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Abstract

The current study investigated the structure and function of the olfactory system of

the Lusitanian toadfish, Halobatrachus didactylus, using histology and electrophysiol-

ogy (electro-olfactogram [EOG]), respectively. The olfactory system consists of a digi-

tated anterior peduncle, of unknown function, containing the inhalant nostril. This

then leads to a U-shaped olfactory chamber with the olfactory epithelium—identified

by Gαolf-immunoreactivity—on the ventral surface. A large lacrimal sac is connected

to this tube and is likely involved in generating water movement through the olfac-

tory chamber (this species is largely sedentary). The exhalent nostril lies by the eye

and is preceded by a bicuspid valve to ensure one-way flow of water. As do other tel-

eosts, H. didactylus had olfactory sensitivity to amino acids and bile acids. Large-

amplitude EOG responses were evoked by fluid from the anterior and posterior tes-

ticular accessory glands, and bile and intestinal fluids. Anterior gland and intestinal

fluids from reproductive males were significantly more potent than those from non-

reproductive males. Male urine and skin mucus proved to be the least potent body

fluids tested. These results suggest that chemical communication—as well as acoustic

communication—may be important in the reproduction of this species and that this

may be mediated by the accessory glands and intestinal fluid.
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1 | INTRODUCTION

In the animal kingdom, communication is important for the survival

and perpetuation of species, and fishes are no exception. Fishes have

a complex and sophisticated array of sensory systems: vision,

mechanosensory (hearing and detection of water movement), chemo-

sensory (taste and smell), and, in some species, electro-sensory sys-

tems (Montgomery & Carton, 2008). The prevalence and importance

of each modality depend strongly on the environmental conditions,

life history, and phylogeny of the species in question (Endler, 1992). In

Received: 19 January 2024 Revised: 18 March 2024 Accepted: 26 March 2024

DOI: 10.1111/jfb.15751

FISH

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Authors. Journal of Fish Biology published by John Wiley & Sons Ltd on behalf of Fisheries Society of the British Isles.

J Fish Biol. 2024;105:59–71. wileyonlinelibrary.com/journal/jfb 59

https://orcid.org/0000-0002-2691-4906
mailto:tmodesto@ualg.pt
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jfb
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjfb.15751&domain=pdf&date_stamp=2024-04-17


the marine environment, vision is limited at night, in deep water, and

in high turbidity; thus, chemical senses (olfaction and taste) and

mechanosenses (hearing and water movements) are, perhaps, the

most important senses for communication.

Among the fishes that use acoustic communication, one of the

best-studied groups is the Batrachoididae, generally referred to as toad-

fishes. Toadfishes are well known for their distinctive multiharmonic,

male advertisement vocalizations used to attract females to nest sites,

and for male–male aggression (Amorim et al., 2008; Bass &

McKibben, 2003; Thorson & Fine, 2002). Whereas acoustic communi-

cation is well studied in toadfishes, the importance of other senses,

such as vision and olfaction, has been mainly investigated in nonvocal

species. Apart from one study that suggests that the Gulf toadfish,

Opsanus beta, uses pulsatile urea excretion for intraspecific communica-

tion (Fulton et al., 2017), nothing is known about the role of chemical

communication in Batrachoididae. In the aquatic environment, chemical

cues can last longer than visual and acoustic cues and can be used in

combination with other signals to reinforce or specify the meaning

(Hughes, 1996). More broadly, chemosensitivity plays a central role in

survival and reproduction in the aquatic environment; fishes use olfac-

tion for food search, avoidance of predators, habitat recognition, repro-

duction, migration, and conspecific interactions (Kieffer &

Colgan, 1992). The use of acoustic intraspecific communication in toad-

fishes clearly does not exclude other forms of communication.

The Lusitanian toadfish (Halobatrachus didactylus [Bloch and

Schneider 1801]) is a sound-producing batrachoidid of estuaries

and coastal waters living mainly on sand and/or muddy bottoms

(Cotter et al., 2013). It is benthic, solitary, and relatively sedentary,

being more active from dusk to dawn (Pereira et al., 2021). During the

reproductive season (May–July in the Iberian Peninsula), large territo-

rial males (type I) nest under rocks or other hard substrates and pro-

duce long advertisement calls (boat whistles) to attract ripe females,

and agonistic boat whistles to defend their nest from conspecific nest

intruders through the contraction of paired sonic muscles attached to

the swim bladder (Modesto & Canário, 2003a; Vasconcelos

et al., 2010, 2011). This sophisticated sound repertoire, which

includes individual rhythms and distinct chorus patterns (Vieira

et al., 2021), is essential for breeding success and is used as an indica-

tor of male condition (Vasconcelos et al., 2012). Smaller (type II) males

mimic females morphologically and are thought to adopt sneaking

behavior as in other batrachoidids (Brantley & Bass, 1994). In territo-

rial males, two accessory glands are joined to the sperm duct and

undergo seasonal changes in weight and fluid production in parallel

with the gonado-somatic index. Along the breeding season, type I

males increase their investment in accessory glands, and fluids run

abundantly from the urogenital pore together with sperm in guarder

males (but not in sneakers, whose glands are atrophied) (Modesto &

Canário, 2003b). The role of these accessory glands in reproduction is

not yet fully understood; however, their fluids contain muco-

substances and proteins (Modesto & Canário, 2003b) and a diversity

of steroids (Modesto et al., 2015) and can prolong sperm motility, pos-

sibly enhancing sperm performance during spermiation or fertilization

(Modesto, T., unpublished). In the batrachoid Porichtys notatus, these

reproductive glands also function in paternal care by inhibiting

bacterial growth associated with unhealthy eggs with remarkable

specificity (Pepler et al., 2021), and glandular fluids increase sperm

velocity in guarder males (Miller et al., 2019). These findings suggest

that these glands play important roles in reproduction.

Steroid hormones and/or their derivatives are known to function

as reproductive pheromones in some fishes (Stacey, 2014), raising the

hypothesis that, in addition to sounds, chemicals such as those

released by the accessory glands, or in other biological fluids, could

play an important function in H. didactylus communication, particularly

during reproduction. To evaluate this, the olfactory sensitivity of this

species to a range of amino acids, bile acids, and conspecific body

fluids (urine, intestinal fluid, bile fluid, mucus, and fluids from the ante-

rior and posterior glands) collected from males from different repro-

ductive status (reproductive and non-reproductive males) was

evaluated using electro-olfactogram (EOG). The degree of develop-

ment and specialization of a given organ is generally indicative of its

functional importance. Therefore, a morphological study of the olfac-

tory organ was carried out, not only to assess the importance of

olfaction but also because knowing the location of the sensory cells is

essential for electrophysiology.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

Adult H. didactylus, males and females, were collected in the Ria For-

mosa lagoon (southern Portugal) using an experimental beam trawler,

or by local fishermen using trammel net, under the required permits

issued by the Portuguese Agency for Nature Conservancy (ICNF,

7048/2020/DCBN/DAN) and the General Directorate for Marine

Resources (DGRM, 1009/2019/DRI). Animal maintenance and experi-

mentation were carried out in certified experimental facilities and fol-

lowing Portuguese national legislation (DL 113/2013) following the

guidelines established by the EU Directive 2010/63/EU on “The Pro-

tection of Animals Used for Scientific Purposes.” The experimental

design was previously approved by the CCMAR Ethical Committee

for Managing Animal Welfare (ORBEA) and by the Portuguese Veteri-

nary Authority (DGAV) under permit 009272. Fish manipulation was

performed by accredited scientists in laboratory animal science by the

Portuguese DGAV, equivalent to FELASA category C criteria.

