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Abstract

The Neotropical armoured catfish Corydoras paleatus is a facultative air-breathing teleost

commonly exported as ornamental fish. In this species, air breathing enables it to survive

and inhabit freshwater environments with low oxygen levels. Therefore, it is important to

analyse the gills from a morphological aspect and its dimensions in relation to body mass

with reference to aquatic respiration. For that, the gills were analysed using a stereo-

scopic microscope for morphometric studies, and structural and ultrastructural studies

were carried out to compare the four branchial arches. Furthermore, two immunohisto-

chemical techniques were used to locate and identify the presence of a Na+/K+ pump.

The characterization of the potential for cell proliferation of this organ was assessed

using an anti-PCNA antibody. The results show that gills of C. paleatus present some

characteristics related to its diet and lifestyle, such as the limited development of gill

rakers and the abundance of taste buds. In addition, other special features associated

with the environment and bimodal breathing were observed: scarce and absent mucous

cells (MCs) in the gill filaments and branchial lamellae, respectively, and the localization of

mitochondria-rich cells (MRCs) covering the basal third of the branchial lamellae, which

reduces the gill respiratory area. A peculiar finding in the gill epithelium of this armoured

catfish was the presence of mononuclear cells with sarcomeres similar to myoid cells,

whose functional importance should be determined in future studies. Finally, in

C. paleatus, the interlamellar space of gill filaments is an important site for cell turnover

and ionoregulation; the latter function is also performed by the branchial lamellae.
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1 | INTRODUCTION

In fishes, the main mode of gas exchange is branchial. Nonetheless, the

gills of teleost in addition to participating in respiration perform functions

in transport and ion exchange, excretion of nitrogenous waste products

and the maintenance of acid–base balance (Fernandes et al., 1998; Goss

et al., 1998; Sturla et al., 2001; Evans et al., 2005). All these functions are

performed by the epithelia of gill filaments and branchial lamellae.

Among other cells, the gills contain mucous cells (MCs) and

mitochondria-rich cells (MRCs), the latter having a high metabolic poten-

tial in the ion transport evidenced by ATPases (Díaz et al., 2001, 2005a;

Olson, 2000; Vigliano et al., 2006). In addition, a great diversity of teleost

has accessory adaptations for aerial respiration (Fernandes et al., 1994;

Graham & Wegner, 2009; Hakim et al., 1978; Hughes et al., 1973;

Hughes & Al-Kadhomiy, 1986; Perna & Fernandes, 1996; Santos

et al., 1994). The Neotropical armoured catfish, Corydoras paleatus

(Jenyns, 1842), presents double air-breathing (Ringuelet, 1975) by

extracting oxygen from the water and the air, for which it uses,
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respectively, its gills and its intestine. The existence of adaptations in the

last portion of the intestine that allow gas exchange from air ingestion

has been described by Plaul et al. (2016a, 2016b).

C. paleatus (Siluriformes, Callichthyidae) is a benthic fish found in

freshwater environments, which can contain very low oxygen concen-

trations (Kramer, 1987), and can be found in southern Brazil, Para-

guay, Uruguay and northern and central Argentina. According to

Panné Huidobro (2014), in Argentina, Corydoras sp. is one of the most

commonly exported teleost as ornamental fish.

Thus, the goal of this study was to analyse the morphology of the

gills of armoured catfish specimens and the cell types present in them

through histology, electron microscopy and immunohistochemical tech-

niques. Furthermore, the gill dimensions in relation to body mass were

investigated, with special reference to aquatic respiration compared to

other teleost species. Despite its importance as an aquarium species and

the peculiarity of having double air-breathing, there are few studies on

the respiratory system (Fanta et al., 2003; Pesce et al., 2008).

2 | MATERIALS AND METHODS

The specimens used in this study were collected according to the

Ethics Committee for the Use of Animals (CICUAL) of FCV, UNLP, ani-

mal welfare laws, guidelines and policies as approved by the CD and

FCV under the protocol number 129/09.

2.1 | Specimen sampling

A total of 25 healthy adult specimens of C. paleatus were collected

from streams situated in the La Plata city (Buenos Aires, Argentina).

