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Abstract

In reproduction of Mozambique tilapia (Oreochromis mossambicus), chemical communication mainly relies on urinary
steroidal glucuronides (sex pheromones) that dominant males release to prime the final ovulation in pre-ovulatory females
and increase reproductive readiness. However, the role of steroids in chemical communication in females has received
less attention. Here, we aimed to determine whether 17B-estradiol 3-glucuronate released by pre-ovulatory females func-
tions as a reproductive signal towards males. We investigated the preference of focal males to visual, chemical (female
conditioned water), and a combination of both stimuli from pre-ovulatory or post-spawning females, as well as 107 M
17B-estradiol 3-glucuronate. Compared to the control zone, where no stimuli were present, males were more responsive
(time spent near the stimuli, digging behaviour, and urination frequency) in the visual and visual +chemical zones than in
the chemical-only zone. Males preferred pre-ovulatory to post-spawning female-conditioned water. Interestingly, the time
spent by focal males near the source of 17B-estradiol 3-glucuronate was similar to pre-ovulatory conditioned water. How-
ever, there was no significant difference in digging and urine pulses in response to 17B-estradiol 3-glucuronate compared
to the control group. We suggest that male tilapia recognise the ovulation status of females using visual and chemical
cues, and 17p-estradiol 3-glucuronate is part of the odorant content released by pre-ovulatory females to communicate
their reproductive status.

Significance

Fishes interact with their social environment using multiple sensory channels, and in the Mozambique tilapia (Oreo-
chromis mossambicus), vision and chemical communication play vital roles. Males release urine containing pheromones
to maintain social hierarchies, attract females, and stimulate their endocrine system to initiate reproductive behaviour.
The male sex pheromones are 3-glucuronidated progestogens. However, how females signal their reproductive readiness
remains unknown. In a multiple-choice maze, males prefer both pre-ovulatory females as a visual stimulus or their con-
ditioned water to the same stimuli from postspawning females. Furthermore, males have high olfactory sensitivity to and
prefer 17B-estradiol 3-glucuronate equally to pre-ovulatory female-conditioned water. Since this metabolite is released to
the water at the end of vitellogenesis, our findings indicate that it plays a role in females signalling to mature males the
approach of ovulation, contributing to spawning synchrony in this species.
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Introduction

Among teleost fishes, the largest and most diverse verte-
brate taxon, several species establish social hierarchies and
use multiple sensory channels, including visual, acoustic,
and chemical, to transfer information about their social sta-
tus (Escobar-Camacho and Carleton 2015). Fishes often live
in a dark environment, and for this have evolved a highly
sensitive olfactory system that allows them to receive and
process chemosensory cues released by conspecifics and
heterospecifics, which can elicit a variety of physiological
and behavioural responses (Kasumyan 2004; Bowers et
al. 2023). If these conspecific-released compounds benefit
both the sender and the receiver, they are called pheromones
(Sorensen and Stacey 2004). Various chemical compounds
with pheromonal activity have been identified in fish,
including steroids, bile acids, prostaglandins, fatty acids,
and amino acids (Dulka et al. 1987; Sorensen et al. 1988;
Kobayashi et al. 2002; Li et al. 2002, 2018, 2023; Yambe et
al. 20006; Keller-Costa et al. 2014b).

Steroids are vital regulators of many biological processes,
such as sex determination, embryonic development, and
sexual maturation. Steroid hormones are derived from the
common precursor cholesterol and are classified into C18,
C19, C21, and C24 based on the number of carbon atoms in
their chemical structure (Miller 2013; Penning et al. 2019).
In teleost fishes, steroid hormones and their metabolites,
free or conjugated with glucuronide or sulphate, have been
identified as sex pheromones (Scott and Sorensen 1994;
Keller-Costa et al. 2014b; Stacey 2014). These hormonally
derived steroids have been selected to have a pheromonal
function in fishes for several reasons. As hormones, they
are biologically active at very low concentrations. Further-
more, they provide information about the physiological
state of the senders and, when released, they provide a cor-
relate of reproductive readiness. Furthermore, their conju-
gates (i.e., sulphates or glucuronides), have increased water
solubility. The hormonal-pheromone system of goldfish
(Carassius auratus) is a good example of the pheromonal
role of free steroids and their conjugates in a teleost fish,
where 4-pregnen-17,20B dihydroxy-3-one (17,20B-P, the
maturation-inducing steroid) is released into the water by
ovulated females both in its free form and conjugated with
glucuronic acid or sulphate. The preovulatory pheromonal
complex promotes spawning synchrony and stimulates milt
production in males (Stacey and Sorensen 2002; Sorensen
and Stacey 2004).

