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1. Abstract 

Neuropeptides are a diverse group of neurosecretory signaling molecules that are 

utilized by the nervous system of all bilaterian animals. These signaling molecules 

are involved in most physiological processes and can play major roles in animal 

behavior. Most of our knowledge about neuropeptides – whether in regards to 

neuropeptide diversity or the influence of neuropeptides on animal behavioral – 

originates from a collection of species that can be grouped into a few bilaterian 

clades. In this thesis, I investigate two different aspects of neuropeptide signaling, 

that involve animal species from clades that haven't been investigated before: the 

neuropeptide repertoire of xenacoelomorphs and the influence of neuropeptides on 

the behavior of planktonic larvae from a brachiopod and a nemertean species. 

  

A major bilaterian clade where nothing is known about the neuropeptide repertoire 

are the Xenacoelomorpha. According to recent phylogenetic analysis 

Xenacoelomorpha are the sister group to all remaining Bilateria (Deuterostomia + 

Protostomia) and therefore hold an important phylogenetic position for 

understanding bilaterian neuropeptide evolution. 

We identified the neuropeptide and neuropeptide receptor repertoire of 

xenacoelomorphs, by combining an in silico analysis of transcriptomes from 13 

xenacoelomorph species with the mass spectrometric analysis of peptide extracts 

from 3 of these species. Our findings show the presence of several bilaterian 

neuropeptides as well as the presence of novel, xenacoelomorph specific 

neuropeptides and their diversification during xenacoelomorph evolution. 

 

Only a few functional studies have shown the influence of neuropeptides on the 

behavior of trochozoan larvae, and those used annelid or mollusc larvae. The only 

knowledge that we have about neuropeptidergic signaling in brachiopod or 

nemertean larvae originates from a few immunohistochemical studies.  



 
2 

We investigated the excitatory peptide (EP) that has previously been identified in 

annelids and molluscs, where it showed myo-excitatory properties on tissue 

preparations of adult animals. We show that EP and the EP receptor are also 

present in brachiopods and nemerteans. We deorphanized the Lineus longissimus 

(Nemertea) EP receptor and show that EP can shift the swimming distribution of L. 

longissimus pilidium larvae in a water column upwards by increasing the beat 

frequency of the larval locomotory cilia. 

Another neuropeptide that we investigated is FLRFamide and its influence on the 

behavior of Terebratalia transversa (Brachiopoda) larvae. When mechanically 

disturbed, Terebratalia transversa larvae protrude their stiff and pointy chaetae in a 

defensive manner and sink down slowly. Both of these reactions can be induced 

simultaneously by FLRFamide. We deorphanized the T. transversa FLRFamide 

receptor and found its expression at the apical prototroch of the larvae and in the 

trunk musculature, which are the tissues that are responsible to perform the two 

sub-reactions. Customized antibodies against FLRFamide revealed FLRFamidergic 

nerves in and around the apical neuropil as well as FLRFamidergic nerves that 

directly innervate the trunk musculature.  

 

In this thesis, I present a substantial dataset of neuropeptides and neuropeptide 

receptors from different species of the Xenacoelomorpha, an animal clade where 

nothing has known about their neuropeptide repertoire before. I also present two 

studies where I show how neuropeptides can influence the behavior of brachiopod 

and nemertean planktonic larvae. 
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2. Introduction 

2.1 Neuropeptides are signaling molecules of the nervous system 

Animal nervous systems are composed of connected nerve cells that transfer 

electric signals between each other. Depending on the animal, these nerve cells can 

have different degrees of condensation and form nets, nerve bundles, ganglia or 

complex brains (Schmidt-Rhaesa, 2007). The direction of nerve signals is mainly 

provided by the physical wiring via synapses, the different properties of their 

dendrites and axons and the use of different transmitters. Low molecular weight 

neurotransmitters like acetylcholine, amino acids (e.g. aspartate, glutamate, D-

serine) or monoamines (e.g. adrenaline, dopamine, serotonin) are released from 

synaptic vesicles and ensure a fast and efficient signal transmission between 

neighboring cells. Another class of neurotransmitters that can transfer or modify 

signals, are neuropeptides. Most neuropeptides are less than 50 amino acids long 

and the smallest neuropeptides consist of only 3 amino acids, such as the 

thyrotropin-releasing hormone (Hokfelt et al., 2000; Jékely, 2013; Liu et al., 2006b, 

2008). Neuropeptides are secreted by neurons and neurosecretory cells, in which 

usually one or more kind of neuropeptides are present in addition to low molecular 

weight transmitters (Merighi, 2002; Salio et al., 2006). Neuropeptides do not only act 

as direct signal transmitters, but can also act as co-transmitters to modify signal 

transmission (Baraban and Tallent, 2004; Nusbaum et al., 2001; Salio et al., 2006), 

for example, by inhibiting the presynaptic release of other transmitters (Cherubini 

and North, 1985; Choi et al., 2015; Whittaker et al., 1999). Neuropeptides can also 

be released at non-synaptic sites along axons, dendrites or even the cell soma, and 

can act on distant targets, distributed as neurohormones through extracellular fluids, 

blood or hemolymph (Cuadras, 1989; Landgraf and Neumann, 2004; Ludwig and 

Leng, 2006; Nassel, 2002). The specificity of the target activation is ensured by a 

selective peptide-receptor activation and the existence of a high variety of peptide-

receptor pairs (Frooninckx et al., 2012; Jékely, 2013; Mirabeau and Joly, 2013).  
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2.2 Neuropeptides emerged early during metazoan evolution 

Neuropeptides emerged early during metazoan evolution and are considered to be 

the oldest neural signaling transmitters (Jékely, 2013; Moroz and Kohn, 2016). 

Processing enzymes for neuropeptide precursors and potential neuropeptides are 

present in all major metazoan clades. For example, glycoprotein hormone/bursicon-

related peptides of a cystine knot hormone like family (CKH) and enzymes that are 

necessary to process proneuropeptides and prohormones have been identified in 

sponges (Roch and Sherwood, 2014; Srivastava et al., 2010). Glycoprotein 

hormones, bursicons and CKHs usually consist of two subunits (alpha and beta) 

that are encoded on two separate precursors, both of which are larger peptides with 

conserved cysteine residues (Fig.1) and an overall low sequence similarity between 

distantly related taxa (Luo et al., 2005; Roch and Sherwood, 2014). Ctenophores 

possess several neuropeptides (Moroz et al., 2014), but the only neuropeptide 

homologous to other metazoan neuropeptides is a CKH that is similar to the CKH of 

sponges (Roch and Sherwood, 2014). Some of the other ctenophore neuropeptide 

candidates are short peptides, where the predicted bioactive peptides are encoded 

multiple times (also called paracopies) on the peptide precursor (Fig.1).  

Fig.1: Simplified neuropeptide precursor structures of glycoprotein hormone, insulin-like 
peptide, short repetitive peptides, vasotocin-neurophysin and myosuppressin.  

 

Even placozoans, a group of animals that have no neurons at all (Smith et al., 

2014), have CKH-like peptides, several short peptides with multiple paracopies on 

their precursors and insulin-like peptides (ILPs) (Jékely, 2013; Nikitin, 2015). ILPs 

consist of two small subunits with conserved cysteine residues, which are encoded 

on a single peptide precursor (Fig.1) (Chan and Steiner, 2000; Claeys et al., 2002; 

Floyd et al., 1999). The position of the two subunits on the propeptide is relatively 

conserved, but the overall sequence similarity between ILPs of distantly related taxa 
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is very low (Anctil, 2009; Claeys et al., 2002; Floyd et al., 1999; Semmens et al., 

2016). Cnidarians have ILPs, bursicon-related peptides and many different short 

peptides with multiple paracopies on the precursor (Anctil, 2009; Grimmelikhuijzen 

et al., 2002; Jékely, 2013; Roch and Sherwood, 2014). Bilaterians can have an 

enormous repertoire of different neuropeptides, including ILPs, glycoprotein 

hormones and many more that can be found either in all bilaterians or only in certain 

clades or subclades (Jékely, 2013; Mirabeau and Joly, 2013). The number of 

predicted peptide precursors published in studies of different bilaterian species 

varies, e.g. 30 in the hymenopteran Nasonia vitripennis (Hauser et al., 2010), 35 in 

the snail Theba pisana (Adamson et al., 2015), 40 in the starfish Asterias rubens 

(Semmens et al., 2016), 74 in the oyster Crassostrea gigas (Stewart et al., 2014), 

98 in the annelid Platynereis dumerilii (Conzelmann et al., 2013a), 119 in C. elegans 

(Frooninckx et al., 2012) and 119 in Drosophila melanogaster (Liu et al., 2006a). It is 

however hard to compare these predicted numbers as they are based on partially 

different search strategies and different criteria to determine potential neuropeptide 

precursors. A similarly high variety of neuropeptides as in bilaterians might also 

exist in cnidarians or ctenophores, but is not yet known due to a comparatively low 

taxon sampling and the lack of functional studies. 

 

2.3 Neuropeptides regulate physiological processes and behavior 

The function of neuropeptides is highly diverse and they are involved in most 

physiological processes and influence important aspects of animal life, such as 

feeding (Dockray, 2004; Williams et al., 2015), locomotion (Choi et al., 2015; 

Willows et al., 1997), reproduction (Gorbman et al., 2003; Terakado, 2001), life 

stage transitions (Conzelmann et al., 2013b; Erwin and Szmant, 2010), stress-

tolerance (Terhzaz et al., 2015; Zhang et al., 2015) or social interaction and bonding 

(Kosfeld et al., 2005; Lukas et al., 2011). Some neuropeptides influence simple 

behavioral modifications such as changes in ciliary beating that can, for example, 

cause changes in cilia-based locomotion (Braubach et al., 2006; Conzelmann et al., 

2011; Penniman et al., 2013; Willows et al., 1997). Other neuropeptides activate 

whole cascades of different processes and subreactions in separate tissues, like the 
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ecdysis triggering hormone and eclosion hormone during insect ecdysis (Kim et al., 

2006; Taghert and Nitabach, 2012; Truman, 2005). It has been shown that some 

neuropeptide orthologs of distantly related animals can trigger comparable 

behaviors, like gonadotropin-releasing hormone (GnRH) in deuterostomes and 

some protostomes: GnRHs stimulate the synthesis and release of gonadotropins, 

luteinizing hormone and follicle-stimulating hormone in vertebrates, which ultimately 

leads to gametogenesis and steroid production in the gonads (Okubo and 

Nagahama, 2008). Endogenous GnRH of Ciona intestinalis induces gamete release 

(Terakado, 2001). Lamprey and tunicate GnRHs were even able to induce gamete 

release in the mollusc Mopalia sp. (Gorbman et al., 2003) and the GnRH-related 

peptide of Patinopecten yessoensis stimulated spermatogonia mitosis in testicular 

cells of P. yessoensis (Treen et al., 2012). The GnRH ortholog of Aplysia californica, 

however, induced parapodial opening and inhibited food consumption, but had no 

influence on reproduction-related parameters (Tsai et al., 2010). The GnRH-related 

adipokinetic hormone (AKH) is also involved in reproduction of C. elegans, indicated 

by a decrease in the number of eggs that were laid by animals with peptide and 

receptor knockdowns (Lindemans et al., 2009). In insects, however, AKHs are often 

involved in energy mobilization from lipids or carbohydrates during energy-intensive 

tasks like flying (Gade and Auerswald, 2003).  

Different neuropeptides can act on the same system and evoke similar, 

complementary or opposite effects. In the snail Aplysia californica, for example, two 

structurally related peptides with different receptors (FMRFamide and FRFamide), 

can work in complementary ways towards an egestive behavior (protraction of the 

radula): FMRFamide seems to work primarily presynaptic to depresses motor 

neuron-elicited contraction of the radula closer muscle, while FRFamide seems to 

work primarily postsynaptic and activates a contraction-depressing mechanism 

(Vilim et al., 2010). An example for opposite effects of different neuropeptides on the 

same system is the effect of two neuropeptides on the cardiac stomach of Asterias 

starfishes (Asteroidea). Starfishes can eat by everting their cardiac stomach over 

their prey and ingesting it slowly before they retract their stomach later on 

(Anderson, 1954). This eversion happens due to a muscle relaxation and can be 

induced by the neuropeptide SALMFamide (Elphick et al., 1995; Melarange et al., 
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1999), whereas the retraction of the cardiac stomach can be induced by the 

neuropeptide NGFFFamide (Semmens et al., 2013). 

The situation-dependent release of specific neuropeptides can influence 

autonomous behaviors like radula protraction during eating, metabolic processes 

like energy mobilization during insect flight or reproduction-related processes like 

gamete release. However, these are only a few examples of processes in which 

neuropeptides are involved. 

 

2.4 Neuropeptides are expressed as preproneuropeptides, that get 
processed and modified after translation 

Neuropeptides are first expressed as longer preproneuropeptides, where the actual 

neuropeptide is accompanied by additional, often less- or non-conserved peptide 

sequences (Fig.1) (Hook et al., 2008; Rholam and Fahy, 2009). The 

preproneuropeptide has a N-terminal hydrophobic signal peptide sequence, that 

facilitates its transport to the secretory pathway of the endoplasmatic reticulum, 

where the signal peptide gets cleaved off by a signal peptidase (Ng and Walter, 

1994). The resulting propeptide gets sorted into a secretory dense core vesicle, 

where it is cleaved into smaller peptides at characteristic basic cleavage sites 

[lysine/arginine] by amino-peptidases and carboxy-peptidases (Hook et al., 2008; 

Rholam and Fahy, 2009). In some animals, alternative cleavage sites with different 

amino acid residues have been suggested (Hummon et al., 2002; Leviev et al., 

1997), but these seem to be exceptions. Many neuropeptides are further modified, 

for example, by N-terminal pyroglutamic acid formation, sulfation of tyrosine, or C-

terminal amidation (Varro, 2001). These modifications can decrease peptide 

degradation (Marks et al., 1976) and are also often necessary for efficient receptor 

activation (Eipper et al., 1992; Kubiak et al., 2002; Merkler, 1994). Such peptide 

modifications can be ancient characteristics that are conserved in most homologous 

neuropeptides, like C-terminal amidation and N-terminal pyroglutamination of 

GnRH/AKH-related peptides (Gade, 2009; Hauser and Grimmelikhuijzen, 2014), or 

tyrosine sulfation and C-terminal amidation of sulfakinins (Nichols, 2007; Predel et 

al., 1999). A few examples, however, show that peptide-specific modifications can 
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sometimes be lost in certain taxa, like the lack of C-terminal amidation in some 

oligochaete GGNG excitatory peptides (Minakata et al., 1997), in the nematode 

AKH/corazonin homolog (Lindemans et al., 2011; Lindemans et al., 2009) or in the 

Ciona intestinalis vasotocin homolog (Kawada et al., 2008). A proneuropeptide can 

encode a single neuropeptide or multiple, often similar or identical neuropeptides 

(Fig.1). The conservation of the overall propeptide structure, with respect to position, 

length and number of bioactive peptides, can thereby vary depending on the 

neuropeptides. Vasotocin and related neuropeptides for example have a single copy 

of the bioactive peptide between the N-terminal signal peptide and the C-terminal 

neurophysin on the peptide precursor (Fig.1) in all bilaterians (Mirabeau and Joly, 

2013; Stafflinger et al., 2008), and the arthropod specific myosuppressins usually 

have a precursor where the bioactive peptide is located at the C-terminus (Fig.1) 

(Bendena et al., 1997; Vilaplana et al., 2004). Other neuropeptide precursors, like 

FMRFamide, have multiple paracopies of identical or similar neuropeptides in 

variable positions (Appendix) (Adamson et al., 2015; Walker et al., 2009; Zatylny-

Gaudin and Favrel, 2014). An extreme case showed up to 37 copies of very similar 

peptides on a single preproneuropeptide (Leviev and Grimmelikhuijzen, 1995).  

In summary, neuropeptides are expressed as longer prepropeptides that get 

cleaved and modified into the actual bioactive peptides. The arrangement of the 

bioactive neuropeptides on the prepropeptide and certain posttranslational 

modifications of the neuropeptides can be conserved in homologous neuropeptides 

of different animals, which can be a criterion to infer homology. 

 

2.5 Neuropeptides and their receptors coevolve 

Most neuropeptide receptors are G-protein coupled receptors (GPCR) from the 

rhodopsin or secretin GPCR family (Fredriksson et al., 2003; Jékely, 2013; 

Mirabeau and Joly, 2013). Exceptions are peptide-gated ion channels that have 

been identified in molluscs (Cottrell, 1997; Cottrell et al., 1990; Lingueglia et al., 

1995) and cnidarians (Durrnagel et al., 2010; Golubovic et al., 2007; Grunder and 

Assmann, 2015), a guanylyl cyclase that is activated by the eclosion hormone 

(Chang et al., 2009), a class I cytokine receptor that is activated by leptin (Shpilman 
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et al., 2014; Tartaglia et al., 1995) or the insulin/ILP receptors that belong to the 

tyrosine kinase receptor family (Fernandez et al., 1995; Hernandez-Sanchez et al., 

2008; Pashmforoush et al., 1996; Ullrich et al., 1985). 

The ligand receptor activation is in most cases very specific and homologous 

peptides of distantly related animal clades usually activate the corresponding 

homologous receptors (Grimmelikhuijzen and Hauser, 2012; Jékely, 2013; Mirabeau 

and Joly, 2013; Park et al., 2002). Neuropeptide receptors are usually several 

hundred amino acids long and therefore carry more phylogenetic information than 

their respective shorter ligands (Hauser and Grimmelikhuijzen, 2014; Jékely, 2013; 

Mirabeau and Joly, 2013). This co-evolution of ligand-receptor pairs can be used to 

test homology hypotheses of strongly diverged ligands by testing and comparing 

their receptor (Janssen et al., 2008; Kawada et al., 2008; Semmens et al., 2015). 

