et al. 2015). Spawning at sea can be the subject of 

animal migration: Christmas Island has seen crab invasions 

due to a mass migration of animals during the egg-laying 

season (Adamczewska and Morris 2001). 

15.5 ANATOMY 

The morpho-anatomical diversity is quite exceptional (see 

Figure 15.1 only for Multicrustacea). The majority of ani

mals have bilateral symmetry and a metameric organism. 

The head has an ocular region and appendages that are in 

sequence: two pairs of antennae (A1 and A2), the mandibles 

and two pairs of maxillae (M1 and M2). Both pairs of anten

nae and maxillae are characteristic of crustaceans (Scholtz 

and Edgecombe 2006 ). The head is made up of six segments 

( Zrzavý and Štys 1997 ). The posterior part of the body is 

terminated by the telson bearing the anus and sometimes 

with caudal furca (McLaughlin 1980). Between the head 

and the telson, the segments can be similar to each other and 

thus form a trunk in remipeds (Yager 1981;  Neiber 2011), but 

more often, they are different and thus grouped into func

tional and morphological groups called tagmes. These body 

regions can therefore be specialized in locomotion, repro

duction, respiration and nutrition functions and are generi

cally called the thorax and the abdomen. In malacostracans, 

they can be called the pereion and the pleon (Mayrat and 

Saint Laurent 1996 ). It is quite possible that the tagmes are 

not homologous in the different groups and that the regroup

ings took place from an untagmatized ancestor (Averof and 

Akam 1995). Sometimes the head is fused with the thorax 

to form a cephalothorax or prosoma, with the addition of 

appendages associated with the function of food intake, the 
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maxillipeds especially in copepods, some malacostracans 

and remipeds (Averof and Patel 1997;  Yager 1981). 

The number of body segments is often stable within a  

group, such as the hexapods. Thus, the Malacostraca has six 

cephalic segments, eight thoracic segments and six abdomi

nal segments, with the exception of the leptostracans, which 

have seven. The different groups formerly classifi ed in the 

Maxillopoda like the copepods, branchiurans, ostracods and 

the cirripeds have seven thoracic segments and four abdomi

nal segments (  Richter 2002  ). 

On the other hand, in other lineages such as branchio

pods or remipeds, the number of body segments can vary. 

For  Triops (branchiopods), the number of segments changes 

within a population (Korn and Hundsdoerfer 2016). 

The carapace is a structure that emerges from the poste

rior part of the head and covers part or all of the body. It is 

found in many groups of crustaceans with varying forms, 

and the hypothesis of its ancestrality in the line has been 

made (Calman 1909). The functions of the carapace are 

variable: in addition to a protective aspect of organisms, the 

carapace can have other functions such as having a role in 

hydrodynamics, protection of eggs, respiration and some

times even in nutrition (Watling and Thiel 2013). 

In cirripeds, the carapace turns into shell plates dur

ing metamorphosis (Watling and Thiel 2013). The cuticle 

of many crustaceans is associated with calcium carbonate, 

except in the plates of a small barnacle group, where it is 

composed of calcium phosphate (Lowenstam and Weiner 

1992), a compound also found in the mandible of many mal

acostracans (Bentov et al. 2016 ). 

In pancrustaceans, the appendages are ancestrally bira

mous. There is an outer branch called the expopodite and 

an inner branch called the endopodite. Additionally, there 

are expansions on the external (epipodite) or internal (endite) 

side. The function of these appendages is multiple and shows 

great flexibility with significant adaptive diversity (Boxshall 

2004). In malacostraceans, there are appendages that can be 

transformed into a weapon, in particular in the form of a 

pincer. In some alpheid malacostraceans and stomatopods, 

the extreme speed of specialized appendages creates cavi

tation causing localized phenomena of extreme violence 

(  Patek and Caldwell 2005;   Lohse et al. 2001  ). 

The appendages can even be leafy and have the func

tions of locomotion, nutrition and simultaneous respiration 

in branchiopods and in malacostracan leptostracans ( Pabst 

and Scholtz 2009). 

