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The important thing is not to shout at this point,
Vimes told himself. Do not ... what do they call
it ... go postal? Treat this as a learning exercise.

Find out why the world is not as you thought it
was. Assemble the facts, digest the information,
consider the implications. THEN go postal. But
with precision.

- Terry Pratchett, Thud! -
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Abstract

Many organisms rely on their sense of smell to explore and interact with their envi-
ronment. Meeting another organism, infochemicals help them decide whether to eat
it, flee, fight or mate with it. The infochemical 2-phenylethylamine (PEA) has previ-
ously been associated with predator avoidance in mammals and feeding deterrence in
algae. This thesis explores the hypothesis that PEA also induces a comparable avoid-
ance behaviour in crustaceans. In behaviour assays with shore crabs and hermit crabs,
movement patterns and behavioural displays were explored in current average marine
pH conditions and end-of-the-century average pH, as associated with climate change.
Furthermore, using liquid chromatography with tandem mass-spectrometry, shore crab
urine was analysed for PEA. Results indicate that PEA attracts both species in reduced
pH conditions, rather than deterring them as expected for a predator cue. Agonistic
displays in response to PEA and evidence for PEA in shore crab urine suggest that
PEA mediates agonistic interactions in crustaceans. Excreted with urine, PEA elicits
the full behavioural response in crustaceans only in decreased pH conditions. There-
fore, this thesis tested the hypothesis that the pH-dependent response hinges on pH-
dependent changes to the infochemical itself. Quantum chemical computations validated
by nuclear magnetic resonance (NMR) spectroscopy allowed calculating PEA’s different
protonation states, and its interaction with a model receptor in different protonation
states. Results confirm that the pH-dependent response to PEA could be attributed
to changes in charge distribution in the infochemical, potentially leading to altered
receptor-ligand affinity. A comparison with the neurotransmitter dopamine reveals that
the exact chemical structure and charge distribution of PEA matters for its biological
function. Although dopamine and PEA are broadly chemically similar, their biological
role for crustaceans appears different. In summary, PEA is an infochemical mediating

agonistic interactions in crustaceans in a pH-dependent manner.
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CHAPTER 1

Introduction

1.1 Chemically Mediated Information

We humans focus on seeing and hearing the world around us; we go to art galleries and
concerts, but ‘smell performances’ are rather uncommon. Although our active percep-
tion often excludes the olfactory sense, the perfume industry makes billions' by capi-
talising our unconscious bias for pleasant scents. In the course of the recent pandemic,
(temporary) loss of olfaction through COVID-19 infection? made us further appreciate

our sense of smell.?

Many other species, however, actively rely on their sense of smell to find their way around
the world, guided by rich cocktails of chemicals. Encountering another organism, their
sense of smell helps to decide whether to eat it, flee, fight, or mate with it.*> Chemistry
is hence the universal language of life on earth.* Chemicals that mediate information
are termed ‘infochemicals’.® Thereby, the response that the infochemical elicits can be

to the benefit or detriment of the organism.b

The use of chemicals to convey information might have evolved from ‘leaking’ hormones,
excreted metabolites or compounds used for defence and is arguably the oldest and
most versatile form of communication.® It is a common misconception, however, that
infochemicals, which are sometimes called semiochemicals,” are designed and synthesised
for the sole purpose of communication. This would be energetically expensive and only

necessary when privacy is paramount in communication, e.g. under selection pressure



4 Rather than specifically synthesised chemicals,

from sexual selection and speciation.
most infochemicals are secondary metabolites, used primarily for other purposes in the
body.* Hence, in aquatic organisms, for example, infochemicals are often excreted with

other metabolic waste products via gills.

As chemical diffusion in water can be a slow process, directional distribution of info-
chemicals is often paramount. Crustaceans, for example, are known to be able to shoot
their urine, containing various information-rich metabolites, several body lengths to-
wards their fight opponent, making this an effective communication strategy to deter
and mark their territory.® Whilst volatility is key for infochemicals with a large operat-
ing range in air, aquatic infochemicals are more diverse, belonging to a variety of sub-
stance classes, such as peptides, fatty acids or small polar and non-polar molecules.® '°

Depending on the role of the infochemical in the communication process, its solubility,

size and functional groups can be vastly different (see also Table 1.1).°

However, searching for a single chemical compound that elicits a specific behaviour is
a simplified view of chemical ecology, that does not reflect the complexity of chemical
bouquets, which are used widely in communication systems.! Mixtures of infochemicals
are often remnants of the biosynthetic pathway for their production but can also have
important ecological functions.” Using chemical bouquets as infochemicals allows re-
lated species (that share biochemical pathways) to develop species-specific pheromones.”
In moths, for example, blends of chemical compounds with distinctly different ratios

are known to function as species- and even population-specific sex pheromones.''™!3

Similarly, shore crabs (Carcinus maenas) are known to use a pheromone bouquet.'®15
Thereby, the different components of the compound blend control different aspects of the
behavioural cascade.!> Compound blends are known to mediate a variety of behaviours

in crustaceans, such as reproduction, feeding, settlement and dominance, making it a

core concept in chemical ecology.®



1.2 Transferable Infochemicals

Infochemicals can be categorised based on their functioning for different organisms and
whether their perception is beneficial for the sender or receiver.® Infochemicals that
evolved for a specific purpose are actively released and likely to be beneficial for the
sender. These infochemicals are called ’signals’, whilst the term ’cue’ refers to info-
chemicals that are released incidentally and are hence not moulded by natural selec-
tion.> However, this cue-signal duality does not capture the full breadth of chemically

mediated information and should rather be seen as a continuum.!®

Furthermore, the term ‘pheromone’ refers to intra-specific signals.* It is interesting to
note that animals from different species tend to not be able to perceive each other’s

pheromones.”

Whilst pheromones evolved for intra-specific chemical signalling, infochemicals can also
mediate information between species (‘allelochemicals’). In many instances, smelling
infochemicals from other species can be an advantage for the emitter or the receiver
of the allelochemical. Chemical deception, for example, can benefit the emitter of the
odour (‘allomone’).® The earwig (Labidura riparia) produces allomones that mimic the
smell of carrion, which discourages a wide array of predators.!” Furthermore, allomones
can be used for sit-and-wait foraging strategies of predators:” The web silk of spiders
from the genus Argiope and Nephila contains putrescine, which attracts flies (Diptera),
the spiders’ prey.'® Additionally, eavesdropping on infochemicals from different species
can be beneficial in predator-prey interactions. Prey can smell an approaching predator
(‘kairomone’), allowing for an early escape without relying on visual contact.” Yet
predators can also locate their prey through scent.” Finally, smelling injury-released
chemical alarm cues from other species of the same prey guild can give individuals in

mixed-species aggregations the crucial advantage to escape their predators.!®



Even species that do not co-occur spatially and temporally can use the same chemical
cues. Applying to a wide array of species, I suggest calling these compounds ‘transfer-
able infochemical’. Thereby, different species use the same transferable infochemical to
mediate information in comparable situations. In several ostariophysan fishes, for exam-
ple, the same compound mix of chondroitin sulfates, has been identified as a component
of the injury-released chemical alarm cue. Zebrafish, Danio rerio, the northern studfish,
Fundulus catenatus, and the fathead minnow, Pimephales promelas, all show avoidance
behaviour in response to synthetic chondroitin sulfates.?>:2! It is important to note, how-
ever, that in minnows and zebrafish the full behavioural response was only evoked by
conspecific skin extract, indicating that, beside the transferable infochemical chondroitin
sulfate, other species-specific compounds contribute to the alarm cue bouquet?®?2! (see
page 2 for introduction of chemical bouquets). Similarly, feeding behaviour can be
triggered by transferable infochemicals: Several naive fish species increased locomotion
activity and displayed feeding-related search behaviours in response to cysteine;*? and
water fleas (Daphnia magna) increase mandible movements in response to cysteine.??
Another example of the use of the same chemical compound across different species is
2-phenylethylamine, which has been detected in the urine of 38 different mammalian
species, with levels >3000-fold higher in numerous carnivores as compared to herbi-

vores.2* Rodents?** as well as sea lampreys®® are known to avoid the dietary predator

odour 2-phenylethylamine.

Chondroitin sulfates, cysteine and 2-phenylethylamine are all used as infochemicals for
many different species. But why are some chemical compounds universally used, whilst
other infochemicals are highly specific? Prevalent chemicals in a certain context (injury,
feeding, fear etc.) might simply be readily available chemical indicators, leading to their
use as an infochemicals. The rupture of epidermal club cells, which are an integral part

of the ostariophysan immune system, release chondroitin sulfates.?® Cysteine can be



271,28 and the metabolisation of animal tissue leads

found in many different food sources
to the formation of 2-phenylethylamine, which might explain its presence in carnivore
urine.?* Hence, in all above cases, there is a potential link between the release of the

infochemical and a fundamental property of the signal source.

This mechanistic link between signal intensity and a characteristic of the signal sender
is also key to the definition of ‘index signals’.” Because of their mechanistic link index
signals have an inherent honesty (see Maynard Smith and Harper (2003)% for the ori-
gins of the honest signal theory): The signal cannot be faked. Male blennies (Salaria
pavo & Salaria fluviatilis), for example, advertise their parental care qualities with a
pheromone that is produced by the glands that are also responsible for protective protein
secretion for eggs.?® Higher pheromone levels correlate with more protein secretion.®”

The mechanistic link between protective protein secretion and the pheromone ensures

the honesty of the signal.

The link between the release of a compound and a fundamental (physiological) property
of the sender applies to both, index signals and transferable infochemicals. Hence,
their definitions seem to overlap. However, transferable infochemicals are not limited
to chemical signals, as they are not necessarily actively released and their role has not
evolved for a specific purpose (see definition of ‘signal’ above), as shown by the above
examples of a transferable feeding cue and chemical alarm cue. Furthermore, whilst
the definition of index signals focuses on describing honest chemical signalling, the term
‘transferable infochemical’ sets the focus of its definition on the prevalent use of an

infochemical across different species.



1.3 Climate Change and Ocean Acidification

The earth is undergoing long term changes. Increasing atmospheric carbon dioxide
(CO,) levels drive global warming.®' Tt is less widely known, however, that about
30% of our emitted anthropogenic carbon is absorbed by the oceans, with wide-ranging

consequences for its chemical equilibria.3!

Firstly, the increased CO, concentration in the water changes the water chemistry by
shifting the equilibrium towards higher bicarbonate (HCOj3) rather than carbonate
(CO4) levels®? (see eq. 1.1). Furthermore, CO, and water form carbonic acid (H,COs),
which partially dissociates into bicarbonate anions (HCOj3 ) and hydrogen ions/protons
(H").32 Further partial dissociation forms more H' and carbonate anions (CO5 ) (see

equation 1.2).32

CO, + CO5 4+ H,0 = 2HCO;4 (1.1)

COQ + HQO = HQCOg ‘:‘ H+(aq) + HCOz): *:‘ 2H+(aq) + 0037 (12)

The increased H' level (due to increased CO, levels) increases the acidity of the water.
The acidity/alkalinity of a solution can be described using the pH scale. As the pH is
defined as the negative decadic logarithm of the H' concentration (equation 1.3), high

acidity (high concentration of protons, [H']) is recorded as low pH.*?

pH = —log,o[H] (1.3)

At 25°C, a neutral solution has a pH of 7, whilst a pH below 7 indicates acidic, and above

7 alkaline conditions.®® In general, the pH is logged from 0 to 14, ranging from acidic



(low pH) to alkaline (high pH). However, the pH can exceed this range in both directions,
depending on the concentration and strength of the acid/base. It is important to note
that, as the pH is recorded on a logarithmic scale, small changes in the pH can correspond
to large changes in acidity: Decreasing the ocean’s pH by 0.1 unit corresponds to a
30% increase in the concentration of H* in seawater (assuming constant alkalinity and

temperature).?

As a consequence of anthropogenic CO, emissions, ocean surface pH has declined from
pH 8.15 in 1980 by 0.06-0.09 pH units until today and is predicted to drop further to pH

31,35 This process,

7.65 by the end of the century (business-as-usual scenario RCP8.5).
known as ocean acidification, has detrimental effects on calcifying organisms such as
corals and some plankton as they rely on calcium carbonate (CaCOs3) availability in the
oceans.’® As the increased CO, levels decrease CO5  availability (eq. 1.1), calcifying
organisms struggle to maintain their external skeleton.?® Other effects of ocean acidifi-

cation, however, for example on (chemically mediated) animal behaviours are sometimes

overlooked.?”

1.4 Infodisruption: Interference with Chemically Me-

diated Information

Chemical communication often seems to be the natural choice of sensory channel in
aquatic environments as aquatic organisms are enveloped in a solution of infochemicals,
with every organism around them contributing to the ‘smellscape’.®® Furthermore, in
aquatic conditions, chemical communication is generally thought to be more reliable
than visual signals,®® as in turbid or deep water light conditions might be suboptimal

for visual communication.??



However, infochemicals are not always stable over time and not necessarily consistently
available across different environmental conditions. Indeed, many chemically mediated
behaviours are known to be sensitive to divergence from optimal environmental condi-
tions.*® Furthermore, chemicals in water as well as in air can degrade when exposed to
heat or pollutants and the acidity of the water can affect their charge.?” Chemical ecolo-
gists only recently discovered that infochemicals are no exception.*! The disturbance of
infochemical-mediated biotic interactions is called ‘infodisruption’.*?> Thereby, the term
does not exclusively refer to negative effects on chemical communication processes. In-
stead, infodisruption describes the disruption of the chemical communication process,
potentially amplifying or hampering chemically mediated behaviours.®” Whilst ocean
acidification has been shown to amplify the bioavailability of the feeding deterrents saxi-
toxin and tetrodotoxin,*® for example, several amino acids, bile fluid, and intestinal fluid
invoked a reduced olfactory response in gilthead seabream in comparable conditions.*

Although the direction of the effect is different in the above examples, the ‘normal’

transfer of chemically mediated information is disrupted in both cases.

1.4.1 The Reproducibility Crisis in Marine Infodisruption Re-

search

In marine chemical ecology, infodisruption through ocean acidification has been a re-
search focus for about a decade. However, early and highly publicized studies reporting
radical changes in the behavioural response of clownfish larvae to predator odours under

45,46 are now hotly debated.*” " Since then, numerous indepen-

elevated CO, conditions
dent studies found that, depending on the species and chosen behaviour, high CO,
levels can have positive, negative and no effect on marine animal behaviour (reviewed

by Clements and Hunt, 2015°°).



The documented behavioural effects of ocean acidification range from impaired learning
ability®! and decision-making*® to changes in olfactory-mediated behaviours.*! However,
a meta-analysis showed that the estimated effect size of ocean acidification impacts
on fish behaviour has been declining since this phenomenon has first been observed.*?
Furthermore, recent efforts to replicate the effect of ocean acidification on avoidance
behaviour of coral reef fishes (the above mentioned highly publicized studies)?®4¢ have

47
L,

been unsuccessful,*” which sparked a debate on reproducible methods and transparent

data analysis.*®4?

This debate motivated me to search for robust methods in the course of my PhD, to
produce consistent reliable results. Firstly, I chose to work with known chemicals rather
than ‘conditioned water’, which contains unknown amounts of unknown infochemicals
secreted by an organism. Choosing a known chemical excludes potentially complex inter-
active effects of chemical mixtures in the conditioned water and enabled me to determine
and work at threshold concentration. Secondly, I repeated my behavioural experiment
to ensure reproducibility of my results and used behaviour tracking software rather than
solely relying on visual observations, to exclude observer bias (chapter 2 & 3). Lastly,
a main goal of my PhD was the pursuit of a holistic mechanistic understanding of how
acidified conditions can affect different steps along the signalling cascade (chapter 4
& 5), whilst previous studies have mostly focused on a single potential mechanism to

explain ocean acidification effects on animal behaviour.

1.4.2 Mechanisms of Infodisruption

Ocean acidification is the combined effect of elevated CO, and decreased pH. Fig. 1.1
maps five potential mechanisms (described below) by which ocean acidification can al-

ter animal behaviour to the signalling cascade of chemically mediated behaviour. The



signalling cascade starts with a signal source (for example an organism, habitat, food)
producing/releasing infochemicals, which are transported through the medium and bind
to a receptor. The signal is then transmitted and translated internally to evoke a be-
haviour. Changes in individual animal behaviour can then in turn alter intra-and inter-

specific interactions, potentially with population or community-wide implications.??

Intracellular:
Animal

Extracellular: pH ¢ CO, T
Sea Water

Slgnal : 7

Signal l:> Altered
Transduction Behaviour

Infochemical
Receptor
Protonation State &
Conformation
Dipole Moment

Fig. 1.1: Visualisation of the possible mechanisms by which decreased pH or increased
CO4 levels can alter animal behaviour. The signalling cascade from source to behaviour
is shown with light grey arrows. The potential effects of acidification interfering with
this pathway are shown in dark gray and numbered. Thereby, the stressors can affect
the signal source (1), the infochemical (2), the receptor or its interaction with the ligand
(3), the signal transduction (4) and the physiology or fitness of an animal (5).

Fig. 1.1 shows that, firstly, elevated CO,/ decreased pH conditions can affect the signal
source. In terrestrial environments, aphid alarm pheromone, for example, is reduced
in quality and quantity when animals are exposed to elevated CO, conditions.?*5% Al-
though, to the best of my knowledge there are no studies on the effects of ocean acidifica-
tion on biosynthesis and chemical composition of infochemicals in marine environments,
similar patterns are conceivable for signalling cascades in aquatic conditions. Secondly,

infochemicals are known to potentially change their conformation and charge distri-
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bution in low pH conditions, which in turn can change chemoreception.*"*® Changes
to chemoreception have also been observed in electrophysiological and transcriptomic
measurements, showing that elevated CO, impairs the olfactory response of sea bass®”
and sea bream? to feeding cues (third potential pathway, Fig. 1.1). Conversely, Nilsson
et al. 2012°® proposed that elevated CO, interferes with signal transduction by altering
the GABA, (v-aminobutyric acid) neurotransmitter system in the fish brain, which is
shown as pathway four in Fig. 1.1. Finally, although many aquatic animals are known
to be able to compensate for acid-base disturbances,® % the fifth potential mechanisms
suggests that ocean acidification can elevate their metabolic load, potentially affecting

the behavioural response to infochemicals.5!

1.4.3 Acidification Changes Chemicals

The first three pathways in Fig. 1.1 (at least partially) build on the notion that pH
can change chemicals. To improve our understanding of how chemicals in water can
be affected by changing pH conditions, the definition of the term ‘acid’ provides some
clarity. According to Brgnsted-Lowry’s acid-base theory, an acid (HA) is any chemical

compound capable of donating a proton (H™).62:63

By donating a proton, the acid
dissociates into its conjugate base in an equilibrium reaction that is described by the
acid dissociation constant K, (eq. 1.4 and 1.5).% A molecule can have several acid
dissociation constants, depending on the number of protons it can give up. Stronger

acids have larger dissociation constants, whilst weaker acids have smaller dissociation

constants.
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Ka

HA === A" + H" (1.4)
_ [HTA]
K, = “HAT (1.5)

Alternatively to the K, its negative decadic logarithm pK, is often used to simplify
mathematical expressions. Additionally, as previously defined (eq. 1.3), the negative
decadic logarithm of the proton concentration defines the pH of a solution. Re-arranging
eq. 1.5 accordingly results in the Henderson-Hasselbalch equation (eq. 1.7), which con-
nects the acid dissociation constant K, and the ratio of acid/conjugate base to the pH

of the solution.%% 65

pK, = —log, K, = logw% (1.6)
pH = pK, + log (%) (1.7)

From this follows that the protonation state of any compound with ionisable groups is
susceptible to changes in environmental pH conditions, whereby the dissociation con-
stant K, (or pK,) describes the degree of susceptibility of a compound to pH changes.
Plotting the pH against [HA] (eq. 1.7), Fig. 1.2 illustrates that with increasing pH, a
compound that can donate a proton (HA, here with pK,=7.8) dissociates whereby its
abundance drops. The correlation follows a non-linear curve due to the logarithmic
relationship. The point of inflection marks the pK, value of the acid, which, for mono-
protonic acids, equates to 50% of HA in the protonated and 50% in the deprotonated

state (A~, not shown in Fig. 1.2).
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Fig. 1.2: pH-dependent abundance curve for an example compound HA with an ionis-
able group at pK,=7.8. With increasing pH, the abundance drops in a non-linear way.
The point of inflection marks the pK, value, which equates to 50% of HA in the proto-
nated and 50% in the deprotonated state for monoprotonic acids. Whilst the abundance
of HA decreases, the abundance of the conjugated base A~ increases respectively (curve
not shown).

Applying these fundamental chemical principles to the reality of aquatic chemical com-
munication demonstrates that any compound with ionisable groups is an acid or base
and hence might be susceptible to pH change. The pK, value is a direct measure of the
pH range in which an ionisable functional group of a molecule can be protonated. When
the pH of the environment approaches the pK, value of a functional group, a proportion
of the chemical compound changes its protonation state (protonated or deprotonated,
depending on the direction of the pH change, see Fig 1.2). Given the pH, the abundance

ratio of protonation states can be determined with the Henderson-Hasselbalch equation
(eq. 1.7).

To determine how this applies to aquatic infochemicals, we must examine the diversity
of functional groups in infochemicals. Aquatic infochemicals contain a wide variety of

functional groups, many of which can donate a proton within environmentally relevant
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pH ranges. To illustrate the variety of infochemical functional groups, some examples
are collated in Table 1.1.

Table 1.1: Examples of infochemicals from aquatic environments.

Structural class Ecological Role Example Reference
Peptide Larval settlement, [66,67]
reproduction,
foraging,

antimicrobial defence

Amino acid Foraging, [22:66)
reproduction
Saccharide Alarm conspecifics, . [20,68]
AN /OH
.. § o, <
mate recognition o— Of\o \—on
How Q o ;
OH
R 0
>/ HO ‘OH
Purine Alarm conspecifics, . [69-71)
H
larval settlement N "
L)
N
|
OH

Biogenic amine Predator avoidance, [25:72,73]

foraging for scavengers @\A
NH;

3

Table 1.1 shows that infochemicals can include a wide variety of different functional
groups, e.g. amino (NHj3" /NH,), carboxy (COOH/COQ") and thiol groups (SH/S"),

many of which are susceptible to pH changes.
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However, as deduced above (section 1.4.2), the infochemical is just one component of
the signalling cascade. In its essence, chemoreception is the interaction of a protein
receptor and its ligand. As proteins comprise of long chains of amino acid residues,
which are often pH sensitive,” pH-dependent changes in even a few amino acid residues
can lead to fundamental changes in the 3D conformation of the receptor and its ligand
affinity.”™ 7" Hence, both ligand and receptor are potentially pH-dependent. This creates
a multifaceted problem, whereby small changes in pH can potentially change the charge
distribution of the protein receptor or the infochemical. Additionally, changes in the
charge may in turn affect the conformation of either of the two. All four mechanisms

have the potential to disrupt chemoreception.

From a chemist’s perspective it is puzzling that the first mechanisms that were pro-
posed for marine infodisruption (and predominated the debate until recently) are based
on internal physiological processes (effects of ocean acidification on the GABA 4 neuro-
transmitter system):**™ Even though infochemicals and olfactory receptors are directly
exposed to the changing environmental conditions, chemical ecologists have focused on
internal neurotransmitter functioning to explain the changes in chemical communication
due to ocean acidification. This thesis attempts to approach the topic of pH-dependent

chemical communication from a chemistry rather than physiological perspective.

Although in the context of climate change, the two stressors elevated CO, and decreased
pH are coupled, they can have independent effects on chemically mediated behaviours.™
To promote the understanding of the underlying mechanisms of ocean acidification ef-
fects on chemoreception, this study attempts to disentangle the effects of decreasing pH
and increasing CO, on chemically mediated behaviour. As elevated CO,4 levels can have
wide-ranging physiological effects (pathway 5 in Fig. 1.1), which are not subject of this

study, I chose to manipulate only the pH, leaving the carbonate chemistry of the water

relatively unchanged.
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Finally, it is important to note that environmental conditions are seldom stable. In-
fodisruption might already occur on a regular basis, depending on the stability of the
infochemical and the respective ecosystem. In many aquatic ecosystems, diurnal and
seasonal fluctuations in pH, temperature and light levels expose infochemicals and or-

80,81 Tn coastal environments, these changes are

ganisms to ever changing conditions.
particularly pronounced due to tidal cycles and photosynthesis/respiration.®? Whilst
organisms are known to rely on metabolic compensations to maintain acid-base bal-

ance in intertidal environments,® mechanisms for the compensation or adaptation of

chemosensory systems are poorly understood.?”

Similar to the cyclic changes of light conditions (sun/moon) that affect visual commu-

4 85

nication® or even offset physiological processes,®® variable pH conditions characterise
today’s oceans, and coastal environments in particular.®%%2:8¢ Current daily pH fluctu-
ations often even exceed average pH changes of surface ocean water as expected in the

80,81 Similar to e.g. visual foraging

face of ocean acidification by the end of the century.
strategies being adapted to day/night cycles in light conditions, it seems likely that
behavioural coping mechanisms allow organisms to handle current daily/seasonal pH

fluctuation, for example by timing chemically mediated behaviours that are sensitive to

pH change to optimal environmental conditions.

Although current fluctuations in environmental conditions often exceed average long-

80,81 scean acidification

term changes due to climate change by the end of the century,
shifts the range of pH fluctuations and even increases its amplitude.®-3” Hence, whilst
the phenomenon of infodisruption is not tied to average changes owing to climate change
(as natural fluctuations in environmental conditions can also create suboptimal sensory
conditions), climate change can exacerbate the effects of infodisruption in naturally

fluctuating environments. Thereby, intertidal organisms may be exposed to critical

environmental thresholds earlier.
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1.5 Research Approach

Many studies have adopted an ecological perspective on infochemicals or else explored
the chemical basis of ecological interactions. This work attempts a true interdisciplinary
approach, combining behavioural ecology with computational and analytical chemistry
to improve our understanding of the mechanisms underlying pH-dependency of chem-
ically mediated information, based on the example of the transferable infochemical 2-

phenylethylamine (PEA, see also section 1.2).

I choose to work with PEA, which is known to act as a dietary predator odour for many
species.?* Thereby, PEA excretion levels are suspected to be defined by the metaboli-
sation of animal tissue.?* Being particularly interested in a mechanistic understanding
of chemical ecological processes, the potential link between the signal intensity (PEA
level in urine) and a characteristic of the signal sender (its feeding strategy) is intrigu-
ing (see also section 1.2). As several species have been shown to avoid and/or excrete
PEA,?%2 it’s role is potentially transferable to other (aquatic) species. The avoidance
response to PEA of as distantly related species as rodents®* and sea lampreys? has been
hypothesised to be explained by increased levels of PEA in carnivore urine, potentially
alerting prey of the presence of a predator.?* However, it is unclear how scavengers could
fit into this predator-prey rationale, as they potentially consume equally high amounts
of animal tissue without being predators. The literature on 2-phenylethylamine as an

infochemical is being covered in more detail in section 2.1.

This PhD thesis is structured into four data chapters, which each contain a background
introduction (including a section on specific research questions), a description of the
methods and results, and their discussion. The results obtained in the separate chap-

ters are then compared and discussed together, also addressing future perspective and
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implications of the presented work. The focus of each of the data chapters is outlined

below.

The first data chapter, chapter 2, focuses on the behaviour of hermit crabs in response
to the infochemical PEA in different pH conditions, to deduce its role for chemical
communication in hermit crabs. To characterise the chemically mediated response, its

seasonality, weight- and sex-dependency are assessed.

In the second data chapter, chapter 3, I explore whether the observed behavioural
response to PEA is specific to hermit crabs, by repeating some of the behavioural
experiments from chapter 2 with shore crabs. Furthermore, mass spectrometric analysis

of shore crab urine allow for conclusions on the origin of PEA in marine environments.

The third data chapter, chapter 4, assesses the potential mechanisms underlying the
observed pH dependency of the behavioural response of hermit crabs and shore crabs to
PEA. Using quantum chemical methods and nuclear magnetic resonance spectroscopy,
changes in the structure and charge of the infochemical in response to changes in pH
are assessed. As (charge-dependent) electrostatic interactions are a crucial aspect for
receptor-ligand interactions, I also study the binding properties of PEA with a model re-
ceptor in proof-of-concept computational experiments. Thereby, pH-dependent changes
in the infochemical as well as the receptor are considered. Living in variable environ-
mental conditions, hermit crabs and shore crabs are exposed to fluctuations in salinity
and temperature in addition to changes in pH. Therefore, I also assess the vulnerability
of my computational model of the infochemical in water and receptor-ligand interaction

to changes in salinity and temperature.

The final data chapter, chapter 5, explores the possibility that the chemically mediated
response to PEA is the result of chemical mimicry, whereby the infochemical binds to

a non-target receptor. Repeating some of the previous behavioural and computational
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experiments, I explore structural and mechanistic similarities of PEA to the neurotrans-
mitter dopamine and assess whether dopamine evokes comparable behavioural responses

to PEA, as shown in chapter 2.

The aim of this thesis is to explore the ecological role of PEA for multiple crustaceans
and to assess the potential mechanisms underlying the pH dependency of the behavioural

response.
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CHAPTER 2

The Ecological Role of
2-Phenylethylamine (PEA) for
Hermit Crabs

2.1 Introduction

8890 and yet the chem-

Infochemicals structure communities and shape trophic cascades
ical compounds underlying these crucial interactions are rarely known in marine envi-
ronments. This hampers our understanding of chemical communication processes and

its susceptibility to changing environments.3”

2.1.1 The Infochemical 2-Phenylethylamine

To expand upon our knowledge of chemical communication processes in marine envi-
ronments and their pH dependency, I draw an example from the terrestrial environment
and choose to work with 2-phenylethylamine (PEA), a known dietary predator odour
that is detected in the urine of many mammals*® (see also section 1.2). Carnivorous
mammals have been found to have up to >3000-fold higher PEA levels in their urine
than herbivores; and rodents innately avoid the smell of PEA whilst displaying a stereo-
typed fear response to this interspecies odour.?* Ferrero et al. (2011)** identified the

chemosensory receptor TAARA4 as the primary target for PEA detection in rodents.
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In aquatic environments, sea lampreys are known to avoid the smell of PEA2%°! and
PEA has hence been suggested for pest control measures of invasive sea lampreys."?
Di Rocco et al. (2016)°! argue that their response to PEA might be explained by sea
lampreys avoiding the smell of their (terrestrial) predators, such as raccoons, which are

known to excrete PEA with their urine.2*

Furthermore, PEA is known to be present in a variety of plants, including algae, where
it has been hypothesised to function as a feeding deterrent.”® PEA has been detected in
brown and red marine algae in Germany and Turkey.**% As PEA is known to function

24,25

as a dietary predator cue for different species and known to be present in marine

environments,” its ecological role for marine organisms needs to be further explored.

2.1.2 Hermit Crabs as Model Species

I chose to work with the common marine hermit crab (Pagurus bernhardus) to promote
our understanding of the ecological role of PEA in marine environments. Almost 800
species of hermit crabs (anomuran decapod crustaceans) inhabit a variety of marine
environments.?® In British coastal environments, Pagurus bernhardus is the most com-
mon hermit crab.?” Hermit crabs are generalist carrion scavengers, fulfilling a crucial
ecosystem role in intertidal tide pools.?®?? The lack of calcification of their abdominal
exoskeleton requires hermit crabs to occupy foreign shelter.”®%" Choosing empty snail
shells as mobile shelters both protects their soft abdomen and creates a refuge from

attack whereby the animal fully retracts into its shell.%

Olfaction is a dominant sensory channel in hermit crabs, although behavioural responses
are often enhanced by combining visual and olfactory stimuli.!® As hermit crabs are
known to display a variety of chemically mediated behaviours, most notably regard-

ing shell choice,'®* they are considered a model species in chemical ecology.® 192 103
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Furthermore, hermit crabs are known to respond to predator odours by altering their
behaviour;'% and their social interactions, shell selection and foraging rely on chemical
signalling.!% This makes them an excellent study species to determine the ecological

role of the infochemical PEA in marine environments.

Due to the fluctuating environmental conditions in intertidal environments (the natural
habitat of hermit crabs) studying the response of hermit crabs to PEA in average pH
condition alone, risks missing any pH-dependent functionality. Ocean acidification is
known to change marine environments,*! with potentially detrimental effects on chemical

4157 (see also section 1.4). Although the average annual changes in ocean

communication
acidity due to climate change are small considering the short life span of hermit crabs,
they also routinely experience fluctuations in pH, salinity and temperature in their
environmental conditions: Living in intertidal zones, hermit crabs inhabit environments

of extremes.®?

Due to the tidal cycle and day-night rhythms pH fluctuations vary locally, but they
often exceed the average expected pH shift due to ocean acidification®®2 - pH 8.1 to
pH 7.7 by the end of the century.?! In the low-intertidal, the most common habitat of
hermit crabs, the pH has been shown to fluctuate between pH 7.83 and pH 8.30 (mean
pH 8.09) due to the tidal cycle (data from southeast Australia).? This pH difference of
0.47 over a single day is similar in size to the projected average ocean acidification of

ApH 0.4 by the end of the century.

With ocean acidification shifting the current diurnal pH range and increasing its ampli-
tude,®! intertidal organisms such as hermit crabs might be exposed to critical threshold
pH conditions in the near future. It is hence crucial to improve our understanding of the

pH-dependency of infochemicals to identify vulnerable chemically mediated behaviours.
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The infochemical 2-phenylethylamine, which is the focus for this thesis, has an amino
group with pK,=9.83,19 showing that the molecule is pH-dependent. The chosen pH
range 8.1-7.7 in this study represents average ocean acidification by the end of the
century,®® which improves comparability with other studies.*"*"™ However, the pH
range that is relevant for current and future intertidal environments might exceed this

pH range.

2.1.3 Research Approach and Hypotheses

This chapter focuses on exploring the ecological role of PEA for hermit crabs. To
approach this research question, I tested the response of individual animals to PEA,

giving them the opportunity to retreat or investigate the odour source.

Although evidence of PEA functioning as a deterrent (predator odour?* or feeding de-
terrent?) predominate, its potential attractiveness to scavenging organisms should be
considered when formulating hypotheses on the behavioural response to PEA: Bacteria
biosynthesise PEA from organic detritus by decarboxylating the essential amino acid
phenylalanine.'® As omnivorous opportunistic scavengers,”” %7 the appetite of hermit
crabs is versatile. Scavengers such as hermit crabs could associate the smell of PEA
with decay and it might therefore be an attractive feeding cue rather than a deterrent.
I therefore hypothesise that PEA acts as a feeding cue for hermit crabs. I hence ex-
pect hermit crabs to be attracted to PEA. Repeating my own experiments with various

methods ensures the reproducibility of the results.

Furthermore, observing weight and sex-dependent patterns in the behavioural response
allows for further insights into the ecological role of PEA. If PEA acts as a feeding cue
rather than a deterrent for hermit crabs, in the absence of competition, the weight and

sex of the animal should not affect its attraction to the odour. Although within a group,
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competition might induce some weight/sex-dependent effects in response to a feeding
cue,” T expect individual animals (as in my experimental set-up) to be attracted to

PEA irrespective of their weight or sex.

Finally, as reduced seawater pH is known to disrupt the olfactory response to food
cues'®? and shell choice!®® in hermit crabs, I hypothesise that reducing the pH to end-
of-the-century average conditions (pH 7.7) disrupts the behavioural response to PEA.
Hence, I expect hermit crabs to be neither attracted to nor repulsed by PEA at pH
7.7. As PEA has an amino group with pK,=9.83,1% I hypothesise that changes in the
infochemical might be responsible for pH-dependent changes in chemically mediated
behaviour. Hence, I expect that changes in the protonation state of the infochemical
(‘chemical effect size’) are in the same order of magnitude as changes in the chemically

mediated behaviour (‘biological effect size’).

