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22 Abstract

23 Low morphological diversity among interstitial taxa makes it difficult to delimit species and 

24 their geographic boundaries based solely on morphology and molecular data often reveal 

25 cryptic species. Polygordius (Annelida, Polygordiidae) have low morphological diversity, but 

26 are unusual among interstitial species in their comparatively large size due to their elongated 

27 form, high fecundity, and potential for long-distance dispersal via a planktotrophic larval 

28 stage. Polygordius species collected from 14 localities in the Northwest Atlantic, 

29 Mediterranean Sea, and Southwest Atlantic including several of the respective type localities 

30 were analysed. This study presents the first phylogeny of the genus Polygordius and combines 

31 molecular data, sequences of COI, 16S and ITS1/2 genes, and morphological data for a 

32 systematic re-evaluation focusing on Atlantic species, with an emphasis on populations from 

33 European waters. Phylogenetic analyses recovered six valid species (P. appendiculatus, P. 

34 lacteus, P. neapolitanus, P. triestinus, P. jouinae, and P. eschaturus) and their distinctness is 

35 confirmed by haplotype network analyses. Thus, molecular data supported the validity of the 

36 previously recognized morpho-species and no new species were present. P.erythrophthalmus 

37 and P. villoti are invalid species being synonymous with P. lacteus.  Subtle differences in 

38 head and pygidial morphology and larval type (endolarva vs. exolarva), were useful 

39 characters for discrimination. Yet seemingly significant variation in characters among 

40 individuals in some species was not diagnostic (e.g., number of pygidial cirri). Highly similar 

41 species based on adult morphology were shown to be sister taxa occurring in allopatry. 

42 Present day distribution patterns of species are summarized in light of this study.

43 1. Introduction

44 The marine interstitium or the space between the particles of sediments that cover much of the 

45 ocean floor and beaches, is one of the earth’s largest and oldest ecosystems (Snelgrove, 1999). 

46 It was once considered to be void of animals, but during the last century it has been shown to 
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47 contain a rich variety of life with representatives from most animal taxa (Giere, 2009; Higgins 

48 and Thiel, 1988; Noodt, 1974), forming a major component of marine faunal diversity 

49 (Snelgrove, 1999). The interstitial environment is generally characterized by an extreme and 

50 strict requirement for small size due to the narrow but highly structured three-dimensional 

51 space for organisms to inhabit (Struck, 2006; Westheide, 1977, 1987). Thus, interstitial 

52 species are small with only very thin individuals being longer than 1 mm. Bodies are long and 

53 slender, worm-like (cylindrical), or broad and flat, and in comparison to their larger in- or 

54 epifaunal relatives, interstitial species often have a high degree of morphological “simplicity” 

55 and “uniformity” (Giere, 2009; Higgins and Thiel, 1988; Swedmark, 1964). Given their small 

56 size and therefore limited energetic resources, they produce only a few eggs and offspring. 

57 Consequently fertilization of the eggs is usually direct as is development (Swedmark, 1964; 

58 Westheide, 1984). Most interstitial species lack planktonic larval and/or juvenile stages and 

59 have low mobility as adults (Gerlach, 1977; Giere, 2009; Sterrer, 1973). Thus, their dispersal 

60 abilities are limited. Yet, many interstitial species appear to be widespread, having amphi-

61 Atlantic or cosmopolitan distributions, a phenomenon known as the Meiofauna Paradox 

62 (Gerlach, 1977; Giere, 2009; Sterrer, 1973; Westheide, 1977). 

63 There are some interstitial species, however, that do have the potential for wide 

64 dispersal (Higgins and Thiel, 1988). One example are species in the annelid taxon 

65 Polygordiidae (Fig. 1). Polygordius species have a strong affinity for highly energetic habitats 

66 with coarse sandy sediments in intertidal to subtidal and continental shelf/slope environments 

67 worldwide (Ramey, 2008; Ramey-Balcı et al., 2013). The relatively larger interstitial spaces 

68 afforded by coarser sediment grains allow for larger body size. Polygordiid species are 

69 usually several centimeters long, but very slender (i.e., width: 0.08–1.50 mm; length: 10–100 

70 mm; Fig. 1A; Supplementary material 1: video) (Ramey-Balcı et al., 2013). One consequence 

71 of their greater size is that more energetic resources are available for reproduction, and indeed 
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72 compared to other interstitial species, polygordiids can produce relatively large numbers of 

73 gametes (e.g., 1,000s of eggs with max diameter 62 µm; Ramey 2008; also see Rota and 

74 Carchini, 1999). Fertilization is indirect as sperm structure is consistent with external 

75 fertilization via broadcast spawning (Franzén, 1977; Ramey, 2008). Development is also 

76 indirect with a planktotrophic larval phase that has two distinct, species-specific forms (i.e., 

77 exolarvae vs. endolarvae) which differ in structure and development (e.g., Fig. 1D–E) 

78 (Agassiz, 1867; Cowles, 1903; Hatschek, 1878; Herrmann, 1986; Lovén, 1843; Ramey-Balcı 

79 and Ambler, 2014; Woltereck, 1902). Although few studies have examined the population 

80 dynamics of adult/larval stages of polygordiids (Nordheim, 1984; Ramey 2008, Ramey-Balcı 

81 and Ambler, 2014), studies on Polygordius jouinae Ramey et al. 2006, indicate their potential 

82 for long distance dispersal. Large numbers of exolarvae were found to made-up > 90% of the 

83 meroplankton abundance (highest density 4,013 ind m-3; station 1; July 2006) off 

84 Chincoteague Virginia spending at least two weeks to a month in the plankton (Ramey et al., 

85 2006; Ramey-Balcı and Ambler, 2014; see also Shanks, 2009).

86 To date only 17 species and two subspecies of polygordiids have been described from 

87 the Atlantic including the Mediterranean Sea (9 species), Indian (2 species; 1 subspecies), 

88 Pacific (5 species; 1 subspecies), and Southern Oceans (1 species). Polygordiids are generally 

89 not morphologically diverse. The elongate, thin, cylindrical body is smooth and lacks external 

90 signs of segmentation as well as typical polychaete features such as parapodia and chaetae. 

