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The waterflea Daphnia is a model to investigate the genetic basis of phenoty-
pic plasticity resulting from one differentially expressed genome. Daphnia
develops adaptive phenotypes (e.g. morphological defences) thwarting
predators, based on chemical predator cue perception. To understand the
genomic basis of phenotypic plasticity, the description of the precedent
cellular and neuronal mechanisms is fundamental. However, key regulators
remain unknown. All neuronal and endocrine stimulants were able to
modulate but not induce defences, indicating a pathway of interlinked
steps. A candidate able to link neuronal with endocrine responses is the
multi-functional amine dopamine. We here tested its involvement in trait
formation in Daphnia pulex and Daphnia longicephala using an induction
assay composed of predator cues combined with dopaminergic and cholin-
ergic stimulants. The mere application of both stimulants was sufficient to
induce morphological defences. We determined dopamine localization in
cells found in close association with the defensive trait. These cells serve
as centres controlling divergent morphologies. As a mitogen and sclerotiza-
tion agent, we anticipate that dopamine is involved in proliferation and
structural formation of morphological defences. Furthermore, dopamine
pathways appear to be interconnected with endocrine pathways, and control
juvenile hormone and ecdysone levels. In conclusion, dopamine is suggested
as a key regulator of phenotypic plasticity.

1. Background

Predation is a primary force driving adaptation in prey. When predatory threats
are fluctuating in natural environments, inducible defences may evolve in prey
organisms. For example, behavioural adaptations reduce the chance of predator
encounter and life-history changes increase survival chances under size selec-
tive predation [1]. Prominent examples of inducible defences are the various
defensive morphological traits observed in the model freshwater crustacean
Daphnia. Several Daphnia species display spectacular morphological defences
[2,3] including crowns of thorns [4], spines [5], crests [6] and helmets [7-9].
All these defensive strategies are induced via predator-specific chemical cues
known as kairomones. The chemical perception of kairomones initiates a
series of internal physiological reactions including neuronal signal integration
[10] and subsequent conversion into endocrine agents [11-13]. These sub-
stances in turn modulate developmental changes, which result in the growth
of a defended specimen. Interestingly, different predators can induce very
different morphological as well as behavioural and/or life-history defences.
This enormous flexibility appears to be regulated by the ‘ecoresponsive’
Daphnia genome [14]. This involves different sets of paralogous genes activating
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evolutionarily conserved and highly derived physiological
pathways using different sets of recently diverged genes [14].
These must be carefully regulated within and between different
stages and specific cells in order to create the defended
phenotype that matches the present environmental condition.

In order to analyse the signalling cascade and transmission
of perceived predator cues into molecular responses, an inte-
grative approach combining physiological assays and
immunohistochemistry targeting candidate epitopes with
RNA expression levels is important. Using the neuroactive
stimulant physostigmine, previous work has shown that the
perception of the predatory phantom midge larvae Chaoborus
is coded via cholinergic signalling [10,15]. In contrast, the
perception of fish-specific cues involves GABAergic signals
[10]. Moreover, the endocrine system (i.e. juvenile hormones
[16] and ecdysone [13]) was also shown to be involved in con-
trolling growth and development of inducible defences in
Daphnia. However, all applied agents in these studies were
only able to modulate (but not induce) the morphologi-
cal response. This indicates that several components act
complementarily in the underlying pathway. This interaction
ultimately results in the observed increase in mitotic activity
found in the tissues underlying morphological defence [17].
In addition, microscopic studies revealed a group of large poly-
ploid cells located in close association with the morphological
defence structure [17,18] of various daphniid subgenera. The
abundance of these cells was species-specific and correlated
with the expression of the induced morphological trait. It
was therefore suggested that these cells are involved in the
development of defensive traits and serve as central control
stations secreting proliferation agents [17] responsible for the
mitotic activity in the vicinity of these cells. Cell proliferation
[19] may lead to the development of defensive traits. Nonethe-
less, the proliferative agent(s) and its (their) regulatory role in
the development of phenotypically plastic morphological
defences remain undetermined until now.

