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ABSTRACT. The ultrastructural features of the gill epithelium of adult Daphnia magna are consistent with
their dual function of ion transport from the surrounding medium to the hemolymph and transport of
macromolecules from the hemolymph towards the cuticle. The thin cuticle of the gill epithelium displays
short, thin epicuticular tubercles and pits. Silver grains penetrate the cuticle in AgNO3 treated specimens.
The single layer of flat epithelial cells is of one type only, the dark cells. The epithelial cells display extensive
infoldings of the apical and basal plasma membranes associated with mitochondria and delicate, folded
lateral membranes enclose narrow intercellular spaces. They have large irregular nuclei with prominent
nucleoli. Their cytoplasm is rich in mitochondria, rough and smooth endoplasmic reticulum, microtubules,
and vesicles, while Golgi complexes are sparse. The basal cytoplasm displays dense tubular elements, coated
vesicles, multivesicular bodies, and lysosomes. These ultrastructural features are characteristic of ion
transporting epithelia and of cells engaged in protein and lipid synthesis.
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INTRODUCTION

Animals living in fresh water are faced with
the problem of maintaining osmotic pressure
and ionic composition of body fluids higher
than that of the surrounding medium. To solve
this problem aquatic animals have developed
mechanisms to absorb ions into their blood
(Krogh 1939; Rankin & Davenport 1981).
Aquatic larvae of dipterous genera, such as Ae-
des and Chironomus, have developed anal papil-
lae that absorb sodium and chloride ions into
the hemolymph (Stobbart 1960; Wright 1975).
In many crustaceans the gills play a role not
only in respiration but also act as osmoregulato-
ry organs (Prosser 1973). In hyperosmotic crus-
taceans sodium influxes from dilute media
have been reported (Sutcliffe 1968; Harris
1970). The activity of Na+/K+ ATPase enzyme,
which is strongly implicated in sodium trans-
port, has been measured in the pleopod gills of
isopod Idotea wosnesenskii, acclimated to differ-
ent media, suggesting their role in inward ionic
transport from dilute media (Holliday 1988).
Kirschner in his review article (2004), Freire
et al. (2008), Bianchini & Wood (2008), and

Tsai & Lin (2014) all have implicated gills and
other structures in the ion regulatory mechan-
isms of crustaceans.

Ultrastructural studies of ion transporting
organs include larval anal organ/papillae of
semiaquaticDrosophila melanogaster and aquat-
ic Chironomus tentans (Jarial 1987, 1995); chlo-
ride cells of Callibaetis sp. (Ephemeroptera)
(Komnick & Able 1971); labium of Cenocorixa
bifida (Jarial 2003); "gills" (5 endopodites) of ter-
restrial isopods likeOniscus (Kűmmel 1981); and
the gills of crayfish, Pacifastacus leniusculus
(Morse et al. 1970), of euryhaline Chinese
crab, Eriocheir sinensis (Barra et al. 1983), and
of shrimp, Penaeus japonicus (Bouaricha et al.
1994). In these studies epithelial cells of these
organs were characterized by highly folded api-
cal and basolateral plasma membranes associat-
ed with many mitochondria. The extensive
plasmamembrane infoldings associated with mi-
tochondria provide increased surface area and
energy for active ion transport. Similar ultra-
structural features are exhibited by transporting
epithelia throughout the animal kingdom (Ber-
ridge & Oschman 1972).

The ultrastructure of the gill epithelium of
Daphnia magna acclimated to different salinities
was investigated by Kikuchi (1983). The purpose
of the present study was to further elucidate the
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subcellular features of the gill epithelium of
Daphnia magna and to relate them with their
function in ionic uptake from the external medi-
um and transport of macromolecules from the
hemolymph to the cuticle.

