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ABSTRACT 

Olfaction mediates many crucial life-history behaviors such as prey 
detection, predator avoidance, migration and reproduction. Olfactory 
function can also be modulated by an animal’s internal physiological 
and metabolic states. While this is relatively well studied in mammals, 
little is known about how internal state impacts olfaction in fishes, the 
largest and most diverse group of vertebrates. Here we apply electro-
olfactograms (EOGs) in the African cichlid fish Astatotilapia burtoni 
to test the hypothesis that olfactory responses to food-related cues (i.e. 
L-amino acids; alanine and arginine) vary with metabolic, social and 
reproductive state. Dominant males (reproductively active, reduced 
feeding) had greater EOG magnitudes in response to amino acids at 
the same tested concentration than subordinate males (reproductively 
suppressed, greater feeding and growth rates). Mouth brooding 
females, which are in a period of starvation while they brood fry in 
their mouths, had greater EOG magnitudes in response to amino acids 
at the same tested concentration than both recovering and gravid 
females that are feeding. Discriminant function analysis on EOG 
magnitudes also grouped the male (subordinate) and female 
(recovering, gravid) phenotypes with higher food intake together and 
distinguished them from brooding females and dominant males. The 
slope of the initial negative phase of the EOG also showed intra-sexual 
differences in both sexes. Our results demonstrate that the relationship 
between olfaction and metabolic state observed in other taxa is 
conserved to fishes. For the first time, we provide evidence for intra-
sexual plasticity in the olfactory response to amino acids that is 
influenced by fish reproductive, social and metabolic state. 

KEY WORDS: Astatotilapia burtoni, Electro-olfactogram, EOG, 
Feeding, Olfaction, Teleost 

INTRODUCTION 
Soluble chemical compounds in the aquatic environment provide 
relevant cues or signals to mediate crucial behaviors such as 
feeding, reproduction, predator avoidance and navigation/ 
migration. These environmental stimuli are detected by the 
chemosensory systems of olfaction and taste (gustation), which 
represent phylogenetically old senses. The olfactory system of 
vertebrates responds when odorants bind to molecular olfactory 
receptors located on olfactory receptor neurons (ORNs) within the 
sensory portion of the olfactory epithelium. In fishes, the olfactory 
system plays a vital role in many life-history behaviors such as 
reproduction (Lastein et al., 2015), kin recognition (Hinz et al., 
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2013), parental care (Wisenden et al., 2014), larval settlement 
(Atema et al., 2002; Leis et al., 2011), homing and migration 
(Stabell, 1992; Li et al., 1995; Bett and Hinch, 2016), and prey and 
predator detection (Hara, 1993; Wisenden, 2000; McCormick and 
Manassa, 2008). Although much is known about how the olfactory 
system of fishes responds to different odorant classes (e.g. amino 
acids, bile salts, steroids, nucleotides, prostaglandins) (Caprio, 
1978; Sorensen et al., 1988; Nikonov and Caprio, 2004, 2007; Cole 
and Stacey, 2006; Rolen and Caprio, 2007; Tricas et al., 2009; 
Meredith et al., 2012; Buchinger et al., 2014), little is known about 
how olfactory responses may be altered within a species that 
undergoes plasticity in olfactory-mediated behaviors, such as 
feeding and reproduction. 

Amino acids are common components of natural prey, and 
feeding behaviors in fishes can be triggered by olfactory reception 
of even single amino acids (Lindstedt, 1971; Valentincic and 
Caprio, 1994a,b; Hara, 2006). In many taxa [e.g. C. elegans 
(Colbert and Bargmann, 1997), axolotls (Mousley et al., 2006), 
Drosophila (Root et al., 2011) and mammals (Julliard et al., 2007; 
Prud’homme et al., 2009)], feeding state and the resulting regulatory 
metabolic factors (e.g. hunger and satiety peptides, glucose, lipids, 
amino acids) can modulate olfactory responses such that fasting 
increases and satiety decreases olfactory responses. These changes 
in olfactory responses function to maintain nutritional homeostasis 
and can motivate hungry animals to seek food and fed animals to 
divert attention to other non-food related tasks. The mechanisms 
responsible for this plasticity are not well understood, but 
some evidence exists for the modulation of ORN responses within 
the olfactory epithelium itself. For example, in both rodents and 
the axolotl, neuropeptide Y (a feeding stimulant) increases the 
amplitude of the electro-olfactogram (EOG) response to food-
related odorants, but only in fasted individuals (Mousley et al., 
2006; Negroni et al., 2012; Palouzier-Paulignan et al., 2012). Thus, 
the response of the peripheral olfactory system is influenced by 
nutritional status to mediate olfactory-driven behaviors that vary 
throughout the life history of the animal. 

Reproductive and hormonal status can also influence olfactory 
responses, but it is primarily examined in the context of changes 
in detection thresholds to reproductively relevant compounds 
(i.e. pheromones). In humans, for example, olfactory sensitivity to 
male social odors (e.g. androstadienone, androsterone) is higher in 
fertile compared with non-fertile women (Lundstrom et al., 2006; 
Renfro and Hoffmann, 2013), and olfactory perception in mammals 
can vary across the menstrual and estrous cycle (Kumar and 
Archunan, 1999; Derntl et al., 2013; Kanageswaran et al., 2016). In 
fishes, steroid hormones also influence olfactory responses to 
pheromonal compounds (Cardwell et al., 1995; Belanger et al., 
2010; Ghosal and Sorensen, 2016). These studies suggest that 
changes in olfactory responsiveness can be odor type-dependent 
and may also be related to internal hormonal state. While gender 
differences in olfactory capabilities are evident from fishes to Jo
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A Dominant Subordinate 

Reproductively active Reproductively suppressed 
Territorial Non-territorial 

Higher plasma sex steroids Lower plasma sex steroids 
Lower feeding and growth rates Higher feeding and growth rates` 

B 

Spawning 

Gravid Mouth brooding 
High reproductive potential Low reproductive potential 
High plasma sex steroids Low plasma sex steroids 

Feeding Non-feeding 
Recovering 

Intermediate reproductive potential 
Intermediate plasma sex steroids 

Feeding 

Fig. 1. Characteristics of male and female Astatotilapia burtoni phenotypes. (A) Males are either dominant and territory-holding or subordinate and non-
territorial; these phenotypes differ in coloration, reproductive, hormonal and metabolic states. Males can also reversibly switch between these social states 
depending on the social environment. (B) Females also differ in reproductive, hormonal and metabolic states. Sexually receptive gravid females will spawn with 
dominant males and then carry the developing fry in their mouths for ∼2 weeks (mouth brooding), which is a period of starvation, reduced ovarian growth and lower 
levels of circulating steroids. After releasing free-swimming fry, females undergo a recovery period characterized by ovarian recrudescence and increased feeding 
until they become gravid again and ready to spawn. 
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mammals (Irvine and Sorensen, 1993; Michel and Lubomudrov, 
1995; Brand and Millot, 2001), there is a paucity of information on 
olfactory plasticity within each sex. In addition to pheromones, such 
as steroids, bile acids and prostaglandins, some evidence exists in 
fishes that amino acids are used as social signals among 
conspecifics (Yambe et al., 2006; Ward et al., 2011; Kleinhappel 
et al., 2016; Kutsyna et al., 2016). However, little is known in any 
taxa about how olfactory responses to amino acids or food-related 
cues may vary with reproductive or social status. 
The African cichlid fish Astatotilapia burtoni (Günther 1894) is a 

species well suited to examining the influence of metabolic and 
reproductive state on olfactory responses because both males and 
females cycle between states that differ dramatically in energy 
investment and reproductive capacity (reviewed in Fernald, 2002; 
Maruska and Fernald, 2014) (Fig. 1). How might the trade-offs 
between resource allocation and reproductive capacity in both male 
and female A. burtoni influence their olfactory responses to food-
related odorants? While there are links between metabolic state, 
food intake and olfaction in many animals from insects to humans 
(Palouzier-Paulignan et al., 2012), this relationship has not yet been 
examined in fishes, the largest and most diverse group of vertebrates 
with over 30,000 species. The goal of the present study, therefore, 
was to test the hypothesis that olfactory responses to food-related 

cues (i.e. amino acids) vary with fish metabolic, social and 
reproductive state. 

MATERIALS AND METHODS 
Experimental animals 
Adult laboratory-bred African cichlid fish A. burtoni were derived 
from a wild-caught population collected from Lake Tanganyika, 
Africa, in the 1970s (Fernald and Hirata, 1977). Fish were 
maintained in mixed-sex groups in flow-through aquaria under 
environmental conditions similar to those of Lake Tanganyika 
(pH 8.0, 28–30°C, 300–50 µS cm−1, 12 h:12 h light:dark cycle, 
constant aeration). Fish were fed cichlid flakes daily (Aquadine, 
Healdsburg, CA, USA), and supplemented with frozen brine shrimp 
two to three times per week. All experiments were performed in 
accordance with the recommendations and guidelines provided by 
the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals, 2011. The protocol was approved by the 
Institutional Animal Care and Use Committee (IACUC) at 
Louisiana State University, Baton Rouge, LA, USA. 

The in situ EOG technique was used to test the olfactory 
responses of dominant (standard length, SL=54.1±4.3 mm s.d.; 
body mass, BM=3.9±1.2 g s.d.; gonadosomatic index, GSI=0.99± 
0.35 s.d.) and subordinate adult males (SL=45.3±5.5 mm; 
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BM=2.1±0.75 g; GSI=0.33±0.16), and gravid (SL=45.1±3.1 mm; 
BM=2.2±0.62 g; GSI=8.1±1.8), mouth brooding (SL=40.4± 
3.2 mm; BM=1.4±0.46 g; GSI=0.50±0.20) and recovering 
females (SL=44.3±3.1 mm; BM=2.0±0.55 g; GSI=1.2±0.80). 
These different phenotypes within each sex represent different 
reproductive, metabolic and social states (Fig. 1). Male A. burtoni 
exist in a social hierarchy that includes two reversible phenotypes, 
dominant and subordinate. Dominant males hold territories, are 
brightly colored and reproductively active, and spend the majority 
of their time performing reproductive and territorial defense 
behaviors. Because dominant males are more focused on territory 
defense and reproduction, they are often less attentive to feeding 
during their typical 4–5 week territory-holding tenure. Subordinate 
males are more drably colored and reproductively suppressed, do 
not hold territories, and spend their time shoaling with females. 
Without territories to defend, subordinate males also typically spend 
more time feeding and show higher growth rates than dominant 
males (Fernald and Hirata, 1977; Hofmann et al., 1999). For the 
EOG experiments described here, dominant and subordinate males 
were classified based on coloration, stereotypical behaviors 
performed by each social status, and GSI, as done previously 
(Maruska and Fernald, 2013, 2014). Females spawn with males 
when they are gravid (full of eggs) and sexually receptive. 
Following spawning, females care for developing fry inside their 
mouths for ∼2 weeks, and then recover from mouth brooding back 
to a gravid state, which is characterized as a period of feeding and 
ovarian recrudescence. During the mouth brooding period, females 
typically do not feed and show decreased body mass and delayed 
ovarian cycles (Renn et al., 2009; Grone et al., 2012). Gravid 
females were selected for EOG experiments based on distended 
abdomens prior to feeding, and GSI of ≥6.0 (indicative of carrying 
large eggs prior to spawning) was later verified (ovulation status was 
not known). Experimental mouth brooding females contained 
developing fry in their buccal cavity that were late-brood (days 10– 
14 of 2 week brood period), while recovering females were in a 
period of recrudescence and were neither gravid nor mouth 
brooding with a GSI range of 0.39–2.64. 

