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Abstract 

Shell-boring polychaetes like the mud-blister worm Polydora websteri cause infections in 

commercially important bivalves, leading to economic loss within the shellfish industry 

worldwide. Recently, P. websteri was detected in invasive Pacific oysters (Magallana gigas) 

established along the Swedish west coast. This study assessed the species diversity, morphology 

and genetic structure of polydorid worms inhabiting Pacific oysters collected from 11 infected 

sites between Askim and Strömstad. A combination of morphological analysis and molecular 

identification using mitochondrial cytochrome c oxidase I (COI) genes was used to identify 

polydorid species. Three species were detected in oyster mud-blisters: P. websteri, P. cornuta and 

P. onagawaensis. Polydora cornuta is not formally recognised as a shell-boring species but 

thought to inhabit blisters created by other boring polydorids. During extraction, multiple species 

were found to inhabit the same oyster. An Assemble Species by Automatic Partitioning (ASAP) 

analysis suggested clusters based on genetic distance between COI sequences of each species. 

The genetic variation within and between these clusters was further analysed using the Kimura 2-

Parameter model (K2P). Phylogenetic maximum-likelihood and haplotype network analyses 

identified a single COI clade of P. websteri, with Swedish specimens grouped within the dominant 

global COI haplotype. Three previously known COI haplotype clusters of P. cornuta were 

detected, and Swedish COI haplotypes were placed in a geographically diverse cluster. For P. 

onagawaensis, three previously known COI haplotype clusters were detected together with 

preliminary evidence of a fourth, previously undescribed European cluster consisting of Swedish 

and French COI haplotypes. Overall, this study provides updated knowledge on the diversity, 

morphology, and genetic structure of polydorids in Swedish Pacific oysters which can aid in 

further sampling and species identification of Polydora spp. in Sweden. This knowledge can be 

contribute to reduce economic cost and improve the efficiency of harvesting efforts of Pacific 

oysters in Sweden. 

Keywords: Polydora, morphological analysis, phylogeny, invasive species, Kimura 2-Parameter 

model, Automatic Partitioning   
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1. Introduction 

1.1 Polydora as pest species 

Shell-boring polydorids have long been a concern within the aquaculture industry, targeting 

commercially important molluscs (Whitelegge, 1890; Lunz, 1941; Martinelli et al., 2020). 

Polydorids are spionid annelid worms with a specialised fifth chaetiger belonging to several 

genus. Across all member species, these worms have been known to infect at least 36 

commercially produced species of molluscs (Simon & Sato-Okoshi, 2015). Among these, 

Polydora Bosc, 1892 is likely the most well-known genus as it contains several common pest 

species, including the notorious mud worm P. websteri Hartman in Loosanoff & Engle, 1943 

(Simon & Sato-Okoshi, 2015). 

Polydora websteri targets host species like the Pacific oyster (Magallana gigas Thunberg, 1793) 

and the eastern oyster (Crassostrea virginica Gmelin, 1791) and excavates burrows on the inside 

of its hosts’ shell which fills up with sediment and faeces (Haigler, 1969; Martinelli et al., 2020; 

Silverbrand et al., 2021). In response the host protects itself by producing a new calcareous layer 

covering the burrow, creating what is commonly referred to as a mud blister (Haigler, 1969). 

Punctured blisters release faeces and sediment, rendering the meat unsuitable for consumption 

(Shinn et al., 2014). Additionally, infected oysters have slower growth rate and thinner shells as 

they must divert energy from feeding and reproduction to immune defence responses (Chambon 

et al., 2007; Sato-Okoshi et al., 2008). As mollusc aquaculture increases globally, so has the export 

of molluscs, assisting the spread of hitchhiking species such as polydorids. Consequently, oyster 

farms around the world have experienced severe negative economic consequences of Polydora 

infections (Shinn et al., 2014). 

1.2 Polydora in Scandinavia 

In Scandinavia, the Pacific oyster has been a successfully established invasive species since the 

1970s (Wrang et al., 2009). This includes the Swedish west coast, where Pacific oysters can be 

found in dense populations (Wrange et al., 2009). Commercial harvest has been suggested as a 

method of reducing the density and spread of the Pacific oyster in Scandinavia, while also 

contributing to the economy by replacing oyster import from producing countries such as France 

and the Netherlands (Mortensen et al., 2022). However, a significant barrier to commercial 

harvest of Pacific oysters is polydorid infections (Martinelli et al., 2020). Cases of Polydora 

infections in the Pacific oyster have been confirmed previously in Sweden and Norway, but the 

true extent of their distribution and ecological impact in Scandinavia is unknown (Syversen & 

Knutshaug, 2023; Panova et al., 2024; Wrange et al., in prep). Moreover, the risk of spread to 

native species like the European flat oyster (Ostrea edulis Linnaeus, 1758) and blue mussels 

(Mytilus edulis Linnaeus, 1758) have not been thoroughly assessed (Wrange et al., in prep). Thus, 

the incentive for close monitoring of invasion routes and reliable species identification in order 

to reduce polydorid infections is high.  

1.3 Complications in identifying Polydora species 

There are several complications regarding the identification of Polydora species; many species 

have nearly identical morphology, while there can also be high intraspecific variation in terms of 

pigmentation (Radashevsky & Pankova, 2006; Read, 2010). Confusion within the taxonomy, as 

well as disregard to type locality in original descriptions has caused several misidentifications. 

However, recent revision of the taxonomy has led to re-classifications and descriptions of new 

species. For example, Sato-Okoshi et al. (2016) combined molecular and morphological analyses 

to prove that P. hoplura Claparède, 1868 and P. uncinata Sato-Okoshi, 1998 was in fact the same 

species. Similarly, specimens in Kuwait, previously identified as P. hoplura was described as a 

novel species, Polydora mohammadi Radashevsky, Al-Kandari, Malyar & Pankova, 2024, upon 

genetic and morphological revision (Radashevsky et al., 2024). Another species, Polydora ciliata 

Johnston, 1838, first named Leucodore ciliata, was originally described as a sediment dwelling 

species in the UK. The species has later been reported as a shell-boring species in the 

Mediterranean (Mikac et al., 2025). Knowledge on habitat preference and distribution of P. ciliata 
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is not thoroughly understood, however it is possible that the shell-boring P. ciliata reported in the 

Mediterranean is a misidentification of P. websteri or another known shell-boring polydorid 

(Radashevsky & Pankova, 2006; Mikac et al., 2025). Identifying worms to species level is 

important as it can aid in creating hypotheses for invasion routes: it allows us to consider type 

locality and genetic connectivity between conspecifics which in turn can produce possible 

introduction pathways. Knowing the introduction pathway of a species is necessary in order to 

implement mitigating efforts that can prevent further spread of polydorids and reduce their 

economic impact in shellfish aquaculture. Thus, it is clear that reliable species identification of 

Polydora require both morphological and molecular methods, as well as consideration of type 

locality.  

As of now, there is no complete identification resource or well-understood distribution pattern of 

polydorids in Europe. In recent years, the presence of invasive polydorids including P. websteri, 

P. caeca Webster 1879, P. onagawaensis Teramoto et al. 2013 and P. cornuta Bosc 1802 have 

been reported in countries like France and Italy (Sato-Okoshi et al., 2022; Mikac et al., 2025). In 

Scandinavia, Polydora have been of little concern. However, with the Pacific oyster becoming an 

established invasive species along the entire Swedish west coast it is likely to have brought along 

hitchhiking species such as polydorids. With the large accumulation of Pacific oysters along the 

coast, Scandinavian countries like Sweden have the potential to utilise Pacific oysters as a local 

food source. However, for harvesting to be cost efficient, knowing what areas are prone to 

Polydora infection is important, as oysters found here may not be suitable for consumption. 

Moreover, different species of Polydora may have different habitat preferences. If Scandinavian 

countries are to make use of the Pacific oyster as a new marine resources, accurately identifying 

polydorid infections and understanding their distribution pattern is a necessity.  

1.4 Aims 

The aim of this study is to identify Polydora species in Pacific oysters from selected infected sites 

along the Swedish west coast, and to describe the preliminary geographic distribution and genetic 

structure of the species detected within this targeted sample. The study also aims to strengthen 

the availability of identification resources for polydorids in Scandinavia including morphological 

descriptions, and genetic sequences in globally used databases like GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/).  

2. Material & Methods 

2.1 Source material 

Between 20 and 25 Pacific oysters were sampled from 11 different locations along the Swedish 

west coast, between Askim and Strömstad (Fig. 1). The sampled sites were chosen based on 

previously sampled sites with a recorded prevalence of at least 75% Polydora infection (Wrange 

et al. in prep.). Where previously sampled sites were difficult to access, nearby locations with 

Pacific oysters were sampled instead. Thus, the material represents a targeted sample of 

previously infected or high-risk sites and should not be interpreted as representative of the entire 

Swedish west coast. A sampling map was produced using RStudio (2026.01.1+403, see Appendix 

3). At sites where the number of Pacific oysters present was low, any specimens that were located 

were collected. In areas where previously sampled locations were challenging to access, suitable 

locations nearby where chosen. Thus, Pacific oysters used in this study were sampled from a 

variety of novel and previously sampled sites. Sampled oysters were stored in a fridge at 4°C until 

processing. After processing 23 oysters for Askimbadet North and Hovåsbadet respectively, it was 

decided that to 10-12 was representative per site (Table 1). During processing, the length, width 

and height of the oysters from each location were measured and recorded (Table B2), before they 

were opened using a knife. Gloves were worn for protection while opening the oysters. The meat 

was discarded, and the opened oysters were visually inspected for presence of mud blisters (Fig. 