METHODS

Adult Daphnia magna used in this study were
obtained from Carolina Biological Supply Com-
pany, Burlington, NC. Six specimens were used
immediately upon arrival. For transmission
electron microscopy (TEM) the animals were
fixed by immersion at room temperature in
2.5% glutaraldehyde and 2% paraformaldehyde
(1:1) in 0.1M cacodylate buffer at pH 7.4 (Mill-
onig 1976), washed in two changes of buffer,
post-fixed in 1% osmium tetroxide in the same
buffer, and washed in two changes of buffer.
Permeability of silver ions was demonstrated
by the silver nitrate (AgNO3) method of Ewer
& Hattingh (1952). A few animals were quickly
rinsed in distilled water and immersed in 1%
AgNO3 solution for 5 minutes followed by
a quick rinse in distilled water to remove any ad-
herent AgNO3. The animals were then exposed
to Kodak D-19 developer to reduce silver to

metallic black silver, rinsed in distilled water,
photographed, and immersed in the aforemen-
tioned fixative mixture. The gills were removed
with sharp scissors, dehydrated in an ethanol se-
ries, transferred to propylene oxide, embedded
in LX112 (Ladd Industries) (Luft 1961), and po-
lymerized at 60uC overnight. Ultrathin sections
were cut on a Porter-Blum MT-2 ultra-micro-
tome, stained with uranyl acetate and lead citrate,
and examined with a Hitachi 600 TEM. For
scanning electron microscopy (SEM), similarly
fixed material was chemically dried in hexam-
ethyl-disilazane (Polysciences), coated with gold/
palladium, and examined with a Cambridge S-
90 SEM. Thick (2 mm) sections were cut, stained
with azure II, and examined with an American
optical series 20 light microscope (LM).

RESULTS

Adult Daphnia magna have five pairs of small
sac-like gills that protrude externally from their
thoracic appendages. They become darkly
stained when exposed to dilute silver nitrate solu-
tion (Fig. 1). Each gill measures approximately
110 mm in its long axis. The gill epithelium is
composed of a single layer of large, flattened

Figures 1 & 2.—Gills of Daphnia magna. 1. Lateral view of a specimen treated with AgNO3 solution showing
five darkly stained gills (1-5). Scale bar5 0.3 mm. 2. Light micrograph of a cross section (2 mm) of a gill stained
with azure II. c 5 cuticle; ec 5 epithelial cells; h 5 hemocoel. Scale bar 5 20 mm.
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epithelial cells containing dense cytoplasm.
Lateral membranes of these cells are not distin-
guishable by light microscopy. The epithelial
cells basally are in contact with the hemocoel
while the cells apices are covered by a thin cuticle
measuring about 1.5 mm in thickness (Fig. 2). In
electron micrographs, the cuticle is composed of
two layers, an inner lamellate endocuticle and
an outer epicuticle (Fig. 3). In transmission and
scanning micrographs, the epicuticle displays
short, narrow epicuticular tubercles and pits
(Figs. 3, 4, 5 inset, 9). In specimens exposed to sil-
ver nitrate solution, the silver grains are seen pen-
etrating both layers of the cuticle to reach
underlying epithelium (Fig. 3). The apical plas-
ma membrane of the epithelial cells located un-
der the thin cuticle is organized into numerous
narrow, closely spaced infoldings, their tips
closely associated with many large mitochondria
(Fig 5). The cytoplasm contains numerous mito-
chondria, smooth and rough endoplasmic reticu-
lum, vesicles, microtubules, ribosomes, and
dense tubules (Figs. 5, 7, 9). The epithelial cells
contain centrally placed large, irregularly shaped
nuclei with prominent nucleoli (Fig. 6). The bas-
al plasma membrane (facing the hemocoel) is

supported by a conspicuous basal lamina that
is elaborately infolded to form invaginations
closely associated with mitochondria. These bas-
al membrane infoldings form a labyrinth of in-
tracellular channels that anastomose freely in
the basal cytoplasm (Figs. 8, 9). The basal cyto-
plasm contains free ribosomes, abundant rough
endoplasmic reticulum in the form of whorls
and cisternae, multi-vesicular bodies, dense
tubules, coated and smooth vesicles, and lyso-
somes, while the Golgi complexes appear sparse
(Figs. 7, 9). The delicate lateral membranes are
folded forming interdigitations among adjacent
epithelial cells. They enclose narrow intercellular
spaces and are joined apparently by septate des-
mosomes that link the lateral membranes (Figs.
5, 7, 8). Figure 9 summarizes the ultrastructural
organization of the gill epithelium of D. magna
as revealed by this study.