Experimental setup 
Fish were quickly netted from community tanks prior to feeding to 
ensure that all individuals were in a similar short-term feeding state 
(e.g. all were fed ∼24 h earlier). Our goal was to compare EOG 
responses from groups of fish that differed in long-term (days-
weeks) metabolic state associated with reproduction, rather than 
short-term deprivation or satiety. Fish were then anesthetized in 

ice-cold cichlid-system water [reverse osmosis (RO) water 
supplemented with Tanganyika buffer (Seachem, Madison, GA, 
USA) to pH 8.0 and Cichlid Lake Salt (Seachem) to 
300–400 µS cm−1] and immobilized with an intramuscular 
injection of the paralytic agent pancuronium bromide (2.5 µg g−1 

BM in 0.9% NaCl). Additional injections were applied as needed 
during the experiment. The fish were positioned in a Plexiglas 
container, stabilized by clamps, and kept moist by wet Kimwipes®. 
Ventilation was provided during the experiments by a gravity-fed 
tube inserted into the mouth supplying a constant flow of aerated 
cichlid-system water over the gills. Access to the olfactory 
epithelium was achieved by careful removal of a small amount of 
skin, connective tissue and cartilage surrounding the single naris 
opening on the left side of the fish. 

EOG recordings 
The EOG is a negative electrical potential recorded in the water 
immediately above the fish’s olfactory epithelium in response to 
odorant stimuli and represents the summated generator potential of 
the ORNs (Silver et al., 1976; Scott and Scott-Johnson, 2002). The 
recording and reference electrodes were Ag/AgCl pellet electrodes 
(World Precision Instruments, Sarasota, FL, USA) fitted with a 
saline-agar-filled glass capillary tube (tip diameter 100 µm, 
0.15 mol l−1 NaCl, 0.5% agar). The recording electrode was 
positioned immediately above the circular olfactory epithelium, 
which typically contains seven to nine lamellae in this species 
(Fig. 2), whereas the reference electrode was placed on the skin 
between the eyes; the fish was grounded via a syringe needle in the 
tail musculature. The EOG responses were DC amplified (Grass 
P-18, Astro-Med, West Warwick, RI, USA), digitized on a CED 
Micro 1401 A-D converter running Spike 2 software (Cambridge 
Electronics Design, Cambridge, UK) and stored on computer for 
later analysis. At the end of each experiment, the fish was measured 
for SL, weighed for BM and euthanized by rapid cervical 
transection. Gonads were removed and weighed (gonad mass, 
GM) to calculate GSI [GSI=(GM/BM)×100] as a measure of 
reproductive investment. 

Odorant stimuli and delivery 
Olfactory stimuli consisted of L-alanine (Ala; neutral amino acid 
with a short side chain) and L-arginine (Arg; basic amino acid) at 
concentrations of 10−6, 10−5 and 10−4 mol l−1. Stimuli 
<10−6 mol l−1 were not used in this investigation as preliminary 
tests indicated that responses to lower concentrations were often 
within control levels, making any determination of threshold 

A B C L 

N 

R 
OE 

Fig. 2. Location and morphology of the naris and olfactory epithelium in Astatotilapia burtoni. (A) Photograph of a dominant A. burtoni male illustrating the 
location of the right olfactory naris (N) opening in front of the eye. Astatotilapia burtoni has a single naris opening on each side of the head. (B) Photograph of the 
same fish shown in A with the exposed olfactory epithelium (OE) located beneath the naris opening. (C) Photograph of an exposed olfactory epithelium in a  
dominant male stained with the vital dye DASPEI showing eight lamellae (L) around the central raphe (R) [image in C is from our previous study (Butler et al., 
2016)]. Scale bars, 1 mm (A,B) and 500 µm (C). 
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A Arg Ala Arg Ala Arg Ala Fig. 3. Example of sequential 

10–4 mol l–1 10–4 mol l–1 10–5 mol l–1 10–5 mol l–1 10–6 mol l–1 10–6 mol l–1 randomized stimulus application and 
electro-olfactogram (EOG) response 

0 traces in the cichlid Astatotilapia 
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V
) traces from a single fish (recovering 
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–2 experiment. Lines beneath each trace 
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–3 stimulus application. (B) Example of five 
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B Arg Ala Arg Ala Arg Ala amplitude) of the response to five 
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amino acid at each test concentration. 
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suspect. All chemicals were reagent grade (Sigma-Aldrich, St 
Louis, MO, USA) and RO-water (pH 8.1) served as the rinse 
solution and solvent for the stimuli. Amino acid analyses were 
conducted at the LSU AgCenter Biotechnology Laboratory (Dionex 
ICS-3000 system consisting of a GS50 Gradient Pump, an AS50 
Autosampler, and an ED50 electrochemical detector) to determine 
the free amino acid concentrations of the recirculating cichlid-
system water where fish were housed and the solvent solution used 
for odorant application. Both RO-water and cichlid-system water 
contained Ala and Arg levels that were below the detection level of 
the analysis system (<20 picomole). Stock solutions (10 mmol l−1) 
were prepared weekly and test solutions were prepared daily. 
A constant flow (50 µl s−1) of solvent control water at 22°C 

bathed the olfactory organ for several minutes, followed by five to 
eight 4-s applications of Ala and Arg at three different test 
concentrations (10−6, 10−5 and 10−4 mol l−1) presented randomly. 
This randomized delivery was verified not to influence EOG 
responses when odorants of different type or concentration were 
delivered sequentially (Fig. 3). A stimulus duration of 4 s was 
chosen because preliminary experiments testing different durations 
revealed that the EOG response magnitude showed minimal 
variance and plateaued at ∼3–4 s, indicating that longer durations 
were not necessary and shorter durations were too variable. The 
amino acid stimuli were delivered by an eight-channel controlled 
gravity perfusion system with the same pressure across all 
individuals tested (VC3-8PG, ALA Scientific Instruments, 
Farmingdale, NY, USA). Stimulus solutions were delivered 
through separate tubes (MLF-8 millimanifold, ALA Scientific) 
and inter-stimulus intervals were 90–120 s. Control RO-water was 
also tested intermittently throughout each recording period. A total 
of ∼50–0 stimulus presentations occurred for each fish tested. 

Data and statistical analyses 
The peak amplitude (mV) of the EOG response was measured for 
each 4 s odorant application. Peak amplitude values were then 
averaged across the repeated five to eight presentations of each 
odorant at the same concentration within each fish. To characterize 

the shape of the odorant-evoked EOG waveform, the following 
parameters were measured in a subset of animals from each of the 
five fish groups: (1) the slope of the initial negative phase measured 
at 70% of peak amplitude in mV s−1, and (2) the time period at 50% 
of peak amplitude. Each of these two measures was calculated from 
three representative waveforms evoked to each amino acid at each 
test concentration per fish (N=3–5 fish analyzed per group). 

Peak amplitudes, slopes and 50% times of the EOG responses 
were compared using generalized linear mixed models (GLMMs). 
GLMMs account for data with non-normal distributions or 
heterogeneous variances within the effects of the model, 
allowing for rigorous, but more biologically realistic, 
comparisons (Venables and Dichmont, 2004; Bolker et al., 
2008). Amino acid was used as the within-subjects repeated 
measures variable, and concentration was nested under amino 
acid. Sex, reproductive state, amino acid and concentration were 
assigned as fixed factors and individual fish subjects as a random 
factor. Body size was used as a covariate in the statistical models 
because there were differences in standard length and body mass 
among fish groups (ANOVA, F4,33=12.90, P<001), and some 
positive correlations between body size and EOG response 
amplitudes (Pearson correlations, r=0.37-0.43, P<0.05). Thus, 
using body size as a covariate in the analysis removes any effects 
of this confounding variable on the EOG responses. Pairwise 
comparisons with least significant difference (LSD) adjustments 
were used to determine differences between sexes, reproductive 
states, amino acids and test concentrations. Bonferroni corrections 
or other similar procedures were not used because they reduce 
statistical power and increase the chance of type II errors, 
especially in small sample sizes. While these correction tests do 
reduce type I errors, their unacceptable effects on statistical power 
can mask potential biologically relevant results (Nakagawa, 2004). 
Discriminant function analysis was used to group animals based 
on EOG responses (amplitude, slopes) using within-groups 
co-variances and all groups were considered equal. Missing 
values [i.e. responses with peripheral waves (PWs), oscillations 
in the recorded EOG] were replaced with the group mean. 
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Chi-square tests were also used to test for differences in the 
presence of PWs among fish groups within each sex. Statistical 
comparisons were made in SPSS 24 (IBM, Armonk, NY, USA) or 
SigmaPlot 12.3 (Systat, San Jose, CA, USA). 

RESULTS 
EOG responses 
EOG recordings were obtained from 37 A. burtoni fish. EOG 
responses to amino acids showed an initial phasic negative 
deflection that reached 80% peak amplitude within 0.5–2.0 s 
(depending on concentration, with the response to higher stimulus 
concentrations reaching peak amplitude at the shorter time) 
followed by a slower recovery back to pre-stimulus levels 
(Figs 3–5). The shape and amplitude of the EOG responses to 
both Ala and Arg were consistent and repeatable, respectively, 
across the different tested concentrations (Fig. 3). 