Over the course of my PhD, I studied the response of hermit crabs to PEA in several
separate experiments. As my knowledge of the subject grew, my hypotheses were ad-
justed and my methods refined. Hence, wherever applicable, the methods and results
sections are divided into three subsections to allow the reader to follow the development
of the methods: first insights, behaviour tracking and sex-specific effects, and choice

experiments in flume.

2.2 Materials and Methods

I chose two different set-ups to observe attraction/repulsion of hermit crabs in response

to PEA in choice experiments:

1. The odour is added as a point source to static water conditions.

2. The response to an in-flow concentration of PEA is tested in a flume.

24



Whilst experiments testing the response to a point source represent more realistic con-
ditions for a feeding cue (i.e. an animal follows an odour trail to the source of food),
this set-up has the drawback that due to the unknown diffusion properties of PEA and
variable diffusion conditions in the static water tank, the actual concentration that is
detected by the animal is unknown. When referring to the conditions in the static water
tank experiments, I therefore refer to the concentration of the point source, although,
due to diffusion, the actual concentration perceived by the animal is much lower. The
flume experiments address this knowledge gap by exposing hermit crabs to known in-flow

concentrations of PEA.

2.2.1 Hermit Crab Collection and Husbandry

Hermit crabs (Pagurus bernhardus) were collected by hand at low tide from the rocky
shore near Scarborough, UK. For each of the three experiments, hermit crabs were

collected anew and kept at the aquaria facilities of the University of Hull.

First Insights

The first behavioural experiment (section 2.3.1) was carried out with Pagurus bern-
hardus collected from Boggle Hole (54°25'19.6"N 0°31°43.6"W) in November 2018. At
the aquaria facilities of the University of Hull, 70 hermit crabs were kept in 100 L tanks
at a density of about 25 animals per tank and a light/dark cycle of 12h/12h. Of the
4 husbandry tanks available for this set of experiments, one was initially left empty,
allowing for a rotating husbandry system that ensured hermit crabs were only used in
one set of experiments: Animals that had been exposed to PEA were moved to the
empty tank. Moving hermit crabs to the initially empty 4th tank emptied a husbandry

tank, which was subsequently used to house only hermit crabs after their exposure to
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PEA. The husbandry tanks were connected by a 1600 L circulating artificial seawater
system with pH 8.1+0.1, 15.8 + 0.2°C and salinity 35.9 + 0.2 PSU. Hermit crabs were
acclimatised to a twice weekly feeding rhythm with commercially available cooked blue
mussels and were not fed for 5-7 days prior to the experiments to standardise appetite

levels.

Behaviour Tracking and Sex-specific Effects

To further explore sex-, pH- and weight-specific differences in the response of hermit
crabs to PEA (section 2.3.2), hermit crabs were collected in February 2021 at low tide
from Filey Brigg (54°13’02.0”N 0°16’29.3"W) near Scarborough, UK. On the collection

day the seawater was 6°C, had a salinity of 32 PSU and the pH was 8.15.

After collection from the wild, the animals were transferred to the aquaria facilities of
the University of Hull. 100 hermit crabs were held in 4 100 L tanks at a density of
20-26 animals per tank with a 12h/12h light/dark cycle. The tanks were supplied by
a 1600 L circulating artificial seawater system, adjusted to 35+1 PSU, pH 8.1 £+ 0.1
and 15.6+£0.4°C (mean + standard deviation). Nitrate levels and carbonate hardness
were checked weekly using aquaria test kits (Marine Lab, Nitrate Test, NTLab and
KH/Alk Profi Test, Salifert) and were within 5-10 mg/L and 9.0-9.4 dKH respectively.
Additionally, the total alkalinity of the husbandry water was determined using a titrator
(HI-84531-02 total alkalinity mini titrator for water analysis, Hanna instruments) in
weekly intervals. The total alkalinity in the husbandry tanks was 132.5 + 3.2mg/L (as
CaCOg, mean =+ standard deviation). After 3 weeks of acclimatisation to the husbandry
conditions and a twice-weekly feeding rhythm with commercially available cooked blue
mussels, the animals were not fed for 5-7 days prior to the behaviour assays to gain

tight control on their appetite levels and ensure a response to a potential feeding cue.
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For up to 3 weeks after the collection, copulatory-type behaviour was observed (0-3 pairs
per tank). Thereby, one hermit crab firmly holds the shell of another!®® and doesn’t
release it when fed. The latter is typically placed ‘upside-down’, with the top of the
shell on the sediment. Copulatory-type behaviour occurred decreasingly over time and

was not observed any more when data collection started.

After being exposed to PEA, hermit crabs were housed in small individual containers
within their housing tanks. Containers were crafted from empty pipette tip boxes (11 cm
X 7Tem x 6cm) and filled with 0.5cm sediment. To ensure good water circulation,
each container had a total of ten small holes around the sides and a large hole in the
lid, covered with mesh. Each container was labelled with a number, allowing for the

identification of hermit crabs without marking their body.

Choice Experiments in Flume

For the third set of behavioural assays, hermit crabs were again collected from Filey
Brigg near Scarborough, UK, on 27th of August 2021 at low tide. In the collection tide
pools the temperature was 17°C, the pH was 8.21, the salinity 32 PSU and the alkalinity
138.6 mg/L as CaCO3 (Hanna Instrument, HI-84531-02 Total Alkalinity mini titrator

for water analysis).

120 animals were transferred to 2 200 L tanks at the aquaria facilities at Hull University
at a density of 60 animals per tank and kept at 15.3 4+ 0.2°C and salinity 35 + 1 PSU
(mean + standard deviation) in artificial seawater. The water was constantly aerated
and filtered (Superfish AquaFlow 200). Additionally, 15% of the water was changed
1-2 times per week. Ammonia, nitrite, and nitrate levels were closely monitored and
did not exceed 0.2mg/L, 0.25mg/L and 10 mg/L respectively. The pH was 8.01 £+ 0.1

(mean + standard deviation) and the alkalinity was 107.8 £ 2.4 mg/L as CaCO3 (mean
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+ standard deviation; Hanna Instrument, HI-84531-02 Total Alkalinity mini titrator for
water analysis). The hermit crabs were acclimatised for three weeks to a twice weekly
feeding rhythm with cooked blue mussel and light /dark periods of 12h/12h prior to the
start of the experiment. To standardise appetite levels, animals were not fed for 7 days

before the experiment. No copulatory-type behaviour was observed.

As previously, after being exposed to PEA, hermit crabs were housed in small individual
containers within their housing tanks. Containers were crafted from empty pipette tip
boxes (11cm x 7cm x 6cm) and filled with 0.5 cm sediment. To ensure good water
circulation, each container had a total of ten small holes around the sides and a large
hole in the lid, covered with mesh. Each container was labelled with a number, allowing

for the identification of hermit crabs without marking their body.

2.2.2 Behavioural Choice Experiments
First Insights

To gain first insights into the reaction of hermit crabs to PEA at different pH condi-
tions, the animals (n=20 per pH condition) were randomly allocated to be tested in pH
condition 7.7 and 8.1. For the experiments in pH 7.7, the pH of the artificial seawater
was adjusted in batches of 4L to pH 7.7 £ 0.05, using 1 molar hydrochloric acid (diluted
from 37 % hydrochloric acid, Fisher Scientific). (For justification of the choice of pH

manipulation see section 1.5.)

The first behavioural experiments were carried out in the laboratory (3rd floor), which
required the transport of hermit crabs in batches of 5 from the ground floor aquaria
facilities. Hermit crabs were allowed to recover from transport for at least 20 min
before experiments. The light was dimmed to reduce the impact of visual stimuli.

After being acclimatised to the pH of the new environment for 2min in a separate
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tank, each individual was tested for its undisturbed movement pattern in the tank
(control) and its reaction to PEA (2-phenylethylamine hydrochloride, Sigma-Aldrich,
98 %). Therefore, PEA solutions were prepared with artificial seawater adjusted to the
same pH as the bioassay tank water. The control and three PEA concentrations were
tested subsequently with 2 min acclimation time in a separate tank between the assays.
Hence, every animal was exposed to 4 subsequent experiments, allowing for 2 min rest
in between exposures. After experiments, animals were kept separately to PEA-naive

animals to ensure that no animal was reused (see section 2.2.1).

The assay tank (28 cm x 18 cm) contained 1L of artificial seawater with pH 7.7+0.05
or pH 8.140.05. Hermit crabs were individually caged with a plastic cylinder in the
middle of the tank and filter papers (1 cm?, Whatman No. 3) were dropped on either
side of the tank. In the control experiment, both filter papers were blank. In the three
PEA conditions, the filter paper contained 200 pL of the respective PEA concentration
(3-107%mol/L, 310> mol/L and 3 - 10~*mol/L) on one side, whilst it was left empty
on the other side of the tank (internal control). The side of the PEA filter paper was
randomised for each individual. After allowing the cue to diffuse for 20s, the hermit
crab was released by lifting the plastic cylinder and observed for 2min. For the data
analysis, the tank was virtually divided into thirds (see Fig. 2.1) and the time spent in

each of the three areas was recorded manually or via video to ensure consistency.
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Fig. 2.1: Set-up of the behavioural choice experiment. The hermit crab was caged
with a plastic cylinder in the middle of the neutral zone whilst filter papers containing
the cue were dropped on either side of the tank (squares). After 20s of diffusion time,
the cylinder was lifted, and the movement pattern of the hermit crab was observed and
recorded by video for 2min. For data analysis, the time spent in the three areas (dark
gray, gray, white) of the tank was measured.

Behaviour Tracking and Sex-specific Effects

To better understand the response of hermit crabs to PEA, the previous experiment was
repeated, whereby the number of animals tested was more than doubled (46 animals
tested), the sex and weight of each animal was determined after the experiment and the
animals’ movement patterns were tracked using software to exclude potential observer

bias.

Unlike in the initial set of experiments (see above), this set of behaviour assays was
carried out within the husbandry room to reduce potential confounding factors of trans-
port upon the behavioural response of hermit crabs. During behaviour assays the light
level was low (around 45 lux, Mini Light Meter DT-86, CEM instruments) to reduce the
impact of visual stimuli. For the experiments in pH 7.7, the pH of the artificial seawater
was adjusted in batches of 10L to 7.7 4 0.05, using 1 molar hydrochloric acid (diluted

from 37 % hydrochloric acid, Fisher Scientific). The total alkalinity of the artificial sea-
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water was determined in weekly random samples and averaged at 116.4 £ 8.9mg/L for

pH 8.1 and 100.6 &+ 3.4 mg/L for pH 7.7 (as CaCOg3, average + standard deviation).

A hermit crab was placed in artificial seawater (184+1°C, 35+1 PSU, pH 8.1 or 7.7) and
allowed to acclimatise to the experimental conditions for 3 min in a separate container.
After acclimatisation, the animal was transferred to the middle of the bioassay tank
(28cm x 18cm), filled with 1L artificial seawater of the respective pH, and left to
acclimatise to the tank conditions for 30s, whilst being caged in the center of the tank.
This was long enough for most of the animals to emerge from their shell. Then, a
filter paper (1cm?, Whatman No. 3) was introduced on either end of the tank. On
one side, the filter paper contained 200 pL PEA at 3 - 1075 mol/L, 3 - 10~*mol/L or
3-1073 mol/L or was left blank for a negative control experiment. As experiments were
fully paired (within pH condition and PEA concentration), every animal was exposed to
8 experimental conditions, allowing for 3 min rest in between experiments and 1 h after
a set of 4 experiments. After experiments, animals were kept separately to PEA-naive

animals to ensure that no animal was reused (see section 2.2.1).

The concentration of PEA on the filter paper was increased 10-fold as the results from the
first insight experiment suggested further information on pH-dependent effects could be
gained at higher concentrations. The filter paper on the other side was left blank as inter-
nal control. As before, the test solutions were prepared with PEA (2-phenylethylamine
hydrochloride, Sigma-Aldrich, 98 %) in artificial seawater of the respective experimental
pH. The order of the experiments was randomised and the cue side was randomised for

each individual.

After the cue on the filter paper was allowed to diffuse for 20 s, the cage was lifted and the
movement of the animal was recorded on video for 2min. Animals that stayed hidden

in their shell for 3 consecutive negative control experiments were deemed unfit and
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excluded from the experiment. The sex and weight of the hermit crabs was determined

after the behavioural experiments (see section 2.2.3).

All videos were analysed blindly using the behaviour tracking software LoliTrack (version
5.1.1, Loligo Systems, Denmark). Blind analysis involved trimming all videos to exclude
the first frames, where a summary sheet with the experimental conditions was presented
to the camera. As I would not have been able to deduce the experimental conditions of
the experiment from the trimmed video, this removed all potential unconscious bias from
the analysis. After finishing the analysis, information about the experimental conditions
were retrieved from the untrimmed videos and analysis results and information on the

experimental conditions were merged.

Choice Experiments in Flume

The reaction of 30 hermit crabs to 6 concentrations of PEA (1071 mol/L, 107 mol /L,
108 mol/L, 10~"mol/L 1079 mol/L, 1075 mol/L) as well as an artificial seawater control
was tested in current average pH 8.1 and end-of-the-century level pH 7.7 in a custom-
made flume, built from black acrylic (see Fig. 2.2). The flume was set up in the hus-
bandry room to reduce potential confounding factors of transport upon the behavioural

response of hermit crabs.
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Fig. 2.2: Set-up of the flume to determine the reaction of hermit crabs to in-flow
concentrations of PEA. The cue enters the flume vertically at about 0.8 L/min per side
and passes a flow rectifier, ensuring laminar flow for the entire length of the flume. The
hermit crab is placed in the centre of the start compartment, allowing it to explore the
odour plumes in the choice compartment. The time is measured until the animal crosses
the decision line (halfway mark of decision compartment).

The pH was adjusted using 1 mol/L hydrochloric acid (diluted from 37 % hydrochloric
acid, Fisher Scientific). The flow of artificial seawater inside the flume was adjusted to
1.6 L/min (0.8 L/min per inflow side, 20 cm/min). The alkalinity of the flume water was
115.1+2.2mg/L as CaCOg for pH 8.1 and 85.4+ 9.4 mg/L as CaCOj for pH 7.7 (mean
+ standard deviation; Hanna Instrument, HI-84531-02 Total Alkalinity mini titrator for
water analysis). 3D-printed flow rectifiers (10 cm long lattice of 80 mm square tubes,
made from polylactic acid) ensure laminar flow, which was verified using fluorescent dye

(see Fig. 2.3).
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Fig. 2.3: Top view of the flume with fluorescent dye added to right inflow (fluorescein
in artificial seawater) to show the laminar flow in the start, choice and decision com-
partment. Artificial seawater was added to the left inflow. White lines mark the start of
the choice compartment (start line, right) and the middle of the decision compartment
(decision line, left). Crossing the decision line defines the end point of the experiment.
Two brackets support the structural integrity of the tank (not depicted in technical
drawing Fig. 2.2).

The cue was added to the inflow tubes using a peristaltic pump at 11.1 mL/min per
side. This corresponds to a 72-fold dilution of the cue when added to the inflow of
the flume. Hence the start solutions were 72-times more concentrated than the target
solutions of 107 mol/L - 107 mol/L. PEA in the flume. To reduce water usage, the
artificial seawater from the outflow of the flume was filtered (Superfish AquaFlow 200)
with foam, carbon and ceramic filtration steps for at least 1h and reused up to 2 times

in the flume.

Before each set of bioassays, the flume was rinsed for at least 5 min with artificial sea-
water. Additionally, before each individual bioassay, the flume was rinsed with artificial
seawater for 1 min and the odour plumes were allowed to establish for 3 min before the
animal was placed in the centre of the start compartment (see Fig. 2.2 for compart-
ments). Then, the hermit crab was allowed to explore the odours inside the choice

compartment. Crossing the half-way mark of the decision compartment defined the
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endpoint of the assay (see also top view of tank Fig. 2.3). The distance between the
beginning of the choice compartment and the decision line was 38 cm. If no decision was
made after 10 min, the experiment was aborted. However, the data was not discarded,
but included in the data set as 'censored’ data. In statistics, censoring means that the
value of an observation is only partially known. In this case the time is >600s but the

decision is unknown.

Each animal was tested for their response to increasing concentrations (including con-
trol) in one pH condition and tested for the other pH condition the following day. Hence,
every animal was exposed to a total of 14 experiments, with 5 min rest in between ex-
periments and 24 h rest after a set of 7 experiments. The cue side was randomised for
different individuals. After the hermit crabs were tested in both pH conditions its sex

and weight was determined (see section 2.2.3).

2.2.3 Sex and Weight Determination of Hermit Crabs

Hermit crabs occupy empty mollusc shells to protect their fragile abdomen.?” Hence,
crucial parts of their anatomy are hidden within the shell, and males and females can

only be distinguished after its removal (see Fig. 2.4A).

The shell was cracked carefully using a small bench vice (Stanley Multi Angle Vice X
70mm). Then, the animal was left to free itself from the shell fragments and placed
on its back for sexing under a microscope (Leica DFC290). Female hermit crabs have
four appendages (pleopods) on the left side of the abdomen, whilst males have only
three.®” Unlike in males, pleopods in females divide into two branches and have long
setae to hold eggs®” (see Fig. 2.4C& D). Furthermore, a pair of gonopores can be found
at the base of their 3rd leg pair (pereiopods) (Fig. 2.4C), whilst gonopores in males are

found at the base of the 5th pereiopods 7 (Fig. 2.4B). Male gonopores, however are
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only about half the size of female gonopores and, unlike in females, the hole is partially

covered (confirmed with SEM, not shown here), making them harder to identify.

Fig. 2.4: Pagurus bernhardus without its shell to distinguish between the sexes (ventral
view). (A) shows a male hermit crab without its shell, exposing its soft abdomen. (B)
shows the basal segment of the 2-5th pereiopod of a male individual, where the gonopores
open on the coxae of the 5th pereiopods (white arrows). In (C) a female hermit crab
with gonopores on the 3rd pereipod (white arrows) and the top pleopods (white arrows),
branched and with long setae, is shown. (D) shows a female with eggs. White arrows
point towards the gonopores on the coxae of the 3rd pereipod.
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After sex determination, the hermit crab was carefully dried on a paper towel and
weighed without its shell. Ovigerous females were weighed with their clutch of eggs. As
Lancaster (1990)!% had found the smallest ovigerous female to weigh only 0.13 g, the
minimum weight for this study was set to 0.3g to ensure mature animals. Then, the
animal was placed into a small container, filled with artificial seawater and containing
a selection of suitable shells. The containers were crafted from empty pipette tip boxes
(11cm x 7em x 6cem), filled with 0.5 cm sediment and placed within the housing tanks.
To ensure good water circulation, each container had a total of ten small holes around
the sides and a large hole in the lid, covered with mesh. After at least 24 h recovery,
hermit crabs were placed back into the main tank. Sex determination and weighing was
carried out with the help of Amber Jones, fellow PhD student in the ChemEcolHull

research group.

2.2.4 Data Analysis and Statistics

All statistics were carried out with R (version 4.0.2).% For data visualisation, I used
the package ‘ggplot2’.'! The behaviour assays in static tanks, as described above, have
a paired structure within the level of the individual animal as the same hermit crab
was tested multiple times (negative control, three or more PEA concentrations). Using

112 allows me to account for this paired structure

mixed effect models (‘lme4’” R package),
by treating the identity of the individual animal as a random effect. The term 'mixed
effect’ refers to the mixture of 'random’ and ’fixed’ effects. Whilst fixed effects (such as
sex, pH or concentration) explain consistent trends in a dataset, random effects (such

as the identity of the animal or the experimental day) account for the variation across

the whole dataset.
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I chose to analyse my data using mixed effect models rather than repeated measures
ANOVA or even paired non-parametric tests with adjustments for multiple testing, as
mixed effect models better reflect the complexity of my experimental set-up, with multi-
ple (interacting) fixed factors, and are better at handling missing data.!'® Furthermore,
ANOVAs assume that the dependent variable is continuous and independent variables
are categorical;'!® experiments in which one of the fixed factors is continuous (such as
weight) cannot be analysed with an ANOVA. Mixed effect models, on the other hand,
offer more flexibility in modelling an array of data types and can deal with both nominal
and continuous independent variables, making it an increasingly common approach in

ecological data analysis.!!

In addition to these overarching mixed effect models, smaller non-parametric tests (e.g.

Wilcoxon test) were used for hypothesis-driven comparison of specific groups of interest.

To explore significant effects in mixed effect models, Tukey’s test was used for multiple
comparisons, using the ‘multcomp’ package!'® or, for larger numbers of fixed effects, the
estimated marginal means (also called least-square means, package ‘emmeans’ ') with

Sidak adjustment method for the p-values.

First Insights

Before video tracking software was used, the time the hermit crab spent near the PEA
point source (see dark gray zone in Fig. 2.1) was used as the outcome (dependent) vari-
able. Using linear mixed effect models, allowed me to adjust for the repeated measures
with each individual, analysing the attraction of hermit crabs to PEA at three different
concentrations and at pH 8.1 and 7.7. To check for any variance in the experimental
procedure, the effect size of the experimental date was also examined in a separate

model.
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Behaviour Tracking and Sex-specific Effects

Using the behaviour tracking software LoliTrack (version 5.1.1, Loligo Systems, Den-
mark), allowed me to export several locomotion-related parameters from the videos of
the behaviour assays, such as distance travelled, acceleration, percentage of time active
and the average position inside the tank. The latter was used to visualise the attrac-
tive/repulsive effect of PEA on hermit crabs using heatmaps of the tank (based on
drawcontours.R, written by J.D. Forester!'”) for each condition and sex. To account
for the randomised side (left or right) of the cue, the x-axis displays the distance from
the cue source side rather than the length of the tank. The average distance from the
PEA source side (x-axis in heatmaps) was then further analysed in linear mixed effect
models (package ‘lme4’''? in R), considering fixed additive and/or interactive effects of

sex, concentration, and pH and random effects on the individual level.

Additionally, the continuous data was reduced to binomial data, to focus on the overall
choice of hermit crabs (attraction vs. repulsion) in response to different concentrations
of PEA. To establish the threshold of attraction/repulsion, I determined the average
position in the tank during all control experiments (control filter paper on both sides). In
the control experiments, hermit crabs positioned themselves on average 13.4 cm from the
PEA source side. With a tank length of 28 cm, this is very close to the centre of the tank
(see also Fig. 2.1 for tank set-up). Animals that were on average closer to the PEA source
than 13.4cm were deemed ‘attracted’, whilst a ‘repulsion’” was defined as an average
distance from the PEA source > 13.4cm. The binomial data of attraction/repulsion
was explored using generalised mixed effect models (binomial distribution with a logit
link) to study the fixed additive and/or interactive effects of sex, concentration, and pH
on the overall preference of hermit crabs in response to PEA, whilst accounting for the

paired study design using random effects.
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Choice Experiments in Flume

The flume data was analysed using time-to-event analysis (also called survival analysis,

120 and ‘emprsk’!). Time-to-event analysis in-

R packages ‘survival’, '8 19survminer
vestigates the probability that an event occurs and models the probability of a change in
state over time.'?? The outcome variable hence depends on the time until the event as
well as its frequency over the observed timespan.'?! Here, the hermit crab crossing a line
in the decision compartment of the flume (‘decision line’) was defined as the endpoint
of the experiment. Furthermore, time-to-event analysis also allows for the inclusion of
assays where the animal didn’t reach a decision (i.e. didn’t cross the decision line within
10min). These datapoints which are only partially known, are called ‘censored data’:

The hermit crab explored the tank for the duration of the assay (600s) but its final

decision remains unknown.

I chose to use time-to event analysis to analyse the data collected in the flume as it
allows me to consider not only whether an event occurred, but also when it occurred,

122 Other data analysis methods could have only

in a combined dependent variable.
analysed either the binary choice of the animal or the time until decision. Furthermore,
time-to-event analysis allows me to account for censored data appropriately.'?? Using
more ‘traditional’ statistical methods, for example ANOVA (for continuous time data)
or Chi-squared tests (for choice data), would have required the exclusion of all censored

data points, leading to reduced sample size and an underestimation of the true time

until decision.

A mixed-effect approach (‘random’ and ‘fixed’ effects, see above) can be incorporated

123

into time-to event analysis using Cox proportional hazards models'** (R package ‘cox-

me’124).

Cox proportional hazards models were fitted to determine the effect of the

concentration of PEA, the sex, the weight of the individual and the pH of the water
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(fixed effects), whilst accounting for the variation of the response on the individual level
(random effect). A Cox regression model is a semi-parametric model that computes

122

the instantaneous rate at which events occur (hazard). As Cox models make no

assumption of the baseline hazard rate, the quantity of interest from a Cox regression

model is the hazard ratio, which represents the ratio of hazards between two groups.'?

In addition to time-to-event analysis, general sex-specific differences in the number of
animals that explored the tank (crossed the start line) and reached a decision (crossed
the decision line), across all conditions, were explored using Pearson’s Chi-squared tests.
As the Chi-square distribution is continuous, the Yates correction is applied to adjust

for the assumption of discrete occurrences in the contingency table.!??

2.3 Results

2.3.1 First Insights

The initial choice experiment with hermit crabs reveals that PEA can be an attractant
for hermit crabs. In pH 8.1, 12 out of 20 hermit crabs spent more time in the area
with the cue (3-107*mol/L on filter paper) than during the respective negative control
experiment and 14 out of 20 hermit crabs preferred the area with PEA in pH 7.7. Fig. 2.5
suggests that whilst the time spent in the third of the tank furthest away from the cue
appears to decrease in a dose-dependent manner (Fig. 2.5B), the time spent in the area

with PEA increases subsequently (Fig. 2.5A).
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Fig. 2.5: Behavioural response of hermit crabs (N=20) to PEA at current pH (8.1) and
end-of-the-century level (7.7). Percentage of time spent in the third of the tank with
the PEA source (A) and furthest away from it (B) at different PEA concentrations.
The dashed gray line indicates a third of the time, (33 %). At pH 7.7 (orange), hermit
crabs spend significantly more time near the highest dose (A, p**<0.01, Tukey’s post-
hoc test, indicated by bracket with asterisks), whilst there was no significant difference
at pH 8.1 (white). The boxplots depict the median with first and third quartile of the
distribution. Whiskers extend to 1.5 the interquartile range; data beyond that range are
defined as outliers and plotted individually. The boxplots are overlayed by the actual
data points in semi-transparent.

The response of hermit crabs in the control experiments is comparable (i.e. not signifi-
cantly different) in both pH conditions, indicating that the decreased pH in the absence
of a signalling cue has no measurable effect on their general movement pattern. How-
ever, the attractive effect of PEA is stronger at low pH. There is clear evidence for a
concentration-dependent effect at pH 7.7 (Likelihood ratio test on linear mixed effect
model, LRT=9.64, n=3, p*=0.02). In particular, hermit crabs spend significantly more
time in the area with PEA during the highest exposure experiment (3-10~* mol/L) than
during the negative control experiment (Tukey’s post-hoc test, p**=0.0096, on average
27 %). On the other hand, there is no evidence for a dose-dependent response to PEA
at pH 8.1 (Likelihood-ratio test, LRT=3.78, n=3, p=0.29). The date of the experiment

has no significant effect on the models, testifying the rigorousness of the procedure.
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2.3.2 Behaviour Tracking and Sex-specific Effects

To further explore the increased potency of PEA at low pH, the previous experiment
was repeated with improved methods. The PEA concentrations were increased 10-fold
to gain more information on the role of PEA in current average pH condition (pH 8.1),
the experimental design was fully paired (as opposed to paired within the pH condition
level), the number of repeats was doubled to ensure repeatability and robustness of the
results and the hermit crab’s average position in the tank was adopted as the dependent
variable (made possible by using behaviour tracking software). Additionally, a sex

determination step was added to explore potential sex-dependent effects.

Of the 46 hermit crabs that were tested, 3 stayed hidden in their shell in three consecutive
negative control experiments and were hence excluded from the data set, 1 was excluded
due to a parasitic barnacle (Peltogaster sp.) and 4 that moved very little and did not
enter any of the tank zones in 3 or more of the 8 experiments (including controls) were
excluded due to assumed low health status. Of the remaining 38 hermit crabs, 18 were

male and 20 were female, of which 8 were carrying eggs.

To gain an overview of the reaction of hermit crabs to PEA in different pH conditions,
density plots of the average position of the hermit crabs within the tank were plotted

as heatmaps (Supplementary Information, Fig. S1-S2).

Simplifying the continuous data of the average distance to the PEA source side (x-axis
in heatmaps) to binomial choice data (closer than average = attraction, further than
average = repulsion), there is moderate evidence that the sex of the hermit crab af-
fects their choice of area in response to PEA (Likelihood ratio test, LRT= 3.70, n=1,
p=0.054). Furthermore, a significant interaction of pH and concentration (Likelihood
ratio test, LRT=9.34, n=3, p*=0.025), indicates that the dose-dependent response to

PEA is significantly pH-dependent. In fact, for males, the response to PEA at the
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highest concentration (3 - 1072 mol/L) is significantly different in pH 7.7 and pH 8.1
(Fig. 2.6B, post-hoc test on estimated marginal means, p**=0.005). 14 out of 18 male
hermit crabs preferred the side closest to PEA over the side with the control cue at
pH 7.7, which is significantly different from a random choice (exact binomial test, pro-
portion=0.5, p*=0.03). There is no evidence for a dose-dependent choice of females to
PEA in either pH conditions (Fig. 2.6A). The date of the experiment had no significant

effect in the model, which testifies the rigorousness of the methods.
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Fig. 2.6: Reaction of female (A) and male hermit crabs (B) to different concentrations
of PEA in pH 8.1 and pH 7.7. PEA had no significant effect on the average attrac-
tion/repulsion of female hermit crabs in either pH condition. For male hermit crabs,
however, there is a significant interaction between the effects of increasing PEA concen-
tration and pH, resulting in a significant difference between pH 8.1 and pH 7.7 at the
highest concentration (post-hoc test on estimated marginal means, p**=0.005). The
dotted line represents a random 50:50 choice.

Similarly, the average distance to the PEA source is significantly affected by the interac-
tion of the concentration of PEA and the pH condition for male hermit crabs (Likelihood
ratio test on linear mixed effect model, LRT= 14.5, n=3, p**=0.002). Hence, the pH
significantly affected the concentration-dependent trend in males, whilst there was no
significant effect in females (see Fig. 2.7). The post-hoc test reveals that in pH 7.7, male
hermit crabs were significantly closer to the PEA source at its highest concentration than

in pH 8.1.
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Fig. 2.7: Average distance of N=20 female and N=18 male hermit crabs to different
concentrations of PEA in pH 8.1 (white) and pH 7.7 (orange). Whilst there is no evi-
dence for a dose-dependent response in females, the response of males shows a significant
interactive effect of pH and concentration. Asterisks depict the p-value in post-hoc test
on estimated marginal means with p***<0.001. The boxplots depict the median with
first and third quartile of the distribution. Whiskers extend to 1.5x the interquartile
range; data beyond that range are defined as outliers and plotted individually. The
boxplots are overlayed by the actual data points in semi-transparent. The dotted line
represents the average position in control conditions.

The behaviour tracking software also computes other locomotion-related parameters,
such as distance travelled, average acceleration and percentage of time spent active. As
there is no evidence that the pH, PEA conditions or sex of the hermit crabs affects these
variables, data were not further analysed. The distance travelled, average acceleration
and percentage of assay time spent active of hermit crabs in response to the different

pH and PEA conditions is visualised in the Supplementary Information (Fig. S3 - S5).
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2.3.3 Choice Experiments in Flume

To approach my research question of the pH-dependent ecological role of PEA for hermit
crabs from a different angle, I also tested the attraction/repulsion of hermit crabs in
response to PEA in a flume. Hermit crabs were exposed to six in-flow concentrations of

PEA and seawater (as control), both in pH 8.1 and pH 7.7.

Of the 30 animals that were tested in the flume, three had parasites (one Peltogaster sp.
and two Athelges paguri) and were hence removed from the data set. Of the remaining

27 animals, 14 were male and 13 were female, of which 2 were carrying eggs.

To gain a first overview of the overall response, the choice of hermit crabs in response

to different concentrations of PEA is visualised in stacked barplots (see Fig. 2.8).
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Fig. 2.8: Choice of flume side for female (A) and male hermit crabs (B) in response to
different concentrations of PEA in pH 8.1 and pH 7.7. Females are overall less likely to
make a decision, across all conditions (including controls). Furthermore, the bar plot
gives a first indication of a dose-dependent attraction to PEA for males in pH 7.7, that

peaks at a concentration of 107" mol/L.

Firstly, Fig. 2.8 suggests a general sex-specific difference in the number of animals that

make a decision. Males are consistently, across all PEA concentrations (including con-

trols) and pH conditions, more likely to cross the decision-line in the flume. Whilst

24 % of all bioassays with male hermit crabs are censored (no decision reached in flume

over 10min), significantly more females (43 %) failed to reach a decision (Pearson’s

Chi-squared test with Yates’ continuity correction, x?=14.35, df=1, p***=0.00015).
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To determine whether this can be attributed to a sex-specific difference in exploratory
movement, I compared hermit crabs’ sex-specific probability to cross the decision line
to their sex-specific probability to cross the start line (data not visualised). Similarly
to animals crossing the decision line, females are twice as likely to stay within the
start compartment, not crossing the start line, with no apparent pH- or concentration-
dependent trend. In 26 % of experiments with females, the hermit crab did not cross
the start line, whilst this only applies to 13 % of experiments with males (Pearson’s
Chi-squared test with Yates’ continuity correction, x*=8.76, df=1, p**=0.0031). As
this tendency for more tank exploration in males compared to females is neither pH
nor concentration dependent, and also observed in control conditions, this sex-specific

difference in hermit crabs cannot be attributed to PEA but is a general observation.

Furthermore, Fig. 2.8 suggests that male hermit crabs are attracted to PEA at pH 7.7
in a dose-dependent manner. The choice response peaks at a PEA concentration of
107" mol/L, with 10 out of 14 male hermit crabs choosing PEA, which is significantly
different to their reaction in control conditions (Pearson’s Chi-squared test with Yates’
continuity correction, x?=5.17, df = 1, p* = 0.02). However, due to the high number
of experiments that ended without a decision, the concentration- and pH-dependent
attraction/repulsion of hermit crabs in the flume shouldn’t be analysed using a binomial

model, as used previously in section 2.3.2.

33% of all bioassays in the flume ended without a decision; excluding these datapoints
by focusing only on experiments where hermit crabs chose either the flume arm with
seawater or PEA would skew the results. Time-to-event analysis, however, can include
these datapoints as censored data (time >600s, but no decision). Furthermore, it com-
bines the time until the decision with the final choice of the hermit crab. This can be
visualised in cumulative probability plots, whereby every step signifies a decision. A

strong response is characterised by a lot of steps at an early timepoint, whereby the
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time is plotted on the x-axis. The cumulative probability plots (Fig. 2.9) below, confirm

a strong response of male hermit crabs to PEA, especially at pH 7.7 (Fig. 2.9D), whilst

the response of males is much reduced at pH 8.1 (Fig. 2.9C) and negligible for female

hermit crabs (Fig. 2.9A-B).
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Fig. 2.9: Cumulative probability of decision for PEA (red) and seawater (blue) in
flume for females (A & B) and male hermit crabs (C & D) in response to different
concentrations of PEA in pH 8.1 and pH 7.7. A strong response is characterised by a
lot of steps (decisions, y-axis) at an early timepoint (x-axis). Whilst A & B show no
apparent dose-dependent trends for females, males (C & D) seem to choose PEA over
seawater in a dose-dependent manner, with the strongest response in pH 7.7.



