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Abstract

Abstract

Parasites and pathogens are an essential part of the community structure, and their
transmission and development are affected not only by their host’s immune system
and host population density, but also by multiple biological and environmental drivers
that impact on the host-parasite dynamics. There are many gaps in the understanding
of these processes and how they influence one another. Given their ecological and
economic importance and their exposure to fluctuating and stressful coastal
environments, common cockles Cerastoderma edule are ideal model organisms to
investigate these dynamics within a natural framework. Therefore, this thesis is
intended to present C. edule as a model pathosystem to study marine epizootics and
their increased risk of occurrence due to the current changing environment. This thesis
develops the understanding of the biological and environmental factors that influence
the distribution and dynamics of the host-parasite interplay. In this study, single and
multiple parasite and pathogen infections plus over a range of study areas were utilised
to better understand these dynamics. The initial part of the study describes a
previously undocumented geographic range on the northeast and south coasts of
Ireland of two haplosporidian species, Minchinia tapetis and Minchinia mercenariae-
like, that have been recently characterised in C. edule. In order to understand the
Minchinia:cockle disease dynamics, species-specific primers were developed and
these parasites were detected by PCR and confirmed by sequencing. The histology, in
turn, confirmed the presence of spore-like stages in the connective tissues of C. edule.
A range of factors including host condition and environmental drivers affected both
spatial and temporal patterns of these haplosporidian infections in C. edule. Based on
statistical modelling, high dissolved oxygen in seawater and small cockle size were
the main drivers of the haplosporidian prevalence in the study. The detailed
examination of a wider microbial community within C. edule by PCR and histology
revealed that single infections with Haplosporidia or Vibrio were more common than
coinfected individuals, as expected by random chance. During this second study, no
microsporidian species nor ostreid herpesvirus-1 microVar (OsHV-1 pVar) or variants
were detected. Based on statistical modelling, coinfected individuals with
Haplosporidia and Vibrio occurred because the same risk factors (increased seawater
temperature, reduced salinity, and poor host condition) promoted their presence and
increased the probability of infection by both pathogen groups. Coinfection with both
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Abstract

Minchinia species was overrepresented in our samples and a positive association
between M. tapetis and M. mercenariae-like was statistically confirmed. Findings
emphasise the need for a more holistic approach in pathological studies, considering
the diverse pathogen community within the cockle and their relationship with the
environment. The transmission of the microbial community within C. edule to
shorebird populations via consumption of cockles and the existing connectivity with
the environment (sediment) were also assessed by molecular techniques (PCR and
Sanger sequencing) during a third study. Identical strains of Vibrio splendidus were
identified in C. edule and, for the first time, in shorebird faecal samples. The
consumption of C. edule, thus, may be a source of this Vibrio species in shorebirds.
Our findings add evidence to the significant role migratory birds may have as carriers
of infectious agents, enabling their transport and dispersal. The findings also support
the role of the sediment as an environmental reservoir for Vibrio, which may have an
impact on the infaunal community within the sediment responsible for different
ecosystem services. Ultimately, in a study that spanned the east and west coast of
Ireland and the Welsh coast, patterns of occurrence of Minchinia and Vibrio spp. in
C. edule were associated with environmental stressors (high concentration of nitrates
and warm temperatures), which may have affected host susceptibility and increased
pathogen prevalence. These findings highlight the impact of site-specific
environmental stress and habitat degradation on pathogen emergence, particularly in
coastal marine environments. In conclusion, this thesis develops a greater
understanding of C. edule as a pathosystem and its potential for the early detection of
emergent infectious agents, which will have important implications for the
sustainability of wild and cultured bivalve populations and the functioning of coastal

ecosystems in a changing environmental context.
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Outline

Outline

This is a Publication-Based Doctor of Philosophy (PhD) Thesis. | am the first author
and key contributor to this work. Individual author contributions are specified for each
manuscript. The thesis contains seven chapters. Chapter 1 is a general introduction to
host-parasite ecology. The model species used in this thesis, the common cockle
Cerastoderma edule, is presented and the general aims of the study are listed. Chapter
2 consists of a literature review of host-parasite interplay in C. edule viewed as a
pathosystem. Published literature is discussed with a focus on the reciprocal
interaction between the host, the parasite and the environment, its impact on
ecosystem stability and the transmission routes used by parasites within a natural
framework. Chapter 2 has been prepared to be submitted as a published review.
Chapters 3 - 6 present the primary research of the thesis. Given the recent description
of the haplosporidian species Minchinia mercenariae-like affecting C. edule on the
Irish coast (Lynch et al., 2020), Chapter 3 describes the investigation of emergent
haplosporidian species in C. edule at study sites along the Irish coastline in the Irish
and Celtic Seas, with a focus on the pathogen distribution and seasonal effect and the
interplay of abiotic and biotic drivers/inhibitors of infection. This study has been
published in the Journal of Invertebrate Pathology (doi: 10.1016/j.jip.2020.107425).
In Chapter 4 we broaden the microbial examination to other pathogen groups, such as
bacteria, virus, and Microsporidia, that can have a detrimental effect on C. edule
health, emphasising that pathogen assemblages can exist within the host and the effect
of biotic and environmental drivers on the risk of coinfection. This chapter has been
published in Parasitology (doi: 10.1017/S0031182021001396). Chapter 5
investigates if the microbial community within C. edule can be transmitted to
shorebird populations via cockle consumption and the existing connectivity with the
environment (sediment). This manuscript has been published in Scientific Reports
(doi: 10.1038/s41598-021-01610-x). Chapter 6 provides insight into the spatial
patterns of the microbial pathogens present in C. edule on a wider geographic range
across Ireland and Wales. Chapter 6 emphasises that complex patterns of interactions
are observed between the host-pathogen system and several localised habitat
conditions (e.g., temperature, nutrients, host density, anthropogenic impacts), which

Lynch et al., 2020. Detection of haplosporidian protistan parasites supports an increase to their
known diversity, geographic range, and bivalve host specificity. Parasitology.
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Outline

influence spatial pathogen distribution in exploited and non-exploited C. edule
populations. Lastly, Chapter 7 discusses key conclusions and their implications in
relation to current scientific understanding and the potential for new research not only

on C. edule biology and ecology but on all marine bivalve species.

12



Chapter 1

CHAPTER 1

General Introduction



Chapter 1

Introduction

Parasites and pathogens are ubiquitous and represent a substantial portion of the
species diversity and biomass in food webs and ecosystems (Hudson et al., 2006;
Poulin, 2010; Selakovic et al., 2014). Parasites and pathogens live at the expense of
the host and divert host energy from growth and reproduction into disease resistance,
impacting host population dynamics (Selakovic et al., 2014). Besides, their effects
may also trigger parasite-mediated trophic cascades (Hatcher et al., 2012), shaping
food webs and modifying their structure and stability in different ways (Hudson et al.,
2006; Lafferty et al., 2008). Parasites and pathogens, in turn, depend on the ecological
networks in which they live, with the disease dynamics affected by food web structure
(Lafferty et al., 2008). Processes at different scales of ecological organization from
the within-host level (e.g., interactions of coinfecting parasites) to the ecosystem level
(e.g., the influence of environmental variables) across space and over time may have
a key influence on complex natural systems (Hellard et al., 2015). Therefore, the host-
parasite interplay may be viewed as a pathosystem, an ecological subsystem within an
environment, which is defined by the reciprocal interaction between the host, the
parasite, and the environment (Sullivan et al., 2013).

Given the position of bivalves in trophic webs as filter feeders, their key function
in different ecosystem services and their role as hosts of a wide range of parasites and
pathogens (Mouritsen and Poulin, 2002; Rowley et al., 2014; Carss et al., 2020), this
animal group and, particularly, common cockles Cerastoderma edule are ideal model
organisms for pathosystem studies. Cockles are ecosystem engineers, they occur
intertidally and subtidally in estuaries and sandy bays, where they are exposed to
fluctuating and stressful environments, which may alter the host-pathogen interplay
and affect both spatial and temporal patterns and the severity of epizootics (Breitburg
etal., 2015).

Characterising the diversity and distribution of microbial parasites/pathogens in
hosts such as C. edule remains a challenge due to their patchy spatial and temporal
distributions, host-restricted occurrence, and poorly known life cycles (Hartikainen et
al., 2014; Lynch et al., 2020). Despite that, emergent microbial agents, such as

emergent haplosporidians (obligate protozoan parasites) (Ramilo et al., 2018; Lynch
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Chapter 1

et al., 2020), continue to be reported from many different invertebrate hosts and
habitats, highlighting the importance of the microbial parasites and pathogens, the

study of which has been neglected comparing to macroparasites, such as trematodes.

Despite research into host-parasite interactions being primarily dominated by
the study of one host—one parasite systems, animal hosts are exposed to complex
parasite/pathogen assemblages that ultimately form a dynamic community within
them (Johnson and Buller, 2011). Interactions among coinfecting agents can, in fact,
alter host pathology, parasite transmission and virulence evolution, also influencing
the spread of infections at a population level resulting in disease outbreaks, as
described previously in bivalves (Lassalle et al., 2007; Arzul et al., 2012; Alfaro et al.,
2019). Simultaneous infections may trigger a whole spectrum of outcomes within the
hosts, both synergistic and antagonistic, i.e., the impact of one or both infectious
agents may be suppressed (Fukami et al., 2010), one or both agents may be amplified
resulting in parasite coexistence (Thomas et al., 1998), or one may be amplified and
the other suppressed (Johnson and Hoverman, 2012). The co-occurrence of
parasites/pathogens may also result simply because the same risk factors promote their
presence and not because the different parasite/pathogen groups are interacting
synergistically (Vaumourin et al., 2015). Given the complex microbial assemblages
within C. edule and their intricate interactions and effects, a comprehensive and
integrated approach is needed to shed light on the disease dynamics in natural systems.
Not only must the synergistic impact of coinfections be considered, but also the role

of ecological factors driving the infection across space and over time.

Parasites and pathogens can be trophically transmitted via predator-prey
interactions (Coen and Bishop, 2015). Concomitant predation is the most common
way for parasites and pathogens to become prey, which occurs when an infected host
is eaten by a predator (Johnson et al., 2010). In the marine food chain, C. edule are an
important food source and are a link between primary producers and consumers,
playing a crucial role in the ecosystem (Malham et al., 2012; Carss et al., 2020). One
of the main consumers feeding on up to 300 cockles per day is marine bird populations
(Malham et al., 2012), which may be involved in the carriage of microbial pathogens
(Hubalek, 2004). Because of the high productivity of infectious agents, their unique
nutritional composition and their pathogenicity in hosts, their consumption affects

food web structure, energy transfer and disease distribution (Johnson et al., 2010). An
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Chapter 1

integrative examination is essential to better understand the underlying mechanisms
of disease connectivity, including the trophic transmission of microbial infections

between cockles and shorebirds.

As a result of increasing anthropogenic stressors, there has been an increase in
emerging infectious diseases in marine ecosystems, referring to emergent diseases as
the ones that have recently increased in incidence or impact, or have recently moved
into a new host population or geographic region (Lederberg et al. 1992, Smolinski et
al. 2003; Lafferty et al., 2004; Newman et al., 2007). Strong links have been
established between disease and climate in marine invertebrate populations
(Marcogliese, 2008). There is increasing evidence that climate change will affect the
ecology of infectious diseases and the physiology of bivalve species and their
resistance to infection (Soon and Zheng, 2020). However, there are still many gaps in

the understanding of these processes, especially regarding microbial pathogens.

It is crucial, therefore, to improve our knowledge of C. edule pathosystem
effects on all levels of the ecological organization to achieve a better understanding
of host-parasite dynamics and interactions, in particular in the current scenario of

climate change that has and will have a major impact on coastal marine ecosystems.
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Main aims of the study:

Environmental stressors
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» Chapter 2 reviews the available literature concerning the host-parasite ecology in
bivalves, with special attention to Cerastoderma edule, and the disease-mediated
effects and transmissibility, considering the role of the environment on host-parasite

dynamics.

» Chapter 3 determines the diversity, spatial patterns, and temporal variability of
emergent haplosporidian species, Minchinia tapetis and Minchinia mercenariae-like,
in C. edule populations along the Irish coastline of the Irish and Celtic Seas, assessing

the abiotic and biotic drivers or inhibitors of the infection.

» Chapter 4 examines the diversity and prevalence of significant pathogen groups -
Haplosporidia, Vibrio spp., ostreid herpesvirus-1 microVar (OsHV-1 pVar) and
Microsporidia - as well as coinfections and associations of the different infectious
agents within wild and fished C. edule along the Irish coastline. The effect of key
biotic and environmental factors on the risk of coinfection across space and over time

is assessed.

» Chapter 5 assesses if pathogens associated with C. edule - Vibrio spp. and
Haplosporidia spp. - could be detected seasonally along the Irish coastline in the
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faeces of shorebirds that feed on C. edule and in the physical environment (sediment)
in which C. edule reside. Spatial and seasonal influence in the detection of the
infectious agents in cockles, shorebird faecal samples as well as sediment is
considered.

» Chapter 6 examines the spatial patterns of emergent pathogens — Minchinia
tapetis, M. mercenariae-like and Vibrio spp. - associated with exploited and non-
exploited C. edule populations at a wider geographic range along the Irish and Welsh
coastlines. Some of the ecological factors that may be shaping the pathogen

distribution and dispersal are determined.

» Chapter 7 highlights the implications derived from this study for the sustainable
management of coastal ecosystems. The study has raised a number of important future
research questions on C. edule and marine bivalve biology and ecology.
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Abstract

The emergence, spread, and persistence of marine infectious agents can have
important effects on community structure and function by modifying individual and
population-level traits of hosts, particularly if hosts are ecosystem engineers or
habitat-forming species such as bivalves. This review, therefore, emphasises the
importance of understanding the functioning of host-parasite systems within the
marine environments and their impact on the ecosystem, using Cerastoderma edule
as a model pathosystem. The pathosystem concept, considered as a subsystem within
an environment and defined by the phenomenon of parasitism, has never been
associated with cockles, to the best of our knowledge. However, C. edule, as a
bioindicator species with its prominent role in different ecosystem services and
widespread distribution, can improve our knowledge of host-parasite dynamics and
the interaction with the current changing marine environment. Therefore, this review
is intended to present C. edule as an ideal model pathosystem in order to study the
marine epizootics and the biological and environmental factors that influence the
distribution and dynamics of the host-parasite interplay within a natural framework.

This work synthesises how infectious agents, as an integral part of the ecosystem, are
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influenced not only by the host immune system and density but also by the interactions
between non-host populations and the environment. This review highlights the
importance of integrated research, with particular regard to how pathosystems
influence the assembly, functioning and stability of communities and ecosystems.
Further integrating these fields will have important consequences for the sustainability

of wild and cultured bivalve populations and the functions of nearshore ecosystems.

Keywords: Cerastoderma edule, pathosystems, host-parasite ecology, parasite

transmission, environmental stressors.
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2.1. Introduction

The host-parasite interplay may be viewed as a pathosystem, an ecological
subsystem within an environment, which is defined by the reciprocal interaction
between the host, the parasite and the environment (Sullivan et al., 2013; Figure 1).
The concept of pathosystems has been popular in plant pathology (e.g., Robinson et
al., 1976; Zhan et al., 2002; Schroeder et al., 2019; Duffin et al., 2020), however,
studies related to pathosystems and their ecological dynamics in aquatic ecosystems
are scarce (Sullivan et al., 2013; Jephcott et al., 2016), due to their often unpredictable
and inconspicuous nature. This review, thus, stresses the importance of understanding
the functioning of pathosystems in marine environments and their impact on
ecosystem balance and evolution. It is crucial to improve our knowledge of
pathosystem effects on all levels of ecological organization from individuals to
ecosystems to achieve a better understanding of host-parasite dynamics and
interactions, in particular in the current changing environmental context that is having

a major impact on the marine ecosystem.

HOST INFECTIOUS AGENT
(host genetics, condition, (life cycle, transmission,
density, immune defences, etc.) infectiousness, virulence, etc.)
DISEASE
ENVIRONMENT

(biological and environmental drivers, e.g.
non-host populations, seawater temperature,
salinity, dissolved oxygen, pH, etc.)

Figure 1. A generalised pathosystem conceptual model. Host, infectious agent, and
the environment are placed at the corners of an epidemiological triangle, representing
their reciprocal interaction. The interaction among these three components may cause
disease.

Infectious agents can have large effects on community structure and function by
modifying individual and population-level traits of hosts, particularly if hosts are

ecosystem engineers or habitat-forming species such as bivalve molluscs (Thomas et
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al., 1998). Bivalves may serve as an intermediate or definitive host for multiple
parasites and pathogens (Coen and Bishop, 2015). Causation between diseases and
significant mortality events is often difficult to establish in aquatic environments.
Nevertheless, mortality of bivalves has been associated with diseases since the 1950s,
linked particularly to protists such as Perkinsus (Novoa et al., 2002; Carella et al.,
2020), Marteilia (Carrasco et al., 2015; Kerr et al., 2018), Haplosporidium (Burreson
and Ford, 2004, Panarese et al., 2019; Carella et al., 2020) and Bonamia (Culloty and
Mulcahy, 1996; Culloty and Mulcahy, 2007; Zannella et al., 2017). The mortality of
bivalves has been also linked to viruses (Renault and Novoa, 2004; Alfaro et al., 2019;
Richard et al., 2020), bacteria (Petton et al., 2015; Alfaro et al., 2019; Rojas et al.,
2021), macroparasites such as trematodes (Thieltges, 2006; Morgan et al., 2012), and
non-native species (Carnegie and Burreson, 2011; Costello et al., 2021), as well as to
environmental triggers (Paillard et al., 2004a; Polsenaere et al., 2017; Alfaro et al.,
2019).

Bivalve molluscs have proved to be useful bioindicators and model organisms,
for pathological studies, due to their filter-feeding behaviour, importance in the marine
food web, prominent role in different ecosystem services, widespread distribution, and
ease of sampling. In that sense, marine bivalve pathosystems can serve as ideal models
to highlight the activity of agents causing emerging infectious diseases in fluctuating
environments, and the co-evolutionary processes that define the host-parasite
relationship. Being emerging diseases defined as the ones that have recently increased
in incidence or impact or have recently moved into a new host population or
geographic region (Lederberg et al. 1992, Smolinski et al. 2003; Lafferty et al., 2004;
Newman et al., 2007).

Among bivalves, cockles, family Cardiidae, have been widely used as target
species in research, given their role in different ecosystem services, i.e., carbon
storage, energy cycling, bioturbation, a food source for seabirds, etc. (Morgan et al.,
2013; Carss et al., 2020) and their economic value (Rowley et al., 2014; Carss et al.,
2020). Particularly, the common cockle Cerastoderma edule (Linnaeus, 1758) is one
of the most common infaunal bivalve species in many northern European soft-
sediment coastal waters, often reaching high densities, and is commercially important

in some areas of its geographic range, from the Barents Sea to Senegal, Africa
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(Malham et al., 2012; Longshaw and Malham, 2013; Morgan et al., 2013; Burdon et
al., 2014). C. edule are suspension feeders and an important food source within the
marine trophic web (Malham et al., 2012; Longshaw and Malham, 2013).
Consequently, they are a link between primary producers (phytoplankton,
phytobenthos) and consumers such as crabs, shrimp, fish, and birds, playing a crucial

role in the ecosystem (Malham et al., 2012; Carss et al., 2020).

Even though C. edule has been used as a model system in previous studies
related to parasitism (Malham et al., 2012; Longshaw and Malham, 2013; Burdon et
al., 2014; Rowley et al., 2014), the pathosystem concept, to the best of our knowledge,
has not been investigated in cockles. The most well-studied molluscan host-parasite
systems are those that involve commercially cultivated species, such as the Pacific
oyster Crassostrea gigas. However, wild-harvested species such as the common
cockle C. edule have largely been neglected in the investigation of marine epizootics.
Therefore, this review is intended to cover this paucity of knowledge and present C.
edule as an ideal model pathosystem in order to study the biological and
environmental factors that influence the distribution and dynamics of the host-parasite
interplay within a natural framework. A better understanding of the host-parasite
ecology within the natural framework rather than under controlled conditions is
crucial, given the increased risk of occurrence of marine epizootics due to the current

changing environment (Zgouridou et al., 2021).

2.2. Model pathosystem

Mortalities and catastrophic declines in C. edule populations have been related
to disease, climatic events, predation, pollution, failed recruitment, and overfishing
(Malham et al., 2012; Burdon et al., 2014; Magalh&es et al., 2017). However, given
the complex interactions between biological and ecological factors and the scarcity of
data collected, it is difficult to unequivocally assign a cause/s to host deaths in
mortality events (Malham et al., 2012). Nevertheless, strong relationships between the
timing of significant mortality events in wild populations of bivalve molluscs and
parasite loadings in surviving individuals are highly suggestive of disease-mediated

population control (Coen and Bishop, 2015). Other evidence of disease control on
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bivalve population dynamics is the spatial contrasts of mortality rates between
infected and uninfected populations of a diverse array of bivalve species (Villalba et
al., 1993; Thieltges and Reise, 2007; Ramilo et al., 2014).

C. edule may be host to multiple micro-parasite infections including protists,
bacteria, and viruses (Longshaw and Malham, 2013), but C. edule may also be
infected by a range of macroparasites, trematodes being particularly common (Fermer
et al., 2011b) (Figure 2). One protistan pathogen group that C. edule is known to be
susceptible to is the Haplosporidia, which are widespread and have been associated
with some of the most serious epizootic mortalities of commercially important
molluscs (Burreson and Ford, 2004; Longshaw and Malham, 2013; Carnegie et al.,
2016). Three out of the four known haplosporidian genera have been detected in C.
edule: Minchinia (Ramilo et al. 2018; Albuixech-Marti et al., 2020; Lynch et al.,
2020), Haplosporidium (Azevedo et al., 2003; Engelsma et al.,, 2011), and
Urosporidium which parasitises trematodes or turbellaria infecting cockles (Carballal
et al., 2005); while the genus Bonamia is a serious pathogen of oysters (Culloty and
Mulcahy, 1996; Engelsma et al., 2014). Both direct and indirect transmission has been
associated with haplosporidian species, with most haplosporidian parasites being at a
low prevalence of infection in host populations (Burreson and Ford, 2004; Arzul and
Carnegie, 2015; de Montaudouin et al., 2021). Haplosporidia life cycle stages include
multinucleate plasmodia and sporoblasts giving rise to the spores that are described
from some species, which occur in the connective tissue of the gills, mantle, and
gonad, and are predominately in the digestive gland of bivalves (Ramilo et al., 2018).
A strong haemocytic response in those tissues has been previously reported in infected
C. edule populations (Carballal et al., 2001; Carballal et al., 2020). Although scarce
data exist on the impact of haplosporidians on C. edule survival, given the strong
inflammatory response throughout the tissues, it is likely to be detrimental (Longshaw
and Malham, 2013; Carballal et al., 2020). It has been suggested that the dynamics of
haplosporidians in their hosts are seasonal and depend on environmental parameters,
especially temperature and salinity, which not only impact the vitality and survival of
parasites outside their hosts but also influence host-parasite interactions (Arzul and
Carnegie, 2015).
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Microsporidia, a phylum of fungal-related obligate intracellular parasites,
contains species that parasitize almost all types of animals, including other parasites,
and all known organ and tissue systems, thanks to their extreme morphological
plasticity (Stentiford et al., 2013; Szumowski and Troemel, 2015). Microsporidian
pathogens are known hyperparasites of fish and shellfish pathogens (Stentiford et al.,
2013), including digeneans and paramyxids infecting C. edule populations (Fermer et
al., 2009; Fermer et al., 2011b; Villalba et al., 2014). Microsporidian spores invade
host cells, where they undergo their entire replicative life cycle and then, differentiate
back into spores to return to the environment (Stentiford et al., 2013). The intracellular
habitat is fundamental in their ability to evade recognition by the host immune system
and to accumulate high parasite burdens within the tissues of infected hosts (Stentiford
et al. 2013; Szumowski and Troemel, 2015). Comtet et al., (2003) reported the
occurrence of the microsporidian parasite Steinhausia sp. in the oocytes of C. edule in
a natural population in France, where high mortalities occurred. Microsporidians
affect host survival but may also influence host phenotype, life history and behaviour
(Stentiford et al., 2013).

