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The development of high-throughput behavioral assays, where numerous
individual animals can be analyzed in various experimental conditions, has
facilitated the study of animal personality. Previous research showed that isogenic
Drosophila melanogaster flies exhibit striking individual non-heritable locomotor
handedness. The variability of this trait, i.e., the predictability of left-right turn
biases, varies across genotypes and under the influence of neural activity in
specific circuits. This suggests that the brain can dynamically regulate the
extent of animal personality. It has been recently shown that predators can
induce changes in prey phenotypes via lethal or non-lethal effects affecting
the serotonergic signaling system. In this study, we tested whether fruit flies
grown with predators exhibit higher variability/lower predictability in their turning
behavior and higher survival than those grown with no predators in their
environment. We confirmed these predictions and found that both effects were
blocked when flies were fed an inhibitor (¢MW) of serotonin synthesis. The results
of this study demonstrate a negative association between the unpredictability
of turning behavior of fruit flies and the hunting success of their predators.
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We also show that the neurotransmitter serotonin controls predator-induced
changes in the turning variability of fruit flies, regulating the dynamic control of
behavioral predictability.

Drosophila melanogaster, behavioral predictability, serotonin, survival under predation,

turning behavior

Introduction

Living organisms adapt to varying environmental conditions
by attempting to modify their morphological, biochemical, and
behavioral phenotypes (Xue et al., 2019). Predation has been shown
to have profound lethal and non-lethal (Lima, 1998) impacts on
prey individuals, affecting their behavior (Hulthén et al., 2021),
phenotype development (Krams et al, 2020), fitness (Zanette
and Clinchy, 2020; Allen et al., 2022), population structure and
evolution (Yartsev, 2017; Dudeck et al., 2018). Prey individuals
respond to predator acoustic, visual, chemical, and other cues,
which improve the chances of prey to escape predator attacks
(Lima, 1998; Preisser et al., 2005; Peckarsky et al., 2008; Voelkl
et al.,, 2016; Zanette et al., 2019; Krams R. et al.,, 2021). When
developing under predation risk, prey individuals often grow
smaller, more agile, less palatable, or more cryptic, conferring
fitness benefits associated with a modified phenotype (Krams et al.,
2016). Fruit flies (Drosophila melanogaster) raised during the larval
stage together with jumping spiders had more nitrogen in their
bodies and lower body lipid reserves, while they had a higher
climbing speed in the negative geotaxis test than flies grown
without spiders (Krams et al., 2016). Moreover, fruit flies grown
together with predators had significantly higher adult survival
ability when exposed to predation than flies grown in a predator-
free environment (Krams et al., 2016). This shows that predator
exposure in ontogeny may directly affect survival in adulthood.
However, it is not always clear what changes in the neural and
behavioral phenotypes facilitate the escape performance of fruit
flies at risk of predation.

Locomotor activity has been shown to change adaptively
during the evolutionary “arms race” between prey and predator
by enhancing the predator escape ability of prey individuals
(Moore and Biewener, 2015; Moore et al., 2017). Jumping spiders
are ambush predators whose attacking repertoire involves direct
attacks triggered by the approaching prey (Rofiler et al., 2022).
Ambush predators remain concealed and motionless until the
prey comes within ambush distance before pouncing. If the prey
survives in the initial attack, the predator often does not pursue it
(Scharf et al., 2006). Although ambush predators are not supposed
to actively rely on predictions of the prey’s behavior (Caraco
and Gillespie, 1986; Mischiati et al.,, 2015; Moore and Biewener,
2015), the lower predictability of approach trajectories of prey
may affect the chances of the prey to approach the predator’s
ambush distance. Moreover, so-called “protean” behavior is defined
as a sufficiently unpredictable response to prevent a predator
from anticipating its prey’s future position or actions (Humphries
and Driver, 1970; Richardson et al., 2018). However, the exact
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predictability of potentially “protean” prey behaviors has received
limited observational and experimental attention.

Fruit flies exhibit striking locomotor handedness during their
exploratory behavior (Buchanan et al., 2015; de Bivort et al., 2022),
one example of the preferential performance of a behavior on
one side of the body. During exploratory walking in symmetrical
environments, individual fruit flies exhibit significant bias in their
left vs. right/counter-clockwise vs. clockwise locomotor choices,
with some flies being strongly left-biased or right-biased. This
behavioral idiosyncrasy is present across different fly lines and
genotypes. Moreover, the flies differing in neural state (Buchanan
et al, 2015) or genotype (Ayroles et al, 2015) differed in the
extent of left vs. right turning bias. Specifically, the magnitude of
turning bias variation is under the control of columnar neurons
within the central complex, a brain region implicated in motor
planning and execution of fruit fly behavior (Buchanan et al., 2015).
Turn bias variability has a complex genetic architecture involving
many genes, particularly those involved in circuit development
during pupation, including specifically teneurin-A (Ayroles et al.,
2015) that encodes a protein involved in synaptic partner matching
(Mosca, 2015). Silencing the central complex columnar neurons
or knocking down teneurin-A expression increased exploratory
laterality in fruit fly turning behavior, with more extreme leftiness
and rightiness, decreasing the predictability of turning choices
across individuals. In the mathematical limit, a population with
maximal turn bias unpredictability across individuals (composed
of equal parts extreme righties and extreme lefties) would consist
of animals with high within-individual predictability (making
exclusively right or left turns, respectively). But in experiments,
examining microhabitat occupancy, a positive correlation was
observed between population-level behavioral predictability and
individual predictability (Stamps et al., 2013). In this study, we use
“predictability” to refer to variability in behavior at the population
level, across individuals.

Neurotransmitters are known to control the predictability of
behavior (Maloney, 2021). The predictability of phototaxis in flies
is under the control of the neurotransmitter serotonin (5-HT),
and the lowest predictability of turning choices were found in
white-eyed wH1® mutants (Kain et al., 2012; Krams 1. A. et al.,
2021). White-eyed flies have 32% less 5-HT in their heads than
the brains of red-eyed fruit flies (Borycz et al., 2008; Krstic et al.,
2013). 5-HT also regulates the predictability of odor preferences
in flies (Honegger et al, 2020) and locomotor activity in the
roundworm C. elegans (Stern et al., 2017; Nasser et al., 2022). With
respect to turn bias variability, both increasing and decreasing 5-
HT with metabolic drugs had small effects of reducing turn bias
variability, averaged across many genotypes (de Bivort et al., 2022).
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Applying serotonin precursor increases variability in locomotor
speed, and there is a bidirectional effect of altering serotonin
levels on variability in higher-order left-right turn sequences (de
Bivort et al.,, 2022). All these effects are small, but they generally
suggest a role for serotonin in decreasing locomotor predictability.
It has been recently shown that predator-induced stress influences
a number of 5-HT-associated behavioral and physiological effects
in fruit flies grown together with spiders during larval development
(Krama et al., revision 2, personal observation). This implies that
predators may influence the brain to dynamically regulate the
predictability of the turning behavior of fruit flies to improve their
survival under predation risk.

