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Abstract 

Calcifying larvae of marine invertebrates are highly sensitive to environmental stressors and 

contaminants of emerging concern (CEC), including endocrine disrupting chemicals (EDCs) 

and pharmaceutical and personal care products (PPCPs). Marine bivalves living in dynamic 

coastal environments have evolved sophisticated stress response mechanisms, with 

neuroendocrine regulation playing a critical role. Key components of this regulation include the 

monoamines (MAs) dopamine (DA) and serotonin (5-HT), which are pivotal neuromodulators 

in shell formation and larval development of bivalves and are targets of environmental stressors 

such as ocean acidification and CEC, notably EDCs and PPCPs. Despite the importance of 

monoamines in larval development, information on the ontogeny of the monoaminergic system 

during the early development of bivalve larvae is limited. Among PPCPs, serotonin selective 

reuptake inhibitors (SSRIs) are designed to bind to the serotonin reuptake transporter (SERT), 

yet there is currently no information regarding its presence in bivalves. 

To fill this knowledge gap, Mytilus galloprovincialis was used as model organism. This study 

aimed to characterise the presence of MA systems in M. galloprovincialis genome, alongside 

their expression and localisation during embryo-larval development within the neuroendocrine 

tissue. The involvement of MAs in development was investigated through pharmacological 

experiments. The effects of SSRIs were evaluated using Fluoxetine (FLX) and Citalopram 

(CIT), alongside an examination of their targets in the genome and transcriptome. 

Six MA systems were identified in M. galloprovincialis genome, with 5-HT and DA being the 

most expressed during development. Cells producing 5-HT and DA were localised in 

neuroendocrine areas, specifically in the Apical Organ/Cerebral Ganglion and Pedal Ganglia, 

respectively. The expression of L-Amino Acid Decarboxylase and serotonin and dopamine 

receptors (5-HTRs and DRs) prior to the synthesis of 5-HT and DA suggests that these 

components may be involved morphogenetic roles and environmental interactions. Both 

transcriptomic and pharmacological results indicate that 5-HT and DA play key roles in larval 

development and shell biogenesis. The localisation of 5-HTRs and DRs throughout 

development, along with their spatial relationship to the synthesis enzymes, suggests their 

potential involvement in synaptic and neuroendocrine functions. Moreover, the colocalisation 

of 5-HTR1A_inv and DR3-like implies a possible reciprocal regulation between the serotonin 

and dopamine systems. M. galloprovincialis possesses two types of SSRIs targets: selective 

(SERT) and non-selective (Nose Resistant to Fluoxetine – nrf, and 5-HTRs). Both targets were 
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found to be differentially expressed during embryo-larval development.  Exposure to high 

concentrations of FLX and CIT did not strongly affect larval phenotypes, suggesting some 

mechanisms of resistance where nrf may play a role. 

This work shows for the first time a comprehensive characterisation of the MA system in M. 

galloprovincialis; moreover, the identification of different targets of SSRIs lays the 

groundwork for future studies on the role of the MA system during development, and in 

response to different environmental stressors, including SSRIs and, potentially, other 

antidepressants released in coastal marine environments. 

 

Keywords: Mytilus galloprovincialis, monoaminergic system, development, contaminants, 

toxicology 
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Résumé 

Les larves calcifiantes des invertébrés marins sont particulièrement sensibles aux facteurs de 

stress environnementaux et aux contaminants émergents (CEC), y compris les perturbateurs 

endocriniens (EDC) et les produits pharmaceutiques et de soins personnels (PPCP). Les 

bivalves marins vivant dans des environnements côtiers dynamiques ont développé des 

mécanismes sophistiqués de réponse au stress, où la régulation neuroendocrine joue un rôle 

crucial. Parmi les éléments clés de cette régulation, on trouve les monoamines (MA), comme 

la dopamine (DA) et la sérotonine (5-HT), qui sont des neuromodulateurs essentiels pour la 

formation de la coquille et le développement larvaire des bivalves. Ces monoamines sont 

ciblées par des facteurs de stress environnementaux tels que l’acidification des océans et les 

CEC, notamment les EDC et les PPCP. Malgré leur importance dans le développement larvaire, 

les connaissances sur l’ontogenèse du système monoaminergique lors du développement 

précoce des larves de bivalves restent limitées. Parmi les PPCP, les inhibiteurs sélectifs de la 

recapture de la sérotonine (ISRS) sont conçus pour se lier au transporteur de recapture de la 

sérotonine (SERT), mais il n’existe actuellement aucune information sur sa présence chez les 

bivalves. 

Pour combler cette lacune, Mytilus galloprovincialis a été utilisé comme organisme modèle. 

Cette étude vise à caractériser la présence des systèmes MA dans le génome de M. 

galloprovincialis, ainsi que leur expression et localisation pendant le développement 

embryonnaire-larvaire au sein des tissus neuroendocriniens. L'implication des MA dans le 

développement a été examinée par des expériences pharmacologiques. Les effets des ISRS ont 

été évalués en utilisant la fluoxétine (FLX) et le citalopram (CIT), avec une analyse de leurs 

cibles dans le génome et le transcriptome. 

Six systèmes MA ont été identifiés dans le génome de M. galloprovincialis, avec la 5-HT et la 

DA étant les plus exprimés pendant le développement. Les cellules produisant de la 5-HT et de 

la DA se localisent dans les zones neuroendocrines, notamment l’organe apical/ganglion 

cérébral et les ganglions pédieux, respectivement. L’expression de la L-aminoacide 

décarboxylase et des récepteurs de la sérotonine et de la dopamine (5-HTRs et DRs) avant la 

synthèse de la 5-HT et de la DA suggère que ces éléments pourraient jouer des rôles 

morphogénétiques et être impliqués dans les interactions environnementales. Les résultats 

transcriptomiques et pharmacologiques indiquent que la 5-HT et la DA jouent des rôles clés 

dans le développement larvaire et la biogenèse de la coquille. La localisation des 5-HTRs et des 
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DRs au cours du développement, ainsi que leur relation spatiale avec les enzymes de synthèse, 

suggèrent leur implication potentielle dans les fonctions synaptiques et neuroendocriniennes. 

En outre, la colocalisation de 5-HTR1A_inv et de DR3-like implique une régulation réciproque 

possible entre les systèmes sérotoninergique et dopaminergique. M. galloprovincialis possède 

deux types de cibles pour les ISRS : sélectives (SERT) et non sélectives (Nose Resistant to 

Fluoxetine – nrf, et 5-HTRs). Ces cibles ont montré une expression différentielle pendant le 

développement embryonnaire-larvaire. L’exposition à des concentrations élevées de FLX et de 

CIT n’a pas fortement affecté les phénotypes larvaires, suggérant certains mécanismes de 

résistance où le nrf pourrait jouer un rôle. 

Ce travail présente pour la première fois une caractérisation complète du système MA chez M. 

galloprovincialis ; en outre, l’identification de différentes cibles des ISRS ouvre la voie à des 

études futures sur le rôle du système MA au cours du développement et en réponse à divers 

facteurs de stress environnementaux, incluant les ISRS et, potentiellement, d’autres 

antidépresseurs libérés dans les milieux côtiers marins. 

 

Mots-clés : Mytilus galloprovincialis, système monoaminergique, développement, contaminants, 

toxicologie 
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Chapter 1 

1 The Invertebrate Nervous and Neuroendocrine 

Systems 

1.1 Nervous system: neurons and glial cells 

The nervous system consists of specialised cells, neurons and glial cells, involved in perceiving 

and processing responses to internal and external stimuli, and it is present in all animals except 

Porifera and Placozoa (Figure 1.1) (Hartenstein, 2016; Miguel-Tomé and Llinás, 2021). 

 

Figure 1.1. A phylogenetic tree showing the relationships between animal phyla. The red dots indicate 

the absence of the nervous system. Image taken from Elphick et al. (2018). 

A neuron is a specialised cell, and it is identified by the presence of three key features that must 

be present simultaneously. Two cardinal features are excitability and the secretion of active 

substances. These two features are essential but not sufficient to identify a neuron. Indeed cells 

that are not neuronal can be electrically excitable, for example, muscle cells; moreover, cells 

capable of propagating action potentials were identified in sponges, animals that do not possess 

a nervous system (Meinertzhagen, 2019). The third and last universal characteristic that 

distinguishes neurons from other cells is the presence of a long cell process: the neurite. It is 

the triad of these features that defines a neuron (Meinertzhagen, 2019; Richter et al., 2010). 

Neurons consist of a cell body called soma (or perikaryon) and of cellular elongations, called 

neurites. Invertebrate soma can range from 1 μm in small insects to 1 mm in largest cells, such 

as the one of the gastropod Aplysia. It has been reported that in species where miniaturisation 

occurs, most of the soma is occupied by the nucleus (Meinertzhagen, 2019). Most invertebrates 

bear neurons that are called monopolar (or unipolar), meaning that the soma has a single neurite 

that can show several arborisations; moreover, the soma lacks neurites and cell contacts and 
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this is the main difference between invertebrates and vertebrates neurons (Figure 1.2A) 

(Meinertzhagen, 2019; Richter et al., 2010). The primary neurites of unipolar neurons present 

arborisations and connect the soma to dendrites and axons (Richter et al., 2010). Dendrites are 

generally considered as the region where the input arrives and the axon is the prolongation that 

transmits the signal to other cells (Nieuwenhuys et al., 2014). Unipolar neurons are particularly 

specific to arthropods, molluscs and several groups of annelids; in contrast, other invertebrates 

possess other types of neurons, including bipolar neurons, pseudounipolar neurons and 

multipolar neurons (Figure 1.2 B-D) (Meinertzhagen, 2019; Poli and Fabbri, 2018; Richter et 

al., 2010). Bipolar neurons have a soma that gives separately rise to an axon and one primary 

dendrite; pseudo-unipolar neurons are characterised by the primary neurite that splits into an 

axon and a dendrite, and multipolar neurons are characterised by one axon and/or many 

dendrites (Richter et al., 2010). 

 

Figure 1.2 Schematic representation of different types of neurons. A. Unipolar neuron. B. Bipolar 

neuron. C. Pseudo-unipolar neuron. D. Multipolar neuron. Picture taken from Richter et al. (2010). 

In most invertebrates, neurons bear cilia. Cilia are structures that extend from the soma and are 

characterised by the presence of microtubules arranged in the form 9+2 (when there is dynein), 

identifying thus motile cilia, or in the form 9+0, identifying primary cilia. 

Neurons interact with each other or other cells through synapses. A synapse is a cell-to-cell 

junction and it can be a chemical or an electrical synapse (Richter et al., 2010). Electrical 

synapses are characterised by membrane apposition between two neurons and the current from 

the presynaptic neuron is sufficient to excite the postsynaptic one (Richter et al., 2010; 

Meinertzhagen, 2019). The current passes from the first to the second neuron via gap junctions, 

which are channel proteins. Channel proteins in protostomes are called innexins, and in 

deuterostomes connexins;  moreover, a third family of protein, the pannexins, is present in all 

Metazoa except echinoderms (Meinertzhagen, 2019). Chemical synapses are characterised by 

the release of an active substance into the synaptic cleft and the activation of a receptor in the 

postsynaptic membrane (Nieuwenhuys et al., 2014; Richter et al., 2010). Although it has been 

reported that most invertebrate synapses lack a clear presynaptic organisation, they can be 
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identified by the presence of organelles called synaptic vesicles in the presynaptic neuron 

(Meinertzhagen, 2019). Two types of vesicles exist and differ in size and in the transmitters 

they contain. Small clear-core vesicles range from 30 to 80 nm in diameter and are packed with 

classical neurotransmitters such as acetylcholine or glutamate; large dense core vesicles have a 

diameter of up to 180 nm and are filled with bigger molecules, generally neuropeptides 

(Kirchner et al., 2023; Meinertzhagen, 2019; Purves et al., 2001). Differently from vertebrates, 

synapses called polyads (dyad and triad) are present in the invertebrate nervous system and 

even higher polyads were recorded (Meinertzhagen, 2019). Even though most of the synapses 

are monads, meaning that there is a single presynaptic element opposite to the postsynaptic site 

(Meinertzhagen, 2019). 

As previously mentioned, most invertebrate neurons are unipolar, meaning that they lack 

somatic dendrites and reception of information and their integration occurs at the level of the 

neurite, where both pre- and postsynaptic contacts are mixed promiscuously (Meinertzhagen, 

2019). Another important feature of invertebrate neurons is that they lack the myelin sheath 

(Meinertzhagen, 2019). 

In the nervous system cells that are not neurons are found which are called the glial cells. These 

cells interact with neurons and are involved in different functions such as providing nutrients 

to neurons, removing the waste produced, supplying neurons with fuel, maintenance of neurite 

transmission and supporting and protecting neurons (Ortega and Olivares-Bañuelos, 2020; 

Richter et al., 2010). Even though glial cells were reported to be absent in marine invertebrates, 

several recent studies proved that these cells are present in different marine invertebrates 

(Ortega and Olivares-Bañuelos, 2020). A common feature of glial cells is their shape, which 

can be ovoid, symmetrical or asymmetrical; they have a soma ranging from 4 to 20 μm and 

process that can reach up to 600 μm in length (Ortega and Olivares-Bañuelos, 2020). There are 

three different types of glial cells: surface glia, involved in forming a “blood-brain” barrier 

regulating thus the flow of substance in and out the nervous system; the cortex glia, which is 

involved in wrapping fascicles of neurites and also neuronal cell body to isolate them from 

other brain regions or other neuronal structures; and the neuropile glia, which appear at the 

adult stage and can form a subtype, called ensheathing glia, responsible for clearing 

neurotransmitters from the extracellular space (Meinertzhagen, 2019). 
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1.2 Neurons organise to form ganglia 

Neurons, especially in the adult form, aggregate to form a structure called ganglion (or ganglia, 

if multiple), where also glial cells can be present. In a ganglion, neurons display the soma at the 

surface, forming thus the cell cortex, the neurites are concentrated in the middle and form the 

so-called neuropil. In Protostomes the cell cortex is made up of unipolar neurons (Figure 1.2 

A) and generally no synapses occur at the level of the cell cortex (Richter et al., 2010). In the 

neuropil of the ganglion, neurites of the neurons, whose soma is located in the cell cortex, 

interact with dendrites and axons of local interneurons (Richter et al., 2010). A ganglion can 

give rise to nerves (or neurite bundles), which are clusters of neurites arranged in parallel. 

Nerves connect the ganglion to the peripheral target, for example with sensory cells and/or 

effector cells (Richter et al., 2010). A ganglion can be composed of fused paired ganglia, thus 

a single ganglion, in this case, is called a hemiganglion (Richter et al., 2010). A ganglion can 

present connections within it, in the case of fused paired ganglion, or with other 

ganglion/ganglia. Commissures are neurite bundles constituted mainly of neurites and axons of 

interneurons and they extend typically from left to right and they medially link the ganglia; 

whereas a connective is again a neurite bundle with neurites and axons of interneurons but this 

term is used to indicate longitudinal interconnections between ganglia (Richter et al., 2010). To 

better understand the difference between commissure and connective, see Figure 1.3. 

 

Figure 1.3. Schematic representation of two ganglia connected. Image taken from Richter et al. (2010). 
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1.3 Central and Peripheral nervous system and 

controversies 

The nervous system is present in all animal taxa except Porifera and Placozoa (Hartenstein, 

2016). The central nervous system can be divided into two major components: the central 

nervous system (CNS) and the peripheral nervous system (PNS) (Hartenstein, 2016) and this 

distinction is characteristic of bilaterian animals (Hartenstein, 2019; Richter et al., 2010). The 

CNS is characterised by regions with a high density of neurons that can be detected in some 

parts of the body that are involved in specialised roles, allowing the control of body functions 

and information integration (Hartenstein, 2016). The PNS consists of sensory neurons that can 

perceive stimuli such as touch, motion, sound, position, smell, taste and light (Hartenstein, 

2016). Based on the type of stimulus received by the neurons of the PNS, we can divide them 

into mechanoreceptors, proprioceptors, chemoreceptors and photoreceptors (Hartenstein, 2016; 

Poli and Fabbri, 2018). Typically, the sensory neurons of the PNS form peripherally localised 

sensory organs (or ganglia) (Hartenstein, 2016). Moreover, part of the PNS is associated with 

the digestive system and muscles and, for this reason, it is called the “visceral”, autonomic or 

“stomatogastric” nervous system (Hartenstein, 2019, 2016). According to what was said before, 

the main characteristic of the CNS is the high density of neurons, but when this is the only 

parameter taken into account, it is difficult to identify a CNS, especially in bilaterian animals 

that are positioned very low in evolution, such as cnidarians; for this reason Richter et al. (2010) 

proposed to avoid using the terms CNS and PNS but to characterise and name thereafter cluster 

of neurons by their position in the body and their size (Richter et al., 2010). 

1.4 Development of the larval nervous system in molluscs: 

an overview 

Molluscs are bilaterian animals which fall into the spiralian group, due to the spiral cleavage 

pattern of the embryo (Escoubas et al., 2016; Hartenstein, 2019; Martín-Durán and Hejnol, 

2021). Molluscs are the second largest phylum, after arthropods, regrouping several clades: the 

basal ones represented by Aplacophorans, Monoplachophora and Polyplachophora and the 

more derived clades with Gastropoda, Bivalvia, Scaphoda and Cephalopoda (Escoubas et al., 

2016; Hartenstein, 2019; Wanninger and Wollesen, 2015). 

The ganglia that will form the adult nervous system of molluscs originate in the proliferative 

region of the ectoderm. The cerebral ganglia originate from a paired cephalic plate in the 
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anterior pole of the developing animal; the pedal ganglia develop similarly but in the ventral 

region (Croll and Dickinson, 2004). It is important to note that the structure of the adult nervous 

system varies from species to species; for example, gastropod molluscs are endowed with other 

ganglia such as the buccal ganglia, the pleural ganglia and the abdominal ganglion (Kriegstein, 

1977; Lin and Leise, 1996), whereas three pairs of ganglia are present in bivalve molluscs, the 

paired cerebropleural ganglion (CPG), the pedal and the visceral ganglia (PG and VG); reduced 

PG are observed in oysters due to the loss of the foot after metamorphosis (Kniazkina and 

Dyachuk, 2022; Nikishchenko et al., 2023; Yurchenko et al., 2018; Yurchenko and Dyachuk, 

2022). A different situation is found in cephalopods where the ganglia of the head and trunk 

fuse to form a structure called brain (Hartenstein, 2019). 

Among Molluscan larvae, the nervous system shows similarities and discrepancies due to 

differences in development (free-living planktonic larvae vs larvae subject to hatching at 

different points during larval development). However, some similarities are found such as the 

presence of an apical sensory organ and cells containing FMRFamide and catecholamines 

(Croll and Dickinson, 2004). The apical sensory organ or apical organ (AO) is a structure 

located anteriorly in the larval body. Commonly, the AO is one of the first structures to appear 

and is considered to have a sensory function but its function is still debated and is mostly 

unknown (Croll and Dickinson, 2004; Yurchenko et al., 2019). The AO in gastropods and 

bivalves is mainly composed of vase-shaped cells; generally, the basal portion is subepithelial 

and the apical portion is extended through the epidermis, and these features give them the 

morphology of typical sensory cells (Croll and Dickinson, 2004). There are three different types 

of vase-shaped cells: the ciliated-tuft cells, which bear twenty or more cilia protruding from the 

epidermal layer and contributing to the formation of an apical tuft; the ampullary cells, which 

are characterised by ciliated and deep lumens but without cilia extending above the epidermis; 

and the parampullary cells, which bear few cilia extending above the epidermis (Croll and 

Dickinson, 2004). Moreover, in the AO some round cells can be found, lacking dendritic 

processes (Croll and Dickinson, 2004). The number of cells in the AO varies from species to 

species, reflecting, probably, differences in their life history (Croll and Dickinson, 2004). 

Interestingly, the predominant neurotransmitter found in the AO is serotonin (5-HT), thus 

reflecting its probable conserved role in neuronal control of larval behaviour (Croll and 

Dickinson, 2004). The AO appears to project neurites towards the forming velum, an organ 

involved in locomotion and feeding; these neurites are positive for 5-HT, FMRFamide and 

catecholamines (Croll et al., 1997, 1997; Croll and Dickinson, 2004; Dickinson et al., 1999). 
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The presence of these neurotransmitters in neurites suggests that there could be a neuronal 

control of the velum ciliary activity and retraction (Croll and Dickinson, 2004; Kempf et al., 

1997). The AO has been suggested to have a sensory function because of the presence of 

sensory cells, characterised by a vase shape and the presence of cilia, but it has also been 

suggested that it could be involved in responding to metamorphic cues (Croll and Dickinson, 

2004; Hadfield et al., 2000). In some cases, before the emergence of the AO, other neurons, 

positive for the neuropeptide FMRFamide, were described to appear dorsally and ventrally 

(Croll and Dickinson, 2004; Yurchenko et al., 2019, 2018). In some molluscan species, these 

peptidergic cells were observed near the anal ciliary tuft (telotroch) suggesting a possible 

involvement in locomotion (Croll and Dickinson, 2004). Peripheral FMRFamide neurons are 

supposed also to have a role in the scaffolding of the adult nervous system (Croll and Dickinson, 

2004; Yurchenko et al., 2018). Catecholaminergic cells are reported to be near the mouth but 

also in the velum, foot and nervous system, suggesting a possible involvement in feeding and 

locomotion (Croll et al., 1997; Croll and Dickinson, 2004). The fate of the AO in the adult 

nervous system is still debated as well as the fate of other cells here analysed (Croll and 

Dickinson, 2004). 

1.4.1 The nervous system of bivalve larvae 

Data on the neurodevelopment of bivalve molluscs are sparse and they are generally focused 

on the localisation of specific neurotransmitters or neuropeptides (e.g.: 5-HT and FMRFamide) 

and the description of the nervous system relies mostly on immunocytochemistry and 

histochemistry techniques because, to date, no analysis was carried out using a pan-neuronal 

marker (Croll and Dickinson, 2004). The data available on different species at different stages 

of development is reported in Figure 1.4 (Kniazkina and Dyachuk, 2022; Miglioli et al., 2021b; 

Nikishchenko et al., 2023; Nikishchenko and Dyachuk, 2024; Pavlicek et al., 2018; 

Voronezhskaya et al., 2008; Yurchenko et al., 2018). First neurons are reported to appear at the 

Trochophore stage in the non-paired apical sensory structure Apical Organ (AO), a structure 

formed of neurons bearing cilia (Kniazkina and Dyachuk, 2022; Yurchenko et al., 2019). 

Neurons of the apical organ were found to be positive for 5-HT- and FMRFamide-like 

immunoreactive (lir). Moreover, at the Trochophore stage, different accessory neurons were 

found, and they are generally FMRFamide-lir (Figure 1.4 A-B). No catecholamine positive 

cells could be found before the Veliger stage in any of the species analysed except in Mytilus 

galloprovincialis, where dopaminergic cells were observed from the late Trochophore stage by 

in situ hybridisation imaging Tyrosine Hydroxylase (TH) gene expression (Miglioli et al., 
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2021b). Interestingly, in Crassostrea gigas the neurons forming the AO were exclusively 5-

HT-lir, and FMRFamide-lir neurons in the AO appeared starting from the early Veliger stage. 

Azumapecten farreri was the only species where no FMRFamide-lir and 5-HT-lir could be 

detected during Trochophore stage.  

At the Veliger stage more structures appeared and the AO seemed to subside in the larval body 

giving rise to the Apical Organ/ Cerebral Ganglion (AO/CG; to date, it is not sure if cells of the 

AO persist or disappear; Nikishchenko et al., 2023; Yurchenko et al., 2019). The ventral 

neurons (vn), which were FMRFamide-lir and seem to give rise to the Pedal Ganglia (PG) in 

A. farreri, C. gigas and M. trossulus; whereas only in Spisula sybillae it seemed that vn were 

not involved in forming the PG.  However, the position of vn described for S. sybillae seemed 

to be more similar to the localisation of posterior neurons (pn) found in C. gigas and D. 

polymorpha. The pn, whose presence is detected already during Trochophore stage, in C. gigas 

and D. polymorpha, remained present at the Veliger stage but did not give rise to any ganglia. 

The Visceral Ganglia (VG) is the latest ganglionic structure to appear, and it was reported to 

arise at the late-Veliger stage for C. gigas, M. trossulus, and S. sybillae and at the pediveliger 

stage for A. farreri. Other accessory neurons were detected in different regions of the larval 

body with differences from species to species. Acila insignis, contrary to other bivalves, is 

characterised by the presence of a short pelagic larval stage, called pericalymma, which has 

been defined as a modified Veliger by Nikishchenko and Dyachuk (2024). 5-HT-lir neurons 

were detected during pericalymma stages apically, in what was named the AO. Finally, at the 

Pediveliger stage, all the ganglia typical of the adult nervous system appeared to be present in 

all the species analysed. Indeed, the structure of the AO/CG and the Pleural Ganglia (PlG), 

which will then fuse to give rise to the cerebro-pleuralganglia (CPG), were detected along with 

PG and VG. All the ganglia were interconnected to each other, and it appeared that at this stage 

there was already the structure of the nervous system that will remain in the adult body. Also 

at this stage, different accessory neurons were detected. In C. gigas acetylcholine was studied 

by using immunocytochemistry techniques (antibody against the mammalian vesicular 

acetylcholine transporter, VAchT). Positivity to VAchT was found starting from the Veliger 

stage with neurons localising within the AO/CG and pn at the early Veliger stage and in the PG 

at the late Veliger stage (not shown in Figure 1.4). 
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Figure 1.4. Schematic representation of neurodevelopment of different bivalve molluscs at several larval 

stages in lateral view. Red and yellow indicate neurons positive to 5-HT and FMRFamide antibodies, 

and green indicates cells positive to the catecholamine histochemistry technique. Data from early 

Trochphore to late Veliger are from A. farreri, C. gigas, D. polymorpha, M. galloprovincialis, M. 

trossulus and Spisula sybillae (for this latter data are collected starting from late Trochophore); data on 

Acila insignis, which has a pericalymma larva, are reported in the Veliger stages, data of pediveliger 

stage are from A. farreri, Callista brevisiphonata, C. gigas, Crenomytilus grayanus, Kellia japonica, 

Mactomeris polynyma, M. trossulus and Mizuhopecten yessoensis. For M. galloprovincialis and A. 

farreri 5-HT-lir, FMRFamide-lir and cathecolamines were studied; for C. gigas and all the species 

studied at the Pediveliger stage just 5-HT-lir and FMRFamide-lir were investigated; finally, in D. 

polymorpha only 5-HT-lir were analysed.  

A. Scheme of the early Trochophore stage bearing anteriorly and apically the Apical Organ (AO) 

and two accessory neurons: the dorsal neurons (dn) and the ventral neurons (vn) which were 

FMRFamide-lir. At this stage, the digestive system seemed to start forming with the appearance 

of the mouth.  

B. Scheme of the late Trochophore stage. AO is still present anteriorly and other accessory neurons 

appeared: the lateral neurons (ln) and the posterior neurons (pn); moreover, the pn appeared to 

be 5-HT-lir in D. polymorpha.  

C. Scheme of the early Veliger stage. At this stage of development, the AO was still located 

anteriorly but seemed to start subsiding in the larval body within the velum. Only in S. sybillae 

the Pleural Ganglia (PlG) appeared at early Veliger. Other accessory neurons appeared: the 

oesophageal neurons (en), the pleural neurons (pln) the velum neurons (ven, located in the 

velum) and the ventral neurons (vn) located in the region between the mouth and the anus (a). 

At this point, the digestive system seemed to completely differentiate.  

D. Scheme of the late Veliger stage. At this point, the AO seemed to be completely subsided and 

formed the AO/CG, the ventral neurons seemed to give rise to the Pedal Ganglia (PG) and the 

pn seemed to give rise to the Visceral Ganglia (VG). At this stage, the number of accessory 

neurons increased: the en and ven increased in number, moreover different neurons called 

stomatogastric neurons (sgn) appeared around the stomach (st) and were positive to 5-HT and 

catecholamines.  

E. Scheme of the Pediveliger stage. At this stage of development, all ganglia were present: AO/CG, 

Pleural Ganglia (PlG), PG and VG. Three new types of accessory neurons appeared: the anterior 

adductor muscle neurons (aamn), the posterior adductor muscle neurons (pamn) and the foot 

neurons (fn).  

Anatomical abbreviations: a: anus, e: oesophagus, i: intestine, m: mouth, st: stomach and ve: velum. 

Axis orientation abbreviations: A: anterior, D: dorsal, P: posterior and V: ventral. Figures were adapted 

from Nikishchenko et al. (2023) and Voronezhskaya et al. (2008). 

As reported in Table 1.1, differences in neurotransmitters (NT) localisation occur from species 

to species. Of course, it must be kept in mind that not all species presented in the table were 

subjected to the same type of analysis, meaning that not all NTs were studied in all the species 



11 

 

here listed; for example, catecholamines were analysed only in A. farreri and M. trossulus by 

using the induced fluorescence technique (Kniazkina and Dyachuk, 2022; Voronezhskaya et 

al., 2008). On the contrary, 5-HT was analysed in all the species listed as shown in Table 1.1, 

and differences occurred across species of different infraclasses in terms of positive cells found. 

5-HT-lir were found in all species in the AO-AO/CG from Trochophore to D-Veliger stage, 

with the only exception of A. farreri, which showed no positive cells during all the Trochophore 

stage, representing an unicum (Kniazkina and Dyachuk, 2022; Miglioli et al., 2024, 2021a; 

Pavlicek et al., 2018; Voronezhskaya et al., 2008; Yurchenko et al., 2018). Concerning A. 

insignis, as previously described, its larval stage is very short and comparable to a Veliger, 

where 5-HT-lir cells were found in the AO/CG (Nikishchenko and Dyachuk, 2024; Yurchenko 

and Dyachuk, 2022). Numbers of 5-HT-lir display a variability across larval development of 

all species, with the highest number of 5-HT-lir found in Heteroconchia (8 cells). Differences 

could be attributed to species-specific factors. 5-HT-lir were found exclusively in the PG and 

VG of A. farreri (Kniazkina and Dyachuk, 2022). Surprisingly, 5-HT-lir were found in 

accessory neurons in Pteriomorphia only in C. gigas, perhaps representing a peculiarity of this 

species; the two species of Heteroconchia, D. polymorpha and A. farreri presented both 

accessory neurons positive to 5-HT (Kniazkina and Dyachuk, 2022; Pavlicek et al., 2018; 

Yurchenko et al., 2018). FMRFamide-lir were found to be present in the four main ganglia: in 

all species analysed, FMRFamide-lir were present in the AO-AO/CG, PG and accessory 

neurons. In A. farreri, M. trossulus and S. sybillae FMRFamide-lir were also found in PlG and 

VG, but PlG was not found in M. trossulus until Pediveliger stage. M. trossulus displayed the 

highest number of FMRFamide-lir in the PG and VG.  (Kniazkina and Dyachuk, 2022; 

Nikishchenko and Dyachuk, 2024; Voronezhskaya et al., 2008; Yurchenko et al., 2018). 

Catacholamines were found only in accessory neurons and never in any ganglia until the 

Pediveliger stage (Kniazkina and Dyachuk, 2022; Nikishchenko et al., 2023; Voronezhskaya et 

al., 2008). 
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Table 1.1. Table showing the localisation of neurotransmitters (NTs) and the number of positive cells in 

different species of bivalve molluscs during embryo-larval development until the late Veliger stage. The 

colour coding is as follows: red for 5-HT-lir, yellow for FMFRamide-lir and green for catecholamines. 

Abbreviation coding is as follows: N.A. = not analysed, N.C. = not counted, N.D. = not detected. 

Infraclasses and orders were retrieved from WoRMS Editorial Board (2024). 

As previously described and as shown in Figure 1.4, information regarding the nervous system 

in bivalve molluscs is sparse and focuses on 5-HT, FMRFamide and catecholamines only. 

Moreover, it is necessary to point out that the technique to detect catecholamines (the 

Formaldehyde-Glutaraldehyde-induced fluorescence) does not make any distinction between 

DA, NA and A ; moreover, it can target also 5-HT and its precursor, 5-hydroxytryptophan 

(Kniazkina and Dyachuk, 2022). The techniques used to date allowed to identify different 

populations of neurons, but it remains unknown if with antibodies and induced fluorescence the 

targeted structures represent the site of synthesis of the neurotransmitter or a centre where the 

neurotransmitter may be concentrated because it exerts in a specific tissue its action. Moreover, 

the nervous system structure has been so far described only by the presence/absence of 

neurotransmitters with no information about the neurotransmitters’ metabolic pathways 

(synthesis enzymes, degradation enzymes) and receptors. 
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2.1 The neuroendocrine system 

2.1.1 Endocrine signalling: definition and controversies 

As mentioned above, the nervous system is involved in perceiving external and internal stimuli 

and it is involved in communicating information to elaborate physiological responses (Carrillo-

Baltodano et al., 2024; Hartenstein, 2016; Miguel-Tomé and Llinás, 2021). To do so, a 

signalling method is required and it involves two main types of communication: paracrine, 

where the cells involved are in direct contact such as in chemical synapses (Hartenstein, 2006; 

Nickel, 2010; Wang et al., 2013), and endocrine, where the cells are not in direct contact and 

involves the secretion of messengers  (i.e. hormones or other signalling molecules) 

(Hartenstein, 2006). In bilaterians, the endocrine system consists of different specialised cell 

populations releasing chemicals in circulating body fluids which act on distant targets (Fabbri 

et al., 2024; Nussey and Whitehead, 2001). The chemicals released by the endocrine systems 

are called hormones, whose original definition by Starling (1905) was: “a substance produced 

by glands with internal secretion, which serve to carry signals through the blood to target 

organs” (Stárka and Dušková, 2020). This definition was improved to try to encompass the 

definition of hormone to other chemicals that are not necessarily produced by specialised glands 

but in other tissues (Stárka and Dušková, 2020). A newer definition is the one proposed in the 

Encyclopaedia Britannica: “Hormone, an organic substance secreted by plants and animals that 

functions in the regulation of physiological activities and in maintaining homeostasis.” 

(Barrington, 2024; Stárka and Dušková, 2020). This definition, in this context, is more correct 

because it does not impose the presence of a canonical endocrine system; indeed the majority 

of invertebrates (except Arthropoda) lack well defined glands typical of canonical endocrine 

system (Fabbri et al., 2024). By the way, this lack does not necessarily imply that there are no 

endocrine communications in invertebrates; indeed neuroendocrine cells, present in all animals 

endowed with a nervous system, possess neurosecretory neurons (Hartenstein, 2006; Schwartz 

and Norris, 2024; Tessmar-Raible, 2007). Thus, it is possible to talk of neuroendocrine system, 

defined as follows: “A neuroendocrine system consists of a neural cell or cells which secrete 

into the extracellular fluid a substance which upon reaching other cells modify their behaviour.” 

(Porter, 1973). 

2.1.2 Secretory neurons 

Neurosecretory neurons are characterised by the presence of large dense core vesicles (DCVs) 

distinct from the synaptic vesicles found at the synapse level, these DCVs are produced in the 
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soma and are distributed throughout the neuron cell body (Hartenstein, 2006; Tessmar-Raible, 

2007). Such neurons can synthesise hormones of different chemical nature:  

• Peptides: produced first in the rough endoplasmic reticulum and then processed in the 

Golgi apparatus, stored in vesicles and exerting their action through G-protein-coupled 

receptors (GPCRs). 

• Lipid derivatives: synthesised in the smooth reticulum but not stored in vesicles which 

exert their action through transcription factors localised in the cytoplasm. 

• Amino acids derivates (e.g.: monoamines) (Hartenstein, 2006; Joyce and Vogeler, 2018; 

Kleine and Rossmanith, 2016; Tessmar-Raible, 2007; Wuttke et al., 2010).  

Neurosecretory neurons are endowed with a specific molecular repertoire: peptidases, involved 

in processing the precursor of neuropeptide and hormones, enzymes for specification and 

activation of neuropeptides (e.g.: N-terminal acylation and pyrolation, C-terminal amidation) 

and hormones, and molecules required for the release of peptide and non-peptidic modulators 

through a Ca2+-dependent release. 

The presence of secretory neurons is reported in animals possessing a nervous system, even in 

low phylogenetically animals such as cnidarians (Hartenstein, 2006; Jékely, 2021; Tessmar-

Raible, 2007). In molluscs a neuroendocrine system has been reported; in particular, the 

presence of neurosecretory cells and neurohemal structures were shown where the neurites 

terminations release their content into the haemolymph. Moreover, in many cases, non-neuronal 

secretory cells are found at the level of neurohemal regions and they are under the control of 

the nervous system (Figure 1.5) (Hartenstein, 2006; Tessmar-Raible, 2007). Bodies of 

neurosecretory cells are often localised in specific areas of the nervous system; but finding 

homologies between neurosecretory systems between adults is difficult, as neurons can undergo 

long migration during development (Hartenstein, 2006). 
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Figure 1.5. Schematic representation of the neuroendocrine system. A. Neurosecretory cells (NSC) are 

represented in violet, and their soma is localised in the nervous system, the neurite projects from the 

soma to reach the sites of neurohemal release, where blood vessels are located (yellow); in pink/purple 

glands are represented even though they are not always present. B. Magnification of neurite terminal 

containing synaptic. B’ and B’’ show a greater magnification of neurotransmitter release and hormone 

release, respectively. Image taken from Hartenstein (2006). 
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Chapter 2 

2 The monoaminergic system 

2.1 Monoamines: definition 

Monoamines are biogenic amines typical of bilaterian animals and they function as 

neurotransmitters, neuromodulators and/or neurohormones (Donly and Caveney, 2005; Gallo 

et al., 2016; Goulty et al., 2023; Libersat and Pflueger, 2004; Liu et al., 2018; Sloley and Juorio, 

1995; Tierney, 2020). This means that they exert their action in the nervous system at the 

synaptic level, modulating the activity of neurons, but also in broader areas far away from the 

synthesis site, exerting their action within the organism by circulating in the blood or 

haemolymph (Libersat and Pflueger, 2004). Monoamines are involved in the regulation of a 

variety of functions such as motor control, feeding, social and sexual behaviours, reproduction, 

growth, circadian rhythms, emotional state, cardiovascular homeostasis, thermoregulation, 

endocrine secretion, learning, memory and stress response (Blenau and Baumann, 2001; Brown 

et al., 2018; Canesi et al., 2022; Donly and Caveney, 2005; Maugars et al., 2020; Swallow et 

al., 2016; Tierney, 2020). 

Monoamines include the indoleamines serotonin (5-HT) and melatonin (MT), the 

catecholamines dopamine (DA), noradrenaline (NA) and adrenaline (A), the phenolamines 

tyramine (TA) and octopamine (OA) and the imidazolamine histamine (HS) (Donly and 

Caveney, 2005; Maugars et al., 2020). 

2.2 Monoaminergic system: enzymes, transporters and 

receptors and their presence/absence across different 

species 

Monoamines are synthesised from amino acids in single and/or multistep reactions: L-

Tryptophan is the precursor of indolamines, L-Tyrosine of catecholamines and phenolamines 

and L-Histidine is the precursor of histamine (Blenau and Baumann, 2001; Verlinden, 2018). 

Animals are, thus, dependent on the intake of essential amino acids from food but the supply of 

L-Tyrosine is scarce; for this reason, monoamines that require L-Tyrosine as a precursor are 

mostly derived from L-Phenylalanine (Yamamoto and Vernier, 2011). Monoamine synthesis is 

necessary but not sufficient to exert their actions; indeed, the need to be stored, release and 
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eventually cleared from the extracellular medium to act properly (Gallo et al., 2016; Goulty et 

al., 2023). Moreover, their concentration can be regulated by degradation by catabolic enzymes. 

Finally, monoamines exert their action by binding to receptors, which are represented by G-

protein coupled receptors (GPCRs) and (Goulty et al., 2023; Yamamoto and Vernier, 2011). 

All monoamines exert their action by binding to GPCRs; serotonin only can exert its action also 

by binding to a specific family of receptors that are ligand-gated ion channel receptors 

(Bauknecht and Jékely, 2017; Hoyer, 2019a; Schwartz et al., 2021; Yamamoto and Vernier, 

2011). A schematic representation of the monoaminergic system is provided herein at the end 

of this section, along with all the necessary abbreviations (see Figure 2.2). 

2.2.1 Synthesis enzymes 

Reactions catalysed by the enzymes mentioned below and their products are summarised in 

Figure 2.1. 

2.2.1.1 Aromatic amino acids hydroxylase (AAAHs) 

L-Phenylalanine is converted into L-Tyrosine by the enzyme phenylalanine hydroxylase (PAH) 

(Yamamoto and Vernier, 2011). Indolamines and catecholamines synthesis begins with the 

addition of a hydroxyl group to the amino acid by enzymes of the family of aromatic amino 

acids hydroxylases (AAAHs). This family of enzymes encompass PAH, mentioned before, 

tryptophan hydroxylase (TPH) and tyrosine hydroxylase (TH); the last two enzymes are the 

rate-limiting enzymes of indolamines and catecholamines biosynthesis (Goulty et al., 2023; 

Verlinden, 2018).  

2.2.1.2 Aromatic amino acid decarboxylases (AADCs)  

The aromatic amino acid decarboxylase family includes the enzymes:  aromatic L-amino acid 

decarboxylase (AADC, also known as dopa decarboxylase DDC) which removes a carboxyl 

group from 5-hydroxy-tryptophan and L-3,4-dihydroxyphenylalanine producing 5-HT and DA, 

tyrosine decarboxylase (TDC) which adds a carboxyl group to L-Tyrosine to produce tyramine, 

and histidine decarboxylase (HDC) which converts L-Histidine into histamine. AADC bears 

this name because it shows affinity towards a broad range of substrates (aromatic L-amino acids 

and α-methylated amino acids) (Zhu and Juorio, 1995); moreover it was reported that it is able 

to decarboxylate L-tyrosine to produce tyramine (Pryor et al., 2016). 

Serotonin and dopamine can undergo further modification to give rise to melatonin (MT), 

noradrenaline, and adrenaline, respectively. Concerning melatonin genes were found so far only 
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in tetrapods. For this reason, MT will not be further analysed in this thesis because of scarce 

data available in invertebrates.  

2.2.1.3 Copper-dependent hydroxylases 

Dopamine and tyramine can be further metabolised by the addition of a second hydroxyl group 

by, respectively, dopamine-β-hydroxylase (DBH) and tyramine-β-hydroxylase (TBH) which 

belong to the family of copper-dependent hydroxylases (Vendelboe et al., 2016; Verlinden, 

2018, 2018; Xu et al., 2016). This family also contains the enzyme monooxygenase DBH-like 

(MOXD), whose function is still unknown (Goulty et al., 2023; Xin et al., 2004). Furthermore, 

noradrenaline can be further metabolised by phenylethanolamine-N-methyltransferase (PNMT) 

to produce adrenaline. Of note, adrenaline synthesis enzyme is found within vertebrates (Goulty 

et al., 2023). 

 

Figure 2.1. Overview of monoamines and their synthetic pathway. Monoamines are classified in each 

line depending on their chemical structure. Each synthesis pathway includes the substrates and products, 

arrows indicate the reaction with the abbreviations of the enzyme’s name. Enzymes belonging to the 

same family are highlighted with the same colour: yellow for aromatic amino acid hydroxylase (AAAH), 

green for aromatic amino acids decarboxylase (AADC) and rose for copper-dependent hydroxylases. In 

white, light grey and dark grey, there are the enzymes responsible for melatonin (black and light grey) 

and adrenaline (dark grey) synthesis, which belong to different enzyme families. PAH phenylalanine 

hydroxylase, TPH tryptophan hydroxylase, TH tyrosine hydroxylase, AADC aromatic L-amino acid 

decarboxylase, HDC histidine decarboxylase, TDC tyrosine decarboxylase, DBH dopamine-β-

hydroxylase, TBH tyramine-β-hydroxylase, AANAT aralkylamine N-acetyltransferase, ASMT 

acetylserotonin N-methyltransferase, PNMT phenylethanolamine N-methyltransferase. 
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2.2.2 Degradation enzymes 

Endogenous and exogenous monoamines are known to be metabolised by monoamine oxidases 

(MAOs) in vertebrates and invertebrates. There are two isoenzymes of MAOs: MAO-A and 

MAO-B, characterised by different affinities towards their substrate and inhibitors (Finberg and 

Rabey, 2016; Wilson et al., 2020). MAO-A acts mostly on hydroxylated amines, such as 

serotonin and noradrenaline, whereas MAO-B shows a higher affinity towards non-

hydroxylated amines (e.g.: benzylamine and beta-phenylethylamine). Dopamine and tyramine 

are substrates of both isoforms (Finberg and Rabey, 2016). 

Invertebrates were reported to inactivate monoamines by N-acetylation, γ-glutamyl-

conjugation, sulfation, β-alanyl-conjugation and sugar-conjugation but the specific enzymes 

involved in these pathways were not reported (Sloley, 2004). 

2.2.3 Vesicular and membrane transporters 

Once synthesised, monoamines are actively stored in vesicles by the vesicular monoamine 

transporters (VMATs), which are fuelled by a V-type H+-ATPase, which exchanges one 

cytosolic monoamine with luminal protons (Anne and Gasnier, 2014). VMATs belong to the 

Solute Ligand Carrier 18 (SLC18) group of the Major Facilitator Superfamily (MFS) 

Transporters. Once released in the synaptic cleft, the control of duration of signal transmission 

is regulated by the re-uptake of the monoamine. Monoamines are subject to re-uptake by 

specific re-uptake transporters that belong to the group SLC6A (or sodium: neurotransmitter 

symporter family – SNF) (Caveney et al., 2006; Lai, 2013). Differently from VMAT, which is 

typical to all monoamines, different subtypes of SLC6A are specific for one (or two) 

monoamines. Indeed, there are the serotonin re-uptake transporter (SERT, SLC6A4), the 

dopamine transporter (DAT, SLC6A3), the noradrenaline/adrenaline transporter (NET, 

SLC6A2) and the octopamine/tyramine transporter (OAT) (Caveney et al., 2006; Lai, 2013; 

Ribeiro and Patocka, 2013). To date, no histamine transporter was found and none of the 

previous ones appear to recognise histamine (Ribeiro and Patocka, 2013). 

2.2.4 Monoamines Receptors 

Serotonin receptors (5-HTRs) 

Serotonin receptors are divided into seven families and fourteen different receptors were 

identified in vertebrates (Hasan et al., 2019; Nichols and Nichols, 2008; Tierney, 2018). In 

Table 1.1 the different subtypes identified are listed. Except for 5-HTR3, which is a ligand-
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gated ion channel, the other families are GPCRs (Hasan et al., 2019; Hoyer, 2019b; Nichols 

and Nichols, 2008; Tierney, 2018). 

5-HTR1 5-HTR2 5-HTR3 5-HTR4 5-HTR5 5-HTR6 5-HTR7 
5-HTR1A 5-HTR2A 5-HTR3A 5-HTR4 5-HTR5A 5-HTR6 5-HTR7 

5-HTR1B 5-HTR2B 5-HTR3B  5-HTR5B   

5-HTR1D 5-HTR2C 5-HTR3C     

5-HTR1E  5-HTR3D     

5-HTR1F  5-HTR3E     

Table 2.1. Classification of 5-HTRs in the seven families identified to date and their respective subtypes 

in vertebrates. 

Each of the family identified trigger a specific intracellular response by binding a G-protein. 5-

HTR1and 5-HTR5 couple preferentially with Gi/o proteins, leading to a decrease of intracellular 

cyclic-AMP (cAMP); however the role of 5-HTR5 and the response it triggers is still debated 

(Frazer and Hensler, 1999; Hoyer, 2019a; Tierney, 2020). Indeed only 5-HTR5A product was 

reported in human where it was reported to a decrease of intracellular cAMP levels; on the 

contrary 5-HTR5B transduction properties are still unknown (Carson et al., 1996; Frazer and 

Hensler, 1999). 5-HTR2 couples with Gq/11 and triggers the activation of phospholipase C 

(PLC) leading to the production of inositol-triphosphate that induces elevated Ca2+ levels 

(Frazer and Hensler, 1999; Hoyer, 2019a; Tierney, 2018). 5-HTR3 is the only receptor to be a 

ligand-gated ion channel, 5-HTR3 is a non-selective cation channel, thus is allows the influx of 

Na+ and K+, leading to a transient depolarisation  (Hoyer, 2019a). 5-HTR4, 5-HTR6 and 5-

HTR7 lead to an increase in cAMP by coupling to Gs proteins (Frazer and Hensler, 1999; Hoyer, 

2019a; Tierney, 2018). 

Melatonin receptors (MTRs) 

Melatonin receptors are phylogenetically classified in tetrapods in three distinct subtypes: 

MTR1, MTR2 and MTR3. MTR3 was identified in mammals but cannot bind MT. Another 

receptor, Mel1d, was recently discovered to be present in bony fish and tetrapods but lost in 

birds and mammals (Denker et al., 2019; Maugars et al., 2020; Wang et al., 2022). Mel1d was 

also called MTR1-like due to its similarity with MTR1 (Denker et al., 2019; Maugars et al., 

2020). MTR1 is coupled with different G-proteins creating, thus, a variety of responses, 

whereas MTR2 is preferentially coupled with Gi (Amini et al., 2021; Jockers et al., 2008; Witt-

Enderby et al., 2003). 
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Dopamine receptors (DRs) 

Dopamine receptors are all GPCRs, they are divided into two families, based on the G-protein 

recruited and up to five subtypes were identified in vertebrates. The families are called DR1-

like and DR2-like and they recruit Gs, leading to an increase in cAMP levels, and Gi, leading to 

a decrease in intracellular cAMP respectively (Bhatia et al., 2024; Le Crom et al., 2003; Mustard 

et al., 2005; Schwartz et al., 2021; Suo et al., 2004). For subtypes classification, see Table 2.2. 

In protostomes, a specific invertebrate dopamine receptor (DR2/INDR) was identified and 

phylogenetically it resulted to be close to the vertebrate DR1-like family, indeed the activation 

of this subtype leads to an increase of cAMP intracellular levels and, in addition to this, it can 

also couple to Gq leading, thus, to an increase of Ca2+ (Schwartz et al., 2021). Moreover, in 

Arthropoda, a receptor that binds both DA and steroid hormone (e.g.: ecdysone) called 

DR/EcdR was identified (Schwartz et al., 2021). 

DR1-like DR2-like 
DR1 DR2 

DR5 DR3 

 DR4 

Table 2.2. Classification of DRs in the two families with the respective subtypes. 

Adrenergic receptors (ARs) 

Adrenergic receptors are GPCRs for NA and A (Gnegy, 2012). ARs are classified into three 

families: α1-ARs, α2-AR and β-ARs and NA and A can bind to the same AR (Bylund, 2003; 

Waxham, 2014). Each of the family possesses three receptor subtypes (Table 2.3) (Bylund, 

2003; Waxham, 2014). Adrenergic receptors recruit different G-proteins based on their 

classification: α1-ARs are coupled with Gq, α2-ARs are coupled with Gi and β-ARs with Gs 

(Farzam et al., 2024; Gnegy, 2012). 

α1-ΑR α2-ΑR β-ΑR 
α1A-ΑR α2A-ΑR β1-ΑR 

α1B-ΑR α2B-ΑR β2-ΑR 

α1D-ΑR α2C-ΑR β3-ΑR 

Table 2.3. Classification of ARs in three families with their respective subtypes. 

Octopamine receptors (OARs) 

Octopamine is generally thought to be the invertebrate counterpart of NA, even though trace 

amounts of OA were reported in the central and peripheral nervous system of vertebrates 

(Farooqui, 2012, 2007; Pryor et al., 2016). Octopamine receptors are nowadays classified into 

two or three classes depending on the author's way of classification, but the new classification 
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of OARs identifies two classes with their respective subtypes and studies were mainly 

conducted in insects (see Table 2.4) (Bauknecht and Jékely, 2017; Blenau et al., 2022; Farooqui, 

2012, 2007). The two families are the following and they comprehend different subtypes: α-

OAR and β-OAR (Bauknecht and Jékely, 2017; Farooqui, 2012, 2007). α-OARσ are coupled 

with Gq and with Gs proteins, β-OARs are coupled solely with Gs (Farooqui, 2012).  

α-OΑR β-OΑR 
α-OΑR β1-OΑR 

 β2-OΑR 

 β3-OΑR 

Table 2.4. Classification of OARs in three families with their respective subtypes. 

Tyramine receptors (TARs) 

Tyramine, as well as OA, is typical of invertebrates and it is found in traces in vertebrates (Pryor 

et al., 2016). In insects, tyramine receptors have been well characterised and are classified into 

two families: tyramine type 1 (TAR1), tyramine type 2 (TAR2) and tyramine type 3 (TAR3) 

and, to date, just one gene of the fruit fly, Drosophila melanogaster, was found to represent the 

TAR3 type (Bauknecht and Jékely, 2017; Blenau et al., 2022; Farooqui, 2012; Finetti et al., 

2021). Different from other receptors, TARs have no subtypes in their family (Farooqui, 2012). 

TAR1 is coupled with Gi and Gq proteins, TAR2 is coupled with Gq protein and TAR3 can 

couple with Gs and Gq (Blenau et al., 2022; Farooqui, 2012; Finetti et al., 2021). 

Histamine receptors (HSRs) 

In vertebrates, and more generally in deuterostomes, four different subtypes of histamine 

receptors were identified: HSR1, HSR2, HSR3 and HSR4, this latter not found in protostomes 

(Ravhe et al., 2021). HSR1 is linked with Gq, HSR2 with Gs and HSR3 and HSR4 with Gi (Hill, 

1991; Parsons and Ganellin, 2006; Unen et al., 2016). 
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Figure 2.2. Schematic representation of a monoamine (MA) producing cell. E1 and E2 represent enzyme 

1 and enzyme 2, respectively, depending on the synthetic pathway of the MA (see Figure 2.1). 

Degradation enzymes (2.2.2), vesicle and membrane transporters (2.2.3) and receptors (2.2.4) and are 

indicated with the abbreviations provided in the sections above. Figure adapted from Goulty et al. 

(2023). Images adapted from Servier Medical Art, licensed under CC BY 4.0 

(https://smart.servier.com). 

2.3 Presence/absence of monoaminergic system across 

evolution 

A recent study based on phylogenomic analysis pointed out that the monoaminergic system is 

a bilaterian innovation (Goulty et al., 2023). In Table 2.5, a state-of-the-art of the 

presence/absence of genes across the following bilaterian species is reported for Caenorhabditis 

elegans, Drosophila melanogaster, Crassostrea gigas, Strongylocentrotus purpuratus, Ciona 

intestinalis, Branchiostoma floridae, Danio rerio and Homo sapiens. 

The synthesis enzymes of 5-HT and DA (i.e.: TPH, TH and AADC) are found across all the 

species listed. HDC was found in all species listed here except for C. elegans and C. intestinalis. 