Reproductive, social and metabolic state differences 
The magnitude of the EOG in response to each amino acid at the 
three tested concentrations showed similar dose–response 
relationships across female reproductive states (brooding, 
recovering, gravid) (Fig. 4B,D) and male social status (dominant, 
subordinate) (Fig. 5B,D). There was no overall effect of sex 
(F1,172=0.006, P=0.936) or amino acid type (F1,172=0.661, 
P=0.417) on magnitude of the EOG. However, there was an 
overall effect of concentration (F2,172=160.081, P<0.001) and 
reproductive state (F4,172=26.500, P=0.035) on the magnitude of the 
EOG responses within each sex, but no interaction between 
reproductive state and concentration (P=0.348). Mouth brooding 
females had a greater magnitude of EOG responses at the higher 
tested concentrations of amino acids (Ala 10−4 mol l−1: P=0.002; 
Ala 10−5 mol l−1: P=0.015; Arg 10−4 mol l−1: P<0.001) than 
recovering and gravid females (Fig. 4B,D). However, EOG 
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response magnitude did not differ among female states at lower between the two (Fig. 6A,B). Dominant males also had a steeper 
concentrations (10−6 mol l−1 for Ala; 10−6 and 10−5 mol l−1 for slope than subordinate males (P=0.012; Fig. 7A,B). In general, 
Arg). Gravid and recovering females had a similar magnitude of higher amino acid concentrations resulted in steeper slopes of the 
EOG responses to both amino acids (Ala: P=0.965; Arg: P=0.950). EOG response. Application of 10−4 mol l−1 stimuli resulted in an 
In males, dominant individuals had greater EOG magnitudes EOG response with a greater slope than those tested at 10−5 and 
compared with subordinate individuals for both Ala (P=0.022) and 10−6 mol l−1 (P<0.001 for both). Further, EOG responses evoked by 
Arg (P=0.050) at all tested concentrations (Fig. 5B,D). the 10−5 mol l−1 test stimuli had steeper slopes than those evoked by 
The shape (slope of the initial negative phase) of the EOG in 10−6 mol l−1 test stimuli (P=0.004). The significant interaction 

response to amino acid stimuli also differed among fish of different between reproductive state, amino acid and concentration revealed 
metabolic and reproductive states in both females and males (Figs 6 that response differences in reproductive state were dependent on 
and 7). Overall, there was no significant effect of sex or amino acid concentration, which indicates that the highest concentration 
on the slope of the EOG response. However, there were main effects (10−4 mol l−1) resulted in the greatest differences owing to 
of reproductive state (F4,16=4.791, P=0.016) and concentration reproductive state while the lowest concentration resulted in the 
(F2,32=47.237, P<0.001) and an interaction between reproductive smallest. In addition, the reproductive state differences in slope are 
state, amino acid and concentration (F16,20=2.717, P=0.019; Figs 6 slightly greater in response to Arg compared with Ala. Overlays of 
and 7). Gravid females had a steeper slope than mouth brooding representative EOG traces from three different fish responding to 
females (P=0.042) while recovering females were intermediate Ala (10−4 mol l−1) and Arg (10−4 mol l−1) illustrate the Jo
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positions (1 and 2) in a single recovering female. The two traces at each position are repeated applications of the same 10−4 mol l−1 Ala or Arg solutions. 
(C,D) Slope of the EOG in response to three tested concentrations of Ala (C) and Arg (D) in brooding, recovering and gravid females. The slope is steeper in gravid 
females compared with recovering and brooding females but was only significant at the highest concentration. Tukey’s box plots were used to plot the data: 
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whiskers extend to the furthest data points not considered outliers. N=3–5 animals per group; response slopes were corrected for fish body size. Lines with 
asterisks indicate statistical differences (P<0.05) among fish groups at each test concentration (see Results for details). Inset in C shows how the slope of the initial 
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reproducibility of the slopes across individuals within their 
respective fish group (Figs 6 and 7). In contrast to the observed 
slope differences, the time period at 50% amplitude of the EOG 
response did not differ with sex, reproductive state, amino acid or 
concentration (P>0.05 for all factors). 
Discriminant function analysis (DFA) combines all input 

variables into a single composite score and identifies which 
variables contribute to differentiation between the five animal 
groups. Three different DFAs were run to determine which 
variables best distinguished the different fish groups: (1) EOG 
peak amplitude alone, (2) EOG slope alone and (3) EOG 
amplitude and slope combined (Fig. 8). The DFA for EOG 
amplitude alone extracted two significant functions (P<0.001) that 
explained more than 95% of the data variance. Function 1 
explained 54.6% of the variance, was loaded most strongly by the 

highest concentrations (10−4 mol l−1) of Arg, and separated mouth 
brooding females from other fish (Fig. 8A). Function 2 explained 
an additional 40.7% of the variance, was loaded most strongly by 
the highest concentration (10−4 mol l−1) of Ala and separated 
dominant males and, to a lesser extent, mouth brooding females 
from subordinate males, gravid females and recovering females. 
Based on EOG response amplitudes, the DFA accurately classified 
100% of males (both dominant and subordinate) and 86% of 
mouth brooding females, but only 50% of recovering and 37.5% 
of gravid females. Interestingly, recovering and gravid females 
were commonly misclassified as each other or as subordinate 
males, indicating a similarity in EOG response patterns between 
recovering females, gravid females and subordinate males. 

The DFA on EOG slope alone extracted one significant 
function (P=0.022) that explained 70.2% of the variance 

2986 



3 

1.5 

Fu
nc

tio
n 

2 

0

–1.5 

–3 

B 

Slope 

–5 –2.5 0 2.5 5 

10 C 

5 

0 

–5 

–10 

Brooding females Dominant males 

Recovering females Subordinate males

Gravid females 

4 A 

2 

0 

–2 

–4 Amplitude 

–4 –2 0 2 4 

–10 –5 0 5 10 

Amplitude and slope 

Function 1 

Fig. 8. Linear discriminant function analysis (DFA) of EOG amplitudes 
and slopes in response to alanine and arginine across male and female 
groups of Astatotilapia burtoni. (A) DFA of EOG amplitude alone identifies 
function 1 that discriminates brooding females from all other groups, while 
function 2 discriminates dominant males from other groups. Gravid females, 
recovering females and subordinate males had similar EOG magnitudes and 
grouped together. (B) DFA of EOG slope alone distinguishes dominant and 
subordinate males from each other along function 1, but had minimal impact on 
females. (C) DFA of combined EOG response amplitude and slope clearly 
separates and classifies 100% of animals into their respective groups. 
Discriminant scores are plotted for individual fish and stars represent the 
centroid of each fish group (N=5–8 fish per group in A, and 3–5 fish in B and C). 

5 

4 

3 

2 

) 1 

–1
E

O
G

 re
sp

on
se

 (m
V

 s

0 

S
lo

pe
 o

f 

0 

10–6 10–5 10–4 4 s 

5 

4 

3 

2 

1 

A Alanine 10–4 mol l–1 Ala 

B Arginine 10–4 mol l–1 Arg
* * Dominant

* 

Subordinate 

1 
m

v 

Dominant Dominant 
Subordinate 

* 
* 

* 
Subordinate 

1 
m

v 

10–6 10–5 10–4 4 s 
Concentration (mol l–1) 
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represented by a line and mean by an open circle within the box, the box 
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with asterisks indicate statistical differences (P<0.05) among fish groups at 
each test concentration (see Results for details). Records adjacent to each 
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correctly classified all dominant and subordinate males and gravid 
females, but misclassified recovering and mouth brooding females 
with each other. 

The DFA using combined EOG amplitude and slope extracted 
three significant functions (P<0.001) that explained more than 
99% of the data variance (only the first two are plotted in 
Fig. 8C). The first function explained 60.2% of the variance 
while functions 2 and 3 explained 28.5% and 11% of the 
variance, respectively. Function 1 was most strongly loaded by 
the slope of the response to Arg 10−6 mol l−1 and the amplitude 
of the response to Ala 10−5 mol l−1, and distinguished female 
reproductive states and male social states. Function 2 was most 
strongly loaded by the slope of the response to Ala and clearly 
separated subordinate and dominant males, but had little impact 
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(Fig. 8B). Three other functions were also extracted, but were not 
statistically significant and explained the remaining ∼30% of the 
data variance. Function 1 was loaded most strongly by the highest 
concentration of Arg (10−4 mol l−1) and the middle concentration 
of Ala (10−5 mol l−1). This function primarily segregated 
subordinate and dominant males with minimal impact on 
females. The second function, although not significant, 
explained 15.8% of the data and was loaded by the two highest 
concentrations of each amino acid. Together, these two functions 
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on female separation. Importantly, by combining slope and 
amplitude of the EOG response, this DFA accurately classified 
100% of animals into their respective groups. 

Peripheral waves 
PWs were often observed in EOG recordings from the olfactory 
organ of A. burtoni in response to 10−5 and 10−4 mol l−1 Ala and 
Arg, and exhibited dose-dependent differences (Fig. 9). PWs were 
not observed with 10−6 mol l−1 Ala or 10−6 mol l−1 Arg test stimuli. 
The oscillation frequency from the first second of the PWs was 
generally higher in Ala (13.5±1.0 Hz) compared with Arg (10.75± 
0.5 Hz), and the range of peak-to-peak amplitudes were 
4.5–14.5 mV for Ala and 3.6–10.3 mV for Arg. The greatest 
percentage of EOG responses exhibiting PWs in response to 10−4 

and 10−5 mol l−1 Ala were mouth brooding females (44.4%). PWs 
were less evident in gravid females (36.4%) followed by recovering 
females (10%). However, there was no statistical difference in the 
percentage of EOG responses with PWs among female groups 
(χ2=3.79, P=0.150). In males, there was also no statistical difference 
between the percentages of dominant individuals that showed PWs 
(35.7%) compared with subordinate individuals (27.3%) 
(χ2=0.0003, P=0.986). 

DISCUSSION 
Our results demonstrate that the metabolic impacts on the 
olfactory organ previously described in other taxa also occur in 
fishes, the largest and most diverse group of vertebrates. 
Chemosensory cues are likely highly important for A. burtoni, 
which lives in shallow shore pools and riverine systems of Lake 
Tanganyika, Africa, where visual conditions can be turbid and 
dynamic. Our previous work demonstrated that chemosensory 
signaling is used by both males and females in inter- and intra-

sexual social contexts (Maruska and Fernald, 2012; K.E.F. and 
K.P.M., personal observations). Here, we provide evidence for 
intra-sexual plasticity in the response of the olfactory organ to 
amino acids that varies with fish reproductive and metabolic state 
in both males and females. Collectively, these results highlight the 
importance of chemoreception for several crucial behaviors in this 
species, including reproduction and feeding, and demonstrate 
metabolic-related plasticity in the olfactory periphery for the first 
time in a fish species. 

