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Abstract 

Stolonization in syllid annelids is a unique mode of reproduction among animals. During 

the breeding season, a structure resembling the adult but containing only gametes, called stolon, 

is formed at the posterior end of the animal. When the stolons mature, they detach from the adult 

and the gametes are released into the water column. The process is synchronized within each 

species, and it has been reported to be under environmental and endogenous control, probably via 

endocrine regulation. To further understand the reproduction in syllids and to elucidate the 

molecular toolkit underlying stolonization, we generated Illumina RNA-seq data from different 

tissues of reproductive and non-reproductive individuals of Syllis magdalena, and characterized 

gene expression during the stolonization process. Several genes involved in gametogenesis 

(ovochymase, vitellogenin, testis-specific serine/threonine-kinase), immune response 

(complement receptor 2), neuronal development (tyrosine-protein kinase Src42A), cell 

proliferation (alpha-1D adrenergic receptor), and steroid metabolism (hydroxysteroid 

dehydrogenase 2) were found differentially expressed in the different tissues and conditions 

analyzed. In addition, our findings suggest that several neurohormones, such as methyl 

farnesoate, dopamine and serotonin, might trigger the stolon formation, the correct maturation of 

gametes and the detachment of stolons when gametogenesis is complete. The process seems to 

be under circadian control, as indicated by the expression patterns of r-opsins. Overall, our results 

shed light into the genes that orchestrate the onset of gamete formation, and improve our 

understanding of how some hormones, previously reported to be involved in reproduction and 

metamorphosis processes in other invertebrates, seem to also regulate reproduction via 

stolonization.  
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Introduction 

Annelids in the family Syllidae have a remarkable reproductive strategy, which has 

attracted the attention of many biologists (e.g. Nygren 1999 and references herein). Syllids exhibit 

epitoky, which largely implies morphological changes associated with reproduction (Malaquin 

1893), and can be further divided into a variety of reproductive modes. In all epitokous modes, 

there are two states: the sexually immature worm, called an “atoke”, and the sexually mature 

worm, or “epitoke”. Among the epitokous types of reproduction, one of the most common is 

epigamy, which is not exclusive to syllids, where the entire atoke transforms into the epitoke, 

developing swimming chaetae, enlarging its eyes and undergoing changes in musculature 

(Wissocq 1970; Daly 1975; Garwood 1991). One of the most extreme types of epitokous 

reproduction is squizogamy or stolonization, where only a part of the individual transforms into 

an epitokal sexual stage, either by generating new segments or by differentiating pre-existing ones 

(Franke 1999). When the breeding season approaches, the syllid atoke (or stock) starts to develop 

a peculiar structure at the end of its body, that resembles the adult and is known as the stolon 

(Agassiz 1863) (Fig. 1). The stolons possess several features similar to the stock, such eyes and 

antennae, but are filled with gametes (Figs. 1 and 2A–E), as their brief existence is exclusively 

devoted to mating, followed by death (Franke 1999). The stock produces and transfers the 

gametes to the stolon, which is released from the stock when mature (with developed eyes and 

antennae) (Figs. 1 and 2E), and swims to the surface to spawn (Potts 1911; Mesnil and Caullery 

1919). The pelagic stolon releases gametes into the water column, via the nephridiopores in the 

case of sperm, and through rupture of the body wall for the eggs (Franke 1980; Wissocq 1966, 

1970; Schroeder and Hermans 1975; Okada 1937; Durchon 1951, 1952, 1959). Finally, before or 

after stolon detachment (depending on the species), the stock regenerates the lost final segments 

(e.g., Marion and Bobretsky 1875; Michel 1898; Okada 1929) (Fig. 1 and 2F).  

The molecular toolkit involved in annelid reproduction is still far from being understood,  

although studies in several annelid species have shed some light into the matter. For instance, 

genes involved in pheromone production that are essential for mate recognition and spawning, 

such as Temptin and Attractin, and those involved in gametogenesis or fertilization, such as 

Fertilin or Acrosin, have been identified in Spirobranchus (Pomatoceros) lamarckii, 

Hormogaster samnitica and H. elisae (e.g., Kang et al. 2002; Rivera et al. 2005; Takahashi et al. 

2009; Novo et al. 2013). It is also well-known that the germline specification in the marine 

annelids Alitta virens, Platynereis dumerilii, Capitella teleta or Hermodice carunculata involves 

the expression of several genes including vasa, nanos, and piwi during embryogenesis, and that 

vitellogenin (Vtg) is required for yolk formation in the oocyte (Hafer et al.1992; Dill and Seaver 

2008; Rebscher et al. 2007; Thamm and Seaver 2008; Giani et al. 2011; Mehr et al. 2015; Schenk 

et al. 2016). Interestingly, a recent study has reported the potential involvement of the 
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sesquiterpenoid methyl farnesoate (MF), the brain neurohormone that directly regulates Vtg in 

yolk production of P. dumerilii females, therefore influencing the correct development of oocytes 

(Schenk et al. 2016). Particularly, a decrease in MF levels in the brain of P. dumerilii during 

reproduction allowed oocyte maturation but suppressed normal somatic functions and caudal 

regenerative capacities (Schenk et al. 2016). In crustaceans, MF has been showed to play essential 

roles in development and reproduction (Xie et al. 2016), similar to the role of Juvenile Hormone 

(JH) in insects (Riddiford 1994; Wyatt and Davey 1996). Other hormones have also been 

proposed to play essential roles in annelids reproduction, such as the prostomium (i.e. first pre-

oral segment of the animal) hormone 8,11,14-eicosatrienoic acid, which seems to be responsible 

for sperm maturation and spawning in Arenicola marina males (Bentley 1985; Bentley et al. 1990; 

Pace and Bentley 1992).  

Similarly, it has been proposed that the stolonization process in syllids is under hormonal 

control, following endogenous circadian and circalunar rhythms influenced by exogenous factors, 

including annual photoperiod, temperature or moon cycles (Franke 1986a; 1999). It has been 

hypothesized that during the summer time, with long days and high temperatures, a stolonization-

promoting hormone produced in the prostomium is secreted to control a second stolonization-

suppressing hormone produced in the proventricle (i.e. specialized structure of the digestive tract), 

allowing the initiation of stolonization (Franke 1999). In contrast, during winter, when days are 

short and temperatures low at high latitudes, the proventricle is not controlled by the prostomium, 

and the proventricular stolonization-suppressing hormone then inhibits stolonization (e.g., 

Abeloos 1950; Durchon 1952, 1959; Durchon and Wissocq 1964; Franke 1980, 1981, 1983a, b, 

1985, 1999; Heacox 1980; Heacox and Schroeder 1982; Franke and Pfannenstiel 1984; Verger-

Bocquet 1984). Hormonal factors have also been suggested to drive the sexual differentiation of 

the stolon (Franke 1980; Heacox and Schroeder 1982), in particular the female stolon, given that 

it seems that male stolon differentiation occurs autonomously, whereas female stolon 

differentiation may depend on hormone release by male stolons (Franke 1999). However, no 

candidate hormone has been proposed to control reproduction and regeneration processes in 

syllids, although it seems clear that there might be several involved, not only in the brain, but also  

in the proventricle (e.g., Schroeder and Hermans 1975; Franke 1999; Weidhase et al. 2016) 

In summary, although molecular mechanisms underlying reproduction are relatively well 

studied in a few annelids (e.g., Kang et al. 2002; Thamm and Seaver 2008; Giani et al. 2011; 

Novo et al. 2013; Schenk et al. 2016), the molecular toolkit involved in the stolonization process 

of syllids has not been examined yet. Thus, our aim in the present study is to provide a first 

glimpse into the gene expression patterns occurring during the stolonization process in the syllid 

species Syllis magdalena. To achieve this goal, we have pursued four main objectives: 1) to 

characterize molecularly and morphologically the stolonization process in the target species; 2) 

to provide a detailed description of the genes potentially involved in the triggering of stolonization 
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and the formation/releasing of stolons and gametes, through differential gene expression analyses 

of reproductive and non-reproductive individuals in different tissues; 3) to understand the 

evolution of selected candidate genes with major roles in the reproductive processes of the phylum 

Annelida; and 4) to investigate if the molecular signal that determines when to divert resources 

from somatic functions to reproduction is the same across annelids (i.e., synthesis of methyl 

farnesoate).  

 

Results and Discussion 

General morphology and ultrastructure of the stolons in Syllis magdalena 

The stolons of S. magdalena were dicerous, with two pairs of red eyes and one pair of 

antennae formed at the beginning of the stolonization process (Fig. 2A–E, 3A–B), similar to the 

process observed in Syllis amica (see Wissoq 1970) but different to the late formation of head 

structures in Syllis gracilis (see Pettibone 1963) or Syllis hyalina (see Malaquin 1893). Natatorial 

capillary chaetae were not developed during the stages in which the stolon was attached to the 

stock. Before stolon detachment, the stock completely regenerates the final part of the body that 

was transformed during the stolon formation (Fig. 2F). Female stolons were purple, completely 

full of oocytes arranged around the through-gut (Fig. 2A, C, E, 3A–B). Male stolons were white, 

completely full of spermatogonia, and also arranged around the gut (Fig. 2B, D).  

The epithelium of the female and male stolons was columnar, comprised by large 

epithelial cells (>10 µm in maximum length) with basal non-nucleolated nuclei, and large 

globular glandular cells with electrondense material (Fig. 3C). In both stolons, below the 

epithelia, there was a thick layer of muscle fibers, then the germinative epithelium, and finally 

the digestive epithelium (Fig. 3C–F). The muscle fibers of both female and male stolons presented 

the regular morphology of muscle fibers of the adults, with a double striation and 25–35 

myofilaments and clusters of mitochondria near the tips (Fig. 3C, E).  We did not observe the 

“stolonal” muscle fibers described in Syllis amica with the mitochondria towards the middle of 

the fiber (Wissoq 1967) while attached to the stock. It is possible that the reorganization of the 

muscle fibers takes place later in the stolonization process, but it is improbable, given that it 

occurs during head formation in the stolon of S. amica (see Wissoq 1967), a process that we 

observed in S. magdalena.  

In the female germinative epithelium, large yolky oocytes (50 µm approximately) were 

surrounded by non-nucleolated nurse cells (Fig. 3D). Oocytes were connected by microvillar 

processes (Fig. 3D). The male germinative epithelium only contained two large sacs of 

spermatogonia in the specimens collected (Fig. 3E–F). Spermatogonia (ca. 1 µm in diameter) 

were densely packed and possess a non-nucleolated nucleus with chromatin condensation 

processes (Fig. 3E–F). The digestive epithelium was comprised of large (>10 µm in maximum 

length) convoluted multiflagellated cells (Fig. 3F). We did not observe digestive material in the 
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lumen of the stolon gut (Fig. 3F). There were no differences in the developmental stage of gametes 

between the anterior and posterior parts of stolons (see also differential expression results). 

 

General characterization of the de novo transcriptomes 

A total 30 libraries derived from somatic and reproductive tissues of non-reproductive (NON-

REPRO) and reproductive (REPRO) specimens, were used to assemble de novo two 

transcriptomes, REFSOM and REFTOTREPRO (further details in Material and Methods 

section). Three somatic parts were chosen for RNA extraction were chosen from all specimens: 

anterior part (prostomium + first 2 segments), proventricle (all segments containing the 

proventricle) and final part (pygidium + 2 final segments). Two additional fragments from 

specimens engaged in stolonization (REPRO) were sequenced: the anterior and posterior half 

parts of the stolons. Assembly statistics of the reference transcriptomes are summarized in 

Supplementary File S1, alongside read mapping results for each tissue and specimen. The 

coverage of our assemblies is similar or slightly higher than those in other studies on marine 

invertebrates (e.g., Meyer et al. 2009; Riesgo et al. 2012; Pérez-Portela et al. 2016).  