This homologous conservation of ligand-receptor pairs has been demonstrated for 

many cases. Examples with overall well-conserved ligands and receptors are the 

oxytocin/vasopressin/vasotocin ligand-receptor pairs of chordates (Kawada et al., 

2008; Kimura et al., 1992), trochozoans (Bauknecht and Jekely, 2015; Kanda et al., 

2003; Levoye et al., 2005; van Kesteren et al., 1996) and ecdysozoans (Beets et al., 

2012; Beets et al., 2013; Stafflinger et al., 2008) or the achatin ligand-receptor pairs 

of trochozoans, ambulacrarians and cephalochordates  (Bauknecht and Jekely, 

2015). In other cases, the ligands diverged to a larger extend during evolution, and 

the identification of the corresponding receptors helped to reconstruct the 

diversifications (Semmens et al., 2015) and/or clade specific duplications (Hauser 

and Grimmelikhuijzen, 2014). Examples of stronger diverging ligands that activate 

conserved receptors are the protostome paralogs corazonin (CRZ), adipokinetic 

hormone (AKH) and AKH/CRZ-related peptide (ACP) and their deuterostome 

ortholog the gonadotropin-releasing hormone (Hansen et al., 2010; Hauser and 

Grimmelikhuijzen, 2014; Lindemans et al., 2011; Lindemans et al., 2009) or the 

nematode cholecystokinin/sulfakinin ortholog (CK) of arthropod sulfakinin and 

deuterostome cholecystokinin and gastrin (Janssen et al., 2008; Staljanssens et al., 

2011). 
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2.6 Evidence for a change in ligand-receptor pairing during evolution 

Even though the conservation of ligand-receptor pairing in distantly related taxa has 

been shown for many peptides, few cases indicate that some ligands might have 

changed their receptor during evolution. For example, there are two very different 

classes of FMRFamide receptors in trochozoans: a peptide-gated amiloride-

sensitive Na+ channel that was identified in the mollusc Helix aspersa (Cottrell et al., 

1990; Lingueglia et al., 1995) and a GPCR that was identified in the annelid P. 

dumerilii (Bauknecht and Jekely, 2015). Electrophysiological experiments indicated 

that H. aspersa has 2 different FMRFamide receptors with different concentration 

thresholds, one mediating an increase in Na+-conductance and another one 

mediating an increase in K+-conductance (Cottrell and Davies, 1987). Although 

further experiments suggested that a GPCR is not involved in the H. aspersa 

FMRFamide-sensitivity, they supported the hypothesis of the existence of two 

different FMRFamide sensitive receptors (Green et al., 1994). Electrophysiological 

experiments on Aplysia californica neurons also showed that they possess 

FMRFamide-sensitive ion channels (Ruben et al., 1986), and A. californica has at 

least one homolog of the P. dumerilii FMRFamide GPCR as well (Bauknecht and 

Jekely, 2015). In addition to these two receptors in trochozoans, a third FMRFamide 

receptor has been identified in Drosophila melanogaster (Cazzamali and 

Grimmelikhuijzen, 2002; Meeusen et al., 2002), that is a GPCR, but is not a 

homolog of the P. dumerilii FMRFamide GPCR (Bauknecht and Jekely, 2015). 

Another example of the presence of two different receptors for one neuropeptide is 

the DH31 receptors. The calcitonin-related neuropeptide DH31 (Furuya et al., 2000) 

activates a homolog of the secretin type calcitonin GPCR in the fruit fly D. 

melanogaster (Johnson et al., 2005) and the annelid P. dumerilii (Bauknecht and 

Jekely, 2015). However, there is a second type of DH31 receptor in P. dumerilii, 

which belongs to the rhodopsin type GPCRs and has orphan homologs in other 

trochozoans as well (Bauknecht and Jekely, 2015). 

In several studies where receptor activation was tested in transfected cell cultures, it 

has been shown that different neuropeptides can be able to trigger the same 

receptor (Bauknecht and Jekely, 2015; Mertens et al., 2006; Peymen et al., 2014). 

The studies also revealed that some neuropeptides are able to trigger several 
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unrelated receptors in one animal (Bauknecht and Jekely, 2015; Peymen et al., 

2014). The EC50 values (half maximal effective concentration) for these cross-

activation, however, were often in a lower micro-molar range, whereas the EC50 

values of more specific peptides were in a nano-molar range (Bauknecht and 

Jekely, 2015; Mertens et al., 2006; Peymen et al., 2014). The fact that some 

neuropeptides can cross-activate other receptors and the fact that there are cases 

with very different receptors for a single ligand suggests a general possibility for 

evolutionary changes in ligand-receptor binding.  

 

2.7 Neuropeptides in Trochozoa  

Several phylogenetic studies proposed different relationships of several 

protostomian clades within the Spiralia, which have been referred to as 

Lophotrochozoa (Aguinaldo et al., 1997; Dunn et al., 2008; Laumer et al., 2015; 

Struck et al., 2014) or Lophophorata (Halanych et al., 1995; Nesnidal et al., 2013). A 

common result of most studies, however, showed that the taxa Annelida, Mollusca, 

Brachiopoda, Nemertea, Phoronida and likely Ectoprocta (Bryozoa) are closely 

related and form the clade Trochozoa (Fig.2 - without Phoronida and Bryozoa) 

(Dunn et al., 2014; Edgecombe et al., 2011; Giribet, 2008; Hejnol et al., 2009). 

Trochozoans are mainly aquatic organisms that have a biphasic life cycle with 

ciliated planktonic larvae and benthic adults (with a few exceptions, e.g. terrestrial 

annelids). Several functional, immunohistochemical and molecular studies mainly 

focused on neuropeptides in annelids and molluscs. Bioinformatic studies described 

the neuropeptide complement of the annelids Platynereis dumerilii (Conzelmann et 

al., 2013a), Capitella teleta (Veenstra, 2011) and Helobdella robusta (Veenstra, 

2011) and the molluscs Theba pisana (Adamson et al., 2015), Pictata fucata 

(Stewart et al., 2014), Charonia tritonis (Bose et al., 2007), Crassostrea gigas 

(Stewart et al., 2014), Lottia gigantea (Veenstra, 2010) and Sepia officinalis 

(Zatylny-Gaudin et al., 2016). Other studies included publicly available sequence 

data of annelids and molluscs to analyze neuropeptide evolution and conserved 

patterns on a broader phylogenetic scale (Elphick and Mirabeau, 2014; Jékely, 

2013; Liu et al., 2006b, 2008; Mirabeau and Joly, 2013). 
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Fig.2: Simplified 
phylogenetic tree of different 
metazoan clades with 
emphasis on Bilateria.  

 

Studies on neuropeptides were greatly influenced by the sequence identification of 

FMRFamide that has been extracted from the bivalve Macrocallista nimbosa (Price 

and Greenberg, 1977). FMRFamide has been shown to have excitatory effects on 

certain muscular tissues and since its identification it has been the subject of many 

research articles. Antibodies that were raised against FMRFamide were tested in a 

variety of animals, and showed positive immunoreactivity in species belonging to 

Protostomia (Boer et al., 1980; Dickinson et al., 1999; Hayschmidt, 1990c; Krajniak 

and Greenberg, 1992), Deuterostomia (Boer et al., 1980; D'Aniello et al., 2016; 

Dockray et al., 1983), Cnidaria (Eichinger and Satterlie, 2014; Grimmelikhuijzen, 

1983; Satterlie and Eichinger, 2014), Ctenophora (Grimmelikhuijzen and Graff, 

1985; Grimmelikhuijzen, 1983) and Placozoa (Schuchert, 1993; Smith et al., 2014). 

FMRFamide immunoreactivity is still used in immunohistochemical studies to 

investigate the neuroanatomy of invertebrates (Helm et al., 2014; Helm et al., 2016; 

Satterlie and Eichinger, 2014; Schmidt-Rhaesa et al., 2016) and vertebrates 

(D'Aniello et al., 2015; D'Aniello et al., 2016). FMRFamide antibodies, however, are 

known to cross-react with other neuropeptides ending in RFamide, which can make 

it difficult or impossible to distinguish between different RFamide peptides in a single 
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species (Peymen et al., 2014; Vilim et al., 2010). This cross-reactivity and the 

search for FMRFamide in animals of different clades have also led to the discovery 

of other peptides (Dockray et al., 1983; Price and Greenberg, 1989). FMRFamide is 

encoded in multiple copies on its precursor and many peptides with a repetitive 

propeptide structure or the C-terminal ending RFamide, have been referred to as 

FMRFamide-like peptides (FLPs) or FMRFamide-related peptides (FaRPs) and 

reviewed in several publications (Espinoza et al., 2000; Lopez-Vera et al., 2008; 

Mousley et al., 2005; Orchard et al., 2001; Peymen et al., 2014; Walker et al., 2009; 

Zatylny-Gaudin and Favrel, 2014). FMRFamide is one of the best-studied 

neuropeptides in trochozoans and many studies investigated the influence of 

FMRFamide on various annelid and mollusc tissues. Single studies have shown, 

that FMRFamide can be involved in different physiological functions, like 

osmoregulation in Erpobdella octoculata (Salzet et al., 1994), chromatophore 

expansion in Sepia officinalis (Loi and Tublitz, 1997), salivary gland activity in 

Helisoma sp. (Bulloch et al., 1988) or coordination of feeding behavior in Aplysia 

californica (Vilim et al., 2010). Many studies show an excitatory effect of 

FMRFamide on various muscle tissues (e.g. (Krajniak and Greenberg, 1992; 

Lehman and Greenberg, 1987; Moulis, 2006; Moulis and Huddart, 2004; Muneoka 

and Saitoh, 1986)). The type of muscle that is sensitive to FMRFamide, but also the 

effect itself, can differ between animal species. Tests with 50 bivalve species, for 

example, showed that even though FMRFamide had an excitatory effect on the 

heart in the majority of the investigated species, in some species it had an inhibitory 

effect instead (Painter and Greenberg, 1982). Some studies showed that 

FMRFamide is able to modify the signal transmission of other neurotransmitters. 

Prolonged exposure of longitudinal muscles of the leech Hirudo medicinalis to 

FMRFamide potentiated the contractile response of the muscles to acetylcholine-

induced contractions if FMRFamide was washed out before the acetylcholine 

exposure (Norris and Calabrese, 1987). In Mytilus edulis, the presence of 

FMRFamide enhanced contractile responses of the anterior byssus retractor muscle 

(ABRM) to low concentrations of acetylcholine (Raffa and Bianchi, 1986). 

Interestingly, another study showed that low concentrations of FMRFamide (0.1 

μmol/l or lower) were able to relax acetylcholine-induced contraction of the ABRM of 
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M. edulis and higher concentrations induced contractions (Muneoka and Saitoh, 

1986). The authors suggest that this phenomenon of the concentration dependent 

opposite effects could be explained by two different FMRFamide receptors - one 

located at the muscle fiber membranes which is involved in contractile responses 

and the second one might be located at relaxing nerve terminals. 

Most functional studies on trochozoans that include neuropeptides, were conducted 

on adult or juvenile specimens, whereas the influence of neuropeptides on their 

larval forms have only been investigated in a few cases. One of these studies 

showed that the neuropeptide MIP (myo-inhibitory peptide) is involved in the 

settlement of Platynereis dumerilii larvae (Conzelmann et al., 2013b). Other studies 

have shown that neuropeptides can regulate beating of larval locomotory ciliary 

bands and thereby influence the swimming height in a water column (Braubach et 

al., 2006; Conzelmann et al., 2011; Penniman et al., 2013). It was shown that in fact 

a variety of neuropeptides is able to influence the swimming height of a single 

species, by influencing the beat frequency of cilia and/or the length and frequency of 

ciliary arrests (Conzelmann et al., 2011). The only myogenic effect of FMRFamide 

that is described for larvae, is that it induces rhythmic contraction in the velum of 

Tritia obsoleta larvae, which are accompanied by ciliary arrests (Braubach et al., 

2006).  

Studies that investigated neuropeptides in larvae of trochozoan species outside 

Annelida and Mollusca are restricted to a few immunohistochemical descriptions. 

These studies describe FMRFamide immunoreactivity in the nervous system of 

brachiopod (Hayschmidt, 1992), nemertean (Hayschmidt, 1990a; Hindinger et al., 

2013), phoronid (Hayschmidt, 1990b, c) and bryozoan (Gruhl, 2009; Shun'kina et 

al., 2013) larvae. FMRFamide immunoreactivity in trochozoan larvae can generally 

be found in sensory neurons, interneurons or motor neurons and are often 

associated with one or several of the following structures: muscles (Braubach et al., 

2006; Dyachuk and Odintsova, 2009; Dyachuk et al., 2012; Gruhl, 2009; 

Hayschmidt, 1995; Helm et al., 2016; Hindinger et al., 2013; Shun'kina et al., 2013), 

apical organ (Dyachuk and Odintsova, 2009; Dyachuk et al., 2012; Gruhl, 2009; 

Hayschmidt, 1990a; Helm et al., 2016; Nezlin, 2010), neuropile/apical ganglion 

(Dyachuk et al., 2012; Hayschmidt, 1990b, c, 1992, 1995; Nezlin, 2010; Shun'kina et 
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al., 2013) or ciliary bands (Braubach et al., 2006; Gruhl, 2009; Hayschmidt, 1990b, 

c, 1995; Hindinger et al., 2013; Nezlin, 2010; Penniman et al., 2013).  

In summary, neuropeptide signaling has been well studied in adult or juvenile 

molluscs and annelids. The identification of FMRFamide clearly influenced 

neuropeptide-related research and FMRFamide antibody staining was used to 

investigate nervous system of trochozoan larvae, also outside Annelida and 

Mollusca. Functional studies on trochozoan larvae are rare and were done in few 

species, which showed an involvement of neuropeptides in cilia-based locomotion 

and larval settlement. 

 

2.8 Neuropeptides in Xenacoelomorpha 

Xenacoelomorpha are bilaterian animals with a relatively simple body plan and a 

flatworm like appearance (Fig.3 a-d). Historically, they were thought to belong to the 

Platyhelminthes, but this placement was revised with the advance of molecular 

phylogeny (Ruiz-Trillo et al., 1999; Telford et al., 2003). More recent studies placed 

Xenacoelomorpha as the sister group to all other Bilateria (Cannon et al., 2016; 

Hejnol et al., 2009; Rouse et al., 2016; Srivastava et al., 2014), which stands in 

contrast to a proposed placement as a sister group to ambulacrarians (Fig.2) 

(Bourlat et al., 2006; Bourlat et al., 2003; Philippe et al., 2011). Xenacoelomorpha 

consist of the three major clades - Xenoturbella, Nemertodermatida and Acoela - 

with the latter two forming the clade Acoelomorpha as a sister group to Xenoturbella 

(Cannon et al., 2016; Edgecombe et al., 2011).  
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Fig.3: Light-microscopic pictures of Xenacoelomorphs and schematic representation 
of xenacoelomorph anterior nervous system. a-d lightmicroscopic pictures. a 
Xenoturbella bocki. b Meara stichopi (Nemertodermatida). c Hofstenia miamia 
(Acoela). d Convolutriloba longifissura (Acoela). e-i Schematic drawing of 
xenacoelomorph anterior nervous system (red) in relation to body wall musculature 
(blue) and statocysts (black circles in the center). e Xenoturbella westbladi. f Meara 
stichopi (Nemertodermatida). g Nemertoderma westbladi (Nemertodermatida). h 
Diopisthoporus longitubus (Acoela). i Childia crassum (Acoela). Pictures taken and 
modified from (Rouse et al., 2016) (a), (Hejnol, 2015) (b,d), (Srivastava et al., 2014) 
(c), (Raikova et al., 2016) (e-i). Scalebar: 250 μm 

 

Xenacoelomorphs have simple nervous systems with strong differences between 

the clades and species (Gavilan et al., 2016; Hejnol, 2015; Hejnol and Pang, 2016; 

Raikova et al., 2016). Xenoturbella have a basiepithelial nerve net, without 

prominent nerve condensations or ganglion formations (Fig.3 e) (Raikova et al., 

2000b; Stach, 2015). Nemertodermatida have basiepithelial or internalized nervous 

systems with nerve condensations in form of longitudinal nerves and some have 

brain-like anterior ring nerves (Fig.3 f,g) (Hejnol, 2015; Raikova et al., 2016; Raikova 

et al., 2000a). Acoela have mainly internalized nerve nets with longitudinal nerve 

cord condensations and usually a ganglionic brain (Fig.3 h,i) (Hejnol, 2015; Raikova 

et al., 2016). Studies about the existence of neuropeptides in xenacoelomorphs are 

restricted to immunohistochemical research with antibodies that were raised against 

neuropeptides of other animals. These studies show binding of antibodies that were 

raised against RFamide (Semmler et al., 2010), FMRFamide (Achatz and Martinez, 

2012; Børve and Hejnol, 2014; Raikova et al., 2016; Raikova et al., 2000a, b), 

GYIRFamide (Raikova et al., 2004) and echinoderm SALMFamide 1 and 2 (Stach et 

al., 2005) (with the C-termal ending SALMFamide and SGLTFamide, respectively 

(Elphick et al., 1991a; Elphick et al., 1991b)). The amount and position of 

peptidergic nerves varied strongly between different taxa. FMRFamide-like 

immunoreactivity in nemertodermatids for example, is restricted to a few nerve cells 

in the anterior brain ring of N. westbladi (Raikova et al., 2000a), is more prominent 

in the whole anterior region of Sterreria sp. (Raikova et al., 2016) and shows strong 

staining of brain and longitudinal nerves that run along the whole anterior-posterior 

body axis of Meara stichopi (Børve and Hejnol, 2014). Beside several studies that 
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show antibody reactivity, nothing is known about the neuropeptides that are actually 

present in Xenacoelomorpha. 
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3. Aim of this study 

The general aim of this study is to investigate neuropeptide evolution in animals and 

how they can influence animal behavior. 

We first aimed to test how neuropeptides can influence the behavior of planktonic 

trochozoan larvae from clades other than molluscs and annelids. We therefore 

chose larvae of the brachiopod Terebratalia transversa and the nemertean Lineus 

longissimus. After an initial screening, where we exposed larvae to different 

synthetic neuropeptides, we focused on characterizing the influence of FLRFamide 

on the behavior of T. transversa larvae and the influence of the excitatory peptide on 

the behavior of L. longissimus larvae. 