C. elegans does not produce histamine itself but obtains it from the environment, (Anctil, 2009; 

Burke et al., 2006; Candiani et al., 2012; Cao et al., 2010; Dag et al., 2023; Dehal et al., 2002; 

Francis et al., 2017; Goulty et al., 2023; Iyer et al., 2004; Kezmarsky et al., 2005; Kutchko and 

Siltberg-Liberles, 2013; Li et al., 2018; Lin et al., 2020; Marquina-Solis et al., 2022; Moroz et 

al., n.d.; Paganos et al., 2021; Pennati et al., 2024, 2007; Sáenz-de-Miera and Ayala, 2004; 

https://smart.servier.com/
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Siltberg-Liberles et al., 2008, 2008; Watanabe et al., 2011; Xu et al., 2019; Yamamoto et al., 

2010). TDC synthesizes tyramine, which signals through specific receptors present in 

Protostomia but not in Deuterostomia (Bauknecht and Jékely, 2017; Goulty et al., 2023). 

Consistently, TDC is reported to be present in Ecdysozoa and Mollusca and not in 

Deuterostomia except, surprisingly, in S. purpuratus where the presence of a TDC was recently 

reported. DBH and TBH are responsible for the synthesis of NA and OA, respectively. 

Ecdysozoa have TBH and not DBH; whereas other Protostomia and Deuterostomia possess 

DBH and not TBH, consistent with octopamine found in this species, in mammals as well as 

trace amine (Goulty et al., 2023; Pryor et al., 2016). 

As mentioned earlier in section 2.2, invertebrates degrade MOA by forming conjugated 

substances (Sloley and Juorio, 1995) but MAOs are present across all Bilateria. Indeed, one 

MAO has been found in all the species here analysed except D. melanogaster, where MOAs 

are absent. No information is available for the presence or absence of MAOs in Branchiostoma 

floridae (Baronio et al., 2022; Boos et al., 2021; Boutet et al., 2004; Finberg and Rabey, 2016; 

Martin and Krantz, 2014; Roelofs and Van Haastert, 2001; Squires et al., 2010; Wilson et al., 

2020). 

Regarding transporters, VMAT is reported to be present in all the species analysed here (Byrne, 

2019; Duerr et al., 1999; Goulty et al., 2023; Lawal and Krantz, 2013).As for membrane 

transporters, most information concerns SERT and DAT. SERT is present in all Bilateria, but 

no data are available for the bivalve mollusc C. gigas (Amador and McDonald, 2018; Burke et 

al., 2006; Camicia et al., 2022; Candiani et al., 2012; Caveney et al., 2006; Dag et al., 2023; 

Frese et al., 2024; Larsen et al., 2011; Matsuo et al., 2016; Pörzgen et al., 2001; Ribeiro and 

Patocka, 2013). Similarly, DAT is found across Bilateria, with no data available for C. gigas. 

Interestingly, it has been reported that DAT exists in invertebrates as the invertebrate dopamine 

transporter (iDAT), forming a separate clade in phylogenetic analysis, which acts as a sister 

group to vertebrate DAT and NET. NET is not reported to be present in protostome species but 

only in deuterostomes (Burke et al., 2006; Camicia et al., 2022; Caveney et al., 2006; Larsen et 

al., 2011; Pörzgen et al., 2001). Conversely, OAT has been found in various Arthropoda species 

(but not in D. melanogaster, which appears to be a specific case) and in other protostome 

species like the annelid Lumbricus terrestris and the Platyhelminthes Schistosoma and 

Schmidtea, suggesting that OAT might be present in other protostome species, but not in 

deuterostomes (Camicia et al., 2022; Caveney et al., 2006; Donly and Caveney, 2005). It should 

be noted that research on OAT is very limited.  
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Finally, the analysis of the presence/absence of receptors helps determining if the complete 

machinery of a MOA system is present. 5-HTRs and DRs have been extensively studied, and 

found in all species analysed; the only exception is C. intestinalis, for which no data regarding 

the presence of DRs were found (Albert and Lemonde, 2004; Blenau et al., 2022; Blenau and 

Baumann, 2001; Burke et al., 2006; Burman and Evans, 2010; Canesi et al., 2022; Dag et al., 

2023; Opazo et al., 2018; Pennati et al., 2024; Rosikon et al., 2023; Schwartz et al., 2021; 

Sourbron et al., 2016; Souza et al., 2021; Yamamoto et al., 2010; You et al., 2023). Histamine 

receptors (HSRs) have been less studied, with data available for all species analysed here except 

for C. gigas and C. intestinalis (Burke et al., 2006; Burman et al., 2007; D’Aniello et al., 2020; 

Panula et al., 2022; Ravhe et al., 2021; Rosikon et al., 2023).  

Regarding adrenergic receptors, α1-ARs and α2-ARs are present in both protostomes and 

deuterostomes, while β-ARs are exclusive to chordates as well as the synthesis enzyme for A, 

for this reason, it will not be further discussed in this thesis (Apaydin et al., 2023; Bauknecht 

and Jékely, 2017; Burke et al., 2006; Ruuskanen et al., 2005). Finally, OARs and TARs are 

reported to be exclusive of protostomes and hemichordates, and thus absent in all the rest of the 

deuterostomes (Bauknecht and Jékely, 2017; Evans and Maqueira, 2005; Rosikon et al., 2023; 

Schwartz et al., 2021). 

The presence or absence of monoaminergic genes is summarised in Table 2.5. 

 

Table 2.5. Distribution of monoaminergic genes across different species of bilaterians. Green check 

boxes indicate the presence, blank cells absence and N.A. stands for not available data. 
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2.4 Roles of Monoamines in bivalve molluscs 

2.4.1 Physiological roles 

2.4.1.1 Serotonin (5-HT) 

In bivalves, 5-HT was shown to have pleiotropic functions (Canesi et al., 2022). 5-HT induces 

spawning in several bivalve species and its concentration undergoes seasonal variations 

following spawning (Alavi et al., 2017). Injection of 2 mM 5-HT induced different species to 

spawn (Artica islandica, Argopecten irradianis, C. virginica, Geukenasia demissa, Mercenaria 

mercenaria and Spisula solidissima) with males appearing more sensitive to 5-HT than females 

(Gibbons and Castagna, 1984). Moreover, 5-HT-induced spawning in other species such as 

Hippopus hippopus, H. porcellanus, Sphaerium transversum, S. striatum, , Tridacnia gigas, T. 

dersasa, T. maxima, T, crocea and T. squamosa (Braley, 1985; Fong et al., 1996; Hirai et al., 

1988; Ram et al., 1993). 5-HT was shown to be involved also in meiosis re-initiation in Hiatella 

flaccida and S. solidissima. In H. flaccida addition of exogenous 5-HT at a concentration higher 

than or equal to 1 μM induced the germinal vesicle breakdown (GVBD) through an increase in 

Ca2+ intracellular levels and in pH; moreover, 5-HT at concentrations equivalent to or higher 

than 100 nM triggered the polar body formation (Deguchi and Osanai, 1995). In S. solidissima 

5-HT induced GVBD and extrusion of the first and second polar bodies (Hirai et al., 1988). 5-

HT was shown to act also on sperm by increasing its motility (Boulais et al., 2019). In larvae 

of C. gigas 5-HT was shown to be pivotal for larval development: indeed inhibition of its 

synthesis led to malformed larvae (Liu et al., 2020). Liu et al. (2020) also showed that 5-HT 

and also DA are pivotal for a normal larval development because they control two enzymes 

involved in the process of shell biogenesis: tyrosinase and chitinase by triggering a TGF-β 

pathway. Tyrosinase was shown to play a key role in shell biogenesis also in M. 

galloprovincialis because, in concert with other enzymes/proteins, it regulated the deposition 

of the organic shell (mainly composed of chitin) that acts as a blueprint for the deposition of 

the inorganic one (Miglioli et al., 2019). 

Bivalves are filter feeders and filter huge amounts of water each day (about 40 L for Myilus 

spp.) with gills being involved in water current creation to allow both feeding and respiration 

(Canesi et al., 2022; Carroll and Catapane, 2007; Fabbri et al., 2023). C. virginica exposed to 

exogenous 5-HT showed a dose-dependent increase in gill ciliary beating; moreover, the 

application of 5-HT to visceral ganglia alone and the application of 5-HT to cerebral ganglia  

resulted in a dose-dependent increase of ciliary beating rates, showing that the serotoninergic 
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system is involved in gill functioning (Carroll and Catapane, 2007). Isolated gills of M. 

mercenaria showed a dose-dependent increase in gills contraction in response to 5-HT (Gainey 

et al., 2003). 

5-HT is also involved in controlling the siphon/mantle contraction-relaxation, the heart and the 

catch muscle (Canesi et al., 2022). In D. polymorpha exogenous 5-HT addition induced 

biphasic responses depending on the concentration. Low concentrations (10-6, 10-5 M) induced 

relaxation, whereas high concentration (10-3 M) induced contraction resulting in the opening of 

both siphons; whereas 10-4 M induced a biphasic response, first a relaxation followed by a slow 

contraction (Ram et al., 1999). In the ventricle of M. mercenaria 5-HT induced positive 

inotropic responses in a dose-dependent way; moreover, a positive correlation between 

contraction after exposure and an increase in cAMP concentration was reported (Paciotti and 

Higgins, 1985). Moreover, 5-HT produced positive ionotropic and chronotropic effects in the 

heart of Meretrix lusoria (Lee et al., 1993). Catch and adductor muscles were shown to be 

innervated by 5-HT positive fibres in M. edulis and C. gigas. 5-HT was shown to induce a rapid 

relaxation of the catch muscle by inducing an increase in intracellular levels of cAMP (Dyachuk 

et al., 2012). 

2.4.1.2 Dopamine (DA) 

In contrast to 5-HT, DA did not induce spawning nor oocyte maturation in S. solidissima, S. 

transversum and S. striatum (Fong et al., 1996; Hirai et al., 1988). However, in C. angulata, 

DA is involved in oocyte maturation: a receptor called Ca-DAR1 is particularly expressed in 

the gonad during the proliferation stage, whereas its expression profile declines in the following 

stages up to the release of oocytes (Yang et al., 2013). In C. gigas a dopamine invertebrate 

receptor (CgDOP2R) was found to be abundantly expressed during oocyte maturation, and in 

the early developmental stages suggesting a possible role in embryo development (Schwartz et 

al., 2021).  As discussed above for 5-HT, DA is involved in the shell biogenesis process. Further 

involvement of DA in larval development was shown by specifically inhibiting dopamine 

receptor type one with SCH 23390 in M. galloprovincialis. Receptor inhibition impaired shell 

formation (Miglioli et al., 2021b). Larvae of the mussels M. galloprovincialis and Perna 

canalicus showed an increase in settlement when exposed to L-DOPA and DA (Young et al., 

2015; Sánchez-Lazo and Martínez-Pita, 2012) 

Dopaminergic nerves were shown to be localised in cerebrovisceral connectives and in the 

branchial nerve, which innervates the gills and extends from the visceral ganglia. Contrary to 
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5-HT, DA application on gills or CG or VG resulted in a decrease in ciliary beating (Carroll 

and Catapane, 2007). 

2.4.1.3 Noradrenaline (NA) 

NA was found to induce metamorphosis in two oyster species, C. gigas and C. virginica, and 

metamorphosis seemed to be controlled by adrenergic receptors in C. gigas (Coon et al., 1986; 

Coon and Bonar, 1987). In addition to this, in the oyster C. angulata, an adrenergic receptor 

was identified and its RNA concentration was analysed during larval development and it peaked 

just before metamorphosis (Yang et al., 2012). NA is a key mediator of the neuroendocrine-

immune (NEI) system, a complex system that plays indispensable roles in keeping immunity. 

NA is involved in regulating apoptosis, phagocytosis and immune response in C. gigas (Liu et 

al., 2018). Moreover, NA was found to be associated with apoptosis induction in the pearl 

oyster, Pinctada imbricata, and in the rocky oyster, Saccostrea glomerata (Aladaileh et al., 

2008; Kuchel and Raftos, 2011). In P. imbricata, haemocytes exposed to NA displayed DNA 

fragmentation at each concentration tested (2.5, 5 and 10 ng NA/μg protein); moreover, marker 

of early apoptosis events (i.e.: Annexin V) was evident in haemocytes exposed to 5 and 10 ng 

NA/μg protein. Haemocytes displayed also morphological changes when exposed to NA such 

as cytoplasmic and chromatin condensation, vacuolisation, formation of apoptotic bodies and 

blebbing (Kuchel and Raftos, 2011). Similar results were found for S. glomerata. Haemocytes 

suspended in a solution containing 150 nM NA displayed typical apoptotic markers such as 

DNA fragmentation, DNA aggregation, mitochondrial degeneration and blebbing (Aladaileh et 

al., 2008). 

2.4.1.4 Tyramine (TA) and Octopamine (OA) 

AO is reported to mediate cardiac function in the clam Tapes watlingi and in the oyster C. 

virginica. However, TA and OA are poorly studied and documented as reported by  Fabbri et 

al. (2024).  

2.4.2 Monoamines roles in response to environmental stressors: focus on 

marine bivalves 

2.4.2.1 Adults 

The bivalve neuroendocrine system includes several neurotransmitters, neuropeptides, 

hormones and cytokines; among all the molecular components characterised to date, 

components of the monoaminergic system are involved in response to environmental stressors 

(Fabbri et al., 2024; Liu et al., 2018). 
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Several experiments suggest that 5-HT may be involved in C. gigas in immune response. 

Haemocytes exposed to lipopolysaccharide (LPS, component of the outer membrane of Gram-

negative bacteria) showed an increased expression of a putative 5-HTR1, and addition of a non-

selective inhibitor of 5-HTR (methiothepin) induced a decrease in mRNA levels of a pro-

inflammatory cytokine: tumour necrosis factor (TNF) and an increase in activity of the 

superoxide dismutase (SOD) (Jia et al., 2018). 

Components of the MA system were shown to be involved in hypoxia, which can impact the 

neuroendocrine system (Dong et al., 2017; Kotsyuba and Dyachuk, 2023; Liu et al., 2018). In 

the Pacific oyster, C. gigas, exposure to air for one day led to an increase of 5-HT concentration 

in the haemolymph, moreover, it was demonstrated that the addition of exogenous 5-HT could 

extend the survival rate after four and six days of exposure to air and it was also able to reduce 

the rate of apoptosis of haemocytes (Dong et al., 2017; Fabbri et al., 2024). DA was also found 

to be involved in hypoxia but, contrary to 5-HT, DA showed a decrease in concentration in the 

haemolymph of the scallop, Chlamys farreri, and in the muscle of the mussel Perna perna after 

24 hours of exposure to air (Kotsyuba and Dyachuk, 2023). Exposure to air triggers also 

noradrenaline, indeed its concentration in C. farreri was found to increase, contrary to 

dopamine which showed a decrease in concentration (Chen et al., 2008). 

Other stressors such as high temperature and low salinity were shown to affect DA and NA 

concentrations in the haemolymph of C. farreri. When the two stressors were applied, NA 

concentrations showed an increase, whereas DA showed an inverse trend in response to these 

stressors (Chen et al., 2008; Fabbri et al., 2024). 

The application of mechanical stressors, such as agitation, on C. gigas showed that haemolymph 

concentrations of DA and NA were higher than those found in controls (Lacoste et al., 2001). 

In the experiments of Chen et al. (2008) and Lacoste et al. (2001), adrenaline was analysed. Its 

presence/absence was debated by the authors because it was found to be present in some bivalve 

species and absent in others. Moreover, the recent phylogenomic analysis showed that the 

enzyme required for A synthesis is exclusive to chordates, raising thus more doubts about its 

real presence or absence in bivalves (Goulty et al., 2023). However, this subject will not be 

analysed in this thesis. 

Effects on M. edulis serotoninergic system were studied by exposing mussel to different 

concentration, in the environmental range, of manganese (Mn 10, 100, 1000 nM), lead (Pb, 

0.01, 0.1 and 10 nM) and cadmium (Cd, 0.01, 0.1 and 10 nM) (Fraser et al., 2018). It was shown 
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that metals did not induce any change in the concentration of 5-HT and no differences were 

found among females and males specimens with the exception of Cd, which caused a significant 

decrease in serotonin levels in males compared to females at the lower concentration tested 

(0.01 nM) but not at higher concentrations (Fraser et al., 2018). Moreover, the serotonin 

reuptake transporter (SERT) was analysed in terms of protein expression, and it was found that 

all metals induced a decrease in its expression in the mantle (except for 10 nM Mn tested). In 

addition to this, the enzyme responsible for monoamines degradation (MAO) was analysed. 

The activity of MOA was found to be decreased in the mantle of mussels treated with Cd and 

with effects in both sexes (increased in males and decreased in females), whereas Pb has no 

effect on MAO activity (Fraser et al., 2018). 

2.4.2.2 Larvae  

Calcifying larvae of marine invertebrates, such as molluscs and echinoderms, are particularly 

sensitive to environmental stressors (Ross et al., 2016). Serotonin and dopamine were shown to 

be affected in response to acidification in the larvae of the Pacific oyster, C. gigas (Liu et al., 

2020). Trochophore larvae of the oyster were treated with a severe acidification (pH 7.4, control 

pH 8.1) and it was shown that treated larvae presented abnormalities in the calcified shell, in 

particular the shell was full of wrinkles and the calcified shell was barely formed compared to 

larvae grown in control conditions. The content of 5-HT and DA was measured in D-veliger 

larvae and acidification treatment induced a reduction in the content of both 5-HT and DA 

levels (Liu et al., 2020).  

Liu et al. (2020) showed that acidification decreased the level of mRNA expression of the rate 

limiting enzyme for 5-HT synthesis, TPH, and the enzymes involved in the second step of 

synthesis of both 5-HT and DA were significantly downregulated. Moreover, genes involved 

in the synthesis of the organic shell (composed of chitin, which is the main component, acid 

polysaccharides, proteins and glycoproteins) were affected: in particular there was an 

upregulation of chitinase and the expression of tyrosinase was hindered (Liu et al., 2020; 

Miglioli et al., 2019). Different genes were shown to be involved in shell biogenesis process in 

the Mediterranean mussel M. galloprovincialis, contributing to the formation of the organic 

shell: tyrosinase, chitin synthase, carbonic anhydrase and extrapallial proteins but, among them, 

tyrosinase was shown to be pivotal for the shell biogenesis process (Miglioli et al., 2019). Since 

TPH and other synthesis enzymes were downregulated after acidification treatment and 

expression profiles of shell biogenesis genes altered, Liu et al. (2020) imagined a possible 

connection between 5-HT and DA and the shell biogenesis process. They hypothesised a 
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regulation of shell biogenesis genes mediated by a TGF-β smad pathway mediated by a 

serotonin receptor, named 5-HTR1, and a dopamine receptor, named DR1. They showed that 

treatment with exogenous 5-HT and DA triggered the phosphorylation of TGF-β type I receptor 

(TIR) and the translocation of smad4 from cytoplasm to nucleus and upregulated both 

tyrosinase and chitinase. Ocean acidification hindered both TIR phosphorylation and smad4 

translocation. Thus authors hypothesised that 5-HT and DA control shell biogenesis process by 

triggering the phosphorylation of TIR and the nuclear translocation of samd4 which, in normal 

conditions, should promote the transcription of tyrosinase and the inhibition of transcription of 

chitinase (Liu et al., 2020). 

Effects of acidification were tested also M. galloprovincialis (Kapsenberg et al., 2022, 2018). 

It was shown that acidification (pH 7.4) induced malformations in development and in CaCO3 

deposition, resulting in a “keyhole shaped indentation” meaning that no deposition of inorganic 

shell was occurring in that spot (Kapsenberg et al., 2018). Moreover, acidification induced a 

reduction in size of organic and inorganic shell in treated samples compared to controls (pH 

8.1) (Kapsenberg et al., 2018). Acidification treatment was also shown to alter tyrosinase and 

chitinase expression, as it happened in Pacific oyster (Kapsenberg et al., 2022). These results 

show that OA can affect embryo-larval development directly.  

Recently, a class of contaminants, called Contaminants of Emerging Concern (CEC) were 

shown to alter the monoaminergic system of adult and larval stages of bivalves. For this reason, 

the next chapter will show the state of the art of CEC.   
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Chapter 3 

3 Contaminants of Emerging Concern  

Contaminants of emerging concern (CEC) are defined as follows: “naturally occurring, 

manufactured or manmade chemicals or materials which have now been discovered or are 

suspected to be present in various environmental compartments and whose toxicity or 

persistence are likely to significantly alter the metabolism of a living being.” (Sauvé and 

Desrosiers, 2014). Sauvé and Desrosiers (2014) discuss also the importance of the terminology, 

especially the difference between “emerging contaminants” and “contaminants of emerging 

concern”. Emerging contaminants can be defined as compounds or molecules which are new, 

meaning that previously they were not known, or they could be substances that only recently 

appeared in the scientific literature. On the contrary, contaminants of emerging concern are 

compounds already known to exist, but their potential environmental impacts and risks were 

not fully understood until new findings arose. 

CEC include different types of chemicals that can be classified as endocrine disrupting 

chemicals (EDCs), Brominated and per- and polyfluorinated compounds (brominated flame 

retardants - BFRs and per- and polyfluorinated alkyl substance - PFAS), pharmaceuticals and 

personal care products (PPCPs), plasticizers, nanomaterials, marine biotoxins, siloxanes and 

microplastics (Álvarez-Muñoz et al., 2016; Canesi et al., 2022; Fabbri et al., 2014; Feng et al., 

2023). 

3.1 Endocrine Disrupting Chemicals (EDCs) and Neuro-

Endocrine Disrupting Chemicals (NEDs) 

Endocrine Disrupting Chemicals (EDCs) are a class of molecules highly heterogeneous. They 

are represented by synthetic chemicals originally designed for different specific functions 

(Diamanti-Kandarakis et al., 2009; Noguera-Oviedo and Aga, 2016; Schug et al., 2011). EDCs 

include solvent and lubricants and their byproducts (polychlorinated buphenyls – PCBs, 

polybrominated biphenyls – PBBs, dioxins), plastics (bisphenol A – BPA), plasticizers 

(phthalates), pesticides (dichlorodiphenyltrichloroethane - DDT), fungicides, antifouling agents 

(tributyltin - TBT), flame retardant agents, pharmaceutical, cosmetics, metals and also natural 

chemicals found in food (e.g.: phytoestrogens) (Álvarez-Muñoz et al., 2016; Bergman et al., 

2012; Bertram et al., 2022; Diamanti-Kandarakis et al., 2009; Schug et al., 2011; Stiefel and 
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Stintzing, 2023). Moreover, it has been shown that most EDCs are persistent or pseudo-

persistent in the environment (Bergman et al., 2012; Pironti et al., 2021). 

EDCs enter the environment in several ways, and the most common is represented by human 

related activities, coming from municipal wastewater treatment plants (WWTPs) discharge, 

industrial waste but also from agriculture, aquaculture and rainwaters (Bertram et al., 2022; 

Noguera-Oviedo and Aga, 2016; Pironti et al., 2021). EDCs are known to contaminate surface 

and ground waters, rivers, lakes and the marine environment (Pironti et al., 2021). 

Concentrations of EDCs vary depending on the compound and the sampling area. Indeed, 

concentrations of the hormone 17-β-estradiol in the African country were shown to be 3000 to 

20’000 times higher than in Europe (510 – 45’000 ng/L vs 3310 – 15’700 ng/L) (Pironti et al., 

2021). Pironti et al. (2021) reported a list of different EDCs, showing that their concentration 

in freshwater and seawater ranges from a minimum of < 1 ng/L to a maximum of ≈ 170’000 

ng/L. 

The term Endocrine Disruptor (ED) was first introduced at the at the Wingspread Conference 

in Wisconsin, USA in 1991. In 1996 an ED was defined by the Testing Advisory Committee 

(EDSTAC) as “an exogenous chemical substance or mixture that alters the structure or 

function(s) of the endocrine system and causes adverse effects at the level of the organism, its 

progeny, populations, or subpopulations of organisms, based on scientific principles, data, 

weight-of-evidence, and the precautionary principle.” (Zoeller et al., 2012). Also in 1996, the 

Environmental Protection Agency (EPA) defined an ED as “exogenous agents that interfere 

with the synthesis, secretion, transport, binding, action or elimination of natural hormones in 

the body that are responsible for the maintenance of homeostasis, reproduction, development 

and/or behaviour” (Yilmaz et al., 2020; Zoeller et al., 2012). Subsequently, the definition of 

ED has been updated and now the most common definition of ED is: “an exogenous substance 

or mixture that alters function(s) of the endocrine system and consequently causes adverse 

health effects in an intact organism, or its progeny, or (sub) populations” (Bertram et al., 2022; 

Pironti et al., 2021). 

EDCs were thought to exert their action primarily though nuclear hormone receptor, including 

oestrogen and androgen receptors, progesterone receptors, thyroid receptors and retinoid 

receptors (Diamanti-Kandarakis et al., 2009). However, other mechanisms of action of EDCs 

were demonstrated; indeed, they can exert their action not only by binding to nuclear hormone 

receptors but also by interfering with the synthesis, metabolism and delivery of an hormone, by 

binding to non-steroid receptors (e.g.: neurotransmitter receptors such as serotonin, dopamine 



34 

 

and noradrenaline receptors) and orphan receptors (Bergman et al., 2012; Diamanti-Kandarakis 

et al., 2009; Gore, 2010; Schug et al., 2011). 

Since hormones can be of different chemical nature and since the EDCs have a broad spectrum 

of targets, several EDCs were found to act also as Neuro-Endocrine Disruptors (NEDs) in 

vertebrates (Canesi et al., 2022; Gore, 2010; Rosenfeld et al., 2017; Seralini and Jungers, 2021). 

As previously described in chapter one, invertebrates, with the exception of Arthropoda, lack a 

canonical endocrine system but they are endowed with a neuroendocrine system made up of 

secretory neurons (Fabbri et al., 2024; Hartenstein, 2016; Tessmar-Raible, 2007). Moreover, 

hormones display different chemical natures, they can be peptides, lipids and amino acids 

derivates, such as monoamines (Hartenstein, 2006; Joyce and Vogeler, 2018; Kleine and 

Rossmanith, 2016; Tessmar-Raible, 2007; Wuttke et al., 2010). It could be thus possible to 

argue that effects of disruption of EDCs in invertebrates are mainly neuroendocrine, acting thus 

as NEDs (Canesi et al., 2022). 

EDCs include pharmaceuticals, among others. The next chapter will focus on the description 

of Pharmaceuticals and Persona Care Products, with a focus on a class of pharmaceutical drugs 

that act specifically on the monoaminergic system. 

3.2 Pharmaceuticals and personal care products (PPCPs) 

PPCPs are a class of several organic chemicals used to treat human and animal diseases and for 

healthcare. When released into the environment, they can be found as neutral, cationic, anionic 

or zwitterionic. Pharmaceuticals are represented by drugs and agents designed to heal/treat 

diseases and they are classified based on their therapeutical purpose: analgesics, nonsteroidal 

anti-inflammatory drugs (diclofenac, ibuprofen), antibiotics (sulfamethoxazole, roxithromycin, 

erythromycin), diagnostic agents, diuretics, hormones (17-β-estradiol), nutritional supplements, 

psychiatric drugs (citalopram, fluoxetine, diazepam, carbamazepine) and β-blockers. Personal 

care products (PCPs) include different types of compounds such as cosmetics, disinfectants, 

fragrances, gels, preservatives, soaps and sunscreen creams (Álvarez-Muñoz et al., 2016; 

Chopra and Kumar, 2018).  

When pharmaceuticals are administrated, they are bio-transformed in more polar molecules. 

However, not all administrated dose is subjected to metabolism, that can frequently be 

incomplete. Indeed PPCPs are excreted both as metabolites and pristine forms (Álvarez-Muñoz 
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et al., 2016; Chopra and Kumar, 2018). On the contrary, PCPs are designed for topical 

use/application, thus they are not subject to metabolism. 

PPCPs enter the ecosystem through effluents from wastewater treatment plants (WWTPs), 

sewage treatment plants (STPs) and through domestic waste, large farms and aquaculture 

facilities and horticulture (Álvarez-Muñoz et al., 2016; Chopra and Kumar, 2018). PCP used 

for topical application can enter the environment directly (Chopra and Kumar, 2018). In 

WWTPs, two main processes are involved in eliminating PPCPs: absorption to suspended 

solids (sewage sludge) and biodegradation. Adsorption depends on a compound's electrostatic 

and hydrophobic characteristics; in general, absorption of acid pharmaceuticals to sludge is 

considered irrelevant. Thus, for dissolved compounds, biodegradation, in aerobic or anaerobic 

conditions, is the most common elimination process occurring (Fent et al., 2006).  The removal 

rates of WWTPS and STPs can be affected by environmental factors such as pH, redox 

condition and temperature and by properties of the chemicals (solubility, half-life, tendency to 

volatise) (Álvarez-Muñoz et al., 2016; Gaw et al., 2014). WWTPs were reported to be 

inadequate for completely removing PPCPs and removal rates were shown to vary from 

chemical to chemical (e.g.: ibuprofen and ketoprofen are subjected to an elimination rate 

between 94-100%, for diclofenac it is around 26%) (Fent et al., 2006). Moreover, PPCPs can 

react with each other, or other compounds present in WWTPs forming conjugated compounds. 

PPCPs are widely detected in aquatic environments (lakes, rivers, groundwater and sea). PPCPs 

are also found in waters used for irrigation because it is water generally recycled from WWTPs 

and STPs resulting, thus, in a possible contamination through the food chain. In addition to this, 

PPCPs were found in drinking water as well (Álvarez-Muñoz et al., 2016; Chopra and Kumar, 

2018). The continuous input of PPCPs in the environment and the low capability of WWTPs to 

remove PPCPs (and more in general CEC) led them to become pseudo-persistent contaminants 

(Chopra and Kumar, 2018; Fabbri and Franzellitti, 2016; Mole and Brooks, 2019). 

Pharmaceuticals, once in the environment, also deposit on sediments, turning in sediments as a 

second pollution source of pharmaceuticals (Fabbri et al., 2023).  

Domestic, hospital, aquaculture and industrial effluents are often associated with very high 

concentrations of PPCPs, that can reach the range of mg/L; on the contrary, the concentration 

in environmental matrices is lower, in the range of ng-μg/L (Duarte et al., 2023; Fabbri et al., 

2023). A problem represented by PPCPs is that their prescription has increased worldwide in 

the past decade and this trend is expected to continue, associated with population growth 

resulting in higher demand for PPCPs. In addition to this, human activities, such as aquaculture, 
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and the increase of people inhabiting coastal areas pose relevant implications for the risk 

assessment of PPCPs (Duarte et al., 2023; Fabbri and Franzellitti, 2016). Another problem 

represented by pharmaceuticals is that they are designed to act on a specific target (enzyme, 

receptor or transporter) that can be evolutionary conserved in other animals, eliciting responses 

at very low dosages (Ankley et al., 2007; Duarte et al., 2023; Fabbri and Franzellitti, 2016; 

Franzellitti et al., 2015, 2013; Gunnarsson et al., 2008). For this reason, dilution in marine 

environments does not represent a safety factor (Fabbri and Franzellitti, 2016). Indeed, the 

European Legislation included pharmaceuticals as emerging contaminants of priority concern, 

given the potential toxicity of pharmaceutical compounds in the environment (Duarte et al., 

2023; European Commission, 2022). 

3.2.1 The concepts of Mode-of-Action (MOA) and the Adverse Outcome 

Pathway (AOP) 

A conceptual model defined as “mode-of-action” was developed to assess the environmental 

risks of pharmaceuticals. This model assumes that the properties and toxicity of a 

pharmaceutical in mammals must be taken into account and integrated with the knowledge 

available regarding the species used as model organism (Ankley et al., 2007; Franzellitti et al., 

2013). Thus, knowledge of pharmaceutical pathways can be used to identify tests, species and 

appropriate endpoints for assessing the ecological risk (Figure 3.1) (Ankley et al., 2007). 

Knowledge of MOAs can be pivotal to lead scientists to identify drugs that could be of less 

concern in non-target species (Ankley et al., 2007). However, side effects in non-target species 

can cause toxicity through other pathways than what they were designed for (Ankley et al., 

2007; Fabbri and Franzellitti, 2016). 
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Figure 3.1. Schematic representation of characterisation of risk assessment. 

In assessing the potential toxicological effect of PPCPs, the concept of “adverse outcome 

pathway” (AOP) represents a good tool for ecological risk assessment (Hutchinson et al., 2013). 

The AOP is defined as the sequence of events that from the exposure of an individual to a 

chemical, lead to its adverse effect at the individual or population level (OECD, 2020). The 

AOP is a sequence of events that connects the molecular initiating event (MIE) with the final 

AOP. The MIE is characterised by a chemical interacting with a biological target which leads 

to a first cellular response and a subsequent series of responses at higher levels (organ, organism 

and, finally, population) to produce the adverse outcome (see Figure 3.2 taken from Ankley et 

al. (2010). 
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Figure 3.2. Conceptual diagram representation of the events that lead to an adverse outcome pathway 

(AOP). Image adapted from Ankley et al. (2010). 

The following section will focus on the PPCPs object of study of this PhD thesis: the Selective 

Serotonin Reuptake Inhibitors, designed to act specifically towards the serotoninergic system, 

in particular to bind the Serotonin Reuptake Transporter (SERT). 

3.3 Selective Serotonin Reuptake Inhibitors (SSRIs) 

Selective serotonin reuptake inhibitors are a class of pharmaceuticals commonly prescribed to 

treat several psychiatric disorders such as depression, anxiety, compulsive behaviour, eating 

and personality disorders (Andersen et al., 2009; Brooks et al., 2003; Chu and Wadhwa, 2024).  

Fluoxetine (FLX) was the first SSRI to be approved in 1986. In the following years, many other 

SSRIs have been commercialised, including Citalopram (CIT), Escitalopram (ESC), Paroxetine 

(PAR), Sertraline (SER) and Fluvoxamine (Chu and Wadhwa, 2024; Robert et al., 2017). 

Generally, SSRIs are known by their brand names(s): FLX is commercialised under the name 

of Prozac (but also Sarafem and Symbax), CIT is known as Celexa, Escitalopram as Lexapro, 

PAR as Paxil (or Paxil CR, Paxeva), SER as Zoloft and Fluvoxamine as Luvox (FDA, 2018). 

SSRIs are among the most widely prescribed antidepressants and the most prescribed ones are 

FLX, SER and CIT (Canesi et al., 2022; Chen et al., 2022). 

SSRIs are designed to bind the serotonin reuptake transporter (SERT) resulting in an inhibition 

of the recycling of 5-HT thereby increasing the 5-HT concentration at the synaptic level 

(Andersen et al., 2014, 2009; Zhou et al., 2009). However, the mechanisms of inhibition of 

SERT were reported to be poorly understood by Andersen et al. (2014, 2009). They tried to 

shed light on the mechanisms of recognition of SSRIs towards SERT using the X-ray crystal 

structure of a bacterial molecule, showing that several amino acids are involved in the binding.  
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3.3.1 Concentration of SSRIs in aquatic matrices 

Generally, their concentration ranges from μg/L in inland waters to ng/l in marine water and up 

to 500 ng/L in urban estuaries (Canesi et al., 2022). Their concentration varies from place to 

place. Supplementary Table 1 shows the values of different SSRIs found in different types of 

samples and areas. As it is possible to see from Supplementary Table 1, most data are reported 

for FLX, CIT PAR and SER. FLX and CIT, show the highest concentrations: ≥ 500 ng/L and 

≈ 92 ng/L respectively. FLX active moiety range is 120/160-300 ng/mL, CIT range is 10-200 

ng/L (Eibak et al., 2010; Koelch et al., 2011).  

3.3.2 Effects of SSRIs on bivalves 

3.3.2.1 Adults 

In Sphaerium striatinum fluvoxamine and PAR but not FLX were shown to induce parturition, 

as well as the addition of exogenous serotonin (Fong et al., 1996; Fong and Ford, 2014). In 

Macoma balthica it was found that combination with thermal stress and addition of 1 mg/L of 

FLX could extend the spawning seasons (Fong and Ford, 2014; Honkoop et al., 1999).  

Juveniles of C. gigas (eight months old) were exposed to increasing concentrations of FLX (1, 

100 and 10’000 ng/L) and different endpoints and biomarker were analysed. FLX did not induce 

any differences in mortality during all the experiments sampling points (7, 14 and 28 days) (Di 

Poi et al., 2016). Activity of CAT and GST were investigated in gills and digestive glands 

(analysed together) and these biomarkers displayed a bell-shaped response: GST at 1 ng/L was 

increased after 1 day of exposure and then inhibited at 7 days, for CAT 100 ng/L induced first 

an increase (7 days) and then an inhibition (14 and 28 days) (Di Poi et al., 2016). No differences 

in the maturation of gonads were observed at any of the concentrations tested (1, 100 and 10’000 

ng/L) (Di Poi et al., 2016). In juveniles shell length was shown to increase when exposed to 

100 and 10’000 ng/L (7, 14 and 28 days) but not for the lowest concentration (1 ng/L) (Di Poi 

et al., 2016). 

D. polymorpha exposed to FLX 500 ng/L was sampled at different time points after exposure 

(4, 7, 11 and 14 days). Antioxidants enzymes were affected by FLX exposure with differences 

depending on the time. CAT showed first a decrease in activity (4 and 7 days) followed by an 

increase at the end of exposure. CAT activity showed a significant increase in activity after 11 

and 14 days of exposure. Glutathione peroxidase (GPx) activity was also affected by FLX 

exposure, resulting in an increase in activity at the end of the exposure, whereas glutathione S-

transferase (GST) was not affected by FLX (Magni et al., 2017). In another study, D. 
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polymorpha individuals were exposed to FLX at 20 and 200 ng/L for six days. It was found that 

the number of oocytes per follicle and spermatozoa density in tubules decreased in treated 

specimens compared to controls, suggesting a possible induction of FLX in inducing spawning, 

given the differences found in gonads (Fong and Ford, 2014; Lazzara et al., 2012). FLX and 

Fluvoxamine were found to induce spawning in both males and females of D. polymorpha, with 

males being more responsive than females in concentrations ranging from 10-9 to 10-5 M and 

5×10-7 to 5×10-4 M, respectively (Fong, 1998; Fong and Ford, 2014). 

In M. californianus, long-term exposure to FLX for 107 days at concentrations ranging from 

0.3 to 300 ng/L showed that algal clearance rates were inversely proportional to FLX 

concentrations. Shell growth was affected at 30 and 300 ng/L, and the gonadosomatic index 

(GSI) was reduced in mussels exposed to any concentration of fluoxetine (Canesi et al., 2022; 

Peters and Granek, 2016).  

In M. edulis, FLX caused loss of haemocyte cell viability at 10 and 15 mg/L, decreased 

phagocytosis at 10 and 15 mg/mL, and induced genotoxicity at these concentrations. Fluoxetine 

also led to a significant production of reactive oxygen species (ROS) at 10 and 50 mg/mL 

(Lacaze et al., 2015).  

In M. galloprovincialis, exposure to 75 ng/L FLX caused a decrease in superoxide dismutase 

(SOD) activity in the gills after two weeks, while CAT activity increased in the digestive gland 

and gills. Acetylcholinesterase (AChE) activity increased in the gills after 3 days, followed by 

a subsequent decrease (Gonzalez-Rey and Bebianno, 2013). Specimens exposed to FLX 0.3 

ng/L for 7 days led to decreased levels of cyclic AMP (cAMP) in the digestive gland, and mantle 

gonads causing, therefore, a reduced activity of Protein kinase A (PKA), consistent with higher 

5-HT levels caused by FLX and consequent binding to 5-HTR1 receptor. FLX increased the 

expression of 5-HTR1, while mRNA levels of ABCB were decreased, thus the expression of 

P-glycoprotein (Franzellitti et al., 2013). P-glycoprotein is a component of the multi-xenobiotic 

resistance (MXR) mechanism of defence against xenobiotics, which prevents the accumulation 

of cytotoxic drugs in the cells by extrusion. Thus, FLX may seriously affect defence strategies 

against chemical exposure (Bard, 2000; Canesi et al., 2022). Incubation with FLX 0.3 ng/L for 

7 days affected different biomarkers in the digestive gland. FLX reduced the lysosomal 

membrane stability (LMS) in haemocytes and led to the accumulation of neutral lipids (NL). 

Among other biomarkers analysed (catalase CAT,  glutathione-S-transferase GST, and DNA 

damage), only GST resulted to be slightly modified (Franzellitti et al., 2015). Moreover, FLX 

affected lysosomal membrane stability (LMS) at tested concentrations (0.5, 5, 10 ng/L), with 
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an increased lysosome/cytosol ratio (LYS/CYT) at 5 and 10 ng/L and neutral lipid (NL) 

accumulation up to 200% at all concentrations (Rafiq et al., 2023).  

In Perna perna, after 48 hours of exposure to FLX 30 ng/L, DNA damage was found in the 

digestive gland, with decreased lysosomal membrane stability starting from the lowest 

concentration of FLX (3 ng/L) for both exposure periods (Canesi et al., 2022; Cortez et al., 

2019). 

In the clam Venerupis philippinarum  FLX significantly affected immune parameters and 

increased AChE activities at  µg/L concentrations (Fabbri et al., 2023).   

D. polymorpha specimens exposed to CIT 500 ng/L showed alterations in the enzymes involved 

in oxidative stress. SOD and CAT activities showed first a decrease (4 days) and then an 

increase of activity in the following days of exposure (7, 11 and 14 days), except for CAT that 

showed a decrease after 14 days of exposure. GPx and GST were also affected by CIT: GPx 

showed first a significant decrease after 4 days of exposure and a significant increase at the end 

of the exposure period; GST showed a significant inhibition at both 4 and 14 days of exposure 

(Magni et al., 2017). Exposure to a mix of FLX and CIT (500 ng/L for each) showed that 

enzymes involved in oxidative stress were affected, and a bell-shape trend could be observed. 

SOD was first inhibited (4 days) and then followed by an increase in activity, with a little 

decrease in activity at 14 days compared to 7 and 11 days of exposure. Same profile was shown 

by CAT, GPx and GST (Magni et al., 2017). 

3.3.2.2 Embryos and Larvae 

In C. gigas, SER induced a decrease in normal D-larvae in a dose dependent way starting from 

a concentration of 100 μg/L and 0% of normal D-larvae were found at 250 μg/L; concentrations 

ranging from 0.1 to 10 μg/L did not induce any differences in the percentage of normal D-larvae 

compared to controls (Di Poi et al., 2014). Larvae treated with SER showed an increase in 

malformations with protruding mantle, malformed hinge, previous phenotypes found together 

and arrested developmental stages being the most abundant phenotypes (Di Poi et al., 2014). 

In M. galloprovincialis, SER induced a small but significant decrease in the percentage (15% 

of decrease) of normal D-larvae at 0.1, 1, 10 and 50 μg/L, followed by a drastic dose dependent 

decrease at 100, 200 and 300 μg/L, and a 300 μg/L no developed D-larvae could be observed. 

Effect caused by SER in terms of phenotypes were mainly arrest in development, indeed 

arrested trochophore were the most abundant phenotype registered (Estévez-Calvar et al., 

2017). 
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Larvae of C. gigas exposed to FLX exhibited a significant decrease in normal D-larvae from 

150 µg/L to 400 µg/L, with observed abnormalities. The metamorphosis rate decreased starting 

from 100 to 400 µg/L. D-veliger larvae were shown to be more sensitive to FLX than 

pediveliger larvae (Di Poi et al., 2014). For P. perna, inhibition of cholinesterase was observed 

at 48 hours post-fertilization (hpf) for concentrations ranging from 3 to 30 ng/L, and at 96 hpf 

for concentrations of 30 and 300 ng/L (Canesi et al., 2022; Cortez et al., 2019). In a more recent 

study, FLX exposure resulted in a 4% decrease in egg fertilization at concentrations ranging 

from 100 to 500 ng/L in M. galloprovincialis. Normal D-larvae were affected at concentrations 

from 100 to 500 ng/L, showing delayed development (Rafiq et al., 2023).  

In M. galloprovincialis, CIT (concentrations tested range: 0.5 – 500 ng/L) decreased egg 

fertilisation only at 500 ng/L by 10%. Larval development was affected at 25, 100 and 500 ng/L 

causing different abnormalities. LMS and lysosome/cytosol ratio (LYS/CYT) were affected at 

all the concentrations tested (0.5, 5, 10 ng/L) in haemocytes (Rafiq et al., 2023). 

As it is possible to understand from this section, most of the studies focus on the effect of FLX, 

probably because it was the first SSRI to be released. Moreover, effects on the monoaminergic 

system and, therefore, on neuroendocrine signalling are mostly absent. In this context, 

understanding the MOA of SSRIs on the monoaminergic system of bivalves is needed in order 

to shed some light on the possible molecular initiating events after exposure to SSRIs helping, 

thus, to understand their MOA and establish better their AOP. 
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3.4 Supplementary Table 

SSRI Country Environment Concentration (ng/L) Reference 

Fluoxetine 

Canada Surface water 12- 46 Gust et al. (2009) 

 Coastal environment ≤ 3 - 596 Franzellitti et al. (2015) 

Croatia Surface water 66 

Franzellitti et al. (2013) 

Canada Surface water 46 

USA Surface water 2.6 - 111 

Belgium Harbor water 13 

North Sea Seawater ≤3 

 Surface water 10 - 500 Mishra et al. (2017) 

Portugal - Duoro Estuaries water < LOQ 

Duarte et al. (2023) 
Portugal - Tejo  < LOQ 

Portugal - Sado  3.5 - 24 

Portugal - Mira  8 - 133 

 WWTPs 12 - 3500 Brooks et al. (2003) 

Asia-Pacific, Europe, North America WWTPs influent ND - 3465 

Mole and Brooks (2019) 
Asia-Pacific, Europe, North America WWTPs effluent ND - 2700 

Asia-Pacific, Europe, North America Freshwater ND - 330 

Asia-Pacific, Europe Seawater ND - 36 

Tunisia Coastal environment ND - 41 

Madikizela et al. (2020) 
Spain (South-West) Coastal environment ND - 0.6 

Spain (North-West) Coastal environment ND - 10.6 

USA Ocean (Pacific) 90 

Greece Seawater ND 

Mezzelani et al. (2018) 

Norway Seawater 1.4 - 4.8 

Portugal Estuaries water 1 - 2 

Spain Seawater ND 

Spain Ocean (Atlantic) ND - 1.6 

USA Seawater 3 

 WWTPs influent 540 

Lacaze et al. (2015) 

 WWTPs influent 0.4 - 2.4 

 WWTPs influent 1.1 - 18.7 

 WWTPs influent 3.1 - 3.5 

 WWTPs effluent 240 

 WWTPs effluent < 0.12 - 1.3 

 WWTPs effluent 0.6 - 8.4 

 WWTPs effluent 2.0 - 3.7 

 Surface water 12 

 Surface water 56 

 Surface water 0.42 - 1.3 

Norway (Langnes) WWTPs influent 0.4 

Vasskog et al. (2006) Norway (Langnes) WWTPs effluent ND 

Norway (Breivika) WWTPs influent 1.3 
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Norway (Breivika) WWTPs effluent 1.2 

Norway (Hamna) WWTPs influent 2.4 

Norway (Hamna) WWTPs effluent 1.3 

Fluvoxamine 

Norway (Langnes) WWTPs influent 0.4 

Vasskog et al. (2006) 

Norway (Langnes) WWTPs effluent ND 

Norway (Breivika) WWTPs influent 3.9 

Norway (Breivika) WWTPs effluent ND 

Norway (Hamna) WWTPs influent 2.4 

Norway (Hamna) WWTPs effluent 0.8 

Citalopram 

Portugal - Duoro Estuaries water 0.7 -2 

Duarte et al. (2023) 
Portugal - Tejo Estuaries water 0.8 - 4.6 

Portugal - Sado Estuaries water 0.7 - 54 

Portugal - Mira Estuaries water 1.1 - 77 

Asia-Pacific, Europe, North America WWTPs influent ND - 17100 

Mole and Brooks (2019) 
Asia-Pacific, Europe, North America WWTPs effluent ND - 9200 

Asia-Pacific, Europe, North America Freshwater ND - 426.6 

Europe Seawater 0.9 - 5.4 

Greece Seawater < 0.06 - 8 

Madikizela et al. (2020) 
Spain (North-West) Seawater ND - 92.5 

Israel Seawater 43 

USA Seawater (Pacific Ocean) 27 

Greece Seawater < 0.06 - 8 Mezzelani et al. (2018) 

 Surface water 0.33 - 76 
Cunha et al. (2017) 

 Seawater 0.9 - 27 

Brazil Coastal environment 0.2 - 0.6 Roveri et al. (2020) 

Norway (Langnes) WWTPs influent 13 

Vasskog et al. (2006) 

Norway (Langnes) WWTPs effluent 9.2 

Norway (Breivika) WWTPs influent 145 

Norway (Breivika) WWTPs effluent 62 

Norway (Hamna) WWTPs influent 612 

Norway (Hamna) WWTPs effluent 382 

Paroxetine 

Portugal - Duoro Estuaries water < LOQ 

Duarte et al. (2023) 
Portugal - Tejo Estuaries water > LOQ 

Portugal - Sado Estuaries water 9.3 

Portugal - Mira Estuaries water 1.1 - 6.2 

Asia-Pacific, Europe, North America WWTPs influent ND - 39732 

Mole and Brooks (2019) 

Asia-Pacific, Europe, North America WWTPs effluent ND - 740 

Europe, North America Freshwater ND - 40 

Europe Seawater ND 

Greece Seawater ND 

Norway Seawater 0.6- 1.4 

Spain Seawater ND 

 WWTPs influent 16 
Lacaze et al. (2015) 

 WWTPs influent 0.6 - 12.3 
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 WWTPs influent 2.9 - 12.9 

 WWTPs influent 4.6 - 5.3 

 WWTPs effluent 7 

 WWTPs effluent 0.5 - 1.6 

 WWTPs effluent 1.0 - 11.7 

 WWTPs effluent 4.3 - 5.2 

 Surface water 0.6 - 1.4 

 Surface water 1.3 - 3.0 

Norway (Langnes) WWTPs influent 12.3 

Vasskog et al. (2006) 

Norway (Langnes) WWTPs effluent 0.7 

Norway (Breivika) WWTPs influent 0.6 

Norway (Breivika) WWTPs effluent 0.5 

Norway (Hamna) WWTPs influent 2.8 

Norway (Hamna) WWTPs effluent 1.6 

Sertraline 

Portugal - Duoro Estuaries water 1.1 - 1.5 

Duarte et al. (2023) 

Portugal - Tejo Estuaries water 1.1 - 1.4 

Portugal - Sado Estuaries water 113 

Portugal - Mira Estuaries water 2.4 - 76 

Asia-Pacific, Europe, North America WWTPs influent < 0.13 - 997 

Asia-Pacific, Europe, North America WWTPs effluent ND - 1930 

Asia-Pacific, Europe, North America Freshwater ND - 75 

Europe Seawater ND 

Greece Seawater ND 
Mezzelani et al. (2018) 

Norway Seawater < 0.16 

Norway (Langnes) WWTPs influent 1.8 

Vasskog et al. (2006) 

Norway (Langnes) WWTPs effluent 1.6 

Norway (Breivika) WWTPs influent 2.5 

Norway (Breivika) WWTPs effluent 2 

Norway (Hamna) WWTPs influent 2 

Norway (Hamna) WWTPs effluent 0.9 

Escitalopram Europe WWTPs influent ND - 32228 Duarte et al. (2023) 

Supplementary Table 1. Concentration in different areas and matrices of four different SSRIs. < LOQ: 

the compound was found with a concentration that is below the quantitation levels. ND: no detection. 
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Chapter 4 

4 Mytilus galloprovincialis 

4.1 General characteristics 

Mytilus galloprovincialis (Lamarck, 1819) is a lamellibranch mollusc belonging to the class of 

Bivalvia and the family of Mytilidae and characteristic of the Mediterranean region and eastern 

Atlantic (Figure 4.1). It inhabits the rocky intertidal zone and, in some areas, also the shallow 

subtidal zone (Gosling, 2015; Oyarzún et al., 2024). Nowadays, M. galloprovincialis is 

considered an invasive species, among the 100 most invasive species (Oyarzún et al., 2024). 

Indeed it invaded coastal habitats in both hemispheres and it is found in Australia, Japan, New 

Zealand, North and South America and South Africa (Gosling, 2015; Oyarzún et al., 2024). It 

is also one of the major species in the yearly shellfish aquaculture production in the southern 

European region, assuming, thus, relevant importance in the socioeconomic context of the 

Mediterranean territory (FAO, 2022). 

 

Figure 4.1. Distribution of Mytilus galloprovincialis in the Mediterranean region. In the box on the right, 

there are the relative probabilities of occurrence. Image taken from AquaMaps (2019). 

4.2 The life cycle 

M. galloprovincialis is a dioecious and seasonal broadcast spawner. Fertilisation happens 

externally, upon the release of gametes in the seawater column. Timing and duration of the 

reproductive cycle vary due to local environmental conditions, especially temperature and food 

availability but, generally, the spawning period occurs in winter (Azpeitia et al., 2017; Gosling, 

2015; Rouabhi et al., 2019). Meiosis is completed in the egg once fertilisation has occurred 

(Gosling, 2015). The morula stage is reached at 4 hours post fertilisation (hpf), at 8 hpf M. 

galloprovincialis enters the blastula stage and at 12 hpf gastrulation begins. The transition from 
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embryo to the first larval stage, the trochophore, happens between 16 and 20 hpf. The stage of 

D-Veliger is reached at 44-48 hpf (Miglioli et al., 2024). The pediveliger stage is reached 

approximately after 17 days pf (dpf), when they become competent for settlement (Figure 4.2) 

(Janah et al., 2024). At the pediveliger stage larvae have specific characteristics such as foot, 

ciliated palps, a few pairs of gill filaments, a well-differentiated digestive system, the mantle 

involved in the secretion of the shell and the nervous system, organised in ganglia, whose 

organisation in a tetraneural structure will be kept in the adult form (Gosling, 2015; 

Nikishchenko et al., 2023). After metamorphosis, M. galloprovincialis larvae reach the final 

life stage that signs the start of the sessile benthic adult phase (Gosling, 2015). 

 

Figure 4.2. The life cycle of M. galloprovincialis. Image adapted from Vogeler et al. (2016). 

4.3 The embryo-larval development 

Once egg is fertilised, it starts to divide, undergoing a holoblastic and unequal cleavage pattern 

with the embryonic stages represented by morula, blastula and gastrula (Gosling, 2015; Miglioli 

et al., 2024; Wanninger and Wollesen, 2015). The first larval stage is reached at 20 hpf and it 

is represented by a trochophore. Trochophore larvae take the name from a ciliated structure: the 

prototroch. The prototroch is a ciliary ring, from one to three rows of cilia (Piovani et al., 2023; 

Wanninger and Wollesen, 2015). The prototroch divides the larval body in two parts: the 

pretrochal episphere and the posttrochal hyposphere. In the pretrochal episphere there is the 

apical organ (AO), characterised by the presence of a tuft of cilia, called the apical tuft (Piovani 

et al., 2023; Wanninger and Wollesen, 2015). The stomodeum, the future mouth, is localised 

immediately adjacent to the prototroch and it is localised in the hyposphere (Piovani et al., 

2023; Wanninger and Wollesen, 2015). The hyposphere will give rise to the visceral part of the 
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body and bears cells involved in the shell biogenesis process, the shell gland, which is involved 

in secreting the first larval shell, the prodissoconch I  (Gosling, 2015; Wanninger and Wollesen, 

2015). The trochophore stage is followed by the veliger stage, which represents the second 

larval stage (Wanninger and Wollesen, 2015). The name veliger comes from the velum, a 

ciliated and lobed structure that evolves from the prototroch, and enables locomotion, feeding 

and gas exchange, enabling thus a long planktonic life (Wanninger and Wollesen, 2015). At 

this stage the veliger is called D-Veliger because of its D-shaped outline, where the shell covers 

the entire larval body and the larva starts to produce the second larval shell: the prodissoconch 

II (Wanninger and Wollesen, 2015). 