Fish were kept in the Ramalhete Marine Station (CCMAR—

University of Algarve), maintained in exterior but shaded 600-L (bot-

tom area: 1.3 m2) tanks with continuously running natural seawater,

aerated under natural photoperiod and temperature, and fed with

squid (every day, 3% w/w tank biomass). For environmental enrich-

ment, tanks were provided with shelters plastic (polyvinyl chloride

pipes cut in half lengthwise), which were readily accepted.

2.2 | Gross morphology of the olfactory organ

An adult male (total length: 30 cm) was killed with an overdose (5 mL/

L) of the anesthetic 2-phenoxyethanol (Sigma-Aldrich, Portugal). The
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localization and external characterization of the nostrils were made

using a dissecting microscope (Leica MZ6 StereoZoom Microscope).

The olfactory organ was filled through the posterior nostril with mold-

ing paste (Express 2 Light Body Flow, 3 M, Douromed, Portugal) using

a syringe. The cast was removed after solidification by careful dis-

section of surrounding tissues, and the images were obtained.

2.3 | Histology

To characterize the general histology of the olfactory organ, two juve-

niles (12.5 ± 0.9 cm, 38.1 ± 14.95 g) were killed with an overdose of

the anesthetic, as described earlier. The anterior part of the head, con-

taining the nasal tubules and olfactory chambers, was dissected and

fixed in 4% paraformaldehyde (PFA) overnight at 4�C. Fixed tissues

were then washed with sterile phosphate-buffered saline (PBS) and

immediately decalcified with 0.5 M ethylenediaminetetraacetic acid

(EDTA), pH 8.0, for 7 days. The EDTA solution was renewed every

2 days to accelerate the decalcifying process. Decalcified tissues were

stored in 70% ethanol, processed, and embedded in paraffin. Briefly,

tissue samples were dehydrated in ethanol (70%, 96%, and 100%),

saturated in xylene, and impregnated and embedded in low-

melting-point paraffin wax (Histosec, Merck, Sigma-Aldrich). Serial

7-μm sections of each tissue were mounted on poly-L-lysine

(Sigma-Aldrich) coated glass slides and stained with Harris

hematoxylin–eosin (Bancroft & Layton, 2013), Masson's trichrome

(Witten & Hall, 2003), and Alcian blue–periodic acid–Schiff (PAS;

Mowry, 2008). Stained histological sections were observed under a

microscope (Leica DM2000) coupled to a digital camera (Leica

DFC480) linked to a computer for digital image analysis (Leica IM50

software).

2.4 | Immunocytochemistry

A H. didactylus individual (26.2 cm; 234 g) was killed as described ear-

lier; the peduncle with the inhalant (anterior) nostril and the anterior

part of the olfactory chamber were dissected from the head and fixed

in 4% PFA overnight at 4�C. The fixed tissues were washed with

0.1 M PBS and cryoprotected by incubation in an ascending series of

sucrose solution (10%, 20%, and 30%). Tissues were mounted in

Tissue-Tek optimum cutting temperature (Sakura). Tissue blocks were

frozen on dry ice and stored at �20�C. Serial 20-μm transverse sec-

tions were obtained using a cryostat (Cryostar NX50, Thermo Scien-

tific) with disposable stainless-steel low-profile blades (MX35 Ultra

Low-Profile, Thermo Scientific) and mounted on poly-L-lysine-coated

glass slides.

Immunocytochemistry was carried out using the mouse monoclo-

nal anti-Gαolf antibody (sc-55545, Santa Cruz, Dallas, TX, USA) raised

against G protein alpha olf subunit (Gαolf). Tissues were washed twice

with PBS-T 1� (PBS + Triton) for 5 min, blocked with 3% sheep

serum (Sigma-Aldrich) in TCT (Tris buffer + 0.7% carrageenan and

0.5% Triton X-100, pH 7.6) for 2 h at room temperature, and

incubated with the primary antibody (1:50) at 4�C overnight. After

being washed twice with PBS-T, the sections were incubated with the

secondary antibody (1:400 in PBS 1�, Alexa Fluor 546-conjugated

anti-mouse IgG, A-11030, Molecular Probes) for 2 h at room tempera-

ture. Control staining was performed using PBS without the primary

antibody. After being washed with PBS, the tissues were mounted in

glycerol gelatine (Sigma-Aldrich, GG1). The sections were observed

under a fluorescence microscope (Zeiss Axioimager Z2 coupled to a

digital camera Axiocam ICC3).

2.5 | Body fluid sampling

Body fluids—mucus, urine, bile, intestinal fluid, and gland fluids (from

anterior and posterior regions)—were collected from type I males in

January (N = 6, 23.1 ± 0.5 cm, 226.2 ± 13.1 g) and May (N = 7, 26.7

± 1.9 cm, 348.4 ± 85.8 g) 2020, the non-reproductive and reproduc-

tive seasons, respectively. Morphotype type I males were easily iden-

tified based on size, an elongated urogenital papilla, and secretion of

their accessory glands when gently pressed near the vent (Modesto &

Canário, 2003b).

For mucous collection, fish were slightly anaesthetized with

2-phenoxyethanol (0.01% in seawater, Sigma-Aldrich) to avoid the

stress of manipulation. Clean glass slides were used to carefully

remove mucus from the dorsal–lateral region in a front-to-caudal

direction: a slide was gently scraped along both sides of the animal

twice or thrice, and the skin mucus was carefully collected in a plastic

tube. Mucous samples were weighed, and the same weight of seawa-

ter was added. The tubes were then vortexed (1 min) and centrifuged,

and the supernatant was collected. For the collection of urine, bile

fluid, intestinal fluid, and gland fluids, type I males were killed with an

overdose of 2-phenoxyethanol, as previously described. They were

then dissected, and the gonads and accessory glands were taken out

and weighed. Accessory gland fluids were collected by gently slicing

the anterior and posterior regions of the accessory glands; the fluids

were centrifuged, and the supernatant was collected. Urine and bile

fluids were obtained by cutting the urinary bladder and gallbladder,

respectively, and draining the fluid into a plastic tube, and intestinal

fluid was collected by cutting the posterior extreme of the intestine,

near anus, and expelling the contents of the last 10 cm of the intes-

tine into a tube. The intestinal contents were centrifuged, and the

supernatant was separated. Equal volumes of each fluid were pooled

from either reproductive (n = 7) or non-reproductive males (n = 6),

mixed thoroughly, centrifuged, aliquoted, and frozen at �20�C until

used in EOG recording.