In turn, bivalves provide a habitat for diverse communities of commensal
bacterial microbiota, including various pathogenic and non-pathogenic members of
the genus Vibrio (Romalde et al., 2014). These bacteria have been repeatedly
associated with larval, juvenile and adult bivalves including oysters (Lacoste et al.,
2001; Garnier et al., 2007; Le Roux et al., 2016; Azéma et al., 2017; Wang et al.,
2021), mussels (Polsenaere et al., 2017; Arab et al., 2021), clams (Paillard et al.,
2004b; Beaz-Hidalgo et al., 2010; Schwaner et al., 2020) and scallops (Sainz-
Hernandez and Maeda-Martinez, 2005; Rojas et al., 2018; Rojas et al., 2021), and to
a lesser extent have been associated with C. edule (Paillard et al., 2006; Albuixech-
Marti et al., 2021; Garcia et al., 2021). Although bacteria are rarely reported to be the
primary cause of disease in adult bivalves (Bower et al., 1994; Lane and Birkbeck,
2000; Prado et al., 2020), they are often associated with high mortalities in shellfish
hatcheries (Lacoste et al., 2001; Paillard et al., 2004b; Sainz-Hernandez and Maeda-
Martinez, 2005; Dubert et al., 2017). Vibriosis is one of the diseases that may be
profoundly affected by climate change. Ocean warming can promote the spread of
vibrios and may be the cause of the globally increasing trend in their associated
diseases (Vezzulli et al., 2012; Rowley et al., 2014; Zgouridou et al., 2021).
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Viruses are by far the most abundant and genetically diverse life forms in the
oceans (Breitbart, 2012). Virus-like infections have been identified and associated
with mortalities in bivalve hatcheries and wild stocks since the late 1960s (Elston et
al., 1992; Elston, 1997; Barber, 2004; Renault and Novoa, 2004; Romalde et al., 2007;
Prado-Alvarez et al., 2016; Alfaro et al., 2019). Viruses are likely responsible for
many cryptic mortality events, and many proliferative diseases of commercially
important marine bivalves including C. edule, such as disseminated neoplasia, which
is thought to be associated with a viral aetiology (Elston et al., 1992; Barber, 2004;
Romalde et al., 2007). In general, mortalities associated with viruses in the marine
ecosystem are expected to arise sporadically under increasing physiological stress in
the host, causing the host to become immune-compromised and unable to suppress an
infection (Suttle, 2007). This has been observed with ostreid herpesvirus-1 (OsHV-1)
and variants (in particular, OsHV-1 pVar) in Pacific oyster Crassostrea gigas
mortality events, which have become more regular and widespread at culture sites
(Segarra et al., 2010; Cotter et al., 2010; Prado-Alvarez et al., 2016; Oliver et al.,
2019). Moreover, Bookelaar et al. (2020) observed that OsHV-1 uVar may be
opportunistic, adapting to new circumstances, such as fewer available susceptible

oysters, resulting in a “host jumping” from the natural host to the cohabiting C. edule.

Trematode species (Phylum Platyhelminthes) are the most abundant and
common macroparasites in coastal waters (de Montaudouin et al., 2009; Magalhaes et
al., 2018). C. edule are hosts to a wide range of trematodes, especially digenean
trematodes, that can seriously interfere with host population performance, for
instance, reducing growth or fecundity, and causing mortality (Longshaw and
Malham, 2013; de Montaudouin et al., 2021; Mahony et al., 2021). Digenean
trematodes have complex life cycles involving multiple hosts and free-living larval
stages (de Montaudouin et al., 2009; Rowley et al., 2014; Magalh&es et al., 2018).
Particularly, the species C. edule is utilized commonly as either a first or a second
intermediate host, and seabird and fish species, that feed on cockles, are the final hosts
of these parasites (de Montaudouin et al., 2009; Rowley et al., 2014; Magalhaes et al.,
2018). In the final hosts, trematodes undergo sexual reproduction followed by the
release of eggs in the host’s faeces into the environment (Prinz et al., 2009; Magalhées
etal., 2018). Free-living stages developed in the environment can then easily infect C.

edule through their suspension-feeding activity (Magalhées et al., 2017). It is well
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known that trematode population dynamics are influenced by environmental factors
such as temperature and salinity (Lassalle et al., 2007; Rowley et al., 2014), especially
in the free-living stages, as they must face an unpredictable environment on
emergence from the host, what may affect their survival and the infection of the next
host (Prinz et al., 2009).

This wide range of infectious agents occurring in C. edule, their host-parasite
interactions, as well as the environmental influence shape a complex pathosystem
(Figure 2), which may shed light on how parasites affect directly and indirectly host

individual and population health and dynamics, and, in turn, influence the community

structure.
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Figure 2: Flow chart illustrating as a model pathosystem the host-parasite dynamics
in Cerastoderma edule and its interactions with the ecosystem at all levels of
ecological organization (individual, population, community, and ecosystem).

2.3. Host-parasite ecology

Parasites are ubiquitous and represent a substantial portion of species diversity

and biomass in food webs and ecosystems (Hudson et al., 2006; Poulin, 2010;
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Selakovic et al., 2014). Parasites and pathogens live at the expense of the host and
divert host energy from growth and reproduction into disease resistance (Selakovic et
al., 2014; Egerton et al., 2020). Whether a parasite or pathogen causes disease or not,
depends not only on the virulence of the pathogen but also on the host genetics and its
immune defences (Mulcahy and Roch, 2009). The immune-competency relationship
is influenced by environmental conditions and stressors, which may compromise the
immune response and the balance in host-pathogen interactions, causing disease or
even mortality if the host resistance is overcome (Mulcahy and Roch, 2009).

2.3.1. Individual-level effects

In addition to the lethal effects caused by pathogen groups, infectious agents
may also cause a broad range of non-lethal effects, and trait-mediated indirect
interactions (Figure 3). These may include phenotypic changes in hosts such as: (1)
alterations in host physiology, for instance, infected hosts might have different
nutrient requirements or metabolic rates than non-infected hosts (Frainer et al., 2018;
Magalhées et al., 2020); (2) adjustments in reproductive investment and/or growth
rate (Egerton et al., 2020; Mahony et al., 2021); (3) modifications in host morphology,
i.e. the phenotypic appearance of the host (Coen and Bishop, 2015); and (4) changes
in host behaviour, such as predator or competition avoidance, and/or different habitat
preferences (Hatcher, et al., 2006; Frainer et al., 2018). Magalhdes et al. (2020)
demonstrated that trematode infection exerted a negative effect on the metabolism of
C. edule, the second intermediate host, by reducing of oxygen consumption rate.
Mahony et al. (2021), in turn, observed a reduced proportion of spawning individuals
and higher numbers of indeterminate individuals among those C. edule infected with
trematodes, suggesting trematodes had a deleterious effect on C. edule reproduction.
These manipulative behaviours in host phenotypes due to the etiological agents, in
some instances, represent an adaptation that enhances parasite proliferation and
transmission (Poulin, 1995; Thomas et al., 2005). For instance, digenean trematodes
may cause the emergence from the substrate or the crawling on the sediment surface
of New Zealand cockle Austrovenus stutchburyi at soft-sediment shores, making the
host more susceptible to predation by avian final hosts, which may considerably
enhance the likelihood of successful transmission (Thomas and Poulin, 1998; Leung

and Poulin, 2007). However, this hypothesis has been questioned for C. edule
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(Blanchet et al., 2003; Fermer et al., 2011a). Blanchet et al. (2003), based on both field
observations and laboratory experiments, suggested that the bacteria Pseudomonas
fluorescens could trigger the emergence of C. edule from the sediment rather than the
coinfecting digenean trematodes, making the cockles more susceptible to predation.

It is also important to stress that not all individuals respond equally to infection.
The susceptibility of bivalve molluscs to viral and bacterial infections is generally
greater for younger individuals than for adults, which have had more time available
to develop defence mechanisms (Lane and Birkbeck, 2000; Renault and Novoa, 2004;
Coen and Bishop 2015). Bivalves do not possess acquired immunity, but after
encountering microbes as part of their filter-feeder lifestyle, they can respond to
infection through their defence cells, the haemocytes, with a certain degree of
pathogen specificity (Allam and Raftos, 2015). However, older hosts are more likely
to accumulate disease-causing pathogens, as the cumulative time of exposure to
parasites is longer than in younger hosts (Breitburg et al., 2015). Thieltges and Reise
(2006) observed higher species richness and infection level of metazoan parasites in
adult C. edule compared to juvenile individuals. The authors related these results in
adult cockles to the longer time of exposure to parasites, the cockle size, and the
dependency of some parasites on the gonads of mature hosts. The body size in C.
edule influences the filtration rate and, consequently, the intake rate of parasites
(Thieltges and Reise, 2006; Welsh et al., 2019). Therefore, larger C. edule will be
exposed to larger numbers of infective stages and most likely have higher infection
levels (Welsh et al., 2019). Transmission and intensity of infection are correlated with
body condition, i.e., individuals that are classed as having a “poor” condition are more
likely to be more susceptible to infection (Coen and Bishop, 2015). For instance, the
greater reproductive output of larger/older bivalve hosts may, during times of
reproduction, cause a reduction in host condition and reduction of energy available
for immunological defence, thereby rendering them more susceptible to infections
(Taskinen and Saarinen, 1999; Coen and Bishop, 2015).

Apart from the direct and indirect effects on their hosts, parasites also interact
with other parasites at an individual level. Just like free-living organisms, parasites
occupy suitable “habitats” in the host that are limited with regard to the amount of

space and resources available (Johnson and Buller, 2011). Coinfections by parasites
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occur frequently in many shellfish species and the different parasites that coinfect the
same host individual will interact both within the individual host and at a population
level (Lassalle et al., 2007; Arzul et al., 2012; Petton et al., 2015; Alfaro et al., 2019;
Carella et al., 2020; Albuixech-Marti et al., 2021). Lassalle et al. (2007) reported
coinfection with a bacterium (Vibrio tapetis), a protozoan (Perkinsus sp.), and
digenetic trematode metacercariae in C. edule. The authors suggested these parasites
used different ecological niches within a population, but they had a similar response
to environmental factors such as temperature and salinity. Alternatively, a positive
association between two Minchinia species coinfecting C. edule was statistically
evidenced in the Irish coastline (Albuixech-Marti et al., 2021). Parasites that infect an
already parasitized host are likely to have lower fitness due to the competition or cross-
Immunity between parasites (Johnson and Buller, 2011). A coinfection could also lead
to other benefits by infecting an already parasitized host when the effects of one
parasite make the host more vulnerable and easier to exploit for a second parasite. The
outcome in this circumstance is parasite coexistence (Johnson and Buller, 2011).
Different trematode species in C. edule can become “hitchhikers”, taking advantage

of the infection by metacercariae of Bucephalus minimus (Magalhaes et al., 2015).

2.3.2. Population-level effects

Parasites have been shown to interfere significantly with the host populations
by causing diseases that affect reproduction in complex manners, as well as affecting
absolute host population numbers (Coen and Bishop, 2015) (Figure 3). Some
infectious agents can increase survival and growth rate, but, in turn, reduce fecundity
reaching an energetic trade-off (Selakovic et al., 2014). The trematode Gymnophallus
choledochus may be responsible for reducing or completely inhibiting the
reproduction of C. edule through castration to redirect energy from host reproduction
to parasite growth, which may have important implications for the population
dynamics (Thieltges, 2006). However, negative relationships between the prevalence
of diseases and population size and density are not always clear (Coen and Bishop,
2015). For instance, sex ratio distorters are common in microsporidians infecting
aquatic hosts (Stentiford et al., 2013). Microsporidia can be transmitted from parent

to offspring in a host population and have been associated with the feminisation of the
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host males to favour the host reproductive success and, consequently, the parasite

transmission (Stentiford et al., 2013).

Parasitism involves a fitness cost for infected hosts and, consequently, there is
a selection for hosts with greater resistance to pathogens (Coen and Bishop, 2015).
However, selection also acts on the parasites favouring the host infection, thus there
may be subsequent selection for parasites with increased virulence and pathogenicity
(Coen and Bishop, 2015). The net effect is the co-evolution of the parasite and host,
and the coexistence of susceptible and resistant individuals in natural populations
(Coen and Bishop, 2015). It has been observed that the frequency of natural disease-
resistance in bivalve populations tends to increase following exposure to disease
mortality (Carnegie and Burreson, 2011; Lynch et al., 2014). In wild populations, gene
flow between disease-affected and refuge areas may also influence the development

of disease resistance at the population level (Hofmann et al., 2009).

2.3.3. Community and ecosystem-level effects

In modifying individual and population-level traits of hosts, etiological agents
may, directly and indirectly, modify interactions among species (Thomas et al., 1998;
Frainer et al., 2018) (Figure 3). The susceptibility and tolerance to parasites vary
between host species, depending on the species capacity to bear the infective parasite
burden (Hudson et al., 2006; Frainer et al., 2018). Parasites shared by two host species
may mediate the host interactions and cause apparent competition between them when
levels of infection depend primarily on the rate at which the parasites flow from a
tolerant species to a sensitive species, rather than on the density of the sensitive species
(Hudson et al., 2006; Hatcher et al., 2012). This can lead to species exclusion, as one
tolerant host acts as a reservoir of disease for a more sensitive species (Hudson et al.,
2006; Hatcher et al., 2012; Frainer et al., 2018). An example of this is the bacteria
Vibrio tapetis, the causative agent of brown ring disease (BRD) in clams, that has been
also isolated from C. edule, which is considered a carrier species of this bacteria since
this species of cockle does not exhibit brown ring disease symptoms in the wild
(Lassalle et al., 2007). Alternatively, parasitism can ameliorate the deleterious effects
of one host on another, enhancing the coexistence of two host species (Hatcher et al.,
2012; Frainer et al., 2018). This happens when a dominant competitor or consumer is

more strongly regulated by the parasite (e.g., density-dependent transmission or
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reducing fitness differences), which creates an advantage for rare species, allowing
the persistence of inferior competitors in the communities and maintaining species
diversity (Hudson et al., 2006; Poulin, 2010; Hatcher et al., 2012; Frainer et al., 2018).
Infectious agents may also influence the outcome of biological invasions through
enemy release or biotic resistance if they differentially affect native and non-native
species (Coen and Bishop, 2015; Goedknegt et al., 2017; Costello et al., 2021).
Goedknegt et al. (2017) observed spillover of the introduced red worm Mytilicola

orientalis (native to Japan) from introduced Pacific oyster C. gigas to native C. edule.

Predator-prey interactions are also important in structuring communities and
food-web structure and may similarly be influenced by disease. There is increasing
evidence regarding the importance of trait-mediated indirect interactions and their
significant influence on foraging behaviour and predation rates (Hatcher and Dunn,
2011; Selakovic et al., 2014; Frainer et al., 2018; Anaya-Rojas et al., 2019). Some
parasites can alter the phenotype or the behaviour of the intermediate host (e.g.,
impaired mobility, altered microhabitat choice, or altered body colouration) to make
the host more susceptible to predation and improve transmission success, which has
favoured the evolution of some remarkable manipulation strategies (Poulin, 1995;
Leung and Poulin, 2007; Leung and Poulin, 2011). As well as influencing existing
predator-prey relationships, parasites may facilitate new trophic interactions (Coen
and Bishop, 2015). Le Grand et al. (2010) related the unexplained presence of C. edule
at the surface of the sediment in Arcachon Bay with the higher prevalence and
intensity of disseminated neoplasia in them compared to those buried normally. The
stranded individuals, thus, are more accessible to the predators. The shells of stranded
cockles, in turn, create a habitat for a rich and distinctive epibiont community. In
addition, the cockles on the sediment surface reduce the sediment bioturbation, which
can boost the abundance and richness of certain benthic invertebrates (Mouritsen and
Poulin, 2005; Selakovic et al., 2014).

Those parasite effects on the host species may, therefore, trigger parasite-
mediated trophic cascades (Frainer et al., 2018; Anaya-Rojas et al., 2019).
Microsporidian parasites are also well-known for playing a significant role in
exacerbating or suppressing diseases (Stentiford et al., 2013; Gleason et al., 2014).

O’Grady et al. (2015) suggested, based on ecological modelling, that the
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hyperparasitism by Unikaryon legeri on the trematode Meiogymnophallus minutus
may enable a higher abundance of C. edule (host of the trematodes), assuming that the
trematodes negatively impact on cockles and their survival, and considering that the
hyperparasite is detrimental to trematodes. Thereby, the greater abundance of C. edule
in the estuarine ecosystem could be beneficial for their consumers, such as birds, fish
and crustaceans. Likewise, the greater abundance of C. edule could enhance sediment
bioturbation and, consequently, the dynamics and stability of the sediment. The
infection may, thus, occur at a low trophic level and influence consumers at upper
trophic levels by regulating the prey or resource availability (Hatcher et al., 2012;
Frainer et al., 2018). Likewise, a top-down trophic cascade may be induced by
parasites of a high trophic level, by releasing the immediately lower trophic level from
predation or consumption pressure (Hatcher et al., 2012; Frainer et al., 2018).
Infection may also influence species at mid-trophic levels, possibly leading to changes
in species populations of the same functional group or propagating its effect up and
down trophic levels triggering trophic cascades (Selakovic et al., 2014). For instance,
Stentiford et al., (2017) observed that Hyperspora aquatica (Microsporidia) may have
exploited the parasitic lifestyle of their paramyxean and digenean hosts to ‘hitch-hike’
between hosts of differing trophic positions, such as bivalve molluscs and susceptible
crustacean hosts. By directly and indirectly affecting trophic relationships, parasites
can be key determinants of food web structure and energy flow (Coen and Bishop,
2015; Frainer et al., 2018). For instance, trematode infection can negatively affect the
metabolism of C. edule, reducing C. edule secondary production and, consequently,
influencing the energy transfer in coastal ecosystems and the structure of the

ecosystem functioning (Magalhées et al., 2020).
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Figure 3: Representation of the host-parasite interplay in Cerastoderma edule and its
interaction with non-host populations within the natural environment, and a summary

of the parasite-mediated effects at the individual, population, community, and
ecosystem levels.

Therefore, parasites may not only significantly reduce the host fitness and
abundance in the wild but also affect population processes and shape community
structure (Hudson et al., 2006; Lafferty and Harvell, 2014; Coen and Bishop, 2015;
Frainer et al., 2018). Because of their potential influence on driving biodiversity,
ecosystem functioning and resilience, there is growing evidence that a diversity of
parasites can be a sign of ecosystem health (Hudson et al., 2006; Frainer et al., 2018).
Likewise, given that many parasites are host specific, a diverse and abundant
community of parasites might be reflective of a diverse and abundant community of
hosts (Hudson et al., 2006).
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2.4. Parasite transmission

2.4.1. Transmission routes used by parasites

Parasite transmission is a key process in host-parasite interactions. Direct
transmission occurs in parasite species that are spread among conspecific bivalve
hosts, either through horizontal transmission between individuals or vertical
transmission from parent to offspring (Coen and Bishop, 2015). Parasites can also be
trophically transmitted via predator-prey interactions (Coen and Bishop, 2015).
Parasite consumption may affect food web structure, energy transfer and disease
dispersal, because of the high productivity of parasites, their unique nutritional
composition, and their pathogenicity in hosts (Johnson et al., 2010). Norris (1999)
observed that oystercatchers Haematopus ostralegus feeding on C. edule do not
consume the larger more energetically profitable individuals, usually associated with
higher helminth parasites intensity, even though consuming these preys would
increase their rate of energy intake. However, there is a trade-off between energy
intake and exposure to helminth parasites in the selection of the prey (Norris, 1999).
Concomitant predation is the most common way for parasites to become prey, which
occurs when an infected host is eaten by a predator (Johnson et al., 2010) (Figure 4).
Recently, Fu et al. (2019) demonstrated that the predation of molluscs and
zooplankton by migratory birds played an essential role in the dissemination of Vibrio
parahaemolyticus and Vibrio mimicus in the estuary of the Liaohe River in China.
Some complex life cycle parasites induce changes in host characteristics, such as
physical appearance, stamina or behaviour, that increase the likelihood of host
consumption (Johnson et al., 2010; Hatcher et al., 2012). However, parasite
manipulation might also result in ingestion by unsuitable consumers, in which case

parasites are digested along with prey (Johnson et al., 2010; Hatcher et al., 2012).
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Figure 4: Representation of the disease connectivity and trophic transmission
including different compartments: Cerastoderma edule, shorebirds as their
consumers, and the physical environment (sediment and water column) related to
some potential environmental stressors for the host-parasite system.

2.4.2. Role of non-host species in the parasite transmission

Non-host species may interfere with parasite transmission when they actively or
passively prey upon free-living infectious stages of parasites and lead to reduced
infection levels in the target host (Prinz et al., 2009; Johnson and Thieltges, 2010;
Hatcher et al., 2012). Such predation effects can occur in many parasites with free-
living stages, and it is increasingly proposed as an important regulatory mechanism
for many diseases (Thieltges et al., 2008; Welsh et al., 2014). For instance, Brachyuran
crabs (shore crab Carcinus maenas) and common shrimp (Crangon crangon) can
actively prey on free-living cercariae of the trematode Himasthla elongata that infect
C. edule as an intermediate host (Thieltges et al., 2008). Subsequently, Welsh et al.
(2014) confirmed by experiments that other intertidal organisms such as the amphipod
Gammarus marinus, barnacle Semibalanus balanoides, oyster C. gigas, brush-clawed
shore crab Hemigrapsus takanoi and marine isopod ldotea balthica, can also reduce

the number of cercariae and interfere with the transmission of H. elongata. Thus, the
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presence of free-living stages of parasites in the water column not only affects the
parasite consumption but can also induce trophic cascades, releasing the specific hosts

from mortality induced by parasites (Ben-Horin et al., 2015).