An overview of the assigned GO terms for each transcriptome (including 3 different 

levels: cellular component, CC, biological process, BP, and molecular function, MF) and GO 

enrichment analyses using Fisher’s tests are shown in Supplementary File S2A. The GO 

enrichment results for the comparisons of both transcriptomes showed 36 GO terms 

overrepresented in REFSOM related to cellular organization and regulation, metabolism and 

binding, among others (Supplementary Figure S2B).  In contrast, only 8 categories appeared 

enriched in REFTOTREPRO, mainly related to signaling activity (Supplementary Figure S2C). 

Interestingly, one of these enriched categories is the activity of G-protein coupled receptors, 

which bind light-sensitive compounds, pheromones, hormones, neurotransmitters and other 

ligands involved in secretory processes or cell development, among other functions (e.g., Li et al. 

1999; Iversen et al. 2002; Hauser et al. 2006; Asahara et al. 2013). The results of several of these 

G-protein coupled receptor expression levels on the different tissues and conditions analyzed are 

discussed below. 

 

Differential gene expression analyses  

Pairwise comparisons of somatic tissues (anterior part, proventricle, final segments) between 

REPRO and NON-REPRO 

We detected 792 differentially expressed genes in the comparison between REPRO and 

NON-REPRO somatic tissues, 494 of them being upregulated in REPRO (178 in females and 316 

in males) and 298 in NON-REPRO (Fig. 3 and Supplementary Files S3 and S4). Of these 792 

genes, only 292 (~37%) had a BLAST hit and, therefore only the putative annotations for those 

genes (Supplementary File S4) are discussed below. Among the pairwise comparisons of REPRO 
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and NON-REPRO tissues, the final segments tissue are the ones that showed more differentially 

expressed genes, was the final segments (Fig. 4C), with 223 differentially expressed in the 

comparison of female final segments and NON-REPRO final segments (152 upregulated in 

female) and 460 differentially expressed genes in the comparison of male final segments and 

NON-REPRO final segments (304 of those upregulated in male). The pairwise comparisons of 

anterior part and proventricle between reproductive and non-reproductive individuals showed low 

numbers of differentially expressed genes (Fig. 4A–B). Among those, the largest differences were 

in the proventricle with 7 differentially expressed genes upregulated in both females and males 

when compared to non-reproductive, and 20 and 36 differentially expressed genes upregulated in 

the proventricle of non-reproductive individuals (Fig. 4B).  

In the anterior part and the proventricle of females, the genes upregulated (Supplementary 

File S4) were related mostly to immune processes (complement receptor 2) or food processing 

(trefoil factor 2, cubilin, serine protease 27 and chitinase). Similarly, in the male anterior part 

and proventricle (Supplementary File S4), most genes were involved in nutrient transport (sugar 

transporter STL1 and glycogen phororylase), as well as development of the nervous system 

(tyrosine-protein kinase Src42A).  

Several genes related to gametogenesis were found differentially expressed in the final 

segments of female and male REPRO individuals compared to NONREPRO (Supplementary File 

S4), including vitellogenin (Vtg) and ovochymase (OVCH) in females, and testis-specific 

serine/threonine-kinase (TSSK) in males, which indicates an important role of the final segments 

during the gametogenesis process in both stolonizing females and males. Vitellogenin has been 

already reported to be involved in annelid gametogenesis, specifically as a yolk precursor (e.g., 

Hafer et al.1992), but OVCH, an ovary-specific gene involved in egg development of several 

animals (e.g., Lindsay and Hedrick 1995; Gao and Zhang 2009; Mino and Sawada 2016), is here 

reported for the first time in annelids. The same occurs for TSSK, whose expression, confined 

almost exclusively to testes, has largely been studied in several mammals (Hao et al. 2004), but 

never in annelids. Remarkably, two hormone receptors for relaxin and follistatin were found 

differentially expressed in the final segments of reproductive females (Supplementary File S4). 

The insulin-related peptide relaxin is important for the growth and remodeling of reproductive 

tissues during mammal pregnancy (e.g., Gunnersen et al.1995; Hsu et al. 2002) and is active in 

the ovary and during embryogenesis of zebrafish (e.g., Donizetti et al. 2008, 2010; Wilson et al. 

2009). Relaxin activity has also been reported in invertebrates, including in the tunicate Ciona 

intestinalis (e.g., Ivell et al. 2005; Olinski et al. 2006), and in the starfish Asterina pectinifera 

(Mita 2013; Mita et al. 2014), where it takes part in oocyte release from the ovary, but this is the 

first time that it is described in annelids. Likewise, follistatin, reported as a follicle-stimulating 

hormone, with several additional regulatory functions both in reproductive and non-reproductive 

tissues (Phillips and Kretser 1998), has been already found in the transcriptome of other annelids 
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such as C. teleta and S. lamarckii (Kenny et al. 2014), but without a particular association with 

any biological process. In our case, it seems that both relaxin and follistatin are important during 

oocyte development in S. magdalena, as they are expressed in tissues where oogenesis is taking 

place before oocytes are transferred into the stolon (see also results section below).  

 

Pairwise comparisons of somatic (anterior part, proventricle, final segments) between REPRO 

females and males 

We detected 234 genes with significant expression in the comparison between female and male 

somatic tissues, 85 of them being upregulated in female (0 in anterior part, 27 in proventricle, 58 

in final segments) and 149 in males (only in final segments) (see details in Fig. 5A, B and 

Supplementary File S5). Of these 234 genes, only 84 (~35%) of transcripts were annotated 

(Supplementary File S5). No differential expression was found in the comparisons of the female 

and male anterior parts, and in the proventricle comparisons, we only found differentially 

expressed genes in the females (Fig. 5A and Supplementary File S5; see discussion below). 

Similar to the previous comparisons (see above), the somatic tissue sample that showed more 

differentially expressed genes was the final segments, with 149 genes upregulated in males and 

58 in females (Fig. 5B and Supplementary File S5).  

As in the previous comparisons (see section above), several gametogenesis-related genes, 

such as vitellogenin, ovochymase (OVOCH) in females, and TSSK in males, were differentially 

expressed in F (Fig. 5B and Supplementary File S5). In addition, we also found NOTCH 

differentially expressed in F of REPRO males (Fig. 5B and Supplementary File S5). This gene 

has been reported to have a role in segment formation and adult regeneration in annelids (e.g., 

Tham and Seaver 2008), and therefore may also be involved in segment formation of stolons and 

pygidium regeneration of S. magdalena (Fig. 2F). However, the NOTCH pathway has been also 

reported to be essential for the correct development of gametes in D. melanogaster and mammals 

(Xu et al. 1992; Hayashi et al. 2001; Murta et al. 2014), and therefore it could also be playing 

such role during spermatogenesis in Syllis magdalena.  

Two different transcripts of ovochymase were differentially expressed in final segments 

(OVOCH1) and proventricle (OVOCH2) female tissues (Fig. 5A and Supplementary File S5). 

Ovochymases are involved in the oogenesis in other invertebrates, where they help avoid self-

fertilization and are localized in the vitelline coat of oocytes (Mino and Sawada 2016). In the 

ascidian Halocynthia roretzi, ovochymase has a signal peptide, three trypsin-like serine protease 

domains and six CUB domains (Mino and Sawada 2016). We found 3 ovochymases (two DE, 

OVOCH1 and OVOCH2, and one non-DE, OVOCH3) in S. magdalena, none of them containing 

a signal peptide and all containing much less trypsin-like serine protease and CUB domains 

(Supplementary File S6). The trypsin-like serine protease domain is not exclusive to 

ovochymases, since it also occurs in chymotrypsins (Supplementary File S6), which are digestive 
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enzymes. Given the digestive function of the proventricle in syllids, OVOCH1 and OVOCH2 may 

be performing different functions in S. magdalena F and P tissues, respectively. Our molecular 

phylogeny of ovochymases and chymotrypsins in animals confirmed that OVOCH1 and 

OVOCH3 are homologues of other animal ovochymases, whereas OVOCH2 (the one 

differentially expressed in the proventricle) is, in fact, a homologue of a mollusk chymotrypsin 

(Supplementary File S6). OVOCH1 in S. magdalena could be assisting in the maturation of the 

oocyte, creating an envelope that could further prevent self-fertilization during gamete release in 

the water column. 

 

Pairwise comparisons of stolons between REPRO females and males.  

We detected 1150 differentially expressed genes in the comparison between reproductive tissues 

of female and male individuals, 872 upregulated in female stolons and 278 in male stolons (Fig. 

5C and Supplementary File S5). This comparison showed the largest differences, with ~75% of 

genes upregulated in females (872) and ~25% in males (278) (Fig. 5C and Supplementary File 

S5). In addition, we also compared the anterior and posterior halves of stolons, finding only 7 

genes upregulated in the anterior half part (Fig. 5C and Supplementary File S5), most of them 

related to eye (rhabdomeric opsin, retinal-binding protein) or brain (TRPC channel protein) 

functioning.  

Among the most upregulated Biological Process categories in female stolons, we found 

Nicotinamide metabolism (Fig. 6). Cells need to accommodate the bioenergetic demands During 

oogenesis, nicotinate and nicotinamide are essential for organisms as the precursors for generation 

of the coenzymes NAD+ and NADP+, which are fundamental in redox reactions and carry 

electrons from one reaction to another, being the pillars of many metabolic pathways. The gene 

nicotinamide mononucleotide adenylyltransferase 1-like, which catalyzes the formation of 

NAD+, was upregulated in the female stolon when compared to the male stolon (Supplementary 

File S5). Other metabolic pathways upregulated in the female stolons include both fructose and 

carbohydrate metabolism, illustrating the high energetic requirements of oogenesis (Fig. 6). In 

male stolons, the major upregulated process related to the high energetic demands of 

spermatogenesis is Purine metabolism, a pathway required for nucleotide biosynthesis (Fig. 6). 

Interestingly, the MAPK cascade (included in the category ‘Styrene catabolism’), which is central 

to cell proliferation, is upregulated in female stolons (Fig. 6). Similarly, the gene alpha-1D 

adrenergic receptor-like, which also regulates cell proliferation is upregulated in female stolons. 

As in the case of final segments (see section above), Vtg and OVOCH in females, and 

TSSK and NOTCH in males, were also differentially expressed in stolons of females and males 

(Fig. 5C and Supplementary File S5). These results indicate an important role of the stolons in 

the maturation of gametes, in contrast to what has been traditionally suggested, where the stolons 

are thought to be only a place to keep and later spread the gametes. However, no genes related to 
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gamete maturation were found to show differentially expressed in the comparison between the 

anterior and posterior halves of stolon, which suggest that there is no sequential anteroposterior 

maturation of gametes within the stolons (Fig. 5D and Supplementary File S5), in agreement with 

our results from the morphological and ultrastructural study. 

Relaxin was also found differentially expressed in female stolons, reinforcing the 

hypothesis of its implication in annelid oogenesis and its potential role in the release of oocytes 

into the water column, as it has been suggested for relaxin in A. pectinifera (Mita et al. 2014). 