91 Morphological features for species distinction are limited to their overall shape and minute, 

92 subtle differences in structures on the head/prostomium and posterior end/pygidium (Ramey 

93 et al., 2006; Ramey-Balcı et al., 2013) (Fig. 1A–C; Supplementary material 2: video). 

94 Although most species are distinguished based on adult morphology, larval morphology has 

95 also been used (Fig. 1D–E).  
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96 The validity of some species in this group has been repeatedly questioned and remains 

97 unresolved. For example, Polygordius neapolitanus Fraipont, 1887 is very similar 

98 morphologically to Polygordius lacteus Schneider, 1868, so similar it was once considered a 

99 synonym (Hempelmann, 1906 p. 528) and then separated again (Hempelmann, 1931 p. 157). 

100 In 1905, Woltereck attempted inter-breeding experiments with these two species and although 

101 fertilization was achieved (despite different reproductive seasons), development did not 

102 continue beyond the earliest trochophora stage (Woltereck, 1904; 1905). Thus results were 

103 inconclusive and have been used to both lend support and refute the validity of P. 

104 neapolitanus (e.g., Marcus, 1948; Hempelmann, 1906).  Giard (1880) considered the presence 

105 of red “eyes/eyespots” as sufficient to describe, Polygordius erythrophthalmus Giard, 1880, 

106 that was otherwise similar in all other respects to P. lacteus. The red pigment spots on the 

107 prostomium of P. erythrophthalmus, have recently been shown to be pigmented coelomic 

108 cells rather than sensory structures and a limited molecular analysis (including 3 species and 

109 34 COI sequences) indicated that P. erythrophthalmus should be considered a junior synonym 

110 of P. lacteus (see Lehmacher et al., 2016). Likewise Perrier (1875) described Polygordius 

111 villoti Perrier, 1875 distinguishing it from P. lacteus, the only other species of Polygordius 

112 known at the time, by details of the circulatory apparatus, presence of segmental organs for 

113 evacuation of sexual products, and by an erroneous difference in body length (body length: P. 

114 villoti >10cm vs. P. lacteus 10 mm in Perrier 1875; P. lacteus 10 cm in Hempelmann, 1906;  

115 40-50 mm in Schneider 1868). Details of the circulatory apparatus and mode of spawning of 

116 P. villoti described by Perrier (1875) have been questioned by Fraipont (1887) in his 

117 monographic work on Polygordius, and to our knowledge P. villoti has never been reported 

118 again (also see Cabioch et al. 1968).  It is likely that this species is also a junior synonym of 

119 P. lacteus. Moreover, Polygordius triestinus Hempelmann 1906, and P. jouinae are 

120 distinguished by only a few, very slight morphological differences on the prostomium, and by 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=130715
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121 P. triestinus being hermaphroditic (Ramey et al., 2006). The reproductive mode and validity 

122 of P. triestinus have been questioned (e.g., Westheide, 2008). Moreover P. triestinus, has not 

123 been collected in the Gulf of Trieste despite frequent benthic studies conducted there from 

124 1966 to 2003 (V. Solis-Weiss, personal communication) (also see Ramey et al. 2006). With 

125 the exception of P. jouinae, type material for these species has either been lost or was never 

126 deposited (Ramey et al. 2006).

127 Low morphological diversity among interstitial species makes it especially difficult to 

128 delimit species and their geographic boundaries (Jörger et al., 2012) without using additional 

129 techniques. For many interstitial taxa, detailed examinations of widespread species using 

130 molecular studies have shown that gene flow has not occurred over long distances and 

131 genetically distinct units could be recognized, which are usually regarded as cryptic species 

132 (e.g., Jörger and Schrödl, 2013; Kieneke et al., 2012; Rocha-Olivares et al., 2001; Schmidt 

133 and Westheide, 2000; Suatoni et al., 2006; Todaro et al., 1996; Von Soosten et al., 1998; 

134 Westheide and Hass, 2001). To date no comprehensive molecular studies have been 

135 conducted on Polygordiidae.

136 This study examines eight of the nine species of Polygordius described from the 

137 Atlantic and Mediterranean Sea (P. lacteus; P. neapolitanus; P. erythrophthalmus; P. villoti; 

138 P. jouinae; P. appendiculatus Fraipont, 1887; Polygordius eschaturus Marcus, 1948; and P. 

139 triestinus; unfortunately specimens of P. leo Marcus, 1955 were not available to us), and 

140 presents a molecular phylogeny based on mitochondrial COI and 16S rRNA, as well as 

141 nuclear ITS1 and ITS2 sequences, and combine molecular and morphological data for a 

142 systematic re-evaluation within the genus. Specifically we: 1. test the validity of six 

143 recognized morpho-species, 2. determine whether cryptic species are present within 

144 recognized morpho-species and new species need to be described, 3. assess the usefulness of 

145 currently applied morphological characters for species distinction, 4. evaluate the 
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146 phylogenetic relationships of morphologically highly similar species and 5. provide an update 

147 of the current distribution of Polygordius species in the Atlantic and Mediterranean.