In this study, we tested whether fruit flies reared with spiders
exhibit lower predictability in their turning behavior in Y-mazes
(Buchanan et al., 2015), compared to flies reared in predator-free
environments. We also studied the survival of fruit flies grown
with and without spiders. To investigate the role of 5-HT in
regulating antipredator behavior, we fed fruit flies raised with
spiders and flies raised without spiders 5-HTP (a precursor of 5-
HT) and aMW (a serotonin-synthesis inhibitor). We hypothesized
that predator presence during larval development might make
the turning behavior of adult fruit flies less predictable and
improve their survival. We predicted that feeding «MW might
make turning choices of flies reared together with predators more
predictable (de Bivort et al., 2022) and decrease their survival.
We studied male fruit flies only because a large portion of the
body of a mated/unmated female is composed of developing
eggs and reproduction-related tissue, which may influence body
mass, body size, metabolism, and antipredator behavior, potentially
affecting predator preferences (Burggren, 2017). Individual-to-
individual differences in experimental behavioral observations
reflect persistent idiosyncrasies requiring large samples (Sih et al.,
2004; Molld-Albaladejo and Sanchez-Alcaniz, 2021). Small mazes
arrayed in parallel allow the measurement of behavior of hundreds
of individual flies simultaneously (de Bivort et al., 2022) and high-
powered inference of the effects of experimental manipulations
(Brown and de Bivort, 2018).

Materials and methods

Prey, predators, developmental speed,
and the main treatment groups

The wild type strain of D. melanogaster
modENCODE (#25211)] was obtained from Bloomington
Drosophila Stock Center (IN, US). This line of OR was inbred for
10 generations before behavioral experiments were collected. We

[Oregon-R-

reared our stock flies at the University of Tennessee-Knoxville at
24 £ 1°C, at 40% relative humidity with a 12/12 h light/dark cycle.

We used adult jumping spiders (Phidippus apacheanus) as
predators to affect the development and behavior of fruit flies.
P. apacheanus is widely distributed across the US, and the spiders
are easy to maintain in the lab because they readily consume both
larvae and adults of D. melanogaster (Krams et al., 2016). The
adult spiders were caught in Florida and delivered by the supplier
phids.net.
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Developmental speed significantly affects body mass,
elemental body composition, food uptake, and fat metabolism
of D. melanogaster (Krams et al, 2020). This makes the flies
with rapid, intermediate, and slow development different in their
biochemical and morphological phenotype, which needs to be
considered when planning research. To avoid the developmental
speed-related confounding effects, we used only rapidly developing
fruit flies in this study. We defined rapidly developing flies as
individuals that eclose between 9.5 and 10.0 days after egg-laying
(Krams et al, 2020). Rapidly growing fruit flies experience
relatively low stress levels during ontogeny (Krams et al., 2020).
We isolated fruit flies using carbon dioxide anesthesia within 6-
7 h after eclosion. Ten FO females and ten males were placed for 24 h
in one vial (Flystuff polystyrene vials; Genesee Scientific, El Cajon,
CA, USA, 24 mm inner diameter x 95 mm height) containing 6 ml
of Cal Tech medium. After 24 h, the adults were removed, and the
vials were placed horizontally on the floor of Plexiglas jars (10 cm
height x 12 cm diameter). The density of F1 first-instar larvae
across the vials was similar, and we averaged the density to 120
larvae/vial by removing extra larvae with a squirrel brush (Krams
et al., 2016). Vials with Drosophila larvae were randomly divided
into two groups: one that was exposed to spiders and one that was
not. In the spider-treated group, a single P. apacheanus individual
was also included in each Plexiglas jar. The vials did not have
stoppers, giving the spider free access to the developing flies (as well
as the fly media). Developing flies were also exposed to the odor
of the spider throughout the container. Flies for behavioral and
survival assays were removed the day after they eclosed, without

anesthesia, and transferred to drug-treated vials as described below.

Neurotransmitter treatments

We had two main experimental groups of D. melanogaster: flies
grown together with predators and flies grown with no predators
(Figure 1A); each of these two groups was further divided into
three subgroups: flies raised on food supplemented with 5-HTP,
flies grown on food supplemented with «MW, and flies grown
without any drugs (Neckameyer, 1996; Dasari et al., 2007; Dierick
and Greenspan, 2007; Majeed et al., 2016; Ries et al., 2017; Hu et al,,
2020; Krams I. A. et al., 2021; Figure 1A). The drug stock solutions
were vortex-mixed and added to food powder. 5-HTP and aMW
were dissolved in Cal Tech instant media (United States Biological,
Salem, MA, USA). The final concentration of 5-HTP was 50 mM,
and the final concentration of aMW was 20 mM (Kain et al,,
2012; Krams I. A. et al., 2021). The flies were 5-7 days old at the
moment of behavioral experiments. Dierick and Greenspan (2007),
by using HPLC, showed that 5-HTP feeding significantly increases
the brain 5-HT within 3 days of treatment, while xMW significantly
decreases the amount of brain 5-HT during 4 days of treatment.
Honegger et al. (2020) confirmed similar effects (~8x reduction
of 5-HT with aMW treatment; ~20x increase with 5-HTP) using
ELISA assays.

Turning behavior

Since using variance as a phenotypic trait requires large sample
sizes (Caballero et al, 2021), we used a high-throughput assay
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to monitor the behavior of individual flies placed into individual
Y-mazes (Ayroles et al., 2015; Buchanan et al., 2015). We put flies
into an array containing 95 individual Y-mazes consisting of three
symmetrical arms (each 12 mm long) fabricated from laser-cut
acrylic (Figure 1A). Maze arrays were illuminated from below with
a grid of 100 white LEDs (5500K, Knema) below acrylic diffusers.
Maze arrays were imaged with 2MP digital cameras (Point Gray),
and the X-Y positions of each fly’s centroid were automatically
tracked and recorded with software custom written in LabView
(National Instruments, USA) (Buchanan et al., 2015). We recorded
the turning behavior of 3-6-day old flies, the standard age for
measuring this behavior, for 2 h. Data from the small portion of
individuals making fewer than 30 turns were discarded. Each fly
was used only once.