The morpho-anatomy of the body is particularly affected 

in the case of profound modification of the way of life and 

in particular when free life is abandoned. The fixed way of 

life in cirripeds leads to a profound modification of the ani

mals, since the animal is fixed by the head and the locomotor 

appendages have been transformed into appendages used to 

capture prey (Høeg and Møller 2006 ) (Figures 15.1d,  15.7 ). 

Parasitic life also causes profound morpho-anatomical modi

fication with the appearance of hooks or suction cups or even 

the introduction of ink or some sort of roots in some cases 

(  Lavrov et al. 2004;   Høeg and Lützen 1995  ) ( Figure 15.1b ). 
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15.6	 GENOMIC DATA 

New sequencing methods (NGS) make it possible to obtain 

DNA fragments at low cost to reconstruct genome fragments 

or complete genomes. With a bar-coding approach by PCR  

and transcriptome sequencing, we are able to obtain data for 

phylogenetic analyses essential to further understanding crus

taceans and to proposing evolutionary scenarios. The mito

chondrial genome has been obtained from many species, and 

there are rearrangements that may be useful in identifying or 

confirming delicate parts of the phylogeny. This is, for exam

ple, the case of a reorganization observed in the pentastomides 

that we found also in the branchiurans (Lavrov et al. 2004).

 The first complete crustacean genome published is that 

of Daphnia pulex ( Colbourne et al. 2011 ), but currently 

the number of sequenced genomes is increasing rapidly. 

However, the choice of crustacean models mainly concerns 

freshwater or brackish water models and few truly marine 

animals (Table 15.1). 

There is a strong variation in the sizes of genomes in 

crustaceans. The smallest appears to be the branchiopod 

Lepidurus, with a little less than 0.11 Gb (Savojardo et al. 

2019), and the largest, the arctic malacostracan  Ampelisca 
macrocephala, seems to be the biggest with about 63.2 Gb 

(Rees et al. 2007), or almost 600 times bigger. 

It would seem that crustaceans living in constant and cold 

environments would have genomes larger than others (Alfsnes 

et al. 2017). Similarly, the control region of the mitogenome 

in polar copepods of the genus  Calanus is known to be the 

longest of the crustaceans (Weydmann et al. 2017). 

15.7	 FUNCTIONAL APPROACHES: TOOLS FOR 
MOLECULAR AND CELLULAR ANALYSES 

Paryhale hawaiensis is arguably the richest and most tooled 

model today in crustaceans and will not be presented here (see 

Chapter 16). Historically, early work on larval gene expres

sion used immunohisto-chemistry and  in situ hybridization 

performed in Artemia through sonication processes to make 

the cuticle permeable (Manzanares et al. 1993;  Averof and 

Akam 1995). This method has been improved by chemical 

permeabilization (Blin et al. 2003; Copf et al. 2003). RNAi 

has been successfully tested on  Artemia (  Copf et al. 2004) 

and on  Litopenaeus vannamei (  Robalino et al. 2004  ). 

The intense development of crustacean cultures for food 

production was quickly accompanied by the proliferation 

of numerous studies on farming models. Studies have been 

conducted on genes related to biomineralization and genes 

related to RNAi machinery, but many of the studies are 

focused on reproductive mechanisms to optimize reproduc

tion such as encoding genes for eyestalk neuropeptides, gene 

receptor-encoding genes and genes related to sexual differ

entiation (Sagi et al. 2013). 

In addition, many diseases have developed due to 

the high concentrations of animals, the impact of which  

remains a major concern for aquaculture maintenance 

(  Stentiford et al. 2012  ). 

Thus, RNAi provides modern and promising tools to treat 

shrimp that can be affected by nearly 20 different viruses  

(  Krishnan et al. 2009;   Escobedo-Bonilla 2011  ;  Gong and 

Zhang 2021). 