The Mozambique tilapia (Oreochromis mossambicus),
is a maternal mouthbrooder cichlid fish, native of flowing
rivers of southeastern and central Africa (Simbine et al.
2014). The mating system of Mozambique tilapia is charac-
terised by polygyny, where females spawn asynchronously
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(Rocha and Reis-Henriques 1996; Russell et al. 2012).
Dominant males in their social hierarchies defend a ter-
ritory associated with the areas where they dig, nest, and
shelter. During spawning, dominant, black males use uri-
nary signals to attract ovulated females. These urinary sig-
nals contain a mixture of two epimeric steroids, 20a- and
20B-pregnanetriol 3a-glucuronate (P3Gs), acting as sex
pheromones and priming final maturation and ovulation in
pre-ovulatory females (Huertas et al. 2014; Keller-Costa et
al. 2014b). After spawning, females brood the eggs in their
buccal cavity until they are hatched and ready to swim inde-
pendently. Like other members of the cichlid family, the
Mozambique tilapia is a good model for investigating how
sensory modalities such as olfaction and vision can medi-
ate the behavioural changes under different social such as
reproduction and aggression (Barata et al. 2007; Maruska
2014).

Many fishes, including the Mozambique tilapia, also rely
on visual and sound cues to interact with conspecifics, such
as during the formation of social hierarchies and mate selec-
tion (Barata et al. 2007; Carleton 2009; Tave 2023). In Pseu-
dotropheus zebra, the inferior lobes of the hypothalamus are
involved in visual object recognition and memory formation
(Calvo et al. 2023). The male visual pattern (redness) in the
male Lake Victoria cichlid (Pundamilia nyererei) is the key
visual signal for females to choose mates (Maan et al. 2004).
In Mozambique tilapia, visual and chemical signals together
yield a stronger behavioural response than each signal sepa-
rately (Barata et al. 2007; Butler and Maruska 2016).

Studies on chemosensory communication in Mozam-
bique tilapia have primarily focused on the role of males,
largely because of their complex behaviours that they show
within dominance hierarchies. Therefore, the potential role
of females in these hierarchies has not been investigated
directly. However, it has been shown that pre-ovulatory
females release urine and faeces with higher olfactory
potency in comparison to post-spawning females (Almeida
et al. 2005; Miranda et al. 2005; Ashouri et al. 2023). More-
over, male tilapia can distinguish the ovulation state of
females based on odours, and increase their urine pulses
in the presence of pre-ovulatory females (Miranda et al.
2005). In the goldfish, plasma E, during vitellogenesis can
stimulate the urinary release of an unidentified chemical
cue that acts as a male attractant to initiate spawning syn-
chrony (Kobayashi et al. 2002). Furthermore, it has been
proposed that E, released by female zebrafish, may act as
a sex pheromone and attract the male conspecifics (van den
Hurk and Lambert 1983; van den Hurk and Resink 1992).
17B-estradiol (E,) is produced by the granulosa cells of sec-
ondary oocytes and its production decreases at the end of
vitellogenesis prior to oocyte final maturation and ovulation
(Babin et al. 2007; Zohar et al. 2010; Servili et al. 2020).
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Based on the reproductive role of E, during vitellogenesis
and oocyte growth and studies showing fish olfactory sen-
sitivity to E,, it could be hypothesised E, or its conjugates
could act as a chemical cue released by Mozambique tilapia
pre-ovulatory females, signalling their reproductive devel-
opment. Huertas et al. (2014) showed that pre-ovulatory
female tilapia releases a higher concentration of E, through
the urine (50-150 ng kg ' h™!) than post-spawn females.
Urine from preovulatory Mozambique tilapia females also
contains large quantities (100150 ng ml™!) of E, (3 and/
or 17)-glucuronate (Keller-Costa et al. 2014a). Males are
highly sensitive to E, 3-glucuronate which is detected by a
specific receptor (Keller-Costa et al. 2014a). Other teleosts,
such as the round gobby (Neogobius melanostomus) also
have olfactory sensitivity towards E, and E, 3-glucuronate,
and the latter causes increased ventilatory rate in females
(Murphy et al. 2001).