Other genes involved in gametogenesis of annelids (e.g., Rebscher et al. 2007; Dill and Seaver 

2008; Novo et al. 2013) were also found differentially expressed in female stolons 

(Supplementary File S5), including the member of the DEAD-box helicase protein family, vasa. 

We found two paralogues of the gene vasa (the DE vasa1 and the non-DE vasa2) among our 

transcripts, in contrast to what is found in other annelids that only present one (see Supplementary 

File S7). While vasa 2 grouped with all vasa orthologs obtained in annelids, vasa 1 branched out 

from the annelids and appeared basal to other vasa orthologs from metazoans (Supplementary 

File S7), being more similar to ATP-dependent RNA helicase vasa-like proteins in arthropods than 

to vasa proteins of annelids when blasted. These results may suggest that different paralogues 

may be performing different functions in S. magdalena (Supplementary File S7). While vasa2 

could be playing a role in the female germline determination localized in the oocytes of S. 

magdalena, vasa1 could be participating in the maintenance of totipotency of the stem cells 

(Juliano and Wessel 2010), although ATP-dependent RNA helicase vasa-like proteins are also 

known to be involved in oogenesis. Interestingly, we also found the category Steroid biosynthesis 

upregulated in female stolons (Fig. 6). In addition, our study shows the upregulation of the gene 

hydroxysteroid dehydrogenase 2 isoform X2, that could potentially mediate steroid hormone 

metabolism (Seckel and Walker 2001), and suggests hormonal control over the final stages of 

stolonization in S. magdalena.  

In male stolons, most of the upregulated genes were involved in the construction of the 

flagellar apparatus (Inaba 2011), including dyneins, cilia- and the flagella-associated proteins, 

ropporin, radial spoke 3, and kinesins). This is unsurprising, given the presence of sperm in these 

tissues, but is an excellent positive control. 

 

Hormonal control of stolonization 

Since methyl farnesoate (MF) was discovered to be produced by mandibular organs of numerous 

crustaceans, this form of the insect Juvenile Hormone (JH III), has been commonly considered as 

the crustacean equivalent of insect JH (Laufer and Biggers 2001; Miyakawa et al. 2014). 

Comparably to JH in insects, MF regulates many aspects of crustacean physiology, including 

reproduction (Xie et al. 2016). In this context, MF is more actively synthetized by females during 

vitellogenesis, and higher levels of MF are associated with large reproductive systems and 
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aggressive mating behavior in males of the spider crab Libinia emarginata (Laufer et al. 1992). 

In the annelid C. teleta, exogenous extracts of MF were found to affect larval metamorphosis and 

settlement (Laufer and Biggers 2001), and MF has been recently demonstrated to be directly 

involved in P. dumerilii regeneration and female sexual maturation (Schenk et al. 2016). This 

latter study not only showed that the decrease of MF levels in the brain induces reproduction and 

suppresses regenerative capacities in P. dumerilii, but it also reported an ortholog of the MF 

receptor of arthropods (bHLH-PAS-domain-containing transcription factor methoprene-tolerant 

receptor, MTr) in the eleocytes (coelomic cells that synthesize yolk via production of Vtg protein), 

demonstrating that this hormone is not restricted to arthropods, as it was assumed (Schenk et al. 

2016). Since detection of MF is not possible in RNAseq data, in order to assess whether S. 

magadalena could use a similar molecular signal to determine when to divert resources from 

somatic functions to reproduction, we investigated if S. magdalena also possessed an ortholog of 

MTr, identified as the arthropod and lophotrochozoan sesquiterpenoid receptor (e.g., Konopova 

and Jindra 2007; Miyakawa et al. 2013; Jindra et al. 2015; Schenk et al. 2016). In our de novo 

transcriptomes, we identified two transcripts encoding bHLH-PAS-domain-containing 

transcription factor that showed strong similarity to P. dumerilii MTr. In fact, our molecular 

phylogeny of MTr revealed that the S. magdalena ortholog is closely related to MTr orthologs of 

P. dumerilii and C. teleta (Fig. 7A). In agreement with Schenk et al. (2016), our results also 

confirmed that annelid MTr is clearly an ortholog of insects and crustaceans MTrs (Fig. 7A). 

These findings allow us to suggest that MF may be one of the hormones responsible for syllid 

stolonization. If the MF is involved in syllid reproduction, we would expect to find differences in 

the levels of expression of MF receptors (MTr) among the stolonizing and non-stolonizing syllid 

samples (higher in the latter), similar to what has been reported during oocyte maturation and 

male reproductive behavior in crustaceans and other annelids (e.g., Laufer et al. 1992; Schenk et 

al. 2016). Surprisingly, higher expression levels (albeit not statistically significant) of MTr were 

found only in anterior and posterior tissues of female, therefore REPRO, individuals (Fig. 7B), 

but not in the NON-REPRO specimens, as it might be expected (Schenk et al. 2016). Thus, in 

contrast to what was found in P.dumerilii but similar to what has been reported for arthropods, 

an increase in MF (or a similar putative sesquiterpenoid) is necessary to initiate the reproductive 

process in stolonizing syllids (Fig. 7B) (Laufer et al. 1992; Gäde et al. 1997; Wyatt 1997; Hansen 

et al. 2014). The fact that the differences between conditions are not statistically significant can 

be explained because the NON-REPRO specimens were collected only one week before the 

beginning of the stolonization process, and therefore they might have already entered the initial 

stages of reproduction without visible morphological changes. On the other hand, as in the case 

of A. marina (e.g., Pacey and Bentley 1992), it is also possible that a non-identified hormone, 

sesquiterpenoid or otherwise, is orchestrating the important metamorphic changes that occur 

during syllid stolon development, similarly to what MF and JHs do in arthropods (e.g., Hui et al. 
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2010; Maruzzo et al. 2012; Wen et al. 2015). However, the presence of sesquiterpenoids is further 

suggested by other DE gene results, as discussed further below. 

Interestingly, other neurotransmitter receptors were found to be upregulated in the 

posterior end of NON-REPRO specimens: dopamine receptor (DAr), belonging to the large 

family of G-protein coupled receptors, was downregulated in the final segments of females, and 

serotonin transporter (SERT or 5-HTT), which terminates the action of serotonin, was 

downregulated in the final segments of males (Supplementary File S5 and Fig. 8A). Our 

molecular phylogeny corroborates that these proteins are orthologs of the C. teleta DAr type 2 

(DAr2, Fig. 8B) and C. teleta and Helobdella robusta SERT genes (Fig. 8B). Dopamine (DA) and 

Serotonin (SER) are biogenic amines that act as a neurotransmitters and hormones, regulating an 

array of important physiological functions both in vertebrates and invertebrates (e.g., Winberg et 

al. 1997; Neckameyer, 1998a; Gingrich et al. 2000; Wicker-Thomas and Hamann 2008; Dufour 

et al. 2010; Giang et al. 2011). In D. melanogaster DA and SER control a wide range of behavioral 

processes such as circadian rhythms, sleep, mating behavior, learning or aggression (e.g., Nichols 

2007; Giang et al. 2011) and also stimulate fertility and female receptivity (Neckameyer 1998b; 

Marican et al. 2004). In C. elegans, male mating behavior and egg deposition are also induced by 

DA and SER (Sulston et al. 1975; Weinshenker et al. 1995; Dempsey et al. 2005). In addition, 

both hormones have been reported to be involved in larval metamorphosis in cnidarians, molluscs, 

and echinoderms (Couper and Leise 1996; McCauley 1997; Matsuura et al. 2009). In annelids, 

dopaminergic and serotonergic systems have been found in several species (Grothe et al. 1987; 

Dietzel and Gottmann 1988; Schlawny et al. 1991; Spörhase-Eichmann et al. 1998; Krajniak and 

Klohr 1999; Zaccardi et al. 2004; Lawrence and Soame 2009; Helm et al. 2014; Rimskaya-

Korsakova et al. 2016; Verasztó et al. 2017; Bauknecht and Jékely 2017). However, the 

participation of DA and SER in annelid reproduction has only been demonstrated in a handful of 

studies. Although it was thought that DA played an important role in sexual differentiation in 

Ophryotrocha puerilis (Grothe et al. 1987; Pfannenstiel and Spiehl 1987; Grothe and Pfannenstiel 

1986), it was later demonstrated that the catecholaminergic system of this species was involved 

in mechano- and/or chemoreception (Schlawny et al. 1991). In contrast, both SER and DA in 

nereids seem to have a positive effect on oocyte development, the first by directly inducing their 

maturation and the second by switching off the action of the juvenile hormone (Lawrence and 

Soame 2009). Similarly, in the decapod Penaeus merguiensis SER induces ovarian maturation 

through MF production (Makkapan et al. 2011). In this sense, increased levels of both hormones, 

as indicated by the upregulation of their receptors and/or transporters (DAr and SERt) just before 

the beginning of stolonization (NON-REPRO individuals), could be the stimulus required to 

initiate oocyte and sperm development during syllid stolonization, with a decrease in the levels 

afterwards during the course of gametogenesis. In addition to this suggested putative direct role 

in gametogenesis per se, DA could also be the putative hormone in the brain and/or proventricle 
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inducing the production of MF (or other sesquiterpenoid) to regulate stolonization in S. 

magdalena, as found for DA and the JH of nereids and decapods (Lawrence and Soame 2009; 

Makkapan et al. 2011). Our results thus indicate a possible role of several hormonal factors in the 

sexual differentiation of stolons, in agreement with previous studies (Franke 1980; Heacox and 

Schroeder 1982).  

In addition, if DA and SER were the neurohormones regulating stolonization in syllids, 

our results do not support the traditional view in which male stolons differentiate autonomously 

and female stolons differentiate upon hormone release by the male stolon (Franke 1999). We 

found upregulation of the receptors of these two neurohormones in both female and male 

individuals at the beginning of stolonization. DA and SER have been reported to be under the 

influence of photoperiodic and circadian rhythms, which are essential for synchronizing several 

processes in animals (Andretic and Hirsh 2000; Doyle et al. 2002; Lawrence and Soame 2009). 

Therefore, we suggest that that both female and male stolon differentiation are triggered by 

environmental cues regulating the production of DA and SER. As in other annelids, the main 

external signals that may be controlling the synchronicity of the reproductive period in syllids are 

light and seawater temperature (e.g., Franke 1986b). In the Adriatic Sea, the breeding season of 

Syllis prolifera is restricted from late March to early October, when the temperature ranges from 

14ºC–19ºC, and there are around 12–13h of light per day (Franke 1986b). Similar results were 

observed in S. magdalena, which seems to breed during the southern hemisphere summer (see 

sampling methods) with a mean seawater temperature around 15ºC and around 13h hours of light 

per day. 

In addition to steroid hormone control, we found some differentially expressed genes in 

the female stolons, potentially involved in the production of pheromones (specifically the 

sesquiterpenoid MF; see section above): Farnesyl pyrophosphate synthase (FPPS) and several 

methyl transferases (MTases) (Fig. 7B, C and Supplementary File S5), which could synthetize 

sesquiterpenoids similar to MF and JHIII in arthropods (e.g., Tobe and Bendena 1999; Hui et al. 

2010). Specifically, FPPS is required at the beginning of the process to catalyze the reaction, 

generating Farnesyl Diphosphate, the raw material for sesquiterpenoid production, which is then 

transformed into Farnesol, then Farnesal (via the Farnesol oxidase/dehydrogenase, SDR11), later 

into FA (through Farnesal dehydrogenases, ALDHE3), and, in the canonical pathway, finally into 

MF in crustaceans (through Farnesoic acid methyl transferase, FAMeT), or into JH in insects 

(through an epoxidase, FAMeT and Juvenile hormone acid O-methyltransferase, JHAMT) (e.g., 

Hui et al. 2010) (Fig. 7D).  