The embryo-larval development of M. galloprovincialis has been recently analysed through 

RNA sequencing (RNA-Seq) analysis that allowed the identification of embryonic 

development and larval development and the presence of four transitions, allowing the 

identification of embryo and larval stages based on the analysis of differentially expressed 

genes (Figure 4.3) (Miglioli et al., 2024). Moreover, it was possible to describe embryo-larval 

development anatomically by using specific gene markers (Miglioli et al., 2024). 

 

Figure 4.3. Transcriptomic and anatomical characterisation of M. galloprovincialis embryo-larval 

development. A. Hierarchical clustering identifying the phase of embryonic and larval development B. 

Schemes of morphotype of each stage of the developmental transcriptome. Image adapted from Miglioli 

et al. (2024). 
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From the trochophore to the D-Veliger stage key events take place such as shell biogenesis, 

prototroch evolution into the velum and neurogenesis. Despite the ecological and commercial 

importance of M. galloprovincialis, the mechanisms underlying key steps of early development 

and the transition between the trochophore and the first shelled veliger and their physiological 

regulation by neuro-endocrine factors are poorly understood. Available data obtained so far are 

reported below.  

4.3.1 Shell biogenesis 

Once gastrulation is ended, a group of ectodermic cells, called shell field, thicken and undergo 

invagination (Figure 4.4 A). The shell field is an area of pivotal importance since it leads to the 

formation of the shell gland which will later produce the first anlage of the organic shell, which 

is indispensable for the shell biogenesis process. The cells that get in touch with the endoderm 

will form the shell gland characterised by a glandular canal which is then occluded (Figure 4.4 

B-D). Once invagination is ended and the glandular canal occluded, only a few cells are in 

contact with the external surface. After the occlusion, the process of shell biogenesis starts with 

the secretion of a pellicle which constitutes the organic shell (Kniprath, 1981, 1980; Miglioli et 

al., 2019). The process of shell formation begins with the secretion of the organic shell, 

composed of chitin (main component), acid polysaccharides, proteins and glycoproteins (Figure 

4.4 D). The shell field becomes then straight due to cell evagination and then expands and 

differentiates into the mantle (Figure 4.4 E) (Kniprath, 1981, 1980; Kocot et al., 2016; 

Wanninger and Wollesen, 2015). 

 

Figure 4.4. Schematic representation of shell field formation and organic shell formation. Axis 

abbreviations: A: anterior, D: dorsal, P: posterior, V: ventral. Image adapted from Kniprath (1980). 

The role of the organic shell is pivotal, because it acts as a blueprint for the inorganic shell 

deposition, allowing the nucleation of CaCO3 (Miglioli et al., 2019). The shell biogenesis 

process can be followed during larval development by staining the organic and inorganic shells. 

The first signal of organic matrix deposition is at the trochophore stage (24 hpf), and no CaCO3 

can be detected. CaCO3 deposition starts after at 28 hpf. A full calcified shell is reached at the 

D-Veliger stage (48 hpf).  
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Figure 4.5. Shell biogenesis process followed by using calcofluor-calcein (blue and green, respectively) 

staining. Calcofluor stains chitin, thus the organic shell, and calcein stains calcium carbonate. Scale bars: 

10 μm. Image adapted from Miglioli et al. (2019). 

Several proteins are involved in the shell biogenesis process allowing the formation of the 

organic shell: tyrosinase, chitin synthase, extrapallial proteins and carbonic anhydrase. Among 

all of these, tyrosinase was shown to be pivotal for the process, indeed its inhibition led to a 

completely altered shell biogenesis. Imaging of Tyrosinase gene expression can be used to 

follow the shell biogenesis process through in situ hybridisation (Miglioli et al., 2024, 2019). 

Tyrosinase is detectable at 16 and 20 hpf, the stages called shell field (SF) gastrula and early 

trochophore stage, with two islets in the region of the shell field (Figure 4.6 A-B), which 

undergoes, then, evagination The evagination process is completed at 28 hpf, and a straight 

hinge is thus formed dorsally (Figure 4.6 C). Tyrosinase is detected at the hinge margins and 

shell borders of the growing shell. At 36 hpf tyrosinase expression suggests that the larval shell 

is covering most of the larval body (Figure 4.6 D) and, at the D-Veliger stage (44 hpf, Figure 

4.6 E), tyrosinase is found at the periphery of the larva, ventrally and at the hinge margins, 

enclosing completely the larval body (Figure 4.6) (Miglioli et al., 2024). 

 

Figure 4.6. Schematic representation of tyrosinase expression during M. galloprovincialis embryo-larval 

development. Tyrosinase is indicated in yellow, shell in green. Abbreviations: a: anurs, g: gut, h: hinge, 

m: mouth, sf: shell field, st: stomodeum, ve: velum. 
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4.3.2 Evolution of the ciliated epithelium 

The ciliated epithelium was studied using a specific marker: tektin. In SF gastrula and early 

trochophore, tektin was mainly expressed anteriorly and posteriorly forming, respectively, the 

apical and posterior tufts (Figure 4.7 A-B). At 28 hpf (trochophore stage) tektin signal expands, 

forming a ciliary band, called prototroch (Figure 4.7 C), that divides approximately the larval 

body into two hemispheres: the anterior episphere and the posterior hyposphere. In the 

epishpere apical tuft persists, in the hyposphere two ciliated islets are localised in proximity to 

the stomodeum (the future mouth) and the area of the future anus (Miglioli et al., 2024; Piovani 

et al., 2023). In early-Veliger (36 hpf,) the prototroch localises ventrally (Figure 4.7 D) and at 

the D-Veliger stage (44 hpf) the prototroch is internalised and gives rise to the velum (Figure 

4.7 E) (Miglioli et al., 2024). 

 

Figure 4.7. Schematic representation of tektin expression during M. galloprovincialis embryo-larval 

development. tektin is indicated in pink. Abbreviations: a: anus, at apical tuft, g: gut, h: hinge, m: mouth, 

pt: prototroch sf: shell field, st: stomodeum, ve: velum. 

4.3.3 The nervous system 

In M. galloprovincialis scarce data is available concerning the nervous system. Serotonin-

positive cells were investigated through immunocytochemistry (Figure 4.8). Two 5-HT-lir 

appear at the trochophore stage (24 hpf) anteriorly; the number of 5-HT-lir increases through 

development to reach the number of seven at the D-Veliger stage (48 hpf). Moreover, two 

neurites spread from the cluster of seven neurons at the D-Veliger stage (Miglioli et al., 2021b, 

2021a). 
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Figure 4.8. Confocal images of 5-HT-lir cells during M. galloprovincialis embryo-larval development. 

Rows from top to bottom: 24, 28, 32, 48 hpf. A. Position of the 5-HT-lir (red) in the larval body. B. 5-

HT-lir with the nuclei (bleu). C. Number of nuclei positive to 5-HT anti-body, highlighted with the 

asterisks. Scale bars: columns A, B: 20 μm; column C: 5 μm. Image adapted from Miglioli et al. (2021a). 

Components of the dopaminergic system were identified through chromogenic in situ 

hybridisation. The rate-limiting enzyme for DA synthesis, tyrosine hydroxylase, showed an 

inconspicuous localisation at 24 hpf; from 28 hpf to 32 hpf two clusters are formed and at 48 

hpf just one cluster is present (Figure 4.9 A). A dopamine receptor, called DR1, is detectable 

clearly from 28 hpf to 48 hpf at the shell margins (Figure 4.9 B). Dopamine-β-hydroxylase is 

detectable starting from 28 hpf in the centre of the larval body and localises more marginally, 

centrally and near the hinge, at 48 hpf (Figure 4.9 C) (Miglioli et al., 2021b). 
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Figure 4.9. Chromogenic in situ hybridisation of dopaminergic components. A. Tyrosine hydroxylase 

(TH). B. Dopamine receptor 1 (DR1). C. Dopamine-β-hydroxylase (DβH). Rows from top to bottom: 

24, 28, 32, 48 hpf. Scale bar: 20 μm. Imagine adapted from Miglioli et al. (2021b). 

GABA was also investigated through immunocytochemistry (Figure 4.11). GABA-lir cells are 

present along the shell field/hinge and in the centre of the body during early trochophore stages 

(24-28 hpf). At mature trochophore (32 hpf), GABA-lir is localised at the margins of the larval 

body and in the D-Veliger stage (48 hpf) it is localised at the ventral margins of the larval body 

(Miglioli et al., 2021b). 

 

Figure 4.10. Confocal images of GABA-lir cells during M. galloprovincialis embryo-larval 

development. Columns from left to bottom: 24, 28, 32, 48 hpf. Scale bars: 20 μm. Image adapted from 

Miglioli et al. (2021a). 

4.4 Mytilus galloprovincialis larvae as a model organism for 

evaluating the impact of CEC 

M. galloprovincialis is a suitable organism model, it is low-cost and easy to handle in the 

laboratory. It is used as an indicator of pollution in marine areas due to its benthic lifestyle, but 

it is also used in ecotoxicology, medicine and invertebrate immunology (Franzellitti et al., 2015; 
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Kristan et al., 2014; Salatiello et al., 2022). Larvae of M. galloprovincialis can be used in the 

48 hpf acute embryotoxicity assay to evaluate the developmental effects of contaminants 

(Fabbri et al., 2014). At 24 hpf at 16 ± 1 °C in laboratory conditions, larvae reach the 

trochophore stage, at 48 hpf the D-Veliger stage (Gosling, 2015). At 48 hpf a larva is considered 

normal when it presents a straight hinge, the mantle does not protrude and there are no 

malformations (Figure 4.11 A) (Fabbri et al., 2014). The 48 hpf embryotoxicity assay is 

considered acceptable when there is more than 75% of normal D-larvae in the control condition 

(ASTM, 2004; Fabbri et al., 2014). In the presence of stressors or contaminants, malformations 

can occur, there could be the presence of a protruding mantle, malformations at the level of the 

hinge or the presence of early developmental stages (Figure 4.11 B-D).  

 

Figure 4.11. Representation of most common malformations occurring. In B. and C. malformations are 

indicated with a white arrow. Scale bar: 20 μm. 

M. galloprovincialis larvae been shown to be sensitive to different CEC, which will be 

described here. In addition to the 48 h embryotoxicity test, different genes were tested with 

qPCR to check alteration of specific functions and are listed in Table 4.1, genes are retrieved 

from different articles thus, for each chemical it will be specified which have been analysed and 

which not. 
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Function Gene 

Antioxidant defence 
SOD 

CAT 

Detoxification response 

GST 

ABC transporter p-glycoprotein (ABCB) 

Metallothionein 10 (MT10) 

Metallothionein 20 (MT20) 

Stress Response Heat Shock Protein (HSP70) 

Apoptosis p53 

Proliferation Proliferating Cell Nuclear Antigen (PCNA) 

Shell biogenesis 

Tyrosinase (TYR) 

Chitin Synthase (CS) 

Extrapallial Protein (EP) 

Carbonic Anhydrase (CA) 

Runx 

Immune response 

Toll-Like Receptor (TLR-i) 

Lysozyme (LYS) 

Mytlin B (myltB) 

MyticinC (mytC) 

Lysosomal response 

Cathepsin L (CTSL) 

β-glucoronidase (GUSB) 

Hezoaminidase (HEX) 

Autophagy Serine/Threonine Protein Kinase (mTOR) 

Neuroendocrine signalling 

Estrogen Receptor 1 (ER1) 

Estrogen Receptor 2 (ER2) 

Serotonin Receptor (5-HTR) 

Dopamine Receptor 1 (DR1) 

Table 4.1. Table showing the genes investigated with qPCR in different experiments where M. 

galloprovincialis larvae were exposed to different CEC. Genes are grouped based on their function. 

Bisphenol-A (BPA) is used in plastics, it is weakly estrogenic and known to act as an EDC 

(Balbi et al., 2016; Canesi and Fabbri, 2015; Fabbri et al., 2014; Miglioli et al., 2021a). 

Concentrations ranging from 0.01 to 1000 μg/L were tested (scale factor of ten between each 

concentration)  and from 0.1 μg/L a dose-dependent decrease in normal D-larvae was shown 

(Fabbri et al., 2014). BPA was shown to impair the transcription profile of different genes (see 

Figure 4.12) at both 1 and 10 μg/L. At 24 hpf genes were generally upregulated at both 1 and 

10 μg/L except for SOD and EP at 1 μg/L and HSP at 10 μg/L (Figure 4.12). at 48 hpf genes 

were mostly upregulated when treated with BPA 1 μg/L, except for SOD, p53 and CA which 

were downregulated) and downregulation was generally observed when treated with 10 μg/L, 

but SOD. HSP70 and CA showed upregulation (Figure 4.12) (Balbi et al., 2016). BPA was also 

shown to impair shell biogenesis process at 0.05, 0.5 and 5 μM (11.42, 114.2 and 1142 μg/L): 
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lower concentrations induced mainly malformed hinge and altered mainly the calcification 

pattern, the highest concentration affected both the organic and inorganic shell deposition. 

Measurements of area covered by organic and inorganic shell revealed that 0.5 μM BPA 

reduced their area at different time points, BPA 0.05 μM affects both organic and inorganic 

shell area only at D-Veliger stage and induced a reduction in calcified area only at 32 hpf 

(Miglioli et al., 2021a). In addition to this, larvae exposed to BPA 0.05 μM displayed a 

significant reduction in the number of 5-HT-lir especially at 48 hpf where the magnitude of 

decrease was dependent on the phenotype (e.g.: in presence of protruding mantle five 5-HT-lir, 

in presence of arrested trochophore three 5-HT-lir). The expression pattern of TYR was 

affected, especially at the highest concentration tested where big differences at different 

developmental stages could be detected (Miglioli et al., 2021a). 

 

Figure 4.12. Genes analysed with qPCR to evaluate BPA effects on M. galloprovincialis larvae. Green 

arrows indicate upregulation, red arrows indicate downregulation of genes with respect to control 

conditions. Grey dots indicate that no differences were observed between control conditions and 

treatment conditions. Figure adapted from Balbi et al. (2016). 

Tetrabromobisphenol A (TBBPA) is a derivate of BPA and is mostly used as a brominated 

flame retardant but it is also employed in the production of plastics, electronic devices and 

textiles (Fabbri et al., 2014; Miglioli et al., 2021b). Concentrations ranging from 0.01 to 1000 

μg/L were tested and it induced a significant dose dependent decrease of normal D-Veliger 

from 0.1 μg/L and at the highest concentration tested larvae were arrested at the trochophore 

stage (Fabbri et al., 2014). Effects of 1 and 10 μg/L were investigated more in details. Exposure 

to 1 μg/L caused shell fractures and immature shells characterised by the presence of 

asymmetric valve and polygonal shapes; effects were more potent in larvae treated with 10 μg/L 

where fractures, irregular surfaces, holes and convex hinges could be observed by scanning 

electron microscopy (SEM) (Miglioli et al., 2021b). Shell biogenesis process was shown to be 

altered after exposure to TBBPA 10 and 100 μg/L, especially from 28 hpf the deposition of 

calcium carbonated was reduced and absence of calcification was observed in the centre of the 

Function Gene 1 μg/L 10  μg/L 1 μg/L 10  μg/L
SOD
CAT
GST

ABCB
Stress Response HSP70

Apoptosis p53
EP
CA

Immune response TLR-i
Autophagy mTOR

ER1
ER2

5-HTR

48 hpf

Antioxidant defense

Detoxification response

Neuroendocrine signalling

24 hpf
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valve from 28 to 48 hpf (Miglioli et al., 2021b). Thus, expression profile of enzymes involved 

in shell biogenesis (CA, CS, EP and TYR) were evaluated (TBBPA 10 μg/L). Generally, 

TBBPA induced upregulation of the genes tested, exception made for CA which was unaffected 

(Miglioli et al., 2021b). TYR expression pattern was also evaluated with in situ hybridisation 

and it was upregulated, in line with PCR experiments (Miglioli et al., 2021b). Effects of TBBPA 

10 μg/L were also evaluated for 5-HT-lir and dopaminergic genes (Tyrosine Hydroxylase – 

TH, Dopamine-β-Hydroxylase – DBH, and DR1). 5-HT-lir cell number was reduced by 

TBBPA, The expression profile was delayed whereas DBH was upregulated, finally DR1 

expression pattern was impaired after TBBPA exposure (Miglioli et al., 2021b). 

Nonylphenol (NP), a known EDC, was also tested on M. galloprovincialis in concentrations 

ranging from 0.01 to 1000 μg/L. It induced a significant decrease in normal D-Veliger starting 

from 0.1 μg/L but it did not induce an evident dose-dependent decrease effects. The highest 

concentration tested turned out to be completely toxic, since no viable larvae could be observed 

(Fabbri et al., 2014). 

The estrogen 17β-estradiol (E2) and its synthetic derivate, the contraceptive 17α-

ethinylestradiol (EE2) are classified both as an EDC and a pharmaceutical (Pironti et al., 2021). 

It was shown that concentrations ranging from 0.1 to 1000 μg/L of E2 (scale factor of ten 

between each concentration) affected significantly normal D-Veliger in a dose dependent 

manner. E2 induced mainly delay in development, with presence of increasing of not fully 

developed D-Veliger and arrested trochophores  (Balbi et al., 2016). At 10 μg/L, the most 

common alterations were represented by alterations at the shell level, with malformed hinges, 

asymmetric valves and a rough valve surface (Balbi et al., 2016). Moreover, E2 10 μg/L altered 

gene transcription profiles at trochophore (24 hpf) and D-Veliger (48 hpf) stages. EE2 has been 

tested as well on M. galloprovincialis larvae (5, 50 and 500 ng/L) and it was shown to cause 

significant reduction in the presence of normal D-larvae at all the concentrations tested 

(Capolupo et al., 2018).  

The two thyroid hormones, Triiodothyronine (T3) and Tetraiodothyronine (T4), at 2 μM 

(1345.92 μg/L and 1553.74 μg/L, respectively) were tested on M. galloprovincialis larvae but 

they resulted to be ineffective on larval development (scale factor of ten between each 

concentration). 

Among the perfluorinated compounds, perfluorooctanoid acid (PFOA) and perfluorooctane 

sulphonate (PFOAS) were tested in concentrations ranging from 0.01 to 1000 μg/L. Both were 
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shown to induce a dose-dependent effect, with a significant decrease of normal D-Veliger from 

0.1 μg/L. Maximal effects were observed at 100 μg/L, with no further decrease at higher 

concentrations. Most abundant phenotypes were represented by immature D-Veliger (Fabbri et 

al., 2014). 

In Balbi et al. (2023) the antimicrobial Triclosan (TCS), used in a variety of household and 

healthcare products was studied. Its effects were evaluated from 0.001 to 1000 μg/L (from 0.01 

to 100 μg/L scale factor of ten, then 250, 500, 750 and 1000 μg/L were tested). Larvae were 

affected from 0.1 μg/L, with small decrease observed up to 100 μg/L with malformed hinge 

being the most abundant phenotype; at 250 μg/L mostly pre-Veliger were detected and from 

750 μg/L the larval development was completely arrested. Genes involved in shell biogenesis, 

neuroendocrine signalling, stress and detoxification response, apoptosis and proliferation were 

evaluated for TCS 1 and 10 μg/L at 24 and 48 hpf. Shell biogenesis genes were affected by TCS 

at trochophore stage, neuroendocrine signalling was mainly not affected (except for oestrogen 

receptors), stress response was not affected, and detoxification genes were affected by both 

concentrations only at 48 hpf, on the contrary apoptotic genes were affected by both 

concentrations at both 24 and 48 hpf. Larvae exposed to TCS 10 μg/L displayed calcification 

and mineralisation alterations: calcification was decreased in the hinge region, moreover 

evaluations with polarised light showed that the typical birefringence represented by CaCO3 

mineralisation, was absent in treated larvae, indicating that CaCO3 was absent in the 

mineralised form. SEM analysis of larvae treated with TCS (from 0.1 to 100 μg/L) showed the 

presence of impaired shells. Indeed, low concentrations showed no malformed hinge but 

asymmetric valve, malformed shells and broken shells; cracked ad irregular surfaces, 

asymmetric or incomplete valve were typical features of higher concentrations (10 and 100 

μg/L). Moreover, samples analysed showed presence of granules on the surface, resembling to 

amorphous calcium carbonate. 
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Figure 4.13. Genes analysed with qPCR to evaluate TCS effects on M. galloprovincialis larvae. Green 

arrows indicate upregulation, red arrows indicate downregulation of genes with respect to control 

conditions. Grey dots indicate that no differences were observed between control conditions and 

treatment conditions. Figure adapted from Balbi et al. (2023). 

Concerning pharmaceuticals, the non-steroidal anti-inflammatory Ibuprofen (IBU) and the 

fibrate lipid-lowering Bezafibrate (BEZA) were tested in the same concentrations range of 

perfluorinated compounds (Fabbri et al., 2014). IBU induced a small dose-dependent decrease 

in development at 100 and 1000 μg/L with malformed hinge representing the most abundant 

phenotype (Fabbri et al., 2014). BEZA induced a small dose-dependent decrease from 10 μg/L 

(Fabbri et al., 2014). 

The non-steroidal anti-inflammatory Diclofenac (DCF) was also analysed on M. 

galloprovincialis larvae (Balbi et al., 2018; Fabbri et al., 2014). Effects on larval development 

displayed a U-shaped dose response, with maximal effects in the range of 0.1 – 100 μg/L with 

malformations at the hinge level, no effects were shown at the highest concentration tested 

(1000 μg/L). At 1 ad 10 μg/L effects to the larval shell were visible with electron microscopy 

(SEM), displaying dorsal deformations, asymmetric valve, rough surface or incomplete growth 

and undulated shell edges. Gene expression was thus evaluated for genes involved in shell 

biogenesis, biotransformation, antioxidant and stress response, neuroendocrine signalling and 

apoptosis (Figure 4.14). DCF 1 μg/L impaired the expression of six out of 12 genes at 24 hpf: 

SOD, ABCB, EP and CA were downregulated, on the contrary GST was upregulated. Only 

three genes were affected by DCF 10 μg/L at 24 hpf: GST resulted to be downregulated, 

whereas ABCB and CA resulted to be downregulated (Figure 4.14). At 48 hpf, less effects were 

observed at both concentrations: 1 μg/L induced upregulation of ABCB- p53, CA and 5-HTR; 

10 μg/L downregulated ABCB, p53 and CS and upregulated GST (Figure 4.14). CAT, HSP70 

and oestrogen receptors were never affected by exposure to DCF (Figure 4.14). 

Function Gene 1 μg/L 10 μg/L 1 μg/L 10 μg/L
SOD
CAT
GST

ABCB
Apoptosis p53

Proliferation PCNA
TYR
CS
EP
CA

Runx
ER1
ER2

5-HTR
DR1

Neuroendocrine signalling

24 hpf 48 hpf

Antioxidant defense

Detoxification response

Shell biogenessis
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Figure 4.14. Genes analysed with qPCR to evaluate DCF effects on M. galloprovincialis larvae. Green 

arrows indicate upregulation, red arrows indicate downregulation of genes with respect to control 

conditions. Grey dots indicate that no differences were observed between control conditions and 

treatment conditions. Image adapted from Balbi et al. (2018). 

The β-blocker Propranolol (PROP) was shown to affect larval development at all concentrations 

tested in the range of 0.01 – 1000 μg/L (Franzellitti et al., 2019). Larvae presented malformation 

or were arrested at the trochophore stage at all concentrations tested in variable proportion, only 

the highest concentration tested resulted to induce arrested trochophores as sole phenotype. 

Genes showed to be impaired after incubation with PROP 0.01 and 1 μg/L at 24 and 48 hpf 

(Figure 4.15 A). At 24 hpf PROP affected differently gene transcription, by upregulation and 

downregulation of several genes at both concentrations. At 48 hpf, PROP 0.01 μg/L showed 

reduced effects but 5-HTR1 was particularly downregulated. On the contrary, 1 μg/L resulted 

in an upregulation of almost all genes tested (Figure 4.15 A) (Franzellitti et al., 2019). 

Franzellitti et al. (2019) also studied the effects of the antiepileptic Carbamazepine (CBZ). CBZ 

induced a decrease in normal larval development starting from 0.1 μg/L, with larvae bearing 

malformations. Expression genes levels were also evaluated for CBZ at 24 and 48 hpf. CBZ 

0.01 μg/L induced mainly upregulation of gene expression at 24 hpf, whereas antioxidant gene 

were slightly downregulated at 48 hpf (Figure 4.15 B). Also 1 μg/L induced upregulation at 24 

hpf, whereas at 48 hpf downregulation occurred for almost all genes studied (Figure 4.15 B) 

(Franzellitti et al., 2019). 

Function Gene 1 μg/L 10 μg/L 1 μg/L 10 μg/L
Antioxidant defense SOD

CAT
GST

ABCB
Stress response HSP70

Apoptosis p53
CS
EP
CA

ER1
ER2

5-HTR

48 hpf

Detoxification response

Shell biogenesis

Neuroendocrine signallin

24 hpf
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Figure 4.15. Expression profiles of genes listed in Table 4.1 after exposure to propranolol (A) and 

carbamazepine (B) at 24 and 48 hpf. Red indicates upregulation, blue indicates downregulation. Image 

taken from Franzellitti et al. (2019). 

Recently, M. galloprovincialis was shown to be sensitive to exposure to different SSRIs (see 

Chapter 3). Moreover, M. galloprovincialis was shown to be sensitive to Serotonin and 

Norepinephrine Reuptake Inhibitors (SNRIs), in particular Venlafaxine (VEN) and its 

metabolite O-desmethylvenlafaxine (ODV) (Rafiq et al., 2023). Both were tested in the range 

of 0.5 – 500 ng/L. Larval development at 48 hpf was significantly affected by all SSRIs, but 

not by SNRIs; however, the  effects  never exceeded 20 % of control values (Rafiq et al., 2023). 
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5 Aim of the Thesis 

As illustrated in the introduction, the mechanisms underlying key steps of bivalve early 

development, and in particular the transition between the trochophore and the first shelled larva, 

and its physiological regulation by neuro-endocrine factors are poorly understood.  

As described in Chapter 2, the structure of the nervous system in bivalve larvae has been 

documented, primarily based on the localization of neurotransmitters (serotonin, FMRFamide, 

and catecholamines). The latter are marked using a non-specific technique, which can also label 

serotonin and its precursor, 5-hydroxytryptophan. This lack of specificity can lead to results 

that are challenging to interpret (Kniazkina and Dyachuk, 2022). Moreover, there has been no 

previous description of the ontogeny of the nervous system using neuronal markers.  

Although available data suggest a physiological role for the monoaminergic system in larval 

development, information on its molecular components and function is still scant. Despite the 

widespread use of M. galloprovincialis as a model organism, limited data exist regarding the 

presence or absence of genes and proteins associated with the monoaminergic system. 

Therefore, the first aim of this thesis is to investigate the monoaminergic system, its 

characterisation, and its role during embryo-larval development in M. galloprovincialis.  

The following questions will be addressed: 

1. Which components of the monoaminergic system are present in the M. galloprovincialis 

genome? 

2. When are these components expressed during the embryo-larval development?   

3. In which tissues are these components localised?   

4. Can altered concentrations of monoamines and inhibition of monoamine signalling 

impair normal larval development? 

Moreover, as described in Chapter 3, there is increasing evidence that different CEC, both 

EDCs and PPCPs, including Serotonin Selective Reuptake Inhibitors (SSRIs), can affect M. 

galloprovincialis larval development, potentially acting as neuro-endocrine disruptors (NEDs). 

This first aim is crucial as it allows the determination of the presence or absence of 

monoaminergic system components, some of which have already been shown to be impacted 

by two EDCs (TBA and TBBPA). Most importantly, it enables the identification of the main 

target of SSRIs: the SERT.  
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In this light, the present study also aims at identifying monoaminergic components as 

possible targets for CEC, in particular for SSRI. As discussed in the introduction, the most 

prevalent SSRIs found in the environment are Fluoxetine (Prozac) and Citalopram (Celexa), 

which will be both analysed in this thesis. 

In particular, these questions will be addressed 

1. Are the targets of SSRIs present and conserved in M. galloprovincialis? 

2. Are there non-specific SSRIs targets present in M. galloprovincialis? 

3. What is the AOP of SSRIs (i.e.: FLX and CIT)? 

The challenge with pharmaceuticals is that they are designed to act on specific targets (enzymes, 

receptors, transporters) that may be evolutionary conserved in other organisms (Ankley et al., 

2007; Duarte et al., 2023; Fabbri and Franzellitti, 2016; Franzellitti et al., 2015, 2013; 

Gunnarsson et al., 2008). However, to date, there is no information available concerning the 

presence or absence of SERT in M. galloprovincialis.  

The results will contribute to identify the molecular targets for SSRI to understand their mode 

of action and their potential adverse outcome pathway (AOP) in developing larvae. 
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6 Aim 1: Ontogeny of the monoaminergic 

system during the embryo-larval 

development of the Mediterranean mussel 

Mytilus galloprovincialis 
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6.1 Material and Methods 

6.1.1 Orthology assessment of monoaminergic system elements in M. 

galloprovincialis genome 

The monoaminergic system elements in M. galloprovincialis were retrieved from the genome 

assembly (Gerdol et al., 2020, ID: PRJEB24883) by Protein Basic Local Alignment Search 

Tool – BLAST on Octopus Bioinformatic Server (https://octopus.obs-vlfr.fr/), using human 

(Homo sapiens) and fruit fly (Drosophila melanogaster) reference sequences as queries (in case 

of absence of human or fruit fly query sequences, other species available in bibliography were 

used). Sequences resulting from the BLASTP search (only sequences with a BLAST score ≥ 

200 were retained for analysis) were subjected to domain analysis using the NCBI Conserved 

Domain Database (CDD). Only sequences containing the expected functional domains were 

retained for further analysis. Multiple sequence alignment was performed using ClustalW 

(BioEdit version 7.0.2) to prepare the data for orthology assessment analysis. Orthology 

assessment was performed by using Maximum Likelihood (ML) analysis and bootstrap analysis 

with 1000 replications to assess node support (MEGA-X 10.2.6). Partial deletion and default 

inference resource usage options were utilized for ML analysis. Substitution model selection 

and rate estimation were performed for each dataset of protein sequences using the "models" 

function in MEGA-X. In cases where ML analysis did not yield interpretable results, protein 

naming and identification were carried out through FASTA sequence alignment using ClustalW 

(BioEdit); names were given based on presence/absence of amino acids involved in the catalytic 

site or in ligand binding. In addition to M. galloprovincialis, sequences from other species of 

bivalve molluscs, with public genome repositories in NCBI, were also examined in the process. 

The test species included: M. edulis, M. coruscus, Crassostrea gigas, C, virginica, 

Mizuhopecten yessoensis and Pecten maximus, following the selection criteria outlined in 

Canesi et al. (2022). 

6.1.2 Transcriptome analysis for characterizing the ontogeny of the 

monoaminergic system during M. galloprovincialis embryo-larval 

development 

Developmental expression of monoaminergic genes was analysed using the reference 

developmental transcriptome of the Mediterranean mussel (Miglioli et al., 2024), selecting the 

libraries collected between 0 to 48 hours post fertilisation (hpf). The raw data were normalized 

with the DESeq2 R package into log2 transformed counts per million (CPM) to perform 

hierarchical clustering of libraries with Pvclust and Principal Component Analysis (PCA) with 
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factoextra R packages as previously described (Miglioli et al., 2024). Genes of interest were 

extracted from the counts matrix using the MGAL identifier obtained from the Octopus 

Bioinformatic Server. For gene expression visualization, gene counts data were normalized by 

Transcript per Million (TPM). Heatmaps showing the temporal expression dynamics of the 

genes of interest were generated pheatmap package as previously described (Miglioli et al., 

2024) with scaled TPM with respect to the maximum and minimum expression value of a gene 

(e.g., values between -1 and 1). 

6.1.3 Mussel handling, spawning, fertilisation and conservation of larval 

samples 

Sexually mature specimens of M. galloprovincialis were sampled from a natural population in 

the bay of Villefranche-sur-Mer (43.682°N, 7.319°E, France) during the spawning season 

(January-March 2023). Mussels were acclimatized in flow-through vessels containing filtered 

natural seawater (0.2 μm Millipore filter), pH 8.0-8.2, 38 ppt salinity, 15°C (Millipore filtered 

sea water, MFSW) by the Centre de Ressources Biologiques Marines (CRBM) at the Institut 

de la Mer de Villefranche (IMEV).  

Gametes were obtained by inducing spawning with heat shock as previously described (Miglioli 

et al., 2019). Egg quality and sperm motility were checked by microscopy observations; 

fertilization and assessment of fertilization success were performed as previously reported 

(Fabbri et al., 2014; Miglioli et al., 2021a, 2019). After 30 min, fertilized eggs were transferred 

to 200 mL flasks at a density of 200 larvae/mL and grown in physiological conditions (filtered 

natural seawater, pH 8.0-8.2, 16°C).  

Samples for in situ hybridization chain reaction (HCR) were collected at 16, 28 and 48 hpf as 

follows: larvae were sampled using a 0.2 μm filter and fixed in 4% paraformaldehyde (PFA) in 

1× Phosphate Buffered Saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4) solution overnight at 4°C. Samples were then washed 3 times for 15 minutes 

in 1× PBS and stored in 100% methanol at -20°C.  

Experiments were also carried out in larvae grown in the presence of agonists and antagonists 

of the serotonergic and dopaminergic systems. In these experiments, larvae were grown in 24 

well plates to perform the 48 h embryotoxicity test (ASTM, 2004). Fertilized eggs were exposed 

to  serotonin (5-HT, stock solution: 100 mM in DMSO, 153-98-0), dopamine (DA, stock 

solution: 100 mM in DMSO, 62-31-7), methiothepin, a non-selective inhibitor of serotonin 

receptors, (MT, stock solution 100 mM in DMSO, Sigma-Aldrich 74611-28-2) and SCH 23390, 
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a selective inhibitor of dopamine receptor 1 (DR1), (SCH, stock solution 50 mM in DMSO, 

125941-87-9). All chemicals were diluted in MFSW (Millipore Filtered Seawater) to obtain the 

final desired concentrations. DMSO (Dimethyl Sulfoxide) at the highest concentration (0.01%) 

was added to controls. A minimum of four parental pairs were analysed for each condition. 

Statistical analysis was performed using Kruskal-Wallis test and Dunn test for post-hoc 

comparison with p-values Bonferroni adjustment to show differences between controls and 

treatments in terms of percentage of normal D-Larvae (ND). 

6.1.4 Morphological analysis of larvae 

Morphological analyses were performed at 48 hpf: according to the ASTM (2004) larvae were 

considered normal when they were D-shaped, with a straight hinge and an absence of protruding 

mantle. Larvae were considered malformed when protruding mantle or/and hinge 

malformations were present and delayed/arrested when they were at earlier stages (pre-veliger 

or trochophore) (Fabbri et al., 2014; Miglioli et al., 2021a). Data on larval phenotypes are 

reported as the percentage of normal or malformed larvae, evaluated in at least 50 larvae per 

each parental pair and experimental condition. Brightfield images were acquired with 20× 

objective using the inverted microscope Axio Observer 7. 

6.1.5 In situ Hybridization Chain Reaction (HCR) 

Probe sets for in situ HCR were designed using a user-friendly Python interface 

(https://github.com/rwnull/insitu_probe_generator) and synthesized by OligoPools (Twist 

Bioscience) as previously described (Miglioli et al., 2024). Amplifiers were purchased from 

Molecular Instruments (https://www.molecularinstruments.com). Synthesis enzyme and 

degradation enzymes genes were marked with amplifier in yellow (B21, ex: 561 nm, em: 572 

nm, laser: 552 nm), receptors with amplifier in red (B1, ex: 650 nm, em: 671 nm, laser: 638 

nm) and transporters with amplifier in green (B3, ex: 518 nm, em: 543 nm, laser: 488 nm) (see 

Appendix Table 1and Appendix Table 2 for probes sequences). To establish the localisation of 

genes of interest, they were co-labelled with marker genes for specific tissues. These markers 

are reported in Annex Table 2.  

Larval samples stored in methanol at -20°C were rehydrated serially with 1×PBS-TritonX 

0.01% (4 washes of 5 minutes each) and then incubated first for 5 minutes (min) and then for 

10 min in PBS-TritonX 0.01% at room temperature. Samples were then permeabilized and 

 

1 Bn° stands for the identifier of the amplifier used. 

https://www.molecularinstruments.com/
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decalcified for 30 min with Detergent Solution (1% Sodium Dodecyl Sulfate - SDS, 0.005% 

Tween 20, 50 mM Hydrochloric acid - HCl pH 7.5, 1 mM Ethylenediamine Tetraacetic Acid - 

EDTA, pH 8, 0.15 M Sodium Chloride - NaCl), washed 2 × 3 min in PBS-TritonX and then 2 

× 5 min in PBS-TritonX 0.01%. Specimen were pre-hybridised for 30 min at 37 °C in 50 μL of 

Hybridization Buffer (30% formamide, 5× Saline sodium citrate - SSC, 9 mM citric acid, pH 

6, 0.01% Tween 20, 2 mg heparin, 1× Denhardt’s solution, 10% dextran sulphate).  

Hybridization was performed at 37 °C overnight by adding 1 μL of probe and 49 μL of 

Hybridization Buffer (final volume: 50 μL) to the prehybridization mix (final volume: 100 μL) 

as previously described (Miglioli et al., 2024). Larvae were then washed with Washing Solution 

(30% formamide, 5× SSC, 9 mM citric acid, pH 6, 0.01% Tween 20, 2 mg Heparin) once, with 

the addition of 1.5 volumes of Washing Solution for 15/20 min, then 4 × 15 min washes always 

at 37 °C. Samples were then put at room temperature and washed 2 × 5 min in 5X SSC buffer-

Tween 0.1% (SSCTw) and then 2 × 5 min in 1× SSCTw and then 30 minutes in Amplification 

Buffer (5× SSC, 0.01% Tween 20, 10% dextran sulphate) before addition of amplifiers. 

Amplifiers were prepared as follow: for each well, 2 μL of hairpin 1 and hairpin 2 for each 

probe were pipetted in separate 600 µL tubes, warmed up to 95 °C for 90 seconds and then 

cooled down to room temperature for 30 min. Hairpins 1 and 2 were then mixed together in 

Amplification Buffer to reach a final volume of 50 μL and added directly to the well (final 

volume: 100 μL). Hairpins were incubated in a dark room overnight at room temperature. After 

recovering hairpins, larvae were washed 2 × 5 min and 2 × 30 min with 1× SSCTw, washed 2 

× 5 min with PBSTw and then incubated 1 μg/L Hoechst (UV, Ex/Em: 352/461 nm- Hoechst 

33342, Invitrogen) in PBSTw. Larvae were then washed 3 × 5 min in PBSTw and incubated in 

PBSTw for 30 min at 4°C. At the end, specimens were mounted in the antifading agent CitiFluor 

AF1 (Agar Scientific) and imaged with a SP8 confocal microscope (Leica Microsystem).  

6.1.6 Image acquisition and analysis 

Images were taken with SP8 confocal microscope with LasX software with the following 

settings: three-dimensional acquisition mode (xyz); bidirectional scanning mode, 1024 × 1024 

image format, scanning speed: 600 Hz, pixel size: ~ 200 µm × 200 nm and z-stack: z-step size 

of 0.5 µm for single HCR or 0.8 µm for double/triple HCR. In case of double/triple HCR, line 

accumulation and frame average were set, respectively, to 3 and to allow a better visualisation 

of the signal. In presence of both 514 and 546 fluorophores, the sequential mode was used to 

avoid spillover of the signal coming from each fluorophore. Pictures were taken with 40× 

objective and a minimum of five larvae were analysed for each gene/gene combination. 
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Images were analysed with Fiji. Function “Math → Subtract” was used when Hoechst 

autofluorescence was present in probe signal. Process → Subtract Background…” and 

Gaussian Blur (0.5 µm) were applied to the image to remove background noise and smooth 

signal. Depending on the type of signal, selective plane projection (selection of specific z-step) 

or all plane projection (selection of all z-stack, using z-stack → MAX projection) were used to 

localise the signal and quantify different clusters. Selective plane projection was used to check 

colocalisation of different genes, with gene signals represented in green and magenta; the 

resulting white signal indicated overlapping expression. 3D reconstruction was performed with 

default settings to obtain ventral views. Larvae were oriented all the same by using Image → 

Transform and then rotated and/or flipped. Larvae were oriented with the dorsal side on the 

right and the ventral one on the left, anterior part on the top and posterior one on the bottom. 

Stomodeum (the future mouth) and mouth were ventrally positioned; shell field and hinge were 

located dorsally. In case of larvae moving during the acquisition process, signals from each 

channel were aligned using Stackreg (TurboReg) plugin. 

Fiji software was used to perform cell counting. Channel containing Hoechst and probe signal 

were merged. The area of the signal was then cropped, and the stack was converted into a 

montage, where each image generated represented one stack. Positive nuclei were counted with 

the point tool by using the counter mode. An example is provided in Supplementary Figure 6.1. 
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6.2 Results 

6.2.1 Characterization of components of the monoaminergic system in M. 

galloprovincialis 

To perform the orthology assessment of the components of the monoaminergic system, the 

following species of bivalve molluscs were used (Table 6.1). Furthermore, the species H. 

sapiens and D. melanogaster were used as query sequences. 

Order Family Species 

Mytilida Mytilidae Mytilus edulis 

Mytilida Mytilidae Mytilus coruscus 

Ostreida Ostreidae Crassostrea gigas 

Ostreida Ostreidae Crassostrea virginica 

Pectinida Pectinidae Mizuhopecten yessoensis 

Pectinida Pectinidae Pecten maximus 

Table 6.1. Table of specie used to perform the orthology assessment. Orders and families were retrieved 

from WoRMS Editorial Board (2024). 

6.2.1.1 Synthesis enzymes 

Sequences containing the aromatic amino acid hydroxylase (AAAH) domain were analysed 

(Supplementary Table 6.1). These include three key enzymes: tryptophan hydroxylase (TPH), 

the rate limiting enzyme for serotonin synthesis; tyrosine hydroxylase (TH), the rate limiting 

enzyme for dopamine synthesis and phenylalanine hydroxylase (PAH), which synthetizes 

tyrosine from phenylalanine (Goulty et al., 2023). In M. galloprovincialis genome up to four 

sequences displayed the domain typical of PAH, TH and TPH (Supplementary Table 6.1).  

The orthology assessment (Supplementary Figure 6.2) shows that two PAHs, one TH, and one 

TPH are present in M. galloprovincialis genome, like in the other Mytilidae species. In contrast, 

the other bivalve species analysed (C. gigas, C. virginica, M. yessoensies and P. maximus) 

possess only one PAH. The TPH and PAH groups are sister groups within the same clade, 

whereas the TH group forms a unique clade that is a sister group of the PAH-TPH clade.  

Next, sequences containing the aromatic L-amino acid decarboxylase (AADC) were 

investigated. Decarboxylases are responsible for removing a carboxyl group during monoamine 

synthesis (Goulty et al., 2023). This family of enzymes includes: aromatic L-amino acid 

decarboxylase (AADC, or dopa decarboxylase DDC), the enzyme involved in both serotonin 

and dopamine synthesis by converting 5-hydroxytryptophan in serotonin and L-DOPA in 

dopamine; histidine decarboxylase (HDC), which converts histidine to histamine, and tyrosine 

decarboxylase (TDC), which is responsible for the conversion of tyrosine to tyramine (Goulty 

et al., 2023; Kuo and Cheng, 2021; Li et al., 2018; Lin et al., 2020; Scammell et al., 2019).  
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Sequences used for alignment and orthology assessment are reported in Supplementary Table 

6.2. Orthology assessment (Supplementary Figure 6.3) shows that there is one decarboxylase 

for each gene family analysed in all orders of bivalves analysed (Mytilida, Ostreida, Pectinida) 

and in H. sapiens and D. melanogaster. This indicates that M. galloprovincialis and the other 

bivalves analysed can synthesise serotonin, dopamine, tyramine and histamine. Groups of gene 

families are generally well supported (bootstrap values > 70), with the exception of the TDC 

clade, which is statistically less supported (BP value = 59). From the tree it resulted that the 

AADC and the HDC are sister groups within the same clade, whereas the TDC appeared to be 

a sister group of the previous clade but forming a clade on its own.  

Sequences containing the typical copper-containing hydroxylase domain were analysed to find 

the sequences encoding for dopamine-β-hydroxylase (DBH), that catalyse the hydroxylation of 

dopamine to noradrenaline (or norepinephrine); tyramine-β-hydroxylase, which is involved in 

the synthesis of octopamine starting from tyramine, and monooxygenase X (DBH-like 

monooxygenase protein 1 – MOXD1) whose function is still unknown (Goulty et al., 2023; 

Vendelboe et al., 2016; Xin et al., 2004).  

Orthology assessment revealed the presence of one DBH in bivalve molluscs, except for M. 

coruscus, and the presence of several MOXD1 (here called DBH-like) and no TBH 

(Supplementary Table 6.3, Supplementary Figure 6.4). Results are in line with the recent results 

reported by Goulty et al., (2023): D. melanogaster TBH clusters with DBH present in both 

bivalves and humans and acts as an outgroup of this clade, since TBH is found only in 

Ecdysozoa. The DBH/TBH clade is well supported (BP = 75). Moreover, the clade containing 

the MODX/DBHs-like sequences is also well supported (BP = 99). Of particular interest is the 

presence of multiple DBHs-like in M. galloprovincialis (up to seven different proteins were 

found), as well as in other Mytilidae species analysed (Supplementary Figure 6.4). The other 

bivalve species showed a reduced number of DBHs-like proteins: one for M. yessoensis, three 

for P. maximus and C. gigas and two for C. virginica (Supplementary Table 6.3). 

Phenylethanolamine-N-methyltransferase (PNMT) is the enzyme responsible for the synthesis 

of adrenaline from noradrenaline, but no sequences were found in any of the species here 

analysed, confirming that this enzyme is typical of vertebrates as shown by Goulty et al., 2023. 

6.2.1.2 Degradation enzymes 

Endogenous and exogenous monoamines are known to be metabolised by monoamine oxidases 

(MAOs) in vertebrates and invertebrates. Sequences used for orthology assessment are reported 
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in Supplementary Table 6.5. Orthology assessment did not allow to identify the two isoforms 

of MOA (MAO-A and MAO-B) in Mytilus and other bivalve molluscs, probably due to the fact 

that one M. galloprovincialis sequence displays a galactose mutarose-like additional domain 

(Supplementary Table 6.5, Supplementary Figure 6.5). As a consequence, multiple sequence 

alignment was carried out to search for the presence/absence of the amino acids responsible for 

monoamine catabolism: phenylalanine 208 (F208) for MAO-A, and isoleucine 199 (I199) for 

MAO-B (Wilson et al., 2020). To perform such analysis, also murine sequences was included 

(accession number to classify MAOs within their specific isoforms are reported in the 

Supplementary Table 6.5 alignment). It was found that the two M. galloprovincialis MAOs can 

be classified as MAO-A like (Supplementary Figure 6.6 A) and MAO-B (Supplementary Figure 

6.6 B) because the first one shows a similar amino acid (tyrosine) aligning with human and 

murine MAO-A, whereas the second is a MAO-B because it presents an isoleucine like human 

and murine MAO-B (see Supplementary Table 6.5). In the other species of bivalve molluscs 

analysed, at least on MAO or MAO-like was found; for more details see Supplementary Table 

6.5. 

6.2.1.3 Transporters 

Vesicular monoamine transporters (VMATs) belong to the SLC18 family were analysed. 

Orthology assessment was performed using the sequences reported in Supplementary Table 6.6. 

Given the absence of specific hit domain for VMAT in bivalve sequences, vesicular 

acetylcholine transporter sequences (VAChT) were used to better identify VMATs. It was 

found that all invertebrate species analysed possess one VMAT (Supplementary Figure 6.7), 

and this in line with previous data reporting the presence of a single VMAT gene in 

invertebrates (Anne and Gasnier, 2014; Lawal and Krantz, 2013). 

Membrane transporters belonging to SLC6 family are the reuptake transporters for serotonin, 

dopamine, noradrenaline, tyramine and octopamine. This family of transporters belongs to the 

neurotransmitter: sodium symporters (Goulty et al., 2023; Lai, 2013; Saier, 2000). It must be 

pointed out that the SLC6 family also includes members involved in the transport of other 

neurotransmitters and amino acids such as GABA, taurine, glycine (Goulty et al., 2023; Lai, 

2013). Orthology assessment was performed using the sequences listed in Supplementary Table 

6.7. In M. galloprovincialis and in other bivalves analysed, up to two different serotonin 

reuptake transporters (SERTs) were identified; the cluster of SERTs is, moreover, well 

supported (BP = 98) (Supplementary Figure 6.8). SERT group appears to be a sister group of 

the one containing human dopamine and noradrenaline (HsDAT and HsNET) and octopamine 
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transporter (OAT), which is, more generally, used for phenolamines (Ribeiro and Patocka, 

2013). Also in this case, the group containing human DAT and NET and the typical invertebrate 

OAT is well supported (BP = 74). A group less supported (BP = 54), containing the protostome 

invertebrate dopamine transporter (iDAT), is a sister group of the previous clade 

(Supplementary Figure 6.8). None of the species of bivalve considered showed the presence of 

noradrenaline reuptake transporter (NET) (Supplementary Figure 6.8). This analysis did not 

allow to identify a transporter for histamine.  

6.2.1.4 Receptors 

Monoamines exert their action by binding to their membrane receptors. The majority of 

monoamines receptors are G-protein-coupled receptors (GPCRs) of class A; however, serotonin 

represents an exception since it also presents a class of ligand-gated ion receptors classified as 

Serotonin Receptors 3 (5-HTR3) in vertebrates  (Goulty et al., 2023).  

Orthology assessment was performed for each type of monoamine previously identified.  

Serotonin receptors (5-HTRs) 

It has been previously shown that bivalve molluscs present at least three different 5-HTRs, in 

particular: 5-HTR1A1_inv, 5-HTR1A2_inv and 5-HTR7. Orthology assessment revealed the 

presence of a total of six serotonin receptors (Supplementary Table 6.8, Supplementary Figure 

6.9). Each group containing the 5-HTR type is well supported (BP > 70). As shown in the tree 

(Supplementary Figure 6.9), 5-HTR1, 5-HTR7 and 5-HTR2 are sister groups and form a clade, 

whereas 5-HTR4 and 5-HTR6 form a different clade and are sister groups within their clade. 

Consistent with previous studies (Goulty et al., 2023), no 5-HTR3 were found in the species 

analysed, including D. melanogaster. 

Dopamine receptors (DRs) 

In M. galloprovincialis only one DR has been so far identified and described (Miglioli et al., 

2021b). On the other hand, a recent study showed that the pacific oyster C. gigas shows three 

different DRs: dopamine receptor type 1 (DR1), dopamine receptor type 2 (DR2, or invertebrate 

dopamine receptor – INDR) and dopamine receptor type 3 (DR3) (Schwartz et al., 2021). To 

assess the presence of other DRs in M. galloprovincialis genome, reference sequences of 

human, fruit fly and pacific oyster were used (Supplementary Table 6.9, Supplementary Figure 

6.10). It was found that M. galloprovincialis and the other bivalve species analysed also possess 

three different DRs, with the exception of M. coruscus which lacks DR1 (Supplementary Figure 

6.10). As shown in Supplementary Figure 9, DR1 and DR2 are sister group in the same clade, 
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whereas DR3 clade acts as sister group of DR1-DR2 clade. These data are different from what 

published by Schwartz et al. (2021), where DR1 and DR3 are sister group within the same clade 

and DR2/INDR is localised in a different clade. This could be explained by the fact that in that 

study DRs were analysed together with octopamine and tyramine receptors (OARs, TymRs). 

Adrenergic receptors (α-ARs and β-ARs), octopamine receptors (OARs) and tyramine 

receptors (TARs) 

As reported in Supplementary Table 6.10, Platynereis dumerilii (annelid) sequences were used 

as query to identify ARs,  since many arthropods lost ARs sequences and thus fruit fly 

sequences are not available (Bauknecht and Jékely, 2017). Orthology assessment revealed that 

M. galloprovincialis and the other species analysed present both adrenaline and octopamine 

receptors (OARs) and tyramine receptors (TARs) (Supplementary Figure 6.11). The number of 

noradrenaline, octopamine and tyramine receptors varies from species to species. The pacific 

oyster, C. gigas, does not show any adrenaline receptors in line with already published data 

(Bauknecht and Jékely, 2017; Schwartz et al., 2021). Moreover, always in line with 

bibliography, the bivalve species here analysed lack β-adrenaline receptors, which are found 

only in chordates (Bauknecht and Jékely, 2017). In M. galloprovincialis, two noradrenaline, 

two octopamine and one tyramine receptors were found (Supplementary Figure 6.11). 

Histamine receptors (HSRs) 

Information on histamine receptors (HSRs) is very scarce and fragmentary and only recent 

studies tried to shed some light on their presence/absence in invertebrates: it was reported that 

HSRs in protostomes are found only in annelids, molluscs and plathelminths (Ravhe et al., 

2021). This is the reason why fruit fly sequences could not be used for orthology assessment in 

M. galloprovincialis and other bivalve species here analysed; therefore, reference sequences of 

the acorn worm Saccoglossus kowalevskii (hemichordate) were used (Supplementary Table 

6.11). In line with findings of Ravhe et al. (2021), S. kowalevskii did not show the presence of  

HSR subtype 4, which is typical of mammals, but presented orthologs of HSR1-2 and 3. 

Regarding M. galloprovincialis and bivalves here analysed, HSR1 and HSR3 orthologs were 

found, whereas no HSR2 was found in any species analysed; this could explain why the HSR2 

branch forms a clade on its own acting as sister group of the clade containing both HSR1 and 

HSR3 orthologs (Supplementary Figure 6.12). Branches show good support values (BP > 70). 

In M. galloprovincialis four different HSRs were found: one ortholog to HSR1 and three 

different HSRs orthologs to HSR3. 
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In Table 6.2 a summary of orthology assessment results in M. galloprovincialis is provided. All 

the genes that characterise a monoaminergic system (synthesis, degradation, reuptake and 

receptors) were found for 5-HT, DA and TA but not for NA and OA which lack the reuptake 

transporter and synthesis enzyme, respectively. MT (Melatonin) and A (Adrenaline) systems 

were not found in M. galloprovincialis genome. 