Here, we aimed to establish the mate preference of
Mozambique tilapia males exposed to chemical and visual
cues from females with different ovulation status and to
determine whether E, 3-glucuronate can increase the pref-
erence of focal males to visual signals.

Materials and methods
Mozambique tilapia
Sexually mature male and female tilapia used in the present

study were obtained from a broodstock maintained at the
University of Algarve, Faro, Portugal. Tilapia were divided
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Fig. 1 Preference aquarium. Focal males were housed in the prefer-
ence aquarium for 24 h in prior to recording the behaviours. In each
trial, focal males were exposed to different stimuli provided through
a peristaltic pump (for chemical stimuli) and/or visual chambers (for
visual stimuli) in each preference zone. The experimental period con-
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into 15 separate 300 L tanks (family tanks with 2 males to 6
females) with a glass front, sandy substrate, and an under-
gravel filter. Twenty-five per cent of the water in the family
tanks was exchanged daily with aerated, dechlorinated tap
water. The water temperature was kept at 27 °C and the pho-
toperiod was 12 h light and 12 h dark. Fish were hand-fed
once a day in the morning with a commercial cichlid diet
(Sparos Lda., Olhdo, Portugal). Females in each family tank
were dorsal muscle tagged using coloured plastic labels
(T-Bar anchor FD94, Floy Tag, Seattle, WA, USA). The fish
were housed under these conditions for two months to fol-
low the reproductive cycle length of the females. Recording
the spawning date allowed us to predict the next spawning
date and collect the samples according to the female ovula-
tion state. The average cycle length of regularly spawning
females was 18 days (mean=standard deviation; 18.0+4.2)
(Miranda et al. 2005; Ashouri et al. 2023). One to two days
before the predicted spawning date, the females were con-
sidered pre-ovulatory and a day after spawning, they were
considered post-spawning. After each spawning, eggs were
removed from the females’ mouths to maintain their cycle.

Preference experiment

The experimental aquarium for evaluating the focal males’
preference for either visual stimulus, chemical stimulus, or
both is shown in Fig. 1. It consisted of five parts: two chemi-
cally isolated chambers at each end of the tank to provide a
visual-only stimulus and an S-shaped compartment contain-
ing a central zone (neutral zone) and two zones to which the
chemical stimuli were added (preference zones) in front of

