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A B S T R A C T   

Diseases of bivalve molluscs caused by paramyxid parasites of the genus Marteilia have been linked to mass 
mortalities and the collapse of commercially important shellfish populations. Until recently, no Marteilia spp. 
have been detected in common cockle (Cerastoderma edule) populations in the British Isles. Molecular screening 
of cockles from ten sites on the Welsh coast indicates that a Marteilia parasite is widespread in Welsh C. edule 
populations, including major fisheries. Phylogenetic analysis of ribosomal DNA (rDNA) gene sequences from this 
parasite indicates that it is a closely related but different species to Marteilia cochillia, a parasite linked to mass 
mortality of C. edule fisheries in Spain, and that both are related to Marteilia octospora, for which we provide new 
rDNA sequence data. Preliminary light and transmission electron microscope (TEM) observations support this 
conclusion, indicating that the parasite from Wales is located primarily within areas of inflammation in the gills 
and the connective tissue of the digestive gland, whereas M. cochillia is found mainly within the epithelium of the 
digestive gland. The impact of infection by the new species, here described as Marteilia cocosarum n. sp., upon 
Welsh fisheries is currently unknown.   

1. Introduction 

Marteiliosis, caused by Marteilia spp., includes diseases of major 
concern due to their substantial economic impact on bivalve mollusc 
aquaculture and fisheries worldwide (Berthe et al., 2004; OIE, 2019). 
Until recently, Marteilia spp. have been primarily recognised as disease- 

causing agents of flat oysters (Ostrea edulis) (Grizel et al., 1974; 
Alderman, 1979), Mediterranean mussel (Mytilus galloprovincialis) and 
the blue mussel (M. edulis), caused by Marteilia refringens and 
M. pararefringens (Grizel, 1985; Zannella et al., 2017; Kerr et al., 2018). 
In Australia, M. sydneyi is responsible for QX disease in Sydney rock 
oyster (Saccostrea glomerata) (Adlard, 1996; Nell and Perkins, 2006). 

* Corresponding author at: Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, Aberystwyth SY23 3DA, UK. 
E-mail address: jei@aber.ac.uk (J.E. Ironside).   

1 Current address: University College Dublin, School of Biology and Environmental Science, O’Brien centre, Science Centre West, Stillorgan Rd, Belfield, Dublin 4 
D04 V1W8, Ireland.  

2 Joint first authors. 

Contents lists available at ScienceDirect 

Journal of Invertebrate Pathology 

journal homepage: www.elsevier.com/locate/jip 

https://doi.org/10.1016/j.jip.2022.107786 
Received 29 April 2021; Received in revised form 5 May 2022; Accepted 8 June 2022   

mailto:jei@aber.ac.uk
www.sciencedirect.com/science/journal/00222011
https://www.elsevier.com/locate/jip
https://doi.org/10.1016/j.jip.2022.107786
https://doi.org/10.1016/j.jip.2022.107786
https://doi.org/10.1016/j.jip.2022.107786
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jip.2022.107786&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Invertebrate Pathology 192 (2022) 107786

2

Another species, M. octospora, has been shown to infect the grooved 
razor shell clam (Solen marginatus) (Ruiz et al., 2016). Common cockle 
(Cerastoderma edule) mortality in Delta de l’Ebre (Catalonia, NE Spain) 
and the collapse of a common cockle fishery in the Ría de Arousa 
(Galicia, NW Spain) were also attributed to Marteilia, which was char-
acterised as a species distinct from M. refringens and named M. cochillia 
(Carrasco et al., 2011, 2013; Villalba et al., 2014; Carrasco et al., 2015). 
Subsequent outbreaks in the Pontevedra and Vigo rias and Delta de 
l’Ebre further denuded C. edule beds in Spain (Carrasco et al., 2013; 
Carballal et al., 2016). Marteilia infections have also been reported from 
C. edule populations in Brittany, northern France (Comps et al., 1975; 
Auffret and Poder, 1987), but these parasites were not identified to 
species level. 

In Wales, United Kingdom, mass mortalities have recurred in the 
C. edule fishery at Burry Inlet every year since 2002, causing estimated 
losses of almost £3m per year to the Welsh cockle industry (Murray and 
Tarrant, 2015). Historically, mortalities of C. edule have been reported in 
the Burry Inlet in the 1950s and 1960s (Hancock, 1970). Similar mor-
talities have occurred in the Three Rivers Estuary fishery since 2005 
(Woolmer, 2013) and recurrent mortality events are also suspected to 
affect smaller cockle populations at the Dyfi Estuary, Traeth Lafan and 
Angle Bay (Burdon et al., 2014). A major report by Natural Resources 
Wales (Elliott et al., 2012), followed by a series of further investigations 
(Burdon et al., 2014) has suggested that pathogen infections and their 
associated metabolic cost are likely to play a role in cockle mortality in 
the Burry Inlet. However, despite the association between M. cochillia 
and mass mortality in Spanish C. edule populations (Carrasco et al., 
2011, 2013; Villalba et al., 2014; Carrasco et al., 2015), previous surveys 
of British C. edule populations have not looked specifically for Marteilia 
and no evidence of infection by Marteilia has, to the authors’ knowledge, 
been reported from general histological surveys of British cockles. 

Marteilia belongs to the order Paramyxida (class Ascetosporea), 
related to haplosporidians, paradinids, and mikrocytids (Feist et al., 
2009; Bass et al., 2009; Hartikainen et al., 2014; Bass et al., 2019). Ul-
trastructurally, paramyxids can be recognised by their unique cell- 
inside-cell development during which internal cells subdivide within a 
primary cell until they become mature secondary cells (sporangia) 
containing spores (Desportes and Perkins, 1990; Cavalier-Smith and 
Chao, 2003; Carrasco et al., 2015). The most thorough molecular 
phylogenetic study to date of paramyxids by Ward et al. (2016) based on 
18S ribosomal DNA (rDNA) sequences from samples collected across the 
globe showed that of the five identified paramyxid genera, Marteilia is 
currently the best characterised, with the widest known geographic 
distribution (Ward et al., 2016; Kerr et al., 2018). M. refringens, 
M. cochillia and M. octospora from Europe share very similar 18S se-
quences, and form a strongly supported clade distinct from M. sydneyi 
found in Australia and other lineages from South Korea, Malaysian 
Borneo, China, and Japan (Ward et al., 2016). 

The life cycles of Marteilia spp. are poorly understood but detection 
of the DNA of several Marteilia species by polymerase chain reaction 
(PCR) and in situ hybridization (ISH) in copepods and other zooplank-
tonic species (Audemard et al., 2002; Carrasco et al., 2007a; Carrasco 
et al., 2007b; Boyer et al., 2013; Arzul et al., 2014; Carballal et al., 2019; 
Bøgwald et al. 2022), and the detection of M. sydneyi in a polychaete 
(Adlard and Nolan, 2015) suggest complex life cycles involving several 
hosts. The oyster parasite M. refringens proliferates rapidly in digestive 
and gonadal tissues of the copepod Paracartia grani, following experi-
mental infection (Carrasco et al., 2008), indicating that copepod crus-
taceans are a likely intermediate host. In the cockle parasite M. cochillia, 
Darriba et al. (2020) describe massive liberation of M. cochillia 
sporangia through the exhalant siphon into the environment, packaged 
as faeces. However, as yet, no convincing candidate for this parasite’s 
intermediate host has been proposed. 

Due to the impact of Marteilia infections on fisheries and aquacul-
ture, the diversity and taxonomy of Marteilia are of economic impor-
tance as well as scientific interest. Given that the discovery of a parasite 

associated with serious disease impacts listed as notifiable under na-
tional and international legislature can result in the closure of a fishery, 
misidentification can result in unnecessary economic hardship (Kerr 
et al., 2018). It is therefore crucial to understand the diversity of Mar-
teilia species, to know their respective geographical and host ranges and 
to develop robust diagnostics. The lack of a universal species definition 
for parasitic protists (Boenigk et al., 2012) makes this task more diffi-
cult. Although variation in rates of molecular evolution relative to 
phenotypic change makes it impossible to assign a threshold at which 
divergence in the sequence of a gene can be used to assign populations to 
different species (Boenigk et al., 2012), a polyphasic study by Cai et al. 
(2020) demonstrated that the molecular phylogenetic method (specif-
ically, internal transcribed spacer (ITS) 2 region of the ribosomal DNA 
operon) is a more reliable proxy than phenotypic characters for delin-
eating cryptic complexes of parasitic protist species. 