To investigate neuropeptide evolution, we chose to study the neuropeptide 

repertoire of xenacoelomorphs since this animal clade is considered to be the sister 

group of all remaining bilaterians, but nothing is known about their neuropeptide 

signaling systems. We therefore investigated the transcriptomes of 13 

xenacoelomorph species in parallel and combined this search with mass 

spectrometric analysis of peptide extracts from 3 of these species. This way we 

were able to investigate the clade specific diversification of neuropeptides within 

Xenacoelomorpha and compare the neuropeptides present in xenacoelomorphs 

with those present in other bilaterians.      
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4. Results 

4.1 An ancient FMRFamide-related peptide-receptor pair induces 
defense behavior in a brachiopod larva.  

When we exposed larvae of the brachiopod T. transversa to the neuropeptide 

FLRFamide, they contracted, spread out their chaetae and sank down slowly. This 

behavior is comparable to the startle or defense behavior that the larvae show, 

when they get mechanically disturbed. DFLRFamide and AFLRFamide, which are 

endogenously expressed by T. transversa larvae, were able to induce this reaction, 

whereas structurally unrelated neuropeptides did not elicit this response. To test 

how specific this reaction is, we deorphanized the FLRFamide receptor and 

investigated its spatial expression. We found that the T. transversa FLRFamide 

receptor is an ortholog of the previously deorphanized Platynereis dumerilii 

(Annelida) FMRFamide receptor, and that it is expressed at the ciliated apical 

prototroch and in musculature of trunk and chaetae sacks. These expression 

domains coincide with the tissues that we would expect would be involved in this 

behavior: contraction of the musculature of the trunk and the chaetae sacks leads to 

contraction of the larvae and protrusion of their chaetae, and the ciliated cells of the 

apical prototroch are used for larval locomotion. We also used in situ hybridization 

and customized antibodies against FLRFamide to visualize FLRFamide expressing 

cells in the larvae. We found FLRFamide expression in nerves directly adjacent to 

the musculature of the trunk with projections towards the chaetae sacks and in 

nerves in the apical neuropil with some neurons projecting underneath the 

prototroch. We therefore hypothesize that FLRFamide specifically induces this 

startle-like behavior by directly activating the receptor in the musculature of trunk 

and chaetae sacks and underneath the ciliated prototroch.   

 

4.2 The trochozoan specific myo-excitatory GGNG peptide (EP) 
increases the ciliary beat frequency of Lineus longissimus pilidium 
larvae.  

The excitatory peptide (EP) was only known from annelids and molluscs before, 

where it showed to have an excitatory effect on muscle preparations. Through 
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homology searches, we identified the excitatory peptide in the two brachiopod 

species Lingula anatina and Novocrania anomala and the two nemertean species 

Lineus longissimus and Lineus cf. ruber, showing its presence in other trochozoan 

clades as well. The nemertean EP differs from the EP of molluscs, annelids and 

brachiopods in having a C-terminal GNGamide instead of the otherwise conserved 

GGNamide. We deorphanized the L. longissimus EP receptor and showed that it is 

an ortholog to the previously deorphanized annelid EP receptor with further 

orthologs in brachiopods and molluscs. We tested the influence of EP on the 

behavior of L. longissimus larvae and discovered that it does not induce any 

myogenic activity. Our results showed that EP increases the beat frequency of the 

ciliary bands of the apical and lateral lobes of the L. longissimus pilidium larvae. 

This increase of the ciliary beat frequency ultimately shifts the vertical swimming 

distribution of the larvae in a water column upwards. 

 

4.3 Evolution and diversity of neuropeptide signaling in 
Xenacoelomorpha. 

We searched the transcriptomes of 13 xenacoelomorph species for neuropeptide 

precursor sequences and neuropeptide GPCRs by using a variety of query 

sequences from animals of different deuterostome and protostome clades in a 

BLAST search. To find hidden orthologs, we used the few positive results as new 

query sequences and blasted them against all 13 transcriptomes again. We also 

extracted peptides from three of these xenacoelomorph species and analyzed them 

by mass spectroscopy. In our results, we identified glycoprotein hormones and 

insulin-like peptides, (which are also present in non-bilaterian animals) as well as 

homologs of neuropeptides and their potential receptors, that are only known from 

deuterostomes and protostomes, like vasotocin, calcitonin, achatin, neuropeptide 

Y/F and gonadotropin/corazonin. We also identified different short neuropeptides 

with multiple-copy precursors that are specific to xenacoelomorph and analyzed 

their peptide-precursor structures. This way we were able to provide a substantial 

dataset of xenacoelomorph neuropeptides and xenacoelomorph neuropeptide 

GPCRs and gained insights into neuropeptide evolution of xenacoelomorphs. 
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4.4 A safer, urea-based in situ hybridization method improves 
detection of gene expression in diverse animal species. 

The detection of the FLRFamide receptor expression in Terebratalia transversa 

showed to be rather difficult with our standard in situ hybridization protocol. 

Background staining and probe trapping lead to no detection of a specific signal, 

despite troubleshooting. I learned from a friend, Gonzalo Quiroga Artigas, who 

works in the marine station "Observatoire Océanologique de Villefranche sur Mer", 

of a urea-based in situ hybridization protocol that they use for the jelly fish Clytia 

hemisphaerica. With some crucial additions, it gave a specific signal without 

unspecific staining even though the signal development of the receptor took several 

days. Due to these positive results, we decided to try this hybridization buffer in 

more species and added my results to this manuscript.  
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5. Discussion 

I described in the manuscripts the neuropeptide repertoire of xenacoelomorpha and 

how specific neuropeptides can influence trochozoan larval behavior. The results of 

these studies are discussed in each of the manuscripts separately. Here I will 

discuss some aspects that caught my attention during my research for these 

manuscripts. One discussion point is the phylogenetic significance of multicopy 

propeptides and single-copy propeptides in regards of how usefull the propeptide 

structure is to infer homology. The second discussion point addresses the 

phylogenetic relationship of insect and trochozoan FMRFamide in the light of ligand-

receptor pairs of related receptor groups. The third discussion point will address the 

different effects and mechanisms, of how FMRFamide influences trochozoan larval 

swimming. 

 

5.1 Conservation of multi-copy propeptide structures and single-copy 
propeptide structures 

Many neuropeptides have propeptide sequences with multiple copies (also called 

paracopies) of identical or similar short peptides. Such precursors with multiple 

neuropeptide copies are known from placozoans, ctenophores, cnidarians and 

bilaterians (Grimmelikhuijzen et al., 2002; Jékely, 2013; Moroz et al., 2014; Nikitin, 

2015)(manuscript I & III). Orthologous neuropeptides have usually the same kind of 

propeptide-structure in related species, with regards to multi-copy or single-copy 

propeptides (Jékely, 2013; Wegener and Gorbashov, 2008). But how conserved is 

the presence of multi-copy or single-copy propeptides in orthologous neuropeptides 

between more distantly related animals? This question is especially relevant in 

regards to how useful the precursor structure is to assign homology hypothesis of 

neuropeptides between distantly related species, when the receptors are unknown. 

Achatin is an example of a multi-copy peptide with very conserved ligands across 

Bilateria, which activate orthologous receptors in deuterostomes and protostomes 

(Bauknecht and Jekely, 2015). Achatin is at least present in trochozoans (Adamson 

et al., 2015; Conzelmann et al., 2013a; Jékely, 2013; Kamatani et al., 1989; Stewart 
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et al., 2014; Veenstra, 2010), arthropods (XP_015908358.1, KFM77812.1), 

priapulids (XP_014662331.1), hemichordates (Bauknecht and Jekely, 2015; Jékely, 

2013), cephalochordates (Bauknecht and Jekely, 2015; Jékely, 2013) and 

xenacoelomorphs (manuscript III). It has a conserved length of 4 amino acids that 

share the sequence GF[G/A][N/E/D], with a D-phenylalanine in position 2 

(Bauknecht and Jekely, 2015; Kamatani et al., 1989). The number of copies on the 

precursors can vary from 2 in C. gigas (Stewart et al., 2014) to at least 16 in 

Saccoglossus kowalevskii (Jékely, 2013) (XP_002732147.1). The achatin receptor 

group shows sequence similarity to the neuropeptide S/crustacean cardioactive 

peptide (CCAP) receptor group, the GnRH/AKH/corazonin receptor group and the 

vasotocin/vasopressin/oxytocin receptor group (manuscript III). These different 

groups were already present in the last common ancestor of all bilaterians 

(manuscript III) (Bauknecht and Jekely, 2015; Jékely, 2013; Mirabeau and Joly, 

2013; Roch et al., 2011). In contrast to achatins, the propeptides of GnRH and 

related neuropeptides, as well as the propeptides of vasotocin and related peptides, 

have only a single copy of the respective bioactive peptide (manuscript III) (Beets et 

al., 2012; Hauser and Grimmelikhuijzen, 2014; Lindemans et al., 2011; Mirabeau 

and Joly, 2013). One of the GnRH-like paralogs in N. westbladi has 2 copies of the 

predicted peptide, but since all other xenacoelomorph GnRH-like peptides have a 

single copy, this seems to be an exception (manuscript III). Vertebrate neuropeptide 

S, non-vertebrate deuterostome NG peptides and protostome CCAPs have diverged 

more strongly after the split into deuterostomes and protostomes and differ in their 

propeptide structures, but also strongly in their ligand sequence (Semmens et al., 

2015). Neuropeptide S is present as a single copy on the precursor of vertebrates 

(Reinscheid, 2009; Xu et al., 2004), while the orthologous NG peptide of non-

vertebrate deuterostomes has two or more copies on the precursor (Semmens et 

al., 2015; Semmens et al., 2013). The protostome CCAPs have only a single copy 

of the two-cysteine-containing CCAP in insects (Derst et al., 2016; Hauser et al., 

2010; Li et al., 2008; Wegener and Gorbashov, 2008) and crustaceans (Christie et 

al., 2010; Chung et al., 2006), whereas trochozoans are found to have one 

(Conzelmann et al., 2013a) or more copies (Adamson et al., 2015; Stewart et al., 

2014; Veenstra, 2010). In this whole cluster of four different related receptor groups, 
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one multi-copy peptide is consistent throughout Bilateria (achatin), two different 

single copy peptides are consistent throughout Bilateria (GnRH-related and 

vasotocin-related) and one group has independently evolved different precursor 

structures in protostomes (arthropod CCAPs and trochozoan CCAPS) as well as in 

deuterostomes (NG peptides and neuropeptide S). 

Similarly variable are propeptides of ligands with receptors that show sequence 

similarity to the trochozoan FMRFamide receptor group (Bauknecht and Jekely, 

2015) (manuscript I & III). Receptor groups that are related to the trochozoan 

FMRFamide receptor group include the leucokinin receptors of arthropods (Radford 

et al., 2002) and trochozoans (Cox et al., 1997), the trochozoan luqin receptors 

(Bauknecht and Jekely, 2015; Tensen et al., 1998b), the arthropod RYamide 

receptors (Collin et al., 2011) and the tachykinin receptors of arthropods (Li et al., 

1991; Monnier et al., 1992), trochozoans (Kanda et al., 2007), urochordates (Satake 

et al., 2004) and vertebrates (Buell et al., 1992; Sundelin et al., 1992; Takeda et al., 

1991). Most leucokinin peptides are between 6-15 amino acids long, share the C-

terminal ending FxxWxamide and have multi-copy propeptides in ecdysozoans (Cox 

et al., 1997; Hayes et al., 1989; McVeigh et al., 2008; Radford et al., 2002) and 

trochozoans (Conzelmann et al., 2013a; Cox et al., 1997; Veenstra, 2010, 2011). 

The trochozoan luqins are 7-13 amino acid long peptides that share the C-terminal 

sequence RFamide, and are encoded a single time on the propeptide (Adamson et 

al., 2015; Conzelmann et al., 2013a; Elphick and Mirabeau, 2014; Rowe et al., 

2014; Stewart et al., 2014; Tensen et al., 1998b; Veenstra, 2010, 2011). The 

trochozoan luqin receptors are orthologs of the arthropod RYamide receptor 

(Bauknecht and Jekely, 2015; Elphick and Mirabeau, 2014; Mirabeau and Joly, 

2013) (manuscript I & III). RYamide precursors have 2 or multiple copies of peptides 

with variable length, that share the C-terminal sequence FFxxxRYamide (Collin et 

al., 2011; Hauser et al., 2010). Tachykinins are about 7-14 amino acids long and 

have multiple copies of peptides that end in Fx[G/A]x[R/M]amide in trochozoan 

(Conzelmann et al., 2013a; Kanda et al., 2007; Nassel, 1999; Satake et al., 2003; 

Van Loy et al., 2010; Veenstra, 2010, 2011) and arthropod precursors (Broeck, 

2001; Hauser et al., 2010; Nassel, 2002; Satake et al., 2003; Schoofs et al., 1993; 

Severini et al., 2002; Van Loy et al., 2010; Wegener and Gorbashov, 2008), while 
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vertebrate and urochordate tachykinin precursors encode only one or two peptides 

with the C-terminal ending FxGLMamide (Erspamer, 1981; Kimura et al., 1983; 

Pennefather et al., 2004; Satake et al., 2003; Severini et al., 2002). The activating 

peptides of receptors from this cluster also show differences in the occurrence of 

single copy propeptides and multi-copy propeptides of orthologous groups, like the 

difference between tachykinins of deuterostomes and protostomes or the difference 

between RYamide of arthropods and luqins of trochozoans. Other related receptor 

groups are those of short neuropeptide F (sNpF), neuropeptide Y (NpY) and 

neuropeptide F (NpF), which are described in more detail in the next section. 

In summary, these results show that the evolutionary distance over which the 

precursor structure of orthologous neuropeptides is conserved, depends entirely on 

the neuropeptide. The fact that the propeptide structure of orthologous peptides can 

vary in some cases and is more consistent in others can make the identification of 

homologous neuropeptides in distantly related animals, like xenacoelomorphs, very 

difficult when the receptors are not yet known and when an outgroup is missing.  

 

5.2 Are arthropod FMRFamides and trochozoan FMRFamides related? 

Many neuropeptides that are called FMRFamide-related peptide (FaRP) or 

FMRFamide-like peptide (FLP), are not real homologs of the FMRFamide that was 

originally discovered in the mollusc Macrocallista nimbosa by Price and Greenberg 

in 1977 (Price and Greenberg, 1977). The term FMRFamide-related peptide was 

often used to show a possible homology to the actual FMRFamide, whereas FLPs 

often only have the ending RFamide and might even be known to not be 

homologous to the above mentioned FMRFamide (Espinoza et al., 2000; Walker et 

al., 2009). Some arthropod FMRFamides, however, show strong similarity with 

"actual" trochozoan FMRFamides, including the C-terminal ending and the highly 

repetitive propeptide structure (see Appendix) (Li et al., 2008; Wegener and 

Gorbashov, 2008), but they activate different receptors Fig.4 (manuscript I) 

(Bauknecht and Jekely, 2015; Cazzamali and Grimmelikhuijzen, 2002; Meeusen et 

al., 2002). We deorphanized the T. transversa FLRFamide receptor (manuscript I) 

and showed that it is related to the P. dumerilii FMRFamide receptor (Bauknecht 
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and Jekely, 2015) and not to the D. melanogaster FMRFamide receptor (Cazzamali 

and Grimmelikhuijzen, 2002; Meeusen et al., 2002) (manuscript I).  

Fig.4: Clustermap of neuropeptide GPCR groups. Dots represent receptors. 
Deorphanized receptors are indicated by a star. Lines show connections based on blast 
similarities <1e-25. Species names followed by ligands are given for the deorphanized 
receptors in the encircled groups.  

 

Many trochozoan FMRFamide-related peptides are 4-5 amino acids long, share the 

C-terminal motif [F/Y][L/M]RFamide, have a highly repetitive propeptide (see 

Appendix), and most likely activate receptors of the T. transversa FLRFamide/P. 

dumerilii FMRFamide receptor group, which show high sequence homology. The 

group of arthropod FMRFamide-related peptides that likely activate receptor 
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orthologs of the D. melanogaster FMRFamide receptor, have a propeptide with 

multiple copies of 6-11 amino acid long peptides that all share the C-terminal 

sequence [F/Y][M/L/I]RFamide (Appendix) (Li et al., 2008; Wegener and Gorbashov, 

2008). But are the arthropod FMRFamides and the trochozoan FMRFamides 

orthologs? The fact that they activate unrelated receptors would suggest not. 

However, when the two different FMRFamide receptors and their relationship to 

other neuropeptide GPCRs is studied more closely, some interesting observations 

indicate that these peptides might be orthologs anyway.  

The arthropod FMRFamide receptors show sequence similarity with a group of 

trochozoan orphan receptors and a group of receptors that includes the P. dumerilii 

neuropeptide Y (NpY) receptor (Fig.4 - cluster 1) (manuscript I) (Bauknecht and 

Jekely, 2015). The P. dumerilii NpY is similar to other protostome NpYs* and 

neuropeptide F (NpF), but those activate other receptors, as specified further below 

in the text** (Bauknecht and Jekely, 2015; Conzelmann et al., 2013a). The 

relationship of these arthropod FMRFamide and P. dumerilii NpY-related receptors 

to other neuropeptide receptors is not well known, but they seem to be a protostome 

specific group that shares some similarity to arthropod proctolin receptors (Jékely, 

2013). When either of these receptors is queried for BLAST on NCBI, the most 

similar sequences of receptors from deuterostomes are thyrotropin-releasing 

hormone (TRH) receptors and GPCR 139. TRH receptors and GPCR 139, however, 

show little sequence similarity with these receptors (BLAST E-values >1e-19 and 

>1e-23, respectively) and both belong into two different receptor groups. While 

GPCR 139 shares more sequence similarity with protostome allatostatin B and 

proctolin receptors, TRH receptors share more sequence similarity with neuromedin 

U /pyrokinin and motilin/grehlin receptors (Elphick and Mirabeau, 2014; Mirabeau 

and Joly, 2013), all of which have ligands that are different from FMRFamide 

(Jékely, 2013; Mirabeau and Joly, 2013). 