DISCUSSION

The silver staining technique has been used to
locate ion transporting organs in a number of
aquatic insects and crustaceans (Krogh 1939;
Ewer & Hattingh 1952; Copeland 1967; Jarial
et al. 1969; Morse et al. 1970; Barra et al.

Figures 3 & 4.—Features of the gill cuticle. 3. Electron micrograph of the gill cuticle from a AgNO3 treated
specimen composed of two layers, an inner laminated endocuticle (en) and outer epicuticle (ep) bearing short,
narrow epicuticular tubercles (et) facing externally. Silver grains (g) penetrate both layers of the cuticle. Scale
bar 5 1 mm. 4. Scanning electron micrograph of the external surface of a gill displaying small epicuticular
tubercles (et). Scale bar 5 10 mm.

54 PROCEEDINGS OF THE INDIANA ACADEMY OF SCIENCE



Figure 5.—Electron micrograph of apical region of a gill epithelial cell showing numerous apical membrane
infoldings (af) and large mitochondria (m). en 5 endocuticle; dt 5 dense tubules; id 5 interdigitation between
adjacent cells; lm 5 lateral membranes; r 5 ribosomes; mt 5 microtubules; v 5 vesicle. Scale bar 5 0.5 mm.
Inset: A portion of epicuticle showing a pit (arrow). Scale bar 5 0.2 mm.
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Figures 6 & 7.—Cytoplasmic detail of the central region of gill epithelial cells. 6. Nuclear region of an
epithelial cell showing a large, irregular nucleus (n), numerous mitochondria (m), smooth endoplasmic
reticulum (ser), lysosomes (l), and vesicles (v) in the cytoplasm. Scale bar 5 1 mm. 7. Higher magnification
electron micrograph shows large mitochondria (m), rough endoplasmic reticulum whorls (rerw), and cisterns
(rer) in the cytoplasm. ics 5 intercellular space; l 5 lysosome; lm 5 lateral membrane; mt 5 microtubules;
mvb 5 multivesicular body; r 5 ribosomes. Scale bar 5 0.25 mm.
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Figure 8.—Electron micrograph of the basal region of a gill epithelial cell displaying basal membrane
infoldings (bf) resting on a prominent basal lamina (bl). cv5 coated vesicle; dt5 dense tubule; h5 hemocoel; l
5 lysosome; lm 5 lateral membrane; m 5 mitochondrion; ser 5 smooth endoplasmic reticulum; v 5 smooth
vesicle. Scale bar 5 0.25 mm.
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1983; Kikuchi 1983; Holliday 1998). X-ray mi-
croanalysis has demonstrated that in tissues
stained with AgNO3, chloride ions released
from the tissues were captured as AgCl precipi-
tates on the tissue surfaces (Barra et al. 1983).
Silver staining of the gills and ultrastructural lo-
calization of silver grains in the epicuticle, endo-
cuticle, and apical region of the epithelial cells
suggest that the gill epithelium of D. magna is

permeable to chloride ions and possibly to other
ions.