In this study, infection by Marteilia is described for the first time in 
British C. edule populations and its geographical extent is investigated by 
molecular screening of C. edule populations around the coasts of Britain 
and Ireland. Molecular phylogenetic analysis of the first and second ri-
bosomal internal transcribed spacers and adjacent regions of the rDNA 
gene array (18S-ITS1 and ITS2-28S) is integrated with observations by 
transmission electron microscopy (TEM), histopathology, and in situ 
hybridisation, providing evidence for describing this parasite as a new 
species, M. cocosarum, distinct from M. cochillia. 

2. Materials and methods 

2.1. Sample collection 

Samples of at least 30 market-size cockles (around 30 mm in length) 
were collected at low tide in the inter-tidal zone from nine sites on Celtic 
and Irish Sea shores in Wales during 2017–2019. Following the initial 
detection of Marteilia-like pathogens at these sites, additional samples 
from other locations in Britain and Ireland were collected or delivered 
upon request. In order to compare the British Marteilia spp. with 
M. cochillia, ten individual cockle samples representing three infected 
cockle beds in Spain were also included. All samples used in this study 
are outlined in Table 1, except the razor clam infected with M. octospora, 
which was sampled from the Ria de Arousa, Spain, in October 2012 
(sample reference RA12041-121). 

2.2. Sample processing and DNA extraction 

Tissue cross-sections including digestive gland, mantle, gill and 
adductor muscle were dissected and homogenised for DNA extraction 
using a CTAB and phenol–chloroform procedure (Winnepenninckx, 
1993). After the discovery that Marteilia-like paramyxid pathogens 
predominantly occurred in adductor muscle and gill tissue, cross- 
sections of adductor muscle, gill and digestive gland tissue were fixed 
in Davidson’s seawater fixative for histology, glutaraldehyde for elec-
tron microscopy (EM) and 95% ethanol for molecular analyses. 

2.3. Light microscopy and transmission electron microscopy 

For light microscopy (LM), cross-sections of cockles including the 
adductor muscle, gill and digestive tract were fixed in Davidson’s 
seawater fixative for 24 h, processed routinely for histology, sectioned 
and stained with haematoxylin and eosin (H&E). Sections were exam-
ined using a Nikon Eclipse E800 light microscope and digital images 
captured using NIS imaging software. For transmission electron micro-
scopy (TEM), small pieces of gill tissue (ca. 2 mm3) were fixed in 2.5% 
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2). Post- 
fixation was carried out in 1% osmium tetroxide/0.1 M sodium caco-
dylate buffer for one hour, followed by washing three times with 0.1 M 
sodium cacodylate buffer. Fixed tissues were dehydrated through a 
graded acetone series prior to embedding in Agar 100 epoxy resin (Agar 
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Table 1 
An overview of the sample locations, time of collection, sample size, proportion of cockles in which M. cocosarum DNA was detected by PCR within each sample, and which samples were used for histopathological, ISH and 
TEM analyses. * denotes sample abbreviation used in this study.  

Region Location Geographic 
coordinates 

Sample 
prefix* 

Sample 
numbers 

Date of 
sampling 

Length 
(mm) 
+/-SD 

Age (yr) 
+/-SD 

Number of individuals 
M. cocosarum positive by 
PCR2 

PCR positive individuals 
confirmed to be infected by 
histology 

Individuals 
used for ISH 

Individuals 
used for TEM 

Wales Burry Inlet 
(commercial) 

51◦40′11′’N, 
4◦14′38′’W 

RA18061 1–80 June 2018 – – 5/80 (6.25%) 0/5 – – 
BR 1–27 October 2017 20.9 ± 0.1 – 13/27 (48.15%) – – – 

Gower peninsula 
(Burry) 

51◦38′04.1′′N 
4◦ 09′16.3′′W 

BRG 1–29 June 2018 24.4 ± 3.4 2.1 ±
0.31 

6/29 (20.69%) – – – 

Menai Strait 53◦8′28.04′′N 
4◦ 19′43.05′′W 

MS 1–26 March 2018 27.6 ± 3.2 2.15 ±
0.78 

16/26 (61.54%) – – – 

Gann flats 51◦42′47.7′′N 
5◦10′05.2′′W 

DG 1–27 September 
2018 

35.7 ± 3.3 4.1 ±
0.25 

11/27 (40.74%) – – – 

Fishguard port 52◦00′11.6′′N 
4◦59′28.9′′W 

FG 1–30 June 2018 40.9 ± 5.6 3.37 ±
1.30 

2/30 (6.67%) – – – 

Teifi estuary 52◦06′15.7′′N 
4◦41′06.8′′W 

TF 1–30 June 2018 27.8 ± 7.3 1.97 ±
0.17 

4/30 (13.33%) – – – 

Dyfi estuary 52◦ 32′ 19.1′′N, 4◦

02′ 27.6′′W 
RA18062 25–30, 

76–91, 
96–115 

June 2018 – – 2/42 (4.76%) 2/2 RA18062-113 – 

DF 1–52 May 2018 – 2.04 ±
0.61 

19/24 (79.17%) – – – 

84–113 November 
2018 

23.9 ± 3.3 2.23 ±
0.43 

12/30 (40%) 5/5 DF88 and 
DF105 

DF88 

162–191 October 2019 – – 6/30 (20%) – – DF186 
Mawddach estuary 52◦ 42′ 55.5′′N, 4◦

02′ 34.9′′W 
MW 1–30 June 2018 22.6 ± 3.2 2.4 ±

0.68 
11/30 (36.67%) – – – 

Dwyryd-Glaslyn 
estuary 

52◦ 53′ 57.7′′N, 4◦

07′ 00.1′′W 
DR 1–30 June 2018 35.9 ± 7.5 3.07 ±

0.69 
10/30 (33.33%) – – – 

31–60 September 
2018 

29.2 ± 6.2 2.4 ±
0.97 

5/30 (16.67%) 3/5 DR47 – 

Northern 
England 

Dee estuary 53◦ 16′ 19.1′′N, 3◦

04′ 36.3′′W 
DE 1–65 June 2018 29.3 ± 3.8 2.0 ±

1.1 
0/65 (0%) – – – 

Budle bay 55◦ 36′ 58.7′′N, 1◦

46′ 06.3′′W 
BB 1–26 March 2020 – – 0/26 (0%) – – – 

Southern 
England 

Dart estuary 50◦ 23′ 18.7′′N, 3◦

36′ 33.2′′W 
RA18076 41–66, 

68–91 
August 2018 – – 0/50 (0%) – – – 

RA18102 1–45 November 
2018 

– – 0/45 (0%) – – – 

RA19011 1–60 February 
2019 

– – 0/60 (0%) – – – 

RA19047 158–202 June 2019 – – 0/45 (0%) – – – 
Tamar estuary 50◦ 23′ 26.5′′N, 4◦

13′ 38.8′′W 
RA18075 38–57 August 2018 – – 0/20 (0%) – – – 
RA18101 1–17 November 