camera

Stimulus injection
PN ¥
- site

i .\',_;\—7 ,
rcfer‘
Clce Zone
Neutral 76,
Prcf
. €rence
Zon

= |
17 cm ——

22 cm

sisted of a 15-minute stimulus injection followed by 25 min without
injection, during which it was recorded the time spent by focal males
in preference zones, as well as the frequency of urination and digging
behaviour
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the visual chambers. The visual chambers were concealed
with a movable opaque plate. The temperature in the pref-
erence tanks was kept at 27 °C, and the photoperiod was
12 h light and 12 h dark. The experimental aquarium had
a sandy substrate, and the two visual chambers and neutral
zones had air stones to provide an adequate oxygen supply.
Two vinyl tubes were connected separately to two channels
of a peristaltic pump, and the outlet of each vinyl tube was
fixed about two centimetres below the water surface in each
preference zone to deliver the chemical stimuli at the flow
rate of 10 ml.min~! (Ashouri et al. 2023). The preference
time and behaviour of focal males were filmed using an
iPhone 13 (Model number, MLPF3QL/A) placed in front of
the experimental tank and synchronised to a PC through the
Elgato Camera Hub software for desktop and the EpocCam
version 2024.1 (Corsair Memory, Inc.) application for I0S
to remotely control the recording. The flow rate of the chem-
ical stimulus inside the tank was estimated by recording the
time a food dye would take from delivery to appearing in the
neutral zone in the middle of the preference tank. Accord-
ingly, the experimental period was divided into a period of
injections of the chemical stimulus of 15 min followed by
25 min without injection (post-injection). The visual stimu-
lus was also provided alone for 40 min. In treatments with
visual and chemical stimuli together, the exposure of focal
males to both stimuli started simultaneously. After each
experimental period, the preference tank was siphoned from
the bottom to remove chemicals and solid waste.

Experimental protocol

A day before the experiment, a focal male was taken from
a family tank and anaesthetised with 200 mg.L™! 3-amino-
benzoic acid ethyl ester (MS222; Sigma-Aldrich), injected
intramuscularly with 100 uL of phenol red (50 mg mL™!
dissolved in 0.9% saline) to visualise urination and housed
in the preference tank (Barata et al. 2007; Ashouri et al.
2024). The preference of focal males, urination and dig-
ging behaviour frequencies were recorded in response to
the following treatments: (1) female pre-ovulatory con-
ditioned water versus control (males, N=9, weight (W):
200.1£25.3 g [mean+standard error of the mean], standard
length (L,): 18.8+0.8 cm; females, N=9, W: 86.5+8.8 g, L:
14.2£0.4 cm), (2) female post-spawning conditioned water
versus control (males, N=9, W: 257.3+9.1 g, L.: 20.5+0.3;
females, N=9, W: 117.0+6.6 g, L 15.7+0.3 cm), (3)
female pre-ovulatory visual stimulus versus control (males,
N=10,W:232.8+18.3 g, L: 19.6£0.5 cm; females, N=10,
W: 1283+16.7 g, L;: 154+0.7 cm), (4) female post-
spawning visual stimulus versus control (males, N=9,
W: 2343+12.4 g, L: 20.1+£0.3 cm; females, N=9, W:
873+74 g, L: 14.5+0.4 cm), (5) female pre-ovulatory

@ Springer

conditioned water+visual stimulus versus control (males,
N=9, W: 255.0+11.1 g, L: 21.0+0.6 cm; females, N=9,
W:106.3£8.1 g, L: 13.9£0.5 cm), (6) female post-spawn-
ing conditioned water+visual stimulus versus control
(males, N=9, W: 253.2+11.8 g, L: 20.8+0.6 cm; females,
N=9, W:103.5+7.7 g, L;: 13.84£0.6 cm), (7) female pre-
ovulatory conditioned water+visual stimulus (males,
N=9, W: 251.1+7.0 g, L;: 20.6+0.3 cm; females, N=9,
W: 753+16.2 g, L 14.3+0.4 cm) versus post-spawning
conditioned water+visual stimulus (females, N=9, W
90.4+11.9 g, L, 14.0+0.6 cm), (8) 17B estradiol 3-gluc-
uronate+visual stimulus (males, N=9, W: 238.2+12.2 g,
L 20.1£0.5 cm; females, N=9, W: 113.6+£10.6 g, L
14.9+£0.4 cm) versus visual stimulus (females, N=9, W:
103.2+10.6 g, L;: 14.8+£0.4 cm).

At the end of each set of experiments, experimental fish
(focal males and females), were transferred to stock tanks
and the preference aquarium was siphoned, washed in warm
water, and filled with new freshwater for the next set of
experiments. The vinyl tubes of peristaltic pump were also
washed with warm water to remove any residues.