2). The blisters were pierced carefully with a scalpel blade. Infected oysters were placed in 

individual tubs containing a mixture of 1:20 ethanol/seawater over night for the polydorids to 

swim out of the shell. The following day the water was drained through a 0.125 mm sieve and the 



5 

 

polydorids were collected using light-weight precision tweezers. Tweezers were also used to 

remove polydorids which were protruding from openings in the shell. Using a pipette, sea water 

was squirted into the mud blisters to remove the sediment and collect any remaining polydorids. 

The polydorids were then put in Eppendorf tubes containing 80% Ethanol to preserve them for 

molecular and morphological analysis. Each worm was labelled by the following format: site 

code, oyster number, counted worm extracted from said oyster (e.g. HK3_4 refers to Hovås 

Kallbadhus, oyster number 3, worm number 4, see Table B1 for complete overview).  

 

Figure 1 Pacific oysters were sampled from eleven locations between Tjärnö (TJ), Strömstad (furthest north) and 

Hovås Kallbadhus (HK), Askim (furthest south) along the Swedish West coast. Each location was given a site code 

which was used to ID oysters and worms 
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Table 1 Sampling locations from south to north with recorded infection prevalence, number of oysters opened, number 

of Polydora worms extracted from the oysters and sequenced Polydora (DNA) per site 

Sampling 

location  

Site 

code 

Latitude Longitude Infection 

prevalence 

(%) 

Oysters 

(n) 

Worms 

(n) 

DNA 

(n) 

Hovås 

Kallbadhus 

HK 57.613 11.920 100.00 12 11 3 

Hovåsbadet HB 57.618 11.922 95.65 23 147 7 

Askimbadet 

North 

AN 57.627 11.922 95.65 23 30 6 

Hönö site A HNa 57.697 11.643 100.00 10 27 12 

Hönö site B HNb 57.698 11.645 100.00 10 33 11 

Saltas Badplats SB 57.707 11.635 42.86 7 2 2 

Nordön 

Badplats 

NB 57.894 11.689 100.00 10 22 11 

Instöbron IN 57.889 11.666 100.00 10 53 7 

Källsnäs 

Småbåtshamn 

KH 57.988 11.794 100.00 10 10 5 

Gunneby 

Badplats 

GB 58.006 11.690 100.00 10 70 

6 

Tjärnö TJ 58.874 11.146 100.00 10 32 5 

Total     135 437 75 

 

 

Figure 2 Pacific oysters during processing. A) shows an infected Pacific oyster with the red arrow pointing towards a 

black blister on the inside of the shell of an oyster which indicates Polydora infection. B) shows a healthy Pacific oyster, 

indicated by the clean white inside of the shell void of blistering 
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2.2 Morphological analysis 

All fixed individuals were inspected through a Leica M80 stereomicroscope mounted with a 

Canon EOS 800D (Canon, Tokyo, Japan) camera to document whole-body morphology and sizes. 

Polydorids were confirmed by presence of a specialised fifth chaetiger (Fig. 3). Other 

characteristics such as pigmentation, presence or absence of an occipital tentacle, shape of the 

pygidium, and size and arrangement of branchiae were inspected to determine inter- and 

intraspecific variation. All features were recorded in photos and laboratory notes. Furthermore, 

morphology of the fifth chaetiger of selected specimens of P. websteri, P. cornuta and P. 

onagawaensis was inspected in detail under an Olympus BX60 microscope (EVIDENT Europe 

GmbH, Hamburg, Germany) and documented in photos using the programme WaveImage (ver. 

X64, 4.11.22004.20230115, BEL Engineering s.r.l., Monza, Italy). Before choosing specimens 

for dissection, the species were confirmed by morphological and molecular analysis. 

Morphological species identification of P. websteri was based on the original description by 

Hartman (in Loosanoff & Engle, 1943) as well as more recent descriptions by Read (2010) and 

Sato-Okoshi & Abe (2013). For P. onagawaensis the original description by Teramoto et al. 

(2013) and the recent description of European specimens by Sato-Okoshi et al. (2022) was 

utilised. Lastly morphological species identification of P. cornuta was based on redescriptions by 

Blake & Maciolek (1987), and Radashevsky (2005).  

 

Figure 3 Polydora websteri with encircled specialised fifth chaetiger used to identify polydorids 

2.3 DNA extraction and PCR 

A scalpel was used to remove a sample of tissue from each individual. The samples were placed 

in Eppendorf tubes containing 100 μl of QuickExtract DNA Extraction Solution 1.0 (Lucigen 

Corp., Middleton, WI, USA). Majority of the tissue samples were taken from one lateral side. 

Thus, the other identical side could remain intact for subsequent morphological analysis. In cases 

where the individual was missing its posterior part, fragments of the last segment was used for 

tissue extraction. Extractions were performed using QuickExtract (Lucigen Corp., Middleton, WI, 

USA) following the manufacturer’s protocol with tissue samples incubated at 65 °C × 45 min/98 

°C × 3 min. About 450 base pairs (bp) of the mitochondrial gene cytochrome c oxidase I (COI) 

were amplified with the primer Dorid_COI_3F (AAGGWATACCTACAGAAAARATACC) and 

Dorid_COI_1R (RCTGTGAATAGRGGRAATCAGTTTAT) (Williams et al., 2017). About 1800 
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bp of the nuclear 18S gene were amplified using primers 18SA, 18SB, 620F, and 1324R (Medlin 

et al., 1988; Cohen et al., 1998; Nygren & Sundberg, 2003). Polymerase Chain Reactions (PCR) 

were performed using 1.5 μl of each primer, 2 μl template DNA, and 20 μl VWR RedTaq DNA 

Polymerase Master Mix 1.1x (2mMMgCl2). The PCR program started with 98◦C × 2 min 

followed by 30 cycles of 98°C × 40 s/50°C × 30 s/72°C × 45 s and finished with 72°C × 8 min. 

PCR success was confirmed with an agarose gel electrophoresis. PCR products were purified 

using 12 μl PCR product with 3 μl purification solution containing FastAP buffer and 

ExoNuclease I (Thermo Fisher Scientific, Vilnius, Lithuania) and incubated at 37°C × 60 min / 

72°C × 15 min. The samples were sent off for Sanger sequencing to Eurofin Genomics, Ebersberg, 

Germany. Sanger sequencing was done using the same primers that were utilised during PCR. 

The finalised sequences were aligned and trimmed in the software programme Geneious (ver. 

10.2.3, http://www.geneious.com/). A nucleotide BLAST search of each sequence was then 

performed in GenBank (https://www.ncbi.nlm.nih.gov/genbank/) for species identification. 

In total, four rounds of sequencing were carried out. In the first round, four worms were chosen 

randomly from Tjärnö, Hovåsbadet and Instöbron respectively (Table 1). These three sites 

represent the furthest North, South and middle of the geographic sampling range. All twelve 

worms from this round were molecularly identified as the same species: P. websteri. As the aim 

of this study was to assess species diversity, I thereafter chose some worms based on 

morphological characteristics that appeared to differ from P. websteri (e.g. occipital tentacle and 

pigmentation) and some that did appear to be P. websteri, while also making sure that each 

sampling location was represented in the molecular analysis. 

2.4 Molecular analysis 

A haplotype network was made for P. websteri, P. cornuta and P. onagawaensis respectively. COI 

sequences obtained from individuals sampled for this study was used together with COI sequences 

available in GenBank. A MAFFT alignment was done in Geneious (ver. 10.2.3, 

http://www.geneious.com/) with the sequences for P. cornuta, P. onagawaensis and P. websteri 

respectively. The alignments were then manually trimmed to equal base length in Mesquite (ver. 

3.51, Maddison & Maddison, University of British Columbia / Oregon State University, USA). 

The finished alignments were exported using the ‘nexus files for MrBayes’ option in Mesquite 

and formatted to include locations as traits. The finished files were opened in the program 

Population Analysis with Reticulate Trees (PopART ver. 1.7; Leigh & Bryant, 2015, University 

of Otago, Dunedin, New Zealand) to create a TCS network for each species (Clement et al., 2002). 

To investigate genetic divergence within Polydora species groups, an Assemble Species by 

Automatic Partitioning (ASAP) analysis was carried out in the programme ASAPy 1.0 (Puillandre 

et al., 2021, Muséum National d'Histoire Naturelle, Paris, France) using the COI sequences 

assembled for the haplotype networks. The ASAP output (see Appendix 2) was used to divide 

genetic sequences by species groups. In MEGA 12 (Kumar et al., 2024, Temple University, 

Philadelphia, PA, USA / Tokyo Metropolitan University, Tokyo, Japan) the average evolutionary 

divergence for sequence pairs within and between the defined species groups were calculated 

using the Kimura 2-Parameter model (Kimura, 1980). This model was chosen so that results 

would be comparable with previous studies (Carr et al., 2011; Silverbrand et al., 2021). 