Fish were transported alive to the authors' laboratory, kept in a tank at

22 ± 2�C with a pH of 7.0 for at least 3 weeks, and fed with

commercial food for bottom feeders (TetraMin®Tropical Tablets, Melle,

Germany). Fish were euthanized by anaesthetic overdose (30 mg l�1

Eugenol solution) following García-G�omez et al. (2002). Eugenol is a

safe and effective anaesthetic that reduces stress level of fishes, which

is widely used in aquaculture studies, but the FDA has not rec-

ommended it for animals of consumption because of the adverse

effects on flavour (Purbosari et al., 2019; Raissy & Ansari, 2011).

2.2 | Morphological and morphometric analysis

Immediately, the armoured catfish were weighed (4.7 ± 1.35 g, mean

± S.D.), measured (5.85 ± 1.08 cm, mean total length ± S.D.) and then

each branchial arch (Ba) was isolated and termed, from lateral to

medial, as first (BaI), second (BaII), third (BaIII) and fourth (BaIV)

(Figure 1). Samples were fixed by immersion in 10% buffered formalin,

and they were observed under a stereoscopic microscope (Kyowa,

model SZM 800N, Nikon) and used for morphometric studies of Ba

and gill filaments. The morphometric measurements of eight of the

collected specimens were made following the techniques of

Gray (1954) and Hughes (1966, 1984): Filaments on both sides

(X4) = Total gill filaments; Average filament length (mm); Total length

for all filaments (L); Branchial lamellae per mm (I/d0); Distance

between branchial lamellae (d); Surface area of branchial lamellae

(SLA); Bilateral area (bl): SLA * 2; Total surface area: (L) � I/d0 � bl;

Total surface area per body mass: Total surface area/Average weight.

2.3 | Histological methods

For light microscopy, gill samples were prepared according to the

standard protocol and then stained with routine techniques:

haematoxylin–eosin and Masson's trichrome methods. To characterize

the MCs, sections of tissues were subjected to diverse histochemistry

techniques (Table 1). The results were evaluated according to the

intensity of the reactions (0, negative; 1, light; 2, moderate; 3, strong).

These scores were established according to previous histochemical

studies (Plaul et al., 2016b).

2.4 | Immunohistochemical techniques

Cell proliferation (PCNA) and Na+/K+ ATPase (NKP) expression were

evaluated by immunohistochemistry. For this, histology slides (3 μm)

were incubated with anti-PCNA antibody (mouse monoclonal clone

PC 10, ascites fluid; Sigma Chemical, St. Louis, MO, USA; 1:3000) and

with anti-NKP antibody (mouse monoclonal DSHB Developmental

Studies Hybridoma Bank, clone SP2/0Ag8; 1:200) respectively. Liquid

DAB (DakoVR Cytomation) was used as chromogen and haematoxylin

F IGURE 1 The four separate gills in catfish, Corydoras paleatus, arranged from left to right. This picture was taken post fixation. (a) The first
branchial arch (BaI) showing a high development of conical epithelial protuberances (arrows). (b) and (c) The second (BaII) and third (BaIII)
branchial arches. (d) The fourth branchial arch (BaIV) showing gill rakers (arrowheads). op: opercular side, ph: pharyngeal side. Scale bar: 1 mm
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for counterstaining. As negative control, samples were processed in a

similar way but omitting the primary antibody. As a positive control,

PCNA samples of mouse and rabbit intestine were used. For the posi-

tive control for NKP, a chicken kidney sample was used (Plaul

et al., 2016a). Micrographs were taken with an Olympus microscope

(model CX31) equipped with an Olympus camera (model U-CMAD3,

Tokyo, Japan).

2.5 | Scanning electron microscopy (SEM) and
transmission (TEM) electron microscopy

Samples of gills were fixed in cold 2.5% glutaraldehyde in 0.1 M

cacodylate buffer (pH 7.0) for 4 h at 4�C. For SEM analysis, a Philips

SEM 505 microscope and Soft Imaging System ADDA II (SIS) software

were used, which belongs to CINDECA, School of Exact Sciences,

National University of La Plata (UNLP). For TEM, small pieces of gills

were embedded in Epon 812. Semi-thin sections, obtained from the

epoxy resin blocks and stained with toluidine blue, were used to select

areas for thin sectioning. Thin sections (60 nm) were stained with

uranile acetate and lead citrate. Studies were performed with a JEOL

JEM 1200-EXII electron microscope belonging to the School of Veter-

inary Sciences, UNLP.