Despite the current knowledge of how the host and non-host populations
interfere with parasite transmission, the understanding of these processes and the
interactions between hosts and non-hosts is not entirely clear. For instance, ostreid
herpesvirus-1 (OsHV-1), herpes-like viruses infecting oysters as their natural hosts
(Lynch et al., 2012), have been detected in nineteen other bivalve species including
clams (Renault et al., 2001), cockles (Evans et al., 2017; Bookelaar et al., 2020),
scallops (Arzul et al., 2001) mussels (O’Reilly et al., 2018), and also in C. maenas
(Bookelaar et al., 2018). Although herpesviruses are well known for causing high
mortalities in C. gigas, to date, it is unknown whether other bivalve species, such as
C. edule, are only passive carriers of OsHV-1 and/or have a potential to be affected

by viral infections leading to high mortalities (Bookelaar et al., 2020).

2.4.3. Host density influence on parasite transmission

Host density can have both positive and negative influences on parasite
transmission. High host densities associated with directly transmissible diseases may
increase disease prevalence and intensity by increasing contact between infected and
uninfected individuals (Anderson and May, 1991; Coen and Bishop, 2015). However,
parasites with multiple hosts might have a negative relationship between host density
and infection (Coen and Bishop, 2015). A reduction in parasite loads at high host
densities has been observed in C. edule populations, where the dispersion of infective
stages of trematodes across the population resulted in lower infection intensities of
individual cockles (Magalhdes et al., 2017). Epidemiological models predict that
many parasites require a threshold host population size, below which the parasite will
inevitably become extinct (Hatcher et al., 2012). This was tested by O’Grady et al.
(2015) with a threshold model of parasitism using a system of hyperparasitized
trematodes M. minutus which infects C. edule. The authors concluded that a threshold
population of trematodes within a C. edule individual is needed to provide a sufficient

environment for the hyperparasite population to grow and persist.
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Moreover, specialist parasites are particularly vulnerable to secondary
extinction following the demise of their host (Hatcher et al., 2012), while parasites
that have a complex life cycle are more likely to encounter new host species than
directly transmitted parasites (Stentiford et al., 2013). Alternatively, although host
extinction from parasitism alone appears rare, it is still a matter of concern, because
parasitism can reduce numbers in a population to a size where there is an increased
extinction risk from all the stochastic processes that affect small populations (Hudson
et al., 2006; Selakovic et al., 2014).

Parasite transmission is affected not only by the host immune system and
population density, but also by multiple biological and environmental drivers.
Therefore, an ecosystem approach should be taken in order to achieve a more holistic
understanding of the factors leading the parasite transmission.

2.5. Associated environmental stressors on host-parasite dynamics

Environmental conditions potentially influence disease processes through
differential effects on pathogens and hosts (Lafferty and Holt, 2003; Soon and Zheng,
2020; Zgouridou et al., 2021). Conditions that compromise host responses to
pathogens can result in increased numbers of infected individuals and the proliferation
of parasites within hosts (Breitburg et al., 2015). Furthermore, parasites might reduce
the tolerance threshold of host individuals to extreme environmental conditions such
as oxygen depletion, extreme temperatures, and salinity fluctuations (Macey et al.,
2008; Longshaw and Malham, 2013; Zgouridou et al., 2021). Consequently, parasite
burdens that are considered harmless in favourable environmental conditions could
become stressful harmful agents in unfavourable environmental conditions (Macey et
al., 2008; Longshaw and Malham, 2013; Zgouridou et al., 2021). In general, stressed
individuals should be more susceptible to infection if exposed (Lafferty and Holt,
2003). However, the stressor could simultaneously reduce opportunities for infection
by reducing host density, making it more likely that parasites will be extirpated by
stress upon the host (Lafferty and Holt, 2003).

For host-parasite systems in estuarine environments, abiotic factors (e.g.,

temperature, salinity, dissolved oxygen, etc.) are particularly critical in shaping the
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host-parasite interactions (Gallana et al., 2013; Coen and Bishop, 2015; Yu et al.,
2021). Intertidal organisms like C. edule, which are exposed to low tide, are further
exposed to desiccation, changes in salinity and temperature extremes (Gosling, 2004).
Even though some bivalve species are adapted to cope temporarily with these
stressors, if the stressors approach critical values this adaptive response fails, causing
severe physiological stress and consequent mortality (Gosling, 2004). C. edule is able
to respond to rhythmic changes in the tidal flow, however, any dramatic alterations in
salinity can only be tolerated for short periods before mortalities are induced (Nossier,
1986). Likewise, mortality events of C. edule throughout their range have been related
to extreme low winter temperatures (Malham et al., 2012). It has been also observed
that C. edule at the high shore may be more susceptible to infections since it
experiences more stressful abiotic conditions such as air exposure, fluctuating
temperatures, variable tidal strengths, precipitation, etc. (Wegeberg and Jensen,
2003). Likewise, it has been suggested that C. edule at the high shore are more likely
to be in contact with other host species (Lynch et al., 2014).

Temperature is one of the most important factors determining physiological
processes, ecological patterns, and the limits on the geographic distribution of
bivalves, especially in intertidal habitats more exposed to temperature changes
(Verdelhos et al., 2015a). Temperature can affect hosts and parasites asymmetrically,
leading to antagonistic and synergistic interactions among the temperature responses
of hosts and parasites that determine the net consequences of temperature changes on
disease dynamics (Kirk et al., 2018). It is well-known that the shedding of infective
stages and the success of transmission of trematode cercariae between bivalve hosts,
C. edule among them, is more fruitful as temperatures increase (Lassalle et al., 2007;
Rowley et al., 2014; Zgouridou et al., 2021). Upper temperatures have been also
associated with a higher prevalence of haplosporidians in C. edule (Carballal et al.,
2020). Warming in coastal regions may, for instance, result in increased bacterial
growth and intensification of virulence in Vibrio species in shellfish populations,
including C. edule (Rowley et al., 2014). This may lead to periodic epizootics of
vibriosis in the summer months, especially in shallow water, estuaries, and the
intertidal environment (Rowley et al., 2014). In turn, C. edule are sensitive to extreme
temperatures, which make them more vulnerable to diseases under thermal stress

(Rowley et al. 2014). Moreover, when the temperature rises, oxygen levels decrease
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and metabolic rates increase, suggesting that warming could lead to respiratory stress,
thus increasing the organism’s susceptibility to disease (Lafferty et al., 2004;
Breitburg et al., 2015). Reduction in oxygen content can potentially lead to anoxia
within the water and the sediment, which will have a major influence on benthic fauna,
especially on sessile organisms and infauna, such as cockles, with no ability to move
(Elliott and de Jonge, 2002).

Salinity is also a major factor impacting estuarine bivalves, which are often
exposed to short-term (tidal) and long-term (rain periods) changes in salinity
(Verdelhos et al., 2015b). This stress often results in behavioural and physiological
responses and, ultimately, it may lead to mortality episodes, frequently associated with
salinity declines, but also to high salinity values during drought periods (Verdelhos et
al., 2015b). Allam and Raftos (2015) observed that shifting salinity gradients may
result in changes to host-parasite relationships in bivalve populations by altering the
overlap between parasite and host distributions, changing the abundance of parasites
and/or hosts and influencing immune systems. Low salinities may depress the immune
system of the hosts such as molluscs, but do not negatively affect parasites and,
consequently, increase the incidence of disease (Coen and Bishop, 2015).
Nevertheless, there are also examples where the pathogens are limited by the low
salinity reducing the infection success, as was observed with the haplosporidian
Minchinia in C. edule in Ireland (Albuixech-Marti et al., 2020).

Changes in environmental conditions can, thus, alter the landscape patterns of
host-parasite distributions and interactions, and influence both spatial and temporal
patterns and the severity of epizootics (Breitburg et al., 2015; Soon and Zheng, 2020;
Zgouridou et al., 2021).

2.6. Conclusions

There are still many gaps in the understanding of the disease-mediated effects
and the processes that define host-parasite systems in the current changing marine
environment. However, studies related to pathosystems and their ecological dynamics
in aquatic ecosystems are scarce. Therefore, this review was intended to shed light on

ongoing changes in C. edule populations and their broader ecological communities
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when considering the impacts of infectious agents and the diseases they cause. The
rise of marine epizootics and their increased risk of occurrence due to climate change
and other anthropogenic disturbances make necessary an intensification of our
understanding of the epizootic dynamics, especially in vulnerable habitats such as
intertidal and mudflats environments. In this regard, C. edule may be an ideal model
organism to develop our knowledge within the natural framework, as has been proved
in this review. Therefore, a horizon scanning approach for the epizootic and emergent
pathogens within C. edule may provide an early warning of potential emergence and
outbreaks of previously non-problematic infectious agents. As this review
emphasised, it is essential to move towards the study of more complex host-pathogen
systems and their relationship with the environment in order to have a better
understanding of the infectious agents as part of the ecosystem. Further research with
an ecosystem approach will not only be important for the sustainability of C. edule
but also for wild and cultured bivalve populations and the functions of nearshore
ecosystems. An integrative approach considering the infectious agents as integral
components of all ecosystems would provide a better local scale understanding of the
distribution and abundance of hosts and infectious agents and the ways in which they

interact within the environment, as has been highlighted in this review.

47



Chapter 2

References

Albuixech-Marti, S., Culloty, S. C., Lynch, S. A., 2021. Co-occurrence of pathogen
assemblages in a keystone species the common cockle Cerastoderma edule on
the Irish coast. Parasitology. 1-15. 10.1017/S0031182021001396.

Albuixech-Marti, S., Lynch, S. A., Culloty, S. C., 2020. Biotic and abiotic factors
influencing haplosporidian species distribution in the cockle Cerastoderma
edule in Ireland. Journal of Invertebrate Pathology. 10.1016/j.jip.2020.107425.

Alfaro, A. C., Nguyen, T. V., Merien, F., 2019. The complex interactions of Ostreid
herpesvirus 1, Vibrio bacteria, environment and host factors in mass mortality
outbreaks of Crassostrea gigas. Reviews in Agquaculture. 11, 1148-1168.
10.1111/raq.12284.

Allam, B., Raftos, D., 2015. Immune responses to infectious diseases in bivalves.
Journal of Invertebrate Pathology. 131, 121-136. 10.1016/j.jip.2015.05.005.

Anaya-Rojas, J. M., Best, R. J., Brunner, F. S., Eizaguirre, C., Leal, M. C., Melian, C.
J., Seehausen, O., Matthews, B., 2019. An experimental test of how parasites of
predators can influence trophic cascades and ecosystem functioning. Ecology.
100, 10.1002/ecy.2744.

Anderson, R. M., May, R. M., 1991. Infectious diseases of humans. Dynamics and

control. Oxford: Oxford University Press.

Arab, S., Nalbone, L., Giarratana, F., Berbar, A., 2021. Vibrio spp. in wild and farmed
Mytilus galloprovincialis along the Algerian Mediterranean Coast: Evidence of
V. cholerae 01 serotype Ogawa. Journal of Aquatic Food Product Technology.
30, 774-783. 10.1080/10498850.2021.1936326.

Arzul, 1., Carnegie, R. B., 2015. New perspective on the haplosporidian parasites of
molluscs.  Journal ~ of  Invertebrate  Pathology. 131,  32-42.
10.1016/}.Jip.2015.07.014.

48



Chapter 2

Arzul, 1., Chollet, B., Michel, J., Robert, M., Garcia, C., Joly, J-P., Francois, C.,
Miossec, L., 2012. One Perkinsus species may hide another: Characterization
of Perkinsus species present in clam production areas of France. Parasitology.
139, 1757-1771. 10.1017/S0031182012001047.

Arzul, 1., Nicolas, J., Davison, A., Renault, T., 2001. French scallops: A new host for
Ostreid herpesvirus-1. Virology. 290, 342-349. 10.1006/viro.2001.1186.

Azéma, P., Lamy, J., Boudry, P., Renault, T., Travers, M., Degremont, L., 2017.
Genetic parameters of resistance to Vibrio aestuarianus, and OsHV-1 infections
in the Pacific oyster, Crassostrea gigas, at three different life stages. Genetics
Selection Evolution. 49, 23. 10.1186/s12711-017-0297-2.

Azevedo, C., Conchas, R., Montes, J., 2003. Description of Haplosporidium edule n.
sp (Phylum Haplosporidia), a parasite of Cerastoderma edule (Mollusca,
Bivalvia) with complex spore ornamentation. European Journal of Protistology.
39, 161-167. 10.1078/0932-4739-00905.

Barber, B., 2004. Neoplastic diseases of commercially important marine bivalves.
Aquatic Living Resources. 17, 449-466. 10.1051/alr:2004052.

Beaz-Hidalgo, R., Balboa, S., Romalde, J.L., Figueras, M.J., 2010. Diversity and
pathogenicity of Vibrio species in cultured bivalve molluscs. Environmental
Microbiology Reports. 2, 34-43. 10.1111/j.1758-2229.2010.00135.x.

Ben-Horin, T., Bidegain, G., Huey, L., Narvaez, D. A., Bushek, D., 2015. Parasite
transmission through suspension feeding. Journal of Invertebrate Pathology.
131, 155-176. 10.1016/j.jip.2015.07.006.

Blanchet, H., Raymond, N., de Montaudouin, X., Capdepuy, M., Bachelet, G., 2003.
Effects of digenean trematodes and heterotrophic bacteria on mortality and
burying capability of the common cockle Cerastoderma edule (L.). Journal of
Experimental Marine Biology and Ecology. 293, 89-105. 10.1016/S0022-
0981(03)00215-6.

49



Chapter 2

Bower, S.M., McGladdery, S.E., Price, .M., 1994. Synopsis of infectious diseases
and parasites of commercially exploited shellfish. Annual Review of Fish
Diseases. 4, 1-199. 10.1016/0959-8030(94)90028-0.

Bookelaar, B., Lynch, S. A., Culloty, S. C., 2020. Host plasticity supports spread of
an aquaculture introduced virus to an ecosystem engineer. Parasites & Vectors.
13, 498. 10.1186/513071-020-04373-y.

Bookelaar, B. E., O'Reilly, A. J., Lynch, S. A., Culloty, S. C., 2018. Role of the
intertidal predatory shore crab Carcinus maenas in transmission dynamics of
Ostreid herpesvirus-1 microvariant. Diseases of Aquatic Organisms. 130, 221-
233. 10.3354/dao03264.

Breitbart, M., 2012. Marine viruses: Truth or dare. Annual Review of Marine Science,
Vol 4. 4, 425-448. 10.1146/annurev-marine-120709-142805.

Breitburg, D. L., Hondorp, D., Audemard, C., Carnegie, R. B., Burrell, R. B., Trice,
M., Clark, V., 2015. Landscape-level variation in disease susceptibility related
to shallow-water hypoxia. Plos One. 10, e0116223.
10.1371/journal.pone.0116223.

Burdon, D., Callaway, R., Elliott, M., Smith, T., Wither, A., 2014. Mass mortalities
in bivalve populations: A review of the edible cockle Cerastoderma edule (L.).
Estuarine Coastal and Shelf Science. 150, 271-280. 10.1016/j.ecss.2014.04.011.

Burreson, E., Ford, S., 2004. A review of recent information on the Haplosporidia,
with special reference to Haplosporidium nelsoni (MSX disease). Aquatic
Living Resources. 17, 499-517. 10.1051/alr:2004056.

Carballal, M. J., Cao, A., Iglesias, D., Gonzalez, A., 1., Villalba, A., 2020. Temporal
dynamics of infection of cockles Cerastoderma edule with the protistan parasite
Minchinia tapetis (Rhizaria: Haplosporida) in Galicia (NW Spain). Journal of
Invertebrate Pathology. 172, 107349. 10.1016/j.jip.2020.107349.

5o



Chapter 2

Carballal, M., Diaz, S., Villalba, A., 2005. Urosporidium sp. hyperparasite of the
turbellarian Paravortex cardii in the cockle Cerastoderma edule. Journal of
Invertebrate Pathology. 90, 104-107. 10.1016/}.jip.2005.08.003.

Carballal, M., Iglesias, D., Santamarina, J., Ferro-Soto, B., Villalba, A., 2001.
Parasites and pathologic conditions of the cockle Cerastoderma edule
populations of the coast of Galicia (NW Spain). Journal of Invertebrate
Pathology. 78, 87-97. 10.1006/jipa.2001.5049.

Carella, F., Elisabetta, A., Simone, F., Fulvio, S., Daniela, M., Prado, P., Rossella, P.,
Marino, F., Eleonora, F., Tobia, P., De Vico, G., 2020. In the wake of the
ongoing mass mortality events: Co-occurrence of Mycobacterium,
Haplosporidium and other pathogens in Pinna nobilis collected in Italy and
Spain (Mediterranean Sea). Frontiers in Marine Science. 7, 48.
10.3389/fmars.2020.00048.

Carnegie, R. B., Arzul, 1., Bushek, D., 2016. Managing marine mollusc diseases in the
context of regional and international commerce: Policy issues and emerging
concerns. Philosophical Transactions of the Royal Society B-Biological
Sciences. 371, 20150215. 10.1098/rstb.2015.0215.

Carnegie, R. B., Burreson, E. M., 2011. Declining impact of an introduced pathogen:
Haplosporidium nelsoni in the oyster Crassostrea virginica in Chesapeake Bay.
Marine Ecology Progress Series. 432, 1-15. 10.3354/meps09221.

Carrasco, N., Green, T., Itoh, N., 2015. Marteilia spp. parasites in bivalves: A revision
of recent studies. Journal of Invertebrate Pathology. 131, 43-57.
10.1016/}.jip.2015.07.016.

Carss, D. N., Brito, A. C., Chainho, P., Ciutat, A., de Montaudouin, X., Fernandez
Otero, R. M., Incera Filgueira, M., Garbutt, A., Goedknegt, M. A., Lynch, S. A.,
Mahony, K. E., Maire, O., Malham, S. K., Orvain, F., Olivier, A. v. d. S., Jones,
L., 2020. Ecosystem services provided by a non-cultured shellfish species: The
common cockle Cerastoderma edule. Marine Environmental Research. 158,
104931. 10.1016/j.marenvres.2020.104931.

51



Chapter 2

Coen, L. D., Bishop, M. J., 2015. The ecology, evolution, impacts and management
of host-parasite interactions of marine molluscs. Journal of Invertebrate
Pathology. 131, 177-211. 10.1016/j.jip.2015.08.005.

Comtet, T., Garcia, C., Le Coguic, Y., Joly, J., 2003. Infection of the cockle
Cerastoderma edule in the Baie des Veys (France) by the microsporidian
parasite Steinhausia sp. Diseases of Aquatic Organisms. 57, 135-139.
10.3354/da0057135.

Costello, K. E., Lynch, S. A., O'Riordan, R. M., McAllen, R., Culloty, S. C., 2021.
The importance of marine bivalves in invasive host-parasite introductions.
Frontiers in Marine Science. 8, 10.3389/fmars.2021.609248.

Cotter, E., Malham, S. K., O'Keeffe, S., Lynch, S. A., Latchford, J. W., King, J. W.,
Beaumont, A. R., Culloty, S. C., 2010. Summer mortality of the Pacific oyster,
Crassostrea gigas, in the Irish Sea: The influence of growth, biochemistry and

gametogenesis. Aquaculture. 303, 8-21. 10.1016/j.aquaculture.2010.02.030.

Culloty, S., Mulcahy, M., 1996. Season-, age-, and sex-related variation in the
prevalence of bonamiasis in flat oysters (Ostrea edulis L) on the south coast of
Ireland. Aquaculture. 144, 53-63. 10.1016/S0044-8486(96)01290-2.

Culloty, S. C., Mulcahy, M. F., 2007. Bonamia ostreae in the native oyster Ostrea

edulis. Marine Environment and Health Series No. 29, Marine Institute (2007).

de Montaudouin, X., Arzul, ., Cao, A., Carballal, M.J., Bruno, C., Correia, S., Cuesta,
J., Culloty, S., Daffe, G., Darriba, S., Diaz, S., Freitas, R., Garcia, C.,
Goedknegt, A., Grade, A., Groves, E., Iglesias, D., Jensen, K., Villalba, A.,
2021. Catalogue of parasites and diseases of the common cockle Cerastoderma
edule, 1% Edn. Aveiro, Portugal: UA Editora — Universidade de Awveiro.
10.34624/9a9c-9j21.

de Montaudouin, X., Thieltges, D. W., Gam, M., Krakau, M., Pina, S., Bazairi, H.,
Dabouineau, L., Russell-Pinto, F., Jensen, K. T., 2009. Digenean trematode
species in the cockle Cerastoderma edule: Identification key and distribution
along the north-eastern Atlantic shoreline. Journal of the Marine Biological

52



Chapter 2

Association of the United Kingdom. 89, 543-556.
10.1017/S0025315409003130.

Dubert, J., Barja, J. L., Romalde, J. L., 2017. New insights into pathogenic vibrios
affecting bivalves in hatcheries: Present and future prospects. Frontiers in
Microbiology. 8, 762. 10.3389/fmich.2017.00762.

Duffin, P., Martin, D. L., Lohan, K. M. P., Ross, C., 2020. Integrating host immune
status, Labyrinthula spp. load and environmental stress in a seagrass
pathosystem: Assessing immune markers and scope of a new qPCR primer set.
Plos One. 15, e0230108. 10.1371/journal.pone.0230108.

Egerton, S., Lynch, S. A., Prado-Alvarez, M., Flannery, G., Brennan, E., Hugh-Jones,
T., Hugh-Jones, D., Culloty, S. C., 2020. A naive population of European oyster
Ostrea edulis with reduced susceptibility to the pathogen Bonamia ostreae: Are
S-strategy life traits providing protection? Integrative and Comparative Biology.
60, 249-260. 10.1093/icb/icaa071.

Elliott, M., de Jonge, V., 2002. The management of nutrients and potential
eutrophication in estuaries and other restricted water bodies. Hydrobiologia.
475, 513-524. 10.1023/A:1020372316420.

Elston, R., 1997. Bivalve mollusc viruses. World Journal of Microbiology &
Biotechnology. 13, 393-403. 10.1023/A:1018520115691.

Elston, R., Moore, J., Brooks, K., 1992. Disseminated neoplasia of bivalve mollusks.