148 2. Material and Methods

149 2.1. Collection, fixation and identification of Polygordiidae

150 Polygordiidae were collected between 2008 and 2011 from either subtidal or intertidal sandy 

151 sediments using a grab or dredge. A total of 104 specimens belonging to six species were 

152 collected from fourteen localities including type localities in the Northeast Atlantic 

153 (Helgoland, Germany; Beg Meil, France; Roscoff, France: localities Primel and Drezen), 

154 Mediterranean Sea (Banyuls-sur-Mer, France; Ischia, Italy; Rovinj, Croatia: localities Punta 

155 Croce, near Figarola Island, Valdibora harbor and Veštar), Northwest Atlantic (Tuckerton, 

156 New Jersey and Chincoteague Virginia, United States), and South Atlantic (Santa Catarina 

157 and Rio de Janerio, Brazil) (Table 1; Fig. 2). Samples were gently elutriated with running 

158 seawater over a sieve (mesh size 40 or 500 µm) to facilitate live sorting of specimens from the 

159 sediment under a stereomicroscope. Entire (unbroken) specimens were sectioned into three 

160 parts including the head, middle, and pygidium. The head and pygidium with their important 

161 morphological characters were either fixed in 4% buffered formaldehyde seawater solution or 

162 in Steedman’s Fixative (Griffiths et al., 1976) which was later replaced with Steedman’s 

163 preservative (Steedman, 1976), whereas the middle section was fixed in 95% non-denatured 

164 ethanol for molecular work. Morphological species identifications were conducted using light 

165 microscopy and/or scanning electron microscopy (SEM) on specimens fixed in formalin or 

166 Steedman’s Fixative. Specimens (head and pygidium) for SEM analysis were dehydrated 

167 using a graded ethanol series (10 min each in 70, 90 and 2 x 100% ethanol), critical point 

168 dried using CO2, mounted on aluminium stubs, and sputter coated with gold-palladium. 

169 Specimens were examined using a CamScan CS 24 SEM and detailed imaging of external 
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170 morphology was conducted using Orion software 6.63. Voucher specimens and DNA 

171 extractions have been deposited in collections at Senckenberg Museum Frankfurt (SMF), and 

172 Museu de Zoologia da Universidade Estadual de Campinas “Adão José Cardoso” (ZUEC) 

173 (Supplementary material 3).

174 2.2. Determination of COI, 16S and ITS1 and ITS2 sequences

175 Genomic DNA was extracted using DNeasy Tissue kit (QIAGEN, Hilden, Germany) 

176 according to the manufacturer’s instructions. We amplified and sequenced two mitochondrial 

177 genes, the barcoding gene cytochrome c oxidase subunit I (COI) and the 16S ribosomal gene 

178 (16S), as well as part of the nuclear rDNA cluster, the internal transcribed spacers ITS1 and 2 

179 (ITS1/2). Primers used in this study are listed in Supplementary material 4 along with the 

180 polymerase chain reaction (PCR) cycling conditions for each gene.

181 Fragment length, approximate yield of DNA from each reaction, and detection of potential 

182 contamination in negative controls were verified by agarose gel electrophoresis. Successful 

183 PCR products were purified using a Gel Extraction Kit (PeQLab) according to the 

184 manufacturer’s instructions. Sequencing was conducted on an ABI 3730xl capillary sequencer 

185 following the manufacturer’s instructions at the Senckenberg Biodiversity and Climate 

186 Research Centre (SBiK-F) Laboratory Centre, Frankfurt/Main. A consensus of the forward 

187 and reverse sequences for each individual was assembled using SeqMan with a minimum 

188 match percentage of 95% (DNA STAR, Lasergene 7.1.0). A blast search was performed in 

189 GenBank (http://www.ncbi.nlm.nih.gov/genbank/) to ensure that sequence(s) were not a result 

190 of contamination by non-annelid material.

191 2.3. Analyses of molecular datasets
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192 We obtained COI and 16S sequence data from the complete mitochondrial genomes of 

193 Nephtys sp., Orbinia latreillii , Platynereis dumerilii , Riftia pachyptila  and Terebellides 

194 stroemi  as well as ITS1/2 sequence data of Perinereis aibuhitensis  and Harmothoe imbricata  

195 as outgroup taxa (Supplementary material 3). The sequences of each gene were first aligned in 

196 MUSCLE (Edgar, 2004a, b) implemented in MEGA 5.1 using default settings (Molecular 

197 Evolutionary Genetics software package; Tamura et al., 2011), and subsequently corrected 

198 manually (CO1 and 16S only) in GeneDoc 2.6.002 (Nicholas et al., 1997). The alignments 

199 were subsequently trimmed from both ends until the first and last position of the alignment 

200 had at least 90% coverage (MEGA 5.1). For the 16S alignment, additional ambiguously 

201 aligned positions were masked using AliScore (Kück et al., 2010; Misof and Misof, 2009) 

202 with n option, which treats gaps as ambiguous characters, since it is most consistent with the 

203 settings in the ML analysis using RAxML (Stamatakis, 2006). The CO1 gene sequence 

204 alignment was also masked, but it produced the same dataset as before masking, so all 

205 subsequent analyses were conducted on the original unmasked alignment. Additionally, we 

206 concatenated the two mitochondrial genes (CO1 and 16S masked) into one dataset for all 

207 individuals for which both genes were present (COI/16S). For ITS1/2, given that the lengths 

208 of the ITS1/2 of the Polygordius species were substantially longer than those of the outgroup 

209 species we generated three different datasets. The first dataset comprised all Polygordius 

210 ITS1/2 sequences as well as those of the outgroup taxa. However, the alignment possessed 

211 many areas with gaps as the small outgroup sequences had to be fitted to the much longer 

212 ingroup sequence. Therefore, for the second dataset the outgroup taxa were excluded and then 

213 the ITS1/2 aligned anew. In the third dataset, ambiguously aligned positions of the second 

214 dataset (i.e., without the outgroup taxa) were masked using AliScore (Kück et al., 2010; Misof 

215 and Misof, 2009). Maximum Likelihood (ML) analyses of each of the seven datasets 

216 described above were conducted with RAxML 7.3.1 (Stamatakis, 2006). As RAxML allows 
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217 only the GTR substitution model we applied GTR+I+4 for each gene. For each concatenated 

218 dataset (i.e., the COI/16S and the three ITS1/2 datasets) we applied a partitioned approach, 

219 where each gene was assigned its own substitution model and branch lengths. Moreover, for 

220 the COI/16S dataset we further tested if the protein-coding genes COI should be partitioned 

221 further based on codon positions using PartitionFinder2 (Guindon et al., 2010; Lanfear et al., 

222 2012; Lanfear et al. 2016), and performed final analyses under independent GTR+I+4 

223 substitution models and branch lengths for each codon position. Confidence values for the 

224 internal branches of the ML tree were computed using the automatic bootstrapping option (-# 

225 autoMRE) in RAxML to a maximum of 1,000 bootstrap (BP) replicates (Felsenstein, 1985). 