In order to gain deeper insights into the signalling pathways
of predator-induced morphological defences, we studied the
role of the biogenic amine dopamine. Dopamine is a key neuro-
transmitter involved in many different metabolic pathways
and, more importantly, it serves as a neurohormone in arthro-
pods [20]. It is known to be an important signalling molecule
in various metabolic pathways in invertebrates (reviewed in
[20]). In fact, dopamine can regulate the synthesis and degra-
dation of juvenile hormones [21,22], and thereby we
hypothesized that it has the potential to control predator-
induced polyphenism.

We tested this hypothesis using an integrative approach
applying physiological, immunohistochemical and gene
expression techniques. Specifically, we investigated the effects
of dopamine on morphological defence formation, its cellular
distribution and gene expression levels of the dopamine-
synthesizing enzyme dopamine decarboxylase (DDC) by
comparing control and predator-exposed Daphnia. We studied
animals of two different subgenera (electronic supplementary
material, figure S1)—Daphnia (Daphnia pulex) and Ctenodaphnia
(Daphnia longicephala)—to test for general validity of this poten-
tial key component of phenotypic plasticity. The two Daphnia
species are well studied for their morphological defences, but
are distantly related phylogenetically (electronic supplemen-
tary material, figure S1). Daphnia pulex develops spines (neck
teeth) located in the dorsal head region as a defence against
the dipteran phantom midge larvae Chaoborus spec. [23]

(electronic supplementary material, figure S2A) and D. longice-
phala  forms enlarged crests when threatened by the
heteropteran backswimmer Notonecta spec. [6] (electronic sup-
plementary material, figure S2B).

Herein, we show that dopamine alone increased size
of both Daphnia species per se. The combined application of
dopamine and physostigmine induced the development of
morphological defences. Immunolabelling of dopamine in
whole mount preparations revealed that it is primarily located
in a special type of polyploid cell in close vicinity with the mor-
phological defence structure. In addition, quantitative PCR
revealed that the Ddc gene—coding for the enzyme DDC that
converts dopa into dopamine—is significantly upregulated in
D. pulex. We finally discuss these results in the light of infor-
mation available from other model species and develop a
concept of a potential pathway underlying inducible defences
in Daphnia. Here, dopamine is discussed as a pivotal regulator
of phenotypic plasticity, transforming predator information
into morphological traits.

2. Material and methods

Animals were cultured as described in the electronic supplementary
material.

(a) Daphnia pulex neurophysiological assay

Induction of D. pulex was using randomly selected black-
eyed embryonic Daphnia (fifth embryonic stage 10-12 h before
hatching) excised from the mother’s brood pouch in a glass dish
using preparation needles. For each assay set, individuals of
at least five randomly selected mothers were pooled, to avoid
maternal bias. Embryonic Daphnia were individually transferred
into 50 ml randomly distributed glass vials that contained 40 ml
medium holding a distinct concentration of the neurotransmitter.
We used neurotransmitter stock solutions of 15 uM dopamine
(Sigma Aldrich, Germany) diluted in distilled water that were
kept at —20°C and thawed prior to use. A stock solution of the
acetylcholine esterase inhibitor physostigmine (Sigma Aldrich)
was dissolved in ethanol and stored at —20°C. We applied only a
small volume (2 wl diluted in 40 ml) of our stock solution to
the individual probes to avoid ethanol effects. Earlier experiments
showed that ethanol alone (2 pl) did not significantly affect
Daphnia life history and morphology. The lowest physostigmine
concentration investigated in [10] was taken for physiological
stimulations. Simultaneous stimulation with both neurotransmit-
ters was most effective at a concentration of 15 uM dopamine
(similar to that used in [24,25]) and 5 nM physostigmine [10]. The
majority of all animals were healthy and capable of moulting into
the next instars at concentrations applied. The medium of the indi-
vidual treatments was exchanged every 48 h to maintain constant
stimulation conditions of the drug.

Every trial consisted of four drug treatments and was
repeated a minimum of 20 times. For every assay, controls with-
out the drug were performed parallel to the drug treatments.

