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Abstract

Studies regarding predator—prey relationships have often focused on prey assessment and the responses to pre-
dation risk, but few have verified the relationship in the presence or absence of visual contact with a predator (e.g.,
tiger oscar, Astronotus ocellatus) or a nonpredator (e.g., goldfish, Carassius auratus) during the developmental
phase, which could alter several physiological and neuroendocrine mechanisms in adulthood. Herein, we de-
termined responses to physical (chasing with a net) and biological stressors (visualization to predator) in adult
zebrafish raised in visual contact with a predator or nonpredator fish. We demonstrated that adult naive zebrafish
show a more intense cortisol stress response than fish housed in visual contact with the stimulus fish (predator or
nonpredator) when larvae, and that this alteration is related with movement specificity of the stimulus fish.
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Introduction

INDIVIDUALS OF THE SAME SPECIES do not respond to envi-
ronmental challenges in the same way. When facing a pred-
ator, for example, some individuals quickly exhibit an intense
stress response, during which breathing rate increases and glu-
cocorticoids are released, whereas other individuals may exhibit
a weaker physiological response or recover faster when the
stressor is removed.' Furthermore, predation pressure varies
locally, which provides opportunities for local adaptations in the
display of antipredator behaviors and stress responses.>* De-
velopment in areas with high predation pressure can modulate
the behavior of the prey; experiencing multiple nonlethal ex-
posures to predators could alter the magnitude of avoidance and
anticipatory defensive responses by prey species.’

In fact, predation risk represents a stressor for prey fish,
leading to an increase in cortisol levels.*’ In this context,
although short-term increases in cortisol during prey—pred-
ator interactions are potentially adaptive (as shown in lizards
and fish”), chronically elevated cortisol levels may have ad-
verse effects.'® Exposure of fish to a chronic stressor can alter
the capacity to respond to an additional acute stressor.'' In
some fish species, chronic stress does not influence the acute
response to an additional stressor,'? but in other species the

acute response is abolished'® or reduced."* A similar ap-
proach has been reported in relation to the prey hypotha-
lamic—pituitary—interrenal (HPI) axis activation by predator
presence, which inhibits foraging and reproduction of prey
fish.'"” Besides, the impacts of zebrafish development in
isolated or grouped housed conditions are well known'®;
however, the constant presence of a risky situation during
development remains to be explored. Thus, could continuous
visual nonlethal exposure to a predator in early ontogeny lead
to a decreased cortisol stress response in adults? We tested
this question using, as the experimental model, zebrafish
(Danio rerio), a fish species that presents antipredator and
stress responses in the context of prey—predator relation-
ships.®”!” We used visual exposure to a predator as the
stimulus because it is a stressor for zebrafish.®”'®

Materials and Methods
Experimental animals

Male and female adult zebrafish (&5 cm), wild-type short-
fin strain, were placed in breeding tanks specifically designed
for the collection of eggs that sank to the bottom of the tank.
This was achieved by inserting a grid with a mesh size of
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1 x 1 mm at the bottom of the breeding tank. In the morning,
adult animals were removed and the embryos collected by
siphoning. The fertilized eggs were transferred to plates,
incubated at 28°C, and monitored daily for up to 3 days
postfertilization for further separation into experimental
groups. After, larvae developed in aquarium (100 x 50 x 50
cm [width X depth x height]) divided into two equally sized
(one side zebrafish / other side predator, nonpredator, or
without any visual contact with stimulus fish [predator or
nonpredator]). The fish remained for the visual stimulation
period glass 100 x 50 x 50 cm (width x depth X height) divided
by a glass in two equally sized (one side zebrafish/other side
predator or nonpredator). Fish were fed twice a day (09:00
and 16:00 h), until apparent satiety, with commercial flakes
(TetraMin®; Tetra, Melle, Germany). This study was approved
by the Ethics Commission for Animal Use (CEUA) at Uni-
versidade de Passo Fundo, UPF, Passo Fundo, RS, Brazil
(Protocol No. 3/2014) and performed in full compliance with
the guidelines of Conselho Nacional de Controle de Experi-
mentacdo Animal—CONCEA (““National Committee for
Controlling of Animal Experimentation’”).

Phase I: response to physical stressor after
the development period

Three days after hatching, zebrafish larvae remained on the
opposite side of the visual stimulus until the end of the study,
which were distributed into three groups: group 1, named
“normal housing” stress (NH), consisted of zebrafish reared
with contact only of conspecifics in the same situation without
any visual contact with stimulus fish (predator and/or non-
predator); group 2, named ‘“predator housing” (PH), consisted
of zebrafish reared for 90 days with visual contact with a

predator (tiger oscar, Astronotus ocellatus, ~25cm); and
group 3, named ‘‘nonpredator housing” (NPH), consisted of
zebrafish reared with visual contact with a large nonpredatory
fish (goldfish, Carassius auratus, ~18cm) (Fig. 1A).