To quantify turning predictability (the variability in turning
bias across individuals), we computed the MAD, the median of
the absolute deviation from each observation’s median (Buchanan
et al,, 2015), a metric of variability that is robust to outliers. We
estimated MAD for each experimental group.

Survival tests

We tested six experimental groups (2 spider conditions x 3
drug conditions): (1) fruit fly males grown without P. apacheanus
spiders and without any drugs, (2) male flies grown without spiders
on food supplemented with 5-HTP, (3) male flies grown without
spiders on food supplemented with aMW, (4) male flies grown
together with spiders on food without any drugs supplemented,
(5) males raised with spiders on food supplemented with 5-HTP,
(6) males grown together with spiders on food supplemented with
aMW (Figure 1B). Upon eclosion, adult F1 flies were assayed on
days 4-5.

To measure survival, we used ten Plexiglas jars (10 cm
height x 12 cm diameter) and placed ten fruit flies of an
experimental group into each jar (Figure 1B). Thus, we had ten
jars for each survival group (48 jars containing 480 fruit flies) for
12 h during daylight time (Krams et al., 2016). We did not use
carbon dioxide anesthesia to move fruit flies from their stock vials
to survival jars. During survival tests, we placed one young (c. 6-
7 months old) P. apacheanus spider and one vial containing fruit
fly food into each plastic jar (Figure 1B). The spiders had access to
water in a polycarbonate dish and a fitted luffa sponge. The spiders
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were deprived of food for c. 10 h before survival tests. Each spider
was used only once.

Statistics

To compare behavioral MADs across experimental groups,
we used the permutation test. The data table of the proportion
of right turns taken was shuftled, and the obtained MAD scores
among randomized groups were compared to those of unshuffled
data. The procedure was repeated 99,999 times, and P-values
were calculated as the proportion of instances when the shuffled
difference between group pairs was larger than the unshuffled
difference. We performed a two-way ANOVA to assess the effect
of development conditions and drugs added to the food on the
subsequent survival of adult flies under predation risk. Tukey’s
honest significance test followed the analysis. Turn bias (proportion
of right turns) was compared between groups using Kruskal-Wallis
Test by ranks. One Sample Wilcoxon Signed Rank Test was used to
assess turn bias deviation from equal amount of right and left turns.
We also compared the number of turns taken by fruit flies in the
y-maze per minute using the Mann-Whitney U test.

Data analyses were performed in the R environment (version
4.1.0) (R Core Team, 2021). P-values of multiple comparisons
were adjusted using Benjamini-Hochberg procedure (Benjamini
and Hochberg, 1995). All differences were considered statistically
significant when P < 0.05.

Results

Variability of turning behavior

Turn bias variability of male fruit flies grown with spiders
(MAD = 0.11, N = 153 flies) was significantly higher than that
of control flies (MAD = 0.08, N = 143) grown in a predator-free
environment (Permutation test: P = 0.006; Figure 2). Feeding 5-
HT to flies reared with spiders (MAD = 0.12, N = 116) did not
increase the turning variability (P = 0.34) while feeding these flies
aMW (MAD = 0.10, N = 140) significantly decreased turn bias
variability (P = 0.021; Figure 1). Feeding 5-HTP (P = 0.33) and
aMW (P = 0.12) did not affect the variability of turning behavior
of control fruit flies (Figure 2).
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Handedness and the number of turns in
the y-maze

The proportion of the right turns (turn bias) did not differ
among the groups of flies (Kruskal-Wallis: x2 = 6.41, P = 0.268;
Figure 3). Proportion of right turns by each group was also not
significantly different from 0.5 (Wilcoxon tests: all Ps > 0.05;
Figure 3),1.e., an equal number of right and left turns in each group.

Flies reared with spiders made significantly fewer turns per unit
time (2.6 &= SD 1.3 turns/min) in the Y-maze compared to control
flies (3.4 & 1.5 turns/minute) (Mann-Whitney test: P = 0.0001;
Figure 4). Feeding 5-HTP to flies reared with spiders significantly
increased the turn rate (3.4 & 1.4 turns/min) (P < 0.0001), whereas
feeding them MW had no significant effect (2.7 £ 1.3 turns/min)
(P = 0.50; Figure 4). Feeding aMW to control flies significantly
decreased the turn rate (2.6 & 1.51 turns/min) (P = 0.0003),
whereas feeding them 5-HTP had no significant effect (3.5 & 1.71
turns/min) (P = 0.94; Figure 4).

Survival

When exposing adult flies to predation for 12 h, their survival
was significantly affected by predator presence during the larval
development (two-way ANOVA: F},54 = 81.37, P < 0.0001), drug
treatment (F,,54 = 14.76, P < 0.0001), and an interaction of
both those factors (Fa,54 = 12.57, P < 0.0001). Significantly more
flies survived if they were reared under predator presence (mean
survival: 62% + SD 11.4%, N = 10) compared to the control
group (30 £ 9.4%, N = 10) (Tukey HSD: P < 0.0001; Figure 5).
Feeding flies reared with predators 5-HTP did not significantly
affect their survival (65 = 8.5%, N = 10) (P = 0.985; Figure 5), while
feeding aMW significantly decreased their survival (35 £ 7.1%)
(P < 0.0001; Figure 5). Feeding 5-HTP (32 + 6.3%, N = 10)
(P = 0.998; Figure 5) or aMW (30 &+ 15%, N = 10) (P = 1.00;
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Figure 5) did not significantly affect the survival of flies of the
control group.

Discussion

The presence of predators is known to alter prey morphology
(McCollum and Leimberger, 1997; Hossie et al., 2010) and exert
selective pressure on prey escape ability (O’Steen et al., 2002; Krams
et al., 2016; Janssens and Stoks, 2018). In this study, we found
that the turning choices of fruit flies grown with predators are less
predictable than that of flies grown in a predator-free environment.
We also show that flies raised with predators survived under
predation by spiders significantly better than flies grown without
predators. Our results suggest that the higher variability/lower
predictability of turning behavior of flies grown with predators
may make them better at evading predation. We also show with
pharmacological experiments that the effects of predator-rearing on
turning variability and survival of D. melanogaster are regulated by
the neurotransmitter serotonin, which also regulates the variability
of turning behavior (de Bivort et al, 2022). However, these
serotonin-associated effects applied only for fruit flies grown with
spiders.