Considering either endpoint of the experiment (decision for seawater side (blue) as
well as PEA side (red)), the ‘motivation’ of the animal to make a decision can be
compared across all conditions. Thereby, the data reveals very strong evidence for
the concentration (Analysis of Deviance, x?=91.42, df=6, p****<0.0001) and the sex
(x*=16.34, df=1, p****<0.0001) to influence the motivation of hermit crabs to cross
the decision line. Additionally, the motivation of hermit crabs to cross the decision line
significantly depends on the interactive effect of concentration, pH and sex (y?=21.5183,
df=6, p**=0.0015). In other words, there is strong evidence that the decision to choose

a side of the flume is dose-dependent, pH- and sex-dependent.

Fig. 2.9 suggests little variation in the reaction to seawater (blue) but large differences in
the decision for PEA (red) depending on the condition. Hence, a time-to-event analysis
specifically focused on the decision for PEA was conducted for each pH condition to
further explore the hermit crabs’ attraction to PEA. In pH 8.1, there was no evidence for
the concentration of PEA to affect the animals’ decision for PEA (Analysis of Deviance
between models with and without concentration as effect, x2=9.95, df=6, p=0.13);
and only sex-dependent differences were significant in pH 8.1 (Analysis of Deviance,
x?=33.03, df=1, p****<0.0001). As the sex-dependent effect is not affected by the
concentration of PEA, the decreased tendency of females to make any decision in the

flume experiments, as observed above, is likely to have driven the sex-dependent effect.

In pH 7.7, there is very strong evidence for a positive effect of the concentration of
PEA on the choice of hermit crabs for PEA (Analysis of Deviance, x?=46.25, df=6,
p***<0.0001). As observed before, the animal’s sex is a significant factor for their
reaction to PEA (Analysis of Deviance, x?=4.74, df=1, p*=0.03). Furthermore, there is
reliable evidence for an interactive effect of concentration and sex (Analysis of Deviance,
x*=14.78, df=6, p*=0.02). The hazard ratio plot (Fig. 2.10) shows that in males, the

probability of making a decision for PEA was significantly increased for concentrations
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107" mol/L, 107%mol/L and 107° mol/L as compared to their response in the control
experiments (post-hoc test on emmeans (back transformed from log scale) with Sidak

adjustment of p-values, p**=0.009, p*=0.017 and p*=0.02 respectively).
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Fig. 2.10: The hermit crabs’ decision probability for different concentrations of PEA
in the flume at pH 7.7 relative to their response in control conditions. The asterisks
depict significant differences between the control and the PEA experiment with p*<0.05
and p**<0.01. The hazards ratio is the outcome variable in the time-to-event analysis
and represents the probability of the decision for PEA in the respective condition as
compared to control. The vertical line represents a hazard ratio of 1, meaning zero
change in likelihood to move towards PEA compared to control conditions. A higher
hazards ratio signifies a higher likelihood for hermit crabs to move towards PEA, as
compared to control conditions.

2.3.4 Seasonality

In both, the static tank (section 2.3.2) and the flume experiments (section 2.3.3), a
similar sex-specific pattern in the response to PEA was observed: Males were attracted
to PEA at reduced pH, and there was little evidence for a response in females. Whilst

the static tank experiments were carried out with animals collected in February 2021, at

51



the height of their reproductive season,'® the flume experiments were conducted with
animals collected in August 2021, 6 months later. Although the results are not directly
comparable as the experimental set-ups are different, the similar sex-specific pattern of

the results suggests that the response to PEA is not seasonal.

It is important to note, that both sets of animals were acclimatised to 15°C and 12h/12h
light /dark periods for 3 weeks prior to the experiments to create comparable conditions.
The different proportion of females with eggs (40% in the static tank and 15% in flume
experiments), however, suggests that the acclimation period might not have completely

offset differences in the reproductive state due to seasonal differences.

2.3.5 Weight-dependent vs. Sex-dependent Effects

Male hermit crabs (without their shell) weighed 0.9g (in static tank experiments) to
1.0 g (in flume experiments) in median, whilst female median weight was 0.7 g (in static
tank experiments) to 0.6g (in flume experiments). Although this median difference
of 0.2g (in static tank experiments) to 0.4g (in flume experiments) (see Fig. 2.11) is
significant (Welch’s t-test, t = -3.26, df = 28.09, p**= 0.003 for static tank experiment
and t =-2.84, df = 16.09, p*= 0.012 for flume), there is some overlap between the weight
distributions of males and females. This raises the question, whether the sex-dependent
effect that was observed in both the static and the flume experiment, is the result of
the differences in weight between males and females. In other words: Are larger females

attracted to PEA in a manner comparable to same-sized males?
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Fig. 2.11: Weight difference between female and male hermit crabs in the static tank
experiment (A, see section 2.3.2) and the flume experiment (B, see section 2.3.3). The
asterisks depict significant differences according to the Welch t-test, with p*<0.05 and
p**<0.01. Boxplots depict the median with first and third quartile of the distribution.
Whiskers extend to 1.5 the interquartile range. The boxplots are overlayed by the actual
data points in semi-transparent.

Due to animals making a choice between the seawater and the PEA side, the flume
experiment provides no continuous variable to adequately address this question. In the
static tank experiments, however, the average distance to the PEA source side at the
highest concentration of PEA (x-axis in heatmaps Fig. S1-S2 G & H) is a continuous
measure for the hermit crab’s attraction to PEA. A linear model shows that the response
of hermit crabs to PEA (response to 3 - 1073mol/L on filter paper, highest tested
concentration) is pH-dependent and negatively correlated with the weight (measured
without shell) of the hermit crab (linear model, adj. R?=0.18, F=9.36 on 2 and 73 df,
p***=0.0002). Whilst the pH (p**=0.003) and the weight (p**=0.004) significantly

affect the attraction to PEA in the linear model, there is no evidence for a sex-specific
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effect (Analysis of Variance, F=0.05, df=1, p=0.81). Hence, heavier hermit crabs are
more attracted to PEA, irrespective of their sex, whereby the pH significantly increases

the attraction to PEA.
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Fig. 2.12: Correlation between the attraction to PEA at the highest concentration
(200pL 3 - 1072 mol/L in 1L) and the weight (measured without shell) of the hermit
crab in pH 8.1 and pH 7.7 for females (green) and males (orange). Whilst there are
no sex-specific trends in the linear model (p=0.81), the pH (p**=0.003) and the weight
(p**=0.004) significantly affect the distance to the PEA source side. Shaded area rep-
resents 95 % confidence interval of the linear model.

2.3.6 pH-dependent Behavioural Effect Size Compared to
Changes in Biologically Active Compound
Comparing the pH-dependency of the behavioural response to PEA (‘biological effect

size’) to the abundance of PEA in the different protonation states (‘chemical effect size’)

allows me to estimate whether the pH-dependent biological effect could be a consequence
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of an increase in biologically active compound upon protonation of PEA. With a pK, of
9.83,19 the amino group in PEA can be protonated. The pH-dependent abundance of
protonation states of PEA can be calculated using the Henderson-Hasselbalch equation

(see eq. 1.7).

With respect to the ‘biological effect size’, Fig. 2.13A & C show that, when exposed
to 200 uL of 3 - 1073 mol/L, hermit crabs are on average 37 % closer to the PEA source
side (6.4 cm median difference) at pH 7.7 than at pH 8.1 (Wilcoxon test, W = 450,

p**=0.004).

Using the Henderson-Hasselbalch equation (eq. 1.7), the percentage of protonated and
neutral PEA can be estimated for different pH conditions (Fig. 2.13B) to compute the
‘chemical effect size’. With a pK, of 9.83,'%> PEA is mostly protonated in aquatic
environments. At pH 8.1 98.0% and at pH 7.7 99.3% of PEA are protonated. The
difference in protonation state abundance between the two experimental pH conditions

is therefore only 1.3 %.
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Fig. 2.13: Comparison of the effect size of the pH changing hermit crab behaviour and
the protonation state of PEA respectively. (A) shows the distance to the PEA source side
in the static tank experiments at the highest concentration in different pH conditions,
combining the response of males and females. The asterisks indicate a significantly closer
average position at pH 7.7 with p**<0.01. (B) is a plot of the Henderson-Hasselbalch
equation for PEA to visualise the proportion of the neutral (red, dashed) and protonated
(blue, solid) state present across the pH range. The pH range from 8.1 to 7.7 is shaded
in green. (C) depicts a topview of the experimental tank, marking the average position
of hermit crabs (data based on output from behaviour tracking software), regardless
of sex, at pH 7.7 (orange) and pH 8.1 (white) in relation to the diffusion of a PEA
point source. The dotted line marks the zone where a point source of 200 pL. PEA at
1073 mol/L reaches 10~"mol/L, as extrapolated assuming spherical diffusion from the
point source (filter paper).

Finally, although flume experiments and static-water tank experiments are not directly
comparable, a rough estimation of the accordance of the concentration conditions in both
set-ups can be achieved by assuming a spherical diffusion from the point source (filter
paper) in the static-water tank experiments. The distance at which the most effective

concentration of 107" mol/L in the flume (for pH 7.7, see section 2.3.3) is reached in the
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static-water tank can be calculated. For the diffusion of 200 p. PEA at 3 - 1072 mol/L,
a spherical diffusion leads to a concentration of 10~ mol/L at a distance of 11.27 cm
from the filter paper (see dotted radius in Fig. 2.13C). At pH 8.1, the average position
of hermit crabs lays clearly outside the identified radius, whilst at pH 7.7, hermit crabs

move, on average, within the area of the most effective concentration of PEA.

Increasing the amount of active compound on the point source by 1.3 % (3.039-1072 mol /L)
changes this radius by merely 0.05cm, which is hence not visible in the figure. The
‘chemical effect size’ due to protonation of the infochemical is therefore several orders
of magnitude below the ‘biological effect size’ of the pH-dependent chemically mediated

movement of hermit crabs.

2.4 Discussion

This chapter explores the behavioural response of hermit crabs to PEA, assessing pH-,
sex-, weight-, and season-dependent patterns; and thereby starting to explore the ecolog-
ical role of PEA as an infochemical for crustaceans. Observing an attraction of hermit
crabs to PEA in the very first experiment of my PhD (section 2.3.1) stands in contrast
to observations with mammals and sea lampreys, which avoid the smell of PEA.2425
This called for a rather uncommon approach in chemical ecology: Testing a known in-
fochemical for its unknown ecological role. Traditionally, chemical ecologists tend to
identify unknown infochemicals (see e.g. Poulin et al. (2018)%) or test the behavioural

response to unknown chemicals from animal secretion (‘conditioned water’, see Clark et

al. (2020)*7 and Dixson et al. (2010)% for examples).

Both, the experiments in static water and flume found a weight /sex dependent attraction
to PEA that was amplified in reduced pH conditions. Receiving the same results with

different methods testifies the reproducibility of my findings. In the context of the
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current dispute on reproducible methods in marine infodisruption research,*”4%52 1

chose to exclude observer bias by using behaviour tracking software with blind analysis
and to repeat my own experiments with variations in methods (static water and in-flow)

to ensure robust results.

Section 2.3.1 shows that hermit crabs are attracted to PEA in a pH-dependent manner
at the chosen concentration range. Their attraction (rather than avoidance) make it un-
likely that this infochemical acts as a predator cue for hermit crabs. Similarly, opposite
behavioural responses to an infochemical have also been observed for cadaverine and pu-
trescine, which are repulsive odours for zebrafish,” but have been reported to be feeding
cues for goldfish.”™ To explore alternative hypotheses, I repeated the initial experiment
with small variations and recorded additional data to explore sex and weight-dependent
effects (section 2.3.2-2.3.3). Although additional qualitative behavioural observations
might have been insightful, the small size of hermit crabs and partial obstruction of
their body by the shell from top view (i.e. in videos used for tracking) didn’t allow
for unambiguous interpretations of their behaviour in the chosen set-ups. Instead, I
focused on pH-dependent, sex-and weight-dependent effects on the attraction/repulsion

in response to PEA.

Originally, the pH conditions for this set of experiments were chosen based on the average
pH conditions in current and end-of-the-century oceans:3!' The current average pH 8.1
of ocean surface water is known to decrease to an average of pH 7.7 by the end of the
century.®! My decision to study pH-dependency of the response to PEA was based on my
hypothesis that PEA-mediated information is disrupted by ocean acidification. Ocean
acidification is known to have the potential to disrupt different steps of the chemically
mediated information cascade,®” but pH-dependent effects are not limited to climate
change related scenarios. Hermit crabs live in intertidal environments with daily and

seasonal pH fluctuations,®® whereby coastal diel pH extremes often exceed open-ocean
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average pH changes for 2100.8! A study on seagrass habitats®! indicates that the current
average diel cycle (data from 2015) of pH 8.26 during the day to pH 7.87 at night could
increase in range and shift to pH 8.02 during the day and pH 7.47 at night by the end
of the century. Exploring pH-dependent effects is therefore as important for today’s
hermit crab habitats as for our understanding of average pH-dependent effects by the

end of the century.

My results show that the response of hermit crabs to PEA at the highest tested concen-
tration was significantly increased in pH 7.7 as compared to pH 8.1 (section 2.3.1- 2.3.1).
Therefore, decreasing the pH increases the potency of PEA. Although negative impacts
of ocean acidification on marine animal behaviour predominate in the literature,®® some
behaviours were shown to increase under elevated CO4 conditions, which decrease the

pH (reviewed in Clements and Hunt, 2015°°). This study indicates that PEA is one of

the cues that are amplified by decreased pH conditions.

When the pH is reduced from 8.1 to 7.7, the abundance of the protonated state of PEA
increases by less than 2% (Fig. 2.13B), whilst the attraction of hermit crabs changes
significantly (Fig. 2.13A), with animals being on average 37 % closer to the PEA source
at pH 7.7 as compared to pH 8.1. This indicates that the increase in abundance of
protonated PEA alone cannot explain the changes in behaviour. The small change in
the amount of active compound of PEA within the range of ocean acidification raises
the question of the mechanism by which the pH influences the behavioural response of

hermit crabs to PEA. Some animals can sense CO, levels in terrerestrial'?®

or aquatic
environments'?” to locate their prey. But pH sensing in the absence of changes in
COy levels, has not been reported. Acute pH changes are likely to affect the sensory
signalling cascades only indirectly, by altering pH sensitive residues in proteins (such as

41,74

receptors or enzymes) or infochemicals. Chapter 4 assesses the potential mechanisms
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underlying the observed pH dependency of the behavioural response of hermit crabs to

PEA.

As static-water tank experiments showed a significant attraction to PEA in reduced
pH conditions only (pH 7.7), but not current average pH 8.1, I set out to measure
a larger concentration range for both pH conditions. Using in-flow concentrations in
a flume set-up allowed me to determine the most attractive dose (threshold concentra-
tion). However, although the concentration range was increased, I again only observed a
significant (sex-dependent) attraction to PEA in pH 7.7, but not in pH 8.1 (see Fig. 2.9),
similarly to my results from static tank experiments. Whilst PEA evoked a clear dose-
dependent attraction of male hermit crabs in pH 7.7, there was no statistical evidence
for a response of the same animals in current average oceanic pH 8.1. Hence, the full
behavioural response to PEA was only observed in reduced pH conditions. This indi-
cates that the pH of the medium is a crucial aspect of the chemically mediated message
of PEA: Only pH and infochemical together transmit the information to its full ex-
tend. The pH might therefore be an indicator of the authenticity of the PEA-mediated

information.

The inseparability of chemical information and medium allows for several potential in-
terpretations of the ecological role of PEA for hermit crabs. Firstly, the sex-dependent
response to PEA suggests a role of PEA in reproduction. In many crustacean species,
urine-borne chemicals play a crucial role in chemical communication, mediating infor-
mation about conspecific properties such as sex, sexual receptivity and moult stage,®
health status,'?® motivation to fight,'?® and individual identity.'®® As infochemicals
released with urine are carried in more acidic conditions than the surrounding seawa-
ter,” PEA in reduced pH conditions might be associated with urine-borne reproductive
cues for hermit crabs. However, the parallels between my experiments carried out with

animals from winter and summer conditions (section 2.3.2 and 2.3.3) indicate that the
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response to PEA is unlikely to be seasonal and a role of PEA in reproductive behaviour
is therefore less likely. Littoral hermit crabs reproduce mainly in late winter, with the

h,"3% which coincides with

height of their reproductive season in February and Marc
experiments in static water on sex/weight dependency (section 2.3.2). The flume exper-
iments (section 2.3.3), however, were carried out 6 months later, during late summer,
showing similar pH- and sex/weight-dependent response patterns. However, the exper-
imental set-ups in static-water tank conditions and flume are not directly comparable.
Therefore, the seasonality of the ecological role of PEA remains speculative and further
experiments are required to explore whether PEA could play a role in reproductive be-
haviour. Section 2.3.5 showed that the observed sex-dependent effect could be explained
by differences in weight between males and females. The sex-dependent response of her-

mit crabs to PEA therefore does not necessarily equate to a role of PEA in mediating

reproductive behaviour.

Another potential interpretation of the pH- and weight-dependent attraction of hermit
crabs to PEA is that PEA could be a feeding cue. As bacteria can biosynthesise PEA
from organic detritus by decarboxylating phenylalanine,” PEA could act as a feeding cue
for scavengers. Increased CO, production through bacterial degradation of bioorganic

107

matter (such as carcasses) decreases local pH. As scavengers,'”” P. bernhardus might

therefore associate the combination of low pH and PEA with food. Ocean acidification

is known to increase bacterial degradation activity.'3!

The potential pathway of pH
interfering with the signal source is represented by pathway 1 in the scheme of potential
mechanisms by which decreased pH can alter animal behaviour (Fig. 1.1). If PEA is
indeed a feeding cue for hermit crabs, the observed amplified response of hermit crabs

in low pH conditions indicates that ocean acidifcation could promote its availability and

importance in future oceans. This is of particular interest as the efficacy of many fresh
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food indicators such as amino acids and peptides have been shown to decrease with

ocean acidification.4!»44,57,102

It is important to note that foraging is not necessarily detached from social interac-
tions. When competition is intense, large hermit crabs are known to be more successful
at scavenging than smaller animals.”® Anticipating competition could explain the ob-
served weight-dependent response of hermit crabs to PEA. However, Ramsay et al.
1997% showed that decreasing the density of hermit crabs at a feeding patch (carrion)
reduced the observed size-dependent effects on the attraction to the feeding cue(s). As
the field study does not include single animal experiments, it remains unclear whether
the size-dependency of the attraction to feeding cues persists to a small degree in the
complete absence of competition. To minimise behavioural effects due to competition,

all behaviour assays in this thesis were carried out with single animals.

A third potential interpretation of the amplified response of hermit crabs to PEA at
reduced pH conditions also hinges on the notion that PEA might be expelled with
urine (see above for a potential role in reproductive behaviour). As discussed above,
PEA being urine-borne would be indicative of a potential role of PEA in chemical
communication, i.e. intra- or interspecies social interactions. Crustaceans are known to
time the release of their urine with agonistic interactions, whereby the urine has been
hypothesised to contain infochemicals mediating individual status information to the
fight opponent.!3? Although, crustaceans can control the release and transfer direction of
urine through their gills, it is unknown whether senders can manipulate the composition

of urine-borne compounds.”

It might seem counter-intuitive to observe the attraction of hermit crabs to an info-
chemical and hypothesise a potential role in agonistic interactions. However, actively
seeking out an interaction or fight with conspecifics is common for crustaceans with

active dominance hierarchies such as hermit crabs.!33135 Similarly, crayfish were found
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to explore the source of the odour from a dominant male, actively moving towards the

nozzle of a flume supplying the conditioned water.'3%

Animals living in social groups, such as hermit crabs, mediate their social interactions
by forming rank orders,'®” which are determined and maintained through agonistic

138 The formation of rank orders in social groups can be explained by three

behaviours.
different mechanisms. FExploring potential mechanisms by which hermit crabs form
and maintain rank orders can give further indications on the potential role of PEA in

agonistic interactions.

Firstly, hierarchies can be maintained through individual recognition, i.e. the ability
of an individual to discriminate between conspecifics by detecting and memorising a
unique set of characteristics and cues that define every individual.'3* 137 Although this

137 it is a complex task for invertebrates.'®3 Sec-

mechanism is common in vertebrates,
ondly, an individual might be able to extrapolate its rank from the outcome of previous
fights, thus establishing its level of confidence.'® Rather than focusing on the opponent,
this mechanism reflects the animal’s expectation of the outcome of future fights based
on its own motivation to attack (e.g. cuttlefish Sepia officinalis'®’). The third mech-
anism by which rank orders can be established is status recognition.'®® Thereby, an
individual assesses the agonistic potential of an opponent based on a (chemical) signal

or cue that provides information on an animal’s physical ability or fighting experience

(e.g. crayfish'®).

Hermit crabs (Pagurus bernhardus) are known to maintain active dominance hierar-

1 Hence, her-

chies that are based on within-group experiences and visual displays.'*
mit crabs can recognise and distinguish between individuals.!*! Dominance hierarchies
that are based on individual recognition have only been described in few other inverte-

142)

brate species (e.g. Homarus americanus'*?). In a hermit crab species closely related to

Pagurus bernhardus, Pagurus longicarpus, individual recognition proved not to entail a
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memory of all social partners but rather the ability to distinguish between known and
unknown cues from individuals. The evidence of formation and maintenance of domi-

3 seems to conflict with

nance hierarchies in hermit crabs through individual recognition'?
findings from Winston and Jacobson (1978),'3* who showed that Pagurus longicarpus
recognise their opponents’ aggressive state, not its individual characteristics. However,
the conflict between these mechanisms is built on the premise that there can be only
a single mechanism by which dominance hierarchies are formed and maintained. In

143 showed

fact, fashioning hermit crab models from dried exoskeletons, Hazlett (1968)
that hermit crabs use visual cues from cheliped and ambulatory leg positioning for sta-
tus recognition a year before publishing his study on individual recognition in hermit
crabs.!*! This indicates that dominance hierarchies in hermit crabs might be mediated

by multiple processes, namely individual recognition and status recognition, which do

not have to be exclusive.

Individual status can be signalled to opponents through cheliped size.!** As cheliped
and body size of hermit crabs were not measured in this study to reduce handling
stress, the animals’ weight was used as a proxy. Cheliped size is known to be closely
related to body weight in hermit crabs.!** However, the relationship between weight
and cheliped size is sex-dependent in P. bernhardus, with males having larger chelipeds
than females, even when cheliped size was adjusted by body size.!** Similarly, Fig 2.12
shows that in pH 7.7, the weight-dependent attraction of hermit crabs was stronger for
males than for females. Although the difference was not significant, adjusting the weight
by cheliped size in future experiments might close this sex-specific gap, creating a more
reliable variable to explore PEA-mediated behaviour (see section 3.3.2-3.3.3 for use of

cheliped-adjusted weight in shore crabs).

A potential interpretation of the pH and weight-dependent response to PEA is that

PEA is involved in mediating status information to establish dominance hierarchies in

64



hermit crabs. Similarly to my results with P. bernhardus in the flume, crayfish (Pro-
cambarus clarkii) spend more time near the odour source of dominant individuals in
a flow-through flume, irrespective of previous experience with that animal.'*® Further-
more, the response to dominant odours in P. clarkii was more pronounced in males,
responding more aggressively (as measured by meral spread), which also correlates with

my observation of a sex/weight-dependent response in P. bernhardus.

The parallels between the study with P. clarkii and my results with PEA in P. bern-
hardus raise the question whether PEA could be a transferable infochemical, applying
to multiple species (see chapter 3). The ubiquity of PEA as a decarboxylation product
of the amino acid phenylalanine!® indicates that this small biogenic amine could be
expelled with urine in many species with high protein diets. Phenylalanine is found in
dietary protein and its metabolite PEA is known to be excreted with urine in mam-

mals.?* PEA levels in crustacean urine are further addressed in chapter 3.

Due to the above discussed limitations of exploring qualitative behaviours of hermit
crabs in response to PEA in the established assay set up, the ecological role of PEA
for hermit crabs cannot be further narrowed down. Based on the observed pH- and
sex/weight-dependent attraction of hermit crabs to PEA, T conclude that PEA could
be involved in mediating reproductive behaviour, it could be a feeding cue or mediate
agonsitic interactions. In the following chapter, I will explore parallels in the response
to PEA of a distantly related crustacean species, which will also allow me to explore
the presence of PEA in crustacean urine and add qualitative behavioural observations

to further explore the ecological role of PEA for crustaceans (chapter 3).
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2.5 Conclusion

I was able to demonstrate that PEA is an attractant for hermit crabs at an in-flow
concentration of 10~7 mol/L, whilst being widely considered a predator cue. Thereby,
the response to PEA depends on the pH within a range relevant for ocean acidification
scenarios by 2100 and pH fluctuations in intertidal habitats. Interestingly, decreasing
the pH amplifies the response to PEA. The modes of action of the pH on the behavioural
response are yet to be explored (chapter 4), showcasing the need for cross-disciplinary
research between chemistry and ecology to help unravel the underlying mechanisms of
infodisruption in chemical ecology. Additionally, the observed weight/sex-dependency
of the attraction of hermit crabs to PEA indicates that PEA might be involved in
reproductive behaviour, foraging or mediate agonistic interactions. Further research is
needed to promote our understanding of the role of PEA for crustaceans in current and
future oceans. Thereby, assessing the presence of PEA in crustacean urine and describing
behavioural responses beyond attraction/repulsion is key to explore a potential role of

PEA in crustacean chemosensory behaviour.
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CHAPTER 3
Is PEA a Transferable Infochemical?

3.1 Introduction

Although some infochemicals are species-specific, an array of chemical communication
is based on transferable infochemicals (see section 1.2). To explore the transferability
of the behavioural observations in hermit crabs in response to PEA to other species, 1
compare my previous findings with hermit crabs (chapter 2) to the response of shore

crabs (Carcinus maenas) to PEA.

3.1.1 PEA Mediated Behaviours

Urine of carnivorous predators is known to contain much higher levels of PEA than

urine of herbivores,?* which in turn elicits defensive responses and avoidance in various

24,145,146 25,91

prey, such as rodents and sea lamprey. Other fish, however, such as white
suckers (Catostomus commersonii) and rainbow trout (Oncorhynchus mykiss) show no
evidence of avoidance in a manner comparable to sea lamprey.'4" 148 Although PEA has
been suggested to be used for pest control measures of sea lamprey in the Upper Great
Lakes of North America,”' to the best of my knowledge, to date, no aquatic non-fish

species have been tested for their behavioural response to PEA.

To assess a potential role of PEA for aquatic species, determining its sources in aquatic

environments is paramount. Whilst PEA levels in urine have been measured for sev-
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eral terrestrial mammals,?* to date, to the best of my knowledge, the urine of aquatic
species has not been tested for PEA. However, PEA is known to be present in aquatic
environments through bacterial decarboxylation of the amino acid phenylalanine in de-

composing or metabolised animal protein (such as carrion and animal excretions).!0% 149

94,150 where it is hypothesised to act as a

Furthermore, PEA has been found in algae,
feeding deterrent.”® Although aquatic food sources, such as carrion and algae thus con-
tain PEA, to the best of my knowledge a feeding response (or deterrence) has not yet

been reported in response to PEA.

3.1.2 Shore Crabs and their Chemosensory Behaviours

Shore crabs (Carcinus maenas) and hermit crabs (Pagurus bernhardus) are both scav-

99,151 97,151

engers and often co-occur in British coastal environments. However, shore
crabs inhabit a different ecological niche to hermit crabs: In addition to scavenging,
shore crabs are also predators for a large variety of organisms.' Although native to
the UK, shore crabs are a very destructive invasive species in other parts of the world, in-
cluding both coasts of North America, Australia, South Africa and Argentina.'®® Their
damage to aquaculture (especially oysters) and potential for further invasion secured
shore crabs a place among the world’s 100 worst invaders by the International Union for
the Conservation of Nature (IUCN).!*? Their invasive potential is in part due to their

phenotypic plasticity, allowing C. maenas to tolerate a wide range of environmental

conditions with regards to low oxygen levels, temperature and salinity.!®!

Whilst hermit crabs and shore crabs are both crustaceans, anomurans (‘false crabs’; e.g.
hermit crabs) have probably separated from the line leading to true crabs (brachyu-
ran, e.g. shore crabs) during the lower Jurassic period, about 200 million years ago.'?

Like hermit crabs, shore crabs are known to display a variety of chemically mediated
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behaviours.!? 174155 Similarly to hermit crabs, the literature provides few examples of
known infochemicals for shore crabs. A notable exception, however, is the sex pheromone
of shore crabs. It has been identified as a bouquet of the nucleotides uridine diphos-
phate and uridine triphosphate, which are released by females as a by-product of chitin
biosynthesis during the moulting stages.'®'> Hence, the mating season of C. maenas is
synchronised with female molting (July-September in UK?®®15!). Copulatory behaviour
of males in response to the sex pheromone or female urine is marked by male crabs
advancing towards the female, rising on pereiopods 2 to 4, probing the softness of the
female carapace with chelipeds and proceeding to cover the female with their body to
claim their mate and ensure her safety after copulation.!®%1°¢ Thereby, large red phase

males have a competitive advantage over smaller rivals.!?1:157

Infochemicals also play a crucial role in shore crab foraging.!5®1%® To characterise feed-

ing behaviour in crustaceans, Lee and Meyers (1996)'%°

proposed a five phase model,
whereby detection (1) is followed by orientation towards or away from the cue (feed-
ing attractant/repellent; 2), followed by locomotion (3) and finally initiation (4) and
continuation and or termination of feeding (5). Whilst feeding attractants and repel-
lents/arrestants act from a distance (stage 1-3) and are detectable at low concentrations,
iniciants, suppressants, stimulants and deterrents (stage 4 & 5) function upon direct con-
tact of the food source with the chemoreceptors.'® Thereby, feeding cues can act on
distinct or multiple stages of the cascade.!® Although the exact chemical nature of

feeding cues is often unknown,!%

some amino acids and amines, such as glycine and
betaine, have been identified to stimulate feeding.'®® Shelton and Mackie (1971)!%®
showed that a synthetic mixture of feeding cues (containing 18 amino acids, 3 organic
acids, 4 nucleotides, betaine, hypoxanthine and inosine), based on the composition of

the short-necked clam Tapes japonica, is more attractive to C. maenas than its indi-

vidual components. This indicates that feeding attraction is based on additive effects
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of several chemical feeding cues and no single compound can reproduce the effect of a

chemical feeding bouquet.

Finally, agonistic behaviours are well studied for shore crabs.!?4 160163 Ag yrine-borne
information are known to define the course of agonistic interactions in crayfish, lob-

132,164,165 jnfochemicals are likely to be involved in shore crab

sters and spiny lobsters,
agonistic behaviours too. The frontal position of the nephropores (on top of the gill
opening) allows crustaceans to send urine-borne chemical messages towards their op-
ponent.” Crayfish Astacus leptodactylus, for example, are known to manipulate the

132 Similarly, spiny lobsters (Panulirus

direction of urine release as well as its timing.
arqus) use urine-borne chemical signalling, paired with physical aggressive behaviour,
during agonistic interactions.'% This indicates that crustacean urine contains chemical

information about the fighting ability or aggressiveness of the signal emitter. However,

the identity of these infochemicals that mediate agonistic interactions are still unknown.

Visual agonistic displays, on the other hand, have been studied in detail: In brachyuran
crabs, a visual display!'%® is defined as a motor pattern that is associated with commu-
nicatory activities. Many features are common in agonstic displays across different crab
species: The body is raised above the substrate with the merus of the walking legs held
horizontally and at right angles to the carpus and propodus.'®® Additionally, the claws
are exhibited (‘cheliped display’) and the body is usually oriented towards the source
of disturbance, for example a predator, a rival, or a potential mate.'¢ Game theory
predicts that during an agonistic encounter, individuals compare their resource holding
potential (RHP) before deciding to escalate into a fight.'6"1% The RHP consists of a

variety of interacting descriptors, including the animal’s morphology (body size, weight

162, 169) 170)

or weapon size , physiology (energy reserves'’™), and previous agonistic experi-

ence.!™ In shore crabs, cheliped size is known to be a better indicator for the RHP (and

consequently for winning a fight) than body weight.>
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3.1.3 Research Approach and Hypotheses

This chapter addresses the research question of the transferability of the sex/weight-

specific response to PEA in hermit crabs to other crustacean species.

To explore the transferability of the observed sex- and pH-specific attraction of hermit
crabs to PEA to other species, I compare the previous findings (chapter 2) to the
response of shore crabs (Carcinus maenas) to PEA. To ensure comparability between
the datasets with hermit crabs and shore crabs, I use the same design of static-water
tank experiments as previously established, scaled up in size to accommodate the larger
size of shore crabs. Hermit crabs and shore crabs often co-occur at British coasts and
are hence likely to be exposed to similar environmental infochemicals. Furthermore, as
the decarboxylation product of phenylalanine, an essential amino acid found in dietary
protein,'% PEA could be ubiquitous in animal excretions and/or food sources.?* 1
hence hypothesise that shore crabs show a weight /sex-dependent attraction to PEA,

comparable to the response observed in hermit crabs.

The chelipeds of shore crabs can be measured more reliably than for the smaller hermit
crab. I hypothesise that female and male shore crabs differ significantly in their cheliped
sizes as well as their weight (as observed for hermit crabs). Furthermore, I hypothesise
that the claw size-adjusted body weight significantly affects the response of shore crabs

to PEA, with heavier crabs being more strongly attracted to PEA.

151 O maenas is expected to accumulate high levels of PEA which could

As a predator,
be released in the urine.?* The larger size of shore crabs (as compared to hermit crabs)
allows for the extraction of urine from shore crab gills to determine the presence of
PEA in crab urine. I hypothesise that shore crabs excrete PEA in their urine. As PEA

might be associated with diet,?? I further expect that PEA conveys information on the

signallers size or, more generally, its resource holding potential (RHP).
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To enable acid-base regulation, the pH of crustacean urine is known to be below the pH
of the aquatic environment,’ which provides a potential explanation for the amplified
response of hermit crabs to PEA at reduced pH if the compound is urine-borne (as dis-
cussed in section 2.4). I hence expect the response of shore crabs to PEA to be amplified
in reduced pH conditions, similarly to the results in hermit crabs. The presence of PEA
in shore crab urine would suggest a potential role of PEA in social interactions: agonistic
behaviour or reproductive behaviour during mating season. Testing shore crabs outside
their reproductive season, I therefore hypothesise that shore crabs show behavioural dis-
plays that are associated with agonistic behaviour, such as cheliped display and escape

behaviour in response to PEA.

In summary, this chapter is guided by three hypotheses: 1. shore crabs and hermit crabs
show comparable weight-dependent attraction to PEA, 2. shore crabs show significantly
increased escape behaviour and cheliped displays in response to PEA as compared to
control conditions and 3. PEA is excreted in shore crab urine. Confirming all three
hypotheses, would allow me to confirm the main hypothesis for this chapter, that PEA

could be a transferable infochemical mediating agonistic interactions in crustaceans.

3.2 Materials and Methods

3.2.1 Shore Crab Collection and Husbandry

Shore crabs (Carcinus maenas) were collected at low tide from Whitby (54.486914°N
0.612701°W), UK, using raw bacon as bait. For behavioural experiments, animals were
collected on the 3rd of October 2021 and shore crabs for urine extractions were collected
on the 29th of October 2021. The animals were transferred to the aquaria facilities

of the University of Hull and acclimatised to pH 8.0 & 0.1 15¥1°C, a twice weekly
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feeding rhythm with thawed cooked blue mussel and a 12h/12h light/dark cycle. 48
animals used in behaviour assays were kept in natural seawater (18 tanks) and 5 animals
for urine extractions in artificial seawater (2 tanks), both in circulating water systems
of 1500 L with a salinity of 34-36 PSU in 60 L tanks at a density of 3-6 animals per
tank. The alkalinity of the husbandry water for animals kept for behaviour assays was
130 + 12.5mg/L (as CaCOgs, average + standard deviation). Nitrate levels, pH and
salinity were checked regularly and weekly 15 % water changes ensured adequate water

quality.