TABLE 15.1 
List of Complete Genomes Published 
Species Name Group Habitat Size in Gb Publication 

Acartia tonsa  Copepoda Marine 2.5    Jørgensen et al. (2019b  ) 

Amphibalanus amphitrite  Cirrepedia Marine 0.481    Kim et al. (2019  ) 

Apocyclops royi  Copepoda  Fresh to brackish water 0.45    Jørgensen et al. (2019a  ) 

Armadillidium vulgare  Malacostraca  Terrestrial 1.72    Chebbi et al. (2019  ) 

Daphnia pulex  Branchiopoda  Fresh water 0.2   Colbourne et al. (2011 ) 

Daphnia magma  Branchiopoda  Fresh water 0.123    Lee et al. (2019  ) 

Diaphanosoma celebensis  Branchiopoda  Brackish water 2.56    Kim et al. (2021  ) 

Eriocheir sinensis  Malacostraca  Fresh water to marine 1.66    Song et al. (2016  ) 

Eulimnadia texana  Branchiopoda  Fresh water 0.12    Baldwin-Brown et al. (2017  ) 

Lepidurus apus  Branchiopoda  Fresh water 0.1075    Savojardo et al. (2019  ) 

Lepidurus articus  Branchiopoda  Fresh water 0.1075    Savojardo et al. (2019  ) 

Macrobrachium nipponense  Malacostraca  Fresh water 4.5    Jin et al. (2021  ) 

Neocaridina denticulata  Malacostraca  Fresh water 3.2    Kenny et al. (2014  ) 

Parhyale hawaiensis  Malacostraca Marine 3.6    Kao et al. (2016  ) 

Portunus trituberculatus  Malacostraca Marine 1.0    Tang et al. (2020  ) 

Procambarus clarkii  Malacostraca  Fresh water 8.5    Shi et al. (2018  ) 

Procambarus virginalis  Malacostraca  Fresh water 3.5    Gutekunst et al. (2018  ) 

Tigriopus californicus  Copepoda Marine 0.190    Barreto et al. (2018  ) 

Tigriopus japonicus  Copepoda Marine 0.197    Jeong et al. (2020  ) 

Tigriopus kingsejongensis  Copepoda Marine 0.295    Kang et al. (2017  ) 

Trinorchestia longiramus  Malacostraca Semi-terrestrial 0.89    Patra et al. (2020  ) 
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Transgenesis was successfully performed on the freshwa

ter branchiopod  Daphnia magma (  Kato et al. 2012  ). 

15.8	 CHALLENGING QUESTIONS BOTH IN 
ACADEMIC AND APPLIED RESEARCH 

The diversity of crustaceans is such that we can ask many 

questions about the evolution of the development of these 

animals. We will start by discussing some aspects of research 

applied to the development of crustaceans, and then we will 

see some aspects of more fundamental research. 

15.8.1 CRUSTACEANS AND FOOD 

Crustaceans have always been a source of food for human

ity, even concerning pre-modern human species, as evidence 

suggests Neanderthals ate them, too ( Zilhão et al. 2020). 

Crustacean species consumed by humans are generally large 

in size and relatively abundant. The vast majority are mala

costracans and among them mainly decapods. More occa

sionally, large barnacles are also consumed. In 2018, the 

marine capture production by fisheries was around 6 million 

tons per year in seawater and 0.45 million tons per year in 

freshwater. The farming of crustaceans in aquaculture rep

resents 9.4 million tons per year (USD 69.3 billion) (FAO 

2020). Crustacean farming is therefore an important source 

of food and is essentially based on controlling the develop

ment cycle of species, in particular the production of larvae 

or juveniles. The first breeding operations in Southeast Asia 

or America consisted of taking post-larvae and juveniles of 

malacostracan penaeid prawns in brackish water ponds in 

order to obtain extensive breeding. Indonesian “tambaks” 

are well-known examples of these traditional practices 

(  Laubier and Laubier 1993;   Escobedo-Bonilla 2011  ). 