The ultrastructural features of the gill epithe-
lium of D. magna are essentially similar to those
of the dark cells of Daphnia described by Kiku-
chi (1983), but the light cells were not observed.
Differences noted by us include the absence of
large cytoplasmic tubules or any connection of
such structures with the basal or lateral

Figure 9.—Diagrammatic representation of the ultrastructural features of a gill epithelial cell of Daphnia
magna. Solid arrows represent transport of ions from external medium into the epithelial cells and open arrows
represent transport of macromolecules from the hemocoel into the epithelial cells and the cuticle. af 5 apical
membrane infoldings; bf 5 basal membrane infoldings; bl 5 basal lamina; cv 5 coated vesicles; dt 5 dense
tubules; en 5 endocuticle; ep 5 epicuticle; et 5 epicuticular tubercles; gc 5 golgi complex; h 5 hemocoel; id
interdigitations; l 5 lysosome; lm 5 lateral membrane; m 5 mitochondria; mt 5 microtubules; mvb 5
multivesicular bodies; n 5 nucleus; r 5 ribosomes; rer 5 rough endoplasmic reticulum; ser 5 smooth
endoplasmic reticulum; sj 5 septate junction; v 5 vesicles.
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membranes. This may be due to the different fix-
ative used in our study. Also, in the current
study the intercellular spaces bounded by lateral
cell membranes appear too narrow to play any
significant role in fluid transport. Lastly, the
basal membrane infoldings of the epithelial cells
are relatively short.

Ultrastructural features of the gill epithelium
of D. magna include extensive infoldings of the
apical and basal plasma membranes, as well as
folded lateral membranes that are closely associ-
ated with many large mitochondria. The later
provide a large surface area and energy for fluid
transport. Such ultrastructural features are com-
monly exhibited by epithelia that specialize in
ion and water transport from dilute media (Ber-
ridge & Oschman 1972). In contrast, the salt-se-
creting gill epithelial cells of brine shrimp,
Artemia salina (Copeland 1967), the epithelial
cells of the pereopodal discoid osmoregulatory
organ of esturine amphoid, Melita setiflagella
(Kikuchi & Matsumasa 1995), and the epithelial
cells of the anal papillae of the saltwater mos-
quito larva, Aedes campestris (Meredith & Phil-
lips 1973), are characterized by shallow apical
membrane infoldings that are not closely associ-
ated with mitochondria. These are further char-
acterized by deep extensive basal membrane
infoldings associated with many mitochondria
that apparently play a role in removing excess
salts from the hemolymph.

The ultrastructural organization of the gill
epithelium of D. magna bears close resemblance
to that of anal papillae of aquatic larval forms
of insects (Copeland 1964; Jarial 1995) and the
gills of crustacea (Barra et al. 1983; Bouaricha
et al. 1994) that engage in the active transport
of ions from dilute media (Stobbart 1960; Sut-
cliffe 1968).

The unique ultrastructural features of the gill
epithelial cells of D. magna are the presence of
dense tubular elements, coated vesicles, multive-
sicular bodies, and lysosomes in the basal cyto-
plasm. These features are characteristic of cells
that take up colloidal materials and synthesize
proteins (Miller 1960; Maunsbach 1966; Locke
1974). The network of basal membrane infold-
ings allows the uptake of macromolecules from
the hemolymph into the epithelial cells. Once in
the epithelial cells, the macromolecules are de-
graded and used in the synthesis of proteins in
the well-developed rough endoplasmic reticulum
(Palade 1975) and lipid synthesis in the smooth
endoplasmic reticulum (Cormack 1987) to help

fuel cellular metabolism and contribute to the
protein and lipid constituents of the cuticle cov-
ering the gill epithelium (Hadley 1994; Neville
1998). The microtubules function in maintaining
the shape of the gill epithelial cells and apparent-
ly play a role in moving organelles like vesicles in
the cytoplasm (Mescher 2010).

In conclusion, the ultrastructure of the gill ep-
ithelium of D. magna suggests that this structure
is engaged in the active transport of ions from
the medium into the hemolymph to maintain os-
motic constancy of the body fluids, as well as
trans-epithelial transport of hemolymph macro-
molecules for synthesis of protein and lipid com-
ponents of the cuticle covering these organs.
This study provides the basis for future func-
tional studies that may help elucidate further
how the gill epithelium works.
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