3.2.2 Behavioural Choice Experiments with Shore Crabs

Behaviour assays were carried out with the help of Amber Jones. The behavioural
response of 24 male and 24 female shore crabs to PEA was recorded on video in pH 8.1
and pH 7.7. All animals were characterised prior to the experiments by weighing them,
measuring their carapace width at the widest point, by determining their dominant
claw by size comparison and by measuring their dominant claw length, claw height and

dactyl length (see Fig. 3.1).

dactyl length

claw length

Fig. 3.1: Claw measurements in shore crabs. Image of claw is based on drawing from

Wright (1968).166
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For identification, a number was glued to each shore crab’s carapace using super glue
gel (Supadec), which was left to dry completely before returning the animals to their
husbandry tanks. Prior to the experiments, shore crabs were not fed for 5-7 days to
standardise appetite levels. For experiments in pH 7.7 the bioassay water was adjusted
in batches of 120L using 1mol/L hydrochloric acid (diluted from 37 % hydrochloric
acid, Fisher Scientific). The artificial seawater for bioassays was 17-19°C, had a salinity
of 35 £ 1PSU and the total alkalinity averaged at 133.9 4+ 10.1 mg/L for pH 8.1 and
106.0 £+ 2.0mg/L for pH 7.7 (as CaCOg, average + standard deviation).

As shore crabs are considerably larger than hermit crabs, a 49 cm x 29 cm assay tank
was chosen and filled with 10 L artificial seawater (instead of 1L for hermit crabs). To
ensure comparability between the assays with hermit crabs and shore crabs, the point
source for the cue was kept at 200 nL, but due to the 10-fold increased bioassay water
volume, the concentration of the point source was increased 10-fold to 3 - 102 mol/L,
3-1073 mol/L, 3-10~* mol/L and 3-1075 mol /L. Considering the about 1.5-fold increased
tank dimensions, the cue was allowed to diffuse for 30 s instead of 20 s (as used for hermit
crabs) and the assay was recorded for 3min instead of 2min. Preliminary experiments
confirmed that streaks of a 200 uL food dye (black, 1:10 dilution, Dr. Oetker) can diffuse
into about a quarter of the bioassay tank in 30s, which is comparable to 20s in the

hermit crab bioassay tank.

Each bioassay started with an acclimation of the animal to the experimental conditions
for 3 min in a separate tank. Then, the shore crab was transferred to the center of
the assay tank and filter papers (1cm?, Whatman No. 3), containing the cues, were
dropped on either side of the tank. The animal was caged for 30s to allow the cues to
diffuse. Choosing a perforated bucket turned upside down to cage the animal instead of
a cylinder (as used for hermit crabs), reduced initial flight behaviour at the beginning

of the assay, as the animal could not see the experimenter’s hand approaching to lift the
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cage. The cues on the filter paper were either a control (left empty) or 200 uL. PEA at
3-1072mol/L, 3-1073mol /L, 3-10~* mol /L and 3-10~° mol/L, which was prepared with
2-phenylethylamine hydrochloride (Sigma-Aldrich, 98 %) in artificial seawater, adjusted
to the same pH as the assay water. The response of each shore crab to each of the 4 cues
and control was tested against a control of an empty filter paper on the other side of
the tank. These five experiments were repeated with each animal in pH 8.1 and pH 7.7
on consecutive days, whereby the order of the pH condition and the side of the cue was
randomised for each animal. Each animal was hence exposed to 10 experiments, with
24 hours rest period after the first set of 5 experiments.The order of the experiments

was also randomised to exclude effects of learning or saturation of the odour receptors.

3.2.3 Data Gathering

All assays were recorded on video, randomised and condition-blinded for analysis. As
described previously, this involved trimming all videos to exclude the first frames, where
a summary sheet with the experimental conditions was presented to the camera. After
all videos had been analysed, information about the experimental conditions were re-
trieved from the original videos and analysis results and information on the experimental
conditions were merged. As for hermit crabs (chapter 2), locomotion-related parame-
ters were gathered using the behaviour tracking software LoliTrack (version 5.1.1, Loligo

Systems, Denmark).

Due to the larger size of shore crabs as compared to hermit crabs and the absence of
foreign shells, I was able to extend my analysis to observing qualitative behaviour of
shore crabs in the videos. This required clear behavioural patterns that can be filmed
from above (to reduce disturbance). Being smaller and partially hidden in their shells

as viewed from above, behavioural observations based on top-view video footage would
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not have been a reliable data source in hermit crabs. As for locomotion data, the visual
identification of behaviours was based on condition-blinded video evidence to avoid
observer bias. Without knowledge of the experimental condition or sex of the animal, the

occurrence of distinct behaviours was recorded in a binary system (occurrence yes/no).

To consider the potential role of PEA in feeding and agonistic behaviour, I gathered
data on grabbing or probing of the cue source (both control and PEA filter paper),
cheliped displays and escape behaviour. Grabbing and probing of the cue source could be
indicative of feeding or reproductive behaviour. However, as C. maenas were collected

15L,172 yreproductive behaviours can be

in October, outside their reproductive season,
excluded. With regard to agonistic behaviours, two forms of cheliped display can be
distinguished based on the position of the chelae: In the lateral merus display the chelae
are raised and extended laterally (see Fig. 3.2A), whilst in the chelae-forward display
chelae are raised and extended forward!® (see Fig. 3.2B). Fig. 3.2A shows the full merus
display, but depending on the motivation of the crab, chelae (manus and dactyl) might

be flexed and point forward or inward instead of upward.®6

Carpus —

Propodus —

Dactyl —

Fig. 3.2: Schematic illustration of cheliped display with selected crab anatomy, based
on Wright (1968).1% In the lateral merus display chelipeds are extended to the sides
(A), whilst they extend to the front in the chelae-forward display (B). (A) shows the
full lateral merus display. Alternatively, the chelae (‘claws’, manus and dactyl) can also
be directed forward or point inward, depending on the motivation for the display.
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Exposure of shore crabs to objects with large horizontal axes (compare cheliped display)

178 Cheliped display and escape reaction

induces the escape reaction in shore crabs.
are therefore considered opposite reactions.!™ For the purpose of this study, escape
behaviour was defined as a retreat away from the stimulus whereby the animal extends

at least two legs up the wall of the bioassay tank.

3.2.4 Data Analysis and Statistics

Using the behaviour tracking software LoliTrack (version 5.1.1, Loligo Systems, Den-
mark), allowed me to export several locomotion-related parameters from the videos of
the behaviour assays. As the average position inside the tank has previously been in-
sightful (section 2.3.2) it was used to visualise the attractive/repulsive effect of PEA
on shore crabs using heatmaps of the tank (based on drawcontours.R, written by J.D.

Forester!!?)

for each condition and sex. Thereby the x-axis displays the distance from
the cue source side rather than the length of the tank to account for the randomised side
(left or right) of the cue. Additionally, the percentage of time spent active (i.e. moving)
was analysed with LoliTrack, as this allows for verification of potential dose-dependent

increases in escape behaviour.

All statistics were carried out with R (version 4.0.2).% For data visualisation, the

2" was used. The average distance from the PEA source side (x-axis

package ‘ggplot
in heatmaps) and percentage of time spent active were analysed in linear mixed effect
models (package ‘lme4’!'? in R), testing for significant additive and interactive effects of

pH, concentration, sex and claw-size adjusted weight, whilst controlling for the paired

design on the individual level (random effects).
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Sex-specific differences in claw size and weight were explored using Welch’s t-test. This
test was chosen as it is more robust to differences in variance between groups than the

Student t-test or Wilcoxon test.

Behavioural patterns, i.e. the occurrence of escape behaviour and cheliped displays, were
analysed in generalised mixed effect models (binomial distribution with a logit link) with

the same fixed and random effect structure as for the locomotion data.

3.2.5 Urine Extraction and Chemical Preparation of PEA

Five male shore crabs were kept in individual containers crafted from aquaria plant
baskets and mesh and fed 24 h before urine extraction. Using elastic bands, the crab
was fixed to a plate to expose their underside. Then, one side of their mouthpart was
gently lifted and, lifting the nephropore flap with a small needle, the emerging fluid
was aspirated into an eppendorf vial. To minimise the animal’s stress, urine was only

extracted from one side of the gills per extraction procedure.

The chemical extraction of PEA is based on a method used by Ferrero et al. (2011).%*
The extracted urine was immediately filtered through a 3kDa filter to remove larger
enzymes and proteins. The sample was then diluted to gain three technical repeats
of 100 uL, to determine the accuracy of the chemical extraction method. Addition-
ally, three 100 nmol/L. PEA standard solutions in 0.1 % formic acid/water underwent
chemical extraction in the same way as urine samples to gain insights on PEA recovery

levels.

The pH of samples was adjusted to approximately 12 by adding 1.5 uL. 5 mol /L. NaOH so-
lution (Sigma-Aldrich). PEA was then extracted five times with 170 nL. dichloromethane
(>99 %, Riedel-de-Haen, Honeywell). The combined organic extracts were heated to

55°C to evaporate the solvent. After evaporating about 80 % of dichloromethane, 100 pL
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0.1 % formic acid in deionised water was added. The remaining organic solvent was then
evaporated by continuing to heat the extracts to 55°C. PEA levels were measured using

liquid chromatography with tandem mass spectrometry.

3.2.6 Liquid Chromatography and Tandem Mass Spectrome-

try of PEA

Extracts were separated and analysed by Liquid Chromatography with Tandem Mass
Spectrometry (LC-MS/MS) using a C18 column (4.6 x 100 mm, Shimadzu Shimpack)
on a Shimadzu LCMS-8050 instrument with 10 pL injection volume. The samples were
eluted (5-min run, flow rate 0.4 mL/min) using a linear gradient (0-40 %) of solvent A
(0.1 % formic acid in acetonitrile) in solvent B (0.1 % formic acid in water). A product
ion scan of a 100 nmol/L PEA standard solution (focused on m/z=122, PEA, collision
energy -35¢eV) allowed the identification of m/z= 105 and m/z=77 at a retention time
of 1.3 to 2.3 min as reliable fragments of ionised PEA. Hence, the collision energy and

cell acceleration voltage were optimised for these two product ions.

Using Multiple Reaction Monitoring, the number of ion counts for the two fragments
was determined for standard solutions and PEA urine extracts. As the ratio of the ion
counts for the two fragments was highly variable, the sum of the integrated areas for
m/z=105 and m/z=77 was used to quantify PEA levels. Collision energies were -14eV
for m/z=105 and -27eV for m/z=77 fragment, and cell acceleration voltage was 3V
and 2V respectively. PEA standards in 0.1 % formic acid/ water with concentrations
100 nmol/L, 50 nmol/L, 25 nmol/L, 12.5nmol/L and 6.25 nmol/L were run on the same
day as the samples to determine PEA concentrations in urine samples based on linear

regression analysis.
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3.3 Results

3.3.1 Sex-specific Differences in Shore Crabs

Fig. 3.3 shows that there is no evidence for sex-specific differences in shore crab weight
and carapace width (Welch’s t-test, t = -1.43, df = 30.38, p= 0.16 and t = -0.98, df
= 38.70, p= 0.33), but very strong evidence for sex-specific differences in claw-related
measurements, such as claw height (Welch’s t-test, t = -4.5, df = 31.05, p****<0.0001),
claw length (Welch’s t-test, t = -3.9, df = 35.75, p***= 0.0004) and dactyl length
(Welch’s t-test, t = -2.7, df = 41.23, p**= 0.0095). For the majority of shore crabs,
the right claw was dominant (i.e. larger than the left claw, 41 out of 48). However, the
proportion of left claw dominant animals was slightly higher in females (5 out of 24,

compared to 2 out of 24 in males; no significant sex-specific difference, Fisher’s exact

test, p=0.42).
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Fig. 3.3: Sex-specific measurements of shore crabs. (A) shows weight distributions,
(B) shows the carapace width, (C) shows claw height, (D) the claw length and (E)
the dactyl length in males and females. Asterisks depict differences in the distributions
following Welch’s t-tests with p**<0.01, p***<0.001 and p***<0.0001. Boxplots depict
the median with first and third quartile of the distribution. Whiskers extend to 1.5
the interquartile range; data beyond that range are defined as outliers and plotted
individually. The boxplots are overlayed by the actual data points in semi-transparent.
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3.3.2 Movement of Shore Crabs in Response to PEA

As for previous experiments, heatmaps allow for a first overview of the spatial reaction
(attraction/repulsion) of shore crabs to different concentrations of PEA in pH 8.1 and
pH 7.7 (Supplementary Information, Fig. S6-S7). With increasing concentrations of
PEA, the heatmaps display an increased likelihood of a division of the response: a
group of animals being attracted, another repulsed, as shown by separate hotspots
in the heatmaps. This is particularly pronounced in pH 7.7 (Fig. S7). Although this
phenomenon seems strongest for male shore crabs, it can also be observed in females (see
e.g. STI). The division of the response suggests that some physiological characteristic
(e.g. weight or claw size) of the shore crab besides its sex affects the animals’ response
to PEA. The large variance in the data and the divided response to PEA at higher

concentrations, particularly in pH 7.7, makes it unsuitable for visualisation in boxplots.

As weight and claw size related measurements span a larger range for males as compared
to females (Fig. 3.3), a weight or claw-size related response of shore crabs to PEA
could explain the higher prevalence of the divided response in male shore crabs. To
ensure comparability with experiments in hermit crabs, I chose to continue to use the
animal’s weight as a variable for the data analysis. However, to adjust for potential
sex-specific differences in the response to PEA, the weight was adjusted by claw length
(weight /claw-length ratio). As the measure ‘claw length adjusted weight’ (weight/ claw
length ratio) is not particularly intuitive, I plotted the raw values for shore crab weight
against claw length, as well as claw length and weight against the new metric of claw
length adjusted weight for males and females (Supplementary Information, Fig. S8).
The strong positive relationship between the weight and the weight/claw length ratio,
means that big shore crabs have a large weight/claw length ratio and small/light shore
crabs a low weight/claw length ratio (Fig. S8B). Similarly, although the relationship is

weaker, animals with small claws have a small weight /claw length ratio, whilst animals
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with large claws have a large weight/claw length ratio (Fig. S8C). Furthermore, using
the new metric of weight/ claw length ratio, sex-specific differences disappear: female
and male shore crabs have comparable claw-length adjusted weight, which is not the
case for claw length alone (Fig. 3.3D). Additionally, sex-specific variability of weight is
mitigated by adjusting weight by claw length. Fig 3.3A shows that shore crab weight
spans 56 g for females and 115 g for males. Large differences in variance between groups
(heteroscedasticity) can invalidate linear models.'® Adjusting weight by claw length
reduces the sex-specific variability (1.3 g/mm for females, 1.8 g/mm for males, Fig. S8),
hence making the variable weight/claw length ratio more robust for statistical analysis

of sex-specific effects.

Unlike in hermit crabs, shore crabs show no evidence for sex-specific effects on their
response to PEA,| when the claw-length adjusted weight is considered (likelihood ratio
test, LRT=1.33, n=1, p=0.25). Data for males and females was hence combined in
further linear mixed effect model. However, the linear mixed effect model shows a
significant 3-way interaction between the concentration of PEA, the pH condition and
the weight to claw length ratio (likelihood ratio test, LRT=11.89, n=4, p*=0.018). This
is strong evidence that the claw-length adjusted weight of the shore crab alters pH-

dependent effects on the dose-dependent response of shore crabs to PEA (see Fig. 3.4).
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Fig. 3.4: Weight and claw length-dependent response of shore crabs to PEA. The
distance to the cue depends on the pH condition, concentration and weight to claw length
ratio. The strong weight/claw length-dependent effect at high PEA concentrations is
reversed with the pH condition, indicating that there is a 3-way interaction between pH
condition, concentration and weight/ claw ratio.

Fig. 3.4 shows that the weight/claw length-dependent effect is strongest in pH 7.7,
with opposite effects for the lowest and highest concentration: In pH 7.7, at the lowest
concentration (orange), bigger shore crabs with larger claws are strongly repulsed, whilst
they are attracted to PEA at the highest concentration (dark blue). Furthermore,
Fig. 3.4 shows that the strong weight/claw size-dependent effect in response to high
PEA concentrations reverses depending on the pH condition. The dark blue line in
Fig. 3.4 shows a strong positive relationship with weight/claw length ratio in pH 8.1
and a strong negative relationship in pH 7.7. This visualises the 3-way interaction

between pH condition, concentration and weight/ claw length ratio.
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3.3.3 Behavioural Response of Shore Crabs to PEA

Increasing the PEA concentration doesn’t just affect the attraction/repulsion of shore
crabs in a weight-dependent manner, it also increases the occurrence of cheliped displays.
The probability of cheliped displays significantly increases with increasing concentration
of PEA (binomial mixed effect model, likelihood ratio test between model with and
without factor, LRT=9.67, n=4, p*=0.046). However, whilst shore crabs with low
weight to claw length ratio are less likely to be attracted to PEA (Fig 3.4), they are
more likely to exhibit cheliped displays (see Fig. 3.5, likelihood ratio test, LRT=4.73,
n=1, p*=0.029) regardless of the pH. In response to 3- 1072 mol/L PEA (concentration
of 200 pL: odour source in 10 L tank water), 25 % of shore crabs displayed their chelipeds,
compared to 11 % in control conditions. Thereby, animals exhibiting cheliped display
in response to PEA at 3-1072mol/L are 3.2 g (median difference) lighter than animals
where this behaviour was not recorded. In control conditions, the weight difference

between animals that did and did not display their chelipeds is 0.3 g (median difference).
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Fig. 3.5: The probability of cheliped displays increases significantly in a dose-dependent
manner with decreasing weight to claw length ratio in response to PEA. The predicted
probabilities are extracted from the binomial mixed effect model.

There is very strong evidence that the escape behaviour of shore crabs is dose-dependent
(binomial mixed effect model, likelihood ratio test between model with and without
factor, LRT=31.47, n=4, p****<0.0001). Furthermore, there is strong evidence that
the weight to claw length ratio of the shore crab affects the display of escape behaviour
(LRT=6.33, n=1, p*=0.011). Whilst cheliped displays were more frequent for small
shore crabs at high PEA concentration, small shore crabs are more likely to display
escape behaviour at low PEA concentration (Fig. 3.6). In response to 3-107° mol /L. PEA,
33 % of shore crabs displayed escape behaviour and these individuals were 4.3 g (median
difference) lighter than the animals that didn’t show the same behaviour. In control
conditions, 11 % of animals displayed escape behaviour with a median weight difference
of 0.3 g between animals that did and did not display escape behaviour. The dose- and

weight-dependent probability of escape behaviour display is visualised in Fig. 3.6.

85



5
i)
& 0.6
e
@
3 2
] Concentration [10™° mol/L]
(7] -
L 04 — control
© 0.003
>
= 0.03
9 0.3
-8 0.2 1 — 3
o
°
o
Q
e}
© 0.0
o T T T T
1.0 1.5 2.0 25

Weight/ Claw length [g/mm]

Fig. 3.6: The probability of shore crabs to display escape behaviour in response to
PEA is dose-dependent and weight-dependent (claw length adjusted), whereby smaller
shore crabs are more likely to show escape behaviour and the probability is highest when
exposed to 3 - 107° mol/L (concentration at odour source). The predicted probabilities
are extracted from the binomial mixed effect model. The regression line for 3-107% mol /L
(light blue) overlaps with the regression for 3 - 1072 mol/L (dark blue).

Finally, the dose-dependent escape behaviour, which is strongest at the lowest concen-
tration of PEA for small animals, coincides with similar observations for the active time:
There is strong evidence that the active percentage of bioassay time is dose-dependent
(likelihood ratio test, LRT=47.5, n=4, p****<0.0001), irrespective of sex or weight /claw
related parameters. Fig. 3.7 shows that 3 - 107°mol/L PEA at the odour source sig-
nificantly increased the percentage of active time (post-hoc test on estimated marginal
means, p****<0.0001). There is slight indication of an additive pH-dependent effect
(likelihood ratio test, LRT=3.57, n=1, p=0.058): Shore crabs tend to be less active in
pH 7.7 than in pH 8.1, regardless of the PEA concentration or the animals sex or weight.

However, this effect is not significant, applying the usual significance level of a = 0.05.
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Fig. 3.7: Percentage of bioassay time spent active (moving) for 24 female and 24 male
shore crabs in response to different concentrations of PEA in pH 8.1 (white) and pH
7.7 (orange). Asterisks depict the significant difference in the active time of shore crabs
in response to 3 - 107 mol/L. PEA at the odour source as compared to control with
p***<0.0001, regardless of the pH condition. The active time was also not significantly
different in males and females. The boxplots are overlayed by the actual data points in
semi-transparent.

Grabbing or probing of the filter paper was observed in only 8.4 % (4.6 % PEA and 3.8 %
control filter paper) of the behaviour assays with no apparent sex-, pH- or concentration-
dependent trend or preference for filter papers containing PEA over empty control-side

filter papers (Fig. 3.8). This behaviour was hence excluded from further analysis.
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Fig. 3.8: Number of shore crabs grabbing or probing filter papers containing control or
PEA in response to different concentrations of PEA in pH 8.1 and pH 7.7. In total, 48
(24 male and 24 female) shore crabs were tested for their response in all 10 conditions.

3.3.4 PEA in Shore Crab Urine

All LC-MS/MS spectra of urine samples extracted from shore crabs show clear evidence
for the presence of PEA. However, based on the recovery of PEA from stock solutions,
the extraction procedure has a low recovery rate (three replicates of 100 nmol/L PEA
averaged at 44 + 18 nmol/L after extraction). Furthermore, slight shifts in the retention
time and split-up peaks suggest that the extraction procedure leads to chemical reac-
tions of PEA, potentially including tautomerisation* (compare control Fig. 3.9 A-B to
extraction control 3.9 C-D). As the first mass spectrometry (MS) in LC-MS/MS filters
for the precursor ion (PEA) and the second mass analyser then filters for the chosen
product ions with m/z=105 and 77, I can be certain that all measured peaks originate
from the precursor ion PEA. Hence, the split-up peaks from the different fragments can

be combined for quantification. However, this only allows for the inclusion of tautomers

*Tautomers are chemical compounds that readily interconvert as they have the same structure
(‘structural isomers’, same number of atoms for each element and the same bonds connecting them)
except for a relocated hydrogen atom.!™
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of PEA fragments. PEA reacting with urine- or extraction-borne compounds are lost

in the quantification.

Dividing each of the five diluted urine sample into three technical replicates for the
extraction and analysis shows high variation of PEA levels within triplicates (up to
10-fold difference, standard deviations 13-72nmol/L), whilst the PEA solutions that
underwent the same extraction procedure vary less (18 nmol/L standard deviation).
Although the presence of PEA in shore crab urine is evident (see Fig. 3.9 E-F for
a representative example, 2-fold diluted), its quantification is not possible with this

method.
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Fig. 3.9: Chromatograms of PEA fragments m/z=105 (A, C & E) and m/z=77 (B,
D & F) for a 100 nmol/L PEA standard, a 100 nmol/L PEA extraction standard and a
shore crab urine sample (2-fold diluted) as measured in LC-MS/MS.

3.4 Discussion

This study explores whether the observed behavioural response to PEA in hermit crabs

is transferable to shore crabs. For this chapter, I repeated one of the behavioural

experiments from chapter 2 with shore crabs, analysed the behavioural response of

shore crabs in response to different concentrations of PEA and identified the presence

of PEA in their urine.



In summary, my findings show that the PEA concentration, pH and weight /claw length
ratio affect the attraction/repulsion of shore crabs to PEA. Thereby, similarly to my
findings in hermit crabs, the strongest response was observed in pH 7.7, where large
animals retreat from PEA at the lowest concentration and are attracted at the high-
est concentration (section 3.3.2). Additionally, I analysed the behavioural response of
shore crabs to PEA (section 3.3.3). The results reveal no evidence for feeding-related
behaviour of shore crabs in response to PEA, like grabbing or probing of the filter paper.
Agonistic behaviours, on the other hand increased in response to PEA. The probability
of cheliped displays increased significantly with increasing PEA concentration, whereby
the strongest response was observed in crabs with a low weight /claw length ratio. PEA
also induced a concentration and weight/claw length ratio dependent escape response,
which was strongest at low concentration for animals with low weight /claw length ratio.
Thereby, the increased occurrence of escape behaviour at low PEA concentration coin-
cided with increased activity. Observing agonistic behaviour of shore crabs in response
to PEA prompted me to explore the presence of PEA in shore crab urine (section 3.3.4.
Although the mass spectrometric analysis of shore crab urine showed a high variance in
PEA levels, even in technical replicates of the same urine sample, the presence of PEA

in shore crab urine is evident.

Although I have to reject my hypothesis of sex-specific differences in shore crab weight
(Fig 3.3A), shore crab claw measurements are significantly different in males and females
(Fig 3.3B-E), which aligns with my hypothesis. Similarly to the weight distributions in
this study, shore crab collections in 1973 from the same site as this study and a nearby
site in North England also showed no significant sex-specific difference in shore crab
weight.!™In hermit crabs, my findings indicated that the weight-dependent response to
PEA coincides with a sex-dependent effect of PEA (section 2.3.5), presumably due to

sex-specific differences in hermit crab weight and cheliped sizes. This motivated me to
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adapt the previously established data analysis by using weight/claw length ratio as a
variable instead of weight alone. Indeed, the weight-dependent (adjusted by cheliped
size) response of shore crabs to PEA does not coincide with a sex-dependent effect
(compare section 2.3.5). However, the absence of sex-specific effects in this chapter does
not exclude an additional role of PEA in reproductive behaviour as the shore crabs used

in this study were collected outside the reproductive season.

153 and occupy a different ecolog-

Shore crabs are only distantly related to hermit crabs
ical niche,' but like hermit crabs, my findings show a weight-dependent (adjusted by
cheliped length) attraction to PEA for shore crabs. This aligns with my hypothesis. It
is interesting to note that the spatial response (attraction/repulsion) is pH dependent
and concentration dependent, whilst behavioural displays (cheliped display/escape be-
haviour) are only concentration dependent. This indicates that the behavioural response
is a more sensitive measure for the response to PEA in crustaceans than locomotion-
related parameters. This coincides with observations on feeding behaviour in crus-
taceans, whereby probing with the pereiopods precedes the movement towards the source

of the feeding cue.'®

My data suggests that, when exposed to the same chemical information of PEA, small
shore crabs tend to use visual displays, whilst large shore crabs move in response to
the infochemical: Large shore crabs are attracted to the higher concentrations of PEA
at pH 7.7 and smaller crabs are more likely to display their chelipeds. Similarly at the
lowest concentration of PEA, larger animals tend to retreat from the source of PEA,

whilst smaller animals display escape behaviour.

Sneddon et al (1997)'%? found that during fights, the frequency of cheliped displays in-
creases with chela length in shore crabs and winners perform significantly more displays
than losers. This seems to contradict the findings of this study, where light animals with

small claws (low weight/claw length ratio) are more likely to display their chelipeds,
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whilst heavier crabs with larger claws (high weight/claw length ratio) tend to move
towards the source of PEA instead. However, the study by Sneddon et al. (1997)162
involves actual fights between two opponents, whilst I study the response of a single
animal to an infochemical associated with agonistic behaviour. My study hence focuses

on pre-fight behaviour and the potential initiation of a fight.

Whilst movement towards a potential opponent indicates willingness to engage in a
fight, cheliped display without locomotion is more defensive. This suggests that PEA
is associated with a risk which larger animals are more likely to take due to their larger
resource holding potential (RHP). Risk-benefit models, developed studying agonistic in-
teractions in birds, indicate that animals choose a behaviour (here approaching the cue
source versus visual display) depending on its costs and that the choice of behaviour re-

t.1767178 Hence, larger animals signal

flects the individual’s willingness to escalate the figh
their willingness to engage in a fight by approaching the source of PEA, whilst smaller
animals are more likely to show a more defensive threat display. Smith et al. (1994)'™
shows that the probability that an agonistic interaction in velvet swimming crabs ends
without visual displays is most likely for opponents with a large size difference. Thereby
the large crab approaches the smaller without displaying their chelipeds, eliciting the
retreat of the smaller.!'™ With decreasing size difference between the opponents, the
likelihood of displays increases.!™ As there are no visual opponents in my study, the
shore crab relies on previous fight experience and its own RHP compared to the average
opponent. Hence, bigger than average crabs (large weight/claw length ratio) approach
a strong PEA source, willing to escalate the fight, and smaller than average crabs (low
weight /claw length ratio) display their chelipeds defensively. This coincides with the

179

observations on agonistic interactions by Smith et al. (1944),'™ assuming an average

opponent.
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t,162

Although body and cheliped size can predict the outcome of a figh neither reliably

predicts which opponent will initiate the fight.'®2> Thereby, the study defined the crab
that first moved towards its opponent to engage in physical contact as the initiator.'%?
As small and large shore crabs are equally likely to initiate a fight,'®? other predictors,

13

such as urine release,'®? could be crucial for crustacean fight initiation.

Hence, if PEA is a urine-borne infochemical mediating agonistic behaviours of crus-
taceans, the animals in my bioassay might have received the chemical information of an
opponent initiating a fight. As body and claw size are not related to fight initiation,'%?
the weight/claw length-dependency of the response to PEA indicates that animals are
acting in response to a perceived fight initiation rather than initiating a fight them-
selves by displaying their chelipeds or moving towards the source of the cue. According
to cost-benefit analysis during agonistic interactions (see above, p. 93), large individuals

are more likely to actively engage in a fight rather than display defensive behaviours.

In this study, agonistic behaviour is studied in the absence of a visual opponent, so
information on the opponent’s body or weapon size are not available to the crabs. For
the animal in the experiment, the only existing information is the concentration of PEA
and its own level of confidence based on previous fighting experience. The behavioural
response to PEA changes from escape behaviour/retreat at the lowest concentration
to cheliped display /attraction upon 1000-fold increase of the cue source concentration.
Hence, I reject my hypothesis that PEA conveys information on the size or RHP of the
signaller: If PEA signalled the size of the opponent, shore crabs would display their
chelipeds at low concentrations and showed escape behaviour at higher concentrations,
as a low concentration would indicate a smaller opponent and higher concentrations a
large animal. Since the data shows the opposite trend, from escape behaviour/retreat at
low concentration to cheliped display/attraction at higher concentration of PEA, PEA

is more likely to convey information on the presence/absence of an opponent, whereby
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a lower concentration indicates a greater distance, allowing for time to escape and avoid

a conflict.

As the receiver distance is known to affect visual displays in crabs'® there could be
a critical distance beyond which the animal cannot yet use visual communication via
displays but might already be able to detect the opponent chemically, hence allowing for
time to avoid a costly fight. Urine is known to act as a threat signal, effectively deterring
an opponent crustacean.'®?1%5 Similarly, my study shows that shore crabs show escape
behaviour /retreat at low concentrations of PEA. Furthermore, the risk-benefit model
suggests that the risk of choosing a visual display (attracting attention and getting
injured in the resulting fight) correlates with the estimated benefit or effectiveness of the
display in deterring the opponent.!”®17" The visual display of smaller crabs in response
to high concentrations of PEA hence indicates that the potential benefit of appearing
more threatening outweighs the risk of being noticed by extending their chelipeds. This
further supports the hypothesis that the concentration of PEA conveys information
on the distance between the opponents: When opponents are within close range the
additional risk of drawing attention to oneself through visual displays is low as visual

contact is inevitable.

It has been suggested that crustaceans combine the release of urine and offensive be-
haviours to add reliability to the chemical message for the receiver:!32:1%4 Offensive
behaviour alone was not effective in deterring the opponent crayfish when not accom-
panied by the chemical message.'3*1% However, the identity of the infochemical(s) in
urine was previously unknown. The combination of agonistic behaviour in response to
PEA and evidence for its presence in shore crab urine (Fig. 3.9) suggests that PEA is
one of the chemicals in crustacean urine that signals willingness to fight. Breithaupt
and Eger (2002)'3? showed that the probability of urine release is greater during fights

than during non-social activities or inactivity and that eventual winners are more likely
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to release urine during fights than the eventual loser. This supports the notion that
urine doesn’t convey information on the individual’s RHP (or else a reciprocal urine
release would be expected) but rather its aggressiveness, or willingness to engage in a
fight. The willingness to fight cannot be gradual but is a binary choice, signalled by the
absence or presence of urine or, deducing from my results, the absence/presence of PEA
in acidified water. My results indicate that PEA is an infochemical that is released with
urine and signals the willingness to engage in a fight, whereby the concentration con-
veys information on the distance of the signaller. As during spontaneous release, urine is
fanned laterally (allowing for fast dilution of infochemicals), whilst it is directed towards

32 urine

the opponent in a forward-projecting gill current during agonistic encounters,’
release (PEA release) does not signal willingness to fight in non-aggressive situations

due to hydrodynamics.

The large fluctuations in PEA extraction levels from shore crab urine do not allow for
conclusions on the concentration of PEA in crustacean urine. The presence of PEA in
shore crab urine, however, is evident. It is unclear whether the quantification was un-
successful due to suboptimal extraction or LC-MS/MS conditions or PEA catabolism
in shore crab urine. Whilst in vertebrates, PEA is degraded via monoamine oxidase
(MAO) enzymes,'8! the primary invertebrate degradative route for biogenic amines, in-

cluding PEA, is N-acetylation and N-methylation;'8% 183

and sulfate, S-alanyl, glycosyl,
and 7 -glutamyl conjugations are further possible degradative routes.!®418¢ There is
some evidence that monoamines are not metabolised via MAQO in crustaceans, but the
route of catabolism remains unknown.'®® Interestingly, a rapid degradation of PEA in
shore crab urine itself supports the notion that PEA could be involved in mediating
agonistic interactions, as urine-borne dominance signals used in close, near-contact, sit-

uations are expected to rapidly degrade to ensure their situation-specificity.® In other

words: Only fresh urine should signal the willingness to fight.
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Nevertheless, further experiments are needed to explore more reliable routes of chemical
extraction of PEA from crustacean urine to determine the concentration of PEA. As the
catabolic mechanism is unknown, suggestions for alternative chemical extractions are
difficult. Derivatisation of PEA, e.g. with dansyl chloride or o-phthalaldehyde,!87-188
might suppress the chemical degradation during the purification step. Alternatively,
Ochi (2019)' recommends the purification of biogenic amines (including PEA) from
animal tissue via ion-pair solid-phase extraction using a C18 cartridge and nonafluo-
ropentanoic acid as volatile ion-pair reagent before quantifying biogenic amine levels
with LC-MS/MS. This method eliminates the need for derivatisation and pH control. A
reliable quantification method for PEA in crustacean urine would allow for comparisons
of PEA levels across samples from the same individual, from differently sized individuals

as well as across species and sex.

3.5 Conclusion

The combined evidence from this chapter suggests that PEA is an infochemical that is
used by multiple crustaceans in agonistic interactions. PEA can hence be called a trans-
ferable infochemical. The dose-dependent change in the behavioural response to PEA
indicates that PEA (particularly in reduced pH conditions) conveys information on the
presence of an opponent that is willing to fight. Furthermore, using mass spectrometry,
PEA was identified in shore crab urine. As directional urine release is known to initiate
a fight in crustaceans, PEA could be a urine-borne infochemical that is detected by

crustaceans leading to the onset of agonistic interactions.
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CHAPTER 4

Mechanistic Assessment of the
pH-dependent Response to PEA

4.1 Introduction

Using computational chemical methods, I want to assess the potential mechanisms that
drive the pH-dependent response of hermit crabs and shore crabs to PEA, as observed
in the previous chapters. This chapter aims to show how computational chemistry can

help unravel underlying mechanisms in chemical ecology.