At 90-day rearing period, 10 fish from the NH, PH, and
NPH were captured and immediately euthanized for whole-
body cortisol determination (see S— in Fig. 1B); besides, 10
fish from each group (NH, PH, and NPH) received an acute
stress challenge, consisting of 120 s of chasing with a net pen,
and after 15 min of stress challenge were captured and im-
mediately euthanized for whole-body cortisol determination
(see S+ in Fig. 1B). In this 90-day period, no significant
mortality was verified with the same survival rates (about
75%) of the reproductive routine of the laboratory. The ex-
periments were conducted in duplicate.

During the developmental period (90 days), all aquaria
were monitored for the following variables: temperature
(27°Cx1°C), pH (7%0.2), dissolved oxygen (6.7+0.3 mg
L_'), total ammonia (0.01 mg L_]), total hardness (6 mg L_l),
and alkalinity (22mg L™ of CaCOs3). The fish were main-
tained under natural photoperiod (~14h light:10h dark).
There was no difference in mortality during ontogenetic de-
velopment among the groups.

Phase II: response to biological stress (visualization
stimulus predator)

In Phase II, after the 100-day rearing, 10 fish in NH control,
PH stress, and NPH stress groups were exposed to visual
stimulation with the predatory fish for 60 min. After which,
they were captured and immediately euthanized for whole-
body cortisol determination (Fig. 1C). During these 10 days,
fish did not visualize any stimulus fish.
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FIG. 1. Schematic representation of the experimental design. (A) Cohort exposure, (B) schematic representation Phase I
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(C) schematic representation Phase II. NH, normal housing
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To encourage predatory behavior, feeding of the predator
was suspended for 24 h before exposing it to the zebrafish.
The same procedure was conducted for the nonpredatory
goldfish. To avoid the influence of circadian rhythms on
cortisol secretion, all samples were collected at the same time
of day (03:00 PM).

Phase llI: additional experiment—predator
and nonpredator behavior visualizing a shoal of
prey fish and an empty aquarium

This phase was conducted to evaluate the movement and
location of both predator and nonpredator stimulus fish in
visual contact with a shoal of zebrafish or an empty aquarium
(Fig. 2). The predator and nonpredator behavior was video-
taped for 60 min, and we evaluated locomotion parameters.
The aquarium was virtually divided for behavioral analysis
into six compartments, as shown in Figure 2. The predator
and nonpredator were filmed using a Logitech HD Webcam
C525 camera (Logitech, Romanel-sur-Morges, Switzerland)
during the 60-min exposure period to the shoal of zebrafish or
an empty tank. The evaluated variables were total distance in
aquarium, mean swimming speed, maximum swimming
speed, turn angle, number of crossings among quadrants, and
time in each quadrant. The videos were analyzed using
ANYmaze® software (Stoelting Co.).

Whole-body cortisol determination

The Phase I and Phase II fish were captured and immedi-
ately euthanized, followed by storage at —20°C until cortisol
extraction. Whole-body cortisol was extracted using the
method described by Sink er al.'® The accuracy of cortisol
detection was tested by calculating recovery from samples
treated with known amounts of cortisol (50, 25, and 12.5ng
mL™"). The mean detection accuracy of treated samples was
94.4%. Whole-body cortisol levels were measured using a
commercially available enzyme-linked immunosorbent assay
kit (EIAgenTMCORTISOL test; BioChem ImmunoSystems).
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Statistics

The normality of the samples was determined using the
Kolmogorov—Smirnov test. Homogeneity of variances was de-
termined using Hartley’s test. We applied in Phase I a two-way
analysis of variance (ANOVA) followed by the Tukey post hoc
test, considering visual stimulation during development and
stressor stimulus as independent factors. Because these premises
were not achieved for Phase II, we applied the Kruskal-Wallis
test (nonparametric ANOVA) followed by Dunn’s multiple
comparison test to compare data in experiment. In Phase 111, for
the evaluation of predator and nonpredator behavior, we used a
one-way ANOVA followed by a post hoc Tukey’s test. Sig-
nificant differences were set at p <0.05.

Results

Phase I: response to physical stressor after
the development period

There was a strong significant interaction between visual
stimulation during development and stressor stimulus
(F2.43=19.85; p<0.0001) and significant single effects of
stressor stimulus (F; 43=158.3; p<0.0001) and visual stimula-
tion during development (F, 43=17.16; p <0.0001). Comparing
the treatments, fish raised seeing a predator (PH), nonpredator
(NPH), or in an aquarium without stimulation (NH) did not
show differences in their baseline cortisol levels (Fig. 3A).
However, when challenged with acute stress, the predator (PH)
and aquarium without stimulation (NH) groups presented higher
cortisol levels than the nonpredator (NPH) group (Fig. 3A).