Following Schenk et al. (2016) and given our results (including those for methoprene 

tolerant receptor, above), a similar pathway seems to occur in annelids, with the synthesis of 

some form of sesquiterpenoid regulating reproduction, as occurs in arthropods (Xie et al. 2016). 

In fact, our phylogenetic results confirmed that the differentially expressed transcripts annotated 
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as FPPS and of a variety MTases (Figs. 7C and Supplementary File S8) are legit orthologs, and 

thus the beginning and end of the synthesis cascade, and the likely bottleneck, are differentially 

expressed. In addition, orthologs of FPP, SDR11 and ALDHE3 of spiralians were cleary found in 

our samples (Supplementary File S9), although these are not differentially expressed themselves. 

These differentially expressed MTases are of a variety of annotations, with some possessing 

homologs across the Bilateria. None possess clear homology to known arthropod FAMeT or 

JHAMT sequences. However, all could potentially be performing a similar role in vivo, and one 

apparent Spiralia novelty is present, which we posit as an excellent candidate for future functional 

investigation. 

However, despite this persuasive circumstancial evidence, we still cannot confirm that 

the final product of this biosynthetic pathway in S. magdalena is MF or another sesquiterpenoid, 

until functional analyses are performed to test this hypothesis. Besides the putative involvement 

of sesquiterpenoids in the beginning of syllid stolonization, which is reinforced by the high 

expression of SDR11 and ALDH3 in somatic tissues of both male and female individuals (Fig. 

7B), it seems that in our case it may also affect later stages, since FPPS and MTases are 

differentially expressed in female stolons (Supplementary File S5). Thus, the increase of MF 

levels could also be regulating the vitellogenin levels necessary for yolk formation, as it 

commonly occurs with JH in arthropods (Laufer et al. 1992; Gäde et al. 1997; Wyatt 1997; Hansen 

et al. 2014). In fact, the overexpression of this hormone in stolons could be the triggering signal 

for the stolon release from the stock. We did not find any enzyme necessary to synthetize 

hormones or neuropeptides differentially expressed in the male stolons, which might indicate that 

the synchronicity in the release of female and male stolons might be directly controlled by the 

female via the production of MF, as it has been also reported during spawning in A. marina 

(Hardege and Benteley 1997).  

In addition, as discussed above, MF production has been shown to be influenced by 

external stimuli (e.g., Shin et al. 2012; Girish et al. 2015; Toyota et al. 2015), which could trigger 

the stolonization process simultaneously in syllid species according to the traditional hypothesis 

(e.g., Franke 1999). One of these external stimulus is ambient light variation, which is detected 

via photosensitive pigments such as opsin proteins and represents a common mechanism 

mediating the synchronization of gamete release or spawning in a variety of marine invertebrates 

(Kaniewska et al. 2015; Siebert and Juliano 2017). We have identified several opsin homologs in 

S. magdalena, including a rhabdomeric opsin previously characterized in other annelids (e.g., 

Arendt et al. 2004; Randel et al. 2013; Gühmann et al. 2015), that was found differentially 

expressed in the anterior part of stolons (Supplementary File S5), but not in the anterior part of 

the stock. Our molecular phylogeny including all opsins found in S. magdalena (Fig. 9A) revealed 

that the differentially expressed rhabdomeric opsin (r-opsin 5) and two other non-differentially 

expressed opsins (r-opsin 3 and 4) are homologues of the P. dumerilii opsin found in larval eyes 
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(Arendt et al. 2002). Differences on expression levels among tissues and conditions were 

observed in the different opsins found in our samples (Fig. 9B), which suggest several roles of 

opsins at different stages of syllids development, as it has been already stablished in other marine 

annelids (e.g. Arendt et al. 2004). Specifically, the upregulation of r-opsin 5 in the anterior part 

of the stolons, where the stolon eyes are located (Fig. 2A–B, 3A–B) suggests that this opsin copy 

in particular might be responsible for detecting the light changes that would trigger MF 

production, and the subsequent synchronous stolon release and spawning in S. magdalena. A 

similar mechanism has been recently demonstrated in the hydrozoan jellyfish Clytia 

hemisphaerica, in which spawning is mediated by oocyte maturation-inducing neuropeptide 

hormones (MIHs), whose release is triggered as a response to blue-cyan light detected by a gonad 

photosensory opsin (Artigas et al 2018). 

 

 

Conclusions 

Using Illumina RNA-seq data, we provide the first transcriptomic characterization of the 

reproductive process in a species of the family Syllidae. Here, we performed a series of pairwise 

comparisons of the gene expression patterns in different tissues and conditions that allowed us to 

identify the molecular mechanisms underlying the stolonization process of Syllis magdalena. We 

found an array of differentially expressed genes involved in immune response, neuronal 

development, gametogenesis, cell proliferation, and steroid metabolism playing different roles in 

the reproductive process of S. magdalena. Among the most striking results of our study was the 

continuous gamete maturation occurring in both the final segments and the stolons and the 

hormonal regulation of the reproduction. Thus, following previous hypotheses proposed for other 

annelids, including syllids (e.g., Franke and Pfannenstiel 1984; Pacey and Bentley 1992; Franke 

1999; Lawrence and Soame 2009; Schenk et al. 2016), we suggest a multihormonal model for the 

control of syllid stolonization, influenced by environmental signals affecting the anterior part 

(prostomium) and proventricle of the animal, as it was traditionally hypothesized (e.g., Franke 

1999), but also influencing the posterior end of the animals (and thus, the gonads) (Fig. 10). When 

the breeding season approaches, both DA and SER levels increase triggered by photoperiod and 

circadian rhythms (Andretic and Hirsh 1999; Lawrence and Soame 2009) and they produce a 

direct influence on the gonads of pre-reproductive individuals (upregulation of DAr/SERt in final 

segments of NON-REPRO), initiating the gamete production (Fig. 10A, B). The increase of DA 

and SER could also positively regulate the production of the putative brain and/or proventricle 

hormones (such as MF or similar), as in several other invertebrates (Couper and Leise 1996; 

McCauley 1997; Matsuura et al. 2009) regulating the gamete production (and the consequent 

metamorphosis to produce stolons), as observed in crustaceans and insects (e.g., Shin et al. 2012; 

Girish et al. 2015; Toyota et al. 2015). At this point, a variety of other hormones and proteins, 
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such as Vtg, OVCH, relaxin, follistatin and TSSK, play their role in the correct development of 

gametes (Fig. 10B) until maturation is completed. During gamete and stolon maturation, high 

levels of MF may be required for yolk formation (upregulation in female stolon of Vtg, FPPS and 

MTases), and the presence of MF could additionally trigger stolon release from the stock as a 

response to external stimuli (as indicated by the upregulation of photosensitive r-opsins) (Fig. 

10C). We also suggest that the synchronicity of the stolon and gamete release may not only be 

mediated by exogenous factors such as light and water temperature, but also by chemical cues 

provided by the female stolons, as demonstrated in other annelids (Hardege and Bentley 1997). 

Overall, our results illuminate the process of stolonization in syllids, improving our 

understanding of how some putative hormones and gametogenesis-related genes regulate the 

reproduction in stolonizing syllids. However, the transcriptomic approach adopted here does not 

allow us to locate the specific expression of these genes, and further functional studies are needed 

to provide a more complete overview of the expression patterns and the proper functioning of 

specific pathways during reproduction in S. magdalena. In addition, RNAi experiments to inhibit 

the expression of G-protein coupled receptors and other hormones and neuropeptides would 

provide promising routes to understand their role during stolonization in syllids, allowing us to 

elucidate once and for all how these annelids delegate sex to their stolons. 

 

Material and methods 

Sample collection and preservation 

Eight individuals of S. magdalena were collected in intertidal algal turfs of Ulva rigida 

and Perumytilus purpuratus beds, in Las Cruces, Central Chile (S 33º 30’ 06”, W 71º 37’ 55”) in 

January 2014. Four specimens were collected during full moon, two of which were developing 

female stolons and the other two male stolons (REPRO specimens); the other four specimens 

were sampled before the full moon and were not engaged in reproduction (NON-REPRO 

specimens). All samples were immediately fixed in RNAlater and stored at -80 ºC until RNA 

extraction. Two additional male and female stolons were preserved complete in 2.5% 

glutaraldehyde in 0.4M PBS for electron and confocal microscopy. 

 

Confocal and transmission electron microscopy  

Whole specimens preserved in 2.5% glutaraldehyde were mounted in slides to obtain 

images of auto-fluorescent tissues during stolonization with a Nikon Eclipse upright with A1-Si 

confocal microscope at the Image Analysis Center (IAC) of the Natural History Museum of 

London. No stain was applied, but images were obtained in DAPI 488, 555 and 647 channels, 

under gentle laser excitation. For transmission electron microscopy (TEM), specimens fixed in 

2.5% glutaraldehyde were later postfixed in 1% osmium tetroxide and rinsed twice in PBS before 

dehydration with an increasing series of acetone (from 50% to 100%). Samples were further 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 17 

embedded in epoxy resin, serially sectioned with an ULTRACUT ultramicrotome at 64 nm, post-

stained with uranyl acetate and lead citrate, and observed with a JEOL JEM1010 microscope at 

the Serveis Científico-Tècnics (SCT) at the Universitat de Barcelona and at the Servicio 

Interdepartamental de Investigación (SIDI) of the Universidad Autónoma de Madrid. 

 

RNA extraction 

Each tissue sample was transferred to a microcentrifuge tube containing 500 µL of TRIzol 

(Invitrogen), and ground with a RNase-free plastic pestle to break down the tissue, and isolate 

RNA and DNA. Then, another 500 µL of TRIzol and 10 µL of glycogen were added. After 10 

min incubating the mixture at room temperature (RT), 100 µL of the RNA-isolating reagent 

bromochloropropane (BCP) was mixed in by vortexing. After 10 min incubation at RT, samples 

were centrifuged at 16,000 relative centrifugal force (rcf) units for 15 min at 4 °C to separate the 

solution into 3 layers. The upper aqueous layer, which contained total RNA, was recovered and 

mixed with 500 mL of isopropanol, and incubated at –20 ºC overnight. Afterwards, the sample 

was centrifuged at 16,000 rcf for 15 min at 4 ºC, and the supernatant was removed. Total RNA 

precipitation was performed by washing the remaining pellet twice by adding 1 mL of 75% 

ethanol and centrifuging it at 16,000 rcf at 4 °C for 5 min. The dried pellet was eluted in 100 µL 

of RNA Storage solution (Invitrogen). mRNA purification was performed with a Dynabeads 

mRNA Purification Kit (Invitrogen), following manufacturer’s instructions. After incubation of 

total RNA at 65 ºC for 5 min, the samples were incubated for 30 min with 200 mL of magnetic 

beads in a rocker and washed twice with washing buffer.  