Fig. 2.13 shows that the biological effect size - pH-dependent changes in the behavioural
response of hermit crabs to PEA - cannot be fully explained by increased amounts of
the protonated form of PEA in reduced pH conditions (chemical effect size). More
specifically, whilst hermit crabs are on average 37% closer to the PEA source in reduced
pH conditions (Fig. 2.13B), the amount of protonated PEA changes only marginally
when the pH is decreased (Fig. 2.13B). As changes in the amount of the infochemical
cannot explain the amplified response of hermit crabs, the role of conformational and
charge-related changes in the infochemical and its receptor upon protonation are assessed

as potential mechanisms driving the pH-dependent response.

As deduced in the general introduction (see Fig. 1.1), a decreased pH can affect the
chemoreception, amongst others by altering the infochemical in water (pathway 2) and

by changing the interaction with the olfactory receptor (pathway 3). These two potential
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mechanisms are the focus of this chapter. Therefore, I use computational chemical
methods to study pH-dependent changes in the infochemical PEA and its receptor
by comparing PEA in its two protonation states, as well as their interactions with

(protonated) model receptors.

In the following, I introduce the use of computational chemistry in chemical ecology,
describe the basic principles of quantum chemical methods and give a brief introduction
of chemoreception in crustaceans. The latter allows me to link this chapter back to my

work with shore crabs and hermit crabs and to clarify my choice of receptor model.

4.1.1 Computational Chemistry in Chemical Ecological Re-

search Questions

In most instances chemical ecology requires a thorough understanding of the behaviour
of chemical systems as well as an understanding of the behaviour of animals. Acknowl-
edging that chemical communication can be affected by changes in the environmental
conditions (such as pH, see section 1.4), we are facing the question of how to study

environmental effects on chemical systems. Some direct empirical measures are possi-

190 1

ble: Infochemicals'® and receptors!®! can be measured using spectroscopic approaches.
However, purifying or synthesising these compounds for chemical experiments is often

challenging and not always possible.

Although empirical model validations are still crucial, combining mathematical methods
with fundamental laws of physics and chemistry, chemical systems can be studied in
computational models.'%2 In chemical ecology, the discovery of natural products that
are involved in chemical communication often relies on computational chemical methods

193,194

to deduce the structure and stereochemistry of a new compound. Furthermore,

quantum chemical methods have been used in chemical ecological studies to predict
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increasing bioavailability of the neurotoxins saxitoxin and tetrodotoxin due to climate
change®® and allowed for the calculation of pH-dependent changes in the structure and

electrostatic properties of of signalling peptides.*!

In the following, I want to briefly introduce the concept of quantum chemistry and the
development of density functional theory, as it is the foundation for the computational
chemistry methods in this thesis. I focus on key notions rather than their mathematical

expressions.

4.1.2 Quantum Chemistry

Quantum chemistry is a field in computational chemistry that is derived from the postu-
lates of quantum mechanics. A fundamental aspect of the theory of quantum mechanics
is that equations cannot yield exact predictions, but only give probabilities.'®> Mathe-
matically, a probability is found by taking the square of the absolute value of a complex

number.'®® This is also called a ‘probability amplitude’.

Describing probability amplitudes of a quantum particle, such as an electron, in space
leads to its wave function. In the wave function each point in space is associated with
a probability amplitude.'?>1%6 As the wave function contains information on the state
(energy, spin, momentum, etc.) of a particle, it is a key variable in quantum chemistry.
The Schrédinger equation allows us to relate probability amplitudes at a certain moment
in time to probability amplitudes at another time point and hence describes the time-

dependent development of the wave function.'®

However, describing a system with multiple components evolving over time would in-
volve handling such information-dense variables, that it is mathematically not practical
and approximations are made to obtain a more manageable system.!®® Firstly, the time

variable is removed, leading to the time-independent Schrédinger equation.!?® Secondly,
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the wave functions of nuclei and electrons are separated in the Born-Oppenheimer ap-
proximation,'® allowing us to solve the electronic Schrédinger equation for a set of
‘stationary’ nuclei.'®® Unfortunately, even with these approximations, exact solutions
to the Schrodinger equation can only be found for the simplest of systems, with two

198

particles, e.g. the hydrogen atom. For many-bodied problems, such as molecules,

only approximate solutions can be found. In brief, quantum chemistry is the study of

chemistry based on approximate solutions to the (electronic) Schrédinger equation.!

The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much

too complicated to be soluble.

— Paul A.M. Dirac (1929) ‘Quantum mechanics of many-electron systems’20°

This proclamation was made in 1929, a year after the Dirac equation was first formu-
lated, which allows scientists to account for special relativity in the context of quantum
mechanics.?’! Unfortunately, almost a century after Dirac’s famous proclamation, ‘the
exact application of these laws’ describing ‘the whole of chemistry’ are still ‘too compli-

cated to be soluble’.200

However, with the aid of some further approximations, computational chemistry allows
for the determination of the wave function and the corresponding energy of a quantum
many-body system such as a molecule. Methods attempting to solve the electronic
Schrodinger equation based on the positions of the nuclei and the number of electrons are
called ab initio quantum chemical methods.!?®292 Thereby, the Hartree-Fock method
is the most prominent approach, whereby it is assumed that the wave function of a
molecule is the product of its molecular orbitals for each electron.'®® This assumes that

the electrons act independently, which neglects all interactions between electrons. Using
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this Hartree-Fock method, the Schrédinger equation can be ‘solved’.'%® However, using
molecular orbitals without electronic interactions, the approximate solution will always
be higher than the true ground-state energy of the system.'”® Although this might
seem like a shortcoming, relying on the systematic overestimation of the energy allows

computational chemists to approach the exact solution using the variational method,

which is central to the Hartree-Fock theory.%8

The second main approach in computational chemistry is quite different to the Hartee-
Fock theory, as the central object is no longer the wave function, but the much simpler
electron density distribution.'®® As indicated above, probability density and wave func-
tion are closely related: The probability density of finding a particle at a certain point
is proportional to the square of the magnitude of the particle’s wave function at that
point. Pierre Hohenberg and Walter Kohn showed that the energy of a system (as
well as all other observables) can be unambiguously derived from its electron density
functional.2®® Although the Hohenberg-Kohn theorems have been proven true, they do
not actually offer a way of calculating the energy from the electron density in practice.
Hence, approximate functionals have been developed.'®® The most common approach
in density functional theory (DFT) is to approximate the electron density as the sum
of densities of the non-interacting molecular orbitals (Kohn-Sham orbitals),?** basically
in analogy to the Hartree-Fock theory. The Kohn-Sham equation builds the basis of
most DFT approaches, making it one of the most popular and versatile methods in

computational chemistry.2%

In practice, to run Kohn-Sham DFT calculations, the first step is to decide on a basis

198

set that describes the molecular orbitals'” of the chosen chemical system. This study

makes use of the polarisation-consistent basis set pc-2206-208

for smaller systems and
gaussian basis sets for larger systems.?” As in DFT the exact functionals for exchange

and correlation of the electrons are not known (we assumed non-interacting molecular
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orbitals), an exchange correlation variable needs to be added to account for the non-
homogeneity of the electron density. For the purpose of this study, the functional PBE2!°
and its hybrid form PBE0?!! have been chosen. Hybrid forms of the exchange correlation
functional include a component of the exact exchange energy based on Hartree-Fock

198 The choice of basis sets and exchange correlation functionals is guided by the

theory.
trade-off between accuracy of the result and computational cost. Including a component
of the exact Hartree-Fock exchange and correlation energy for example (by choosing
PBEO over PBE), has been found to improve the calculated results,'® but it increases

computational costs to such an extend that it was not a viable option for calculations

in larger systems, such as receptor-ligand binding.

Usually a calculation is started with ‘initial guess’ orbitals, then the Kohn-Sham equa-

tions can be generated and solved.'®®

This process is repeated iteratively until conver-
gence. Thereby, one can aim to determine the energy of a system for a given set of nuclei
positions or alternatively, the geometry of the chemical system can be optimised.!”® The
optimal conformation of a molecule can be identified by finding the lowest energy (mini-
mum). As the energy of a molecule depends on its conformation, this is often visualised
via the potential energy surface.!® A potential energy surface describes the energy of a
system in relation to the positions of its atoms.'®® Assuming, for example, two geomet-
ric variables on the x- and y-axis (such as atomic angles or torsion angles), the potential
energy surface can be visualised as a three dimensional surface with the total energy on
the z-axis. Thereby, the optimal geometry is represented by an energy minimum and
sterically hindered conformations are shown as energetic maxima (‘energy barriers’) on

198

the potential energy surface.'”® The process of geometry optimisation essentially allows

the system to converge towards the energy minimum (i.e. optimum).!%

Additionally, quantum chemistry can yield information beyond energy calculations. The

dipole moment and charge distribution of a molecule can be calculated, providing valu-
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able insights into electrostatic interactions between molecules.!? Also, several solvation
models can be incorporated into the calculations, allowing me to evaluate the effect of

the environment.!92

Most of the calculations that are carried out by computational chemists use existing
programs. In this thesis, the chemical software packages ORCA,2'%213 GAMESS?!4
and CP2K?' were used. Whilst ORCA is a general-purpose quantum chemistry soft-
ware,?%213 that allows for flexible calculations of small systems (such as PEA/PEAHT
in water), larger systems (such as PEA/PEAH™ interacting with a receptor pocket) are
better reflected by calculations in CP2K, which is designed to handle large or complex
systems by creating periodic systems.?!® Periodic systems mirror a core unit cell to
create an infinite environment, which is ideal for modelling e.g. large biological systems,

192 GAMESS was primarily designed for ab initio quantum chem-

liquids or metals.
istry calculations but also provides some DFT methods.?'* In this study, it was only
used to calculate the charge distribution of PEA/PEAHT via the molecular electrostatic

potential.

Although computational chemical methods can provide valuable insights into chemical
properties, all calculations need to be anchored in reality by comparing them to reference

192 Ag the conformation of a

data or validating them with empirical measurements.
molecule is defined by the spatial arrangement of its functional groups this study uses
nuclear magnetic resonance (NMR) spectroscopy for validation: NMR spectroscopy
measures chemical shifts of atomic nuclei, which change depending on the proximity to
functional groups.!®?> Hence, by calculating nuclear proton shieldings of PEA/PEAHT

based on my computational models and comparing them with empirically measured

NMR shifts of PEA in water, I can check the accuracy of my computational methods.
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4.1.3 The Conformation of PEA

PEA has only limited conformational flexibility. As the benzene ring is fixed, only
the amino side chain can rotate around its first and second carbon-carbon bond (see
Fig. 4.1). Rotation around the bond that connects the amino group with the benzene
ring (first carbon-carbon bond) positions the entire amino side chain in relation to the
ring (e.g. orthogonal to the benzene ring or in a plane with it). Rotating this first torsion
angle to around 180° would position the amino side chain in a plane with the ring, which
is sterically hindered: A large energy barrier can be expected and planar PEA /PEAH™
are unstable conformations.?'® The first carbon-carbon bond hence assumes a torsion
angle of about 90°, positioning the amino side chain orthogonally to the benzene ring
(see Fig. 4.1A & B). Additionally, Fig. 4.1 shows that rotating around the second carbon-
carbon bond (torsion angle 7) can lead to an extended or a folded conformation of PEA.
An extended geometry with a torsion angle 7 of about 180° (see Fig. 4.1A) is generally
termed anti, whilst the folded conformation with a torsion angle 7 of around +60° is

called gauche (see Fig. 4.1B).

A

Fig. 4.1: Conformations of protonated PEA (PEAHT) with torsion angle 7 of the
amino side chain in dark red. The anti conformation (A) corresponds to an extended
geometry with 7 ~ 180°. The torsion angle of the folded conformation (gauche, B) is
T &~ +60° and leads to a weak m-hydrogen bond (dotted line).

105



To date, the conformation of PEA has mostly been studied in gas phase in the uncharged
state. Rotational and infrared spectra found a strong preference for folded (gauche)
conformations.?'%21" Thereby, the interaction of the amino group with the conjugated
electron system of the benzene ring (7-system) contributes largely to the stabilisation of
this conformation®'® 219 (see dotted line in Fig. 4.1B). Studying 1:1 PEA-water clusters
in gas phase, a direct interaction of PEA and water was observed.??:22! Infrared and
rotational spectroscopy paired with ab initio quantum chemical calculations confirmed
a gauche 1:1 PEA-water complex,??%223 showing that PEA is likely to interact with
water in aqueous solutions. More recently, the hydration properties of neutral and pro-
tonated PEA were also assessed in molecular dynamics simulations, revealing, again, a
conformational preference for gauche PEA-water clusters for both protonation states.??4
As my computational calculations also cover both protonation states of PEA, I make a

clear distinction in my terminology: In the following, ‘PEA’ refers only to the neutral

form, whilst ‘PEAH™’ is the protonated state.

4.1.4 Chemoreception in Crustaceans

When an infochemical is detected, a receptor protein on a chemosensory cell binds

® Chemosensory

the odour molecule, leading to a cascade of signal transductions.??
sensilla in crustaceans are hair-like cuticular organs that are distributed over the entire
body, but cumulate on mouthparts, antenna, antennule and the tips of the walking legs
(dactyl).??> Whilst in humans, olfaction and taste are the two modes of chemoreception,®
crustaceans possess a wide array of chemosensory sensilla and their chemoreception is
broadly grouped into olfaction (due to unimodal olfactory sensilla (aesthetascs), which

are innervated by olfactory sensory neurons) and distributed chemoreception (due to

bimodal sensilla, innervated by chemosensory and mechanosensory neurons).??> Whilst
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(long-range) olfactory sensilla are limited to the lateral flagellum of the antennule, all

other chemosensory organs serve contact or short-range distributed chemoreception.???

In crustaceans, the expression of chemoreceptors has been studied in two chemosen-
sory organs: The lateral flagellum of the antennule and the walking leg dactyl.?26:227
Hundreds of candidate chemoreceptors for olfaction and distributed chemoreception

have been identified in decapod crustaceans.??

The majority of chemoreceptors in
decapods, particularly on the antennule, belong to the group of ionotropic receptors
(IR).22™ Their roles and functions, however, remain largely unexplored.??” Furthermore,
transient receptor potential (TRP) channels likely include chemoreceptor proteins and
chemoreception might additionally be aided by gustatory receptor-like (GRL) receptors
in decapod crustaceans.??” Although G protein-coupled receptors (GPCRs) have been

228-230

shown to function as chemoreceptor proteins in some invertebrates and are the

classical mammalian olfactory receptors, to date, there is no evidence that GPCRs are

chemoreceptors in crustaceans.??”

4.1.5 Potential Receptors for PEA and their pH Dependency

Although evidence suggests that chemoreception, and olfaction in particular, is pre-
dominantly mediated by IRs in decapod crustaceans,??” the function, conformation and

primary ligands of chemoreceptors in crustaceans are largely unknown.?%”

As the chemoreceptor of PEA in shore crabs or hermit crabs is unknown, I set out
to study the pH-dependency of the interaction of PEA with the binding pocket of the
human trace amine associated receptor 1 (TAARI) instead. The endogenous ligand
of TAAR1 is PEA.23! Although there is no evidence for TAAR receptors acting as
chemoreceptors in crustaceans, this approach allows me to provide a proof a principle

in assessing potential mechanisms that drive pH-dependent chemoreception.

107



Many TAAR receptors act as vertebrate olfactory receptors.??! Whilst TAAR4 is a
known olfactory receptor and associated with a fear response in rodents,?* TAARI1

mostly functions in the vertebrate brain.?3!

However, the 3D structure and binding
pocket of olfactory TAAR receptors (such as TAAR4) are not known. Therefore, I chose
to work with TAAR1 instead, which is closely related to olfactory TAAR receptors®!

and its 3D structure is described in the literature through homology modelling.?3?

Receptor-ligand binding relies on electrostatic interactions between the receptor binding
pocket and the ligand®*® (i.e. infochemical for chemoreception). Non-uniform distribu-

tions of positive and negative charges on atoms can give molecules a dipole moment,?*

234 However,

which is essential for creating electrostatic attraction between molecules.
changes in the protonation state of the ligand or the receptor can affect its charge dis-
tribution (or dipole) and thereby potentially its electronic binding properties.?*> Pro-
tonation of the receptor has been hypothesised to be the leading cause for olfactory-
disruption in the course of ocean acidification™ and pharmacological studies show pH-
dependent changes in histamine H; receptor binding kinetics.”™ Gillard et al. (2006)7
deduce that whilst changes in the protonation state of histamine (ligand) would lead to
under- or overestimation of the amount of reactive species, evidence for altered binding
kinetics in their study, suggests that pH-dependent changes in the receptor rather than
changes in the ligand are likely the cause of the pH-dependent binding properties with
the H; receptor.” This study explores both potential aspects of pH-dependent changes

to the receptor-ligand interaction, protonation of the ligand (PEA) and protonation of

an amino acid residue within the receptor (TAAR1).

It is difficult to estimate the susceptibility to protonation of residues inside proteins,
such as receptors. Amino acid pK, values from aqueous environments are only a rough
indication of the protonation state of an amino acid residue inside a protein,?*® as pK,

values vary depending on their direct environment.?3” The susceptibility to protonation
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of residues inside the TAAR1 binding pocket is therefore unknown. Comparing average
pK, values of amino acid residues inside proteins, histidine stands out, as its pK,
value in proteins averages at near neutral pH conditions (pK,=6.4), with minimum and
maximum experimental observations of pK,=2.13-9.19.23¢ This makes histidine a prime
candidate for pH-dependent changes within the range relevant for marine environments.
Additionally, the histidine residue Hist99 of TAARI is in close proximity to the binding
site of the PEA ligand inside the binding pocket.?3? As this histidine residue is solvent-
accessible due to its position inside the binding pocket, its pH-dependency could directly

impact receptor-ligand binding properties.

The solvent accessible surface area (SASA) is known to affect the pK, values of amino
acid residues inside proteins.?3®:23" Whilst deeply or partially buried histidine residues
are more likely to have extreme pK, values (<5 and >8), histidine residues with larger
SASA (>40%, e.g. as part of a binding pocket) have the same average pK, of 6.4 as
deeply buried histidine residues, but they mostly range between pK, 5.2 to 8.2 As
Hist99 is part of the TAARI1 binding pocket, it is therefore likely to have a large SASA
and could be pH-dependent within a range relevant for marine average pH conditions.
As part of this study, I therefore assess to which extent changes in the protonation state

of Hist99 could affect TAAR1-PEA and TAARI-PEAHT interactions.

4.1.6 Research Approach and Hypotheses

In this chapter I assess the potential mechanisms underlying the pH dependency of
the behavioural response of crustaceans to PEA/PEAHT. Using quantum chemical
methods verified by nuclear magnetic resonance (NMR) spectroscopy, the changes in
the conformation and charge distribution of the infochemical PEA upon protonation are

studied in an aqueous environment. As, using molecular dynamic simulations, Risti¢
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et al. (2019)?** found that both protonation states of PEA are predominantly in the
gauche conformation, I hypothesise that my quantum chemical calculations and NMR
spectra show no large changes in the conformation of PEA/PEAH™ upon protonation.
Furthermore, I hypothesise that the charge distribution of PEAH™ differs significantly
from its neutral state PEA, as the protonation of such a small molecule is likely to affect
the magnitude of its dipole. Finally, I expect that the solvation model significantly

affects the height of energy barriers and relative stabilities of the conformers for both

PEA and PEAH™.

As (charge dependent) electrostatic interactions are an essential aspect of receptor-
ligand interactions, I study the binding of PEA/PEAH™ with the receptor TAARI in
further computational chemical experiments. Thereby, receptor-ligand interactions are
assessed upon protonation of the ligand PEA/PEAH™ and of the Hist99 residue inside
the TAARI1 binding pocket. As the binding pocket of TAARI1 is negatively charged, I
hypothesise that it binds more strongly to the positively charged PEAH™ than to its
neutral equivalent PEA. Consequently, I also hypothesise that protonation of the binding
pocket residue Hist99 reduces the binding strength to PEAH™, as the protonation of
Hist99 renders the binding pocket neutral. Decreasing the pH could hence have opposing
effects on the receptor-ligand interaction, and the overall effect of ocean acidification on

receptor-ligand binding is difficult to predict.

In addition to changes in pH, intertidal environments, the natural habitat of her-
mit crabs and shore crabs, also show daily and seasonal fluctuations in salinity and

temperature.5?

Temperature and salinity are known to affect the dielectric environ-
ment in a model,?*%237 which might in turn affect the chemical properties of the in-
fochemical PEA/PEAHT in water and the chemoreception (receptor-ligand binding)
TAARI-PEA/PEAH*. Therefore, the impact of changes in temperature and salinity

on PEA/PEAHT and the receptor-ligand binding is assessed. As the pH can affect the
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protonation state, potentially changing electrostatic interactions,?3* I hypothesise that
effects of temperature and salinity on PEA /PEAH™ and the receptor-ligand interaction

are existent, but exceeded in magnitude by pH-dependent effects.

4.2 Materials and Methods

4.2.1 Computations of PEA in Water

The conformation of neutral and protonated PEA was studied using quantum chemical
methods. The calculations were carried out with the supercomputer (Viper) of the
University of Hull and validated by NMR spectroscopy. In a torsion angle energy scan,
the total energy of geometry-optimised PEA and PEAHT was calculated at different
(constrained) torsion angles 7 of the amino side chain in 5° intervals, which resulted in
potential energy curves. In a torsion angle energy scan, the energy is typically plotted
on the y-axis and the torsion angle on the x-axis, showing the energetically favourable
conformations as energetic minima and energetic barrier heights (maxima) between
conformations. A potential energy curve/ energy scan is essentially a cross-section of a
potential energy surface (see section 4.1.2). Due to the conformation of PEA/PEAH™
(see Fig. 4.1), the position of the amino side chain is defined by the torsion angle 7, which
is the main structural factor in the determination of energetically favoured geometries of
PEA/PEAHT. This justifies the use of an energy scan (1 geometric dimension) rather

than calculating the full potential energy surface (2 geometric dimensions).

Furthermore, the aquatic environment of PEA/PEAH™ has to be taken into account.
Long-range and short-range interactions with water can have a large impact on the con-
formation of a molecule.'”® Therefore, the torsion angle energy scan was studied in three

model environments: in gas phase, in a dielectric infinite continuum of water using the
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conductor-like polarisation continuum model (CPCM, also termed ‘implicit solvation

212,213,238,239 and in an implicit solvation envi-

approach/environment’ in the following),
ronment that also includes the interaction of one explicit water molecule with the amino
group (‘hybrid solvation model’). In implicit solvation approaches, the bulk of the sol-
vent is represented as a structureless polarisable medium that is solely characterised by
its dielectric constant £.2%%239 Generally, computational models use a dielectric constant
of 80.4 to include the aqueous background. One explicit water molecule per ionisable
group in addition to the implicit solvation environment was found to improve accuracy
and reliability of isotropic nuclear magnetic shielding calculations, which were used as

computational model validation.'®°

Geometry optimisations in ORCA (version 4.0.1) were performed with the PBEO ex-
change correlation functional,?!! using a pc-2 basis set.2262%8 D3 dispersion correc-
tion?*%24! was included and the RIJ-COSX approximation?*? with a def2/J auxiliary

t243 was applied. The final point energy values for each geometry optimised

basis se
conformation were then plotted against the respective constrained torsion angle. To
facilitate the comparison between the different environments, the total energy is shown
relative to the energy in the gauche 1 conformation for each system. The identified ener-
getic minima were reoptimised without conformational restraints and their eigenvalues

were checked for imaginary frequencies to verify whether the points of convergence were

actual energetic minima rather than saddle points.

The molecular electrostatic potential (MEP) of energetically-favoured conformations
(energetic minima) of PEA/PEAH™ was obtained using the GAMESS program (version
18/08/2016, R1)?' with the PBE( exchange functional in conjunction with the pc-2
basis set.?062%%  (Calculations were carried out with a polarisable solvation continuum

244

model. Using the wxMacMolPlt program (version 7.6),%** a three-dimensional electron

density isosurface was created with 100 grid points and a contour value of 0.1 e-a;®. To
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visualise the MEP, the density isosurface was coloured with a maximum value of 0.9
En-e! and the RGB colour scheme with red representing positive, green neutral and

blue negative charge.

4.2.2 Nuclear Magnetic Resonance Spectroscopy of PEA for

Model Validation

To compare the computational model to empirical measurements of nuclear magnetic
resonance (NMR) 'H shifts of PEA /PEAHT, isotropic nuclear magnetic shielding values
of 'H nuclei were calculated for the identified energetically favoured conformations in
the hybrid solvation model, using ORCA (version 3.0.0) at the PBE0O/aug-pc-2 level
of theory. As for previous geometry optimisations, RIJ-COSX approximation with a
def2-TZVPP/J auxiliary basis set was used. All nuclear shielding calculations were run

with the Individual Gauge for Localized Orbitals method (IGLO).?%

Solutions of 0.05 mol /L of 2-phenylethylamine hydrochloride (Sigma-Aldrich, 98 %) were
used as samples for NMR spectroscopy. Solutions were prepared in 0.04 mol/L sodium
phosphate buffer at pH 11.8 for PEA and pH 6.8 for PEAH+ containing 10 % deu-
terium oxide (Sigma-Aldrich) as solvent lock and tetramethylsilane (TMS, 50 puL, Sigma-
Aldrich, >99.5%) as the internal standard (65 = 0). NMR spectra were recorded on a

JEOL ECZ 400S spectrometer.

The calculated *H nuclear shielding constants of PEA/PEAHT in the hybrid solvation
model were then compared to experimentally determined "H NMR shifts of PEA /PEAH™
measured in water by plotting calculated values against experimental results and per-

forming least-squares linear regressions for the different conformations gauche and ant:

for PEA and PEAHT.
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4.2.3 Computations of Receptor Binding

The homology model for the active state of human TAAR1 was downloaded from the
GPCR database.?®® Then, 32 amino acids, known to be involved in the ligand bind-

22 were cut out of the 3D model of the TAARI receptor using the molecular

ing site,
visualization program VMD.?*” The position and size of the chosen binding pocket is
shown in Fig. 4.2. Using Avogadro (version 1.1.1),24® hydrogen atoms were added to the
amino acid backbone. As the amino acids of the binding pocket are in their standard
protonation state (at physiological pH 7.4), all are neutral except for aspartate residue
103 (Aspl03), which is negatively charged. Additionally, peptide bonds were added
manually using Avogadro?*® to cap the cutting sites of the binding pocket. Thereby, a
methyl group was introduced on the amino side and a nitrogen-methyl group was added

to the unbound carboxyl side. The molecular capping procedure of amino acids was

adapted from the Molecular Fractionation with Conjugate Caps (MFCC) approach.?4?
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Fig. 4.2: Secondary structure of the TAARI receptor with alpha helices in purple, beta
turns in cyan and random coils in white. The amino acids of the binding pocket are
shown in green stick representation. The majority of the chosen binding pocket is part
of alpha helix secondary structures. The receptor model is the homology model for the
active state of human TAARI, which was downloaded from the GPCR database?*% and
the visualisation was produced using the molecular visualization program VMD.247

After the preparation of the binding pocket, I used the molecular visualization program
VMD?¥ to position the ligand PEA/PEAHT in the center of mass of the binding pocket,
facing Asp103 with its amino group, as this had previously been identified as the primary
binding point.?3? Thereby, the start conformation of the ligand was the geometry-

optimised gauche 2 conformation from the implicit solvation model.

In a first computational step, all manually added methyl groups, nitrogen and hydro-

d?®® approach in Avo-

gen atoms were allowed to optimise using the universal force fiel
gadro.?*® Keeping the ligand (PEA/PEAH") and the amino acid backbone constrained,
the manually added atoms were then further optimised using the PBE functional?!? with

D3 dispersion correction??24 and SZV-MOLOPT-GTH basis set?**2*! in CP2K (ver-

sion 6.1).215:252
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In the following, the binding pocket was placed inside a spherical cavity with radius
18.12 1&, outside which a dielectric continuum simulated the protein background. The
size of the dielectric cavity for the TAARI1 receptor binding pocket was chosen based
on the van der Waals radii of all atoms. To model the protein background, the self-
consistent reaction field (SCRF) method?*® with a dielectric constant of 8 was applied.
Previous studies showed that the protein environment in an enzymatic reaction can
be adequately represented by embedding the active site in a dielectric cavity with this

dielectric constant.2%*

Then, PEA/PEAH" was allowed to optimise inside the binding pocket (all binding
pocket atoms constrained) using the PBE?® functional with D3 dispersion correc-
tion?4%241 and TZV2PX-MOLOPT-GTH basis set?%25! in CP2K. Thereby, the poisson
solver2%:256 wag used to isolate the (40 A)® unit cells in the periodic system. This sup-
presses any potential interactions between the binding pockets from neighbouring unit
cells. By default, CP2K introduces a uniform background charge to neutralise charged

periodic systems.

The binding energy between the TAAR1 binding pocket and the ligand (PEA/ PEAH™)
was calculated by subtracting the energy of the binding pocket and the energy of the
ligand from the energy of the TAAR1-ligand complex. Furthermore, other binding prop-
erties of PEA and PEAH™ were measured, such as the distance and the angle between
the Aspl03 amino acid residue and the ligand, and the root mean-square deviation
between the backbone atomic positions of the protonated and neutral ligand upon bind-
ing. In structure based drug design and bioinformatics, the root-mean-square deviation
(RMSD) between atomic positions is commonly used as a measure of difference between

two superimposed molecules.?®”

To determine the effect of the protonation of PEA on receptor-ligand binding, the com-

parability of the start conditions for PEAH' and neutral PEA is key. Hence, both
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were optimised based on the same start conformation and position. For PEAH™ the
energetically-favoured gauche 2 conformation from calculations in the implicit solvation
environment was chosen. For neutral PEA-TAAR1 binding experiments, a hydrogen
atom from the PEAH' amino group was removed. This ensures the same start con-
ditions for PEA-TAARI as for computational experiments with PEAHT-TAARI1. The
conformation of PEA in water was found to be very similar to PEAH™ in water, with
A7 = 2.2° in the implicit solvation environment (see results below), justifying this

approach as being representative for optimal geometries for PEA as well as PEAH™.

4.2.4 Computations of Protonated Receptor Binding

To explore the effects of receptor protonation on receptor-ligand binding, a proton was
added to the Hist99 residue of the previously defined binding pocket of TAARI, using
Avogadro (version 1.1.1).2® The hydrogen was allowed to optimise in the absence of a
ligand using the PBE?!Y functional with D3 dispersion correction?%24! and TZV2PX-
MOLOPT-GTH basis set??®25! in CP2K. Thereby, the rest of the binding pocket was
constrained and the poisson solver?*>:25¢ isolated (40 A)3 unit cells in the periodic system.
As before, the binding pocket was enveloped in a dielectric continuum (¢ = 8), allowing

for a spherical cavity with the radius of 18.12 A for the binding pocket.

Subsequently, PEA and PEAH" were added to the center of the binding pocket, occu-
pying the same start position and conformation as for the unprotonated TAAR1 binding
pocket. Constraining the entire binding pocket, including the additional histidine pro-
ton, PEA and PEAH™" were allowed to optimise using CP2K with the PBE2!° functional
and D3 dispersion correction,?*%24 TZV2PX-MOLOPT-GTH basis set??*25! and the
poisson solver?®%25¢ isolating (40 A)3 unit cells in the periodic system. The protein

background was again modelled using the SCRF method with € = 8 and radius 18.12 A.

117



As before, the binding energy between the TAAR1 binding pocket with protonated his-
tidine and the ligand (PEA/PEAH™) was calculated by subtracting the energy of the
binding pocket and the energy of the ligand from the energy of the optimised TAARI-
ligand complex. Furthermore, other binding properties of PEA and PEAH" were mea-
sured, such as the distance and the angle between the Asp103 amino acid residues and

the ligand, and Hist99 and the ligand.

4.2.5 Reality Check: Salinity and Temperature Conditions in
Field and Model

The dielectric constant (e, also called relative permittivity) is a measure for the capac-
ity of a material to store a charge.?”® In computational chemistry, water or a protein
background can be modelled implicitly by applying a background dielectric environ-
ment.23%239  Although a fixed value of 80.4 is usually assumed to model any aqueous

d259

backgroun and € = 8 has been shown to approximate a protein background,?** in

reality, the dielectric constant varies depending on the salinity and temperature of the

environment.26°

Effects on PEA/PEAHT

To explore the range of the dielectric constant that is relevant for intertidal crustacean
habitats in England, the regression equation developed by Klein and Swift (1977)20
was used. Fig. 4.3 plots the salinities and temperatures that are relevant for British
coastal waters against the dielectric constant . The sea temperature at the British
coast varies between around 5 and 20°C.26! Inhabiting a variety of environments, P.

bernhardus and C. maenas can encounter salinities from 20 ppt NaCL"7 e.g. after heavy

rainfall or in estuaries, to 45 ppt after evaporation in summer in tide pools. 45 ppt has
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also been used to study the chemosensory ability of crustaceans under salinity stress.?62

Furthermore, 15-20°C and 35ppt NaCl concentration approximates the behavioural
experimental condition in this study. Fig 4.3 shows that, following the deductions
described above, a range of 80.5 to 70.2 for the dielectric constant is relevant for British

coastal habitats.
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Fig. 4.3: The dielectric constant € of water depends on the temperature and salinity.
The dielectric constant decreases with increasing salinity and temperature. The chosen
salinity and temperature range is relevant for hermit crab and shore crab habitats in

Great Britain. The data is fitted using the regression equation from Klein and Swift
(1977).269

To explore the impact of changes in the dielectric constant on PEA/PEAHT due to
changes in temperature and salinity, the previously optimised conformers of PEA and
PEAHT in the implicit solvation models (¢ = 80.4) were reoptimised in different di-
electic environments within the CPCM using ORCA (version 4.0.1).2'2213 To explore

the effect of salt (NaCl) in water and changes in temperature on the quantum chemical
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models of PEA and PEAHT, the dielectric constant ¢ = 80.4 was reduced in 3 5-point
decrements, leading to a range of 80.4 - 65.4. To explicitly include the conditions during
the behavioural experiments I also added the dielectric constant of 72.5 to the compu-
tational set of experiments. Geometry optimisations were performed as previously, with
the PBEO exchange correlation functional®!! using a pc-2 basis set?°02% and RIJ-COSX

approximation?? with a def2/J auxiliary basis set.?*3 D3 dispersion correction?4% 24!

was
included. The energy difference between extended and folded conformation, the torsion
angle 7 and the dipole moment were compared to the original results obtained with

e = 80.4.

Effects on TAAR1-PEA /PEAHT

Finally, as water penetration is known to affect local structures and polarisability inside
proteins (increasing the dielectric environment)?®® and dissolved salt (NaCl) and increas-
ing temperatures may decrease the dielectric constant,? I also explored the effect of
changes in the model dielectric environment for the receptor-ligand binding experiments.
To study receptor-ligand binding properties under water and/or salt penetration, a se-
ries of computational experiments were carried out. Thereby the dielectric constant was
increased from £ = 8 (protein background) to € = 10 to explore the potential effect of
water penetration and decreased to € = 6 and € = 4 to explore the effect of a dielectric
decrement upon salt introduction or at increased temperatures. For each set of exper-
iments PEA/PEAH" was allowed to optimise inside the TAAR1 binding pocket (all
binding pocket atoms constrained) using the PBE?!Y functional with D3 dispersion cor-
rection?4%24! and TZV2PX-MOLOPT-GTH basis set?%25! in CP2K. The TAAR1-PEA
and TAARI-PEAH™ binding models were compared in the four dielectric environments

by determining the distance between Aspl03 oxygen atom and PEA/PEAH™ nitrogen
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atom, the hydrogen bond angle, the torsion angle of the PEA/PEAH™ amino side chain
and the TAAR1-PEA /PEAH™ binding energy.