EOG responses 
The rapid negative potential followed by a slower recovery of the 
EOG responses in A. burtoni was similar to that seen in other 
fishes (Shibuya, 1960; Byrd and Caprio, 1982; Evans and Hara, 
1985), including other cichlids (Keller-Costa et al., 2014; Simões 
et al., 2015). While olfactory responses to steroidal compounds 
were measured previously in A. burtoni (Robison et al., 1998; 
Cole and Stacey, 2003, 2006), with some inter-sexual differences 
demonstrated for some steroid compounds, EOG responses to 
amino acids (other than the response to 10−5 mol l−1 Ala used to 
normalize the data) were not tested. In the present study, EOG 
magnitudes in response to Ala and Arg were dose-dependent 
and did not show evidence of saturation at the concentrations 
tested. We did not determine thresholds for amino acids because 
the relatively large responses to control water masked responses 
to stimulus concentrations below 10−6 mol l−1. Therefore, 
the relative olfactory sensitivity of A. burtoni compared with 
other fishes is unknown. It is important to note, however, 
that behavioral and neural thresholds are often lower than 
those measured by summated recording techniques such as 
EOG (which contains both neural and non-neural elements) 
(Silver, 1982). 
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Reproductive, social and metabolic state differences in EOG 
responses 
Here we describe differences in magnitude and slope of the EOG in 
response to amino acids at the same tested concentrations within 
both males and females that vary in reproductive, social and 
metabolic state. It is important to note, however, that while the 
amplitude of the EOG response does reflect the population of 
responding ORNs, the relationship between EOG magnitude and 
the transfer of relevant information to the olfactory bulb is unknown 
in any animal. Differences in EOG amplitude in response to the 
same tested compounds are therefore not equivalent to changes in 
absolute sensitivity (i.e. threshold detection levels of a stimulus) of 
the olfactory epithelium. There is evidence, however, that changes 
in EOG magnitude in response to the same tested stimuli can reflect 
differences in the number of responding ORNs (e.g. as during the 
breeding season; Nakazawa et al., 2009), or changes in ORN 
responsiveness modulated by molecules such as NPY and leptin that 
can alter the signal to noise ratio of sensory inputs transmitted to the 
olfactory bulbs (Mousley et al., 2006; Savigner et al., 2009). 
Further, studies in rodents suggest relationships between odorant-
evoked EOG response magnitudes and behavioral responses in 
olfactory-related tasks; for example, satiety decreases EOG 
amplitudes, decreases olfactory sensitivity and impairs olfactory-
related behavioral responses (see review by Palouzier-Paulignan 
et al., 2012 and references therein). Thus, while the exact 
significance of variation in EOG magnitude in response to the 
same tested stimuli has yet to be revealed, our results are interpreted 
in the context that this variation represents some biological 
relevance to the animal’s olfactory processing capabilities. 
Differences in EOG responses to putative pheromonal compounds 

(e.g. steroids, prostaglandins) among sexes and reproductive 
maturity are described in several fish species (Sorensen et al., 
1987; Irvine and Sorensen, 1993; Moore, 1996; Murphy et al., 2001; 
Stacey, 2011). To our knowledge, however, the plasticity in EOG 
responses to amino acid stimuli is only described for the common 
carp, Cyprinus carpio (Irvine and Sorensen, 1993). In common carp, 
juveniles have a greater absolute EOG amplitude in response to the 
amino acid L-serine (the only amino acid tested) compared with 
sexually mature males and females (Irvine and Sorensen, 1993), 
which may be due to differences in energetic homeostasis between 
adults and juveniles. In zebrafish, EOG recordings also showed that 
females were more sensitive and had greater EOG amplitudes in 
response to the amino acid cysteine compared with males, but 
reproductive- or status-specific comparisons within a sex were not 
investigated (Michel and Lubomudrov, 1995). In fishes, olfactory 
receptors classified as type C G-protein coupled receptors (OlfCs) 
expressed in the olfactory epithelium detect amino acids and elicit 
feeding behaviors (Speca et al., 1999; Alioto and Ngai, 2006; Koide 
et al., 2009). African cichlids show a lineage-specific expansion of 
OlfC genes, which may have evolved to allow increased ability to 
discriminate a greater variety of amino acids and derivatives 
(Nikaido et al., 2013). Thus, differential expression of OlfC or 
other molecular receptor types that vary with the fish internal 
physiological state may contribute to intra-sexual olfactory 
plasticity. Examining reproductive, social and metabolic changes 
in olfactory responses to food-related cues, such as amino acids, is 
important for understanding how olfactory inputs are integrated in 
the brain to produce context-appropriate behaviors such as feeding 
and mating. Further work in a diversity of teleost fish species should 
provide insight on these olfactory-mediated behavior circuits. 
Subordinate male A. burtoni showed smaller EOG magnitudes in 

response to Ala and Arg at the same tested concentrations compared 

with dominant males. This result supports the conserved 
relationship between long-term satiety state and reduced olfactory 
responses. However, reduced olfactory responses are also typically 
associated with lower olfactory-driven food-seeking behaviors 
(Palouzier-Paulignan et al., 2012). In contrast, subordinate males 
allocate more resources towards feeding and somatic growth in 
anticipation of an opportunity to acquire a territory and spawn with 
females (Hofmann et al., 1999). Thus, it is possible that specific 
metabolic or neuroendocrine signals override homeostatic long-
term satiety signals in subordinate males to maintain high food 
intake despite reduced olfactory responses, a phenomenon similar to 
that observed in obese mammals (Badonnel et al., 2014). In contrast, 
dominant males are extremely active and spend considerable time 
maintaining their territories, defending them from other males, and 
courting and spawning with females (Fernald and Hirata, 1977; 
Maruska and Fernald, 2010b). This increased energy expenditure 
and reduced feeding behavior in dominant males suggests that 
greater olfactory responses may facilitate detection of food within 
their territorial boundaries to maximize nutrition in support of their 
active lifestyle during the several-week territory tenure. It cannot be 
ruled out, however, that differences in EOG magnitudes to amino 
acids between dominant and subordinate males are due to social 
status or reproductive state. This is especially relevant in light of the 
links between circulating steroid levels and olfactory responses in 
many animals (Doty and Cameron, 2009; Ghosal and Sorensen, 
2016; Kanageswaran et al., 2016), and the fact that dominant 
males have higher plasma levels of estradiol, testosterone, 
11-ketotestosterone and progestins compared with subordinate 
males (Maruska, 2015). However, because amino acid stimuli 
such as Ala and Arg primarily represent food-related cues, rather 
than social signals (but see Yambe et al., 2006; Ward et al., 2011; 
Kleinhappel et al., 2016; Kutsyna et al., 2016), it is more likely that 
differences in EOG magnitude are related to metabolic or nutritional 
state. This idea is also supported by our DFA of EOG amplitude, 
which grouped subordinate males along with gravid and recovering 
females, all of which show greater feeding/metabolic activity and 
reduced EOG magnitudes at the same tested concentrations 
compared with dominant males and mouth brooding females. 

Mouth brooding A. burtoni females undergo a period of 
obligatory starvation while they care for developing young inside 
their mouths. These food-deprived mouth brooding females show 
the largest EOG magnitudes, which also supports the previously 
proposed hypothesis in other taxa that fasting is associated with 
increased olfactory responses (reviewed in Palouzier-Paulignan 
et al., 2012). Interestingly, mouth brooding females still show a 
strong motivation to feed, as they often rapidly approach food, but 
abruptly halt before consumption because of the fry already present 
in the buccal cavity. These observations suggest that the control of 
appetitive and consummatory feeding behaviors in females is likely 
regulated by different mechanisms, as shown in other invertebrate 
and vertebrate taxa (Sternson, 2013; Crossley et al., 2016). While 
the cessation of consummatory food intake is likely mediated by 
central mechanisms within the brain (as well as signals from egg/fry 
presence in the mouth), the appetitive food searching behavior is at 
least partially influenced by inputs from the sensory periphery 
(i.e. ORNs and taste receptor cells). For example, neural control of 
feeding and energy homeostasis is regulated primarily by 
hypothalamic nuclei that integrate signals from neurochemicals (e.g. 
neuropeptide Y, NPY; agouti-related protein, AgRP; melanocortins) 
as well as from peripheral metabolic factors (e.g. leptin, ghrelin, 
glucose, lipids) (Sohn et al., 2013; Myers et al., 2016). In A. burtoni, 
gravid females have larger NPY and AGRP (i.e. orexigenic) neurons Jo
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and smaller pro-opiomelanocortin ( pomc) (i.e. anorexigenic) 
neurons in the hypothalamus compared with mouth brooding 
females (Porter et al., in press), which likely helps regulate feeding 
and metabolism. However, the plasticity in olfactory responses in 
females of varying metabolic states also suggests that some 
modulators may act at the level of the olfactory epithelium, the 
mechanisms of which are likely distinct from the central circuits. 
There is already existing evidence in vertebrates for the modulation 
of olfactory epithelial function by metabolic-related signaling 
molecules. For example, neuropeptide immunoreactive fibers 
from modulators such as NPY, along with several G-protein 
coupled receptors that have roles in regulating feeding behavior and 
energy homeostasis, are found in the olfactory epithelium of many 
vertebrates, including teleost fishes (Gaikwad et al., 2004; Negroni 
et al., 2012; Olender et al., 2016). Modulators such as NPY also 
influence olfactory responses at the epithelium level in rodents and 
amphibians, particularly in hungry animals (Mousley et al., 2006; 
Negroni et al., 2012). Collectively, these studies provide support for 
a physiological link between the olfactory periphery and nutritional 
state. Because the mouth brooders in our study were in the late brood 
stage, greater EOG magnitudes in response to amino acids at the 
same tested concentration are consistent with a potential function in 
preparing or priming the starved females (at perceptual and goal-
directed neural circuit levels) to rapidly detect, find and consume 
prey/food once the brood is released. It is also possible that brooding 
females use amino acids and other olfactory cues to facilitate 
maternal care both during the brood period and after the fry are 
released. 
We know from previous studies, however, that gravid, recovering 

and mouth brooding A. burtoni females, and dominant and 
subordinate males, also have different circulating sex-steroid 
levels (androgens and estrogens; gravid>recovering>brooding; 
dominant>subordinate) (Maruska and Fernald, 2010a). In fishes 
and amphibians, there is evidence that sex steroids can increase the 
sensitivity of the olfactory epithelium to specific odorants, 
particularly pheromones (Cardwell et al., 1995; Toyoda and 
Kikuyama, 2000; Belanger et al., 2010; Ghosal and Sorensen, 
2016), but little is known about hormonal effects on detection of 
amino acid cues. In contrast, recent studies in mice show that 
estradiol and progesterone decrease odorant-evoked responses in 
the olfactory epithelium via rapid non-genomic mechanisms 
(Kanageswaran et al., 2016). Nevertheless, as mentioned above, 
the possibility that our observed differences in EOG magnitudes are 
due to steroid hormone modulation at the olfactory epithelium rather 
than metabolic state cannot be ruled out. However, if steroid 
hormones are involved, they likely act via different mechanisms in 
males and females because the relationship between plasma steroids 
and the EOG magnitude evoked by amino acid stimuli are opposite 
in females (e.g. mouth brooding females with low plasma steroids 
have higher EOG magnitudes at the same tested concentrations). 
While an obvious experiment would be to compare EOG responses 
in fed and starved individuals to directly test whether olfactory 
plasticity is mediated by metabolic or hormonal state, it is difficult 
to separate metabolic/feeding state from reproductive/hormonal 
state in A. burtoni. For example, even females that had their broods 
removed and were fed for 4 weeks had higher levels of sex steroids 
compared with both mouth brooding females that retained their 
brood (non-feeding) and females that had their broods removed 
and were starved for 4 weeks (Grone et al., 2012). This effect is 
likely due to the nutritional resources available to the fed females, 
which can be used for gonadal recrudescence resulting in 
increased sex-steroid production. Future experimental designs 

that carefully and independently manipulate hormonal and 
metabolic physiology are needed to explore the mechanisms 
responsible for the observed olfactory plasticity within female and 
male A. burtoni. 