2018 
– – 0/17 (0%) – – – 

Ireland Cork Harbour 51◦ 49′ 52.11′′N, 8◦

17′ 56.64′′W 
CRH 12 August 2018 – – 0/12 (0%) – – – 

52 October 2018 – – 0/52 (0%) – – – 
Youghal bay 51◦ 57′ 18.52′′N, 7◦

50′ 3.51′′W 
YGH 11 July 2018 – – 0/11 (0%) – – – 

16 November 
2018 

– – 0/16 (0%) – – – 

Dungarvan 
harbour 

52◦ 3′ 52.38′′N, 7◦

36′ 10.37′′W 
DNG 31 November 

2018 
– – 0/31 (0%) – – – 

Dundalk harbour 54◦ 0′ 16.84′′N, 6◦

17′ 43.17′′W 
DNK 60 October 2018 – – 0/60 (0%) – – – 

Spain O Sarrido, Ria de 
Arousa 

42◦ 30′ 18.8′′N, 8◦

49′ 23.3′′W 
SP 22143, 

22,054 
November 
2017 

– – – – – – 

Lombos do Ulla, 
Ria de Arousa 

42◦ 37′ 45.4′′N, 8◦

46′ 31.3′′W 
SP 4780, 4781 August 2014 – – – – – – 

Placeres, Ria de 
Pontevedra 

42◦ 24′ 33.1′′N, 8◦

40′ 55.6′′W 
SP 4675, 4501 July & August 

2014 
– – – – – – 

Lombos do Ulla, 
Ria de Arousa 

42◦ 37′ 45.4′′N, 8◦

46′ 31.3′′W 
D 25, 31, 34, 

37 
October 2018 – – – – – –  
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Scientific). Semi-thin (1–2 µm) sections were stained with Toluidine 
blue for viewing with a light microscope to identify sections with suit-
able target regions. Ultra-thin sections (70–90 µM) of target regions of 
gill and digestive gland were mounted on uncoated copper grids and 
stained with 2% aqueous uranyl acetate and Reynold’s lead citrate 
(Reynolds, 1963). Grids were examined using a JEOL JEM1400 trans-
mission electron microscope and digital images captured using an AMT 
XR80 camera and AMT V602 software. 

2.4. In situ hybridisation (ISH) 

A digoxigenin-labelled DNA probe was synthesised by amplification 
using SS2 (5′ CCGGTGCCAGGTATATCTCG 3′) and SAS1 (5′

TTCGGGTGGTCTTGAAAGGC 3′) developed by Le Roux et al. (1999) to 
produce a Marteilia 18S-targeted ‘Smart-2′ probe. The probe was syn-
thesised by PCR in 100 µl volume reactions with a final concentration of 
1 × green GoTaq flexi buffer (Promega), 2.5 mM MgCl2 solution 
(Promega), 0.2 µM forward primer, 0.2 µM reverse primer, 200 µM PCR 
DIG labelling mix (Roche Applied Science), 2.5 u GoTaq DNA poly-
merase (Promega), and 6 µl of template DNA from a M. cochillia-specific 
PCR positive sample. Cycling conditions were as detailed in Le Roux 
et al. (1999) for PCR using the SS2/SAS2 primer set. 

In situ hybridisation (ISH) was carried out using an adaption of the 
methods described in Montagnani et al. (2001) and Fabioux et al. 
(2004). Whole animal sections were collected onto poly-L-lysine coated 
glass slides. Tissue sections were dewaxed and rehydrated with Xylene 
substitute (Thermo Scientific) twice for five minutes and 100% indus-
trial methylated spirit (IMS) twice for five minutes. Sections were 
treated with proteinase K (Sigma Aldrich) (100 µg/ml) at 37 ◦C for 30 
min before dehydration in 100% IMS for five minutes. Slides were rinsed 
with 2 × SSC (Sigma Aldrich) and hybridised overnight at 40 ◦C with 
300 µl of DIG-labelled probe diluted 1:1 with hybridisation buffer (4 ×
SSC, 50% formamide (VWR), 1 × Denhardt’s solution (Invitrogen), 250 
µg/ml Yeast tRNA (Thermo Scientific), 10% dextran sulphate (Milli-
pore)). Negative control slides were incubated with hybridisation buffer 
from which the DIG-labelled probe had been excluded. Slides were 
washed with 2 × washing buffer (2 × SSC, 6 M urea, 2 mg /l BSA) two 
times for 15 min at 40 ◦C. Endogenous phosphate activity was blocked 
by incubation in 6% skimmed milk (Sigma Aldrich) in Tris 7.5 buffer 
(0.15 M NaCl, 0.1 M Tris base, pH 7.5) for one hour, prior to incubation 
with Anti-Digoxigenin-AP, Fab fragments (Roche Applied Science), 
diluted 1:300 with Tris 7.5 buffer for one hour. Slides were washed with 
Tris 7.5 buffer five times for five minutes followed by washing with Tris 
9.5 buffer (0.1 M NaCl, 0.1 M Tris base, pH 9.5) for 20 s. The hybrid-
isation signal was detected using NBT/BCIP (Roche Applied Science) 
diluted 20 µl/ml in Tris 9.5 buffer for 30 min or 10 min, the former to 
detect and clearly visualise the parasite and the latter to enhance the 
visibility of the parasite to show the cell-in-cell arrangement. Slides were 

washed with Tris 9.5 buffer for two minutes and counterstained with 
Nuclear Fast Red solution (Sigma Aldrich). 

2.5. Polymerase chain reaction (PCR) 

Initial screening of C. edule samples from the Burry Inlet and Dyfi 
estuary locations was performed using general paramyxid 18S nested 
PCR primer sets described in Ward et al. (2016) (referred to here as 
PCR1). Bidirectional sequencing of these amplicons indicated the pres-
ence of a parasite closely related to M. cochillia. Further PCRs and 
sequencing were then carried out as below to characterise more infor-
mative regions of the rDNA array of this Marteilia parasite. 

Samples that produced an amplicon of the correct size using 
M. cochillia-specific primers (PCR2, Villalba et al. (2014)) underwent 
additional PCR amplifications targeting the entire ITS1 region (PCR3) 
and ITS2 region plus part of the 28S rDNA gene (PCR4). Full 18S se-
quences were also generated using PCR5. The sequences and locations of 
all of the primers used in this study are shown in Table 2 and Fig. 1, 
respectively. All PCRs were run with a positive control (a paramyxid 
positive sample for PCR1, and a M. cochillia-positive sample for PCRs 
2–5) and a no-template control. Samples used to generate amplicons for 
each PCR are described in Supplementary Table 1. 

PCR1-4 reactions were performed in a total volume of 10 μl con-
taining 1 μl of genomic DNA (200 ng), complete PCR ready-to-use re-
action mix 2 × BioMix (Bioline) consisting of a stable BIOTAQ DNA 
Polymerase, 2 mM dNTPs, 32 mM (NH4)2SO4, 125 mM Tris-HCL (pH 8.8 
at 25 ◦C), 0.02% Tween 20, 3 mM MgCl2, stabiliser, and 0.3 μM of 
forward and reverse primer. PCR5 was performed in 25 µl volumes 
comprising 1× Promega Green Buffer (Promega, USA), 0.2 µM each 
primer, 0.2 mM dNTPs, 1.5 mM MgCl2, 0.625 U GoTaq G2 (Promega), 
and 1.25 µl template DNA. 

PCR1 and PCR2 reactions were amplified using the cycling condi-
tions described in Ward et al. (2016) and Villalba et al. (2014), 
respectively. PCR3 and PCR4 reactions were amplified under the 
following conditions: 95 ◦C for 3 min; followed by 35 cycles of 95 ◦C for 
30 sec, 65 ◦C for 1 min, and 72 ◦C for 1 min; followed by a final extension 
of 72 ◦C for 10 min. Where products were to be used for cloning, the final 
extension step was increased to 30 min to ensure full 3′ adenylation. 
PCR5 reactions were amplified under the following conditions: 95 ◦C for 
5 min; followed by 35 cycles of 95 ◦C for 30 sec, 57 ◦C for 30 sec and 
72 ◦C for 90 sec. This was followed by a final extension of 72 ◦C for 10 
min. 

2.6. DNA sequencing 

PCR3 and PCR5 amplicons were sequenced bidirectionally using the 
amplification primers. For amplicons which failed to sequence with the 
PCR3 amplifications primers, amplicons were sequenced using an 

Table 2 
Sequences of the oligonucleotide primers used for PCR amplification and sequencing.  