Thirteen µL of 10 mM Tris-HCl were added to the eluate, and the mixture was incubated 

at 80 °C for 2 min. The supernatant was immediately transferred to a 0.5 mL microcentrifuge tube 

and stored at -80 °C. Quality of mRNA was measured with a pico RNA assay in the Agilent 2100 

BioAnalyzer (Agilent Technologies). Quantity was measured with an RNA assay in a Qubit 

fluorometer (Life Technologies). Further details about RNA prep protocols can be found in 

Fernández et al. (2014). 

 
cDNA Library Construction and Next-Generation Sequencing 

cDNA libraries were constructed from extracted mRNA in the Apollo 324 automated 

system using the PrepX mRNA 8 Protocol Kit (IntegenX) set to 200 base pairs (bp) and stranded 

mRNA, under the Library Prep Illumina setting. A Polymerase Chain Reaction (PCR) was run to 

amplify cDNA libraries, using the KAPA Library Amplification Kit. PCR was run as follows: 

denaturation (45 sec at 98 ºC), cycling (15 sec at 98 ºC, 30 sec 60 ºC, and 15 sec at 72 ºC, for 16 

cycles), and final extension (1 min at 72 ºC). During the PCR process, the samples were marked 

with a different index to allow pooling for sequencing. cDNA library quality and size were 

measured through a dsDNA High Sensitivity (HS) assay in an Agilent 2100 BioAnalyzer (Agilent 
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Technologies). A quantitative real-time PCR (qPCR) was run to measure cDNA library 

concentration using the KAPA Library Quantification Kit. qPCR settings were as follows: Initial 

denaturation (5 min at 95 °C for 1 cycle), then denaturation (30 sec at 95 °C) and 

annealing/extension/data acquisition (45 sec at 60 °C) combined for 35 cycles. The libraries were 

then run on the Illumina HiSeq 2500 sequencing platform, with output of paired-end reads of 150 

bp by the FAS Center for Systems Biology at Harvard University. 

 

Sequence processing and de novo assembly 

Demultiplexed Illumina HiSeq 2500 sequencing datasets of the 30 tissue samples, in 

FASTQ format, were retrieved; the quality of the raw reads was assessed and visualized using 

FASTQC v. 0.11.5 (www.bioinformatics.babraham.ac.uk). Adapter sequences and bases with 

low-quality phred scores (<30) were trimmed off, and a length filter was applied retaining 

sequences of >25 bases using TRIMGALORE v. 0.4.2 (www.bioinformatics.babraham.ac.uk). 

Two de novo transcriptome assemblies for Syllis magdalena were constructed with the 

software Trinity to streamline further differential gene expression analyses (Grabherr et al. 2011; 

Haas et al. 2013): a reference transcriptome (REFSOM assembly) containing reads from only the 

somatic parts (anterior part, proventricle, final segments) of each individual of both REPRO and 

NON-REPRO specimens (23 libraries), and a reference transcriptome including the 5 different 

parts (anterior part, proventricle, final segments, anterior half part of stolon and posterior half of 

stolon) of each individual (13 libraries) for only the reproductive specimens (REFTOTREPRO 

assembly). We did not obtain enough RNA from two of the female tissue samples, proventricle 

of specimen 0 and anterior part of stolon of specimen 1, to build a library, and therefore conditions 

‘proventricle’ and ‘anterior half of stolon’ were represented by a single library in females. Given 

the large number of raw reads obtained in our study (> 500 million reads), we assembled two 

different reference transcriptomes, since assembling a single reference transcriptome with the 

available computational resources would have proved computationally impossible. Raw reads 

have been deposited in the Sequence Read Archive (BioProject ID PRJNA434571; SRA 

SUB3709568). 

 

Transcriptome characterization: Blast and Annotation 

Annotation of transcriptome contigs or transcripts (containing all isoforms) for both de 

novo assemblies were done separately using BLASTX against a selection of non-redundant (nr) 

database from NCBI containing only proteins from Metazoa, with an expected value (E-value) 

cutoff of 1e-5 (Altschul et al.1997). Blast results of the two de novo assemblies were used to 

retrieve Gene Ontology (GO) terms with BLAST2GO 4.0.2 (Conesa et al. 2005) under the three 

different categories: cellular component (CC), biological processes (BP) and molecular function 

(MF). In addition, GO enrichment analyses using Fisher’s test were done in BLAST2GO, to 
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assess which GO terms were significantly overrepresented in pairwise comparisons between both 

REFSOM and REFTOTREPRO transcriptomes. The p-value for the reciprocal comparisons was 

adjusted to a 0.05 false discovery rate (FDR) (Benjamini and Hochberg 1995). The Galaxy web-

based platform (http://usegalaxy.org) was used to align the RSEM results of each sample with 

BLASTX results for the de novo assemblies for display.  

 

Estimation of expression levels 

In order to obtain expression levels, as read counts, of genes (with all isoforms collapsed) 

for each tissue type of S. magdalena specimens in both reproductive and non-reproductive 

conditions, trimmed paired reads after trimming were mapped against the reference 

transcriptome, using BOWTIE2 v. 2.2.1 (Langmead and Salzberg 2012), as implemented in 

Trinity (Grabherr et al. 2011). The software RSEM v. 1.2.11 (Li and Dewey 2011) was used to 

generate a table containing read counts.  

 

Differential gene expression analyses 

 Differential gene expression analyses were computed in pairwise comparisons of 

different tissues and conditions using the R package DESeq2, which allows analyses to be 

performed with low numbers of replicates (Ander and Huber 2010). Before analyzing differential 

gene expression, read counts were normalized by estimating a scaling factor for each transcript 

in DESeq2 (Dillies et al. 2013). The significance value for multiple comparisons was FDR 

adjusted to 0.01 (Benjamini and Hochberg 1995). Visualization of the significant outcomes of 

genes differentially expressed (upregulated and downregulated) between the tissues and 

conditions was obtained with a heatmap performed with the ‘GPLOTS’ package of R 

(http://www.r-project.org/). Using the GO annotation results for the ‘reference’ transcriptome, we 

obtained the GO terms associated with the differentially expressed isoforms in both pairwise 

comparisons, which were then implemented together with their p-value (adjusted) associated in 

REVIGO web server (Supek et al. 2011), and graphically represented with the ‘TREEMAP’ 

function in R. Size of the rectangles was adjusted to reflect the p-value using the abs_log_pvalue 

option in REVIGO. 

 

Phylogenetic analyses  

The evolutionary history of specific genes that could potentially be involved in the 

stolonization process was also assessed through phylogenetic inference. The translated amino 

acid sequences of these genes were aligned with orthologues of the same genes in other metazoans 

obtained from GenBank using MUSCLE ver. 3.6 (Edgar 2004). The G-protein coupled receptors 

DAr2 and SERT were analyzed together. Both vasa and PL10 are DEAD-box helicases and were 

analyzed together. Other genes were examined in their individual gene families. We selected the 
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best-fit model of amino acid substitution (LG + Γ + G, WAG, as indicated in Figure legends) 

with ProtTest ver. 2.4 (Abascal et al. 2005) under the Akaike Information Criterion (Posada and 

Buckley 2004) and later fed into the software for phylogenetic reconstruction. Maximum 

likelihood analyses of all the genes were conducted in RAxML ver. 7.2.7 (Stamatakis 2006) with 

500 independent searches, and 1000 bootstrap replicates (Stamatakis et al. 2008).  
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Figure legends 

Figure 1. Syllinae schizogamous reproductive cycle (stolonization) using light microscope 

pictures of Syllis magdalena.  

Figure 2. Ligth microscopy pictures of Syllis magdalena stolonizing female (A) and male (B). 

Confocal micrographs of S. magdalena stolonizing female (C), male (D), female stolon (E) and 

male stolons (F). Arrows in A–D pointing to the eyes of stolons (e). Arrows in E pointing to 

antennae (a). Arrow in F pointing to the regeneration of the final segments in the stock (rfs). 

Figure 3. Ligth and electron microscopy pictures of the anterior part of the female and male 

stolons of Syllis magdalena. (A-B) Location of antennae (a) and the two pairs of eyes (e) in the 

female stolon. (C) Trasmission electron micrographs of the epithelium of the female stolon 

showing the muscle fibers (mf), granular cells (gc) and epithelial cells (ec). (D) Developing 

oocytes showing nucleolate (nu) nucleus (n), ooplasm filled with yolk platelets, and microvilli 

(m) contacting close oocytes. Note the muscle fibers (mf) nurse cells (nc) and the digestive 

epithelium (dc) surrounding the germinal epithelium. (E-F) Germinal epithelium (ge) in the male 

stolon. The stolonal epithelium is comprised by a layer of epithelial cells (ec) with interspersed 

granular cells (gc), and a layer of muscle fibers (mf); spermatogonia develop in the germinal 
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epithelium (gc) below. The digestive cells (dc) lay below the germinal epithelium. 

Figure 4. Heatmaps of differentially expressed genes (annotated and not annotated genes) from 

pairwise comparisons of somatic tissues between reproductive (both female and male) and non-

reproductive individuals. Anterior part tissue comparisons (A), proventricle comparisons (B) and 

final segments comparisons (C). Different colors indicate relative expression levels (see color key 

and histogram on each). Similarity in expression patterns between genes and individuals is 

represented by clustering. Abbreviations: anterior part (A), proventricle (P), final segments (F). 

Figure 5. Heatmaps based on differentially expressed genes (annotated and not annotated genes) 

from pairwise comparisons of somatic tissues between females and males (A, B) and reproductive 

tissues (stolons) (C, D).  Proventricle comparisons (A), final segments comparisons (B), female 

and male stolons comparisons (C) and anterior and posterior parts of stolons (female and male 

together) (D). Different colors indicate relative expression levels (see color key and histogram on 

each). Similarity in expression patterns between genes and individuals is represented by 

clustering. Abbreviations: anterior part (A), proventricle (P), final segments (F), anterior half of 

stolon (AS), posterior part of stolon (FS). 

Figure 6. Gene Ontology treemaps for annotated differentially expressed genes in female stolons 

versus male stolons. The GO terms downregulated in female stolons, are upregulated accordingly 

in male stolons.  

Figure 7. (A) Phylogenetic reconstruction of the protein alignment for methoprene-tolerant 

receptor (MTr) found in our samples. (B) Heatmap showing the relative levels of expression in 

the different tissues and conditions analyzed of the transcripts that may be involved in the 

synthesis of the neurohormone methyl farnesoate (MF):  MTr, Farnesol oxidase/dehydrogenase 

(SDR11), Farnesal dehydrogenases (ALDHE3), the differentially expressed transcript Farnesyl 

pyrophosphate synthase (FPP) and putative methyl transferase (Mtase). (C) Phylogenetic 

reconstruction of the differentially expressed MTases in the female stolon. (D) Synthesis pathway 

of MF and JH in arthropods. Abbreviations: anterior part (A), proventricle (P), final segments (F), 

anterior half of stolon (AS), posterior part of stolon (FS). 

Figure 8. Phylogenetic reconstruction (A) and heatmap of relative levels of expression in all the 

tissues and conditions (B) of the genes dopamine receptor (DAr) and serotonin transporter 

(SERT). Abbreviations: anterior part (A), proventricle (P), final segments (F), anterior half of 

stolon (AS), posterior part of stolon (FS). 

Figure 9. Phylogenetic reconstruction of the protein alignment for the different opsin genes 

(rhabdomeric and ciliary) found in our samples (A) and levels of expression of all of them in the 

different tissues and conditions analized (B). Rhabdomeric opsin 5 appeared differentially 

expressed in the anterior part of stolons. Abbreviations: anterior part (A), proventricle (P), final 

segments (F), anterior half of stolon (AS), posterior part of stolon (FS). 

