
Reference: Biol Bull 186: 29-40. (February. 1944)

Ontogeny of Osmoregulatory Structures in the Shrimp
Penaeus japonicus (Crustacea, Decapoda)

N. BOUARICHA1

. M. CHARMANTIER-DAURES2
*, P. THUET2

, J.-P. TRILLES 2
,

AND G. CHARMANTIER2

*Institut dc Biologic, B.P. 358 RP Imania. Tlemcen 13000. Algeria, and 2 Laboratoire

d'Ecophysiologie des Invertebres, Universite des Sciences, Montpellier 2,

34095 Montpellier cedex 05, France

Abstract. The ontogeny of differentiated osmoregulatory

epithelia in the branchial chamber (gills, branchiostegite,

pleura, epipodite) was studied by transmission electron

microscopy throughout the postembryonic development
of Penaeus japonicus. These epithelia are characterized

by typical cytological features, including apical microvilli

and numerous basal infoldings associated with mito-

chondria.

Differentiated osmoregulatory structures are not ob-

served in the early larval stages: nauplii and zoea 1. In

the next larval stages, zoeas and mysis, gills and epipodites

are developed as buds only, but osmoregulatory epithelia

are observed in the branchiostegites and pleurae. The dif-

ferentiated structures of the branchiostegites and pleurae
are still present in postlarvae but disappear in juveniles
and adults. Gills and epipodites develop progressively in

the postlarval stages, with early differentiation of osmo-

regulatory epithelia in the epipodites. In juveniles and

adults, the gill epithelium is poorly differentiated; in con-

trast, abundant differentiated osmoregulatory structures

are observed in the epipodites.

Ontogenetical comparisons of these observations with

previous studies in the same species reveal strong corre-

lations between the development of osmoregulatory epi-

thelia, the ability to osmoregulate, the activity of Na+ -K +

ATPase, and salinity tolerance during the postembryonic

development of Penaeus japonicus.

Introduction

Among the few comprehensive histological studies of

osmoregulatory structures in decapod crustaceans, most
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have concerned the gills of crabs (Drach. 1930; Chen,

1933; Smyth, 1942) and of shrimps such as Palaemonetes

various (Allen, 1892), Crangon vu/garis (Debaisieux,

1970), and Penaeus aztecus (Foster and Howse, 1978).

Ultrastructural studies of the gills of adult crustaceans

are numerous (review in Bouaricha, 1990), but to our

knowledge, comparable information about larvae and

postlarvae is lacking. In penaeid shrimp, a description of

the ontogeny of gills in Penaeus japonicus was given by

Hudinaga ( 1942), but without histological data.

Gills are among the most permeable external surfaces

of crustaceans, and they are considered the primary site

for ionic and osmotic regulation (Robertson, 1960; Lock-

wood, 1962, 1968;Gilles, 1975; Croghan, 1976; Kirsch-

ner, 1979; Pequeux and Gilles, 1981, 1988;Towle, 1984a).

In some earlier studies, patches of salt-transporting tissue

were also described on the branchial chamber epithelium
in larvae of Penaeus ti:lccus (Talbot el ai, 1972) and

Callianassa jamaicense (Felder el a/., 1986).

This study presents a general and histological descrip-

tion of the gills in juvenile and adult P. japonicus and
their ontogeny during larval and postlarval development,
with particular attention directed at the localization of

epithelia involved in osmoregulation. Wealso looked for

similar tissues in the branchiostegite. pleura, and epipo-
dite. Our ultimate goal was to evaluate the validity of a

hypothetical relationship between the ontogeny of os-

moregulatory structures in gills and other epithelia and
the ontogeny of osmoregulation demonstrated by the

changes in osmoregulatory capacity (Charmantier, 1986;

Charmantier ct ai, 1987, 1988; Charmantier-Daures et

ai, 1988) and in the activity of Na+ -K + ATPase (Bouar-

icha, 1990; Bouaricha et ai. 1991) during the postem-

bryonic development of P. japonicus.
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Material and Methods

Animals

Penaeus /aponicus larvae, postlarvae, and adults were

obtained from the Ifremer center (Deva-Sud, Palavas,

Herault, France) and from a local shrimp-farm (Poissons

du soleil, Balaruc les Bains. Herault). The different de-

velopmental stages were identified according to morpho-
logical criteria (Hudinaga, 1942). Larval development
consists of six naupliar, three zoea, and three mysis stages.

A metamorphic molt transforms the late mysis 3 larva

into the first postlarval stage. Postlarvae progressively ac-

quire the adult morphology through about 20 molts.

Postlarval stages are designated by an abbreviation of

stage; e.g.. PL4 for fourth stage postlarva. Molt stages were

controlled by microscopical observation of pleopods ac-

cording to the technique widely used with adult crusta-

ceans (Drach and Tchernigovtzeff. 1967); only animals

in stage C were used.

Microscopy

All stages were fixed in Halmi's fluid, sectioned in the

transverse plane, stained with Masson's trichrome (variant

Goldner; Martoja and Martoja, 1967), and examined with

a light microscope. For electron microscopy, animals were

fixed in 2.5% glutaraldehyde in 0.1 Msaline cacodylate
buffer adjusted to the osmotic pressure of seawater with

sodium chloride. Samples were post-fixed in 1% OsO4 in

the same buffer and embedded in Spurr's medium. Ul-

trathin sections, stained sequentially with uranyl acetate

and lead citrate, were examined with a JEOL 200CX elec-

tron microscope at 100 kV.