226 Additionally, we conducted phylogeographic analyses for the COI, 16S and COI/16S 

227 datasets without the outgroup taxa (ITS1/2 dataset was not used since the number of 

228 specimens sequenced was too few compared to those obtained for COI and 16S, see results). 

229 For all three datasets, haplotype networks were reconstructed using TCS (Clement et al., 

230 2000) with the lowest possible connection threshold of 90%. FST values of the COI and 16S 

231 data were calculated using Arlequin (Excoffier and Lischer, 2010) to compare individuals and 

232 populations grouped by species assignments based on morphology and the ML analyses. 

233 3. Results

234 3.1. Species identification−morphology and distribution 

235 Morphological identification of specimens collected indicated six species of Polygordiidae 

236 including P. lacteus, P. appendiculatus, P. neapolitanus, P. triestinus, P. jouinae and 

237 P. eschaturus (Table 1; Fig. 2; Supplementary material 3). Initial identifications of specimens 

238 based on original species descriptions (also summarized by Rota and Carchini, 1999) were not 

239 straightforward, especially for the first three species listed; so some explanation is warranted. 

240 Specimens from Helgoland were identified as P. lacteus (type locality Helgoland) and 
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241 P. appendiculatus (Table 1; Supplementary material 3). These two species co-occurred in 

242 sediment with medium-coarse shell-hash and sand grains (locally referred to as Amphioxus 

243 sand where Amphioxus (=Branchiostoma) is abundant). Sexually mature individuals (males 

244 and females) of both species were present in early July (Table 1).  Distinction between the 

245 two species was mainly based on the presence of pygidial cirri in P. appendiculatus (Fig. 1A, 

246 C, F–G) (which are absent in P. lacteus) and the relatively larger size of P. lacteus (see videos 

247 in Supplementary material 1 and 2, P. lacteus and P. appendiculatus respectively). 

248 Examination of individuals of P. appendiculatus from Helgoland showed considerable 

249 morphological variability in the number and structure of pygidial cirri (> 2 pygidial cirri in 

250 17% of specimens examined; cirri forked or unforked) (Fig. 1F–G; also see individuals with 

251 “**” in Supplementary material 3). Since variability was less common for P. appendiculatus 

252 from Ischia in the Bay of Naples (the type locality of this species) with respect to the 

253 Helgoland population, we considered the hypothesis of a new undescribed species occurring 

254 in Helgoland.

255 Several individuals collected from sediments containing coarse shell-hash mixed with 

256 small pieces of coralline algae at Beg Meil had dark-red dots on the prostomium resembling 

257 “eyes/eyespots”. These individuals were initially identified as P. erythrophthalmus (type 

258 locality Beg Meil) (see individuals with “*” in Supplementary material 1; Fig. 1a’ in 

259 Lehmacher et al. 2016). 

260 Specimens from Ischia were identified as P. neapolitanus and P. appendiculatus, 

261 which were both originally described from the Gulf of Naples. Sexually mature individuals of 

262 both species co-occurred in coarse sandy sediments in early May (Table 1). Distinction 

263 between these two species was again based on the presence of pygidial cirri in P. 

264 appendiculatus (Fig. 1A, C, F–G) (which are absent in P. neapolitanus), and the larger size of 

265 P. neapolitanus. On the other hand, P. neapolitanus could not be morphologically 
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266 distinguished from P. lacteus from Helgoland. Thus, identification of specimens from Ischia 

267 as P. neapolitanus was primarily based on the fact that this species had been originally 

268 described in the Gulf of Naples along with previous studies indicating that larval type differed 

269 for these two species with P. neapolitanus having an exolarva and P. lacteus exhibiting an 

270 endolarva (Fraipont, 1887; Woltereck, 1925; 1926). Specimens superficially resembling P. 

271 lacteus, P. neapolitanus and P. villoti (type locality Roscoff) collected from Roscoff 

272 (including specimens collected from Primel) and from Beg Meil (specimens without red 

273 “eyes/eyespots”), as well as from Rovinj (collected from Punta Croce, and Veštar) were 

274 initially identified as Polygordius spp. since they could not be definitively determined as 

275 belonging to any of these species. Although P. appendiculatus was also found in Roscoff, it 

276 did not co-occur with P. lacteus, as it did in Helgoland, and was instead found in relatively 

277 finer sediments primarily made-up of fine shell-hash and sea anemone spines (Table 1). 

278 Polygordius jouinae and P. triestinus were easily distinguished from each other in part 

279 due to geographic distribution but also longer palps and larger size of P. jouinae (see Table 1; 

280 Fig. 2; Supplementary material 3) and from the other species in lacking pygidial appendages 

281 and glands. Polygordius eschaturus was easily distinguished from the other species with 

282 pygidial appendages and/or glands by having terminally positioned appendages and numerous 

283 elongate glands, compared to subterminally positioned and relatively fewer round or oval 

284 shaped glands. Polygordius eschaturus was found in the intertidal zone, whereas all other 

285 species were found subtidally.

286  3.2 Molecular datasets

287 The finalized datasets for CO1, 16S and ITS1/2 genes included 96 sequences (average length 

288 648 bp ±30), 99 sequences (average length 918 bp ±139), and 39 sequences (average length 

289 811 bp ±41), respectively. A total of 93 sequences formed the combined CO1/16S dataset. 
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290 Further details of the CO1, 16S and ITS datasets including total number of individuals, the 

291 average sequence length with standard deviation and range are given for each population 

292 (species/location) (Supplementary material 5). The length of the 16S alignment was 972 bp 

293 (25% of the positions were removed after masking, resulting in 729 bp), and the length of the 

294 second ITS1/2 dataset (i.e., without outgroup taxa) was 983 bp (28.1% of the positions 

295 removed after masking, resulting in 707 bp). The CO1 dataset had a total of 68 different 

296 haplotypes and on average each haplotype was represented by 1.29 specimens (range = 1 to 8 

297 specimens per haplotype). Similarly, the 16S datasets resulted in 75 haplotypes and on 

298 average each haplotype was represented by 1.63 specimens per haplotype (range = 1−7 

299 specimens per haplotype).  

