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(Maritime Canada) to Palm Beach, Florida [8]. It has also 
been reported in other regions, including the west coast of 
North America and Venezuela; however, the latter record 
requires verification, as it may represent its congener, Geu-
kensia granosissima, rather than G. demissa. These intro-
ductions were likely facilitated by unintentional transport 
through the aquaculture trade [9, 10]. Despite the ecological 
importance of G. demissa in its native range, the diversity 
and identity of its associated parasites remain understudied. 
One molecular study identified the protists Cryptosporid-
ium parvum Tyzzer, 1912 and Giardia lamblia Stiles, 1902 
infecting G. demissa in Orchard Beach, New York [11], and 
the only metazoan parasite known to infect the mussel on 
the East Coast is the trematode Cercaria opaca Holliman, 
1961, based on historical morphological descriptions [12, 
13].

As part of a routine parasite biomonitoring study in New 
England, sporocysts were found in massive densities (up 
to 300 sporocysts in a single mussel) within a population 
of ribbed mussels in the Herring River estuary– a tidally 
restricted estuary in Cape Cod, Massachusetts. In this study, 

Salt marshes are among the most productive ecosystems 
in the world, providing critical ecosystem services such as 
nutrient cycling, water filtration, and shoreline stabiliza-
tion [1–3]. The Atlantic ribbed mussel (Geukensia demissa) 
plays an integral role in maintaining the health and stability 
of these habitats [4, 5]. Through the filtration of water and 
the recycling of nutrients through their feces and pseudofe-
ces, ribbed mussels enhance the productivity of marsh vege-
tation, particularly Spartina alterniflora, a keystone species 
in the eastern United States [6, 7]. Additionally, their dense 
aggregations stabilize sediments and mitigate erosion, fur-
ther supporting salt marsh resilience in the face of environ-
mental stressors, including sea-level rise [5].

Geukensia demissa is native to the Atlantic coast of North 
America, ranging from the southern Gulf of St. Lawrence 
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we used DNA barcoding and haplotype analysis to report 
Proctoeces maculatus infection in the ribbed mussel for the 
first time, and provide details regarding its genetic interrela-
tionships with conspecifics from blue mussels (Mytilus edu-
lis Linnaeus). Proctoeces maculatus is a widely distributed 
marine trematode known for its complex life cycle involv-
ing multiple hosts [14, 15]. The species typically uses inver-
tebrates such as molluscs and polychaetes as intermediate 
and paratenic hosts and often complete its life cycle within 
a fish vertebrate host, although on rare occasions both spo-
rocysts and adults have been found in bivalve hosts (pro-
genesis) [16].

Fifty specimens of Geukensia demissa were collected 
from the Herring River estuary in Wellfleet, Massachusetts, 
USA (41°55’54"N, 70°03’56"W) in August 2024. Mussels 
were transported live to Wheaton College, where they were 
dissected and examined under a stereomicroscope. Internal 
organs, including the mantle, gills, and gut, were thoroughly 
inspected using metal probes for the presence of parasites. 
Identified sporocysts were carefully removed using 1 mL 
plastic pipettes, transferred to circular glass microplates, 
and rinsed in deionized water. The sporocysts were dried 
using Kimwipe towelettes and frozen overnight at -30 °C.

The frozen sporocysts were digested in a proteinase 
K/lysis buffer solution, and genomic DNA (gDNA) was 
extracted using the DNeasy Blood & Tissue Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s proto-
col. A 900 bp fragment of the 28 S nuclear ribosomal gene 
region (D1–D3) was amplified via PCR using the forward 
and reverse primer pairs and cycling conditions outlined in 
Titus et al. [16]. Amplicons were sequenced in both direc-
tions by Azenta LLC (Plainfield, NJ). Sequences were 
screened for quality using BioEdit ver. 7.0 [17]. and initially 
identified using the NCBI BLASTn tool, which revealed 

99.62% similarity to the trematode Proctoeces maculatus 
(GenBank accession: KU052939).

The sequences were integrated with all verified Procto-
eces (including P. maculatus) 28 S sequences available in the 
GenBank database (table S1), aligned using the MUSCLE 
tool, and edited in Jalview ver. 2 [18]. Sequence AY222284 
was omitted from the analyses since previous studies found 
that it was likely misassigned as P. maculatus [13, 19]. The 
final edited alignment was 788  bp in length. Genetic dis-
tances (Kimura-2-parameter) were calculated in MEGA 
11 [20] to quantify levels of genetic divergence. To deter-
mine the evolutionary relationship among haplotypes of P. 
maculatus from G. demissa and other geographic localities 
and hosts, a haplotype network was constructed in PopART 
[21]. All sequences generated were submitted to the Gen-
Bank database (Accession nos. PQ885363– PQ885369).