_________________________________________________________________________ 

* Many trochozoan NpYs should actually be named NpF due to their C-terminal 
phenylalanine residue and their similarity to arthropod NpFs, as it has also been suggested 
in Veenstra 2010 and in Nässel and Wegener 2011. ** The high EC50 values of the P. 
dumerilii NpY receptor activation by the P. dumerilii NpY orthologs (120 nmol/l - 3.4 μmol/l) 
(Bauknecht and Jekely 2015) could indicate that this receptor has a more specific ligand. In 
this case, the more specific ligand however, still has to be structurally related to NpY. 
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The trochozoan FMRFamide receptors have closely related orphan receptors in 

xenacoelomorphs, non-vertebrate deuterostomes, the elephant shark Callorhinchus 

milii, the arthropod Nilaparvata lugens and the priapulid H. spinulosa (Bauknecht 

and Jekely, 2015) (manuscript I & III). Deuterostomes and xenacoelomorphs, 

however, don't possess short peptides that end in FMRFamide or at least they have 

not been identified yet (Elphick and Mirabeau, 2014) (manuscript III) and ligands of 

non-trochozoan GPCRs that are related to the trochozoan FMRFamide receptors 

are yet unknown. Interestingly, a 6-12 amino acid long luqin-like peptide in 

ambulacrarians has the C-terminal ending F[M/L]RWamide, but the receptor has not 

yet been identified (Elphick and Mirabeau, 2014; Rowe et al., 2014; Semmens et al., 

2016). Receptor groups that are related to trochozoan FMRFamide GPCRs are the 

leucokinin, RYamide/luqin and tachykinin receptors, as mentioned in the section 

before. Other receptors which show sequence similarity and belong to this cluster, 

are different groups of NpY/F receptors, and a group that includes receptors of short 

neuropeptide F (sNpF) and NKY (Fig.4 - cluster 2) (Bauknecht and Jekely, 

2015)(manuscript I & III). One group includes the NpY receptor of Lymnea stagnalis 

(Tensen et al., 1998a), and another group includes the sNpF receptors of L. 

stagnalis (Bigot et al., 2014), D. melanogaster (Feng et al., 2003; Mertens et al., 

2002) and the NKY receptor of P. dumerilii (Bauknecht and Jekely, 2015). NpYs and 

NpFs of arthropods (Feng et al., 2003; Garczynski et al., 2002; Hauser et al., 2010; 

Nassel and Wegener, 2011), trochozoans (Conzelmann et al., 2013a; Feng et al., 

2003; Nassel and Wegener, 2011; Tensen et al., 1998a; Veenstra, 2010), 

platyhelminths (Feng et al., 2003; McVeigh et al., 2005; McVeigh et al., 2009; 

Nassel and Wegener, 2011) and vertebrates (Feng et al., 2003; Nassel and 

Wegener, 2011; Tensen et al., 1998a) are 30-50 amino acids long, share the C-

terminal sequence RxR[F/Y]amide and are usually encoded in single copy on the 

peptide precursor. sNpF of arthropods (Broeck, 2001; Dillen et al., 2013; Li et al., 

2008) and trochozoan (Bigot et al., 2014; Stewart et al., 2014) are 6-15 aa long, 

have the C-terminal ending [L/R]xR[F/W]amide and are encoded once (Li et al., 

2008) or a few times (Broeck, 2001; Dillen et al., 2013; Wegener and Gorbashov, 

2008) on arthropod precursors, and multiple times on trochozoan precursors (Bigot 

et al., 2014; Stewart et al., 2014). NKYs are only known from trochozoans, are 
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about 40 amino acids long, have the C-terminal ending (F/M)RYamide and have a 

propeptide with a single copy of the bioactive peptide (Adamson et al., 2015; 

Conzelmann et al., 2013a; Stewart et al., 2014; Veenstra, 2010). NKYs generally 

show sequence similarities to NpYs and NpFs and are likely paralogs (Bauknecht 

and Jekely, 2015).  

Interestingly, we identified a sequence in the priapulid Halicryptus spinulosa that 

shows some similarity to the insect FMRFamide-receptors and a second sequence 

that shows some similarity to the trochozoan FMRFamide receptors. (These GPCRs 

cluster slightly apart from the rest of both FMRFamide groups on a clustermap (Fig. 

3A in manuscript I). H. spinulosa also has a propeptide that encodes 3 peptides 

ending in FLRFamide (Appendix). 

Taken together, there are two separate clusters of neuropeptide receptors, both of 

which include a receptor group that gets activated by a FMRFamide and a receptor 

group that gets activated by a NpY (Fig.4). Cluster 1 shows no strong sequence 

similarity to other known neuropeptide receptors and includes the D. melanogaster 

FMRFamide receptor and the P. dumerilii NpY receptor. The second cluster 

includes the trochozoan FMRFamide receptors and different bilaterian NpY and NpF 

receptors. Several other neuropeptide receptor groups of this second cluster belong 

to protostomes and deuterostomes and many of them are activated by RFamides or 

RYamides of different length and with different propeptide structures (Elphick and 

Mirabeau, 2014). Notably, FMRFamide was able to cross-activate the P. dumerilii 

NKY receptor (EC50 values 840 nmol/l and 1.4 μmol/l) (Bauknecht and Jekely, 

2015). If the arthropod FMRFamide and the trochozoan FMRFamide are orthologs, 

then an ancestral FMRFamide peptide was able to activate two different receptors, 

and at some point during evolution the main receptor changed in either the 

arthropod lineage or the trochozoan lineage. As long as the ligands of the non-

trochozoan GPCRs that are related to the trochozoan FMRFamide receptors are 

unknown, no clear conclusions can be drawn, whether the ancestral FMRFamide of 

the protostome lineage activated an arthropod-like FMRFamide receptor or a 

trochozoan-like FMRFamide receptor. An alternative scenario is, that the arthropod 

FMRFamide peptides and the trochozoan FMRFamide peptides evolved 

convergently. The identification of the ligands of the corresponding ecdysozoan, 
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deuterostome and xenacoelomorph receptors that are related to the trochozoan 

FMRFamide receptor could provide insights. It might also be interesting to find the 

ligands from members of the trochozoan receptor group that connects the arthropod 

FMRFamide receptor and the P. dumerilii NpY receptor group (Fig.4) (manuscript I) 

to see if the whole cluster is generally activated by RFamides.  

 

5.3 Similar behavioral influence by orthologous neuropeptides can be 
convergent 

When the first physiological or behavioral effect of a certain neuropeptide is 

discovered, other animals are often tested for similar reactions. FMRFamide is a 

neuropeptide for which many studies have shown that it influences muscular 

contractions; the level of evolutionary conservation, however, is hard to determine 

when only few taxa are investigated. The actual effect on muscles is variable and 

even the same muscle tissues of closely related species showed opposite effects in 

response to FMRFamide, as it has been demonstrated in a survey of the effect of 

FMRFamide on the hearts of 50 different bivalve species (Painter and Greenberg, 

1982). It was also shown that the effect of FMRFamide on the muscle of one single 

species can be contrary depending on the FMRFamide concentration (Muneoka and 

Saitoh, 1986). The authors suggested that the phenomenon of concentration-

dependent opposite effects could be explained by the existence of two different 

FMRFamide receptors: one located at the muscle fiber membranes which is 

involved in contractile responses and the second one might be located at relaxing 

nerve terminals.  

These opposing effects of FMRFamide on muscles of adult trochozoans is also 

reflected in the behavioral response of different trochozoan larvae. In larvae of four 

different trochozoan species, FMRFamide (or its ortholog) influences the cilia-based 

swimming [manuscript I](Braubach et al., 2006; Conzelmann et al., 2011; Penniman 

et al., 2013), but the effects can be opposite in regards to the direction of a vertical 

shift of their swimming level. In addition to altering the horizontal migration in 

different directions, the mechanisms of influencing the ciliary beating can also be 

different. Two mechanisms of ciliary movement can influence larval swimming: the 
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speed with which the cilia are beating (beat frequency) and the frequency and 

length of ciliary arrests during which cilia don't beat at all (Arkett et al., 1987; 

Braubach et al., 2006; Conzelmann et al., 2011; Penniman et al., 2013). In larvae of 

the annelid P. dumerilii, FMRFamide increases the ciliary beat frequency and 

decreases the amount of ciliary arrests, which ultimately shifts the vertical swimming 

distribution of the larvae upwards (Conzelmann et al., 2011). In the gastropod 

veliger larvae of Crepidula fornicata, FMRFamide decreases the ciliary beat 

frequency, which shifts the larval vertical distribution downwards, but FMRFamide 

doesn't influence the ciliary arrests significantly (Penniman et al., 2013). 

FMRFamide thus directly influences the ciliated cells or the nerves that innervate the 

ciliary band, in P. dumerilii and C. fornicata, and changes at least the ciliary beat 

frequency in opposite ways. For the veliger larvae of Illyanasa obsoleta, two 

different kinds of ciliary arrests have been described: contractile ciliary arrests and 

isolated ciliary arrests (Braubach et al., 2006). In contractile arrests the ciliated velar 

lobes of the larvae contract their musculature and this contraction is accompanied 

by a ciliary arrest. In isolated ciliary arrests, the cilia stop beating without any 

contraction of the velar lobes. In I. obsoleta, FMRFamide did not change the ciliary 

beat frequency or influence isolated ciliary arrests. Instead, FMRFamide led to an 

increase of contractile ciliary arrest of the I. obsoleta larvae (Braubach et al., 2006). 

Because the contractile arrests are induced by the contraction of the velum, 

FMRFamide acts either directly on the velar musculature of I. obsoleta larvae or on 

motor neurons that innervate the musculature, and therefore influences their cilia-

based locomotion by a different mechanism. In the brachiopod larvae of T. 

transversa, FLRFamide induces, similar to what has been described in C. fornicata, 

a downward sinking. The FLRFamide receptor expression underneath the ciliary 

band shows that FLRFamide likely directly affects the ciliated cells (manuscript I). 

FLRFamide of T. transversa is the ortholog of FMRFamide in molluscs and annelids 

(manuscript I). FMRFamide/FLRFamide therefore influences the cilia-based 

swimming, by either directly acting on the ciliated cells, or by inducing muscle 

contractions that indirectly induce ciliary arrests.  

In T. transversa, FLRFamide additionally induces a contraction of the trunk 

musculature that results in the typical defensive stance of brachiopod larvae 
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(manuscript I). Independent of the influence on the swimming behavior, in the cases 

in which FMRFamide acts on larval musculature, the effects are also divergent. 

While FMRFamide induces frequent contractions ("twitching") of the velar 

musculature in I. obsoleta larvae (Braubach et al., 2006), FLRFamide induces a 

sustained contraction in the trunk musculature of T. transversa larvae (manuscript I). 

Due to the different morphology of brachiopod and gastropod larvae, it is difficult to 

directly compare these muscles, but I. obsoleta larvae are able to sustain the 

contraction of the velum as well (Evans et al., 2009; Fuchs et al., 2004), which 

suggests different mechanisms for the effect of FMRFamide on the muscles of T. 

transversa and I. obsoleta larvae.  

In summary, orthologous neuropeptides can influence seemingly similar behavioral 

traits in trochozoan larvae, but the mechanisms that cause the behavioral changes 

can differ between species. 
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6. Conclusions 

The investigation of the neuropeptide repertoire of xenacoelomorphs shows the 

presence of several bilaterian neuropeptides in xenacoelomorphs as well as the 

presence of novel, lineage specific neuropeptides and their diversifications during 

xenacoelomorph evolution. The low presence of neuropeptides or neuropeptide 

receptors in some xenacoelomorph species shows the importance of a broad taxon 

sampling for the identification of neuropeptides and for understanding their 

evolution. This study represents a substantial dataset of xenacoelomorph 

neuropeptides and provides the foundation for further investigations about 

neuropeptide signaling in Xenacoelomorpha. 

 

The investigation of the excitatory peptide (EP) shows that EP is also present in 

trochozoan clades other than Annelida and Mollusca. We show that the nemertean 

EP has no myogenic effect on Lineus longissimus larvae, but can, similar to several 

neuropeptides in other trochozoan larvae, modify the beat frequency of the larval 

locomotory cilia. 

 

The study of the Terebratalia transversa FLRFamide shows that the brachiopod 

FLRFamide activates a receptor that is an ortholog of the annelid FMRFamide 

receptor, which belongs to an ancient group of neuropeptide GPCRs. The results 

show that the single neuropeptide FLRFamide can specifically induce the two 

coherent sub-reactions that are characteristic for the T. transversa larval 

startle/defensive behavior. 

  



 
34 

7. References 

Achatz, J.G., and Martinez, P. (2012). The nervous system of Isodiametra pulchra (Acoela) with a 
discussion on the neuroanatomy of the Xenacoelomorpha and its evolutionary implications. Front 
Zool 9, 27. 

Adamson, K.J., Wang, T., Zhao, M., Bell, F., Kuballa, A.V., Storey, K.B., and Cummins, S.F. (2015). 
Molecular insights into land snail neuropeptides through transcriptome and comparative gene 
analysis. Bmc Genomics 16, 308. 

Aguinaldo, A.M., Turbeville, J.M., Linford, L.S., Rivera, M.C., Garey, J.R., Raff, R.A., and Lake, J.A. 
(1997). Evidence for a clade of nematodes, arthropods and other moulting animals. Nature 387, 489-
493. 

Anctil, M. (2009). Chemical transmission in the sea anemone Nematostella vectensis: A genomic 
perspective. Comp Biochem Physiol Part D Genomics Proteomics 4, 268-289. 

Anderson, J.M. (1954). Studies on the Cardiac Stomach of the Starfish, Asterias-Forbesi. Biol Bull 107, 
157-173. 

Arkett, S.A., Mackie, G.O., and Singla, C.L. (1987). Neuronal control of ciliary locomotion in a 
gastropod veliger (Calliostoma) The Biological Bulletin 173, 513-526. 

Baraban, S.C., and Tallent, M.K. (2004). Interneuron Diversity series: Interneuronal neuropeptides--
endogenous regulators of neuronal excitability. Trends Neurosci 27, 135-142. 

Bauknecht, P., and Jekely, G. (2015). Large-Scale Combinatorial Deorphanization of Platynereis 
Neuropeptide GPCRs. Cell Rep 12, 684-693. 

Beets, I., Janssen, T., Meelkop, E., Temmerman, L., Suetens, N., Rademakers, S., Jansen, G., and 
Schoofs, L. (2012). Vasopressin/oxytocin-related signaling regulates gustatory associative learning in 
C. elegans. Science 338, 543-545. 

Beets, I., Temmerman, L., Janssen, T., and Schoofs, L. (2013). Ancient neuromodulation by 
vasopressin/oxytocin-related peptides. Worm 2, e24246. 

Bendena, W.G., Donly, B.C., Fuse, M., Lee, E., Lange, A.B., Orchard, I., and Tobe, S.S. (1997). 
Molecular characterization of the inhibitory myotropic peptide leucomyosuppressin. Peptides 18, 157-
163. 

Bigot, L., Beets, I., Dubos, M.P., Boudry, P., Schoofs, L., and Favrel, P. (2014). Functional 
characterization of a short neuropeptide F-related receptor in a lophotrochozoan, the mollusk 
Crassostrea gigas. J Exp Biol 217, 2974-2982. 

Boer, H.H., Schot, L.P., Veenstra, J.A., and Reichelt, D. (1980). Immunocytochemical identification of 
neural elements in the central nervous systems of a snail, some insects, a fish, and a mammal with 
an antiserum to the molluscan cardio-excitatory tetrapeptide FMRF-amide. Cell Tissue Res 213, 21-
27. 

Børve, A., and Hejnol, A. (2014). Development and juvenile anatomy of the nemertodermatid Meara 
stichopi (Bock) Westblad 1949 (Acoelomorpha). Front Zool 11, 50. 

Bose, U., Suwansa-ard, S., Maikaeo, L., Motti, C.A., Hall, M.R., and Cummins, S.F. (2007). 
Neuropeptides encoded within a neural transcriptome of the giant triton snail Charonia tritonis, a 
Crown-of-Thorns Starfish predator. Peptides in press. 

Bourlat, S.J., Juliusdottir, T., Lowe, C.J., Freeman, R., Aronowicz, J., Kirschner, M., Lander, E.S., 
Thorndyke, M., Nakano, H., Kohn, A.B., et al. (2006). Deuterostome phylogeny reveals monophyletic 
chordates and the new phylum Xenoturbellida. Nature 444, 85-88. 

Bourlat, S.J., Nielsen, C., Lockyer, A.E., Littlewood, D.T.J., and Telford, M.J. (2003). Xenoturbella is a 
deuterostome that eats molluscs. Nature 424, 925-928. 

Braubach, O.R., Dickinson, A.J., Evans, C.C., and Croll, R.P. (2006). Neural control of the velum in 
larvae of the gastropod, Ilyanassa obsoleta. J Exp Biol 209, 4676-4689. 

Broeck, J.V. (2001). Neuropeptides and their precursors in the fruitfly, Drosophila melanogaster. 
Peptides 22, 241-254. 

Buell, G., Schulz, M.F., Arkinstall, S.J., Maury, K., Missotten, M., Adami, N., Talabot, F., and 
Kawashima, E. (1992). Molecular characterisation, expression and localisation of human neurokinin-
3 receptor. FEBS Lett 299, 90-95. 

Bulloch, A.G.M., Price, D.A., Murphy, A.D., Lee, T.D., and Bowes, H.N. (1988). Fmrfamide Peptides in 
Helisoma - Identification and Physiological Actions at a Peripheral Synapse. Journal of Neuroscience 
8, 3459-3469. 



 
35 

Cannon, J.T., Vellutini, B.C., Smith, J., Ronquist, F.R., Jondelius, U., and Hejnol, A. (2016). 
Xenacoelomorpha is the sister group to Nephrozoa. Nature 530, 89-+. 

Cazzamali, G., and Grimmelikhuijzen, C.J. (2002). Molecular cloning and functional expression of the 
first insect FMRFamide receptor. Proc Natl Acad Sci U S A 99, 12073-12078. 

Chan, S.J., and Steiner, D.F. (2000). Insulin through the ages: Phylogeny of a growth promoting and 
metabolic regulatory hormone. Am Zool 40, 213-222. 

Chang, J.C., Yang, R.B., Adams, M.E., and Lu, K.H. (2009). Receptor guanylyl cyclases in Inka cells 
targeted by eclosion hormone. Proc Natl Acad Sci U S A 106, 13371-13376. 

Cherubini, E., and North, R.A. (1985). Mu and kappa opioids inhibit transmitter release by different 
mechanisms. Proc Natl Acad Sci U S A 82, 1860-1863. 

Choi, S., Taylor, K.P., Chatzigeorgiou, M., Hu, Z.T., Schafer, W.R., and Kaplan, J.M. (2015). Sensory 
Neurons Arouse C. elegans Locomotion via Both Glutamate and Neuropeptide Release. Plos Genet 
11. 

Christie, A.E., Durkin, C.S., Hartline, N., Ohno, P., and Lenz, P.H. (2010). Bioinformatic analyses of the 
publicly accessible crustacean expressed sequence tags (ESTs) reveal numerous novel 
neuropeptide-encoding precursor proteins, including ones from members of several little studied 
taxa. Gen Comp Endocr 167, 164-178. 

Chung, J.S., Wilcockson, D.C., Zmora, N., Zohar, Y., Dircksen, H., and Webster, S.G. (2006). 
Identification and developmental expression of mRNAs encoding crustacean cardioactive peptide 
(CCAP) in decapod crustaceans. Journal of Experimental Biology 209, 3862-3872. 

Claeys, I., Simonet, G., Poels, J., Van Loy, T., Vercammen, L., De Loof, A., and Vanden Broeck, J. 
(2002). Insulin-related peptides and their conserved signal transduction pathway. Peptides 23, 807-
816. 

Collin, C., Hauser, F., Krogh-Meyer, P., Hansen, K.K., Gonzalez de Valdivia, E., Williamson, M., and 
Grimmelikhuijzen, C.J. (2011). Identification of the Drosophila and Tribolium receptors for the 
recently discovered insect RYamide neuropeptides. Biochem Biophys Res Commun 412, 578-583. 