Reviews in Aquatic Sciences. 6, 405-466.

Engelsma, M. Y., Culloty, S. C., Lynch, S. A., Arzul, I., Carnegie, R. B., 2014.
Bonamia parasites: a rapidly changing perspective on a genus of important
mollusc pathogens. Diseases of Agquatic Organisms. 110, 5-23.
10.3354/da002741.

Engelsma, M. Y., Roozenburg, I., Voorbergen-Laarman, M., Van den Brink, A.,
Troost, K., Ysebaert, T., Bateman, K., Longshaw, M., 2011. Digenean
trematodes and haplosporidian protozoans associated with summer mortality of

53



Chapter 2

cockles Cerastoderma edule in the Oosterschelde, The Netherlands. In

European Association of Fish Pathologists Conference, Split, Croatia. 14-18.

Evans, O., Paul-Pont, I., Whittington, R. J., 2017. Detection of Ostreid herpesvirus 1
microvariant DNA in aquatic invertebrate species, sediment and other samples
collected from the Georges River estuary, New South Wales, Australia.
Diseases of Aquatic Organisms. 122, 247-255. 10.3354/dao03078.

Fermer, J., Culloty, S. C., Kelly, T. C., O'Riordan, R. M., 2009. Intrapopulational
distribution of Meiogymnophallus minutus (Digenea, Gymnophallidae)
infections in its first and second intermediate host. Parasitology Research. 105,
1231-1238. 10.1007/s00436-009-1545-3.

Fermer, J., Culloty, S. C., Kelly, T. C., O'Riordan, R. M., 2011a. Manipulation of
Cerastoderma edule burrowing ability by Meiogymnophallus minutus
metacercariae? Journal of the Marine Biological Association of the United
Kingdom. 91, 907-911. 10.1017/S0025315410000299.

Fermer, J., Culloty, S. C., Kelly, T. C., O'Riordan, R. M., 2011b. Parasitological
survey of the edible cockle Cerastoderma edule (Bivalvia) on the south coast of
Ireland. Journal of the Marine Biological Association of the United Kingdom.
91, 923-928. 10.1017/S0025315410001839.

Frainer, A., McKie, B. G., Amundsen, P., Knudsen, R., Lafferty, K. D., 2018.
Parasitism and the biodiversity-functioning relationship. Trends in Ecology &
Evolution. 33, 260-268. 10.1016/j.tree.2018.01.011.

Fu, S., Hao, J.,, Yang, Q., Lan, R., Wang, Y., Ye, S, Liu, Y., Li, R., 2019. Long-
distance transmission of pathogenic Vibrio species by migratory waterbirds: A
potential threat to the public health. Scientific Reports. 9, 16303.
10.1038/s41598-019-52791-5.

Gallana, M., Ryser-Degiorgis, M., Wahli, T., Segner, H., 2013. Climate change and
infectious diseases of wildlife: Altered interactions between pathogens, vectors
and hosts. Current Zoology. 59, 427-437. 10.1093/czo0l0/59.3.427.

54



Chapter 2

Garcia, C., Mesnil, A., Tourbiez, D., Moussa, M., Dubreuil, C., de Sa, A. G., Chollet,
B., Godfrin, Y., Degremont, L., Serpin, D., Travers, M., 2021. Vibrio
aestuarianus subsp. cardii subsp. nov., pathogenic to the edible cockles
Cerastoderma edule in France, and establishment of Vibrio aestuarianus subsp.
aestuarianus subsp. nov. and Vibrio aestuarianus subsp. francensis subsp. nov.
International Journal of Systematic and Evolutionary Microbiology. 71, 004654.
10.1099/ijsem.0.004654.

Garnier, M., Labreuche, Y., Garcia, C., Robert, A., Nicolas, J-L., 2007. Evidence for
the involvement of pathogenic bacteria in summer mortalities of the Pacific
oyster Crassostrea gigas. Microbial Ecology. 53, 187-196. 10.1007/s00248-
006-9061-9.

Gleason, F. H., Lilje, O., Marano, A. V., Sime-Ngando, T., Sullivan, B. K., Kirchmair,
M., Neuhauser, S., 2014. Ecological functions of zoosporic hyperparasites.
Frontiers in Microbiology. 5, 244. 10.3389/fmich.2014.00244.

Goedknegt, M. A., Schuster, A., Buschbaum, C., Gergs, R., Jung, A. S., Luttikhuizen,
P. C., van der Meer, J., Troost, K., Wegner, K. M., Thieltges, D. W., 2017.
Spillover but no spillback of two invasive parasitic copepods from invasive
Pacific oysters (Crassostrea gigas) to native bivalve hosts. Biological Invasions.
19, 365-379. 10.1007/s10530-016-1285-0.

Gosling, E., 2004. Bivalve Molluscs Biology, Ecology, and Culture. Blackwell
Publishing, Oxford, UK.

Hatcher, M. J., Dick, J. T. A., Dunn, A. M., 2006. How parasites affect interactions
between competitors and predators. Ecology Letters. 9, 1253-1271.
10.1111/j.1461-0248.2006.00964.X.

Hatcher, M. J., Dick, J. T. A., Dunn, A. M., 2012. Diverse effects of parasites in
ecosystems: Linking interdependent processes. Frontiers in Ecology and the
Environment. 10, 186-194. 10.1890/110016.

Hatcher, M.J., Dunn, A.M., 2011. Parasites in ecological communities: From
interactions to ecosystems. Cambridge University Press. 464.

55



Chapter 2

Hofmann, E., Bushek, D., Ford, S., Guo, X., Haidvogel, D., Hedgecock, D., Klinck,
J., Milbury, C., Narvaez, D., Powell, E., Wang, Y., Wang, Z., Wilkin, J., Zhang,
L., Delaware Bay Ecology Infect Dis, 2009. Understanding how disease and
environment combine to structure resistance in estuarine bivalve populations.
Oceanography. 22, 212-231. 10.5670/oceanog.2009.110.

Hudson, P. J., Dobson, A. P., Lafferty, K. D., 2006. Is a healthy ecosystem one that is
rich in parasites? Trends in Ecology & Evolution. 21, 381-385.
10.1016/j.tree.2006.04.007.

Jephcott, T. G., Alves-De-Souza, C., Gleason, F. H., Van Ogtrop, F. F., Sime-Ngando,
T., Karpov, S. A., Guillou, L., 2016. Ecological impacts of parasitic chytrids,
syndiniales and perkinsids on populations of marine photosynthetic
dinoflagellates. Fungal Ecology. 19, 47-58. 10.1016/j.funeco.2015.03.007.

Johnson, P. T. J, Buller, 1. D., 2011. Parasite competition hidden by correlated
coinfection: Using surveys and experiments to understand parasite
interactions. Ecology. 92, 535-541. 10.1890/10-0570.1.

Johnson, P. T. J., Dobson, A., Lafferty, K. D., Marcogliese, D. J., Memmott, J.,
Orlofske, S. A., Poulin, R., Thieltges, D. W., 2010. When parasites become
prey: Ecological and epidemiological significance of eating parasites. Trends in
Ecology & Evolution. 25, 362-371. 10.1016/j.tree.2010.01.005.

Johnson, P. T. J., Thieltges, D. W., 2010. Diversity, decoys and the dilution effect:
How ecological communities affect disease risk. Journal of Experimental
Biology. 213, 961-970. 10.1242/jeb.037721.

Kerr, R., Ward, G. M., Stentiford, G. D., Alfjorden, A., Mortensen, S., Bignell, J. P.,
Feist, S. W., Villalba, A., Carballal, M. J., Cao, A., Arzul, 1., Ryder, D., Bass,
D., 2018. Marteilia refringens and Marteilia pararefringens sp nov are distinct
parasites of bivalves and have different European distributions. Parasitology.
145, 1483-1492. 10.1017/S003118201800063X.

Kirk, D., Jones, N., Peacock, S., Phillips, J., Molnar, P. K., Krkosek, M., Luijckx, P.,

2018. Empirical evidence that metabolic theory describes the temperature

56



Chapter 2

dependency of within-host parasite dynamics. Plos Biology. 16, e2004608.
10.1371/journal.pbio.2004608.

Lacoste, A., Jalabert, F., Malham, S., Cueff, A., Gelebart, F., Cordevant, C., Lange,
M., Poulet, S., 2001. A Vibrio splendidus strain is associated with summer
mortality of juvenile oysters Crassostrea gigas in the Bay of Morlaix (North
Brittany, France). Diseases of Aquatic Organisms. 46, 139-145.
10.3354/da0046139.

Lafferty, K. D., Harvell, C. D., 2014. The role of infectious diseases in marine
communities. In: Bruno, J., Bertness, M., Stachowitz, J. (Eds), Marine

Community Ecology. Sinauer Press, Sunderland, MA.

Lafferty, K., Holt, R., 2003. How should environmental stress affect the population
dynamics of disease? Ecology Letters. 6, 654-664. 10.1046/j.1461-
0248.2003.00480.x.

Lafferty, K., Porter, J., Ford, S., 2004. Are diseases increasing in the ocean? Annual
Review of Ecology Evolution and Systematics. 35, 31-54.
10.1146/annurev.ecolsys.35.021103.105704.

Lane, E., Birkbeck, T., 2000. Species specificity of some bacterial pathogens of
bivalve molluscs is correlated with their interaction with bivalve haemocytes.
Journal of Fish Diseases. 23, 275-279. 10.1046/j.1365-2761.2000.00224..x.

Lassalle, G., de Montaudouin, X., Soudant, P., Paillard, C., 2007. Parasite co-infection
of two sympatric bivalves, the Manila clam (Ruditapes philippinarum) and the
cockle (Cerastoderma edule) along a latitudinal gradient. Aquatic Living
Resources. 20, 33-42. 10.1051/alr:2007013.

Le Grand, F., Kraffe, E., de Montaudouin, X., Villalba, A., Marty, Y., Soudant, P.,
2010. Prevalence, intensity, and aneuploidy patterns of disseminated neoplasia
in cockles (Cerastoderrna edule) from Arcachon Bay: Seasonal variation and
position in sediment. Journal of Invertebrate Pathology. 104, 110-118.
10.1016/j.jip.2010.01.011.

57



Chapter 2

Le Roux, F., Wegner, K. M., Polz, M. F., 2016. Oysters and vibrios as a model for
disease dynamics in wild animals. Trends in Microbiology. 24, 568-580.
10.1016/j.tim.2016.03.006.

Lederberg, J., Shope, R.E., Oakes, S.C.J., 1992. Emerging infections: Microbial
threats to health in the United States. Institute of Medicine, National Academy
Press, Washington, DC. 10.17226/2008.

Leung, T. L. F., Poulin, R., 2007. Interactions between parasites of the cockle
Austrovenus stutchburyi:  Hitch-hikers, resident-cleaners, and habitat-
facilitators. Parasitology. 134, 247-255. 10.1017/S0031182006001478.

Leung, T. L. F., Poulin, R., 2011. Intra-host competition between co-infecting
digeneans within a bivalve second intermediate host: Dominance by priority-
effect or taking advantage of others? International Journal for Parasitology. 41,
449-454. 10.1016/j.ijpara.2010.11.004.

Longshaw, M., Malham, S. K., 2013. A review of the infectious agents, parasites,
pathogens and commensals of European cockles (Cerastoderma edule and C.
glaucum). Journal of the Marine Biological Association of the United Kingdom.
93, 227-247. 10.1017/S0025315412000537.

Lynch, S. A., Carlsson, J., Reilly, A. O., Cotter, E., Culloty, S. C., 2012. A previously
undescribed Ostreid herpesvirus 1 (OsHV-1) genotype detected in the pacific
oyster, Crassostrea gigas, in Ireland. Parasitology. 139, 1526-1532.
10.1017/S0031182012000881.

Lynch, S.A., Lepée-Rivero, S., Kelly, R., Quinn, E., Coghlan, A., Bookelaarl, B.,
Morgan, E., Finarelli, J.A., Carlsson, J., Culloty, S.C., 2020. Detection of
haplosporidian protistan parasites supports an increase to their known diversity,
geographic  range, and bivalve host specificity. Parasitology.
10.1017/S0031182019001628.

Lynch, S. A., Morgan, E., Carlsson, J., Mackenzie, C., Wooton, E. C., Rowley, A. F.,
Malham, S., Culloty, S. C., 2014. The health status of mussels, Mytilus spp., in
Ireland and Wales with the molecular identification of a previously undescribed

58



Chapter 2

haplosporidian.  Journal of Invertebrate  Pathology. 118, 59-65.
10.1016/j.jip.2014.02.012.

Macey, B. M., Achilihu, 1. O., Burnett, K. G., Burnett, L. E., 2008. Effects of
hypercapnic hypoxia on inactivation and elimination of Vibrio campbellii in the
Eastern oyster, Crassostrea virginica. Applied and Environmental
Microbiology. 74, 6077-6084. 10.1128/AEM.00317-08.

Magalhaes, L., Correia, S., de Montaudouin, X., Freitas, R., 2018. Spatio-temporal
variation of trematode parasites community in Cerastoderma edule cockles
from Ria de Aveiro (Portugal). Environmental Research. 164, 114-123.
10.1016/j.envres.2018.02.018.

Magalhdes, L., Freitas, R., Dairain, A., De Montaudouin, X., 2017. Can host density
attenuate parasitism? Journal of the Marine Biological Association of the United
Kingdom. 97, 497-505. 10.1017/S0025315416001107.

Magalhdes, L., Freitas, R., de Montaudouin, X., 2015. Review: Bucephalus minimus,
a deleterious trematode parasite of cockles Cerastoderma spp. Parasitology
Research. 114, 1263-1278. 10.1007/s00436-015-4374-6.

Magalhdes, L., Freitas, R., de Montaudouin, X., 2020. How costly are metacercarial
infections in a bivalve host? Effects of two trematode species on biochemical
performance of cockles. Journal of Invertebrate Pathology. 177, 107479.
10.1016/j.jip.2020.107479.

Mahony, K. E., Lynch, S. A., Egerton, S., Laffan, R. E., Correia, S., de Montaudouin,
X., Mesmer-Dudons, N., Freitas, R., Culloty, S. C., 2021. Latitudinal influence
on gametogenesis and host-parasite ecology in a marine bivalve model. Ecology
and Evolution. 11, 7029-7041. 10.1002/ece3.7551.

Malham, S. K., Hutchinson, T. H., Longshaw, M., 2012. A review of the biology of
European cockles (Cerastoderma spp.). Journal of the Marine Biological
Association of the United Kingdom. 92, 1563-1577.
10.1017/S0025315412000355.

59



Chapter 2

Morgan, E., O'Riordan, R. M., Culloty, S. C., 2013. Climate change impacts on
potential recruitment in an ecosystem engineer. Ecology and Evolution. 3, 581-
594.10.1002/ece3.4109.

Morgan, E., O'Riordan, R. M., Kelly, T. C., Culloty, S. C., 2012. Influence of
disseminated neoplasia, trematode infections and gametogenesis on surfacing
and mortality in the cockle Cerastoderma edule. Diseases of Agquatic
Organisms. 98, 73-84. 10.3354/da002428.

Mouritsen, K., Poulin, R., 2005. Parasitism can influence the intertidal zonation of
non-host organisms. Marine Biology. 148, 1-11. 10.1007/s00227-005-0060-z.

Mulcahy M.F., Roch P., 2009. Diseases and pathology of aquatic organisms. Fisheries
and Aquaculture. Vol. IV. Encyclopedia of Life Support Systems (EOLSS). Ed.
P. Safran.

Newman, S. H., Chmura, A., Converse, K., Kilpatrick, A. M., Patel, N., Lammers, E.,
Daszak, P., 2007. Aquatic bird disease and mortality as an indicator of changing
ecosystem health. Marine Ecology Progress Series, 352, 299-309. 24872154.

Norris, K., 1999. A trade-off between energy intake and exposure to parasites in
oystercatchers feeding on a bivalve mollusc. Proceedings of the Royal Society
B-Biological Sciences. 266, 1703-1709. 10.1098/rspb.1999.0835.

Nossier, M., 1986. Ecophysiological responses of Cerastoderma edule (L.) and
Cerastoderma glaucum (Bruguiere) to different salinity regimes and exposure
to air. Journal of Molluscan Studies. 52, 110-119. 10.1093/mollus/52.2.110.

Novoa, B., Ordas, M., Figueras, A., 2002. Hypnospores detected by RFTM in clam
(Ruditapes decussatus) tissues belong to two different protozoan organisms,
Perkinsus atlanticus and a Perkinsus-like organism. Aquaculture. 209, 11-18.
10.1016/S0044-8486(01)00803-1.

O'Grady, E. A., Culloty, S. C., Kelly, T. C., O'Callaghan, M. J. A., Rachinskii, D.,
2015. A preliminary threshold model of parasitism in the cockle Cerastoderma
edule using delayed exchange of stability. 6th International Workshop on Multi-

60



Chapter 2

Rate Processes and Hysteresis (Murphys2012). 585, 012013. 10.1088/1742-
6596/585/1/012013.

Oliver, R., Fuhrmann, M., Hick, P., 2019. Effect of air exposure, handling stress and
imidacloprid on the susceptibility of Crassostrea gigas to Ostreid herpesvirus 1
(OsHV-1). Aquaculture  Environment Interactions. 11, 685-699.
10.3354/aei00336.

O'Reilly, A. J., Laide, C., Maloy, A., Hutton, S., Bookelaar, B., O'Sullivan, K., Lynch,
S. A, Culloty, S. C., 2018. The role of the mussel Mytilus spp. in the
transmission of Ostreid herpesvirus-1 microVar. Parasitology. 145, 1095-1104.
10.1017/S0031182017002244.

Paillard, C., Allam, B., Oubella, R., 2004a. Effect of temperature on defense
parameters in Manila clam Ruditapes philippinarum challenged with Vibrio
tapetis. Diseases of Aquatic Organisms. 59, 249-262. 10.3354/da0059249.

Paillard, C., Gausson, S., Nicolas, J., le Pennec, J., Haras, D., 2006. Molecular
identification of Vibrio tapetis, the causative agent of the brown ring disease of
Ruditapes philippinarum. Aquaculture. 253, 25-38.
10.1016/j.aquaculture.2005.03.047.

Paillard, C., Le Roux, F., Borrego, J., 2004b. Bacterial disease in marine bivalves, a
review of recent studies: Trends and evolution. Aquatic Living Resources. 17,
477-498. 10.1051/alr:2004054.

Panarese, R., Tedesco, P., Chimienti, G., Latrofa, M. S., Quaglio, F., Passantino, G.,
Buonavoglia, C., Gustinelli, A., Tursi, A., Otranto, D., 2019. Haplosporidium
pinnae associated with mass mortality in endangered Pinna nobilis (Linnaeus
1758) fan mussels. Journal of Invertebrate Pathology. 164, 32-37.
10.1016/j.jip.2019.04.005.

Petton, B., Bruto, M., James, A., Labreuche, Y., Alunno-Bruscia, M., Le Roux, F.,
2015. Crassostrea gigas mortality in France: The usual suspect, a herpes virus,
may not be the killer in this polymicrobial opportunistic disease. Frontiers in
Microbiology. 6, 686. 10.3389/fmich.2015.00686.

61



Chapter 2

Polsenaere, P., Soletchnik, P., Le Moine, O., Gohin, F., Robert, S., Pepin, J.,
Stanisiere, J.,, Dumas, F., Bechemin, C., Goulletquer, P., 2017. Potential
environmental drivers of a regional blue mussel mass mortality event (winter of
2014, Breton Sound, France). Journal of Sea Research. 123, 39-50.
10.1016/j.seares.2017.03.005.

Poulin, R., 1995. "Adaptive" changes in the behaviour of parasitized animals: A
critical review. International Journal for Parasitology. 25, 1371-1383.
10.1016/0020-7519(95)00100-X.

Poulin, R., 2010. Network analysis shining light on parasite ecology and diversity.
Trends in Parasitology. 26, 492-498. 10.1016/j.pt.2010.05.008.

Prado, P., Carrasco, N., Catanese, G., Grau, A., Cabanes, P., Carella, F., Rafael
Garcia-March, J., Tena, J., Roque, A., Bertomeu, E., Gras, N., Caiola, N., Dolors
Furones, M., Andree, K. B., 2020. Presence of Vibrio mediterranei associated
to major mortality in stabled individuals of Pinna nobilis L. Aquaculture. 519,
734899. 10.1016/j.aquaculture.2019.734899.

Prado-Alvarez, M., Darmody, G., Hutton, S., O'Reilly, A., Lynch, S. A., Culloty, S.
C., 2016. Occurrence of OsHV-1 in Crassostrea gigas cultured in Ireland during
an exceptionally warm summer. Selection of less susceptible oysters. Frontiers
in Physiology. 7, 492. 10.3389/fphys.2016.00492.

Prinz, K., Kelly, T. C., O'Riordan, R. M., Culloty, S. C., 2009. Non-host organisms
affect transmission processes in two common trematode parasites of rocky
shores. Marine Biology. 156, 2303-2311. 10.1007/s00227-009-1258-2.

Ramilo, A., Abollo, E., Villalba, A., Carballal, M. J., 2018. A Minchinia mercenariae-
like parasite infects cockles Cerastoderma edule in Galicia (NW Spain). Journal
of Fish Diseases. 41, 41-48. 10.1111/jfd.12668.

Ramilo, A., Gonzalez, M., Carballal, M. J., Darriba, S., Abollo, E., Villalba, A., 2014.
Oyster parasites Bonamia ostreae and B. exitiosa co-occur in Galicia (NW
Spain): Spatial distribution and infection dynamics. Diseases of Aquatic
Organisms. 110, 123-133. 10.3354/da002673.

62



Chapter 2

Renault, T., Lipart, C., Arzul, I., 2001. A herpes-like virus infects a non-ostreid
bivalve species: Virus replication in Ruditapes philippinarum larvae. Diseases
of Aquatic Organisms. 45, 1-7. 10.3354/dao045001.

Renault, T., Novoa, B., 2004. Viruses infecting bivalve molluscs. Aquatic Living
Resources. 17, 397-409. 10.1051/alr:2004049.

Richard, J. C., Leis, E., Dunn, C. D., Agbalog, R., Waller, D., Knowles, S., Putnam,
J., Goldberg, T. L., 2020. Mass mortality in freshwater mussels (Actinonaias
pectorosa) in the Clinch River, USA, linked to a novel densovirus. Scientific
Reports. 10, 14498. 10.1038/s41598-020-71459-z.

Robinson, R.A., 1976. Plant pathosystems. Advanced Series in Agricultural Sciences,
vol. 3. Springer-Verlag, Berlin. 15-31. 10.1002/jpIn.19771400323.