Additionally, two maximum likelihood phylogenetic trees were made with 18S and COI 

sequences obtained in this study in combination with previously published sequences from 

GenBank. The trees were produced using IQ-TREE 2 (Minh et al., 2020). In order to determine 

statistically significant clades in the phylogenetic structure, a bootstrap approach (n = 1000) was 

used for both trees. Lastly, the trees were visualised using FigTree (ver. 1.4.4, Rambaut, 2018, 

University of Edinburgh, Edinburgh, UK). 

3. Results 

3.1 Polydora extractions and identification 

In total, 437 polydorids were extracted from 135 Pacific oysters collected across 11 sites. Because 

sites were selected based on previous records of high infection prevalence, these values describe 
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the sampled sites only and should not be interpreted as coast-wide prevalence estimates. Saltas 

Badplats had the lowest prevalence of Polydora infections with 42.86% infected oysters. Here, 

infection refers to the presence of mud-blisters, as some oysters contained blisters, even though 

worms were not detected (Table B2). Saltas Badplats also had the lowest number of sampled 

Pacific oysters with seven. In the sampled material, Askimbadet North and Hovåsbadet each had 

one uninfected oyster out of the 23 specimens that were opened for these sites, corresponding to 

95.65% visible infection prevalence. At the remaining sites, all sampled oysters were scored as 

infected. By combining morphological and molecular analyses, the three following species were 

identified: P. websteri (see section 3.2.1), P. cornuta (see section 3.2.2) and P. onagawaensis (see 

section 3.2.3). 

3.2 Morphological analysis 

3.2.1 Polydora websteri Hartman in Loosanoff & Engle, 1943 

Specimens identified as P. websteri had morphological features which were consistent with those 

described by Read (2010) and Sato-Okoshi & Abe (2013). Eyes were either absent or present as 

four eyes arranged in a trapezoidal shape. Specimens had two palps, although one or both palps 

were missing in some preserved individuals. Prostomium was either strongly or weakly bi-lobed. 

Caruncle extended to the end of second or third chaetiger. There was no occipital tentacle. On the 

first chaetiger notochaetae were absent while neurochaetae were present. Major spines on the 

modified fifth chaetiger were falcate with lateral flange alongside shaft of the major spines (Fig. 

4C). Alternating companion chaetae closely aligned with major spines. Superior dorsal capillary 

chaetae were present (Fig. 4C). Branchiae began on the seventh chaetiger. The pygidium was 

small and cup-shaped, with a dorsal notch. Body colour ranged from an opaque white to a darker 

flesh/orange colour. Palps either lacked pigmentation or had black pigmentation. This was either 

in continuous lines of spots along margin of palps (Fig. 5A) or larger, irregular spots (Fig. 5B). 

 

Figure 4 Major spines on fifth chaetiger of P. onagawaensis GB5_1 (A), P. cornuta HNb1_1 (B) and P. websteri HK3_1 

(C). Major spines of all three species have falcate shape with a lateral tooth and alternating chaetae. However, major 

spines of P. onagawaensis are thicker compared to the other two species. Here, both P. cornuta and P. websteri have a 

cluster of dorsal capillary chaetae, while P. onagawaensis have capillary chaetae on both the dorsal and ventral side 

of the major spines 
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Figure 5 A) P. websteri specimen sampled by Instöbron with continuous palp pigmentation along margin indicated by 

circle arrow. B) P. websteri specimen sampled by Nordön Badplats with irregular palp pigmentation indicated by 

triangle arrow 

3.2.2 Polydora cornuta Bosc, 1802 

Specimens of P. cornuta had morphological features consistent with descriptions by Blake & 

Maciolek (1987) and Radashevsky (2005). Many specimens lacked the posterior part, making it 

challenging to estimate their length (Fig 6A-C). All specimens had an occipital tentacle on the 

caruncle on the first chaetiger (Fig. 6C). The caruncle extended to the second or third chaetiger. 

On the first chaetiger notochaetae were absent while neurochaetae were present. Eyes were either 

absent or present as four eyes arranged in a trapezoidal shape. Specimens have two palps, although 

one or both were missing in some preserved individuals; preserved palps varied from elongated 

and thin to short and thick, apparently independently of body size. Major spines on the fifth 

chaetiger were falcate with lateral tooth and companion chaetae (Fig. 4B). Branchiae began from 

the seventh chaetiger and reached maximum length around the eleventh chaetiger. Pygidium was 

small and cup-shaped with dorsal notch (Fig. 6D). Most preserved specimens ranged in body 

colour from opaque white (Fig. 6A, C, D) to tan (Fig. 6B). Most specimens did not have 

pigmentation patterns on their body, however a few had darker grey/black pigmentation on either 

lateral or dorsal sides of their body. Some specimens also had black pigmentation on the tips of 

their branchiae and occipital tentacle (Fig. 6A). Palps either lacked pigmentation (Fig. 6C) or had 

continuous lines of brown/tan down the margin of the palps (Fig. 6A, D) or spots of black/grey 

pigmentation (Fig. 6B). 
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Figure 6 A) P. cornuta specimens sampled from Askimbadet North with dark colouring on branchia and body indicated 

by the blue arrow, and brown pigmentation on palps indicated by the orange arrow. B) P. cornuta from Gunneby 

Badplats with tan colour on body and dark pigmentation on palps indicated by the green arrow. C) P. cornuta from 

Hönö B showing occipital tentacle indicated by white arrow and circle. Specimen lacks pigmentation on body or palps. 

D) P. cornuta from Hönö A with whole body intact showing pygidium indicated by pink arrow and brown pigmentation 

on palps indicated by orange arrow 

3.2.3 Polydora onagawaensis Teramoto et al., 2013 

Specimens identified as P. onagawaensis were morphologically consistent with the original 

description by Teramoto et al. (2013), and the description of P. onagawaensis sampled in 

Normandy, France described by Sato-Okoshi et al. (2022). They appeared smaller than P. websteri 

and P. cornuta. Eyes were either absent or present as four eyes arranged in a trapezoidal shape. 

Specimens have two palps, although one or both were missing in some preserved individuals. 

Preserved palps varied in apparent length and thickness (Fig. 7). Spines on chaetiger 5 had a 

thickened falcate shape with a lateral tooth, and alternating pennoned chaetae (Fig. 4A). Clusters 

of winged capillary chaetae were also present at the dorsal and ventral side of the major spines 

(Fig. 4A). Branchiae began from chaetiger 7 and reached maximum length at approximately 1/2 

of body length. In individuals where the whole body was intact, the pygidium was small, cup-like 

and slightly folded inwards with a dorsal gap, except for one individual which appeared to have 

an almost bi-lobed pygidium (Fig. 7). This could be morphological variation but could also be 

due regeneration from previous damage to the pygidium. It could also have occurred during the 

process of fixation. Preserved specimens had body colour of either light tan (Fig. 7A-B) or opaque 

white (Fig. 7C-D). Some had black pigmentation on their posterior chaetigers (Fig. 7C-D) and 

around the base of their palps (Fig. 7A-B). None of the individuals identified here had 

pigmentation on palps. Pygidium either lacked pigmentation (Fig. A, D) or had faint to strong 

black pigmentation (Fig. 7B-C).  
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Figure 7 Two specimens of P. onagawaensis sampled from Nordön Badplats (A & B) with tan body colour. A) shows 

one specimen with a split pygidium (*arrow) and faint black pigmentation at the base of the palps indicated by white 

arrow. B) shows the other specimen with strong black pigmentation around the base of the palps indicated by the blue 

arrow, and on the pygidium in the blue circle. Two specimens of P. onagawaensis from Saltas Badplats (C) and 

Askimbadet North (D) with opaque white body colour and black pigmentation on latter half of body indicated by pink 

arrows. C) shows specimen with pygidium with black pigmentation in the pink circle. D) shows specimen with pygidium 

without pigmentation in the white circle 

3.2.4 Remarks 

In this material, the presence of an occipital tentacle was the most useful morphological character 

for separating P. cornuta from P. onagawaensis and P. websteri, although final species 

identification was based on a combination of morphology and molecular data. In the present 

material, brown palp pigmentation was observed only in P. cornuta. Specimens of P. websteri and 

P. onagawaensis were more difficult to separate morphologically as several external characters 

overlapped. Pigmentation on posterior chaetigers and around the base of the palps was observed 

in some P. onagawaensis specimens but not in P. websteri in this material. 

3.3 Molecular analysis 

In total, PCR amplification and Sanger sequencing produced 75 COI sequences and four 18S 

sequences. BLAST searches in GenBank identified 32 specimens as P. websteri, 32 specimens as 

P. cornuta, and 11 specimens as P. onagawaensis. One low-quality P. websteri sequence was 

excluded from subsequent COI phylogenetic and distance analyses, leaving 31 P. websteri 

sequences in those analyses. To support species identification, phylogenetic trees were 

constructed separately for 18S and COI sequences. The 18S tree was made with sequences from 

the entire spionid family (Fig. 8). Here, the Swedish sequences clustered within their respective 

species clades with high bootstrap support. Polydora websteri had 98% support, while P. cornuta 

and P. onagawaensis both had 100% bootstrap support. The COI phylogenetic tree only included 

polydorids (Fig. 9, for clean version see Fig. A4). Here, COI sequences of Swedish P. websteri 

specimens clustered with other published P. websteri sequences in a well-supported clade 

(bootstrap support of 100%). The Swedish P. cornuta sequences clustered within a well-supported 

P. cornuta clade (100% bootstrap support), which was further divided into several supported 
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subclades. Polydora onagawaensis was divided into four supported clades. The Swedish P. 

onagawaensis sequences formed one highly supported clade (100% bootstrap support) with 

several supported subclades. The other three clades each had high bootstrap support (98-100%) 

and contained sequences from East USA and Japan. 