Class MA Synthesis Reuptake Receptor(s) Degradation Storage 

Indolamines 
5-HT ☑ ☑ ☑ 

☑ ☑ 

MT ⮽ 

Imidazolamines HS ☑ ⮽ ☑ 

Catecholamines 

DA ☑ ☑ ☑ 

NA ☑ ⮽ ☑ 

A ⮽ 

Phenolamines 
TA ☑ 

☑ 
☑ 

OA ⮽ ☑ 

Table 6.2. Schematic table showing the monoaminergic systems found in M. galloprovincialis genome 

though orthology assessment. Green check box indicates the presence of the protein/gene, indicated in 

the headline for each monoamine, while red box with X indicates its absence. 

6.2.2 Developmental expression of monoaminergic genes in M. 

galloprovincialis 

The developmental expression dynamics of the monoaminergic genes identified above were 

analysed using the developmental transcriptome of M. galloprovincialis recently published 

(Miglioli et al., 2024), focusing on stages between 0 and 48 hpf (i.e.: from the unfertilised egg 

to the D-Veliger stage). 

Hierarchical clustering of monoaminergic (MOA) genes expression levels during embryo-

larval development supported two main big clusters (adjusted-unbiased p-values – au >95). The 

clustering resulted in groups of subsequent developmental timepoints, indicating co-expression 

and progressive expression of MA genes during specific periods of development 

(Supplementary Figure 6.13 A). The first major cluster is formed by two clusters: one 

encompasses the embryonic development phase (phase 1: from 0 to 8 hpf, au = 65), the second 

one the gastrula stages (phase 2: from 12 to 16 hpf, au = 99). The second major cluster 

encompassed three phases: the trochophore phase (phase 3: from 20 to 28 hpf, au = 96), the 

early Veliger phase (phase 4: from 32 to 36 hpf, au = 98) and the D-Veliger phase (phase 5: 

from 40 to 48 hpf, au = 99).  

The correlation between developmental stages and MA genes expression was further analysed 

with PCA. Principal components (PCs) 1 and 2 covered mostly the total variance of the dataset 
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(PC1 = 50%, PC2 = 16.5%) and spatially segregated developmental phases previously 

identified with cluster analysis (Supplementary Figure 6.13 B). Thus, MA gene expression in 

M. galloprovincialis can be correlated with its embryo-larval development identifying five 

different phases: Embryonic, Gastrula, Trochophore, Early Veliger and D-Veliger phases.  

Expression dynamics were further visualised by a heatmap, showing that there are genes highly 

expressed in each phase previously identified (Figure 6.1). AADC, responsible for both 

serotonin and dopamine synthesis but also involved in other reactions, as well as MAO-B, 

responsible for the degradation of MA, are highly expressed in eggs, indicating a maternal 

origin. At 4 hpf, two histamine receptors (HSR3b and HSR3c) displayed high expression; later 

in Phase 1, at 8 hpf, DR3-like and HDC expression increased. These data indicate that 

transcripts related to serotonin, dopamine, and histamine synthesis are already present in Phase 

1. Phase 2 was characterised by increases in expression of serotonin-related genes. TPH peaked 

at 16 hpf, while 5-HTR1A2_inv, 5-HTR6-like, and 5-HTR7 reached their highest expression 

levels during this phase. Additionally, the expression of genes associated with the tyraminergic 

system (TDC, TAR1, and OAT) was prominent. Notably, 5-HTR1A2_inv displayed an early 

increase at 12 hpf, prior to TPH, and DR3-like showed heightened expression at 12 hpf, ahead 

of other dopaminergic genes. Phase 3 was marked by the rise of 5-HTR2 and SERT2-like, and, 

interestingly, by iDAT and DR1, which once again preceded the peak of the synthesis enzyme. 

During phase 4, TH started peaking (36 hpf) as well as DR2 (32 hpf). Phase 5 was mainly 

characterised by the elevated expression of adrenergic and octopaminergic receptors, as well as 

all identified DBH-like transcripts.   
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Figure 6.1. Heatmap of developmental expression dynamics of monoaminergic genes. Genes are 

clustered by rows, with column breaks identifying the five phases. Expression levels are TPM 

(Transcripts per Million). 

Notably, serotoninergic and dopaminergic genes exhibit consistent expression profiles 

throughout embryo-larval development, differently from tyramine and histamine genes, which 

are mainly expressed during embryonic and gastrula stages, and from adrenergic and 

octopaminergic genes, whose expression peaked during the last phase: the D-Veliger phase. 

Surprisingly, high expression of some monoamine receptors was observed before those 

involved in the synthesis of their respective ligands.  Dopamine transporter and receptors 

(iDAT, DR2, and DR3-like) peaked before TH, 5-HTR1A2_inv peaked before TPH, and 

AADC before both TPH and TH.  

However, the heatmap allowed for checking the expression profile of a gene (peaks, mostly) 

but not their values of expression. For this reason, receptors and re-uptake transporters peaking 

before the synthesis enzyme for each monoamine were checked by quantifying their expression 

profile in terms of TPM. As shown in Fig. 1.2, quantitative data confirm the expression profile 

data shown in the heatmap (Figure 6.1) 

These data  may indicate that some serotonin and dopamine receptors and iDAT might have a 

role in monoamine signalling activated  by unspecific ligands at early developmental stages 
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prior to synthesis of their specific ligands or have a pre-nervous (or morphogenetic) roles 

(Camicia et al., 2013; de Sa Alves et al., 2009). 

 

Figure 6.2. Graphs of expression profiles of selected genes in TPM. On the x-axis, the top section 

represents hours post-fertilisation (hpf), while the bottom section shows TPM values for the genes. 

Green bars indicate stages where the receptor/transporter is expressed at higher levels than the synthesis 

enzyme of the monoamine of interest, while red bars indicate the opposite trend, where the synthesis 

enzyme is expressed more than the receptor/transporter. 

Subsequent analysis was focused on serotoninergic and dopaminergic systems since  all their 

main components were identified (Table 6.2) and were expressed from gastrula to D-Veliger 

phases, displaying higher expression levels, in terms of TPM, compared to other 

monoaminergic genes (see Supplementary Table 6.12).  With regards to the TA system, even 
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if all genes were identified, they were mainly expressed in early embryo-stages (phases 1 and 

2) (Figure 6.1). 

6.2.3 Spatiotemporal expression of serotonin and dopamine genes during M. 

galloprovincialis embryo-larval development evaluated by HCR: 

relationship with the neuroendocrine system 

6.2.3.1 Spatiotemporal analysis of the pan-neuronal marker 7B2 

7B2 (or Secretogranin V) is known to be found in nervous and neuroendocrine tissues of both 

deuterostome and protostomes (Mbikay et al., 2001; Monjo and Romero, 2015). To assess the 

spatiotemporal morphology of the neuroendocrine system during M. galloprovincialis embryo-

larval development, 7B2 was used as marker in larval samples at the gastrula (16 hpf), 

trochophore (28 hpf) and D-veliger stage (48 hpf) using single HCR. The technique did not 

allow for the identification of ganglia sensu stricto (Richter et al., 2010); therefore, the neural 

structures identified were considered cluster of neurons.  

As shown in Fig. 1.3, 7B2 signal (magenta) at the Gastrula stage displayed two apical clusters: 

one anterior and one posterior, thus they were named apical-anterior neurons (aan) and apical-

posterior-neurons (apn) (Figure 6.3 A1-B1). At the Trochophore stage, in addition to aan and 

apn , a new cluster of neurons appeared: the apical-ventral neurons (avn) (Figure 6.3 C-D1). At 

D-Veliger stage up to four different clusters were identified, and the structure of 7B2 signal 

became more complex. Two clusters of apical anterior neurons (apical-anterior neurons 1 – 

apn1, and apical-anterior neurons 2 – apn2), anterior neurons (an) and ventral-posterior neurons 

(vpn) were identified (Figure 6.3E-F1). These clusters showed a bilateral symmetry, in 

particular the an and the vpn clusters (Figure 6.3 F-F1).  
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Figure 6.3. Representative images showing the spatiotemporal localization of the pan-neuronal marker 

7B2 during M. galloprovincialis embryo-larval development. 

Each row represents the stages analysed: A-B: Gastrula stage (16 hpf), C-D: Trochophore stage (28 hpf); 

E-F:  D-Veliger stage (48 hpf).  In each figure, the larval scheme is represented on the left and the 

corresponding confocal HCR image on the right. In confocal images clusters are highlighted by a dotted 

line and the larval body by a dashed line.  

A-A1. Schematic representation and maximum plane projection of 7B2 at gastrula stage in lateral view. 

B-B1. Schematic representation and maximum plane projection of gastrula stage in ventral view. 19 out 

of 32 larvae presented the two apical clusters: apical-anterior neurons and apical-posterior neurons (aan, 

apn; panels A1, B1).  

C-C1. Schematic representation and maximum plane projection of trochophore stage in lateral view. 

D-D1. Schematic representation and 3D reconstruction of trochophore stage in ventral view. 27 out of 

35 larvae analysed presented the three neuronal clusters: aan, apn and apical-ventral neurons (avn) 

(panels C1, D1). 

E-E1. Schematic representation and maximum plane projection of D-Veliger stage in lateral view. 

F-F1. Schematic representation and 3D reconstruction of D-Veliger stage in ventral view. 96 out of 116 

larvae analysed presented all the clusters: apical anterior neurons1/2 (aan1/2), anterior neurons (an) and 

ventral-posterior neurons (vpn) (panels E1, F1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bar: 

20 µm.  
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6.2.3.2 Spatiotemporal analysis of serotonin and dopamine producing cells 

Serotonin and dopamine producing cells were localised by using specific markers: TPH for 5-

HT and TH for DA, the rate limiting enzymes for 5-HT and DA synthesis, respectively. Signal 

of single HCR of TPH and TH is reported in Supplementary Figure 6.14 and Supplementary 

Figure 6.15. 

Figure 6.4 shows the results of double HCR fluorescence with TPH (green) and 7B2 (magenta) 

where the overlap of the signals results in a white colour, indicating colocalisation. Serotonin 

producing cells were first detected at 16 hpf apically, forming a cluster within the aan (Figure 

6.4 A-B2). Cell counting, performed by merging Hoechst and TPH channels, allowed to 

identify 3 TPH positive cells (3 ± 0.51, 24 larvae). At 28 hpf, one TPH cluster was still localised 

apically within the area of aan (Figure 6.3 C-D1), with 4 TPH positive cells (4 ± 0.49, 29 

larvae). At 48 hpf, the TPH signal subsides into the larval body and localises within the an 

(Figure 6.3 E-F1). At this stage, the TPH signal was formed by three clusters, one medial and 

two lateral (Figure 6.3 F1-F3), and up to 7 cells were positive to TPH (7 ± 0.65, 52 larvae).  
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Figure 6.4. Representative images showing the spatiotemporal localisation of serotonin producing cells 

and 7B2 during M. galloprovincialis embryo-larval development. Rows and panels are organised as in 

Figure 6.3.  Double HCR with TPH (B2 amplifier) and 7B2 (B1 amplifier) was used. TPH signal is 

represented in red and green in scheme and HCR images respectively; 7B2 signal is represented by 

dotted lines as in Figure 6.3 and in magenta in HCR images. The white colour in confocal images is the 

result of green and magenta colocalisation. 

A-A1. Schematic representation and selective plane projection at Gastrula in lateral view. A2-A3. 

Magnification of aan with 7B2 signal (A2) and TPH signal (A3); the dotted line is the same drawn for 

7B2 signal. 

B-B1. Schematic representation and selective plane projection at Gastrula stage in ventral view. B2-B3. 

Magnification of 7B2 (B2) signal of the aan and TPH signal (B3). 7 out 7 larvae showed the 

colocalisation of TPH within 7B2 (panels A1, B1).  

C-C1. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2 and C3 show the magnification of 7B2 (C2) signal of the aan area and the TPH signal (C3). 

D-D1. Schematic representation and maximum plane projection at Trochophore stage in ventral view. 

D2-D3. Magnification of 7B2 signal within the aan and TPH. 8 out 8 larvae showed the colocalisation 

of TPH within 7B2 (panels C1, D1).  

E-E1. Schematic representation and maximum plane projection at D-Veliger stage in lateral view. E2-

E3. Magnification of an with 7B2 and TPH signals. 

F-F1 Schematic representation of D-Veliger stage in ventral view and selective 3D reconstruction of an 

area. F2-F3. Signal of 7B2 and TPH. 7 out 7 larvae showed the colocalisation of TPH within 7B2 (panels 

E1, F1).  

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  
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Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 

20 µm and 10 µm for insets. 

Figure 6.5 shows the results of double HCR with TH (green) and 7B2 (magenta). No TH signal 

was detected at Gastrula stage (Figure 6.5 A-B3), whereas it was detected at Trochophore stage 

with two lateral clusters, one of them within avn (Figure 6.5 C-D3); at this stage, 4 cells resulted 

to be positive to TH (4 ± 0.61, 24 larvae). At D-Veliger stage, up to four clusters were identified, 

with a consistent increase in the number of cells (7 ± 1.41, 43 larvae) (Figure 6.5 E-F3). These 

four clusters were symmetrical and bilateral (Figure 6.5 F1, F3) and they were localised within 

the vpn area (Figure 6.5 E1-E3 and F1-F3).  

 

Figure 6.5. Representative images showing the spatiotemporal localisation of dopamine producing cells 

and 7B2 during M. galloprovincialis embryo-larval development. Doble HCR with TH (B2 amplifier) 

and 7B2 (B1 amplifier) was used. TH signal is represented in red and green in scheme and HCR images 

respectively, 7B2 signal is represented by dotted lines as in Figure 6.3 and in magenta in HCR images. 

The white colour in confocal images is the result of green and magenta colocalisation. 

A-A1. Schematic representation and selective plane projection at Gastrula in lateral view. A2 shows a 

magnification of aan with 7B2 signal and A3 shows the magnification of aan with TH signal. The dotted 

outline is the same one drawn for 7B2 signal. B1-2. Schematic representation and selective plane 
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projection at Gastrula stage in ventral view. B2 and B3 show the magnification of 7B2 signal and TH 

signal. 3 larvae were analysed (panels A1, B1). 

C-C1. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2 and C3 show the magnification of 7B2 signal of the avn area and the TH signal which is within it. 

D-D1. Schematic representation and maximum plane projection at Trochophore stage in ventral view. 

D2 and D3 show the magnification of 7B2 signal within the avn and TH signal within 7B2 area. 7 out 7 

larvae showed TH within avn 7B2 area, 5 out of  7 larvae showed the two clusters of TH and only 2 out 

of 7 larvae showed 2 apical-ventral clusters of 7B2 (panels C1, D1). 

E-E1. Schematic representation and maximum plane projection at D-Veliger stage; E2 and E3 show a 

magnification of vpn with 7B2 and TH alone. 

F. Schematic representation of ventral view at D-Veliger stage. F1 selective 3D reconstruction of vpn 

area. F2 and F3 show signal of 7B2 and TH on their own. At D-Veliger stage, 6 out 6 larvae showed TH 

colocalising within vpn area and with 4 clusters (panels E1, F1).  

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 

20 µm and 10 µm for insets. 

TPH and TH are necessary but not sufficient for 5-HT and DA synthesis. Indeed, to be 

synthesised, a second reaction is needed and is catalysed by AADC (see Figure 2.1). As a 

consequence, colocalisation of AADC was evaluated with either TPH or TH, to assess if this 

enzyme is found in their same area and, thus, allowing the synthesis of 5-HT and DA. AADC 

(magenta) was detected from Gastrula to D-Veliger stages showing colocalisation with both 

TPH and TH (green). Moreover, it was found that AADC signal was present also in other areas 

of the embryo/larval body (see Supplementary Figure 6.17 and Supplementary Figure 6.18). 

This widespread localisation could be explained by the affinity of AADC towards a broad range 

of substrates (e.g.: AADC can convert L-Tyrosine in TA).  

6.2.3.3 Spatiotemporal localisation of serotonin and dopamine transporters 

Selective reuptake transporters for 5-HT and DA (SERT1-like, SERT2-like and iDAT) were 

localised during embryo-larval development with single HCR. In line with the RNA-Seq 

expression profile, SERT1-like could not be detected at both Gastrula an Trochophore stages 

but at D-Veliger stage only, showing two lateral and symmetrical clusters (Supplementary 

Figure 6.19). SERT2-like seemed to display an inconspicuous signal at Gastrula stage; at 

Trochophore stage the signal appeared to be localised at the margins of the larval body, without 

displaying a specific cluster localisation. At D-Veliger stage a cluster could be identified almost 

in the centre of the larval body, with the persistence of an inconspicuous signal in the ventral 

area (Supplementary Figure 6.19). iDAT, in line with the RNA-Seq expression profile, peaked 

before TH. At both Gastrula and Trochophore stages the signal was localised in non-neuronal 

areas and in non-dopaminergic areas. At D-Veliger stage two ventral clusters were identified 

(Supplementary Figure 6.19). 



85 

 

Double HCR with SERTs-like and iDAT (magenta) with their respective synthesis enzymes, 

TPH and TH respectively (green), was carried out at D-Veliger stage, when all the three 

reuptake transporters displayed a clear localisation. The results indicate that TPH colocalised 

in the two lateral symmetrical clusters with SERT1-like, and in the medial cluster with SERT2-

like (Figure 6.6). TH displayed colocalisation with iDAT only in the two more ventral clusters 

(Figure 6.6). 

 

Figure 6.6. Representative images showing the colocalisation of TPH and TH with their reuptake 

transporters: SERT1-like and SERT2-like for TPH and iDAT for TH. Double HCR was carried out with 

TPH and TH (B2 amplifier) and transporters (B3 amplifier). Lateral views were realised by maximum-

plane projection, ventral view was realised by selective 3D reconstruction. The white colour in confocal 

images is the result of green and magenta colocalisation. TPH + SERT1-like: 16 out of 20 larvae; TPH 

+ SERT2-like: 5 out of 5 larvae; TH + iDAT: 15 out of 15 larvae displayed colocalisation.  Scale bars: 

20 μm and 10 μm for insets.  

6.2.3.4 Colocalisation of serotonin and dopamine receptors (5-HTRs and DRs) within 

neural tissue at D-Veliger stage 

5-HTRs and DRs localisation expression patterns were first investigated at 48 hpf, as all 

receptors displayed distinct and consistent localisation patterns across larvae at this stage, 

allowing for the discrimination of receptors forming clusters in specific tissues. Additionally, 

this analysis helped to identify which receptors are located within, near, or distant from the 

cluster where their ligand is synthesised. In this section, the localisation of 5-HTRs and DRs 

(green) with 7B2 (magenta) will be shown. 
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5-HTRs and DRs displayed both a neuronal and non-neuronal localisation. In particular, 5-

HTR1A2_inv (which shows the same expression pattern of 5-HTR1A1_inv at 48 hpf), 5-

HTR6-like and DR3-like are exclusively neuronal (Figure 6.7 A-C). 5-HTR1A2_inv displayed 

two clusters, one localised within the an and the other one localised within the vpn (Figure 6.7 

A). 5-HTR6 like displayed just one posterior cluster within the vpn (Figure 6.7 B). DR3-like 

showed three clusters, one localised in the an and the others two localised in the vpn (Figure 

6.7 C). 

5-HTR4-like, 5-HTR7 and DR1 displayed both a neuronal and non-neuronal localisation 

(Figure 6.7 D-F). 5-HTR4-like showed, as well as 5-HTR6-like and DR3-like, a posterior 

cluster within the vpn. In addition, 5-HTR4-like also localised in a non-neuronal area above the 

region of the an (Figure 6.7 D). 5-HTR7 displayed two neuronal clusters, one within the an and 

one within the vpn; the posterior neuronal cluster showed the same localisation of the ones of 

5-HTR4-like and 5-HTR6-like (Figure 6.7 E). DR1 showed an area at the shell margins, an area 

that should be where the mouth is (according to Miglioli et al. (2024)) and a cluster posterior 

to the an (Figure 6.7 F). 

The only receptor analysed displaying exclusively a non-neuronal localisation was DR2. Its two 

clusters localised nearby hinge margins (one anterior and posterior) (Figure 6.7 G). 

5-HTR2 did not display a clear localisation pattern at 48 hpf (data not shown). 

For a better visualisation of the signal of the receptors here analysed, see Supplementary Figure 

6.16. 
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Figure 6.7. Representative images showing the localisation of 5-HTRs and DRs (green) at D-Veliger 

stage (48 hpf) within or outside the 7B2 (magenta) areas. In each figure, the larval scheme is represented 

on the left and the corresponding confocal HCR image on the right. Double HCR was carried out: 

receptors were all marked with amplifier B1, 7B2 was analysed with amplifier B3. The white colour in 

confocal images is the result of green and magenta colocalisation. The nervous tissue regions are 

outlined with dotted lines in schemes and represented in magenta in confocal images, while the receptor 

localisation observed via HCR is indicated by blue areas in schemes and in green in confocal images. 

Serotonin synthesis site is marked in pale red, and dopamine synthesis sites are marked in pale green in 

schemes. In confocal images, the larval body is highlighted by a dashed outline. HCR pictures are 

maximum plane projections. Rows from top to bottom: exclusively neuronal localisation, neuronal and 

non-neuronal localisation, exclusively non-neuronal localisation. 7 larvae were analysed for each 

receptor.  

Axis orientation abbreviations: A – anterior, D – dorsal, P – posterior, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth. Scale bars = 20 µm. 

6.2.3.5 Colocalisation of 5-HTR1A2_inv and 5-HTR7 with TPH 

5-HTR1A2_inv and 5-HTR7 displayed clusters within an, where serotonin producing cells are 

localised (Figure 6.7); colocalisation was thus investigated by double HCR with TPH. The 

results are reported in Figure 6.8 (green for TPH and magenta for 5-HTR1A2_inv and 5-HTR7) 

5-HTR1A2_inv showed a broad area of signal at Gastrula, especially dorsally, that was 

localised within TPH area (Figure 6.8 A-B3). At Trochophore stage, two clusters were 

observed: one anterior, within TPH area (Figure 6.8 C1-C3 and D1-D3), and one posterior. 

Also, in D-Veliger, two clusters were present: one anterior and one ventral-posterior (Figure 
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6.8 E-E1). The anterior cluster, that was previously shown to be within the an area, showed 

colocalisation with TPH (Figure 6.8 E1-E3 and F1-F3).  At this stage, 5-HTR1A2_inv showed 

co-localisation with all the three TPH clusters (Figure 6.8 F2-F3).  

 

Figure 6.8. Representative images showing the spatiotemporal localisation of 5-HTR1A2_inv within 

serotonin producing cells during M. galloprovincialis embryo-larval development. Double HCR with 5-

HTR1A2_inv (B1 amplifier) and TPH (B2 amplifier) was used. TPH signal is represented in red in 

schemes and in green in HCR pictures, 5-HTR1A2_inv signal is represented in blue and in magenta in 

schemes and HCR pictures, respectively. 7B2 areas are present in schemes and identified by areas with 

dotted lines. The panel is organised as Figure 6.3. The white colour in confocal images is the result of 

green and magenta colocalisation. 

A-A1. Schematic representation and selective plane projection at Gastrula in lateral view. A2 shows a 

magnification TPH signal, A3 shows the magnification with 5-HTR1A2_inv signal; the dotted outline 

is the same one drawn for TPH signal. 

B-B1. Schematic representation and selective plane projection at Gastrula stage in ventral view. B2 and 

B3 show the magnification of TPH signal and 5-HTR1A2_inv signal. 3 out of 3 larvae analysed 

displayed colocalization (panels A1-B1). 

C-C3. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2 and C3 show the magnification of TPH signal and the 5-HTR1A2_inv signal which is within it.  

D-D1. Schematic representation and maximum plane projection at Trochophore stage in ventral view. 

D2 and D3 show the magnification of TPH signal and 5-HTR1A2_inv signal within TPH area. 4 out of 

4 larvae displayed colocalisation (panels C1-D1). 
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E-E1. Schematic representation and maximum plane projection at D-Veliger stage. E2 and E3 show a 

magnification of TPH and 5-HTR1A2_inv alone.  

F. Schematic representation of ventral view at D-Veliger stage. F2 selective 3D reconstruction of an 

area. F2 and F3 show signal of TPH and 5-HTR1A2_inv on their own. 4 out of 5 larvae displayed 

colocalisation (panels E1-F1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 

20 µm and 10 µm for inset pictures.  

5-HTR7 signal was observed at both Gastrula and Trochophore stages (Figure 6.9 A-D3), with 

a broad apical-ventral area and a posterior area clearly identified at Trochophore stage. 

Colocalisation with TPH resulted difficult to establish, given the wide apical-ventral area 

covered by 5-HTR7. Figure 6.9 shows that a partial colocalisation is present at Gastrula stage 

(A-B3) but is was absent at Trochophore stage (C-D3). At the D-Veliger stage, 5-HTR7 showed 

a colocalisation with TPH only within the two bilateral clusters and not with TPH medial cluster 

(Figure 6.9 E1-E3 and F1-F3, respectively).  

 

Figure 6.9. Representative images showing the spatiotemporal localisation of 5-HTR7 within serotonin 

producing cells during M. galloprovincialis embryo-larval development. Double HCR with 5-HTR7 (B1 

amplifier) and TPH (B2 amplifier) was used. 5-HTR7 signal is represented in blue in schemes and in 
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green in HCR pictures, TPH is red in schemes and green in confocal images, 7B2 signal is represented 

by dotted areas in schemes and in magenta in HCR pictures. Panels are organised as in Figure 6.3. The 

white colour in confocal images is the result of green and magenta colocalisation. 

A-A1. Schematic representation and selective plane projection at Gastrula in lateral view. A2-A3 shows 

a magnification of TPH and 5-HTR7 signals. 

B1-2. Schematic representation and selective plane projection at Gastrula stage in ventral view. B2-B3 

show the magnification of TPH and 5-HTR7 signals. 6 out of 6 larvae displayed colocalisation (panels 

A1-B1). 

C1-2. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2-C3. Magnification of TPH and the 5-HTR7 signals. 

D1-2. Schematic representation and maximum plane projection at Trochophore stage in ventral view. 

D2-D3. Magnification of TPH and 5-HTR7 signals. 5 out of 5 larvae were analysed and displayed this 

patter (panels C1-D1). 

E-E1 Schematic representation and maximum plane projection at D-Veliger stage. E2-E3. Magnification 

of TPH and 5-HTR7 signals.  

F. Schematic representation of ventral view at D-Veliger stage. F1 selective 3D reconstruction of TPH 

area. F2-F3. TPH and 5-HTR7 signals. 15 out of 15 larvae displayed colocalisation (panels E1-F1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 

20 µm and 10 µm for inset pictures. 

6.2.3.6 Colocalisation of DR1 and DR3-like with TH 

As previously shown in Figure 6.5, no TH signal was detectable at Gastrula stage. DR1 and 

DR3-like were thus analysed at later stages to check their possible colocalisation with TH. TH 

(green) colocalised with DR1 (magenta) at both Trochophore (Figure 6.10 A1-A3) and D-

Veliger stage (Figure 6.10 B1-B3) stages. DR1 showed also areas near and outside TH area at 

both stages (Figure 6.10 A1 and B1). On the contrary, no colocalisation was found for DR3-

like (magenta) in either stage analysed (Figure 6.10 C1-C3 and D1-D3).
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Figure 6.10. Representative images showing the colocalisation of TH with DR1 and DR3-like at 

Trochophore (28 hpf) and D-Veliger (48 hpf) stages. Double HCR was carried out using TH with B2 

amplifier and DRs with B1 amplifier. Organisation of rows from top to bottom: TH + DR1 and TH 9 

DR3-like. TH is presented in green in both schemes and confocal images, receptors are blue and magenta 

in schemes and confocal images respectively. The white colour in confocal images is the result of green 

and magenta colocalisation. 

A-A1. Schematic representation and selective plane projection at Trochophore stage in later view. A2 

shows the magnification of TH signal and A3 of DR1. 15 out of 15 larvae displayed colocalisation. 

B-B1. Schematic representation and selective plane projection at D-Veliger stage in lateral view. B2-B3 

show the magnification of TH signal and DR1 signals. 13 out of 13 larvae displayed colocalisation. 

C-C1. Schematic representation and selective plane projection at Trochophore stage in later view. C2-

C3 show the magnification of TH and DR1 signals. 5 larvae were analysed. 

D-D1. Schematic representation and selective plane projection at D-Veliger stage in lateral view. D2-

D3 show the magnification of TH signal and DR1 signals. 14 larvae were analysed.  

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, st: stomodeum. Scale bars: 20 μm and 10 

μm for inset pictures. 

6.2.3.7 Localisation of 5-HTRs within neuronal and ciliated tissues 

Localisation of 5-HTR1A2_inv and 5-HTR6-like receptors (green) within neuronal tissues was 

investigated by double HCR with 7B2 (magenta). These two receptors were chosen because 

they displayed a complete neuronal localisation at D-Veliger stage (see Figure 6.7). 

5-HTR1A2_inv signal at Gastrula stage was found within an, where serotonin producing cells 

are present (Figure 6.11 A-B3). At Trochophore stage the anterior and apical clusters were 

found to localise within aan; moreover, a posterior cluster appeared but it did not colocalise 

within apn but outside them, thus indicating the presence of both neuronal and non-neuronal 

clusters. At D-Veliger stage two clusters were found, one anterior within an and one ventral-

posterior within the more ventral and apical area of vpn. The clusters within the an showed a 

bilateral profile and were localised within all an area (Figure 6.11 F1-F3); the cluster localised 

in the vpn area resulted to be bilateral and symmetrical in the more anterior area of vpn (Figure 

6.10 F1, F4 and F5). 
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Figure 6.11. Representative images showing the spatiotemporal localisation of 5-HTR1A2_inv within 

7B2. Double HCR was performed using 5-HTR1A2_imv (B1 amplifier) and 7B2 (B3 amplifier). Panels 

are arranged as in Figure 6.3. In the schemes, sites of synthesis of serotonin and dopamine are shown in 

pale red and green, respectively. The white colour in confocal images is the result of green and magenta 

colocalisation. 

A1-2. Schematic representation and selective plane projection at Gastrula in lateral view. A2-A3 shows 

a magnification of TPH and 5-HTR1A2_inv signals.  

B-B1. Schematic representation and selective plane projection at Gastrula stage in ventral view. B2-B3 

show the magnification of TPH and 5-HTR1A2_inv signals. 7 out of 7 larvae displayed colocalisation 

(panels A1, B1). 

C-C1. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2-C3. Magnification of TPH and the 5-HTR1A2_inv signals. 

D-D1. Schematic representation and maximum plane projection at Trochophore stage in ventral view. 

D2-D3. Magnification of TPH and 5-HTR1A2_inv signals. 6 out of 6 larvae displayed colocalisation 

(panels C1, D1). 

E-E1 Schematic representation and maximum plane projection at D-Veliger stage. E2-E3. Magnification 

of 7B2 and 5-HTR1A2_inv signals of an area. E4-E5. Magnification of 7B2 and 5-HTR1A2_inv of vpn 

area. 

F-F1. Schematic representation and 3D reconstruction of D-Veliger in ventral view. F2-F3. 

Magnification of 7B2 and 5-HTR1A2_inv signals of an area. F4-F5. Magnification of 7B2 and 5-

HTR1A2_inv signals of vpn area. 7 out of 7 larvae displayed colocalization (panels F1, E1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 

20 µm and 10 µm for inset pictures. 

5-HTR6-like showed a neuronal localization in all stages studied (Figure 6.12). At Gastrula 

stage it was detected within apn area (Figure 6.12 A1-A3 and B1-B3) and the cluster here 

identified remained posterior and localised within apn also at Trochophore stage (Figure 6.12 
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C1-C3 and D1-D3). At D-Veliger stage, the posterior cluster was localised within the more 

posterior area of vpn (Figure 6.12 E1-E3 and F1-F3) as previously shown (Figure 6.7 B).  

 

 

Figure 6.12. Representative images of the spatiotemporal localisation of 5-HTR6-like within 7B2. 

Double HCR was performed using 5-HTR6-like (B1 amplifier) and 7B2 (B3 amplifier). Panels are 

arranged as in Figure 6.3. 5-HTR6-like is in green and blue in confocal images and schemes, 

respectively; 7B2 in magenta in confocal images highlighted by dotted lines in schemes. In the schemes, 

sites of synthesis of serotonin and dopamine are shown in pale red and green, respectively. The white 

colour in confocal images is the result of green and magenta colocalisation. 

A-A1. Schematic representation and selective plane projection at Gastrula in lateral view. A2 shows a 

magnification of apn with 7B2 and 5-HTR6-like signals. 

B-B1. Schematic representation and selective plane projection at Gastrula stage in ventral view. B2 and 

B3 show the magnification of 7B2 signal and 5-HTR6-like signals of the apn. 7 out of 7 larvae displayed 

colocalisation (panels A1, B1). 

C-C1. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2 and C3 show the magnification of 7B2 and 5-HTR6-like signals of the apn. 

D-D1. Schematic representation and maximum plane projection at Trochophore stage in ventral view. 

D2 and D3 show the magnification of 7B2 and 5-HTR6-like signals of apn. 7 out 7 larvae displayed 

colocalisation (panels C1, D1). 

E-E1. Schematic representation and maximum plane projection at D-Veliger stage; E2 and E3 show a 

magnification of vpn with 7B2 and TH alone. 
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F. Schematic representation of ventral view at D-Veliger stage. F1 selective 3D reconstruction of vpn 

area. F2 and F3 show signal of 7B2 and TH on their own. 6 out 6 larvae showed TH colocalising within 

vpn area and with 4 clusters. 5 out of 7 larvae displayed colocalization (panels E1, F1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 

20 µm and 10 µm for insets. 

Double HCR was also utilized to investigate the colocalisation of 5-HTR7 (green) with tektin 

(magenta), a tissue marker for the ciliated epithelium (Miglioli et al., 2024; Piovani et al., 2023), 

because this receptor displayed a broad cluster at D-Veliger stage near shell margins (see Figure 

6.7). Tektin was shown to be present already at Gastrula stage (16 hpf), anteriorly and 

posteriorly, forming the apical and posterior tufts. At Trochophore stage (28 hpf) the signal 

expanded and tektin marked the prototroch, the ciliary band that divides, approximately, the 

larval body in two; furthermore, tektin formed two islets in proximity of the stomodeum and 

the region of the future anus. At D-Veliger stage (44 hpf) the prototroch was completely 

internalised and gave rise to the velum and tufts were observed in proximity to the mouth and 

anus  (Miglioli et al., 2024). For more information, check out Chapter 4, section 4.3.2. 

5-HTR7 was found to colocalise with tektin at all the stages here analysed. At Gastrula stage, 

5-HTR7 colocalised within the apical tuft (at), with a posterior islet of ciliated epithelium and 

with the broad anterior-ventral area of signal of tektin (Figure 6.13 A-B1). At Trochophore 

stage, 5-HTR7 localised within the anterior apical tuft, the prototroch (pt) and the posterior islet 

of ciliated epithelium that will identify, later on, the anus. At D-Veliger stage, 5-HTR7 was 

localised in the velum, the internalised prototroch, and in the anal tuft located posteriorly 

(Figure 6.14 E-F1). 
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Figure 6.13. Representative images of the spatiotemporal localisation of 5-HTR7 within ciliated 

epithelium. Double HCR was performed using 5-HTR7 (B1 amplifier) and Tektin (B2 amplifier). 5-

HTR7 is represented with blue areas in schemes and in green in HCR images; Tektin is represented in 

magenta in both schemes and HCR images. Panels are organised as in Figure 6.3. The white colour in 

confocal images is the result of green and magenta colocalisation. 

A-B1. Schematic representation and maximum plane projection at Gastrula stage in lateral (A-A1) and 

ventral (B-B1) view. 7 out 7 larvae displayed colocalisation (panels A1, B1). 

C-D1. Schematic representation and maximum plane projection at Trochophore stage in lateral (C-C1) 

and ventral (D-D1) view. 8 out 8 larvae displayed colocalisation (panels C1, D1). 

E-E1. Schematic and maximum plane projection at D-Veliger stage in lateral view. F-F1. Schematic and 

3D reconstruction at D-Veliger stage in ventral view. 7 out 7 larvae displayed colocalisation (panels E1, 

F1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, at: apical tuft, g: gut, h: hinge, m: mouth, pt: prototroch, sf: shell 

field, st: stomodeum. Scale bar: 20 μm.  

6.2.3.8 Localisation of DR1 within ciliated tissue 

At Gastrula stage, no DR1 signal could be detected, in line with the RNA-Seq expression profile 

(Figure 6.14 A1, B1). DR1 signal (green) was detected at Trochophore stage in different areas. 

Two cluster were localised within tektin area (magenta): a conspicuous cluster was localised in 

an area corresponding to the stomodeum and another one at the level of the apical tuft. A third 
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cluster was under the prototroch area (Figure 6.14 C-D1). At the D-Veliger stage, DR1 signal 

localised withing different areas marked by tektin: in in the velum, at the level of the oral tuft 

and in the dorsal region of the ciliated stomach (Figure 6.14 E-F1).  

 

Figure 6.14. Representative images of the spatiotemporal localisation of DR1 within ciliated epithelium. 

Double HCR was carried out using DR1 (amplifier B1 and Tektin (amplifier B2). DR1 is represented 

with blue areas in schemes and in green in HCR images; Tektin is represented in magenta in both 

schemes and HCR images. Panels are organised as in Figure 6.3. 

A-B1. Schematic representation and maximum plane projection at Gastrula stage in lateral (A-A1) and 

ventral (B-B1) view. 3 larvae were analysed. The white colour in confocal images is the result of green 

and magenta colocalisation. 

C-D1. Schematic representation and maximum plane projection at Trochphore stage in lateral (C-C1) 

and ventral (D-D1) view. 7 out 7 larvae displayed colocalisation. 

E-E1. Schematic and maximum plane projection at D-Veliger stage in lateral view. F-F1. Schematic and 

3D reconstruction at D-Veliger stage in ventral view. 7 out 7 larvae displayed colocalisation. 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, at: apical tuft, g: gut, h: hinge, m: mouth, pt: prototroch, sf: shell 

field, st: stomodeum. Scale bar: 20 μm. 

6.2.3.9 Localisation of DBHs-like 

The DBH previously identified and localised trough chromogenic in situ hybridisation was 

found to cluster within the clade of DBHs-like and was called DBH4-like (Miglioli et al., 
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2021b). Three DBHs-like were analysed at D-Veliger, because their expression profiles peaked 

at 48 hpf, during the D-Veliger phase (phase 5, see Figure 6.1). They were found to localise 

centrally and dorsally, near the hinge (Supplementary Figure 6.20 A-C). The localisation of one 

of them (DBH5-like) in the larval body suggested that they should be localised in an area that 

should correspond to the stomach (Supplementary Figure 6.20 C1), thus in a non-neuronal area. 

Even though the existence of this enzyme is known even in humans, at the state of art there is 

no clue about its function(s) (Goulty et al., 2023; Xin et al., 2004). 

6.2.4 Effects of treatment with exogenous monoamines and pharmacological 

inhibitors of 5-HTRs and DRs on D-Veliger phenotypes (48 hpf) 

Once established the presence of all the main components of serotonergic and dopaminergic 

system in early larval stages of M. galloprovincialis, the effects of exogenous  serotonin and 

dopamine were tested on early larval development at pharmacological concentrations as in 

oyster larvae (Liu et al., 2020). The endogenous levels of these two monoamines in the 

haemolymph of adult bivalves are in the nM range, and about 30 times higher for serotonin than 

dopamine (Fabbri et al., 2024). 

Addition of exogenous 5-HT to fertilized eggs induced a significant reduction in the percentage 

of normal D-Veliger larvae from 1 μM (p-value < 0.001). At 1 and 10 μM 5-HT about 35% of 

D-larvae were normal. Among abnormal larvae, the most recurring phenotypes were protruding 

mantle (PM) and malformed hinge (MH) (Figure 6.15 A). 

In contrast, exogenous dopamine affected normal larval development only at the highest 

concentration tested (10 μM), reducing the percentage of normal D-larvae up to 50% (p-value 

< 0.01). In these conditions, most abundant phenotypes were PM, MH and AT (arrested 

trochophore) (Figure 6.15  B).  

Treatment with Methiothepin, a non-selective inhibitor of 5-HTRs, induced a significant, but 

small decrease (about -30%) in the percentage of normal D-larvae at 1 μM (p-value < 0.001). 

The most recurring phenotypes at 1 μM were PM and MH. Lower concentrations (0.01 and 0.1 

μM) were ineffective. In contrast, higher concentrations of Methiothepin (10 μM) were 

embryotoxic since no viable larvae were detected (Figure 6.15 C). 

Finally, the effects of SCH 23390 (a selective inhibitor of DR1) were evaluated. SCH induced 

a significant decrease in normal larval development from 1 μM (p-value < 0.001) with MH 

being the most abundant phenotype. Moreover, 5 μM induced developmental arrest, with 100% 

of larvae represented by arrested trochophores (p-value < 0.01) (Figure 6.15 D). 
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The results indicate that exposure to serotonin induced a clear dose dependent effect on larval 

development, whereas dopamine was apparently ineffective below high concentrations.  

Inhibitors for both receptors were embryotoxic at highest concentrations, indicating that both 

5-HTRs and DR1 are crucial to mussel larval development.  A generally stronger effect was 

observed with SCH 23390 with respect to methiothepin. 

 

Figure 6.15. A-D. Bar plots showing the percentage of phenotypes in controls and in samples treated 

with 5-HT, DA, Methiothepin and SCH 23390 at 48 hpf. Asterisks indicate p-values statistical 

significance (p-value < 0.001 = ***, 0.001 < p-value < 0.01 = **, 0.01 < p-value < 0.05 = *, p-value > 

0.05 = ns). Numbers at the bottom of the bar indicate the number of parental pairs analysed per each 

condition. E. Phenotypes shown by larvae: white Normal D-Larvae (ND), black bars malformed hinge 

(MH), orange protruding mantle (PM), orange bars protruding mantle + malformed hinge (PM +MH) 

and black arrested trochophore (AT). Scale bar: 20 μm.  
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6.3 Discussion 

In this study, the characterisation of the monoaminergic (MA) system in bivalves was 

performed through various experimental approaches using the Mediterranean mussel, M. 

galloprovincialis, as a model organism. In silico analyses of the genome and transcriptome 

were carried out to identify the presence of components of each monoaminergic system and to 

examine their expression during embryo-larval development. The spatiotemporal evolution of 

the main components of the monoaminergic system was investigated by single and double HCR 

at different developmental stages: Gastrula (16 hpf), Trochophore (28 hpf) and D-Veliger (48 

hpf). 

6.3.1 Six monoaminergic systems may be present in the M. galloprovincialis 

genome 

Up to date, very scarce information was available regarding the presence of monoaminergic 

genes in M. galloprovincialis, with only three serotonin and one dopamine receptors, one 

synthesis enzyme each for dopamine and adrenaline synthesis, identified so far (Canesi et al., 

2022; Miglioli et al., 2021b). 

In line with a recent study showing that monoaminergic system are typical of Bilateria (Goulty 

et al., 2023), the present study identified six out of eight monoaminergic systems in M. 

galloprovincialis genome: components of the serotonin (5-HT), dopamine (DA), noradrenaline 

(NA), tyramine (TA), octopamine (OA) and histamine (HS) systems were found (Table 6.2). 

6.3.1.1 Synthesis enzymes 

The synthesis enzymes involved in 5-HT (Tryptophan Hydroxylase – TPH and Aromatic L-

Amico Acid Decarboxylase – AADC), DA (Tyrosine Hydroxylase – TH, and AADC), HS 

(Histidine Decarboxylase – HDC), TA (Tyrosine Decarboxylase – TDC) and NA (Dopamine-

β-Hydroxylase – DBH) were identified in the M. galloprovincialis genome (from 

Supplementary Figure 6.2 to Supplementary Figure 6.4). In contrast, the enzyme responsible 

for the conversion of tyramine to octopamine, Tyramine-β-Hydroxylase – TBH, was not 

identified, in line  with the findings of Goulty et al. (2023) indicating its presence only in 

Ecdysozoa. Bioinformatic analyses did not identify the synthesis enzyme for melatonin. 

Analysis of copper containing hydroxylases revealed the presence of the synthesis enzyme for 

adrenaline (DBH) and several copies of MOXDs/DBH-like (up to seven in M. 

galloprovincialis; Supplementary Figure 6.4). These results are also in line with data published 

by Goulty et al. (2023). Additionally, other bivalves analysed presented multiple sequence 
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copies of DBH-like enzymes;  this could be explained by the genome duplication process 

documented for Mytilidae but also for bivalves in general (Corrochano-Fraile et al., 2022). For 

OA synthesis, see BOX.1. 

BOX 1. How is octopamine synthesised in non-Ecdysozoa? 

As previously mentioned, OA synthesis occurs via TBH; however, this enzyme is exclusively 

present in Ecdysozoa (Goulty et al., 2023), raising intriguing question about the synthesis of 

OA in other animal groups. It is known that AO is present in both invertebrates and vertebrates, 

even if in traces in the latter ones (Mell and Carpenter, 1980). In molluscs the presence of 

octopamine was identified fluorometric detection (Erspamer and Boretti, 1951; Mell and 

Carpenter, 1980; Pryce et al., 2015). More recent works assessed via bioinformatic techniques 

the presence of octopamine receptors and transporters in non Ecdysozoa invertebrates 

(Bauknecht and Jékely, 2017; Camicia et al., 2022; Goulty et al., 2023; Ribeiro and Patocka, 

2013; Schwartz et al., 2021). This collective evidence suggests that OA is indeed present and 

synthesized in these organisms. Although OA and NA are derived from two different substrates, 

they show an almost identical structure, except for a hydroxyl group present only in NA (see 

Figure 2.1). In the last century, some research groups found that TA and OA are present and 

synthetised in mice, rat and human brains (Boulton and Wu, 1973, 1972; Carlsson and Waldeck, 

1964). In vertebrates, it appears that DBH plays a crucial role in the synthesis of OA (Carlsson 

and Waldeck, 1964; Pryor et al., 2016). In the planarian Dujesia japonica a gene responsible 

for OA synthesis, named TBH, was identified. The RNA interference targeting this gene 

resulted in decreased OA without affecting NA, suggesting that this gene was necessary for OA 

synthesis (Nishimura et al., 2008). A more recent study used the DjTBH to investigate the genes 

in the new de novo genome sequencing of Lymnaea stagnalis, identifying a sequence that 

clustered with DjTBH and was designated as TBH. This cluster, however, formed a sister group 

with vertebrate DBH (Sadamoto et al., 2012). In this study, the sequence from L. stagnalis was 

used in orthology assessment for copper-containing hydroxylase and it was clustering with 

mollusc DBHs rather than with D. melanogaster TBH. These results corroborate the findings 

by Goulty et al., (2023) where TBH was found only for Ecdysozoa. Considering the molecular 

similarity of NA and OA, the information from in vivo and in vitro in vertebrates, and the recent 

studies of RNA interference and bioinformatics, it could be possible to speculate that all 

Bilateria, excluding Ecdysozoa, can synthetise OA by using the same enzyme responsible for 

the conversion of DA to NA: DBH. 
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6.3.1.2 Degradation enzymes 

Although monoamine oxidases (MAOs) do not represent the major degradation pathway in 

invertebrates (Finberg and Rabey, 2016; Sloley, 2004), two sequences were identified in the M. 

galloprovincialis genome, named as  MAO-A like and MAO-B,  based on the presence of 

identical or similar amino acids responsible for the reaction catalysis (Supplementary Figure 

6.6) (Wilson et al., 2020). These results are supported by data from Goulty et al. (2023), which 

noted that MAOs are present across Bilateria. 

6.3.1.3 Transporters 

This study revealed the presence of one vesicular monoamine transporter (VMAT) and several 

membrane transporters of the SLC6 family in M. galloprovincialis. Specifically, two SERT-

like transporters, one iDAT and one OAT were identified (Supplementary Figure 6.7, 

Supplementary Figure 6.8). The presence of two SERT-like transporters could be ascribed to 

the process of genome duplication, as suggested for DBH-like enzymes. The DAT identified 

clustered with invertebrates sequences  (iDAT), consistent with existing literature (Camicia et 

al., 2022; Goulty et al., 2023). 

Notably, no specific transporter for tyramine was identified, reinforcing the hypothesis that 

OAT is used for phenolamines, thus TA and OA (Caveney et al., 2006; Ribeiro and Patocka, 

2013). Moreover, the absence of a histamine transporter reinforces the debate on its presence 

in both vertebrates and invertebrates (Ribeiro and Patocka, 2013).  

Interestingly, no NET was found in any of the species analysed, in accordance with previous 

data suggesting that OAT is invertebrate-specific while NET is vertebrate-specific (Adamo, 

2008; Caveney et al., 2006; Ribeiro and Patocka, 2013). In the absence of NET, OAT could 

perform the clearance of NA, given its demonstrated affinity towards TA, OA, DA and NA in 

Lumbricus terrestris and in Arthropoda (Caveney et al., 2006).  

6.3.1.4 Receptors 

GPCRs were identified in the M. galloprovincialis genome for 5-HT, DA, NA, TA, OA and 

HS. In this study new serotonin receptors (5-HTRs) belonging to different families were 

identified (Supplementary Figure 6.9), thereby expanding the existing knowledge of 5-HTRs 

in M. galloprovincialis (Canesi et al., 2022). The absence of 5-HTR3 (ion-gated channels) 

aligns with previous findings in invertebrates (Goulty et al., 2023). Three different dopamine 

receptors (DRs) were identified (Supplementary Figure 6.10), and data align with previous 

findings published for the Pacific oyster, C. gigas, with a DR, named DR2, belonging to the 

clade of Invertebrate Dopamine Receptor (INDR) (Schwartz et al., 2021). Concerning NA, TA 
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and OA receptors (ARs, TARs and OARs, see Supplementary Figure 6.11), two ARs belonging 

to the family of α1 and α2 adrenergic receptors were found; no β-AR could be identified in line 

with previous findings, showing that β-ARs are restricted to chordates (Bauknecht and Jékely, 

2017; Goulty et al., 2023). Data of TARs and OARs are align with previously published data, 

with no TAR type 2 receptor reported in Mollusca (Bauknecht and Jékely, 2017). Four HS 

receptors (HSRs) were found, restricted to the family of HSR1 and HSR3 (Supplementary 

Figure 6.12), aligning with previous findings (Ravhe et al., 2021). 

6.3.2 Expression profiles of serotonin and dopamine gene suggest that they 

might have several key roles during M. galloprovincialis embryo-larval 

development 

The analysis of expression dynamics of monoaminergic genes during embryo-larval 

development of M. galloprovincialis (from 0 to 48 hpf) identified five distinct phases of gene 

expression from early embryo (Phase 1), Gastrula (Phase 2), Trochophore (Phase 3), Early 

Veliger (Phase 4) and D-Veliger (Phase 5) Notably, 5-HT and DA related genes were primarily 

expressed from Phase 2 (corresponding to 16 hpf). (Figure 6.1). Moreover, these genes 

exhibited quantitatively higher expression values compared to other identified monoaminergic 

genes, suggesting that they may represent the primary monoaminergic systems involved in 

embryo-larval development.  

The expression profiles of other monoaminergic components support this hypothesis. 

Histamine and octopamine genes were predominantly expressed during Embryonic and 

Gastrula phases (Phases 1 and 2), whereas noradrenaline and octopamine receptors were 

restricted to D-Veliger phase (Phase 5). 

Interestingly, AADC expression was detected as early as the egg stage, preceding that of TPH 

and TH. This finding indicates maternal transmission of the capacity to synthesize 5-HT and 

DA during early embryonic development. The role of serotonin in embryo development of 

different invertebrate species has been described. In sea urchin embryos 5-HT was detected first 

in the micromeres (8-16 cell stages) and then in the macromeres during the blastula stage 

(Buznikov et al., 2001). In bivalve molluscs, 5-HT was detected at four and eight blastomere 

stages and during the blastula phase in M. trossulus (Ivashkin et al., 2012). In Lymnaea 

stagnalis the intracellular 5-HT concentration was found to be pivotal for maintaining a spiral 

cleavage pattern. Alterations in 5-HT concentration lead to a disruption of the spiral cleavage 

pattern leading to a complete malformed gastrula (Bogomolov and Voronezhskaya, 2022). In 
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both sea urchins and molluscs, 5-HT was synthesised in the zygote and blastomeres, acting as 

an intracellular regulator and local hormone.  

In early developmental stages, 5-HT appears to play a crucial role in cell proliferation and 

migration. Specifically, it interacts with cytoskeletal components (microfilaments in the cortical 

contractile ring, microfilaments of filopodia involved in blastomeres adhesion and structure 

involved in mitotic spindle orientation) (Buznikov et al., 1996; Lauder, 1993). In the blastula 

of sea urchins, 5-HT has been suggested to promote ciliary activity, facilitating cells to move 

in the blastocoel and initiating the invagination of the ectoderm, marking the beginning of 

gastrulation (Buznikov et al., 2001, 1996; Lauder, 1993). Also in mammalian embryos, 5-HT 

was shown to influence proliferation of early embryonic cells through a signalling independent 

from GPCRs, including intracellular receptors and a process termed serotonylation (Cikos et 

al., 2011). 

Also DA has been detected in eggs of echinoderms and bivalve molluscs (M. yessoensis and 

Crenoiyrilus grayanus) (Buznikov, 1984; Khotimchenko, 1991) and during cleavage stages 

(from 4 cells to blastula) in M. trossulus (Ivashkin et al., 2012). DA appeared to be the only 

monoamine found in eggs of bivalve molluscs and echinoderms, suggesting a possible role in 

regulating oogenesis and, possibly, embryonic development. In echinoderms, DA was localised 

in vesicular structures within ectodermal cells at early developmental stages; addition of 

exogenous DA resulted in cytostatic effects, inhibiting cleavage division at concentrations 

ranging from 100 to 400 μM (Buznikov, 1984). In sea urchins, DA was found to promote the 

embryonic cleavage through adenylyl cyclase (Buznikov et al., 2001, 1996). The regulatory 

effects of DA are believed to involve dopamine amides intracellular binding sites (Buznikov et 

al., 2001; Khotimchenko, 1991). 

The zygote represents an autocrine system, while the developing embryo a semi-autocrine 

system, where neurotransmitters retain their intracellular roles and act also through their 

receptors localised on the cell membrane (Buznikov et al., 1999). These findings indicate that 

both 5-HT and DA have pre-nervous roles, also referred to as morphogenetic roles, as they 

regulate developmental processes independently of their neurotransmission activities (Camicia 

et al., 2013). 

In the present work, data are reported on the time course of expression of enzymes involved in 

5-HT and DA synthesis in M. galloprovincialis embryos. The peak expression of AADC at the 

egg stage (0 hpf), indicating a maternal origin, likely helps regulating initial 5-HT and DA 
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levels in the first embryo stages. TPH and TH expression peaks occur later (at 16 and 36 hpf, 

respectively).  

This pattern aligns with the time course of expression of three serotonin receptors (5-

HTR1A2_inv, 5-HTR6-like, 5-HTR7) across embryo/larval development. 5-HTR1A2_inv 

peaked before TPH (12 hpf), while 5-HTR6-like and 5-HTR7 began to increase at 16 hpf, 

coinciding with TPH peak (Figure 6.1). HCR data confirm that these three receptors were 

detected at the Gastrula stage (16 hpf) and indicate that their localization is in tissues 

characterised by a neuroendocrine and ciliated epithelium signature, supporting the hypothesis 

of a pre-nervous role of 5-HT during the first stages of development.  