PCR Primer Combination Forward Primer Sequence 5′-3′ Reverse Primer Sequence 5′-3′ Location Purpose Source 

PCR1 Para1 + fN & 
ParaGenrDB 

GCGAGGGGTAAAATCTGAT GTGTACAAAGGACAGGGACT 18S General paramyxid 
screening 

Ward et al. (2016) 

Para3 + fN & Para2 +
rN 

GGCTTCTGGGAGATTACGG TCGATCCCRACTGRGCC 

PCR2 Mcoch-F & Mcoch-R CTCTGTCCGGTCAAA GCCTA AATTCGCAGCCCACAAAG ITS1 Marteilia screening Villalba et al. (2014) 
PCR3 MartDBITSf2 & 

MartDBITSr1 
TACGCCGTGCCGAGAGGTAC TATCACGCCGCTGAATGCTTTCG ITS1 M. cochillia / M. cocosarum 

distinguishing PCR 
Kerr et al. (2018) 

PCR4 *MartDBITS_RC & 
Mart28Sr 

CGAAAGCATTCAGCGGCGTGATA GGTGTGACGGATCGAACTCG ITS2- 
28S 

M. cochillia / M. cocosarum 
distinguishing PCR 

Modified from Kerr et al. 
(2018) and this study 

PCR5 EuroMarteilia30F & 
ParaGenRGW 

CTAGCGTTCGAGACTAAGCC GTGTACAAAGGRCAGGGACT 18S M. cocosarum 18S 
sequence extension PCR 

This publication; Ward 
et al. (2016) 

– **Pr5Mart CTCGAGACTTTCGACAGACG ITS1 ITS1 sequencing Modified from Le Roux 
et al. (2001)  

* MartDBITS_RC is a reverse-complement to MartDBITSr1 primer designed by Kerr et al. (2018). 
** Pr5Mart is a modified Pr5 primer (Le Roux et al., 2001), redesigned to be Marteilia spp. Specific. 
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internal reverse Pr5 primer (Le Roux et al., 2001), modified to be 
M. cochillia and M. cocosarum specific. 

In the ITS2 region, the presence of indels and single nucleotide 
polymorphisms (SNPs) was indicated by overlapping traces in the 
chromatograms produced from direct sequencing and so it was neces-
sary to clone the amplicons produced by PCR4 prior to sequencing. 
Amplicons were cloned using the TOPO-TA Cloning kit (Life Technolo-
gies) according to manufacturer’s instructions followed by sequencing 
using TOPO-TA T3 and T7 plasmid primers. As DNA from some samples 
was exhausted during early testing and optimisation steps, the repre-
sentation of samples differs between ITS1 and ITS2 datasets. Supple-
mentary Table 1 outlines the methods and primers used to generate each 
sequence. 

In order to provide sequences for Marteilia octospora – the most 
closely known relative of M. cochillia – representing the regions required 
for our phylogenetic analyses (18S-28S), the full rDNA gene array was 
assembled from a previously-generated (but unpublished) metagenomic 
sequence dataset generated from a single Marteilia-infected razor clam 
(Solen marginatus) collected in Ría de Arousa, Galicia, Spain in October 
2012. The razor clam was processed for metagenomic sequencing and 
reads analysed as in Kerr et al. (2018). Briefly, raw reads were trimmed 
using Trimmomatic v0.35 (Bolger et al., 2014) with default parameters 
recommended for the removal of PCR and sequencing artefacts intro-
duced during the Illumina TruSeq library preparation protocol. SPAdes 
v3.11.0 (Bankevich et al., 2012) was used to assemble sequences, using 
parameters recommended for long Illumina paired end reads, and Barr-
nap v0.9 (https://github.com/tseemann/barDNAp) was then used to 
scan assembled contigs for potential rDNA sequences, which were 
aligned against NCBI’s non redundant nucleotide database (Pruitt et al., 
2007) using BLAST (Camacho et al., 2009) to confirm identity. The 
complete M. octospora rDNA array was submitted to GenBank under 
accession numbers OK042969 (partial 28S, IGS, partial 18S), MZ019552 
(partial 18S, partial ITS1), and OK042968 (partial ITS1, 5.8S, ITS2, 
partial 28S). 

2.7. Phylogenetic analyses 

Newly-generated 18S rDNA gene sequences for M. cocosarum and 
M. octospora were aligned with 18S sequences generated in Ward et al. 
(2016), and additional (including uncharacterised) paramyxid se-
quences showing high identity to Marteilia, identified by BLASTn 
searches of the NCBI GenBank database in August 2020. The five 18S 

sequences generated for M. cocosarum were identical, therefore only one 
sequence was used in the alignment. Alignments were prepared using 
the MAFFT (version 7) E-INS-i algorithm on the MAFFT server (Katoh 
and Standley, 2013) and refined by eye. Maximum likelihood (ML) trees 
were constructed using RAxML BlackBox Version 8 (Stamatakis, 2014) 
on the CIPRES Science Gateway (Miller et al., 2010), using a general 
time-reversible (GTR) model with CAT approximation (all parameters 
estimated from the data). A Bayesian consensus tree was constructed 
using MrBayes version 3.2.7 (Ronquist et al., 2012), also on CIPRES, 
using two separate MC3 runs with randomly generated starting trees, 
each carried out for 5 million generations with one cold and three heated 
chains. Parameters were estimated from the data. The first 1,250,000 
generations were discarded as burn-in, and trees were sampled every 
1000 generations. A consensus tree was constructed from the remaining 
sample. Topologies retrieved from RAxML and Bayesian analyses were 
entirely concordant, and so maximum likelihood bootstrap and Bayesian 
posterior probability values were mapped onto the resultant phylogeny. 

ITS1 and ITS2-28S trees of new and existing M. cocosarum and 
M. cochillia sequences were aligned as above. ITS1 and ITS2-28S 
sequence signatures unique to Welsh and Spanish samples were identi-
fied by visual inspection of the aligned datasets, and their positions 
determined relative to the newly generated sequences submitted to 
GenBank (MZ020172 and MT432507, for ITS1 and ITS2, respectively). 
Bayesian consensus trees were constructed using MrBayes with the same 
parameters used in 18S tree construction with the exception that 2 
million generations were run. 

3. Results 

3.1. Detection of Marteilia DNA by PCR 

All cockle samples from Wales and Spain (n = 556 and n = 10, 
respectively) were screened with the paramyxid-specific 18S primer set 
(PCR1). All (10/10) of the Spanish samples (previously shown to be 
M. cochillia positive) produced a single PCR product, which when 
sequenced produced 18S sequences with 100% similarity to existing 
M. cochillia sequences (e.g. accession number KF278722). Similarly, 
122/556 of the Welsh samples were positive for (a) paramyxid(s) with 
PCR1, and consistently produced a novel 18S sequence type 99.41% 
similar to M. cochillia (specifically AB889895.1) over the 511 bp 
amplicon. 

The ‘M. cochillia-specific’ PCR2 amplified a novel ITS1-type from 

PCR5 PCR4

Euromarteilia30F                               ParaGenRGW      MartDBITS_RC                                          Mart28Sr

18S                                                   ITS1         5.8S                 ITS2                                 28S

18S                                            ITS1                                      5.8S

Para3+fN                  MartDBITSf2  Mcoch-F    Mcoch-R                Pr5   MartDBITSr1

Para2+rN

PCR1

PCR2

PCR3

1 kb                  2 kb                   3 kb                  4 kb                  5 kb                   6 kb                 7 kb

Fig. 1. Schematic representation of the nuclear ribosomal DNA repeating unit and approximate location of the primers used for the molecular characterization of 
Marteilia cocosarum n. sp. IGS - intergenic spacer; ITS1 - first internal transcribed spacer, ITS2 second internal transcribed spacer; 18S - the small subunit rDNA gene; 
28S and 5.8S – genes of the components of the large subunit of the (LSU) ribosome. 
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cockles from Wales, which was 98.81% similar to M. cochillia. Using 
DNA from adductor muscle, gill and digestive gland homogenate, this 
novel ITS1 sequence type was present in 9 of 17 populations screened 
and only in the sites from Wales (Table 1; Fig. 2). At these sites, the 
proportion of cockles in which this sequence was detected ranged from 
5% (Dyfi estuary, June 2018; n = 42) to 79% (Dyfi estuary, May 2018; n 
= 24). The novel ITS1 sequence was not detected in any of the samples 
outside Wales (Table 1). Where multiple samples from the same location 
were screened at different time points, the proportion of cockles in 
which the novel ITS1-type was detected varied between samples but did 
not show a consistent seasonal pattern. For example, it was detected in 
< 7% of samples collected from the Dyfi Estuary and Burry inlet in June 
2018, increasing to 17–41% in samples collected in October of the same 
year. Conversely, it was detected in a relatively high proportion of 
cockles (33%) in a sample collected from the Dwyryd-Glaslyn Estuary in 
June 2018 but the proportion was only 17% in a sample collected in 
September of the same year. Samples collected from different locations 
within the same month also showed great variation in the proportion of 
cockles in which the novel ITS1-type was detected, ranging from 5% to 
37% in June 2018, for example. 