Figure 10. Multihormonal model proposed for the control of syllid stolonization. 
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Supplementary Material 

Supplementary File S1. General statistics of the ‘reference’ de novo transcriptomes REFSOM 

and REFTOTOREP. Total number of trimmed reads used for the assemblies (Total Reads), 

number of aligned reads for each tissue (Aligned Reads), percentage of aligned reads for each 

tissue, number of aligned transcripts (Align. Transcr.: including genes and isoforms collapsed 

into genes), number of genes, percentage og genes, parameter N50, number of transcripts with 

blast hit against proteins of metazoans (Hit_Mtz), number of annotated transcripts from 

metazoans (Annot), percentage of GC (GC%), median transcript length (MTL), average transcript 

length (ATL) and number of assembled bases expressed as Mb. 

Supplementary File S2. (A) Assigned Gene Ontology (GO) terms for each transcriptome 

including 3 different levels: CC, BP and MF. (B) GO-term enrichment analysis based on the 

Fisher’s tests results of pairwise comparisons between both transcriptomes, showing the 36 

processes overrepresented in REFSOM, and (C) the 8 processes overrepresented in 

REFTOTREPRO. 

Supplementary File S3. (A) Heatmap and (B) correlation matrix of differentially expressed 

genes from all the tissues and conditions analyzed.   

Supplementary File S4. Differentially expressed genes with blast hit, and further putative 

annotations (GO terms), from the pairwise comparisons of somatic tissues (anterior part, 

proventricle, final segments) between reproductive and non-reproductive individuals. 

Supplementary File S5. Differentially expressed genes with blast hit, and putative annotations 

(GO terms), from the pairwise comparisons of somatic tissues (anterior part, proventricle, final 

segments) and reproductive tissues (stolons) between female and male individuals. 

Supplementary File S6. Phylogenetic reconstruction of the protein alignment for all the paralogs 

of the genes ovochymase and chymotripsin found in our samples. Ovochymase 1 was differentially 

expressed in the final segments of reproductive females, and ovochymase 2 (clearly a 

chymotrypsin in this hypothesis) was differentially expressed in P of reproductive females.  

Supplementary File S7.  Phylogenetic reconstruction of the protein alignment for the DEAD-

box helicases vasa and PL10 showing the two homologs of vasa (vasa 1 differentially expressed) 

and one for PL10. 

Supplementary File S8. Phylogenetic reconstruction of the protein alignment for the different 

enzymes involved in the synthesis of methyl farnesoate. Farnesol oxidase/dehydrogenase 

(SDR11) (A), Farnesyl pyrophosphate synthase (FPP) (B), Farnesyl phosphatase (C), and 

Farnesal dehydrogenases (ALDHE3) (D). 

 

 

 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 23 

References 

Abascal F, Zardoya R, Posada D. 2005. ProtTest: selection of best-fit models of protein 

evolution. Bioinformatics. 21(9): 2104–2105. 

Abeloos M. 1950. Régénération et stolonisation épigame chez l’Annélide Syllis prolifera 

Krohn. CR Acad Sci. 230: 1899–1900. 

Agassiz A. 1863. On alternate generation in annelids, and the embryology of Autolytus 

cornutus. Boston Journal of Natural History 7: 384–409. 

Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman, D.J. 1997. 

Gapped Blast and PSIBlast: a new generation of protein database search programs. Nucleic 

Acids Res. 25: 3389–3402. 

Anders S, Huber W. 2010. Differential expression analysis for sequence count data. Genome 

Biol. 11: R106.  

Andretic R,  Hirsh J. 2000. Circadian modulation of dopamine receptor responsiveness in 

Drosophila melanogaster. Proc NatL Acad Sci USA. 97(4): 1873-1878. 

Arendt D, Tessmar K, de Campos-Baptista MI, Dorresteijn A, Wittbrodt J. 2002. Development 

of pigment-cup eyes in the polychaete Platynereis dumerilii and evolutionary conservation of 

larval eyes in Bilateria. Development. 129(5):1143-54. 

Arendt D, Tessmar-Raible K, Snyman H, Dorresteijn AW, Wittbrodt J. 2004. Ciliary 

photoreceptors with a vertebrate-type opsin in an invertebrate brain. Science 306(5697): 869–

871. 

Artigas GQ, Lapébie P, Leclère L, Takeda N, Deguchi R, Jékely G, Momose T Houliston E. 

2018. A gonad-expressed opsin mediates light-induced spawning in the jellyfish Clytia. eLife 7: 

e29555. 

Asahara S, Shibutani Y, Teruyama K, Inoue HY, Kawada Y, Etoh H, Matsuda T, Kimura-

Koyanagi M, Hashimoto N, Sakahara M, Fujimoto W. 2013. Ras-related C3 botulinum toxin 

substrate 1 (RAC1) regulates glucose-stimulated insulin secretion via modulation of F-actin. 

Diabetologia 56(5): 1088–1097. 

Bauknecht P, Jékely G. 2017. Ancient coexistence of norepinephrine, tyramine, and octopamine 

signaling in bilaterians. BMC Biol. 15(1): 6. 

 Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical and powerful 

approach to multiple testing. J R Stat Soc Series B Stat Methodol. 57: 289–300. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 24 

Bentley MG. 1985. Sperm maturation response in Arenicola marina L.: An in vitro assay for 

sperm maturation factor and its partial purification. International journal of invertebrate 

reproduction and development. 8(3), pp.139-148. 

Bentley MG, Clark S, Pacey AA. 1990. The role of arachidonic acid and eicosatrienoic acids in 

the activation of spermatozoa in Arenicola marina L.(Annelida: Polychaeta). Biol Bull. 

178(1):1-9. 

Conesa A, Götz S, García-Gómez JM, Terol J, Talon M, Robles M. 2005. Blast2GO: a 

universal tool for annotation, visualization and analysis in functional genomics research. 

Bioinformatics 21: 3674–3676.  

Couper JM, Leise EM. 1996. Serotonin injections induce metamorphosis in larvae of the 

gastropod mollusc Ilyanassa obsoleta. Biol Bull. 191(2), 178-186. 

Daly JM. 1975. Reversible epitoky in the life history of the polychaete Odontosyllis polycera 

(Schmarda, 1861). J Mar Biol Assoc UK. 55: 327–344. 

Dempsey CM, Mackenzie SM, Gargus A, Blanco G, Sze JY. 2005. Serotonin (5HT), fluoxetine, 

imipramine and dopamine target distinct 5HT receptor signaling to modulate Caenorhabditis 

elegans egg-laying behavior. Genetics 169(3): 1425-1436. 

Dietzel ID, Gottmann K. 1988 Development of dopamine-containing neurons and dopamine 

uptake in embryos of Hirudo medicinalis. Dev Biol. 128:277–283 

Dill KK, Seaver EC. 2008. Vasa and nanos are coexpressed in somatic and germ line tissue 

from early embryonic cleavage stages through adulthood in the polychaete Capitella sp. I. Dev 

Genes Evol. 218: 453–463. 

Dillies MA, Rau A, Aubert J, Hennequet-Antier C, Jeanmougin M, Servant N, Keime C, Marot 

G, Castel D, Estelle J, Guernec G, 2013. A comprehensive evaluation of normalization methods 

for Illumina high-throughput RNA sequencing data analysis. Brief Bioinfot. 14: 671–683. 

Donizetti A, Grossi M, Pariante P, D'aniello E, Izzo G, Minucci S, Aniello F. 2008. Two neuron 

clusters in the stem of postembryonic zebrafish brain specifically express relaxin-3 gene: First 

evidence of nucleus incertus in fish. Dev Dyn. 237(12): 3864–3869. 

Donizetti A, Fiengo M, del Gaudio R, Di Giaimo R, Minucci S, Aniello F. 2010. 

Characterization and developmental expression pattern of the relaxin receptor rxfp1 gene in 

zebrafish. Dev Growth Differ. 52(9): 799–806. 

Doyle SE, Grace MS, McIvor WI, Menaker M. 2002. Circadian rhythms of dopamine in mouse 

retina: the role of melatonin. Vis Neurosci. 19(5):593-601. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 25 

Dufour S, Sebert ME, Weltzien FA, Rousseau K, Pasqualini C. 2010. Neuroendocrine control 

by dopamine of teleost reproduction. J Fish Biol. 76: 129–160. 

Durchon M. 1951. Stolonisation et hermaphroditisme succesif chez Syllis amica. Arch Zool Exp 

Gen. 88: 96–100.  

Durchon M. 1952. Recherches expérimentales sur deux aspects de la reproduction chez les 

Annélides Polychètes: L’épitoquie et la stolonisation. Ann Sci Nat Zool Biol Anim. 14: 117–206. 

Durchon M. 1959. Contribution à l’étude de la stolonisation chez les Syllidiens (Annélides, 

Polychétes): I. Syllinae. Bull Biol Fr Bel 93: 155–219. 

Durchon M, Wissocq J-C. 1964. Contribution à l’étude de la stolonisation chez les Syllidiens 

(Annélides Polychètes): II. Autolytinae. Ann Sci Nat Zool Biol Anim. 6: 159–208. 

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 

throughput. Nucleic Acids Res. 32: 1792–1797. 

Fernández R, Laumer CE, Vahtera V, Libro S, Kaluziak S, Sharma PP, Pérez-Porro AR, 

Edgecombe GD, Giribet G. 2014. Evaluating topological conflict in centipede phylogeny using 

transcriptomic data sets. Mol Biol Evol. 31: 1500–1513. 

Franke H-D. 1980. Zur Determination der zeitlichen Verteilung von Fortpflanzungsprozessen in 

Laborkulturen des Polychaeten Typosyllis prolifera. Helgol Meeresunters 34: 61–84. 

Franke H-D. 1981. Der Einfluß von Temperatur und Tageslänge auf das endokrine System der 

Fortpflanzungskontrolle bei dem Polychaeten Typosyllis prolifera. Verh Dtsch Zool Ges. 1981: 

190. 

Franke H-D. 1983a. Endocrine mechanisms mediating light temperature effects on male 

reproductive activity in Typosyllis prolifera (Polychaeta, Syllidae). Roux Arch Dev Biol 192: 

95–102. 

Franke H-D. 1983b. Endocrine control of reproductive periodicity in male Typosyllis prolifera 

(Polychaeta, Syllidae). Int J Invertebr Repr. 6: 229–238. 

Franke H-D. 1985. On a clocklike mechanism timing lunar rhythmic reproduction in Typosyllis 

prolifera (Polychaeta). J Comp Physiol A. 156: 553–561. 

Franke H-D. 1986a. Resetting a circalunar reproduction rhythm with artificial moonlight 

signals: Phase-response curve and ‘moon-off’ effect. J Comp Physiol A. 159(4): 569–576. 

Franke H. D. 1986b. The role of light and endogenous factors in the timing of the reproductive 

cycle of Typosyllis prolifera and some other polychaetes. Am Zool. 26(2): 433–445. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 26 

Franke, H. D. 1999. Reproduction of the Syllidae (Annelida: Polychaeta). Hydrobiologia. 402: 

39–55. 

Franke H-D, Pfannenstiel H-D. 1984. Some aspects of endocrine control of polychaete 

reproduction. In Fischer, A. and H.-D. Pfannenstiel, editors. Polychaete Reproduction. Fortschr. 

Zool. 29: 53–72. 

Gäde G, Hoffmann KH, Spring JH. 1997. Hormonal regulation in insects: facts, gaps, and future 

directions. Physiol Rev. 77: 963–1032.  

Gao K, Zhang S. 2009. Ovochymase in amphioxus Branchiostoma belcheri is an ovary-specific 

trypsin-like serine protease with an antibacterial activity. Dev Comp Immunol. 33(12): 1219–

1228. 

Garwood PR. 1991. Reproduction and the classification of the family Syllidae (Polychaeta). 