Similarly, dopaminergic components, including iDAT, DR2 and DR3-like peaked before TH 

during the Embryonic and Gastrula phases (Phase 1 and 2, Figure 6.1), suggesting that DA 

might also play a pre-nervous role in M. galloprovincialis embryos. However, their exact 

localisation could not be identified. 

The discrepancy between expression of synthesis enzymes and that of some receptors, suggests 

that some 5-HTRs and DRs could be involved in sensing the environment and responding to 

environmental cues, especially  indole compounds and their derivatives (Kumar et al., 2021; 

Tomberlin et al., 2017). Indole, a derivate of tryptophan, is widespread in living organisms and 

in the environment as it is produced by free living bacteria, plants and bacteria flora in animals 

(Kumar et al., 2021; Tomberlin et al., 2017). Most studies have focused on insects and C. 

elegans, where indole and its derivates are known to influence several behaviours such as 

feeding, mating and oviposition (Kumar et al., 2021). Mussels, specifically, have been observed 

to respond to indole and its derivatives produced by bacteria, which serve as antifouling agents 

by inhibiting larval settlement (Kumar et al., 2021). These compounds are known to act on the 

monoaminergic system, with 5-HTRs serving as primary target. The binding of indole to 5-

HTRs was reported to influence animal behaviour, especially gut motility and food intake 

(Tomberlin et al., 2017). Additionally, indole and its derivates were reported to bind also to α1-

AR and DRs (de Sa Alves et al., 2009; Tomberlin et al., 2017). These findings support the 

hypothesis that 5-HTRs and DRs, expressed prior to 5-HT and DA synthesis, could be involved 

in early environmental sensing to regulate embryo-larval behaviour.  

In addition to this, this discrepancy could be explained by recent findings in D. melanogaster 

and chicken embryos. Indeed, it was found that in D. melanogaster two subtypes of 5-HTR2, 

namely 5-HTR2A and 5-HTR2B, are involved in regulating the activation of Myosin II during 

gastrulation (Karki et al., 2023). In chicken embryos 5-HTR2A and 5-HTR2B were shown to 
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be pivotal during gastrulation by regulating levels and activation of Myosin II (Karki et al., 

2023). It could be possible that also in M. galloprovincialis embryos 5-HTRs could have 

morphogenetic roles based on these findings. In addition to this, in the frog embryos of 

Xenopus, 5-HT was shown to regulate left-right asymmetry by displaying an asymmetric 

localisation and through seorotoninergic and gap-junctions signalling (Vandenberg et al., 2014, 

2013). 

Regarding the later developmental stages, specifically the Trochophore and Veliger, 5-HT and 

DA components showed further upregulation and secondary expression peaks. Specifically, 5-

HTR6-like and 5-HTR7 remained upregulated following the Gastrula phase (Trochophore, 

Early Veliger and D-Veliger), while 5-HTR1A2_inv exhibited a second increase in expression 

during the D-Veliger phase (Figure 6.1). Moreover, 5-HTR2 and 5-HTR4-like increased their 

expression during the Trochophore phase and showed upregulation in the two subsequent 

phases. In contrast, 5-HTR1A1_inv stood out as the only 5-HTR expressed exclusively during 

a single phase: the D-Veliger (Figure 6.1). The serotonin reuptake transporter (SERTs) 

appeared after the peak of TPH: SERT2-like was upregulated from Trochophore to D-Veliger 

phases, whereas SERT1-like peaked only during the D-Veliger phase (48 hpf) (Figure 6.1). 

Regarding DA components, iDAT also showed upregulation following the peak of TH (at 36 

hpf), and both DR1 and DR2 were upregulated from the Trochophore to D-Veliger phases 

(Figure 6.1). The emergence of new components and the continuous upregulation of 5-HT and 

DA transcripts suggest their roles in the development of the larval stages, as well as in the 

potential transition between trochophore and veliger. 

This hypothesis is consistent with the pharmacological results obtained in this study. Incubation 

with exogenous 5-HT and DA affected larval development, with 5-HT being more effective 

than DA, which reduced the percentage of normal D-larvae only at high concentrations (Figure 

6.15 A, B). Treatment with methiothepin, a non-selective inhibitor of 5-HTRs, weakly affected 

larval development at 1 μM and was completely toxic at 10 μM, with no viable larvae detected, 

suggesting that methiothepin may not be selective for M. galloprovincialis 5-HTRs. 

Conversely, larvae treated with SCH 23390 were strongly affected at 1 μM and displayed 

developmental arrest when incubated at 5 μM. 

5-HT and DA play a critical role in larval development and the transition from trochophore to 

veliger in C. gigas. In this species both 5-HT and DA modulate shell biogenesis trough a TGF-

β SMAD pathway, regulating the expression of tyrosinase and chitinase (two genes involved in 

the deposition of the organic shell matrix) (Liu et al., 2020). 
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In two polychaete species, Phyllidoce maculata and P. dumerilii, exposure to high 5-HT 

concentrations led to developmental retardation, malformations and chaotic arrangement of 

nerve fibres with chaotic sprouting of nerve fibres resulting in a dose dependent manner (Nezlin 

and Voronezhskaya, 2017). On the contrary, trochophore larvae of C. gigas incubated with 100 

μM 5-HT and 1 μM DA exhibited an accelerated growth rate compared to larvae grown under 

control conditions (Liu et al., 2020). The effects displayed after 5-HT exposure align with the 

results obtained for P. maculata and P. dumerilii where malformation where detected following 

incubation with exogenous 5-HT. Caution is needed when comparing results of C. gigas with 

respect to results presented here because oyster larvae were treated once they reached the stage 

of trochophore, leading to different findings. This difference may arise because, at the 

trochophore stage, the 5-HT and DA components involved in larval development are already 

present and expressed. Consequently, the addition of exogenous monoamines may impact larval 

development differently, altering the responses elicited. 

In invertebrates, methiothepin appears to act as an effective non-selective antagonist, inhibiting 

5-HTR1, 5-HTR2, and 5-HTR7 in arthropods, nematodes, and molluscs, though there appears 

to be species-specific variability (Tierney, 2018). The addition of 10 μM methiothepin to C. 

gigas trochophore larvae inhibited the calcified shell deposition (Liu et al., 2020). Experiments 

on P. maculata and P. dumerilii showed that incubation with mianserin, a selective antagonist 

of 5-HTR2, led to either no effect on larval development or complete toxicity (100 μM and 20 

μM infective, 200/500 μM and 50 μM completely toxic for P. maculata and P. dumerilii 

respectively). These findings led Nezlin and Voronezhskaya (2017) to suggest that these 

substances may lack specificity for invertebrate 5-HTRs. Consistent with the results on 

polychaetes, methiothepin appears to be either ineffective or toxic on M. galloprovincialis 

larvae. 

C. gigas larvae treated with 10 μM SCH 23390 exhibited inhibited formation of the calcified 

shell (Liu et al., 2020). Previous studies on M. galloprovincialis demonstrated that DR1 

inhibition with 0.5 μM SCH23390 interfered with the shell biogenesis process (Miglioli et al., 

2021b). These findings highlight the importance of DA signalling through DR1 in ensuring 

normal larval development and shell biogenesis process. M. galloprovincialis appears to be 

more sensitive than C. gigas, as concentrations of 0.5 μM and 1 μM were sufficient to affect 

larval development, while 5 μM led to an arrest in development. 

In conclusion, both transcriptomic and pharmacological results suggest that 5-HT and DA play 

a key role in larval development and shell biogenesis. Specifically, 5-HT and DR1 seem to be 
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pivotal for larval development and shell biogenesis. The effects of DA are less pronounced 

compared to 5-HT, possibly due to the expression profile of iDAT. In contrast, methiothepin 

appears to lack selectivity towards M. galloprovincialis 5-HTRs. 

6.3.3 Expansion of neuronal clusters highlights growing complexity in M. 

galloprovincialis embryo-larval development 

This study shows for the first time the neuroendocrine system of M. galloprovincialis during 

embryo-larval development using 7B2 as marker. The first clusters identified appeared anterior-

apically (aan) at Gastrula stage (16 hpf) and its signal increased in term of clusters at 

Trochophore stage (28 hpf). At this stage, two other clusters of neurons appeared (avn and apn). 

By 48 hpf the structure of the nervous system became more complex, with the appearance of 

two large clusters, the an and vpn, which displayed a bilateral and symmetrical pattern. Two 

more clusters (aan1 and aan2) were also identified. 

The nervous system of the Trochophore stage of C. gigas was recently analysed using in situ 

hybridisation techniques (chromogenic and HCR). Analysis with the pan-neuronal marker 7B2 

allowed the identification of two clusters: one apical and one posterior (Piovani et al., 2023). 

The localisation of these clusters appears similar to the findings presented here, where the apical 

cluster, referred to as the apical organ (AO), likely corresponds to aan, and the posterior cluster 

aligns with apn. However, no ventral cluster was detected in the trochophore of the Pacific 

oyster (Piovani et al., 2023). These differences might be attributed to differences in 

developmental timing or the technique used to study 7B2: in this study HCR was employed, 

while in Piovani et al., (2023) the gene 7B2 was analysed by chromogenic in situ hybridisation 

(ISH). HCR has a better resolution compared to ISH. The nomenclature of clusters in this study 

was based on their position in the larval body. Based on its position, it is possible that what is 

described as aan corresponds to the AO described by Piovani et al., (2023). 

At the D-Veliger stage, no data using pan-neuronal markers are available for bivalve molluscs. 

Sparse data exist for other lophotrochozoans. At D-Veliger stage an and vpn exhibited a 

bilateral and symmetrical signal (Figure 6.16). This structure is reminiscent of the nervous 

system described in Schmidtea polychroa and P. dumerilii (Achim et al., 2018; Monjo and 

Romero, 2015). Late stage S. polychroa showed two lateral and ventral stripes of signal and a 

notable concentration of signal at the anterior pole (Figure 6.16) using Elav as marker  (Monjo 

and Romero, 2015). In P. dumerilii, 7B2 signal was found only anterior-ventrally marking the 

apical organ (AO). The nervous system was more clearly visualised using a different neuronal 

marker (Rab3), which displayed a bilateral and symmetrical pattern resembling the an and vpn 
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observed at 48 hpf. The anterior cluster marked by Rab3 was localised in the same region as 

the 7B2 signal; Rab3 also revealed a more posterior cluster with a butterfly-like structure similar 

to vpn  (Figure 6.16) (Achim et al., 2018). Despite differences in developmental stages, these 

organisms share a ventral nervous system characteristic of protostomes  (Nieder, 2021). 

 

Figure 6.16. Comparison of nervous system structure in M. galloprovincialis at D-Veliger stage with 

larval stages of P. dumerilii and S. polychroa. Larvae are shown in ventral view evaluated with different 

neuronal markers. The signal of each marker is represented by magenta areas. 

6.3.4 Serotonin and dopamine producing cells occur in different neuronal 

clusters that could correspond to the AO/CG and PG 

Localisation of TPH and TH allowed the identification of cells involved in 5-HT and DA 

production, respectively. TPH was detectable already at Gastrula stage (16 hpf), in contrast to 

TH that was detected from Trochophore stage (28 hpf). The differences in the time of detection 

were in line with the expression profiles shown in the transcriptome (Figure 6.1, Figure 6.2). 

TPH was localised within the aan at 16 and 28 hpf and within the an at 48 hpf; TH was localised 

within the avn and vpn at 28 and 48 hpf, respectively. Overall, the results clearly indicate that 

5-HT and DA producing cells are localised in two different neuronal areas. 

Data of TPH localisation are in line with data previously obtained using the immunochemistry 

technique in M. galloprovincialis (Miglioli et al., 2021a). The first two 5-HT-lir cells were 

shown to appear at 24 hpf; at 28 hpf the number increased up to three, four at 32 hpf, and seven 

at 48 hpf. With the HCR technique three TPH positive cells were counted already at 16 hpf, 

four at 28 hpf and seven at 48 hpf. Variations in the number of cells and the timing of detection 

should be attributed to the differences in the technique used (immunocytochemistry vs HCR). 
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5-HT and catecholamines were localised in several species of bivalves (Acila insignis, 

Azumapecten farreri, Crassostrea gigas, Dreissena polymorpha, M. trossulus and Spisula 

sybillae) during larval development using the immunocytochemistry technique for 5-HT and 

the induced autofluorescence technique for catecholamines. Data on the following species at 

different stages of development are reported in Figure 1.4 (Kniazkina and Dyachuk, 2022; 

Miglioli et al., 2021b; Nikishchenko et al., 2023; Nikishchenko and Dyachuk, 2024; Pavlicek 

et al., 2018; Voronezhskaya et al., 2008; Yurchenko et al., 2018; Yurchenko and Dyachuk, 

2022). In contrast to all other bivalves, A. insignis is characterised by the presence of a short 

pelagic larval period and the larva is called pericalymma, which has been defined as a modified 

Veliger by Nikishchenko and Dyachuk (2024), thus data regarding its neurodevelopment are 

put in the schemes of Veliger stages. Neurons are reported to appear first at the Trochophore 

stage in a non-paired sensory structure called the Apical Organ (AO), a structure formed of 

neurons bearing cilia (Kniazkina and Dyachuk, 2022; Yurchenko et al., 2019). Neurons of the 

AO were found to be positive to 5-HT- and FMRFamide-like immunoreactive (lir).  

The areas here identified as aan at Trochophore stage and an at D-Veliger stage could 

correspond to the AO and AO/CG, given its apical and anterior position at Trochophore stage 

and its relocation in the larval body at D-Veliger stage, respectively. The AO is characterised 

by the presence of different transmitters, including 5-HT, FMRFamide and acetylcholine 

(Yurchenko et al., 2019). 5-HT-lir cells were reported to localise in the AO of the bivalves A. 

farreri, C. gigas, D. polymorpha, M. trossulus, S. sybillae and in the Scaphopoda Antalis entails 

and in the pericalymma of A. inisgnis. In all the species analysed the AO was shown to still be 

positive to 5-HT during developmental progression: in bivalve molluscs and in A. entails it was 

shown that the AO subsided into the larval body forming the AO/CG (Kniazkina and Dyachuk, 

2022; Pavlicek et al., 2018; Voronezhskaya et al., 2008; Yurchenko et al., 2018). In this study 

it was shown that TPH signal was first apical and then it underwent an internalisation into the 

larval body. Given the molecular signature of aan/an, it should correspond to the forming AO 

at 16 and the AO at 28 hpf, and to the AO/CG described in other molluscs at 48 hpf.  

The nomenclature AO/CG is maintained because the fate of the AO, once it is internalised, is 

not very clear. A recent study showed that AO is still present at Pediveliger stage of different 

bivalves species (Nikishchenko et al., 2023); furthermore Nielsen (2005) described the CG as 

a paired structure forming lateral to the AO. This observation seems to be confirmed by the data 

here presented. TPH formed one cluster at 16 and 28 hpf, at 48 hpf it was possible to identify 

three different clusters: one medial cluster and two lateral and symmetrical clusters. Moreover, 



110 

 

the two lateral clusters appeared to be to SERT1-like, which appeared only in Phase 5 of 

development, peaking at 48 hpf (Figure 6.1). So far AO/CG has never been described with pan-

neuronal markers but only by immunocytochemistry techniques. These findings suggest that 

AO subsided into the larval body and it structures increased in complexity after migration. 

In contrast to other bivalves, M. galloprovincialis was positive to TPH and 5-HT just in the area 

of AO-AO/CG; on the contrary C. gigas, D. polymorpha and S. sybillae showed 5-HT-lir 

structures outside the AO/CG; in D. polymorpha one neuron was accessory (stomatogastric 

neuron, sgn) and disappeared during late development, on the contrary, S. sybillae sgn neurons 

remained during development, and C. gigas showed 5-HT-lir also in the PG. These differences 

could be attributed to species variabilities. 

TPH was studied in the larva of P. dumerilii and it was found to localise within the area of 7B2 

(Achim et al., 2018) and in the adult gastropod Berghia stephanieae cell transcriptome, TPH 

clustered with 7B2 (Ramirez et al., 2024), thus corroborating the findings presented here, that 

is serotonin producing neurons possess a neuroendocrine identity. 

TH was localised ventrally at both 28 and 48 hpf. Comparison with the bivalve species above 

mentioned is more difficult in this case, first of all because the technique used is not dopamine-

specific, and secondly because not all of the bivalves mentioned were investigated for 

catecholamine-positive cells, except for A. farreri and M. trossulus. Data for M. 

galloprovincialis are available: TH was studied by chromogenic in situ, and the localisation is 

in line with the data reported here (Miglioli et al., 2021b). With the HCR technique it was 

possible to assess that DA producing cells increased with time: from four at 28 hpf to 

seven/eight at 48 hpf. In A. farreri and M. trossulus CA positive cells were localised within the 

velum and near the esophagus and stomach (Kniazkina and Dyachuk, 2022; Voronezhskaya et 

al., 2008) and only at D-Veliger stage. At Pediveliger stage, CAs were found in the PG and VG 

of M. trossulus (Voronezhskaya et al., 2008). Such discrepancies should be attributable to the 

different techniques used. 

TH was studied in the planaria S. polychroa and the signal was found at both early and late 

stages of development within the nervous system area (Monjo and Romero, 2015). However, a 

comparison in terms of localisation with Mytilus is not possible due to differences in the 

structure of the larval body plan. Nevertheless, TH was analysed in the larva of P. dumerilii, 

and it was found to be localised in the area of the pan-neuronal marker, both anteriorly and 

posteriorly, thus covering a greater area compared to M. galloprovincialis (Achim et al., 2018). 
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Nonetheless, even if there was no colocalisation in other species with 7B2, the results obtained 

here suggest that dopamine producing cells also have a neuroendocrine identity. 

A recent article studied the neurotransmitters identity of the ganglia of the mussel Crenomytilus 

grayanus (Kotsyuba et al., 2020). Among the neurotransmitters studied, there were 5-HT and 

DA (using immunocytochemistry against TH). Their results showed that 5-HT is found in the 

adult CPG and PG but not in the VG. On the contrary, TH is found in all adult ganglia, with 

higher density in the PG. These data could allow for the identification of the destiny of vpn. TH 

was the only monoamine synthesizing enzyme localised in the vpn. Only in M. edulis CA were 

found to be localised within ganglia: within the PG at the D-Veliger stage and within PG and 

VG at the Pediveliger stage. Given the localisation of CAs in M. edulis and the presence of TH 

in all ganglia of C. grayanus, it could be possible that vpn would give rise to the future PG and 

VG given its positivity to TH. 

6.3.5 Localisation of 5-HTRs and DRs: potential implications in synaptic 

and neuroendocrine functions 

This study revealed that certain receptors, such as 5-HTR1A2_inv, 5-HTR7, and DR1, 

colocalise with their respective synthesis enzymes (TPH and TH). However, these same 

receptors also exhibit clusters or regions that do not show colocalisation, like the other receptors 

examined. These findings align with the dual role of monoamines, which act both as 

neurotransmitters and neuromodulators in neuroendocrine systems (Fabbri et al., 2024; 

Malagoli and Ottaviani, 2017; Seralini and Jungers, 2021). 

The anterior cluster of 5-HTR1A2_inv colocalised within the TPH area from Gastrula to D-

Veliger stages (Figure 6.8). Conversely, 5-HTR7 and TPH colocalised only at D-Veliger stage, 

exclusively in the two lateral clusters of TPH (Figure 6.9). The remaining clusters/areas of these 

two 5-HTRs were distant from the site of synthesis, with the ventral-posterior cluster of 5-

HTR1A2_inv located in the vpn area at the D-Veliger stage, and 5-HTR7  within the ciliated 

epithelium from Gastrula to D-Veliger (Figure 6.13). 5-HTR6-like was localised only within 

the neuroendocrine tissue from Gastrula to D-Veliger (apn at Gastrula an Trochophore, and vpn 

at D-Veliger) (Figure 6.12), whereas 5-HTR4-like localised in the vpn and in a non-neuronal 

area at the D-Veliger stage near AO/CG, suggesting a potential paracrine role for this latter 

cluster (Figure 6.7). 

Regarding DRs, only DR1 exhibited partial colocalization with TH at Trochophore and D-

Veliger stages, in contrast to DR3-like, which did not show any colocalisation (Figure 6.10). 
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At D-Veliger stage, DR2 was localised near the anterior and posterior hinge margins, while 

DR3-like displayed bilateral and symmetrical clusters within the an and vpn (Figure 6.7). 

In mammals, 5-HTRs type 1A are classified based on their localisation in autoreceptors and 

heteroreceptors (Altieri et al., 2012). Autoreceptor display a somatodendritic localisation in the 

serotonin producing neurons, exerting local negative feedback in response to the local release 

of 5-HT by inhibiting the rate firing (thus reducing 5-HT release), synthesis and turnover 

(Altieri et al., 2012; Brady et al., 2012; Hoyer, 2019a). The data presented in this study align 

with those reported in mammals, suggesting that 5-HTR1A2_inv may function as both an 

autoreceptor and a heteroreceptor. Moreover, in vertebrates, a study showed that 5-HTR7 

interacts with 5-HTR1A by forming heterodimers involved in modulation of intracellular 

signalling (Quintero-Villegas and Valdés-Ferrer, 2022). This could explain the presence of both 

5-HTR1A2_inv and 5-HTR7 in the lateral clusters of TPH at 48 hpf. However, distinct from 5-

HTR1, so far 5-HTR7 and DR1 have not been identified as autoreceptors in mammals; thus, 

the results presented here suggest the possibility that this role may be specific to invertebrates. 

Further studies are needed to confirm this hypothesis, as current data do not provide direct 

evidence for such a function. 

Interestingly, 5-HTR1A2_inv is localised within vpn area, where dopaminergic neurons are 

present, and DR3-like is located within an, where there are serotoninergic neurons. These data 

suggest a potential reciprocal control between 5-HT and DA. In vertebrates, 5-HTR1A seems 

to regulate DA release (Alex and Pehek, 2007). In mammals, DRs belonging to the family of 

D2-like receptors (DR2, DR3, and DR4 for humans) are known to regulate serotoninergic 

neurons (Aman et al., 2007; Monti and Jantos, 2008). The DR3-like identified here groups with 

the human DR2, DR3 and DR4, thus belonging to the family of D2-like. Therefore, this suggests 

that 5-HTR1A2_inv and DR3-like could modulate dopaminergic and serotoninergic neurons, 

respectively, similar to what happens in mammals, in a neuroendocrine context. 

In conclusion, the localisation of 5-HTRs and DRs throughout development, along with their 

spatial relationship to the synthesis enzyme, indicates their potential involvement in synaptic 

and neuroendocrine functions. Furthermore, the localisation of 5-HTR1A2_inv and DR3-like 

suggests a possible reciprocal regulation between the serotonin and dopamine systems. 
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6.4 Supplementary Tables 

Species BDAAAH tree ID NCBI Domain 

Homo sapiens 

Hs TPH1 NP_004170.1 Trp_5_monoox 

Hs TPH2 NP_775489.2 Biopterin_H, ACT super family 

Hs TH NP_000351.2 Biopterin_H, ACT_TH, TOH_N 

Hs PAH NP_000268.1 Phe4hydrox_tetr 

Drosophila melanogaster 

Dm TPH NP_612080.1 Trp_5_monoox 

Dm TH NP_476897.1 Tyr_3_monoox 

Dm PAH NP_523963.2 Phe4hydrox_tetr 

Mytilus galloprovincialis 

Mg TPH VDI27042.1 Biopterin_H, ACT super family 

Mg TH VDI80387.1 Biopterin_H, ACT super family 

Mg PAH1 VDI22208.1 arom_aa_hydroxylase family 

Mg PAH2 VDI56986.1 Biopterin_H, ACT super family 

Mytilus edulis 

Me TPH CAG2197326.1 Biopterin_H, ACT super family 

Me TH CAG2223525.1 Biopterin_H, ACT super family 

Me PAH1 CAG2249523.1 arom_aa_hydroxylase family 

Me PAH2 CAG2192858.1 Biopterin_H, ACT super family 

Mytilus coruscus 

Mc TPH CAC5389082.1 Biopterin_H, ACT super family 

Mc TH CAC5425702.1 Biopterin_H, ACT super family 

Mc PAH1 CAC5395754.1 arom_aa_hydroxylase family 

Mc PAH2 CAC5395750.1 Biopterin_H, ACT super family 

Pecten maximus 

Pm TPH XP_033740032.1 Trp_5_monoox super family 

Pm TH XP_033740979.1 Biopterin_H, ACT super family 

Pm PAH1 XP_033740976.1 arom_aa_hydroxylase family 

Mizuhopecten yessoensis 

My TPH XP_021359444.1 Biopterin_H, ACT super family 

My TH XP_021366851.1 Biopterin_H, ACT super family 

My PAH1 XP_021366786.1 arom_aa_hydroxylase family 

Crassostrea gigas 

Cg TPH XP_011438860.1 Biopterin_H, ACT super family 

Cg TH XP_011440999.1 Biopterin_H, ACT super family 

Cg PAH1 XP_011448508.2 Biopterin_H, ACT super family 

Crassostrea virginica 

Cv TPH XP_022338844.1 Biopterin_H, ACT super family 

Cv TH XP_022288025.1 Biopterin_H, ACT super family 

Cv PAH1 XP_022291726.1 Biopterin_H, ACT super family 

Vibrio vulnificus Vv PAH NP_762419.1 phhA 

Supplementary Table 6.1. List of sequences used for orthology assessment of biopterin dependent 

aromatic amino acids hydroxylase (BDAAAH). The first column reports the complete species name, the 

second column the abbreviations used in the tree; the third column protein NCBI accession number and 

the fourth the proteins domain found on NCBI Conserved Domain Database (CDD) are listed. Query 

sequences from human and fruit fly were retrieved from Siltberg-Liberles et al., 2008; PAH from V. 

vulnificus was used to root the tree as indicated by Candy and Collet, 2005. 
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Species AADC tree ID NCBI Domain 

Homo sapiens 

Hs AADC AAP35655.1 Pyridoxal_deC 

Hs HDC NP_002103.2 Pyridoxal_deC 

Hs GAD1 NP_000808.2 Pyridoxal_deC 

Hs GAD2 NP_000809.1 Pyridoxal_deC 

Drosophila melanogaster 

Ds AADC CAA28022.1 Pyridoxal_deC 

Ds TDC NP_610226.2 Pyridoxal_deC 

Ds HDC NP_001260856.1 Pyridoxal_deC 

Mytilus galloprovincialis 

Mg AADC VDI21287.1 Pyridoxal_deC 

Mg TDC VDI46831.1 Pyridoxal_deC 

Mg HDC VDI74570.1 Pyridoxal_deC 

Mytilus edulis 
Me AADC CAG2229905.1 AAT_I_super family 

Me HDC CAG2237808.1 Pyridoxal_deC 

Mytilus coruscus 
Mc AADC CAC5399292.1 Pyridoxal_deC 

Mc HDC CAC5419651.1 Pyridoxal_deC 

Pecten maximus 

Pm AADC XP_033732723.1 Pyridoxal_deC 

Pm TDC XP_033763259.1 Pyridoxal_deC 

Pm HDC XP_033726247.1 Pyridoxal_deC + pnk super family 

Mizuhopecten yessoensis 

My AADC XP_021349019.1 Pyridoxal_deC 

My TDC XP_021353126.1 Pyridoxal_deC 

My HDC XP_021366630.1 Pyridoxal_deC 

Crassostrea gigas 

Cg AADC XP_011417382.2 Pyridoxal_deC 

Cg TDC XP_011449820.2 Pyridoxal_deC 

Cg HDC XP_034320494.1 Pyridoxal_deC 

Crassostrea virginica 
Cv AADC XP_022324359.1 Pyridoxal_deC 

Cv HDC XP_022307816.1 Pyridoxal_deC 

Supplementary Table 6.2. List of sequences used for orthology assessment of aromatic L-amino acid 

decarboxylase. The table structure is the same as that of Tab. 1. Glutamate Decarboxylases (GADs) 

were used as an outgroup. Asterisks in the table indicate presence in the protein of an additional domain 

Humans and fruit fly reference sequences of AADC were retrieved from Lin et al., 2020 and those  of 

HDC and GAD were retrieved directly from NCBI.  
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Species DBH-TBH tree NCBI ID Domain 

Homo sapiens 

Hs DBH EAW88099.1 Cu2_monoox_C, Cu2_monooxygen, DOMON 

Hs MOXD1 Q6UVY6 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Hs PAM P19021 
NHL_PAL_like, Cu2_monooxygen, 

Cu2_monoox_C 

Mus musculus Mm MOXD1 NP 067484.2 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Drosophila 

melanogaster 
Dm TBH NP_001284996.1 Cu2_monoox_C, Cu2_monooxygen, DOMON 

Lymnaea stagnalis Ls DBH BAM35937.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Litopeanus 

vannamei 
Lv DBH-like ANA78437.1 

Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Azumapecten farreri Af DBH-like ADP08787.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mytilus 

galloprovincialis 

Mg DBH VDI40652.1 Cu2_monoox_C, Cu2_monooxygen, DOMON 

Mg DBH-like1 VDI39903.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mg DBH-like2 VDI67128.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mg DBH-like3 VDH93561.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mg DBH-like4 VDI71937.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mg DBH-like5 VDH89228.1 Cu2_monoox_C, Cu2_monooxygen 

Mg DBH-like6 VDH89227.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mg DBH-like7 VDH89226.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Mytilus edulis 

Me DBH CAG2241177.1 Cu2_monoox_C, Cu2_monooxygen, DoH 

Me DBH-like1 CAG2228505.1 
Cu2_monoox_C, DOMON_DOH, 

Cu2_monooxygen 

Me DBH-like2 CAG2227288.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Me DBH-like3 CAG2243417.1 
Cu2_monoox_C, DOMON_DOH, 

Cu2_monooxygen 

Me DBH-like4 CAG2243415.1 
Cu2_monoox_C, DOMON_DOH, 

Cu2_monooxygen 

Me DBH-like5 CAG2223451.1 
Cu2_monooxygen, Cu2_monoox_C super family, 

DOMON_DOH 

Me DBH-like6 CAG2223452.1 

Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH, DOMON_DOH, Cu2_monoox_C 

super family, Cu2_monooxygen super family 

Mytilus coruscus 

Mc DBH-like1 CAC5419594.1 
Cu2_monoox_C, DOMON_DOH, 

Cu2_monooxygen 

Mc DBH-like2 CAC5419592.1 
Cu2_monoox_C, DOMON_DOH, Cu2_monoox_C 

super family 

Mc DBH-like4 CAC5384613.1 
Cu2_monooxygen, Cu2_monoox_C super family, 

DOMON_DOH 

Mc DBH-like5 CAC5382674.1 Cu2_monooxygen, Cu2_monoox_C super family 

Mc DBH-like6 CAC5382672.1 

Cu2_monoox_C, Cu2_monoox_C, 

Cu2_monooxygen, Cu2_monooxygen, 

DOMON_DOH, DOMON_DOH 

Pecten maximus 

Pm DBH XP_033732438.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Pm DBH-like1 XP_033727585.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Pm DBH-like2 XP_033732845.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Pm DBH-like3 XP_033727736.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 
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Mizuhopecten 

yessoensis 

My DBH XP_021341155.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

My DBH-like XP_021377609.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Crassostrea gigas 

Cg DBH XP_011429599.3 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Cg DBH-like1 XP_034303478.1 

Cu2_monooxygen, Cu2_monooxygen, 

Cu2_monoox_C, Cu2_monoox_C super family, 

DOMON_DOH, DOMON_DOH 

Cg DBH-like2 XP_034303477.1 

Cu2_monooxygen, Cu2_monooxygen, 

Cu2_monoox_C, Cu2_monoox_C super family, 

DOMON_DOH, DOMON_DOH 

Crassostrea 

virginica 

Cv DBH XP_022328150.1 
Cu2_monoox_C, Cu2_monooxygen, 

DOMON_DOH 

Cv DBH-like1 XP_022324691.1 

Cu2_monooxygen, Cu2_monooxygen, 

Cu2_monoox_C, Cu2_monoox_C super family, 

DOMON_DOH, DOMON_DOH 

Cv DBH-like2 XP_022320601.1 
Cu2_monooxygen, Cu2_monoox_C super family, 

DOMON_DOH, DOMON_DOH 

Supplementary Table 6.3. List of sequences used for orthlogy assessment of copper containing 

hydroxylase. Humans, murine and fruit fly reference sequences of DBH/TBH were retrieved from Xu 

et al., 2018 & 2016. Other reference sequences from other invertebrates species (gastropod, crustacean 

and bivalve) were retrieved from different publication (Cheng et al., 2016; Sadamoto et al., 2012). 

Peptidylglycine alpha-hydroxylating monooxygenase (PAM) was used as outgroup and the sequence 

was retrieved on NCBI. 
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Species MAO tree NCBI ID Domain 

Homo sapiens 

Hs MAO-A NP_000231.1 YobN 

Hs MAO-B NP_000889.3 YobN 

Hs SMOX NP_787033.1 PLN02568 super family 

Mus musculus Mm SMOX NP_663508.1 PLN02568 super family 

Mytilus galloprovincialis 
Mg MAO1 VDI35724.1 galactose_mutarotase_like, YobN 

Mg MAO2 VDI72060.1 YobN 

Mytilus edulis 
Me MAO1 CAG2225782.1 YobN 

Me MAO2 CAG2201179.1 YobN 

Mytilus coruscus Mc MAO CAC5413206 YobN 

Pecten maximus Pc MAO XP_033759977.1 YobN 

Mizuhopecten yessoensis 
My MAO1 XP_021339456.1 YobN 

My MAO2 XP_021339606.1 YobN 

Crassostrea gigas Cg MAO1 NP_001292240.1 YobN 

 Cg MAO2 XP 034329734.1 YobN 

Crassostrea virginica Cv MOA XP_022288515.1 YobN 

Supplementary Table 6.4. List of sequences used for orthlogy assessment of monoamine oxidases 

(MAOs). Humans MAOs were used as reference sequences retrieved from Wilson et al., 2020 (here the 

updated sequences of the human MAOs were used, sequences were found through BLASTP in NCBI 

using the sequences reported in the previous cited paper as query).. Human and murine Spermine 

Oxidase (SMOX) were used as outgroup retrieved from Salvi and Tavladoraki, 2020 (human sequence 

was retrieved from NCBI though BLASTP using murine SMOX as query). 
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Species MAOs aligment ID NCBI 

Homo sapiens 
Hs MAO-A NP_000231.1 

Hs MAO-B NP_000889.3 

Mus musculus 
Mm MAO-A NP_776101.3 

Mm MAO-B NP_766366.2 

Mytilus galloprovincialis 
Mg MAO-A like VDI35724.1 

Mg MAO-B VDI72060.1 

Mytilus edulis 
Me MAO-like 1 CAG2225782.1 

Me MAO-like 2 CAG2201179.1 

Mytilus coruscus Mc MAO-A like CAC5413206.1 

Pecten maximus Pm MAO-A XP_033759977.1 

Mizuhopecten yessoensis 
My MAO-A 1 XP_021339456.1 

My MAO-A 2 XP_021339606.1 

Crassostrea gigas 
Cg MAO-A 1 NP_001292240.1 

Cg MAO-A 2 XP_034329734.1 

Crassostrea virginica Cv MAO-A XP_022288515.1 

Supplementary Table 6.5. MAOs sequences classification based on presence/absence of conserved 

amino acids in their sequences. In case of similar amino acid, sequences were named MAO-A/B like, in 

case of non-conserved amino acids sequences were named MAO-like.  
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Species VMAT tree NCBI ID Domain 

Homo sapiens 

Hs VMAT1 NP_001129163.1 MFS_SLC18A1_2_VAT1_2 

Hs VMAT2 NP_003045.2 MFS_SLC18A1_2_VAT1_2 

Hs VAChT NP_003046.2 MFS_SLC18A3_VAChT 

Drosophila melanogaster 

Dm VMAT AAX52708.1 MFS_SLC18A1_2_VAT1_2 

Dm VAChT AAF55587.2 MFS_SLC18A3_VAChT 

Dm portabella AAF56164.2 MFS_SLC18A1_2_VAT1_2 

Mytilus galloprovincialis 
Mg VMAT VDI69536.1 MFS super family 

Mg VAChT VDI82944.1 MFS super family 

Mytilus edulis Me VMAT CAG2199852.1 MFS_SLC18A1_2_VAT1_2 

Mytilus coruscus Mc VMAT CAC5411616.1 MFS_SLC18A1_2_VAT1_2 

Pecten maximus Pc VMAT XP_033756792.1 MFS_SLC18A1_2_VAT1_2 

Mizuhopecten yessoensis My VMAT XP_021371911.1 MFS_SLC18A1_2_VAT1_2 

Crassostrea gigas Cg VMAT XP_011418922.1 MFS_SLC18A1_2_VAT1_2 

Crassostrea virginica Cv VMAT XP_022338792.1 MFS_SLC18A1_2_VAT1_2 

Apis mellifera Am portabella XP_001122029.1 MFS super family 

Supplementary Table 6.6. List of sequences used for orthlogy assessment of VMATs. The table structure 

is the same of Tab. 1. Humans and fruit fly VMATs were used as reference proteins; Portabella 

transporters were used as outgroup. Reference sequences were retrieved from Lawal and Krantz, 2013. 
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Species 
SLC6A 

tree 
ID NCBI Domain 

Homo sapiens 

Hs SERT NP_001036.1 SLC6sbd_SERT,5HT_transport_N 

Hs DAT NP_001035.1 SLC6sbd_DAT1 

Hs NET NP_001034.1 SLC6sbd_NET 

Drosophila melanogaster 
Dm SERT NP_001369117.1 SLC6sbd_SERT-like 

Dm DAT NP_001261026.1 SLC6sbd_SERT-like_u1 

Lumbricus terrestris Lt OAT ABG91820.1 SLC6sbd_SERT-like 

Mytilus galloprovincialis 

Mg SERT1 VDI80712.1 SLC5-6 like_sbd super family 

Mg SERT2 VDI80716.1 
SLC5-6 like_sbd super family, CLET, CLET super 

family 

Mg OAT VDI21627.1 SLC5-6 like_sbd super family 

Mg DAT VDI13252.1 SLC5-6 like_sbd super family 

Mytilus edulis 

Me SERT1 CAG2225029.1 SLC5-6 like_sbd super family 

Me SERT2 CAG2225028.1 SLC5-6 like_sbd super family, CLET 

Me OAT CAG2238301.1 SLC5-6 like_sbd super family 

Me DAT CAG2231692.1 SLC5-6 like_sbd super family 

Mytilus coruscus 

Mc SERT1 CAC5404890.1 SLC5-6 like_sbd super family 

Mc SERT2 CAC5404892.1 SLC6sbd_SERT-like 

Mc OAT CAC5357485.1 SLC5-6 like_sbd super family 

Mc DAT CAC5415933.1 SLC5-6 like_sbd super family 

Pecten maximus 

Pc SERT1 XP_033748230.1 SLC5-6 like_sbd super family 

Pc SERT2 XP_033747389.1 SLC6sbd_SERT-like 

Pc OAT XP_033754663.1 SLC5-6 like_sbd super family 

Pc DAT XP_033747446.1 SLC5-6 like_sbd super family 

Mizuhopecten yessoensis 

My SERT1 XP_021349756.1 SLC5-6 like_sbd super family 

My SERT2 XP_021340900.1 SLC5-6 like_sbd super family 

My OAT XP_021352717.1 SLC5-6 like_sbd super family 

My DAT XP_021374721.1 SLC5-6 like_sbd super family 

Crassostrea gigas 

Cg SERT1 XP_011448899.1 SLC5-6 like_sbd super family 

Cg SERT2 XP_034298933.1 SLC6sbd_SERT-like 

Cg OAT XP_034317982.1 SLC5-6 like_sbd super family 

Cg DAT XP_034337145.1 SLC5-6 like_sbd super family 

Crassostrea virginica 

Cv SERT1 XP_022339634.1 SLC5-6 like_sbd super family 

Cv SERT2 XP_022335714.1 
SLC5-6 like_sbd super family, CLET, CLET super 

family 

Cv DAT XP_022342062.1 SLC5-6 like_sbd super family 

Symbiobacterium 

thermophilum 
St TnaT WP_011194576.1 SLC6sbd_u1 

Aquifex aeolicus Aa LeuT WP_010881359.1 LeuT-like_sbd 

Fusobacterium nucleatum Fn Tyt1 WP_011015963.1 SLC6sbd_Tyt1-Like 

Supplementary Table 6.7. List of sequences used for orthlogy assessment of SLC6 transpoters. Bacterial 

transporters were used as outgroup and reference sequences of human, fruit fly and earthworm (no OAT 

has been detected in fruit fly) were retrieved from Camicia et al., 2022. 
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Species 5-HTRs tree NCBI ID Domain 

Homo sapiens 

Hs 5-HTR1A P08908 7tmA_5-HT1A_vertebrates 

Hs 5-HTR2 P28223 7tmA_5-HT2A 

Hs 5-HTR4 Q13639 7tmA_5-HT4 

Hs 5-HTR5 P47898.1 7tmA_5-HT5 

Hs 5-HTR6 P50406.1 7tmA_5-HT6 

Hs 5-HTR7 P34969 7tmA_5-HT7 

Hs RhodR AAC31763 7tmA_MWS_opsin, Rhodopsin_N 

Drosophila 

melanogaster 

Dm 5-HTR1A1_inv P28286 7tmA_5-HT1A_invertebrates, 7tm_GPCRs super family 

Dm 5-HTR1A2 P28285 7tmA_5-HT1A_invertebrates, 7tm_GPCRs super family 

Dm 5-HTR2 NP_001262373.1 7tmA_5-HT2_insect-like, 7tm_GPCRs super family 

Dm 5-HTR7 P20905 7tmA_5-HT7 

Dm FMRFaR Q9VZW5 7tmA_FMRFamide_R-like 

Mytilus 

galloprovincialis 

Mg 5-HTR1A1_inv VDI18290.1 7tmA_5-HT1A_invertebrates 

Mg 5-HTR1A2_inv VDI79810.1 7tmA_5-HT1A_invertebrates 

Mg 5-HTR2 VDI68244.1 7tmA_5-HT2 

Mg 5-HTR4-like VDI23809.1 7tm_GPCRs super family 

Mg 5-HTR6-like VDI08258.1 7tm_GPCRs super family 

Mg 5-HTR7 VDI03255.1 7tmA_5-HT7 

Mytilus edulis 

Me 5-HTR1A1_inv CAG2244063.1 7tmA_5-HT1A_invertebrates 

Me 5-HTR1A2_inv CAG2184416.1 7tmA_5-HT1A_invertebrates 

Me 5-HTR2 CAG2241697.1 7tmA_5-HT2 

Me 5-HTR4-like CAG2236894.1 7tm_GPCRs super family 

Me 5-HTR6-like CAG2227698.1 7tm_GPCRs super family 

Mytilus coruscus 

Mc 5-HTR1A1_inv CAC5401894.1 7tmA_5-HT1A_invertebrates 

Mc 5-HTR1A2_inv CAC5414895.1 7tmA_5-HT1A_invertebrates 

Mc 5-HTR2 CAC5372018.1 7tmA_5-HT2 

Mc 5-HTR4-like CAC5420242.1 7tm_GPCRs super family 

Mc 5-HTR6-like CAC5407614.1 7tm_GPCRs super family 

Mc 5-HTR7 CAC5361060.1 7tmA_5-HT7 

Pecten maximus 

Pc 5-HTR1A1_inv XP_033761462.1 7tmA_5-HT1A_invertebrates 

Pc 5-HTR1A2_inv XP_033762204.1 7tmA_5-HT1A_invertebrates 

Pc 5-HTR2 XP_033761220.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Pc 5-HTR4-like XP_033756774.1 7tm_GPCRs super family 

Pc 5-HTR6-like XP_033763972.1 7tm_GPCRs super family 

Pc 5-HTR7 XP_033756397.1 7tmA_5-HT7 

Mizuhopecten 

yessoensis 

My 5-HTR1A1_inv XP_021376348.1 7tmA_5-HT1A_invertebrates 

My 5-HTR1A2_inv XP_021373779.1 7tmA_5-HT1A_invertebrates 

My 5-HTR2 XP_021356297.1 7tm_GPCRs super family 

My 5-HTR4-like XP_021369092.1 7tm_GPCRs super family 

My 5-HTR6-like XP_021369720.1 7tm_GPCRs super family 

My 5-HTR7 XP_021371611.1 7tmA_5-HT7 

Crassostrea gigas 
Cg 5-HTR1A1_inv XP_011455576.1 7tmA_5-HT1A_invertebrates 

Cg 5-HTR1A2_inv XP_011450089.1 7tmA_5-HT1A_invertebrates 
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Cg 5-HTR2 XP_011430856.2 7tmA_5-HT2 

Cg 5-HTR4 XP_011430667.2 7tmA_5-HT4 

Cg 5-HTR6-like XP_011444450.2 7tm_GPCRs super family 

Cg 5-HTR7 XP_011451539.2 7tmA_5-HT7 

Crassostrea 

virginica 

Cv 5-HTR1A1_inv XP_022307411.1 7tmA_5-HT1A_invertebrates 

Cv 5-HTR1A2_inv XP_022308516.1 7tmA_5-HT1A_invertebrates 

Cv 5-HTR2 XP_022343922.1 7tmA_5-HT2 

Cv 5-HTR4 XP_022341057.1 7tmA_5-HT4 

Cv 5-HTR6-like XP_022344621.1 7tm_GPCRs super family 

Cv 5-HTR7 XP_022288073.1 7tmA_5-HT7 

Supplementary Table 6.8. List of sequences used for orthlogy assessment of 5-HTRs. Reference 

sequences of human, fruit fly and outgroup were retrieved from Canesi et al. (2022); the other 5-HTRs 

protein sequences were retrieved from NCBI. Sequences presenting a nonspecific hit domain were called 

5-HTRx-like. 
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Species DRs tree NCBI ID Domain 

Homo sapiens 

Hs DR1 NP_000785.1 7tmA_D1A_dopamine_R 

Hs DR2 NP_000786.1 7tmA_D2_dopamine_R 

Hs DR3 NP_000787.2 7tmA_D3_dopamine_R 

Hs DR4 NP_000788.2 7tmA_D4_dopamine_R 

Hs DR5 NP_000789.1 7tm_GPCRs super family 

Drosophila 

melanogaster 

Dm DR1 CAA54451.1 7tmA_Ap5-HTB1-like 

Dm DR2/INDR AAC47161.1 7tmA_Dop1R2-like 

Dm DR3 AAN15955.1 7tmA_D2-like_dopamine_R, 7tm_GPCRs super family 

Dm GluR AHN58219.1 Periplasmic_Binding_Protein_type1 super family 

Mytilus 

galloprovincialis 

Mg DR1 VDI52979.1 7tmA_Ap5-HTB1-like 

Mg DR2/INDR VDI46294.1 7tmA_Dop1R2-like 

Mg DR3 VDI63946.1 7tm_GPCRs super family, 7tm_GPCRs super family* 

Mytilus edulis 

Me DR1 CAG2208947.1 7tmA_Ap5-HTB1-like 

Me DR2/INDR CAG2191779.1 7tmA_Dop1R2-like 

Me DR3 CAG2199322.1 7tm_GPCRs super family, 7tm_GPCRs super family* 

Mytilus coruscus 
Mc DR2/INDR CAC5395991.1 7tmA_Dop1R2-like 

Mc DR3 CAC5377743.1 7tm_GPCRs super family, 7tm_GPCRs super family* 

Pecten maximus 

Pm DR1 XP_033756542.1 7tmA_Ap5-HTB1-like 

Pm DR2/INDR XP_033757324.1 7tmA_Dop1R2-like 

Pm DR3 XP_033758528.1 7tm_GPCRs super family, 7tm_GPCRs super family* 

Mizuhopecten 

yessoensis 

My DR1 XP_021361185.1 7tmA_Ap5-HTB1-like 

My DR2/INDR XP_021340507.1 7tmA_Dop1R2-like 

My DR3 XP_021359917.1 7tm_GPCRs super family, 7tm_GPCRs super family* 

Crassostrea gigas 

Cg DR1 EKC33807.1 7tmA_Ap5-HTB1-like 

Cg DR2/INDR XP_011448304.1 7tmA_Dop1R2-like 

Cg DR3 XP_034304151.1 7tmA_D2-like_dopamine_R 

Crassostrea virginica 

Cv DR1 XP_022341991.1 7tmA_Ap5-HTB1-like 

Cv DR2/INDR XP_022345762.1 7tmA_Dop1R2-like 

Cv DR3 XP_022326371.1 7tmA_D2-like_dopamine_R 

Supplementary Table 6.9. List of sequences used for orthlogy assessment of DRs. Reference sequences 

of human, fruit fly and outgroup were retrieved from (Schwartz et al., 2021). Asterisks in the table 

indicate the absence of the specific domain (i.e.: 7tm_GPCRs super family) or the presence in the protein 

of an additional domain. Sequences presenting a nonspecific hit domain were called DRx-like. 
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Species 
ARs-OARs-TARs 

tree 
NCBI ID Domain 

Homo sapiens 

Hs α1A-AR P35348 7tmA_alpha1A_AR 

Hs α1B-AR P35368 7tmA_alpha1B_AR 

Hs α1D-AR P25100 7tmA_alpha1D_AR 

Hs α2A-AR P08913 7tmA_alpha2A_AR, PHA03307 super family 

Hs α2B-AR P18089 7tmA_alpha2B_AR 

Hs α2C-AR P18825 7tmA_alpha2C_AR 

Hs 5-HTR1A P08908 7tmA_5-HT1A_vertebrates 

Drosophila 

melanogaster 

Dm α-OAR AAC17442.1 7tmA_Octopamine_R 

Dm β-OAR Q4LBB9.2 7tmA_DmOct-betaAR-like 

Dm TAR1 BAB71788.1 
7tmA_tyramine_octopamine_R-like, 7tm_GPCRs 

super family 

Platynereis dumerilii 
Pd α1-AR APC23842.1 7tm_GPCRs super family 

Pd α2-AR APC23843.1 7tmA_alpha2_AR, 7tm_GPCRs super family 

Mytilus 

galloprovincialis 

Mg α1-AR VDI56181.1 7tm_GPCRs super family 

Mg α2-AR VDI47615.1 7tmA_alpha2_AR 

Mg α-OAR VDI46334.1 7tmA_octopamine_R 

Mg β-OAR VDH94544.1 7tmA_DmOct-betaAR-like 

Mg TAR1 VDI38207.1 7tm_GPCRs super family 

Mytilus edulis 

Me α2-AR 
CAG2200960.

1 
7tm_GPCRs superfamily 

Me α-OAR 
CAG2213059.

1 
7tmA_Octopamine_R 

Me β-OAR 
CAG2243062.

1 
7tmA_DmOct-betaAR-like 

Me TAR1 
CAG2256422.

1 
7tm_GPCRs superfamily 

Mytilus coruscus 

Mc α1-AR 
CAC5425975.

1 
7tm_GPCRs superfamily 

Mc α2-AR 
CAC5360115.

1 
7tm_GPCRs superfamily 

Mc α-OAR 
CAC5418640.

1 
7tmA_Octopamine_R 

Mc TAR1 
CAC5376693.