Conzelmann, M., Offenburger, S.L., Asadulina, A., Keller, T., Munch, T.A., and Jekely, G. (2011). 
Neuropeptides regulate swimming depth of Platynereis larvae. Proc Natl Acad Sci U S A 108, E1174-
1183. 

Conzelmann, M., Williams, E.A., Krug, K., Franz-Wachtel, M., Macek, B., and Jekely, G. (2013a). The 
neuropeptide complement of the marine annelid Platynereis dumerilii. Bmc Genomics 14, 906. 

Conzelmann, M., Williams, E.A., Tunaru, S., Randel, N., Shahidi, R., Asadulina, A., Berger, J., 
Offermanns, S., and Jekely, G. (2013b). Conserved MIP receptor-ligand pair regulates Platynereis 
larval settlement. Proc Natl Acad Sci U S A 110, 8224-8229. 

Cottrell, G.A. (1997). The first peptide-gated ion channel. J Exp Biol 200, 2377-2386. 
Cottrell, G.A., and Davies, N.W. (1987). Multiple receptor sites for a molluscan peptide (FMRFamide) 

and related peptides of Helix. J Physiol 382, 51-68. 
Cottrell, G.A., Green, K.A., and Davies, N.W. (1990). The neuropeptide Phe-Met-Arg-Phe-NH2 

(FMRFamide) can activate a ligand-gated ion channel in Helix neurones. Pflugers Arch 416, 612-614. 
Cox, K.J.A., Tensen, C.P., VanderSchors, R.C., Li, K.W., vanHeerikhuizen, H., Vreugdenhil, E., 

Geraerts, W.P.M., and Burke, J.F. (1997). Cloning, characterization, and expression of a G-protein-
coupled receptor from Lymnaea stagnalis and identification of a leucokinin-like peptide, 
PSFHSWSamide, as its endogenous ligand. Journal of Neuroscience 17, 1197-1205. 

Cuadras, J. (1989). Non-synaptic release from dense-cored vesicles occurs at all terminal types in 
crayfish neuropile. Brain Res 477, 332-335. 

D'Aniello, B., Luongo, L., Rastogi, R.K., Di Meglio, M., and Pinelli, C. (2015). Tract-Tracing Study of the 
Extrabulbar Olfactory Projections in the Brain of Some Teleosts. Microsc Res Techniq 78, 268-276. 

D'Aniello, B., Polese, G., Luongo, L., Scandurra, A., Magliozzi, L., Aria, M., and Pinelli, C. (2016). 
Neuroanatomical relationships between FMRFamide-immunoreactive components of the nervus 
terminalis and the topology of olfactory bulbs in teleost fish. Cell Tissue Res 364, 43-57. 

Derst, C., Dircksen, H., Meusemann, K., Zhou, X., Liu, S., and Predel, R. (2016). Evolution of 
neuropeptides in non-pterygote hexapods. BMC Evol Biol 16, 51. 

Dickinson, A.J.G., Nason, J., and Croll, R.P. (1999). Histochemical localization of FMRFamide, 
serotonin and catecholamines in embryonic Crepidula fornicata (Gastropoda, Prosobranchia). 
Zoomorphology 119, 49-62. 

Dillen, S., Zels, S., Verlinden, H., Spit, J., Van Wielendaele, P., and Vanden Broeck, J. (2013). 
Functional characterization of the short neuropeptide F receptor in the desert locust, Schistocerca 
gregaria. PLoS One 8, e53604. 



 
36 

Dockray, G.J. (2004). The expanding family of -RFamide peptidesand their effects on feeding 
behaviour. Exp Physiol 89, 229-235. 

Dockray, G.J., Reeve, J.R., Shively, J., Gayton, R.J., and Barnard, C.S. (1983). A Novel Active 
Pentapeptide from Chicken Brain Identified by Antibodies to Fmrfamide. Nature 305, 328-330. 

Dunn, C.W., Giribet, G., Edgecombe, G.D., and Hejnol, A. (2014). Animal Phylogeny and Its 
Evolutionary Implications. Annu Rev Ecol Evol S 45, 371-+. 

Dunn, C.W., Hejnol, A., Matus, D.Q., Pang, K., Browne, W.E., Smith, S.A., Seaver, E., Rouse, G.W., 
Obst, M., Edgecombe, G.D., et al. (2008). Broad phylogenomic sampling improves resolution of the 
animal tree of life. Nature 452, 745-749. 

Durrnagel, S., Kuhn, A., Tsiairis, C.D., Williamson, M., Kalbacher, H., Grimmelikhuijzen, C.J., Holstein, 
T.W., and Grunder, S. (2010). Three homologous subunits form a high affinity peptide-gated ion 
channel in Hydra. J Biol Chem 285, 11958-11965. 

Dyachuk, V., and Odintsova, N. (2009). Development of the larval muscle system in the mussel Mytilus 
trossulus (Mollusca, Bivalvia). Dev Growth Differ 51, 69-79. 

Dyachuk, V., Wanninger, A., and Voronezhskaya, E.E. (2012). Innervation of Bivalve Larval Catch 
Muscles by Serotonergic and FMRFamidergic Neurons. Acta Biol Hung 63, 221-229. 

Edgecombe, G.D., Giribet, G., Dunn, C.W., Hejnol, A., Kristensen, R.M., Neves, R.C., Rouse, G.W., 
Worsaae, K., and Sorensen, M.V. (2011). Higher-level metazoan relationships: recent progress and 
remaining questions. Org Divers Evol 11, 151-172. 

Eichinger, J.M., and Satterlie, R.A. (2014). Organization of the Ectodermal Nervous Structures in 
Medusae: Cubomedusae. Biol Bull 226, 41-55. 

Eipper, B.A., Stoffers, D.A., and Mains, R.E. (1992). The biosynthesis of neuropeptides: peptide alpha-
amidation. Annu Rev Neurosci 15, 57-85. 

Elphick, M.R., and Mirabeau, O. (2014). The Evolution and Variety of RFamide-Type Neuropeptides: 
Insights from Deuterostomian Invertebrates. Front Endocrinol (Lausanne) 5, 93. 

Elphick, M.R., Newman, S.J., and Thorndyke, M.C. (1995). Distribution and action of SALMFamide 
neuropeptides in the starfish Asterias rubens. J Exp Biol 198, 2519-2525. 

Elphick, M.R., Price, D.A., Lee, T.D., and Thorndyke, M.C. (1991a). The SALMFamides: a new family 
of neuropeptides isolated from an echinoderm. Proc Biol Sci 243, 121-127. 

Elphick, M.R., Reeve, J.R., Burke, R.D., and Thorndyke, M.C. (1991b). Isolation of the Neuropeptide 
Salmfamide-1 from Starfish Using a New Antiserum. Peptides 12, 455-459. 

Erspamer, V. (1981). The Tachykinin Peptide Family. Trends in Neurosciences 4, 267-269. 
Erwin, P.M., and Szmant, A.M. (2010). Settlement induction of Acropora palmata planulae by a GLW-

amide neuropeptide. Coral Reefs 29, 929-939. 
Espinoza, E., Carrigan, M., Thomas, S.G., Shaw, G., and Edison, A.S. (2000). A statistical view of 

FMRFamide neuropeptide diversity. Mol Neurobiol 21, 35-56. 
Evans, C.C., Dickinson, A.J., and Croll, R.P. (2009). Major muscle systems in the larval 

caenogastropod, Ilyanassa obsoleta, display different patterns of development. J Morphol 270, 1219-
1231. 

Feng, G., Reale, V., Chatwin, H., Kennedy, K., Venard, R., Ericsson, C., Yu, K., Evans, P.D., and Hall, 
L.M. (2003). Functional characterization of a neuropeptide F-like receptor from Drosophila 
melanogaster. Eur J Neurosci 18, 227-238. 

Fernandez, R., Tabarini, D., Azpiazu, N., Frasch, M., and Schlessinger, J. (1995). The Drosophila 
insulin receptor homolog: a gene essential for embryonic development encodes two receptor 
isoforms with different signaling potential. EMBO J 14, 3373-3384. 

Floyd, P.D., Li, L.J., Rubakhin, S.S., Sweedler, J.V., Horn, C.C., Kupfermann, I., Alexeeva, V.Y., Ellis, 
T.A., Dembrow, N.C., Weiss, K.R., and Vilim, F.S. (1999). Insulin prohormone processing, 
distribution, and relation to metabolism in Aplysia californica. Journal of Neuroscience 19, 7732-
7741. 

Fredriksson, R., Lagerstrom, M.C., Lundin, L.G., and Schioth, H.B. (2003). The G-protein-coupled 
receptors in the human genome form five main families. Phylogenetic analysis, paralogon groups, 
and fingerprints. Mol Pharmacol 63, 1256-1272. 

Frooninckx, L., Van Rompay, L., Temmerman, L., Van Sinay, E., Beets, I., Janssen, T., Husson, S.J., 
and Schoofs, L. (2012). Neuropeptide GPCRs in C. elegans. Front Endocrinol (Lausanne) 3, 167. 

Fuchs, H.L., Mullineaux, L.S., and Solow, A.R. (2004). Sinking behavior of gastropod larvae (Ilyanassa 
obsoleta) in turbulence. Limnol Oceanogr 49, 1937-1948. 



 
37 

Furuya, K., Milchak, R.J., Schegg, K.M., Zhang, J., Tobe, S.S., Coast, G.M., and Schooley, D.A. 
(2000). Cockroach diuretic hormones: characterization of a calcitonin-like peptide in insects. Proc 
Natl Acad Sci U S A 97, 6469-6474. 

Gade, G. (2009). Peptides of the adipokinetic hormone/red pigment-concentrating hormone family: a 
new take on biodiversity. Ann N Y Acad Sci 1163, 125-136. 

Gade, G., and Auerswald, L. (2003). Mode of action of neuropeptides from the adipokinetic hormone 
family. Gen Comp Endocrinol 132, 10-20. 

Garczynski, S.F., Brown, M.R., Shen, P., Murray, T.F., and Crim, J.W. (2002). Characterization of a 
functional neuropeptide F receptor from Drosophila melanogaster. Peptides 23, 773-780. 

Gavilan, B., Perea-Atienza, E., and Martinez, P. (2016). Xenacoelomorpha: a case of independent 
nervous system centralization? Philos Trans R Soc Lond B Biol Sci 371, 20150039. 

Giribet, G. (2008). Assembling the lophotrochozoan (=spiralian) tree of life. Philos Trans R Soc Lond B 
Biol Sci 363, 1513-1522. 

Golubovic, A., Kuhn, A., Williamson, M., Kalbacher, H., Holstein, T.W., Grimmelikhuijzen, C.J., and 
Grunder, S. (2007). A peptide-gated ion channel from the freshwater polyp Hydra. J Biol Chem 282, 
35098-35103. 

Gorbman, A., Whiteley, A., and Kavanaugh, S. (2003). Pheromonal stimulation of spawning release of 
gametes by gonadotropin releasing hormone in the chiton, Mopalia sp. Gen Comp Endocrinol 131, 
62-65. 

Green, K.A., Falconer, S.W., and Cottrell, G.A. (1994). The neuropeptide Phe-Met-Arg-Phe-NH2 
(FMRFamide) directly gates two ion channels in an identified Helix neurone. Pflugers Arch 428, 232-
240. 

Grimmelikhuijzen, C.J., and Graff, D. (1985). Arg-Phe-amide-like peptides in the primitive nervous 
systems of coelenterates. Peptides 6 Suppl 3, 477-483. 

Grimmelikhuijzen, C.J., and Hauser, F. (2012). Mini-review: the evolution of neuropeptide signaling. 
Regul Pept 177 Suppl, S6-9. 

Grimmelikhuijzen, C.J.P. (1983). Fmrfamide Immunoreactivity Is Generally Occurring in the Nervous 
Systems of Coelenterates. Histochemistry 78, 361-381. 

Grimmelikhuijzen, C.J.P., Williamson, M., and Hansen, G.N. (2002). Neuropeptides in cnidarians. Can 
J Zool 80, 1690-1702. 

Gruhl, A. (2009). Serotonergic and FMRFamidergic nervous systems in gymnolaemate bryozoan 
larvae. Zoomorphology 128, 135-156. 

Grunder, S., and Assmann, M. (2015). Peptide-gated ion channels and the simple nervous system of 
Hydra. J Exp Biol 218, 551-561. 

Halanych, K.M., Bacheller, J.D., Aguinaldo, A.M.A., Liva, S.M., Hillis, D.M., and Lake, J.A. (1995). 
Evidence from 18s Ribosomal DNA That the Lophophorates Are Protostome Animals. Science 267, 
1641-1643. 

Hansen, K.K., Stafflinger, E., Schneider, M., Hauser, F., Cazzamali, G., Williamson, M., Kollmann, M., 
Schachtner, J., and Grimmelikhuijzen, C.J. (2010). Discovery of a novel insect neuropeptide 
signaling system closely related to the insect adipokinetic hormone and corazonin hormonal systems. 
J Biol Chem 285, 10736-10747. 

Hauser, F., and Grimmelikhuijzen, C.J. (2014). Evolution of the AKH/corazonin/ACP/GnRH receptor 
superfamily and their ligands in the Protostomia. Gen Comp Endocrinol 209, 35-49. 

Hauser, F., Neupert, S., Williamson, M., Predel, R., Tanaka, Y., and Grimmelikhuijzen, C.J. (2010). 
Genomics and peptidomics of neuropeptides and protein hormones present in the parasitic wasp 
Nasonia vitripennis. J Proteome Res 9, 5296-5310. 

Hayes, T.K., Pannabecker, T.L., Hinckley, D.J., Holman, G.M., Nachman, R.J., Petzel, D.H., and 
Beyenbach, K.W. (1989). Leucokinins, a New Family of Ion-Transport Stimulators and Inhibitors in 
Insect Malpighian Tubules. Life Sciences 44, 1259-1266. 

Hayschmidt, A. (1990a). Catecholamine-Containing, Serotonin-Like and Neuropeptide FMRFamide-
Like Immunoreactive Cells and Processes in the Nervous-System of the Pilidium Larva (Nemertini). 
Zoomorphology 109, 231-244. 

Hayschmidt, A. (1990b). Catecholamine-Containing, Serotonin-Like, and Fmrfamide-Like 
Immunoreactive Neurons and Processes in the Nervous-System of the Early Actinotroch Larva of 
Phoronis-Vancouverensis (Phoronida) - Distribution and Development. Canadian Journal of Zoology-
Revue Canadienne De Zoologie 68, 1525-1536. 



 
38 

Hayschmidt, A. (1990c). Distribution of Catecholamine-Containing, Serotonin-Like and Neuropeptide 
Fmrfamide-Like Immunoreactive Neurons and Processes in the Nervous-System of the Actinotroch 
Larva of Phoronis-Muelleri (Phoronida). Cell Tissue Res 259, 105-118. 

Hayschmidt, A. (1992). Ultrastructure and Immunocytochemistry of the Nervous-System of the Larvae 
of Lingula-Anatina and Glottidia Sp (Brachiopoda). Zoomorphology 112, 189-205. 

Hayschmidt, A. (1995). The Larval Nervous-System of Polygordius lacteus Scheinder, 1868 
(Polygordiidae, Polychaeta) - Immunocytochemical Data. Acta Zool-Stockholm 76, 121-140. 

Hejnol, A. (2015). Acoelomorpha. In Structure and Evolution of Invertebrate Nervous Systems, A. 
Schmidt-Rhaesa, S. Harzsch, and G. Purschke, eds. (Oxford University Press), pp. 56-61. 

Hejnol, A., Obst, M., Stamatakis, A., Ott, M., Rouse, G.W., Edgecombe, G.D., Martinez, P., Baguna, J., 
Bailly, X., Jondelius, U., et al. (2009). Assessing the root of bilaterian animals with scalable 
phylogenomic methods. Proc Biol Sci 276, 4261-4270. 

Hejnol, A., and Pang, K. (2016). Xenacoelomorpha's significance for understanding bilaterian 
evolution. Curr Opin Genet Dev 39, 48-54. 

Helm, C., Adamo, H., Hourdez, S., and Bleidorn, C. (2014). An immunocytochemical window into the 
development of Platynereis massiliensis (Annelida, Nereididae). Int J Dev Biol 58, 613-622. 

Helm, C., Vocking, O., Kourtesis, I., and Hausen, H. (2016). Owenia fusiformis - a basally branching 
annelid suitable for studying ancestral features of annelid neural development. BMC Evol Biol 16, 
129. 

Hernandez-Sanchez, C., Mansilla, A., de Pablo, F., and Zardoya, R. (2008). Evolution of the insulin 
receptor family and receptor isoform expression in vertebrates. Mol Biol Evol 25, 1043-1053. 

Hindinger, S., Schwaha, T., and Wanninger, A. (2013). Immunocytochemical studies reveal novel 
neural structures in nemertean pilidium larvae and provide evidence for incorporation of larval 
components into the juvenile nervous system. Front Zool 10, 31. 

Hokfelt, T., Broberger, C., Xu, Z.Q., Sergeyev, V., Ubink, R., and Diez, M. (2000). Neuropeptides--an 
overview. Neuropharmacology 39, 1337-1356. 

Hook, V., Funkelstein, L., Lu, D., Bark, S., Wegrzyn, J., and Hwang, S.R. (2008). Proteases for 
processing proneuropeptides into peptide neurotransmitters and hormones. Annu Rev Pharmacol 
Toxicol 48, 393-423. 

Hummon, A.B., Kelley, W.P., and Sweedler, J.V. (2002). A novel prohormone processing site in 
Aplysia californica: the Leu-Leu rule. J Neurochem 82, 1398-1405. 

Janssen, T., Meelkop, E., Lindemans, M., Verstraelen, K., Husson, S.J., Temmerman, L., Nachman, 
R.J., and Schoofs, L. (2008). Discovery of a cholecystokinin-gastrin-like signaling system in 
nematodes. Endocrinology 149, 2826-2839. 

Jékely, G. (2013). Global view of the evolution and diversity of metazoan neuropeptide signaling. Proc 
Natl Acad Sci U S A 110, 8702-8707. 

Johnson, E.C., Shafer, O.T., Trigg, J.S., Park, J., Schooley, D.A., Dow, J.A., and Taghert, P.H. (2005). 
A novel diuretic hormone receptor in Drosophila: evidence for conservation of CGRP signaling. J Exp 
Biol 208, 1239-1246. 

Kamatani, Y., Minakata, H., Kenny, P.T., Iwashita, T., Watanabe, K., Funase, K., Sun, X.P., Yongsiri, 
A., Kim, K.H., Novales-Li, P., and et al. (1989). Achatin-I, an endogenous neuroexcitatory 
tetrapeptide from Achatina fulica Ferussac containing a D-amino acid residue. Biochem Biophys Res 
Commun 160, 1015-1020. 