Neck teeth expression was documented using an Olympus
SZX 16 binocular microscope equipped with a Color View III
digital camera system (Soft Imaging Solutions; Olympus,
Germany) and analysed with CelL D software (Olympus,
Germany). Body length at sexual maturity (reached after 6 days
when four successful moults were observed in D. pulex) was
measured from the upper margin of the eye to the junction of car-
apace and spine. Neck teeth expression was scored in the second
juvenile instar (one moult after being released from the brood
pouch, approximately 36 h after excision from the mother’s
brood pouch) according to Tollrian [23]. These neck scores of the

OvPLSLOT (28T § 208 Y 20id  biorbuiysiigndfranosiesorqdsi H



individual specimen were quantified as percentages, with 0%
indicating a lack of neck teeth, and 100% maximal expression.

(b) Daphnia longicephala neurophysiological assay
Specimen induction was performed as described for D. pulex.
Notonecta kairomone was produced with one Notonecta per litre of
charcoal-filtered tap water. Waterbugs were fed with 10
D. longicephala for 24 h. This concentration was defined as a 100%
kairomone and was diluted with charcoal-filtered tap water 1:4
(25%) and 3:4 (75%), respectively. The various neurotransmitter
concentrations of 15 uM dopamine and 5nM physostigmine, as
well as the combination of the two, were added as described
above. Medium was exchanged every 48 h to ensure a constant
neurotransmitter and kairomone concentration. Body length and
crest height was measured from behind the eye to the maximal
anterior extension of the crest edge once animals bred the first
clutch (i.e. 10 days after five successful moults).

() Statistics

Daphnia longicephala and D. pulex body length at sexual maturity
was normally distributed and the dopamine effect was determined
using a Student’s t-test. Daphnia longicephala crest height was nor-
malized to body length and followed a normal distribution.
Dataset of neck teeth expression was arcsine transformed to fit a
normal distribution and to homogenize variances. One-way analy-
sis of variance (ANOVA) was applied to determine kairomone and
neurotransmitter effects individually. Differences between kairo-
mone concentrations were determined using a Tukey-Kramer
post hoc test. Likewise, we tested for effects between applied neu-
roactive agents for each kairomone concentration, respectively.
Post hoc analysis comparing the effect between the neuroactive
agents and the control was performed using a Tukey-Kramer
test. All statistics were performed in Sramistica v. 12 (Statsoft
Inc.). Data are available in the electronic supplementary material.

(d) Induction of animals for histological preparations
Induction was performed using glass beakers containing net cages
holding the predators. Experimental specimens were kept outside
the net cage to prevent predation. Daphnia longicephala were con-
stantly exposed to Notfonecta spec. from the first juvenile instar
until they reached sexual maturity. Notonectids were fed with
two adult D. longicephala per day. Daphnia pulex holding embryos
in the fifth embryonic stage were exposed to 10 Chaoborus larvae
(fed with 100 D. pulex juveniles). After juvenile release from
the mother’s brood pouch, the mothers were removed from the
glass beaker and the D. pulex juveniles remained to moult into
the second instar. Controls for both species were performed
accordingly but in the absence of the predators.

(e) Fluorescent Nissl stain and immunohistochemistry
Immunohistochemistry (D. longicephala and D. pulex) were per-
formed on whole mount preparations as described in [18].
Randomly selected control (17 = 20) and induced (1 = 20) speci-
mens of both species were preserved in 4% paraformaldehyde
for each staining technique. Whole mount preparations were
performed as described in [18] using dopamine antibody (DOP
11's in rabbit; Acris Germany) diluted 1:100 in PBS-TX and
5h in Nissl fluorescence by Neurofluor (Life Technologies; see
the electronic supplementary material).

(f) Alexa electroporation of polyploid cell

Daphnia longicephala were prepared in ringer solution (pH 7.5;
Sigma Aldrich). The cuticle of the crest was removed to make poly-
ploid cells accessible for the Alexa-filled microelectrode. Alexa™*

(I mM, Molecular Probes) was applied via electroporation n

(20-30 V and 30 ms). One/two pulses were applied.