Results

Structure <>/ gills in juvenile and adult

Eighteen gills are present in each branchial chamber:
one podobranchial gill, eleven arthrobranchial gills, and
six pleurobranchial gills. In P.jiiponicux. as in other species

of penaeid shrimps, all gills are dendrobranchiate, and
this consists of an axis that supports a series of paired
branches set at right angles along its length (Fig. 1 ). Each
branch then gives rise to perpendicularly oriented fila-

ments that bifurcate at least once (Figs. 2 and 3). Mucus
pores are located on both sides of the axis.

The internal structure of the gills includes a longitudinal

septum dividing the lumen of each axis, branch, and
filament into afferent (external) and efferent (internal)

vessels (Figs. 3 and 4).

The histology of the gill is as follows. The surface of

each branch or filament is covered by a thin cuticle that

overlies a simple epithelium. A central lacunar system
expands in the tip of each filament into a hemolymphatic

lacuna. Connective tissues are present in the septa of

filaments and axis of the gill (Fig. 4).

Changes in gill structure during development

In mysis stages 2 and 3, the branchial chamber is widely

open. The gills, appearing as small buds on the coxopodite
of the thoracic appendages, are limited by a simple epi-

thelium enclosing a hemolymph lacuna (Fig. 5).

In postlarvae PL1. the curved larger branchiostegite

partly encloses the branchial chamber. The gill bud is

longer, and the hemolymph lacuna is wider (Fig. 6).

In PL4, the septum that divides the axis of the gill is

present. The gill epithelium gives rise to branches (Fig. 7)

that are present along the whole length of the gill in PL5.

At this stage, afferent and efferent vessels are differentiated

in the largest gills, and the branchial chamber is completely
enclosed by a lateral-ventral infolding of the branchio-

stegite. In PL10, the gills are about 1 mmlong. The epi-

thelium on the surface of the branches is only 0.1-0.7 ^m
thick, except near the nuclei: few organelles are visible in

the cytoplasm (Fig. 8). Only this type of slightly differ-

entiated epithelium was observed on transverse and lon-

gitudinal serial sections of the gills.

In 3-month-old juveniles, the epithelium of the

branches and filaments (Figs. 9 and 10) is about 0.8 /*m
thick; it is thicker near nuclei ( 1 .4-2.2 /urn) and at the tip

of the filaments ( 1 .5 jum) that are widened to form a distal

lacuna. The cytoplasm contains but few organelles (Fig.

10). and these include spherical (0.4 ^m) or elongated

(1 /jm) mitochondria. Microvilli occur infrequently on
the apical cytoplasmic membrane. Infoldings of the basal

lamina are limited (Fig. 9).

In 5-month-old juveniles, the apical cytoplasmic mem-
brane of the gill epithelium is differentiated, giving rise

to microvilli, 0.3-0.8 nm high, that delimit important
subcuticular spaces (Fig. 11). The cytoplasm contains

many large mitochondria, but other organelles are still

scarce.

No difference in structure was noted between the dif-

ferent filaments along the length of the gill axis, or between

the anterior and posterior gills.

Pleurae

The pleural epithelium covers the lateral internal sur-

face of the branchial chamber (Figs. 5 and 24).

In zoea 2 larvae, this epithelium presents two aspects:

thin ( 1.4-4 /jm) and only slightly differentiated, or thicker

(4-7 nm) and with typical differentiations, i.e.. large in-

vaginations of the basal membrane enfolding mitochon-

dria (Fig. 13). The apical cytoplasm contains the nucleus,

numerous vesicles of reticulum, free ribosomes, and mi-

tochondria (Fig. 12).
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Figures 1-4. Gills of juvenile Penaeus japonicus. A: axis, AV: afferent vessel, B: branches. BR: bran-

chiostegite, C: cuticle. CT: connective tissue. E: epithelium, EP: epipodite, EV: efferent vessel. F: filament,

G: gills, HL: hemolymphatic lacuna.

Figures 1-2. Dorsal face of a dendrobranchiate gill showing the axis and the filaments (X25 and X90,

respectively).

Figure 3. General organization of the branchial chamber of a juvenile ( 250). The outside of the branchial

chamber is closed by the branchiostegite. Subtransverse sections of gills show the axis divided into afferent

and efferent vessels and branches and filaments. Epipodites are intercalated between the gills.

Figure 4. Transverse section of gill filaments in an old juvenile. The monolayer epithelium is covered

by a thin cuticle. Each tip of the filament is occupied by a hemolymphatic lacuna.
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Figures 5-11. Ontogeny and structure ot gins in Penaeits laponk'us B: branches. BB: branchial bud.

BL: basal lamina. BR: branchiostegite. C. cuticule, E: epithelium. G: gill. HE: hemolymph. HL: hemoh mphatic

lacuna, IN: infolding, M: mitochondria, MV: microvilli. N: nucleus. PC: pillar cell, PR: pleura.

Figure 5. Mysis 3 larva ( 400). EarK gill buds on a thoracic appendage.
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In mysis 3 larvae, the two forms of pleural epithelium

are also present. The differentiated epithelium is located

in the central region of the pleural dorsoventral axis. Dif-

ferentiations are more pronounced than in zoeas (Fig.