The slopes of the initial negative phase of the EOG in response to 
amino acids at the same test concentrations in A. burtoni also 
differed among fish of different metabolic and reproductive states in 
both females and males. The shape of odorant-evoked EOG 
waveforms is known to be highly variable and can be influenced by 
non-physiological factors such as electrode position (angle or 
distance from epithelium), fish size or position in the recording 
setup, health of the olfactory epithelium or fish, and stimulus flow 
dynamics within the olfactory capsule, among many others. 
However, because the reproductive/metabolic state differences in 
EOG slope in A. burtoni were observed consistently across all 
animals within a specific group with comparable recording setups, 
we propose that this likely represents a real physiological difference 
that can be used as a novel analysis tool in future EOG studies across 
vertebrate taxa. Our DFA of combined EOG amplitude and slope 
also supports this hypothesis because when both of these variables 
are included in the analysis, it correctly distinguished and classified 
100% of the animals into their respective groups. This same distinct 
classification of groups was not achieved when either EOG 
amplitude or slope was considered alone, suggesting that 
combined slope and amplitude are important variables that define 
the typical EOG in response to the tested amino acids in each fish 
group. While many physiological mechanisms can contribute to 
differences in EOG shape, such as differences in types or abundance 
of ORNs or molecular receptors, ion channel properties or 
abundance, modulation by hormonal or metabolic factors, or 
variations in binding kinetics between odorant and receptor, the 
exact mechanism(s) responsible for the observed differences in 
A. burtoni are unknown. Whether these shape variations translate 
into any meaningful information sent from the epithelium to the 
brain requires further study. 

Peripheral waves 
PWs were recorded from A. burtoni males and females in response 
to both Ala and Arg. PWs were most common in mouth brooding 
females and dominant males, which also represent the groups within 
each sex that showed the greatest magnitude of the EOG in response 
to the tested amino acids. PWs naturally occur in every vertebrate 
class (Adrian, 1955; Ottoson, 1956; Nikonov et al., 2002), and 
previous work in the channel catfish Ictalurus punctatus showed 
that PWs enhance the magnitude of local field potentials in the 
olfactory bulb (Nikonov et al., 2002). This PW activity was later 
shown to arise from a superposition of asynchronous neural 
oscillators (i.e. the responding ORNs) that strengthen synaptic 
transfer (Diaz et al., 2007) and may be important for odorant 
discrimination. Thus, when fish are in a starved or reduced 
nutritional state, as is the case for mouth brooding females and 
dominant males, increased synaptic strength in the olfactory 
pathway may impact motivational and feeding circuits to facilitate 
foraging and feeding behaviors. 

Conclusions 
For the first time in fishes, in situ EOG recordings in males and 
females of the African cichlid fish A. burtoni demonstrated intra-
sexual plasticity in olfactory responses to food-related amino acid 
cues. In males, EOG responses with greater amplitudes and steeper 
slopes at the same amino acid test concentrations were elicited in 
dominant compared with subordinate individuals. In females, EOGs Jo
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with greater amplitudes in response to the same tested concentrations 
of amino acids were elicited in mouth brooding compared with both 
recovering and gravid individuals, while EOGs of gravid females 
had steeper slopes. DFA of EOG magnitude grouped animals with 
similar metabolic and food intake states together (subordinate males, 
gravid and recovering females), and separated them from both 
dominant males and mouth brooding females. These groupings are 
best explained by differences in metabolic state, supporting the 
conserved relationship between long-term satiety and reduced 
olfactory responses seen in other taxa, but may also be related to 
reproductive, social or hormonal status. Combined DFA with 
amplitude and slope of the EOG response to the tested amino acids 
also accurately classified all animal groups, suggesting that shape 
(slope) of the response possibly contains biologically relevant 
information. Nevertheless, we provide evidence for male and female 
intra-sexual plasticity in the response of the olfactory epithelium to 
amino acids that varies with fish reproductive, social and metabolic 
state. Our results provide important information for better 
understanding the olfactory-mediated trade-offs between resource 
allocation and reproductive potential in species that show behavioral 
and physiological plasticity related to reproduction, energy 
investment and species survival. 

Acknowledgements 
We thank the reviewers for their comments to improve the manuscript, members of 
the Maruska Lab for discussions and fish care, and the Louisiana State University 
AgCenter Biotechnology Laboratory for amino acid analysis of water samples. 

Competing interests 
The authors declare no competing or financial interests. 

Author contributions 
Conceptualization: A.A.N., J.M.B., K.E.F., J.C., K.P.M.; Methodology: A.A.N., 
J.M.B., K.E.F., J.C.; Validation: A.A.N.; Formal analysis: A.A.N., J.M.B., K.E.F.; 
Investigation: A.A.N., K.E.F., J.C., K.P.M.; Resources: J.C., K.P.M.; Data curation: 
A.A.N., K.P.M.; Writing - original draft: K.P.M.; Writing - review & editing: A.A.N., J.M.B., 
K.E.F., J.C.; Visualization: A.A.N., J.M.B., K.E.F., K.P.M.; Supervision: J.C., K.P.M.; 
Project administration: K.P.M.; Funding acquisition: K.P.M. 

Funding 
Funding was provided in part by startup funds from the College of Science and 
Department of Biological Sciences at Louisiana State University (K.P.M.), Oak 
Ridge Universities Powe Award (K.P.M.), Louisiana Board of Regents Research 
Competitiveness Subprogram Grant (K.P.M.) and the National Science Foundation 
(IOS-1456004 and IOS-1456558 to K.P.M.). J.M.B. was supported by a Louisiana 
Board of Regents Fellowship and National Science Foundation Research 
Fellowship (1247192). 

References 
Adrian, E. D. (1955). Potential oscillations in the olfactory organ. J. Physiol. 128, 21-22.  
Alioto, T. S. and Ngai, J. (2006). The repertoire of olfactory C family G protein-
coupled receptors in zebrafish: candidate chemosensory receptors for amino 
acids. BMC Genomics 7, 309. 

Atema, J., Kingsford, M. J. and Gerlach, G. (2002). Larval reef fish could use 
odour for detection, retention and orientation to reefs. Mar. Ecol. Prog. Ser. 241, 
151-160. 

Badonnel, K., Lacroix, M.-C., Durieux, D., Monnerie, R., Caillol, M. and Baly, C. 
(2014). Rat strains with different metabolic statuses differ in food olfactory-driven 
behavior. Behav. Brain Res. 270, 228-239. 

Belanger, R. M., Pachkowski, M. D. and Stacey, N. E. (2010). Methyltestosterone-
induced changes in electro-olfactogram responses and courtship behaviors of 
cyprinids. Chem. Senses 35, 65-74. 

Bett, N. N. and Hinch, S. G. (2016). Olfactory navigation during spawning 
migrations: a review and introduction of the Hierarchical Navigation Hypothesis. 
Biol. Rev. Camb. Philos. Soc. 91, 728-759. 

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, 
M. H. H. and White, J.-S. S. (2008). Generalized linear mixed models: a practical 
guide for ecology and evolution. Trends Ecol. Evol. 24, 127-135. 

Brand, G. and Millot, J.-L. (2001). Sex differences in human olfaction: between 
evidence and enigma. Q. J. Exp. Psychol. B Comp. Physiol. Psychol. 54, 259-270. 

Buchinger, T. J., Li, W. and Johnson, N. S. (2014). Bile salts as semiochemicals in 
fish. Chem. Senses 39, 647-654. 

Butler, J. M., Field, K. E. and Maruska, K. P. (2016). Cobalt chloride treatment 
used to ablate the lateral line system also impairs the olfactory system in three 
freshwater fishes. PLoS ONE 11, e0159521. 

Byrd, R. P. and Caprio, J. (1982). Comparison of Olfactory Receptor (EOG) and 
bulbar (EEG) responses to amino acids in the catfish, Ictalurus punctatus. Brain 
Res. 249, 73-80. 

Caprio, J. (1978). Olfaction and taste in the channel catfish: an electrophysiological 
study of the responses to amino acids and derivatives. J. Comp. Physiol. A 123, 
357-371. 

Cardwell, J. R., Stacey, N. E., Tan, E. S. P., McAdam, D. S. O. and Lang, S. L. C. 
(1995). Androgen increases olfactory receptor response to a vertebrate sex 
pheromone. J. Comp. Physiol. A 176, 55-61. 

Colbert, H. A. and Bargmann, C. I. (1997). Environmental signals modulate 
olfactory acuity, discrimination, and memory in Caenorhabditis elegans. Learn. 
Mem. 4, 179-191. 

Cole, T. and Stacey, N. E. (2003). Olfactory and endocrine response to steroids in 
an African cichlid fish, Haplochromis burtoni. Fish Physiol. Biochem. 28, 265-266. 

Cole, T.  B. and  Stacey,  N. E.  (2006). Olfactory responses to steroids in an African 
mouth-brooding cichlid, Haplochromis burtoni (Gunther). J. Fish Biol. 68, 661-680. 

Crossley, M., Staras, K. and Kemenes, G. (2016). A two-neuron system for 
adaptive goal-directed decision-making in Lymnaea. Nat. Commun. 7, 11793. 

Derntl, B., Schopf, V., Kollndorfer, K. and Lanzenberger, R. (2013). Menstrual 
cycle phase and duration of oral contraception intake affect olfactory perception. 
Chem. Senses 38, 67-75. 