Kanda, A., Takuwa-Kuroda, K., Aoyama, M., and Satake, H. (2007). A novel tachykinin-related peptide 
receptor of Octopus vulgaris--evolutionary aspects of invertebrate tachykinin and tachykinin-related 
peptide. FEBS J 274, 2229-2239. 

Kanda, A., Takuwa-Kuroda, K., Iwakoshi-Ukena, E., Furukawa, Y., Matsushima, O., and Minakata, H. 
(2003). Cloning of Octopus cephalotocin receptor, a member of the oxytocin/vasopressin 
superfamily. J Endocrinol 179, 281-291. 

Kawada, T., Sekiguchi, T., Itoh, Y., Ogasawara, M., and Satake, H. (2008). Characterization of a novel 
vasopressin/oxytocin superfamily peptide and its receptor from an ascidian, Ciona intestinalis. 
Peptides 29, 1672-1678. 

Kim, Y.J., Zitnan, D., Galizia, C.G., Cho, K.H., and Adams, M.E. (2006). A command chemical triggers 
an innate behavior by sequential activation of multiple peptidergic ensembles. Curr Biol 16, 1395-
1407. 

Kimura, S., Okada, M., Sugita, Y., Kanazawa, I., and Munekata, E. (1983). Novel Neuropeptides, 
Neurokinin-Alpha and Neurokinin-Beta Isolated from Porcine Spinal-Cord. P Jpn Acad B-Phys 59, 
101-104. 



 
39 

Kimura, T., Tanizawa, O., Mori, K., Brownstein, M.J., and Okayama, H. (1992). Structure and 
expression of a human oxytocin receptor. Nature 356, 526-529. 

Kosfeld, M., Heinrichs, M., Zak, P.J., Fischbacher, U., and Fehr, E. (2005). Oxytocin increases trust in 
humans. Nature 435, 673-676. 

Krajniak, K.G., and Greenberg, M.J. (1992). The Localization of Fmrfamide in the Nervous and Somatic 
Tissues of Nereis-Virens and Its Effects Upon the Isolated Esophagus. Comp Biochem Phys C 101, 
93-100. 

Kubiak, T.M., Larsen, M.J., Burton, K.J., Bannow, C.A., Martin, R.A., Zantello, M.R., and Lowery, D.E. 
(2002). Cloning and functional expression of the first Drosophila melanogaster sulfakinin receptor 
DSK-R1. Biochem Biophys Res Commun 291, 313-320. 

Landgraf, R., and Neumann, I.D. (2004). Vasopressin and oxytocin release within the brain: a dynamic 
concept of multiple and variable modes of neuropeptide communication. Front Neuroendocrin 25, 
150-176. 

Laumer, C.E., Bekkouche, N., Kerbl, A., Goetz, F., Neves, R.C., Sorensen, M.V., Kristensen, R.M., 
Hejnol, A., Dunn, C.W., Giribet, G., and Worsaae, K. (2015). Spiralian phylogeny informs the 
evolution of microscopic lineages. Curr Biol 25, 2000-2006. 

Lehman, H.K., and Greenberg, M.J. (1987). The Actions of Fmrfamide-Like Peptides on Visceral and 
Somatic Muscles of the Snail Helix-Aspersa. Journal of Experimental Biology 131, 55-68. 

Leviev, I., and Grimmelikhuijzen, C.J. (1995). Molecular cloning of a preprohormone from sea 
anemones containing numerous copies of a metamorphosis-inducing neuropeptide: a likely role for 
dipeptidyl aminopeptidase in neuropeptide precursor processing. Proc Natl Acad Sci U S A 92, 
11647-11651. 

Leviev, I., Williamson, M., and Grimmelikhuijzen, C.J. (1997). Molecular cloning of a preprohormone 
from Hydra magnipapillata containing multiple copies of Hydra-L Wamide (Leu-Trp-NH2) 
neuropeptides: evidence for processing at Ser and Asn residues. J Neurochem 68, 1319-1325. 

Levoye, A., Mouillac, B., Riviere, G., Vieau, D., Salzet, M., and Breton, C. (2005). Cloning, expression 
and pharmacological characterization of a vasopressin-related receptor in an annelid, the leech 
Theromyzon tessulatum. J Endocrinol 184, 277-289. 

Li, B., Predel, R., Neupert, S., Hauser, F., Tanaka, Y., Cazzamali, G., Williamson, M., Arakane, Y., 
Verleyen, P., Schoofs, L., et al. (2008). Genomics, transcriptomics, and peptidomics of neuropeptides 
and protein hormones in the red flour beetle Tribolium castaneum. Genome Res 18, 113-122. 

Li, X.J., Wolfgang, W., Wu, Y.N., North, R.A., and Forte, M. (1991). Cloning, heterologous expression 
and developmental regulation of a Drosophila receptor for tachykinin-like peptides. EMBO J 10, 
3221-3229. 

Lindemans, M., Janssen, T., Beets, I., Temmerman, L., Meelkop, E., and Schoofs, L. (2011). 
Gonadotropin-releasing hormone and adipokinetic hormone signaling systems share a common 
evolutionary origin. Front Endocrinol (Lausanne) 2, 16. 

Lindemans, M., Liu, F., Janssen, T., Husson, S.J., Mertens, I., Gade, G., and Schoofs, L. (2009). 
Adipokinetic hormone signaling through the gonadotropin-releasing hormone receptor modulates 
egg-laying in Caenorhabditis elegans. Proc Natl Acad Sci U S A 106, 1642-1647. 

Lingueglia, E., Champigny, G., Lazdunski, M., and Barbry, P. (1995). Cloning of the amiloride-sensitive 
FMRFamide peptide-gated sodium channel. Nature 378, 730-733. 

Liu, F., Baggerman, G., D'Hertog, W., Verleyen, P., Schoofs, L., and Wets, G. (2006a). In silico 
identification of new secretory peptide genes in Drosophila melanogaster. Mol Cell Proteomics 5, 
510-522. 

Liu, F., Baggerman, G., Schoofs, L., and Wets, G. (2006b). Uncovering conserved patterns in bioactive 
peptides in Metazoa. Peptides 27, 3137-3153. 

Liu, F., Baggerman, G., Schoofs, L., and Wets, G. (2008). The construction of a bioactive peptide 
database in Metazoa. J Proteome Res 7, 4119-4131. 

Loi, P.K., and Tublitz, N. (1997). Molecular analysis of FMRFamide- and FMRFamide-related peptides 
(FaRPS) in the cuttlefish Sepia officinalis. J Exp Biol 200, 1483-1489. 

Lopez-Vera, E., Aguilar, M.B., and Heimer de la Cotera, E.P. (2008). FMRFamide and related peptides 
in the phylum mollusca. Peptides 29, 310-317. 

Ludwig, M., and Leng, G. (2006). Dendritic peptide release and peptide-dependent behaviours. Nat 
Rev Neurosci 7, 126-136. 

Lukas, M., Toth, I., Reber, S.O., Slattery, D.A., Veenema, A.H., and Neumann, I.D. (2011). The 
neuropeptide oxytocin facilitates pro-social behavior and prevents social avoidance in rats and mice. 
Neuropsychopharmacology 36, 2159-2168. 



 
40 

Luo, C.W., Dewey, E.M., Sudo, S., Ewer, J., Hsu, S.Y., Honegger, H.W., and Hsueh, A.J. (2005). 
Bursicon, the insect cuticle-hardening hormone, is a heterodimeric cystine knot protein that activates 
G protein-coupled receptor LGR2. Proc Natl Acad Sci U S A 102, 2820-2825. 

Marks, N., Stern, F., and Kastin, A.J. (1976). Biodegradation of alpha-MSH and derived peptides by rat 
brain extracts, and by rat and human serum. Brain Res Bull 1, 591-593. 

McVeigh, P., Alexander-Bowman, S., Veal, E., Mousley, A., Marks, N.J., and Maule, A.G. (2008). 
Neuropeptide-like protein diversity in phylum Nematoda. Int J Parasitol 38, 1493-1503. 

McVeigh, P., Kimber, M.J., Novozhilova, E., and Day, T.A. (2005). Neuropeptide signalling systems in 
flatworms. Parasitology 131 Suppl, S41-55. 

McVeigh, P., Mair, G.R., Atkinson, L., Ladurner, P., Zamanian, M., Novozhilova, E., Marks, N.J., Day, 
T.A., and Maule, A.G. (2009). Discovery of multiple neuropeptide families in the phylum 
Platyhelminthes. Int J Parasitol 39, 1243-1252. 

Meeusen, T., Mertens, I., Clynen, E., Baggerman, G., Nichols, R., Nachman, R.J., Huybrechts, R., De 
Loof, A., and Schoofs, L. (2002). Identification in Drosophila melanogaster of the invertebrate G 
protein-coupled FMRFamide receptor. Proc Natl Acad Sci U S A 99, 15363-15368. 

Melarange, R., Potton, D.J., Thorndyke, M.C., and Elphick, M.R. (1999). SALMFamide neuropeptides 
cause relaxation and eversion of the cardiac stomach in starfish. P Roy Soc B-Biol Sci 266, 1785-
1789. 

Merighi, A. (2002). Costorage and coexistence of neuropeptides in the mammalian CNS. Prog 
Neurobiol 66, 161-190. 

Merkler, D.J. (1994). C-terminal amidated peptides: production by the in vitro enzymatic amidation of 
glycine-extended peptides and the importance of the amide to bioactivity. Enzyme Microb Technol 
16, 450-456. 

Mertens, I., Clinckspoor, I., Janssen, T., Nachman, R., and Schoofs, L. (2006). FMRFamide related 
peptide ligands activate the Caenorhabditis elegans orphan GPCR Y59H11AL.1. Peptides 27, 1291-
1296. 

Mertens, I., Meeusen, T., Huybrechts, R., De Loof, A., and Schoofs, L. (2002). Characterization of the 
short neuropeptide F receptor from Drosophila melanogaster. Biochem Biophys Res Commun 297, 
1140-1148. 

Minakata, H., Fujita, T., Kawano, T., Nagahama, T., Oumi, T., Ukena, K., Matsushima, O., Muneoka, 
Y., and Nomoto, K. (1997). The leech excitatory peptide, a member of the GGNG peptide family: 
isolation and comparison with the earthworm GGNG peptides. FEBS Lett 410, 437-442. 

Mirabeau, O., and Joly, J.S. (2013). Molecular evolution of peptidergic signaling systems in bilaterians. 
P Natl Acad Sci USA 110, E2028-E2037. 

Monnier, D., Colas, J.F., Rosay, P., Hen, R., Borrelli, E., and Maroteaux, L. (1992). NKD, a 
developmentally regulated tachykinin receptor in Drosophila. J Biol Chem 267, 1298-1302. 

Moroz, L.L., Kocot, K.M., Citarella, M.R., Dosung, S., Norekian, T.P., Povolotskaya, I.S., Grigorenko, 
A.P., Dailey, C., Berezikov, E., Buckley, K.M., et al. (2014). The ctenophore genome and the 
evolutionary origins of neural systems. Nature 510, 109-114. 

Moroz, L.L., and Kohn, A.B. (2016). Independent origins of neurons and synapses: insights from 
ctenophores. Philos Trans R Soc Lond B Biol Sci 371, 20150041. 

Moulis, A. (2006). The action of RFamide neuropeptides on molluscs, with special reference to the 
gastropods Buccinum undatum and Busycon canaliculatum. Peptides 27, 1153-1165. 

Moulis, A., and Huddart, H. (2004). RFamide neuropeptide actions on molluscan proboscis smooth 
muscle: interactions with primary neurotransmitters. J Comp Physiol B 174, 363-370. 

Mousley, A., Maule, A.G., Halton, D.W., and Marks, N.J. (2005). Inter-phyla studies on neuropeptides: 
the potential for broad-spectrum anthelmintic and/or endectocide discovery. Parasitology 131 Suppl, 
S143-167. 

Muneoka, Y., and Saitoh, H. (1986). Pharmacology of Fmrfamide in Mytilus Catch Muscle. Comp 
Biochem Phys C 85, 207-214. 

Nassel, D.R. (1999). Tachykinin-related peptides in invertebrates: a review. Peptides 20, 141-158. 
Nassel, D.R. (2002). Neuropeptides in the nervous system of Drosophila and other insects: multiple 

roles as neuromodulators and neurohormones. Progress in Neurobiology 68, 1-84. 
Nassel, D.R., and Wegener, C. (2011). A comparative review of short and long neuropeptide F 

signaling in invertebrates: Any similarities to vertebrate neuropeptide Y signaling? Peptides 32, 1335-
1355. 

Nesnidal, M.P., Helmkampf, M., Meyer, A., Witek, A., Bruchhaus, I., Ebersberger, I., Hankeln, T., Lieb, 
B., Struck, T.H., and Hausdorf, B. (2013). New phylogenomic data support the monophyly of 



 
41 

Lophophorata and an Ectoproct-Phoronid clade and indicate that Polyzoa and Kryptrochozoa are 
caused by systematic bias. Bmc Evolutionary Biology 13. 

Nezlin, L.P. (2010). The golden age of comparative morphology: Laser scanning microscopy and 
neurogenesis in trochophore animals. Russ J Dev Biol+ 41, 381-390. 

Ng, D.T., and Walter, P. (1994). Protein translocation across the endoplasmic reticulum. Curr Opin Cell 
Biol 6, 510-516. 

Nichols, R. (2007). The first nonsulfated sulfakinin activity reported suggests nsDSK acts in gut biology. 
Peptides 28, 767-773. 

Nikitin, M. (2015). Bioinformatic prediction of Trichoplax adhaerens regulatory peptides. Gen Comp 
Endocr 212, 145-155. 

Norris, B.J., and Calabrese, R.L. (1987). Identification of Motor Neurons That Contain a Fmrfamidelike 
Peptide and the Effects of Fmrfamide on Longitudinal Muscle in the Medicinal Leech, Hirudo-
Medicinalis. J Comp Neurol 266, 95-111. 

Nusbaum, M.C., Blitz, D.M., Swensen, A.M., Wood, D., and Marder, E. (2001). The roles of co-
transmission in neural network modulation. Trends in Neurosciences 24, 146-154. 

Okubo, K., and Nagahama, Y. (2008). Structural and functional evolution of gonadotropin-releasing 
hormone in vertebrates. Acta Physiol (Oxf) 193, 3-15. 

Orchard, I., Lange, A.B., and Bendena, W.G. (2001). FMRFamide-related peptides: a multifunctional 
family of structurally related neuropeptides in insects. Adv Insect Physiol 28, 267-329. 

Painter, S.D., and Greenberg, M.J. (1982). A Survey of the Responses of Bivalve Hearts to the 
Molluscan Neuropeptide Fmrfamide and to 5-Hydroxytryptamine. Biol Bull 162, 311-332. 

Park, Y., Kim, Y.J., and Adams, M.E. (2002). Identification of G protein-coupled receptors for 
Drosophila PRXamide peptides, CCAP, corazonin, and AKH supports a theory of ligand-receptor 
coevolution. Proc Natl Acad Sci U S A 99, 11423-11428. 

Pashmforoush, M., Chan, S.J., and Steiner, D.F. (1996). Structure and expression of the insulin-like 
peptide receptor from amphioxus. Mol Endocrinol 10, 857-866. 

Pennefather, J.N., Lecci, A., Candenas, M.L., Patak, E., Pinto, F.M., and Maggi, C.A. (2004). 
Tachykinins and tachykinin receptors: a growing family. Life Sci 74, 1445-1463. 

Penniman, J.R., Doll, M.K., and Pires, A. (2013). Neural correlates of settlement in veliger larvae of the 
gastropod, Crepidula fornicata. Invertebr Biol 132, 14-26. 

Peymen, K., Watteyne, J., Frooninckx, L., Schoofs, L., and Beets, I. (2014). The FMRFamide-like 
peptide family in nematodes. Front Endocrinol 5. 

Philippe, H., Brinkmann, H., Copley, R.R., Moroz, L.L., Nakano, H., Poustka, A.J., Wallberg, A., 
Peterson, K.J., and Telford, M.J. (2011). Acoelomorph flatworms are deuterostomes related to 
Xenoturbella. Nature 470, 255-258. 

Predel, R., Brandt, W., Kellner, R., Rapus, J., Nachman, R.J., and Gade, G. (1999). Post-translational 
modifications of the insect sulfakinins: sulfation, pyroglutamate-formation and O-methylation of 
glutamic acid. Eur J Biochem 263, 552-560. 

Price, D.A., and Greenberg, M.J. (1977). Structure of a Molluscan Cardioexcitatory Neuropeptide. 
Science 197, 670-671. 

Price, D.A., and Greenberg, M.J. (1989). The Hunting of the Farps - the Distribution of Fmrfamide-
Related Peptides. Biol Bull 177, 198-205. 

Radford, J.C., Davies, S.A., and Dow, J.A. (2002). Systematic G-protein-coupled receptor analysis in 
Drosophila melanogaster identifies a leucokinin receptor with novel roles. J Biol Chem 277, 38810-
38817. 

Raffa, R.B., and Bianchi, C.P. (1986). Further Evidence for a Neuromodulatory Role of Fmrfamide 
Involving Intracellular Ca-2+ Pools in Smooth-Muscle of Mytilus-Edulis. Comp Biochem Phys C 84, 
23-28. 

Raikova, O.I., Meyer-Wachsmuth, I., and Jondelius, U. (2016). The plastic nervous system of 
Nemertodermatida. Org Divers Evol 16, 85-104. 

Raikova, O.I., Reuter, M., Gustafsson, M.K., Maule, A.G., Halton, D.W., and Jondelius, U. (2004). 
Basiepidermal nervous system in Nemertoderma westbladi (Nemertodermatida): GYIRFamide 
immunoreactivity. Zoology (Jena) 107, 75-86. 

Raikova, O.I., Reuter, M., Jondelius, U., and Gustafsson, M.K.S. (2000a). The brain of the 
Nemertodermatida (Platyhelminthes) as revealed by anti-5HT and anti-FMRFamide 
immunostainings. Tissue & Cell 32, 358-365. 



 
42 

Raikova, O.I., Reuter, M., Jondelius, U., and Gustafsson, M.K.S. (2000b). An immunocytochemical and 
ultrastructural study of the nervous and muscular systems of Xenoturbella westbladi (Bilateria inc. 
sed.). Zoomorphology 120, 107-118. 

Reinscheid, R.K. (2009). Neuropeptide S. In Encyclopedia of Neuroscience, S. L.R., ed. 
(ScienceDirect), pp. 817-819. 