Phase IlI: response to biological stress (visualization
stimulus predator)

The Kruskal-Wallis test revealed a significant difference
between groups (p=0.0003, K=16.44). In the response to
biological stress of visualization to predator, fish from the
predator (PH) and aquarium without stimulation (NH) groups

. Predator — Tiger Oscar (Astronotus ocellatus)

Non Predator — Goldfish (Carasssius auratus)

FIG. 2. Schematic of the experimental protocol for predator and nonpredator behavior analysis.
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FIG. 3. Whole-body cortisol concentrations in fish reared for 90 days while viewing a stimulus fish and after acute stress
(Phase I, A); whole-body cortisol concentrations in fish re-exposed to a predator for 60 min (Phase II, B). Data are expressed
as mean* SEM (n=10), Phase I (two-way ANOVA test), and Phase II (Kruskal-Wallis test) (**p <0.01; ***p <0.001, and
#H%%p <0.0001). ANOVA, analysis of variance; NS, not significant.
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FIG. 4. Locomotion parameters for predator and nonpredator behavior analysis exposed to zebrafish shoal and empty
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in zone 2 upper, (f) time in zone 3 upper, (g) distance, (h) crossing, (i) mean speed. Data are expressed as heat map and one-
way ANOVA (**p<0.01).
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presented higher cortisol levels following 60 min of visual
exposure to a predator than did fish from the nonpredator
(NPH) group (Fig. 3B).

Phase llI: additional experiment—predator
and nonpredator behavior visualizing a shoal
of prey fish and an empty aquarium

In the behavioral analysis of predator and nonpredator
viewing the zebrafish shoal and the empty aquarium, the
nonpredator exhibited more time in zone 1 bottom than the
predator (Fs;;=8.762; p=0.0038; Fig. 4a). No difference
was found for any other behavioral variable.

Discussion

Here we demonstrated that naive zebrafish show a more
intense cortisol stress response than fish exposed to a stimulus
fish. We expected that the predator only would modulate the
acute stress response in zebrafish, but it also occurred when
the visual stimulus was a nonpredatory fish. Why did this
occur? To answer this question, we conducted an additional
experiment (Phase III, Fig. 2), in which we attempted to
discriminate between behaviors of the nonpredator and
predator fish in visual contact with a shoal of zebrafish. Be-
cause the nonpredatory fish spent much of its time at the same
height in the water column as the zebrafish shoal, we hy-
pothesized that this behavior was the key factor that modu-
lated the zebrafish cortisol response when they faced this
harmless fish. This indicated that stimulus fish for the NPH
and PH group perceived the presence of a shoal and behaved
differently, one approaching the shoal (NPH) and the other
(PH) moving away from the shoal. We also suggest that be-
cause zebrafish received a visual stimulus only (with no other
sensory cues), the visual stimulus may have led to the
“misinterpretation’ of the stimulus fish, and the harmless
fish was considered a potential threat. However, this was not
the case in another study utilizing these two species (zebra-
fish and goldfish).?

The NPH zebrafish that developed in the presence of a
daily stimulus, visual contact with a fish larger than itself,
may have perceived it as a risk; since exposure to objects
perceived as “‘risky’’ may cause higher stress response, such
as increased stress levels in nurses by working with sharp
objects.?! Besides, Luca and Gerlai** found that the strongest
fear responses were induced by images with the largest point
size (among images of a sympatric predator, the Indian leaf
fish, or a bird silhouette) shown to zebrafish, which were
believed to interpret these stimuli as fast-approaching objects
that could attack them. In addition, zebrafish preferred indi-
viduals that exhibited characteristics similar to their own (i.e.,
they exhibited a preference for conspecifics®*). Thus, it is
plausible that the heterospecific, although harmless, goldfish
was perceived by the zebrafish as a threat, which led to a
similar response as that obtained when zebrafish were ex-
posed to the predatory tiger oscar. Besides, zebrafish identify
the predator and nonpredator elevating cortisol levels, as well
as zebrafish remain for a longer time in the bottom zone of
aquarium when in visual contact with stimulation (predator
and nonpredator).?

In addition, repeated stress responses in shoals could have
a cumulative effect, because zebrafish housed together have a

ABREU ET AL.

greater response to stress than isolated zebrafish,”® which
leads to exhaustion of the HPI axis. Plasma cortisol decreased
steadily over time in stressed fish, which is indicative of
exhaustion, and the lack of the potential for an endocrine
response to stressors through this stress axis.”’ This was
confirmed by a lower cortisol response to the novel stressor at
the end of the stress period in chronically stressed (3 weeks)
fish than in fish from the control group.27

Our study is important to understanding the breeding, de-
velopment, and housing of fish that will be used experi-
mentally because development in adverse situations can lead
to the lack of normal responses to stimuli. Health manage-
ment in aquaculture, laboratory manipulation may be asso-
ciated with responses to stressful stimuli; this stimulus can be
not only a stimulating predator but also management, ma-
chinery, and the presence of humans, which is usually in-
dicative of prolonged, repeated, or unavoidable stresses.”®
These include both direct and indirect effects of poor adap-
tation to chronic, long-term stress, such as reduced growth, o
suppressed reproductive function,®® decreased immune
function,3 ! and resistance to disease.>?
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