Ophelia (Supplement) 5: 81–87. 

Giang T, Rauchfuss S, Ogueta M, Scholz H. 2011. The serotonin transporter expression in 

Drosophila melanogaster. J Neurogenet. 25(1–2): 17-26. 

Giani VC, Yamaguchi E, Boyle MJ, Seaver EC. 2011. Somatic and germline expression of piwi 

during development and regeneration in the marine polychaete annelid Capitella teleta. 

Evodevo 2: 10. 

Gingrich B, Liu Y, Cascio C, Wang Z, Insel TR. 2000. Dopamine D2 receptors in the nucleus 

accumbens are important for social attachment in female prairie voles (Microtus ochrogaster). 

Behav Neurosci. 114(1): 173. 

Girish BP, Swetha CH, Reddy PS. 2015.Induction of ecdysteroidogenesis, methyl farnesoate 

synthesis and expression of ecdysteroid receptor and retinoid X receptor in the hepatopancreas 

and ovary of the giant mud crab, Scylla serrata by melatonin. Gen Comparative Endocrinol. 

217:37–42. 

Grabherr MG, Haas, BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis X, Fan L, 

Raychowdhury R, Zeng Q, Chen Z, 2011. Full-length transcriptome assembly from RNA-Seq 

data without a reference genome. Nat Biotechnol. 29(7): 644-652.  

Grothe C, Pfannenstiel HD. 1986. Cytophysiological study of neurosecretory and pheromonal 

influences on sexual development in Ophryotrocha puerilis (Polychaeta, Dorvilleidae). Int 

Journal Invertebr Repr Dev. 10(2): 227-239. 

Gunnersen JM, Crawford RJ, Tregear GW. 1995. Expression of the relaxin gene in rat 

tissues. Mol Cell Endocrinol. 110(1): 55–64. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 27 

Gühmann M, Jia H, Randel N, Verasztó C, Bezares-Calderón LA, Michiels NK, Yokoyama S, 

Jékely G. 2015. Spectral tuning of phototaxis by a go-opsin in the rhabdomeric eyes of 

Platynereis. Curr Biol. 25(17): 2265–2271. 

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J, Couger MB, Eccles 

D, Li B, Lieber M, MacManes MD. 2013. De novo transcript sequence reconstruction from 

RNA-Seq: reference generation and analysis with Trinity. Nat Protoc. 8(8): 1494–1512. 

Hafer J, Fischer A, Ferenz HJ. 1992. Identification of the yolk receptor protein in oocytes of 

Nereis virens (Annelida, Polychaeta) and comparison with the locust vitellogenin receptor. J 

Comp Physiol B. 162(2): 148–152. 

Hansen IA, Attardo GM, Rodriguez SD, Drake LL. 2014. Four-way regulation of mosquito yolk 

protein precursor genes by juvenile hormone-, ecdysone-, nutrient-, and insulin-like peptide 

signaling pathways. Front Physiol. 5:103. 

Hao Z, Jha KN, Kim YH, Vemuganti S, Westbrook VA, Chertihin O, Markgraf K, Flickinger 

CJ, Coppola M, Herr JC, Visconti PE. 2004. Expression analysis of the human testis-specific 

serine/threonine kinase (TSSK) homologues. A TSSK member is present in the equatorial 

segment of human sperm. Mol. hum reprod. 10(6), 433-444. 

Hardege JD, Bentley MG. 1997. Spawning synchrony in Arenicola marina: evidence for sex 

pheromonal control. Proc R Soc Lond B Biol Sci. 264(1384), 1041-1047. 

Hauser F, Williamson M, Cazzamali G, Grimmelikhuijzen CJ. 2006. Identifying neuropeptide 

and protein hormone receptors in Drosophila melanogaster by exploiting genomic data. Brief 

Funct Genomic Proteomic. 4(4): 321–330. 

Hayashi T, Kageyama Y, Ishizaka K, Xia G, Kihara K, Oshima H. 2001. Requirement of Notch 

1 and its ligand jagged 2 expressions for spermatogenesis in rat and human testes. J Androl. 

22(6), 999-1011. 

Heacox AE. 1980. Reproduction and development of Typosyllis pulchra (Berkeley and 

Berkeley) (Polychaeta: Syllidae). Pac Sci. 34: 245–59. 

Heacox AE, Schroeder PC. 1982. The effects of prostomial and proventriculus removal on sex 

determination and gametogenesis in Typosyllis pulchra (Polychaeta: Syllidae). Roux Arch Dev 

Biol. 191: 84–90. 

Helm C, Stevenson PA, Rouse GW, Bleidorn C. 2014. Immunohistochemical investigations of 

Myzostoma cirriferum and Mesomyzostoma cf. katoi (Myzostomida, Annelida) with 

implications for the evolution of the myzostomid body plan. Zoomorphology. 133(3): 257-271. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 28 

Hsu SY, Nakabayashi K, Nishi S, Kumagai J, Kudo M, Sherwood OD, Hsueh AJ. 2002. 

Activation of orphan receptors by the hormone relaxin. Science 295(5555): 671–674. 

Hui JH, Hayward A, Bendena WG, Takahashi T, Tobe SS. 2010. Evolution and functional 

divergence of enzymes involved in sesquiterpenoid hormone biosynthesis in crustaceans and 

insects. Peptides, 31(3), 451-455. 

Inaba K, 2011. Sperm flagella: comparative and phylogenetic perspectives of protein 

components. Mol Hum Reprod. 17(8), pp.524-538. 

Ivell R. Anand-Ivell R. 2005. Understanding relaxin in the female reproductive system. Curr 

Med Chem Immunol Endocr Metab Agents. 5(5): 383–389. 

Iversen A, Cazzamali G, Williamson M, Hauser F, Grimmelikhuijzen CJ. 2002. Molecular 

cloning and functional expression of a Drosophila receptor for the neuropeptides capa-1 and-

2.  Biochem Biophys Res Commun. 299(4): 628–633. 

Jindra M, Uhlirova M, Charles JP, Smykal V, Hill RJ. 2015. Genetic evidence for function of 

the bHLH-PAS protein Gce/Met as a juvenile hormone receptor. PLoS Genetics 11: e1005394. 

Juliano C, Wessel G. 2010. Versatile germline genes. Science 329(5992): 640-641. 

Kang D, Pilon M, Weisblat DA. 2002. Maternal and zygotic expression of a nanos-class gene in 

the leech Helobdella robusta: primordial germ cells arise from segmental mesoderm. Dev Biol. 

245: 28–41. 

Kaniewska P, Alon S, Karako-Lampert S, Hoegh-Guldberg O, Levy O, Pyott S. 2015 Signaling 

cascades and the importance of moonlight in coral broadcast mass spawning. eLife. 4:e09991. 

Konopova B, Jindra M. 2007. Juvenile hormone resistance gene Methoprene-tolerant controls 

entry into metamorphosis in the beetle Tribolium castaneum. Proc Natl Acad Sci USA 

104:10488–10493.  

Krajniak KG, Klohr RW. 1999. The effects of FMRFamide, serotonin, and acetylcholine on the 

isolated crop-gizzard of the earthworm, Lumbricus terrestris. Comp Biochem Physiol A Molecul 

Integr Physiol. 123(4): 409–415. 

Langmead B, Salzberg S. 2012. Fast gapped-read alignment with Bowtie 2. Nature Methods 9: 

357–359. 

Laufer H, Sagi A, Ahl J, Homola E. 1992. Methyl farnesoate appears to be a crustacean 

reproductive hormone. Invertebr. Reprod. Dev. 22: 17–19 

Laufer H, Biggers WJ. 2001. Unifying concepts learned from methyl farnesoate for invertebrate 

reproduction and post-embryonic development. American Zoologist 41:442–457. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 29 

Li B, Dewey C. 2011. RSEM: accurate transcript quantification from RNA-Seq data with or 

without a reference genome. BMC Bioinformatics 12: 323. 

Li C, Kim K, Nelson LS. 1999. FMRFamide-related neuropeptide gene family in 

Caenorhabditis elegans. Brain research 848(1): 26–34. 

Lindsay LL, Hedrick JL. 1995. Isolation and characterization of ovochymase, a 

chymotrypsinlike protease released during Xenopus laevis egg activation. Developmental 

Biology 167: 513–6. 

Makkapan W, Maikaeo L, Miyazaki T, Chotigeat W. 2011. Molecular mechanism of serotonin 

via methyl farnesoate in ovarian development of white shrimp: Fenneropenaeus merguiensis de 

Man. Aquaculture 321(1): 101-107. 

Malaquin A. 1893. Recherches sur les Syllidiens, morphologie, anatomie, reproduction, 

développement. Mem Soc Sci Agricul Arts Lille. 18: 1–477. 

Marican C, Duportets L, Birman S, Jallon JM. 2004. Female-specific regulation of cuticular 

hydrocarbon biosynthesis by dopamine in Drosophila melanogaster. Insect Biochem Mol Biol. 

34(8): 823-830. 

Marion AF, Bobretsky NV. 1875. Etude des Annelides du golfe de Marseille. Ann Sci Nat Zool 

Paleontol. 2: 2–46. 

Maruzzo D, Aldred N, Clare AS, Høeg, JT. 2012. Metamorphosis in the cirripede crustacean 

Balanus amphitrite. PLoS One: 7(5), e37408. 

Matsuura H, Yazaki I, Okino, T, 2009. Induction of larval metamorphosis in the sea cucumber 

Apostichopus japonicus by neurotransmitters. Fish Sci. 75(3): 777-783. 

McCauley DW. 1997. Serotonin Plays an Early Role in the Metamorphosis of the Hydrozoan 

Phialidium gregarium. Dev Biol. 190(2): 229-240. 

Mehr S, Verdes A, DeSalle R, Sparks J, Pieribone V, Gruber DF. (2015). Transcriptome 

sequencing and annotation of the polychaete Hermodice carunculata (Annelida, 

Amphinomidae). BMC Genomics, 16(1), 445. 

Mesnil F, Caullery M. 1919. Sur un processus normal de fragmentation, suivie de régénération 

chez une Annélide Polychète, Syllis gracilis Gn. Ebenda 169: 926. 

Meyer E, Aglyamova GV, Wang S, Buchanan-Carter J, Abrego D, Colbourne JK, Willis BL, 

Matz MV. 2009. Sequencing and de novo analysis of a coral larval transcriptome using 454 

GSFlx. BMC Genomics. 10(1): 1. 

Michel A. 1898. Recherches sur la régénération chex les Annélides. Bull Sci Fr Bel. 404 pp.  

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 30 

Mino M, Sawada H. 2016. Follicle cell trypsin-like protease Ovochymase: Its cDNA cloning, 

localization, and involvement in the late stage of oogenesis in the ascidian Halocynthia 

roretzi. Mol Reprod Dev. 83(4): 347–358. 

Mita M. 2013. Relaxin-like gonad-stimulating substance in an echinoderm, the starfish: A novel 

relaxin system in reproduction of invertebrates. Gen Comp Endocrinol. 181: 241–245. 

Mita M, Takeshige Y, Nakamura M. 2014. Effect of relaxin-like gonad-stimulating substance 

on gamete shedding and 1-Methyladenine production in starfish ovaries. In Sexual 

Reproduction in Animals and Plants. 115–122. Springer Japan. 

Miyakawa H, Toyota K, Hirakawa I, Ogino Y, Miyagawa S, Oda S, Tatarazako N, Miura T, 

Colbourne JK, Iguchi T. 2013. A mutation in the receptor Methoprene-tolerant alters juvenile 

hormone response in insects and crustaceans. Nat Commun. 4:1856.  