Rojas, R., Miranda, C. D., Santander, J., Romero, J., Frontiers Editorial Off, 2018.
First report of Vibrio tubiashii associated with a massive larval mortality event
in a commercial hatchery of scallop Argopecten purpuratus in Chile (Retraction
of Vol 7, art no 1473, 2016). Frontiers in Microbiology. 9, 2168.
10.3389/fmich.2018.02168.

Rojas, R., Blanco-Hortas, A., Kehlet-Delgado, H., Lema, A., Miranda, C. D., Romero,
J., Martinez, P., Barja, J. L., Dubert, J., 2021. First description outside Europe
of the emergent pathogen Vibrio europaeus in shellfish aquaculture. Journal of
Invertebrate Pathology. 180, 107542. 10.1016/j.jip.2021.107542.

Romalde, J. L., Dieguez, A. L., Lasa, A., Balboa, S., 2014. New Vibrio species
associated to molluscan microbiota: A review. Frontiers in Microbiology. 4,
413. 10.3389/fmich.2013.00413.

Romalde, J. L., Vilarino, M. L., Beaz, R., Rodriguez, J. M., Diaz, S., Villalba, A.,
Carballal, M. J., 2007. Evidence of retroviral etiology for disseminated
neoplasia in cockles (Cerastoderma edule). Journal of Invertebrate Pathology.
94, 95-101. 10.1016/j.jip.2006.09.007.

63



Chapter 2

Rowley, A. F., Cross, M. E., Culloty, S. C., Lynch, S. A., Mackenzie, C. L., Morgan,
E., O'Riordan, R. M., Robins, P. E., Smith, A. L., Thrupp, T. J., Vogan, C. L.,
Wootton, E. C., Malham, S. K., 2014. The potential impact of climate change
on the infectious diseases of commercially important shellfish populations in the
Irish Sea-a review. ICES Journal of Marine Science. 71, 741-759.

10.1093/icesjms/fst234.

Sainz-Hernandez, J., Maeda-Martinez, A., 2005. Sources of Vibrio bacteria in mollusc
hatcheries and control methods: A case study. Aquaculture Research. 36, 1611-
1618. 10.1111/j.1365-2109.2005.01386.X.

Schroeder, M. M., Lai, Y., Shirai, M., Alsalek, N., Tsuchiya, T., Roberts, P., Eulgem,
T., 2019. A novel Arabidopsis pathosystem reveals cooperation of multiple
hormonal response-pathways in host resistance against the global crop destroyer
Macrophomina phaseolina. Scientific Reports. 9, 20083. 10.1038/s41598-019-
56401-2.

Schwaner, C., Barbosa, M., Connors, P., Park, T., de Silva, D., Griffith, A., Gobler,
C. J., Espinosa, E. P., Allam, B., 2020. Experimental acidification increases
susceptibility of Mercenaria mercenaria to infection by Vibrio species. Marine
Environmental Research. 154, 104872. 10.1016/j.marenvres.2019.104872.

Segarra, A., Pepin, J. F., Arzul, 1., Morga, B., Faury, N., Renault, T., 2010. Detection
and description of a particular Ostreid herpesvirus 1 genotype associated with
massive mortality outbreaks of Pacific oysters, Crassostrea gigas, in France in
2008. Virus Research. 153, 92-99. 10.1016/j.virusres.2010.07.011.

Selakovic, S., de Ruiter, P. C., Heesterbeek, H., 2014. Infectious disease agents
mediate interaction in food webs and ecosystems. Proceedings of the Royal
Society B-Biological Sciences. 281, 20132709. 10.1098/rspb.2013.2709.

Smolinski, M.S., Hamburg, M.A., Lederberg, J., 2003. Microbial threats to health:
Emergence, detection, and response. The National Academies Press,
Washington, DC. 10.17226/10636.

64



Chapter 2

Soon, T. K., Zheng, H., 2020. Climate change and bivalve mass mortality in temperate
regions. Reviews of Environmental Contamination and Toxicology, Vol 251.
251, 109-129. 10.1007/398 2019 31.

Stentiford, G. D., Feist, S. W., Stone, D. M., Bateman, K. S., Dunn, A. M., 2013.
Microsporidia: Diverse, dynamic, and emergent pathogens in aquatic systems.
Trends in Parasitology. 29, 567-578. 10.1016/j.pt.2013.08.005.

Stentiford, G. D., Ramilo, A., Abollo, E., Kerr, R., Bateman, K. S., Feist, S. W., Bass,
D., Villalba, A., 2017. Hyperspora aquatica n.gn., n.sp (Microsporidia),
hyperparasitic in Marteilia cochillia (Paramyxida), is closely related to
crustacean-infecting microsporidian taxa. Parasitology. 144, 186-199.
10.1017/S0031182016001633.

Sullivan, B. K., Sherman, T. D., Damare, V. S., Lilje, O., Gleason, F. H., 2013.
Potential roles of Labyrinthula spp. in global seagrass population declines.
Fungal Ecology. 6, 328-338. 10.1016/j.funeco.2013.06.004.

Suttle, C. A., 2007. Marine viruses - major players in the global ecosystem. Nature
Reviews Microbiology. 5, 801-812. 10.1038/nrmicro1750.

Szumowski, S. C., Troemel, E. R., 2015. Microsporidia-host interactions. Current
Opinion in Microbiology. 26, 10-16. 10.1016/j.mib.2015.03.006.

Taskinen, J., Saarinen, M., 1999. Increased parasite abundance associated with
reproductive maturity of the clam Anodonta piscinalis. Journal of Parasitology.
85, 588-591. 10.2307/3285806.

Thieltges, D., 2006. Parasite induced summer mortality in the cockle Cerastoderma
edule by the trematode Gymnophallus choledochus. Hydrobiologia. 559, 455-
461. 10.1007/s10750-005-1345-4.

Thieltges, D. W., Bordalo, M. D., Hernandez, A. C., Prinz, K., Jensen, K. T., 2008.
Ambient fauna impairs parasite transmission in a marine parasite-host system.
Parasitology. 135, 1111-1116. 10.1017/S0031182008004526.

65



Chapter 2

Thieltges, D. W., Reise, K., 2006. Metazoan parasites in intertidal cockles
Cerastoderma edule from the northern Wadden Sea. Journal of Sea Research.
56, 284-293. 10.1016/j.seares.2006.06.002.

Thieltges, D. W., Reise, K., 2007. Spatial heterogeneity in parasite infections at
different spatial scales in an intertidal bivalve. Oecologia. 150, 569-581.
10.1007/s00442-006-0557-2.

Thomas, F., Poulin, R., 1998. Manipulation of a mollusc by a trophically transmitted
parasite: Convergent evolution or phylogenetic inheritance? Parasitology. 116,
431-436. 10.1017/S003118209800239X.

Thomas, F., Renaud, F., de Meeus, T., Poulin, R., 1998. Manipulation of host
behaviour by parasites: Ecosystem engineering in the intertidal zone?
Proceedings of the Royal Society B-Biological Sciences. 265, 1091-1096.
10.1098/rspb.1998.0403.

Thomas, F., Renaud, F., Guégan, J.F. (Eds.), 2005. Parasitism and ecosystems. Oxford
University Press, N.Y., 221 pp.

Verdelhos, T., Marques, J. C., Anastacio, P., 2015a. Behavioral and mortality
responses of the bivalves Scrobicularia plana and Cerastoderma edule to
temperature, as indicator of climate change's potential impacts. Ecological
Indicators. 58, 95-103. 10.1016/j.ecolind.2015.05.042.

Verdelhos, T., Marques, J. C., Anastacio, P., 2015b. The impact of estuarine salinity
changes on the bivalves Scrobicularia plana and Cerastoderma edule,
illustrated by behavioral and mortality responses on a laboratory assay.
Ecological Indicators. 52, 96-104. 10.1016/j.ecolind.2014.11.022.

Vezzulli, L., Brettar, 1., Pezzati, E., Reid, P. C., Colwell, R. R., Hoefle, M. G., Pruzzo,
C., 2012. Long-term effects of ocean warming on the prokaryotic community:
Evidence from the vibrios. ISME Journal. 6, 21-30. 10.1038/ismej.2011.89.

Villalba, A., Iglesias, D., Ramilo, A., Darriba, S., Parada, J. M., No, E., Abollo, E.,
Molares, J., Carballal, M. J., 2014. Cockle Cerastoderma edule fishery collapse

66



Chapter 2

in the Ria de Arousa (Galicia, NW Spain) associated with the protistan parasite
Marteilia cochillia. Diseases of Aquatic Organisms. 109, 55-80.
10.3354/da002723.

Villalba, A., Mourelle, S., Lopez, M., Carballal, M., Azevedo, C., 1993. Marteiliasis
affecting cultured mussels Mytilus galloprovincialis of Galicia (NW Spain). I.
Etiology, phases of the infection, and temporal and spatial variability in
prevalence. Diseases of Aquatic Organisms. 16, 61-72. 10.3354/dao016061.

Wang, H., Yang, B., Li, X., Li, Q., Liu, S., 2021. Screening of bacterial pathogens
associated with mass summer mortality of the Pacific oyster, Crassostrea gigas,
in China. Aquaculture Reports. 20, 100672. 10.1016/j.aqrep.2021.100672.

Wegeberg, A., Jensen, K., 2003. In situ growth of juvenile cockles, Cerastoderma
edule, experimentally infected with larval trematodes (Himasthla interrupta).
Journal of Sea Research. 50, 37-43. 10.1016/S1385-1101(03)00042-X.

Welsh, J. E., Hempel, A., Markovic, M., van der Meer, J., Thieltges, D. W., 2019.
Consumer and host body size effects on the removal of trematode cercariae by
ambient communities. Parasitology. 146, 342-347.
10.1017/S0031182018001488.

Welsh, J. E., van der Meer, J., Brussaard, C. P. D., Thieltges, D. W., 2014. Inventory
of organisms interfering with transmission of a marine trematode. Journal of the
Marine Biological Association of the United Kingdom. 94, 697-702.
10.1017/S0025315414000034.

Yu, L., Shi, Y., Xing, Z., Yan, G., 2021. Detection and correlation analysis of shellfish
pathogens in Dadeng Island, Xiamen. Environmental Science and Pollution
Research. 10.1007/s11356-021-15176-8.

Zannella, C., Mosca, F., Mariani, F., Franci, G., Folliero, V., Galdiero, M., Tiscar, P.
G., Galdiero, M., 2017. Microbial diseases of bivalve mollusks: Infections,
immunology and antimicrobial defense. Marine Drugs. 15, 182.
10.3390/md15060182.

67



Chapter 2

Zgouridou, A., Tripidaki, E., Giantsis, I. A., Theodorou, J. A., Kalaitzidou, M.,
Raitsos, D. E., Lattos, A., Mavropoulou, A., Sofianos, S., Karagiannis, D.,
Chaligiannis, 1., Anestis, A., Papadakis, N., Feidantsis, K., Mintza, D., Staikou,
A., Michaelidis, B., 2021. The current situation and potential effects of climate
change on the microbial load of marine bivalves of the Greek coastlines: An
integrative review. Environmental Microbiology. 10.1111/1462-2920.15765.

Zhan, J., Mundt, C., Hoffer, M., McDonald, B., 2002. Local adaptation and effect of
host genotype on the rate of pathogen evolution: An experimental test in a plant
pathosystem. Journal of Evolutionary Biology. 15, 634-647. 10.1046/j.1420-
9101.2002.00428..x.

68



Chapter 3

CHAPTER 3

Biotic and abiotic factors
influencing haplosporidian
species distribution in the cockle

Cerastoderma edule in Ireland

69



Chapter 3

Biotic and abiotic factors influencing haplosporidian species

distribution in the cockle Cerastoderma edule in Ireland

This chapter is published as follows:

Albuixech-Marti, S., Lynch, S. A., Culloty, S. C., 2020. Biotic and abiotic factors
influencing haplosporidian species distribution in the cockle Cerastoderma edule in
Ireland. Journal of Invertebrate Pathology 174, 107425. 10.1016/j.jip.2020.107425.

Abstract

The Phylum Haplosporidia consists of four genera (Minchinia,
Haplosporidium, Urosporidium and Bonamia) that are endoparasitic protists of a
wide range of marine invertebrates including commercial bivalve species.
Characterization of haplosporidian species remains a challenge due to their patchy
spatial and temporal distributions, host-restricted occurrence, and poorly known life
cycles. However, they are commonly associated with significant mortality events in
bivalves. Due to the recent sporadic mortality events that have occurred in cockles in
Europe, the objectives of this study were to determine the diversity, distribution and
temporal variability of haplosporidian species in Cerastoderma edule populations at
several Irish sites. The role of abiotic (temperature, salinity and dissolved oxygen in
water) and biotic (cockle size and age) factors as drivers or inhibitors of
haplosporidian infection were also assessed. Cockles (n=998) from the intertidal were
sampled from April/July 2018 to April 2019 at three sites with no commercial fishing
activity on the south coast (Celtic Sea) and one site on the northeast coast (Irish Sea)
with an active commercial fishery. Screening of the cockles by molecular techniques
(PCR, Sanger sequencing) and by histopathology was carried out. Two species were
identified and confirmed in Irish C. edule for the first time, Minchinia mercenariae-
like (14.8%) and Minchinia tapetis (29.6%). Similar to other haplosporidian parasites,
the Minchinia spp. detected in our study were present year-round at all sites, except
for M. tapetis in Youghal Bay (Celtic Sea). Coinfection with both Minchinia species

was only observed in Cork Harbour (Celtic Sea) and Dundalk Bay (Irish Sea), where
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Minchinia spp. showed a higher presence compared to Youghal Bay and Dungarvan
Harbour (Celtic Sea). Moreover, haplosporidians detected with generic primers, were
present at all of the sample sites throughout the year but had a higher occurrence
during the winter months and were positively correlated with dissolved oxygen.
Likewise, smaller and older C.edule seemed to be more vulnerable to the
haplosporidian infection. Furthermore, haplosporidian distribution displayed spatial
variability between and within sample sites, with the highest presence being observed
in cockles at one of the commercially fished Dundalk beds, while the lowest presence
was observed in cockles at the second Dundalk bed that was more influenced by
freshwater runoff when the tide was out. Findings from this study provide additional
information on the distribution and temporal variability of emergent haplosporidian

species and their potential abiotic and biotic drivers/inhibitors of infection.

Keywords: cockle health, Haplosporidia, Minchinia, coinfection, ecological drivers.
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Highlights:

»  Minchinia tapetis and M. mercenariae-like were identified in Irish C.edule.
»  Coinfection of both Minchinia spp. was detected in Irish C.edule.

»  Haplosporidians showed spatial and seasonal variability with higher winter

presence.
»  Haplosporidia spp. was related positively to dissolved oxygen in the water.
»  Lower presence of Haplosporidia spp. at low salinity sites.

> Smaller and older C.edule were more vulnerable to the infection.
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3.1. Introduction

Cockles (family Cardiidae), including the common cockle Cerastoderma edule,
are bivalves that occur intertidally and subtidally in estuaries and sandy bays around
the European coastline (Malham et al. 2012, Longshaw and Malham, 2013). In
general, cockles have been well-studied and there is evidence that they are responsible
for different ecosystem services, i.e. carbon storage, energy cycling, food source for
seabirds, etc. (Magalhdes et al. 2017). They are also good sentinel and bioindicator
species (Malham et al., 2012), and are commercially exploited with a high economic
value (Rowley et al., 2014). There are two European cockle species that are
morphologically similar and that sometimes coexist (Malham et al. 2012). The edible
cockle Cerastoderma edule (Linnaeus, 1758) is one of the most common infaunal
bivalve species in more northern European soft-sediment coastal waters and is
commonly found on Irish coasts (Fermer et al. 2011, Morgan et al. 2012). The lagoon
cockle Cerastoderma glaucum (Poiret, 1789), is considered a more southern European
species, coexisting with C. edule in several localities of Portugal, France, UK and NW
Spain (Malham et al. 2012; Carballal et al. 2016).

Cockles are hosts to a wide range of parasites, pathogens and commensals,
directly affecting individual cockle health and cockle population dynamics
(Longshaw and Malham, 2013). Cockles may be host to multiple macro-parasite
infections, particularly trematodes (de Montaudouin et al., 2000), but may also be
infected by a range of micro-parasites including protists (Coen and Bishop, 2015).
One protistan pathogen group that cockles are susceptible to is the Haplosporidia,
which are widespread and cause significant losses (Longshaw and Malham, 2013). At
present there are thirty-six recognised species in the phylum Haplosporidia belonging
to four genera, Urosporidium parasitizing trematodes or turbellaria infecting clams,
cockles, oysters, and swimming crabs (Perkins, 1979; Carballal et al., 2005),
Minchinia parasitizing clams, mussels and cockles (Azevedo, 2001; Ford et al., 2009;
Lynch et al., 2014; Ramilo et al. 2018; Lynch et al., 2020), Haplosporidium being
major pathogens of concern in oysters (Burreson and Ford, 2004) but have also been
detected in cockles (Azevedo et al., 2003; Engelsma et al., 2011), and Bonamia in also
being serious pathogens of oysters (Culloty and Mulcahy, 1996; Engelsma et al.,
2014). Characterising the diversity and distribution of these parasites remains a

challenge due to their patchy spatial and temporal distributions, host-restricted

73



Chapter 3

occurrence, and poorly known life cycles (Hartikainen et al., 2014). Detection of
haplosporidian taxa is hindered by the use of broadly targeted molecular probes that
are unsuitable for the highly divergent genes that characterise parasite groups
(Burreson and Ford, 2004; Hartikainen et al., 2014). Despite that, numerous novel
haplosporidians continue to be reported, although not specifically identified, from
many different invertebrate hosts and habitats, highlighting the possibility that the
geographic range of haplosporidian species is significantly greater than originally
documented (Burreson and Ford, 2004; Lynch et al., 2013; Lynch et al., 2014; Arzul
and Carnegie, 2015; Ramilo et al., 2018; Lynch et al., 2020).

A number of studies have reported the detection of Minchinia spp. in cockles
although several clam species have been described as their natural hosts. Minchinia
mercenariae was first described in the hard clam Mercenaria mercenaria along the
eastern United States coastline (Ford et al., 2009). Minchinia tapetis was reported in
clams such as the grooved carpet clam/Palourde clam Ruditapes decussatus, the pullet
carpet clam Venerupis corrugata and the banded carpet clam Polititapes rhomboides
from Galicia, NW Spain (Villalba, et al. 1993) and in R. decussatus and golden carpet
clam Polititapes aureus from Huelva coast, SW Spain (Navas et al. 1992); as well as
in R. decussatus from Portugal (Azevedo, 2001). Minchinia mercenariae and
Minchinia tapetis have been reported to cause infections in cockles Cerastoderma
edule in the Netherlands and UK, where it was implicated as the cause of host
population crashes (Engelsma et al., 2011; Longshaw and Malham, 2013). A
Minchinia mercenariae-like parasite was recently detected for the first time in
Cerastoderma edule on the east and south coasts of Ireland (Lynch et al., 2020) and
in C. edule in Spain (Ramilo et al. 2018).

The immune-competence relationship between parasite and host is influenced
by environmental conditions and stressors, which may compromise the immune
response and the balance in host-pathogen interactions, causing disease or even
mortality if the host resistance is overcome (Selakovic et al., 2014). Environmental
conditions potentially influence disease processes through differential effects on
pathogens and hosts (Lafferty and Holt, 2003). Moreover, parasites may reduce the
tolerance threshold of host organisms to extreme environmental conditions such as
oxygen depletion, extreme temperatures and salinity fluctuations (Longshaw and

Malham, 2013). Consequently, parasite burdens that are considered harmless in
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favourable environmental conditions could become stressful harmful agents in

unfavourable environmental conditions (Longshaw and Malham, 2013).

For host-parasite systems in estuarine and marine environments, abiotic factors
(e.g., temperature, salinity, dissolved oxygen, etc.) are particularly critical in shaping
the host-parasite interactions (Coen and Bishop, 2015). Temperature is one of the most
important factors determining physiological processes, ecological patterns and the
limits on the geographic distribution of bivalves (Verdelhos et al., 2015a). Thermal
stress is, therefore, a critical environmental impacting factor, especially in intertidal
habitats more exposed to temperature changes (Helmuth et al., 2010). Salinity is a
major factor impacting estuarine bivalves, which are often exposed to short-term
(tidal) and long-term (rain periods) changes in salinity, promoting a physiologically
stressful environment, especially in cases of abrupt salinity changes (Verdelhos et al.,
2015b). Hypoxia or low dissolved oxygen is also a persistent problem in estuaries and
nearshore coastal ecosystems (Breitburg et al., 2015). Low dissolved oxygen stress
can lead to increased susceptibility to disease (Breitburg et al., 2015) and,
consequently, to sublethal and lethal effects on many species, including molluscs
(Stickle et al., 1989). Variation in the physical environment may therefore alter the
host-pathogen interactions and affect both spatial and temporal patterns of
economically and ecologically important species and the severity of epizootics
(Breitburg et al., 2015).

Besides climatic stressors, biotic factors may also have a key role in shaping
host-parasite interactions. Former authors have demonstrated that age can affect
organism response to stress (Taskinen and Saarinen, 1999; Renault and Novoa, 2004;
Clark et al., 2013). Moreover, older hosts are more likely to accumulate disease-
causing pathogen agents over time, as the duration of exposure to parasites is longer
than in younger hosts (Lafferty and Kuris, 2009). Likewise, the infection success is
likely to be higher in a population of larger cockles due to a much larger filtration
capacity and, consequently, a higher intake rate of parasites (Mouritsen et al., 2003).
These findings highlight the need to consider biotic factors (size and age class) as

potential drivers or inhibitors of infection.

The objectives of this study were to determine (i) the diversity, (ii) spatial

distribution and (iii) temporal variability of haplosporidian species in Irish
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Cerastoderma edule populations along the coastline of the Irish and Celtic Seas and
to better understand (iv) the abiotic (seawater temperature, salinity and dissolved
oxygen in water) and biotic (cockle body size and age) drivers or inhibitors of
infection. We hypothesise that the expression of haplosporidian disease is driven by
biological and environmental factors and, therefore, varies spatial and seasonally
along Irish coasts. Our study extended the understanding of how the physical
environment, as well as the host susceptibility, can modulate disease processes in
aquatic environments by linking spatial patterns and temporal variability of parasite
occurrence to relevant environmental parameters (temperature, salinity and dissolved

oxygen in water) and biotic factors (cockle size and age).