1 
7tm_GPCRs superfamily 

Pecten maximus 

Pc α1-AR 
XP_03375749

3.1 
7tm_GPCRs superfamily 

Pc α2-AR 
XP_03375742

4.1 
7tm_GPCRs superfamily, Stathmin super family 

Pc α-OAR 
XP_03375719

1.1 
7tmA_Octopamine_R 

Pc β-OAR 
XP_03375738

6.1 
7tmA_DmOct-betaAR-like 

Pc TAR1 
XP_03375750

1.1 
7tm_GPCRs superfamily 

Mizuhopecten 

yessoensis 

My α1-AR 
XP_02135889

4.1 
7tm_GPCRs superfamily 

My α2-AR 
XP_02136942

7.1 
7tmA_alpha2_AR 

My α-OAR 
XP_02135558

3.1 
7tmA_Octopamine_R 

My β-OAR 
XP_02137840

7.1 
7tmA_DmOct-betaAR-like 

My TAR1 
XP_02135069

3.1 
7tm_GPCRs superfamily 

Crassostrea gigas Cg α1-AR 
XP_01992121

1.1 
7tm_GPCRs superfamily 
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Cg α2-AR 
XP_01143377

5.2 
7tmA_alpha2_AR 

Cg TAR1 
XP_01145130

9.2 
7tmA_tyramine_octopamine_R-like 

Crassostrea virginica 

Cv α1-AR 
XP_02233857

9.1 
7tmA_amine_R-like 

Cv α2-AR 
XP_02233549

6.1 
7tmA_alpha2_AR, 235kDa-fam super family 

Cv β-OAR 
XP_02228628

4.1 
7tmA_DmOct-betaAR-like 

Cv TAR1 
XP_02228637

2.1 
7tmA_tyramine_octopamine_R-like 

Supplementary Table 6.10. List of sequences used for orthlogy assessment of noradrenaline, tyramine 

and octopamine receptors. Reference sequences of human, fruit fly and clam worm and outgroup (Hs 5-

HTR1A) were retrieved from Bauknecht and Jékely, 2017. 
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Species Tree HRs ID NCBI Domain 

Homo sapiens 

Hs HSR1 NP_001091683.1 7tmA_Histamine_H1R 

Hs HSR2 P25021 7tmA_Histamine_H2R 

Hs HSR3 XP_005260323.1 7tmA_Histamine_H3R 

Hs HSR4 NP_067637.2 7tmA_Histamine_H4R 

Hs 5-HTR1A P08908.3 7tmA_5-HT1A_vertebrates 

Rattus norvegicus 

Rn HSR1 P31390.1 7tmA_Histamine_H1R 

Rn HSR2 P25102.1 7tmA_Histamine_H2R 

Rn HSR3 NP_445958.1 7tmA_Histamine_H3R 

Rn HSR4 NP_571984.2 7tm_GPCRs super family 

Saccoglossus kowalevskii 

Sk HSR1a XP_002734542.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Sk HSR2a XP_006815469.1 7tm_GPCRs super family 

Sk HSR2c XP_006822831.1 7tm_GPCRs super family 

Sk HSR2b XP_002734602.2 7tm_GPCRs super family 

Sk HSR2d XP_006821795.1 7tm_GPCRs super family 

Sk HSR3a XP_006813134.1 7tm_GPCRs super family 

Sk HSR3c XP_002736401.1 7tm_GPCRs super family 

Sk HSR3b XP_002736922.1 7tmA_Histamine_H3R_H4R 

Mytilus galloprovincialis 

Mg HSR1 VDI72281.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Mg HSR3a VDI51385.1 7tm_GPCRs super family 

Mg HSR3b VDH98688.1 7tm_GPCRs super family 

Mg HSR3c VDI68841.1 7tm_GPCRs super family 

Mytilus edulis 

Me HSR1 CAG2218007.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Me HSR3a CAG2199989.1 7tm_GPCRs super family, Herpes_BLLF1 super family 

Me HSR3b CAG2194047.1 7tm_GPCRs super family 

Me HSR3c CAG2219105.1 7tm_GPCRs super family 

Me HSR3d CAG2217793.1 7tm_GPCRs super family 

Me HSR3e CAG2248932.1 7tm_GPCRs super family 

Mytilus coruscus 

Mc HSR1 CAC5407822.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Mc HSR3a CAC5381873.1 7tm_GPCRs super family 

Mc HSR3b CAC5408573.1 7tm_GPCRs super family 

Mc HSR3c CAC5414181.1 7tm_GPCRs super family 

Mc HSR3d CAC5403000.1 7tm_GPCRs super family 

Pecten maximus 
Pm HSR1 XP_033745642.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Pm HSR3 XP_033742805.1 7tm_GPCRs super family 

Myzuhopecten yessoensis 
My HSR1 XP_021351022.1 7tm_GPCRs super family, 7tm_GPCRs super family 

My HSR3 OWF39279.1 7tm_GPCRs super family 

Crassostrea gigas 

Cg HSR1 XP_034307059.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Cg HSR3a XP_034300264.1 7tmA_Histamine_H3R_H4R 

Cg HSR3b XP_034300265.1 7tmA_Histamine_H3R_H4R 

Cg HSR3c XP_011445390.3 7tmA_Histamine_H3R_H4R 

Cg HSR3d XP_034300263.1 7tmA_Histamine_H3R_H4R 

Crassostrea virginica 

Cv HSR1 XP_022301907.1 7tm_GPCRs super family, 7tm_GPCRs super family 

Cv HSR3a XP_022319992.1 7tmA_Histamine_H3R_H4R 

Cv HSR3b XP_022328449.1 7tmA_Histamine_H3R_H4R 
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Supplementary Table 6.11. List of sequences used for orthlogy assessment of histamine receptors 

(HSRs). Reference sequences of human, rat and S. kowalevskii (no evidence of histamine receptors in 

fruit fly) were retrieved from Ravhe et al., 2021. Given the fact that HSRs are GPCRs, human 5-HTR1A 

was used as outgroup. 
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Gene 0 4 8 12 16 20 24 28 32 36 40 44 48 

TPH 0.31 0.1 0.31 16.41 44.17 25.6 15.19 10.25 9.45 8.15 7.58 10.23 9.97 

AADC 9.73 5.07 3.49 7.44 6.47 4.84 5.26 4.35 4.12 4.73 4.74 4.42 4.76 

SERT1-like 0 0 0 0.13 0 0 0 0 0.05 0.08 0.07 0.59 2.09 

SERT2-like 0.14 0 0.5 0.27 0.74 2.86 7.74 6.57 4.97 4.87 3.2 2.76 3.62 

5-

HTR1A1_inv 
1.52 0.72 0.9 0.82 0.61 0.82 0.92 1.88 1.22 1.52 2.17 3.08 4 

5-

HTR1A2_inv 
0.29 0.22 3.11 8 2.65 1.29 2.84 2.36 2.98 2.55 2.33 3.86 3.4 

5-HTR2 0 0.19 0.28 0.97 1.17 1.9 4.2 4.07 2.9 3.45 3.1 2.3 1.91 

5-HTR4-like 0.07 0.06 0.14 0.19 0.21 0.35 0.67 1.3 1.34 1.16 1.32 1.03 1.19 

5-HTR6-like 0 0.11 0.57 1.92 6 7.18 7.06 4.47 4.78 5.37 7.27 10.49 11.46 

5-HTR7 0.12 0.33 0.22 1.73 2.64 4.34 2.96 2.48 2.14 2.35 1.67 3.65 2.98 

TH 0 0 0 1.12 0.63 0.33 0.33 2.54 11.57 17.68 19.65 26.07 27.4 

DAT-like 0.21 0.31 0.04 1.22 4.28 10.98 6.39 3.48 5.13 7.99 11.25 10.23 11.78 

DR1 0 0 0.76 0.39 0.65 3.19 6.27 9.89 10.34 12.03 11.03 10.93 12.5 

DR2 0.01 0.04 0.86 3.42 5.89 6.27 6.44 7.02 7.9 7.49 7.31 9.45 8.98 

DR3 0.41 0.74 5.11 3.44 1.43 1.48 1.68 2.43 1.99 1.67 1.49 1.87 2.02 

DBH 0.29 0.4 0.17 0.77 0.42 0.37 0.81 0.63 0.85 0 0.7 0.58 0.34 

α1-AR-like 0 0 0 0 0 0 0 0 0 0 0 0.15 0.08 

α2-AR 0 0 0 0 0 0 0.06 0 0.08 0.14 0.1 0.14 0.23 

α-OAR 0 0 0 0 0 0 0 0 0 0.03 0 0 0.16 

β-OAR 0.12 0 0.21 0.07 0.57 0 0.51 0.78 0.52 1.55 2.17 2.4 3.08 

OAT 0 0 0.16 0.22 0.86 0.31 0 0.14 0 0.17 0.07 0.15 0 

TyrDC 0.25 0.28 2.16 3.98 3.76 4.59 5.38 4.07 2.42 2.45 2.93 3.85 4.15 

TymR1 0 0 3.92 6.31 4.81 2.85 1.08 0.75 0.33 0.14 0.5 0.36 0.6 

HDC 0 0 2.62 1.48 0.46 0.23 0.14 0.23 0.18 0.41 0.38 0.43 0.64 

HR1-like 0.08 0.09 0 0.22 0.68 0.56 0.27 0.09 0.13 0.1 0.16 0.18 0.2 

HR3a-like 0 0.1 0.29 0.13 0.11 0.11 0 0.12 0.06 0.1 0.29 0.13 0.45 

HR3b-like 0 0.12 2.27 1.59 0 1.68 2.77 1.84 1.91 1.5 2.04 1.93 1.62 

HR3c-like 0 0.36 0.14 0 0.18 0.14 0 0.27 0.35 0.33 0.36 0.37 0.43 

MAO-A-like 2.44 1.67 1.19 0.82 1.09 4.61 7.9 15.07 22.48 27.82 41.54 26.53 29.21 

MAO-B 1.28 0.58 1.14 0.45 0.39 0.43 1.12 0.81 0.62 0.84 0.87 0.93 1.18 

VMAT 0 0.4 0.35 0.86 0.62 1.65 1.27 3.56 4.25 3.7 2.92 4.34 4.22 

DHB1-like 0 0 0 0 0 0 0.02 0 0.03 0.11 0.2 0.12 0.24 

DHB2-like 0 0 0.03 0.02 0 0 0.03 0 0.09 0.09 0.29 0.27 0.47 

DBH3-like 0.06 0 0 0 0 0 0.18 1.37 1.54 1.51 2.8 1.68 3.19 

DBH4-like 0 0 0.23 0.07 0 0 0 0.42 0.87 1.46 4.45 4.8 9.52 

DBH5-like 0.09 0.97 1.02 0.69 0.46 0.57 3.38 15.33 45.36 76.17 182.04 127.7 162.36 

DBH6-like 0.13 0.04 0.19 0 0.35 0 0.15 0.12 0.25 0.08 0.92 1.1 2.59 

DBH7-like 0.06 0 0.24 0 0 0 0 0.21 0.42 0.7 0.99 0.89 1.53 

Supplementary Table 6.12. Table of Transcript Per Million (TPM) values of all monoaminergic genes 

identified from 0 to 48 hpf. In the first column genes name are reported, in the other columns TPM 

values for each sampling time are reported. 
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6.5 Supplementary Figures 

 

Supplementary Figure 6.1. Counting of Tryptophan Hydroxylase (TPH) positive cells in a 48 hpf D-

Veliger in control conditions. The figure shows a montage of sequential z-stacks of TPH signal (green) 

and Hoechst (grey) merged together. The area containing the probe signal was cropped from the entire 

larva. Numbers indicate the numbers of positive cells appearing in sequential stacks. Scale bar: 20 μm. 
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Supplementary Figure 6.2. Tree of BDAAAH proteins identified in bivalves. The tree was realised by 

using Maximum Likehood method and Le Gascuel model; bootstraps values were inferred from 1000 

replicates. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join 

and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then 

selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to 

model evolutionary rate differences among sites (5 categories (+G, parameter = 0.8349)).   This analysis 

involved 32 amino acid sequences. All positions with less than 85% site coverage were eliminated. 

Tryptophan Hydroxylase (TPH) is highlighted in red, Phenylalanine Hydroxylase (PAH) in sky blue 

and Tyrosine Hydroxylase (TH) in green. Abbreviations of species and enzymes can be found in 

Supplementary Table 6.1. M. galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.3. Tree of AADC proteins in bivalves. The tree was realised by using Maximum 

Likehood method and Le Gascuel model; bootstraps values were inferred from 1000 replicates. Initial 

tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the JTT model, and then selecting the 

topology with superior log likelihood value. A discrete Gamma distribution was used to model 

evolutionary rate differences among sites (5 categories (+G, parameter = 1.0119)). This analysis 

involved 26 amino acid sequences. All positions with less than 85% site coverage were eliminated. 

Aromatic L-Amino Acid Decarboxylase (AADC) is highlighted in yellow, Histidine Decarboxylase 

(HDC) in brown and Tyrosine Decarboxylase (TyrDC) in rose. Abbreviations of species and enzymes 

can be found in Supplementary Table 6.2. M. galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.4. Tree of copper-containing hydroxylase proteins. The tree was realised by 

using Maximum Likehood method and Le Gascuel model; bootstraps values were inferred from 1000 

replicates. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join 

and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then 

selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to 

model evolutionary rate differences among sites (5 categories (+G, parameter = 1.2529)). The rate 

variation model allowed for some sites to be evolutionarily invariable ([+I], 0.56% sites). This analysis 

involved 40 amino acid sequences. All positions with less than 85% site coverage were eliminate. 

Dopamine-β-Hydroxylase (DBH) is highlighted in black, Dopamine-β-Hydroxylase-like (DBH-like) in 

dark grey. Abbreviations of species and enzymes can be found in Supplementary Table 6.3. M. 

galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.5. Tree of MAOs. The tree was realised by using Maximum Likehood method 

and Le Gascuel model; bootstraps values were inferred from 1000 replicates. nitial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 1.1999)). This analysis involved 15 amino acid 

sequences. All positions with less than 85% site coverage were eliminated. Abbreviations of species and 

enzymes can be found in Supplementary Table 6.4. M. galloprovincialis sequences are highlighted in 

bold. 
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Supplementary Figure 6.6. Insight of MAOs multiple sequences alignment. A-B. Sequences alignment 

with human and murine MAO-A and MAO-B respectively. Black arrow and red box indicate F208 and 

I199. Black shading indicates identical amino acids, grey shading similar amino acids, absence of 

shading indicates that amino acids are not conserved. Abbreviations of species and enzymes can be 

found in Supplementary Table 6.5. M. galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.7. Tree of VMATs proteins. The tree was realised by using Maximum Likehood 

method and Le Gascuel model; bootstraps values were inferred from 1000 replicates. Initial tree(s) for 

the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 0.9514)). This analysis involved 15 amino acid 

sequences. All positions with less than 85% site coverage were eliminated. Abbreviations of species and 

enzymes can be found in Supplementary Table 6.6. M. galloprovincialis sequences are highlighted in 

bold. 
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Supplementary Figure 6.8. Tree of SLC6 proteins. The tree was realised by using Maximum Likehood 

method and Le Gascuel model; bootstraps values were inferred from 1000 replicates. Initial tree(s) for 

the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 1.1173)). The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site. This analysis involved 37 amino acid 

sequences. Serotonin Reuptake Transporter (SERT) is highlighted in red, Octopamine Transporter 

(OAT) in violet and invertebrate Dopamine Reuptake Transporter (iDAT) in green. Abbreviations of 

species and enzymes can be found in Supplementary Table 6.7. M. galloprovincialis sequences are 

highlighted in bold. 
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Supplementary Figure 6.9. Tree of 5-HTRs. The tree was realised by using Maximum Likehood method 

and Le Gascuel model; bootstraps values were inferred from 1000 replicates. Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 0.8278)). The rate variation model allowed for 

some sites to be evolutionarily invariable ([+I], 0.66% sites). This analysis involved 59 amino acid 

sequences. All positions with less than 85% site coverage were eliminated. 5-HTRs types are highlighted 

by different shades of red, orange and yellow. Abbreviations of species and enzymes can be found in 

Supplementary Table 6.8. M. galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.10. Tree of DRs. The tree was realised by using Maximum Likehood method 

and Le Gascuel model; bootstraps values were inferred from 1000 replicates. Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 2.3432)). This analysis involved 29 amino acid 

sequences. All positions with less than 85% site coverage were eliminated. DRs types are highlighted 

by different shades of green. Abbreviations of species and receptors can be found in Supplementary 

Table 6.9. M. galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.11. Tree of adrenergic, octopaminergic and tyraminergic receptors. The tree 

was realised by using Maximum Likehood method and Le Gascuel model; bootstraps values were 

inferred from 1000 replicates. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT 

model, and then selecting the topology with superior log likelihood value. A discrete Gamma 

distribution was used to model evolutionary rate differences among sites (5 categories (+G, parameter 

= 2.3316)). This analysis involved 42 amino acid sequences. All positions with less than 85% site 

coverage were eliminated. OARs are highlighted in sky blue, ARs in light grey and TARs in pink. 

Abbreviations of species and enzymes can be found in Supplementary Table 6.10. M. galloprovincialis 

sequences are highlighted in bold. 
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Supplementary Figure 6.12. Tree of HSRs. The tree was realised by using Maximum Likehood method 

and Le Gascuel model; bootstraps values were inferred from 1000 replicates. Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using the JTT model, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 3.2968)). The rate variation model allowed for 

some sites to be evolutionarily invariable ([+I], 2.24% sites). The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site. This analysis involved 44 amino acid 

sequences. All positions with less than 85% site coverage were eliminated. HSRs different types are 

highlighted by different shades of orange. Abbreviations of species and HSRs can be found in 

Supplementary Table 6.11. M. galloprovincialis sequences are highlighted in bold. 
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Supplementary Figure 6.13. Developmental expression dynamics of monoaminergic genes. A. 

Hierarchical clustering of MA genes from 0 to 48 hpf. Five phases were identified: phase 1 Embryonic 

(0 to 8 hpf), phase 2 Gastrula (12 to 16 hpf), phase 3 Trochophore (24 to 28 hpf) and phase 4 Early 

Veliger (32 to 36 hpf) and phase 5 D-Veliger (40 to 48 hpf). The numbers in red represent approximate 

unbiased p-value (au). B. Principal Component Analysis (PCA) biplot of MA genes in each sample 

analysed, samples were renamed in function of the phase identified in the hierarchical clustering. 

Ellipses highlight the five developmental clusters (corresponding to the phases 1, 2, 3, 4 and 5).  
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Supplementary Figure 6.14. Representative images of single HCR of TPH signal during embryo-larval 

development. Panels are organised as in Figure 6.3. 

A-B1. Schematic representations and confocal images of TPH signal at Gastrula stage. 5 out of 5 

larvae displayed signal. 

C-D1. Schematic representations and confocal images of TPH signal at Trochophore stage. 5 out of 5 

larvae displayed signal. 

E-E1. Schematic representation and confocal image of TPH signal at D-Veliger stage in lateral view. 

F-F1. Schematic representation and 3D reconstruction of TPH signal at D-Veliger stage in lateral 

view. 27 out of 30 larvae displayed the three clusters.  

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bar: 

20 µm. 
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Supplementary Figure 6.15. Representative images of single HCR of TH signal during embryo-larval 

development. Panels are organised as in Figure 6.3. 

A-B1. Schematic representations and confocal images of TPH signal at Gastrula stage. 5 out of 5 

larvae displayed no signal. 

C-D1. Schematic representations and confocal images of TPH signal at Trochophore stage. 11 out of 

11 larvae displayed the reported signal. 

E-E1. Schematic representation and confocal image of TPH signal at D-Veliger stage in lateral view. 

F-F1. Schematic representation and 3D reconstruction of TPH signal at D-Veliger stage in lateral 

view. 24 out of 37 larvae displayed the four clusters. Axis orientation abbreviations: A – anterior, D – 

dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bar: 

20 µm. 
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Supplementary Figure 6.16. Representative images of single HCR of the 5-HTRs (red title) and DRs 

(green title) analysed. For each confocal images a scheme representing the signal in reported on the left. 

The number of larvae presenting the signal drawn in the scheme is reported on the left corner of confocal 

images. Scale bar: 20 μm. 
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Supplementary Figure 6.17. Spatiotemporal localisation of AADC and TPH during M. galloprovincialis 

embryo-larval development. Doble HCR with AADC (B1 amplifier) and TPH (B2 amplifier) was 

conducted. AADC signal is represented in yellow in schemes and in magenta in HCR pictures, TPH 

signal is represented in red in schemes and in green in HCR pictures. 7B2 area is represented in schemes 

by dotted lines and by neuronal clusters names. The white colour in confocal images is the result of 

green and magenta colocalisation. 

A-A1. Schematic representation and maximum plane projection at Gastrula in lateral view. A2 and A3 

show the magnification of TPH signal and the AADC signal, the dotted line represents TPH signal in 

this inset and in the ones shown after. 

B-B1. Schematic representation and maximum plane projection at Gastrula stage in ventral view. B2 

and B3 show the magnification of TPH signal and the AADC signal. 7 out 7 larvae presented the 

colocalisation TPH-AADC (panels A1, B1). 

C-C1. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2 and C3 show the magnification of TPH signal and the AADC signal. 

D-D1. Schematic representation and selective plane projection at Trochophore stage in ventral view. D2 

and D3 show the magnification of TPH signal and AADC. 8 out 8 larvae presented the colocalisation of 

TPH-AADC (panels C1, D1). 

E-E1. Schematic representation and maximum plane projection at D-Veliger stage; E2 and E3 show a 

magnification of TPH and AADC.  

F. Schematic representation of ventral view at D-Veliger stage. F1 selective 3D reconstruction of TPH 

area. F2 and F3 show signal of TPH and AADC. 8 out 8 larvae showed colocalisation of TPH-AADC 

(panels E1, F1).  

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 20 µm 

and 10 µm for inset pictures.  
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Supplementary Figure 6.18. Spatiotemporal localisation of AADC and TH during M. galloprovincialis 

embryo-larval development. Doble HCR with TH (B2 amplifier) and AADC (B1 amplifier) was used. 

TH signal is represented in green in both schemes and HCR images; AADC signal is represented in 

yellow and in magenta in schemes and HCR images, respectively. 7B2 area is represented in schemes 

by dotted lines and by neuronal clusters names. The white colour in confocal images is the result of 

green and magenta colocalisation. 

A-A1. Schematic representation and maximum plane projection at Gastrula in lateral view. 

B-B1. Schematic representation and maximum plane projection at Gastrula stage in ventral view. 7 

larvae were analysed (panels A1, B1). 

C-C1. Schematic representation and maximum plane projection at Trochophore stage in lateral view. 

C2 and C3 show the magnification of TH signal and the AADC signal, the dotted line represents TH 

signal in this inset and in the ones shown after. 

D-D1. Schematic representation and selective plane projection at Trochophore stage in ventral view. D2 

and D3 show the magnification of TH signal and AADC. 6 out 7 larvae presented the two clusters 

colocalising with AADC (panels C1, D1). 

E-E1. Schematic representation and maximum plane projection at D-Veliger stage; E2 and E3 show a 

magnification of TH and AADC. 

F. Schematic representation of ventral view at D-Veliger stage. F1 selective 3D reconstruction of TH 

area. F2 and F3 show signal of TH and AADC. 5 out 9 larvae presented the four TH clusters and, as 

consequence, the respectively AADC clusters (panels E1, F1). 

Axis orientation abbreviations: A – anterior, D – dorsal, L – Left, P – posterior, R – right, V – ventral.  

Anatomical abbreviations: a: anus, h: hinge, m: mouth, sf: shell field, st: stomodeum. Scale bars: 20 µm 

and 10 µm for inset pictures. 
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Supplementary Figure 6.19. Spatiotemporal localisation of serotonin and dopamine selective reuptake 

transporters. Rows organisation from top to bottom: Gastrula (16 hpf), Trochophore (28 hpf), D-Veliger 

(48 hpf) first in lateral and then ventral view. 

SERT1-like: 3 larvae analysed (16 hpf), 5 larvae analysed (28 hpf) and 30 out of 30 larvae displayed the 

two clusters (48 hpf). 

SERT2-like: 5 larvae analysed (16 hpf), 11 larvae analysed (28 hpf) and 17 out of 17 larvae displayed 

the middle cluster (48 hpf). 

iDAT: 12 out of 16 displayed the anterior cluster (16 hpf), 8 out of 12 larvae displayed the clusters (28 

hpf) and 34 out of 47 larvae displayed the two ventral clusters (48 hpf). 

Scale bar: 20 μm. 
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Supplementary Figure 6.20. Localisation of three DBHs-like at D-Veliger (48 hpf) stage. A, B, C. 

Maximum plane projection of DBH3-like, DBH4-like and DBH5-like. C1. Montage of DBH5-like 

signal (in green) and Hoechst (in grey). 15 larvae were analysed for each transcript. Scale bars: 20 μm. 
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7 Aim 2: Sensitivity of M. galloprovincialis 

early development to fluoxetine and 

citalopram as model SSRIs 
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7.1 Materials and Methods 

7.1.1 Analysis of human and mussel SERT sequences 

Human and mussel SERT sequences were aligned and analysed using BioEdit (version 5.0.9) 

and ClustalW multiple alignment was performed using default settings. Amino acids involved 

in binding SSRIs (citalopram, fluoxetine and paroxetine) were retrieved from Andersen et al. 

(2014, 2010, 2009) and Coleman et al. (2016). 

7.1.2 Mussel handling, spawning, fertilisation and conservation 

See the previous section 6.1.3 page 66. 

7.1.3 Exposure conditions 

Fertilised eggs were exposed to the SSRIs fluoxetine (((±)-N-Methyl-γ-[4-

(trifluoromethyl)phenoxy]benzenepropanamine hydrochloride, 56296-78-7) and citalopram ( 

1-[3-(Dimethylamino)propyl]-1-(4-fluorophenyl)-1,3-dihydro-5-isobenzofurancarbonitrile 

hydrobromide, 59729-32-7). Chemicals were purchased from Sigma Aldrich. A stock solution 

was prepared at a concentration of 2 g/L dissolved in dimethyl sulfoxide (DMSO) and stored at 

-20°C. All chemicals were diluted in MFSW to obtain the final desired concentrations: 1, 10 

and 100 μg/L. DMSO at the highest concentration (0.005%) was added to controls. The 48-

hour embryotoxicity test (ASTM, 2004) was carried out in 50 mL flasks. Six parental pairs 

were analysed for each dilution. See the previous chapter for larval growth conditions. 

7.1.4 Morphological analysis of larvae  

See the previous section 6.1.4 page 67. A minimum of 100 larvae per condition were analysed. 

7.1.5 Statistical analysis 

Data were analysed using RStudio (2024.04.2). All data were tested for normality using the 

Shapiro-Wilk normality test and for homoscedasticity using the Bartlett Test of Homogeneity 

of Variances. When data did not show a normal distribution, Kruskal-Wallis test was performed 

followed by Dunn’s test with Bonferroni correction method post-hoc comparisons. In the case 

of data displaying normal distribution and variance homogeneity, one-way ANOVA was 

carried out. 

7.1.6 Retrieval of Nose Resistant to Fluoxetine (nrf) proteins in Mytilus 

galloprovincialis genome 

NRFs proteins in M. galloprovincialis were retrieved from the genome assembly (Gerdol et al., 

2020, ID: PRJEB24883 by Protein Basic Local Alignment Search Tool – BLAST on Octopus 
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Bioinformatic Server (https://octopus.obs-vlfr.fr/), using roundworm (Caenorhabditis elegans) 

nrf-6 reference sequence as query (AAD51972.1). Sequences resulting from the BLASTP with 

a BLAST score ≥ 200 were retained and were subjected to domain analysis using the NCBI 

Conserved Domain Database (CDD). Only sequences containing the expected functional 

domains were retained.  

7.1.7 Retrieval of Nose Resistant to Fluoxetine (nrf) proteins in other 

bilaterian organism models 

C. elegans reference protein nrf-6 was used to find orthologs across different animal species 

belonging to the group of Bilateria: D. melanogaster, S. purpuratus, C. intestinalis and D. rerio. 

BLASTP was performed on NCBI (https://www.ncbi.nlm.nih.gov/) for all species mentioned. 

7.1.8 Analysis of expression profile of nrf transcripts in M. galloprovincialis 

transcriptome 

See the previous section 6.1.2 page 65. 

7.1.9 HCR  

See the previous section 6.1.5 page 67. See Annex for nrf probes sequences.  

7.1.10 Image acquisition and analysis 

Images were taken with SP8 confocal microscope with LasX software with the following 

settings: three-dimensional acquisition mode (XYZ); bidirectional scanning mode, 1024 × 1024 

image format, scanning speed: 600 Hz, pixel size: ~ 200 nm × 200 nm and z-stack: z-step size 

of 0.8 µm. Pictures were taken with a 40× objective. TPH expression was analysed on 15 larvae 

per condition at the highest concentration of SSRIs tested (100 μg/L) on three different parental 

pairs. For cell counting protocol, see the previous section 6.1.6 page 68. 

  

https://www.ncbi.nlm.nih.gov/
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7.2 Results 

7.2.1 Analysis of presence/absence of conserved amino acids involved in 

SSRIs binding 

The sixteen amino acids of human SERT involved in binding citalopram, fluoxetine and 

paroxetine are listed in Table 7.1. 

Amino acids Abbreviations FLX CIT PAR 

Tyr95 Y95 ● ● ● 
Asp98 D95 ● ● ● 
Ile168 I168 ● ●  

Ala169 A169  ● ● 
Ile172 I172 ● ● ● 
Ala173 A173  ● ● 
Tyr176 Y176  ● ● 
Asn177 N177 ● ●  

Phe335 F335  ● ● 
Phe341 F341 ● ● ● 
Ser438 S438  ●  

Thr439 T439  ● ● 
Leu443 L443   ● 
Glu493 E493 ●  ● 
Thr497 T497  ● ● 
Val501 V501  ● ● 

Table 7.1. Human SERT amino acids involved in the binding of fluoxetine (FLX), citalopram (CIT) and 

paroxetine (PAR). Points indicate the amino acids involved in the binding of the SSRI. Data were 

retrieved from Andersen et al. (2014) for FLX, from Andersen et al. (2010, 2009) and Coleman et al. 

(2016) for CIT and from Coleman et al. (2016) for PAR. 

The sixteen amino acids involved in the binding of the three SSRIs are localised within different 

transmembrane (TM) helices, in particular: TM1, TM3, TM6, TM8 and TM10 except for 

Glu493 that is localised in an extracellular domain, as shown in Figure 7.1. Multiple sequence 

alignment allowed to identify the presence/absence of the amino acids listed in Table 7.1 in the 

SERTs protein sequences of M. galloprovincialis. Of the sixteen amino acids involved in SSRI 

binding, thirteen of them are conserved: D95, I168, A169, I172, Y176, N177, F335, F341, 

S438, T439, L443, E493 and V501 (Figure 7.1). 
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Figure 7.1. Amino acid sequence alignment of human Serotonin Re-Uptake Transporter (Hs SERT) and 

the two SERTs identified in M. galloprovincialis (Mg SERT1-like and Mg SERT2-like). Identical amino 

acids are highlighted in black, and similar amino acids in grey. Putative binding sites of Fluoxetine 

(FLX), Citalopram (CIT) and Paroxetine (PAR) are highlighted by red boxes. Black boxes and the 

arrows beneath them indicate the transmembrane (TM) localisation of amino acids based on data 

retrieved from Coleman et al. (2016) and UniProt (https://www.uniprot.org/). 

Eight amino acids are identical (D98, A169, Y176, N177, F335, F341, T439 and L443) and 

five are similar (I168V for SERT2-like, I172V for both Mg SERTs, S438T for SERT1-like, 

E493D and V501I for both SERTs). Concerning I168, it is identical in Mg SERT1-like but 

similar in SERT2-like (Val, V) and S438 is identical in SERT2-like and similar in SERT1-like 

(Thr, T) (see Table 7.2 for a better visualisation). 

  

https://www.uniprot.org/
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Amino acids Abbreviations Mg SERT1-like Mg SERT2-like 

Tyr95 Y95 - - 

Asp98 D98 D D 

Ile168 I168 I V 

Ala169 A169 A A 

Ile172 I172 V V 

Ala173 A173 S G 

Tyr176 Y176 Y Y 

Asn177 N177 N N 

Phe335 F335 F F 

Phe341 F341 F F 

Ser438 S438 T S 

Thr439 T439 T T 

Leu443 L443 L L 

Glu493 E493 D D 

Thr497 T497 A A 

Val501 V501 I L 

Table 7.2. Summary showing similarities and differences between the two Mg SERT-like transporters. 

A black background indicates identical amino acids and a grey background similar amino acids. 

Overall, the results indicate that thirteen out of sixteen amino acids are conserved in M. 

galloprovincialis sequences, in particular: Asp98, Ile168, Ala169, Ile172, Tyr176, Asn177, 

Phe335, Phe341, Ser438, Thr439, Leu443 and Glu493. 

As previously shown in the first section of results and discussion, SERT-like transporters are 

expressed at different times during M. galloprovincialis larval development. In particular, 

SERT2-like peaked during Trochophore phase (Phase 3) at 24 hpf, whereas SERT1-like during 

D-Veliger phase (Phase 5) at 48 hpf. For better visualisation, their quantitative expression 

profiles expressed in TPM are reported in Supplementary Figure 7.1. 
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7.2.2 Effects of fluoxetine (FLX) and citalopram (CIT) on larval 

development 

The results of the 48-h embryotoxicity test showed that FLX (Figure 7.2 A) affected larval 

development slightly but significantly only at the highest concentration tested (100 μg/L) (about 

− 20% with respect to control, p-value < 0.05), with malformed hinge (MH) representing the 

most abundant phenotype. On the other hand, although CIT induced a small decrease in the 

percentage of normal larvae, no significant effects were observed at any concentration tested 

(Figure 7.2 B) did not signific affect larval development at any concentration tested (p-value > 

0.05).  

 

Figure 7.2. Effect of FLX (A) and CIT (B) on M. galloprovincialis development in the 48-h larval assay. 

Bar plots show the percentage of Normal D-Larvae (ND, percentage indicated at the bottom of the bars), 

and the occurrence in percentage of other phenotypes: malformed hinge (MH), protruding mantle (PM), 

arrested trochophore (AT) and protruding mantle + malformed hinge (PM + MH). Statistical analyses 

were conducted on 6 different parental pairs. FLX data were analysed with Kruskal Wallis test plus 

Dunn’t test post-hoc comparison (0.01 < p-value < 0.05). CIT data were analysed by one-way ANOVA. 

7.2.3 Effects on serotonin synthesis enzyme Tryptophan Hydroxylase (TPH) 

TPH was used as marker of the monoaminergic system to assess the possible effects of the two 

SSRIs tested. Number of TPH positive cells was counted on larvae treated with FLX and CIT 

(100 μg/L) at 48 hpf (D-Veliger). Positive cells were counted by merging the Hoechst and probe 

channels as described in materials and methods. In control larvae, the number of TPH cells was 

7 ± 0.83 (90 larvae). As it is possible to see from Figure 7.3 A, B, FLX and CIT induced a shift 

towards an inferior number of cells. The effect is stronger in FLX treated larvae than in CIT 

treated larvae, with a percentage of larvae bearing 6 and 5 cells of 44% and 24%, respectively 

(Figure 7.3 A). The same effect was present in CIT treated larvae but less visible because larvae 

displayed a broader range of TPH positive cells (from 4 to eight); in particular: 31%, 33% and 
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2% of larvae showed 6, 5 and 4 positive TPH cells (Figure 7.3 B). The decrease induced by 

treatments was statistically significant (p-value > 0.01) as shown in the violin plots; FLX treated 

larvae displayed 6 ± 0.90 TPH positive cells (45 larvae), CIT 6 ± 0.95 TPH positive cells (45 

larvae) (Figure 7.3 A1, B1). The results indicate that both FLX and CIT exposure can affect the 

synthesis of serotonin. 

 

Figure 7.3. Effects of FLX and CIT 100 μg/L on TPH expression. Bar plots showing the occurrence of 

TPH positive cells in larvae treated with FLX (A) and CIT (B). The green and red curves indicate the 

distribution of data in control and treated larvae, respectively. Violin plots showing the effects of FLX 

(A1) and CIT (B1) at 100 μg/L on TPH signal. Statistical analysis was conducted on 3 different parental 

pairs. FLX and CIT data were analysed with Kruskal-Wallis test (p-value < 0.001). Dots in the violin 

plot indicate the number of cells counted in each image analysed (15 larvae per condition). 

Overall, these data indicate that both SSRIs can affect early larval development in M. 

galloprovincialis through dysregulation of the serotonergic system. However, both the effect 

on larval phenotypes and on TPH positive cells were small, indicating a little sensitivity towards 

concentrations of SSRIs much higher than those present in the environment, indicating some 
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resistance of mussel embryo/larval stages to SSRI exposure. This possibility was explored by 

investigating the presence of Nose Resistant to Fluoxetine (nrf) proteins in M. galloprovincialis. 

7.2.4 Presence of Nore Resistant to Fluoxetine (nrf) proteins in M. 

galloprovincialis and other bilaterian species 

The NRF domain was identified in 19 sequences retrieved in M. galloprovincialis genome using 

BLASTP. This domain is associated either with an OafA domain or with an Acyl_transf_3 

domain (Table 7.3). Sequences bearing the NRF domain, and the other two associated domains, 

were identified also in the other species analysed except for H. sapiens, where no protein with 

the NRF domain could be identified. BLASTP allowed to identify 12 sequences in D. 

melanogaster and S. purpuratus, 19 sequences in B. floridae, 3 in C. intestinalis and 1 in D. 

rerio (their accession numbers and domains are reported in Supplementary Table 13). 

Therefore, among the invertebrate species considered, M. galloprovincialis was one of those 

expressing the higher number of nfr sequences. 

Name NCBI ID Domains 

nrf-1 VDI45122.1 NRF; OafA 

nrf-2 VDI26244.1 NRF; Acyl_transf_3 

nrf-3 VDI43809.1 OafA; NRF; OafA super family 

nrf-4 VDI33667.1 NRF; OafA 

nrf-5 VDI15781.1 OafA; NRF 

nrf-6 VDI62592.1 NRF; OafA 

nrf-7 VDI29520.1 OafA; NRF 

nrf-8 VDI58070.1 NRF; OafA 

nrf-9 VDI79433.1 NRF; Acyl_transf_3 

nrf-10 VDH90651.1 NRF; OafA 

nrf-11 VDI83770.1 NRF; OafA 

bnrf-12 VDI83771.1 OafA; NRF 

nrf-13 VDI21431.1 NRF; OafA 

nrf-14 VDI35887.1 OafA; NRF 

nrf-15 VDH89138.1 NRF; OafA 

nrf-16 VDI72520.1 OafA; NRF superfamily 

nrf-17 VDI74052.1 OafA; NRF 

nrf-18 VDI44792.1 OafA; NRF 

nrf-19 VDI42167.1 NRF; Acyl_transf_3 superfamily 

Table 7.3. List of nrf proteins identified through BLASTP in the M. galloprovincialis genome. Names 

were given based on the order of finding. NCBI ID and domains are listed in columns two and three, 

respectively. 
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7.2.5 Expression of nrf proteins during M. galloprovincialis embryo-larval 

development 

The expression of nrf transcripts was analysed during the embryo-larval development of M. 

galloprovincialis, using the recently published transcriptome (Miglioli et al., 2024). Expression 

profiles were analysed between 0 and 48 hpf (i.e.: from the unfertilised egg to the D-Veliger 

stage).  

The developmental expression dynamics of nrf genes were analysed first through hierarchical 

clustering, which allowed for the identification of two major clusters (au ≥ 90) (Supplementary 

Figure 7.2 A). The first major cluster formed a cluster on its own, whereas the second major 

cluster was formed by four subclusters. The first major cluster (au = 93) encompassed the 

Embryonic phase (Phase 1: from 0 to 16 hpf). The second major cluster (au = 95) encompassed 

four subsequent clusters: the Early Trochophore phase (Phase 2: from 20 to 24 hpf, au = 99) 

the Mature Trochophore phase (Phase 3: from 28 to 32 hpf, au = 93), the Early Veliger phase 

(Phase 4: from 36 to 40 hpf, au = 89) and the D-Veliger phase (Phase 5: from 44 to 48 hpf, au 

= 98). It was thus possible to identify five different phases based on the differential expression 

of nrf genes. The PCA analysis corroborated previous findings and covered mostly the total 

variance of the dataset (PC1 = 63.1% and PC2 17.6%) (Supplementary Figure 7.2 B). 

Expression dynamics were further analysed by realising a heatmap. This visualisation 

reinforced previous analyses by showing that there are genes highly expressed in each phase 

previously identified (Figure 7.4). During the Embryonic phase, five nrf genes displayed 

upregulation (nrf-4, nrf-5, nrf-14, nrf16, nrf-17 and nrf-19); during the following two phases, 

Early and Late Trochophore phases, three nrf genes were upregulated (nrf-7, nrf-18 and nrf-

19). The two Veliger phases (Early and D-Veliger phases) showed a second peak of nrf-7, nrf-

14 and nrf-18; moreover, up to eleven genes were upregulated during these two phases (nrf-1, 

nrf-2, nrf-3, nrf-6, nrf-8, nrf-9, nrf-10, nrf-11, nrf-12, nrf-13 and nrf-15). 
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Figure 7.4. Heatmap of developmental expression dynamics of nrf genes. Genes are clustered by rows, 

with column breaks identifying the five phases, which are indicated above the columns. Expression 

levels in TPM (Transcripts per Million) values scaled by the maximum and minimum value of each row 

(gene). 

7.2.6 Localisation of four nrf genes at D-Veliger stage (48 hpf) 

Even though several nrf genes were shown to peak during Phase 5, four nrf genes were analysed 

based on  their higher TPM values at 48 hpf as best candidates for HCR analysis and, therefore, 

their localisation in the larval body (see Supplementary Figure 7.3). The genes chosen were: 

nrf-1, nrf-2, nrf-6 and nrf-9.  

The nrf transcripts, nrf-1, nrf-6 and nrf-9 displayed a cluster localised dorsally near the centre 

of the hinge, whereas nrf-2 displayed a widespread signal localised ventrally, presumably in the 

velum area (Figure 7.5). To better understand the localisation of nrf-1, nrf-2 and nrf-9, montages 

with Hoechst signal were realised. Nrf-1, nrf-6 and nrf-9 localised near cavities of the larval 

body of the D-Veliger that could represent oesophagus and stomach areas, and thus largely 

localised in the digestive system (Supplementary Figure 7.4). 



160 

 

 

Figure 7.5. Localisation of nrf genes at D-Veliger stage (48 hpf). The first two rows show the confocal 

images obtained with maximum plane projection and corresponding schemes, with signal schematised 

in cyan and lateral view. The last two rows show the 3D reconstruction of confocal images and their 

corresponding schemes in ventral view.  

Axis abbreviation: A: anterior, D: dorsal, L: left, P: posterior, R: right, V:  ventral.  

Anatomical abbreviations: a: anus, g: gut, h: hinge, m: mouth. Scale bar: 20 μm. 
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7.3 Discussion 

7.3.1 SSRIs may bind to SERT-like transporters of M. galloprovincialis 

SSRIs are designed to bind the human serotonin reuptake transporter (SERT) resulting in 

inhibiting the recycling of 5-HT and increasing the 5-HT concentration at the synaptic level 

(Andersen et al., 2014, 2009; Zhou et al., 2009). However, SERT's inhibition mechanisms were 

reported to be poorly understood (Andersen et al., 2010, 2009). Crystallography experiments 

allowed to identify the amino acids of human SERT involved in binding different SSRIs (i.e.: 

FLX, CIT and PAR) and to understand which are pivotal for the binding through mutagenesis 

experiments (Andersen et al., 2014, 2010, 2009; Coleman et al., 2016). 

Sequence analysis of human and mussel SERTs showed that the amino acids involved in 

binding CIT, FLX and PAR are conserved in M. galloprovincialis SERT-like transporters 

protein sequences. Six out of seven of the amino acids involved in binding FLX are conserved 

in M. galloprovincialis sequences; Tyr97 is not present in any of the two SERT-like transporter 

sequences. Regarding CIT, eleven out of fourteen amino acids are present and conserved except 

for Ala173 and Thr497, with the latter replaced by an Ala in both SERT-like transporter 

sequences. PAR shows twelve amino acids involved in binding human SERT and ten are 

conserved in M. galloprovincialis except for Ala173 and Thr497 as it is for CIT (Table 7.4). 

Amino acids Abbreviations Mg SERT1-like Mg SERT2-like FLX CIT PAR 

Tyr95 Y95 - - ● ● ● 
Asp98 D95 D D ● ● ● 
Ile168 I168 I V ● ●  
Ala169 A169 A A  ● ● 
Ile172 I172 V V ● ● ● 
Ala173 A173 S G  ● ● 
Tyr176 Y176 Y Y  ● ● 
Asn177 N177 N N ● ●  
Phe335 F335 F F  ● ● 
Phe341 F341 F F ● ● ● 
Ser438 S438 T S  ●  
Thr439 T439 T T  ● ● 
Leu443 L443 L L   ● 
Glu493 E493 D D ●  ● 
Thr497 T497 A A  ● ● 
Val501 V501 I L  ● ● 
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Table 7.4. Schematic table showing the amino acids conserved between human and mussel sequences 

and the amino acids involved in binding FLX, CIT and PAR. Green dots indicate that amino acids are 

conserved, and red dots indicate that amino acids are not conserved. 

Point mutations in human SERT showed that the most important amino acids involved in FLX 

binding are Tyr95, Asp98, Ile168, Ile172 and Asn177 (Andersen et al., 2014). Indeed, 

substitution of Tyr95 with alanine or valine, Asp98 with glutamate, Ile172 with methionine and 

glutamine and N177 with serine induced a loss of potency for fluoxetine, whereas substitution 

of Ile168 with phenylalanine increased FLX potency (Andersen et al., 2014). This experiment 

was conducted also to show the pivotal amino acids involved in CIT binding which are: Tyr95, 

Asp98, Ile172, Asn177, Phe341 and Ser438 (Andersen et al., 2010). Substitution of Tyr95 to 

valine, glutamine and alanine, Asp98 to glutamate, Ile172 to phenylalanine and glutamate, 

Ile177 to serine, Phe341 to tyrosine and Ser438 to threonine reduced significantly citalopram 

potency (Andersen et al., 2010). 

The pivotal amino acids involved in FLX binding are conserved and identical in both M. 

galloprovincialis SERT-like transporter sequences, except for Tyr95 which was not found in 

any of the two sequences. These results suggest that M. galloprovincialis SERT-like 

transporters can bind FLX. The same suggestions can be made for CIT, whose pivotal amino 

acids involved in binding human SERT are conserved and identical in SERT2-like, and SERT1-

like displays a similar amino acid at the position of human Ser438: threonine. 

From the results of these in silico analysis it is possible to argue that SSRIs may bind to SERT-

like transporters of M. galloprovincialis, confirming that the targets of SSRIs are conserved. 

This information is of pivotal importance for assessing the conceptual model of the “mode-of-

action” (MOA) to assess the environmental risks of pharmaceuticals, in this case of SSRIs 

(Ankley et al., 2010, 2007). Moreover, the identification of specific targets in M. 

galloprovincialis can help to better understand the adverse outcome pathway caused by SSRIs, 

where the molecular initiating event is the binding of SSRIs to mussel SERTs-like (Ankley et 

al., 2010; Hutchinson et al., 2013). 

7.3.2 Effect of Fluoxetine (FLX) and Citalopram (CIT) on D-Larvae 

phenotypes 

Even though the primary target of SSRIs is conserved in M. galloprovincialis SERT-like protein 

sequences (thirteen out of sixteen amino acids involved in binding SSRIs in humans), the results 

of exposure to FLX and CIT showed that larvae were weakly affected by concentration in the 

order of μg/L. FLX induced a reduction of about 30% in normal D-Larvae was significant for 
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FLX only at the highest concentration tested (100 μg/L), whereas no significant decrease was 

observed in larvae treated with CIT, and the highest concentration resulted in a reduction in 

normal D-Larvae of about 8%. By scoring phenotypes, it was found that the highest 

concentrations of FLX caused malformations, namely malformed hinge. 

A recent study showed that environmental concentrations of FLX and CIT in M.  

galloprovincialis larvae at 48 hpf  caused small decreases in the percentage of normal D-Larvae 

(Rafiq et al., 2023). In particular, FLX caused a dose-dependent reduction in normal D-Larvae 

of 11% at 100, 200 and 500 ng/L; the  CIT response was not dose-dependent, with significant 

reduction in normal D-Larvae observed at 25, 100 and 500 ng/L, with a maximum of 20% of 

reduction, but not at 50 and 250 ng/L (Rafiq et al., 2023). CIT was shown to cause abnormalities 

(Rafiq et al., 2023), and this is in line with the data shown here, where the most abundant 

phenotype was represented by malformed hinge.  On the contrary, FLX was previously shown 

to induce delay in development, namely arrested trochophore (Rafiq et al., 2023), whereas the 

results of the present study showed that malformed hinge was the most abundant phenotype. 

Differences could be explained by the differences in mussel sources: in this study, mussels were 

collected directly from a natural population from the bay in Villefranche-sur-Mer, in the study 

of Rafiq et al. (2023), adult mussels were collected from an aquaculture farm in the Adriatic 

sea. However, both studies showed that larvae were weakly sensitive to FLX and CIT. 

It is important to note that while the higher levels of FLX and CIT tested here did not cause 

significant effects when evaluated in isolation, they may still have an impact when present at 

lower concentrations as part of a mixture of contaminants, as it occurs in the environment. 

Therefore, further studies are needed to assess the potential synergies between SSRIs and other 

contaminants (Duarte et al., 2023; Rafiq et al., 2023). 

7.3.3 Serotonin Reuptake Transporters do not represent unique targets of 

SSRI  

Choy and Thomas (1999) reported in humans that FLX does not only target SERT protein but 

interferes also with cytochrome P450 (CYP 450). Additionally, several studies showed that 5-

HTRs may represent other targets of SSRIs in both humans and C. elegans acting as either 

agonists or antagonists depending on the receptor subtype(Kullyev et al., 2010; Sghendo and 

Mifsud, 2012; Sohel et al., 2024). Specifically, 5-HTR1A appears to act as a non-direct target 

of FLX; more details on this topic are provided in BOX 2. 
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BOX 2: 5-HTR1A: a non-direct target of SSRIs that modulates serotoninergic neuron 

activity 

In the past century, SSRIs gained particular attention in the scientific literature due to their 

ability to increase 5-HT levels within a few hours of treatment, yet require two to four weeks 

to be effective in alleviating symptoms of depression (Choy and Thomas, 1999). It is assumed 

that such a delay in the effectiveness of  SSRIs treatment is due to a mechanism of negative 

feedback mechanism mediated by 5-HTR type 1A, which acts as an autoreceptor in 

serotoninergic neurons when localised in the somatodendritic region (Esteban et al., 1999; 

Moret and Briley, 1992). In mammals, 5-HTR1A autoreceptors exert negative feedback in 

response to the local 5-HT release by inhibiting the rate firing (and consequently 5-HT release), 

synthesis, and turnover (Altieri et al., 2012; Brady et al., 2012; Hoyer, 2019a). 

In rats, stimulation of the 5-HTR1A autoreceptor with the agonist, 8-hydroxy-2-(di-

npropy1amino)tetralin (8-OH-DPAT) led to a decrease of 5-hydroxytryptophan (5-HTP), the 

product of TPH activity, suggesting that 5-HTR1A autoreceptor stimulation not only reduces 

the serotoninergic neurons firing rate but also inhibits TPH, the enzyme responsible for 

converting tryptophan to 5-HTP (Invernizzi et al., 1991). Experiments with SSRIs in rats (FLX, 

CIT and zimelidine, the latter no more commercialised (Mulinari, 2015)) measured 5-HTP 

concentrations, the precursor of 5-HT, following treatment with NSD 1015, an inhibitor of 

Aromatic L-Amino Acid Decarboxylase (AADC, responsible for the conversion of 5-HTP into 

5-HT) (Esteban et al., 1999; Moret and Briley, 1992). Acute exposure (2 h) to these SSRIs 

resulted in a decrease in 5-HTP concentration, suggesting an inhibition of TPH (Esteban et al., 

1999; Moret and Briley, 1992). In rats chronically exposed to SSRIs (21 days), the decrease in 

5-HTP concentration decreased until day 3, then 5-HTP levels began to recover (Esteban et al., 

1999; Moret and Briley, 1992). This time-dependent loss in the ability to decrease the synthesis 

of 5-HT suggests the induction of a desensitisation process of 5-HTR1A autoreceptors, 

corresponding to a down-regulation of the inhibitory feedback mechanism regulating 5-HT 

synthesis (Esteban et al., 1999; Moret and Briley, 1992). In this context, 5-HTR1A and TPH 

seem to be a non-direct target of SSRIs. For a deeper understanding of the mechanism induced 

by acute exposure to SSRIs, see Box Figure 7.1. 
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Box Figure 7.1. Schematic representation of the reduction of 5-hydroxytryptophan (5-HTP) in 5-HT 

producing cells induced by treatment with SSRIs. 1. Addition of the SSRI, which binds to SERT. 2. 

SSRI inhibits the reuptake of 5-HT leading to an increase in 5-HT concentration at the synaptic level. 3. 

5-HT binds to 5-HTR1A autoreceptor, which inhibits TPH. 4. TPH inhibition results in a decrease in 5-

HTP concentration. Images adapted from Servier Medical Art, licensed under CC BY 4.0 

(https://smart.servier.com). 

Data found in rats appear to align with results shown here, suggesting that even in M. 

galloprovincialis the two 5-HTRs type 1A identified (5-HTR1A1_inv and 5-HTR1A2_inv), 

which display colocalisation within TPH area, could act as autoreceptors. Indeed after 48 h of 

exposure to 100 μg/L FLX and CIT, a decrease in TPH expression was observed in treated 

larvae. This could align with a reduced production of 5-HTP, thus mitigating the effects of 

increased 5-HT synaptic levels. When M. galloprovincialis larvae were treated with exogenous 

5-HT, the phenotypes displayed were more severe than those caused by incubation with FLX 

and CIT, resulting in fewer than 50% normal D-larvae. The most abundant phenotypes were 

protruding mantle and malformed hinge. However, it must be considered that by adding 

exogenous 5-HT, the concentration likely increases throughout the entire larval body, whereas 

in larvae treated with SSRIs, the 5-HT concentration may increase only in the area of serotonin 

producing cells. This localised increase in 5-HT concentration might result in a milder 

phenotype compared to a more widespread rise in 5-HT levels. Moreover, it should be noted 

that the 5-HT concentrations tested and found effective (1 and 10 μM) were more than 2 and 

20 times higher in terms of μg/L (212. 68 μg/L and 2126.8 μg/L) compared to the FLX and CIT 

concentrations tested. In contrast, 0.1 μM 5-HT (21.268 μg/L) induced no significant effects on 

D-Veliger larvae. However, a direct comparison between these treatments is not possible, as 

the local concentration of 5-HT after SSRI exposure remains unknown. 

https://smart.servier.com/
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Further experiments are crucial to explore these mechanisms, particularly the decrease of 5-

HTP and increase of 5-HT concentration after SSRI exposure. High-Performance Liquid 

Chromatography (HPLC) could be used to measure 5-HTP and 5-HT concentrations in larvae; 

in fact, HPLC coupled with Mass Spectrometry (MS) has already been employed to analyse 

lipid composition in M. galloprovincialis larvae (Balbi et al., 2023b). 

7.3.4 Expression of nfr proteins suggests a role in larval development and 

transport of SSRIs  

In this study, 19 different proteins were identified and share similarities with the NRF proteins 

identified in C. elegans. As in C. elegans, these proteins display the domain called NRF, along 

with an additional domain: either the Peptidoglycan/LPS O-acetylase domain or the 

Acyltransferase domain (Choy et al., 2006; Choy and Thomas, 1999). Transcriptomic and HCR 

analyses revealed, for the first time, the expression and localisation of nrf transcripts during 

embryo-larval development of a bivalve mollusc. Nrfs are differentially expressed during M. 

galloprovincialis embryo-larval development, with up to six genes expressed during embryonic 

and gastrula stages (Embryonic phase, Figure 7.4) and up to fifteen genes expressed during 

larval development (Early- and Mature Trochophore, Early- and D-veliger phases, Figure 7.4). 

HCR analysis at D-Veliger stage (48 hpf) revealed that three of these transcripts (nrf-1, nrf-6 

and nrf-9, which peaked during the early- and D-Veliger phases) localised in the region of the 

gut cavity (Figure 7.5). Just one of the nrf protein here analysed seemed to be localised in what 

should correspond to the velum area (Figure 7.5) (Miglioli et al., 2024). 

This study showed that proteins sharing the NRF domain were present in the genome of various 

organisms across different evolutionary levels (D. melanogaster, S. porpuratus, B. 

lanceolatum, C. intestinalis and D. rerio) but not in humans (Figure 7.6), consistent with earlier 

findings by Choy and Thomas (1999). Interestingly, among all the species analysed, M. 

galloprovincialis and B. floridae display the highest number of nrf proteins. However, due to 

the limited information available on these proteins, it is difficult to establish a possible 

evolutionary process. Nonetheless, the data suggest a reduction in the number of these proteins 

in chordates (Figure 7.6).  
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Dueterostomia 
Chordata 

Vertebrata 
H. sapiens                     ⮽ 0 

D. rerio                        ☑ 1 

Urochordata 
C. intestinalis               

☑ 3 

Cephalochordata B. floridae             ☑ 19 

Ambulacraria Echinodermata S. purpuratus                 ☑ 12 

Protostomia 

Lophotrochozoa Mollusca M. galloprovincialis      ☑ 19 

Ecdysozoa 
Arthropoda D. melanogaster             ☑ 12 

Nematoda C. elegans                     ☑ 7 

Figure 7.6. Table of presence/absence and number of nrf genes/proteins across different species at 

different evolutionary levels. 

This work is the first to show that nrf genes are expressed during the embryo-larval 

development of a bivalve mollusc. Interestingly, a recent study identified a transcript 

corresponding to these genes, expressed exclusively in the sporocyst stage of the human parasite 

Schistosoma mansoni (plathelminth), but not in other developmental stages (miracidium, 

schistosomulum and adult) (Diaz Soria et al., 2024). However, there are no current insights into 

their potential role during early developmental stages. 

Information on the possible role of nrf genes/proteins remains limited to C. elegans. Nrfs were 

first discovered and characterised by Choy and Thomas (1999) while investigating other 

possible targets of FLX. In C. elegans exposed to FLX, the animals exhibited behavioural 

phenotypes such as nose contraction and egg laying, with the nose contraction independent of 

any increase in serotonin levels (Choy and Thomas, 1999). By generating mutant lineages, 

Choy and Thomas (1999) identified seven genes that conferred partial resistance to fluoxetine, 

hence named Nose Resistant to Fluoxetine. These genes were also responsible for resistance to 

PAR and Clomipramine (a tricyclic antidepressant). Initial research on two of these genes 

revealed that both encoded twelve transmembrane domain proteins (Choy and Thomas, 1999). 