The development of the study of larval stages from the 

19th century onward gradually made it possible to control the 

cycle of a species of interest, of which, in some cases, stocks 

were rapidly declining. The first step consisted of restock

ing, that is to say the release of larvae, which was practiced 

by the end of the 19th century. The results of the fi rst lob

ster releases are not obvious (Laubier and Laubier 1993), but 

improvements in crustacean farming and behavioral testing 

may allow improving this practice (Carere et al. 2015). 

Hudinaga (1942) completed the life cycle of  Penaeus 
japonicus by identifying foods suitable for different stages. 

Panouse (1943) began to understand the hormonal regu

lation of Leander serratus reproduction allowing better 

control of shrimp reproduction. Hudinaga’s work in the  

beginning of the 1960s enabled the first ton production of 

Penaeus japonicus reared in captivity. Production started 

to increase very significantly in the beginning of the 1980s 

(  Laubier and Laubier 1993  ). 

The resting eggs of the brine shrimp  Artemia give aqua

culture institutions the ability to obtain larvae at any desired 

time, since the cryptobiosis can be stopped by putting them 

back in water under appropriate conditions (Van Stappen et 

al. 2019) (Figure 15.6 ). This ability is combined with the fact 

Emerging Marine Model Organisms 

that since  Seale (1933), it is known that these larvae are good 

food for young fi sh. This organism is not strictly marine but 

lives and develops perfectly in sea water and can therefore 

serve as living food for many marine organisms at key stages 

of their development, forming a kind of artifi cial marine 

plankton. The production of Artemia larvae is suitable for  

85% of the marine animals bred (Sorgeloos 1980). 

It is therefore also essential for the aquarium hobbyists or 

the breeding of animals for scientific purposes, which is the 

case for many of our development models such as cnidarians 

(Lechable et al. 2020), many marine fishes (Madhu et al. 

20  12 ) or freshwater fish (Dabrowski and Miller 2018;  Shima 

and Mitani 2004). Artemia are also used as food for other 

crustaceans like barnacles (Desai et al. 2006;  Jonsson et al. 

2018) or many malacostracans (Sorgeloos 1980). 

15.8.2 BIOFOULING 

Organism colonization called biofouling affects ships, buoys, 

pontoons, offshore structures and many other human marine 

constructions (Figure 15.7). Issues include increased costs, 

reduced speed, environmental concerns, corrosion and safety 

hazards (Bixler and Bhushan 2012). Antifouling methods 

currently employed, ranging from coatings to cleaning tech

niques, have a significant cost (Bixler and Bhushan 2012). 

Barnacles are among the most important fouling organ

isms in the marine environment (Abramova et al. 2019). 

Recruitment of these animals around the cyprid/juvenile 

FIGURE 15.6 Artemia hatching. Resting egg and pre-hatching 

larvae of Artemia franciscana after re-filling. The nauplius larva 

still remains surrounded by the membrane and will soon swim. 

Hatch control is the basis of its success in marine aquaculture and 

fundamental research. 
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FIGURE 15.7 Biofouling by the barnacles  Amphibanalus amphi
trite and Elminius modestus in the port area of Saint Malo (North 

Brittany). (a) Tire used as port fender, (b) Underside of a boat need

ing cleaning. 

stages is the key step in this problem, since fixation is defi ni

tive. Understanding the different stages of development from 

prospecting for the substrate to fixation through metamor

phosis is therefore essential to prevent colonization. One 

strategy is to develop surfaces that are actively rejected by 

cyprids during the initial stages of the surface exploration, 

thus preventing attachment (Abramova et al. 2019). A more 

unexpected aspect of biofouling is that it can also serve as an 

indicator of the history of floating objects. Thus, the ambient 

temperature of the aircraft debris of the Boeing 777–200ER 

aircraft operated by Malaysian Airlines as MH370 was  

estimated from the biochemical analysis of the barnacles 

attached to the flaperon (  Nesterov 2018  ). 

15.8.3 ECOTOXICOLOGY 

Small crustaceans are widely used in ecotoxicology because 

they represent an important link as a primary or even sec

ondary consumer between primary producers and consumers 

of higher trophic levels, such as fish, for which they are an 

important food. 