2.6 | EOG recording

The EOG was recorded as previously described (Velez et al., 2011)

with slight modifications. Briefly, individuals (n = 6 females, 20.5

± 0.5 cm, 154.2 ± 15.3; n = 7 males, 24.0 ± 0.6 cm, 190.5 ± 29.4 g)

were anaesthetized by immersion in water containing
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2-phenoxyethanol (0.2 mL/L, Sigma-Aldrich) until the response to a

tail pinch had stopped. An intramuscular injection of the neuromuscu-

lar blocker gallamine tri-ethiodide (Sigma-Aldrich; 10 mg/kg in 0.9%

NaCl) was then given. Fish were then placed on a padded surface

(with a slight backward tilt), and the gills were flushed with aerated

seawater containing 0.1 mL/L of 2-phenoxyethanol, via a plastic tube

inserted into the mouth and a submersible pump. The peduncle of the

inhalant (anterior) nostril was removed to gain access to the olfactory

epithelium. The nostril was constantly irrigated with charcoal-filtered

seawater (without anesthetic) under gravity (flow rate: 10 mL/min) via

a glass tube. Test solutions were delivered to this tube via a three-

way solenoid valve for 4 s. Charcoal-filtered seawater was used to

dilute the odorant solutions and to irrigate the olfactory epithelium.

Frozen aliquots of amino acids (10�2 M in seawater) and pooled

samples of each body fluid from reproductive and non-reproductive

males were diluted in charcoal-filtered seawater (35 ppt) immedi-

ately prior to use. The amino acids used were L-cysteine (sulfur con-

taining), L-arginine (basic), L-glutamate (acidic), and L-leucine

(aliphatic, neutral). The two common fish bile acids, taurocholic acid

(TCA) and taurolithocholic acid (TLC), were dissolved in methanol

(10�2 M) and diluted in seawater immediately prior to use. The order

in which odorants were given was randomized, but each odorant

was always given from the lowest to the highest concentration. The

recording electrode was placed at a position that resulted in the larg-

est response to the “standard” stimulus (10�3 M L-cysteine). The

reference electrode was placed lightly on the skin of the head

nearby. The fish was ground with an Ag/AgCl pellet electrode placed

under the head. The d.c. signal was amplified using a NeuroLog

head-stage NL100 and NL109 bridge amplifier passed through an

NL125 filter with low pass set at 30 Hz (Digitimer Ltd., https://

www.digitimer.com/). The signal was digitized (Digidata 1440A,

Molecular Devices, https://www.moleculardevices.com/) and stored

on a personal computer running AxoScope software (version 10.6,

Molecular Devices). Response amplitudes were normalized to the

amplitude of response to 10�3 M L-cysteine (the “standard”).
Responses to the standard were recorded regularly at the beginning

and end of each group of samples (every three to five samples)

throughout the recording session.

2.7 | Data treatment and statistical analysis

The amplitude of the peak of the EOG was measured in millivolts.

This was blank subtracted (amplitude of EOG in response to water

treated in the same way as stimulus solutions but without the addi-

tion of odorant), and the amplitudes were normalized to the ampli-

tude of response to the standard stimulus (10�3 M L-cysteine). To

compare the effects of concentration and fluid source (reproductive

and non-reproductive males), a two-way repeated-measures

ANOVA was performed on data for all fluids with reproductive sta-

tus and dilution as the two factors and a Fisher's least significant dif-

ference post hoc test. A p-value of <0.05 was taken as statistically

significant.

3 | RESULTS

3.1 | Gross morphology of the olfactory organ

The paired olfactory organs are situated in the dorsal region of the

head, rostral to the eye (Figure 1). The anterior (inhalant) nostril is

located in a tube-shaped structure (peduncle) that has small finger-like

projections at the distal end. The posterior (exhalant) nostril near the

eye is simple and rounded (Figure 1a).

The cast showed that the internal structure of each olfactory

organ consists of an elongated tubiform chamber that starts at the

base of the peduncle and a single accessory nasal sac (lacrimal sac)

F IGURE 1 Structures of the olfactory organ of Halobatrachus

didactylus. (a) Image of the head of an adult showing the anterior
nostril (an) and the posterior nostril (pn). (b) Illustration of the head
with an image of the right and left casts of the internal structure of
the olfactory organ (green) to illustrate its localization within the fish
head. (c) Schematic representation of the olfactory organ showing the
peduncle (pc), the anterior nostril (an), the olfactory chamber (oc), the
posterior nostril (pn), and the olfactory accessory sac (oas).
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that expands ventrally under the eye (Figure 1b,c). Histological studies

showed that the olfactory epithelium is located in the tubiform cham-

ber (see Figure 2), hereafter olfactory chamber (oc).

3.2 | Histological characterization of the
olfactory organ

Figure 2 shows the internal morphology of the olfactory organ where

the sections sampled for this study are labeled with different letters

(a–f). The initial part of the anterior nostril, below the bottom of the

finger-like projections, is lined by a nonsensory stratified cuboidal epi-

thelium with some mucous cells (Figure 2a). At the base of the pedun-

cle, in the transition to the tubiform chamber (olfactory chamber) the

epithelium lining the inner cavity is histologically different in the ven-

tral and dorsal sides; the ventral side is composed of pseudostratified

epithelium (sensory epithelium [SE]) and the dorsal side of stratified

cuboidal epithelium rich in mucous cells (nonsensory epithelium

[NSE]) (Figure 2b). This histological structure was found throughout

the olfactory chamber (Figure 2c,d). The olfactory accessory sac

(Figure 2e) is lined by stratified cuboid epithelium composed of two or

three cell layers. In the connection between the accessory sac and the

base of the posterior nostril, there is a valve in the form of two thin

lips (Figure 2e, black arrows). The posterior nostril is lined with a strat-

ified cuboidal epithelium that is abundant in mucous cells (Figure 2f).