3 | RESULTS

3.1 | General structure

In the gills of C. paleatus, each holobranch consisted of an arch displaying

caudally a curvature angle. This curvature was observed in the centre of

BaI and BaII, whereas in the remaining arches, it was found in the upper

third portion (Figure 1a–d). BaI was characterized by the presence of

highly developed conical epithelial protuberances (Figure 1a), and in BaIV,

F IGURE 2 Scanning electron
photomicrographs of the gills. (a) First
branchial arch showing epithelial
protuberances with taste buds
(arrows). (b) Distribution of taste buds
on the second branchial arch. (c) and
(d) The epithelium of the branchial
arch and gill filament, respectively,
showing the epithelial cells with

characteristic pattern on the surface
and taste buds

TABLE 1 Histochemical procedures
for visualizing and identifying GCs in the
mucous cells of Corydoras paleatus

Procedures Interpretation of staining reactions References

PAS Glycoconjugates with oxidizable vicinal diols and/or

glycogen

Mc Manus (1948)

PAPS Sialic acid residues Reid et al. (1973)

AB pH 2.5 Glycoconjugates with carboxyl groups (sialic acid or

uronic acid) and/or with O-sulphate esters

Lev and Spicer (1964)

AB pH 1.0 Glycoconjugates with O-sulphate esters Lev and Spicer (1964)

AB pH 0.5 Very sulphated glycoconjugates Lev and Spicer (1964)

TB pH 5.6 Glycoconjugates with O-sulphate esters and carboxyl

groups

Lison (1953)

TB pH 4.2 Glycoconjugates with O-sulphate esters Lison (1953)
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short and widely spaced gill rakers were observed (Figure 1d). In addition,

in the epithelium of branchial arches, protuberances and gill filaments

showed abundant taste buds (Figure 2a–d).

In the gills, a stratified epithelium can be identified covering the

branchial arches and gill filaments. Each filament presented 29 bran-

chial lamellae per millimetre and radiate out from the dorsal and ven-

tral surfaces. Gill filament was composed an axis of hyaline

cartilaginous tissue (Figure 3a) with scarce intercellular substance and

a thick perichondrium (Figure 4a). In the epithelium of the gill filament,

a variable number of cell types can be observed, such as MRCs

(Figure 3b), MCs (Figure 3c), neuroepithelial cells (Figure 3d), squa-

mous epithelial cells and stem cells, among others. The branchial

lamellae were formed by two cellular layers. Internally, pillar cells were

arranged forming the perpendicular axis surrounded by the lumen of

the blood capillaries. The outer layer was a continuous simple squa-

mous epithelium.

MCs were located mainly in the interlamellar space of gill fila-

ments. Histochemical techniques showed the presence of abundant

and diverse glycoconjugates (GCs) (Table 2; Figure 4b–d). MRCs were

difficult to differentiate using routine techniques. The TEM micro-

graphs showed an extensive system of intracellular canaliculi associ-

ated with a large number of mitochondria (Figure 3b). Neuroepithelial

cells were scarce; occurring between the other epithelium cells, under

TEM micrographs, these cells showed a pyriform shape with an

electron-lucid cytoplasm, which contains a highly developed Golgi

complex and vesicles arranged around it (Figure 3d). With TEM,

another cell type has been detected in the epithelium characterized

by the presence of a sarcomere-like structure in their cytoplasm

(Figure 3e). They were found as isolated cells among the other epithe-

lial cells, being elongated in shape, with an elongated and euchromatic

peripheral nucleus, and containing a large amount of mitochondria in

the end of the cell.

Pillar cells had a cuboidal shape with scarce cytoplasm and a cen-

tral rounded euchromatic nucleus. A PAS-positive basal membrane

surrounded these cells and their projections entirely (Figure 4e). Pillar

cells were characterized by the presence of thin cytoplasmic projec-

tions on their ends that, together with the projections of adjacent

cells, form the walls of the lamellar capillaries (Figures 4f and 5a). TEM

micrographs showed that the cytoplasmic projections were joined by

occlusive junctions and that at the end of the branchial lamellae, the

cytoplasmic projections of the pillar cells were joined forming a

F IGURE 3 Transmission electron micrographs of a gill filament.
(a) Photomicrograph to show the hyaline cartilage. Note the
chondrocytes (ch) forming an isogenous group. (b) A mitochondria-
rich cell (MRC) contacting the free surface with a concave apical crypt
(arrow). The arrowheads point to mitochondria. (c) A mucous cell
(MC) surrounded by MRC (stars) and a squamous cells (sq) located in
the superficial layers of the epithelium. Note the apical projections of
the plasma membrane (arrows). (d) Neuroepithelial cell with vesicles
(arrowheads) with different diameters. (e) Myoid cell with a
sarcomere-like structure in their cytoplasm