From the 1980s,  Artemia was used very frequently as a  

standardized marine ecotoxicology test (Persoone and Wells 

1987). Many new models have been added, such as calanoid 

copepods like Acartia tonsa or harpacticoid copepods like 

Nitocra spinipes, Tisbe battagliai and especially several spe

cies of Tigriopus (Figure 15.1e). The malacostracan amphi

pods of the genus  Corophium are commonly used and more 

locally the malacostracan mysid  Mysidopsis bahia (Pane et 

al. 2012  ). 

15.8.4 BODY ELONGATION AND SEGMENTATION 

The anamorphosis that occurs in several groups of crusta

ceans is very reminiscent of the development that can be 

observed in other lineages of Metazoa, such as annelids  

(Chapter 13). The study of Artemia as an anamorphic organ

ism has been initiated and has yielded interesting results 

(  Averof and Akam 1995;   Copf et al. 2003;   Kontarakis et al. 

2006;   Copf et al. 2006;   Prpic 2008  ). The thick cuticle and 

the lack of a functional tool are no doubt the reason studies 

on this model were abandoned at the expense of  Paryhale 
(Chapter 16). In the years to come, however, it will be nec

essary to try to re-develop anamorphic models in order to  

be able to carry out the comparison with other Metazoa, 

because it is probable that larval retention modifies the onto

genetic sequences and can disrupt the comparisons. 

15.8.5 EVOLUTION OF ONTOGENY 

In crustaceans, embryonic development can lead to the release 

of a juvenile resembling the adult, as in  Parhyale (Chapter 16), 

but in many cases, embryonic development leads to the hatch

ing of a larva whose development will often continue in 

plankton. Depending on the case, the released larva will have 

the number of body segments of the adult (zoe-like larva) or 

sometimes will be reduced to the most anterior region of the 

head (nauplius— Figure 15.3 ). 

The body elongation processes will therefore be larval and/ 

or embryonic in the different groups, with equivalent stages 

in both modes of development. Modalities of development  

largely remain to be studied. For a long time, it was believed 

that there was only a phenomenon of larval retention, but it 

seems possible that the limit of the passage between embryo 

and larva is more flexible and that, in particular, the nauplius 

larva has reappeared in malacostracans following a phenom

enon of heterochrony (Jirikowski et al. 2015). 

The same type of precise developmental comparison was 

initiated between a pseudo-direct and indirect development 

in branchiopods. It seems that the transition to direct devel

opment in cladocerans and cyclestherides has resulted in a 

modification of the ontogenetic stages with a compaction 

of certain stages of ancestrally anamorphic development 

(Fritsch et al. 2013). At the level of all crustaceans, this type 

of research still remains largely to be developed. 

15.8.6 TERRESTRIALIZATION AND ORIGIN OF INSECTS 

The transition from aquatic to aerial life requires pro

found physiological transformations, with the acquisition of 

important morpho-anatomical innovations affecting essen

tial functions. This is a milestone in the history of the planet. 

There are several types of colonization of pancrustaceans in 

the aerial environment. In many decapod malacostracans, 

animals have retained the classic marine larval develop

ment, and therefore the adaptations to aerial life only con

cern juveniles and adults. There are also more colonizations 

with complete independence from the marine environment. 

The most important is undoubtedly that of the hexapods 

(Regier et al. 2010), but we can also cite the malacostracan 

amphipods and especially isopods. This last group would 

have colonized the mainland after the hexapods at the time 

of the Permian (Lins et al. 2017), but its phylogenetic history 

is still not understood (Dimitriou et al. 2019). 