Immunocytochemistry showed Gαolf immunopositive cells distrib-

uted at the surface of the pseudostratified epithelium (Figure 3e,f),

confirming that pseudostratified epithelium is the sensory olfactory

epithelium (SE). In the SE we could identify, at the apical region, the

nuclei of the supporting cells (SC), in the central region the nuclei of

the olfactory receptor neurons (ORNs), and at the bottom the nuclei

of the basal cells (BC) (Figure 3a). The NSE, found along the dorsal

region of the olfactory chamber, is a stratified cuboidal epithelium rich

in mucous cells (Figure 3b–d). These round mucous cells stained posi-

tively with Alcian blue/PAS (Figure 3b) but not with hematoxylin–

eosin and Masson's trichrome staining (Figure 3c,d). Most mucous

cells stained deep blue (more acidic); occasionally there were some

mucous cells that stained pink/purple (more neutral).

F IGURE 2 Histology of different regions of the olfactory organ of Halobatrachus didactylus, represented by letters (a–e) in the scheme (top).
(a) Peduncle, (b) transition between the peduncle and the olfactory chamber, (c) olfactory chamber, (d) transition between the olfactory chamber
and the posterior nostril, (e) olfactory accessory sac (oas) with lip-like valve (black arrows), and (f) posterior nostril. NSE, nonsensory epithelium;
SE, sensory epithelium. Scale bars represent 200 μm.
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3.3 | Electrophysiology

H. didactylus was olfactory sensitive to all amino acids tested

(Figure 4). Of the four, the amino acid that produced the largest EOG

responses was L-cysteine (Figure 4a), and the amino acid that pro-

duced the smallest EOG responses was L-glutamate (Figure 4d).

H. didactylus showed olfactory sensitivity to both bile acids tested

(Figure 5). Although the amplitude of responses at the highest con-

centration tested was similar (Figure 5a,b), the concentration–

response curve to TLC fitted best a non-linear sigmoidal regression,

and the response to TCA fitted best a non-linear polynomial

regression.

Male and female H. didactylus had olfactory sensitivity to all

body fluids tested (Figures 6 and 7). For both sexes, the most olfac-

tory potent stimulus was the anterior gland fluid, and the least

potent was the mucus (Figure 6a,f). Statistical analysis showed that,

in females, there were significant differences between olfactory sen-

sitivity to fluid from the anterior gland (p = 0.009) and intestinal

fluid (p = 0.027) collected from reproductive and non-reproductive

males (Figure 6). Females were more sensitive to fluids collected

from the anterior gland and intestinal fluid collected from reproduc-

tive males.

Similarly, there were significant differences between the olfac-

tory sensitivity of males to anterior gland fluid (p = 0.031) and

intestinal fluid (p = 0.005) from reproductive and non-reproductive

males (Figure 7). Males were more sensitive to fluids collected from

the anterior gland of reproductive males at dilution 1:10,000

(p = 0.06) and 1:1000 (p < 0.001). Sensitivity to intestinal fluid was

higher when this fluid was collected from reproductive males at

dilution 1:100,000 (p = 0.003), 1:10,000 (p < 0.001), and 1:1000

(p < 0.001). There were no statistical differences between the

sexes for olfactory sensitivity to posterior gland fluid, bile, urine,

and mucus. It is noteworthy, again, that urine and mucus were the

least potent stimuli.

4 | DISCUSSION

To the best of the authors’ knowledge this is the first comprehensive

study of the anatomy and function of the olfactory system of a batra-

choidid fish. Palazón-Fernández and Sarasquete (2015) previously

described the basic morphology and identified the presence of an SE,

without lamellae, on the inner wall of the nasal cavity in H. didactylus.

The present study goes further and characterizes the entire olfactory

system, externally and internally, and tests the olfactory capacity of

this species to different odors and biological fluids from conspecifics.

H. didactylus has a well-developed olfactory system, consisting of

a pair of structures located rostrally: an inhalant nostril located in a

digitated peduncle and a rounded exhalant nostril with a valve, a tubi-

form olfactory chamber with a unilamellar SE covering the ventral sur-

face, and a prominent accessory nasal sac. There is great variability in

the structure of the teleost olfactory system; this depends on the

ecology, phylogeny, life history, and hydrodynamics of the species

(Cox, 2008; Hansen & Zielinski, 2005). In many teleosts, the olfactory

epithelium lines a multilamellar olfactory rosette (Hansen &

Zielinski, 2005), but H. didactylus has an elongated olfactory tube, and

there is no multilamellar rosette. The lamellar folding increases the

surface available for olfactory sensory activity; however, some species

have a flat olfactory epithelium. The round goby, Neogobius melanos-

tomus, lacks a multilamellar olfactory structure; however, olfaction is

known to mediate reproductive behavior (Belanger et al., 2003). The

presence of an elongated tubular peduncle containing the anterior

nostril is found in inactive species with a bottom-dwelling lifestyle,

F IGURE 3 Histological and immunohistological characterization
of the olfactory epithelium of H. didactylus. (a) Histology of the
sensory epithelium stained with hematoxylin–eosin and
(e) immunocytochemistry for Gaolf protein and (f) respective negative
control. (b–d) Nonsensory epithelium (NSE) stained with Alcian blue–
periodic acid–Schiff, hematoxylin–eosin, and Masson's trichrome,
respectively. BC, nucleus of basal cells located closed to the lamina
propria (LP); NSE, nonsensory epithelium; ORN, nuclei of olfactory
receptor neurons; SC, nuclei of supporting cells; SE, sensory
epithelium. Immunopositive cells (yellow arrow). Mucous cells (open
arrows). Scale bars represent 50 μm (a–d) and 20 μm (e and f).
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burrowing in the substrate or shelters, apparently facilitating olfactory

search and direct assessment of the surrounding enabling suction of

water into the olfactory chamber (Kasumyan, 2004).

Diverse species actively regulate water flow through the olfactory

chamber using one or two accessory nasal sacs. If accessory nasal sacs

develop in the vicinity of bones, they are termed “lachrymal sacs”; if

F IGURE 4 Semilogarithmic plots of
mean ± SEM normalized EOG (electro-
olfactogram) responses of Halobatrachus
didactylus to (a) L-cysteine (N = 10), (b) L-
arginine (N = 8), (c) L-leucine (N = 8), and
(d) L-glutamate (N = 8). Data from both
sexes have been pooled. (e) Typical EOG
responses to the four amino acids.
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they are located at the median of the ethmoid, they are termed “eth-
moidal sacs” (Kuciel, 2013). These structures are found in many spe-

cies, most often in sedentary bottom-living fish, and are primarily

used to assist water circulation through the olfactory chamber and

may be necessary for unidirectional water flow (Kapoor &

Ojha, 1972). H. didactylus has a single accessory lachrymal sac; in the

connection between the lachrymal sac and the base of the posterior

nostril, there is a valve in the form of two thin lips. In most teleosts

that have a single accessory nasal sac, water may be actively drawn

into the olfactory chamber, circulated inside, and expelled from the

olfactory chamber by pumping action caused by expansion and com-

pression of the accessory sac during ventilation and foraging

(Nevitt, 1991). Compression of the accessory nasal sacs can also be

due to buccal contractions (Kuciel, 2013). The function of the valve

located between the posterior nostril and the accessory nasal sack is

likely to ensure one-way water flow through the chamber

(Cox, 2008); indeed, preliminary observations with dye solutions sup-

port this. Overall, the occurrence of a projected anterior nostril, an

elongated canal-like olfactory chamber, a large accessory nasal sac,

and a valve in the posterior nostril may be considered a significant

architecture to help facilitate suction and an efficient water circulation

through the olfactory organ and evidence for adaptation to a seden-

tary bottom-dwelling life history (Sarkar et al., 2013). The occurrence

of a large and specialized olfactory organ suggests that olfaction plays

an important role in this species.