Rholam, M., and Fahy, C. (2009). Processing of peptide and hormone precursors at the dibasic 
cleavage sites. Cell Mol Life Sci 66, 2075-2091. 

Roch, G.J., Busby, E.R., and Sherwood, N.M. (2011). Evolution of GnRH: diving deeper. Gen Comp 
Endocrinol 171, 1-16. 

Roch, G.J., and Sherwood, N.M. (2014). Glycoprotein Hormones and Their Receptors Emerged at the 
Origin of Metazoans. Genome Biol Evol 6, 1466-1479. 

Rouse, G.W., Wilson, N.G., Carvajal, J.I., and Vrijenhoek, R.C. (2016). New deep-sea species of 
Xenoturbella and the position of Xenacoelomorpha. Nature 530, 94-97. 

Rowe, M.L., Achhala, S., and Elphick, M.R. (2014). Neuropeptides and polypeptide hormones in 
echinoderms: new insights from analysis of the transcriptome of the sea cucumber Apostichopus 
japonicus. Gen Comp Endocrinol 197, 43-55. 

Ruben, P., Johnson, J.W., and Thompson, S. (1986). Analysis of FMRF-amide effects on Aplysia 
bursting neurons. J Neurosci 6, 252-259. 

Ruiz-Trillo, I., Riutort, M., Littlewood, D.T., Herniou, E.A., and Baguna, J. (1999). Acoel flatworms: 
earliest extant bilaterian Metazoans, not members of Platyhelminthes. Science 283, 1919-1923. 

Salio, C., Lossi, L., Ferrini, F., and Merighi, A. (2006). Neuropeptides as synaptic transmitters. Cell 
Tissue Res 326, 583-598. 

Salzet, M., Bulet, P., Wattez, C., and Malecha, J. (1994). FMRFamide-Related Peptides in the Sex 
Segmental Ganglia of the Pharyngobdellid Leech Erpobdella octoculata - Identification and 
Involvement in the Control of Hydric Balance. Eur J Biochem 221, 269-275. 

Satake, H., Kawada, T., Nomoto, K., and Minakata, H. (2003). Insight into tachykinin-related peptides, 
their receptors, and invertebrate tachykinins: A review. Zool Sci 20, 533-549. 

Satake, H., Ogasawara, M., Kawada, T., Masuda, K., Aoyama, M., Minakata, H., Chiba, T., Metoki, H., 
Satou, Y., and Satoh, N. (2004). Tachykinin and tachykinin receptor of an ascidian, Ciona intestinalis: 
evolutionary origin of the vertebrate tachykinin family. J Biol Chem 279, 53798-53805. 

Satterlie, R.A., and Eichinger, J.M. (2014). Organization of the Ectodermal Nervous Structures in 
Jellyfish: Scyphomedusae. Biol Bull 226, 29-40. 

Schmidt-Rhaesa, A. (2007). The evolution of organ systems (Oxford ; New York: Oxford University 
Press). 

Schmidt-Rhaesa, A., Harzsch, S., and Purschke, G. (2016). Structure & evolution of invertebrate 
nervous systems, First edition. edn (Oxford ; New York, NY: Oxford University Press). 

Schoofs, L., Vandenbroeck, J., and Deloof, A. (1993). The Myotropic Peptides of Locusta-Migratoria - 
Structures, Distribution, Functions and Receptors. Insect Biochem Molec 23, 859-881. 

Schuchert, P. (1993). Trichoplax-Adhaerens (Phylum Placozoa) Has Cells That React with Antibodies 
against the Neuropeptide Rfamide. Acta Zool-Stockholm 74, 115-117. 

Semmens, D.C., Beets, I., Rowe, M.L., Blowes, L.M., Oliveri, P., and Elphick, M.R. (2015). Discovery of 
sea urchin NGFFFamide receptor unites a bilaterian neuropeptide family. Open Biol 5, 150030. 

Semmens, D.C., Dane, R.E., Pancholi, M.R., Slade, S.E., Scrivens, J.H., and Elphick, M.R. (2013). 
Discovery of a novel neurophysin-associated neuropeptide that triggers cardiac stomach contraction 
and retraction in starfish. Journal of Experimental Biology 216, 4047-4053. 

Semmens, D.C., Mirabeau, O., Moghul, I., Pancholi, M.R., Wurm, Y., and Elphick, M.R. (2016). 
Transcriptomic identification of starfish neuropeptide precursors yields new insights into neuropeptide 
evolution. Open Biol 6. 

Semmler, H., Chiodin, M., Bailly, X., Martinez, P., and Wanninger, A. (2010). Steps towards a 
centralized nervous system in basal bilaterians: insights from neurogenesis of the acoel 
Symsagittifera roscoffensis. Dev Growth Differ 52, 701-713. 

Severini, C., Improta, G., Falconieri-Erspamer, G., Salvadori, S., and Erspamer, V. (2002). The 
tachykinin peptide family. Pharmacol Rev 54, 285-322. 

Shpilman, M., Hollander-Cohen, L., Ventura, T., Gertler, A., and Levavi-Sivan, B. (2014). Production, 
gene structure and characterization of two orthologs of leptin and a leptin receptor in tilapia. Gen 
Comp Endocrinol 207, 74-85. 



 
43 

Shun'kina, K.V., Starunov, V.V., Zaitseva, O.V., and Ostrovskii, A.N. (2013). Serotonin and 
FMRFamide immunoreactive elements in the nervous system of freshwater bryozoans (Bryozoa: 
Phylactolaemata). Dokl Biol Sci 451, 244-247. 

Smith, C.L., Varoqueaux, F., Kittelmann, M., Azzam, R.N., Cooper, B., Winters, C.A., Eitel, M., 
Fasshauer, D., and Reese, T.S. (2014). Novel cell types, neurosecretory cells, and body plan of the 
early-diverging metazoan Trichoplax adhaerens. Curr Biol 24, 1565-1572. 

Srivastava, M., Mazza-Curll, K.L., van Wolfswinkel, J.C., and Reddien, P.W. (2014). Whole-body acoel 
regeneration is controlled by Wnt and Bmp-Admp signaling. Curr Biol 24, 1107-1113. 

Srivastava, M., Simakov, O., Chapman, J., Fahey, B., Gauthier, M.E., Mitros, T., Richards, G.S., 
Conaco, C., Dacre, M., Hellsten, U., et al. (2010). The Amphimedon queenslandica genome and the 
evolution of animal complexity. Nature 466, 720-726. 

Stach, T. (2015). Xenoturbella. In Structure and Evolution of Invertebrate Nervous Systems, A. 
Schmidt-Rhaesa, S. Harzsch, and G. Purschke, eds. (Oxford University Press), pp. 62-66. 

Stach, T., Dupont, S., Israelson, O., Fauville, G., Nakano, H., Kanneby, T., and Thorndyke, M. (2005). 
Nerve cells of Xenoturbella bocki (phylum uncertain) and Harrimania kupfferi (Enteropneusta) are 
positively immunoreactive to antibodies raised against echinoderm neuropeptides. J Mar Biol Assoc 
Uk 85, 1519-1524. 

Stafflinger, E., Hansen, K.K., Hauser, F., Schneider, M., Cazzamali, G., Williamson, M., and 
Grimmelikhuijzen, C.J. (2008). Cloning and identification of an oxytocin/vasopressin-like receptor and 
its ligand from insects. Proc Natl Acad Sci U S A 105, 3262-3267. 

Staljanssens, D., Azari, E.K., Christiaens, O., Beaufays, J., Lins, L., Van Camp, J., and Smagghe, G. 
(2011). The CCK(-like) receptor in the animal kingdom: functions, evolution and structures. Peptides 
32, 607-619. 

Stewart, M.J., Favrel, P., Rotgans, B.A., Wang, T.F., Zhao, M., Sohail, M., O'Connor, W.A., Elizur, A., 
Henry, J., and Cummins, S.F. (2014). Neuropeptides encoded by the genomes of the Akoya pearl 
oyster Pinctata fucata and Pacific oyster Crassostrea gigas: a bioinformatic and peptidomic survey. 
Bmc Genomics 15. 

Struck, T.H., Wey-Fabrizius, A.R., Golombek, A., Hering, L., Weigert, A., Bleidorn, C., Klebow, S., 
Iakovenko, N., Hausdorf, B., Petersen, M., et al. (2014). Platyzoan Paraphyly Based on 
Phylogenomic Data Supports a Noncoelomate Ancestry of Spiralia. Molecular Biology and Evolution 
31, 1833-1849. 

Sundelin, J.B., Provvedini, D.M., Wahlestedt, C.R., Laurell, H., Pohl, J.S., and Peterson, P.A. (1992). 
Molecular cloning of the murine substance K and substance P receptor genes. Eur J Biochem 203, 
625-631. 

Taghert, P.H., and Nitabach, M.N. (2012). Peptide neuromodulation in invertebrate model systems. 
Neuron 76, 82-97. 

Takeda, Y., Chou, K.B., Takeda, J., Sachais, B.S., and Krause, J.E. (1991). Molecular cloning, 
structural characterization and functional expression of the human substance P receptor. Biochem 
Biophys Res Commun 179, 1232-1240. 

Tartaglia, L.A., Dembski, M., Weng, X., Deng, N., Culpepper, J., Devos, R., Richards, G.J., Campfield, 
L.A., Clark, F.T., Deeds, J., et al. (1995). Identification and expression cloning of a leptin receptor, 
OB-R. Cell 83, 1263-1271. 

Telford, M.J., Lockyer, A.E., Cartwright-Finch, C., and Littlewood, D.T. (2003). Combined large and 
small subunit ribosomal RNA phylogenies support a basal position of the acoelomorph flatworms. 
Proc Biol Sci 270, 1077-1083. 

Tensen, C.P., Cox, K.J., Burke, J.F., Leurs, R., van der Schors, R.C., Geraerts, W.P., Vreugdenhil, E., 
and Heerikhuizen, H. (1998a). Molecular cloning and characterization of an invertebrate homologue 
of a neuropeptide Y receptor. Eur J Neurosci 10, 3409-3416. 

Tensen, C.P., Cox, K.J.A., Smit, A.B., van der Schors, R.C., Meyerhof, W., Richter, D., Planta, R.J., 
Hermann, P.M., van Minnen, J., Geraerts, W.P.M., et al. (1998b). The Lymnaea cardioexcitatory 
peptide (LyCEP) receptor: A G-protein-coupled receptor for a novel member of the RFamide 
neuropeptide family. Journal of Neuroscience 18, 9812-9821. 

Terakado, K. (2001). Induction of gamete release by gonadotropin-releasing hormone in a 
protochordate, Ciona intestinalis. Gen Comp Endocrinol 124, 277-284. 

Terhzaz, S., Teets, N.M., Cabrero, P., Henderson, L., Ritchie, M.G., Nachman, R.J., Dow, J.A., 
Denlinger, D.L., and Davies, S.A. (2015). Insect capa neuropeptides impact desiccation and cold 
tolerance. Proc Natl Acad Sci U S A 112, 2882-2887. 



 
44 

Treen, N., Itoh, N., Miura, H., Kikuchi, I., Ueda, T., Takahashi, K.G., Ubuka, T., Yamamoto, K., Sharp, 
P.J., Tsutsui, K., and Osada, M. (2012). Mollusc gonadotropin-releasing hormone directly regulates 
gonadal functions: a primitive endocrine system controlling reproduction. Gen Comp Endocrinol 176, 
167-172. 

Truman, J.W. (2005). Hormonal control of insect ecdysis: endocrine cascades for coordinating 
behavior with physiology. Vitam Horm 73, 1-30. 

Tsai, P.S., Sun, B., Rochester, J.R., and Wayne, N.L. (2010). Gonadotropin-releasing hormone-like 
molecule is not an acute reproductive activator in the gastropod, Aplysia californica. Gen Comp 
Endocrinol 166, 280-288. 

Ullrich, A., Bell, J.R., Chen, E.Y., Herrera, R., Petruzzelli, L.M., Dull, T.J., Gray, A., Coussens, L., Liao, 
Y.C., Tsubokawa, M., and et al. (1985). Human insulin receptor and its relationship to the tyrosine 
kinase family of oncogenes. Nature 313, 756-761. 

van Kesteren, R.E., Tensen, C.P., Smit, A.B., van Minnen, J., Kolakowski, L.F., Meyerhof, W., Richter, 
D., van Heerikhuizen, H., Vreugdenhil, E., and Geraerts, W.P. (1996). Co-evolution of ligand-receptor 
pairs in the vasopressin/oxytocin superfamily of bioactive peptides. J Biol Chem 271, 3619-3626. 

Van Loy, T., Vandersmissen, H.P., Poels, J., Van Hiel, M.B., Verlinden, H., and Vanden Broeck, J. 
(2010). Tachykinin-related peptides and their receptors in invertebrates: A current view. Peptides 31, 
520-524. 

Varro, A. (2001). Posttranslational Processing: Peptide Hormones and Neuropeptide Transmitters. In 
eLS (John Wiley & Sons, Ltd). 

Veenstra, J.A. (2010). Neurohormones and neuropeptides encoded by the genome of Lottia gigantea, 
with reference to other mollusks and insects. Gen Comp Endocrinol 167, 86-103. 

Veenstra, J.A. (2011). Neuropeptide evolution: neurohormones and neuropeptides predicted from the 
genomes of Capitella teleta and Helobdella robusta. Gen Comp Endocrinol 171, 160-175. 

Vilaplana, L., Castresana, J., and Belles, X. (2004). The cDNA for leucomyosuppressin in Blattella 
germanica and molecular evolution of insect myosuppressins. Peptides 25, 1883-1889. 

Vilim, F.S., Sasaki, K., Rybak, J., Alexeeva, V., Cropper, E.C., Jing, J., Orekhova, I.V., Brezina, V., 
Price, D., Romanova, E.V., et al. (2010). Distinct Mechanisms Produce Functionally Complementary 
Actions of Neuropeptides That Are Structurally Related But Derived from Different Precursors. 
Journal of Neuroscience 30, 131-147. 

Walker, R.J., Papaioannou, S., and Holden-Dye, L. (2009). A review of FMRFamide- and RFamide-like 
peptides in metazoa. Invert Neurosci 9, 111-153. 

Wegener, C., and Gorbashov, A. (2008). Molecular evolution of neuropeptides in the genus Drosophila. 
Genome Biol 9, R131. 

Whittaker, E., Vereker, E., and Lynch, M.A. (1999). Neuropeptide Y inhibits glutamate release and 
long-term potentiation in rat dentate gyrus. Brain Res 827, 229-233. 

Williams, E.A., Conzelmann, M., and Jekely, G. (2015). Myoinhibitory peptide regulates feeding in the 
marine annelid Platynereis. Front Zool 12, 1. 

Willows, A.O., Pavlova, G.A., and Phillips, N.E. (1997). Modulation of ciliary beat frequency by 
neuropeptides from identified molluscan neurons. J Exp Biol 200, 1433-1439. 

Xu, Y.L., Reinscheid, R.K., Huitron-Resendiz, S., Clark, S.D., Wang, Z., Lin, S.H., Brucher, F.A., Zeng, 
J., Ly, N.K., Henriksen, S.J., et al. (2004). Neuropeptide S: a neuropeptide promoting arousal and 
anxiolytic-like effects. Neuron 43, 487-497. 

Zatylny-Gaudin, C., Cornet, V., Leduc, A., Zanuttini, B., Corre, E., Le Corguille, G., Bernay, B., 
Garderes, J., Kraut, A., Coute, Y., and Henry, J. (2016). Neuropeptidome of the Cephalopod Sepia 
officinalis: Identification, Tissue Mapping, and Expression Pattern of Neuropeptides and 
Neurohormones during Egg Laying. J Proteome Res 15, 48-67. 

Zatylny-Gaudin, C., and Favrel, P. (2014). Diversity of the RFamide Peptide Family in Mollusks. Front 
Endocrinol (Lausanne) 5, 178. 

Zhang, Y.Z., Buchberger, A., Muthuvel, G., and Li, L.J. (2015). Expression and distribution of 
neuropeptides in the nervous system of the crab Carcinus maenas and their roles in environmental 
stress. Proteomics 15, 3969-3979. 