3.2. Histopathological observations 

Cockles were collected for histopathological analysis from the Dyfi 
estuary in June and November 2018, from the Burry Inlet in June 2018 
and from the Dwyryd-Glaslyn estuary in September 2018. Histopatho-
logical analysis was only performed on cockles that produced an 
amplicon of the correct size by PCR2 to confirm the presence of Marteilia 
DNA. The number of individuals investigated by histology from each site 
is outlined in Table 1. Not all of these cockles were represented by 
matched samples for histology and molecular analysis; only 17 cockles 
from Wales (Table 1), PCR-positive for Marteilia, were available for 
histology. 

In the Welsh cockles Marteilia-like cells were observed by histology 
in total of 10 samples (n = 17 cockles). Four of these were heavily 
infected and were used for the detailed descriptions and figures below. 
Local inflammatory regions were evident in the branchial connective 
tissue (Fig. 3A) associated with the presence of typical paramyxid cell- 
in-cell arrangement of Marteilia-like parasites (Fig. 3B), the 

surrounding inflammatory tissue was composed of activated haemo-
cytes. Primary cells containing up to three secondary cells were 
commonly present, however no tertiary cells or spore-like formations 
were seen by light microscopy. In heavily infected individuals, Marteilia- 
like parasites were observed widely distributed throughout the con-
nective tissue of various organs (Fig. 3C-F). Marteilia-like cells were 
observed in the connective tissue surrounding the digestive gland but 
were not observed in the epithelium of the digestive gland tubules 
(Fig. 3C). In a single cockle, Marteilia-like cells were observed in the 
epithelia of the oesophagus and the stomach (Fig. 3E). Additionally, 
Marteilia-like cells were observed within the posterior adductor muscle 
of one individual. These Marteilia-like cells did not appear to be causing 
an infection within this organ per se. but appeared to be located (along 
with cellular debris) within haemolymph sinuses situated in between 
muscle fibres (Fig. 3F), following distribution from the gastrointestinal 
artery. A further six Welsh cockles were more lightly infected than the 
four described above, but showed similar infection characteristics, with 
focal patches of inflammation in the connective tissues of the mantle. 

The Marteilia infection of the razor clam from Spain as shown in our 
histological analyses was entirely characteristic of M. octospora, being 
unique within Marteilia in possessing eight spores per sporangium 
(Fig. 4), the highest number reported for the genus, as described in Ruiz 
et al. (2016). Spores were seen both within the epithelial cells lining the 
digestive gland and shed within the lumen of the tubules (Fig. 4C). 

3.3. In situ hybridisation 

As our Marteilia genus-wide PCR screening had only detected a single 
Marteilia ITS1-type in each of the Welsh and Spanish cockles (the novel 
ITS1-type and M. cochillia respectively), we used the existing Marteilia- 
specific Smart-2 probe to enhance visualisation of the parasite in Welsh 
cockles and to compare as comprehensively as possible the localisation 
of infection with that previously reported for M. cochillia. In the Welsh 
cockles, Marteilia cells were most prevalent in focal inflammatory re-
gions of the gill (Fig. 5B). In heavily infected individuals, labelling was 
also observed in the connective tissue of the digestive gland (Fig. 5D), 
corresponding to the presence of numerous uni- and multi-cellular 
Marteilia-like cells visible in H&E stained sections (Fig. 5E and 5F). 
Staining was localised to these parasite cells within the connective 

1 Dart estuary
2 Tamar estuary
3 Gower peninsula (Burry)
4 Burry Inlet (commercial)
5 Gann flats
6 Fishguard port
7 Teifi estuary
8 Dyfi estuary
9 Mawddach estuary 
10 Dwyryd-Glaslyn estuary
11 Menai Strait
12 Dee estuary
13 Budle bay
14 Dundalk harbour
15 Dungarvan harbour
16 Youghal bay
17 Cork Harbour

PCR positive for M. cocosarum

PCR negative for M. cocosarum

Fig. 2. Geographic locations of the sampled sites of M. cocosarum n. sp. and PCR presence (red marker) and absence (blue marker) of M. cocosarum at these locations.  
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tissue; no staining was observed in the digestive gland tubule epithe-
lium. No specific labelling was observed in the negative controls (Fig. 5A 
and 5C). 

3.4. Ultrastructural characterisation 

Given the localisation of Marteilia cells in the connective tissue of the 
gills and digestive gland, which was confirmed with in situ hybridisation, 
gill and digestive tissues from two C. edule individuals with suitable 
levels of infection were studied by TEM. Samples had been collected 
from Dyfi estuary in November 2018 and October 2019. Developmental 

stages of the parasite were dispersed throughout the connective tissue. 
The majority of Marteilia cells displayed the characteristic cell within 
cell arrangement, primary cells containing one to three secondary cells 
(Fig. 6A and 6B). Paracrystalline structures typical of Marteilia spp. 
occurred in the cytoplasm of primary cells. Rod-like long haplospor-
osomes were observed in the cytoplasm of primary cells, while they were 
less abundant in secondary cells (Fig. 6C-6E). Tertiary cells were rarely 
seen and no evidence of haplosporosomes or sporoplasmas were seen 
within them (Fig. 6D). A single Marteilia cell was observed within the 
epithelium of the stomach. Microvilli in the lumen were observed 
adjacent to the Marteilia cell which showed clear cell within cell 

C 

B 

. 

A 

* 

D 

dg 

E F 

Fig. 3. Photomicrographs of histological sections of Welsh Cerastoderma edule infected with Marteilia parasites. (A) Tissue section exhibiting haemocytic infiltration 
(●) and large inflammatory focus (*) in the branchial connective tissue. Note the periphery of focal inflammation (arrowhead). Scale bar = 100 µm. (B) Higher 
magnification of a focal inflammatory region showing detail of Marteilia with typical cell-in-cell arrangement (arrows). Scale bar = 20 µm. Inset. Two secondary cells 
can be observed. Scale bar = 10 µm. (C) Marteilia-like cells (arrows) were observed in the connective tissue surrounding the digestive gland tubules (dg) but not 
within the digestive tubule epithelium. Scale bar = 50 µm. (D) Multiple Marteilia-like cells within connective tissue of the mantle. Scale bar = 50 µm. (E) Multiple 
Marteilia-like cells (arrow) were observed in the stomach epithelium of a single cockle. Scale bar = 50 µm. (F) Marteilia-like cells (arrows) within a haemolymph sinus 
situated in between adductor muscle fibres (*). Scale bar = 10 µm. All images H&E stain. 

I. Skujina et al.                                                                                                                                                                                                                                  



Journal of Invertebrate Pathology 192 (2022) 107786

8

structure (Fig. 6F). No further division of tertiary cells leading to the 
typical spore structure observed in the other Marteilia spp., consisting of 
three cells (inner, intermediate and outer) each one with nucleus and 
sporoplasm, was observed. 

3.5. Molecular analyses and phylogeny 

Marteilia octospora sequences from GenBank (200 bp at the 5′ end of 
18S and the flanking IGS region (total 3.6 kb), and partial ITS1 (c. 300 
bp); KU641125.1 and KU641126.1) were identical to the corresponding 
regions of our full rDNA array assembled from the metagenomic 
sequence library, with the exception of a single position in the 18S 
fragment and the 3′ end of the ITS1 adjacent to the primer sequence. As 
existing data suggested a close relationship between M. cochillia and 
M. octospora, the 18S, ITS1, and ITS2 regions of the assembly were 
subsequently used for all phylogenetic analyses in this paper (Figs. 7-9), 
to determine the relationship between these two species and the Welsh 
cockle parasite. 