14). Although the total thickness of the epithelium is sim-

ilar (4-8 ^m) to the previous stage, basal infoldings have

expanded (1.2-3 ^m); mitochondria are very abundant;

and the apical membrane bears thin microvilli, 0.8 /urn

long, either scarce or close-ranked.

In postlarvae. although observations were available

from light microscopy only, the differentiations present

in mysis seem to have been retained. Longitudinal streaks

that characterize basal infoldings can be observed on

epithelial cells of the pleura.

In adults, no differentiated epithelial structure was ob-

served on any of several serial transverse sections of the

pleura.

Branchiostegites

The branchiostegite is almost horizontally oriented in

the larval stages, resulting in an open branchial chamber.

In later stages, the chamber is progressively closed by the

folding down of the branchiostegite (Figs. 5 and 18). At

all the developmental stages, the branchiostegite comprises

two simple epithelia, external and internal, separated by

a hemolymph lacuna. The epithelia are linked by pillar

cells (Fig. 5). The external epithelium, under the cuticle,

is thin and slightly differentiated. The internal epithelium

is thicker, and its structure varies with the developmental

stage.

In stage mysis 3, the internal epithelium is 8 nm thick

and shows differentiated zones similar to those described

for the pleura (Fig. 15); the apical cytoplasmic membrane

presents patches of microvilli, 0.1-1 ^m long. The basal

cytoplasmic membrane forms many deep infoldings sep-

arating cytoplasmic areas that contain abundant round

or elongated mitochondria. Nuclei are located in the nar-

row median zone, above the basal infoldings. They are

large and oval (2.6 X 4 ^m), with spots of chromatin; the

external layer of the nuclear membrane carries numerous

ribosomes. Rough endoplasmic reticulum and irregularly

shaped mitochondria can be observed around the nuclei.

In PL 10 postlarvae, the internal epithelium is thicker

(12-14 nm) and presents the same differentiations as in

the mysis (Figs. 16 and 17), with long (1-2 ^m) and abun-

dant microvilli at the apical pole (Fig. 16) and with nu-

merous elongated basal infoldings, sometimes nearly as

high as the cell. Many elongated mitochondria are located

between the infoldings and under the microvilli.

In adults, this type of differentiated epithelium was not

observed in any of the serial sections of the branchiostegite.

The internal epithelium is composed of high cells. The

nucleus is centrally located. The cytoplasmic membrane
shows ample, sinuous interdigitations. Different organelles

can be observed in the cytoplasm: abundant rough en-

doplasmic reticulum forming a tubular network con-

nected to small vesicles, elongated mitochondria, large

golgi profiles with numerous vesicles, and oriented fibril

bundles. Apical microvilli or basal infoldings were not

observed.

Epipodite

The epipodites, or mastigobranchs, are elongated, thin,

biramous structures, attached to coxopodites of some
thoracic appendages. Six of them are present in each

branchial chamber of adult shrimp.

In mysis 2 and 3 larvae, the first epipodites appear as

small buds. This aspect is retained until the early postlarval

stages. They lengthen and become biramous and covered

with setae in PL5. According to Hudinaga (1942), their

full complement is reached by PL1 1.

In PL5 postlarvae, epipodites are formed of a simple

epithelium enclosing a vascular network locally enlarged

in lacunae (Figs. 18 and 19); the tip is widened around a

hemolymph lacuna. In light microscopy, the basal part

of the cells presents a striated appearance, similar to the

differentiated zones observed in the branchiostegite and

the pleurae.

In 5-month-old juveniles and in adults, epipodites

present two simple epithelia separated by a central con-

nective tissue. The epithelium is made of high columnar

cells (30 ^m in adults), with the nuclei located in the apical

part of the cell under a thin cuticle (Fig. 20). The ultra-

structure of the epithelial cells features both apical and

basal infoldings (Figs. 21, 22, and 23). The apical infold-

ings are oriented at right angles to the cuticle. Mitochon-

dria, tubules of rough endoplasmic reticulum, and nu-

merous small round vesicles are located between them

(Fig. 2 1 ). The basal infoldings are organized as a compact
network, penetrating deeply, up to 20 ^m. into the cyto-

plasm. Abundant elongated mitochondria (0.4 X 2.5

are inserted between the infoldings.

Figure 6. Postlarva PL 1 ( X400). Gill hud structure: a thin epithelium delineating a central hemolymphatic

lacuna.

Figure 7. Postlarvae PL 4 (X400). First branchial branches on a gill.

Figure 8. Postlarvae PL 10 (X 13000). Epithelium of a branchial branch.

Figures 9-10. Juvenile (
' 1 7500). Branchial epithelium. Thin epithelium and few intracellular organelles.

Figure 11. Juvenile (X8000). Branchial epithelium with apical microvilli and some mitochondria.
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Figures 12-17. Pleura and branchiostegite of larvae and postlarvae of Penaeus japonicus. BM: basal

membrane. C: cuticle, CH: chromatin. IN: infoldings, IT: mterdigitation, M: mitochondria. MV: microvilli,

N: nucleus, RER: rough endoplasmic reticulum. V: vesicle.

Figures 12-13. Pleura, zoea 2 (X9200 and X15000. respectively). Pleural epithelium with numerous

basal infoldings associated with mitochondria.