4.3 Results

4.3.1 Conformational Preference and Charge Distribution of

Different Protonation States of PEA

Fig. 4.4A & B show the energy of PEA and PEAHT respectively as a function of the tor-
sion angle 7 of PEA/PEAHT in the three model environments: gas phase, a conductor-
like polarisable continuum model (implicit solvation environment) and in the hybrid
solvation environment, which is the implicit solvation environment with an explicit wa-
ter molecule interacting with the PEA amino group. Energetically stable (favoured)
conformations are energetic minima in the torsion angle energy scan. The 360° torsion
angle energy scans reveal three energetically favoured conformations as minima for both
neutral and protonated PEA and for all three model environments. An extended (anti)
and two folded (gauche) conformations were found regardless of the model environment.
The solvation models (blue and green in Fig 4.4) clearly change the scan profile as com-
pared to the gas phase environment (red in Fig. 4.4) for both protonation states, PEA
and PEAH™, with regards to the relative stabilities of the energetic minima and energy
barrier heights (discussed in more detail below). The torsion angles of the energetic
minima of PEA and PEAH™ (x-axis of Fig. 4.4) on the other hand, seem to be largely

independent of the model environment.
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Fig. 4.4: Torsion angle energy scan of PEA and PEAH™ in different environments to
identify energetically stable conformations. (Full caption on the following page.)
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Fig. 4.4: (Continued from previous page.) Torsion angle energy scan of the amino side
chain torsion angle 7 of neutral (A) and protonated (B) PEA; and the conformation of
folded neutral PEA in gauche 2 (C) and gauche 1 (D) interacting with a water molecule.
Energy values are relative to the energy of the gauche 1 conformation from the respec-
tive environment. Conformations for selected torsion angles are depicted in a filmstrip
above the scan. Energetically stable (favoured) conformations are energetic minima,;
both protonation states show minima at an extended and two folded conformations.
The potential energy curves in two solvation models (blue and green) are compared
to gas phase (red circles). The implicit solvation model (blue squares) is augmented
by including the interaction with one explicit water molecule (hybrid solvation model,
green triangles). As only one water molecule has been added, this scan is asymmetric.
Hydrogen atoms are depicted in white, carbon atoms in black, nitrogen atoms in blue
and oxygen atoms in red.

The neutral PEA torsion angle energy scans (Fig. 4.4A) show an asymmetry in the
relative energetic stability of the two folded conformations (T qucher = —60°, Tyquche2 =
+60°). This can be explained by the asymmetry of the amino group, containing two
hydrogen atoms (Hy) and an electron lone pair. In the gauche conformation either Hy
or the nitrogen lone pair are interacting with the aromatic ring, leading to different
relative stabilities. The environment, however, has a clear impact on these energetic
differences. The implicit solvation model stabilises the gauche 2 conformation with lone
pair-7 interaction (7 &~ +60°), as compared to the gas phase. This effect becomes more
pronounced with the inclusion of an explicit water molecule (hybrid solvation model),
which even reverses the preference for the folded conformations: Whilst gauche 1 was
the energetically favoured folded conformation in gas phase and in the implicit solvation
model, gauche 2 is favoured in the hybrid solvation model. This is due to the hydrogen
atoms of the water molecule forming hydrogen bonds with the nitrogen lone pair and the
m-system on either side and thereby promoting the energetic stability of the gauche 2
conformation (Fig. 4.4C). The distance between the amino group hydrogen atom closest

to the benzene ring and the m-system is 3.28 A for the gauche 1 conformation (Fig. 4.4D)
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whilst the distance between the m-system and the water hydrogen atom is 248 A for
gauche 2 (Fig. 4.4C). As oxygen atoms are known to be rather weak hydrogen-bond
acceptors compared to nitrogen atoms,?%® the nitrogen lone pair of PEA interacts with
the water hydrogen atom rather than PEA’s Hy forming a bond with the water oxygen

atom.

The torsion angle energy scan for PEAH™ (Fig. 4.4B) shows that solvation has a strong
effect on the conformation of PEAH™. The difference between the gas phase model
(red) and the solvation models (green and blue) are particularly pronounced in the rel-
ative energetic stability of the extended conformation (7., ~ £180°) and the energetic
barrier height between the folded and extended conformation (7Typrier ~ £120°). The
solvation models (green and blue) stabilise the anti conformation, decreasing their en-
ergy relative to the gauche conformations. Adding one explicit water molecule (hybrid
solvation model, green) further decreases the relative energy of one of the folded confor-
mations. Similarly to neutral PEA, the folded conformation where the water molecule
mediates between the amino group and the aromatic ring is the energetically most sta-
ble geometry of PEAH™ in the hybrid solvation model (compare Fig. 4.4C for PEA). In
this conformation, the distance between the hydrogen atom of the PEAH-bound water
molecule and the 7-system is 2.39 EA, slightly smaller than for PEA (see above), which

indicates a stronger bond.

Some of the torsion angle energy scans (Fig. 4.4A& B) are asymmetric, reflecting the
range of potential conformations for PEA and PEAH™. It is important to note, however,
that neutral and protonated PEA both have degenerate (i.e. same energy level) folded
conformations for negative and positive torsion angles (7 &~ +60°) as their absolute
energetic minimum. By rotation around the C-N bond, the flexible amino side chain
allows the molecule to lock into the same folded conformation for negative as well

as positive torsion angles. This symmetry is not reflected in the above torsion angle
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energy scans as computational methods only allow for the convergence towards the
local energetic minimum. The global energy minimum can only be identified through
understanding the chemical structure of the molecule or else a comprehensive exploration

of the entire potential energy surface.

To ensure an accurate representation of the energetic minima of PEA/PEAHT, their
conformations, as deduced from the torsion angle energy scans, were reoptimised without
torsion angle constraints. The resulting energy differences between the conformations
allow me to deduce that in water, the gauche conformation of PEA /PEAHT is energet-
ically favoured over the anti conformation for both protonation states (Table 4.1). The
torsion angles and energy differences for the hybrid solvation model are summarised
in Table 4.1, whereby the energy of the water molecule was subtracted from the total
energy of the PEA/PEAH -water system. It is important to note that especially the
gauche 1/gauche 2 energetic differences are very close to chemical accuracy of quantum
chemical calculations (about 4kJ/mol),?% making a precise conformational prediction
difficult. However, the concept of chemical accuracy is a rule of thumb to estimate
the accuracy of computational results as compared to empirical measures and therefore

doesn’t fully apply to the comparison between computational models.?66
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Table 4.1: Torsion angles 7 and energy differences AFE of the energetically favoured
conformations of PEA and PEAHT™ in solvation as determined with the hybrid solvation
model. The energetic minima were optimised without geometrical constraint and the
energy of the explicit water molecule was subtracted. Energy differences are shown
relative to the lowest energy conformation.

PEA PEAH™
AFE [kJ/mol] 7 [°] AFE [kJ/mol] 7 [°]

anti 3.5 178.1 4.5 179.8
gauche 1 1.2 —60.8 3.9 —59.0
gauche 2 0 61.8 0 60.6

The proportion of PEA/PEAHT in the different conformations is governed by the energy
difference between conformations and the temperature of the system.?’” By calculating
the Boltzmann factor (eq. 4.1), the energy differences (Table 4.1) can be translated into

relative populations N.267

Nanti Ganti _ Banti—Egauche
— . R-T e

e RT (4.1)

N —

Ngauche Ggauche

with ¢ : degeneracy (number of states at energy level)

R : molar gas constant

With an annually averaged sea surface temperature of 17°C for 2021,%® the ratio of
extended to folded conformation is 1:9 for neutral PEA and 1:13 for PEAH". Hence,
decreasing the pH leads to a small increase in the proportion of the infochemical in the

folded conformation.
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To assess pH-dependent effects on the electrostatic properties of PEA/PEAHT, T studied
its charge distribution in both protonation states. Both, neutral PEA and PEAH™ show
charge separations in the amino group and C-H bonds (Fig. 4.5A & B). PEA is overall

less positively charged than PEAH™ (red in Fig. 4.5A vs. B). The dipole moment can be

234

used as a measure of the charge separation.”>* Even in the same folded conformation,

protonated and neutral PEA clearly differ in magnitude and direction of the dipole
moment (red arrow in Fig. 4.5C & D). The dipole moment is 2.5D for folded neutral
PEA, and 12.6 D for PEAH™" in the same conformation.

=t =t
ent ot

Fig. 4.5: Charge distributions (A & B) and dipole moment (C & D) of folded PEA
in the implicit solvation model in the neutral (A & C) and protonated state (B &
D). Electron density isosurfaces (A & B) are colour-coded according to the molecular
electrostatic potential with blue representing negative, green neutral and red positive
charge. The 30 % transparency of the electron density surface shows the conformation
of the molecule underneath with hydrogen atoms in white, carbon atoms in black and
nitrogen atoms in blue. The dipole moment (C & D) is represented by a red arrow
pointing from negative to positive charge.
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4.3.2 Computational Model Validation

'"H chemical shieldings of the computational PEA/PEAH' models were calculated to
determine whether the computationally identified global energetic minimum gauche con-
formation coincides with the empirically measured conformation of PEA/PEAH" in
water. In the following, I assess the correlation of the experimental nuclear magnetic
resonance (NMR) 'H shifts of PEA/PEAHT in water with the calculated 'H chemical

shieldings for the different conformations of PEA/PEAH™ using linear regressions.

Due to the symmetry of the aromatic ring of PEA/PEAH™ and the free rotation about
single bonds (fast exchange rate) only 4 carbon-bound 'H shifts can be measured exper-
imentally (see Fig. 4.6 for naming of PEA/PEAH™ carbons). Hence, the corresponding
calculated shieldings were averaged to facilitate comparability: The calculated shield-
ings of the two hydrogen atoms bound to C; and C, were averaged to C;-H and Cy-H
respectively and the shieldings of the hydrogen atoms bound to C,,; and C,,.» were av-
eraged to C,.1-H and C,,o-H (see Fig. 4.6). As the protons bound to nitrogen were only
observed in the low pH NMR experiments (PEAH™) they were excluded from the linear
model. Furthermore, Hy are known to be problematic in NMR shielding calculations

as they are highly affected by hydrogen bridge networks.?%?
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Fig. 4.6: Structure and naming of the carbons in PEA /PEAH™ to assign experimental
'H NMR shifts to the calculated shieldings for both protonation states. Carbon atoms
are shown in black, the nitrogen atom is blue and hydrogen atoms are white.

Fig. 4.7 shows a negative linear correlation between experimental 'H shifts and calcu-
lated nuclear shieldings for extended (anti, black) as well as folded (gauche, red) confor-
mations of PEA and PEAH™. Due to the symmetry of the fully protonated amino group
in PEAH™, the gauche conformation of PEAH™ is the same at 7 &~ —60° and 7 ~ +60°,
whilst there are two different gauche conformations for PEA: (gauche 1 with the amino
group electron lone pair pointing away from the benzene ring and gauche 2 with the
lone pair pointing towards it, compare also section 4.3.1). In the following, I am aiming
to determine, which computational model best aligns with the experimental findings.
Calculated nuclear shieldings are absolute values whilst the experimental shifts are mea-
sured relative to the (pH-insusceptible) reference compound TMS, which explains the
negative relationship between experimental and calculated values. The experimental 'H

shift of TMS is zero, whilst their 'H shielding was calculated to be 31.3 ppm.
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Fig. 4.7: Calculated nuclear proton shieldings as a function of the experimental 'H
NMR shifts for the different conformations of neutral PEA (A) and PEAH™ (B). The
95 % confidence interval is shown in gray (narrow for both). The amino protons were
only measurable for PEAH" and thus excluded from the linear regression analysis.
Magnified inset window shows the protons of the PEA/PEAH™ ethyl groups (Cy2-H).

The two folded conformations (gauche) of neutral PEA are not separable in the linear
regressions (see Fig. 4.7A). However, the folded and extended conformation show slightly
different linear fits for both protonation states (see red vs black in Fig. 4.7A & B). To
measure the correlation between experimental NMR shifts and calculated shieldings,
the accuracy of the fit can be determined. As the calculated values are absolute but
the experimental shifts are measured relative to TMS, the calculated '"H NMR shield-
ing for TMS (31.3 ppm) would be the x-axis intercept if the computational model fully
coincided with the experimental observations. In reality, depending on the fit of the lin-
ear regression, the projected 'H NMR shift for TMS deviates from y(31.3 ppm)=0 ppm.
The ‘accuracy’ of the model can be defined as the chemical shift that corresponds to the

190 (gee

calculated TMS shielding (y(31.3 ppm)) based on the respective linear regression
also TMS-H, last row in Table 4.2). A perfect model fit would have the accuracy 0 ppm:
The calculated TMS proton shielding (31.3 ppm) would coincide with the experimental

NMR measurement where TMS was used as a reference (i.e. set to zero). Estimating
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the accuracy of the fit of the experimental findings with the computational models is

one way of validating the quantum chemical calculations.

With an accuracy of 0.03ppm, the gauche conformations of neutral PEA fit the ex-
perimental values better than the anti conformation (accuracy 0.27 ppm). Likewise for
PEAHT, the gauche conformation of PEAHT reaches an accuracy of 0.14 ppm whilst
the accuracy of the computational model of PEAH™ in the anti conformation is only
0.40 ppm. Based on the accuracy, the folded conformation aligns best with experimental

findings of the conformation for both protonation states of PEA in water.

Additionally, the scattering of values in the linear model can give valuable information
on the goodness of fit. The 95 % confidence intervals (gray band in Fig. 4.7) of the
linear models of the folded conformations (gauche) are narrow for both protonation
states. However, less scattering in higher calculated nuclear shieldings leads to nar-
rower confidence intervals for the gauche conformations, indicating a better fit of these
computational models with the experimental results. The linear models of the gauche
conformations reach a coefficient of determination of R?=99.99 % for protonated and
R2=99.97 % for neutral PEA, whilst the anti conformations have an R?=99.86 % and
R%2=99.89 % respectively. I conclude that PEA and PEAH™ in the gauche conformation
show the best fit with the experimental data. This coincides with the conclusion based

on the accuracy of the models (see above).

Although Fig. 4.7 indicates that the linear regressions for the gauche and anti models
overlap for lower calculated nuclear shieldings (protons of the benzene ring, C,-H in
Fig. 4.6), they separate towards higher calculated shieldings (protons of the amino side
chain, C; »-H in Fig. 4.6). The accuracy of the fit was measured at 31.3 ppm (calculated
'H TMS shielding), where the models for the gauche and anti conformations are notably
different. Hence, the difference between folded (gauche) and extended (anti) conforma-

tion of PEA and PEAHT™ is reflected mainly in higher calculated nuclear shieldings,
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corresponding to chemical proton shifts of the side chain (C;-H and Cy-H in Fig. 4.6).

Applying the linear regression equation (eq. 4.2), the calculated nuclear shieldings (o)

were transformed into chemical shifts (§) to enable a direct comparison (Table 4.2).

d=a-o0+

for PEA :  agn; = —0.90,
Qgauche =~ —0.93,

Qgauche2 ~ —0.93,

for PEAHT :  agn; =~ —0.88,

Agauche ~ _0917

b
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banti =~ 28.55 ppm
bgauche = 29.12 ppm
bgauche2 =~ 29.10 ppm
bant: = 27.96 ppm

bgauche ~ 28.53 ppin



Table 4.2: Comparison of experimental 'H shifts (§) with calculated shifts (6) of
protonated and neutral PEA in water. Computationally determined shieldings (o) were
averaged for each of the four experimentally determined shifts and transformed into
shifts following linear regression equation 4.2. The naming of the PEA /PEAH"-carbons
is visualised in Fig. 4.6. The last row (TMS-H) shows the calculated chemical shifts for
TMS based on the respective linear regression (‘accuracy’).

neutral PEA [ppm]

PEAHT [ppm]

experimental &

calculated &

experimental &

calculated &

anti  gauche 1  gauche 2 anti  gauche
Ci-H 2.91 2.80 2.86 2.96 3.30 3.18  3.27
Co-H 2.78 2.89 2.82 2.72 3.02 3.13  3.04
Car1-H 7.32 7.32 7.31 7.31 7.37 7.36  7.37
Caro-H 7.40 7.41 7.42 7.42 7.44 745 744
TMS-H 0 0.27 0.03 0.03 0 0.40 0.14

In summary, '"H NMR spectroscopy verifies the computational findings: A comparison of

the accuracies as well as the linear model fits confirm that the identified global energetic

minima (PEA and PEAHT in the gauche conformation) fit best with the experimental

values. Although models for gauche 1 and gauche 2 in PEA were not separable based

on this method, my findings confirm that the folded conformation is the energetically

favoured conformation for PEA and PEAHT in water.
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4.3.3 An Increased PEA Dipole Increases Receptor-Ligand

Binding

Computational binding experiments of PEA/PEAHT with the TAARI binding pocket
show that the protonation state of the ligand affects the binding properties. Although
both binding experiments were initiated with the same conformation and location of the
ligand (PEA/PEAHT) inside the binding pocket, their orientation and conformation
differs upon binding to TAARI (see Fig. 4.8A vs. B). In the following, I describe how

protonation of PEA changes different characteristics of receptor-ligand binding.
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Fig. 4.8: Conformation of neutral (A) and protonated PEA (B) inside the TAARI
receptor pocket. (Full caption on the following page.)
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Fig. 4.8: (Continued from previous page.) Conformation of neutral (A) and protonated
PEA (B) inside the TAAR1 receptor pocket. PEA/PEAH™ and the amino acid residue
Aspl03 (semi-transparent) are shown as ball-and-stick model, whilst the rest of the
binding pocket is stylised as lines. Carbon atoms are shown in black, oxygen atoms in
red, nitrogen in blue and hydrogen atoms in white.

Although the geometry optimisation of PEA and PEAH™ started with the same con-
formation of the backbone atoms (excluding hydrogens, RMSD=0 A), the root-mean-
square deviation (RMSD) between the backbone atomic positions of superimposed pro-
tonated and neutral PEA after binding is 2.1 A. This shows that PEA and PEAHT
undergo substantially different conformational changes upon binding to TAAR1. The
final torsion angle 7 of the amino group side chain (see Fig. 4.1 for illustration of torsion
angle) of neutral PEA is 82.9° whilst PEAH™' adopts a torsion angle of 66.5° inside
the binding pocket. Both hence adopt very different conformations upon binding as
compared to their non-complexed state (e.g. in water, compare section 4.3.1), 7 = 61.8°

and 60.6° respectively.

Furthermore, PEAH™ establishes a strong hydrogen bond with the negatively charged
Aspl103 (Fig. 4.8B) whilst neutral PEA only maintains a weak link (Fig. 4.8A). The
distance between the closest amino group hydrogen atom of PEA/PEAHT and the neg-
atively charged carboxyl group of Asp103 is 2.2 A for neutral PEA whilst it is 1.4 A for
PEAHT (see dotted lines in Fig. 4.8A & B). The distance between the PEA nitrogen
atom and the aspartate oxygen atom is 3.1 A for neutral PEA and 2.5 A for PEAHY.
Also, the angle of the hydrogen bond between PEA and aspartate increases upon pro-
tonation from 147.2° to 169.8°, another measure for a stronger hydrogen bond between

TAAR1 and PEAH™ compared to PEA.

The resulting binding energy of PEAH™ with the TAAR1 binding pocket is -549 kJ /mol

and -102kJ/mol for neutral PEA. As both binding energies are negative, the com-
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plexed state (bound to the TAARI receptor) is energetically favoured for both PEA
and PEAH™ over the non-complexed state. This confirms that PEA/PEAH™ could
bind spontaneously to TAAR1. Furthermore, with a difference of 447kJ/mol between
the binding of TAAR1-PEA and TAARI-PEAH™, the receptor-ligand binding becomes

over 5 times stronger upon protonation of PEA.

4.3.4 A Protonated Receptor Binding Pocket Residue Decreases

Receptor-Ligand Binding

Section 4.3.3 showed that decreasing the pH (protonation of the ligand PEA to PEAHT)
can increase receptor-ligand binding. However, changes in the pH could also affect
residues of the receptor, which might in turn change receptor-ligand binding. As the as-
parate residue Asp103 is negatively charged, the protonation of histidine residue Hist99

effectively neutralises the TAAR1 binding pocket.

Similar to findings in the unprotonated TAAR1 binding pocket (section 4.3.3), Fig. 4.9
shows substantial differences in receptor-ligand binding of PEA and PEAH™ with TAAR1
when a histidine residue inside the TAAR1 binding pocket was protonated (gray arrow
in Fig. 4.9). Furthermore, protonation of the histidine residue of TAAR1 changes the
binding properties of both PEA and PEAH™ (compare Fig. 4.8A vs. 4.9A and 4.8B vs.
4.9B). In the following, I describe the differences between the binding properties of PEA
and PEAH™ inside TAAR1 with protonated Hist99 and compare these to the binding

properties of the unprotonated TAAR1 binding pocket.
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A PEA

Fig. 4.9: Conformation of neutral (A) and protonated PEA (B) inside the TAAR1
receptor pocket with protonated histidine residues. (Full caption on following page.)
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Fig. 4.9: (Continued from previous page.) Conformation of neutral (A) and protonated
PEA (B) inside th TAARI receptor pocket with protonated histidine residue. PEA
(opaque), Aspl03 and protonated Hist99 (both semi-transparent) are shown as ball-
and-stick models, whilst the rest of the binding pocket is stylised as lines. Carbon
atoms are shown in black, oxygen atoms in red, nitrogen in blue and hydrogen atoms
in white. A gray arrow points towards the added proton on the histidine residue.

With a torsion angle 7 of 145.2° for the amino group side chain of PEA, neutral PEA
adopts an almost extended (anti) conformation when binding to TAAR1 with proto-
nated histidine residue, whilst PEAH™ remains in the folded conformation (torsion angle
of 58.9°). For comparison, the respective torsion angles in the energetically favoured
non-complexed states were 61.8° (PEA) and 60.6° (PEAH™, both gauche) and 82.9° and
66.5° respectively inside the unprotonated TAAR1 binding pocket (see section 4.3.3).
This indicates large changes in the conformation of the ligand, especially for neutral

PEA, inside the receptor upon protonation of the histidine residue.

Whilst PEA forms a weak hydrogen bond between its nitrogen atom and the histidine
hydrogen (distance 2.64 A) in addition to its bond to the aspartate residue (distance
1.9A for Hy...Oasp, see dotted lines in Fig 4.9A), the main point of receptor-ligand in-
teraction for PEAH™ remains the negatively charged carboxyl group of Asp103 (dotted
line in Fig 4.9B). The distance between the PEAH™ nitrogen atom and the histidine hy-
drogen is 5.15 A, revealing no evidence for an interaction of PEAH™ with the protonated
histidine residue, whilst the distance for Hy...Oagp remains at 1.4 A (as for unprotonated
Hist99 in TAARI, compare Fig. 4.8B). The distance between the PEA nitrogen atom
and the aspartate oxygen atom is now 2.8 A for neutral PEA and remains at 2.5 A for

PEAHT, with respective hydrogen bond angles of 145.7° and 154.0°.

139



Comparing these binding properties with section 4.3.3 indicates that the binding affinity
of PEAHT to TAARI decreases, whilst the binding affinity of neutral PEA is strength-

ened by the protonation of the the histidine residue in TAARI.

With a receptor binding energy of -127kJ/mol for PEA and -376kJ/mol for PEAHT,
PEAH-receptor binding is 249kJ/mol stronger than PEA-receptor binding when the
Hist99 residue of TAARI is protonated. This implies a 3-fold difference in binding affin-
ity upon protonation of the ligand, whilst the binding was 5 times stronger upon proto-
nation in the unprotonated binding pocket (section 4.3.3). Notably, the binding affinity
of PEAH™ with its receptor decreases by 173kJ/mol, from -549 kJ/mol to -376 kJ /mol,
upon protonation of the histidine residue inside the TAAR1 binding pocket, whilst the

binding affinity of PEA increases by merely 25kJ/mol.

4.3.5 Reality Check: Salinity and Temperature Conditions in
Field and Model

Effects on PEA/PEAH™

To explore the effect of salt (NaCl) in water or increasing temperatures on the quantum
chemical models of PEA and PEAH™, I conducted a set of computational experiments,
whereby the dielectric constant was reduced in 3 5-point decrements, leading to a range
of 80.4 - 65.4 for environmentally relevant conditions at the British coast. To explicitly
include the conditions during the behavioural experiments I also added the dielectric
constant of 72.5 to the computational set of experiments. The previously identified
energetic minima of PEA and PEAH™ were re-optimised in the implicit solvation model,

applying different values for the dielectric constant.
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As Fig 4.10 shows, the energy difference AE between the (energetically preferred) folded
and extended conformation is stable for PEA over the examined range of dielectric
constants, whilst it varies slightly for PEAH™. The energy difference between the folded
and extended conformation AEppag+ ranges between 0 and 2kJ/mol, depending on
the dielectric constant. However, no trend between AFE and ¢ is apparent. Although
changes in salinity and temperature lead to slight changes in energy difference and hence
the population of energetically preferred conformations, the conformation of PEA and
PEAHT itself was unaffected by changes in the dielectric constant (maximum difference
in amine side chain torsion angle for PEAH" A7 = 0.16°) and also the dipole moment

remained unchanged within an accuracy of +0.05D.

~ PEA -« PEAH+

n
o
L

b

—
o
L

o
a1
L

)

o
o
L

¢
é
:

66 68 70 72 74 76 78 80 82 84
dielectric constant ¢

AE (anti—-gauche conformation) [kd/mol]
o

Fig. 4.10: The dielectric constant ¢ of water depends on the temperature and salinity
and may in turn affect the energy difference between conformers. The energy difference
between extended (anti) and folded (gauche) PEA and PEAHT is shown at different
dielectric constants within the implicit solvation model. The range of the dielectric
constant relevant for British coastal waters is shaded in gray.
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Effects on TAAR1-PEA /PEAH™

To explore potential effects of salt and water penetration into TAAR1 on the receptor-
ligand binding properties, a series of computational experiments were carried out, whereby
the dielectric constant was increased from ¢ = 8 (protein background) to € = 10 to ex-
plore the potential effect of water penetration and decreased to € = 6 and ¢ = 4 to

explore the effect of a dielectric decrement upon salt introduction.

The bond length between the Aspl03 oxygen and PEA/PEAHT nitrogen remains at
3.10A and 2.52A respectively within all model environments. Similarly, the H-bond
angle between Asp103 and the amino group of PEA/PEAH™ remains the same across
all dielectric constants with an accuracy of £0.1°. The torsion angle of the ligand varies
slightly, by ATy, = 1.4° for both PEA and PEAH™, without an apparent trend with

the dielectric constant.

Whilst ligand conformation and location change only marginally within the explored
range of the dielectric constant, the dielectric environment can affect the receptor-ligand
binding energy. Fig. 4.11 shows that whilst the binding affinity of PEA to TAARI varies
only slightly (AE = 0.6kJ/mol), the binding affinity between PEAHT and TAARI, is
weakened with increasing dielectric constant (AE = 12.1kJ/mol from ¢ = 4 to ¢ = 10).
Introducing water into TAARI might therefore reduce its binding affinity to PEAH™T,
whilst the addition of salt increases it. In ¢ = 4, PEAH™ binds 5.47 times stronger to

TAARI1 than PEA. The ratio decreases to 5.35 times in € = 10.
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Fig. 4.11: The binding energy of PEA/PEAH™ with TAARI depends on the dielectric
constant of the protein environment, which might be affected by water and salt ion
penetration.

4.4 Discussion

This chapter assesses the potential mechanisms underlying the pH dependency of the
behavioural response of hermit crabs and shore crabs to PEA/PEAH™, which has been
described in chapter 2 and 3. Firstly, quantum chemical calculations validated by NMR
spectroscopy confirmed my hypothesis that the changes in the conformation of PEA
compared to PEAHT in water are small (see Fig. 4.4A vs. B and Table 4.1). Find-
ing PEA and PEAH™ predominantly in the gauche conformation aligns with molecular
dynamics results by Risti¢ et al (2019).2** Considering the small change in the pro-
tonation state of PEA within the range of ocean acidification (1.3%, see Fig. 2.13B),
it was in any case unlikely that conformational changes could account for the change
in animal behaviour as the proportion of bioactive compound changes only marginally.

This stands in contrast to a study on peptide infochemicals,** where conformational
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changes upon protonation of the infochemical were deemed responsible for changes in
animal behaviour. Peptides, however, are considerably larger than PEA /PEAHT and

hence possess more conformational flexibility.

Whilst the protonation of PEA induces only small conformational changes in the info-
chemical, the dipole of PEA increases more than 5-fold upon protonation, substantially
changing its direction and magnitude (see Fig. 4.5). Literature values for PEA/PEAH™
dipole are scarce. Melandri et al. (2010)??2 report a dipole of 3.64 D for the folded PEA-
water complex, where the water molecule builds a hydrogen bridge with the benzene
ring (similar to Fig. 4.4C), whilst I found a dipole of 2.5D for the same conformation.
However, my calculations for the dipole moment excluded the water molecule, whilst it

is included in the ab initio calculations by Melandri et al.

Similarly to my results, changes to the charge distribution of peptide infochemicals
upon protonation have been deemed responsible for a pH-dependent behaviour in shore
crabs.?! As (charge-dependent) electrostatic interactions are crucial for receptor-ligand
interactions, I used further computational proof-of-concept experiments, to study the
binding of PEA/PEAHT with the receptor TAAR1. Thereby, I considered changes
in the receptor-binding properties both, due to the protonation of the ligand PEA
and due to protonation of Hist99, a residue inside the TAAR1 binding pocket (see
section 4.3.3 and 4.3.4). As the binding pocket of TAARI is negatively charged, it binds
more strongly to the positively charged PEAH™, as compared to PEA. However, whilst
protonating PEA substantially increases the binding affinity between the ligand and its
receptor (AE = 447kJ/mol), protonation of a receptor pocket residue slightly increases
the binding strength of neutral PEA, whilst reducing the binding strength of PEAH™
(AEpga = 25kJ/mol and AFEpgan; = —173kJ/mol respectively). As hypothesised,
decreasing the pH could hence have opposing effects on the receptor-ligand interaction

and the overall pH-dependent effect on receptor-ligand binding is difficult to estimate.
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PEAHT is the most abundant form of PEA in marine environments (see Henderson-
Hasselbalch eq 1.7, with 98.0% of PEA in the protonated state (PEAHT) in average
marine pH 8.1). As I observe a stronger receptor binding affinity of PEAH™ as compared
to neutral PEA, PEAHT™ is likely to be the bioactive protonation state. In many cases,
only one protonation state of a compound is bioactive and even specific bioactive con-
formations have been observed.?™%2™ Thereby, the bioactive form is not necessarily the

t 270,271

most abundan Whilst in some cases, specific bioactive conformations have been

270,271
d,

observe according to the ‘induced fit” theory both receptor and ligand change

their conformation to adopt the complementary shapes required for binding.?"% 2% For
dopamine, for example, which is similar to PEA in its chemical structure (see chap-
ter 5), the amino group acts as the anchoring point to bind to the D2 receptor.?™
Similarly to dopamine-D2 binding?™ as well as studies on PEAHT-TAARI binding,?3?
my findings show that the amino group of the ligand binds to the aspartate residue
inside the binding pocket. In dopamine-D2 receptor binding, the initial ‘anchoring’ is

274 1f the molecular dy-

followed by a rapid rearrangement of the ligand conformation.
namics of the PEA/PEAHT-TAARI binding mechanism are similar to dopamine-D2,
the original conformation of PEA/PEAHT in water might be arbitrary for its receptor

binding, putting further emphasis on the dipole moment, which remains crucial for the

electrostatic interactions in receptor-ligand binding.

With the over 5-fold lower receptor binding strength of PEA as compared to PEAH™, it
is possible that the binding affinity of neutral PEA to its receptor is not strong enough
to elicit downstream signal transduction. Studies on the effects of ligand protonation on
receptor binding are rare as most studies assume stable pH conditons. However, Radic
et al. (1997) demonstrated the importance of electrostatic interactions for protein-ligand
interactions by comparing the association and dissociation rates of acetylcholinesterase

235

inhibitors. Binding with the cationic inhibitor m-trimethylammoniotrifluoroaceto-
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phenone was 50-fold faster and unbinding 10-fold slower than with a neutral analogue
where a positively charged nitrogen was exchanged for a carbon atom in the trimethy-
lammonium group.?*> Similarly, my calculations indicate that protonation of PEA might
be an essential prerequisite to ensure a biological response. In comparison with the
strong increase in receptor-ligand binding upon ligand protonation (447kJ/mol), the
observed decrease in receptor affinity for PEAH™ upon protonation of the histidine
residue inside the receptor binding pocket is less pronounced (-173kJ/mol). Changes in
pH have been shown to affect the binding properties of receptor-ligand interactions.” 2™
However, the direction, magnitude and binding properties affected are different for dif-
ferent receptor-ligand systems.” Hence, general conclusions regarding changes in as-

sociation or dissociation constants of receptor-ligand interactions depending on pH are

not possible and every system has to be evaluated anew.

A major aspect for the uncertainty of pH-dependent effects on PEA/PEAHT-TAARI1
binding is that the susceptibility of the histidine residue (Hist99) to protonation is un-
known.?*¢  Future research should aim to also calculate or experimentally determine
pK, values within the receptor’s binding pocket to determine the relative population of

protonation states for residues that are protonated within the pH range of ocean acidi-

fication (see Alexov et al. (2011)*® and Pahari et al. (2018)?" for potential methods).

Finally, as hypothesised, the computational models of PEA and PEAH™ are clearly
affected by solvation effects (Fig. 4.4, gas phase calculations vs. solvation models). For
PEA, solvation effects reverse the relative energetic preference of gauche 1 (Hy facing
benzene ring) and gauche 2 (amino electron lone pair facing benzene ring) due to the
hydrogen bond bridge between the amino group and benzene ring (see Fig. 4.4A and C
vs D). For the symmetric PEAHT, on the other hand, this is not possible as gauche 1
and gauche 2 are identical. Different energetic minima for gauche 1 and gauche 2 in

the hybrid solvation model in Fig. 4.4B are a remnant of the computational method -
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rotation around the C-N bond dissolves the energy differences. The energy barriers for
PEAHT between the gauche and anti conformation, however, are substantially lower
when the aqueous background is taken into account and the anti conformation gains

relative energetic stability (see Fig. 4.4B).

Research into quantum chemical models of ecologically relevant systems is under-repre-
sented. However, to investigate infochemicals in aquatic environments, it is crucial to
improve our understanding of environmentally realistic computational chemical models.
My findings on the importance of solvation effects is in line with a study on solvation
representation in nuclear shielding calculations, showing that the accuracy of the nuclear
shielding calculations for molecules in water is significantly improved by incorporating
an implicit solvation model, and even further improved when an explicit water molecule
per ionisable group is added.'® Similarly, infrared photodissociation spectroscopy iden-
tifies a stable structure of monohydrated PEAH™, whereby the position of the water
molecule (external hydration or insertion between the amino group and the phenyl ring)

is temperature-dependent.?