F IGURE 4 Histological aspect of gills with different staining
techniques. (a) Hyaline cartilage with Masson's trichrome method;
note the thick perichondrium (star). (b) Moderate reaction in the
mucous cells (MCs), PAPS technique. (c) MCs positive with AB pH 2.5
method. (d) Metachromatic reaction of GCs is observed (arrow). TB
pH 5.6 technique. (e) A thick basal membrane (arrows) surrounding
the pillar cells, PAS method. (f) Lamellar capillaries (arrows),
haematoxylin–eosin method. Scale bar: 20 μm
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capillary of a larger diameter (Figure 5b). Outer epithelial cells exter-

nally formed a continuous epithelial layer and occurred in intimate

contact with the pillar cells, although both separated by a basal

lamina.

3.2 | Immunohistochemistry techniques

A great immunoreactivity for PCNA was found in the nuclei of cho-

ndrocytes in the hyaline cartilage, and a high positivity throughout the

epithelium of the gill filament interlamellar space (Figure 6a).

The response pattern for NKP-positivity was strong and homoge-

neous in the cells located in the gill filament's interlamellar space and

in the outer epithelium of the basal third of the branchial lamellae

(Figure 6b).

TABLE 2 Histochemical analysis of
the mucous cells

Histochemical techniques

PAS PAPS AB pH 2.5 AB pH 1.0 AB pH 0.5 TB pH 5.6 TB pH 4.2

MCs 3 1/2 3 3 2/3 3 m 3 m

Notes. PAS: periodic acid Schiff reagent, PAPS: sialic acid residues, AB pH 2.5: GCs with carboxyl groups

(sialic acid or uronic acid) and/or with O-sulphate esters, AB pH 1.0: GCs with O-sulphate esters, AB

pH 0.5: very sulphated GCs, TB pH 5.6: GCs with O-sulphate esters and carboxyl groups and TB pH 4.2:

GCs with O-sulphate esters.

m: metachromasia; MCs: mucous cells.

F IGURE 5 Transmission electron micrographs of branchial
lamellae. (a) This photomicrograph shows lamellar capillaries
(asterisks) formed by the cytoplasmic projections of two pillar cells
(pc). Note the intercalated position of mitochondria-rich cell (MRC)
between capillary vessels in the epithelium. (b) Tip of branchial
lamellae; note the prominent basal lamina (arrows) contacting at both
sides of the lamellar capillaries. Scale bar: 2 μm

F IGURE 6 Immunohistochemical characterization of gills of
Corydoras paleatus. (a) PCNA antibody shows a high positivity in the
interlamellar space of gill filaments. Scale bar: 40 μm. Inset: Higher
magnification of the interlamellar spaces showing an intense labelling
in the majority of the nuclei. Scale bar: 10 μm. (b) Panoramic view of
the gill filament showing intense immunostaining of mitochondria-rich
cells (MRCs). Scale bar: 40 μm. Inset: Higher magnification of the
interlamellar spaces showing an intense labelling in the entire MRCs;
the arrow indicates the nucleus of outer epithelial cell. Scale
bar: 10 μm

F IGURE 7 Graph showing variation in filament length when
plotted for hemibranchs of different gill arch (BqI, BqII, BqIII,

BqIV )

F IGURE 8 Relationships between total filament number/total
filament length and body mass of Corydoras paleatus ( Body mass/
Total filament number, Body mass/Total filament length)
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3.3 | Gill morphometry

The total number of filaments per hemibranch was in general con-

stant. In the four gill arches, the shortest filaments were those on the

ends. The longest filaments were found in BaI and the shortest ones

in BaIII and BaIV (Figure 7). The relationship between the total num-

ber and length of filaments was directly proportional to the body mass

(Figure 8). The results of the morphometric analysis of the gills are

presented in Table 3.