The presence of the olfactory epithelium was confirmed by the

occurrence of Gαolf immunopositive cells distributed on the surface of

the pseudostratified epithelium; in other species, Gαolf is expressed in

ciliated ORNs (Belanger et al., 2003; Hansen et al., 2004); the uniform

distribution of Gαolf immunopositive cells in the olfactory epithelium

of H. didactylus suggests that this species has mostly ciliated ORNs,

but this awaits experimental confirmation. The olfactory epithelium

itself has the structure previously described in other teleosts

(Hansen & Zielinski, 2005), a pseudostratified epithelium composed of

neuronal cells, BCs, and SCs. The olfactory epithelium lies on the ven-

tral side of the olfactory chamber; the dorsal region is lined by NSE.

Mucous cells are present only in the NSE; the mucus produced by

these cells may reduce friction force for water ventilation, protect

cells against bacteria and physical particles, and/or participate in

osmoregulation and ion exchange (Shephard, 1994). The mucous cells

tested positive for Alcian blue/PAS but negative for hematoxylin–

eosin and Masson's trichrome staining, which strongly suggests that

they are rich in acidic mucins, as found in other species (Kim

et al., 2018; Kim & Park, 2016). Mucin cells probably help the smooth

flow of water through the olfactory chamber by binding microscopic

debris that is ejected through the posterior nostril and probably forms

a suitable medium for diffusion of odorants (Ghosh &

Chakrabarti, 2014).

Fishes, in general, have high olfactory sensitivity to small-

molecular-weight molecules such as amino acids and bile acids

(Hara, 1994); H. didactylus is no exception, showing sensitivity to all

amino acids and bile acids tested. Furthermore, this species was also

sensitive to all conspecific body fluids tested; both males and females

produced stronger EOG responses to anterior gland and intestinal

fluids collected from reproductive than those from non-reproductive

males. In fishes, the chemical cues can be released through a range of

body fluids, including intestinal fluid (Hubbard, 2003, 2017; Miranda

et al., 2005; Velez et al., 2009), urine (Miranda et al., 2005;

Vermeirssen & Scott, 2001), and skin mucus (Buchinger et al., 2014;

Huertas et al., 2007). However, in the current study, the body fluids

that evoked the lowest olfactory responses were the urine and the

mucus. Freshwater species, such as the goldfish and the Mozambique

tilapia (Keller-Costa et al., 2014) and masu salmon (Yambe et al.,

2006), use urine as the vehicle for sex pheromones. However, for

osmoregulatory reasons, marine teleosts produce much less urine than

freshwater fishes. It is likely, therefore, that marine teleosts use other

routes of release for pheromones, and this may explain the weak EOG

responses to conspecific urine (Appelt & Sorensen, 2007; Sorensen &

Sato, 2005).

H. didactylus is a scaleless, slimy fish; its skin is covered by a film

of abundant mucus, raising the hypothesis that the mucus could play

a role in intraspecific communication, as proposed for the European

F IGURE 5 Semilogarithmic
plots of mean ± SEM normalized
EOG (electro-olfactogram)
responses of Halobatrachus
didactylus to (a) taurolithocholic
acid (N = 10) and (b) taurocholic
acid (N = 9). Data from both
sexes have been pooled.
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eel Anguilla anguilla (Huertas et al., 2007). However, in H. didactylus,

responsiveness to skin mucus was much lower than the other fluids,

suggesting that mucus is not involved in chemical communication.

Olfactory sensitivity to bile acids is widespread among fishes

(Buchinger et al., 2014). H. didactylus is sensitive to bile acids and con-

specific bile fluid (a concentrated source of bile acids). In eels, it was

suggested that bile acids may be used as an indicator of the reproduc-

tive status and/or sex (Huertas et al., 2010). In H. didactylus we found

no differences in olfactory potency of bile fluid from reproductive and

non-reproductive males; however, this does not exclude the use of

bile acids in intraspecific communication. Indeed, the olfactory

potency of the intestinal fluid collected from reproductive males was

significantly higher than that from non-reproductive males. As the

olfactory potency of the intestinal fluid is due, in part, to bile acids

(Velez et al., 2009), it is possible that the bile acids released in the

feces of reproductive and non-reproductive males are different; this

hypothesis needs further investigation. In the Mozambique tilapia, for

example, reproductive females release much larger quantities of bile

acids in their feces than either males or non-reproductively active

females (Ashouri et al., 2023).

F IGURE 6 Semilogarithmic
plots of mean ± SEM normalized
EOG (electro-olfactogram)
responses of female Halobatrachus
didactylus to (a) anterior gland fluid
(N = 6), (b) posterior gland fluid
(N = 6), (c) intestinal fluid (N = 6),
(d) bile fluid (N = 6), (e) urine
(N = 6), and (f) mucus (N = 6)

collected from reproductive (black
circles) and non-reproductive (white
circles) males. *p < 0.05, **p < 0.01,
and ***p < 0.001.
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The most potent body fluid was that collected from the anterior

testicular gland, the potency of which was greater from reproductive

males than that from non-reproductive males. In some fishes, the

accessory glands are thought to play a role in mate attraction by

secreting steroid pheromones (Arbuckle et al., 2005; Hong

et al., 2006; Jasra et al., 2007; Locatello et al., 2002; Resink

et al., 1989; Serrano et al., 2008). In the black goby, type I males

attract spawning females by releasing a conjugated steroid phero-

mone produced in one of their accessory glands (Colombo

et al., 1980). In contrast, in black goby sneaker or type II males,

mesorchial glands are reduced, and their ejaculates are pheromonally

inconspicuous, thereby avoiding detection by type I males (Locatello

et al., 2002). The posterior testicular gland fluid of H. didactylus

evoked high olfactory responses but did not show any significant dif-

ferences between reproductive seasons, suggesting that its role is dis-

tinct from that of the anterior gland fluid. The differential effect of

action of the two glands was also evident in their steroidogenic capac-

ity (Modesto et al., 2015), which suggests a specific role of each gland

in the reproductive process. Both glands have in vitro steroidogenic

capacity (Modesto et al., 2015); many sex pheromones identified to

F IGURE 7 Semilogarithmic
plots of mean ± SEM normalized
EOG (electro-olfactogram)
responses of male Halobatrachus
didactylus to (a) anterior gland
fluid (N = 6), (b) posterior gland
fluid (N = 4), (c) intestinal fluid
(N = 6), (d) bile fluid (N = 6),
(e) urine (N = 5), and (f) mucus

(N = 5) collected from
reproductive (black circles) and
non-reproductive (white circles)
males. **p < 0.01 and
***p < 0.001.
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date in fish are steroidal, raising the hypothesis that fluids from the

accessory glands may act as pheromones.