In the ASAP output, most P. websteri sequences, including Swedish sequences and sequences 

obtained from GenBank, were assigned to a single group. One Swedish sequence, GB3_6, was 

excluded from downstream analyses because of poor sequence quality, although its closest 

BLAST match was P. websteri. In addition, the GenBank sequence MK696589, listed as P. 

websteri, was assigned to a separate ASAP cluster together with an unidentified spionid sequence 

and was therefore excluded from the P. websteri analyses. The remaining sequences assigned to 

the main P. websteri group were used to calculate internal K2P sequence divergence (Table 2). 

For P. cornuta, the highest-partitioning ASAP solution separated the sequences into three groups, 

here referred to as Cornuta 1, Cornuta 2 and Cornuta 3. Evolutionary distances were calculated 

between and within these groups. Cornuta 1 consisted of eight sequences: seven from Sweden 

and one from Massachusetts. Cornuta 2 consisted of four sequences from Maine and Washington 

DC. The remaining 35 sequences were assigned to Cornuta 3 which represented Sweden, Russia, 

New Hampshire, Maine and Massachusetts. Cornuta 1 had the smallest internal distance and 

Cornuta 3 had the highest (Table 2). Between the groups, Cornuta 1 and 3 had the smallest 

divergence and 1 and 2 had the highest (Table 3). For P. onagawaensis, the ASAP output showed 

four separate groups at the level with highest degree of partitioning. These four groups were 

labelled Onagawaensis 1, 2, 3 and 4, and used for subsequent comparison of genetic sequence 

divergence. Onagawaensis 1 consisted of 14 sequences; 11 which were from Sweden, two from 

France and one from Maine, USA. Onagawaensis 2 also consisted of 14 sequences: six from 

Maine, seven from Rhode Island, and one from Japan. Onagawaensis 3 consisted of 18 sequences: 

15 from Japan and three from China. Onagawaensis 4 was the smallest group with only six 

sequences: five from Maine, USA and one from Japan. Onagawaensis 4 had the lowest internal 

average and Onagawaensis 3 had the highest internal average (Table 2). Between the groups, 

Onagawaensis 2 and Onagawaensis 1 had the lowest divergence while Onagawaensis 1 and 

Onagawaensis 3 had the highest (Table 3).  

The haplotype network for P. websteri showed one dominant haplotype with smaller haplotypes 

in a halo around it (Fig. 10). The Swedish specimens all appear to belong to the main haplotype. 

A maximum of six mutations separated the P. websteri haplotypes from each other. The haplotype 

network for P. cornuta showed three clusters which appeared to be separated by a regional 

component (Fig. 11). The Swedish haplotypes grouped together with published haplotypes from 

Russia, Massachusetts and Virgina. Another cluster contained haplotypes from Maine and 

Washington DC, while the last cluster contained haplotypes from Florida only. The haplotype 

network for P. onagawaensis showed four haplotype clusters separated by several mutational 

steps (Fig. 12). There was no dominant haplotype, instead, the network consisted of many smaller 

haplotypes that clustered largely by geographic region. All Swedish haplotypes grouped together 

with French haplotypes on one side, while most of the Japanese haplotypes clustered together 

with the Chinese haplotypes on the other end. Between the Asian and European clusters were two 

mainly American groupings: one larger group with the majority of haplotypes from Rhode Island 

and smaller haplotypes from Maine and Japan, the other group was the smallest with haplotypes 

from Maine and Japan. 
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Figure 8 Maximum likelihood 18S phylogenetic tree for spionids made with sequences available on GenBank and 18S 

sequences extracted from P. websteri HB14_1 and HB3_7, P. cornuta HNb2_2, and P. onagawaensis AN21_1 

highlighted in bold, with Amphicorina mobilis and Sabella pavonina as outgroups. All Swedish sequences fit into the 

clade of their respective species with high bootstrap support (98-100%). Scalebar shows 0.05 substitutions per site 
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Figure 9 Maximum likelihood COI phylogenetic tree for polydorids made with sequences available on GenBank and 

COI sequences of 31 P. websteri, 32 P. cornuta and 11 P. onagawaensis extracted during this project highlighted in bold, 

with Dipolydora capensis as outgroup. One Swedish P. websteri sequence was excluded from phylogenetic analysis due 

to poor quality. The Swedish P. websteri sequences fit into one uniform clade with 99% bootstrap support together with 

previously published sequences. Swedish P. cornuta sequences form one cluster of 100% bootstrap support with four 

well supported subclades (98-100%). Swedish P. onagawaensis sequences fit into one well supported clade separate 

from previously published sequences (96% bootstrap support) with three well supported subclades of 100%. Scalebar 

shows 0.05 substitutions per site. For clean version without annotations see Fig. A4 
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Table 2 Average internal pairwise K2P evolutionary distances for each cluster detected by the ASAP output for P. 

websteri, P. cornuta and P. onagawaensis given in percentage. Polydora websteri sequences were placed in a single 

cluster named Websteri. Cornuta 1 consists of sequences from Sweden and Massachusetts, Cornuta 2 consists of 

sequences from Maine and Washington DC, and Cornuta 3 consists of sequences from Sweden, Russia, New Hampshire, 

Maine and Massachusetts. Onagawaensis 1 consists of sequences from Sweden, France and Maine, Onagawaensis 2 

consists of sequences from Maine, Rhode Island, and Japan, Onagawaensis 3 consists of sequences from Japan and 

China and Onagawaensis 4 consists of sequences from Maine and Japan  

Species Average internal distance (%) ± SE Min Max 

Polydora websteri         

Websteri 0.019 0.000 0.000 1.705 

Polydora cornuta     

Cornuta 1 0.000 0.000 0.000 0.000 

Cornuta 2 0.510 0.851 0.168 0.853 

Cornuta 3 0.810 0.013 0.00 3.656 

Polydora onagawaensis  

Onagawaensis 1 0.793 0.078 0.00 2.061 

Onagawaensis 2 0.651 0.069 0.00 1.534 

Onagawaensis 3 0.818 0.044 0.00 2.057 

Onagawaensis 4 0.278 0.310 0.00 0.735 

 

Table 3 Estimated K2P evolutionary distances between the defined ASAP clusters within P. cornuta and P. 

onagawaensis, given in percentage 

Group 1 Group 2 Distance (%) ± SE 

Polydora cornuta 
 

Cornuta 1 Cornuta 3 1.38 0.41 

Cornuta 3 Cornuta 2 11.05 1.41 

Cornuta 1 Cornuta 2 11.93 1.50 

Polydora onagawaensis 
 

Onagawaensis 1 Onagawaensis 2 8.14 1.25 

Onagawaensis 2 Onagawaensis 3 10.37 1.39 

Onagawaensis 3 Onagawaensis 4 10.88 1.49 

Onagawaensis 2 Onagawaensis 4 10.95 1.45 

Onagawaensis 1 Onagawaensis 4 11.11 1.47 

Onagawaensis 1 Onagawaensis 3 12.80 1.53 



17 

 

 

Figure 10 Polydora websteri haplotype network based on 162 taxa with 536 bp per taxon from Sweden, East coast 

USA, Russia, West coast USA, France, Australia and South Africa. Haplotypes without known sampling locations are 

denoted as not available (na). Swedish sequences belong to the dominant global haplotype. One to six mutational steps 

separate the smaller haplotypes from the dominant one 

 

Figure 11 Polydora cornuta haplotype network based on 52 taxa with 536 bp each showing three distinct geographic 

clusters: 1) Florida, 2) Maine and Washington DC, 3) Sweden, Russia, Massachusetts, Maine and Virginia 
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Figure 12 Polydora onagawaensis haplotype network based on 39 taxa with 586 bp each showing four distinct clusters 

with smaller haplotypes: 1) Sweden and France, 2) Rhode Island, Maine and Japan, 3) Maine and Japan 4) Japan and 

China 

4. Discussion 

This study reports the first documentation of P. onagawaensis and P. cornuta in Pacific oysters in 

Sweden and provides new data on species composition and infestation prevalence of polydorids 

in Pacific oysters at selected infested sites along the Swedish west coast. Additionally, I report the 

first COI data set placing Swedish P. cornuta and P. onagawaensis within putative genetic 

lineages within their respective species complexes.   