300 3.3. Phylogenetic analyses 

301 The phylogenetic reconstruction based on the analysis of the combined mitochondrial markers 

302 (COI/16S) using ML found clades corresponding to five described Polygordius species based 

303 on morphology and distribution (Fig. 3). Polygordius lacteus is present in the Northeast 

304 Atlantic (Roscoff, Beg Meil, Helgoland) and P. neapolitanus in the Mediterranean (Rovinj, 

305 Ischia). Polygordius appendiculatus is present in both the Northeast Atlantic (Roscoff, 

306 Helgoland) and the Mediterranean (Rovinj, Ischia, Banyuls) (Fig. 3). Population structure was 

307 not detectable despite its broad range. Polygordius eschaturus was present in the Southwest 

308 Atlantic (Santa Catarina, Rio de Janeiro), and P. jouniae in the Northwest Atlantic 

309 (Tuckerton, Chincoteague). The monophyly of each species was significantly supported with 

310 bootstrap values of 100 (Fig. 3). The morphologically nearly identical species P. lacteus and 

311 P. neapolitanus are sister taxa based on COI/16S data (bootstrap support of 98). The other 

312 Polygordius species present in the Northeast Atlantic and Mediterranean Sea, 

313 P. appendiculatus, is sister to this clade (bootstrap support of 100). Interestingly, the sister to 

314 this clade is not P. jouinae, which also has a Northern Atlantic distribution, but P. eschaturus 
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315 from the Southern Atlantic (bootstrap support of 98). The distribution of the Polygordius 

316 species examined in the present study is summarized in Fig. 2.

317 Analyses of the individual COI and 16S datasets were congruent with the ML tree of 

318 the combined COI/16S dataset (Supplementary material 6 and 7, respectively). We also 

319 obtained 16S data for 5 individuals of a sixth Polygordius species, P. triestinus, whose 

320 monophyly was significantly supported with bootstrap values of 100 (Supplementary material 

321 7). Interestingly, P. triestinus is not closely related to another Polygordius species with a 

322 Northeastern or Mediterranean distribution, but to P. jouinae with a Northwest Atlantic 

323 distribution (bootstrap support of 100). 

324 We also obtained nuclear ITS1/2 data for fewer individuals of all six species. Analyses 

325 of the three different ITS-datasets were congruent with each other, keeping in mind that two 

326 of three analyses were conducted without the outgroup taxa (Fig. 4). In these two cases the 

327 basal relationships of the Polygordius species to each other could not be resolved, as these 

328 trees could not be rooted (indicated by na in Fig. 4). Overall these analyses were generally in 

329 agreement with the phylogenetic patterns revealed for the mitochondrial genes in recovering 

330 the monophyly of each of the five species and the same phylogenetic relationships with the 

331 exception of P. eschaturus. In the nuclear analyses the clade containing P. triestinus and 

332 P. jouinae was sister to the clade with P. lacteus, P. neapolitanus and P. appendiculatus 

333 rather than P. eschaturus. 

334 3.4. Network analyses

335 Results of the haplotype network analyses conducted on combined COI/16S, COI and 16S 

336 datasets were generally similar (Fig. 5: COI/16S; Supplementary material 8–9: COI and 16S, 

337 respectively). Thus we primarily focus on presenting the combined COI/16S network (Fig. 5). 

338 All species recognized by the phylogenetic analyses and morphology were also clearly 
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339 separated by the network analyses. The network of P. lacteus was characterized by one 

340 common haplotype present in six specimens and several unique haplotypes. The maximum 

341 number of substitutions between any two haplotypes was 10. Similarly, the network of 

342 P. appendiculatus had one common haplotype (containing five specimens) along with two 

343 other haplotypes (containing 3 and 2 specimens respectively) and several unique haplotypes. 

344 The maximum difference between any two haplotypes was 25 substitutions (Fig. 5). 

345 Interestingly the individuals of P. appendiculatus from the Northern Atlantic populations 

346 (Helgoland and Roscoff) were generally more similar to each other compared to individuals 

347 from the Mediterranean populations which were usually located on the outskirts of the 

348 networks and exhibited stronger differences. In contrast, to these two species, the networks of 

349 P. jouinae, P. neapolitanus, and P. eschaturus only contained unique haplotypes (with the 

350 exception of the 16S network of P. jouinae, which possessed a common haplotype with seven 

351 specimens, see Supplementary material 9). The maximum difference between any two 

352 haplotypes was 13 substitutions in P. jouinae, and as much as 33 and 21 substitutions in P. 

353 neapolitanus, and P. eschaturus, respectively. In particular one haplotype in P. eschaturus 

354 found in a specimen from Santa Catarina, was more than 23 substitutions, the 90% connection 

355 threshold value, different from any of the other haplotypes (including the hypothetical ones) 

356 and, hence, was not connected to the network of the other haplotypes of P. eschaturus. 

357 3.5. FST data

358 Analyses of FST values calculated for COI and 16S genes showed that each species had 

359 a high degree of genetic differentiation from each other with high and significant FST values 

360 of 0.80 or greater (Fig. 6A & B). The FST values of COI between populations of the same 

361 species, which included P. appendiculatus with five populations, P. lacteus with three and 

362 P. neapolitanus with two, were much lower ranging from 0 to 0.55 (Fig. 6A). Among these, 

363 relatively higher FST values (0.31-0.55) were only found for populations of P. appendiculatus 
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364 that were farthest apart including Rovinj vs. Helgoland, Rovinj vs. Roscoff, and Rovinij vs. 