5 | CONCLUSIONS

H. didactylus has a large and well-developed olfactory organ, which

indicates that olfaction plays an important role. Its morphology, how-

ever, is markedly different from that of most other teleosts. In addi-

tion, this fish has olfactory sensitivity to all odorants and odors tested

(bile acids, amino acids, and body fluids). The intestinal fluid and the

anterior gland fluid collected from reproductive males evoked

larger-amplitude responses than those from non-reproductive males,

suggesting a role in intraspecific communication. In contrast to fresh-

water teleosts, urine proved to be a weak olfactory stimulus. Further

studies are needed to fully understand the role of olfaction in

H. didactylus. However, our results strongly suggest that, besides pro-

ducing sound, this species uses olfaction for communication, support-

ing the hypothesis that this may be multimodal, befitting the ecology

of this sedentary and nocturnal fish, and aiding interaction in condi-

tions in which visual cues are ineffectual.

AUTHOR CONTRIBUTIONS

Teresa Modesto, Peter C. Hubbard, and Zélia Velez conceived the

study, analysed the data, and wrote the manuscript. Peter C. Hubbard

and Gonçalo Marcelino carried out electrophysiology. Beatriz Neves

Gregório carried out the histological techniques and contributed to

the writing of the manuscript. Nathalie Marquet carried out immuno-

cytochemistry. Rita A. Costa was involved in student supervision

and histology. Pedro M. Guerreiro provided animals and resources

and critical insights to the manuscript. All authors contributed with

revisions to the manuscript and gave approval for publication.

ACKNOWLEDGMENTS

This study received Portuguese national funds from Fundação para a

Ciência e a Tecnologia (FCT) - Portugal (Foundation for Science and

Technology) through projects EXPL/BIA-ECO/1161/2021

(DOI:10.54499/EXPL/BIA-ECO/1161/2021), UIDB/04326/2020

(DOI:10.54499/UIDB/04326/2020), UIDP/04326/2020

(DOI:10.54499/UIDP/04326/2020), and LA/P/0101/2020

(DOI:10.54499/LA/P/0101/2020). The authors wish to express their

gratitude to the fishermen Mr. Isidoro Costa, Mr. Paulo Daniel,

Ms. Manuela Estêvão, and Mr. Carlos Estêvão for catching the fish

and to Mr. João Reis and the staff at Ramalhete Marine Station,

CCMAR, for fish husbandry and systems maintenance.

ORCID

Teresa Modesto https://orcid.org/0000-0002-2691-4906

REFERENCES

Amorim, M. C. P., Simões, J. M., & Fonseca, P. J. (2008). Acoustic commu-

nication in the Lusitanian toadfish, Halobatrachus didactylus: Evidence

for an unusual large vocal repertoire. Journal of the Marine Biological

Association of the United Kingdom, 88, 1069–1073.
Appelt, C. W., & Sorensen, P. W. (2007). Female goldfish signal spawning

readiness by altering when and where they release a urinary phero-

mone. Animal Behaviour, 74, 1329–1338.
Arbuckle, W. J., Bélanger, A. J., Corkum, L. D., Zielinski, B. S., Li, W.,

Yun, S.-S., Bachynski, S., & Scott, A. P. (2005). In vitro biosynthesis of

novel 5β-reduced steroids by the testis of the round goby, Neogobius

melanostomus. General and Comparative Endocrinology, 140, 1–13.
Ashouri, S., Da Silva, J. P., Canário, A. V. M., & Hubbard, P. C. (2023). Bile

acids as putative social signals in Mozambique tilapia (Oreochromis

mossambicus). Physiology & Behavior, 272, 114378.

Bancroft, J. D., & Layton, C. (2013). The hematoxylins and eosin. In S. K.

Suvarna, L. Layton, & J. D. Bancroft (Eds.), Bancroft's theory and prac-

tice of histological techniques (pp. 173–186). Churchill Livingstone Else-

vier Ltd.

Bass, A. H., & McKibben, J. R. (2003). Neural mechanisms and behaviors

for acoustic communication in teleost fish. Progress in Neurobiology,

69, 1–26.
Belanger, R. M., Smith, C. M., Corkum, L. D., & Zielinski, B. S. (2003). Mor-

phology and histochemistry of the peripheral olfactory organ in the

round goby, Neogobius melanostomus (Teleostei: Gobiidae). Journal of

Morphology, 257, 62–71.
Brantley, R. K., & Bass, A. H. (1994). Alternative male spawning tactics and

acoustic signals in the Plainfin midshipman fish Porichthys notatus

Girard (Teleostei, Batrachoididae). Ethology, 96, 213–232.
Buchinger, T. J., Li, W., & Johnson, N. S. (2014). Bile salts as Semiochem-

icals in fish. Chemical Senses, 39, 647–654.
Colombo, L., Marconato, A., Belvedere, P. C., & Friso, C. (1980). Endocri-

nology of teleost reproduction: A testicular steroid pheromone in the

black goby, Gobius jozo L. Bolletino di Zoologia, 47, 355–364.
Cotter, J. C., Pereira, T. J., Costa, M. J. & Costa, J. L. (2013). Distribution,

abundance, population structure and activity of Halobatrachus didac-

tylus in theTagus estuary (Portugal) and adjacent coastal waters. Jour-

nal of the Marine Biological Association of the United Kingdom, 93,

405–412.
Cox, J. P. L. (2008). Hydrodynamic aspects of fish olfaction. Journal of the

Royal Society Interface, 5, 575–593.
Endler, J. A. (1992). Signals, signal conditions, and the direction of evolu-

tion. The American Naturalist, 139, S125–S153.
Fulton, J., LeMoine, C. M. R., Bucking, C., Brix, K. V., Walsh, P. J., &

McDonald, M. D. (2017). A waterborne chemical cue from gulf toad-

fish, Opsanus beta, prompts pulsatile urea excretion in conspecifics.