The control refers to that side of the preference tank
receiving neither visual nor chemical stimuli. In the trials
with only visual stimuli, the females of different ovulation
statuses were taken from a different family tank from that
of the focal male and isolated in the visual chambers with
the opaque plate in place. In the trials with only chemical
stimuli, the visual chambers remained empty, and only con-
ditioned water obtained from females of different ovulation
statuses was pumped into the preference zones. For visual
and chemical stimuli, the females that produced the condi-
tioned water being tested were used for both. A total of 92
focal males were used, of which only 73 (W: 240.1+5.3 g;
L 20.2+0.2 cm) reacted to visual and chemical stimuli.
Almost 21% of focal males remained inactive and immobile
without swimming in the experimental tank for more than
20 min. These males were removed from the analysis. The
data was not recorded blind because our study involved test-
ing the preference of focal fish in the experimental tanks.

Preparation of visual and chemical stimuli

The visual stimuli were provided directly by housing pre-
ovulatory and post-spawning females individually in the
visual chambers. The chemical stimuli (pre-ovulatory and
post-spawning females’ conditioned waters) were obtained
according to Miranda et al. (2005). Briefly, the females
with different ovulation statuses were isolated in buckets
filled with 20 L aerated, dechlorinated tap water for 2 h; the
water was collected and used immediately. EOG experi-
ments have shown that the Mozambique tilapia threshold
of detection for 17B-estradiol 3-glucuronate was about
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1071 M (Keller-Costa et al. 2014a). The concentration of
17B-estradiol 3-glucuronate (Sigma Aldrich Co. Ltd., St.
Louis, USA) delivered to the preference zones was esti-
mated to be 10~° M from a solution of 107> M in distilled
water made from a stock solution of 107> M in methanol;
tilapia cannot detect methanol up to a concentration of
1:1000 v/v (Miranda et al. 2005).

Statistical analysis

In the present study, treatments 1—-6, which were compared
to control (no visual or chemical stimulus), were analyzed
separately from treatments 7 and 8. For treatments 1-6, the
time that focal males spent in each preference zone (depen-
dent variable) in response to different stimuli was analyzed
by three-way analysis of variance (ANOVA) with indepen-
dent variables the reproductive state of females (pre-ovula-
tory and post-spawning), type of stimulus (chemical and/
or visual), and the preference zones (control and stimulus).
Since digging behaviour and urine pulses were not seen in
the control zone of treatments 1-6, only behaviours in the
stimulus zones were compared and a two-way ANOVA was
employed. The digging data was transformed using square
root transformation and the urine pulse data were trans-
formed by adding one as a positive constant to meet the
assumptions of ANOVA. For treatments 7 and 8, a one-way
ANOVA was used to compare the effects of the stimuli on
the time spent by focal males in each preference zone, dig-
ging and urine pulses. The Holm-Sidak post hoc was used
to test all-pairwise comparisons between levels of indepen-
dent variables. The data were analysed using SigmaPlot
14.0 (Systat Software, Inc., San Jose, CA, USA). Data are
presented as mean+ standard error of the mean (SEM).

Post-spawning

Pre-ovulatory

2500

Control
zone
Stimulus
zone

Time spent (s) by focal male
in a preference zone

Fig.2 Time (s) spent by focal males in a preference zone— control side
(black bar) or stimulus side (grey bar) - in response to visual, chemical,
or visual+chemical stimulus from pre-ovulatory and post-spawning
females. Bars are mean=SEM. Different letters represent statistically
significant differences (P<0.05)

Results

There was a statistically significant three-way interaction
between the reproductive state of females, stimulus type
and preference zone (£(,q5=54.746, P<0.001) (Fig. 2).
There were significant two-way interactions between stimu-
lus type and preference zone (F(; ¢5,=69.836, P<0.001)
and reproductive state of females and preference zone
(F{1,05y=28.409, P<0.001) but not between stimulus type
and reproductive state of females (¥, 95=0.624, P=0.538).
The time spent by focal males in the stimulus preference
zone, irrespective of stimulus or female type, was approxi-
mately 5 to 10 times the time spent in the preference zone
of the control (F 95,=1486.904, P<0.001). The excep-
tion was males spending similar time in the preference
zone of post-ovulatory females conditioned water and con-
trol water. Males showed a stronger chemical attraction to
pre-ovulatory females compared to post-spawning females
(P<0.05). Although focal males showed similar attraction
to pre-ovulatory females through both visual and chemical
stimuli, they were less attracted to the chemical stimulus
of post-spawning females compared to their visual stimulus
(P<0.05).