365 Banyuls-sur-Mer (Fig. 5A).  

366 4. Discussion

367 A combination of morphological, molecular and distributional information was used to 

368 distinguish species of polygordiids from the Atlantic and Mediterranean Sea. The 

369 phylogenetic and network reconstructions of both the mitochondrial and nuclear data 

370 unequivocally support six valid morphologically defined species as monophyletic groups: 

371 P. appendiculatus, P. lacteus, P. neapolitanus, P. triestinus, P. jouinae, and P. eschaturus. 

372 Moreover, the FST values indicate that the significant differences between each species pair 

373 are fixed. Among these species we did not detect independent clades or strong population 

374 structure that would have supported the presence of previously unknown species. However, 

375 the phylogenetic and network analyses of mitochondrial genes revealed that within 

376 P. eschaturus one individual from Santa Catarina differed from all others. Nuclear data and 

377 more individuals of P. eschaturus from additional locations along the South American 

378 coastline are needed to resolve the phylogeography and taxonomy of P. eschaturus in more 

379 detail. Additionally, there is one species described from the Southwestern Atlantic (P. leo) 

380 that was not included in our study, as it was not collected. It was described from the same 

381 type locality as P. eschaturus (Island of São Sebastião, Brazil), but is easily distinguished 

382 from P. eschaturus in having numerous (8-15) subterminal pygidial cirri. Based on molecular 

383 analyses, Polygordius spp. from Roscoff were identified as P. lacteus (see Table 1; Fig. 2; 

384 Supplementary material 3), and both P. erythrophthalmus and P. villoti are junior synonyms 

385 of P. lacteus. Thus, to date, there are seven well-defined Polygordius species distributed in 

386 the Atlantic Ocean (Fig. 2). 

387
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388 Molecular analyses thus answered the long-standing question of the validity of 

389 P. neapolitanus which is morphologically similar to P. lacteus based on adult morphology. 

390 Consistent with this, a comprehensive preliminary examination of morphological characters 

391 using detailed light and SEM for these two species indicates considerable overlap in 

392 variability of characters important in species distinction (e.g., palp length, length ratio 

393 palp:prostomium, and number/shape of pygidial glands; Ramey-Balcı, unpublished data).  

394 These two species are only discernible based on differences in larval type having an exolarva 

395 and endolarva, respectively. Other highly similar species in this group could only be 

396 distinguished based on a few, subtle differences in morphology. For example, the distinction 

397 between P. jouinae and P. triestinus as adults is mainly based on P. jouinae having longer 

398 palps and larger size. Both species have an exolarva. These two species are thought to differ 

399 in their reproductive biology; however, the hermaphroditism of P. triestinus has been 

400 questioned and is unlikely (Schroeder and Hermans 1975; Westheide 2008); all other species 

401 of polygordiids, for which reproduction is known, are gonochoristic.

402 Slight morphological differences such as those observed in the present study, have 

403 often been considered sufficient to delineate species in taxonomy. This is especially the case 

404 for some interstitial species as slight differences in morphology and/or ecological preferences 

405 have aided in their delineation (e.g., Casu and Curini-Galletti, 2006; Derycke et al., 2008; 

406 Leasi and Todaro, 2009; Rocha-Olivares et al., 2001; Struck et al., 2017; Westheide and 

407 Rieger, 1987). For example, in the Cletocamptus deitersi species complex (Harpacticoidea, 

408 Crustacea) the difference is an additional inner chaeta on the exopod of the third leg, or in the 

409 gastrotrich species complex Xenotrichula intermedia the pharynx varies in length (Leasi and 

410 Todaro, 2009; Rocha-Olivares et al., 2001).

411 Following the perspective put forth by Struck et al. (2018), P. neapolitanus and 

412 P. lacteus as well as P. jouinae and P. triestinus could potentially be considered cryptic 
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413 species based solely on biological properties (i.e., degree of morphological disparity and 

414 divergence time). However, to verify that significantly lower degrees of morphological 

415 disparity are exhibited given the level of genetic divergence, statistically significant studies 

416 including detailed analyses of the morphology as well as the genetic divergence would have 

417 to be conducted for all Polygordius species.

418  In the present study, species with only very subtle morphological differences were 

419 also shown to be sister taxa, but occurred in allopatry. For example, P. triestinus is found in 

420 the Mediterranean Sea, whereas P. jouinae is found in the Northwest Atlantic. The same is 

421 true for P. lacteus being present in the Atlantic, and P. neapolitanus in the Mediterranean Sea.

422 Our study also found marked morphological differences that were not useful in 

423 delineating some species. For example, the number and structure (i.e., forked vs. unforked) of 

424 pygidial cirri especially in the Helgoland population of P. appendiculatus were variable and 

425 this variability was not related to sex or size differences (Ramey-Balcı, unpublished 

426 observations). Hempelmann (1906) also found (Fig. 17, p. 587) a single individual of 

427 P. appendiculatus with three pygidial cirri (collection locality not provided). Likewise, Giard 

428 (1880) considered the presence of red “eyes/eyespots” as sufficient to distinguish, 

429 P. erythrophthalmus from P. lacteus. In our analyses, the individuals with similar numbers of 

430 appendages or having red “eyes/eyespots” did not cluster together. Molecular analyses 

431 verified that P. erythrophthalmus is an invalid species being synonymous with P. lacteus (also 

432 see Lehmacher et al., 2016). Similarly, in the Gyptis species complex surface color patterns 

433 of these polychaetes (Hesionidae), were diagnostic with two out of three clades, showing one 

434 unique color pattern without strong variation. However, the third clade exhibited color 

435 variation with three different patterns (Pleijel et al., 2009). Thus the recognition of subtle 

436 morphological differences is important for species delimitation; however, it is not 

437 straightforward, as significant morphological variation can also confound the delineation 
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438 process. Detailed examination of the variation in morphological characters in 

439 adults/reproductive stages (on live and fixed material) and distribution patterns, combined 

440 with molecular analyses becomes necessary to ultimately distinguish species. This is 

441 especially essential in taxa that have a high degree of morphological “simplicity” and 

442 “uniformity” such as those living in the interstitial environment. 