(g) Quantitative real-time PCR

Induction of D. pulex for gene expression analysis was performed
in net cages (see the electronic supplementary material). We used
published primers of the Ddc gene [NCBI_GNO_336293] by
Scoville & Pfrender [26]. Sample preparation, RNA extraction,
cDNA synthesis, selection of reference genes, qPCR conditions
and gene expression analysis were performed as published
earlier [27] (see the electronic supplementary material).

3. Results

(a) Dopamine effects on body size

We tested the effect of dopamine on body size in both Daphnia
species (figure 1). Dopamine significantly increased the body
size of sexually mature D. pulex (t-test, p < 0.01; figure 1a)
and D. longicephala (t-test, p < 0.001; figure 1b). Following
these significant impacts on Daphnia size, we tested dopamine
individually, in combination with physostigmine and with
kairomones for effects on the development of inducible
morphological defences.

(b) Kairomone effects on inducible morphological
defences

The application of the Chaoborus kairomone resulted in
the expression of neck teeth in D. pulex (figure 1c; electronic
supplementary material, table S2; ANOVA, F;5; = 57.249,
p <0.001). Neck teeth are significantly increased between
0 and 2.5larvael ' (electronic supplementary material,
table S3; Tukey—Kramer test, p < 0.001) as well as between
25 and 10larvael ' (electronic supplementary material,
table S3; Tukey—Kramer test, p < 0.001). The application of
the Notonecta kairomone significantly induced the develop-
ment of crests in D. longicephala (figure 1d; electronic
supplementary material, table S4; ANOVA, F, 4, =29.315,
p < 0.001). Crests are significantly increased between 0 and
25% Notonecta (figure 1d; Tukey—Kramer test, p < 0.001) as
well as between 0 and 75% (electronic supplementary material,
table S5; Tukey—Kramer test, p < 0.001).

(c) Neurophysiological induction assay

In the absence of the kairomone, we observed significant differ-
ences in neck teeth expression in D. pulex (ANOVA (o 1arvae/1)
F3013="7.603, p <0.001; electronic supplementary material,
table S6) and crest development in D. longicephala
(ANOVA (), F336 = 6.22, p < 0.01; electronic supplementary
material, table S7) between treatment groups. Dopamine did
not significantly affect neck teeth expression in D. pulex
(figure 1c; Tukey—Kramer test, p = n.s.; electronic supplemen-
tary material, table S8) but we observed crest development in
D. longicephala (figure 1d; Tukey—Kramer test, p < 0.04; elec-
tronic supplementary material, table S9). The application of
physostigmine did not significantly increase neck teeth
expression in D. pulex (figure 1c; Tukey—Kramer test, p = n.s.;
electronic supplementary material, table S8) but we observed
crest development in D. longicephala (figure 1d; Tukey—
Kramer test, p <0.023; electronic supplementary material,
table S9). The combination of dopamine and physostigmine
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Figure 1. Neurophysiological induction assay. (a) Daphnia pulex body length of control specimen (black) is increased through the application of dopamine (white:
15 M DA) at sexual maturity. (b) Daphnia longicephala body length of control specimen (black) is increased by dopamine (white: 15 M DA) at sexual maturity.
() Strength of individual neck teeth expression in D. pulex. Comparison of controls (black) and stimulation with physostigmine (dark grey: 5 nM PHY) or dopamine
(white: 15 M DA) did not increase neck teeth expression. Combined stimulation using physostigmine and dopamine in combination (light grey: 5 nM PHY ++
15 M DA) increases neck teeth expression in the absence of the kairomone. (d) Strength of crest expression defined as crest height measured from the posterior
eye to anterior crest boundaries. Increase of crest expression in dopamine (white: 15 LM DA) and dopamine + physostigmine (light grey: 15 M DA + 5 nM PHY)
exposed D. longicephala. (c—f) Plotted is the median and interquartile range. Levels of significance: *p << 0.05, **p << 0.01, ***p << 0.001.

increased neck teeth expression in D. pulex and crest develop-
ment in D. longicephala (figure 1c; Tukey—Kramer test, p <
0.001; electronic supplementary material, table S8; figure 2d;
Tukey—Kramer test, p <0.002; electronic supplementary
material, table S9) in the absence of the kairomone.