No digging was observed in the control zone, indicating
that a visual or chemical stimulus is necessary. There was
a significant effect of the stimulus type (F(; 49,=102.337,
P<0.001) and female stage on digging (Fj 49,=12.633,
P<0.001) (Fig. 3 left). Digging by focal males was higher
when the stimulus was visual than when it was chemical
(P<0.001), with no additional effect of adding the chemi-
cal stimulus to the visual stimulus (P=0.138). Digging
was similar for pre-ovulatory and post-spawning females
if the stimulus was visual (P=0.058) or visual+chemi-
cal (P=0.069) but significantly higher for pre-ovulatory
females when the stimulus was chemical (P =0.023).

As with digging, there was no urination in the control
zone. Urination frequency by focal males was affected by
the type of stimulus (F{;49,=64.036, P<0.001) and the
female reproductive stage (F; 49=4.900, P=0.032) (Fig. 3
right). Focal males urinated less frequently with a chemi-
cal than a visual stimulus, irrespective of the reproductive
stage of the females (P<0.05). The reproductive stage only
influenced focal male urination when chemical (difference
of means=1.333, r=0.803, P=0.426) and visual (difference
of means=0.867, t=0.536, P=0.595) stimuli were pres-
ent simultaneously (difference of means=4.111, ¢=2.477,
P=0.017) and was lower in response to post-spawning
females (P<0.05).

There was a significant effect of chemical treatments
compared to the control visual cue only (F(5 3,,=35.07;
P<0.001) (Fig. 4). Focal males spent significantly more
time near a chemical+visual stimulus, in particular, if the
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Fig. 3 Number of digs (left) and urine pulses (right) in response to visual, chemical, or visual+chemical stimulus from pre-ovulatory and post-
spawning females. Bars are mean+SEM. Different letters represent statistically significant differences (P<0.05)
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in each preference zones
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Fig. 4 Time (s) spent by focal males in preference zones receiving
visual stimulus only (control) and a combination of visual and chemical
stimuli (pre-ovulatory conditioned water [CW], post-spawning condi-
tioned water, and 17B-estradiol 3-glucuronate). Bars are mean+SEM.
Different letters represent statistically significant differences (P<0.05)

stimuli were from pre-ovulatory females, than near a visual
stimulus only as control (P<0.001). Furthermore, estradiol-
17B glucuronate had the same effect on the time spent by
males in the preference zone as conditioned water from pre-
ovulatory females (P<0.05).

There was also a significant effect of chemical treatments
ondigging (F|3 35,=17.30; P<0.001) (Fig. 5 left). However,
only focal males exposed to pre-ovulatory conditioned water
showed significantly higher digging activity than the con-
trol visual treatment (P<0.001). There were no significant
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differences between the digging of focal males exposed to
post-spawning conditioned water and 17p-estradiol 3-gluc-
uronate (P=0.176).

There was no significant effect of any of the chemical
treatments on urination of focal males compared to visual
treatment (P=0.342) (Fig. 5 right).

Discussion

The present study showed that male tilapia prefer the zones
receiving visual, chemical, and their combination from
pre-ovulatory females in comparison to control zones. Fur-
thermore, focal males showed significant attraction to the
preference zones receiving visual and visual+chemical
stimuli from post-spawning females in comparison to con-
trol zones.

Previous studies have shown that conditioned water from
pre-ovulatory female tilapia provide stronger olfactory cues
to males than post-spawning females, indicating that potent
odorants contained in the conditioned water pre-ovulatory
females are responsible for the higher attraction of focal
males in comparison to post-spawning females’ conditioned
water (Miranda et al. 2005). Our study arrived at a similar
conclusion as pre-ovulatory conditioned water was more
attractive for focal males than post-spawning conditioned
water. It seems that male tilapia discriminate between chem-
ical stimuli from pre-ovulatory and post-spawning females,
but are attracted to visual signals alone, independently of
reproductive status, which indicates that both stimuli play
a crucial role in mate choice and recognition of ovulation
status.