Physiology & Behavior, 171, 92–99.
Ghosh, S. K., & Chakrabarti, P. (2014). Histophysiological studies on the

olfactory epithelium of banded pearl spot Etroplus suratensis (Bloch,

1790). Journal of Entomology and Zoology Studies, 2, 78–82.
Hansen, A., Anderson, K. T., & Finger, T. E. (2004). Differential distribution

of olfactory receptor neurons in goldfish: Structural and molecular cor-

relates. Journal of Comparative Neurology, 477, 347–359.
Hansen, A., & Zielinski, B. S. (2005). Diversity in the olfactory epithelium

of bony fishes: Development, lamellar arrangement, sensory neuron

cell types and transduction components. Journal of Neurocytology, 34,

183–208.
Hara, T. J. (1994). The diversity of chemical stimulation in fish olfaction

and gustation. Reviews in Fish Biology and Fisheries, 4, 1–35.
Hong, W.-S., Chen, S.-X., Zhang, Q.-Y., & Zheng, W.-Y. (2006). Sex organ

extracts and artificial hormonal compounds as sex pheromones to

attract broodfish and to induce spawning of Chinese black sleeper

(Bostrichthys sinensis Lacepede). Aquaculture Research, 37, 529–534.
Hubbard, P. C., Baduy, F., Saraiva, J. L., Guerreiro, P. M. & Canário, A. V.

M. (2017). High olfactory sensitivity to conspecific intestinal fluid in

the chameleon cichlid Australoheros facetus: could faeces signal domi-

nance?. Journal of Fish Biology, 90, 2148–2156.

MODESTO ET AL. 69FISH
 10958649, 2024, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15751 by U
niversidade D

o A
lgarve, W

iley O
nline L

ibrary on [06/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-2691-4906
https://orcid.org/0000-0002-2691-4906


Hubbard, P. C., Barata, E. N. & Canario, A. V. M. (2003). Olfactorysensitiv-

ity of the gilthead seabream (Sparus auratus L) to conspecificbody

fluids. Journal of Chemical Ecology, 29, 2481–2498.
Huertas, M., Hagey, L., Hofmann, A. F., Cerdà, J., Canário, A. V. M., &

Hubbard, P. C. (2010). Olfactory sensitivity to bile fluid and bile salts

in the European eel (Anguilla Anguilla), goldfish (Carassius auratus) and

Mozambique tilapia (Oreochromis mossambicus) suggests a ‘brod
range’ sensitivity not confined to those produced by conspecifics

alone. Journal of Experimental Biology, 213, 308–317.
Huertas, M., Hubbard, P. C., Canário, A. V. M., & Cerdà, J. (2007). Olfactory

sensitivity to conspecific bile fluid and skin mucus in the European eel

Anguilla Anguilla (L.). Journal of Fish Biology, 70, 1907–1920.
Hughes, M. (1996). The function of concurrent signals: Visual and chemical

communication in snapping shrimp. Animal Behaviour, 52, 247–257.
Jasra, S. K., Arbuckle, W. J., Corkum, L. D., Li, W., Scott, A. P., &

Zielinski, B. (2007). The seminal vesicle synthesizes steroids in the

round goby Neogobius melanostomus. Comparative Biochemistry

and Physiology Part A: Molecular & Integrative Physiology, 148,

117–123.
Kapoor, A., & Ojha, P. P. (1972). Studies on ventilation of the olfactory

chambers of fishes with a critical reevaluation of the role of accessory

nasal sacs. Archives de Biology (Liege), 83, 167–178.
Kasumyan, A. O. (2004). The olfactory system in fish: Structure, function,

and role in behavior. Journal of Ichthyology, 44, 180–223.
Keller-Costa, T., Hubbard, P. C., Paetz, C., Nakamura, Y., da Silva, J. P.,

Rato, A., Barata, E. N., Schneider, B., & Canario, A. V. M. (2014). Iden-

tity of a tilapia pheromone released by dominant males that primes

females for reproduction. Current Biology, 24, 2130–2135.
Kieffer, J. D., & Colgan, P. W. (1992). The role of learning in fish behaviour.

Reviews in Fish Biology and Fisheries, 2, 125–143.
Kim, H. T., Lee, Y. J., & Park, J. Y. (2018). Functional anatomy and histology

of the olfactory organ in Korean eel goby, Odontamblyopus lacepedii

(Pisces: Gobiidae). Applied Microscopy, 48, 11–16.
Kim, H.-T., & Park, J.-Y. (2016). The anatomy and Histoarchitecture of the

olfactory organ in the Korean flat-headed goby Luciogobius guttatus

(Pisces; Gobiidae). Applied Microscopy, 46, 51–57.
Kuciel, M. (2013). The mechanism of olfactory organ ventilation in Peri-

ophthalmus barbarus (Gobiidae, Oxudercinae). Zoomorphology, 132,

81–85.
Locatello, L., Mazzoldi, C., & Rasotto, M. B. (2002). Ejaculate of sneaker

males is pheromonally inconspicuous in the black goby, Gobius Niger

(Teleostei, Gobiidae). Journal of Experimental Zoology, 293, 601–605.
Miller, J. S., Mazzoldi, C., Rasotto, M. B., & Balshine, S. (2019). Differential

investment in male accessory glands: Lessons from a marine fish with

alternative reproductive tactics. Marine Biology, 166, 37.

Miranda, A., Almeida, O. G., Hubbard, P. C., Barata, E. N., &

Canário, A. V. M. (2005). Olfactory discrimination of female reproduc-

tive status by male tilapia (Oreochromis mossambicus). Journal of Experi-

mental Biology, 208, 2037–2043.
Modesto, T., & Canário, A. V. M. (2003a). Hormonal control of swimblad-

der sonic muscle dimorphism in the Lusitanian toadfish Halobatrachus

didactylus. Journal of Experimental Biology, 206, 3467–3477.
Modesto, T., & Canário, A. V. M. (2003b). Morphometric changes and sex

steroid levels during the annual reproductive cycle of the Lusitanian

toadfish, Halobatrachus didactylus. General and Comparative Endocrinol-

ogy, 131, 220–231.
Modesto, T., Freitas, A. M. M. S., & Canario, A. V. M. (2015). Steroidogene-

sis by testis and accessory glands of the Lusitanian toadfish, Halobatra-

chus didactylus, during reproductive season. General and Comparative

Endocrinology, 223, 120–128.
Montgomery, J. C., & Carton, A. G. (2008). The senses of fish: Chemosen-

sory, visual and octavolateralis. In Fish behaviour (pp. 3–31). Science
Publishers.