The research to be carried out concerns the acquisition of 

adaptations that are sometimes convergent between the lin

eages, such as the reduction of gill surface in different lines 

of land or intertidal crabs (O’Mahoney and Full 1984). The 

establishment of tracheae or pseudo-tracheae also appeared 

in a convergent manner in hexapods or malacostracan iso

pods (wood lice) and also elsewhere in arthropods (Cook 
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et al. 2001;  Csonka et al. 2013). Terrestrialization had other 

effects on the anatomical organization, such as the loss of lat

eral parts of the appendages and also the reduction of sensory 

structures. We can thus study the processes leading to the loss 

of antennas. In wood lice, terrestrialization has led to a strong 

reduction in A1 (Schmalfuss 1998), while in the hexapods, it 

is thought that it is the A2 that has entirely disappeared giv

ing the intercalary segment. It is possible that developmental 

genes like col are involved in the appendage-less morphology 

of the intercalary segment of insects (Schaeper et al. 2010), 

but a comparative investigation must be carried out if similar 

mechanisms have been initiated following terrestrialization. 

To understand certain adaptations linked to terrestrial colo

nization, it is also possible to compare different lineages of 

aquatic pancrustaceans with insects to identify homologies 

between organs. This strategy made it possible to consider 

that the wings of insects could be derived from gills (Averof 

and Cohen 1997;  Jockusch and Nagy 1997 ). 

15.8.7 THE EMERGENCE OF PARASITIC FORMS 

The emergence of a parasitic lifestyle leads to profound 

changes in the life cycle and morpho-anatomy of organ

isms. In crustaceans, there are many parasitic forms, and 

the morpho-anatomical modifications are varied and more 

or less important. The case of cirripeds (Figure 15.1b) is 

particularly interesting because the larval stages are still 

very similar between the parasitic and non-parasitic forms. 

In this case, it is the metamorphosis from the cypris that is 

the key step in understanding the change in lifestyle (Høeg 

and Møller 2006 ) (Figure 15.4c). A detailed comparison of 

metamorphosis should make it possible to propose homolo

gies between the post-metamorphosis stages and better 

understand the transformations in the lineages. It has already 

been identified that in Sacculina carcini, the naupliar stages 

are entirely lecitotrophic and synchronous, which is not the 

case in non-parasitic forms (Trédez et al. 2016 ) and suggests 

that there are therefore already modifications even before 

the cyprid stage. 

15.8.8 EVOLUTION OF CRYPTOBIOSIS 

Cryptobiosis is a very practical phenomenon for obtain

ing larvae at the right time (Figure 15.6), but the embryo 

in this suspended state of life is also a remarkable object of 

study. The brine shrimp is one of the three major models in 

this field, with nematodes and tardigrades (Hibshman et al. 

2020). Several axes of research emerge from this problem: 

the formation of the shell of the resting eggs, the synthe

sis of trehalose, metabolic modifications with the synthesis 

of specific molecules such as Artemin, small Heat Shock 

proteins and late embryogeneisis abundant (LEA) proteins 

(Hibshman et al. 2020). Additionally, the structure of the 

particularly porous eggshell appears to be a carrier for 

nanocomposite material preparation and catalytic materials, 

opening up studies for new applied research (Wang et al. 

2015;   Zhao et al. 2019  ). 
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On the other hand, there is high variability in the shape 

and ornamentation of resting eggs among branchiopods 

(Figure 15.8). In particular, there are spherical, lenticular, 

tetrahedral or cylindrical shapes with a smooth, wrinkled 

or thorny surface ( Figure 15.8 ) (  Gilchrist 1978;   Brendonck 

et al. 1992;   Thiéry et al. 2007;   Rabet 2010  ). A mathematical 

approach to these objects has already made it possible to 

understand that in Tanymastix stagnalis, the general shape 

is lenticular (Figure 15.8b) and corresponds to the inter

section between two spheres. However, another shape can 

also be observed and would correspond to the intersection 

between two cylinders. In this case, the change in embryo 

shape would be due to an increase in volume (Thiéry et al. 

2007). There are still many unanswered questions about the 

mechanisms allowing the construction of these shells and 

understanding how symmetry is acquired. 

FIGURE 15.8 Variation of the resting egg shape in branchio

pods. (a) Cylindrical,  Eulimnadia cylindrova; (b) lenticular, 

Tanymastix affinis; (c) spherical,  Eulimnadia diversa; (d) tetrahe

dral,  Streptocephalus archeri. 
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