Visual cues could include female colouration, body
shape, body posture, and behaviour (Rowland 1999; Esco-
bar-Camacho and Carleton 2015). However, colour changes
in the females are not obvious to the human observer. Sev-
eral studies have shown how visual stimuli can influence
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Fig. 5 Number of digs (left) and urine pulses (right) by focal males in
preference zones receiving visual stimulus only (control) and a combi-
nation of visual and chemical stimuli (pre-ovulatory conditioned water

the effect of olfactory stimuli. In round gobies (Neogobius
melanostomus) an imitation of a blank-coloured model of
a reproductive male (visual stimulus) attracted reproduc-
tive females more easily than olfactory cues (urine) (Yavno
and Corkum 2010). In Nile tilapia (Oreochromis niloticus),
which possess a highly sensitive visual system, female
visual cues alone are sufficient to evoke reproductive behav-
iours and affect gonadal development (Castro et al. 2009).
However, recognising a potential mate in a social hierar-
chy may not rely only on visual or chemical cues alone.
Swordtail (Xiphophorus nigrensis) females use both visual
and chemical cues to distinguish conspecifics from hetero-
specifics (Crapon de Caprona and Ryan 1990). Exposure of
male guppies to both visual and chemical stimuli of virgin
females has confirmed that chemical cues are primarily used
by males to assess and discriminate the reproductive status
of females (Guevara-Fiore et al. 2009). In a social hierar-
chy, different sensory modalities are likely to be used by
conspecifics to guide them towards the potential reproduc-
tive mate. Since chemical cues are dissolved in the water,
they may orient the fish from longer distances followed
by visual cues for further and detailed assessment of mate
in closer vicinity (Crapon de Caprona and Ryan 1990); in
other words, mating preference in Mozambique tilapia can
be mediated through the multiple cues rather than relying on
only one signal. This likely increases the accuracy of mate
assessment and eventually reduces the cost of mate choice
(Candolin 2003).
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[CW], post-spawning conditioned water [CW], and 17B-estradiol
3-glucuronate). Bars are mean+SEM. Different letters represent sta-
tistically significant differences (P<0.05)

Recently, we have shown that focal males increase their
nest-digging behaviour in response to conditioned water
and faeces extract from pre-ovulatory females compared to
post-spawning females’ conditioned water (Ashouri et al.
2023). In the present study, the number of digs and urine
pulses, both as courtship behaviour in male tilapia (Baer-
ends and Baerends-van Roon 1950; Barata et al. 2007) were
quantified and focal males showed higher number of digs
in response to conditioned water from pre-ovulatory than
post-spawning females. This might be explained by a higher
concentration of odorants contained in the pre-ovulatory
female-conditioned water, which could include bile acids,
amino acids and/or steroids (Ashouri et al. 2023). Body
fluids such as urine may be responsible for evoking higher
nest-digging behaviour by focal males since urine from pre-
ovulatory has higher olfactory potency than post-spawning
females (Miranda et al. 2005). However, the amount of male
digging behaviour was not distinguishable in the presence
of chemical and visual stimuli sent by pre-ovulatory and
post-spawning females. One possible explanation is that
the experimental design did not allow focal males to assess
the females’ reproductive status through courtship as if they
were allowed to interact. Male tilapia typically show a wide
range of courtship behaviours to attract and orient the pre-
ovulatory females to their nest, including chasing and nip-
ping, together with urinary sex pheromones (Baerends and
Baerends-van Roon 1950). Furthermore, digging and court-
ship behaviours may convey different information about the
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readiness and maturity of focal males to the females that
likely initiate their ovulation cycle and make them ready
for the next spawning. This can be further explained by the
energy-consuming maternal care of females after spawning,
and females prefer to invest and evaluate dominant males
through the visual courtship signals (Maruska and Butler
2021).