Unpredictable and erratic turning behavior in some animals
makes them more challenging to attack (Yager et al., 1990;
Bilecenoglu, 2005; Eifler and FEifler, 2014), as is seen in both
experimental (Jones et al., 2011) and modeling (Richardson et al.,
2018) studies. Individual insects can exhibit substantial differences
in escape behaviors, even in the absence of genetic variation
(Schuett et al., 2011). Our results suggest a link between less
predictable turning behavior and better survival under predation
risk by jumping spiders that are sit-and-wait predators. One
explanation is that growing up with predators provides prey with
signals that are not generated by transient contact with predators
post-development. Perhaps the effect of these signals is mediated
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by serotonergic neuromodulation during prey development. This
idea is consistent with the observation that flies fed «MW during
development, but without predators present, showed similar adult
survival in the presence of spiders as control flies, suggesting that
fruit fly individuality is not solely driven by 5-HT (Maloney, 2021).

Some previous work has shown that fruit flies reared
in identical lab environments show broad diversity in their
phototactic choices, variability which is under the control of
5-HT (Kain et al, 2012; Krams I. A. et al, 2021). Notably,
inhibiting 5-HT synthesis was associated with higher phototactic
variability — here we observed that inhibiting 5-HT reduced
the excess turn bias variability seen in flies reared with spiders.
Geographic variation of fruit fly phototaxis was consistent with a
negative relationship between 5-HT and variability of phototactic
choices. Flies from northern climates grow on food relatively
deficient in the metabolic precursors of serotonin and had lower
predictability of phototactic choices (Krams I. A. et al, 2021).
Thus, the association between 5-HT and behavioral predictability
went in opposite directions in the present study and previous
work examining phototaxis. These contradictory results suggest
that the control of 5-HT over different behaviors may lead to
different results, probably because different serotonin-responsive
neuronal circuits are involved in different behaviors. To better
understand the developmental, epigenetic and neurophysiological
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changes caused by direct predation and non-lethal predator
presence, more study of behavior-specific neurobiological effects is
required.

Our results support the results by Pantoja et al. (2016)
examining variability in zebrafish (Danio rerio) antipredator
locomotor behaviors. They found that zebrafish individuals show
significant variation in acoustic startle responses. These responses
are linked with the neurosecretion of dorsal raphe neurons (Pantoja
et al, 2016). It was shown that zebrafish individuals show a
higher fraction of serotonergic dorsal raphe nucleus neurons active
during predator attacks. Pantoja et al. (2016) also showed that
heightened 5-HT prevented habituation to predator stimuli, which
improves the efficiency of antipredator behavior and survival
of the prey. Together, these results suggest the importance of
serotonergic signaling in the CNS and its ontogenetic development
in establishing a distribution of antipredator behaviors across
individuals.

The results of this study may have evolutionary implications.
It is known that without phenotypic variation, there would
be no evolution by natural selection. However, we show that
individuals with similar genotypes raised in similar environments,
except for the presence/absence of spiders, may significantly
differ in their simple behavioral reactions, (such as left vs.
right decision in the absence of an asymmetric stimulus in
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FIGURE 4
Turn rate (turns/minute) in the Y-maze of flies reared with and without spiders receiving different drug treatments. The flies reared with predators
were previously exposed to predation during the larval stage, while in the control group, the flies were raised without jumping spiders. Thick lines
indicate the median, boxes show the Q1 and Q3 quartiles, and whiskers represent the upper and lower quartile, excluding outliers. Black dots
represent outliers (data points more than 1.5 times interquartile range away from Q1 and Q3). Experimental groups that are not statistically
significantly different (Mann—-Whitney tests, P > 0.05) are indicated by the same letter at the top of the figure.

the Y-maze). This suggests that asymmetries within the brain
predispose the animal to go one way rather than the other
and that neural activity influences the variation between animals
(Buchanan etal., 2015). As these predispositions are relatively stable
within individuals with considerable among-individual differences
in behaviors (Réale et al., 2010; Buchanan et al., 2015; Roche et al.,
2016; Trakimas et al., 2019), behavioral reactions of this kind are
coined animal personality. Our results show that fruit flies may
use a simple mechanism to dynamically regulate their behavioral
individuality with individual variation in wiring and behavior as a
general feature of neural circuits to facilitate individual adaptations
and survive in changing environments (Molla-Albaladejo and
Sanchez-Alcaniz, 2021). However, explaining the proximate origins
of changes in behavioral variability as a response to environmental
challenges is not easy. Behavioral phenotypes emerge from many
different levels of biological organization, including sensing of
predators in the environment, adaptive gene expression, and even
stochasticity in gene expression (Raj et al.,, 2010; Li et al., 2017;
Honegger and de Bivort, 2018) to develop biases in idiosyncratic
behavioral responses (Werkhoven et al., 2021) without changes in
average left-right turning preferences.

This study found that flies reared with spiders were
less mobile than control flies. Our recent study shows that
predator stress during larval development of Drosophila impairs
carbohydrate metabolism by systemic inhibition of Akt protein
kinase, which is a central regulator of glucose uptake (Krama
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et al., revision 2, personal observation). This metabolic disorder
is a likely cause of developing a diabetes-like biochemical
and behavioral phenotype. An inability to metabolize glucose
shifts the metabolism of fruit flies to triglyceride consumption,
which decreases walking activity and might be a direct reason
for the enhanced survival of fruit flies grown with spiders.
Consistent with this idea, carbohydrate metabolism was found
as one of the molecular functions most enriched in genes
whose expression variation predicts variation in locomotor
activity among individual isogenic flies (Werkhoven et al., 2021).
However, the mechanism causing the higher variability of the
turning behavior in flies with a diabetes-like phenotype remains
unknown.