In the presence of low and high kairomone concentra-
tions, neuroactive substances had significant effects on neck
teeth expression (ANOVAG 1arvae/1), Faza=4.816, p <0.01;
ANOVA(10 larvae/L)s F3,193 = 4154, p < 001, electronic supple—
mentary material, tables S10 and S11) and crest development
(ANOVA@se), Fse0=2771, p<0.05 ANOVA@s%), Fsz=
6.285, p < 0.001; electronic supplementary material, tables S12
and S13). Dopamine significantly increased neck teeth expression
at low but not at high kairomone concentrations (figure 1c;
Tukey—Kramer tests jarvae/1) P < 0.001; electronic supplemen-
tary material, table S14; Tukey—Kramer Test (10 jarvae/1) P = 1.S.;
electronic supplementary material, table S15) in D. pulex. Crest

development in D. longicephala was not increased at low
(figure 1d; Tukey—Kramer testpsq,) p=n.s.; electronic sup-
plementary material, table S16) but was at high Notonecta
kairomone concentrations (figure 1d; Tukey—Kramer test(sso,),
p < 0.004; electronic supplementary material, table S17). The
combination of both agents further increased neck teeth
expression and crest development in the presence of high and
low kairomone concentrations (figure 1d; Tukey—Kramer
test(s tarvae/1), P < 0.05; Tukey—Kramer testig arvae/1), P < 0.01;
electronic supplementary material, tables S14 and S15; figure 1d;
Tukey—Kramer test(xso,), p < 0.05; Tukey—Kramer testsq,), p <
0.001; electronic supplementary material, tables S16 and S17).

(d) Immunohistochemistry
Using classical and fluorescent Nissl staining, we observed
irregularly shaped cells in the region of morphological defence
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D. longicephala

D. pulex

Figure 2. Intracellular localization of dopamine. (a) Daphnia pulex head; box
depicts the area of dopamine-containing polyploidy cells. (b) Daphnia
longicephala head; box depicts the area of dopamine-containing polyploidy
cells. (c) Bulged cell in Notonecta-exposed D. longicephala showing the
soma with the nuceus and the cellular extension containing dopamine.
Scale bar, 10 wm. (d) Overview of an Alexa”*filled bulged cell with
soma and cellular extension. Scale bar, 10 p.m. (e) Dopamine immunolabel-
ling of bulged cells in predator-exposed D. pulex. Scale bar, 50 pm.
(f) Dopaminergic bulged cells in predator-exposed D. longicephala. Scale
bar, 50 wm. (c—f) Grey arrows point to soma of bulged cells, white
arrows indicate the cellular extension of the cell.

structures (i.e. neck teeth, figure 2a; and crests, figure 2b) in con-
trol and predator-exposed D. pulex and D. longicephala. These
bulged cells are large (30-50 wm), highly arborized and
marked by a star-shaped morphology with distinctive nuclei
(electronic supplementary material, figure S3a,b). A thin
plasma process targets the epidermis (figure 2c,d). Cells are
constant in number (32 + 2 in D. longicephala, and 4 + 2 in
D. pulex) irrespective of predator exposure.

Nissl fluorescence together with immunolabelling using
antibodies raised against dopamine revealed that dopamine
is localized within the bulged cells of predator-exposed and
control organisms. Soma and extension both show dopamine
immunoreactivity (figure 2e,f). All cells that are located in the
vicinity of the morphological defence contain dopamine.

(e) Differential gene expression

As we observed dopamine in bulged cells of predator-
exposed and control specimens, we aimed to determine
dopamine expression levels based on genes identified in the
D. pulex genome [14]. We measured gene expression levels
in D. pulex of Ddc to be upregulated by a mean factor of
3.25 in Chaoborus-exposed D. pulex (s.e. range 1.62-7.44;
p =0.002).

4, Discussion

With our integrative approach, we demonstrate the role of
dopamine in the context of inducible morphological defences
in Daphnia.

(a) Neurophysiology of morphological defence structure
development

Physiological assays have proven to be a useful tool in
obtaining first insights into the neurophysiology of inducible
defences [10,15].