Figure 14. Pleura, mysis 3 (X9100). The pleural epithelium contains two types of differentiations: apical

microvilli and basal infoldings with mitochondria.

Figure 15. Internal layer of the branchiostegite. mysis 3 (X8300). Numerous basolateral infoldings as-

sociated with mitochondria.
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Discussion and Conclusions

Gills

Gill buds appear at the end of the larval phase, and
their development progresses during the postlarval period.
The branchial formula is complete at stage PL 1 1 (Hu-
dinaga, 1942).

Only one type of gill epithelium was observed in the

postlarvae. This thin epithelium containing few nuclei

and very few organelles was not differentiated. A similar

type of epithelium was described in adult Callinectes sap-
idus (Copeland and Fitzjarrell, 1968) and Ocypode cera-

tophthalma (Storch and Welsch, 1975). These observa-

tions, and our own, suggest that this epithelium is probably
involved in gas exchange.

The epithelium begins to differentiate in juveniles with
the formation of microvilli on the apical cytoplasmic
membrane of the cell, under the cuticle. The differentia-

tion progresses in juveniles that are more than 5 months
old, resulting in a higher density of mitochondria under
the microvilli.

In juveniles and adults, we found that the epithelium
of the gills is formed of thin cells having, as their only
apical differentiated structures, microvilli and mitochon-
dria. These cells were also described in Penaeus aitecus

(Foster and Howse, 1978) and in Palaemontes pugio
(Doughtie and Rao. 1978). They are the principal cells of
the gills of palaemonid and penaeid shrimps (Taylor and
Taylor, 1992). Similar epithelia have been reported in the

posterior gills of Eriocheir sinensix (Barm et a/.. 1983)
and Gecarcinus cntentata (Martelo and Zanders, 1986).
This type of epithelium could be involved in osmoregu-
lation, a hypothesis supported by the increase in the size

of the microvilli in P. aitecus that were transferred to low
or high salinities (0.9 and 59%o; Foster and Howse, 1978).

The comparison with other species demonstrates that

the gill epithelium is only slightly differentiated in P. ja-

ponicits. In Gecarcinus lateralis (Copeland, 1968), Cal-

linectes sapidus (Copeland and Fitzjarrell, 1968), Astacus

leptodactylus (Bielawski, 197 1 ), Astacus pallipes (Fisher,

1972), Gecarcinus oceanicus (Milne and Ellis, 1973), Pro-

cambarus clarkii (Burggren et al., 1974), Jaera nordmanni
(Bubel, 1976; Bubel and Jones, 1974), Asellus aquaticus
(Babula, 1979), Holthuisana transversa (Taylor and

Greenaway, 1979), Eriocheir sinensis (Bam et al., 1983),
Uca mordax (Finol and Croghan, 1983), and Crangon
crangon (Papathanassiou, 1985), the gill epithelium is

characterized by apical microvilli and basolateral infold-

ings associated with mitochondria. These ultrastructural

features are typical of tissues involved in active ionic

transport (Pease. 1956: Berridge and Oschman, 1972). In

some of these species Gecarcinus lateralis (Copeland and

Fitzjarrel, 1968), Carcimts maenas (Goodman and Cavey,
1988, 1990; Compere et al.. 1989), Procambarus clarkii

(Burggren et al., 1974) two types of epithelia coexist in

the gill, a thin one supposedly implicated in gas exchange,
and a differentiated epithelium involved in hydromineral
exchanges. In adult P. japonicus, we observed only one

type of epithelium with apical microvilli but without basal

infoldings.

In addition, we saw no morphological or ultrastructural

differences between the anterior, median, and posterior

gills of P. japonicus. Wethus conclude that a single type
of epithelium exists in P. japonicus. as in P. aztecus (Foster
and Howse, 1 978) and in the crab Holthuisana transversa

(Taylor and Greenaway, 1979). In other species, anterior

and posterior gills are histologically different. In Eriocheir

sinensis (Barra et al., 1983). the anterior gills have a thin,

little-differentiated epithelium, probably involved in res-

piration; the epithelium of the posterior gills is differen-

tiated and certainly implicated in osmoregulation. This

hypothesis is confirmed by physiological data, since only
the posterior gills are involved in osmotic and ionic reg-
ulation (Schoffeniels and Gilles, 1970; Pequeux and Gilles,

1981, 1988). This topographic difference has also been
observed in Astacus pallipes and A. leptodactylus (Dunel-
Erb et al., 1982) and in Asellus aquaticus (Babula, 1979).

In summary, the gills of P. japonicus appear as buds

during the last larval stages and grow progressively during
the first postlarval stages. The gill epithelium differentiates

slightly and progressively in juveniles and adults, with

apical microvilli and mitochondria beneath it. The dif-

ferentiated gills are implicated mainly in respiration and,
less than in other species, probably in osmoregulation.
This last function is also shared by other structures of the

branchial chamber. The structure of the gill epithelium
in P. japonicus (and probably other penaeids) is simpler
than that in most other crustacean groups.

Branchiostegite and pleura

The branchiostegite and pleural epithelia are not dif-

ferentiated in nauplii and zoea 1. Differentiation appears
in zoea 2 and persists in the postlarvae; the most typical
features are apical microvilli, deep basal and lateral in-

foldings, and abundant mitochondria. These elements
were called "mitochondrial pumps" by Copeland (1964).