To improve our understanding of the applicability of quantum chemical methods for
environmentally-relevant systems, it is crucial to consider all aspects of environmental
variability effects. As the habitat of hermit crabs and shore crabs is an environment of
extremes,®? salinity- and temperature-dependent effects were also considered but found
to have only minor influences on the infochemical in water or its receptor-ligand interac-
tion (see Fig. 4.3B for PEA/PEAH™ and Fig. 4.11 for TAAR1-PEA/PEAHT). Keeping
the perspective of this study in mind, the ratio between the binding energy of PEA and
PEAHT with TAARLI is crucial to improve the understanding of pH-dependent effects
on PEA-mediated behaviour. Although the binding energy of PEAH™ with TAARI in-
creases by 12kJ/mol within the range of 4-10 for the dielectric constant, I still observe

a five-fold increase upon protonation irrespective of the dielectric environment: The
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binding energy of PEAHT with TAARI is 5.47-times stronger in € = 4 than for PEA,
whilst it is 5.35-times stronger in € = 10. Although AE = 12.1kJ/mol is clearly above
chemical accuracy,?®® pH-dependent effects dominate the TAARI-PEA/PEAH™ system
for British coastal environments, as compared to smaller salinity- and temperature-

dependent effects.

Another key aspect for environmentally-relevant quantum chemical calculations is the
correct representation of the solvation. Modelling water explicitly (hybrid solvation
model) allows for short-range interactions with the aqueous background, potentially
changing the conformation of the molecule, particularly for small compounds. My
PEAH" hybrid solvation model coincides with findings of Bouchet et al. (2016),%?3
where the same distance between the water hydrogen atom and the benzene 7-system
(2.39 A) of PEAH™ was identified at the energetic minimum at absolute zero. In contrast
to Bouchet et al. (2016),2'® my quantum chemical calculations rely solely on the elec-
tronic energy to find energetic minima, which approximates the properties of a chemical
compound at absolute zero. As customary in quantum chemical calculations, my model
omits all other energetic contribution to the enthalpy, including kinetic energy. Further-
more, temperature-dependent entropy effects, the second component of the Gibbs free
energy, are also not included in my energy calculations. Hence, to correctly represent
solvation effects, future calculations should consider adding corrections to represent the
Gibbs free energy, rather than the electronic energy. Although the interactions with
water might be slightly affected by temperature-dependent effects, the energy difference
between the conformers (based on the electronic energy, Table 4.1), is comparable to

calculations at room temperature (considering Gibbs free energy, based on calculations

by Bouchet et al. (2016)%23).
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4.5 Conclusion

In this chapter I used quantum chemical methods to investigate potential mechanistic
explanation for the increased attraction of crustaceans to PEA at reduced pH conditions.
I considered different routes of pH dependency: the conformation of the infochemical in
water, its charge distribution, changes to its receptor interaction depending on the info-
chemical’s protonation state and the interaction of the infochemical with the receptor in
different protonation states. The magnitude and direction of the different pH-dependent
effects varies and the overall effect is difficult to estimate, not least because the pK,
values of residues inside the receptor binding pocket are only estimated based on the
literature and the minimum receptor-ligand binding affinity that leads to signal trans-
duction and translation is unknown. However, my results indicate that decreasing the
pH can amplify PEA /PEAH*-dependent chemical communication, mainly by protonat-
ing the infochemical and thereby substantially increasing its receptor binding affinity,
which could lead to the observed amplification in the behavioural response. Addition-
ally, I estimated salinity and temperature-dependent effects within my calculations to
ensure their validity for the reality of marine coastal environments. However, within
my system, pH is the dominant driver that determines the conformation, charge and
binding of PEA/PEAH™. The dipole moment of PEA increases considerably upon pro-
tonation, which leads to a much stronger binding affinity. I conclude that the observed
pH-dependent response of hermit crabs and shore crabs to PEA (chapter 2 and 3) could

be the result of changes in receptor-ligand affinity upon protonation of the infochemical.
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CHAPTER 5

Similar Chemistry - Same Function?

5.1 Introduction

28 On my journey to explore

Most receptors can bind an array of different molecules.
the ecological role of PEA for chemical communication in crustaceans, I came across
the notion that the behavioural response that I observed in response to PEA might be

elicited by PEA binding to the endogenous receptor of a ligand similar to PEA, rather

than a PEA-specific receptor.

As the prevalence of PEA in marine environments was unclear prior to my mass-
spectrometric analysis of PEA in shore crab urine (see chapter 3), PEA could be a
non-native ligand for crustaceans. This led me to explore whether PEA could be so
similar to another compound that it binds to its receptor, effectively mimicking it.
Chemically, PEA (CgH,N) is similar to the neurotransmitter dopamine (CgH{,NO,) in
its composition (see Fig. 5.1).
B w S
©/\/ HO:@/\/
PEA Dopamine

Fig. 5.1: Chemical structure of PEA and dopamine.
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In this chapter I explore the chemical similarity between the two compounds and whether
they have the same biological role for crustaceans. In the following, I give an introduc-
tion into the characteristics and reactivity of dopamine in water (section 5.1.2) and
the biological role of dopamine for crustacean behaviour according to the literature

(section 5.1.3) to draw parallels to my findings with PEA.

But first of all, what is similar in chemistry?

5.1.1 The Similarity Concept in Chemistry

Structural similarity of chemicals is a key concept in toxicology and drug design. The
main reason for the strong interest of researchers in similarity is the ‘lock and key’
concept for receptor binding, which hypothesises that only a certain key (ligand) can
open a lock (i.e. bind to the receptor).?” Defining a similarity measure allows researchers
to assess if chemicals could have comparable biochemical activity, and hence bind to the
same receptor. Indeed, analysing databases shows that common substructural fragments
lead to similar biological activities.?8:281 However, similarity is difficult to measure?™
and often based on intuitive judgement of experts. A common definition of chemical
similarity is that the topological description of the atoms in both compounds and their
connecting bonds must contain a sufficiently large number of common features.?™®2%2 In

other words, most chemists would describe two compounds as ‘similar’ if the structure

of their backbone and their functional groups are comparable.

Although a lot of research in toxicology and drug discovery is based on the concept
of similarity, in some instances, minor modifications in the structure of a molecule can
drastically change its biochemical activity. This is known as the similarity paradox.?®3

Although distance measures in chemical space are a crucial aspect of similarity assess-
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ment, similarity cannot be judged based on chemical similarity alone.?®? A similarity in

the properties and biological activity of the compounds is paramount.?%?

5.1.2 Characteristics and Reactivity of Dopamine in Water

compared to PEA

Chemically, both PEA and dopamine are monoamines (although PEA is traditionally
often referred to as a trace amine) and both are known neurotransmitters across the

284 Structurally, both PEA and dopamine consist of a benzene ring

animal kingdom.
with an amino group. Unlike PEA, however, dopamine also has two hydroxy groups,
binding to the benzene ring. Hence, PEA and dopamine share only 1 out of 3 functional

groups.

As a key neurotransmitter, protonated dopamine has been addressed extensively in
computational studies:>"285287 The first comprehensive computational study of pro-
tonated dopamine in aqueous solution generated conformers in solution and gas-phase
by rotation about the four main torsion angles.?” They found two folded and one ex-

287 This is in line with my previous

tended conformation in gas-phase and in solution.
results on PEA, which is structurally very similar to dopamine and also has three sta-
ble conformers in solution (see section 4.3.1). Furthermore, the neighbouring hydroxy
groups of dopamine were found to build intramolecular hydrogen bonds that are close
to coplanar with the benzene ring.?®” A more recent study by Tosso et al. (2020)%6
confirms the coplanar conformation of the hydroxy groups and identifies the gauche

conformations (folded amino group) as energetic minima. Whilst protonated dopamine

has been studied in detail, studies on other protonation states of dopamine are scarce.

Dopamine has four protonation states. The three deprotonation steps, from fully proto-

nated dopamine (charge +1) to neutral or zwitterionic forms (charge 0), to deprotonated
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states (charge -1), to the fully deprotonated dopamine (charge -2) are shown as rows
in Fig 5.2. The dissociation constants of dopamine for these three deprotonation steps
(K; — K3 in Fig. 5.2) can be observed experimentally.?®®2% However, whilst the acid

290,291 T other

dissociation constants are known, the microscopic speciation is unclear.
words: Does protonated dopamine form mainly neutral dopamine or are the zwitterionic
species more stable? This question can be addressed computationally, by determining
relative stabilities of the tautomers of neutral/zwitterionic dopamine. Tautomers are
chemical compounds that readily interconvert as they have the same structure (‘struc-
tural isomers’, same number of atoms for each element and the same bonds connecting
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them) except for a relocated hydrogen atom.'” Chemical compounds in the same row

in Fig. 5.2 are tautomers.
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Fig. 5.2: Deprotonation scheme of dopamine adapted from Ishimitsu et al.2®® The first
deprotonation step is controlled by the equilibrium constant K, with microspeciation
into three potential forms, one neutral and two zwitterionic states. The second depro-
tonation step (K3) leads to the formation of deprotonated forms of dopamine (overall
charge -1). Further increase of the pH leads to the formation of fully deprotonated
dopamine (charge -2, controlled by K3).

&

Whilst PEA is thought to not undergo spontaneous reactions when dissolved in water,
dopamine oxidises in water, leading to the formation of reactive oxygen species (ROS)

and quinones, which are cytotoxic and genotoxic.?”?

Toxicitiy due to dopamine oxidation
spans a range of contexts, including marine environments and health: In the Northwest
Pacific, green tide blooms of dopamine-producing macroalgae U. obscura lead to in-
creased environmental levels of toxic oxidation products of dopamine.??® Furthermore,
some neurological diseases such as Parkinson’s and schizophrenia have been associated

202,294

with neurotoxicity due to oxidation products of dopamine. Fig. 5.3 shows a sim-

154



plified pathway of dopamine oxidation that ultimately forms black and brown coloured

insoluble melanins.

® ROS ®
HO NH3 o NH3
HO phenoloxidase o)
enzyme or
dopamine autooxidation dopamine quinone
(+metals) o
(heterogeneous
biopolymer)
melanins o H
\ / aminochrome
) HO
m m
N
0 N HO N
indole-5,6-quinone 5,6-dihydroxyindole

Fig. 5.3: Simplified pathway of dopamine oxidation. Modified from Stokes et al.
(1999)%? and Yang et al. (2014).2%

Fig. 5.3 shows that the first step of the oxidation pathway is the deprotonation of
the hydroxy groups, forming a quinone. Energetically, this deprotonation step heavily
depends on the electron density in the adjacent benzene ring.??® The electron density on
the benzene ring might in turn be affected by the protonation states of the functional
groups that bind to the ring. Characterising dopamine in the different protonation
states is therefore crucial to improve our understanding of the pH-dependency of the
oxidation reaction of dopamine to allow for the comparison to PEA, which was studied

in different protonation states (see chapter 4).

155



5.1.3 The Role of Dopamine in Crustacean Behaviour

Dopamine and other monoamines are widely distributed in crustacean nervous systems,
where they mediate a wide array of physiological roles.?”” In many crustaceans, inter-
nal levels of monoamine neurotransmitters are associated with decision making during

135,163 Tn hermit crabs (Pagurus bernhardus), high dopamine

aggressive interactions.
levels indicate aggression and are positively correlated with the motivation to initiate a
fight. 135 Congruously, dopamine levels drop when a defending hermit crab surrenders in
a shell fight.!3® Similarly in shore crabs (Carcinus maenas), dopamine levels are higher

post-fight in winners compared to losers.'%3

In fighting hermit crabs, the attacker’s motivation to fight can also be studied by apply-
ing a novel stimulus mid-fight that causes a startle response:'®> The attacking hermit
crab withdraws into its shell in response to an impact upon its shell. The duration until
reappearance from the shell is known to be inversely proportional to the attacker’s mo-
tivation to fight, independent of the animal’s size.?® Briffa & Elwood (2007)'% found a
negative correlation between the startle response duration and the dopamine concentra-
tion in haemolymph, indicating that high levels of dopamine are associated with a high
motivation to fight in attackers, whilst there is no relationship with other monoamines.
Similarly, in shore crabs, the escalatory behaviour and hence the intensity of the fight
correlates with dopamine levels of the attacker,'®3 supporting the notion that dopamine

is associated with the motivation to fight in crustaceans.

Furthermore, dopamine levels decrease in the course of a fight in crustaceans.!3%163,299

After fighting, dopamine levels in haemolymph as well as the expression of dopamine
receptor 2 (DA2) mRNA levels in the haemolymph, eyestalk, cranial ganglia and tho-
299

racic ganglia in Chinese mitten crabs (Eriocheir sinensis) show a significant decrease.

As the changes in dopamine and dopamine receptor concentrations were accompanied
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by changes in cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA)
concentrations in the circulating system, these pathways might be involved in agonistic
behaviour of E. sinensis and potentially other crustaceans. These findings coincide with
a study in crayfish (Procambarus clarkii), showing that the cAMP-PKA signalling path-
way is essential for mediating effects of previous winning or losing on agnostic behaviour

in subsequent fights.3%°

Many studies have focused on the role of dopamine and other monoamine neurotrans-
mitters on agonistic behaviours in crustaceans (see above). However, there is also some

301 In-

evidence suggesting that courtship behaviour is mediated by dopamine levels.
jection of dopamine initiated a courtship display posture in the blue crab, Callinectes
sapidus, and the distribution of dopamine-like immunoreactivity across the nervous sys-
tem supports the notion that internal dopamine levels could be involved in mediating

reproduction-related behaviours in crustaceans.3%!

Although the above examples reveal functional relationships between internal dopamine
levels and the regulation of behaviours in crustaceans, it is unclear to what extend this
translates to the behavioural reaction to external exposure to said compounds, particu-
larly at the low concentrations relevant for olfactory-mediated behaviours. A study on
crayfish on decision-making during fights, where the animal was infused in serotonin,3"?
indicates that monoamines might indeed be able to diffuse from the surrounding water
into the animal to bind to internal receptors. However, generally only small uncharged
molecules can diffuse freely across cell membranes.*® As serotonin (pK, = 10.163%*) as
well as PEA (see section 2.3.6) and dopamine (see section 5.3.1) are > 90 % in the proto-
nated state (and hence charged) in pH 7-8, their passive diffusion across cell membranes
is unlikely.?*® Hence, external receptors, facilitated diffusion or active transport across

the semi-permeable lipid bilayer of cell membranes is a prerequisite for monoamines in

the surrounding water to elicit any of the above mentioned behaviours in crustaceans.
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5.1.4 Research Approach and Hypotheses

For this chapter, selected experiments from the previous chapters were repeated with
dopamine to determine similarities between PEA and dopamine, based on chemical

structure, chemical reactions and biological response.

Firstly, I determine the protonation states of dopamine that are relevant for marine
environments. Acid dissociation constants from the literature and the Henderson-
Hasselbalch equation are used to study pH-dependent abundance of dopamine in the
different protonation states. Based on this, I determine which protonation states of

dopamine should be the focus of my computational experiments.

As structurally, both PEA and dopamine consist of a benzene ring with an amino-ethyl
group, I hypothesise that, similarly to PEA, computational experiments find dopamine
in all protonation states predominantly in the folded (gauche) conformation in water,

with comparable torsion angles of the amino side chain for PEA and dopamine.

However, PEA and dopamine share only 1 out of 3 functional groups (dopamine having
two hydroxy groups in addition to the amine group). This is a substantial difference in
the chemical structure, particularly for such a small molecule, which leads to differences
in chemical reactivity. The different chemical reactivity is reflected in the tendency of
dopamine to oxidise in water, whilst PEA is stable in water (see section 5.1.2). This adds
complexity to the comparison of PEA and dopamine, as not only the different protona-
tion states of dopamine need to be assessed computationally but also their contribution

to oxidation reaction kinetics.

To improve understanding of the pH-dependency of the oxidation reaction, I compare
computational models of the relevant protonation states of dopamine in water. As the
reaction pathway suggests a rate-limiting step that depends on the electron density in

the benzene ring (see section 5.1.2), I hypothesise that decreasing the pH (increasing
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the proportion of protonated dopamine) hampers the oxidation by decreasing the elec-
tron density in the benzene ring. Additionally, as an aqueous environment is known to
stabilise zwitterionic states (as opposed to the neutral tautomer) in amino acids,3% I

hypothesise that, in a computational solvation model, zwitterionic dopamine is energet-

ically preferred to neutral dopamine.

As my results indicate that PEA is associated with chemically mediated agonistic be-
haviour in reduced pH conditions (see chapter 2-3) and the literature suggests that
internal dopamine levels are increased when crustaceans are motivated to initiate a
fight (section 5.1.3), a biological analogy between PEA and dopamine seems plausi-
ble. I therefore hypothesise that exposure to dopamine induces comparable pH and
sex-specific behavioural responses in hermit crabs as observed in response to PEA. To
ensure comparability, I used the same static-water tank experimental set-up as in chap-

ter 2.

5.2 Materials and Methods

5.2.1 Determination of Relevant Protonation States of

Dopamine

To determine which protonation states of dopamine are relevant for marine environ-
ments, acid dissociation constants were retrieved from the literature and, applying the
Henderson-Hasselbalch equation (eq. 1.7), the pH-dependent abundance was calculated

and visualised.

159



5.2.2 Computations of Dopamine

)212,213

Geometry optimisations were performed with ORCA (version 4.1.2 using the

PBEO exchange correlation functional?'! with a pc-2 basis set.?%¢208 D3 dispersion

240,241 wwas included and the RIJ-COSX approximation was applied with a

correction
def2/J auxiliary basis set.?*> All eigenvalues of the identified energetic minima were

checked for imaginary frequencies.

In a first step, the protonation states relevant for the pH range of marine environ-
ments, were optimised in a dielectric infinite continuum of water using the CPCM
approach?® 29 implemented in ORCA (implicit solvation model, compare also sec-
tion 4.3.1). Subsequently, dopamine was modelled in a hybrid solvation environment,
adding one explicit water molecule per ionisable group (3 in total) to the implicit sol-

vation environment.

The conformation gauche 1 was defined as folded over the proximal hydroxy (OH)
group and gauche 2 as folded towards the distal OH group. The zwitterionic state 1 is
deprotonated at the proximal OH group, whereas the zwitterionic state 2 of dopamine

is deprotonated at the distal OH group. The terminology is visualised in Fig. 5.4.
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Antj

Proximal

Fig. 5.4: Protonated dopamine in a gauche 2 conformation, folded towards the distal
hydroxy (OH) group. The other OH group, closer to the amino side chain, is termed
‘proximal’. For the anti conformation, the amino side chain assumes an extended con-
formation (along blue sheet) and in the gauche 1 conformation dopamine is folded over
the proximal OH group (along purple sheet). Carbon atoms are in black, oxygen atoms
in red, nitrogen in blue and hydrogen atoms are shown in white.

To promote understanding of potential changes in electrostatic interactions with the
surrounding environment, such as enzymes and receptors, the dipole moment was cal-
culated for the energetic minima of each protonation state based on the implicit solvation
model. The implicit solvation model (rather than the hybrid solvation model) was cho-
sen for dipole moment calculations as the dipole of the water molecules would otherwise

contribute to the calculated dopamine dipole moment.

Finally, the 'H nuclear magnetic shieldings of dopamine in the hybrid solvation model
were calculated and compared to experimental NMR measurements in water. Isotropic
nuclear magnetic shielding values of 'H nuclei were calculated using ORCA (version
4.2.0) at the PBEO/aug-pc-2 level of theory. RIJ-K approximation with a def2/JK

t306

auxiliary basis set””® was used. For all nuclear shielding calculations the Gauge Including
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Atomic Orbitals (GIAO) method3°™3% was applied. The resulting nuclear shielding

constants were compared to experimentally determined chemical shifts.

5.2.3 NMR Spectroscopy of Dopamine

Samples for NMR measurement were prepared with dopamine (3-hydroxytyramine hy-
drochloride, Sigma-Aldrich, 98 %) at pH 6.8 and pH 9.8 to ensure a high percentage of
dopamine in the respective protonation state. Dopamine was measured at 0.05mol /L
in 0.04mol/L sodium phosphate buffer to stabilise the pH during measurements. As
solvent lock, 10% deuterium oxide (Sigma-Aldrich) was included. 'H NMR spectra
were recorded on a JEOL ECZ 400S spectrometer with Tetramethylsilane (TMS, 50 pL,

Sigma-Aldrich, >99.5%) dy = 0 as the internal standard.

5.2.4 Behavioural Choice Experiments with Hermit Crabs

To directly compare the behavioural response of hermit crabs to PEA and dopamine,
the data collection with the two neurotransmitter-like compounds was paired. Hence,
the response of the same animals to PEA and dopamine was recorded on the same
day (compare sections 2.2.1- 2.2.2 - ‘Behaviour Tracking and Sex-specific Effects’ for
details on animal collection, husbandry and behavioural experiments with PEA). In
the following, I describe again the methods for behaviour experiments with dopamine,

which are the same as for PEA.

The light level was reduced during behaviour assays (around 45 lux, Mini Light Meter
DT-86, CEM instruments) to diminish the impact of visual stimuli. For the experiments
in pH 7.7, the pH of the artificial seawater was adjusted in batches of 10 L to 7.7 4 0.05,
using 1 mol/L hydrochloric acid (diluted from 37 % hydrochloric acid, Fisher Scientific).

The total alkalinity of the artificial seawater was determined in weekly random samples
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and averaged at 116.4+8.9mg/L for pH 8.1 and 100.6+3.4 mg/L for pH 7.7 (as CaCOs,

average £ standard deviation).

At the beginning of the experiment, a hermit crab was placed in a separate tank filled
with artificial seawater (18+£1°C, 35+1 PSU, pH 8.1 or 7.7) and allowed to acclimatise
to the experimental conditions for up to 3min. After acclimatisation, the animal was
transferred to the centre of the bioassay tank (28cm x 18 cm), which was filled with
1 L artificial seawater of the respective pH and left to acclimatise to the tank conditions
for 30s, whilst being caged in the center of the tank. This was enough for most of
the animals to emerge from their shells. Subsequently, a filter paper (1 cm?, Whatman
No. 3) was introduced on both sides of the tank. On one side of the tank the filter paper
contained 200 uL. dopamine at 3-107°mol/L, 3- 10~ mol/L or 3- 1072 mol/L or was left
blank as a control. The test solutions were prepared with dopamine (3-hydroxytyramine
hydrochloride, Sigma-Aldrich, 98 %) in artificial seawater of the respective experimental
pH. The cue side was randomised for each individual and to exclude potential effects of

learning and memory, the order of the experiments was randomised.

After the cue on the filter paper was allowed to diffuse for 20s, the cage was lifted and
the movement of the animal was recorded on video for 2min. All videos were analysed
blindly using the behaviour tracking software LoliTrack (version 5.1.1, Loligo Systems,
Denmark). Blind analysis involved trimming all videos to exclude the first frames, where
a summary sheet with the experimental conditions was presented to the camera. This
removed all potential unconscious bias from the analysis, as I was unable to deduce the
experimental conditions from the videos. After finishing the analysis, information about
the experimental conditions were retrieved from the untrimmed videos and analysis
results and information on the experimental conditions were merged. Animals that
stayed hidden in their shell for 3 consecutive negative control experiments were deemed

unfit and excluded from the experiment. The hermit crabs were returned to their
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housing tanks (in individual containers) for at least 2h to recover after a maximum
of 7 consecutive assays (about 30min). The sex and weight of the hermit crabs was
determined after all behavioural experiments were completed (see section 2.2.3). As
the experiments with dopamine ran alongside those with PEA| the same animals as for

chapter 2 were used.

5.2.5 Data Analysis and Statistics

Using the behaviour tracking software LoliTrack (version 5.1.1, Loligo Systems, Den-
mark) digitalised the movement patterns of hermit crabs in response to dopamine. As
the average hermit crab position inside the tank has previously been insightful to evalu-
ate differences in the behavioural response (section 2.3.2), it was again used to visualise
the attractive/repulsive effect of dopamine on hermit crabs through heatmaps of the

17) for each condition and sex.

tank (based on drawcontours.R, written by J.D. Forester
Thereby the x-axis displays the distance from the cue source side rather than the length

of the tank to account for the randomised side (left or right) of the cue.

10 For data visualisation the

All statistics were carried out with R (version 4.0.2).
package ‘ggplot2’'!! was used. As in previous chapters 2 and 3, the average distance
from the cue source side (x-axis in heatmaps) was analysed in linear mixed effect models
(package ‘lme4’''? in R), testing for significant additive and interactive effects of pH,

concentration and sex whilst controlling for the paired design on the individual level

(random effects).
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5.3 Results

5.3.1 Protonation States of Dopamine

The acid dissociation constants pK, give insight on the pH-dependent protonation state
of dopamine (see Fig 5.2 for the chemical structure, naming and respective dissocia-
tion constants for all protonation states of dopamine). The three ionisable groups of
dopamine (an amino, a proximal and a distal hydroxy group) can change their proto-
nation state, resulting in a fully protonated form of dopamine, two zwitterionic and a
neutral forms, three deprotonated form and a fully deprotonated form of dopamine. The
respective dissociation constants pK, for the three deprotonation steps are pK,;=9.1,
pK.2=10.5 and pK,3=12.0 respectively.?®®289 The (by-)products of dopamine oxidation
(see Fig. 5.2) have pK, values outside the pH range relevant for marine environments

and can therefore be regarded as pH-stable.

Fig. 5.5 shows the pH-dependent abundance of dopamine in the different protona-
tion states. This was calculated based on the pK, values, applying the Henderson-

Hasselbalch equation (eq. 1.7).
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Fig. 5.5: pH-dependent abundance of dopamine in different protonation states,
based on the Henderson-Hasselbalch equation and pK,;=9.1, pK,=10.5 and
pK,3=12.0.288:289 The dissociation constants refer to the (de)protonation of the amino
group, proximal and distal hydroxy group respectively.?®® The pH range relevant for
ocean acidification scenarios (pH 8.1 - pH 7.7) is shaded in green, with the direction of
change visualised with an arrow.

Fig 5.5 shows that a decrease in pH from 8.1 to 7.7 (shaded green) entails an increase
in the abundance of protonated dopamine by 5.8 % (red in Fig. 5.5) and a respective
decrease in the zwitterionic/neutral form (blue in Fig. 5.5). Changes in the abundance
of deprotonated and fully deprotonated dopamine (green and black in Fig. 5.5) are
negligible. Considering the pH range relevant for marine ecosystems, I hence focus on

computational models for protonated and neutral/zwitterionic forms of dopamine.
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5.3.2 Conformational Preference and Charge Distribution of

Different Protonation States of Dopamine

My computational chemical calculations show that the choice of solvation model has
a large effect on the energetically favoured tautomer of dopamine in the zwitteri-
onic/neutral state. Calculations using the implicit solvation model lead to the con-
clusion that protonated dopamine mainly forms neutral dopamine upon deprotonation,
with an energy difference of 11.4 kJ/mol between the most stable zwitterionic form and

the energetically preferred neutral state (all in gauche 2, see Table 5.1).

Table 5.1: Energy differences AFE between the different energetically stable conforma-
tions of dopamine in the protonated and zwitterionic/neutral form, as determined with
the implicit solvation model. The energetic minima were optimised without geometric
constraint. Energy differences are shown relative to the lowest energy conformation for
the respective tautomer. The energetically preferred conformation for each tautomer is
highlighted in bold. The dipole moment reflects the charge separation of the dopamine
molecule.

protonated neutral zwitterion 1 zwitterion 2
AFE [kJ/mol] /
Dipole [D] AFE Dipole | AE Dipole AFE Dipole AFE Dipole

antt 1.4 187 0.8 3.8 17.5 31.3 16.6 29.1
gauche 1 09 136 2.7 2.0 14.0 24.1 12.2 21.8
gauche 2 0.0 16.2 0.0 3.3 12.6 244 11.4 235
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However, Table 5.2 shows that in a more realistic water model (including a water
molecule per ionisable group, hybrid solvation model), the zwitterionic state 2 (gauche
1) is actually energetically favoured by 10.0 kJ/mol rather than neutral dopamine ( gauche
2). This indicates that zwitterionic dopamine is the energetically preferred tautomer in

water.

As the energetically preferred tautomer of neutral/zwitterionic dopamine changes de-
pending on the solvation model, the solvation model has a substantial effect on the
dipole moment of dopamine. With protonated dopamine predominantly in the gauche 2
conformation, the dipole moment is 16.2 D as opposed to 13.6 D in the hybrid solvation
environment (gauche 1). Furthermore, applying a simpler implicit solvation model, the
dipole moment of neutral /zwitterionic dopamine in its energetically favoured tautomer
is 3.3 D, (neutral dopamine in gauche 2) whilst it is 21.8 D (zwitterionic, gauche 1) in

the more realistic (hybrid) solvation environment.

Table 5.2: Energy differences AE between the different energetically stable confor-
mations of dopamine in the protonated and zwitterionic/neutral form, as determined
with the more realistic (hybrid) solvation model. The energetic minima were optimised
without geometric constraint and the energy of the explicit water molecules was sub-
tracted. Energy differences are shown relative to the lowest energy conformation for
the respective tautomer. The energetically preferred conformation for each tautomer is
highlighted in bold. The dipole moment reflects the charge separation of the dopamine
molecule (excluding water molecules).

protonated neutral zwitterion 1 zwitterion 2
AFE [kJ/mol] /
Dipole [D] AFE Dipole | AEF Dipole AFE Dipole AFE Dipole

anti 2.1 18.7 11.6 3.8 11.9 31.3 10.8 29.1
gauche 1 0.0 13.6 10.1 2.0 8.8 24.1 0.0 21.8
gauche 2 0.4 16.2 10.0 3.3 7.8 24.4 7.2 23.5

168



Table 5.2 shows that in a more realistic solvation model, dopamine is predominantly
found in the gauche conformation in all protonation states. In most cases, however,
with the exception of zwitterion 2, the energy difference between the extended (anti)
and folded (gauche) conformation is very small and below the accuracy of quantum

chemical calculations (about 4kJ/mol).?%

The torsion angles of the different conformations of dopamine in the hybrid solvation
model are summarised in Table 5.3. The general order of magnitude of dopamine torsion
angles is comparable to PEA (= +60° for gauche and ~ £180° for anti). However,
absolute torsion angle values of protonated dopamine are on average about 1° below the
respective dihedral angles of PEAH™ (see Table 4.1), whilst the absolute torsion angle
values for neutral dopamine are on average about 1° above the respective PEA dihedral
angles (see Table 4.1). Furthermore, zwitterionic dopamine has smaller torsion angles
for the folded conformation as compared to neutral dopamine. As a smaller torsion
angle folds the side chain more centrally over the benzene ring, this indicates a stronger

association of the amino group with the benzene ring and the hydroxy groups.

Table 5.3: Torsion angles of the amino side chain for dopamine in protonated, neu-
tral and zwitterionic 1 and 2 state. The energetically preferred conformation for each
protonation state is highlighted in bold.

Torsion angle [°]  protonated neutral zwitterion 1 zwitterion 2
anti 178.2 179.7 178.8 179.1
gauche 1 -58.1 —62.1 —56.9 -47.5
gauche 2 57.8 61.8 56.8 56.9
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Fig. 5.6 depicts the energetically favoured conformations of neutral dopamine and the
two zwitterionic dopamine forms in the hybrid solvation model, which includes a water
molecule per ionisable group. The hydrogen atoms of the hydroxy groups, which are
bound to the benzene ring at meta and para position (proximal and distal OH group), are
coplanar with the benzene ring (see also Fig. 5.7). The water molecules form a concise
structure with dopamine in the zwitterionic state 2 (Fig. 5.6C), folded over the proximal
hydroxy group (gauche 1). In neutral and zwitterionic state 1, however, my quantum
chemical calculations reveal an open composition, where the addition of water molecules
does not form a fixed frame (Fig. 5.6A-B). The lower number of bonds account for these
conformations being less energetically stable. In conclusion, in water, the energetically
preferred tautomer of dopamine is zwitterionic 2, which is predominantly in the gauche

1 conformation.

A - neutral B - zwitterionic 1 C - zwitterionic 2

Fig. 5.6: Neutral and zwitterionic dopamine in their preferred conformations in the
hybrid solvation model, which includes a water molecule per ionisable group. (A) is
neutral dopamine in gauche 2, (B) is zwitterionic form 1 of dopamine in gauche 2 and
(C) is the energetically preferred tautomer of neutral /zwitterionic dopamine: zwitterion
2 in gauche 1.

Table 5.2 shows that in the hybrid solvation model, the dipole of dopamine decreases
upon protonation, from 21.8 D to 13.6 D, when zwitterionic dopamine in gauche 1 forms
protonated dopamine in gauche 1. In Fig. 5.7 the dipole is visualised as a red arrow

for the energetically preferred conformer for each tautomer. Whilst neutral dopamine
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(Fig. 5.7B) only has a small dipole moment, the zwitterionic forms have a large dipole
(see Fig. 5.7C& D), as the overall neutral charge is split into a positively charged amino
group and negatively charged hydroxy group. The different dipoles of neutral and
zwitterionic dopamine underscore the relevance of determining the most stable tautomer
of neutral/zwitterionic dopamine. Protonated dopamine (Fig. 5.7A) also has a large
charge separation due to the protonated amino side chain. The direction of the dipole
moment, however, is markedly different from the dipoles of the neutral and zwitterionic

forms.

A B C

Fig. 5.7: The energetically preferred conformations of dopamine and their dipoles in
protonated (A), neutral (B) and the two zwitterionic states (B & C). The dipoles (red
arrows) visualise the size and direction of the charge separation. Dopamine is depicted
in the energetically preferred conformation for each protonation state, as determined in
the hybrid solvation model, which is gauche 1 for protonated (A) and zwitterionic 2 (D)
and gauche 2 for neutral (B) and zwitterionic 1 (D).

In the following, I apply the above observations on energetically preferred tautomers
and conformers and their respective dipole moments to the dopamine oxidation reac-
tion (see Fig. 5.3) to determine the pH dependency of the oxidation reaction. In the
first step of the dopamine oxidation, the hydroxy groups with the benzene ring are re-

295

arranged to a fully conjugated dicarbonyl (dione) structure, forming of quinone*® (see

Fig. 5.3). This first oxidation step is rate-determining for the reaction kinetics.?%4310
As the kinetics of this structural rearrangement depends on the electron density in the

benzene ring, the protonation and tautomerisation state of dopamine affects the speed

of oxidation: A stronger electron withdrawing functional group at the aromatic ring
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(NHj in protonated and zwitterionic dopamine instead of NHy in neutral dopamine)

295 Protonation of

destabilises intermediate radicals and hence hampers the oxidation.
dopamine therefore hinders its oxidation. A deprotonated hydroxy group on the other
hand (zitterionic dopamine) increases the electron density in the benzene ring, which
stabilises intermediate radicals. Additionally, as only one hydroxy group is deprotonised
when zwitterionic dopamine forms quinone, the reduction potential is reduced as com-

295

pared to the protonated /neutral state.*” Due to these structural effects, the oxidation

of dopamine is highly pH-dependent.?**

5.3.3 Computational Model Validation

To validate my quantum chemical calculations, I prepared samples of dopamine at pH
6.8 and pH 9.8 to measure protonated and neutral/zwitterionic dopamine in NMR
spectroscopy. However, adjusting the pH of the dopamine solution to pH 9.8 reliably
resulted in rapid oxidation of dopamine, evidenced by a tinge of reddish-brown within
the first minute. The sample darkened rapidly, and a brown precipitation was observed.
Whilst this confirms my deduction (see section 5.3.2) that increasing the pH accelerates
the oxidation reaction (as the dark precipitate was likely melanin) it also rendered one

of the two experiments unfeasible with the established methods.

The computational model can therefore only be validated using the protonated form of
dopamine (pH 6.8), which stayed colourless. The absence of contamination in the NMR
spectra (see Fig. 5.8A) confirms that the solution was protonated dopamine without

traces of oxidation for the duration of the experiment.
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Fig. 5.8: 'H NMR spectrum of protonated dopamine (A) and correlation of experi-
mental shifts with calculated NMR shieldings of dopamine in gauche conformation (B).
The dotted line is the extended trendline of the fit and shows that the estimated ex-
perimental shift for the calculated ' H nuclear shielding of TMS (31.3 ppm) is 0.09 ppm,
close to zero.