4 | DISCUSSION

4.1 | Gill structure

The genus Corydoras (Lacépède) has a well-developed respiratory

capacity (Kramer & McClure, 1980) that enables it to survive in and

inhabit freshwater environments with low oxygen levels. The develop-

ment of a mechanism to perform gas exchange with air is an impor-

tant adaptive mechanism for life in a hypoxia-prone habitat (Plaul

et al., 2016a, 2016b). C. paleatus is a bimodal breather species and has

been considered a facultative air-breathing teleost. G�omez (1993)

has shown its ability to survive for at least 14 days (under experimen-

tal conditions) when it is prevented from ascending to the surface.

Although the gill arch's general organization in C. paleatus was similar

to that previously described for other species of teleost (Díaz

et al., 2009; Elsheikh, 2013; Grizzle & Rogers, 1976; Hibiya, 1982;

Hughes, 1984; Srivastava et al., 2012; Vigliano et al., 2006; Wilson &

Laurent, 2002), it presents some variations possibly because of its

habitat and bimodal mode of respiration.

4.2 | Habitat and feeding style

The number and shape of gill rakers in teleosts are related to the diet.

In benthic feeder fishes, they are generally short, whereas in

zooplanktivorous fishes they are long (Bertin, 1958; Hyatt, 1979;

Matthes, 1963; Vandewalle et al., 2000). The scarce development and

widely spaced gill rakers in only one branchial arch indicate that

C. paleatus is exclusively a benthic feeder. Besides, the number and

distribution of taste buds vary greatly according to the species. In gen-

eral, benthic and nocturnal fishes present a great density of taste buds

in all body surfaces. Instead, open water species or surface feeders

present them only in some areas of the palate (Hara et al., 1994;

Marui et al., 1983; Morais, 2017). C. paleatus have abundant taste

buds not only on both sides of gills arches but also in its head and

body's ventral surface (data not shown). This pattern of distribution

indicates that the food selection in this species is done through chem-

ical receptors.

4.3 | Gill epithelium

The presence of MCs in the gill filaments is a common feature in tele-

osts, but their distribution and abundance vary among species (Díaz

et al., 2001, 2005a, 2005b, 2010; Tano de la Hoz et al., 2014). In

accordance with previous observations by Wilson and Laurent (2002)

for other teleosts, C. paleatus presents scarce MCs in the gill filaments,

and this cell type is not found in the branchial lamellae, a feature that

could be associated with their benthic habitat. Various functions have

been postulated for mucus: if it is rich in sulphates, as was shown in

C. paleatus by the high intensity of AB pH 1 staining, it can form a bar-

rier on the epithelial tissue of the gill that prevents the loss of ions

and reduces the environmental osmolality (Handy, 1989; Powell

et al., 1994). It has lubricating properties (Yashpal et al., 2007) and

may prevent the increase of pathogenic microorganisms in the epithe-

lial surfaces. Residues of sialic acids could be receptors that bind

TABLE 3 Measurements of the gills of Corydoras paleatus

Gill measurements

Total surface area 471.018 mm2

Total surface area per body mass 100.22 mm2 g�1

Gill filaments

Total gill filaments 398.5

Average filament length 1.64 mm

Total length for all filaments 1082.8 mm

Branchial lamellae

Branchial lamellae per mm 29

Distance between branchial lamellae 0.026 mm

Surface area of branchial lamellae 0.0075 mm2

TABLE 4 Total respiratory surface area of the gills of several
species of teleosts

Species

Total respiratory

surface area
(mm2 g�1) References

Bentonic species

Pleuronectes platessa 433 Hughes, 1966

Trigla gurnadus 224 Hughes, 1966

Cailionymus lyra 168 Hughes, 1966

Air-breathing species

Anabas testudineus 556 Hughes et al., 1973

Channa punctata 470 Hakim et al., 1978

Boleophthalmus boddarti 93 Hughes &

Al-Kadhomiy, 1986

Hoplerythrinus

unitaeniatus

599 Fernandes et al., 1994

Rhinelepis strigosa 616 Santos et al., 1994

Hypostomus plecostomus 436 Perna &

Fernandes, 1996

Corydoras paleatus 100 Present study
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ligands of microorganisms and, consequently, participate in immune

regulation mechanisms (Schulte & Spicer, 1985).