4.1 Polydorid species diversity 

Among the 75 individuals that were identified to species using both molecular and morphological 

analysis, 32 were identified as P. websteri, 32 as P. cornuta, and 11 as P. onagawaensis. Because 

individuals were partly selected for sequencing based on morphology, these numbers should not 

be interpreted as unbiased estimates of species proportions among all extracted worms. Polydora 

websteri is highly invasive species and its presence in Pacific oysters in Sweden has been 

documented since 2020 (Wrange et al., in prep), so this was an expected find. However, previous 

surveillance of Polydora infections in Scandinavia has included molecular identification of only 

a small number of worms (Panova et al., 2024; Wrange et al., in prep). In many cases, rather than 

actively identifying the worms in each blister using molecular and morphological methods, the 

presence of mud blisters has been used as an indication of P. websteri infestations (Syversen & 

Knutshaug, 2023; Wrange et al., in prep). Thus, other species of Polydora which can cause or 

inhabit mud blisters in Pacific oysters may have been overlooked. For instance, while P. cornuta 

is not considered a shell-boring species and is assumed to not cause blisters like P. websteri and 

P. onagawaensis (Silverbrand et al., 2021), all P. cornuta specimens in this study were extracted 

from oysters with mud blisters. Polydora cornuta has already been established as a highly 

opportunistic species (Grassle & Grassle, 1974; Karhan et al., 2008; Silverbrand et al., 2021). The 

occurrence of P. cornuta in blistered oysters is consistent with opportunistic use of already 

modified shell habitats, although this study cannot determine whether P. cornuta initiates or 

secondarily colonises mud blisters. Furthermore, several Pacific oysters sampled during this study 

contained individuals of more than one Polydora species. For example, in Nordön Badplats oyster 

NB2 contained two specimens of P. websteri and one of P. onagawaensis and NB5 contained one 

specimen of P. websteri and one of P. cornuta. Oyster IN2 from Instöbron contained one specimen 

of P. cornuta and one of P. onagawaensis. This shows that all three species can co-exist within 
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the same oyster and potentially inhabit the same mud blister, which underlines the importance of 

thorough species identification when investigating Polydora prevalence as an accumulation of 

several Polydora species in the same area may indicate a common introduction event or route 

which can aid in predicting future invasion and apply preventative efforts.  

4.2 Geographical distribution of Polydora spp. 

Among the sequenced individuals, P. websteri was detected at every site except for Askimbadet 

North and Hönö A. Polydora cornuta was detected at seven sites, although nearly 70% of the 

individuals were sampled from the two sites at Hönö. Finally, P. onagawaensis was detected at 

six sites, with the majority of specimens being sampled from Nordön Badplats and Askimbadet 

North. However, because only 11 P. onagawaensis specimens were sequenced, no firm 

conclusions can be drawn about its distribution pattern. While there was a similar sample size of 

P. websteri and P. cornuta in this data set, P. websteri had a much wider distribution along the 

coast. In comparison, P. cornuta was densely clustered around Hönö. In several locations, more 

than one species was present at the same site. Nordön Badplats, Instöbron and Gunneby Badplats 

were the most diverse with all three species represented. All three locations are situated relatively 

close to smaller ports and are likely regularly exposed to marine traffic, which may be one 

possible explanation for the diversity in polydorids detected here as polydorids can be spread via 

the release of ballast water (Williams et al., 2016). During the sampling, it was observed that 

Pacific oysters were easier to locate in areas like ports and remote beaches that appeared to be 

less accessed by the public (e.g. Gunneby Badplats, Källsnäs Småbåtshavn and Hönö), whereas 

in popular areas like public beaches (e.g. Saltas Badplats, Hovåsbadet and Askimbadet North) it 

was generally harder to locate Pacific oysters. This could be due to public efforts of removing 

Pacific oysters from commonly used beaches, as they are sharp and can be nuisance for beach-

visitors, but could also be due to some areas being more sheltered from ocean streams and thus 

preventing large settlements of oysters from occurring. The availability of Pacific oysters and 

possible human mitigation to remove them could in turn affect the species of Polydora detected 

in this study.  

Translocation of bivalves, including oysters, and release of ballast water, are often considered the 

driving factors in the spread of polydorids around the globe (Simon & Sato-Okoshi, 2015; Rice 

et al., 2018). However, in Sweden, aquaculture is heavily restricted, and thus other means of 

introduction may be more likely (Laugen et al., 2015). Oceanographic modelling has previously 

shown that larvae of Pacific oysters which managed to settle along the Swedish west coast likely 

travelled with currents from Limfjorden, Denmark (Laugen et al., 2015). Given the wide 

geographic occurrence of P. websteri along the west coast (Wrange et al, in prep), it is a possibility 

that larvae of this species can have been introduced via a similar current-mediated pathway. 

Polydorids can produce both planktotrophic and adelphophagic larvae and thus, they can optimise 

recruitment by adjusting the reproduction method (Nagai et al., 2025). However, to the best of 

our knowledge, there are no published data on the presence of P. websteri in Denmark, so 

modelling an introduction route would be speculative. Still, P. websteri has been documented in 

Pacific oysters sampled from Sylt in the Wadden Sea, which borders to Denmark (Waser et al., 

2020), so it is not unlikely that P. websteri has spread into Danish territory from there, if it was 

not already present. Even so, with an apparent limited sampling of polydorids in Denmark this 

remains a hypothesis.  

In comparison, P. cornuta was densely clustered around Hönö. While this is the first formal report 

of P. cornuta in Pacific oysters in Sweden, P. cornuta has been present in Swedish waters for 

several years. Previous studies have considered the first formal documentation of the species to 

be from 1999 (Nygren et al., 2017). However, a report from Grassle and Grassle (1974) stated 

that in polluted areas of Gothenburg harbour, P. cornuta (noted as P. ligni) was the second most 

abundant species. Although it is possible that this was a misidentification, the study at present 

also found P. cornuta was abundant at Hönö, which appeared to be among the more pollution-

exposed sites in this data set. This was particularly evident at Hönö A, which was located within 

the inner, shallow part of Röd Hamn, where mud was the dominant sediment type. Similar 

sampling results have been obtained in the Mediterranean where P. cornuta has been deemed a 
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pollution indicator species, as soft-bottom populations appear to thrive in sediment containing 

high levels of organic matter (Çinar et al., 2012). However, with the lack of studies done on P. 

cornuta in Sweden and the rest of Scandinavia, any conclusion regarding habitat preference will 

be preliminary. Therefore, in addition to increased sampling efforts, future research should also 

consider sedimentary and nutrient composition, as well as water temperature and salinity, to verify 

habitat preference of P. cornuta. 

4.3 Genetic structure of Polydora spp. 

Polydora websteri 

Thirty-one COI sequences as well as two 18S sequences obtained from Swedish P. websteri were 

used to produce phylogenetic trees, after one low-quality COI sequence was excluded. In both 

phylogenetic trees the Swedish sequences fit into the species clade with high bootstrap support 

(98-99%) together with previously published P. websteri sequences. In the ASAP analysis all P. 

websteri were placed in a uniform clade regardless of partitioning level and the average pairwise 

K2P estimate was very low (0.0194%). This indicates a low level of evolutionary distance and 

high genetic connectivity between the Swedish specimens and other internationally distributed P. 

websteri. This is further supported by the haplotype network which showed all Swedish P. 

websteri sequences belonging to the dominant global haplotype. Thus, my results are consistent 

with previous research which has detected an unusually high level of connectivity and low level 

of genetic diversity across P. websteri populations worldwide (Ye et al., 2017; Rice et al., 2018; 

Silverbrand et al., 2021). Previous studies have attributed this low genetic diversity partly to 

repeated human-mediated transport through shellfish translocations and ballast water, which may 

spread a dominant haplotype across regions (Williams et al., 2016; Rice et al., 2018). In most 

studies, P. websteri has been sampled from shellfish farms, while less emphasis has been put on 

wild populations (Rice et al., 2018). Results have shown that polydorid populations from off-

shore farms tend to have a higher level of genetic diversity than on-shore farms (Williams et al., 

2016; Rice et al., 2018). Given the lack of industrialised shellfish production in Sweden, all 

individuals in this study were sampled from wild populations. As such, the genetic results 

obtained here indicate that P. websteri populations can have high global connectivity and weak 

population structure regardless of whether the sampled individuals are from a farmed site or a 

wild population.  

Polydora cornuta 

Thirty-two COI sequences and one 18S sequence were obtained from Swedish P. cornuta 

specimens. In the 18S phylogeny, the Swedish sequence fit into the species cluster with 100% 

bootstrap support. In the COI phylogeny, the Swedish sequences clustered within one main P. 

cornuta clade with 100% bootstrap support which was further divided into several well supported 

subclades (98-100% bootstrap support). In the network analysis, P. cornuta was divided into three 

separated lineages, two of which were regionally distinct and one geographically diverse: 1) 

Florida, 2) Maine and Washington DC, and 3) Russia, Maine, Massachusetts and Virginia. The 

Swedish sequences also grouped into this third lineage. The Florida cluster was connected to the 

haplotype network by 24 mutational steps, the Maine and Washington DC cluster was connected 

by 13 steps, and the geographically diverse lineage was connected by 10 mutational steps. Similar 

regional clustering was also produced in the ASAP analysis, although the Florida sequences had 

to be excluded from here due to several of the sequences being of lower quality due to containing 

ambiguous bases, making the program unable to read them. At the highest level of partitioning 

the geographically diverse cluster was divided into two sub-clusters in the ASAP analysis: 

Cornuta 1 and Cornuta 3. Cornuta 1 only consisted of seven Swedish sequences and a single 

sequence from Massachusetts (MN856852) and appears as a separate subclade on the COI 

phylogenetic tree with 99% bootstrap support. Cornuta 1 had an internal average pairwise K2P 

estimate of 0%, indicating that these eight individuals are genetically identical. This may indicate 

that the P. cornuta belonging to this group were introduced in a separate introduction event than 

other Swedish specimens. Additionally, while the K2P evolutionary distance was low between 

Cornuta 1 and 3 (1.38%), both groups differed by almost a ten-fold from Cornuta 2 (11.05 – 
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11.93%) which represents the Maine and Washington DC cluster. Some studies argue that the 

interspecific evolutionary divergence in invertebrates must exceed 2-3.5% to be considered 

separate species (Ortiz et al., 2023). The high K2P divergence between Cornuta 2 and the other 

groups is consistent with previous suggestions that the P. cornuta species complex contains deeply 

divergent lineages, but species boundaries cannot be resolved from COI distances alone. Rice et 

al. (2008), who first determined the three lineages in the P. cornuta species complex, also 

proposed them as biologically valid species based on reproductive patterns. At the time, the third 

lineage was only detected in California and New Zealand. In 2021, Silverbrand et al. expanded 

on this analysis, proving the geographic distribution of the third lineage to be much wider than 

previously thought. Overall, the results obtained here agree with previous studies which have 

suggested that the P. cornuta species complex consists of three distinct lineages, where two are 

local to Florida and Maine, while one is geographically diverse (Rice et al., 2008; Silverbrand et 

al., 2021). My findings also place Swedish P. cornuta in the geographically diverse lineage and 

have detected high genetic similarity between specimens from Sweden and Massachusetts, which 

could be helpful in generating hypotheses for possible invasion routes. The broad geographic 

composition of this lineage is consistent with high connectivity and may support the hypothesis 

that it has been spread through anthropogenic activity.  