Diaz, J., Razeto-Barry, P., Letelier, J.-C., Caprio, J. and Bacigalupo, J. (2007). 
Amplitude modulation patterns of local field potentials reveal asynchronous 
neuronal populations. J. Neurosci. 27, 9238-9245. 

Doty, R. L. and Cameron, E. L. (2009). Sex differences and reproductive hormone 
influences on human odor perception. Physiol. Behav. 97, 213-228. 

Evans, R. E. and Hara, T. J. (1985). The characteristics of the electro-olfactogram 
(EOG): its loss and recovery following olfactory nerve section in rainbow trout 
(Salmo gairdneri). Brain Res. 330, 65-75. 

Fernald, R. D. (2002). Social regulation of the brain: sex, size and status. Novartis 
Found. Symp. 244, 169-184; discussion 184-166, 203-166, 253-167. 

Fernald, R. D. and Hirata, N. R. (1977). Field study of Haplochromis burtoni: 
quantitative behavioural observations. Anim. Behav. 25, 964-975. 

Gaikwad, A., Biju, K. C., Saha, S. G. and Subhedar, N. (2004). Neuropeptide Y in 
the olfactory system, forebrain and pituitary of the teleost, Clarias batrachus. 
J. Chem. Neuroanat. 27, 55-70. 

Ghosal, R. and Sorensen, P. W. (2016). Male-typical courtship, spawning behavior, 
and olfactory sensitivity are induced to different extents by androgens in the 
goldfish suggesting they are controlled by different neuroendocrine mechanisms. 
Gen. Comp. Endocrinol. 232, 160-173. 

Grone, B. P., Carpenter, R. E., Lee, M., Maruska, K. P. and Fernald, R. D. (2012). 
Food deprivation explains effects of mouthbrooding on ovaries and steroid 
hormones, but not brain neuropeptide and receptor mRNAs, in an African cichlid 
fish. Horm. Behav. 62, 18-26. 

Hara, T. J. (1993). Role of olfaction in fish behaviour. In Behaviour of Teleost Fishes 
(ed. T. J. Pitcher), pp. 171-195. London: Chapman & Hall. 

Hara, T. J. (2006). Feeding behaviour in some teleosts is triggered by single amino 
acids primarily through olfaction. J. Fish Biol. 68, 810-825. 

Hinz, C., Kobbenbring, S., Kress, S., Sigman, L., Muller, A. and Gerlach, G. 
(2013). Kin recognition in zebrafish, Danio rerio, is based on imprinting on 
olfactory and visual stimuli. Anim. Behav. 85, 925-930. 

Hofmann, H. A., Benson, M. E. and Fernald, R. D. (1999). Social status regulates 
growth rate: consequences for life-history strategies. Proc. Natl. Acad. Sci. USA 
96, 14171-14176. 

Irvine, I. A. S. and Sorensen, P. W. (1993). Acute olfactory sensitivity of wild 
common carp, Cyprinus carpio, to goldfish hormonal sex pheromones is 
influenced by gonadal maturity. Can. J. Zool. 71, 2199-2210. 

Julliard, A. K., Chaput, M. A., Apelbaum, A., Aime, P., Mahfouz, M. and 
Duchamp-Viret, P. (2007). Changes in rat olfactory detection performance 
induced by orexin and leptin mimicking fasting and satiation. Behav. Brain Res. 
183, 123-129. 

Kanageswaran, N., Nagel, M., Scholz, P., Mohrhardt, J., Gisselmann, G. and 
Hatt, H. (2016). Modulatory effects of sex steroids progesterone and estradiol on 
odorant evoked responses in olfactory receptor neurons. PLoS ONE 11, 
e0159640. 

Keller-Costa, T., Canario, A. V. M. and Hubbard, P. C. (2014). Olfactory sensitivity 
to steroid glucuronates in Mozambique tilapia suggests two distinct and specific 
receptors for pheromone detection. J. Exp. Biol. 217, 4203-4212. 

Kleinhappel, T. K., Burman, O. H. P., John, E. A., Wilkinson, A. and Pike, T. W. 
(2016). Free amino acids mediate association preferences in fish. Ethology 122, 
712-716. 

Koide, T., Miyasaka, N., Morimoto, K., Asakawa, K., Urasaki, A., Kawakami, K. 
and Yoshihara, Y. (2009). Olfactory neural circuitry for attraction to amino acids 
revealed by transposon-mediated gene trap approach in zebrafish. Proc. Natl. 
Acad. Sci. USA 106, 9884-9889. Jo

u
rn
al

 o
f 
Ex

p
er
im

en
ta
l B

io
lo
g
y 

2991 

http://dx.doi.org/10.1186/1471-2164-7-309
http://dx.doi.org/10.1186/1471-2164-7-309
http://dx.doi.org/10.1186/1471-2164-7-309
http://dx.doi.org/10.3354/meps241151
http://dx.doi.org/10.3354/meps241151
http://dx.doi.org/10.3354/meps241151
http://dx.doi.org/10.1016/j.bbr.2014.05.011
http://dx.doi.org/10.1016/j.bbr.2014.05.011
http://dx.doi.org/10.1016/j.bbr.2014.05.011
http://dx.doi.org/10.1093/chemse/bjp085
http://dx.doi.org/10.1093/chemse/bjp085
http://dx.doi.org/10.1093/chemse/bjp085
http://dx.doi.org/10.1111/brv.12191
http://dx.doi.org/10.1111/brv.12191
http://dx.doi.org/10.1111/brv.12191
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.1080/02724990143000045
http://dx.doi.org/10.1080/02724990143000045
http://dx.doi.org/10.1093/chemse/bju039
http://dx.doi.org/10.1093/chemse/bju039
http://dx.doi.org/10.1371/journal.pone.0159521
http://dx.doi.org/10.1371/journal.pone.0159521
http://dx.doi.org/10.1371/journal.pone.0159521
http://dx.doi.org/10.1016/0006-8993(82)90170-6
http://dx.doi.org/10.1016/0006-8993(82)90170-6
http://dx.doi.org/10.1016/0006-8993(82)90170-6
http://dx.doi.org/10.1007/BF00656970
http://dx.doi.org/10.1007/BF00656970
http://dx.doi.org/10.1007/BF00656970
http://dx.doi.org/10.1007/BF00197752
http://dx.doi.org/10.1007/BF00197752
http://dx.doi.org/10.1007/BF00197752
http://dx.doi.org/10.1101/lm.4.2.179
http://dx.doi.org/10.1101/lm.4.2.179
http://dx.doi.org/10.1101/lm.4.2.179
http://dx.doi.org/10.1023/B:FISH.0000030548.73840.02
http://dx.doi.org/10.1023/B:FISH.0000030548.73840.02
http://dx.doi.org/10.1111/j.0022-1112.2006.00944.x
http://dx.doi.org/10.1111/j.0022-1112.2006.00944.x
http://dx.doi.org/10.1038/ncomms11793
http://dx.doi.org/10.1038/ncomms11793
http://dx.doi.org/10.1093/chemse/bjs084
http://dx.doi.org/10.1093/chemse/bjs084
http://dx.doi.org/10.1093/chemse/bjs084
http://dx.doi.org/10.1523/JNEUROSCI.4512-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4512-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4512-06.2007
http://dx.doi.org/10.1016/j.physbeh.2009.02.032
http://dx.doi.org/10.1016/j.physbeh.2009.02.032
http://dx.doi.org/10.1016/0006-8993(85)90008-3
http://dx.doi.org/10.1016/0006-8993(85)90008-3
http://dx.doi.org/10.1016/0006-8993(85)90008-3
http://dx.doi.org/10.1002/0470868732.ch14
http://dx.doi.org/10.1002/0470868732.ch14
http://dx.doi.org/10.1016/0003-3472(77)90048-3
http://dx.doi.org/10.1016/0003-3472(77)90048-3
http://dx.doi.org/10.1016/j.jchemneu.2003.11.002
http://dx.doi.org/10.1016/j.jchemneu.2003.11.002
http://dx.doi.org/10.1016/j.jchemneu.2003.11.002
http://dx.doi.org/10.1016/j.ygcen.2016.04.028
http://dx.doi.org/10.1016/j.ygcen.2016.04.028
http://dx.doi.org/10.1016/j.ygcen.2016.04.028
http://dx.doi.org/10.1016/j.ygcen.2016.04.028
http://dx.doi.org/10.1016/j.yhbeh.2012.04.012
http://dx.doi.org/10.1016/j.yhbeh.2012.04.012
http://dx.doi.org/10.1016/j.yhbeh.2012.04.012
http://dx.doi.org/10.1016/j.yhbeh.2012.04.012
http://dx.doi.org/10.1111/j.0022-1112.2006.00967.x
http://dx.doi.org/10.1111/j.0022-1112.2006.00967.x
http://dx.doi.org/10.1016/j.anbehav.2013.02.010
http://dx.doi.org/10.1016/j.anbehav.2013.02.010
http://dx.doi.org/10.1016/j.anbehav.2013.02.010
http://dx.doi.org/10.1073/pnas.96.24.14171
http://dx.doi.org/10.1073/pnas.96.24.14171
http://dx.doi.org/10.1073/pnas.96.24.14171
http://dx.doi.org/10.1139/z93-309
http://dx.doi.org/10.1139/z93-309
http://dx.doi.org/10.1139/z93-309
http://dx.doi.org/10.1016/j.bbr.2007.05.033
http://dx.doi.org/10.1016/j.bbr.2007.05.033
http://dx.doi.org/10.1016/j.bbr.2007.05.033
http://dx.doi.org/10.1016/j.bbr.2007.05.033
http://dx.doi.org/10.1371/journal.pone.0159640
http://dx.doi.org/10.1371/journal.pone.0159640
http://dx.doi.org/10.1371/journal.pone.0159640
http://dx.doi.org/10.1371/journal.pone.0159640
http://dx.doi.org/10.1242/jeb.111518
http://dx.doi.org/10.1242/jeb.111518
http://dx.doi.org/10.1242/jeb.111518
http://dx.doi.org/10.1111/eth.12518
http://dx.doi.org/10.1111/eth.12518
http://dx.doi.org/10.1111/eth.12518
http://dx.doi.org/10.1073/pnas.0900470106
http://dx.doi.org/10.1073/pnas.0900470106
http://dx.doi.org/10.1073/pnas.0900470106
http://dx.doi.org/10.1073/pnas.0900470106


̌ ̌

̌ ̌

RESEARCH ARTICLE Journal of Experimental Biology (2017) 220, 2980-2992 doi:10.1242/jeb.157925 

Kumar, K. R. and Archunan, G. (1999). Influence of the stage of the cycle on 
olfactory sensitivity in laboratory mice. Indian J. Exp. Biol. 37, 317-318. 