The experimental results correlate well with the calculated nuclear shieldings of proto-
nated dopamine in gauche I conformation, which was found to be the energetic min-
imum (Fig 5.8B). However, the difference between 'H nuclear shieldings for gauche 1
and gauche 2 was too small to be separable in their comparison to the experimental 'H
NMR shifts. As the calculated energy difference between the two gauche conformations
is very small (AE= 0.4kJ/mol, see Table 5.2) they are likely to be equally populated

and the NMR sample likely contained a mix of both conformers.

As the nuclear shieldings are absolute values and the experimental NMR shifts are mea-
sured relative to the '"H NMR shift of TMS (i.e. set to zero), the deviation from zero
of the estimated experimental shift for the nuclear shielding of TMS (31.,3ppm) is a
quality criterion (‘accuracy’). This value was 0.24 ppm for the anti conformation of pro-
tonated dopamine, whilst it was 0.09 ppm for both gauche conformations. Being close to

zero testifies that the calculated gauche conformation is in good correlation with exper-
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imental findings. This indicates that protonated dopamine in water is predominantely
in the gauche conformation, confirming that the folded conformation (gauche) is the

energetic minimum.

5.3.4 Behavioural Response of Hermit Crabs to Dopamine

As the experiments were paired (carried out with the same animals on the same days),
the response of hermit crabs to dopamine can be directly compared to their response to

PEA (see chapter 2).

To gain an overview of the reaction of hermit crabs to dopamine in different pH condi-
tions, the average position of all hermit crabs within the tank were plotted as heatmaps

for the respective conditions (Supplementary Information, Fig. S9-S10).

Fig. S9 shows that whilst in pH 8.1 dopamine does not attract or repulse male hermit
crabs, it seems to be mildly attractive to female hermit crabs (see Fig. S9G). This effect,

however, is not reproduced at pH 7.7 (Fig. S10, see also Fig. 5.9).
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Fig. 5.9: Average Distance of N=20 female and N=18 male hermit crabs to different
concentrations of dopamine in pH 8.1 (white) and pH 7.7 (orange). There is no evidence
for a dose-dependent response or an interactive effect of pH and concentration. The
boxplots are overlayed by the actual data points in semi-transparent. The dotted line

Control 0.01 0.1

1 Control 0.01 01 1
Concentration [3*107 mol/L]

represents the average position in control conditions.

A linear mixed effect analysis based on the average distance of hermit crabs to the
cue (see also x-axis in heatmaps) shows no evidence for concentration-, pH or sex-
specific effects (see Table 5.4). The absence of any clear trends in the average distance
of hermit crabs to the dopamine source is also visualised in Fig. 5.9. Similarly, no
other outcome variable, such as distance travelled, acceleration or active time, shows a

significant concentration-, pH or sex-dependent trend (see Supplementary Information,

Fig. S$11-S13).
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Table 5.4: Details of linear mixed effect analysis of the spatial response of hermit
crabs to dopamine reveal no evidence for concentration, pH or sex-dependent effects
of dopamine on hermit crabs movement with the chosen experimental set-up and con-
centration range. The table summarises the number of parameters (npar), the Akaike
information criterion (AIC), likelihood ratio test (LRT) and p-value for the different
fixed factors.

npar AIC LRT p

3-way interaction: concentration * pH *sex | 3 2057 1.54 0.67

2-way interaction: concentration * pH 3 2046 1.82 0.61
effect of sex 1 2043 0.004 0.95
effect of concentration 3 2041 1.59 0.66
effect of pH 1 2043 0.007 0.93
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5.4 Discussion

This chapter aims to determine whether dopamine and PEA are similar - structurally,
chemically and biologically, as olfactory cues for crustaceans. There are a lot of parallels
between PEA and dopamine: As biogenic monoamines, their chemical structures are
based on a benzene ring with a flexible amino side chain; both are known neurotransmit-
ters?®! and both exist in marine environments, excreted by algae.!®® Furthermore, both
PEA and dopamine are associated with agonistic behaviour in crustaceans (see chap-
ter 2-3 for PEA and published studies for dopamine!®*163:299) " However, my results
indicate that PEA mediates agonistic behaviour upon external exposure (as infochem-
ical), whilst published studies on dopamine focus on internal levels of the neurotrans-
mitter. Hence, I set out to evaluate whether dopamine and PEA are so similar that the
internal role of dopamine in agonistic behaviours of crustaceans could translate to an

olfactory-mediated response comparable to my previous observations with PEA.

After comparing structural features of the compounds PEA and dopamine, I assessed
their chemical similarities and finally their biological similarity is studied by repeating
a behavioural experiment with hermit crabs and PEA from chapter 2 using dopamine.
In a first step, the susceptibility of dopamine to pH fluctuations was determined by
means of pK, values of the different protonation states. Based on the Henderson-
Hasselbalch equation, the pH-dependent abundance of the different protonation states
was assessed (see Fig. 5.5). Dopamine has two additional functional groups (hydroxy
groups) compared to PEA| resulting in four protonation states for dopamine instead
of two for PEA. With pK,; = 9.1, the first dissociation constant of dopamine, which
defines the pH-dependent conversion from the protonated to the zwitterionic/neutral
state, is lower for dopamine than for PEA (pK, = 9.83, see also Fig 2.13B). Dopamine

is hence more susceptible to protonation than PEA at a pH range relevant for marine
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environments. Modelling average ocean acidification scenarios (pH 8.1 - pH 7.7), the
abundance of protonated dopamine increases by 5.8%, whilst protonated PEA increases

by 1.3% within the same pH range.

My computational models suggest that dopamine is predominantly in the gauche con-
formation, regardless of the protonation state. However, the energy difference to the
anti conformation is, with the notable exception of the zwitterionic 2 state, small (see
Table 5.2). This is in contrast to a conformational study from the 1980s of dopamine
in D,O solution, which measured the pH dependency of coupling constants in NMR

311 as an indicator of torsion angles and found that anti and gauche con-

experiments
formation are equally populated at pH 9.0 with the gauche conformation increasing in
abundance with decreasing pH. My quantum chemical calculations, on the other hand,
indicate that the gauche conformation of zwitterionic 2 clearly dominates in high pH
conditions (pH 9-10.5) and the energy difference to the anti conformation decreases with
decreasing pH (protonated dopamine, pH<9; compare Fig. 5.5 and Table 5.2). How-
ever, using D,O rather than H,O as the solvent increases hydrogen bonds of dopamine
with the surrounding solvent, as deuterium is less electronegative than hydrogen due
to its higher mass. Stronger hydrogen bonds with the solvent might have led to the
increased observation of dopamine in the anti conformation as compared to my calcu-
lations. Furthermore, other, more recent studies are in agreement with my findings on
the gauche conformation as the global minimum for dopamine in water.2*2% T can

therefore confirm my hypothesis that, similarly to PEA, dopamine is mainly found in

the folded conformation, regardless of the protonation state.

Although both PEA and dopamine are predominantly found in the gauche conformation,
the torsion angles of the amino side chain are slightly different (compare Table 5.3 and
Table 4.1). Bioassays and NMR measurements with acetylcholin analogues (biogenic

amines like dopamine and PEA) binding to the M, muscarinic acetylcholine receptor
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(G-protein coupled receptor like the PEA receptor TAAR1 and dopamine receptor D2),

312 However,

suggest that the torsion angle of the ligand can affect receptor binding.
computational studies with dopamine indicate that the amino group functions as an
anchor in receptor binding and a rapid rearrangement of the dopamine conformation

upon binding, potentially rendering the exact conformation of dopamine in solution less

important for binding.?™

In contrast to PEA, dopamine undergoes a decrease in its dipole moment when the
pH is decreased. Whilst protonating PEA to PEAH™ entails a 5-fold increase in the
dipole moment and a substantial change in the direction of the charge separation (see
Fig. 4.5), protonating the zwitterionic state 2 of dopamine (the energetically-preferred
tautomer of zwitterionic/neutral dopamine) leads to a 60% reduction in the dipole
strength (see Table 5.2) accompanied by small changes in the dipole direction (see
Fig. 5.7). This constitutes a major difference between dopamine and PEA. In the
previous chapter (chapter 4), the pH-dependent behavioural response of crustaceans to
PEA has been mainly attributed to pH-dependent changes in the receptor-ligand binding
affinity, which heavily depends on electrostatic interactions. With the pH affecting the
dipole moment of PEA and dopamine in a contrasting manner, dopamine receptor
binding is unlikely to be equally pH-dependent. Hence, dopamine might not evoke a

pH-dependent behavioural response as observed for PEA.

Due to the chemical reactivity of dopamine, the increased abundance of protonated
dopamine at reduced pH conditions entails more than just structural and charge-related

changes in the molecule itself (as observed for PEA). In contrast to PEA, dopamine

292,295

oxidises in water. The first step of the reaction is the oxidation of the hydroxy

groups on the benzene ring to form a dicarbonyl structure (see Fig. 5.3). This step is
pH-dependent as the rearrangement of the conjugated system of delocalised electrons re-

294,295

quires high electron density in the benzene ring. Protonation of a functional group
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binding to the benzene ring has an electron-withdrawing effect?%

and therefore hampers
the oxidation reaction, whilst electron-donating properties of a functional group (e.g.
deprotonated hydroxyl group in zwitterionic dopamine) increases the oxidation rate. My
computational finding that the energetically preferred tautomer of neutral/zwitterionc
dopamine is the zwitterionic 2 state therefore aligns with the increased oxidation rate
at reduced pH. The increased oxidation rate of dopamine at increased pH was observed
during the preparation of dopamine solutions for NMR spectroscopy (see section 5.3.3).
The dopamine solution at pH 9.8 oxidised so quickly that NMR measurement of zwit-

terionic/neutral dopamine was not possible, whilst the dopamine solution at pH 6.8

stayed unoxidised (see clean spectra in Fig. 5.8A).

In the northeast Pacific the green alga Ulvaria obscura produces dopamine at concen-
trations ranging up to 5% of the alga’s dry mass.?!334 Therefore, the pH-dependent
oxidation reaction of dopamine has environmental relevance in the face of ocean acidifi-

cation. Dopamine exudates have been shown to work as anti-herbivore defence for the

4 315,316

alga®'* and are also known to affect larval development in several invertebrates.
Histochemical studies show that dopamine is stored in acidic vesicles in the cells of
U. obscura,'® which hampers the oxidation reaction until the alga is stranded at low
tide. Upon rehydration by the incoming tide, dopamine is released into the surrounding
water.?® During green tides, which are vast blooms of green macroalgae (such as U.

obscura), concentrations of dopamine can reach up to 1340 pmol/L at the northeast

Pacific coast.??

Green tide events have been increasing in scale and frequency over the last decades.3!”
The pH dependency of dopamine oxidation, as deduced above, leads to a slower oxi-
dation rate under more acidic conditions. With a slower oxidation of dopamine under
ocean acidification scenarios, the immediate dopamine concentration in U. obscura ex-

udates could increase, simultaneously decreasing the amount of cyto- and genotoxic
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reaction products such as quinones and reactive oxygen species (ROS). By shifting pH

ranges and increasing the amplitude of diurnal and seasonal pH fluctuations,®! 87

ocean
acidification could thereby allow more time for the dilution of the reaction products
whilst stabilising dopamine itself. This would lead to a shift in the aspects related to
U. obscura toxicity. The toxicity and general effects of dopamine itself would gain im-

portance under ocean acidification scenarios whilst the concentration of toxic reaction

products would be reduced.

Whilst my comparisons of the chemistry of dopamine and PEA have produced parallels
as well as distinct differences (see above), the reaction of hermit crabs to the two biogenic
amines as external cues is not comparable (compare section 5.3.4 and 2.3.2). Although
there is some evidence that neurotransmitters can be involved in aquatic chemical com-
munication for microorganisms,*!® to date, to the best of my knowledge, there is no
evidence that dopamine acts as an infochemical for crustaceans. This coincides with
the absence of concentration-, sex- or pH-dependent trends of dopamine from a point
source on locomotion-related parameters for hermit crabs in my study (see Fig. 5.9 and
Table 5.4). Although both PEA and dopamine are associated with agonistic behaviours
in crustaceans, I have to reject my hypothesis that exposure to dopamine induces a

comparable pH and sex-specific behavioural response as observed for PEA.

Although there is some evidence of an attraction of female hermit crabs to the highest
concentration of dopamine (3 - 107 mol/L) at pH 8.1 (see Fig. S9G), this effect was
not statistically significant in the linear mixed effect model. Furthermore, it was not
observed in a dose-dependent manner and wasn’t replicated in experiments in pH 7.7
or with males. It is possible, however, that the high number of different groups (the
model evaluated concentration, sex and pH as fixed factors) masked an actual pH- and

sex-specific effect.
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The animals used for this experiment were collected during their reproductive season
and copulatory-type behaviour was observed during the three-week acclimation period.
Although no reproduction-associated behaviours were observed anymore at the time
of data collection, it cannot be excluded that the weak attractive effect of dopamine
on females is a remnant of dopamine-mediated reproductive behaviour. In blue crabs,
elevated internal dopamine levels were suggested to play a role in courtship display
behaviour,?*! which female crabs might be able to perceive chemically as well as visually.
However, different experimental set-ups and husbandry conditions would be needed for
further investigations on the potential role of dopamine in reproduction-related chemical
communication. Finally, as chapter 2 and 3 revealed no indication of PEA attracting
female crustaceans, this does not constitute a similar biological role of dopamine and
PEA. I conclude that PEA and dopamine do not have the same biological function in

olfactory-mediated behaviour of crustaceans within the observed concentration range.

5.5 Conclusion

Whilst, as biogenic amines, dopamine and PEA are similar in some aspects of their
chemical structure (benzene ring with amino side chain) and they are both primarily
found in the folded conformation, I also observed distinct differences between PEA and
dopamine on the level of the chemical structure and reactivity: For one, dopamine ox-
idises in water whilst PEA is stable in water. Secondly, decreasing the pH increases
the dipole moment of PEA substantially, whilst it slightly decreases the dipole moment
of dopamine. This means that dopamine and PEA are unlikely to exhibit similar pH-
dependency in their receptor-ligand interactions, as the ligand’s dipole moment is a
crucial aspect of receptor-ligand electrostatic interactions. Finally, the biological reac-

tivity is a key component of the similarity concept.?®? For the purpose of this study,
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rejecting the similarity of PEA and dopamine on the biological level is the critical factor
in rejecting the notion that PEA and dopamine are similar. Behavioural experiments
with hermit crabs revealed no comparable olfactory-mediated response for dopamine
and PEA within the tested concentration range. I therefore reject the hypothesis that
PEA and dopamine are similar. I conclude that the observed behavioural response of
hermit crabs and shore crabs to PEA as an infochemical (see chapter 2-3) is not the

result of PEA mimicking dopamine.
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CHAPTER 6

Summary and Discussion

This thesis aims to determine the ecological role of the infochemical PEA for crustaceans
and assess potential mechanisms of its pH-dependency. Whilst PEA is a predator cue
for mammals,?* my findings show that crustaceans are attracted to this infochemical in

a weight and pH-dependent manner (see chapters 2-3).

My results suggest that PEA attracts heavy shore crabs and hermit crabs in decreased
pH conditions in a comparable manner. Additionally, behavioural displays of shore
crabs suggest that PEA might be used to signal willingness to fight. During agonis-
tic encounters such as fights, crustaceans are known to direct their urine towards their
opponent via a gill current.!3% 165 Analysing shore crab urine via tandem mass spectrom-
etry, my results provide clear evidence for PEA in shore crab urine (see section 3.3.4).
This indicates that PEA is a urine-borne compound mediating agonistic behaviours
in shore crabs. Previously, the chemical compound(s) in urine responsible for the ag-
onistic response of the opponent receiving the gill current, were unknown.!3%16> My
thesis identifies PEA as a component of this urine-borne chemical signal in shore crabs.
Comparable sex- and pH-specific movement patterns of hermit crabs and shore crabs in
response to PEA furthermore suggests that the infochemical PEA might have a similar
role for crustaceans other than shore crabs. However, further studies of behavioural
displays of other crustaceans in response to PEA and quantifications of PEA levels in
other crustacean urine are needed for clear conclusions on a potential transferable role

of PEA for crustaceans. Furthermore, it is possible, that other compounds also con-
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tribute to the chemical bouquet that signals willingness to fight through urine, whereby

species-specific compounds are likely.

As this study focuses on the effects of PEA in single-animal experiments, staged fights
with crustaceans exposed to PEA could improve our understanding of the role of PEA in
agonistic interactions. Future experiments with two crustaceans could explore potential
species-specificity of the intra- or even interspecific role of PEA for the timing and
intensity of the onset of a fight. Additionally, refining the extraction methods for PEA
from crustacean urine could allow for further insights into potentially varying PEA levels

in winners and losers, male and female crustaceans, of different sizes, species or diets.

In chapter 4, I assess potential mechanisms for the pH-dependent response to PEA| as
observed for hermit crabs and shore crabs in chapters 2 and 3. Protonation state abun-
dance curves (Fig. 2.13B) suggest that with an acid dissociation constant of pK,=9.83,1%
only 1.3% of PEA changes its protonation state when the pH is reduced from pH 8.1
to 7.7. Hence, the increased attraction of crustaceans to PEA at pH 7.7 as compared
to pH 8.1 cannot be explained by an increased the abundance of the protonated form
of PEA (PEAHT™) alone. Furthermore, my computational findings, validated by NMR
spectroscopy, suggest that the chemical conformation of PEA changes only marginally
upon protonation. However, my calculations also reveal that the protonation of PEA
leads to large changes in its charge distribution (Fig. 4.5) which cause an increased
affinity to proof-of-concept receptor TAAR1 (Fig. 4.3.3). Hence, small changes in the
protonation state could lead to large changes in the electrostatic interactions between
receptor and ligand, potentially causing the amplified response of crustaceans to PEA

in reduced pH conditions.

Drawing on methods from all previous chapters, I then compared, in chapter 5, the
chemical compounds dopamine and PEA and the responses they elicit as infochemicals

for hermit crabs to determine whether PEA and dopamine are ‘similar’. As they are
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both monoamines, known to act as neurotransmitters across the animal kingdom,?3

dopamine and PEA have some common structural features. However, my findings also
suggest distinct differences, particularly concerning chemical reactivity and dipole mo-
ment. Unlike PEA, dopamine does not elicit an attraction (or repulsion) of hermit
crabs within the tested concentration range and no pH-dependent response patterns
were observed. This indicates that PEA does not mimic dopamine as an infochemical
for crustaceans. Furthermore, I conclude that the exact structure and dipole moment
of PEA matters for chemoreception in crustaceans. Whilst TAARI is known to bind
dopamine (although with lower potency than PEA),3!? the (unknown) crustacean PEA
receptor doesn’t seem to bind dopamine. Hence, the observed response of crustaceans
to PEA cannot be attributed to PEA binding to an (unknown) dopamine receptor.
Having addressed structural, chemical and behavioural aspects, I conclude that PEA

and dopamine are not similar.

Exploring potential mechanisms of the amplified response of hermit crabs and shore
crabs to PEA at decreased pH, my work is also relevant in the context of research
on chemical communication under climate change (‘infodisruption’). Climate change
is associated with a combination of increasing temperature, increasing CO, levels and
decreasing pH (in aquatic conditions).?” All these stressors can impact the chemical
communication cascade, but little is known about interactive effects of the different cli-
mate change stressors.?” In addition to changes in pH, realistic climate change scenarios
should therefore also consider changes in temperature and CO, levels. Having a mecha-
nistic focus, this study cannot capture the breadth of potential climate change effects on
PEA-mediated communication: Whilst climate change encompasses long-term average
changes in temperature, CO, levels and pH, my study only addresses pH-dependent
changes with relatively short acclimation times to the new pH environment. Secondly,

my chosen study species, hermit crabs and shore crabs, live in intertidal habitats, where
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temperature and pH fluctuate daily,®? rendering the average pH decrease of pH 8.1 to
7.7 by the end of the century®! less momentous than changes to the range and amplitude
of these pH fluctuations as expected due to climate change.®"8" Nevertheless, using the

AL4T.T ensures comparability of

same pH range as previous studies on infodisruption
my results with the literature. Most studies on chemical communication under ocean
acidification report decreased potency of the infochemical in reduced pH (via increased
CO,) conditions.1:°7:102,108,320 A review by Clements and Hunt (2015)%° suggests that
the impact of reduced pH (high CO,) conditions on animal behaviour varies depending
on species, ecosystem, and behaviour. The stronger response of hermit crabs and shore

crabs to PEA in end-of-the-century pH conditions is a rare example of an amplifying

effect of ocean acidification on animal behaviour.

To exclude potential physiological effects of high CO, conditions, I chose to manipulate
the pH using hydrochloric acid rather than increasing CO, levels. It is difficult to esti-
mate potential differences between COy- and acid-induced pH decrease in the response
of crustaceans to PEA. An increased attraction of hermit crabs and shore crabs to PEA
under high CO, conditions, as observed for low pH conditions, is likely, but physio-
logical costs of an increased CO, environment!? might attenuate the effect size. As
I conclude in chapter 3 that PEA is a urine-borne infochemical, the pH-manipulation
via hydrochloric acid approaches the environmental conditions in urine better than in-

creased CO, levels.

In addition to excluding COs-dependent effects, temperature-dependent effects, as ex-
pected in the face of climate change, were largely excluded in this study. Although
temperature- (and salinity-) dependent effects through changes to the dielectric en-
vironment were considered - and deemed to be small - in the computational mod-
els of PEA/PEAHT and PEA-TAAR1/PEAHT-TAARI (section 4.3.5), temperature-

dependent effects were only briefly discussed in behavioural experiments (section 2.3.4).
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Future studies could explore seasonal/temperature-dependent effects of the role of PEA
in chemically mediated behaviour of crustaceans. Likewise, future computational exper-
iments could also incorporate further temperature-dependent aspects. Acid dissociation
and tautomerisation constants, for example, which were used to calculate the abun-
dance of PEA and dopamine in different pH conditions (Fig. 2.13B and 5.5), are often
treated as non-varying values, but are in fact temperature-dependent and usually listed
for 25°C.105:289,290 Ag o rough approximation, the pK, value of amino functional groups
is known to increase by about 0.02 units for each 1°C temperature decrease.>! With

268 the actual dissociation constants are

an average ocean surface temperature of 17°C,
hence likely to be slightly higher than the officially listed values (pK, ~ 9.97 rather than
9.83 for PEA95:321 and 9.26 rather than 9.1 for dopamine?®®289:321) "which stabilises the

protonated states of dopamine and PEA in average marine environments.

In turn, increasing oceanic surface water temperatures through climate change, de-
creases the dissociation constants.*>2% Increasing temperatures hence shift the abun-
dance curves of PEA and dopamine towards lower pH ranges, making infochemicals
more susceptible to protonation. Potential interactive effects of temperature and pH
underscore the complexity of realistic studies on climate change: The combined effect
of increasing temperature and ocean acidification on infochemicals in water is likely to

be different than what can be gauged in single factor studies.

Finally, the recent discussion regarding reproducible methods and results in marine

47-49, 52

infodisruption research on coral reef fishes might have created doubts whether

ocean acidification can affect chemical communication. However, my results add to

37,50 suggesting that the direction and magnitude of pH-dependent

the ample evidence
effects on chemically mediated behaviour depends on the study species and observed

behaviour.
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CHAPTER 7

Conclusion

In the course of this thesis, I demonstrate that PEA is an attractant for hermit crabs
and shore crabs, whilst being widely associated with predator avoidance. As PEA
evokes a comparable response in the two distantly related crustaceans, it can be called
a ‘transferable’ infochemical. Agonistic displays of shore crabs in response to PEA, the
weight /sex- and pH-dependency of the response and evidence for PEA in shore crab
urine lead me to conclude that PEA is a urine-borne infochemical that mediates ago-
nistic interactions in crustaceans. Furthermore, the dose-dependency of the behavioural
response suggests that PEA (in reduced pH) indicates the presence of an opponent that
is willing to fight. Mechanistically, the pH-dependency of the observed response in her-
mit crabs and shore crabs could be explained by the strongly increased dipole of PEA
upon protonation, which substantially increases its receptor binding affinity. However,
my quantum chemical calculations further reveal that protonation of the receptor could,
in turn, slightly weaken receptor-ligand electrostatic interactions. I hence conclude that
the magnitude of pH-dependent effects on chemoreception of PEA is difficult to esti-
mate. Finally, the comparison of PEA and dopamine shows that the exact structure
and charge distribution of PEA is key for its biological function for crustaceans. Despite
some chemical similarities between the neurotransmitter dopamine and PEA, they have

distinct biological roles for crustaceans.
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Supplementary

Movement Pattern of Hermit Crabs in Response to

PEA

Fig. S1-S2 show that the virtual tank division into thirds, as used for the analysis of
“first insights’ into the response of hermit crabs to PEA (section 2.3.1), can adequately
reflect the response of hermit crabs, as the hermit crabs’ most likely average position
can shift from the third closest or furthest away from the cue (Fig. S1H compared with

Fig. S2H).

Heatmaps of the response of hermit crabs to PEA indicate sex- and pH -specific patterns.
Males seem to react more strongly than females, whereby the most notable response is
the attraction of male hermit crabs to PEA at pH 7.7 (Fig. S2H). Thereby, the average
distance to the PEA source (x-axis) is significantly shorter than in the respective control

experiment (Wilcoxon signed rank test, V=127, p*=0.037).
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Fig. S1: Heatmaps of combined spatial response of hermit crabs to PEA at pH 8.1.

(Full caption on the following page.)
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Fig. S1: (Continued from previous page.) The combined spatial distribution of the
hermit crabs’ likelihood of average position within the tank at pH 8.1 in response to
PEA at different concentrations (rows) and divided by sex (columns). N=20 for females
and N=18 for males. The density distribution is plotted in a gradient from yellow
(low) to dark red (high) with the solid outer contour line representing the 95% density
level, the dashed line the 50% mark and the inner solid line is the 5% density level.
The likelihood distribution was calculated only within the range of the x-y-coordinates
actually taken by hermit crabs for each condition, which accounts for the blank areas
within the tank. The dotted lines visualise the virtual tank division into thirds from
the previous set of experiments (‘first insights’, see Fig. 2.1).
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Fig. S2: Heatmaps of combined spatial response to PEA at pH 7.7. (Full caption on

the following page.)
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Fig. S2: (Continued from previous page.) The combined spatial distribution of the
hermit crabs’ likelihood of average position within the tank at pH 7.7 in response to PEA
at different concentrations (rows) and divided by sex (columns). N=20 for females and
N=18 for males. The density distribution is plotted in a gradient from yellow (low) to
dark red (high) with the solid outer contour line representing the 95% density level, the
dashed line the 50% mark and the inner solid line is the 5% density level. The likelihood
distribution was calculated only within the range of the x-y-coordinates actually taken
by hermit crabs for each condition, which accounts for the blank areas within the tank.
The dotted lines represent the into thirds from the previous set of experiments (‘first
insights’, see Fig. 2.1).

Further Locomotion-related Measures of Hermit Crab

Assays with PEA

The movement pattern of hermit crabs and shore crabs was analysed using the behaviour
tracking software LoliTrack, which computes several locomotion-related parameters. Us-
ing the software for the first time in the context of the response to PEA (chapter 2),
I had to determine which variables might best reflect the response of hermit crabs to
PEA. As the first insights experiments (section 2.3.1) suggested a dose-dependent at-
traction to PEA, I focused on the average position of animals inside the experimental

tank, distance travelled, average acceleration and active time.

Whilst the average position inside the experimental tank best reflects the previous vari-
able (percentage of time near PEA, see section 2.3.1), the other three variables focus
on changes in excitement or search behaviour. Fig. S3 - S5 visualise that there is no
evidence that the pH, PEA concentration or sex of the hermit crabs affects the distance
travelled, average acceleration or active time. Hence, the data was not considered for

further analysis.
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Fig. S5: Percentage of bioassay time spent active/moving by hermit crabs during
experimental assay in static water conditions in response to different pH conditions and
concentrations of PEA.

Movement Pattern of Shore Crabs in Response to

PEA

Heatmaps of the movement patterns of shore crabs in response to different concentra-
tions of PEA give indication for pH- and sex- dependent response (Fig. S9-S10). The
division of the response, as indicated by distinct hotspots of the average position, sug-

gests that a physiological characteristic other than the animals’ sex affects its response

to PEA.
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Fig. S6: Heatmaps of combined spatial re%il)(())nse of shore crabs to PEA at pH 8.1. (Full
caption on the following page.)



Fig. S6: (Continued from previous page.) The combined spatial distribution of the
shore crabs’ likelihood of average position within the tank at pH 8.1 in response to PEA
at different concentrations (rows) and divided by sex (columns). N=24 for females and
males respectively. The density distribution is plotted in a gradient from yellow (low) to
dark red (high) with the solid outer contour line representing the 95% density level, the
dashed line the 50% mark and the inner solid line is the 5% density level. The likelihood
distribution was calculated only within the range of the x-y-coordinates actually taken
by shore crabs for each condition, which accounts for the blank areas within the tank.
The dotted lines represent the virtual tank division into thirds (see Fig. 2.1).
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Fig. S7: Heatmaps of combined spatial re%il)%nse of shore crabs to PEA at pH 7.7. (Full
caption on the following page.)



Fig. S7: (Continued from previous page.) The combined spatial distribution of the
shore crabs’ likelihood of average position within the tank at pH 7.7 in response to PEA
at different concentrations (rows) and divided by sex (columns). N=24 for females and
males respectively. The density distribution is plotted in a gradient from yellow (low) to
dark red (high) with the solid outer contour line representing the 95% density level, the
dashed line the 50% mark and the inner solid line is the 5% density level. The likelihood
distribution was calculated only within the range of the x-y-coordinates actually taken
by shore crabs for each condition, which accounts for the blank areas within the tank.
The dotted lines represent the virtual tank division into thirds (see Fig. 2.1).

Relationship between Weight and Claw Length in
Shore Crabs

To further explore the relationship between weight and claw length of shore crabs, I plot-
ted the weight against claw length, as well as the new measure weight /claw length ratio
against weight and against claw length (Fig. S8). There is a positive relationship be-
tween weight and claw length (Pearson’s correlation, cor=0.88, p***<0.001, Fig. S8A),
which translates to a strong positive relationsip between weight and the weight/claw
length ratio (Pearson’s correlation, cor=0.92, p***<0.001, Fig. S8B), whilst the cor-
relation of claw length and weight/claw length ratio is weaker (Pearson’s correlation,

cor=0.66, p***<0.001, Fig. S8B).
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Fig. S8: Weight and claw length in female and male shore crabs. (A) shows the positive
relationship of weight and claw length. (B) relates the new measure weight/ claw length
ratio to the shore crab weight, whilst (C) relates it to the claw length.

Movement Pattern of Hermit Crabs in Response to

Dopamine

Heatmaps of the movement patterns of hermit crabs in response to different concentra-
tions of dopamine give no indicatation of sex-, pH or concentration-dependent differences

(Fig. 59-510).
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Fig. S9: Heatmaps of combined spatial response of hermit crabs to dopamine at pH
8.1. (Full caption on the following page.)
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Fig. S9: (Continued from previous page.) The combined spatial distribution of the
hermit crab’s likelihood of average position within the tank at pH 8.1 in response to
dopamine at different concentrations (rows) and divided by sex (columns). N=20 for
females and N=18 for males. The density distribution is plotted in a gradient from yellow
(low) to dark red (high) with the solid outer contour line representing the 95% density
level, the dashed line is the 50% mark and the inner solid line is the 5% density level.
The likelihood distribution was calculated only within the range of the x-y-coordinates
actually taken by hermit crabs for each condition, which accounts for the blank areas
within the tank. The dotted lines represent the virtual tank division into thirds (see
Fig. 2.1).

246



A - control female B - control male
T o ] ! ! E ] L//:/
S < 1 1 5 ¢+ 1
£ 7 / X ] 1 1
s 2 1 § o4 |
> 1 > —
2 2 2 27
© - © -
g © ] 1 1 :3_ “° ] 1 '/
S <4 1 1 ° < 1 1
."3 ~ 1 1 % ~ 1 1 1
= — 1 1 = — 1 1
° TT T T T T T T T T T T T T T T T T T T T T T T T T ° rTT T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 13 16 19 22 25 28 0 2 4 6 8 1 13 16 19 22 25 28
Distance from source side [cm] Distance from source side [cm]
. - _ ; -5
C - dopamine 3 10° M female D - dopamine 3 10 M male
T oo 1 1 —_ u
& =7 1 — 1 E e
x . 1 - hedt=s - T
§ @ ||" : E ©
> 7 —
@ - 1 1 & ]
& 21 2 ! IEE
2 o : ! - L o
-g © - )’:\ : g © :
é ¥ ! I E <«
3 o 1 1 3 ]
s 7 | ) s
° LI O B I B B B i TT T T T T T T T T T T T T T T T T T T T T T TTT7T
0 2 46 81 13 16 19 22 25 28 0 2 4 6 8 10 13 16 19 22 25 28
Distance from dopamine source side [cm] Distance from dopamine source side [cm]
- _4 - _4
E - dopamine 3 10 M female F - dopamine 3 10™ M male
—_ ] T T
g 9 ] \:__/ ! g f‘_’ :
> ] 1 < n
§ o 1 1 § o4
> — > -
% =4 ] § o |
S - @ T ]
a 9 - 2 &
a 1 1 2 -
$ o] e 2 o]
5 ¢ ! AN s ]
5 o7 ! ! £ "
= Y7 1 1 s &7
i TrTTTTTT T T T T T T T T T T T TTTTTTTTT S TT T T T T T T T T T T T T T T T T TT1TTTTTITT1
0 2 4 6 8 10 13 16 19 22 25 28 0 2 4 6 8 10 13 16 19 22 25 28
Distance from dopamine source side [cm] Distance from dopamine source side [cm]
. - . -3
G - dopamine 3 103 M female H - dopamine 3 10 M male
— i - n 1
§ ¢ 5 21 ! i
* : % , 1
5 24 5 24
g _ g _ 7
2 o | 2 o |
o v _| -
Zg © - 8 © - 1
2 o] 2 o] :
T o4 3 4 1 1
= — 1 = n 1 !
o rTrrrrrrrrrrrrTrrrTrTrrTrTTTrTrTT © rrTrrrrrrrrr T T T T T T T T T T TTrTrTT
0 2 4 6 8 10 13 16 19 22 25 28 0 2 4 6 8 10 13 16 19 22 25 28
Distance from dopamine source side [cm] Distance from dopamine source side [cm]

Fig. S10: Heatmaps of combined spatial response of hermit crabs to dopamine at pH
7.7. (Full caption on the following page.)
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Fig. S10: (Continued from previous page.) The combined spatial distribution of the
hermit crab’s likelihood of average position within the tank at pH 7.7 in response to
dopamine at different concentrations (rows) and divided by sex (columns). N=20 for
females and N=18 for males. The density distribution is plotted in a gradient from yellow
(low) to dark red (high) with the solid outer contour line representing the 95% density
level, the dashed line is the 50% mark and the inner solid line is the 5% density level.
The likelihood distribution was calculated only within the range of the x-y-coordinates
actually taken by hermit crabs for each condition, which accounts for the blank areas
within the tank. The dotted lines represent the virtual tank division into thirds (see
Fig. 2.1).

Further Locomotion-related Measures of Hermit Crab

Assays with Dopamine

Similarly to the distance travelled, average acceleration and active time of hermit crabs
in response to PEA in static water conditions (see Fig. S3-S5), the hermit crabs’ response
to dopamine also shows no significant concentration-, sex- or pH-dependent changes in
response to dopamine. Although Fig. S11-S13 indicate a small trend for less mobility
of female hermit crabs with increasing concentrations of dopamine, which is reflected
across all three variables (distance travelled, average acceleration, active time), there is

not sufficient statistical evidence to support this observation.
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