Antipredator behavior consists of a complex set of behavioral
and physiological reactions and therefore likely involves neural
pathways other than 5-HT. Honegger et al. (2020) found that
both 5-HT and dopamine affect olfactory preference variability
in fruit flies, and it is known that fruit flies can detect predators
by their odors (Krams R. et al, 2021). Omura et al. (2012)
and Stern et al. (2017) showed that the roaming speed of
animals might depend on such neurotransmitters as tyramine,
octopamine, npr-1, and daf-7, in addition to 5-HT. This suggests
that future research on the neural regulation of antipredator
responses in fruit flies should examine the effects of several
neurotransmitters and their possible interactions. Experimental
manipulations targeting more than one neuromodulator may be
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Survival percentage of adult fruit flies during a 12-h exposure to predation by jumping spiders. The flies reared with predators were exposed to
predation during the larval stage; flies in the control group were raised without jumping spiders. Thick lines indicate the median, boxes show the Q1
and Q3 quartiles, and whiskers represent the upper and lower quartile, excluding outliers. Black dots represent outliers: data points more than 1.5
times interquartile range away from Q1 and Q3. Experimental groups that are not statistically significantly different (Tukey HSD, P > 0.05) are

indicated by the same letter at the top of the figure.

essential, as one neuromodulator can alter the efficacy of other
neuromodulators (Niederkofler et al., 2015; Niens et al., 2017).
Finally, animals may respond to neuromodulators differentially
based on their personalities (Krams et al., 2018). The complex
interactions of neuromodulators and their behavior-specific effects
on predictability will make this a rich and challenging area of
research.

Data availability statement

The data that supports the findings of this study are available
from the following Zenodo repository: https://zenodo.org/search?
page=1&size=20&q=7936563.

Author contributions

TK, RK, and BB conceived and designed the study. TK, MM,
RK, GT, SP, BB, and IK performed the study and collected and
extracted data. MM, DE, GT, SP, and IK analyzed the data. TK, RK,
TG, PJ, and KZ maintained stocks of experimental flies and spiders.
ES, BB, and IK built the equipment. TK, MM, BB, and IK wrote the
manuscript. TK, MM, RK, TG, GT, PJ], SP, KZ, DE, MR, ES, JC-G,
BB, and IK participated in data analyses, results interpretation, and

Frontiers in Behavioral Neuroscience

drafting the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This study was provided by the Latvian Council of Science to IK
and TK (grants 1zp-2020/2-0271, 1zp-2021/1-0277, and lzp-2022/1-
0348), the Estonian Research Council (Eesti Teadusagentuur; grant
PUT1223). This study was also supported by the Fulbright Program
of the U.S. Department of State. GT was supported by the Vilnius
University Science Promotion Fund grant (MSF-JM-1/2021). BB
was supported by a Sloan Research Fellowship, a Klingenstein-
Simons Fellowship Award, a Smith Family Odyssey Award, a
Harvard/MIT Basic Neuroscience Grant, and a National Science
Foundation grant no. I0S-1557913. SP was supported by a grant
of the European Social Fund (8.2.2.0/20/1/003).

Acknowledgments

We thank Dr. Kevin Cook at the Bloomington Drosophila
Stock Center for providing us with stock flies. We are thankful to
Don Cadle from Phids.com for sending us the spiders. We thank

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1189301
https://zenodo.org/search?page=1&size=20&q=7936563
https://zenodo.org/search?page=1&size=20&q=7936563
http://Phids.com
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Krama et al.

Professors Christine R. B. Boake, Todd M. Freeberg, and Gordon
M. Burghardt for their support during initial phases of this study
and Professors Jae H. Park, Mariano Labrador, Ranjan Ganguly,
and Joshua N. Bembenek kindly provided access to their lab
facilities at Knoxville. We also thank Sudershana Nair and Kristers-
Raivo Krams for their support at various stages of the study.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships

References

Allen, M. C,, Clinchy, M., and Zanette, L. Y. (2022). Fear of predators in free-
living wildlife reduces population growth over generations. Proc. Natl. Acad. Sci. U.S.A.
119:€2112404119. doi: 10.1073/pnas.2112404119

Ayroles, J. F., Buchanan, S. M., O’Leary, C., Skutt-Kakaria, K., Grenier, J. K., Clark,
A. G, et al. (2015). Behavioral idiosyncrasy reveals genetic control of phenotypic
variability. Proc. Natl. Acad. Sci. U.S.A. 112, 6706-6711. doi: 10.1073/pnas.150383
0112

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol.
57, 289-300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Bilecenoglu, M. (2005). Observations on the burrowing behaviour of the Dwarf
Blaasop, Torquigener flavimaculosus (Osteichthyes: Tetraodontidae) along the coast
of Fethiye, Turkey. Zool. Middle East 35, 29-34. doi: 10.1080/09397140.2005.1063
8100

Borycz, J., Borycz, J. A., Kubow, A., Lloyd, V., and Meinertzhagen, I. A. (2008).
Drosophila ABC transporter mutants white, brown and scarlet have altered contents
and distribution of biogenic amines in the brain. J. Exp. Biol. 211, 3454-3466. doi:
10.1242/jeb.021162

Brown, A. E. X,, and de Bivort, B. (2018). Ethology as a physical science. Nat. Phys.
14, 653-657. doi: 10.1038/s41567-018-0093-0

Buchanan, S. M., Kain, J. S., and de Bivort, B. L. (2015). Neuronal control of
locomotor handedness in Drosophila. Proc. Natl. Acad. Sci. U.S.A. 112, 6700-6705.
doi: 10.1073/pnas.1500804112

Burggren, W. W. (2017). Epigenetics in insects: mechanisms, phenotypes and
ecological and evolutionary implications. Adv. Insect Physiol. 53, 1-30. doi: 10.1016/
bs.aiip.2017.04.001

Caballero, A., Villanueva, B., and Druet, T. (2021). On the estimation of inbreeding
depression using different measures of inbreeding from molecular markers. Evol. Appl.
14, 416-428. doi: 10.1111/eva.13126

Caraco, T., and Gillespie, R. G. (1986). Risk-sensitivity: foraging mode in an ambush
predator. Ecology 67, 1180-1185. doi: 10.2307/1938673

Dasari, S., Viele, K., Turner, A. C., and Cooper, R. L. (2007). Influence of PCPA
and MDMA (ecstasy) on physiology, development and behavior in Drosophila
melanogaster: serotonergic systems in Drosophila. Eur. J. Neurosci. 26, 424-438. doi:
10.1111/j.1460-9568.2007.05655.x

de Bivort, B., Buchanan, S., Skutt-Kakaria, K., Gajda, E., Ayroles, J., O’Leary,
C., et al. (2022). Precise quantification of behavioral individuality from 80 million
decisions across 183,000 flies. Front. Behav. Neurosci. 16:836626. doi: 10.3389/fnbeh.
2022.836626

Dierick, H. A., and Greenspan, R. J. (2007). Serotonin and neuropeptide F have
opposite modulatory effects on fly aggression. Nat. Genet. 39, 678-682. doi: 10.1038/
ng2029

Dudeck, B. P., Clinchy, M., Allen, M. C,, and Zanette, L. Y. (2018). Fear affects
parental care, which predicts juvenile survival and exacerbates the total cost of fear
on demography. Ecology 99, 127-135. doi: 10.1002/ecy.2050