443 Some species of Polygordius appear to have relatively widespread distributions such 

444 as P.  appendiculatus. This species was originally described from the western Mediterranean 

445 (type locality: Gulf of Naples). The current study not only “re-confirmed” the presence of P. 

446 appendiculatus in western Mediterranean and the NE Atlantic but also extended its range into 

447 the eastern Mediterranean and Adriatic Sea (Fig. 2). Polygordius lacteus, however, is 

448 restricted to the Northeast Atlantic (type locality: Helgoland), and has not been found in the 

449 Mediterranean Sea. In contrast to the other species, both P. appendiculatus and P. lacteus 

450 exhibit a dominant haplotype in the NE Atlantic. This could be indicative that populations in 

451 this area were affected by a relatively recent decrease in population size. Interestingly, of the 

452 areas sampled in our study, this area was most strongly affected by the last glaciations (Behre, 

453 2007; Lambeck, 1995; 1997) which could be hypothesized to have caused a decline in 

454 population sizes in this area. Polygordius neapolitanus was described from the western 

455 Mediterranean (type locality: Gulf of Naples) and with this study its range is extended to the 

456 eastern Mediterranean and Adriatic Sea. The distribution of P. triestinus (type locality: Gulf 

457 of Trieste) is thus far restricted to the Adriatic Sea and this is the first record of this species in 

458 more than eight decades (Fig. 2). Polygordius jouinae (Fig. 2; type locality: Beach Haven 

459 Ridge LEO-15) is found in the Northwest Atlantic in the Mid-Atlantic Bight, North of Cape 

460 Hatteras (Ramey and Ambler 2014), whereas, P. eschaturus is found in the Southwestern 

461 Atlantic off the coast of Brazil (Fig. 2; type locality: Island of São Sebastião). Polygordius leo 

462 is to date only known from its type locality, the Island of São Sebastião in the Southwestern 
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463 Atlantic off the coast of Brazil (Fig. 2). Although Polygordius spp. having a planktotrophic 

464 larval stage may allow for such widespread distributions compared to other interstitial species, 

465 distribution patterns among species in the present study were not related to larval type 

466 (exolarvae vs. endolarvae). For example, although P. appendiculatus has a more widespread 

467 distribution than P. lacteus, both of these species exhibit an endolarvae, whereas all other 

468 species for which larval type is known have an exolarvae (i.e., P. jouinae, P. triestinus, P. 

469 neapolitanus).

470 Moreover, because the species occurring in the study area had not been thoroughly 

471 revised to date, and due to difficulties to distinguish among Polygordius species based on 

472 morphology alone, identification of Polygordius species is often restrained to genus level as 

473 Polygordius sp., P. sp. A, etc., (see Ramey et al., 2006). On the other hand, identification of 

474 Polygordius might for practical reasons be restricted to the use of distinct characters like 

475 presence/absence of pygidial cirri, which might lead to an underestimation of the diversity of 

476 Polygordius species in a particular location. Thus for a more comprehensive determination of 

477 the distributional range of Polygordius species occurring in the Atlantic and Mediterranean, 

478 beyond that of the present study, previous records need to be identified based on the results 

479 presented here. In summary, the resolved phylogeny and taxonomic revision presented here 

480 provide the basis to further explore the complex evolutionary history of the genus 

481 Polygordius. Future work with more rapidly evolving recombining marker systems such as 

482 microsatellites or RADseq data may shed light on the phylogeography of species and existing 

483 gene-flow among and between their populations. 
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509 Table 1.  List of species of Polygordiidae, locality, latitude/longitude (degrees/decimal minutes), collection date (day/month/year), depth (m), 

510 habitat description based on sediment type, and the number of specimens collected during the present study. Localities in bold represent 

511 species/specimens collected at or near type localities. Sediment type: sh = shell-hash including some larger shell material mixed with fine-coarse 

512 sand; fsh = fine shell-hash and sea anemone spines; csh1 = coarse shell-hash (Punta Croce, Croatia: median Φ = 0; Veštar, Croatia: median Φ = 1); 

513 csh2 = coarse shell-hash mixed with small pieces of coralline algae; mcsh = medium-coarse shell-hash and sand grains (Helgoland: amphioxus sand, 

514 Amphioxus (=Branchiostoma) is abundant), mdys = muddy sand (Rovinj, Croatia  RLV1: median Φ = 4.85; Rovinj; Croatia  RLV3: median Φ = 

515 3.94); fcs = fine-coarse sand (glycerids and Amphioxus abundant); cs = coarse sand (Santa Catarina, Brazil: median Φ = 1.2-1.5; Tuckerton, United 

516 States: mean 1 Φ; Figarola Island, Croatia: median Φ = 0.84), and cvs = very coarse sand mixed with some shell-hash, I = intertidal, wc = water 

517 column.

518

519

520

521

522

523

524
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525
Species Locality Latitude/longitude Collection date Depth 

(m)
Sediment 
type

Number of 
specimens

Total

Polygordius lacteus Helgoland, Germany 54˚15.1'N, 7˚56.9'E 08.07.10 20 mcsh 4 21
Roscoff, Primel, France 48˚43.4'N, 3˚51.0'W 17.03.11 25 csh1 8
Beg Meil, France 47˚50.9'N, 3˚58.2'W 19.03.11 10 csh2 9

Polygordius appendiculatus Helgoland, Germany 54˚15.1'N, 7˚56.9'E 23.09.10/08.07.10 20 mcsh 9 35
Helgoland, Germany 54˚11.6'N, 7˚52.7'E 13.07.10 4 csh1 1
Roscoff, Drezen, France 48˚45.5'N, 4˚05.6'W 16.03.11/25.03.11 50/54 fsh 3/5
Roscoff, Drezen, France 48˚44.5'N, 4˚05.7'W 16.03.11 70 sh 1
Ischia, Italy 40˚45.1'N, 13˚56.0'E 03.05.11 7.5 cs 10
Rovinj, Punta Croce, Croatia 45˚6.8'N, 13˚36.5'E 23.07.08 7 csh1 3
Rovinj, Figarola Is.,Croatia 45˚5.7'N, 13˚37.2'E 29.09.11 13 cs 1
Banyuls-sur-Mer, “Le Troc” 
France