3.2. Materials and Methods

3.2.1.Sampling
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Figure 1. Map of Ireland highlighting the cockle sample sites and the mean
haplosporidian presence and absence (%) at each sample site (Ringaskiddy and
Cuskinny in Cork Harbour; Youghal Bay; Dungarvan Harbour; Annagassan, and
Cooley in Dundalk Bay).
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Cockles were sampled (from April/July 2018 to April 2019) within the
commercial cockle fishery at Dundalk Bay (Annagassan and Cooley) on the northeast
coast (Irish Sea) and from Dungarvan Harbour, Youghal Bay and Cork Harbour
(Ringaskiddy and Cuskinny) on the south coast (Celtic Sea) of Ireland where there is
no commercial cockle fishing activity (Figure 1, Table 1). The six locations are
Special Protection Areas (SPAs) under the E.U. Birds and Habitats Directives,
providing good quality feeding areas and roost sites for an excellent diversity of
waterfowl species (www.npws.ie/protected-sites/spa).

Table 1: Sample site description (www.npws.ie/protected-sites/spa) including water
quality rating (Water Quality in 2017- An Indicators Report, EPA) and anthropogenic
activities.

Sites Coordinates Trophic Description
status
A large, sheltered bay system, with
. . 51°49'52.11"N several river estuaries and intertidal
Ringaskiddy  go; 756 g4my mudflats.
Ringaskiddy is located near an
Cork Unpolluted important industrial area and is a busy
Harbour ferry/shipping terminal; Cuskinny is a
. 51°51'29.94"N Marsh Nature Reserve supporting an
Cuskinny 8°15'49.50"W array of habitats within a relatively
small area, for a diverse community of
wildlife.

A moderately-sized, sheltered south-
51°57'18.52"N Intermediate facing  estuary, with intertidal
7°50'3.51"W polluted sediments, mostly consisting of mud or

sandy mud.

Youghal Bay

A marine habitat with the inner bay
being extremely sheltered and with
Unpolluted extensive mud and sand flats.
Extensive farming of Pacific oysters
Crassostrea gigas in this bay.

52° 3'52.38"N

Dungarvan Harbour 7936'10.37"W

An open shallow bay with extensive
53°52'52.30"N salt marshes and intertidal sand and

Annagassan 6°20'7.77"W Unpolluted mudflats. The main cockle fishery in
Dundalk Ireland (Fahy et al. 2005). _
Bay iAnna%assa_n kf\ng C(I)oley a_reloppfofsnelé/
oy " : ocated, with Cooley mainly affecte
Cooley 547 0'16.84"N  Intermediate by freshwater runoff from Castletown

6°1743.11"W polluted River and Flurry River due to its

proximity.
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Cockles of all available sizes were collected by hand raking from the intertidal
area of each site at spring tide (0.5-1m) and at monthly intervals from April/July 2018
to April 2019. The sample size was dependant on the available abundance at each site
and season (Table 2). The cockles were collected from the surface and within the
sediment at relatively shallow depths (<15 cm), hence a differentiation was not
considered between them. Cockles were kept at ambient temperature during the
fieldwork and, once back at the laboratory, were processed either on the same day or
were held overnight at 4°C and were processed the next day.

Table 2: Sample sites, dates and number of collected cockles.

_ Cork Cork Youghal  Dungarvan Dundalk Dundalk
Sampling dates I.-|arbogr - Harbgur - Bay Harbour Bay- Bay-
Ringaskiddy  Cuskinny Annagassan Cooley

April 2018 23 28 - - -

June 2018 19 57 - - -

July 2018 - - 11 51 60 58
August 2018 12 27 - - 39 31
October 2018 22 30 - - 30 30
November 2018 - - 16 58 -

December 2018 9 6 - - 31 30
February 2019 15 23 30 30 30 30
April 2019 30 30 12 30 30 30
Totals 130 201 69 169 220 209

(-) No samples

3.2.2.Sample processing and diagnostic methods

3.2.2.1. Morphometrics:

Measurements included (A) cockle body size (height, length and width (mm))
that were recorded using Vernier callipers, as well as (B) the wet weight (g) of each
individual, after drying the excess of water from the shell, using an electronic balance
scale. The (C) cockle’s age was determined by counting the annual winter growth
rings. For verification and validation purposes, the number of growth rings was
confirmed by a second researcher, as it is recognised that variations in growth during

the same year lead to the possible formation of extra stria (de Montaudouin, 1996).
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3.2.2.2. Histology:

A transverse section of each cockle, including the digestive gland, gonads, gills
and mantle tissues, was excised, as well as a section of the hinge ligament and a section
of the tip of the foot for histological examination. The three sections were placed in a
labelled histocassette and were preserved in Davidson’s fixative for 48 h (Shaw and
Battle, 1957) prior to processing. Paraffin-embedded tissue blocks were sectioned at
Spum and stained using haematoxylin and eosin (Howard and Smith, 1983). Tissue
slides were screened at a magnification of 40x and under oil at 100x for visualisation

of the parasite.

3.2.2.3. Molecular techniques for cockle species identification and haplosporidian

species screening:

A small piece of gill tissue (2-5 mm? of tissue) from each cockle was taken and
stored at -20°C for molecular assays, to determine the cockle species and to screen for
haplosporidian species. Genomic DNA from the cockle gill tissue was extracted using
the chelex-100 extraction method (Walsh et al., 1991; Lynch et al., 2008).

The quantity and the quality of the extracted DNA from a subsample (n=120)
of the collected cockles were established using NanoDrop 1000 Spectrophotometer to
avoid the diagnosis of false negatives due to low DNA quantity and/or DNA of poor
quality. DNA purity was assessed by determining the ratio of spectrophotometric
absorbance of each extracted sample at 260/280 nm (A260/A280 ratio; an indicator of
protein or phenol contamination). Pure DNA extraction should have an A260/A280

ratio ~1.8, higher values indicate the presence of RNA along with DNA.

To determine the cockle species present, PCR was carried out to amplify the
nuclear DNA markers ITS-for / ITS Ce-R / ITS Cg-R to differentiate between the
presence of Cerastoderma edule, Cerastoderma glaucum species or hybrids (Freire et
al. 2011). Amplification was conducted in 20l of the reaction mixture containing 4l
of 5x green buffer, 4ul of dNTPs (1.25mM), 0.2ul of each primer (ITS-for / ITS Ce-
R/ ITS Cg-R, Table 3), 0.1ul of GoTaq polymerases, 10.3ul of ddH20 and 1 pl of
total genomic DNA under the following conditions: 95°C for 3 minutes (1 cycle),
95°C for 30s, 56°C for 30s, 72°C for 30s (35 cycles) and 72°C for 5 minutes. Purified
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DNA of C. edule was used as a positive control. Two positive controls were included
in each PCR assay to confirm that the amplification worked. Likewise, negative
controls (two replicates with ddH>O) were included in each PCR assay to confirm the
absence of contamination. Electrophoresis of the amplification products was
conducted in a 2% agarose gel. The expected amplified product (amplicon) size for C.
edule was 190bp, and for C. glaucum 470bp and both bands would occur
simultaneously in hybrids (Freire et al. 2011).

PCR screening for haplosporidian detection in cockle DNA (n = 998) was
carried out using generic haplosporidian HAP-F1 and HAP-R3 primers that amplify
small regions of the SSU rDNA of most haplosporidians (Renault et al., 2000; Molloy
etal., 2012, Table 3). The amplification was conducted in 20l of the reaction mixture
containing 4pl of 5x green buffer, 4ul of dNTPs (1.25mM), 0.4ul of each primer
(Table 3), 0.2ul of GoTaq polymerases, 10ul of ddH2O and 1 pl of total genomic
DNA. The reaction mixtures were cycled in a thermal cycler with an initial cycle of
95°C for 3 minutes, 35 cycles at 95°C for 30s, 48°C for 30s, and 72°C for 30s with
final extension at 72°C for 5 minutes. Purified DNA of the pathogen was used as a
positive control. Two positive controls were included in each PCR assay to confirm
that the amplification worked. Likewise, negative controls (two replicates with
ddH.0) were included in each PCR assay to confirm the absence of contamination.
Electrophoresis of the amplification products was conducted in a 2% agarose gel. The

expected amplified product (amplicon) size for generic haplosporidian was 350bp.

3.2.2.4. Primer design and optimisation of specific PCRs for Minchinia tapetis and

Minchinia mercenariae-like:

Direct sequencing was carried out on representative PCR products amplified
using generic haplosporidian HAP-F1 and HAP-R3 primers (Renault et al., 2000;
Molloy et al., 2012) to identify the species present in the samples. Genomic DNA
from three selected individuals from each sample site (n = 18) was isolated and
purified using the QlAquick Gel Extraction Kit (QIAgen) prior to direct sequencing.
Both the forward and reverse strands of DNA samples were sequenced commercially

by Eurofins Genomics (Germany).
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The genomic DNA sequences obtained from the sequenced samples were
analysed by BLAST (Basic Local Alignment Search Tool) and were aligned by
Clustal Omega (Multiple Sequence Alignment) along with the sequences deposited in
GenBank (NCBI) for both identified species, Minchinia tapetis (KF208603.1,
Hartikainen et al., 2014) and Minchinia mercenariae (FJ518816.1, Ford et al., 2009),
to distinguish regions of the primary sequence unique to each of the identified species,
which would be good candidates for specific PCR primers. Subsequently,
Primer3Web version 4.1.0 and OligoCalc 2007 (Oligonucleotide Properties
Calculator) were used to design suitable specific PCR primers based on those regions.
Each of the candidate forward and reverse PCR primers (Table 3) were tested in the
appropriate pairings and in separate PCR reactions with genomic DNA from
Cerastoderma edule that were positive with the HAP-F1/HAP-R3 primers (n = 277)
(Table 4). Optimised reaction conditions in both PCRs were the same as described
above for the PCR using HAP-F1/HAP-R3 primers, except for the quantity of each
primer, which was 0.2ul, and the annealing temperature which was 60°C. Purified
haplosporidian DNA was used as a positive control. Two positive controls were
included in each PCR assay to confirm that the amplification worked. Likewise,
negative controls (two replicates with ddH20) were included in each PCR assay to
confirm the absence of contamination. From all the PCR products amplified using
each pair of primers a random subsample (n = 12 from Minchinia tapetis PCR and n
=12 from Minchinia mercenariae-like PCR) was selected to be purified (by QlAquick
Gel Extraction Kit) and sequenced commercially to confirm the species identity of the
resulting outcomes and the validity of our primers. In addition, a random subsample
(n =5) among the negative samples for Minchinia-specific screening was purified (by
QIAquick Gel Extraction Kit) and sequenced commercially to detect the presence of
other haplosporidian species occurring in the samples not detected by the newly

designed primers.
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Table 3: Description of PCR primer pairs used, showing sequences for each forward
and reverse primer and expected product size.

Primer sequence (5°-3°)

Primer Product Primer
) Forward Reverse . e
pair size (bp) specificity
ITS-for GTT TCC GTA GGT AAG CAG CGA GAA 190 Cerastoderma
ITSCe-R GAACCTG GCCGTTC edule
ITS-for GTT TCC GTA GGT AAT TCG CCATCG 470 Cerastoderma
HAP-F1  GTTCTT TCW TGA AKR HRT TCC TWG 250 Haplosporidia
HAP-R3 TTC TAT GMA TTC AAG AYG A spp.
TAP-For ATC TAA CTA GCT CTTTCAAGATTA 165 Minchinia
TAP-Revy GTCGCTAACTCGT CCCGGCTCTGC tapetis
MER-F ACG CAC ATT AAA Minchinia
-For - ATC TAACTAGCT
GTC ACT ATG GAA AA CATTECCCAGET Ho mercenariae-
MER-Rev CTTT like

3.2.3. Environmental data

This study was conducted using E.U. Copernicus Marine Service Information
(marine.copernicus.eu/services-portfolio/access-to-products). Three relevant
environmental parameters critical in shaping host-parasite interactions in estuarine
and marine environments (Coen and Bishop, 2015) were selected for this study:
seawater temperature, salinity and dissolved oxygen in the water. Recorded data in
seawater temperature (°C), salinity (PSU) and dissolved oxygen (mmol/m?3), taken
monthly at a depth of 0.5m below sea level, were downloaded by ArcGIS Desktop
10.5.1 Redlands, CA (Environmental Systems Research Institute, 2017) throughout
the duration of the study (from April 2018 to May 2019) from the different sample

sites (coordinate-based) within the Irish and Celtic Seas.

3.2.4. Statistical analysis

Statistical analysis was performed in R version 3.2.3. statistical software. The
haplosporidian occurrence (based on the generic haplosporidian PCR using HAP-
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F1/HAP-R3 primers) was modelled as parasite presence/absence in each individual
cockle and used as the response variable in the subsequent analysis to examine the
spatial and temporal variability and the effects of the biological and environmental
variables on the parasite distribution.

A Generalised Linear Mixed Model (GLMM), following binomial distributions
for presence/absence data (Ime4 package; Bates et al., 2015), was conducted including
our Sites and Seasons as fixed terms and the Nested Sites as a random term
(Full_Model), i.e. the sample sites were nested in the different bays, as some of the
sites are not totally independent since they are in the same bay. Subsequently, a
binomial GLMM was performed considering only the Seasons as a fixed term and the
Nested Sites as a random term (Sites_Model) to determine how much variability in
parasite presence depended on spatial scale when this model was compared to the
Full_Model. Likewise, a binomial GLMM was conducted considering only the Sites
as a fixed term and the Nested Sites as a random term (Seasons_Model) to assess the
seasonal effect on haplosporidian presence when this model was compared to the
Full_Model. Both reduced models were compared to the Full_Model using likelihood
ratio tests following Chi-square distributions to determine whether the presence of
parasites observed was significantly different (p(Chisq)<0.05) among the sample sites
and throughout the year. Visual inspection of residual plots and model validation with

each above model revealed that the model assumptions were satisfied in all the cases.

Collinearity between the different biotic and abiotic variables was examined
using non-parametric Kendall's Rank Correlation Tau (1), displaying a strong
correlation (1> 0.8) between the different cockle size measurements taken (cockle wet
weight, height, length and width). Consequently, only cockle height was selected as a
factor to be analysed in the consecutive modelling. Moreover, all the explanatory

variables were standardized (x-mean/SD) to improve comparisons in the models.

Subsequently, a series of binomial GLMMs were conducted to investigate the
relative importance of the biotic and abiotic factors in determining the presence of
host infections in the field. Each GLMM included parasite presence/absence as the
response variable, none (null model) or a single explanatory variable (1-factor models)
as the fixed effect and Nested Sites as well as Seasons as random terms. Competing

models were compared based on the Akaike Information Criterion (AIC), with an
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efficient model being one that explains a relatively large amount of the variance in the
response variable, using relatively few independent variables to do so (MuMiIn
package; Barton, 2018). A lower AIC value indicates a better fit of the model to the
data, thus, the models with the lowest AIC scores were selected as the best performing
driver models. Visual inspection of residual plots and model validation with each

above model revealed that the model assumptions were satisfied in all the cases.

Then, 2-factor models (binomial GLMMSs) were produced with two fixed effects
-the top performing driver plus each of the other explanatory variables in turn- also
considering Nested Sites and Seasons as random terms; and including an intercept-
only model (null model) against which every other model was compared. Again, the
best performing models were chosen based on the lowest AICs and the forward
selection procedure was terminated at this point to avoid overfitting of the data
(Goedknegt et al., 2019). Visual inspection of residual plots and model validation with

each above model revealed that the model assumptions were satisfied in all the cases.

Model comparison (bbmle package, Bolker et al., 2009) was done for the series
of candidate models (1-factor models; 2-factor models; and between the best fitting 1-
factor and 2-factor models), ranking them in order of plausibility based on their lowest
AIC scores and highest Akaike’s weights (o), i.e. the likelihood that the candidate
model is the best approximation, relative to all other models in the set of models under
consideration. Models considered to be statistically plausible were selected based on
AAIC (the difference in AIC values between a candidate model and the best
performing model with the lowest AIC value) and were defined as those with AAIC
values < 2 (i.e. not statistically different from the best performing model with AAIC

=0) (Thomas, 2017).

3.3. Results

3.3.1. Cockle speciation and identification of haplosporidian species

The examination of the quantity and quality of the extracted DNA from a
subsample (n=120) of the collected cockles revealed that all tested samples showed a
good DNA quantity, with a mean quantity of 304.13 ng/ul (range between 76.35 ng/pl
and 1305.47 ng/ul). Among the subsample, 90% (n=108/120) of the samples had a
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DNA quantity higher than 100 ng/ul. Likewise, all the tested samples showed high-
quality DNA, with a mean of A260/A280 = 1.77 and a range between 1.6 and 2.02.

The cockle speciation PCR confirmed that all the individuals from all sample
sites were Cerastoderma edule. Overall, 27.7% (n = 277) of all cockles screened (n =
998) by PCR were positive for haplosporidian species throughout the year (Table 4;
Suppl. Figure 1).

Direct sequencing was carried out on representative PCR products amplified
using generic haplosporidian HAP-F1 and HAP-R3 primers (Renault et al., 2000;
Molloy et al., 2012) to identify the species present in the samples. The sequencing
revealed two Minchinia species: Minchinia tapetis and Minchinia mercenariae-like,

as discussed below.

Two sequenced individuals from Ringaskiddy (n = 1) and Cuskinny (n = 1),
with a query length of approximately 300bp, showed 96-99% query coverage and
99.7-100% percent identity to Minchinia tapetis deposited by Hartikainen et al. (2014)
(KF208603.1), and 96-99% query coverage and 98.7-99.1% percent identity to
Minchinia tapetis deposited by Reece et al. (2004) (AY449710.1). The tested
sequences showed less homology with Minchinia mercenariae-like sequences
deposited in GenBank: < 92.3% (KY522823.1), < 92.6% (FJ518816.1).

Six sequenced individuals from Ringaskiddy (n = 1), Cuskinny (n = 2), Youghal
Bay (n = 2) and Annagassan (n = 1), with a query length ranging between 248 and
318bp, displayed 96-100% query coverage and 96.7-98% percent identity to
Minchinia mercenariae deposited by Ford et al. (2009) (FJ518816.1), and 96-100%
query coverage and 99-100% percent identity to Minchinia mercenariae-like
deposited by Ramilo et al. (2018) (KY522823.1). The latter matches exactly with the
sequences found by Lynch et al. (2020). Only in one sequence, the query coverage
dropped to 75%, with a query length of 393bp and a percent identity of 97.3% to
Minchinia mercenariae deposited by Ford et al. (2009), and 99.3% to Minchinia
mercenariae-like deposited by Ramilo et al. (2018). Moreover, the tested sequences
showed less homology with Minchinia tapetis sequences deposited in GenBank: <
91.8% (AY449710.1), < 92.5% (KF208603.1). However, it was not possible to
generate forward and reverse sequences that were long enough to identify species in

the rest of the sequenced samples (n = 10).
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Based on the obtained sequences, two pairs of primers were developed to detect
the presence of each species, since all the infected individuals could not be sequenced
due to the high number of samples that were positive for haplosporidians using the
generic PCR (n = 277). As validation, 24 samples were sequenced to confirm the
suitability of both pairs of newly designed primers. Using MER-For/MER-Rev
primers (Table 3), 12 samples were sequenced - Ringaskiddy (n = 2), Cuskinny (n =
2), Youghal (n = 2), Dungarvan (n = 1), Annagassan (n = 3) and Cooley (n = 2) -, with
a query length of approximately 170bp, showing 87-91% query coverage and 96.1-
99.3% percent identity to Minchinia mercenariae deposited by Ford et al. (2009)
(FJ518816.1), and 87-91% query coverage and 96.7-100% percent identity to
Minchinia mercenariae-like deposited by Ramilo et al. (2018) (KY522823.1). The
latter matches exactly with the sequences found by Lynch et al. (2020). Furthermore,
the obtained sequences showed less homology with Minchinia tapetis sequences
deposited in GenBank: < 92.9% (AY449710.1), < 92.9% (KF208603.1). Based on the
percent identity, the short length of the sequences and the low percentage of query
coverage in some sequences, the species found in our samples was referred to as
Minchinia mercenariae-like, although the fragments amplified were comprised in the

sequence deposited by Ford et al. (2009).