Many studies have described MRCs in different teleosts with

interspecific differential characteristics in their distribution, existence

of subtypes, morphology and quantity (Monteiro et al., 2010; Pisam

et al., 1995; Wilson & Laurent, 2002). TEM observations of these cells

show the existence of numerous mitochondria and a complex system

of tubules. These ultrastructural characteristics could be associated

with an osmoregulatory function, considering high levels of energy

necessary for ion transport. Observations using the anti-Na+/K+-

ATPase antibody in these cells showed their localization. In C. paleatus

MRCs are situated in the interlamellar space of gill filaments and in

the branchial lamellae.

In the gill filaments of C. paleatus, neuroepithelial cells were

found. These cells were identified because their morphology was

very similar to those found in other teleosts, such as Oncorhynchus

mykiss (Walbaum, 1792), Stizoztedion lucioperca (Linnaeus, 1758),

Ameiurus melas (Rafinesque, 1820) (=Ictalurus melas), Anguilla

anguilla (Linnaeus, 1758) (Dunel-Erb et al., 1982), Hypostomus

plecostomus (Linnaeus, 1758) (Fernandes & Perna-Martins, 2001),

Coelorhinchus caelorhinchus (Risso, 1810) (=Coelorhynchus

coelorhynchus) (Calabr�o et al., 2005) and Poecilia vivipara Bloch &

Schneider, 1801 (Borges de Oliveira et al., 2006). These cells prob-

ably fulfil the role of oxygen sensors and contribute to regulate

blood flow (Sudin & Nilsson, 2002).

A very peculiar cell population found in the gill epithelium is con-

stituted by cells that present the striation characteristic of skeletal

and cardiac muscular tissue. The authors did not find references to

mononuclear cells with well-defined sarcomeres in the gills of any

species of teleost. Nonetheless, several researchers (Chan, 1992;

Curtis et al., 1979; Jablonska-Mestanova et al., 2013; Raviola &

Raviola, 1967) have observed and described cells with similar charac-

teristics, called myoid cells, in the thymic medulla of mammals, birds,

reptiles and amphibians. In the studies carried out on the thymus of

Neoceratodus forsteri (Krefft, 1870) (Dipnoi, Ceratodontiformes) and

Oreochromis niloticus (Linneo, 1758) (Perciformes, Cichlidae),

Mohammad et al. (2007) and Cao et al. (2017) respectively, cells with

similar characteristics to those found in the gill epithelium of

C. paleatus were observed. The embryological origin of these thymic

cells is controversial; some studies propose that they derive from the

neural crest (B�odi et al., 2015). Its origin from the prechordal meso-

derm was also considered (Seifert & Christ, 1990). Nonetheless, the

existence of tumours of the thymic epithelial cells, in which differenti-

ation patterns towards striated muscle are found, raises the possibility

of a common origin between the epithelial reticular cells and the

myoid cells of the thymus (Kalhor & Moran, 2019; Murakami

et al., 1984). Considering that the gill and thymic epithelia derive from

the pharyngeal pouches, it could be possible that a similar differentia-

tion towards a myoid pattern occurs by the stem cells in the gill epi-

thelium. The biological roles of these myoid cells in the thymus are

not yet clear (Varga et al., 2019). Although several hypotheses have

been made for these cells, the authors will highlight two of them:

(a) the release of several biologically active substances (probably

cytokines) in their environment that stimulate the growth and prolifer-

ation of macrophages and lymphocytes (Kamo et al., 1985), and

(b) the function as myoblasts and the ability to regenerate postnatal

skeletal muscle when thymic myoid cells are found in vitro (Pagel

et al., 2000).

In the gills, stem cells are found in the basal and intermediate

layers of the gill epithelium (Wilson & Laurent, 2002). The increase

in the cellular proliferation and the migration of cells towards the

branchial lamella are important gill adaptation mechanisms to

changes in the environment (Dang et al., 2000; Handy, 2003;

Velasco Santamaría et al., 2006). In numerous freshwater species,

the expression of PCNA in gill epithelium has been shown.

Chrétien and Pisam (1986), Laurent et al. (1994) and Monteiro

et al. (2009) observed proliferative activity in both the gill filaments

as in the branchial lamellae. In C. paleatus, immunoreactivity of

PCNA was observed especially in interlamellar spaces of gill fila-

ments, coinciding with the observations in Poecilia reticulata Peters

1859 (Chrétien & Pisam, 1986), O. mykiss (Laurent et al., 1994),

Oncorhynchus keta (Walbaum, 1792) (Uchida et al., 1996),

Oreochromis mossambicus (Peters 1852) (Dang et al., 2000) and

Pymelodus albicans (Valenciennes 1840) (Pastor et al., 2008).