Physical assessment, also known as tactile interac-
tion, has been seen in other species to mediate anti-pred-
ator responses within a group-based hierarchy (Riley et al.
2019). Other species such as the Mexican molly (Poecilia
sphenops) have a moustache-like structure used by males
to attract females and provide tactile information during the
nipping (Schlupp et al. 2010).

In the current study, the comparison between treatments
7 and 8 (set 2) showed that focal males were more attracted
to pre-ovulatory female-conditioned water+ visual stimulus
than to a visual stimulus alone (control) or a visual stimu-
lus plus post-spawning conditioned water. These results are
different from when focal males showed no differences in
preference between visual plus chemical stimulus from pre-
ovulatory and post-spawning females (treatments 1 to 6 of
set 1). Having a choice of stimuli may be more discrimina-
tory and better highlight the differences between stimuli.

A visual stimulus plus E, 3-glucuronate was just as attrac-
tive as a visual stimulus plus pre-ovulatory conditioned
water. This suggests that E, 3-glucuronate is a major com-
ponent of pre-ovulatory female-conditioned water that acts
as an attractant to males. Given the release of significant
amounts of E, 3-glucuronate by pre-ovulatory females and
the high olfactory sensitivity of male tilapia to 10 pmol.I™!
E, 3-glucuronate (Ellis et al. 2013; Huertas et al. 2014), this
hormonal metabolite appears to convey information about
the females’ reproductive readiness and to attract male con-
specifics. Interestingly, tilapia males are also highly sensi-
tive and are attracted to faecal cholic and taurocholic acids
from pre-ovulatory females (Ashouri et al. 2023) although
the behavioural response appears to be smaller than E,
3-glucuronate. Together, this suggests a female pheromone
signalling reproductive status to males in which E, 3-gluc-
uronate is likely to play a major role. Haplochromis burtoni
has olfactory sensitivity to E, sulphate (Cole and Stacey
2006), suggesting that estrogens and their metabolites could
have a similar role in other cichlids. Thus, as with the gold-
fish (Poling et al. 2001), in tilapia, male and female hor-
mones and bile acids appear to communicate reproductive
status and facilitate spawning synchrony.

However, unlike the effect on attraction, digging behav-
iour was only increased in pre-ovulatory females in condi-
tioned water, as previously shown (Ashouri et al. 2023), and
no differential effect on urination was observed for any of the
treatments. This indicates that pre-ovulatory females likely
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produce an additional component other than E, 3-glucuro-
nate that stimulates digging behaviour and that urination
results only from a visual stimulus. The component that
stimulates digging could be another sexual steroid perhaps
linked to final oocyte maturation (Tokarz et al. 2015). In
addition, providing only one component from a complex
stimulus such as conditioned water in which can include
urine, faeces, ovarian fluid, skin mucus, etc., may disrupt
the multiple signalling where both sexes in the interaction
convey information about their reproductive and/or social
status (Hebets and Papaj 2005; Hebets and Rundus 2010).

Mozambique tilapia is a member of the African Pseudo-
crenilabrinae subfamily, the only one of the four cichlid sub-
families sensitive to sex steroids (Stacey 2014). It belongs
to the Oreochromini tribe, the only one that has a receptor
exclusive for estrogen 3-glucuronides (Stacey 2014). The
Oreochromini are also the only exclusive maternal mouth
brooders of the Pseudocrenilabrinae, with females receiv-
ing no help from males (Balshine-Earn and Earn 1998). It
is tempting to speculate that the E, 3-glucuronate signal
evolved to provide males with an honest signal of female
reproductive quality, which they use together with visual
appearance. Due to the critical role of females in brood
success, males are likely under strong selective pressure to
evaluate female quality and therefore rely on multiple cues
(Maruska and Butler 2021).

In conclusion, our study confirms the synergistic effect
of multisensory signals on Mozambique tilapia behaviour
and provides suggestive evidence that the appearance of a
receptor for estrogen 3-glucuronides in the Oreochromini
may be linked to a mechanism for assessing female repro-
ductive status.
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