Polydora onagawaensis 

Eleven COI sequences and one 18S sequence were obtained from Swedish P. onagawaensis. In 

the 18S maximum likelihood phylogeny the Swedish sequence fit into the species clade with 

100% bootstrap support. In the COI phylogeny, the P. onagawaensis sequences branch into 

several subclades of high bootstrap support (96-100%). The Swedish sequences are placed into 

one distinct clade of 96% bootstrap support with several smaller subclades where three have 100% 

bootstrap support. Thus, the COI phylogeny suggests regional genetic differentiation between the 

Swedish P. onagawaensis sequences and many previously published sequences. Previous studies 

have confirmed three lineages within P. onagawaensis: two from the USA and one in Asia 

(Silverbrand et al., 2021). However, European P. onagawaensis sequences remain scarce, and no 

previous study has assessed Swedish material in this broader phylogeographic context. The 

haplotype network showed four main regional haplotype clusters. One cluster consisted of 

Swedish and French haplotypes, one clusters contained haplotypes predominantly from Rhode 

Island with some from Maine and Japan, a smaller, but clearly separated cluster also contained 

haplotypes from Main and Japan, and the last cluster consisted only of Chinese and Japanese 

haplotypes. The European haplotype cluster is connected to the network by 38 mutational steps. 

The Rhode Island cluster is connected by 26 steps while the smaller Maine cluster is connected 

by 27 steps. The Asian cluster appears to be connected to the network via two different branches 

which accounts for 24 and 26 mutational steps respectively. The haplotype clusters are also 

presented as separate clusters in the ASAP analysis. In their study, Silverbrand et al. (2021) used 

K2P values to statistically determine separate lineages of P. onagawaensis. They followed a rule 

of thumb where the average K2P value between groups had to exceed the average K2P value 

within groups by at least one magnitude (Carr et al., 2011; Nygren, 2013; Silverbrand et al., 2021). 

Indeed, similar results were obtained here for the previously detected clusters (referred to as 

Onagawaensis 2-4 in the K2P analysis) as well as Onagawaensis 1, which represents the European 

cluster. This group had an internal pair-wise average of 0.793% and differed from the other 

lineages by 8.14–12.80%. Thus, my results are consistent with previous studies that detected three 

separate lineages from Asia and the USA. However, I present the first evidence for a European 

COI cluster consisting of Swedish haplotypes obtained during this study and haplotypes from 

France published by Sato-Okoshi et al. (2022). These results show that Swedish and French P. 

onagawaensis are closely related at the COI marker, suggesting either genetic connectivity within 

Europe or a shared introduction history. Broader sampling and additional markers would be 

needed to test whether they belong to the same population and to infer invasion routes. 

4.4 Limitations 

Regarding the results presented in this study, there are a few limitations that must be recognised. 

Firstly, because the aim was to detect Polydora species diversity in Pacific oysters, and P. websteri 
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has already been documented in Sweden, worms selected for molecular analysis were partly 

biased towards individuals that appeared morphologically different from P. websteri. This may 

have skewed the apparent species composition among selected individuals and caused some 

sampling sites or species to be overrepresented in the molecular dataset. Secondly, fewer P. 

onagawaensis were sequenced compared with the two other species. This may reflect lower 

occurrence of P. onagawaensis but can also be due to specimens being difficult to distinguish 

morphologically from P. websteri and were therefore less likely to be selected for sequencing. To 

avoid this in future studies, a set number of worms per site could be chosen at random for 

sequencing to avoid sampling bias. Thirdly, the molecular analysis in this study largely uses the 

mitochondrial COI gene as a single genetic marker. While I did extract one 18S sequence per 

species to support species identification, sequencing 18S from more specimens would have 

allowed a more comprehensive comparison with the COI phylogeny. This would have been 

particularly useful for conspecific specimens represented in different COI subclades, to test 

whether the same structure would be visible in the 18S phylogeny.  

It is important to note that the availability in research and genetic information differed between 

the species. Currently, there is no comprehensive species identification key on polydorids in 

Europe. I therefore relied on original descriptions and more recent morphological revisions. 

Additionally, most previous research on Polydora species has focused on P. websteri, and thus 

there was a much higher genetic sequence availability in GenBank for this species. This is 

reflected in the haplotype network and ASAP analysis and allows for more certain molecular 

species identification. While there were some sequences available for P. cornuta and P. 

onagawaensis it was clear that these species have received much less scientific attention, 

especially in Europe. For example, only three European COI sequences of P. onagawaensis are 

currently published on GenBank (LC682743, LC682744 & LC682745, Sato-Okoshi et al., 2022). 

Moreover, as seen in the COI phylogeny and ASAP cluster, there are several published Polydora 

sequences which have yet to be identified to species or have likely been misidentified (e.g. 

MK696589). These limitations highlight the need to strengthen morphological and molecular 

identification resources for Polydora species in Europe. 

5. Conclusion 

Overall, this study confirms the presence of three polydorid species, P. websteri, P. cornuta and 

P. onagawaensis, in Pacific oysters from selected infected sites along the Swedish west coast. It 

also provides the documentation of morphological characteristics and additional COI material for 

each species, which can aid in further sampling and identification efforts of polydorids in Sweden.  

Furthermore, the molecular analyses place Swedish specimens within previously described 

genetic species complexes of P. cornuta and P. onagawaensis, where Swedish P. cornuta likely 

belongs to the larger geographically diverse lineage, while P. onagawaensis are clustered with 

French haplotypes in a putative European COI lineage. Still, there is a clear knowledge gap 

regarding the invasion history, species distribution and ecological impact of polydorids in Europe. 

Broader sampling and additional genetic markers are required to obtain a realistic overview of 

these species in Sweden and Europe, and to resolve their invasion routes, population structure and 

ecological impact.  
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Appendix 1 

Popular science summary 

Three species from the parasitic genus Polydora have been identified in mud blisters in Pacific 

oysters (Magallana gigas) along the Swedish west coast. Polychaete worms of the genus 

Polydora are problematic in shellfish production worldwide. Several Polydora species can bore 

into the host’s shell which triggers the host to produce a blister on the inside of the shell to protect 

itself from further damage. The blister fills up with mud and faeces, rendering the shell unsuitable 

for consumption. Recently, mud blisters were observed in Pacific oysters along the Swedish west 

coast. Until now, only one species has been detected in Pacific oysters in Sweden: the notorious 

mud blister worm P. websteri. For this study, I have collected Pacific oysters from eleven different 

sites between Askim and Strömstad. In total, 135 oysters were opened and 437 polydorids were 

extracted from mud blisters. By combining morphological analysis and molecular identification 

methods, I identified three species of Polydora in the mud blisters: P. websteri, P. cornuta, and P. 

onagawaensis. Here, I investigate the morphology and genetic structure of these mud-blister 

worms. Using COI genes of each species, I have constructed a phylogenetic tree and haplotype 

networks to see how the Swedish specimens of each species are connected to specimens sampled 

from other locations. The three species show three different lineage structures. In the phylogenetic 

tree, the Swedish P. websteri are placed in one singular branch together with other P. websteri 

specimens. Swedish specimens of P. cornuta share genes with a large group of P. cornuta 

specimens from around the globe. Swedish specimens of P. onagawaensis form their own branch 

together with specimens from France. This branch is separate from specimens of the same species 

from North America and Asia, indicating that European specimens are genetically distinct. The 

Swedish specimens of P. onagawaensis also shared morphological characteristics with the French 

specimens, including black pigmentation on the base of the palps. This has so far not been seen 

on American or Asian specimens. I calculated the evolutionary divergence within and between all 

three species using the Kimura 2-Parameter model and Assemble Species by Automatic 

Partitioning (ASAP) analysis. These results were similar to the phylogeny and haplotype network. 

The ASAP analysis placed all P. websteri into one large cluster at all levels of partitioning. This 

cluster had a low internal evolutionary distance, which indicates high genetic connectivity. 