Kutsyna, O., Velez, Z., Canario, A. V., Keller-Costa, T. and Hubbard, P. C. (2016). 
Variation in urinary amino acids in the Mosambique tilapia: a potential signal of 
dominance or individuality? In Chemical Signals in Vertebrates 13, (ed. B. A. 
Schulte, T. E. Goodwin and M. H. Ferkin), pp. 189-204. Switzerland: Springer 
International Publishing. 

Lastein, S., Hamdani El, H. and Doving, K. B. (2015). Olfactory discrimination of 
pheromones. In Fish Pheromones and Related Cues (ed. P. W. Sorensen and 
B. D. Wisenden), pp. 159-195. Hoboken, NJ: John Wiley & Sons, Inc. 

Leis, J. M., Siebeck, U. and Dixson, D. L. (2011). How Nemo finds home: the 
neuroecology of dispersal and of population connectivity in larvae of marine 
fishes. Integr. Comp. Biol. 51, 826-843. 

Li, W., Sorensen, P. W. and Gallaher, D. D. (1995). The olfactory system of migratory 
adult sea lamprey (Petromyzon marinus) is specifically and acutely sensitive to 
unique bile acids released by conspecific larvae. J. Gen. Physiol. 105, 569-587. 

Lindstedt, K. J. (1971). Chemical control of feeding behavior. Comp. Biochem. 
Physiol. A Comp. Physiol. 39, 553-581. 

Lundstrom, J. N., McClintock, M. K. and Olsson, M. J. (2006). Effects of reproductive 
state on olfactory sensitivity suggest odor specificity. Biol. Psychol. 71, 244-247. 

Maruska, K. P. (2015). Social transitions cause rapid behavioral and 
neuroendocrine changes. Integr. Comp. Biol. 55, 294-306. 

Maruska, K. P. and Fernald, R. D. (2010a). Steroid receptor expression in the fish inner 
ear varies with sex, social status, and reproductive state. BMC Neurosci. 11, 58.  

Maruska, K. P. and Fernald, R. D. (2010b). Behavioral and physiological plasticity: 
rapid changes during social ascent in an African cichlid fish. Horm. Behav. 58, 
230-240. 

Maruska, K. P. and Fernald, R. D. (2012). Contextual chemosensory urine 
signaling in an African cichlid fish. J. Exp. Biol. 215, 68-74. 

Maruska, K. P. and Fernald, R. D. (2013). Social regulation of male reproductive 
plasticity in an African cichlid fish. Integr. Comp. Biol. 53, 938-950. 

Maruska, K. P. and Fernald, R. D. (2014). Social regulation of gene expression in 
the African cichlid fish Astatotilapia burtoni. In  Handbook of Molecular Psychology 
(ed T. Canli), pp. 52-78. New York, NY: Oxford University Press. 

McCormick, M. I. and Manassa, R. (2008). Predation risk assessment by olfactory 
and visual cues in a coral reef fish. Coral Reefs 27, 105-113. 

Meredith, T. L., Caprio, J. and Kajiura, S. M. (2012). Sensitivity and specificity of 
the olfactory epithelia of two elasmobranch species to bile salts. J. Exp. Biol. 215, 
2660-2667. 

Michel, W. C. and Lubomudrov, L. M. (1995). Specificity and sensitivity of the 
olfactory organ of the zebrafish, Danio rerio. J. Comp. Physiol. A 177, 191-199. 

Moore, A. (1996). Electrophysiological and endocrinological evidence that F-series 
prostaglandins function as priming pheromones in mature male Atlantic salmon 
(Salmo salar) parr. J. Exp. Biol. 199, 2307-2316. 

Mousley, A., Polese, G., Marks, N. J. and Eisthen, H. L. (2006). Terminal nerve-
derived neuropeptide y modulates physiological responses in the olfactoryepithelium 
of hungry axolotls (Ambystoma mexicanum). J. Neurosci. 26, 7707-7717. 

Murphy, C. A., Stacey, N. E. and Corkum, L. D. (2001). Putative steroidal 
pheromones in the round goby, Neogobius melanostomus: olfactory and 
behavioral responses. J. Chem. Ecol. 27, 443-470. 

Myers, M. G. J., Olson, D. P., Low, M. J. and Elias, C. F. (2016). Brain regulation of 
feeding and energy homeostasis. In Metabolic Syndrome (ed. R. S. Ahima), 
pp. 347-368. Switzerland: Springer. 

Nakagawa, S. (2004). A farewell to Bonferroni: the problems of low statistical power 
and publication bias. Behav. Ecol. 15, 1044-1045. 

Nakazawa, H., Ichikawa, M. and Nagai, T. (2009). Seasonal increase in olfactory 
receptor neurons of the Japanese toad, Bufo japonicus, is paralleled by an 
increase in olfactory sensitivity to isoamyl acetate. Chem. Senses 34, 667-678. 

Negroni, J., Meunier, N., Monnerie, R., Salesse, R., Baly, C., Caillol, M. and 
Congar, P. (2012). Neuropeptide Y enhances olfactory mucosa responses to 
odorant in hungry rats. PLoS ONE 7, e45266. 

Nikaido, M., Suzuki, H., Toyoda, A., Fujiyama, A., Hagino-Yamagishi, K., 
Kocher, T. D., Carleton, K. and Okada, N. (2013). Lineage-specific expansion of 
vomeronasal type 2 receptor-like (OlfC) genes in cichlids may contribute to 
diversification of amino acid detection systems. Genome Biol. Evol. 5, 711-722. 

Nikonov, A. A. and Caprio, J. (2004). Odorant specificity of single olfactory bulb 
neurons to amino acids in the channel catfish. J. Neurophysiol. 92, 123-134. 

Nikonov, A. A. and Caprio, J. (2007). Responses of olfactory forebrain units to 
amino acids in the channel catfish. J. Neurophysiol. 97, 2490-2498. 

Nikonov, A. A., Parker, J. M. and Caprio, J. (2002). Odorant-induced olfactory 
receptor neural oscillations and their modulation of olfactory bulbar responses in 
the channel catfish. J. Neurosci. 22, 2352-2362. 

Olender, T., Keydar, I., Pinto, J. M., Tatarskyy, P., Alkelai, A., Chien, M.-S., 
Fishilevich, S., Restrepo, D., Matsunami, H., Gilad, Y. et al. (2016). The human 
olfactory transcriptome. BMC Genomics 17, 619. 

Ottoson, D. (1956). Analysis of the electrical activity of the olfactory epithelium. Acta 
Physiol. Scand. 35, 1-83. 

Palouzier-Paulignan, B., Lacroix, M.-C., Aime, P., Baly, C., Caillol, M., Congar, 
P., Julliard, A. K., Tucker, K. Fadool, D. A. (2012). Olfaction under metabolic 
influences. Chem. Senses 37, 769-797. 

2992 

Porter, D. T., Roberts, D. A. and Maruska, K. P. (in press). Distribution and female 
reproductive state differences in orexigenic and anorexigenic neurons in the brain 
of the mouth brooding African cichlid fish, Astatotilapia burtoni. J. Comp. Neurol. 

Prud’homme, M. J., Lacroix, M. C., Badonnel, K., Gougis, S., Baly, C., Salesse, 
R. and Caillol, M. (2009). Nutritional status modulates behavioural and olfactory 
bulb Fos responses to isoamyl acetate or food odour in rats: roles of orexins and 
leptin. Neuroscience 162, 1287-1298. 

Renfro, K. J. and Hoffmann, H. (2013). The relationship between oral contraceptive 
use and sensitivity to olfactory stimuli. Horm. Behav. 63, 491-496. 

Renn, S. C. P., Carleton, J. B., Magee, H., Nguyen, M. L. T. and Tanner, A. C. W. 
(2009). Maternal care and altered social phenotype in a recently collected stock of 
Astatotilapia burtoni cichlid fish. Integr. Comp. Biol. 49, 660-673. 

Robison, R. R., Fernald, R. D. and Stacey, N. E. (1998). The olfactory system of a 
cichlid fish responds to steroidal compounds. J. Fish Biol. 53, 226-229. 

Rolen, S. H. and Caprio, J. (2007). Processing of bile salt odor information by single 
olfactory bulb neurons in the channel catfish. J. Neurophysiol. 97, 4058-4068. 

Root, C. M., Ko, K. I., Jafari, A. and Wang, J. W. (2011). Presynaptic facilitation by 
neuropeptide signaling mediates odor-driven food search. Cell 145, 133-144. 

Savigner, A., Duchamp-Viret, P., Grosmaitre, X., Chaput, M., Garcia, S., Ma, M. 
and Palouzier-Paulignan, B. (2009). Modulation of spontaneous and odorant-
evoked activity of rat olfactory sensory neurons by two anorectic peptides, insulin 
and leptin. J. Neurophysiol. 101, 2898-2906. 

Scott, J. W. and Scott-Johnson, P. E. (2002). The electroolfactogram: a review of 
its history and uses. Microsc. Res. Tech. 58, 152-160. 

Shibuya, T. I. (1960). The electrical responses of the olfactory epithelium of some 
fishes. Jpn. J. Physiol. 10, 317-326. 

Silver, W. L. (1982). Electrophysiological responses from the peripheral olfactory 
system of the American eel, Anguilla rostrata. J. Comp. Physiol. A 148, 379-388. 

Silver, W. L., Caprio, J., Blackwell, J. F. and Tucker, D. (1976). The underwater 
electro-olfactogram: a tool for the study of the sense of smell of marine fishes. 
Experientia 32, 1216-1217. 

Simões, J. M., Barata, E. N., Harris, R. M., O’Connell, L. A., Hofmann, H. A. and 
Oliveira, R. F. (2015). Social odors conveying dominance and reproductive 
information induce rapid physiological and neuromolecular changes in a cichlid 
fish. BMC Genomics 16, 114. 

Sohn, J.-W., Elmquist, J. K. and Williams, K. W. (2013). Neuronal circuits that 
regulate feeding behavior and metabolism. Trends Neurosci. 36, 504-512. 

Sorensen, P. W., Hara, T. J. and Stacey, N. E. (1987). Extreme olfactory sensitivity 
of mature and gonadally-regressed goldfish to a potent steroidal pheromone, 
17α,20β–dihydroxy–4–pregnen–3–one. J. Comp. Physiol. A 160, 305-313. 

Sorensen, P. W., Hara, T. J., Stacey, N. E. and Goetz, F. W. M. (1988). 
F prostaglandins function as potent olfactory stimulants that comprise the 
postovulatory female sex pheromone in goldfish. Biol. Reprod. 39, 1039-1050. 