The structure of the branchial lamellae of C. paleatus specimens

was similar to that previously described in different species of teleost

(Hughes, 1984; Wilson & Laurent, 2002). Pillar cells are type of endo-

thelial cells that form the walls of the lamellar capillaries (Díaz

et al., 2009; Hughes & Grimstone, 1965; Vigliano et al., 2006; Wil-

son & Laurent, 2002). Nonetheless, a histological peculiarity, related

to cell type distribution, was also found. As mentioned, MRCs are situ-

ated between the pillar cells and outer epithelial layer of the branchial

lamellae. According to Hirai et al. (1999), the occurrence of MRCs in

this last localization would be a physiological adaptation to increase

ion absorption in some teleosts.

4.4 | Gill morphometry

According to Hughes (1980), fishes with bimodal respiration present a

reduced respiratory gill area, and it is correlated with potential oxygen

loss or carbon dioxide uptake in hypoxia prone habitats. If we com-

pare the total gill respiratory surface area of C. paleatus with other

benthic fish with and without bimodal respiration (Table 4), we

observe that only Boleophthalmus boddarti (Pallas, 1770) and

C. paleatus have a smaller respiratory surface area. It seems obvious

that the respiratory surface area increases with body mass, but the

measurements of gill filaments and the branchial lamellae can vary

quite among species, and this variability is closely related to the habi-

tat and the mode of life (Fernandes et al., 1994). According to Brauner

and Rombough (2012), air-breathing fishes have a reduced mass-

specific total gill surface area relative to non-air-breathers, which is a

result of having both fewer and smaller gill filaments and branchial

lamellae. Comparing C. paleatus and the air-breathing teleosts studied

by Hughes et al. (1973), Hakim et al. (1978) and Hughes and

Al-Kadhomiy (1986), C. paleatus has a higher number of branchial
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lamellae per millimetre of gill filament. Perna and Fernandes (1996)

observed the same in H. plecostomus. According to these researchers,

this characteristic would imply a reduced dead space, which would

favour the diffusion of oxygen from water to blood. Hughes and

Al-Kadhomiy (1986) indicated the importance of considering the

thickness of the tissue found between water and blood and the inter-

change of oxygen and other gases. If we consider that in both

B. boddarti and C. paleatus the MRCs are found covering the basal

third of the branchial lamellae, the total gill respiratory surface area is

even slightly smaller than that calculated. Plaul et al. (2016a, 2016b)

found distinctive features of the intestinal mucosa of C. paleatus in its

caudal sector in relation to gas exchange such as absence of villi, pres-

ence of air bubbles and a very thin wall formed by squamous

enterocytes in close contact with the capillary network. The blood

capillaries were separated by a basal lamina of enterocytes. For these

reasons, the authors believe that complementation with air-breathing

is very important, and that gills have an intense osmoregulatory

activity.

At present, all the monitoring plans for water bodies include fish

as indicators of environmental pollution. The gills are the site of con-

tact with environmental contaminants. Nonetheless, there is a scarcity

of works which analysed the gill in relation to cell renovation. The

anti-PCNA antibody recognized in C. paleatus for different cell

populations showed great proliferative activity in the gills. The mor-

phometric study performed in this work included only adult individ-

uals, and it was observed that the total gill respiratory surface has a

smaller area compared with other air-breathing fishes.

In conclusion, these results show that C. paleatus gills are charac-

terized by some peculiarities related to the diet, such as the limited

development of gill rakers and the abundance of taste buds. In addi-

tion, other special characteristics associated with the environment

and bimodal breather were observed, such as scarce and absent MCs

in the gill filaments and branchial lamellae, respectively, and the locali-

zation of MRCs covering the basal third of the branchial lamellae, fur-

ther reducing the gill respiratory area. Despite the fact that C. paleatus

is considered a facultative air-breathing teleost (as species listed in

Table 4), the lack of long-term aerial respiration causes the death of

the specimen. The presence of myoid cells with sarcomeres similar to

myoblasts in the gill epithelium is a unique feature of this species. The

functional importance and origin of these cells should be determined

in future studies. Finally, in C. paleatus, the interlamellar spaces of gill

filaments are important sites for cell turnover and ionoregulation,

being that the latter function is also performed by the branchial

lamellae.
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