Figure 16. Internal layer of the branchiostegite, postlarvae PL 10 (*6500). Numerous apical microvilli

and basal infoldings with mitochondria.

Figure 17. Internal layer of the branchiostegite, postlarvae PL 10 (x 1 3000). Detail of the interrelations

between infoldings and mitochondria.
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Figures 18-23. Epipodites in postlarvae and adult of Pcimcnx iiipunifiix. BL: basal lamina, BR: bran-

chiostegile, C: cuticle. CT: central connective tissue. E: epithelium, EP: epipodite, G: gill. HL: hemolymphatic
lacuna. IN: intbldings. M: mitochondria, N: nucleus. ST: striation.

Figure 18. Transverse section of the branchial chamber, postlarvae PL 5 ( 200). The branchial chamber
is almost completely enclosed by the folded branchiostegite. Epipodites are intercalated between the gills.
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A similar type of epithelium, localized on the internal

surface of the branchial chamber, has been found in larvae

and postlarvae of P. a:tecus (Talbot et at. 1972) and in

the two zoeal stages ofCallianassajamaicense (Felder ct

at. 1986).

Our observations demonstrate that the differentiation

of the branchiostegite and pleural epithelia has disap-

peared in adults. Wehypothesize that branchiostegite and

pleural epithelia have an osmoregulatory function in the

young stages of P. japonicus before the adult structures

(i.e.. gills and epipodites; see next paragraph) differentiate

and take up this function. This hypothesis is supported

by the very low level of Na4 -K + ATPase activity in the

branchiostegite of adult P. japoniats (Bouaricha, 1990;

Bouaricha et at. 199 1 ). Similar results have been described

in Artcmia salina: the nauplii, which are strong regulators,

possess a dorsal gland with the typical differentiations of

a tissue implicated in osmoregulation (Conte el at. 1972;

Hootman and Conte. 1975). This gland degenerates when

"gills" develop (Dejdar, 1930).

Rough endoplasmic reticulum, ribosomes, and golgi

profiles are very abundant in the branchiostegite of adult

P. japonicus, after the regression of its microvilli; this tissue

could thus shift from osmoregulation to other functions.

Epipodite

Epipodites and gills appear concurrently during post-

larval development. Epipodite cells appear striated (light

microscopy) in postlarvae, and electron microscopical

observations demonstrate that this epithelium is thicker

and more differentiated than that in the other adult tissues

studied (i.e.. gills, branchiostegites, pleurae). The cells of

the epithelium are very similar to the thick cells, or ion-

ocytes, described on the posterior pair of gills in crabs

(review in Taylor and Taylor, 1992). Copeland's "mito-

chondria! pumps" are present in all cells and along the

whole length of the epipodites. Very few comparable

studies are available in other species. Buchanan (1889)

proposed a gill-cleaning function for Penaeus epipodites.

According to Hudinaga (1942), who described them and

included them in the gill formula under the name of mas-

tigobranchia, epipodites are gill structures. In Crangon

vulgaris (Debaisieux, 1970), the epipodite, as studied by

light microscopy, has a thick epithelium. In Astacus pal-

lipes and A. leptodactylits. Bock (1925) described the

epipodites as wide vascular structures offering a large ex-

change surface; an electron microscopical study of these

structures revealed important differentiations similar to

those described in P. japonicus (Dunel-Erb et at. 1982).

Epipodites and gills have a commonphylogenetic origin

(Mill, 1972). In decapods, podobranchiate gills originate

from epipodites. In P. japonicus, podobranchiate gills and

epipodites are attached at the same location on the cox-

opodite of maxillipeds. Their common origin, their to-

pographical and histological similarities, and their features

typical of ion-transporting tissues suggest that epipodites

are probably involved in osmoregulatory mechanisms.

This is further supported by the high level of Na+-K +

ATPase activity measured in epipodites of adult P. ja-

ponicm (Bouaricha, 1990; Bouaricha et at. 1991).

In summary, osmoregulatory structures are progres-

sively established during the postembryonic development

of P. japonicus (Fig. 24). In larval stages, before gills and

epipodites are present, the features typical of osmoregu-

latory epithelia were observed in pleurae and branchio-

stegites. During the postlarval stages, the osmoregulatory

structures are still present in the branchiostegites and

pleurae, but these disappear in the juveniles and adults.

Gills and epipodites continue developing during the post-

larval stages. In juveniles and adults, the gill epithelium

is thin, slightly differentiated, and certainly most involved

in respiration. From our observations in adults, both the

gills and epipodites could be involved in osmoregulation.

But the robust and dense osmoregulatory structures in

the epipodites of adult P. japonicus point to a major os-

moregulatory function of the epipodites, a new finding in

penaeid shrimps and in decapod crustaceans.

Relation between the ontogeny of osmoregulatory

structures and the ontogeny of osmoregulation

Previous studies conducted in P. japonicus on ATPase

activity (Bouaricha, 1990; Bouaricha et at. 1991), os-

moregulation (Charmantier, 1986; Charmantier et at,

1988), and salinity tolerance (Charmantier et at. 1987;

Charmantier-Daures et at. 1988) during the postembry-

onic development, as well as the results of this study, sup-

port the existence of correlations between the establish-

ment of osmoregulatory structures and the ontogeny of

osmoregulatory physiological processes.