In order to extend the 18S sequence of the Marteilia from Wales to 
make it fully comparable to other publicly available paramyxid 
sequence data, PCR5 was performed on five Welsh cockles. The 
sequence for this amplicon was identical for all five samples (accession 
number MZ019551), and was 99.71% similar to M. cochillia 
(AB889895.1) over 1,742 bp. The five consistently different base 
changes between M. cochillia and the parasite from Wales are detailed in 
the taxonomic “Diagnosis” section below. The newly-generated 
M. octospora 18S sequence was very closely related and sister to the 

two cockle-derived Marteilia from Wales and Spain. All three of these 
lineages were sister to a clade comprising M. refringens and 
M. pararefringens, all five lineages together forming a near-maximally 
supported clade (1.0 BPP, 98% ML bootstrap) (Fig. 7). As the 18S 
gene was insufficiently variable to clearly distinguish between Marteilia 
spp. we also analysed ITS1 and ITS2-28S rDNA. 

Consistent nucleotide differences were also evident between Welsh 
and Spanish Marteilia sequences amplified with the Marteilia-specific 
ITS1 primers (PCR3) and Marteilia-specific ITS2-28S primers (PCR4) to 
obtain longer (and potentially more informative regions) of the rDNA 
sequences. ITS1 (covering 664 bp) was 99.25% similar to M. cochillia 
(four differences), and ITS2-28S (covering 1,256 bp) was 98.81% similar 
to M. cochillia (16 differences). Full details of nucleotide differences in 
ITS1 and ITS2-28S between M. cochillia and Marteilia from Wales is 
detailed in the taxonomic “Diagnosis” section below. Alignments are 
given in the Supplementary material. 

In the ITS1 Bayesian consensus tree (Fig. 8) M. cochillia was para-
phyletic with respect to M. cocosarum. Other ITS1 sequences from 
M. cochillia from GenBank derive from Galicia (Villalba et al 2014; 
KF263910-KF263919), and the Catalan (east) coast of Spain (Carrasco 
et al., 2012; JN820085- JN820089). These were not included in Fig. 8 as 
they only partially overlap with our ITS1 dataset. However, in the ITS1 
region that could be aligned, all of these sequences were effectively 
identical with the M. cochillia sequences in Fig. 8, differing only in iso-
lated single nucleotide differences as described above. There was only 
one exception to this: sequences KF263918, KF263919, and our 
sequence MZ020186 (from Spanish M. cochillia) shared an A nucleotide 

C 

B A 

D 

Fig. 4. Photomicrographs of histological sections of the razor clam Solen marginatus infected with Marteilia octospora parasites. (A) Marteilia octospora cells in 
different stages of sporulation were evident within the epithelial cells of the digestive gland tubules. Scale bar = 50 µm. (B) Complexes of cell-within-cells (black 
arrows) can be seen distributed throughout the epithelial cells within the digestive gland. Protozoan develops by a series of divisions culminating in the production of 
spores (white arrow). Scale bar = 50 µm. (C) Spores can be seen both within the epithelial cells lining the digestive gland (black arrow) and shed within the lumen of 
the tubules (white arrow). Scale bar = 50 µm. (D) Higher power image of spores within the epithelial cells of the digestive gland, secondary cell with dens#e 
eosinophilic cytoplasm (white arrow) containing 4 spores in section (black arrow). Scale bar = 20 µm. All images H&E stain. 
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where all other sequences had a T. No ITS2 sequences were available 
from Catalonia for comparison. 

However, the 1,256 bp region from ITS2-28S contained a larger 
number of variable regions. A Bayesian tree based on this region (Fig. 9) 
shows that Marteilia infecting 10 Spanish and 9 Welsh cockles sequenced 
in this study formed separate, reciprocally monophyletic clades. The 
ITS2 was effectively invariable within the Welsh samples, but showed 
some variability within those from Spain: 1) a cluster of three positions 
at the 5′ end of 28S where the Spanish sequences are variable between 
infected individuals and the Wales sequences are identical, and 2) near 
the 5′ of the partial ITS2 end there was a partial indel where all of the 
Welsh sequences have a T nucleotide, which is also shared by 3/13 
Spanish sequences. 

4. Discussion 

We report here the first observation of Marteilia infecting the cockle 
C. edule in the UK. Its tissue localisation and histopathology, and the 
phylogenetic analysis of the ITS1 and ITS2-28S regions of its ribosomal 
DNA indicated that this Marteilia parasite represents a new species of 
Marteilia, which we describe here as Marteilia cocosarum sp. nov. The 
formal taxonomic treatment is provided below. 

Phylogenetic analyses of multiple independent samples show that 
Marteilia cocosarum is closely related to, but clearly distinct from 
M. cochillia infecting cockles in Spain (98.96% and 98.82% homology 
for the ITS1 and ITS2-28S, respectively). The ITS2-28S tree shows that 
the two species form mutually sister, maximally supported 

F 

B 

E 

A 

DC 

Fig. 5. In situ hybridisation (ISH) on Welsh C. edule tissues. A) Negative control gill tissues. Scale bar = 100 µm. B) In situ hybridisation (ISH) of the same region using 
Smart-2 probe. Note the presence of positively labelled Marteilia cells (arrows). Scale bar = 100 µm. C) Negative control digestive gland tissues. Scale bar = 50 µm. D) 
In situ hybridisation (ISH) of a similar region using Smart-2 probe. Note the presence of positively labelled Marteilia cells (black arrows) in the connective tissue but 
no labelling in the epithelium of the digestive tubules (white arrow). Scale bar = 50 µm. (E) Higher magnification of focal inflammatory region. Note the presence of 
positively labelled Marteilia cells (arrows). Scale bar = 50 µm. F) Higher magnification clearly showing cell within cell structure of the parasite. Scale bar = 20 µm. 
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monophyletic clades. As this phylogenetic bipartition is supported by 
both ITS2-28S and the 18S, a concatenated analysis of 18S, ITS1 and 
ITS2-28S would likely show maximal support for the monophyly of all 
five Marteilia species in this cluster: M. cochillia, M. cocosarum, 
M. octospora, M. refringens, and M. pararefringens (Kerr et al., 2018); 
however due to DNA availability it was not possible to generate se-
quences of all of these regions from all samples, and therefore we could 
not undertake this concatenated analysis. The paraphyly of M. cochillia 
with respect to M. cocosarum in the ITS1 tree (Fig. 8) is a result of the 
small number of sequence positional differences (only four) in the ITS1 

region between the sets of sequences representing each species; however 
these differences were entirely consistent between the 10 M. cochillia 
and 15 M. cocosarum independent samples shown in that tree, and with 
corresponding differences in the other regions. 

Despite recent work by Villalba et al. (2014), Carrasco et al. (2015), 
Ruiz et al. (2016), Ward et al. (2016), Kerr et al. (2018) etc., the number 
of available Marteilia sequences is still relatively low and they often 
originate from different rDNA regions. The routine generation of longer 
PCR amplicons for phylo-taxonomic analyses such as these would both 
better address questions about the distinctiveness of closely related 

E 

1c1 

B 

2c2 

2c1N 

2c1 

C 

2c2 

3c1N 

2c2N 

3c1 
2c1 

2c3 

1c1 
1
2c1 
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3c1 
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1c1 
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Fig. 6. Transmission electron-micrographs of ultra-thin sections of Welsh C. edule gill tissues infected with Marteilia cells. (A) Multiple Marteilia cells (arrows) clearly 
displaying the cell within cell arrangement, located in the connective tissue surrounding the digestive gland tubules. Scale bar = 2 µm. (B) Marteilia primary cell (1c1) 
containing rod-shaped haplosporosomes and two secondary cells (2c1-2), one of which shows the nucleus (2c1N). Scale bar = 2 µm. (C) Marteilia primary cell (1c1) 
containing three secondary cells (2c1-3) and one tertiary cell (3c1). Nuclei can be seen in 2c2 (2c2N) and 3c1 (3c1N). Scale bar = 2 µm. (D) Detail of cell-in-cell 
structure with primary cell (1c1), secondary cell (2c1) and tertiary cell (3c1) with nucleus (3c1N). Arrowheads show rod-shaped haplosporosomes present in pri-
mary and secondary cytoplasms; haplosporosomes are absent from the tertiary cell. Scale bar = 500 nm (E) Detail of rod-shaped haplosporosomes in the cytoplasm of 
a primary cell. Scale bar = 500 nm. (F) Marteilia cell within the epithelium of the stomach. Microvilli (MV) can be observed adjacent to the cell within cell 
arrangement of the Marteilia cell (arrow). Scale bar = 2 µm. 