Cholinergic signals were shown to modulate the expression
of defensive traits in combination with the predator cue [10].
In the absence of the predator cue, plastic traits remained
unchanged. This indicated that more than one component is
involved in the transmission of predator cues. In our assay,
we found that mere dopamine application results in larger
individuals at sexual maturity. We therefore anticipate that in
Daphnia, dopamine promotes growth per se. Here, dopamine
could impact either (i) cell proliferation and/or (ii) increase cel-
lular growth. Evidence suggests that dopamine is likely to act as
a proliferative agent [28—-30], as increased mitotic activity [17]
as well as an increased number of cells forming neck teeth
has been observed in D. pulex [19]. However, dopamine-
dependent cellular growth increase cannot be excluded.

With respect to the signalling cascade underlying preda-
tor-induced morphological defences, our induction assay
showed that cholinergic as well as dopaminergic stimulation
is involved.

We found that in D. pulex both agents increase the
expression of neck teeth when applied in conjunction with
the Chaoborus kairomone. In the absence of the kairomone,
independent cholinergic and dopaminergic stimulation did
not induce neck teeth expression. Only the combined applica-
tion of physostigmine and dopamine induced the expression
of neck teeth.

These results were also verified in D. longicephala. Here,
however, both agents applied individually and in conjunction
induced crest development. This indicates that there are yet
undetermined physiological differences underlying the devel-
opment of crests in D. longicephala and neck teeth in D. pulex. In
fact, defences of D. pulex and D. longicephala are different in
their derivation. Whereas neck teeth can be regarded as
instar-specific de novo structures, crests in D. longicephala can
be seen as an exaggeration of already existing morphologies
that built from moult to moult depending on a continuous
induction. Moreover, these defences are formed during differ-
ent developmental time frames. Daphnia pulex is prone to
predation only in the juvenile instars. Thus, defences are
formed during embryogenesis [31] to be effective upon birth.
With age, D. pulex outgrows its gape-limited predators and
defences become unnecessary. Alternatively, due to its probos-
cis, with which Notonecta pierces through the prey’s carapace
for suction feeding, this predator is not gape-limited and D.
longicephala needs to be protected in its larger stages. Notonecta
is a visual-tactile predator and has higher chances for success-
ful prey detection when the prey is large. As D. longicephala has
to reach a certain size in order to reproduce, they develop crests
that increase escape chances by enforcing handling difficulties
on the predator.

We further anticipate that both agents act in concert
with further components (e.g. endocrine; see below) that are
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involved in cue perception and the defence activation pathway.
This is supported by the fact that morphological defences
formed after the combined application of dopamine and phy-
sostigmine are not as profoundly developed when compared
with the naturally (i.e. kairomone) induced defences.

At high Chaoborus kairomone concentrations, as well as at
low Notonecta kairomone concentration, only the combina-
tion of dopamine and physostigmine increased defence
development. This observation may result from physiological
stimulation differences that depend on the ‘strength’ of the
predator cue, which is defined by the cue’s concentration
and the organism’s sensitivity. In turn, this determines the neu-
roactive agent’s impact. Therefore, the precise molecular
neurophysiology that explains predator cue perception and
signal integration involving dopaminergic and cholinergic
signals will be target of future studies.

(b) Cellular localization and dopamine synthesis

Our immunohistochemical analyses revealed the presence of
dopamine in both predator-exposed and control Daphnia of
both species. It was primarily observed, using Nissl fluorescence,
in bulged cells of characteristic shape that line the region of the
inducible defence structure. The staining characteristics of these
cells (i.e. an intensely stained, large nucleus and a lighter-stained
surrounding soma) indicate a high degree of polyploidy, which
has been observed previously [17,18]. The fact that we found
dopamine in polyploid cells in the vicinity of the morphological
defence structures in predator-exposed and control Daphnia of
both species suggests that the pathways underlying the for-
mation of inducible defences may be permanently ‘running
on standby’. Thereby, upon predator presence, dopamine can
be quickly released from bulged cells and initiate the relevant
pathways, to minimize lag time until defence structure devel-
opment. However, in order to maintain constant dopamine
stimulation, which is essential for defence structure develop-
ment, a permanent supply or even a slightly increased level
of dopamine is anticipated. We therefore performed quantitat-
ive real-time PCR expression analyses targeting the dopamine-
synthesizing enzyme gene dopamine decarboxylase (Ddc).
Here, Ddc gene expression was upregulated in Chaoborus-
exposed D. pulex, which indicates increased levels of dopamine
synthesis in the presence of a predator, which in turn points to
increased dopamine-associated activity levels. As only the
genome of D. pulex is currently available [14] and primers
obtained for D. pulex do not amplify reliably in the phylogen-
etically distant species D. longicephala, we did not assess gene
response patterns in the latter.