Likewise, using TAP-For/TAP-Rev primers (Table 3), 12 samples were
sequenced - Ringaskiddy (n = 5), Cuskinny (n = 1), Dungarvan (n = 2), Annagassan
(n =3) and Cooley (n = 1) -, however, in the samples from Annagassan (n = 3) and in
one sample from Dungarvan no significant similarity was found. The rest of the
samples, with a query length of approximately 165bp, showed 86-90% query coverage
and 98.7-99.3% percent identity to Minchinia tapetis deposited by Hartikainen et al.
(2014) (KF208603.1), and 86-90% query coverage and 97.9-98.7% percent identity
to Minchinia tapetis deposited by Reece et al. (2004) (AY449710.1). Only in one
sequenced sample, the percent identity dropped to 86.4% to Minchinia tapetis
deposited by Hartikainen et al. (2014) and 85.6% to Minchinia tapetis deposited by
Reece et al. (2004), with 80% query coverage and a query length of 165bp, without
more matches present in GenBank. In general, the obtained sequences showed less
homology with Minchinia mercenariae-like sequences deposited in GenBank: <
92.4% (FJ518816.1), < 93.1% (KY522823.1).
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Table 4: Number of PCR-positive cases (positive individuals/screened individuals)
for the screening of Haplosporidia spp. (HAP-F1/R3); Minchinia tapetis (TAP-
For/Rev) and Minchinia mercenariae-like (MER-For/Rev); and the number of
coinfected individuals (positive individuals/screened individuals) at each sample site

by season.
. Pathogen Spring Summer Autumn Winter Spring
Sample site identification 2018 2018 2018 2018/19 2019 Totals
- 9/42 5/12 17/31
Haplosporidia spp. (21.4%) (41.7%) (54.8%)* 0/15 (0%) 3/30 (10%) 34/130
Cork Minchinia tapetis 5/9 (55.5%)  3/5 (60%)*  8/17 (47.1%)  0/0 (0%)  1/3 (33.3%)  17/34
Harbour -~ e 579
Ringaskidd 0 9 0 0
g Y ercenariae-like (100%)* 0/5(0%)  2/17 (11.8%)  0/0 (0%)  1/3(33.3%)  12/34
(';g'i';‘;z(':':i'::pp' (55%;’)* 05(0%)  117(59%) 000 (0%) 13(333%)  7/34
- 18/85 8/23 14/30
0, 0,
Haplosporidia spp. (21.2%) 1/27 (3.7%)  8/36 (22.2%) (34.8%) (46.7%)* 49/201
Cork Minchinia tapetis 2‘;’ ;f/ 0/1(0%)  3/8 (37.5%)*  1/8 (12.5%)  0/14 (0%) 8/49
o —dinahin ( 5/.180) 5/14
Cuskinny inchinia 0 0\ * 0
mercenariae-like (27.8%) 071 (0%) 3/8 (37.5%) 0/8 (0%) (35.7%) 13/49
Minchinia spp. 2/18 0 0\ o o
coinfection (11.1%) 0/1 (0%) 2/8 (25%) 0/8 (0%) 0/14 (0%) 4/49
- 17/30 1/12
- 0, 0,
Haplosporidia spp. 1/11 (9.1%)  2/16 (12.5%) (56.7%)* (8.33%) 21/69
Minchinia tapetis - 0/1 (0%) 0/2 (0%) 0/17 (0%) 0/1 (0%) 0/21
Youghal Bay P
'Ifn";:g:[']':f;ae_"ke - 01 (0%) 22 (100%)* 117 (5.9%)  O/1 (0%) 321
xliiizlc':;:nspp' - 0/1 (0%) 012 (0%) 017 (0%)  O/1 (0%) 0/21
- 20/51 12/30
- 0, 0,
Haplosporidia spp. (39.2%) 6/58 (10.3%)  9/30 (30%) (40%)* 47/169
b Minchinia tapetis - 1/20 (5%)* 0/6 (0%) 0/9 (0%) 0/12 (0%) 1/47
ungarvan
Harbour Minchinia 3/12
- 0, 0, 0,
mercenariae.like 0/20 (0%) 0/6 (0%) 0/9 (0%) (25%)* 3/47
Z)Iizf‘zlcrt]ilsnspp. - 0/20 (0%) 0/6 (0%) 009 (0%)  0/12(0%)  0/47
- 43/99 17/30 22/30
- 0,
Haplosporidia spp. (43.4%) 5/61 (8.2%) (56.7%) (73.3%)* 87/220
L . 29/43
Dundalk Bay- Minchinia tapetis - (67.4%) 5/5 (100%)* 0/17 (0%) 0/22 (0%) 34/87
Annagassan Minchinia 3/43 o 0 0
mercenariae-like (6.9%)* 0/5 (0%) 1/17 (5.9%)  1/22 (4.5%) 5/87
Minchinia spp. 2/43
coinfection - (4.6%)* 0/5 (0%) 0/17 (0%)  0/22 (0%) 2/87
Haplosporidia spp. - ( 1176 /;Z) ) 12/60 (20%) (32%3/8)* 1/30 (3.3%) 39/209
Minchinia tapetis - 13/16 9/12 (75%) 0/10 (0%) 0/1 (0%) 22/39
Dundalk Bay- P (81.2%)* ” ” ”
Cooley Minchinia 0 0 0 11
mercenariae.like 4/16 (25%)  0/12 (0%) 0/10 (0%) (100%)* 5/39
Minchinia spp. 4/16 0 0 0
coinfection (25%)* 0/12 (0%) 0/10 (0%) 0/1 (0%) 4/39

(-) No samples
(*) The highest number of PCR-positive cases (%) for each parasite at each site and season
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Based on this screening (n = 277), Minchinia mercenariae-like was present in
41 individuals (14.8%), and Minchinia tapetis was present in 82 individuals (29.6%),
while 17 individuals (6.1%) displayed coinfection of both Minchinia spp. (Table 4).
Nevertheless, 171 (61.7%) of the tested samples that were positive in the generic
haplosporidian PCR did not amplify using the more specific PCR. Five of those
samples were commercially sequenced in addition to the samples previously
sequenced, however, no significant similarity was found in GenBank. Therefore, the
277 positive PCR cases were defined as Haplosporidia spp. for statistical and analysis

purposes.

The histological screening was used as a validation method of the results from the
molecular analysis. Haplosporidian infection was observed in histological sections of
67 cockles out of a subsample of 70 samples that were positive for PCR. Mostly
haplosporidian parasites were observed as multinucleate plasmodia, multiple
haplosporidia-like sporonts and developing spores (Figure 2; Lynch et al., 2020), and
as uninucleate cells stage in lower numbers. The haplosporidia-like sporonts were
predominantly visualised in the infected individuals from Ringaskiddy (Cork
Harbour) throughout the year. The multinucleate plasmodia and haplosporidia-like
sporonts were mainly observed throughout the connective tissue of gills and digestive
gland, while the developing spores were principally found in the mantle of infected
animals. Thirty histological sections screened out of the seventy were positive cases
for generic haplosporidian PCR but negative for specific Minchinia PCRs in order to
confirm the presence of haplosporidians in those individuals. Multinucleate plasmodia
and haplosporidian spores were observed in those sections along with low numbers of
uninucleate haplosporidian cells (Figure 2e, 2f), supporting the molecular screening
results. No obvious differences in host pathology (haplosporidian morphology, etc.)
were observed between those individuals (Figure 2e, 2f) and the individuals that were
positive for Minchinia-specific PCRs (Figure 2a, 2b, 2c, 2d), although the strongest
infected individuals observed (n = 9) were among the ones positive for Minchinia-
specific PCRs. Additionally, 10 histological sections of samples that were negative

for PCRs were screened and no evident signal of infection was found on those.
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Figure 2: a) Multiple haplosporidia-like sporonts in the connective tissues of
Cerastoderma edule; b-c) multinucleate plasmodia in the connective tissue of C.
edule; d) multinucleate plasmodia (arrow) along with uninucleate haplosporidian cells
(arrowheads) in the connective tissue of C. edule; and e-f) a large number of
haplosporidian spores in the mantle tissue of C. edule.
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3.3.2. Spatial variability in the haplosporidian presence

Haplosporidians were present at all the sample sites, however, differences were
observed between sites. Annagassan had the highest mean presence (mean + SD; 36.5
+ 34.8%), followed by Cuskinny (31.9 £ 24.3%), Dungarvan (29.7 = 13.9%),
Ringaskiddy (28.3 + 21.0%), Youghal (21.7 + 23.6%) and Cooley with the lowest
mean occurrence (17.3 + 17.1%) (Figure 3). Based on the comparison between
models, the binomial GLMM considering the fixed effects of spatial and temporal
variability (Full_Model, AIC = 1154.2) had a better fit than the binomial GLMM with
only the temporal variability included as a fixed effect (Sites_Model, AIC = 1157.2),
showing a significant difference between models (p(Chisg)<0.05) and, consequently,
indicating there was a significant spatial variability on the haplosporidian distribution
throughout the year.

Ri Cu Fp Cun DKA DKC

[+2]
(=]

B
(=]

Haplosporidia presence(%)
]
(=]

T \

255075 255075 255075 255075 255075 2550 75
Cockle sample size

Figure 3: Haplosporidian distribution in cockles collected at each sample site (Ri:
Ringaskiddy and Cu: Cuskinny, nested sites in Cork Harbour; Fp: Youghal Bay; Cun:
Dungarvan Harbour; DKA: Annagassan and DKC: Cooley, nested sites in Dundalk
Bay), combining the data from all the seasons. The boxplot compactly displays the
distribution of the response variable - Haplosporidia presence (%) -. The line in the
box represents the median. The lower and upper hinges correspond to the 25th and
75th percentiles. The upper and lower whiskers extend to the largest and smallest
values, respectively, no further than 1.5 * IQR (inter-quartile range, i.e. distance
between the first and third quartiles) from the hinge.
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3.3.3. Temporal variability in the haplosporidian presence

Although haplosporidians infecting Cerastoderma edule were found throughout
the year, temporal variability in haplosporidian infections was observed, with the
highest mean presence in winter 2018/19 (mean + SD; 35.3 + 21.1%), followed by
spring 2019 (30.2 £ 27.7%), autumn 2018 (26.3 + 23.8%), spring 2018 (25.0 + 18.4%),
with summer 2018 (24,2 + 25.8%) having the lowest mean presence (Figure 4). The
binomial GLMM considering the fixed effects of spatial and temporal variability
(Full_Model, AIC = 1154.2) was compared to the binomial GLMM with only the
spatial variability included as a fixed effect (Seasons_Model, AIC = 1169.8), showing
a significant difference between models (p(Chisq)<0.001), i.e., the temporal
variability had a significant effect on shaping the haplosporidian distribution through
the sites.

Spring_2018 Summer_2018 Autumn_2018 Winter_2019 Spring_2019
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|
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Figure 4: Haplosporidian distribution in cockles collected from different seasons
(spring 2018, summer 2018, autumn 2018, winter 2018/19, spring 2019), combining
the data from all the sample sites. The boxplot compactly displays the distribution of
the response variable - Haplosporidia presence (%) -. The line in the box represents
the median. The lower and upper hinges correspond to the 25th and 75th percentiles.
The upper and lower whiskers extend to the largest and smallest values, respectively,
no further than 1.5 * IQR (inter-quartile range, i.e. distance between the first and third
quartiles) from the hinge.
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3.3.4. Effects of abiotic and biotic factors on haplosporidian infection

Dundalk Bay displayed higher oxygen levels, lower water temperatures and lower
salinity values than the other sites, which exhibited similar values of temperature and
salinity, while the oxygen levels were, on average, the lowest at both beds of Cork
Harbour (Table 5). On average, the largest cockles were found at Annagassan, Cooley
and Cuskinny, where the oldest cockles were found (Table 5). The smallest cockles
were recorded at Dungarvan Harbour corresponding with the youngest cockles
sampled (Table 5).

There was a clear seasonal variability of temperature and dissolved oxygen in
water, with the lowest mean water temperature (8.5 = 1.1°C) and a high dissolved
oxygen concentration (292.0 + 13.8 mmol/m®) in winter, and the highest mean water
temperatures (15.5 £ 1.2°C) and the lowest mean dissolved oxygen concentration
(268.8 + 12.1 mmol/m?®) in summer. While the salinity remained fairly stable during
the year, with the highest value in summer (33.2 £ 1.5 PSU) and the lowest in spring
2018 (31.9 £ 1.7 PSU).

Cockle height measurements also showed a seasonal tendency. It decreased
progressively from spring 2018 (33.0 £ 3.3mm) to winter 2018/19, when the lowest
mean height (25.3 £ 3.6mm) was recorded, and greater cockles were subsequently
sampled in spring 2019 (28.4 + 3.2mm). In turn, cockle age showed the lowest values
in summer 2018 (2.5 + 0.7 growth rings) and winter 2018/19 (2.6 + 0.7 growth rings).

Table 5: Mean £ SD of abiotic (temperature, salinity and dissolved oxygen in water)
and biotic factors (cockle height and cockle age) at each sample site.

Cork Cork Youahal Dunaarvan Dundalk Dundalk
Mean + SD Harbour — Harbour - Bag Ha?bour Bay- Bay-
Ringaskiddy Cuskinny Y Annagassan Cooley
02 2765+133 2758+12.9 2829+13.4 2822+155 290.8+22.6 2957 + 156
(mmol/m?3)
Tem(pfg‘t”re 11.8+26 119+26  11.9+29 119427 111437 11.0+35
S(ﬂ'snljt)y 335+0.8 336+07  339+03  340+05 30.3+0.8 30.5+0.7

Height (mm) 28.1+49 294 +6.8 274+11 223+13 29.7+15 298+23

Age (growth

. 29+07 3714 3.1+06 1.8+04 28+0.7 31+12
rings)
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Among the 1-factor models assessing the effects of abiotic and biotic variables
(Table 6), the one considering the dissolved oxygen in the water as a fixed effect was
the best fitting model (with the lowest AIC = 1122.6). Consequently, dissolved oxygen
was the best performing driver explaining the haplosporidian distribution in the study.
Higher haplosporidian occurrence was observed at higher dissolved oxygen
concentrations. Neither of the other two environmental factors, water temperature and
salinity, came out as significant factors in determining the haplosporidian distribution,
having worse fits than the null model (intercept-only model, Table 6). Nevertheless,

lower temperature and salinity values corresponded to higher parasite presence.

Cockle height was the second-best explanatory factor in determining parasite
presence based on the 1-factor models (AIC = 1140.4; AAIC > 2, i.e. statistically less
plausible than the best performing model) (Table 6). Lower haplosporidian presence
was observed in larger cockles. Likewise, the 1-factor model considering the cockle
age was significantly different from the null model (intercept-only model, Table 6).
However, the correspondent 1-factor model showed a higher AIC value (AIC =
1155.8, Table 6) than the model considering cockle height, consequently, revealing a

weaker inhibitory effect on the parasite distribution than cockle height.

Table 6: Overview of the 1-factor models explaining haplosporidian presence
(modelled as parasite presence/absence) infecting edible cockles Cerastoderma edule.

Akaike’s
Model Variable Estimate (B) + SE AlC AAIC  weights
()

Null Intercept -0.975+0.211 1162.9 40.3 <0.001

1-Factor Intercept -1.111 £ 0.251 1122.6* 0.0 1
Dissolved Oz (mmol/m?) 0.700 £ 0.136

1-Factor Intercept -1.010 £ 0.221 1140.4*  17.8 <0.001
Cockle height (mm) -0.420 + 0.086

1-Factor Intercept -0.983 £ 0.208 1155.8*  33.1 <0.001
Cockle age (growth rings) -0.254 + 0.086

1-Factor Intercept -0.960 = 0.231 1164.2 41.6 <0.001
Temperature (°C) 0.116 £ 0.148

1-Factor Intercept -0.975+£0.211 1164.9 42.3 <0.001
Salinity (PSU) -0.002 + 0.128

The best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (o).
(*) Significantly different from Null Model (intercept-only).

93



Chapter 3

All the 2-factor models - with the top performing driver (oxygen) plus each of
the other explanatory variables in turn - showed a significantly better goodness of fit
than the null model (intercept-only model, Table 7). However, the model with the best
goodness of fit was the one considering cockle height as a fixed factor (with the lowest
AIC = 1099.9). Therefore, cockle height was highlighted as the explanatory biotic
factor better determining parasite presence along with the oxygen. Lastly, the 2-factor
models with water temperature, salinity and cockle age as fixed factors disclosed
weaker effects on haplosporidian presence, being the one considering the temperature
the second-best performing model (AIC = 1104.4, AAIC > 2, i.c. statistically less
plausible than the best performing model) (Table 7).

Table 7: Overview of the 2-factor models explaining haplosporidian presence
(modelled as parasite presence/absence) infecting edible cockles Cerastoderma edule.

Akaike’s
Model Variable Estimate (B) £ SE AIC AAIC  weights
()
Null_Oxygen Intercept -1.111 £ 0.251 11226 227 <0.001
Dissolved Oz (mmol/m?) 0.700 + 0.136
2-Factor Intercept -1.146 + 0.250 1099.9* 0.0 0.901
Dissolved Oz (mmaol/m?) 0.695 +0.131
Cockle height (mm) -0.431 +0.087
2-Factor Intercept -1.097 £ 0.342 1104.4* 4.5 0.097
Dissolved O, (mmol/m?) 1.148 +0.214
Temperature (°C) 0.752 + 0.202
2-Factor Intercept -1.113+£0.234 1113.8* 13.8 <0.001
Dissolved O, (mmol/m?) 0.689 + 0.141
Cockle age (growth 10.287 + 0.089
rings)
2-Factor Intercept -1.232 £ 0.291 11159* 15.9 <0.001
Dissolved O, (mmol/m?) 0.882 + 0.164
Salinity (PSU) 0.541 +0.223

The best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (o).
(*) Significantly different from Null Model (intercept-only).

A comparison between AIC values of the best fitting 1-factor (Table 6) and 2-
factor (Table 7) models revealed that, overall, the 2-factor model with oxygen and
cockle height as fixed factors was the most plausible explanatory model defining the
haplosporidian species distribution in the study. The rest of the models were
considered statistically different from the former one (AAIC > 2) and, consequently,

less plausible.
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3.4. Discussion

For the first time, a comprehensive study assessing the temporal and spatial
distribution of haplosporidian species in commercial and non-commercial
Cerastoderma edule populations in a new geographic range in Ireland was carried out.
These findings further support that the Minchinia mercenariae-like haplosporidian
and Minchinia tapetis infect C. edule of all sizes and age groups in Europe (Carballal
et al., 2001; Villalba et al., 2001; Carballal et al., 2003; Engelsma et al., 2011;
Longshaw and Malham, 2013; Ramilo et al., 2018). Similar to other haplosporidian
species (Ford and Haskin, 1982; Burreson et al., 2004; Engelsma et al., 2010; Lynch
et al., 2014), the Minchinia spp. detected in the study were present year-round at all
sites, except for M. tapetis in Youghal. Coinfection of both Minchinia species was
only observed in Cork Harbour and Dundalk Bay, where Minchinia spp. showed a

higher presence compared to Youghal Bay and Dungarvan Harbour (Celtic Sea).

Certain samples that were deemed positive in the generic haplosporidian PCR
did not amplify a product in the species-specific PCRs, however, the presence of
haplosporidian cells in those individuals was confirmed by histology. Given the good
quantity and high-quality of extracted DNA present in the samples, the discrepancy
between the results from the generic haplosporidian and Minchinia-specific
screenings could indicate the presence of other haplosporidian species in the samples.
The highly divergent genes that characterise this parasite group hinder the accurate
identification of the different species (Hartikainen et al., 2014). There are still many
haplosporidian species whose DNA sequence has not been described yet, and
numerous non-identified haplosporidians continue to be reported from many different
invertebrate hosts and habitats (Burreson and Ford, 2004; Hartikainen et al., 2014).
The absence of amplicons in the Minchinia-specific screening could also be due to the

low intensity of infection observed in the cockles by histology.

Overall, more than a quarter of the Cerastoderma edule at the Irish sample sites
were positive for haplosporidians. Spatial variability was observed between sites and
even between cockle beds within the commercial fishery (Annagassan and Cooley) at
Dundalk and the marine nature reserve and shipping port (Cuskinny and Ringaskiddy)

within Cork Harbour.
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Both cockle beds at Dundalk Bay displayed similar environmental conditions
and cockles there presented similar biotic characteristics, but while Annagassan,
exhibited, on average, the highest haplosporidian presence, Cooley was the sample
site with the lowest haplosporidian presence. Although Cerastoderma edule at both
Dundalk beds experienced the same mean salinity year-round when the tide was in,
the Cooley bed is located higher up the bay, is in close proximity to the mouth of a
river, and therefore experiences more freshwater runoff when the tide is out compared
to the Annagassan bed. Therefore, it was hypothesised that salinity could have a
potential effect in defining haplosporidian distribution on that bay. It has long been
known that spring freshwater runoff is an important control of Haplosporidium
nelsoni in its host the eastern oyster Crassostrea virginica in North America (Ford
and Haskin, 1982; Burreson and Ford, 2004). Ford and Haskin (1988) highlighted that
the reduced prevalence of H. nelsoniin C. virginica held at a low salinity was
probably due to a physiological inability of the parasite to tolerate reduced salinity
rather than an enhancement of host defence mechanisms. Flannery et al. (2014)
observed a lower prevalence of another haplosporidian, Bonamia ostreae, in the
European flat oyster Ostrea edulis on oyster beds located close to a freshwater source
at two different sample sites. These findings would suggest that the haplosporidian
species are limited by reduced salinity, despite the fact that this was not highlighted
as a relevant factor in our models. Older and larger sized Cerastoderma edule were
sampled at the Cooley bed, which would indicate that low haplosporidian detection in
Cooley was not due to cockle mortality induced by the freshwater runoff, as adult
cockles are able to close their valves to reduce exposure to conditions of unfavourable
salinity that extend days to weeks (Coen and Bishop, 2015), but more than likely an
intolerance of the haplosporidians to low salinity. Continuous sampling at a time scale,
rather than punctual sampling, would be necessary, to definitively confirm the role of

salinity on parasite infection and transmission at a population level.

At the two cockle beds within Cork Harbour, Cerastoderma edule at Cuskinny
Marsh Nature Reserve had a significantly higher overall haplosporidian occurrence
compared to C. edule at Ringaskiddy, contrary to what might be expected given the
proximity of Ringaskiddy to an industrial and shipping area. It is recognised that
coastal development and anthropogenic disturbances may unbalance the interplay

between infectious disease agents and their hosts in marine ecosystems (Rowley et al.
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2014; Coen and Bishop, 2015). The Cerastoderma edule sample size at Cuskinny was
greater than at Ringaskiddy possibly indicating a lower C. edule density or that a
mortality event may have occurred at that site, which was also suggested by the
younger cockles sampled at Ringaskiddy compared to Cuskinny. While the
environmental conditions were similar at both beds of Cork Harbour, the cockle size
at Cuskinny was larger than at Ringaskiddy, which is contrary to the fact that cockle
height was highlighted as a significant explanatory factor inhibiting the
haplosporidian infection. Therefore, although cockle age was not stressed as a key
factor in our models, it has been inferred that the oldest cockles sampled at Cuskinny
were exposed for a longer period of time to the haplosporidians, thus increasing their
likelihood of becoming infected and having a higher occurrence of this pathogen. It is
well known that older hosts have more time than younger hosts to accumulate disease-

causing pathogens (Lafferty and Kuris, 2009; Breitburg et al., 2015).

Seasonal variability was also confirmed, the highest peak of parasite presence
in winter was related to the higher dissolved oxygen concentration in the water (the
best performing driver in our models); conversely, in summer with the lowest mean
dissolved oxygen concentration, the cockles showed the lowest mean parasite
presence. It would be expected that a lower dissolved oxygen environment would be
more stressful to Cerastoderma edule and would make them more susceptible to
pathogen infections. Emerging diseases have been previously linked to climate change
and other anthropogenic stressors, extreme temperatures and salinities, and low
dissolved oxygen (e.g., Harvell et al., 1999; Harvell et al., 2002; Lafferty et al., 2004).
Prolonged exposure to hypoxia has been shown to increase pathogen-related mortality
and impair immune responses in a number of marine and estuarine invertebrates
(Robohm et al., 2005; Patterson et al., 2014; Breitburg et al., 2015). As it has been
observed in previous studies, when the temperature rises, oxygen levels decrease and
metabolic rates increase, suggesting that warming could lead to respiratory stress, thus
increasing the organism’s susceptibility to disease (Lafferty et al., 2004; Mackenzie
et al., 2014). It was suggested that a possible explanation of this positive relation
between dissolved oxygen and haplosporidian infection in the study may be associated
with an increased water circulation/turbidity, therefore increasing the probability of
host contact with the pathogens. Nevertheless, further research must be done in that

sense to reach a clear conclusion.
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Even if the seawater temperature was not defined in the 1-factor models as an
important factor determinant of the parasite distribution, a higher parasite presence
was observed in the cooler winter months. Additionally, a higher overall
haplosporidian presence was detected in the cooler spring 2019 compared to spring
2018 in this study. Contrary to our results, simulations using progressive cooling or
warming conditions made by Burreson and Ford (2004), under high salinity
conditions, indicated that low temperature conditions caused a dramatic reduction in
the prevalence of Haplosporidium nelsoni in Crassostrea virginica. Conversely, a
higher prevalence of Bonamia ostreae in Ostrea edulis was associated with cooler
spring temperatures over a thirty-year study period in Ireland (Engelsma et al. 2010;
Lynch etal., 2014). These findings would suggest that a thermal tolerance range exists
for haplosporidian species.