Figure 19. Epipodite, postlarvae PL 5 (X500). The simple epithelium encloses a vascular network enlarged

in a lacuna at the tip.

Figure 20. Epipodite, adult structure. Two simple columnar epithelia. separated by a centra] connective

tissue.

Figures 21-22. Epipodite. adult (x 13000 and X23000). Apical (Fig. 21 (and basal (Fig. 22) part of the

epithelium with numerous infoldings associated with mitochondria.

Figure 23. Epipodite, adult (X 14000). Detail of association between mitochondriae and infoldings.
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12-13

BB

M2-M3

Juv-Ad

Figure 24. Ontogeny of osmoregulatory epithelia (doited areas) throughout the postembryonic devel-

opment of Penaeus japonicus, schematic transverse sections through the cephalothorav Z: zoeae. M: mysis,

PL: postlarva. Juv-Ad: juvenile and adult. BR: hranchiostegite, EP: epipodite. G: gills, PR: pleura.

In young larvae (nauplii and zoea 1), osmoregulatory
structures that can be related to the nonexistent ATPase

activity are absent (Bouaricha el al.. 1991 ), because Na+ -

K+ ATPase is located in basolateral membranes of ion-

transporting tissues (Towle, 1981;Towle. 1 984a, b; Towle
and Kays, 1986). These stages are probably osmocon-
formers and are not tolerant to low salinities (Charmantier
ct al.. 1988).

In later larval stages (mysis 2-3), osmoregulatory tissues

are present in the branchial chambers, on the inner side

of the branchiostegites. and on the pleurae. The gills and
the first epipodites appear as buds at these stages (Hudi-

naga, 1942; Bouaricha, 1990). The activity of Na+ -K +

ATPase increases slightly, but these stages retain an os-

moconforming type of regulation and a low tolerance to

variations in salinity.

After metamorphosis, i.e.. in postlarvae, osmoregula-

tory tissues disappear from the branchiostegites and pleu-

rae while appearing during the postlarval phase in the gills

and mainly in the epipodites. ATPase activity increases

correlatively and reaches a maximum in PL5 and, to a

lesser extent, in PL 6 (Bouaricha et al.. 1991). Osmotic

regulation becomes hyper- and hypoosmotic starting in

PL 1 , and hyper- and hypoosmoregulatory capacities reach

a maximum in PL 5-6 and later stages (Charmantier et

ai, 1988). Salinity tolerance also increases in PL 5-6 and

later stages; under natural conditions, these stages will

have migrated from the open sea to coastal, lagunal. and

estuarine habitats that are subject to ample fluctuations

in salinity.

In conclusion, the ontogeny of osmoregulatory structures

described in this study is strongly correlated with the on-

togeny of the physiological processes of osmoregulation, and

both are correlated with the ecology of P. japiniicus.

Acknowledgments

The authors wish to thank Mrs. Mary-Alice Garcia and

Mrs. Evelyse Grousset for their technical assistance. Two



OSMOREGULATORYSTRUCTURESIN PENAEUS 39

anonymous reviewers and Dr. Michael J. Greenberg made
helpful comments on the manuscript.

Literature Cited

Allen, E. 1892. On the minute structure of the gills of Palacnumclcs
various. Q J. Microsc. Sci. 34: 75-84.

Babula, A. 1979. Structure of the respiratory' organs of the fresh water

isopod Ase/lus aqualieus L. (Crustacea). Bull. Sin: Amis Sci. Let.

Po:nan 19: 75-82.

Barra, J. A., A. Pequeux, and \\ . Humbert. 1983. A morphological
study on gills of a crab acclimated to fresh-water. Tissue & Cell 15:

583-596.

Berridge, M. J., and J. O. Oschman. 1972. Transporting Epitheliu.
Academic Press. New York. 91 pp.

Bielawski, J. 1971. Ultrastructure and ion transport in gill epithelium
of the crayfish Astacus leptodaciylus Esch. Protoplasma 73: 1 77- 1 90.

Bock, F. 1925. Die respirations Organe von Potamobius astacus Leach.

(Astacus Jluviatilis Fabr.). Ein Beitrag zur Morphologic der Deca-
poden. Z HV.v.v Zoo/. 124: 51-1 17.

Bouaricha, N. 1990. Ontogenese de I'osmoregulation chez la crevette

Penaeus lapomcus. Doctoral Thesis. Universite de Montpellier.
France. 1 76 pp.

Bouaricha, N., P. Thuet, G. Charmantier, M. Charmantier-Daures, and
J.-P. Trilles. 1991. Na+ -K + ATPase and carbonic anhydrase activ-

ities in larvae, postlarvae and adults of the shrimp Penaeus japonicus
(Decapoda. Penaeidea). Camp. Biochem. Physiol 100A: 433-437.

Bubel, A. 1976. Histologieal and electron microscopical observations
on the effects of different salinities and heavy metal ions, on the gills

ofJaera nordmanni (Rathke) (Crustacea, Isopoda). Cell Tissue Res
167: 65-95.

Bubel. A., and M. B. Jones. 1974. Fine structure of the gills of Jaera
ntirdmanni (Rathke) (Crustacea. Isopoda). J. Mar. Biol Ass UK
54: 737-743.