42˚28.8'N, 3˚8.6'E 21.10.10 2-3 fcs 2

Polygordius neapolitanus Ischia, Italy 40˚45.1'N, 13˚56.0'E 03.05.11 7.5 cs 8 19
Rovinj, Veštar, Croatia 45˚2.9'N, 13˚41.1'E 23.07.08 6 csh1 1
Rovinj, Punta Croce, Croatia 45˚6.8'N, 13˚36.5'E 23.07.08/17.05.11 7/4 csh1 10

Polygordius eschaturus Santa Catarina, Brazil 27˚3.1'S, 48˚35.3'W 10.10.10 i cs 12 13
Rio de Janeiro, Brazil 22˚56.7'S, 43˚9.3'W 10.10.10 i cs 1

Polygordius jouinae Tuckerton, New Jersey, USA 39˚27.7'N, 74˚15.8'W/
39˚27.9'N, 74˚15.1'W

13.05.08/
20.07.10

12 cs 6/2 11

Chincoteague, Virginia, USA 37˚35.9'N, 74˚45.9'W 23.06.10 wc n/a 3

Polygordius triestinus Rovinj, Valdibora harbor, 
Croatia

45˚05.1'N, 13˚38.0'E/
45˚05.2'N, 13˚38.3'E

30.09.11 19/12 mdys 4/1 5

Total specimens collected 104
526

527
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528 Figure legends

529 Figure 1. Light microscope images and scanning electron micrographs of polygordiids 

530 showing morphology: A. adult P. appendiculatus from North Sea (Helgoland, Germany; 2.5 

531 cm total length); B. head, C. pygidium of adult P. appendiculatus Mediterranean Sea (Ischia, 

532 Italy); D. exolarvae, and E. endolarvae of P. jouinae and Polygordius sp. respectively from 

533 western Atlantic  (off Chincoteague, Virginia), and F-G. P. appendiculatus from Helgoland 

534 with 3-4 cirri and forked cirri respectively. Scale bars A 480 µm; B 60 µm; C 25 µm; D 125 

535 µm; E 140 µm; F 100 µm; G 50 µm. al anal lobes, ao apical organ, c cirri, ep episphere, g 

536 gland, h hyposphere, hf head fold, m metatroch, mo mouth, no nuchal organs, p prototroch, pp 

537 paired palps, pr prostomium, py pygidium, t worm trunk

538 Figure 2.  Summary of the geographic distribution of:  A. six species of Polygordius 

539 considered to be valid (to date) based on collections/material examined in the present study. 

540 Colored circles in (A) indicate regions sampled in the present study (legend in lower left 

541 corner). Note: different locations/populations within regions not indicated. Numbers indicate 

542 species, with white numbers indicating species collected at or near a type locality. 1 = P. 

543 lacteus Schneider, 1868; 2 = P. neapolitanus Fraipont, 1887; 3 = P.appendiculatus Fraipont, 

544 1887; 4 = P. triestinus Hempelmann 1906; 5 = P. eschaturus Marcus, 1948; 6 = P. jouinae 

545 Ramey, Fiege, Leander, 2006; 7 = P. leo Marcus, 1955; NS = North Sea; MS = Mediterranean 

546 Sea. Raw map image from OBIS http://www.iobis.org/

547

548

549

550
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551 Figure 3. Phylogram of the ML analysis of mitochondrial dataset (i.e., combined CO1/16S). 

552 Only bootstrap values ≥ 70 shown above the branches. For branches for which the bootstrap 

553 value could not be placed, the corresponding branch is indicated by a line. Species in 

554 bold/italics and number of individuals in each population provided in brackets. Individual 

555 specimens labeled by the collection number (see Supplementary material 3) and color-coded 

556 by population (legend in the upper right corner).

557 Figure 4. Phylogram of the ML analysis of nuclear ITS dataset with outgroup. The analyses 

558 without outgroup were congruent with unrooted tree of this dataset. Therefore, bootstrap 

559 values are shown at the corresponding branches. Only bootstrap values ≥ 70 are shown above 

560 the branches. The upper value is from the analysis with the outgroup, middle with the 

561 outgroup excluded, and lower with outgroup excluded and aligned as well as masked anew. 

562 For branches for which the bootstrap value could not be placed, the corresponding branch is 

563 indicated either by a line or a bracket. Species in bold/italics and number of individuals in 

564 each population provided in brackets. Individual specimens labeled by the collection number 

565 (see Supplementary material 3) and color-coded by population (legend in the upper right 

566 corner). n.a. = not applicable.

567 Figure 5. Haplotype networks of the COI/16S dataset. Species in italics. Size of the circles 

568 correspond to number of specimens with this haplotype (see legend lower right corner). For 

569 each haplotype with more than one specimen the number of specimens from each population 

570 is provided. Each population is color-coded (legend in the lower right corner). Black dots 

571 represent reconstructed haplotypes at edges of the network, which were not found. Numbers 

572 above the connecting branches indicate the number of substitutions between two haplotypes. 

573 If no number is given the value is 1. 
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574 Figure 6. Pairwise comparisons of FST values for the CO1 (A) and the 16S (B) datasets 

575 differentiating between the clades (i.e., species) reconstructed in Fig. 3. Species were 

576 compared at the population level. The scale bar to right of each plot indicates the color scale 

577 for the FST values. BAF = Banyuls-sur-Mer (France), BMF = Beg Meil (France), HG = 

578 Helgoland (Germany), II = Ischia (Italy), P.a. = P. appendiculatus, P.e. = P. eschaturus, P.j. = 

579 P. jouinae, P.l. = P. lacteus, P.n. = P. neapolitanus, P.t. = P. triestinus, RC = Rovinj (Crotia), 

580 RF = Roscoff (France), SB = Santa Catarina/Rio de Janeiro (Brazil), TU = 

581 Tuckerton/Chincoteague (USA).
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