The overall prevalence of Proctoeces maculatus in the 
sampled ribbed mussels (Geukensia demissa) was 66% (33 
out of 50 individuals), with infection intensities ranging 
widely. Some mussels exhibited light infections (no more 
than 20 sporocysts identified per mussel), while others har-
bored over 300 sporocysts, primarily concentrated near the 
margins of the mantle tissue (Fig. 1). High infection inten-
sities were associated with pale discoloration of mantle 
organs, suggesting potential pathological effects on heavily 
infected hosts.

The genetic diversity of P. maculatus in the northeastern 
United States reveals significant regional structuring, prob-
ably shaped by both historical and ecological processes. 
Three unique haplotypes were recovered (Fig. 2). The first 
haplotype, NE1, was previously identified by Titus et al. 
[16] in two hosts: the blue mussel (M. edulis) from south-
ern New England and the polychaete Sabella pavonina 
Savigny. Notably, S. pavonina was reported as a host for 
a single P. maculatus specimen from Tunisia, demonstrat-
ing a geographically broad but sporadic host association. 
The second haplotype, ME1, was found exclusively in blue 
mussels sampled from Maine [16]. This study recovered a 
third, unique haplotype, herein designated as GD1, which 
exclusively infects G. demissa populations from Cape Cod 
(Fig. 2). While this haplotype appears host-specific to ribbed 
mussels, overall genetic divergence from other P. macula-
tus populations in New England was low (K2P distances: 
0.001–0.003), suggesting that GD1 does not represent a 
cryptic lineage. Instead, the genetic data indicate that this 
haplotype may be in the incipient stages of host-associated 
differentiation or genetic isolation. This finding aligns with 
broader patterns of localized differentiation observed in par-
asites inhabiting hosts with restricted ranges or specialized 
ecological niches [22].

Titus et al. [16] demonstrated gene flow between P. 
maculatus populations in New England and global regions, 

Fig. 1  A. Sporocysts (arrows) of Proctoeces maculatus infecting the 
mantle tissue of Geukensia demissa. B. Single sporocyst harboring 
numerous cercarial bodies
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such as Tunisia, via haplotype sharing, suggesting anthro-
pogenic and host-mediated dispersal. However, the pres-
ence of the new GD1 haplotype in G. demissa may reflect 
a shift in host-parasite dynamics driven by local ecological 
conditions. Ribbed mussels occupy distinct habitats within 
salt marshes, often isolated from intertidal zones and mari-
time structures (e.g. floating docks) where M. edulis pre-
dominates [23]. This ecological partitioning likely limits 
cross-infection opportunities, reinforcing host-associated 
genetic differentiation. Moreover, these mussels were col-
lected from a tidally restricted region of the Herring River, 
which may contribute to the emergence of unique haplo-
types by creating ecological conditions conducive to genetic 
isolation.

The emergence of the GD1 haplotype highlights the 
dynamic interplay between host specificity and environ-
mental pressures in shaping parasite genetic diversity. While 
GD1 does not yet meet the criteria for a cryptic lineage, 
its potential for divergence underscores the importance of 
monitoring parasite populations for early signs of specia-
tion. Our study also lends support to Vermaak’s hypothesis 
that globally, P. maculatus likely represents a species com-
plex [17]. Given the well-documented fitness impacts of P. 
maculatus on M. edulis, its presence in G. demissa raises 
concerns about broader ecological consequences, particu-
larly if host-switching exacerbates disease burdens in salt 
marsh ecosystems. Additionally, the low genetic divergence 

between GD1 and other haplotypes in the region raises 
questions about the potential for gene flow across host spe-
cies. Continued sampling of P. maculatus from underrepre-
sented hosts and regions is critical for determining the full 
extent of its genetic diversity and connectivity. This avenue 
of research is likely to be challenging considering that P. 
maculatus has one of the broadest host ranges of any marine 
trematode [14, 17]. In addition, employing higher-resolution 
markers, such as microsatellites or SNP-based approaches, 
could provide more detailed insights into population struc-
ture and dynamics of this parasite.
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Fig. 2  Haplotype network of Proctoeces maculatus based on 28  S 
rRNA sequence data. Each circle represents a haplotype and size of 
circles is indicative of the number of individuals with that haplotype 
(N). Each connecting line between haplotypes represent a single muta-
tional step and numbers above lines represent additional mutational 

steps. The recovered GD1 haplotype is highlighted in the black box 
along with two other North American haplotypes (US1 and ME1). 
Letters in parentheses next to haplotypes represent host(s) harboring 
specific trematode haplotypes
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