Polydora cornuta was divided into three clusters at the level of highest partitioning. Two of these 

merged at lower partitioning but the third remained separate. The K2P evolutionary distance 

between the two merging clusters was only 1.38%, but they differed with more than 11% to the 

third cluster. Polydora onagawaensis was divided into four clusters which remained separate 

regardless of partitioning level. The internal evolutionary distance within each cluster was low 

but the distance between each cluster was high. These results indicates that both P. onagawaensis 

and P. cornuta contain individuals that are genetically diverse from each other. In comparison, P. 

websteri shows unusually low diversity worldwide.  
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Appendix 2 

ASAP result and clean COI phylogeny 

 

Figure A1 Excerpt of ASAP output showing rankings for each level of partitioning for P. websteri COI sequences 
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Figure A1 Continued 
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Figure A2 Excerpt of ASAP output showing rankings for each level of partitioning for P. cornuta COI sequences 
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Figure A3 Excerpt of ASAP output showing rankings for each level of partitioning for P. onagawaensis COI sequences 
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Figure A4 Clean COI phylogeny made with 1000 bootstrap replicates for Polydora spp. with Swedish sequences of P. 

websteri, P. cornuta and P. onagawaensis highlighted in bold. Clades with bootstrap support of 95% and up are 

considered supported 
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Appendix 3 

R script for sampling map 

#Load packages 

install.packages(c("sf", "ggplot2", "rnaturalearth", "rnaturalearthdata", "dplyr", "ggspatial")) 

library(sf) 

library(ggplot2) 

library(rnaturalearth) 

library(dplyr) 

install.packages("remotes") 

remotes::install_github("ropensci/rnaturalearthhires") 

library(rnaturalearthhires) 

library(ggspatial) 

 

#Load csv with sampling coordinates 

samples <- read_csv("C:/Users/vilde/OneDrive - University of Gothenburg/A Master 

thesis/Data/R/Sampled_sites_2025.csv") 

samples_sf <- st_as_sf(samples, 

                       coords = c("Longitude", "Latitude"), 

                       crs = 4326) 

#Create map 

world <- ne_countries(scale = "large", returnclass = "sf") 

sweden <- world %>% 

  filter(admin == "Sweden") 

west_bbox <- st_bbox(c( 

  xmin = 10.5, 

  xmax = 12.8, 

  ymin = 57.3, 

  ymax = 59.3 

), crs = st_crs(4326)) 

west_poly <- st_as_sfc(west_bbox) 

ggplot() + 

  geom_sf(data = sweden, fill = "grey90", color = "grey40") + 

  geom_sf( 

    data = samples_sf, 

    shape = 21, 

    fill = scales::alpha("deeppink2", 0.7), 

    color = "black", 

    size = 2, 

    stroke = 0.7 

  ) + 

  coord_sf( 

    xlim = c(10.5, 12.8), 

    ylim = c(57.3, 59.3), 

    expand = FALSE 

  ) + 

  annotation_scale( 

    location = "bl",      # bottom-left 

    width_hint = 0.25     # relative width 

  ) + 

  theme_minimal() + 

  labs(x = "Longitude", y = "Latitude")  
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Appendix 4 

Sampling material 

Table B1 Each sequenced polydorid with sampled and species ID per site 

Location Date Sample ID Species 

Hovås Kallbadhus 18.08.25 HK3_1 P. websteri 

    HK3_2 P. websteri 

    HK5_1 P. websteri 

Hovåsbadet 18.08.25 HB1_5 P. onagawaensis 

  
HB2_2 P. websteri 

  
HB3_7 P. websteri 

  
HB14_1 P. websteri 

  
HB14_2 P. websteri 

  
HB14_3 P. websteri 

  
HB14_4 P. websteri 

Askimbadet 18.08.25 AN5_3 P. cornuta 

    AN8_1 P. cornuta 

    AN8_2 P. cornuta 

    AN19_8 P. onagawaensis 

    AN21_1 P. onagawaensis 

    AN21_3 P. onagawaensis 

Hönö A 19.08.25 HNa2_1 P. cornuta 

  
HNa2_2 P. cornuta 

  
HNa3_2 P. cornuta 

  
HNa3_3 P. cornuta 

  
HNa5_2 P. cornuta 

  
HNa6_3 P. cornuta 

  
HNa7_1 P. cornuta 

  
HNa7_3 P. cornuta 

  
HNa7_4 P. cornuta 

  
HNa8_1 P. cornuta 

  
HNa8_5 P. cornuta 

  
HNa10_1 P. cornuta 

Hönö B 19.08.25 HNb1_1 P. cornuta 

    HNb1_4 P. cornuta 

    HNb2_1 P. cornuta 

    HNb2_2 P. cornuta 

    HNb2_4 P. cornuta 

    HNb3_1 P. cornuta 

    HNb3_2 P. cornuta 

    HNb4_6 P. websteri 

    HNb7_1 P. cornuta 

    HNb8_1 P. cornuta 
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    HNb8_5 P. cornuta 

Saltas Badplats 19.08.25 SB4_1 P. websteri 

  
SB6_1 P. onagawaensis 

Nordön Badplats 20.08.25 NB2_1 P. websteri 

    NB2_2 P. websteri 

    NB2_4 P. onagawaensis 

    NB3_2 P. onagawaensis 

    NB3_3 P. onagawaensis 

    NB4_1 P. websteri 

    NB5_1 P. websteri 

    NB5_2 P. cornuta 

    NB8_1 P. websteri 

    NB8_4 P. websteri 

    NB10_1 P. onagawaensis 

Instöbron 20.08.25 IN1_2 P. cornuta 

  
IN2_1 P. cornuta 

  
IN2_2 P. onagawaensis 

  
IN4_1 P. websteri 

  
IN4_2 P. websteri 

  
IN4_3 P. websteri 

  
IN4_4 P. websteri 

Källsnäs Småbåtshamn 21.08.25 KH2_1 P. websteri 

    KH5_1 P. cornuta 

    KH7_2 P. cornuta 

    KH7_3 P. cornuta 

    KH9_1 P. websteri 

Gunneby Badplats 21.08.25 GB1_5 P. websteri 

  
GB2_3 P. cornuta 

  
GB3_6 P. websteri 

  
GB5_1 P. onagawaensis 

  
GB8_2 P. websteri 

  
GB10_4 P. websteri 

Tjärnö 22.08.25 TJ1_1 P. websteri 

    TJ1_2 P. websteri 

    TJ1_3 P. websteri 

    TJ1_4 P. websteri 

    TJ7_4 P. websteri 
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Table B2 Complete overview for every Pacific oyster opened during the sampling including sampling date, location, ID, measurements (mm) and infection status 

Date No. Site Site code Oyster Length (mm) Width (mm) Height (mm) Infected (Yes/No) No. Polydora 

18.08.2025 1 Askimbadet N AN AN1 46 47 24 Yes 1 

18.08.2025 2 Askimbadet N AN AN2 76 41 24 Yes 0 

18.08.2025 3 Askimbadet N AN AN3 97 44 22 Yes 2 

18.08.2025 4 Askimbadet N AN AN4 52 40 11 Yes 0 

18.08.2025 5 Askimbadet N AN AN5 80 51 17 Yes 1 

18.08.2025 6 Askimbadet N AN AN6 67 44 17 No 0 

18.08.2025 7 Askimbadet N AN AN7 59 37 17 Yes 3 

18.08.2025 8 Askimbadet N AN AN8 61 60 13 Yes 4 

18.08.2025 9 Askimbadet N AN AN9 51 38 14 Yes 0 

18.08.2025 10 Askimbadet N AN AN10 37 36 9 Yes 1 

18.08.2025 11 Askimbadet N AN AN11 61 48 14 Yes 0 

18.08.2025 12 Askimbadet N AN AN12 82 57 16 Yes 0 

18.08.2025 13 Askimbadet N AN AN13 62 50 21 Yes 0 

18.08.2025 14 Askimbadet N AN AN14 72 50 16 Yes 1 

18.08.2025 15 Askimbadet N AN AN15 62 48 11 Yes 0 

18.08.2025 16 Askimbadet N AN AN16 95 62 14 Yes 1 

18.08.2025 17 Askimbadet N AN AN17 54 30 14 Yes 2 

18.08.2025 18 Askimbadet N AN AN18 79 50 23 Yes 1 

18.08.2025 19 Askimbadet N AN AN19 51 32 11 Yes 8 

18.08.2025 20 Askimbadet N AN AN20 67 32 16 Yes 1 

18.08.2025 21 Askimbadet N AN AN21 60 40 23 Yes 1 

18.08.2025 22 Askimbadet N AN AN22 62 37 22 Yes 3 

18.08.2025 23 Askimbadet N AN AN23 42 32 7 Yes 0 
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18.08.2025 24 Hovåsbadet HB HB1 123 80 13 Yes 8 