5. Signalling pathway of environmentally
induced polyphenisms

The integration of our results within known elements of hormo-
nal regulation contributes to a more complete understanding of
kairomone recognition in Daphnia.

(a) Counterbalanced hormonal control of phenotypic
plasticity

Many arthropods can cope with environmental challenges,
moulting into one of several adaptive phenotypes after the
perception of changes. The key to this is the temporal and

spatial regulation of growth and moulting through the coun-
terbalanced actions of juvenile hormones and ecdysteroids.
Whereas juvenile hormones control growth and suppress
reproduction, ecdysone derivatives induce moulting and
embryogenesis [31-34]. Thus in Crustacea, a proper balance
between methyl farnesoate (a juvenile hormone) and
20-hydroxyecdysone (the active form of ecdysone) is impor-
tant for the normal progression of oogenesis. An imbalance
towards ecdysone would result in life-history shifts where
somatic growth is traded with reproduction. In consequence,
animals moult earlier at a smaller size. Conversely, an over-
abundance of juvenile hormones increases somatic growth
and postpones the moulting event.

From an evolutionary perspective, it appears that juvenile
hormone signalling has emerged as an important, highly
conserved endocrine pathway in arthropod development that
regulates the response to changing environmental conditions
[13]. These include caste determination in social insects [35],
photoperiodic adaptation of reproductive modes in aphids
[36], seasonal pattern formation in butterflies [37], as well as
the development of colour in caterpillars [38], horns in scarab
beetles [39,40] and morphological defences in Daphnia
[11,16]. All of these are mediated by juvenile hormones and
often dopamine-signalling pathways [41-44], as supported
by the data presented here.

(b) Neuronal control of predator-induced phenotypic
plasticity

Ultimately, hormones serve as the switch that controls alterna-
tive developmental pathways of phenotypic plasticity [41].
This switch is controlled by the central nervous system,
which actually perceives and codes the environmental cues.
In Daphnia specifically, we anticipate a conceptual network in
which dopamine is a central component regulating predator-
induced defences of different functionality (figure 3). In the
case of a predator-specific chemical cue (e.g. the kairomone),
itis perceived, neuronally integrated and transformed into hor-
monal changes that result in the development of a defended
phenotype. Variously, chemoreceptors specific for predator
cues, neurotransmitters for chemical information transfer and
hormones that ultimately have the capability to regulate gene
expression are used to change the phenotype. The only che-
moreceptors described in Daphnia to date are 58 gustatory
receptors (Grs) that belong to the insect chemoreceptor super-
family in Daphnia [45]. A change in membrane conductance
in the dendrites ultimately causes neuron excitation in the
brain, integration and subsequently excitation/inhibition of
neurosecretory cells to control hormone release, resulting in
adaptive phenotypes including neck teeth, greater body size
and/or changes in life history. Therefore, the phenotypic out-
come depends on the differential regulation of neuronal and
hormonal agents.