Eifler, D., and Eifler, M. (2014). Escape tactics in the lizard Meroles cuneirostris.
Amphib. Reptil. 35, 383-389. doi: 10.1163/15685381-00002963

Honegger, K. S., Smith, M. A.-Y., Churgin, M. A, Turner, G. C., and de Bivort, B. L.
(2020). Idiosyncratic neural coding and neuromodulation of olfactory individuality
in Drosophila. Proc. Natl. Acad. Sci. US.A. 117, 23292-23297. doi: 10.1073/pnas.
1901623116

Frontiers in Behavioral Neuroscience

09

10.3389/fnbeh.2023.1189301

that could be construed conflict of

interest.

as a potential

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Honegger, K., and de Bivort, B. (2018). Stochasticity, individuality and behavior.
Curr. Biol. 28, R8-R12. doi: 10.1016/j.cub.2017.11.058

Hossie, T. J., Ferland-Raymond, B., Burness, G., and Murray, D. L. (2010).
Morphological and behavioural responses of frog tadpoles to perceived predation risk:
a possible role for corticosterone mediation? Ecoscience 17, 100~108. doi: 10.2980/17-
1-3312

Hu, S. W,, Yang, Y. T., Sun, Y., Zhan, Y. P., and Zhu, Y. (2020). Serotonin signals
overcome loser mentality in Drosophila. iScience 23:101651. doi: 10.1016/j.is¢i.2020.
101651

Hulthén, K., Heinen-Kay, J. L., Schmidt, D. A., and Langerhans, R. B. (2021).
Predation shapes behavioral lateralization: insights from an adaptive radiation of
livebearing fish. Behav. Ecol. 32, 1321-1329. doi: 10.1093/beheco/arab098

Humphries, D. A, and Driver, P. M. (1970). Protean defence by prey animals.
Oecologia 5, 285-302. doi: 10.1007/BF00815496

Janssens, L., and Stoks, R. (2018). Rapid larval development under time stress
reduces adult life span through increasing oxidative damage. Funct. Ecol. 32, 1036-
1045. doi: 10.1111/1365-2435.13068

Jones, K. A, Jackson, A. L., and Ruxton, G. D. (2011). Prey jitters; protean behaviour
in grouped prey. Behav. Ecol. 22, 831-836. doi: 10.1093/beheco/arr062

Kain, J. S., Stokes, C., and de Bivort, B. L. (2012). Phototactic personality in fruit
flies and its suppression by serotonin and white. Proc. Natl. Acad. Sci. U.S.A. 109,
19834-19839. doi: 10.1073/pnas.1211988109

Krams, I. A., Krama, T., Krams, R., Trakimas, G., Popovs, S., Joers, P., et al. (2021).
Serotoninergic modulation of phototactic variability underpins a bet-hedging strategy
in Drosophila melanogaster. Front. Behav. Neurosci. 15:659331. doi: 10.3389/fnbeh.
2021.659331

Krams, I. A., Krams, R., Joers, P., Munkevics, M., Trakimas, G., Luoto, S., et al.
(2020). Developmental speed affects ecological stoichiometry and adult fat reserves
in Drosophila melanogaster. Anim. Biol. 1, 1-20. doi: 10.1163/15707563-bjal0043

Krams, I, Inwood, S. E., Trakimas, G., Krams, R., Burghardt, G. M., Butler, D. M.,
et al. (2016). Short-term exposure to predation affects body elemental composition,
climbing speed and survival ability in Drosophila melanogaster. Peer] 4:e2314. doi:
10.7717/peer;j.2314

Krams, 1., Trakimas, G., Kecko, S., Elferts, D., Krams, R., Luoto, S., et al. (2018).
Linking organismal growth, coping styles, stress reactivity, and metabolism via
responses against a selective serotonin reuptake inhibitor in an insect. Sci. Rep. 8:8599.
doi: 10.1038/s41598-018-26722-9

Krams, R., Krama, T., Munkevics, M., Eichler, S., Butler, D. M., Dobkevi¢a, L.,
et al. (2021). Spider odors induce stoichiometric changes in fruit fly Drosophila
melanogaster. Curr. Zool. 67, 127-129. doi: 10.1093/cz/20aa070

Krstic, D., Boll, W., and Noll, M. (2013). Influence of the white locus on the
courtship behavior of Drosophila males. PLoS One 8:€77904. doi: 10.1371/journal.
pone.0077904

Li, H., Horns, F., Wu, B, Xie, Q., Li, J., Li, T., et al. (2017). Classifying Drosophila
olfactory projection neuron subtypes by single-cell RNA sequencing. Cell 171, 1206-
1220.€22. doi: 10.1016/j.cell.2017.10.019

Lima, S. L. (1998). Nonlethal effects in the ecology of predator-prey interactions:
what are the ecological effects of anti-predator decision-making? BioScience 48, 25-34.
doi: 10.2307/1313225

Majeed, Z. R., Abdeljaber, E., Soveland, R., Cornwell, K., Bankemper, A., Koch,
F., et al. (2016). Modulatory action by the serotonergic system: behavior and

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1189301
https://doi.org/10.1073/pnas.2112404119
https://doi.org/10.1073/pnas.1503830112
https://doi.org/10.1073/pnas.1503830112
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1080/09397140.2005.10638100
https://doi.org/10.1080/09397140.2005.10638100
https://doi.org/10.1242/jeb.021162
https://doi.org/10.1242/jeb.021162
https://doi.org/10.1038/s41567-018-0093-0
https://doi.org/10.1073/pnas.1500804112
https://doi.org/10.1016/bs.aiip.2017.04.001
https://doi.org/10.1016/bs.aiip.2017.04.001
https://doi.org/10.1111/eva.13126
https://doi.org/10.2307/1938673
https://doi.org/10.1111/j.1460-9568.2007.05655.x
https://doi.org/10.1111/j.1460-9568.2007.05655.x
https://doi.org/10.3389/fnbeh.2022.836626
https://doi.org/10.3389/fnbeh.2022.836626
https://doi.org/10.1038/ng2029
https://doi.org/10.1038/ng2029
https://doi.org/10.1002/ecy.2050
https://doi.org/10.1163/15685381-00002963
https://doi.org/10.1073/pnas.1901623116
https://doi.org/10.1073/pnas.1901623116
https://doi.org/10.1016/j.cub.2017.11.058
https://doi.org/10.2980/17-1-3312
https://doi.org/10.2980/17-1-3312
https://doi.org/10.1016/j.isci.2020.101651
https://doi.org/10.1016/j.isci.2020.101651
https://doi.org/10.1093/beheco/arab098
https://doi.org/10.1007/BF00815496
https://doi.org/10.1111/1365-2435.13068
https://doi.org/10.1093/beheco/arr062
https://doi.org/10.1073/pnas.1211988109
https://doi.org/10.3389/fnbeh.2021.659331
https://doi.org/10.3389/fnbeh.2021.659331
https://doi.org/10.1163/15707563-bja10043
https://doi.org/10.7717/peerj.2314
https://doi.org/10.7717/peerj.2314
https://doi.org/10.1038/s41598-018-26722-9
https://doi.org/10.1093/cz/zoaa070
https://doi.org/10.1371/journal.pone.0077904
https://doi.org/10.1371/journal.pone.0077904
https://doi.org/10.1016/j.cell.2017.10.019
https://doi.org/10.2307/1313225
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Krama et al.