18.08.2025 25 Hovåsbadet HB HB2 117 67 22 Yes 3 

18.08.2025 26 Hovåsbadet HB HB3 83 56 17 Yes 7 

18.08.2025 27 Hovåsbadet HB HB4 98 59 17 Yes 10 

18.08.2025 28 Hovåsbadet HB HB5 59 50 14 Yes 10 

18.08.2025 29 Hovåsbadet HB HB6 72 45 20 Yes 8 

18.08.2025 30 Hovåsbadet HB HB7 107 51 16 Yes 12 

18.08.2025 31 Hovåsbadet HB HB8 69 56 16 Yes 11 

18.08.2025 32 Hovåsbadet HB HB9 68 34 10 Yes 1 

18.08.2025 33 Hovåsbadet HB HB10 103 64 15 Yes 6 

18.08.2025 34 Hovåsbadet HB HB11 70 56 10 Yes 3 

18.08.2025 35 Hovåsbadet HB HB12 97 50 19 Yes 5 

18.08.2025 36 Hovåsbadet HB HB13 88 59 13 Yes 9 

18.08.2025 37 Hovåsbadet HB HB14 98 72 13 Yes 10 

18.08.2025 38 Hovåsbadet HB HB15 46 35 15 Yes 0 

18.08.2025 39 Hovåsbadet HB HB16 50 35 10 Yes 1 

18.08.2025 40 Hovåsbadet HB HB17 105 64 11 Yes 5 

18.08.2025 41 Hovåsbadet HB HB18 53 46 7 Yes 1 

18.08.2025 42 Hovåsbadet HB HB19 109 61 20 Yes 2 

18.08.2025 43 Hovåsbadet HB HB20 91 54 10 Yes 15 

18.08.2025 44 Hovåsbadet HB HB21 78 53 18 Yes 20 

18.08.2025 45 Hovåsbadet HB HB22 59 42 11 No 0 

18.08.2025 46 Hovåsbadet HB HB23 58 37 4 Yes 0 

18.08.2025 47 Hovås Kallbadhus HK HK1 114 38 21 Yes 0 

18.08.2025 48 Hovås Kallbadhus HK HK2 75 55 20 Yes 0 
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18.08.2025 49 Hovås Kallbadhus HK HK3 87 51 15 Yes 5 

18.08.2025 50 Hovås Kallbadhus HK HK4 88 49 16 Yes 0 

18.08.2025 51 Hovås Kallbadhus HK HK5 73 45 26 Yes 1 

18.08.2025 52 Hovås Kallbadhus HK HK6 66 53 17 Yes 1 

18.08.2025 53 Hovås Kallbadhus HK HK7 69 40 13 Yes 0 

18.08.2025 54 Hovås Kallbadhus HK HK8 79 36 21 Yes 0 

18.08.2025 55 Hovås Kallbadhus HK HK9 80 55 11 Yes 0 

18.08.2025 56 Hovås Kallbadhus HK HK10 116 56 8 Yes 3 

18.08.2025 57 Hovås Kallbadhus HK HK11 86 46 12 Yes 1 

18.08.2025 58 Hovås Kallbadhus HK HK12 79 48 15 Yes 0 

19.08.2025 59 Saltas Badplats SB SB1 75 62 21 No 0 

19.08.2025 60 Saltas Badplats SB SB2 84 67 16 No 0 

19.08.2025 61 Saltas Badplats SB SB3 82 78 10 No 0 

19.08.2025 62 Saltas Badplats SB SB4 95 67 17 Yes 1 

19.08.2025 63 Saltas Badplats SB SB5 62 39 8 Yes 0 

19.08.2025 64 Saltas Badplats SB SB6 74 43 11 Yes 1 

19.08.2025 65 Saltas Badplats SB SB7 88 67 9 No 0 

19.08.2025 66 Hönö A HNa HNa1 115 57 25 Yes 2 

19.08.2025 67 Hönö A HNa HNa2 165 100 42 Yes 3 

19.08.2025 68 Hönö A HNa HNa3 147 83 23 Yes 3 

19.08.2025 69 Hönö A HNa HNa4 94 54 22 Yes 0 

19.08.2025 70 Hönö A HNa HNa5 120 62 25 Yes 2 

19.08.2025 71 Hönö A HNa HNa6 103 53 22 Yes 3 

19.08.2025 72 Hönö A HNa HNa7 100 55 33 Yes 6 

19.08.2025 73 Hönö A HNa HNa8 195 82 32 Yes 5 
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19.08.2025 74 Hönö A HNa HNa9 126 92 29 Yes 1 

19.08.2025 75 Hönö A HNa HNa10 89 59 23 Yes 2 

19.08.2025 76 Hönö B HNb HNb1 145 70 20 Yes 8 

19.08.2025 77 Hönö B HNb HNb2 90 60 13 Yes 3 

19.08.2025 78 Hönö B HNb HNb3 68 55 23 Yes 2 

19.08.2025 79 Hönö B HNb HNb4 92 55 18 Yes 6 

19.08.2025 80 Hönö B HNb HNb5 93 60 20 Yes 5 

19.08.2025 81 Hönö B HNb HNb6 114 68 23 Yes 5 

19.08.2025 82 Hönö B HNb HNb7 101 57 19 Yes 1 

19.08.2025 83 Hönö B HNb HNb8 117 73 30 Yes 6 

19.08.2025 84 Hönö B HNb HNb9 93 53 13 Yes 0 

19.08.2025 85 Hönö B HNb HNb10 92 50 13 Yes 0 

20.08.2025 86 Instöbron IN IN1 97 62 40 Yes 2 

20.08.2025 87 Instöbron IN IN2 129 97 26 Yes 4 

20.08.2025 88 Instöbron IN IN3 79 59 16 Yes 1 

20.08.2025 89 Instöbron IN IN4 70 44 39 Yes 13 

20.08.2025 90 Instöbron IN IN5 58 44 28 Yes 5 

20.08.2025 91 Instöbron IN IN6 79 44 22 Yes 2 

20.08.2025 92 Instöbron IN IN7 81 51 19 Yes 12 

20.08.2025 93 Instöbron IN IN8 60 42 26 Yes 5 

20.08.2025 94 Instöbron IN IN9 72 49 33 Yes 7 

20.08.2025 95 Instöbron IN IN10 72 53 23 Yes 2 

20.08.2025 96 Nordön Badplats NB NB1 107 73 21 Yes 0 

20.08.2025 97 Nordön Badplats NB NB2 80 55 24 Yes 3 

20.08.2025 98 Nordön Badplats NB NB3 75 46 20 Yes 3 
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20.08.2025 99 Nordön Badplats NB NB4 87 54 23 Yes 1 

20.08.2025 100 Nordön Badplats NB NB5 60 41 24 Yes 3 

20.08.2025 101 Nordön Badplats NB NB6 80 47 24 Yes 4 

20.08.2025 102 Nordön Badplats NB NB7 64 47 25 Yes 1 

20.08.2025 103 Nordön Badplats NB NB8 76 50 16 Yes 6 

20.08.2025 104 Nordön Badplats NB NB9 76 39 19 Yes 0 

20.08.2025 105 Nordön Badplats NB NB10 96 54 19 Yes 1 

21.08.2025 106 Gunneby Badplats GB GB1 104 69 25 Yes 8 

21.08.2025 107 Gunneby Badplats GB GB2 96 45 22 Yes 2 

21.08.2025 108 Gunneby Badplats GB GB3 90 66 30 Yes 9 

21.08.2025 109 Gunneby Badplats GB GB4 102 58 26 Yes 11 

21.08.2025 110 Gunneby Badplats GB GB5 86 50 19 Yes 8 

21.08.2025 111 Gunneby Badplats GB GB6 168 77 26 Yes 6 

21.08.2025 112 Gunneby Badplats GB GB7 106 79 27 Yes 7 

21.08.2025 113 Gunneby Badplats GB GB8 86 61 26 Yes 9 

21.08.2025 114 Gunneby Badplats GB GB9 105 76 18 Yes 3 

21.08.2025 115 Gunneby Badplats GB GB10 67 47 22 Yes 7 

21.08.2025 116 Källsnäs Småbåtshavn KH KH1 77 52 23 Yes 3 

21.08.2025 117 Källsnäs Småbåtshavn KH KH2 77 61 26 Yes 1 

21.08.2025 118 Källsnäs Småbåtshavn KH KH3 70 48 20 Yes 0 

21.08.2025 119 Källsnäs Småbåtshavn KH KH4 85 67 29 Yes 0 

21.08.2025 120 Källsnäs Småbåtshavn KH KH5 72 54 27 Yes 1 

21.08.2025 121 Källsnäs Småbåtshavn KH KH6 78 50 16 Yes 1 

21.08.2025 122 Källsnäs Småbåtshavn KH KH7 108 67 24 Yes 3 

21.08.2025 123 Källsnäs Småbåtshavn KH KH8 73 60 22 Yes 0 
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21.08.2025 124 Källsnäs Småbåtshavn KH KH9 71 59 21 Yes 1 

21.08.2025 125 Källsnäs Småbåtshavn KH KH10 62 38 19 Yes 0 

22.08.2025 126 Tjärnö TJ TJ1 145 63 43 Yes 5 

22.08.2025 127 Tjärnö TJ TJ2 82 53 23 Yes 2 

22.08.2025 128 Tjärnö TJ TJ3 101 55 37 Yes 0 

22.08.2025 129 Tjärnö TJ TJ4 145 63 43 Yes 12 

22.08.2025 130 Tjärnö TJ TJ5 99 46 31 Yes 1 

22.08.2025 131 Tjärnö TJ TJ6 104 46 16 Yes 1 

22.08.2025 132 Tjärnö TJ TJ7 94 47 33 Yes 5 

22.08.2025 133 Tjärnö TJ TJ8 70 46 25 Yes 2 

22.08.2025 134 Tjärnö TJ TJ9 97 50 23 Yes 1 

22.08.2025 135 Tjärnö TJ TJ10 78 50 22 Yes 3 

 

 

 