If released onto the epidermis, dopamine is an intermediate
and enhances the cross-linking of orthoquinones resulting in
cuticle sclerotization, a process known from many arthropod
taxa [46—48]. This is very likely to be the mechanism leading
to the observed increase in D. pulex carapace stability [49].
Moreover, dopamine has been shown to influence the degree
of cuticle melanization [46,48]. For example, Daphnia under
fish predation were shown to increase their transparency, and
thereby decrease the chance of visual detection by the predator
[50]. ‘Large-scale’ (shape and growth) adaptations requiring
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Figure 3. Conceptual pathway of elements controlling the development of inducible defences based on [10,13,16] and this study. The network consists of successive
components: chemical perception of predator cues, changes in neuronal signalling in the central nervous system, and neurohormonal changes. In the absence of
predator cues, the moult cycle is under the control of the nervous system, which regulates the release of ecdysone and juvenile hormone. Here, GABA inhibits the
release of ecdysone, and thereby controls moult, reproduction and embryogenesis. The regulatory control of dopamine with juvenile hormones stimulates growth
and delays reproduction. Furthermore, dopamine itself can be converted via cuticular phenoloxidases into N-acteyl-dopamine, which is a component involved in the
cross-linking of orthoquinones responsible for cuticle sclerotization, as well as melanization processes after moulting. Ecdysone and dopamine x juvenile hormone
counterbalance growth and reproduction. A fish-induced imbalance towards ecdysone, for example, via relief of the GABAergic inhibition of ecdysone secretion,
results in life-history shifts, where animals mature earlier at a smaller size. In contrast, Chaoborus/Notonecta cues are mediated by acetylcholine, dopamine
and juvenile hormones, which results in somatic growth. This appears to be controlled via differential cholinergic transmission, which could stimulate additional
dopamine release. Dopamine release from polyploid cells can be converted by cuticlar phenoloxidases, which enhances sclerotization and results in the strengthening
of the body armour. At the same time, dopamine can serve as a proliferation agent (alone or with juvenile hormones). Being released from the polyploid cells,
dopamine stimulation results in the development of morphological defences structures (e.g. neck teeth or crests). At the same time, dopamine x juvenile hormone
interaction increases overall body size and postpones reproduction. Black arrows indicate physiological pathways running without environmental predator cues. Blue
arrows mark the individual components of the pathway transforming predator cues (e.g. Chaoborus/Notonecta into morphological defences). Red arrows mark the
individual components of the pathway transforming predator cues (e.g. fish into life-history shifts). The arrows do not indicate any interaction between the signalling
components, but rather refer to their involvement in the respective cascade.

extensive growth of morphological structures can be explained
by localized dopaminergic stimulation, which is anticipa-
ted to require juvenile hormone interaction and initiate cell
proliferation. Indeed, the involvement of juvenile hormones
has previously been shown in neck teeth development
in D. pulex [16], as well as helmet elongation in Daphnia galeata
through the exposure to one of the juvenile hormone-
mimicking pesticides fenoxycarb [11]. The precise mechanisms
by which dopamine and juvenile hormones interact to regulate
localized growth of morphological structures are yet to be deter-
mined in detail. In fact, dopamine can inhibit the degradation
[22] and stimulate the biosynthesis [51] of the juvenile hormone,
which is known to promote growth and postpone reproduction,
which could explain, for example, life-history plasticity.

Here and previously [10], we have shown that in predator-
induced morphological defences in Daphnia acetylcholine
acts as stimulatory agent in the regulation of morphological
defences and GABAergic signalling is involved in the develop-
ment of life-history shifts. In general, acetylcholine in the brain
alters neuronal excitability, influences synaptic transmission,
induces synaptic plasticity and coordinates firing of groups

of neurons [52]. As a result, it changes the state of neuronal
networks throughout the brain, and modifies their response
to internal and external inputs, which is the classical role of
a neuromodulator.

The neurotransmitter GABA modulates life-history
responses against fish predation [10], including those we pre-
viously found: reduced body length and clutch size, but
increased delay until maturity [10]. This indicates the presence
of an underlying GABAergic neuronal control of the neuro-
physiology of fish kairomone transmission. The observed
responses could potentially be explained by a relieved inhi-
bition, which was re-established by the experimental
application of GABA. In general, GABA is known to have
inhibitory functions. In the absence of vertebrate predators,
Daphnia life-history shifts could be inhibited by GABAergic
signals by inhibiting the release of ecdysone [53,54]. This
results in a ‘general purpose’ life history. Upon the perception
of fish cues, this GABAergic inhibition appears to be relieved
and specific life-history parameters change. This would
elicit the adjustment of life-history parameters in a fast and
time-efficient manner.
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