Speca, D. J., Lin, D. M., Sorensen, P. W., Isacoff, E. Y., Ngai, J. and Dittman, A. H. 
(1999). Functional identification of a goldfish odorant receptor. Neuron 23, 487-498. 

Stabell, O. B. (1992). Olfactory control of homing behaviour in salmonids. In Fish 
Chemoreception (ed. T. J. Hara), pp. 249-270: Netherlands: Springer. 

Stacey, N. (2011). Hormonally derived sex pheromones in fishes. In Hormones and 
Reproduction of Vertebrates: Vol. 1 Fishes (ed. D. O. Norris and K. H. Lopez), 
pp. 169-192. Oxford, UK: Elsevier. 

Sternson, S. M. (2013). Hypothalamic survival circuits: blueprints for purposive 
behaviors. Neuron 77, 810-824. 

Toyoda, F. and Kikuyama, S. (2000). Hormonal influence on the olfactory response 
to a female-attracting pheromone, sodefrin, in the newt, Cynops pyrrhogaster. 
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 126, 239-245. 

Tricas, T. C., Kajiura, S. M. and Summers, A. P. (2009). Response of the 
hammerhead shark olfactory epithelium to amino acid stimuli. J. Comp. Physiol. 
A Neuroethol. Sens. Neural Behav. Physiol. 195, 947-954. 

Valentincic, T. and Caprio, J. (1994a). Chemical and visual control of feeding and 
escape behaviors in the channel catfish Ictalurus punctatus. Physiol. Behav. 55, 
845-855. 

Valentincic, T. and Caprio, J. (1994b). Consummatory feeding behavior to amino 
acids in intact and anosmic channel catfish ictalurus punctatus. Physiol. Behav. 
55, 857-863. 

Venables, W. N. and Dichmont, C. M. (2004). GLMs, GAMs and GLMMs: an 
overview of theory for applications in fisheries research. Fish Res. 70, 319-337. 

Ward, A. J. W., Herbert-Read, J. E. and Simpson, S. J. (2011). Diets and 
decisions: the potential use of food protein cues in dietary, sexual and social 
decisions by mosquitofish. Anim. Behav. 82, 783-790. 

Wisenden, B. D. (2000). Olfactory assessment of predation risk in the aquatic 
environment. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 355, 1205-1208. 

Wisenden, B. D., Mammenga, E. A., Storseth, C. N. and Berglund, N. J. (2014). 
Odour tracking by young convict cichlids and a mechanism for alloparental brood 
amalgamation. Anim. Behav. 93, 201-206. 

Yambe, H., Kitamura, S., Kamio, M., Yamada, M., Matsunaga, S., Fusetani, N. 
and Yamazaki, F. (2006). L-Kynurenine, an amino acid identified as a sex 
pheromone in the urine of ovulated female masu salmon. Proc. Natl. Acad. Sci. 
USA 103, 15370-15374. Jo

u
rn
al

 o
f 
Ex

p
er
im

en
ta
l B

io
lo
g
y 

http://dx.doi.org/10.1093/icb/icr004
http://dx.doi.org/10.1093/icb/icr004
http://dx.doi.org/10.1093/icb/icr004
http://dx.doi.org/10.1085/jgp.105.5.569
http://dx.doi.org/10.1085/jgp.105.5.569
http://dx.doi.org/10.1085/jgp.105.5.569
http://dx.doi.org/10.1016/0300-9629(71)90319-7
http://dx.doi.org/10.1016/0300-9629(71)90319-7
http://dx.doi.org/10.1016/j.biopsycho.2005.07.001
http://dx.doi.org/10.1016/j.biopsycho.2005.07.001
http://dx.doi.org/10.1093/icb/icv057
http://dx.doi.org/10.1093/icb/icv057
http://dx.doi.org/10.1186/1471-2202-11-58
http://dx.doi.org/10.1186/1471-2202-11-58
http://dx.doi.org/10.1016/j.yhbeh.2010.03.011
http://dx.doi.org/10.1016/j.yhbeh.2010.03.011
http://dx.doi.org/10.1016/j.yhbeh.2010.03.011
http://dx.doi.org/10.1242/jeb.062794
http://dx.doi.org/10.1242/jeb.062794
http://dx.doi.org/10.1093/icb/ict017
http://dx.doi.org/10.1093/icb/ict017
http://dx.doi.org/10.1007/s00338-007-0296-9
http://dx.doi.org/10.1007/s00338-007-0296-9
http://dx.doi.org/10.1242/jeb.066241
http://dx.doi.org/10.1242/jeb.066241
http://dx.doi.org/10.1242/jeb.066241
http://dx.doi.org/10.1007/BF00225098
http://dx.doi.org/10.1007/BF00225098
http://dx.doi.org/10.1523/JNEUROSCI.1977-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.1977-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.1977-06.2006
http://dx.doi.org/10.1023/A:1010376503197
http://dx.doi.org/10.1023/A:1010376503197
http://dx.doi.org/10.1023/A:1010376503197
http://dx.doi.org/10.1093/beheco/arh107
http://dx.doi.org/10.1093/beheco/arh107
http://dx.doi.org/10.1093/chemse/bjp046
http://dx.doi.org/10.1093/chemse/bjp046
http://dx.doi.org/10.1093/chemse/bjp046
http://dx.doi.org/10.1371/journal.pone.0045266
http://dx.doi.org/10.1371/journal.pone.0045266
http://dx.doi.org/10.1371/journal.pone.0045266
http://dx.doi.org/10.1093/gbe/evt041
http://dx.doi.org/10.1093/gbe/evt041
http://dx.doi.org/10.1093/gbe/evt041
http://dx.doi.org/10.1093/gbe/evt041
http://dx.doi.org/10.1152/jn.01198.2006
http://dx.doi.org/10.1152/jn.01198.2006
http://dx.doi.org/10.1186/s12864-016-2960-3
http://dx.doi.org/10.1186/s12864-016-2960-3
http://dx.doi.org/10.1186/s12864-016-2960-3
http://dx.doi.org/10.1093/chemse/bjs059
http://dx.doi.org/10.1093/chemse/bjs059
http://dx.doi.org/10.1093/chemse/bjs059
http://dx.doi.org/10.1002/cne.24268
http://dx.doi.org/10.1002/cne.24268
http://dx.doi.org/10.1002/cne.24268
http://dx.doi.org/10.1016/j.neuroscience.2009.05.043
http://dx.doi.org/10.1016/j.neuroscience.2009.05.043
http://dx.doi.org/10.1016/j.neuroscience.2009.05.043
http://dx.doi.org/10.1016/j.neuroscience.2009.05.043
http://dx.doi.org/10.1016/j.yhbeh.2013.01.001
http://dx.doi.org/10.1016/j.yhbeh.2013.01.001
http://dx.doi.org/10.1093/icb/icp085
http://dx.doi.org/10.1093/icb/icp085
http://dx.doi.org/10.1093/icb/icp085
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00124.x
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00124.x
http://dx.doi.org/10.1152/jn.00247.2007
http://dx.doi.org/10.1152/jn.00247.2007
http://dx.doi.org/10.1016/j.cell.2011.02.008
http://dx.doi.org/10.1016/j.cell.2011.02.008
http://dx.doi.org/10.1152/jn.91169.2008
http://dx.doi.org/10.1152/jn.91169.2008
http://dx.doi.org/10.1152/jn.91169.2008
http://dx.doi.org/10.1152/jn.91169.2008
http://dx.doi.org/10.1002/jemt.10133
http://dx.doi.org/10.1002/jemt.10133
http://dx.doi.org/10.2170/jjphysiol.10.317
http://dx.doi.org/10.2170/jjphysiol.10.317
http://dx.doi.org/10.1007/BF00679022
http://dx.doi.org/10.1007/BF00679022
http://dx.doi.org/10.1007/BF01927634
http://dx.doi.org/10.1007/BF01927634
http://dx.doi.org/10.1007/BF01927634
http://dx.doi.org/10.1186/s12864-015-1255-4
http://dx.doi.org/10.1186/s12864-015-1255-4
http://dx.doi.org/10.1186/s12864-015-1255-4
http://dx.doi.org/10.1186/s12864-015-1255-4
http://dx.doi.org/10.1016/j.tins.2013.05.003
http://dx.doi.org/10.1016/j.tins.2013.05.003
http://dx.doi.org/10.1007/BF00613020
http://dx.doi.org/10.1007/BF00613020
http://dx.doi.org/10.1007/BF00613020
http://dx.doi.org/10.1095/biolreprod39.5.1039
http://dx.doi.org/10.1095/biolreprod39.5.1039
http://dx.doi.org/10.1095/biolreprod39.5.1039
http://dx.doi.org/10.1016/S0896-6273(00)80802-8
http://dx.doi.org/10.1016/S0896-6273(00)80802-8
http://dx.doi.org/10.1016/j.neuron.2013.02.018
http://dx.doi.org/10.1016/j.neuron.2013.02.018
http://dx.doi.org/10.1016/S0305-0491(00)00202-9
http://dx.doi.org/10.1016/S0305-0491(00)00202-9
http://dx.doi.org/10.1016/S0305-0491(00)00202-9
http://dx.doi.org/10.1007/s00359-009-0470-3
http://dx.doi.org/10.1007/s00359-009-0470-3
http://dx.doi.org/10.1007/s00359-009-0470-3
http://dx.doi.org/10.1016/0031-9384(94)90070-1
http://dx.doi.org/10.1016/0031-9384(94)90070-1
http://dx.doi.org/10.1016/0031-9384(94)90070-1
http://dx.doi.org/10.1016/0031-9384(94)90071-X
http://dx.doi.org/10.1016/0031-9384(94)90071-X
http://dx.doi.org/10.1016/0031-9384(94)90071-X
http://dx.doi.org/10.1016/j.fishres.2004.08.011
http://dx.doi.org/10.1016/j.fishres.2004.08.011
http://dx.doi.org/10.1016/j.anbehav.2011.07.010
http://dx.doi.org/10.1016/j.anbehav.2011.07.010
http://dx.doi.org/10.1016/j.anbehav.2011.07.010
http://dx.doi.org/10.1098/rstb.2000.0668
http://dx.doi.org/10.1098/rstb.2000.0668
http://dx.doi.org/10.1016/j.anbehav.2014.04.032
http://dx.doi.org/10.1016/j.anbehav.2014.04.032
http://dx.doi.org/10.1016/j.anbehav.2014.04.032
http://dx.doi.org/10.1073/pnas.0604340103
http://dx.doi.org/10.1073/pnas.0604340103
http://dx.doi.org/10.1073/pnas.0604340103
http://dx.doi.org/10.1073/pnas.0604340103
https://burtoni.In