Mowry, R. W. (2008). The special value of methods that color both

acidic and vicinal hydroxyl groups in the histochemical study of

mucins. With revised directions for the colloidal iron stain, the use

of Alcian blue G8X and their combinations with the periodic acid-

Schiff reagent. Annals of the New York Academy of Sciences, 106,

402–423.
Nevitt, G. A. (1991). Do fish sniff? A new mechanism of olfactory sam-

pling in Pleuronectid flounders. Journal of Experimental Biology, 157,

1–18.
Palazón-Fernández, J. L., & Sarasquete, C. (2015). Atlas Histofisiológico del

Pez Sapo, Halobatrachus didactylus (Schneider, 1801)., Colección CEI-

MAR. UCA (Ed.). Cádiz. Vol. 14.

Pepler, M. A., Hindra Miller, J. S., Elliot, M. A., & Balshine, S. (2021). Tactic-

specific antimicrobial activity suggests a parental care function for

accessory glands in a marine toadfish. Proceedings of the Royal Society

B: Biological Sciences, 288, 20202873.

Pereira, T. J., Almeida, P. R., Quintella, B. R., Gronningsaeter, A.,

Costa, M. J., Marques, J. P., & Costa, J. L. (2021). Fine-scale behaviour

of the Lusitanian toadfish assessed in situ with the AccelTag. Animal

Biotelemetry, 9, 10.

Resink, J. W., Schoonen, W. G. E. J., Albers, P. C. H., Filé, D. M.,

Notenboom, C. D., Van Den Hurk, R., & Van Oordt, P. G. W. J. (1989).

The chemical nature of sex attracting pheromones from the seminal

vesicle of the African catfish, Clarias gariepinus. Aquaculture, 83,

137–151.
Sarkar, N., Mukherjee, A., & Barik, A. (2013). Olfactory responses of Epi-

lachna dodecastigma (Coleoptera: Coccinellidae) to long-chain fatty

acids from Momordica charantia leaves. Arthropod-Plant Interactions, 7,

339–348.
Serrano, R. M., Barata, E. N., Birkett, M. A., Hubbard, P. C.,

Guerreiro, P. S., & Canário, A. V. M. (2008). Behavioral and olfactory

responses of female Salaria pavo (Pisces: Blenniidae) to a putative

multi-component male pheromone. Journal of Chemical Ecology, 34,

647–658.
Shephard, K. L. (1994). Functions for fish mucus. Reviews in Fish Biology

and Fisheries, 4, 401–429.
Sorensen, P. W., & Sato, K. (2005). Second messenger systems mediating

sex pheromone and amino acid sensitivity in goldfish olfactory recep-

tor neurons. Chemical Senses, 30, i315–i316.
Stacey, N. (2014). In P. W. Sorensen & B. D. Wisenden (Eds.), Fish phero-

mones and related cues. Wiley.

Thorson, R. F., & Fine, M. L. (2002). Acoustic competition in the gulf toad-

fish Opsanus beta: Acoustic tagging. The Journal of the Acoustical Soci-

ety of America, 111, 2302–2307.
Vasconcelos, R. O., Carriço, R., Ramos, A., Modesto, T., Fonseca, P. J.,

Amorim, M., & Clara, P. (2012). Vocal behavior predicts reproductive

success in a teleost fish. Behavioral Ecology, 23, 375–383.
Vasconcelos, R. O., Fonseca, P. J., Amorim, M. C. P., & Ladich, F. (2011).

Representation of complex vocalizations in the Lusitanian toadfish

auditory system: Evidence of fine temporal, frequency and amplitude

discrimination. Proceedings of the Royal Society B: Biological Sciences,

278, 826–834.
Vasconcelos, R. O., Simões, J. M., Almada, V. C., Fonseca, P. J., &

Amorim, M. C. P. (2010). Vocal behavior during territorial intrusions in

the Lusitanian toadfish: Boatwhistles also function as territorial ‘keep-
out’ signals. Ethology, 116, 155–165.

Velez, Z., Hubbard, P. C., Hardege, J. D., Welham, K. J., Barata, E. N., &

Canário, A. V. M. (2011). Evidence that 1-methyl-l-tryptophan is a

food-related odorant for the Senegalese sole (Solea senegalensis).

Aquaculture, 314, 153–158.
Velez, Z., Hubbard, P. C., Welham, K., Hardege, J. D., Barata, E. N., &

Canário, A. V. M. (2009). Identification, release and olfactory detection

of bile salts in the intestinal fluid of the Senegalese sole (Solea senega-

lensis). Journal of Comparative Physiology A, 195, 691–698.
Vermeirssen, E. L. M., & Scott, A. P. (2001). Male priming pheromone is

present in bile, as well as urine, of female rainbow trout. Journal of Fish

Biology, 58, 1039–1045.

70 MODESTO ET AL.FISH
 10958649, 2024, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15751 by U
niversidade D

o A
lgarve, W

iley O
nline L

ibrary on [06/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Vieira, M., Amorim, M. C. P., & Fonseca, P. J. (2021). Vocal rhythms in

nesting Lusitanian toadfish, Halobatrachus didactylus. Ecological Infor-

matics, 63, 101281.

Witten, P. E., & Hall, B. K. (2003). Seasonal changes in the lower jaw skele-

ton in male Atlantic salmon (Salmo salar L.): Remodelling and regres-

sion of the kype after spawning. Journal of Anatomy, 203, 435–450.
Yambe, H., Kitamura, S., Kamio, M., Yamada, M., Matsunaga, S., Fusetani,

N., & Yamazaki, F. (2006). L-kynurenine, an amino acididentified as a

sex pheromone in the urine of ovulated female masu salmon. Proceed-

ings of the National Academy of Sciences of the United States of America,

103, 15370–15374.

How to cite this article: Modesto, T., Neves Gregório, B.,

Marcelino, G., Marquet, N., Costa, R. A., Guerreiro, P. M.,

Velez, Z., & Hubbard, P. C. (2024). Anatomy of the olfactory

system and potential role for chemical communication in the

sound-producing Lusitanian toadfish, Halobatrachus didactylus.

Journal of Fish Biology, 105(1), 59–71. https://doi.org/10.

1111/jfb.15751

MODESTO ET AL. 71FISH
 10958649, 2024, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15751 by U
niversidade D

o A
lgarve, W

iley O
nline L

ibrary on [06/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jfb.15751
https://doi.org/10.1111/jfb.15751

	Anatomy of the olfactory system and potential role for chemical communication in the sound-producing Lusitanian toadfish, H...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Experimental animals
	2.2  Gross morphology of the olfactory organ
	2.3  Histology
	2.4  Immunocytochemistry
	2.5  Body fluid sampling
	2.6  EOG recording
	2.7  Data treatment and statistical analysis

	3  RESULTS
	3.1  Gross morphology of the olfactory organ
	3.2  Histological characterization of the olfactory organ
	3.3  Electrophysiology

	4  DISCUSSION
	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