The nrf genes were studied in terms of spatial localisation (nrf-5, nrf-6 and ndg-4), and two 

were found to be localised in both the hypodermis of the nose and the intestine (nrf-6 and ndg-

4), and one localised exclusively in the intestine (nrf-5) (Choy et al., 2006; Choy and Thomas, 

1999). The localisation in the intestine aligns with HCR results here shown. Subsequent studies 

focused on the analysis of the product of nrf-5, which displayed similarity to human proteins 

involved in the immune system, cholesterol metabolism and transport. Sequence analysis 

predicted nrf-5 to be a secreted molecule, likely promoting the recognition of apoptotic cells 

and facilitating the transport of lipoproteins associated with cholesterol by binding to their lipid 

moieties (Choy et al., 2006; Watts and Browse, 2006; Zhang et al., 2012). Additionally, the 
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ability to transfer lipidic molecules was also predicted for nrf-6 and ndg-4 (Watts and Browse, 

2006). Taken together, these findings suggest that these proteins play a role in the transport of 

yolk proteins, polyunsaturated fatty acids (PUFAs), and cholesterol by binding to their lipid 

moieties (Choy et al., 2006; Watts and Browse, 2006; Zhang et al., 2012). This function 

suggests they may also participate in the transport of FLX within the organism (Watts and 

Browse, 2006); indeed SSRIs, SNRIs and tricyclic antidepressant are amphipathic molecules 

(Kapoor et al., 2019), crucial characteristic for their transport though lipid-binding proteins such 

as nrf. 

Although the functional characterisation of nrf proteins was not performed in this study, 

evidence from C. elegans suggests that if similar mechanisms operate in M. galloprovincialis, 

it could be plausible that nrf proteins bind and transport FLX across membranes. Furthermore, 

nrf proteins in C. elegans were shown to give resistance to PAR as well, suggesting that they 

may recognise and interact with various SSRIs, not just FLX. 

7.3.5 Possible Molecular Initiating Events (MIEs) and Adverse Outcome 

Pathway (AOP) caused by SSRIs in M. galloprovincialis 

SSRIs here analysed may bind to M. galloprovincialis SERT-like transporters. Moreover, a 

second possible target could be represented by nrf proteins as previously found in C. elegans 

(Choy et al., 2006; Choy and Thomas, 1999; Zhang et al., 2012). In addition to this, a third 

possible target is represented by 5-HTRs, even though it is still unknown how SSRIs bind to 5-

HTRs (Kullyev et al., 2010). Thus, three possible molecular initiating events (MIEs) may be 

induced by FLX and CIT in M. galloprovincialis by binding SERTs-like, nrf proteins and 5-

HTRs (Figure 7.7). 

 

Figure 7.7. Schematic representation of the molecular initiating events (MIEs) of SSRIs in M. 

galloprovincialis. 
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Given the MIEs of SSRIs and the effects described in C. elegans and in rats after exposure to 

SSRIs, a tentative Adverse Outcome Pathway (AOP) of FLX and CIT in M. galloprovincialis 

is schematised in Figure 7.8. The first step is the Molecular Initiating Event (MIE) which 

consists of the binding of FLX and CIT to SERTs-like, and, perhaps, to nrf and 5-HTRs. 

However, the binding sites of SSRIs to nrf and 5-HTRs are not known, thus a question mark is 

reported in their respective MIE box (Figure 7.8). 

Our results show that both FLX and CIT led to a decrease in the number of TPH positive cells. 

It could be possible that, after the MIE, the key event is represented by disruption of serotonin 

signalling during development, resulting in malformed larvae (Figure 7.8). 

The weak effects observed for FLX and CIT could potentially be explained by the temporal 

expression patterns of the two SERT-like transporters during development. As shown in the 

previous chapter, the first SERT to be expressed is the SERT2-like, which peaked during the 

Trochophore phase (24 hpf), while the SERT1-like peaked later, during the D-Veliger phase 

(48 hpf). Since proteomic data on SERT-like transporters expression are unavailable, it can be 

hypothesised that if the protein only begins to appear in larvae after the RNA peak, the actual 

targets of SSRIs might not be expressed until the trochophore stage. This would limit the 

potential interaction of FLX and CIT towards their targets, thereby reducing their overall 

effects. In contrast, different nrf transcripts were already expressed in the egg and others 

appeared and peaked throughout embryo-larval development. It could be possible that some nrf 

products could be already present at the egg stage and in the following embryonic stages. If 

these proteins are involved in the transport of FLX and CIT, amphipathic molecules containing 

a hydrophobic body, these compounds should be less available in developing tissues of M. 

galloprovincialis embryo-larvae, thus preventing adverse effects. In this case, nrf proteins could 

protect from partially lipophilic xenobiotics, which would explain the weak effects induced by 

both SSRIs tested even at high concentrations (max 100 μg/L). Nevertheless, further 

experiments are required to confirm these hypotheses and the possible AOP caused by FLX and 

CIT in M. galloprovincialis.  
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Figure 7.8. Schematic representation of the possible AOP caused by FLX and CIT in M. 

galloprovincialis larvae. The colour coding of boxes is described in the image legend. 
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7.4 Supplementary Table 

Species NCBI ID Domain 

D. melanogaster 

NP_001285060.1 NRF; OafA 

NP_608323.1 NRF; OafA 

NP_608590.2 NRF; OafA 

NP_727670.1 NRF; OafA 

NP_650959.2 NRF; OafA 

NP_001259710.1 NRF; OafA 

NP_651159.3 NRF; OafA 

NP_651158.1 NRF; OafA 

NP_001286373.1 NRF; OafA 

NP_996269.2 OafA; NRF 

NP_651160.3 NRF; OafA 

NP_001284731.1 NRF; OafA 

S. purpuratus 

XP_030831669.1 OafA; NRF 

XP_030831493.1 OafA; NRF 

XP_030851059.1 OafA; NRF 

XP_001198703.3 OafA; NRF 

XP_030830004.1 Acyl_transf_3; NRF 

XP_030841635.1 Acyl_transf_3; NRF 

XP_030840416.1 OafA; NRF 

XP_030841026.1 Acyl_transf_3 

XP_792732.4 OafA; NRF 

XP_030829546.1 OafA; NRF super family 

XP_011672917.2 OafA; NRF super family 

XP_011672918.2 OafA; NRF 

B. lanceolatum 

XP_035683589.1 NRF; OafA 

XP_035698599.1 NRF; OafA 

XP_035683620.1 NRF; OafA 

XP_035700320.1 NRF; OafA 

XP_035658030.1 NRF; OafA 

XP_035700321.1 NRF; OafA 

XP_035686734.1 NRF; OafA 

XP_035678860.1 NRF; OafA 

XP_035692129.1 NRF; OafA 

XP_035696988.1 Acyl_transf_3; NRF 

XP_035696984.1 Acyl_transf_3; NRF 

XP_035696985.1 Acyl_transf_3; NRF 

XP_035687103.1 OafA; NRF 

XP_035687102.1 NRF; OafA 

XP_035687461.1 NRF; OafA 

XP_035660415.1 NRF; OafA super family 
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XP_035657996.1 NRF 

XP_035690037.1 NRF 

XP_035683600.1 NRF 

C. intestinalis 

XP_002128751.1 OafA; NRF 

XP_009862304.1 NRF; OafA 

XP_026692261.1 NRF; OafA; OafA super family 

D. rerio XP_021324686.1 OafA; NRF 

H. sapiens - - 

Supplementary Table 13. List of nrf proteins identified through BLASTP in different bilaterian species. 
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7.5 Supplementary Figures 

 

Supplementary Figure 7.1. Graph showing the expression profiles (in TPM) of SERT1-like (blue) and 

SERT2-like (violet) during M. galloprovincialis embryo-larval development. TPM values are reported 

for each transcript under the hours post fertilisation (from 0 to 48 hpf). Phases previously identified are 

reported: Phase 1 = Embryonic Phase (0-8 hpf); Phase 2 = Gastrula Phase (12-16 hpf); Phase 3 = 

Trochophore Phase (20-28 hpf); Phase 4 = Early Veliger Phase (32-36 hpf); Phase 5 = D-Veliger Phase 

(40-48 hpf). Red arrows indicate the peak of expression of the two SERTs-like: at 48 hpf for SERT1-

like and 24 hpf for SERT2-like. 
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Supplementary Figure 7.2. Developmental expression dynamics of nrf genes. A. Hierarchical clustering 

of nrf genes from 0 to 48 hpf. Five phases were identified: phase 1 Embryonic (0 to 16 hpf), phase 2 

Early Trochophore (20 to 24 hpf), phase 3 Mature Trochophore (28 to 32 hpf) and phase 4 Early Veliger 

(36 to 40 hpf) and phase 5 D-Veliger (44 to 48 hpf). The numbers in red represent approximate unbiased 

p-value (au). B. Principal Component Analysis (PCA) biplot of nrf genes in each sample analysed, 

samples were renamed in function of the phase identified in the hierarchical clustering. Ellipses highlight 

the five developmental clusters (corresponding to the phases 1, 2, 3, 4 and 5).  
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Supplementary Figure 7.3. Barplot showing the TPM values of the nineteen nrf genes identified at D-

Veliger stage (48 hpf). Values at the bottom of the bars indicate the TPM value of each gene. Values in 

bold and in red highlight the gene chosen for HCR analysis. 
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Supplementary Figure 7.4. Localisation of nrf-1 (A), nrf-6 (B) and nrf-9 (C) in the larval body of D-

Veliger larvae (48 hpf). Montages show the nrf signal in green and Hoechst signal in grey. Scale bars: 

50 μm. 

  



179 

 

 

8 Conclusions and future perspectives 

1. Characterisation of the monoaminergic system in M. galloprovincialis 
This work presents the first comprehensive study of the monoaminergic system in the 

Mediterranean mussel, M. galloprovincialis, with a focus to early developmental stages. Six 

out of  the eight monoaminergic systems were found in M. galloprovincialis genome, which 

aligns with a recent published phylogenetic analysis (Goulty et al., 2023). 

The expression analysis of the identified monoaminergic genes during embryo-larval 

development suggests a specific involvement of serotonin and dopamine, which stand out as 

the main systems expressed. Serotonin producing cells emerge at early stage, at Gastrula (16 

hpf) in the area corresponding to the AO/CG, whereas dopamine producing cells appear later, 

at Trochophore stage (28 hpf) in an area corresponding to pedal ganglia PG. 

Both neural and non-neural localisation of serotonin and dopamine receptors suggests that 5-

HT and DA regulate developmental and physiological larval process mainly through 

neuroendocrine pathways. 

Pharmacological experiments emphasised the fundamental role of 5-HT and DA, as the 

concentrations of 5-HT and the activity of the DR1 emerged as key players during the embryo-

larval development of M. galloprovincialis. 

The elevated expression of Aromatic L-Amino Acid Decarboxylase (AADC) at the egg stage, 

an enzyme involved in the synthesis of both 5-HT and DA, suggests a possible morphogenetic 

role for these two monoamines, potentially regulating cell cleavage. 

Furthermore, expression of 5-HTRs and DRs prior to synthesis of 5-HT and DA in the growing 

embryo-larva raises the possibility of a non-neuronal role for these receptors, which could be 

involved in environmental sensing. In particular, these receptors may interact with exogenous 

ligands representing environmental clues, such as indole and its derivates (Tomberlin et al., 

2017). In addition to this, 5-HTRs could be involved in morphogenetic roles by regulating cell 

contractility and left-right patterning (Karki et al., 2023; Levin et al., 2006; Vandenberg et al., 

2013). 

Moreover, a potential mutual regulation between serotonin and dopamine producing cells could 

be hypothesised, with the two monoaminergic systems reciprocally controlling each other at 

the D-Veliger stage (48 hpf). 
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The characterisation of serotonin and dopamine components conducted in this study may 

contribute to a better understanding of their roles and help distinguishing the involvement of 

different receptor types in various processes occurring during embryo-larval development. 

Future studies employing receptor-specific inhibitors and/or gene knockout experiments would 

be necessary to understand the precise roles of these receptors. Additionally, assessing the 

specificity of serotonin and dopamine receptors towards different ligands, including exogenous 

ligands present in the marine environment, could further elucidate their potential role in 

environmental sensing. To achieve this, competitive binding assays could be employed (Cao et 

al., 2020). Once the characterisation is accomplished, it would be interesting to create null 

mutants for each receptor to better understand their role in embryo-larval development of M. 

galloprovincialis, shedding thus more light on their possible morphogenetic function(s) in early 

developmental stages and their involvement in larval development. 

2. Environmental implications  

Monoamines, especially 5-HT and DA, appear to be pivotal for the larval development of 

bivalve molluscs, namely in the Pacific oyster, C. gigas, and in the Mediterranean mussel, to 

ensure proper shell biogenesis and larval development. Early larval stages of marine calcifying 

embryos are particularly sensitive to environmental stressors, such as ocean acidification, 

pollution, urbanisation, nutrient enrichment, sedimentation and parameters related to the 

ongoing global change (Balbi et al., 2017a; Miglioli et al., 2021a; Przeslawski et al., 2015). 

Among these, acidification, and exposure to contaminants have been shown to disrupt 5-HT 

and DA components, resulting in alterations of the molecular processes involved in shell 

biogenesis  (Balbi et al., 2018, 2016; Liu et al., 2020; Miglioli et al., 2021a, 2021b). 

Bivalve molluscs include species of ecological and economical importance, and they are used 

worldwide as sentinel organisms for monitoring marine pollution. Among mussels, the genus 

Mytilus is commonly used in biomonitoring marine pollution with a multi-biomarker approach. 

M. galloprovincialis is a key species in the Mediterranean and, along with other species, is used 

in acute (48 h) embryo toxicity essay (Balbi et al., 2017b; Fabbri et al., 2014; FAO, 2022; 

Miglioli et al., 2019). Given this context, understanding the onset of the monoaminergic system 

as possible target of pollutants and environmental changes is crucial to shed light on the 

potential targets for neuroendocrine disruption. 

Among pollutants, contaminants of emerging concern (CEC) are raising particular attention, 

because they have now been recognised or suspected to be present in the environment and may 
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represent a threat to organisms (Sauvé and Desrosiers, 2014). Among CEC, pharmaceuticals 

are compounds designed to act on specific target (enzyme, receptor or transporter) that can be 

evolutionary conserved in other organisms (Ankley et al., 2010; Gunnarsson et al., 2008). Thus, 

information from mammals can be integrated to assess the potential environmental risks of 

pharmaceuticals through the conceptual model of known as “mode-of-action” (MOA) (Ankley 

et al., 2010). Among pharmaceuticals, Selective Serotonin Reuptake Inhibitors (SSRIs) are 

designed to bind to the serotonin reuptake transporter (SERT), inhibiting the recycling of 5-HT, 

and thereby increasing its concentration at the synaptic level (Andersen et al., 2014, 2009; Zhou 

et al., 2009). 

In this study, thirteen out of sixteen amino acids involved in SSRIs binding (namely Citalopram 

– CIT, Fluoxetine - FLX, and Paroxetine – PAR) were found to be conserved in M. 

galloprovincialis SERT-like transporters suggesting that the two transporters identified may 

bind SSRIs. Furthermore, in silico analysis of the genome revealed the presence of non-

selective targets of SSRIs: nineteen Nose Resistant to Fluoxetine (nrf) proteins, first identified 

in Caenorhabditis elegans, and serotonin receptors (5-HTRs) (Choy and Thomas, 1999; 

Kullyev et al., 2010). These potential targets were shown to be expressed during embryo-larval 

development of M. galloprovincialis. However, exposure to high concentrations of FLX and 

CIT did not strongly affect larval phenotypes, suggesting some mechanisms of resistance. 

In this regard, one of the novelties of the present work is also represented by the identification 

of nrf proteins in mussel larvae. Nrf proteins were reported in C. elegans to act as binding and 

transporter proteins of lipidic molecules. In this light, the nrf proteins identified in mussel 

genome and their expression across early developmental stages, with localization near the 

digestive system indicate that these proteins could have a crucial role in M. galloprovincialis 

embryo-larval development. Characterising these proteins in terms of structure and function is 

thus required to understand if they might act in transport of SSRIs, which could explain the 

weak effect observed at high concentrations. Furthermore, it is also necessary to assess whether 

M. galloprovincialis 5-HTRs can bind to SSRIs and, if so, what responses are elicited. 

This finding underlines particularly the need of drug elucidation, which refers to “the process 

of understanding the mechanisms of action of marketed drugs by studying their novel effects in 

model organisms” (Dwyer et al., 2014). M. galloprovincialis could represent a good model for 

screening and shedding light on the mode of action, targets and pathway affected by 

pharmaceuticals. 
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In conclusion, this study represents a significant advancement in understanding the 

monoaminergic system in M. galloprovincialis, revealing the presence of various 

monoaminergic systems and their potential crucial role in embryo-larval development. The 

results obtained offer new insights into the functions of serotonin and dopamine, highlighting 

their importance in regulating developmental processes and responding to environmental 

stressors. Additionally, the integration of data on the binding of SSRIs to serotonin receptors, 

transporters, nrf proteins and 5-HTRs may lay the groundwork for future research on the effects 

of SSRIs, and, potentially, other CEC on bivalves. 
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Annex 

Mg annotation Sequence ID Amplifier Probe sequence 

Mg 5-

HTR1A1_inv 
MGAL_10B032935 B1 

GAGGAGGGCAGCAAACGGAAAAACAATATTTTATGAAAAGCGTG

T 

TCTCTGCGATTTTTGTGAGTATTTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATAGGATTCAGCAAACTATTAAAA

T 

AACTCGGGACTAAAAATTGTGTAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAGGCGGAAATTCATATTGTCCTA

A 

CCAACCAAAGCACTATCGAATGTAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAACCAGCAAACAATGTATGCACC

T 

TCCAATTAAAGCTATCAGAAAAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACTCTCACGTTTCATTTCTAATTTTT 

ATTATTCCAAGAGTCCGAGCTGCTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAATCACCCTTTGGTGTTGGAACTTG 

TTGCGCGTTTAGCTTTAGCAGCAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTGTCGTTCTTGTCTGAACTTCCG 

TACCAAAGCATTTGAATGAACTTTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATCAACGTTATGTCTGTTGAACAC
G 

ACCATTCCATTGCACGAAGTTTCGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTAAAAGACTACTTTTTGCAAGATC 

GACCATTAATAGGTGATGGCGGTGCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTATGAAAGTTTTTCCGCCGAATT 

AACATTCTTGTTAGCCGCGTATTGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAAATAATTAACATTACAACTGTT

G 

GATCTTGCTACTTGGAAAATTTTAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGGTGTAACTGTCTATTTGGCTAAT 

AGTAAAAGGCACCAATTGTTGAAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGCATCGTCCTTCCAACCAAACAA
A 

ACATTTTCCCGTGAATTCAGGCGCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATGCCATGGCGATCATCAGCAGA

A 

GGAATAGAAATAAACATTCCAACTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAATGTTTGTAACAGCCCAATATC

G 

GCCTTGCAGTTCGATTTCTGATATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGAAGATGTACAACACAAGACATC

A 

AACAGATATTGCAACAAGATGTAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACCTAAAAACCACACTTCACTAACC

T 

GATATCCACATATCACAGACTTCACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGGCTACCATCAGGTCCGCTACAG
C 

ACACTACACTTAACGGCATCACTAATAGAAGAGTCTTCCTTTACG 
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GAGGAGGGCAGCAAACGGAAATGCAAGTTTTTCTCCAGAATAATA 

AGATAATATCAAATAGTTCGCAACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTGGCTAATATCATTAGTCCTAATA 

GCTATCACAAAGACATTTCCGATTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTTGATTTGTGGACCACCAATTTT 

CGGAAGTTCCGACTAAATGTGCCAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGTTGTATTGTAAAATGTTGTTAAT 

TGGTGTTTCCGTGATATTTTCTTGGTAGAAGAGTCTTCCTTTACG 

Mg 5-
HTR1A2_inv 

MGAL_10B063464 B1 

GAGGAGGGCAGCAAACGGAATCCCCATGTTTCATGTAGCTTCAAA 

GCGTGTTAATATTTGCTTCATTAAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGGAATCTTACAAATATCGTTCGCA
A 

ATCACACTCTGCTTATATGCTCCTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGTTCGATTTGCAACCTGATTGCGT 

GATTGCCTGGTGGAATCTTACAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACTTATGTGTAATGGAATTTGAAG

A 

AGATGAATTTTGACCCGATAATCCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAAAAGGGAGCAGTGAAAGCAAT

AA 

ATTATTGCATGGAAGCGTAACAGTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACACCTGTAATAATTCCAAGAACCC

G 

AAAATGGAAGCCAGCAGGCGATAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTTGCTTTTCTCATTTTCTCTTTA 

TGCCTTACGTTCTCGTTTCATTTCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTATTGTTTTCTGAAGATGTTTTCG 

TCTTTTAATTTGATTTCTTTACTGCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTGTCGGCACTGTTAAGTATTTGAG 

TTAGTGGTTTGTTAAATGAATACACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAGCTGATAATCGGTAGGAACAGT
T 

AGAATCAGATATGTTTCCAGTCCCGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAAGACCCGTTATATACAGTGAAG
C 

GTGTTTTCAAATTCAGGTCCATTTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATATGATGTGTAGTGACATCAGCGT

T 

CTTGACTGACGTCACTTCCGGATGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTACTTCCACTACTACTAAAATGC 

AATAGTCTGACATGGAATTGGTCTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATATATTTTATAATTCAAAACTAACA 

TTACGAATCCTCGATCTTGCAGCTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAGTGGAAAGAACAGTGTATGCGT
A 

GAATCATAGGACAATAAAAAGCGCCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTCGGGGTTGTTCTCTTCTTTTTTC 
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TTGACTGATTAAACAATTCCCAACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACAGATACAATCCAAACTATAACA

A 

CCAAATAGAGGTGTGATAGAAATTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTCGAATATAATCAATGTTTGATAC 

TTATTAGTATTTGTTTTGCACAACGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGATGCAGTATAGATGCCGTGCA

G 

CCAAAACCGATCCAACGAAATTGCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATAGTTCTGAGCCGAGGTACCAG
A 

AGAACATCAAAAGATACCCACATATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGCATAACTAAAACGGCTACCATTA
A 

CACTCACCTGGTTGACGACACTTATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTTGACACTCCTTGCAGACTGCGT 

GGTAACTGCTAAGGACAGAATTAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTCCAAGTATCGTCGAAAGTATC

A 

AAAACGATAGCAGCAATCACAAAAATAGAAGAGTCTTCCTTTACG 

Mg 5-HTR2 MGAL_10B049511 B1 

GAGGAGGGCAGCAAACGGAAGGAGCTGGTTGGATAGTGACTGAT

C 

GCATGGTGTCTCTAAGCTAACAGTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTTTACGTTGAAGCGTATCATATT 

TTACTTAACATCCAACGTTGGACCCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAAATGTTTTGTTAAACATGGTATA 

AAAGTATTAGCTTTTTAAAGGTCATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGCCAAGCCATACGAAAGTTGAAAT

C 

GATAGGATTGATTGTGCTTGATAAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGGCTGAAGTTATGTTGACGATG

A 

GTCTGACTAAAGAAGCATTTATCACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAAATACTATTCCTATGACTTTTGA 

ATGGTGCCCAGCAGACTACAAATATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTTATTCTCGCTTCTTTAAGCTCC 

TTTCTGTTCAGTCTGAACATCATCTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGCTGAGGGACTTGACAAATTAAAG

T 

TGATGTTTCTTTATCAGTCTAGATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACTTCTTGTGAATGATACACAGAAC

A 

CCTTTTTATCCCATTTACTGTTTAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGATACGGGGTATTCTTTTGAAT

A 

CTTGTCAGGTGACACATCTCCTGGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTCTACCTGGCTTTCTACCTATCA 

AAAGTTAAGCTGGGACGTAATCGCTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAATACTTCCATTCGGAGATGTCA

G 

GTGAAAACTGATTATCGGCATTCCCTAGAAGAGTCTTCCTTTACG 
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GAGGAGGGCAGCAAACGGAATTGGACAGGTTTTCGACTCAACGA

T 

TGATTGAAATCGTACATATGGACGGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACCTCTTTGACACTTTTTAGACTGTC 

CTCATTATAGGTTTACCATTATGATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATAAAATCATGATGAAAAGTGGAA
T 

TGAGTAAATACAAAGTTATACTGTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAAATGTTTGTTGCTTAGAACACA

G 

GAAAGCACATATTGATCCATATATCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACAAATCCTAGAATTGTAATCGGG

C 

TTCCCACTTAAAATATTTGACTCGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTATTATTTTTAATATCACAACAGT 

ATATTGTGACTGCTATAACCCATACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCGTATAGCCATGAATCTTTCAAGT 

TGATTTATTACGGTTTGAAAGAGGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTGCACATGAAGACATCAGCAGTC

A 

ATCGTACATAAATGAAGTATAGAAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACCACTGACCTGTAAATTCATTAAT 

AAAAATCACAAAGAACTGGTCCAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGTAAGTCAGTCACAGCGAGAGA

C 

GCTAAGTGGCATAACTATAACACACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGTTTCTCCATAGATATAGCCATAC 

AGAAAGTAATTGGTCACAGTTTGAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTATCAACGGAGACCATAGTAATA
T 

CAAGTATATTCCCAGCAATTCCAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATTTGTTGAGTTTGGATGAATCGTT 

CCAGTTATACTCGGTCTCCATGCTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATATTCTGTTCCATTCTTTTCACTAA 

TGGTTCAGCAGTAAATCCCATTGTATAGAAGAGTCTTCCTTTACG 

Mg 5-HTR4-like MGAL_10B069739 B1 

GAGGAGGGCAGCAAACGGAAAGACATTTCTGTAATAGGACTATG
C 

TTCATAAGTACTTCCGGCACTGAAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGTAAATGAACATCGGAATTGTCA
T 

TCATGGTTCAATGAAGAATTATTCGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGAACTCCTTGGCATACTTTAAATGT 

TGTTGAATATGTCATCATTATACTCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCTATTAAAATTGTAGTAAAGGAA

C 

TAAACGTTTGAATGCTGTTTTGTATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAAATCGCTGTTGTAAAAAGTGCA

T 

TTAAGCATTGAATTAACATATCCCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAATATTCAGTATGAAAAATGGAA
A 
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GAAGCTTATATCCGATCAAAGGATCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGTGATTGTCTTGGCGGCTTTCGTT 

GCAGACACAAAAGCAACCCATAATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGTAAATGAGCTTCTAAACTATGG

A 

CGCTTTAGTTTACCTTTTTTATGTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATATCTTTATATTGCTTAGAATTAG 

GTTGCGCTTGCTTTCTGGCTACTTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGAGCAAATTATCGAAAATGGTTT
G 

TATAGCAGGAATGTAAAAAGCTATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGGCGGAAAAAGGCAATCATGCAGT

T 

ACTATGAATCCACAAACTTCTTCATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAATTGGAAGAAATGATATGAAAA

T 

CGATTCCAATGAGATTCCATTTAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCCAATGATGGTTTTGCTTATTCGT 

CGTTATCCAACAAGCAGCCAACATTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATACCGGTCTATCGCTAAACATGAA
A 

TGTAAAAATGGCCGACATATAGCTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATCAAGACTTGTAGTCACTAGAC
A 

GCATGATGGATGTCGTCGTGAACATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTATATTGTTGATATATTCCAAAT 

ATCTTTACCTAGCTGCCACACTTTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGCAACCGATAGGGACACAACGAAT

G 

ATTACAAATACGGCCACCAATAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGTATACCGCTATTATAACTAAAG

C 

TAGTTATTGTCTGAAGACGTTTATGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGTCAATACTGCCGTCAAGAAATA

C 

ACCACCAGCTGTCAAAAGTGGAAAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACCGGCAACATTTGCGAGTATTCCTC 

GTTTCTTGGTCCAGAAACGGTGGAGTAGAAGAGTCTTCCTTTACG 

Mg 5-HTR6-like MGAL_10B033325 B1 

GAGGAGGGCAGCAAACGGaaTCTTGGACTTTCCTGAAAGTGTTTC 

TTTTCTTAATGGAAACTGTTTACACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTGCTTTGACGTACACCTTCCTGA 

GTTTTAAAGTATGGACAACACCGGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGATTAATTAAACTGTTACAATAACC 

CTCGCATGAATAAAGGATATATTATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCGGAACACATTCACAGACCGATTCG 

CCATACAAATGCTACAAAAACTTTAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTAACAACATATGCTACAACTATAA 

ATGTTTGTAATAAAAAATGGCGCCCtaGAAGAGTCTTCCTTTACG 



188 

 

GAGGAGGGCAGCAAACGGaaAAGGTTCTCGAACATGTTTGGAAGT 

CTAATGTTACAGTTGCCTTATGAGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAACCATTAAAGTTCCTACAAATAAT 

GTTCTTTCCTAATAATACGTTGCTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTAATACAACACAAGAGCTATTATTA 

TGTCTTTTAGCTTCTTTTGACACTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTAAACGCATACGGTACACTCACTAT 

GAATTAGAATTGTAACTGTGGAAGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGTCAAATTCTTCAGTGTAGGTAAA 

CAGACATTGTGGTTTATTACTGATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACAAATGAAGAGAAAATTGCAATTC 

GGATTATGAAGTCCACTTATTATTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGACGATGTGTAATAATAGTTTTATA 

AAGCAGCTAGAAGCATGTATAGCGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTCGATACTAATTAAACACACATTT 

GAGTGGAGTCATAATGGAAATATATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAACGAGACCCAAATGGAACAAAAT

G 

ACAGAAGCGCTAGTCAACATCACATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCGTTTATTGCAGCCGGAATCATGAC 

GATGTAAAATCCATTCACCAAAAATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTAATGAAAGTATAAACATATTAGAG 

GGTGCCAACAAATAAATCGGCCAAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCTACTAAAACAATAACATTACCAA 

GTTCTTAGTTTTTTGTTCGATGTCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCACATCCTGTGCCTATATTTTCAGA 

TTGTCATGGTAATGATAAAAAATAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCCTATATTCAATCCGTGACTGTTA 

AATCACAGTTTTGACGGCGGCCTCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACACACATGCTATTTTCGCACGTTA 

TTTGACAAATAATTCTGGTTCTCAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAGTTCCTTTAATTTCTGGTAAACT 

TTTGAATTTCAGTAGTTATGTTGAGtaGAAGAGTCTTCCTTTACG 

Mg 5-HTR7 MGAL_10B020631 B1 

GAGGAGGGCAGCAAACGGAAATTTCCTAAATGAACTTCCGTGCGA 

TACTTTACTTTCAGAAGGCGTCGAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTAGGAGGTCGTAAACAATCTCTC

A 

TGACTGTCGTATCGAACAACCGACGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGCTTTCTGAACGAATTCTCACATT 

TAGGATCTGGTCCATATTGCTCGACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACTTGAAAGGAGTTCGAAAATCCCT

G 

TCCCTTGCAACGCAAGCATAATATTTAGAAGAGTCTTCCTTTACG 
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GAGGAGGGCAGCAAACGGAAAATGAATTAAAGTATCCTAGCCAA

T 

AACCTTGCGTAGATCACTGGGTTCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGTTATCTTCTACGAATGGTCTAAT 

AGACACTTATCATGTGGATTGGAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGCCGTAAATCCACCCATTATAATT 

GGCAAGAATAAAAAATGGCAACCAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGCCCAGATGATCTACGACCTTTTG 

AGTGTTTTAATAGCCTTCGAATCTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTGAATTGAAGCACTATTTTTTGC 

AAATACTTTTAAGTGTAAATCTACGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTCACTATGGCAACCATTTCTTACG 

CATTTCTACTCTTTCATCTTCATCTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCAACAGAATTCGTCTTTACTCTAT 

CCGTTAGGTAAAACAGTACATCCCGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACAATACTGCCAAGCTGATTTGTACT 

AGTAATGAGCATTGCTTTGGACTTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATATTCTGTAGTAAACTGCCAAC
A 

TTTTTTGCTAATCGAGAAGATACTCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGTTGCATAGATTTGATAGCCTA

T 

CGAAAAGTGGAACGTAGAAGGCACCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGGGTCTTCTTTCCATCCAAATAAA 

CTGGCTGATAATACACTCCCATTTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATACACCGGCAATCATTATGCCC

A 

GGAAGAGATATCAACACAGAGGAACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGAAAGGGCCGTGTAATTACAAAAT
A 

TTTTTGGTGTTCGTTTCATTGCATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGATGGATGCTGTGCACAATATGAC
A 

ATCAACACTTATCATACATAAATTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTCCGAACGGCCAATAGCTTAGC
A 

AAAGAAGTAAACAAATCACAAATCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTACAGCAACTAAGAGGTCCGACA

C 

GGTATGTAGTTACAAATGGCATCACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGTTTGAAGCTTTTTCACTATTCCC 

TAATGATAAAATGAGAAGATTTGAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATTGTGCCTAAAACCATTAACGCA

A 

GCTATACACACTAAGCAATTTCCAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGCGTGTAAATAGATATTGGCGGGT
C 

CTAACGTCACTAGTGCCTGCTGCCATAGAAGAGTCTTCCTTTACG 

Mg DR1 MGAL_10B080807 B1 GAGGAGGGCAGCAAACGGAATAGTTCTTTTGTTTGAGCGCCGTTT 
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CAAAGCAGTTACCTTGTCCTTTTCCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGAATAGGAATTGTTAGGACTACGA

T 

ACGGTTCTCATCGTATACTCGGGTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACACAAGACTTTGGAAATAAAATTC

G 

CGTAACCGTTTCTATGTTCTATGGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGATACTGTAAATAATAGGATTTAA

G 

AAATGCGTCTCGGAATTCCTGATTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATTTTGAATAGAATTAAAGGAACA

C 

GAATTTACGTATCCAAGCCATGTTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGAAAAAAGGCAACCAACAGAAT
AA 

TACAAAATGCAGCTATAAGGTTGATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGCTGCTTTGTGATCTTGGCTAGAA 

TACACCTACAATAATTCCCAAAGTCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGTGTTTTCTTTATACTTTTAACAT 

TTTTTGCCACCACCAAACTGTGGTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAATAGCTAACATTACAATACAAG

G 

GACGTGCGTAGCAATATAACTGTATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGAATACACTGGATTTAACTCCAT

G 

ATAAAAGCTGATTGTGGACGAAACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGATCCTCTGCGTTCTTATGCCACT 

CACACATTTTCCTCCAATGGTTTGCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGACATAATCCAAACCGCACTTA

T 

AATGTATCGGGATGAACGAGATCGCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATTCTCGTATCGGAATGGATCTCTA 

GGCGGCAATTTTCTTCCAGTTCATCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACACAGATTTAGTATGGAGGCTGTA

G 

TGTATGTATCTATCGAGACTTATGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACACAAAATGTAGCTCCGAATATCC
A 

ACATGATATCGCCAGATATCCAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACGTCATCACCAGGATAGCTACTAG
T 

ATCAAGAATGTCATTGATAACAGCATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAATTATTAAGATGCTTTAAACGT

C 

TCTGCTATAGCTAACGATACCAGTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATATTCCCGACTATCGCTAGGATAAT 

CCGTAAAAACAGCAACGCAGACTAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTTTCAGCCAGTTGGTAGCCGCTT 

TAGAGATAATATGGTCCCAATAATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACATTTGTGCTATTTATAGTATCAA 

GTTGCCTCTTCGTTTGTATTGTTCGTAGAAGAGTCTTCCTTTACG 
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GAGGAGGGCAGCAAACGGAAGGTCCAATATAGAAAAATTTGTTA

T 

TTGTATAATTCGGACTATCCGAAGATAGAAGAGTCTTCCTTTACG 

Mg DR2 MGAL_10B006356 B1 

GAGGAGGGCAGCAAACGGAAACTTGAAGTAGATGAACAGTTATT

A 

TAGACGGTCTGTACATGTCACTGTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGGGCAGCATGCAAATAAAATTTTG
C 

GTTTTTCTGTATTCAAAGTGTTGTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAGAATATATAACCGGATTCATTC
C 

AAGCTCGACGAAAATCTTTCATCGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGGAAAGACTATTTCTGGAGATGT

T 

GTTAATATATCCTAACCACGTAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATATTAAACACAAAAAATGGCATC

C 

CACGCCGTATGACAAATTCCAAATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACTAAAGTTTTTGCCGCCTTTTGTTC 

ATATAATGAAAACACCAACAACTATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGCAAACTGTCGTAATTTTCGAGT

A 

GGCAATTTTTGTCAATTTTTTGCTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATAGACGCACGTGCTGATTCTGGT
G 

TTTTTAGCCTGTCTCCCAGGTGATTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATTTTTCGTAGGTATTAGAATATTC 

AGCTCTGATTTTCAGGATCGATGACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTGAATTCGTAAAGTCATGACCTC

T 

CGATGATTGTCGAGTCATTCCGCCCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACTTTAGATCCAATTTTTAAACTCC 

TTACCATGACTACCATTTGATGTTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCCAATAAACGAACATCATTACGA
A 

TTTGTTGAGCGGCTGCTAAATATATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAATATTAAATAGGCACTATCTTCT 

AGGACAGTAAAATGAAACAAACGAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTGGAGTTACGGCTTTCCACCACG 

AAGAAACACATACCGCTTGGCAGATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAAGCCAAACAAATGCAATCAATA

G 

TAGCAGGAAATGAAATTCCTGCAGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATACGCTATTGGATCGGAAATTGC
C 

TACTTTGCATGATGACATTTTTGTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTAATATAGATGCAGTACTTGCCA 

TACCTATCAAGGGAAATGATACACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATTCAGATCCAAATAGCCATACTT

G 

CGTCAAACGAATGCCACATATCACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATTACAATACCTCCCACCATAAG

A 
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TGTCAGTTCAAGACTAATACTAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTAGTTATTGTCCTTAAATATAACT 

GCAACAGCTAGTGATACTATGAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCCCAAGAATTGTTACTAGTGAAA

A 

TATAGACCGAAACGATAACAAGCAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTTAGATCATATTGGGAATTTGTA 

GGAAAGAACGGCACCAATAGCAGGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGAAGTGATGAATTGTAATATATA
A 

TTTGATGAATTTAAAGAAACCTCACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGATTGAGTAAGAAATAATCGTCCA

G 

TTGTAGCGGCGTCCGTTTTATCCGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATGGTATTTCCTCGTTGGTCGTCGTT 

TTTTTTCTCCTTTTGGATTATTACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTGTATCGGATAATTTCATCATTAA 

TGATTGATGTTGCTATTAGTCATTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAATCAGTATATTCCGTATTGTAAA 

GAGATTGGTAATGGTATTTTGTATGTAGAAGAGTCTTCCTTTACG 

Mg  DR3-like MGAL_10B006731 B1 

GAGGAGGGCAGCAAACGGAAGAATGCTTTCCTGAATTCTGGATTA 

TTTGCAACAATCGGTCAAAATCTTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACTATTTATGTACCCTAACCAGACA

A 

ATTGTGTAGATCGCTGGATTAAGAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAATATTGGATTTTCCATGAGGTTAGA 

CACTAACAAGGATCATATTCTGCTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTGATTGTGAAAAATGGAACCCA
G 

AAATTTGATGCATATGGCGTTTGTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAATGTCTTTGTAGCTTTCTTTTCTC 

AAGAGGAAAACACCTAAGACGATGGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATACTCGTTCGTCTATGAAAATACTT 

TTGATGATGATTTTTCTTTCCTTTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGCGTTTACTGGTTTCGTGTCATTG 

TACAGTACGTTTCTCCTTTCGCCTCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCTCCGGGTTTTCCACGCCGTTCCG 

GGAATTAACTGACACTTGTGTTCAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTTCCATTTGAGTGTCTACATTACA 

ACGGTGTAGATGAAAACTTTGTCTCTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTCTACATGTCTTACAGCAACTGGG 

TCCATTTCCATTGCCGTCAATTTGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCCACATCGTCAGCACTATCCGGA
C 

ATAATTAACTCTGCCTCCTTCTCCTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGTTCACTAGAGTCGGTATTTGTGGC 



193 

 

TTTGACCACTATCGTCGTCGTTATATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAATTAATAACTGGTTTGGGGCTTTG 

ATTACTGACATTGTCATCACAGACATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCCATGCTCTTAGCTAAACCTGTTT 

GTATTGTATGTGGATATTTTACCATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTGTAGCGGTATTTTCTATAACTTT 

TAGTAGGCTCCGTTTTTGTGGCATTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACTTTTTCTTCTGTGCTTTTGCACGA 

AGTGGATGTCTTTGTCGCTTTTGCTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAAAAACATCATTATAATGGAAGGT

A 

CGTAAAACTCTCCATATTCGCCAGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGAAAATCAGAATTAAAAAATGCAC

A 

AAAATGATCCCATGGAAGAATAAATTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAACACCTAATGCTATAGGTGCGGC
T 

GCCTGGCTTCCGTTCTTCGGAATAGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAACGTCACAAATACACGTTTGGAA
T 

GCTACGGAAATAACCCAAGTCAATGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCACTGCTATAAATCTATCTACACT 

TATGTTTCGAGTATTTGATTGGTTGTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACATGCCATGACGTCAGACGCCAC

C 

GGCCGTTAAATTTAATATAGAAGCTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACATGACTGCGCAACCTCTAAGTAA

A 

GCATCACATAACGCATCACTGAGTATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTATGTCCGCTACGGCAAGGGAAC

A 

CTGGTGGCATTACTACTACGGCGACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATCTTTCACGAACAACACTCATAAC
G 

AAAATAATTCGTGGCTGTTTTCAACTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAGGGAAAAACAATAATGCGAAAAG
CC 

AGGACGTTTCCAAACACAGTTAAAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAACCTCTGTAGAATTAAGAAAATCAC

C 

ATCTGTTGGCAGCAAGTACATCTGTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATAACCCTGTCGTCACTTCCGCTGTG 

AGTGTTTAATGTTACCATATCTGTTTAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAAGACACCAGGTGTCGTTGTCATCA

C 

TTTGATATCCATGACGTATCATTAATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAAACGTAGTTCCAATATCAGCTGTGTT 

TGAACGGCCATAAGTCCGACATAGATAGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGAATTCATAATTTGTATTGTCGTTTGGC 

CGTTGTGTCGGAAATACCACGCTTGTAGAAGAGTCTTCCTTTACG 
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Mg TPH MGAL_10B020038 B2 

CCTCGTAAATCCTCATCAAACGGTGTTTCTGCTTCTCTTTCTGCC 

ATTCGATTTGATTTGTCTCGGAGTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGTTGTAAACGTCTGAGTGCATCAC 

AATTCTTCCTCTTCCTCTATTTCTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAACAGCATTGGCAATACAACGAGT 

CTATGCACAAATCGCCACGTAATTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGGGTTATATCGGACAGCAAATGGT 

GTTAAGTACGTCAACAGTTTGTGTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTGTCCTTTGCCTCTTCAAAGCTTT 

TTAATAGTACAAGCATATTGCCTCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTATAAGACATTCCTGTTTAGATGT 

TATAAAAGTAAACATCTTGAAAAGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTTGTCAGTTAATGCATGCTTAAGT 

AACTGGTTCAAATGGTATTTTCTTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATATACCCGCATAAGTCCGTCTTGTT 

CCAATAGAAGACAGAAGTCCAGCACAAATCATCCAGTAAACCGC

C 

CCTCGTAAATCCTCATCAAAAAAGTGTAGCTAATTTCTGTACTGC 

ATAATCCAAATTCAACAGTAAAGAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAATTCTTGTGAGAACTGTGCAAAG 

ATCACTGGCACCAAGTGATGCTAGCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAGTAATTCGTGGCAACAATCAGGTT 

GGATCAGCTAATAGTGGCATGTGTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTATATACTGTGTACAATGAAACAC 

GTGTATATAAGGGATCAGAACTATGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGATGTTAGGTAACCAGCAACTGGG 

GAAAGCCAAACCAGCAAGGAAATCAAAATCATCCAGTAAACCGC

C 

CCTCGTAAATCCTCATCAAAAATTCCGACACATCCTCCAGTTGTG 

AGCTGAAATCCTGTTTTCTCTTTTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTGTTAGCTGAGGAATATTTCTTAA 

CATTATCTTTCCTATATCCACAAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTTCATCAGCTCCGTGAAAACAGTT 

TTCTCGACATGCGTGTGAAGGATACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCAATTCTAGGTATAGGTTCTCCAT 

CATGTTTTAATCTCTTCTTCAGTATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTTTCTCCTTAATCTATAAACCTT 

TGTACTTGAAAGCAATATCTGCAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTCTGATCCGTACATCAATACTCTA 

TTTGAATCCCGGATGATCAGCATCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTAGGAAACCACGGTATATTCTGTA 

GCAGACTTATCTAGGTCTGATACTTAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAACGGTAGCCGGTGATGGCGGTATAGG 

CATCGTCTAAATAAGTAATACGTGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTCTTAAGTCGCTTGATTAATTCT 

ATCGTTGTATGATATACTGTTGACCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATATAAATATCATACATAGAATCAC 

AGTCGGATGTTATCCGTCTCTATATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAACATTGATATGGTGTTCCTGAAA 

GCCTTGACCTCCTGGATTCTATACGAAATCATCCAGTAAACCGCC 

Mg TH MGAL_10B068234 B2 

CCTCGTAAATCCTCATCAAATAAGCTTTCTACTTCGTTTTGAAGA 

CACCTTCAGTTCTTTTACTGCTCTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTCCTAATTCTTGTATTGTTTGTG 

AAATGCAAATACTGCATCGATACCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTTAATAGTGGCTGCATAGCGCTT 

AAGGATCATAGCGTACTTCAAATTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAACCACAAAATAAATTGGCTGGATA 

TTTCTGCATCATGTCATCAAAAGATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTCTCTGGATCGAATGGATATTTTT 

TCATCTGTATACACTTGTACTGAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCCCGTAAGATGACAACGTCCCAGC 

GTGCATCAGACAAGGCGTGTCGTAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACATAGACCAAATTCCACCGTAAAC 

ATATGCTCTTAGACTACCCTGTTCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCATCTGAGGCTCCAAGAGATGTCA 

TACAGGGTGGCGAATTTTTCAATATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTGGATTCGCTAACATTGGCACGTG 

CTATTTCTTGTGAAAACTGCGCAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAGGAGAGTGATCTGGTTTTGACCCA 

AAGCAACTCGTGAATACAATCTGGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACGATATGCAAGACTAGCTAAAAAGT 

CGAACATACTGGGTACACTGGAAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTAACTGGAACCCTGTTCTTCGTTT 

GTGCTGATAATAAACCGGAAACTGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAATTTTATCTTCACTATAACCACAA 

GAAATTAGATACATCTTCTAACTGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGTTCTTTACAAGCATGCGTTGGAA 

TGTTCTAGTATTTTGAAGTTCTCAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCCATGTGTCATTTTCTTCTTGTGT 

GATCTTGAAGATGTTTGTACACGTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCTGTAATCGAATGCTATGTCTGCG 

TTCTACTCTGGGAATAAGTTGACCAAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAATCTGTATATCCCGGGTGATCACTGT 

ATTTTACGTCGTTCTCTGTACTTTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTGTGCAGTTATCTAGTTCTGAAAT 

GTTCCGGTTCAAACTTCGTGACAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAACTTCTTGATCCGATACAATTGCA 

TCTTGGAAACCAAATAACTTTATTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGAATTAACATGTGACGTGATTCTAT 

TCAGCTATAGACGTGACCATGCGTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAAATTGTGCTCCGGATTTCTTGGA 

GTGACCCAACACATTTTATCAAAATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTTTGATGCCTCAAATATTCTTAAG 

CCGTGATTCGATGTGATCTATTATCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGCTAATAATCAAAAGCACGGCAT 

CTGGACAGACTTGAAATACCATCCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATTCACCATTCTGTACAAATACTTC 

GAGGTTCTGTTTCAATTGGAGATATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACTTAATGTCCTTTCTCGTTTTTCA 

TTCTTCTTCACTGATAGAGTTTCTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCATCTTCAATCAGACTCTTCCGCC 

TCTAAATTTGTCACAGTTTCGAATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTTCTGGAAGGCAAGCCTCCTTTT 

ATGATCCTCCATGCTCTTGGCTATAAAATCATCCAGTAAACCGCC 

Mg AADC MGAL_10B028036 B2 

CCTCGTAAATCCTCATCAAACTCATTACTACTATCAGATAGATAC 

CTCTAATGAAGTTTTGTTTTGAATGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCAAACTTAACATCATCTGATGTAG 

CTTGACAATTCTTGTATAACTTTCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAATAAATATCTCTAAACTTTGAAGG 

TAGAAGCACAAACAGCAAATCGTAGAAATCATCCAGTAAACCGC

C 

CCTCGTAAATCCTCATCAAACGCCTTCAGCAGCATTTCATTTCTA 

TAAATGTATTCTTCCATCTTCATTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAGACCCATTTTAACCTCTCCTATAA 

TTTTTGCCCTTTAATCTGAAGCAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCTTAAACTCATGAGCCAATCTTAC 

CAAAATTATGGTCGGTCTTCACCAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTGACCAAACAATCTCAAGACAAAC 

CTTTCTAATGTTTTCCTGAAGCCCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAATGGTATGTGCCAATGCCTGTAAT 

AGCTTTAAAGACCTAAATCTTCTTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAATATAGTGGATCTACATTAAATGC 

GAATTTTTCCTTGGTGATCATGTTTAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAACATAGCTGAACAATCAAAGTTGACC 

ACTCACTAACTGGCTGTCTTTTACCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGACATGGCATACTCTATACCGTTTA 

AACCATTTATGTGGGTTGAAGTTAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAACTCCCTGCATATGCAGCATCTAT 

TTGGCCTGAATTCTGGACAAATAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAGGACCTACTTCTAAGATATTATCA 

CATCCAAATATCCTCTTCTTTACATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCACAAACAAAGAAAGGAACAAGC
C 

GCACATGATGGTGTAGTTCCTAAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTAGGTTGCTGCCTCTCATTGCACC 

TCGATTTATCTTTTTCAATGGCTAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATACACAACCAATCAAACCAGCTCTT 

GTCGTCTGCTGGGATTTCTCTCATCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAAGCTATGAGTTTTGGCATAATTT 

ACAGATGAATGACTCTGATCAGAGCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATAATTTCCTGATCATCTTGGTTCT 

CCTGATCTTTGTAATCTCCAGTCTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACTTGCTGTGCCCTGAATTACTCCC 

TGACAACAAAGCCACTAAGGTTGCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCTTGTGGTAGATCTAACATCTTGC 

CCTTTTCCTCCAGAACAGAAGAGGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTGTACAGGCAGGACTTGAGGCCCA 

GCCAATCCATCACAACCATCTCTAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAATATGTCTGCTACAATAGCTGGG 

AAATCCAATACAACCAATAGCATCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATTGTGGAGAATGCCAATGGGTTAC 

GAGTTCCAGTTGAAAAATAGGCATGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGAAAACATCGTCCCATTTATCTGGT 

AGGCATGATAACTCTTTCTATATCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTGATATATCCCGGTTCCACTTCAG 

TTTGGGGCATGGTCTGGTAATAACTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGATAGTCTGCTACATAATCTATCAT 

ATGGTCTACGATCACGAATATTCTCAAATCATCCAGTAAACCGCC 

Mg MAO-A like MGAL_10B047901 B2 

CCTCGTAAATCCTCATCAAAAGCTAATACTCCTGCAGATACAATT 

ACGGAGATGTCTCTGATACAATACAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGGCACTGATGGAAGGTGTCTATTCA 

ACACTCCCTAACATTCCAAAAAATCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTCGCTTATTTTCAGGTTCTGTCTG 

AGGACGATGGAAACGGACTTGATTTAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAATTCAGTCAAAACCTCTCTGGCACTT 

AATTTCTGATGCAGATAATTTTCCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAACCAGACCATTCGGTAGCGGTTT 

TCTCCAGCTTGTACAGCACCTTCCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTGTTCTAAGTTCACTGCCAAATTT 

TTCCAGCAAAATACATTTTACCAACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTAGCATCCACCAGACCATTGCTCT 

AAGAAATCCAGGTGGCATCATTGTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGGATGTTTGGCTTTATCTGATTTGA 

GGCCAATTTAATTCTTCATAATGTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTTTCCTTTCATCTCGCGATAAGAC 

CTTTTGCATAAAGTTCACCAATTCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAAATCCCATCAGTGCTGGACATGAG 

TAATGTTCTTGCTTTGTCTGCTAATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCTATAATAGCATCTTCATCATCAA 

TCAGGATTGACGTTATCCATGGTAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCCAGAATGGTGAGTCATAATACAT 

CAGAGGATCCACAAAACCCGTCTTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCGCTGAATCAACTGATTTCGGTTT 

GGTTTTTATTACAGATCCCATGGGCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTTGTAGTGGTACTGGAACTGACA 

GGTAATGGAGGTTCATATACTATTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACATGGAGATCTTTAATTGTGACATC 

TTACATATTTTGCCATATAAGTGTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACAGCTGAGGATAACTTTTTCTTTT 

ACCATTCTGTTTTATATGACAAACAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGTTGAGAACCGCCTACAAATTTTC 

AATTTTTCTACAATCCGCTTGCTTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTCGCATGGAACCTCCTGCACATTT 

CCTGCCCTCCATTAGTTGTTGAATAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTCATAAGGTTCGGAGGTCACATTC 

ATACCAAAGCAACCATAATAAAGATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCTGCAGCTGTCCACACATTATTAT 

TGTACGAAGCATGTTGCAAAAGCTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACTCCTTTGCTTTCAGTGCATCCCA 

AAAATTCTTTGACTGTCATTGAATCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTGTCGATAAGTCGAAACAAATTG 

CGCCTCCATAGGTATCTCTTCGCCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATTGGTGGAAATGTTCCAGTGAATC 

ATATCCATGTATGCCAGAAAACTTCAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAACATCTTCGACTTCATTTGTTAGGTA 

TTGATTTTCCCTTTGTATAGAAAATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAAGATACGGTTTTGAGTTGGACCC 

GTCGATGCCAAATTCATCTGCTAATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACTTTGGGATTGTGTTCTGTAAATG 

TATGCACCACCTAGGTCGACATATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGAACAAGAACTTCGATTCCCTTTTC 

GACCGCCAACTCTATCTCGTGCCTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAATCCAGCTCCGACCACAATAACG 

TAATAGCTTCGCAGCAGACAAACCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTATCAGCATAATGTTGTGTTTCTA 

TCGGTTGGAAAATTATCATGATTAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACACCTGCCTTACCCTGGACATTATC 

AGAAGGCACTAAACTGCCCGTATGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAGGTTCTGTGCTTGATACTTCCAGA 

ATAGTACGATGTGTATACCTGCAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCACATTTTTTCATTTGACCCGTTT 

CGTCCTGAGGGTGGATGCTCAACTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCTGTTCGAATATCGTATGGTGTTC 

TTTTTTATGTGATCCCCTAGACGTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTACATTTTCGTTCAAAGGAGTATA 

CTACAGGAGCAATTTCACCTGTTGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTCTATATTAAGTGAACCTTGTCCA 

GTCAGCGTTGACCTTGATAATGTGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTAATGGGCGTGGCTTTAGTAGTAG 

AGGTTAAAATATGAATGATTGGTTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACATTGGTCAGTTCGTATGTAACAGT 

CTGTATAATCTATGATAAATTCATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACCATCGGGACTTGTGTACGACATC 

AGTTAGTTCCCCTGGATAATTCTCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACATACAACCTTATCAAAACCTTTCA 

ACTTTTGAATCTTTAACATCAGCTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAATCGCAAGTTTATAGTCAGTTCC 

CTCCATGAAGATGGTTAGGACCATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATTTGCGACTCTACCACACAAAGCA 

TAATGTAAACTTCCCATCAGCGATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCTTTAATATCATCAAACCCTAGGT 

AAATATCTCTGAAGCGGACTCTCGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGGACCAGGATGTCGGTCACTATGGC 

TGTCCTGTACATCGCCTTTTCTGTCAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAAGTTTTGATTCTTCAGTGTAAACATT 

ATAACTGATTATTCTTATTGTAACAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAATTCACAAGTCATTTGTAAAGGCA 

AGCTGATCAAGAGAGGGCCGACATCAAATCATCCAGTAAACCGCC 

Mg DBH-like3 MGAL_10B074188 B2 

CCTCGTAAATCCTCATCAAACGGAGCATACTTTGTTGGTTCGGGA 

ATGACCACTTGGACATTGTCTAGGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTAGCGCTTTTGTCAAGTCCATAGC 

TGGAAATTGCCCTGTTTAAAATGGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTCATTAAAGTTATCACGAACAGA 

TATAATTGTACGTAGAATTGTCAACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTTACAGCATGCCAAGGAACGCTG 

ATCTTTCCAGTCCCAAGTATTTAGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAAAACGTAACATTCACTTTTGGAT 

AGTTGGTCATAGTTGGGTTGACTGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGTGGTCGGTAAACCACCAACAGT 

AGAACAAGAAAGCCAAGCACATCTCAAATCATCCAGTAAACCGC

C 

CCTCGTAAATCCTCATCAAAACAGTCCATTGCAAGGCTGTCGCCG 

TTTGGTTCTTGACGAGGAATCGTAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTAAAATCTTGGTAATCAAAATCAT 

TTGATTTCTCTTTCTTGTTTCATGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTCTATCCCCTCGAAAATGACGTGC 

TGTCGTCTTTCGAGAATGGCTCAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAAGAAGAACACCAAACACCTTTAAA 

CAACTTGGCACCCAGTAAATGGGCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGCAGTCCTCGTGACAGTGACTTT 

TTTGTCTGATTACCAACAGCCATTTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAAACTGTAAGTTGTTAACCATTGC 

ATACGAATCCCTTTTCGTATGGGGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCTTAATGTTGGCGTGACTGTTATT 

AATTTCAAGCATTCCTGCATCATACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTAATGTTGGATTAGTGAAATGTG 

AAACCTGAACTATCTACGATGCCTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTGCATTCAATGAAAACCCAGCGTT 

CCAGAAGTAGATATCGTGGATCTCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGCCCATGCTAACATGACATCGTTG 

AGGAAAGTCATATCCAACGCCACCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAACAGTTAAAGACAGATCCTTCAT 

TTTTCAAATTTCTTTGGTTTGACACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAACAAAGTGATGGACGACATCTTC 

CATCTGTTGCAGTTGGACAACTGTAAAATCATCCAGTAAACCGCC 



201 

 