I. Skujina et al.                                                                                                                                                                                                                                  



Journal of Invertebrate Pathology 192 (2022) 107786

11

parasite species and increase the sequence signal-to-noise ratio for more 
robust and reliable phylogenetic analyses. 

ITS2-28S sequences are not routinely generated for studies of Mar-
teilia diversity or taxonomy, but this appears to be a faster evolving re-
gion than ITS1, having a higher proportion of variable sites between 
species and being more variable between lineages within both species 
than the ITS1, as was demonstrated in the case of M. refringens and 
M. pararefringens (Kerr et al., 2018). We detected no consistent differ-
ences between west and east coast Spanish M. cochillia ITS1 sequences in 
this study but could not make a parallel comparison based on ITS2 due to 
unavailability of data. It was apparent that the west coast Spanish ITS2 
sequences were more variable than those of M. cocosarum from the UK, 
perhaps reflecting a longer evolutionary history for the Spanish samples 
and/or a smaller effective population size of the parasite in the UK, 
which might reflect a more recent origin of the Welsh parasite 
population. 

In histological investigations of the limited number of samples 
available in this study, M. cocosarum infection was observed to be 
localised to the connective tissue and accompanied by a heavy inflam-
matory response from the host; no Marteilia cells were observed in the 
epithelium of the digestive gland tubules (as in M. cochillia and the other 
species of this genus), but a few cells were observed in the oesophagus of 
a single individual. Typically, Marteilia spp. replicate by shedding 
mature spores into the digestive tubule lumen (Robledo and Figueras, 
1995), with pre-sporulating stages of Marteilia first seen primarily in the 
stomach epithelium (Grizel, 1979; Villalba et al., 1993; Montes et al., 
1998), but in some cases it is observed in the gill and labial palps 
(Kleeman et al., 2002), prior to migration to the digestive gland tubules. 
Heavy infections result in incapacitated absorption of organic matter 
and subsequent loss of condition and mortality of the host (Wolf, 1979; 
Robledo et al., 1995; Pérez-Camacho et al., 1997). 

Discrepancies in the detection of the presence of Marteilia by mo-
lecular assays (i.e. PCR) and histology occur frequently (see e.g. Carra-
sco et al., 2017). With respect to the cockles for which we had matching 
samples for histological and molecular analyses, the number of cockles 

that were PCR positive for M. cocosarum was larger than that in which 
infection was observed by histopathology. This was expected, due to the 
greater ability of PCR to detect very small numbers of cells (that might 
be missed by histological inspection), and the larger volume of tissue 
that is interrogated by PCR, compared to the small number of very thin 
sections examined by histology. Therefore, we realistically expect that 
most, if not all, of the cockles that were PCR positive were also infected 
to some degree by M. cocosarum. However, it is possible in some cases 
that non-infective but host-associated M. cocosarum cells were detected 
by PCR. Future studies of the lifecycle and transmission route of the 
M. cocosarum to cockles will elucidate these possibilities. 

In this study, cockles were only investigated by histology from two 
sites in Wales (Dyfi estuary and Dwyryd-Glaslyn estuary), and sampling 
was limited to the summer and autumn months. To fully characterise the 
histopathological effects of infection with M. cocosarum, samples from 
other positive sites in Wales and other seasons should be sampled for 
histology in a manner that is able to capture the annual lifecycle of the 
parasite. It is also possible that differences between Spain and Wales in 
the cockle host or its environment might potentially have contributed to 
differences in the development of the parasite. This could only be 
investigated fully through reciprocal infections between Welsh and 
Spanish cockles. The authors acknowledge that neither of these further 
investigations were possible in this study, but the consistent differences 
in rDNA sequence data alone strongly suggest that Marteilia infecting 
cockles for Wales in a separate species to that of M. cochillia, with 
mutually similar phylogenetic distances between M. cochillia, 
M. cocosarum, and the morphologically distinct M. octospora. Therefore, 
even without being able to test for statistically robust phenotypic dif-
ferences between M. cochillia and M. cocosarum (which will form the 
focus of future work), M. cocosarum can legitimately be defined as a 
separate species (Boenigk et al., 2012). 

The route by which M. cochillia initiates infection is unknown. The 
gill has been suggested as the site for initiation of Marteilia infections due 
to its direct contact with the aquatic environment containing ‘free- 
floating’ stages of parasites (Grizel, 1979). Marteilia infections in the 

Fig. 7. Paramyxid 18S rDNA phylogeny with the respective GenBank accession numbers generated using Bayesian Inference. Values on nodes indicate Bayesian 
Posterior Probabilities. Maximal support values (1.0) are represented by black circles on nodes. Accession numbers MZ019551 & MZ019552 represent sequences 
generated in this study. 
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gills have been identified in flat oysters (Ostrea edulis) (Grizel, 1979), 
Sydney rock oysters (Saccostrea glomerata) (Kleeman et al., 2002), 
Mediterranean mussels (M. galloprovincialis) (Robledo and Figueras, 
1995; Carrasco et al. 2008), and blue mussels (M. edulis) (Charles et al., 
2020), further adding evidence that filter feeding may lead to the initial 
infection of the host. In the case of Sydney rock oysters with early-stage 
M. sydneyi infections, parasite cells could also be identified in the basal 
membrane of the gill epithelium, labial palps and in the digestive gland 
tubules by in situ hybridisation but were not observed in the digestive 
gland in H&E stained tissue sections (Kleeman et al., 2002). In animals 
with systemic infection of M. cocosarum, the ISH probe hybridised with 
the connective tissue around the digestive gland tubules, but the probe 
did not hybridise in the digestive gland epithelium, suggesting that the 
parasite was absent from this tissue type. This is a clear difference be-
tween infection with M. cocosarum and M. cochillia, as infection of the 
digestive gland tubule epithelium is one of the main characteristics of 
infection with M. cochillia (Carrasco et al., 2013). 

Ultrastructural analysis of the parasite was limited by the number of 
individuals available for transmission electron microscopy in this study 
and, as with histopathology, full characterisation of the ultrastructure of 
M. cocosarum requires further sampling. The majority of parasites 
observed were plasmodial stages with primary and secondary cells 
present, only one Marteilia parasite was found to contain a tertiary cell 
and there was no evidence of farther sporulation process. Our inability 
to detect sporulation stages of M. cocosarum may be due to the limited 
sample size. Due to the absence of mature spores in our samples, it was 

not possible to compare the ultrastructure of M. cocosarum to 
M. cochillia, as the characteristics with the highest taxonomic value are 
only present through the sporulation process (Feist et al., 2009; Villalba 
et al., 2014). Previous studies that have identified only early-stage 
Marteilia cells in bivalves have concluded that the bivalve species was 
not the primary host and that another organism in the same environ-
ment is likely to be the species in which the parasite is completing its 
lifecycle in (Cahour, 1979; Montes et al., 1998). Considering this, it may 
be possible that cockles are not the main host of M. cocosarum, but 
further studies are needed to confirm this. 