Murta D, Batista M, Trindade A, Silva E, Henrique D, Duarte A, Lopes-da-Costa L. 2014. In 

vivo Notch signaling blockade induces abnormal spermatogenesis in the mouse. PloS one. 

9(11): e113365. 

Neckameyer WS. 1998a. Dopamine and mushroom bodies in Drosophila: experience-

dependent and-independent aspects of sexual behavior. Learn Mem. 5(1): 157-165. 

Neckameyer WS. 1998b. Dopamine modulates female sexual receptivity in Drosophila 

melanogaster. J Neurogenet 12(2): 101-114. 

Nichols CD. 2007. 5-HT2 receptors in Drosophila are expressed in the brain and modulate 

aspects of circadian behaviors. Dev Neurobiol, 67, 752 – 763. 

Novo M, Riesgo A, Fernández-Guerra A, Giribet G. 2013. Pheromone evolution, reproductive 

genes, and comparative transcriptomics in Mediterranean earthworms (Annelida, Oligochaeta, 

Hormogastridae). Mol Biol Evol. 30 (7): 1614–1629. 

Nygren, A. 1999. Phylogeny and reproduction in Syllidae (Polychaeta). Zool J Linn Soc. 

126(3): 365–386. 

Okada YK. 1929. Regeneration and fragmentation in the syllidean polychaetes. (Studies on the 

Syllidae II). Wilhelm Roux Arch Entwickl. 115: 542–600. 

Okada YK. 1937. La stolonisation et les caractères sexuels du stolon chez les Syllidiens 

polychètes (É tudes sur les Syllidiens III). Jpn J Zool. 7: 441–490. 

Olinski RP, Lundin L-G, Hallbook F. 2006. Conserved synteny between the Ciona genome and 

human paralogons identifies large duplication events in the molecular evolution of the insulin-

relaxin gene family. Mol Biol Evol. 23: 10–22 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 31 

Pacey AA, Bentley MG. 1992. The fatty acid 8, 11, 14-eicosatrienoic acid induces spawning in 

the male lugworm Arenicola marina. J Exp Biol. 1;173(1):165-79. 

Pfannenstiel HD, Spiehl D. 1987Dopamine induces sex reversal in females of Ophryotrocha 

puerilis (Polychaeta). Cell Differ. 20:84. 

Pérez-Portela R, Turon X, Riesgo A. 2016. Characterization of the transcriptome and gene 

expression of four different tissues in the ecologically relevant sea urchin Arbacia lixula using 

RNA-seq. Mol Ecol Resour. 16: 794–808. 

Pettibone MH. 1963. Marine polychaete worms of the New England region. 1. Aphroditidae 

through Trochochaetidae. Bull US Natl Mus. 227: 1–346. 

Phillips DJ, de Kretser DM. 1998. Follistatin: a multifunctional regulatory protein. Front 

Neuroendocrinol. 19(4):287-322. 

Potts FA. 1911. Methods of reproduction in the syllids. Ergebnisse und Fortschritte der 

Zoologie 3(1): 1–72. 

Posada, D. and Buckley, T. R. 2004. Model selection and model averaging in phylogenetics: 

advantages of Akaike information criterion and Bayesian approaches over likelihood ratio 

tests. Syst Biol. 53(5): 793–808. 

Randel N, Bezares-Calderón LA, Gühmann M, Shahidi R, Jékely G. 2013. Expression 

dynamics and protein localization of rhabdomeric opsins in Platynereis larvae. Integr Comp 

Biol. 53(1): 7–16. 

Rebscher N, Zelada-González F, Banisch TU, Raible F, Arendt D. 2007. Vasa unveils a 

common origin of germ cells and of somatic stem cells from the posterior growth zone in the 

polychaete Platynereis dumerilii. Dev Biol. 306: 599–611. 

Riddiford LM. 1994. Cellular and molecular actions of juvenile hormone I. General 

considerations and premetamorphic actions. Adv Insect Physiol. 24: 213–274 

Riesgo, A., Andrade, S.C.S., Sharma, P.P., Novo, M., Pérez-Porro, A.R., Vahtera, V., González, 

V.L., Kawauchi, G.Y., and Giribet, G. 2012. Comparative transcriptomics of newly sequenced 

invertebrates and efficiency estimation of genomic sampling in non-model taxa. Front Zool 9: 

33. 

Rimskaya-Korsakova NN, Kristof A, Malakhov VV, Wanninger A. 2016. Neural architecture of 

Galathowenia oculata Zach, 1923 (Oweniidae, Annelida). Front Zool. 13(1): 5. 

Rivera AS, Gonsalves FC, Song MH, Norris BJ, Weisblat DA. 2005. Characterization of Notch-

class gene expression in segmentation stem cells and segment founder cells in Helobdella 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 32 

robusta (Lophotrochozoa; Annelida; Clitellata; Hirudinida; Glossiphoniidae). Evol Dev. 7(6): 

588–599. 

Schenk S, Krauditsch C, Frühauf P, Gerner C, Raible F. 2016. Discovery of methylfarnesoate as 

the annelid brain hormone reveals an ancient role of sesquiterpenoids in reproduction. eLife. 5: 

e17126. 

Schlawny A, Hamann T, Müller MA, Pfannenstiel HD. 1991. The catecholaminergic system of 

an annelid (Ophryotrocha puerilis, Polychaeta). Cell Tissue Res. 265(1): 175-184. 

Schroeder PC Hermans CO. 1975. Annelida: Polychaeta. In: Reproduction of marine 

invertebrates. A.C. Giese and J.S. Pearse, editors. Academic Press, New York. Vol. 3: 1–213 

Siebert S, Juliano CE. 2017. Sex, polyps, and medusae: Determination and maintenance of sex 

in cnidarians. Mol Reprod Dev. 84:105–119.  

Shin SW, Zou Z, Saha TT, Raikhel AS. 2012. bHLH-PAS heterodimer of methoprene-tolerant 

and Cycle mediates circadian expression of juvenile hormone-induced mosquito genes. Proc 

Natl Acad Sci. 109(41): 16576-16581. 

Spörhase-Eichmann U, Winkler M, Schürmann FW. 1998. Dopaminergic sensory cells in the 

epidermis of the earthworm. Naturwissenschaften. 85(11): 547-550.  

Stamatakis, A. 2006. RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with 

thousands of taxa and mixed models. Bioinformatics 22: 2688–2690. 

Stamatakis A, Hoover P, Rougemont J. 2008. A rapid bootstrap algorithm for the RAxML web 

servers. Syst Biol 57: 758–771. 

Sulston J, Dew M, Brenner S. 1975. Dopaminergic neurons in the nematode Caenorhabditis 

elegans. J Comp Neurol. 163(2): 215-226. 

Takahashi T, McDougall C, Troscianko J, Chen W, Jayaraman-Nagarajan A, Shimeld SM, 

Ferrier DEK 2009. An EST screen from the annelid Pomatoceros lamarckii reveals patterns of 

gene loss and gain in animals. BMC Evol Biol. 9: 240. 

Thamm K, Seaver EC. 2008. Notch signaling during larval and juvenile development in the 

polychaete annelid Capitella sp. I. Dev Biol. 320(1): 304–318. 

Tobe SS, Bendena WG. 1999. The regulation of juvenile hormone production in arthropods: 

functional and evolutionary perspectives. Ann NY Acad Sci. 897(1):300-10. 

Toyota K, Miyakawa H, Hiruta C, Furuta K, Ogino Y, Shinoda T, Tatarazako N, Miyagawa S, 

Shaw JR, Iguchi T. Methyl farnesoate synthesis is necessary for the environmental sex 

determination in the water flea Daphnia pulex. J Insect Physiol. 80:22-30. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 33 

Verasztó C, Ueda N, Bezares-Calderón LA, Panzera A, Williams EA, Shahidi R, Jékely G. 

2017. Ciliomotor circuitry underlying whole-body coordination of ciliary activity in the 

Platynereis larva. eLife. 6. 

Verger-Bocquet M. 1984. Mise en évidence de l’influence de la photopériode sur la 

stolonisation, par l’intermédiaire du prostomium chez Syllis amica Quatrefages (Annélide, 

Polychète). Arch Biol. 95: 301–306. 

Weidhase M, Beckers P, Bleidorn C, Aguado MT. 2016. On the role of the proventricle region 

in reproduction and regeneration in Typosyllis antoni (Annelida: Syllidae). BMC Evol 

Biol. 16(1): 196. 

Weinshenker D, Gian G, Thomas JH. 1995. Genetic and pharmacological analysis of 

neurotransmitters controlling egg laying in C. elegans. J Neurosci. 15(10): 6975–6985. 

Wen D, Rivera-Perez C, Abdou M, Jia Q, He Q, Liu X, Zyaan O, Xu J, Bendena WG, Tobe SS, 

Noriega FG. 2015. Methyl farnesoate plays a dual role in regulating Drosophila metamorphosis. 

PLoS Genet. 11(3), e1005038. 

Wicker-Thomas C, Hamann M. 2008. Interaction of dopamine, female pheromones, locomotion 

and sex behavior in Drosophila melanogaster. J Insect Physiol. 54(10): 1423-1431. 

Wilson BC, Burnett D, Rappaport R, Parry LJ, Fletcher EK. 2009. Relaxin-3 and RXFP3 

expression, and steroidogenic actions in the ovary of teleost fish. Comp Biochem Physiol A Mol 

Integr Physiol. 153(1): 69–74. 

Winberg S, Nilsson A, Hylland P, Söderstöm V, Nilsson GE. 1997. Serotonin as a regulator of 

hypothalamic-pituitary-interrenal activity in teleost fish. Neurosci Lett. 230(2): 113-116. 

Wissocq JC. 1966. Rôle du proventricule dans le déterminism de la stolonisation de Syllis amica 

Quatrefages (Annélide Polychète). Comptes Rendus Acad Sci. 262: 2605–2608. 

Wissocq JC. 1970. Évolution de la musculature longitudinale dorsale et ventrale au cours de la 

stolonisation de Syllis amica Quatrefages (Annélide polychète): Muscles du ver asexué et 

muscles du stolon. I. J Microsc. 9: 355–358. 

Wyatt GR. 1997. Juvenile hormone in insect reproduction - a paradox? European J Entomol. 

94:323–333. 

Wyatt GR, Davey KG. 1996. Cellular and molecular actions of juvenile hormone. II. Roles of 

juvenile hormone in adult insects. Adv. Insect Physiol. 26: 1–155. 

Xie X, Tian T, Mingxin L, Yanqi Z, Zhiye L, Dongfa Z. 2016. The potential role of juvenile 

hormone acid methyltransferase in methyl farnesoate (MF) biosynthesis in the swimming crab 

Portunus trituberculatus. Anim Reprod Sci. 168: 40-49. 

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


 34 

Xu T, Caron LA, Fehon RG, Artavanis-Tsakonas S. 1992. The involvement of the Notch locus 

in Drosophila oogenesis. Development. 115(4): 913-922. 

Zaccardi ML, Traina G, Cataldo E, Brunelli M. 2004. Sensitization and dishabituation of swim 

induction in the leech Hirudo medicinalis: role of serotonin and cyclic AMP. Behav Brain Res. 

153(2): 317-326.  

not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783


not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/271783doi: bioRxiv preprint first posted online Feb. 26, 2018; 

http://dx.doi.org/10.1101/271783