neurophysiology in Drosophila melanogaster. Neural Plast. 2016, 1-23. doi: 10.1155/
2016/7291438

Maloney, R. T. (2021). Neuromodulation and individuality. Front. Behav. Neurosci.
15:294. doi: 10.3389/fnbeh.2021.777873

McCollum, S. A., and Leimberger, J. D. (1997). Predator-induced morphological
changes in an amphibian: predation by dragonflies affects tadpole shape and color.
Oecologia 109, 615-621. doi: 10.1007/s004420050124

Mischiati, M., Lin, H.-T., Herold, P., Imler, E., Olberg, R., and Leonardo, A. (2015).
Internal models direct dragonfly interception steering. Nature 517, 333-338. doi: 10.
1038/nature14045

Mollé-Albaladejo, R., and Sanchez-Alcaniz, J. A. (2021). Behavior individuality: a
focus on Drosophila melanogaster. Front. Physiol. 12:1933. doi: 10.3389/fphys.2021.
719038

Moore, T. Y., and Biewener, A. A. (2015). Outrun or outmaneuver: predator-prey
interactions as a model system for integrating biomechanical studies in a broader
ecological and evolutionary context. Integr. Comp. Biol. 55, 1188-1197. doi: 10.1093/
icb/icv074

Moore, T. Y., Cooper, K. L., Biewener, A. A., and Vasudevan, R. (2017).
Unpredictability of escape trajectory explains predator evasion ability
and microhabitat preference of desert rodents. Nat. Commun. 8:440.

doi: 10.1038/s41467-017-00373-2

Mosca, T. J. (2015). On the Teneurin track: a new synaptic organization molecule
emerges. Front. Cell. Neurosci. 9:204. doi: 10.3389/fncel.2015.00204

Nasser, R. A., Harel, Y., and Stern, S. (2022). Early-life experience reorganizes
neuromodulatory regulation of stage-specific behavioral responses and individuality
types during development. bioRixv [Preprint]. doi: 10.1101/2022.10.24.
513603

Neckameyer, W. S. (1996). Multiple roles for dopamine in Drosophila development.
Dev. Biol. 176, 209-219. doi: 10.1006/dbi0.1996.0128

Niederkofler, V., Asher, T. E., and Dymecki, S. M. (2015). Functional interplay
between dopaminergic and serotonergic neuronal systems during development
and adulthood. ACS Chem. Neurosci. 6, 1055-1070. doi: 10.1021/acschemneuro.5b
00021

Niens, J., Reh, F., Coban, B., Cichewicz, K., Eckardt, J., Liu, Y.-T., et al. (2017).
Dopamine modulates serotonin innervation in the Drosophila brain. Front. Syst.
Neurosci. 11:76. doi: 10.3389/fnsys.2017.00076

O’Steen, S., Cullum, A.J., and Bennett, A. F. (2002). Rapid evolution of escape ability
in trinidadian guppies (Poecilia reticulata). Evolution 56, 776-784. doi: 10.1111/j.0014-
3820.2002.tb01388.x

Omura, D. T., Clark, D. A., Samuel, A. D. T., and Horvitz, H. R. (2012). Dopamine
signaling is essential for precise rates of locomotion by C. elegans. PLoS One 7:¢38649.
doi: 10.1371/journal.pone.0038649

Pantoja, C., Hoagland, A., Carroll, E. C., Karalis, V., Conner, A., and Isacoff, E. Y.
(2016). Neuromodulatory regulation of behavioral individuality in zebrafish. Neuron
91, 587-601. doi: 10.1016/j.neuron.2016.06.016

Peckarsky, B. L., Abrams, P. A, Bolnick, D. I, Dill, L. M., Grabowski, J. H., Luttbeg,
B., etal. (2008). Revisiting the classics: considering nonconsumptive effects in textbook
examples of predator-prey interactions. Ecology 89, 2416-2425. doi: 10.1890/07-
1131.1

Preisser, E. L., Bolnick, D. I., and Benard, M. F. (2005). Scared to death? The effects
of intimidation and consumption in predator-prey interactions. Ecology 86, 501-509.
doi: 10.1890/04-0719

R Core Team (2021). R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing.

Frontiers in Behavioral Neuroscience

10

10.3389/fnbeh.2023.1189301

Raj, A, Rifkin, S. A., Andersen, E., and van Oudenaarden, A. (2010). Variability in
gene expression underlies incomplete penetrance. Nature 463, 913-918. doi: 10.1038/
nature08781

Réale, D., Dingemanse, N. J., Kazem, A. J. N., and Wright, J. (2010). Evolutionary
and ecological approaches to the study of personality. Philos. Trans. R. Soc. B Biol. Sci.
365, 3937-3946. doi: 10.1098/rstb.2010.0222

Richardson, G., Dickinson, P., Burman, O. H. P., and Pike, T. W. (2018).
Unpredictable movement as an anti-predator strategy. Proc. R. Soc. B Biol. Sci.
285:20181112. doi: 10.1098/rspb.2018.1112

Ries, A.-S., Hermanns, T., Poeck, B., and Strauss, R. (2017). Serotonin modulates
a depression-like state in Drosophila responsive to lithium treatment. Nat. Commun.
8:15738. doi: 10.1038/ncomms15738

Roche, D. G., Careau, V., and Binning, S. A. (2016). Demystifying animal
‘personality’ (or not): why individual variation matters to experimental biologists.
J. Exp. Biol. 219, 3832-3843. doi: 10.1242/jeb.146712