Regarding the life cycle of the parasite, no intermediate hosts have 
yet been identified for M. cocosarum or M. cochillia but the copepod 
Paracartia (Acartia) grani was identified as a potential intermediate host 
for the oyster parasite M. refringens by PCR screening and ISH (Aude-
mard 2001, Audemard et al. 2002). Subsequent experiments showed 
that the transmission of Marteilia parasites from infected oysters or 
mussels to P. grani was possible but did not succeed in transmitting 
M. refringens from copepods to uninfected bivalves (Carrasco et al. 2005; 
Carrasco et al. 2008). M. cochillia has been detected by PCR in plankton 
samples (Arzul et al. 2014), as well as in various copepod species 
(including P. grani), appendicularians and larvae of crustaceans and 
echinoderms occurring in planktonic samples from Ría de Arousa 
(Carballal et al., 2019), indicating a potential role of the zooplankton 
community in Marteilia parasite life cycles. However, this could be due 
to feeding activity rather than parasitism (Carrasco et al. 2007a) and 
transmission of the infection between planktonic organisms and adult 
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Fig. 8. Phylogenetic comparison of 
Marteilia cocosarum infecting C. edule in 
Wales to M. cochillia infecting C. edule 
and Marteilia octospora infecting 
S. marginatus in Spain based on Bayesian 
analysis using 653 positions of ITS1- 
rDNA sequences using M. pararefringens 
as an outgroup. Maximal Bayesian Pos-
terior Probabilities support values (1.0) 
are represented by black circles on 
nodes. Accession numbers in bold 
represent sequences generated in this 
study. Full length rDNA gene array as-
semblies (Kerr et al. 2018) were used to 
provide reference sequences for 
M. cochillia (MH329404, MH304633) 
and M. pararefringens (MH329402, 
MH304639). y denotes individuals with 
confirmed histological evidence of 
infection by M. cocosarum.   
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bivalves remains to be demonstrated experimentally. A benthic inver-
tebrate, the polychaete Nephtys australiensis, was shown to be susceptible 
to infection with M. sydneyi, (Adlard and Nolan, 2015), suggesting that 
any search for potential intermediate hosts of M. cocosarum should 
include benthic species co-habiting with cockles in addition to plank-
tonic species. 

If copepods or other planktonic organisms are the intermediate hosts 
of M. cocosarum, then planktonic dispersal of M. cocosarum may occur. 
However, the geographic distribution of M. cocosarum suggested by our 
PCR screens does not support this scenario when the oceanography of 
the Irish Sea around the Welsh coastline is considered. Model-based 
biophysical studies (Robins et al., 2013) predict that strong baroclinic 
currents during the summer months should allow organisms originating 
in Wales to reach Ireland and to disperse to the Dee Estuary (Robins 
et al., 2013; Coscia et al., 2020). Our failure to detect M. cocosarum at 
either of these locations could be explained by short pelagic larval 
duration (PLD) times (<21 days) for M. cocosarum or its host, and/or by 
planktonic dispersal occurring predominantly in winter months. To 

investigate these results, future studies should sample cockles from the 
most likely landing sites for plankton dispersing from Wales and screen 
them for M. cocosarum at multiple time points throughout the year. 

Although cockle mortality records for the Dyfi Estuary site are 
tenuous, the occurrence of mass mortality events is suspected (Burdon 
et al., 2014) and M. cocosarum DNA was detected by PCR in a high 
proportion of cockles across all of the samples we tested (up to 79%). 
The mass mortalities in the commercial Burry Inlet fishery are better 
documented (Murray and Tarrant, 2015) and M. cocosarum DNA was 
detected by PCR in a high proportion of cockles (48% in October 2017) 
suggesting that the parasite could have been involved in the cockle 
mortality, however M. cocosarum DNA was also detected in high pro-
portion of cockles from the Menai Straits (61% in March 2018) where no 
mass cockle morality events have been reported since 2009 (Burdon 
et al., 2014). As with a number of bivalve mass mortality events, it is 
possible that mortalities in relation to the Burry Inlet were due to a 
combination of factors, including pathogens and disease (Longshaw and 
Malham, 2013), density dependence (Elliott et al., 2012), and extrinsic 
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Fig. 9. Phylogenetic comparison of Marteilia 
cocosarum infecting C. edule in Wales to 
M. cochillia infecting C. edule and Marteilia 
octospora infecting S. marginatus in Spain, 
based on Bayesian analysis using 1256 posi-
tions of ITS2-rDNA clone isolate sequences, 
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Maximal Bayesian Posterior Probabilities 
support values (1.0) are represented by black 
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sequences for M. cochillia (MH329404, 
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dividuals with confirmed histological evi-
dence of infection by M. cocosarum.   
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factors such as temperature (Elliott et al., 2012; Burdon et al., 2014; 
Soon and Ransangan, 2019). The Menai Strait is a well-mixed and 
flushed system with limited freshwater inputs (Yin et al., 2018) whereas 
the Burry Inlet and to a certain extent the Dyfi are relatively enclosed 
systems (Coscia et al., 2013) although with significant tidal mixing and 
freshwater input (Elliott et al., 2012). Cockles in the Burry Inlet were 
found to have low energy reserves potentially linked to reproduction 
and internal or external factors causing stress, which in combination 
with parasites may have been linked to the mortalities (Elliott et al., 
2012; Burdon et al., 2014). It remains to be determined whether 
M. cocosarum is the main cause of the cockle mortality in the UK beds or 
whether other factors are also responsible. Likewise, further in-
vestigations are needed to identify the intermediate hosts of 
M. cocosarum as well as its exact geographic distribution, which may 
provide clues about the transmission pathways and allow a comparison 
of its sporulation life-stage to M. cochillia and other Marteilia spp. 

4.1. Conclusion 

The results of the molecular and pathological analyses carried out in 
the present study support the existence of a novel Marteilia species 
infecting cockles in the UK, described herein as M. cocosarum. To our 
knowledge this is the first record of a cockle marteiliosis in the UK. 
Further work is needed to assess its pathogeny, transmission route and 
annual life-cycle in both cockles and putative alternative hosts. 

4.2. Taxonomic summary 

Name: Marteilia cocosarum n. sp. Skujina et al., 2022. 
Phylum: Cercozoa (Cavalier-Smith, 1998; Cavalier-Smith and Chao, 

2003). 
Class: Ascetosporea (Cavalier-Smith, 2002). 
Order: Paramyxida (Chatton, 1911). 
Genus: Marteilia Grizel et al., 1974 (revised by Feist et al., 2009). 
Diagnosis: This species is primarily characterised by unique 

sequence signatures in four regions of the rDNA gene array: 18S, ITS1, 
ITS2, and 28S, consistently differentiating M. cocosarum from its closest 
relative M. cochillia. Five nucleotide positions in 18S relative to acces-
sion number MZ019551: position 120 (A/C), 775 (G/A), 1328 (-/C), 
1349 (A/T) and 1507 (C/A). Four positions in ITS1 relative to accession 
MZ020172: positions 335 (T/C), 397 (A/G), 2 bp indel (527–528), 717 
(T/C). Sixteen positions in ITS2-28S relative to accession MT432507 
positions: 2(G/C), 15(T/A), 144(C/T), 160(C/T), 227(A/G), 230(A/G), 
549(T/C), 615(G/A), 618(A/K), 876(C/G), 894(C/T), 928 (C/T), 931 
(G/T), 933(C/A), 1189(T/A) and 1 bp indel 1190(C/-). M. cocosarum has 
a typical paramyxid cell-in-cell arrangement with up to three secondary 
cells counted in histological sections, with tertiary cells identified by 
electron microscopy sections. M. cocosarum infection in cockles is 
characterised in H&E sections with the presence of Marteilia cells in the 
connective tissue and high levels of inflammation in gill tissue with 
haemocyte infiltration. Marteilia-like cells can be observed in the con-
nective tissue surrounding the digestive gland tubules but are absent 
from the tubule epithelium, a characteristic of infection with M. cochillia 
(Carrasco et al., 2013). Mature spores were not observed but are not 
necessarily inferred to be absent in M. cocosarum. 

Type host: Common cockle (Cerastoderma edule, Mollusca, Bivalvia). 
Site of infection: Connective tissue of the gills and connective tissue 

surrounding the digestive gland tubules. Observed systemically 
throughout the connective tissue of various organs in heavily infected 
animals. 

Etymology: Parasite name refers to the Welsh root of the host name 
where the parasite has been detected for the first time (“cockle”, 
“cocosen” – plural: “cocos”). 

Type material: Slides of H&E histological sections, paraffin blocks 
and TEM uranyl acetate-stained grids are archived at Centre for Envi-
ronment, Fisheries and Aquaculture Science (Cefas), Weymouth, UK, 

DT4 8UB under internal research accession numbers RA18095-5, 
RA18113-88, RA18113-105 and RA19097-2. All rDNA sequences were 
deposited in GenBank under accession numbers MZ020172-MZ020188 
and OK042968-OK042969 for partial ITS1, MT432506-MT432531 and 
OK042961-OK042967 for partial ITS2 and partial 28S, and MZ019551- 
MZ019552 for partial 18S sequences. 
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