 

 



 
45 

8. Appendix 

cleavage site 
C-terminal amidation site (+ cleavage site) 
 
Trochozoan FMRFamide prepropeptides 
 
Mollusca 
 
>lcl|ACD65487 [Haliotis asinina] 
MRPWTSVALLAVVLIKWISCINGFSDFCNKPVNSRICAILSGGPPQNEEKRFLRFGRTLAGDSFLRFGRQFYRIGKDGDDMEKRFLRFGRSDP
DLDDVIRASLLAYSLDDSPNNRRRRSVATAPVEAKAVEAGNKDIEKRDADELTSEDKRFMRFGRSGEDEKRFMRFGKSGEEEKRFMRFGKSGD
AEKRFMRFGRAGEEEKRFMRFGRAGEDEKRFMRFGKSGEEEKRFMRFGRAGEDGEEIEDEDEGIEADKRFMRFGRDGEDEKRFMRFGKSGEDE
KRFMRFGKRFMRFGRDGQDKRFMRFGKRFMRFGKRDSGEGSSEKAETAES 
> AAA63280 [Lymnaea stagnalis] 
MYSPTLIVCLSFFHSAVTKRFLRFGRALDTTDPFIRLRRQFYRIGRGGYQPYQDKRFLRFGRSEQPDVDDYPRDVVLQSEEPLYRKRRSTEAG
GQSEEMTHRTARSAPEPAAENREIMKRETGAEDLDEEKRFMRFGRGDEEAEKRFMRFGKSFMRFGRDMSDVDKRFMRFGKRFMRFGREPGTDK
RFMRFGREPGADKRFMRFGKSFDGEEENDDDLYYNESDADSNDDVDKRFMRFGKSAEEKRFMRFGKSQDASRDKKEFLRIGKRESRSAEVENN
IQIAAKQS 
>lcl|A25790 [Aplysia californica] 
MRPWCQLALLACLSLKWLTSHVTAESFLCDDSELCENGYLRFGRSMSVEEPHFRLERRSYPPVVYHKRFLRFGRSQEPDIEDYARAIALIESE
EPLYRKRRSADADGQSEKVLHRARREAESEHKSLEEVSPDTKQDVEKRDADDVLDAEKRFMRFGKRFMRFGRGSSDDDESGDDDVQDLTDIGD
GLGGEGEVNKRFMRFGKRFMRFGKREDGEPDKRFMRFGKSMADNDLDKRFMRFGKRFMRFGKSLPDSEVDKRFMRFGKSVDGDVDKRFMRFGK
SVDGDVDKRFMRFGKSVDGDVDKRFMRFGKSVDGDVDKRFMRFGKSVDGDVDKRFMRFGKSVDDDVDKRFMRFGKSVDGDVDKRFMRFGKSVD
DAVDKRFMRFGKSVDSDLDKRFMRFGKSVGSDEVDKRFMRFGKSVGSDEVDKRFMRFGKSLGTDDVNKRFMRFGKSLGTDDVNKRFMRFGKSL
GTEDVDKRFMRFGKSLGTEDVDKRFMRFGKSLGTDDVDKRFMRFGKSLGTEDVDKRFMRFGKSLGTDDVDKRFMRFGKSLGTEDVDKRFMRFG
KRFMRFGRSVGDSKYRSASSESVMTTDSKQTTEQATNKS 
>lcl|CAA10949 [Mytilus edulis] 
MWTKSYATLIVAAIINWISVKVHADELSRWCLDNQEICSNLIQNLRDTDDTNAQKRNFLRFGRALAGDHFFRFGRSPYQTEDKRFLRFGRSGG
GGGFDNVGLADILKAALVKVESANQNGLKIRKRRSIDAVKDVPEKKSVTDNTEPEAEIKKRNVDNSYATNEDSADENLKAADKRFMRFGKRFM
RFGKRENADKRFMRFGKRGDEDFGEEEGDDTYGVEDKRFMRFGRGGTEDKRFMRFGRAGEDKRFMRFGKRADENFGEDEGDETYGVEDKRFMR
FGRGGTEDKRFMRFGKSMDNDDEKRFMRFGKSAEADKRFMRFGKSLEADKRFMRFGKSGDDEKRFMRFGKSVDGEDKEKRFMRFGKSTEDKRF
MRFGRDPAEKRFMRFGKSTTEDKRFMRFGRK 
>lcl|ACP39631 [Idiosepius notoides] 
MRCWSPCSLFVVIVLHCLSSHSSAAFDLAQACVESQRLSLLPICDTIFAVQDGAQQSSDDGLRSKRFIRFGRALSGDAFLRFGKNVPDLPFED
KRFLRFGRAAPQLDDLLKQALQRVESLQRADETSVRRKRSTDAAPQSSAEGGEQKNDSSATKITKRYVDDGEDTDVKRFMRFGKRFMRFGRNQ
GGVGISADLANRLGEKRFMRFGRDPEKRFMRFGKSDDKRFMRFGRNPEDDLEEEKRFMRFGRGDEFDEEDEEAEAEKRFMRFGRDPEKKFMRF
GKSGGEDKRFMRFGRNPEEQEADKRFMRFGRGGAEENELNSEDKRFMRFGRSADKCKGCLEG 
 
 

Annelida  
 
> AEE25641 [Platynereis dumerilii] 
MRDQWLHLGALFFLAHAHSVISVTLESLCQSANEIHNEKLHIFCNAFKAYIEDLTESEDSSWDDGLAEKRGLKFGRRSDGNLGPMYFAIRHRR
SFDPSLYLQMRQGRGGGYIRFGRSVHLASDPSQAYLASFGNVDKRAGGHYMRFGRSVPNSESTSVVSVPAAEADAVVSQLTDESDKEKRFMRF
GKSDPEEELHEKDKKFMRFGRGDADDLEEAKRFMRFGRGGDEEKRFMRFGRGDEEAAKRFMRFGRGEKGFMRFGRDPQEMSDDKRFMRFGRDG
ADEDEVEKRFMRFGKRFMRFGRDPLKKRFMRFGKRDDDEDLAEEKRFMRFGKRDGENGFMRFGKRGDEEKRFMRFGKREDMDEEKRFMRFGKR
ESEDELDDEEQKRFMRFGKRDSEVMDEQKRFMRFGKRDGGEEEKRFMRFGKRGDGEEEEKRFMRFGKKDGGEEEKRFMRFGKKSETDDKRFMR
FGKKDNVEDAMDKRFMRFGKKDGAEDSADKRFMRFGRDPESKSEDDKRFMRFGKKDEVSE 
>AAT72794.1 [Lumbriculus variegatus] 
MCTVSVTSGLVFLAVSIAVLFPVNGAREEDIEEALDGHSKSSSQAAAAAAANRALLLTGMQYYNGRLGDDDMNQLEPSEDMAEAKRYMRFGRG
SQQWRLAPLYDPYYAMSKRYMRFGRGHDDGDYMPVDENEAAEKRYMRFGKRYMRFGRMVNNRGENV 
>AAU20817.1 [Lumbriculus variegatus] 
MTDFVDTRKIILCVLILESYLLEAAVDRSHDGSIEGAKASRFTHPASDGRGGADKEHTVLTRLRRSLKDDPDESHIDIGLSRNEYLRYSRNFM
RFGRDWRNKIKDEVACFPTESGFSVSREDFLRNEKGLGEQLSSNRVKNSEQFDKRFMRFGRQLFAPSVAEVKSLDSTIEEDKRFMRFGKRFMR
FGKREAKPMDVVCYQDVTEQRPSANFDS 
>AAT72795.1 [Hirudo medicinalis] 
MASQNIILMALALVLVLSDALSVRGGQTYAGEEYSDELIDLLDNEELRKVESGESLANEVSGRGPQKSRKFICFTARDVESANQVDKRFMRFG
KRESLRKQSDYTYEDDAQSTIGGSPDKRFLRFGKRFMRFGKRSPSTTESKKYCVWL 
>Dinophilus gyrociliatus_Locus_5034.0_Transcript_1 
MKFLLLLLCLTFAAANLFELNDCGAAEGSILKRLCAIYQQGEDDDVPNLLRMRQRRDQGYIRFGRSMPISYMRFGRKKREAVDEKRYMRFGRG
NEKDDNDAIDVSKKYMRFGKRFQDDLQKKYMRFGKRYMRFGRGGSEDEAEKRYMRFGRNQLKPNEEGIENIDKKYMRFGKRSSSTTN* 
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Nemertea 
 
>Lineus longissimus c40291_g1_i2 
MYILYLVALLAGQAIATDFNALCSDPKLNSLKNFMVLCDAFRSFSDNLNDVSLDSKRHRATFIRYGRDASHVSQDNALETHLTTPSKRNTEGY
MRFGRSVKDPQPAQNVENVDVENTKKEEEKKAIPSTAVDSEQKQETTAEDDKAKRYMRFGRNNYIRFGRESEEADDDEIDDAKRYMRFGKKDD
AKRYMRFGKKNLGPVAEEEGEEQKRYMRFGKKDGSDDAEKRYMRFGKRYMRFGKREDDLEEDKRYMRFGKKSDDEKRYMRFGKKDGEEQDEKR
YMRFGKKSDEDEKRYMRFGRGDEDMDADKRYMRFGKRYMRFGKRYMRFGKRDEEDANEGGDDEKRYMRFGKRYMRFGKRDTPTDEVRKRNVRS
VDESKAEKAAHMRYRRSEGPDGFERDARYMRFGRNPNGATVDGYIRFGRLLDGEDSDETEETPAKRYMRFGRDYLRFGRLLDGEEESSNDNQN
SSPVQKRFIRLGRLFGGLGVSKEELQRRYLRNNRDRAGGYMRFGRSEPAGGYMRFGK* 
>Lineus cf. ruber Lvir.rna.tri.19128.1 
MYILYLVALLAGQAIATDFNALCSDQKLSSLKNFMVLCDAFRSFSDSLNDVSLDSKRHREASVRYGRDASHVSQENALETHLTTPSKKTREGY
MRFGRSVEDPQPAQNVENVDVEKSKKEEEKKAISSTAGDTKQKQETTAEDDKAKRYMRFGRNNYIRFGRESEEADDDEIDDAKRYMRFGKKDD
AKRYMRFGKKSLGPVAEEEGEEQKRYMRFGKKDGSEGGDDAEKRYMRFGKRYMRFGKREGDLDEDKRYMRFGKKSDEDEKRYMRFGKKDGDDQ
DEKRYMRFGKKSDEDEKRYMRFGRGDEEMEANKRYMRFGKRYMRFGKRDEEDATEGGDDEKRYMRFGKRYMRFGKRDTPTDEVRKRNVRSVDE
SKAEEATHMRYRRSEGRDEFERDARYMRFGRNPNGATVDGYIRFGRLLDGEDSDKTDETAEKRYMRFGRDYLRFGRLLDGEEESSNDNQNSSP
VQKRFIRLGRLFGGLGVSKEELQRRYLRNNRDRAGGYMRFGRSEPAGGYMRFGK* 
 
 

Brachiopoda 
 
>Terebratalia transversa FLRFamide  
MNRSVLLVAVVASFLLDHSVGIYTSRYINPCSPWLKSTHFRKLCDESFWPSYGSQEKDMIPYKRGFFGGGGEYGEPEGLSSFVDEPYRGTIGK
RDFLRFGKRRYDDNERSDQLEALNRVTRDFLRFGKRDFLRFGRSYNLRGYDSDNKRKHMRKRRSIKNESDKPSSIESNDVYNKGALLRSDKKS
MSAAKARDIKRAFLRFGRLQKEYQQQDRKRAFLRFGKNTGINLDNRPTSDTKTETNSETDNGSAKTVTNDHVIDNNVDSKRAFLRFGKKCASC
KRAFLRFGKSEKNLISSSNKSMKSSPLFGKEHTKRAFLRFGKSVNRE* 
>Novocrania anomala YMRFamide 
MAKEAEMALLAAVLVIQLMVIPSGASQEKEAAKNMEFNQLRDDLSKLQQQLDDIKVLTAEVPEDKRFFDTPRYLTKRYYLRFGRGIVDPYPYE
HPSDAVDGGFFDKPHYGFNKRHYLRFGRGIIDSNPHGYPSNALEGAMADGFEKNKRYLRFGRSVDRYVETPETHHLSKRSVKQKTPENGKTKE
ISPPKKETIKDKRYMRFGKKSIEDEKRYMRFGKKSDEDAQKRYMRFGKKSDNNEEKRYMRFGKKSDDEKEKRYMRFGKKDESPDE 
>XP_013379870.1 [Lingula anatina] 
MKTSSRIFLLAFVALYQIQLIRCSGYGNFLCNYGQELNALCNRLQEFQDSADLQAPDDSNSMWRTKHRFQLRLGRREDEGDNEDDEEEFEHLV
GMLAPHLSRQRRAYLRFGRSAEWPGVDDIDENKRAYLRFGKRAYLRFGRSVDNKRTPNSGGMSNYMRFGRSAEPHHLSKRSVPVKQEATESKT
KENTMKSAAVPNSEKRYMRFGKKSSEGDEKRYMRFGKKSTEDSAPETHAKEEKRYMRFGKKSQPNGEDPEKRYMRFGKKSMEQTDEDKRYMRF
GKKSLDQPEEDKRYMRFGKKSAEQQEEDKRYMRFGKRSDNADDDDDAEEAVKRYMRFGKKMDPDFEKALKRYMHFGKKTDVSEAIKRYMRFGK
KADDNDAEKRYMRFGKKSDSDTENEEKRYMRFGKKDKELSEIKRYMRFGKKDQPAKNEKRYMRFGKKSTV 
 
 
 

Ecdysozoan FMRFamide prepropeptides 
 
Hexapoda 
 
> NP_523669 [Drosophila melanogaster] 
MGIALMFLLALYQMQSAIHSEIIDTPNYAGNSLQDADSEVSPPQDNDLVDALLGNDQTERAELEFRHPISVIGIDYSKNAVVLHFQKHGRKPR
YKYDPELEAKRRSVQDNFMHFGKRQAEQLPPEGSYAESDELEGMAKRAAMDRYGRDPKQDFMRFGRDPKQDFMRFGRDPKQDFMRFGRDPKQD
FMRFGRDPKQDFMRFGRTPAEDFMRFGRTPAEDFMRFGRSDNFMRFGRSPHEELRSPKQDFMRFGRPDNFMRFGRSAPQDFVRSGKMDSNFIR
FGKSLKPAAPESKPVKSNQGNPGERSPVDKAMTELFKKQELQDQQVKNGAQATTTQDGSVEQDQFFGQ 
> XP_001986940 GH20248 [Drosophila grimshawi] 
MGIALMFLLALYQMQSAIYSEIIDTPNYTDNALNELEDSSTEPLPAVDNDMLDAMMMMNEKPDQTELELRLPISNIGFDYGKNSMVLRLQKNA
RKPQLKYDPDYEQKRKSLRDNFMHFGKRQAEQLPQPTGPGYYEMSKRSAMDRYGREPKQDFMRFGRTPSDFMRFGRAPSDFMRFGRDPKQDFM
RFGRDPKQDFMRFGRDPKQDFMRFGRDPKQDFMRFGRDPKQDFMRFGRDPKQDFMRFGRDPKQDFMRFGRDPKQDFMRFGRADDFMRFGRNVN
YHEEQRSSKPDFMRFGRPDNFMRFGRSPPTEFERNGKMDSNFMRFGKRSPGDGAAGTESNQTKAQLQQNKITADGGKQEQQQPSDDSNTVDKT
ITMLFDKHHQEPQQQQQQQQQRQPQEEQQLKSSEQNNLEEASAEQFFEP 
>AAR19420.1 [Periplaneta americana] 
MGVGIIIAMHALFFFMYHIASSDVLDGTNTIDNVAALDISEDEDDCEPESSITSLPLKRAEEQNQPPPVRRRCSNRNFVRLGRGHDFDQDDVN
SSGEKDESLVRIGRGGRSNDNFIRFGRGGKNDNFIRFGRGGKQDNFIRFGRDRSDNFIRFGRGKTDNFIRFGRGRSDNFIRFGRGKSDNFIRF
GRARPDNFIRFGRGKQDFIRFGRGNSNFVRFGRDDSSNVETFDTEEEATTDSTLRVGRGGKSGSNFIRFGRARPSSNFIRLGRRDEEVTQREE
RGRPSNNFVRFGRQTEDDDKFVRLSRSGNSNELRRGKLTDRNFIRLGRSGPSYDEKEQENEDGNSVRLGRSENPSNSRNFIRLGKRALDQNLL
VDEHLMRFGRDVEQIENTPVASSGEPSRSDTDNKTKENYQQSRSKRSISFSEEDSSEDSSDYPVMIPNSAYDDVKIPSPSVEDSQIPFRYYSP
LSSGIPNYILGPELSVLPPLSNESKRGRGDGHNRNYIRLG 
>XP_011207181.1 [Bactrocera dorsalis] 
MGPLLVFFLYLLQLQATIRSEIIESPNEQLNTISDTDDTDLNESEPNERPENSQKLPFIQTGRDPTEVEFRYPIASLNIDYTKNLIILKFRKS
KADEEEERRRKSFNENFMRFGRASADFMRFGRDADFMRFGRSPSDFMRFGKRALEQVPKVNSLDHDYTVNYDKSADAGRRIERSQEGIRDSRG
DNFMRFGRPADDFMRFGRSANDFLRFGRASGDFMRFGRNPSDFMRFGRGGSNDFMRFGRNSKNDFMRFGRTPKEQRGDNQDFMRFGRPDNFMR
FGRTPATVKQPTVAPNFMRYSKPDQNFMRFGKSLAQPANENSTKPPLPREVIKEAAKILHQAEQYGGIGESNPMDRAIKVLFSKDGEHETSAQ
DEKSAQSDAEASDEETDADYELNELNVVQ 
>JAS07229.1 [Clastoptera arizonana] 
MKFLLLVVCLIHSHGSNSITVEAKRSDYQNMVDPLMRRSPLDKNFMRFGRSSTPSEEEADDKEPTDARLGKRNFISSDSDDRELDDFLRVERA
RQNNMMRFGRGRDFQNFIRFGRGRENFMRFGRGRDDNFMRFGRGRNENFMRFGRGKDNFIRFGKSAENIPEDDELEIGREIRSDASKSSNFMR
FGREMDVLDRIGRAQTNFLRFGRGKQDGFMRFGRSGGDRNFMRFGRDSDQMTRSTRPAKDKSDGFLRFGRSEGKVPREKRSLVKSDEPFYELF
KDFTEEFDPDVNDIDAELEGSSSHQEVWNRKKRSLDETTTTLPSEYEMVDSTSIHLEPPLQYYPTLSAGFPNFIVGPEFSLLPTLDTSNIKPK
RGDIGDRNFIRLG 
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Crustacea 
 
>ALQ28593.1 [Scylla paramamosain] 
MIAVAWVLLSGVAWCLASPLTPVPGAIEASPSTHNAPGSDIPEIPQEKRLLKYFLPSSSSWMPTQQEGSKRGYSKNYLRFGRSEEDKRGGRNF
LRFGRADISSIEDTDMLPETEDSLEKRNRNFLRFGRDRNFLRFGRSDAEEFGLPGGPLAFSNLQEDDTEDYPVEEKRSGHRNYLRFGRGNRNF
LRFGRDDSRNFLRFGRSVDRQLKEQKAHEAPLAPTVVPHSPAKTQDSHRSKRSASPYNYVVMPSHGPAAWAQDFQPDQEDEDLDMAIDGPEGA
VSKRGYNRSFLRFGRDRNFLRFGKRNDDSASDVVVVEPASYPRYQRAPQRNFLRFG 
>BAE06263.1 [Procambarus clarkii] 
MTRSCVMPLAAWVLLATFSWCSYAHAAHAAPVPPVAAALSSPSQGFGSNNSEDDSVAQPEKRLLKYFHPESQAWMDDGGDLYPISQEGSKRAY
SDRNYLRFGRSDVDKRNRNFLRFGRSDLGDYDNSDDETLNDSLVKRSRNFLRFGRSVNRQLNALSCDGCDEHNYPGTNPIPPPIPVQSMVPAK
QDIAHTIESPEPDDSTSQRMKRAAVPTANDYGSMSSYSPIVWARGFQPEEEIITVSSEDPQDVNKRALDRNFLRFGRDRNFLRFGRNRNFLRF
GKRDRSNEYRPSSPSESSESLVAVSPAEYSRNVRAPQRNFLRFG 
 
 
 

Priapulida 
 
>Halicryptus spinulosis Locus_23197.0_Transcript_1  
MKSLFRLIMASMLATVLLIQTTLGLPSSCREPGLSEEDWEACKSVMQVYDNIENLFKVQNPSKKTELPFLRFGKRNNANLDLLKKTELPFLRF
GKRNNAGLPSIRNANLPFLRFGKRFI* 
>XP_014672789.1 [Priapulus caudatus] 
MRHLTIATIFASILFVQATLSIPSQCISDDFDDLPEYAKSVCLSLQHLYKTFDELAMERLLSGGPAAEKRDLPFLRFGKSGESDRENRTERDA
VTMHALWGELTGGKG 
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