Régler, D. C., De Agrd, M., Kim, K., and Shamble, P. S. (2022). Static visual predator
recognition in jumping spiders. Funct. Ecol. 36, 561-571. doi: 10.1111/1365-2435.
13953

Scharf, I., Nulman, E., Ovadia, O., and Bouskila, A. (2006). Efficiency evaluation of
two competing foraging modes under different conditions. Am. Nat. 168, 350-357.
doi: 10.1086/506921

Schuett, W,, Dall, S. R. X, Baeumer, J., Kloesener, M. H., Nakagawa, S., Beinlich,
F., et al. (2011). Personality variation in a clonal insect: the pea aphid, Acyrthosiphon
pisum. Dev. Psychobiol. 53, 631-640. doi: 10.1002/dev.20538

Sih, A, Bell, A. M., Johnson, J. C., and Ziemba, R. E. (2004). Behavioral syndromes:
an integrative overview. Q. Rev. Biol. 79, 241-277. doi: 10.1086/422893

Stamps, J. A., Saltz, J. B, and Krishnan, V. V. (2013). Genotypic differences
in behavioural entropy: unpredictable genotypes are composed of unpredictable
individuals. Anim. Behav. 86, 641-649. doi: 10.1016/j.anbehav.2013.07.012

Stern, S., Kirst, C., and Bargmann, C. I. (2017). Neuromodulatory control of
long-term behavioral patterns and individuality across development. Cell 171, 1649-
1662.¢10. doi: 10.1016/j.cell.2017.10.041

Trakimas, G., Krams, R., Krama, T., Kortet, R., Haque, S., Luoto, S., et al. (2019).
Ecological stoichiometry: a link between developmental speed and physiological stress
in an omnivorous insect. Front. Behav. Neurosci. 13:42. doi: 10.3389/fnbeh.2019.00042

Voelkl, B., Firth, J. A., and Sheldon, B. C. (2016). Nonlethal predator effects on the
turn-over of wild bird flocks. Sci. Rep. 6:33476. doi: 10.1038/srep33476

Werkhoven, Z., Bravin, A., Skutt-Kakaria, K., Reimers, P., Pallares, L. F., Ayroles, J.,
et al. (2021). The structure of behavioral variation within a genotype. eLife 10:e64988.
doi: 10.7554/eLife.64988

Xue, B., Sartori, P., and Leibler, S. (2019). Environment-to-phenotype mapping
and adaptation strategies in varying environments. Proc. Natl. Acad. Sci. U.S.A. 116,
13847-13855. doi: 10.1073/pnas.1903232116

Yager, D. D., May, M. L., and Fenton, M. B. (1990). Ultrasound-triggered, flight-
gated evasive maneuvers in the praying mantis Parasphendale agrionina. 1. Free flight.
J. Exp. Biol. 152, 17-39. doi: 10.1242/jeb.152.1.17

Yartsev, M. M. (2017). The emperor’s new wardrobe: rebalancing diversity of animal
models in neuroscience research. Science 358, 466-469. doi: 10.1126/science.aan8865

Zanette, L. Y., and Clinchy, M. (2020). Ecology and neurobiology of fear in free-
living wildlife. Annu. Rev. Ecol. Evol. Syst. 51, 297-318. doi: 10.1146/annurev-ecolsys-
011720-124613

Zanette, L. Y., Hobbs, E. C., Witterick, L. E., MacDougall-Shackleton, S. A., and
Clinchy, M. (2019). Predator-induced fear causes PTSD-like changes in the brains and
behaviour of wild animals. Sci. Rep. 9:11474. doi: 10.1038/s41598-019-47684-6

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1189301
https://doi.org/10.1155/2016/7291438
https://doi.org/10.1155/2016/7291438
https://doi.org/10.3389/fnbeh.2021.777873
https://doi.org/10.1007/s004420050124
https://doi.org/10.1038/nature14045
https://doi.org/10.1038/nature14045
https://doi.org/10.3389/fphys.2021.719038
https://doi.org/10.3389/fphys.2021.719038
https://doi.org/10.1093/icb/icv074
https://doi.org/10.1093/icb/icv074
https://doi.org/10.1038/s41467-017-00373-2
https://doi.org/10.3389/fncel.2015.00204
https://doi.org/10.1101/2022.10.24.513603
https://doi.org/10.1101/2022.10.24.513603
https://doi.org/10.1006/dbio.1996.0128
https://doi.org/10.1021/acschemneuro.5b00021
https://doi.org/10.1021/acschemneuro.5b00021
https://doi.org/10.3389/fnsys.2017.00076
https://doi.org/10.1111/j.0014-3820.2002.tb01388.x
https://doi.org/10.1111/j.0014-3820.2002.tb01388.x
https://doi.org/10.1371/journal.pone.0038649
https://doi.org/10.1016/j.neuron.2016.06.016
https://doi.org/10.1890/07-1131.1
https://doi.org/10.1890/07-1131.1
https://doi.org/10.1890/04-0719
https://doi.org/10.1038/nature08781
https://doi.org/10.1038/nature08781
https://doi.org/10.1098/rstb.2010.0222
https://doi.org/10.1098/rspb.2018.1112
https://doi.org/10.1038/ncomms15738
https://doi.org/10.1242/jeb.146712
https://doi.org/10.1111/1365-2435.13953
https://doi.org/10.1111/1365-2435.13953
https://doi.org/10.1086/506921
https://doi.org/10.1002/dev.20538
https://doi.org/10.1086/422893
https://doi.org/10.1016/j.anbehav.2013.07.012
https://doi.org/10.1016/j.cell.2017.10.041
https://doi.org/10.3389/fnbeh.2019.00042
https://doi.org/10.1038/srep33476
https://doi.org/10.7554/eLife.64988
https://doi.org/10.1073/pnas.1903232116
https://doi.org/10.1242/jeb.152.1.17
https://doi.org/10.1126/science.aan8865
https://doi.org/10.1146/annurev-ecolsys-011720-124613
https://doi.org/10.1146/annurev-ecolsys-011720-124613
https://doi.org/10.1038/s41598-019-47684-6
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

	Development under predation risk increases serotonin-signaling, variability of turning behavior and survival in adult fruit flies Drosophila melanogaster
	Introduction
	Materials and methods
	Prey, predators, developmental speed, and the main treatment groups
	Neurotransmitter treatments
	Turning behavior
	Survival tests
	Statistics

	Results
	Variability of turning behavior
	Handedness and the number of turns in the y-maze
	Survival

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