Buchanan. F. 1889. On the ancestral development of the respiratory
organs in the Decapoda Crustacea. Q J. Microsc. Sci. 28: 457-467.

Burggren, \V. \\ ., B. R. McMahon, and J. W. Costeron. 1974. Branchial
water- and blood-flow patterns and the structure of the gills of the

crayfish Procamharus clarkii. Can J. Zool. 52: 1511-1518.
Charmantier, G. 1986. Variation des capacites osmoregulatnces au

cours du developpement post-embryonnaire de Penaeus japonicus
Bate, 1888 (Crustacea, Decapoda). C. R Acad. Sci. Paris 303: 217-
2")")

Charmantier, G., N. Bouaricha, M. Charmantier-Daures, P. Thuet,
J.-P. Trilles and Equipe Merea de Palavas. 1987. Tolerance a la

salinite au cours du developpement larvaire et post-larvaire de Penaeus
japonicus. Equinoxe 17: 20-22.

Charmantier, G., M. Charmantier-Daures, N. Bouaricha, P. Thuet,
D. E. Aiken, and J.-P. Trilles. 1988. Ontogeny of osmoregulation
and salinity tolerance in two decapods crustaceans: Homants amer-
icanus and Penaeus japonicus. Biol Bull. 175: 102-110.

Charmantier-Daures, M., P. Thuet, G. Charmantier, and J.-P. Trilles.

1988. Tolerance a la salinite et osmoregulation chez les post-larves
de Penaeus japonicus et P. chinensis. Effet de la temperature. Aquat.
Li\: Res 1: 267-276.

Chen, P. S. 1933. Zur Morphologie und Histologie der respirations

Organe von Grapsus grapsus L. Jena. Z Naiitru: N.F. 61: 31-88.

Compere, P., S. Hanson, A. Pequeux, R. Gilles, and G. Goffinet.

1989. Ultrastructural changes in the gill epithelium of the green
crab Carcinus maenas in relation to the external salinity. Tissue &
Cell 21: 299-3 18.

Conte, F. P., S. R. Hootman, and P. J. Harris. 1972. Neck organ of
Anemia salina nauplii. A larval salt gland. / Comp PhvstoL 80:

239-246.

Copeland, D. E. 1964. Salt absorbing cells in gills of crabs. Callinectes
and ( 'areinus liiol Hull 127:367-368.

Copeland, D. E. 1968. Fine structure of salt water uptake in the land
crab, (iccaicinus lateralis. Am. Zool. 8: 417-432.

Copeland, D. E., and A. T. Fitzjarrell. 1968. The salt absorbing cells

in the gills of the blue crab (Callinectes sapidus Rathbun) with notes
on modified mitochondria. / Zellforsch. 92: 1-22.

Croghan, P. C. 1976. Ionic and osmotic regulation of aquatic animals.

Pp. 59-94 in Environmental Physiology of Animals. J. Bligh, J. L.

Cloudsley-Thomson. and A. G. McDonald, eds. Blackwell. Oxford.
Debaisieux, P. 1970. Appareil branchial de Crangon vitlgarts (Decapode

nageur). Anatomic et histologie. La Cellule 69: 64-82.
l>i-|il. ii. E. 1930. Die Korrelationen zwischen Kiemensacken und

Nackenschild bei Phyllopoden (vcrsuch einer Analyse mil Hilfeelek-
tiver Vitallarbung). / II m /.ool 136:422-452.

Doughtie, D. G., and K. R. Rao. 1978. Ultrastructural changes induced
by sodium pentachlorophenate in the grass shrimps. Palaemonetes
pugio. in relation to the molt cycle. Pp. 213-250 in Peiitaclilompheiiol.

Chemistry. Pharmacology and Environmental Toxicology, K. R. Rao,
cd. Plenum Press, New York.

Drach, P. 1930. Etude sur le systeme branchial des Crustaces Deca-
podes. Arch. Anal. Microsc. 26: 83-133.

Drach, P., and C. Tchernigovtzeff. 1967. Sur la methode de determi-
nation des stades d'intermue et son application generate aux Crustaces.
\' ic Milieu 18: 596-609.

Dunel-Erb, S., J. C. Massabuau, and P. Laurent. 1982. Organisation
fonctionnelle de la branchie d'ecrevisse. C. R. Soc: Biol 176: 248-
258.

Felder, J. M., D. L. Felder, and S. C. Hand. 1986. Ontogeny of os-

moregulation in the estuarine ghost shrimp Callianassa jamaicense
var. louisianensis Schmitt. J. E\p. Mar Biol. Ecol. 99: 91-106.

Finol, H. J., and P. C. Croghan. 1983. Ultrastructure of the branchial

epithelium of an amphibious brackish-water crab. Tissue & Cell 15:

63-75.

Fisher, J. M. 1972. Fine structural observations on the gill filaments
of the fresh water crayfish Astacus pallipes Lereboullet. Tissue & Cell
4: 287-299.

Foster, C. A., and H. D. Howse. 1978. A morphological study on gills

of the brown shrimp. Penaeus a:/ecus. Tissue & Cell 10: 77-92.
Gilles, R. 1975. Mechanisms of ion and osmoregulation. Pp. 259-347

in Marine Ecology, O. Kinne, ed. Wiley-lnterscience New York 2-

259-347.