CCTCGTAAATCCTCATCAAATATCATATGGCGCTTGGAAGGTTTT 

ACCACGGGTGATTATTGGTTCAAACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTAGTATCTGTATTGGCTGGAACAT 

GGCACTTTAAAAATTGTACATTGGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTGCATCAGGTGGTAATTGGTAGTC 

AATTGTTATGAAGTATATCGAATTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAACTTTTAGCTCCTCGTCTGTTTGCC 

TGCCTTGACCGCCGAGAGCAACATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGGATCATCAGGGTGGTACGAATATA 

TGCCATGGCAGTGTATCGAACGATGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAGTCTTTGTCATCACATGTATCTAA 

CCTTGATAGTATTATCTGTAATTTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTTATCTTCAAGTCCCTGTAGAAGC 

CCTAACAAACTTTAATACTGTTCCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCATAGTGACCTTCAGTATGACAAT 

CAGTCCTGGCTTACATCAATGGTAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCCAGCCAACAACTACATCAGATGG 

TAAAATGAGCCGTTCCGTTGCTGTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCCGACATATCCCTTAGTCTTAACG 

CATTTTACCATTAGATGATAGACCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTTTTCCAAAATAACCAATAACTTC 

GTCTCAAACGTTATATGTGTTGCATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAAATCTCAGTTGGCGTCGGTTTGGA 

CACTGTCTAGTTGCCAGCTATTCCCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATTTCCTATGCTTGTACCGAACAAA 

CGACACATGTTGGGTAACGGCATTTAAATCATCCAGTAAACCGCC 

Mg DBH-like4 MGAL_10B091849 B2 

CCTCGTAAATCCTCATCAAATGGTGTGTATTTAATTCGAGGTTCT 

CTGGCTCCCCGGGCACTGTCTAGGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGGGCTATCTGGATGTGTGTGACTAT 

ACACGGTAAACATTCTGTTGATAACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAATATCTTTGAATTTGTTCTTAAC 

ATTCATGGTACAAATTGGTCTTATTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACGTATCAACATTGTGGTAAGGGTTT 

TTGGTTCTGCCAGTTCCAACTATACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGACAGTTGCTTATTTCAGTTTTTG 

CCGATTTGATCATACAAAGGCATACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTTCCGCAGTTGACAATCCTCCCAA 

AGTAATAGATAAAGGCTAAACACATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGGCAGTCAATGGTTAAACTATCG 

CGGTTTAGTTCTTCCTGTTGAATCGAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAAATTCTATTATCTTGGTAGTCAAAGT 

TATTTAATTTCTCTCTCTTTTGGAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATTCTACGTCACCACGAATATGTCG 

AAGAAAGGTCTTGTGCCAAAGGTTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGAAGAAGTGTTGCAAAAGCTTTC 

AACAATACTTGTTCCAAGTAAATGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGTAAACACTGTTGACTACATGAAT 

CTGTTTTGTTTTGTCACCAAAGCCTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGAACAAACTGAAGTTTATTAACTTT 

GTGATAGAAAATCTTTCTCATATGGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTGACGTATTGTGTGCGTAGCTGTA 

ACCTGCTTGCAAAATTCCAGCATCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGACTTCATTGTTGGATTATTAAAGT 

CTTAAACCAGAACTATCAACAATACAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAGGTGTCATGAAGGAGAATCCAGC 

TTTCCATTACAAGGTACTGTGGGTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAACAGCCCATGCAATCACCACATCA 

CGATGGAAAATCAAATGCTACACCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAGCATTCATACACCTTGCCAACGT 

CACTTGAGATTTCTAGGTCGATGTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCAAAATATGATGAACGTAAGCTTC 

CATCTGTAGCGGTCGGACAGTTATAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGATCATATGATACTTCTGGGGTTTG 

ACCGGGAGATATTACGGGTTCATATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGTCGTTTCCTTTGCTGGTACATGGA 

GGAACTTTAAAAACTTTACATTGATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACATCAGAGGGTGGAACATATTCATT 

TATTGTGAAGCATATCAAACTGTTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTGGCCCCTCGTCTTTCTGCACCA 

TTTTACAGATGATAGCAACATCAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCATCAGGATGGTATGAGTAGATTA 

CAAGGTAGGGAACTAAACGAAGCAGAAATCATCCAGTAAACCGC

C 

CCTCGTAAATCCTCATCAAACGTTATCATCACATGTATCCAACTT 

TGACAGTACTCTCCGTTATAAGATAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATCCTCTTTGCCAAGTAACAAAAAC 

TGTAAATTTTAAAACTGTTCCAAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAGTGTCCTTCTGTATGACAATCCT 

TCCTGACTAGCATCAATTATCGGTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATCCGATGACAACATCTGAGGGAAA 

AGTGTGCTGTGCCATTGCTGTCAACAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAAAACATATCCTTTAGTCTTTACGTGT 

TTTACCATTAGACGAAAGTCCAAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTCCAAAACAACCAGTAGTTCCCTT 

TCGAAGGTTATGTGTGTTGCATTCGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCTCGGTAGGAGTTGGTTCTGTTGT 

CATCTAACTTCCAGACGTTACCAAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTTTCCGATACATTTTGCAACTAAC 

TGCCGGAACATTATCCTCTGGATTAAAATCATCCAGTAAACCGCC 

Mg DBH-like5 MGAL_10B026354 B2 

CCTCGTAAATCCTCATCAAACCTCTGAGGAGGATGGTATATTTCT 

AACTTGCCCATTGTCTTTTTGGCAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATTAAGAAATGACGGGTTTCTTGCAT 

GGACGTAGTCTATCCACAGTCTTGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGTTATTCCTAAATAGAAGTCTAGC 

ATGATGACCTATATTTTGTTTTTTCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAAATTTCACTTGTTCTGGTGGTTTC 

GCGGTCCTTCCAGTTGTAACCCTGTAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATAGGGTCAGCTAAACAGCCATCCA 

TCTTTGATTTCGGGGATGGTATCAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAAAATACACATCTCATCGGTGGTAGC 

GCATTCGGGGATAGTAGAAAATGAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATGTCGAGTCATATGTACATTGTGTA 

ACCGCCCAGTGTCAAGTTGGTTCTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCTTTTCTGAGTAGCCGTATTTGTT 

AGACTATCACCCATTTTCAATGGAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAAAAGGCTCGATTTCTTTTCCGTT 

AATTGAAATCATAGGCTTGATCATCAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACAAAAGATGAGAATGTTGCCATGCA 

TAGATGTTTTGTTGTCATAGCATAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATCTTTCAGTCCCTGTTCTAAACATT 

AAAACTTTGACTTGCTGGCCTGGCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACCGTTTCATGCGGCGGAATCATATG 

CTTGACAGAAGCCTGTGTTTACGAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATAGTCCTGCATCGTACTTCCTGAGG 

TGGACCAATTTGAACTCCAGTAGTAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAACTATCCACTAGATCACTACGCAGTT 

GGTGTAAATGTAATGCGCATGCCTGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGTAGCGTCGTCTTCTGGTTCACC 

GATTGTTATAATGTACTTCCATGATAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGAAGTCCTGTCCTCCATACTCCCAA 

AGGCATACCAACATTGTCGGGGAAAAAATCATCCAGTAAACCGCC 
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CCTCGTAAATCCTCATCAAATCTCTTCCATTAAGATAACAGAAAT 

AAGAAGACACTGCCACATGGTGCCAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGGGGACATTTGTAGACTAGAATGTG 

CCTTGTTTATCCATTCTTTGCTAAGAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAATGGGACTCAAACTTAATCATGTGA 

GACATATGGTTCCATCCCACGCTGAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAAGCTTTACATCGGTAAGTGGTAACTT 

TTCTTCCCTAGATTTGACAGGGTAAAAATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAAATATCTCTGGTGATAATGTTCCCCGA 

GTGGGACGTGATAGTTGGTTTGTATAAATCATCCAGTAAACCGCC 

Mg SERT1-like MGAL_10B037675 B3 

GTCCCTGCCTCTATATCTTTGGAATGATTGGGTACCTCTGTTGGG 

CAGCTGCACCGGGATAACAACATCATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTTCCTGGAGTTACAAAGAACAAAT 

ACCATAGATCTTAGACGCTCTGCCGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACGATGAAACGATAAACCATCCTAA 

TTGCGTAACCTGGTATACACAATAGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCCATACTGGGGTGGCATAGGCTGA 

GTAGGACCAGGTTGGAAAATCATACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAACAACGGACTGATGGTCGTCCAAC 

AAGGACATGATAAAAAGTGTAAATATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTAACATTGACTGAATGTCGTTACT 

TTCTCCAAAATATCCCTGGTCTAAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGACAGCAACAGATTCAAGGAAAACA 

TCTTTCAACACAATCATAAATCCACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACATCCAACAACTGGACGACATATA 

AATATAATTGATATAGGAGCTCCAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTAAAAAGCAATAACACATCAGACC 

CACCATATGTAATAGTAGGAAGTGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATGTGGCCACTCATCTAGTATGCCT 

AACGAACAATTTTCTGTGTTTTCGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTATCTAACCCAAGTGTAATAAGCA 

GTTATTGCTTCTAATCCTCCAAATGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATAACTCTAATGATGACAGAGCCTC 

AAAAGAATAAGATTGCCCAGAAGGGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATCTCTAGCCACGTTATCCACTGTT 

ATAAACAATAAATATCAATCCAACATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACCGAAAATACAACAAACCCTGCCA 

CCAGACATATGTGACATATGACCAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTCAGTAATGCATCTCTGTAACAGTT 

AACTTGTTATACAATTTATCGTACTTTCCACTCAACTTTAACCCG 
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GTCCCTGCCTCTATATCTTTTAAAAGGACACCAAAACCTGGACCT 

GTCTAACTTGTTGTAACTTGATAGCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATCCATATTCTAGTTTCTAGGAGTT 

GAAAAGAAAATTTGTGCTGCCGCAGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTGCCTTTCCATGACCCTGATAACAA 

TCCAATCTGGAGTAAGATAATACATTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTGCATATGGCATTGTTGCTGTTATC 

ACCCCTCACTAACAAGATTATCAGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTCCACATTGCAAAGTAAACTATAA 

ACTGCCTTCCCGGAACTTTTGACTCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTCCAGTTTACACCTCCTACATCTTC 

ATACTCCAAACAGACATAAAGCTAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGATATTCAAAGAATTCTTCTGTT 

GGCATCGGCATAATTTAACCCGAGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGGTTACGTTTGCAATAGTCAGAT 

GTCTTTGTGTCGTCGACTATAGTGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCATTGTTTTCTCGTCCGTCATATAC 

ATGGATTCAATGTAACAGAATTATTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATTACAAGATTTCCATGGCACATCT 

ACATTTGTCTATGCTATTCCATGAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGCCCATGCAATTATAGTGTTGTAAT 

GCCATTGCTGAGAAAAAATAGAACATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGCTAATCCAATTCCCTTTAAAGC 

ACGAAACATAAGTTGCAATTACAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCCGCATCTTTGGAACTGTCCTAAT 

ACATATTCTCTTCCAGACCGTCAAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCAAAGATTAACATTATAACGTATG 

AGTTCCATATAGAACAGTGGCAATCTTCCACTCAACTTTAACCCG 

Mg SERT2-like 
MGAL_10B092215

a 
B3 

GTCCCTGCCTCTATATCTTTATATCGTTCGCATACCAGTTTGTTG 

ACCAATAACAGTCTGAGTTGTCAGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTCCAGCGCCATTGTGTACGTGCCA 

CGCCCCGTTTGTTCGCAGTGTCCGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGGTTCTCCAGGAGCCCAATGTTG 

CTTCTAAACAATGTTCTGTGCCATCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGAGCATGTATCATCTCTTGGAAC 

CCTGAATTCAAATATCATTGGATCTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGTTGCATAGATTCATTCTCATTC 

TGTTTGTATAGTTTCTCAATTGTCGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTTTTCTCGAGTTATTATGACATGG 

CTATGCCTCCTTCACATAATACATTTTCCACTCAACTTTAACCCG 
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GTCCCTGCCTCTATATCTTTTCCATAGTCCATACAGTTTTCTCTG 

GTCATTCCACTGCATGTTATATTCTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGGACTCCAGTTGAAATATCCAATGG 

ACCCCAAAGTAATGGTCTGGCTGTCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTTCATTTGTAATATCCGTACCATC 

GACCTGTGGTATACCAAACCCACTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTATAGATTTGATAAAATCTTGCTCG 

CCAGATTGTTACATGCATAGGTTCCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCGTATCTTTTGCATGTTTCTCTAG 

AAGTTTTCTATGATTGGAAGATGTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTAGGTAGCAATATTTTGAACTCTC 

CAATAAGTGTCATCACAGATTCATTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGCCTGTTGTTGTAGTAAGAGATTGA 

GTAATGCCAGTGATTCGGACATCGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTGGTTGCCACTGGGTGTGTTGTCC 

GTCTGAGTCTGGGTTGGAGTACTAGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGGTGTGTTGTCTGGGTTGGAGTGCT 

TTGGAGTGCTAGTTGTTGTTGCCACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTTTGCAAAATGTGTCGTAGCGTTG 

TGTTGTTGCCGCTGGGTGTGTTGTCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCACAACATCTGGCTGTACTAGAAC 

AGAAAGTGATCATTGCATAACTCTGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGTAGAAAATAAATGATCACTTCC 

TTGTACAGGTCGACTTTTGAATACATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTCTGGTCCACATAACGTTATATCA 

CTGTATTTGTTCTAAATAACAATTCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCAGTCGTAACATAAAATTCCTTCTA 

CACATATCTGGTGCTGCCTGTTGTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTCTGTTGCACAAATCTCCATTTTG 

GTAATCTTTCAGGAGATCCACAACCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACGTTGTCCTCCTAAAATGTCGATT 

TTTTCCAATGCCGATGGGAACAGCATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTAAATCTGCCCTGTGCATCTGAAC 

AAAAGTCTCAATCGCTGTTCAAAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTGTTATCTCTCTTTGAACGTAACA 

CTACACTATACCATGCTATCCCACTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATTACAATCACGTGGTTGAACAACT 

CTCATGCTCCCCACAAGCGGTTACATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCGGATAATGTTTGACATACAGAAG 

TTGCAGCTAAGACATAATGGTCCTTTTCCACTCAACTTTAACCCG 
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GTCCCTGCCTCTATATCTTTGATTGTCTTCGTAACTATTAAATCA 

AAAAAAGAGGGTACAAGTGATAATTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAATTTTCGCCAATCGAGATAAGGAA 

CACCCACATGACAAAATATGTAGTATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGACGTTCGGAGGCCGCATATGATGA 

AATTAGACCTTCCGGAGCACTTGTCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACTGAAGTTATTTTTCCTGTAGCGC 

AGTCAAAAATACTTTATTTGTATAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTCTTGTTCAATGTGAGATGGTATTG 

GTATTGTCATATAAATGTCTTGATTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGCTTGAATGTCCCAGGTGTGACAAT 

ATGGACGAATCATTCGTAGAATTTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGATTAATGAAATGGAAGATATAGTC 

AAGATATATAATGTAGATGGGTATATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACGTATCCATTTAGTTCTATGCCGT 

CCTATAGCTAATGACCATTGTGGGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCAATGAGGCAAATTGGGCATATAAA 

AGTAATATATTGATAAAATGAATAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTGAAATCCTAACATAGTTTGTATA 

CCAGCATATTTTCCAAAATATACCATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCAGTTAACAGCTATTGCTTCACAGA 

TCTGAAAAGTGTTGTACACCATAAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCATGTCTGTCTAACAAACTAACAAT 

AAATACAAATAAGTGGTATTGGAGCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTGAACCCAGGAAGCAATATATTATA 

TTGTCCACCATTTGTGGTAGACGGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGACTACTTTGAATGAATCCATAA 

CCGAGAACAAGCCATTCCCGTCGTCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACGTACTGTCCATGCCTAGTGTGAT 

CCGTAATCACTGCCTCAAGTCCACCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTACTGAACCATCCAACGTCGCTAGT 

CATAACAAAGAATAAGATAGACCAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGGACCTTCCATAGCTACTTTATCTA 

TCAGGGTATACCATAAACACTAGGCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCTAATACGGAAAATACCACAAAACC 

CCTTTTGTGTGATATGAGCCATGTATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAGCCGTTGCAAGAGCATCTACATAA 

TAAAATGCTGGTAAAACAATTGATGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAATGCCAATAAGGTGCCGAAACCTG 

TTGTTGTGAAATTTGTTATAACTTGTTCCACTCAACTTTAACCCG 
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GTCCCTGCCTCTATATCTTTCATCTAACCATACTTCCACTTTAAG 

CCAACGAGAAGAATATCTGTGATGCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAATTATGCCATCTTTGGCACCAGGT 

CTTGTCCCACTGTGGTCTGAGGTAGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAATACAACGTAAGGAACGGTAGCAG 

GTACATCCCCTTACCAACAAGATGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTCCCCTTCCACAAGGAAAAATAAAC 

CCCACACTGCCTTTCCTGAGGATTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCATTTGCCATTTAGGCGAACCAACT 

AACAAAGACTGCTATCAAACACAGCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAAAACTCTAAATAAGTAAAATTCTG 

TCAATACCATAAGCTTTTTGGTCCTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGACTAACATTGTATCCGTCAACAAC 

CTGCTAACATTGAGTTGTTGGTCACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTTGCAATGAGACCAGGGAACTTCC 

TACGCAGTCAGCAGTGTTCCACGTGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGCCCATGCGATCACTGTGTTATAAT 

CGGAACGAAGCAAACAAGTAATATATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTCCATAACCGAGACCTGTAAACAT 

TTCCGACGAATGTGGCAACGAAACATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACCACAGCGTTGATATTGTCCTAAC 

ACAAAGTCTGTTCCATATAGAAATTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAAGAAAATAAGCATAAAAAAGTATG 

AACTCCATGTAAAACAAGGGTAATCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTCATCATGTCGATGTTACGAGAAGC 

TCAAAAAGGCACCGAATACAAACATTTCCACTCAACTTTAACCCG 

Mg DAT MGAL_10B004526 B3 

GTCCCTGCCTCTATATCTTTGCCATTCATTCTGACGTCATTGTAT 

TACACCTTCTCCTCCAACGTCTGCCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTTGGTTTAAGTAAATAACGTATTC 

GCTTTGATATAATTGTCTCTGTCTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATCCTATAAGGGCAAACAATGGAAT 

CTACTGGTGACCCGCTTGCTTGACATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACCAATGATATTTGCTCCATCGGGA 

TATGACGGAGGAACCAGCCACAAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAATGATATTACACCATACAACATGA 

ACATAATCCGCATATGTGATTGGTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTCCAACAGATTCTCCAGTAAGGTCC 

CTAGGAGGAAAACTGGTGCAACCACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACCAGAAAATCGGCCAACTCCATAG 

TCCATGTCCAATCATGGTTTCAATGTTCCACTCAACTTTAACCCG 
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GTCCCTGCCTCTATATCTTTACTGCAAACAATATAGAATATCCGG 

CAAGAAACAATCATAGTTTCAAAGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGGACTCCACCCTCTGTACAAAACGC 

CAAAATTATCCATTAAGTTCACAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTACAGAAGACGAACAACTCTCTGTGT 

GCCAACTATAAAGTAAAGAGCAAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGCTGTAATGATTGCTTCTGAACCTC 

CGCAATATAGGAAATTCATCCGATATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGCATCAAGAAAAATATGACGGCCCA 

AGGAACTATCAAGCCCAAGAGTGAGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTCCGGGTAGACTATAAATACTAGT 

TGGTGCACCGGGTAATGTTGCAATATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTGGACGCCTGCTTTTTCAGCCATGT 

GGACCTTCTTGGGCAACACTAGAGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAGAAAAAACTAGTCAAACAATTAAT 

CTAATATCATGAAGATGACAAAGCCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTATTATTATGAAGTTCATTATAACTG 

ACTTGTGATCAAAGCATCTCTATAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCCCAATGAGAAAAACACTTGTGTTG 

AATGCAAGTAAAACACCAAATCCTGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTGTTTTGTGGTATTAGGGGTGAGGTA 

CATCTACCCATACTTGTGATTCCTGTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTGTCATTCCTCTTATCATCAAAATA 

ATAAATCCCTGTCCAGGCGCCATCTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAACCATACAACCTTTCCCGATGTGT 

AATACCACATACGGAAACAAAGCTGTTCCACTCAACTTTAACCCG 

Mg VMAT MGAL_10B041819 B3 

GTCCCTGCCTCTATATCTTTAACTGCTACACTTGAGCAAGAAGAA 

GGATATGCGATCGGCTAACATTCCCTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAAAATAGTATAATTCTCTCCAAATG 

ATTCCTTGGACGGCTCTGGCTATAATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAGAAACCAGTAAAGAGTGGAATAGT 

ATATTATGGTAGATACAAACATAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCAACGGATTTGTAATCAACTGTACA 

TCCTATTCTGTTCGTTAAAGGTCCTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTTGACGTTCTCGTTTGCTAGTTCCG 

GCCTTCGATGCAAACATTAAGCCGATTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCATAACTTGTCACATTTATTGGTGT 

TTCGAATTGTTGGAACTGTCATAGTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTAGCTGTGTAGGCATTGTAATTTTTT 

TGTTATATTTTCACATATATACTCCTTCCACTCAACTTTAACCCG 
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GTCCCTGCCTCTATATCTTTTTTGAACACATTTCAGTAATATTTT 

ACAGTTTGAAACATATTTAAAGATTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCATATGGATAATCTAATTTACGTAG 

TGTAATATGTAGTCACATTCTGAACTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTTAGAAGCATATTATCTAAGAAAAGA 

ATTTGGCACAATTGGTACTACAGTTTTCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTTTCGTGACTGACGACATCTTGTTAGGC 

ATGAATACTATAACTAAAACTAATTTTCCACTCAACTTTAACCCG 

Appendix Table 1. Table of HCR probes to localise monoaminergic genes. In the first column, name of 

gene is reported, the gene ID is reported in the second column. Colum three and four report, respectively, 

the amplifier used and the probes of the genes.  



211 

 

Mg annotation Sequence ID Amplifier Probe sequence 

7B2 MGAL_10B074274 B2 

CCTCGTAAATCCTCATCAaaACCAACAATTGATAGACTTTGTAAT 

CAAAACGTAAATATATTTTATTTAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaCGTGAACATAATGTTATAAAATCAC 

GAACCGTTAAATACCCTCAATAAAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaAGAGTTCATCAATAATTGTGTTGGC 

GGAATTTGGAATCGTTGAACGCCCAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaAGTTGTTTCTTATTTATGGCAAGAA 

AAGCAGATAAATTGCAGGAAAATAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaACCTACAGTGTAACACATCTATTCG 

TCTGTCTGTTGTCTGTTACAAGGCAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaAAATGATTCCATACATAACAATGAA 

ATTTTCCGTATTCGAGACAGCAAAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaCATCGTCCGACCTGGAGAACCCCAT 

GGAGACAGTCTGCATTAAAAACAAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaGTATAACTTTTAATTTACTAAATTT 

AAAATTTGTGGTTTGTCCTATATCTaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaGAAAAAGAAAGATCCTTTTTGCAAC 

TGAGTAACTTCAAAACAAAGACACAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaATTTTTACCAATACACTTTTCTGTA 

AAAGAAAGAAAAAAATAGTACTCAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaAATAGCAACAACCATTTTTTATCCG 

TTTACGGACATTTCGGAAGAGGACTaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTATGAATAATGCTTTAAATTGTTAT 

CAAGTCCTGGTGCTAAACCTTTCATaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTAAAATACATTTTTAAAAAGAAATA 

CATCTCTAGAATTTTGAAATTATCGaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaACTAAACCCATTGGTTTTACGCGCG 

ACAATAAGCAACATAACTTTTGCAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaGCCTTTTTTGGCAGCAACCTCTCTG 

AACTCAATGTTTGTTCATTAGAGGAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaATTTTCTCAAGTTTAGATTGAAGTA 

GGTCCGCTAAAATAAGGGTTGTTCTaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaATCTCATGTGGTTGCCACCTTTCTT 

CCATTATGCGTTCATTGTCCCTTCTaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaATCTGAGTTTGAGTTGTGTTCCATC 

GCGTTTCTCCAAATTCATGCTATCCaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTCCTGGTCAATTTCAGCCGGACATG 

TCTGGATAGTTTCCTGTTTGCTTAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaCTTGTTGTTTTAACAGACGGCGATT 

ACATGTGTTCTGCATCGCATGGACAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaGCAGTTATCATCAGCTGTATATCCA 

GTCAAGGGAATTCTCAAACTTTTCCaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaGCTGGAAGAACTTTATCAGTTTTTA 
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GGGCAAGGATTTGGTGGGTTACAGTaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTTCCACCAGACATGGACTGGTATCC 

GTTTAGGATTTTCTTTTCCACCTCCaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTGGGTCCCTAATTGATGCTCTGCTG 

AAGGCTAGGCAACTGTTGTATTAATaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaCAATCATCAGGCATACTCCGTCCAA 

AGATTAGGGTCATCCATGTTTAAGGaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaCACCTGATTCAGGTTGTTGAAGTTG 

GCTCGTCGTCATAGTAACCATATCGaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaGTCAGAATAGCTGGCTCCTTGTGTG 

GAGCTGAGAAAGGTCGTTCAGAAGAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaATGGGCAGCATGTTTAAGCCCCTTT 

TATACTGTCATTGACAGGGCAAAAAaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaAATGTCCAGGCTGTTTTGTTTTTGT 

GATAAAGCTCTTGATTTCGAAGTATaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTTGCTTTGCTTCCGTCACTTCTCCA 

GGCGCTGGCTTTCAGAAAGGGAATTaaATCATCCAGTAAACCGCC 

CCTCGTAAATCCTCATCAaaTTCCATATACGTCAGAGCGGAAAAC 

AAGAATCGATATGGTGACAGAAATCaaATCATCCAGTAAACCGCC 

7B2 MGAL_10B074274 B1 

GAGGAGGGCAGCAAACGGaaACCAACAATTGATAGACTTTGTAAT 

CAAAACGTAAATATATTTTATTTAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCGTGAACATAATGTTATAAAATCAC 

GAACCGTTAAATACCCTCAATAAAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGAGTTCATCAATAATTGTGTTGGC 

GGAATTTGGAATCGTTGAACGCCCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGTTGTTTCTTATTTATGGCAAGAA 

AAGCAGATAAATTGCAGGAAAATAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACCTACAGTGTAACACATCTATTCG 

TCTGTCTGTTGTCTGTTACAAGGCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAATGATTCCATACATAACAATGAA 

ATTTTCCGTATTCGAGACAGCAAAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATCGTCCGACCTGGAGAACCCCAT 

GGAGACAGTCTGCATTAAAAACAAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTATAACTTTTAATTTACTAAATTT 

AAAATTTGTGGTTTGTCCTATATCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGAAAAAGAAAGATCCTTTTTGCAAC 

TGAGTAACTTCAAAACAAAGACACAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATACACTTTTCTGTAACATTTACG 

AAAAAATAGTACTCAACAATTTTTAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAACCATTTTTTATCCGGACCAAGTC 

ATTTCGGAAGAGGACTACAATAGCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGCTTTAAATTGTTATTTGCATCTC 
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GTGCTAAACCTTTCATAGTATGAATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTTTTAAAAAGAAATACGAACAATA 

AATTTTGAAATTATCGTCTAAAATAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTGGTTTTACGCGCGAACAACTCA 

AACATAACTTTTGCAAACACTAAACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGCAGCAACCTCTCTGTGTGGTCCG 

TTTGTTCATTAGAGGATCGCCTTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGTTTAGATTGAAGTATTTCCATTA 

AAATAAGGGTTGTTCTTCATTTTCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGTTGCCACCTTTCTTCTCGCGTTT 

GTTCATTGTCCCTTCTATATCTCATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGAGTTGTGTTCCATCCATTCTGGA 

CAAATTCATGCTATCCAAATCTGAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTTCAGCCGGACATGAAAACATGT 

TTTCCTGTTTGCTTAATTTCCTGGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTAACAGACGGCGATTATTGTCAAG 

CTGCATCGCATGGACAGTCTTGTTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATCAGCTGTATATCCAACAGGGCAA 

ATTCTCAAACTTTTCCACGCAGTTAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACTTTATCAGTTTTTACTTGTTTAG 

TTTGGTGGGTTACAGTAAGCTGGAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACATGGACTGGTATCCCCAAAGGCT 

TTTCTTTTCCACCTCCTGTTCCACCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATTGATGCTCTGCTGAATAGATTA 

CAACTGTTGTATTAATTCTGGGTCCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGCATACTCCGTCCAACTAGCTCGT 

TCATCCATGTTTAAGGACCAATCATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAGGTTGTTGAAGTTGATAGAGCTG 

CATAGTAACCATATCGTCCACCTGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCTGGCTCCTTGTGTGGTATATACT 

AAGGTCGTTCAGAAGAAGGTCAGAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATGTTTAAGCCCCTTTGTAGATAAA 

ATTGACAGGGCAAAAATAATGGGCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCTGTTTTGTTTTTGTAATGGCGCT 

CTTGATTTCGAAGTATCTAATGTCCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTCCGTCACTTCTCCAAGAAAGAAT 

TTTCAGAAAGGGAATTGATTGCTTTtaGAAGAGTCTTCCTTTACG 

7B2 MGAL_10B074274 B3 

GTCCCTGCCTCTATATCTttACCAACAATTGATAGACTTTGTAAT 

CAAAACGTAAATATATTTTATTTAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttCGTGAACATAATGTTATAAAATCAC 
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GAACCGTTAAATACCCTCAATAAAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttAGAGTTCATCAATAATTGTGTTGGC 

GGAATTTGGAATCGTTGAACGCCCAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttAGTTGTTTCTTATTTATGGCAAGAA 

AAGCAGATAAATTGCAGGAAAATAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttACCTACAGTGTAACACATCTATTCG 

TCTGTCTGTTGTCTGTTACAAGGCAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttAAATGATTCCATACATAACAATGAA 

ATTTTCCGTATTCGAGACAGCAAAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttCATCGTCCGACCTGGAGAACCCCAT 

GGAGACAGTCTGCATTAAAAACAAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttGTATAACTTTTAATTTACTAAATTT 

AAAATTTGTGGTTTGTCCTATATCTttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttGAAAAAGAAAGATCCTTTTTGCAAC 

TGAGTAACTTCAAAACAAAGACACAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttATTTTTACCAATACACTTTTCTGTA 

AAAGAAAGAAAAAAATAGTACTCAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttAATAGCAACAACCATTTTTTATCCG 

TTTACGGACATTTCGGAAGAGGACTttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTATGAATAATGCTTTAAATTGTTAT 

CAAGTCCTGGTGCTAAACCTTTCATttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTAAAATACATTTTTAAAAAGAAATA 

CATCTCTAGAATTTTGAAATTATCGttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttACTAAACCCATTGGTTTTACGCGCG 

ACAATAAGCAACATAACTTTTGCAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttGCCTTTTTTGGCAGCAACCTCTCTG 

AACTCAATGTTTGTTCATTAGAGGAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttATTTTCTCAAGTTTAGATTGAAGTA 

GGTCCGCTAAAATAAGGGTTGTTCTttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttATCTCATGTGGTTGCCACCTTTCTT 

CCATTATGCGTTCATTGTCCCTTCTttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttATCTGAGTTTGAGTTGTGTTCCATC 

GCGTTTCTCCAAATTCATGCTATCCttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTCCTGGTCAATTTCAGCCGGACATG 

TCTGGATAGTTTCCTGTTTGCTTAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttCTTGTTGTTTTAACAGACGGCGATT 

ACATGTGTTCTGCATCGCATGGACAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttGCAGTTATCATCAGCTGTATATCCA 

GTCAAGGGAATTCTCAAACTTTTCCttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttGCTGGAAGAACTTTATCAGTTTTTA 
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GGGCAAGGATTTGGTGGGTTACAGTttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTTCCACCAGACATGGACTGGTATCC 

GTTTAGGATTTTCTTTTCCACCTCCttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTGGGTCCCTAATTGATGCTCTGCTG 

AAGGCTAGGCAACTGTTGTATTAATttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttCAATCATCAGGCATACTCCGTCCAA 

AGATTAGGGTCATCCATGTTTAAGGttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttCACCTGATTCAGGTTGTTGAAGTTG 

GCTCGTCGTCATAGTAACCATATCGttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttGTCAGAATAGCTGGCTCCTTGTGTG 

GAGCTGAGAAAGGTCGTTCAGAAGAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttATGGGCAGCATGTTTAAGCCCCTTT 

TATACTGTCATTGACAGGGCAAAAAttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttAATGTCCAGGCTGTTTTGTTTTTGT 

GATAAAGCTCTTGATTTCGAAGTATttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTTGCTTTGCTTCCGTCACTTCTCCA 

GGCGCTGGCTTTCAGAAAGGGAATTttCCACTCAACTTTAACCCG 

GTCCCTGCCTCTATATCTttTTCCATATACGTCAGAGCGGAAAAC 

AAGAATCGATATGGTGACAGAAATCttCCACTCAACTTTAACCCG 

Tektin MGAL_10B026084 B1 

GAGGAGGGCAGCAAACGGaaATTGTGTTATTGTGTCAAGGGTAAC 

CGTGGCTCTGTACTTATACATCTCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGTTGACTGCTCTATCCCTATTTTG 

TTTTTAGTGATCAAGATTATAACACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACCCAGCTATAAAACCAGGTTTAAT 

AATTTGATGCGACTGTCATGCAAGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCGCGCGTCTGGCGTACTAAATTATA 

CACTGATGAGTCTAGTTGTAGACGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGAATTTTCCTATGAGTCAGTCAGTA 

GCCATTTCATTAGGGACTTACCACTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTAAGAATTGTTATAGATATATATTT 

CCACAATACAGTATTTCTTTTGTGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGATGACAACATATAGTATGACATA 

AAAAACGGTTTTGAGCAAACATTAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATACTGACAGGTAATATAGCTATAT 

TAACATTGATTTATCACACAAGTGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAAATATATTTTAGCTTTAATGGTA 

TCTGATGCTCAATTGTTTCTTATCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATAACAAAATTGCTCATCAACAAA 

AAAAATTAACAATGATAGACACATAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATTTGTAATTCTTTTGATTGAATG 

TTTTTCATAAATAACGTGCAAGATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATACTGTTGTTCTTAATGGCTAAAT 
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CCAAGACATTTTTCTCTGTCGATGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTCTGTAATCTCTTGTACTTCTGAT 

AAGTTTCATCTGGAGAGATTCTACTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGGGTTGTTCCTTATCCTGGATGGC 

TTTCCAGACGAGAATGAGCCACCTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCAGTTGATTCCTGGCATCTCTTGG 

AGATGTGTCTGGAGTCTGTTTCTAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACGGGAGGCAGCTCTCTCACTCTGT 

CACACTTTCTATCTCGTTTCTCATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATGACAATCCCCTGGAGTTGTTCCT 

GGTCTACTCTTGCGATTCCATTGTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGACCAAGTTGTACGTTGGCCCGTT 

TCTAACTCGTGTTGTGCAGCACGGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTTTGATGATATCTACTTCCCGAAT 

CTGTATTTCTCATCTTGTCTTGACAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTCAATTCCTTGACGTTTTTCTCTG 

TTCTTTCTCTGGGTTATCATGTACAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGATTTTCTGTCTCCTGTAGAGCTT 

TACAGACACTCTTGAGAAATGTGAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTCCAATTTCTGTCATCATGTTATC 

CCAAAATTCTCTTGGCTTCATTCAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGAAATATCACCGATTCGCTCTCCA 

TTCATGATTAACCTCCGTTTTCCAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTTGTTTTGTCGTCCGTTTCTCTGC 

CGTTTACCAACGTCGCTTTGTGTTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAGCAGCACTTCTTGTTTTATCCGA 

GACGAACTGTATCAAATCGTAGACGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCAATCGTTAGGAGAAAATCGTGTA 

TAAATAATTACTTTGATTTGAATTAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGAAGGAACTTTAACATTGTCCAATT 

ATAGCGTTTCTAGCCGCAGCAAACAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTGGCATACTTCTGACTAAAGCTGA 

AAAGTTGATTCCTAGCAGAGAAAGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGTACTTGGCCTCCAAGGAAGTGTG 

AGGATTTACACGTGCGGTTTGGTAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGATAAGTGTCATTGGCCTTATATG 

AAAGATCTCCTTAGAGGTGAAGGGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATGTTTGTGTATTGCTACCACCGAG 

CTTGCATTGTACTTATACTAGGCAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGTGTGACCCAAGTATTCCATCTTG 

TGGACCGGTCATATAGGTGGCAGTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTGAATGTAATGGTATAAAGTGACA 

GGTCTAAATGTAGGTACGGCTTCACtaGAAGAGTCTTCCTTTACG 
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Appendix Table 2. Table of HCR probes of tissues genes. Table structure is the same of Appendix Table 

1. 
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Mg annotation Sequence ID Amplifier Probe 

Mg nrf-1 MGAL_10B039405 B1 

GAGGAGGGCAGCAAACGGaaTCATTCATTTTTTGTTGGCAGATTT 

CATTCATTCATTCCTTTATTTATTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATAAAACATAAACCAATTAAGTTT 

TTTTTTCTTACCTCCAAAACCGATGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTACGTATGTAAGTAAGGTACCACTT 

TCTTTGTTTCTTCAGTTGATTTAGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCATTGATAATGGCCATGAAGGTTT 

GCGAAGAATGTATCTACTGATACTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAATATTACCTGCTAAATTCATGCC 

TCTTTATCAGTGCTCCAAAAAGTGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACTCATACTGATAAACCGTATACCG 

TGCGAATGTGTGTCCTAGAATAACCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTTGTACTCAATATTTTGGCTCCAT 

ACAGCAGTTAGCGTGCCAGAACCTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTCCAAGAAATCCTGGTTTGTATGG 

TGTAAACAGAAAATGACAGCAGTAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTTTTCCGGCTCTTTAAATTGATAT 

TGTGGACGGATCTTCAGCTGACATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATGCCCATTACCAGCTGAATCATA 

TTTTTTCGCCCTCATATCCGTTATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACTGTTTTTCTTTGGTTTTGACATG 

CGTAGCATGAGCATCGGATAGATCCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATGATCGCAAGTCCAACAAGTATAC 

TGAATAACAACATCGTACGTGGTAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATCAATAGGTTGGTCTTGTTTCTT 

TTACGATGAAGGCTATTCTTGCTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTTGACATCCTAGGTAACACGGAA 

TTCTCCGCCAGTTGCAAATACTGTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAAGTATTCGGCACACATAGCCCGA 

AACAGATTTTTTATATCTAAAATGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAGGATTGGTAAGAGAAGTAACATA 

GGATTTCCATTCCTTTTGCTCTCGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTCCTCAGCTGATATACCAATGCAT 

TTTGGCAAGACAGTATTCTCCGTTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCGCTCAGTAAACCTGCTGGAGGCT 

TCATAATCACCAAGCCACGCAATTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTGTTTTCCTCCAAATAATCCTGC 

CCAAAGCATCTAACATTTGCATAGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGCATTCACTTTAGGTAAGGGTGGG 

AACACTTTGAGTATGGTTCAAGCAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCCGTCACATTTACGGGTAGAACTG 

GTACTGGCTGTTACTGGAGAATTAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAGTTGGTGTTTCCTTTGCAAGTGT 

TTGGCATTGCCTTTGTGGTTACGGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCGTTGTAGGCAAAGAATTAATGTAT 
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ATCACCTTGTTCATGAGTTGCATAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAATCATGAATATTAGTGGTATTTC 

TTCTGGTTTAAAGTCGAAGTGACATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTGAAAACTTGTCCAACTCATCTGA 

TTAAAACACTAGTACTATCAGATAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTACATTCAGTGCTTTATTCATTGCA 

TGTCTGAAGATTGTCTAATATGGTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTATGCTGTGAATATCCTTTCAATA 

ATATCTTGAAATAAAACCGTCTGGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATTATCATCTAAAGCCACTGAACA 

GGAAACTGTTTTGTATTATGTCATGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATACATCTTTGCCATGGTGTTAAAC 

GAATAGAAGTAAAAGGAAACAGTACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGTCAACTCCAAGATAATATACCCT 

TCGATGGCATCAACTGGGACTGTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGAAAAACACGTCCCATATTTTCACT 

ACCCGAGACTTTCGCAATATATTGAtaGAAGAGTCTTCCTTTACG 

Mg nrf-2 MGAL_10B006948 B1 

GAGGAGGGCAGCAAACGGaaAAAATGCTTAGATACAATCCCTGAT 

TTACCCAAATGTGGAAACTCCAAGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATAACAATTGTGCCTGCAATCTTCG 

ATTGATGTTGCAAGCAAAAAGATGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGATTATATAAAACTGCATATCATT 

AGTAAAGAGGTACGATTATGATTGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTCACTAACTGGTTTGAAGTTATTT 

TAAATACCAGGTCCAGGAAAAACACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTACAGTAGTTTTTCTCGAAGCCAT 

TATAATAGATTCCACCACCACGTGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAGGAAATACTGCTATGTAAATCCC 

TGGGCCAGAAAGGTCCGTTTCCAATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCAAAAACGATGAAAATAAAATAGA 

AATCAACATGTAGGGAGGGGTCAATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATCTGTTTCAGAGTTAAATAGGTTA 

CAGTTAATCTTTCCTTTGCTTTTCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTACAGCAACCGGGGCATTCATGAC 

GAAGACCACTGAGAGCAAAGAACGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGGAAATATCGTGGCAATATTTTCT 

CATAAATGAGAGCCTCTTTATATACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTATGACCCAGTATTATCCAGGTCA 

CTCCCCTGCATAAATCCAAATACAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTAATGTCCCAGCTGATTGGTGTGT 

TAATGAATCGGATACCATTGATAGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGAAAAGGATAAGAGTAATTGTCCA 

TAGAATCTTGGAACCATTCGTGTATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCCTCCTTGTTACTTTGTTCTCTTG 

ATCCCGTGCTCAATGGTTGATTTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGGAGTAGGTTTCCCCCTTTATTGC 
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TACGCACTACTGGAGTATCTGCGTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTAACCGTATATTTACTTGTCTTG 

TGTCTCTTGTGATTCATTAGTTGAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCAAAGATTGTTGCTATTGACATTA 

CGTTTGAAAATTTGTCTTGTGATTAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGGCTATAGCTCTGGTATCAAGTTT 

CAACAAAGACAACACAAACTGAAATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGCATAAATTCGGTTGTTGGTCAAT 

ACCTGGTTCCTGGCACGTTAAATCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCTTCTTCTTTCGTACAAGTATCAG 

GGGGCGACTGCACTTAACAATACAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATCCGCTTTTGTTACCGGGTTTGG 

TACACAATCCAATTTTAATTGAAACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGTATTTTCCTTTGAACGTTTCGGCT 

TCCTGTTATCCAAAATGAACCCAGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCCCAGGTTAAAATAAAATTCAACA 

ATACGAAGACATTCTTCATAATCTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCATTCGTAAGGCCCAATCTTTTGA 

CTGATGGAGGCTTTCCGTTAGCATCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATCATTTAAACATCTTGAAGAATTG 

TTCCACTCCAGGAACAATGCTTTGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTGCTGTTGTCTATAACATGTGCAT 

TTTAATGCATCGTTCGTCTTCAATAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATCAAACTTCGATAACACATCATT 

TCGTAATAAATGATAAGACGTCTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCACATTCTCGACTTTATTCACTGCT 

TTGTGCGTTTGTTTGTATAAATTCCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCATCGTAATTGTCCGTTATAGCGT 

AAAGCAGACCGGACATTGTTCAACAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTATTTTACTGAACGCGAGAGCCAC 

TAAAAGGTACAGTCTCGTTGTTATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGCTGTGTCGTTCTTTGCAGAACAG 

TTTAACTATATCTGCTAAACTTAGTtaGAAGAGTCTTCCTTTACG 

Mg nrf-6 MGAL_10B065682 B1 

GAGGAGGGCAGCAAACGGaaAATAAGGTACTTTCATATTCATATT 

TTGACACAAATTCATATGCATTTTAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCCACAAATGCAACTCCATAAGCCA 

ATCATTGGTGATTCAAATACCAGTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAACAAGTGGGTGTATCAGGTAGGCA 

TTTTCGTGATTTGTAGTAAAAGTACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATATGACCCAACAGACAGCAGCACC 

AACCTCCATTTCCAGTAGCACATGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGTACAGCTAAAGCCGACGCAGCAA 

CCATTTATGTCGTCATATATACCATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAACCAGGTATGGACCAATTCGACAG 

GTAAAGAATATAGCCTGTGTACATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTGCTGCGGCTGTTCCTAACCATAT 
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GGTCCTTATGTACTGAAGTATATCCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTTGCCAAATACCATGCATGACCAA 

GGACTTATAACATAAAACTGCATATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTTGTTATCCACATGGGTCCGCTT 

ATCTTTACAGTAATTCTTTTCGAAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATCATAATTAACATATATGGAGGAG 

AGATATTTTGAGATACATATCTGCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTAAACCAATTCAGTTTGCCTTTTTG 

ACCTCCAAAACCGATGAAAATAAAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAGTAAGGTACCACTTAAAGCGAAG 

CTTCAGTTGATTTAGAACTACGTATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATAGCCATGAAGGTTTTTCTCTTTA 

GTATCTACTGATACTTCAGCATTGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTACTGACAACAAGCCAAACGCGTA 

GTTCTCCATAAAGCGTACCAATATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTATAAACCGTATACCGTTGACAGCA 

GTGTCCTAGAATAACCCAGCTCATGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATATCTTAGCTCCATTTGTGTAAA 

AGCGTGCCAGAACCTTGGTTTGTACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATCCAGAGTTGAACAGATTTTTTAT 

AAAATGACAGCAGTAACTTTCCAAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTATCCCGACCATAATTTCCATTCCT 

TGAAATAGAGCAAGTATTCGGCACAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCAACATAAAACTTGGCAAGACAGT 

GCTTTCGTTAGTGGATTGGAAATAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAATACATTCGTCATAATCACCAAG 

CTCCGTGGAATTCCTCGGCTTCTATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGGAGGCTTTCCCAGAGCATCCAAC 

CGCAAATTTTCCGCGAAGTAAACCTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGTCCCGCAAGAATACTTTGGGTAT 

TGCATAGCCCATTGTTTTCCTCCAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGGGTGGAATTGTATTGGCTGTAAC 

TCAAGCAGAGTGCATTCACTTTAGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTAGAACTGTTGTTGGTATTGATTTT 

AGACTTAGAAGCAGTAACTGTTACGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCAAGTGTGGTATCACCTTGTTCAG 

GTAACGGGAACAGTTGGTGTTTCTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGATATCTGTGTTCTGGTTTAAAGT 

TTGCATAAGCCGTTGTAGGCAAAGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGGTATTTCCAATTATAACACTATCC 

AGTGACATCAAAACCATTAGCATACtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGAAAATGTCTGAAGATTGTCTAATA 

AGTTCTGATAATTTGTCCAACTCATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATTTATATCTTGAAGTAAAACCGT 

TCCGTACATTCAATGCTTTATTCATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGTTTGATAACTGTTTTGTATTATG 
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GTTAACATGCTGTGAATATCCTTTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATCTGAGTAGTAGTAATAGGAAAC 

TGATAATTATCTTCTAAAGCAACTGtaGAAGAGTCTTCCTTTACG 

Mg nrf-9 MGAL_10B035396 B1 

GAGGAGGGCAGCAAACGGaaTGAAGCCAAAACTTCGTCCAAATGC 

TGAAGAATCTCGAGGGATGTCCTTCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATGTAAACATTTCTAAGAAATTTCT 

TTGTGAGAAGCGGAGAATGGCTGTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTCAATGTCGGATGACGAATTTATAT 

TTTATATCGGCATTGCTTGAAAGATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCAACAGACGGCAGCACCCCACACT 

ATTTCCAGTAGCACATGCAAATATGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAGCTAAAGCCGACGCAGCAAACAC 

TTACGTCGTCATATATACCATAAAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAGGTATGGCCCAATTCGACAGTATG 

AGAATATAGCCTGTGTACATTCCAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTATGGCTGTCCCTACCCATAATATG 

CTTCTGCACTGAAATAACTGCTGTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCAAGTACCAAGCATGGGCAAAACA 

TTATAACATAAAACTGCATATCATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTTGCCCACATGGGTCCGCTTCCCA 

TTACAGTGCTGATTGTTGAAGCCATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTCAGCATTGATAATGGCCATGAAG 

CAAAGCGAAGAATGTATCTACTGATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCCAACTCATACTGATAAACCGTAT 

CAAATGCGTATGTGTGTCCTAGAATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAACTTTCCAAGAAATCCTGGTTTGT 

TTTGTGTAAACAGAAAATGACAGCAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTGACTTTTCCGGCTCTTTAAATTG 

GCGTTGTGGACGGATCTTCAGCTGAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCATGCCCATTACCAGCTGAATCATA 

TTTTTTCGCCCTCATATCCGTTATTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACTGTTTTTCTTTGGTTTTGACATG 

CGTAGCATGAGCATCGGATAGATCCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATGATCGCAAGTCCAACAAGTATAC 

TGAATAACAACATCGTACGTGGTAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAATCAATAGGTTGGTCTTGTTTCTT 

TTACGATGAAGGCTATTCTTGCTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTTGACATCCTAGGTAACACGGAA 

TTCTCCGCCAGTTGCAAATACTGTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAAGTATTCGGCACACATAGCCCGA 

AACAGATTTTTTATATCTAAAATGGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAGGATTGGTAAGAGAAGTAACATA 

GGATTTCCATTCCTTTTGCTCTCGTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTTCCTTAGCTGCTATTCCAATGCAT 

TTTGGCAAGACAGTATTCTCCGTTGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCCGCTAAGTAAACCTGCAGGAGGCT 
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TCATAATCACCAAGCCACGCAATTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaATTGTTTTCTTCCAAATAATCCTGC 

CCAAAGCATCTAACATTTGCATAGCtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTGCATTCACTTTAGGTAAGGGTGGG 

AATACTTTGAGTATGGTTCAAGCAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaGCCGTCACTGTTACGGGTAGAACTG 

GTACTGGCTGTAACTGGAGAATAAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCAGTTGGTTTTTCCTTTGCAATTGT 

TTGGCATTGACTTTGTGGTTACGAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCGTTGTAGGCAAAGATTTAATGTAT 

ATCACCTTGTTCATGAGTTGCAAAAtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaAAATCATAGATATTAGTGGTATTTC 

TTCTGGTTTGAAGTCGATGTGACATtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaCTGAGAACTTGTCCAACTCATCTGA 

TTAAAACACTAGTACTATCAGATAGtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaTACATTCAGTGCTTTATTCATTGCA 

TGTCTGAAGATTGTCTAATATGTTTtaGAAGAGTCTTCCTTTACG 

GAGGAGGGCAGCAAACGGaaACATGCTGTGAATATCCTTTCAATA 

ATATCTTGGAGTAAAGCCGTCTGGTtaGAAGAGTCTTCCTTTACG 

Appendix Table 3. Table of HCR probes of nrf genes. Table structure is the same of Appendix Table 1. 
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