Goodman, S. H., and M. J. Cavey. 1988. Epithelial cells in the phyl-
lohranchiate gills of the shore crab. Am. Zool. 28: 142.

Goodman, S. H., and M. J. Cavey. 1990. Organization of a phyllo-
branchiate gill from the green crab Carcinus maenas (Crustacea. De-
capoda). Cell Tissue Res. 260: 495-505.

Hootman, S. R., and F. P. Conte. 1975. Functional morphology of the

neck organ in Anemia salina nauplii. J. Morph. 145: 371-386.

lludinaga, M. 1942. Reproduction, development and rearing of Pe-
naeus /aponicus Bate. Japn. J Zool. 10: 305-353.

Kirschner, L. B. 1979. Control mechanisms in crustaceans and fishs.

Pp. 157-222 in Mechanisms ofOsmorcKiilation in Animals. R. Gilles.

ed. Wiley, New York.

I.ockwood, A. P. M. 1962. The osmoregulation of Crustacea. J. E\p.
Biol 37: 257-305.

Lockwood, A. P. M. 1968. Aspects of the Physiology of Crustacea
Oliver and Boyd, Edinburgh 328 pp.

Marlelo, M. J., and P. I. Zanders. 1986. Modifications of gill ultra-

structure and ionic composition in the crab dccarcimis cruentata
acclimated to various salinities. Comp. Biochem. Phvsiol. 84A: 383-
389.

Martoja, R., and M. Martoja. 1967. Initiation au\ 1'ecluuques de

L'histologie Animate. Masson et Cie, Paris. 345 pp.



40 N. BOUARICHAET AL

Mill, P. J. 1972. Gills, podia and papulae. Pp. 14-63 in Respiration

in I/if Invertebrates, P. J. Mills, ed, MacMillan Press, London.

Milne, D. J., and R. A. Ellis. 1973. The effects of salinity acclimation

on the ultrastructure of the gills ofGammarus oceaniais (Segerstrale,

1947), (Crustacea. Amphipoda). Z Zell/orxch. 139: 31 1-318.

Papathanassiou. E. 1985. Effects of calcium ions on the ultrastructure

of the gill cells of the brown shirmp Crangon crangon (L.). (Decapoda,

Caridea). Crustaceana 48: 6-17.

Pease, D. C. 1956. Infolded basal plasma membranes found in epithelia

noted for their water transport. ./. Biophys Biochem Cytol. Suppl
2: 203-208.

Pequeux, A., and R. Gilles. 1981. Na* fluxes across isolated perfused

gills of the Chinese crab, Eriocheir sinensis J K\p. Bio! 92: 173-

186.

Pequeux, A., and R. Gilles. 1988. NaCI transport in gills and related

structures. Pp. 2-47 in Comparative and Environmental Physiology
NaCI Transport in Epillwlia. R. Greger, ed. Springer Verlag. New
York.

Robertson, J. 1). 1960. Osmotic and ionic regulation. In Physiology

of Crustacea. Vol. I. T. H. Waterman, ed. Academic Press.

New York.

Schoffeniels, E., and R. Gilles. 1970. Osmoregulalion in aquatic ar-

thropods. Pp. 255-286 in Chemical '/.oology. Vol. 5. Arthropoda,

Part A. M. Florkin and B. T. Scheer. eds. Academic Press, New
York.

Smyth, J. D. 1942. A note on the morphology and cytology of the

branchiae of Carcmus macnas I'roc. Roy Ir Acacl. B48: 105-118.

Storch, V., and V. \Velsch. 1975. Uber Ban und Funktion der Kiemen
und Lungen von Ocypode ceratophthalma (Decapoda, Crustacea).

A/or Biol. 29: 363-37 1 .

Talbol, P., C. \\allish, and A. L. Lawrence. 1972. Light and electron

microscopic studies on osmoregulatory tissue in the developing brown

shnmp Penaeus aitccus Tissue & Cell 4: 271-286.

Taylor, H. H., and P. Greenaway. 1979. The structure of the gills and

lungs of the arid-zone crab, tiollhuisana (Austrothelphusa) transversa

(Brachyura: Sundalhelphasidae) including observations on arterial

vessels within the gills. ./ /,./ l.oml 189:359-384.

Taylor, II. II., and E. \V. Taylor. 1992. Gills and lungs: the exchange
of gases and ions. Pp. 203-293 in Microscopic Anatomy of Inverte-

brates Vol. 10: Decapod Crustacea. F. W. Harrison and A. G. Humes.

Wiley-Liss Inc.. New York.

Towle, D. \V. 1981. Role of Na*-K f ATPase in ionic regulation by
marine and estuarine animals. Mar. Biol. Lett. 2: 107-122.

Towle, D. \V. 1984a. Regulatory functions of Na+ -K* ATPase in marine

and estuanne animals. Pp. 57-170 in Osmoregulation in Estuarine

and Marine Animals A. Pequeux and L. Bolis, eds.

Towle, D. \V. I984b. Membrane bound ATPases in arthropod ion

transporting tissues. Am. Zool. 24: 177-185.

Towle, D. \V., and \V. T. Kays. 1986. Basolateral localisation of Na+
-

K* ATPase in gill epithelium of two osmoregulatory crabs: Callinectes

sapidus and Carcmus maenas. J E.\p. Zool. 239: 31 1-318.