In addition, it was observed that the height of cockles sampled, the second-best
explanatory factor in determining parasite presence, also showed a seasonal tendency,
with the lowest mean height and the highest mean parasite presence recorded in
winter, and greater cockles subsequently sampled in spring 2019, corresponding with
a decrease in parasite occurrence. As it has been previously reported, the host size is
a relevant factor for the disease infection and transmission, it is commonly accepted
that larger hosts, which typically eat more than their smaller counterparts, have a
greater probability of consuming parasites while feeding (Mouritsen et al., 2003;
Breitburg et al., 2015). The greater reproductive output of larger/older individuals
may, during times of reproduction, cause a reduction in host condition and reduction
of energy available for immunological defence, thereby rendering them more
susceptible to infections (Taskinen and Saarinen, 1999). Nevertheless, the
susceptibility of bivalves to viral and bacterial infections is generally greater for
smaller younger individuals than for larger adults (Renault and Novoa, 2004), since
larger/older bivalves have had more time available to develop defence mechanisms
compared to their smaller/younger cohorts (Coen and Bishop 2015).

Findings from this study provide better knowledge of emergent haplosporidian
species and a better understanding of some of the biotic and abiotic factors influencing
haplosporidian species, particularly, Minchinia spp. in commercially fished and wild
Cerastoderma edule. Both spatial and temporal variation indicated that site influence

and seasonal environmental parameters play a role in haplosporidian species
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distribution and possibly Cerastoderma edule tolerance to the haplosporidians. Spatial
variability occurred within a bay and harbour in this study, thus highlighting that
localised site influences can have an impact. In our study, haplosporidians appeared
to have a tolerance range for the environmental variables assessed (dissolved oxygen,
temperature and salinity), which is typical of a diverse range of haplosporidian
parasites. All age groups and size classes of Cerastoderma edule were associated with
haplosporidians, although smaller and older cockles seemed to be more vulnerable to
the infection.

These results will contribute to an improved understanding of such an important
emergent pathogen in molluscs as Haplosporidia, its diversity, occurrence,
seasonality, host and geographic distribution and the potential drivers/inhibitors of
emerging infectious diseases associated with haplosporidian species in harvested and

non-harvested Cerastoderma edule populations.
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November 2018, December 2018, February 2019, April 2019) at the different sample
sites, showing the regression trend line of the parasite distribution at each site.
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Co-occurrence of pathogen assemblages in a keystone species the
common cockle Cerastoderma edule on the Irish coast

This chapter is published as follows:

Albuixech-Marti S., Culloty S.C., Lynch S.A., 2021. Co-occurrence of pathogen
assemblages in a keystone species the common cockle Cerastoderma edule on the
Irish coast. Parasitology 1-15. 10.1017/S0031182021001396.

Abstract

Despite coinfections being recognised as the rule in animal populations, most
studies focus on single pathogen systems. Pathogen interaction networks and the
drivers of such associations are lacking in disease ecology studies. Common cockle
Cerastoderma edule populations are exposed to a great diversity of pathogens, thus
making them a good model system to investigate. This study examined the diversity
and prevalence of pathogens from different taxonomic levels in wild and fished C.
edule on the Irish coast. Potential interactions were tested focussing on abiotic
(seawater temperature and salinity) and biotic (cockle size and age, and epiflora on
shells) factors. No Microsporidia nor OsHV-1uVar were detected. Single infections
with Haplosporidia (37.7%) or Vibrio (25.3%) were more common than two-pathogen
coinfected individuals (9.5%), as expected by random chance. Fished C. edule
populations with high cockle densities were more exposed to infections. Higher
temperature and presence of epiflora on cockle shells promoted coinfection in warmer
months. Low seawater salinity, host condition and proximity to other infected host
species influenced coinfection distribution. Moreover, a positive association between
two Minchinia species was observed, most likely due to their different pathogenic
effect and use of resources within the host, as seen in previous studies. However,
natural variation in the presence and prevalence of multiple pathogens can be expected
at the microscale sampling frame within the cockle beds. Therefore, further research
is needed in order to achieve a better understanding of the potential associations
occurring between pathogens and the responsible underlying mechanisms. Overall,
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findings highlight the major influence that ecological factors have on pathogen

interactions and host-pathogen interplay.

Keywords: cockle health, coinfection, Haplosporidia, Vibrio, pathogen interactions,

confounding factors.
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The study demonstrated the presence and interdependence of coinfecting

The risk of coinfection may have been promoted by higher temperature and the

presence of epiflora on the cockle shells in warmer months.
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»  Site influence in the coinfection distribution might be due to lower seawater
salinity, host condition and proximity to other infected host species.

»  Fished C. edule populations with high cockle densities might have been more
exposed to coinfection.

» A positive two-way association between Minchinia tapetis and Minchinia

mercenariae-like organisms was demonstrated.
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4.1. Introduction

Animal hosts are exposed to complex pathogen assemblages that ultimately
form a dynamic community within them (Johnson and Buller, 2011). However,
research into host-pathogen interactions remains dominated by the study of one host-
one pathogen systems despite the fact that hosts can simultaneously carry several
infectious agents, with consequences for the dynamics of each agent and host health.
Coinfections have been previously reported in shellfish hosts: including Vibrio
tapetis, Perkinsus sp. and digenetic trematodes in cockles (Lassalle et al., 2007);
ostreid herpesvirus-1 (OsHV-1) and Vibrio spp. in oysters (Petton et al., 2015; Alfaro
et al., 2019); and protozoans and bacteria in clams (Arzul et al., 2012; Carella et al.,
2020); and in some of the cases with a dramatic effect on disease susceptibility (Cox,
2001; Lassalle et al., 2007; Arzul et al., 2012; Alfaro et al., 2019). Processes at
different scales of ecological organization from the within-host level (e.g., interactions
of coinfecting parasites) to the ecosystem level (e.g., the influence of environmental
variables) across space and over time have a key influence on complex natural systems
(Hellard et al., 2015). Therefore, moving from one host-one pathogen systems towards

an ecosystem view of host-pathogen interactions and their ecology is essential.

Detection of interspecific parasite/pathogen interactions in natural populations
is not easy, due to complex networks of indirect effects making it difficult to infer
underlying processes (Hellard et al., 2012). Interactions among coinfecting infectious
agents can, in fact, alter host pathology, parasite transmission and virulence evolution,
also influencing the spread of infections at a population level resulting in disease
outbreaks, as described previously in bivalves (Lassalle et al., 2007; Arzul et al., 2012;
Alfaro et al., 2019). These effects can be the opposite, i.e. coinfections within the host
may reduce infection success yet still enhance pathology or, in contrast, co-occurring
parasites/pathogens may weaken host pathology increasing the infection success
(Johnson and Hoverman, 2012). For example, mortality induced by one parasite can
also eliminate the availability of hosts for other parasites (Jolles et al., 2008), likewise,
morbidity induced by one parasite can increase exposure to a second, even if within-

host interactions are antagonistic (Karvonen et al., 2009).

Simultaneous infections may therefore trigger a whole spectrum of outcomes

within the hosts, both synergistic and antagonistic, i.e. the weight of one or both

115



Chapter 4

infectious agents may be suppressed (Fukami et al., 2010), one or both agents may be
amplified resulting in coexistence (Thomas et al., 1998), or one may be amplified and
the other suppressed (Johnson and Hoverman, 2012). Parasite/pathogen interactions
can be not only direct, such as competition for attachment sites, competition for host
resources, and predation upon one another (intra-guild predation) (Hatcher et al.,
2006; Johnson et al., 2010; Hatcher et al., 2012), but interactions can also be indirect
or host-mediated often involving changes in immunity such as cross-immunity
(apparent competition) and immune suppression (apparent facilitation) (Jolles et al.,
2008). For instance, Johnson and Hoverman (2012) suggested cross-reactive
immunity as a cause of a decrease in parasite persistence in their experiments with a
group of related larval trematodes in Pacific chorus frogs (Pseudacris regilla).
Johansen and Sommer (2001) suggested that the immune suppression triggered by a
primary infection could be the cause of multiple bacterial infections in Atlantic salmon

(Salmo salar).

The co-occurrence of infectious agents may also result simply because the same
risk factors promote their presence and not because the different pathogen groups are
interacting synergistically (Vaumourin et al., 2015). Risk factors shared by two or
more infectious agents can occur at the level of the host individual (e.g. host condition
and age), population (e.g. host density) or landscape (e.g. climatic factors), increasing
the probability of infection by both/all agents (Hellard et al., 2015). Such confounding
factors may influence host exposure and/or host susceptibility promoting
simultaneous infections (Vaumourin et al., 2015). Environmental parameters such as
seawater temperature and salinity, host density or host physiological conditions and
behaviour are common confounding factors that may influence the co-occurrence of
different pathogen groups and the epidemiological and geographic patterns of
infection and disease (Hellard et al., 2012; Vaumourin et al., 2015). Confounding
factors must be considered in field studies since those factors can create statistical
associations between infectious agents even if there is no true biological interaction
between them (Kuris and Lafferty, 1994).

Generalist host species, such as the common cockle Cerastoderma edule, with
wide spatial distributions, are exposed to a large range of environmental conditions,
and a greater diversity of parasites and pathogens, and consequently are more likely
to be coinfected (Vaumourin et al., 2015; Mahony et al., 2020; de Montaudouin et al.,
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2021), directly affecting individual cockle health and cockle population dynamics
(Longshaw and Malham, 2013). Cockles may be host to multiple macro-parasite
infections, particularly trematodes (de Montaudouin et al., 2010; de Montaudouin et
al., 2021), but may also be infected by a range of pathogens (Rowley et al., 2014; de
Montaudouin et al., 2021), providing a microcosm for the parasite/pathogen
community. Within this community, there are haplosporidian protists such as the
genus Minchinia (Engelsma et al., 2011; Longshaw and Malham, 2013; Ramilo et al.,
2018; Lynch et al., 2020b; Albuixech-Marti et al., 2020; de Montaudouin et al., 2021),
numerous members of the bacterial family Vibrio (Carballal et al., 2001; Lassalle et
al., 2007; de Montaudouin et al., 2021), viruses such as ostreid herpesvirus-1
microVar (OsHV-1 uVar) (Carballal et al., 2003; Evans et al., 2017; Bookelaar et al.,
2020; de Montaudouin et al., 2021) and microsporidian species reported in digeneans
and paramyxids infecting cockle populations (Goater, 1993; Fermer et al., 2009;
Fermer et al., 2011; Villalba et al., 2014; de Montaudouin et al., 2021). Cockles are a
keystone species responsible for different ecosystem services, i.e. carbon storage,
energy cycling, food source for seabirds, etc., being also good sentinel and
bioindicator species (Malham et al., 2012; Carss et al., 2020). Moreover, the common
cockle is one of the main non-cultured bivalve species harvested in western European
waters, with a high economic value (Rowley et al., 2014; Carss et al., 2020).
Consequently, cockles have been well-studied and are useful model species. Given
the complex parasite/pathogen assemblages within the cockles and their intricate
interactions and effects, a comprehensive and integrated approach that considers not
only the synergistic impact of coinfections but also the role of ecological factors

driving the infection across space and over time is needed.

Future climate scenarios predict a warming marine environment and increased
precipitation events resulting in pulse events of reduced/fluctuating salinity in
nearshore ecosystems (Allam and Raftos, 2015; Coen and Bishop, 2015).
Consequently, climate change may be expected to have a significant effect on disease
epidemiology (Coen and Bishop, 2015), and may even have significant consequences
on zoonoses emergence (Hoarau et al., 2020). In this context, the need for the
understanding of ecological processes involved in the transmission and dynamics of

infectious agents in host reservoirs is critical (Hoarau et al., 2020). This study,
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therefore, aims to assess the interactions between infectious agents, their hosts, and

the environment.

For that purpose, this study examined the diversity and prevalence of significant
pathogen groups, Haplosporidia, Vibrio spp., OsHV-1 pVar and Microsporidia,
associated with bivalve mortalities globally as well as coinfections and associations
of the different infectious agents at an individual and population level in wild and
fished C. edule along the Irish and Celtic Seas. The role of abiotic (seawater
temperature and salinity) and biotic (cockle size and age, and epiflora on their shells)
factors in the risk of coinfection throughout the study was also assessed. Developing
knowledge on pathogen diversity and co-occurrence in an economically and
ecologically important species such as C. edule and integrating the role of the
environment in the host-pathogen interplay is essential for a better understanding of
the interaction networks that can affect disease outcomes and transmissibility in the
current changing environment. Findings from this study highlight the complexity of
pathogen interactions within a host and the effect of key biotic and environmental
drivers shaping disease dynamics, which can also be applied to other coinfected

animal host species.

4.2. Materials and Methods

4.2.1. Sampling

Cockles were sampled from spring 2018 to spring 2019 at Cork Harbour
(Ringaskiddy and Cuskinny, n=257) on the south coast (Celtic Sea) of Ireland and
from summer 2018 to spring 2019 at Youghal Bay (n=69) and Dungarvan Harbour
(n=169), with an extensive farming of Pacific oysters (Crassostrea gigas), on the
south coast (Celtic Sea) of Ireland, where there is no commercial fishing activity
(Figure 1). Additionally, 240 cockles were collected from summer 2018 to spring
2019 at the commercial fishery at Dundalk Bay (Annagassan and Cooley) on the
northeast coast (Irish Sea) of Ireland (Figure 1). Dundalk Bay is a classified Bivalve
Mollusc Production Area and it has supported a commercial dredge cockle

(Cerastoderma edule) fishery since 2001 (Hervas et al., 2008).
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Figure 1: Map of Ireland highlighting the cockle sample sites with coordinates.

The four locations are bays with intertidal sand and mudflats, where a variety of
bivalves inhabit. Cerastoderma edule densities in the selected sites vary from higher
densities, 9.33 + 3.5 ind/m?, in Dundalk Bay (Shellfish Stocks and Fisheries Review,
Marine Institute and BIM, 2017) to lower densities in the no commercial fishing sites:
1.6 + 2.1 ind/m? in Youghal Bay; 0.8 + 1.7 ind/m? in Cork Harbour; and 0.4 + 1.3
ind/m?in Dungarvan Harbour (Fermer et al., 2011). Cockle mortalities associated with
disseminated neoplasia have been previously reported in Cork Harbour (Morgan et
al., 2012), while a massive cockle mortality event associated with dinoflagellates
occurred in Youghal Bay in the past (Ottway et al., 1979). Dungarvan Harbour has
also a history of OsHV-1-associated mortality events (Lynch et al., 2012; Prado-
Alvarez et al., 2016). However, to the best of our knowledge, Dundalk Bay has not

previously recorded mortality events.

Even though Cork Harbour is an important industrial area and is a busy
ferry/shipping terminal, its trophic status (based on the nutrient levels such as

phosphorus and nitrogen, growth of algae and dissolved oxygen concentration) was
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qualified as unpolluted by the EPA in 2017 along with Dungarvan Harbour, an
extremely sheltered bay, while Youghal Bay, close to an urban hub, was classified as
intermediate polluted area. In turn, Dundalk Bay showed a localised effect on the
trophic status, with Annagassan classified as an unpolluted area and Cooley as an
intermediate polluted area, probably due to the influence of water discharge from the

local river.

Cockles were collected by hand raking from the intertidal area of each site at
spring tide (0.5m-1m) and seasonal intervals. The sample size, outlined in Table 1,
was dependant on the availability of cockles at each site and season. Cockles were
kept at ambient temperature during the fieldwork and were processed either on the

same day or were held out of water overnight at 4°C and were processed the next day.

Table 1: Sample sites, seasons and number of cockles collected.

Sampling Cork Youghal Dungarvan Dundalk Totals
dates Harbour Bay Harbour Bay

Spring 2018 60 - - - 60
Summer 2018 39 11 51 60 161
Autumn 2018 60 16 58 60 194
Winter

2018/19 38 30 30 60 158
Spring 2019 60 12 30 60 162
Totals* 257 (34.9%) 69 (9.4%) 169 (23.0%0) 240 (32.7%) 735

(-) No samples collected
* In brackets the % representation of all cockles sampled

4.2.2. Sample processing and diagnostic methods

4.2.2.1. Morphometrics:

Measurements included (A) cockle body size (height (mm)) of each individual
that was recorded using Vernier callipers. The (B) cockle’s age was established by
counting the annual winter growth rings. For verification and validation purposes, the
number of growth rings was confirmed by a second researcher, as it is recognised that
variations in growth during the same year lead to the possible formation of extra stria

(de Montaudouin, 1996). The presence or absence of epiflora on the shell of each

120



Chapter 4

individual was also recorded. Epiflora was mainly composed of epiphytic algae,

although no specific species were identified.

4.2.2.2. Histology:
A transverse section of each cockle was excised, including the digestive gland,

gonads, gills and mantle tissues; as well as a section of the hinge ligament and a
section of the tip of the foot were taken for histological examination. The three
sections were placed in a labelled histocassette and were preserved in Davidson’s
fixative for 48 hours (Shaw and Battle, 1957) prior to processing. Paraffin-embedded
tissue blocks were sectioned at Sum and stained using haematoxylin and eosin (Sigma
Aldrich, USA) (Howard and Smith, 1983). Tissue slides were screened at a
magnification of 40x and under oil at 100x for visualization of the pathogens and

tissue pathology.

4.2.2.3. Molecular techniques for cockle species identification and pathological

screening:
A small piece of gill tissue (2-5mm? of tissue) from each cockle was taken and

stored at -20°C for molecular assays, to determine the European cockle species
(Cerastoderma edule (Linnaeus, 1758) or Cerastoderma glaucum (Poiret, 1789)) and
for subsequent pathological screening. Genomic DNA from the cockle gill tissue was
extracted using the chelex-100 extraction method (Walsh et al., 1991; Lynch et al.,
2008).

The quantity and the quality of the extracted DNA from a subsample (n=120)
of the collected cockles were established using NanoDrop 1000 Spectrophotometer to
avoid the diagnosis of false negatives due to low DNA quantity and/or DNA of poor
quality. DNA purity was assessed by determining the ratio of spectrophotometric
absorbance of each extracted sample at 260/280 nm (A260/A280 ratio; an indicator of
protein or phenol contamination). Pure DNA extraction should have an A260/A280

ratio ~1.8, higher values indicate the presence of RNA along with DNA.

Polymerase chain reaction (PCR) was carried out to amplify the nuclear DNA
markers ITS-for / ITS Ce-R / ITS Cg-R to differentiate between the presence of C.
edule, C. glaucum species or hybrids (Freire et al., 2011; Table 2). Purified DNA of
C. edule was used as a positive control. Two positive controls were included in each

PCR assay to confirm that the amplification worked. Likewise, negative controls (two
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replicates with ddH.O) were included in each PCR assay to confirm the absence of
contamination. Amplification was conducted following the reaction mixture and
thermocycling conditions, as well as the visualisation of the product, described in
Albuixech-Marti et al. (2020).

Standard PCR screening for haplosporidian detection was carried out in cockle
gill tissue samples (n = 735) using generic haplosporidian HAP-F1 and HAP-R3
primers that amplify small regions of the SSU rDNA of most haplosporidians (Renault
et al., 2000; Molloy et al., 2012; Table 2). Purified DNA of the pathogen was used as
a positive control. Two positive controls were included in each PCR assay to confirm
that the amplification worked. Likewise, negative controls (two replicates with
ddH20) were included in each PCR assay to confirm the absence of contamination.
Amplification was conducted following the reaction mixture and thermocycling
conditions, as well as the visualisation of the product, described in Albuixech-Marti
et al. (2020).

Standard PCR screening for Minchinia spp. detection was carried out in the
cockle samples that were positive for Haplosporidia by conventional PCR, using
specific primers for Minchinia tapetis (TAP-For/Rev) and Minchinia mercenariae-
like (MER-For/Rev) (Albuixech-Marti et al., 2020; Table 2) in the appropriate
pairings and separate PCR reactions. Two positive controls (purified DNA of the
respective Minchinia species) were included in each PCR assay to confirm that the
amplification worked. Likewise, negative controls (two replicates with ddH20) were
included in each PCR assay to confirm the absence of contamination. Amplification
was conducted following the reaction mixture and thermocycling conditions, as well

as the visualisation of the product, described in Albuixech-Marti et al. (2020).

Standard PCR screening for Vibrio spp. in cockle gill tissues was conducted
using generic primers Vib-F3/R3, developed in our lab for the detection of Vibrio
genus (Kett et al., 2022) (Table 2). The screening was conducted in all the collected
cockles (n = 735). A total of 2 pl of DNA per individual was used in a total volume
of 27.5ul of the reaction mixture containing: 5ul of 5x green buffer, 5ul of dNTPs
(1.25mM), 0.5ul of MgCl>, 0.25ul of forward and reverse primers, 0.1ul of GoTaq
polymerases, 1.5ul of DMSO and 12.9ul of ddH.O. Cycling conditions consisted of

an initial denaturation of the sample at 95°C for 1 minute followed by 35 cycles of
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94°C for 20s, 56°C for 30s, 72°C for 30s and a final elongation at 72°C for 7 minutes.
Purified DNA of the pathogen was used as a positive control. Two positive controls
were included in each PCR assay to confirm that the amplification worked. Likewise,
negative controls (two replicates with ddH>O) were included in each PCR assay to
confirm the absence of contamination. Electrophoresis of the amplification products
was conducted in a 2% agarose gel. The expected amplified product (amplicon) size

for Vibrio spp. was 286bp.

Standard PCR screening for ostreid herpesvirus-1 (OsHV-1) and variants,
including OsHV-1 puVar, was carried out in cockle gill tissue samples (n = 735) using
specific primers OHVA/OHVB that amplify small products of the ORF4 gene in the
OsHV-1 virus and its variants (Lynch et al., 2013; Table 2). Purified DNA of the
pathogen was used as a positive control. Two positive controls were included in each
PCR assay to confirm that the amplification worked. Likewise, negative controls (two
replicates with ddH.O) were included in each PCR assay to confirm the absence of
contamination. Amplification was conducted following the reaction mixture and
thermocycling conditions described in Lynch et al. (2013). Electrophoresis of the
amplification products was conducted in a 2% agarose gel. The expected amplified

product (amplicon) size for OsHV-1 and variants was 385bp.

Standard PCR using specific primers MiclF1/MiclR1 and MiclF2/MiclR2
(Lynch et al., unpublished data confirmed to be specific to Microsporidia spp. by
Sanger sequencing; Table 2) to detect two unidentified microsporidian species was
carried out in cockle gill tissue samples (n = 735). Purified microsporidian DNA was
used as a positive control. Two positive controls were included in each PCR assay to
confirm that the amplification worked. Likewise, negative controls (two replicates
with ddH.O) were included in each PCR assay to confirm the absence of
contamination. Both reaction mixture and thermocycling conditions were the same as
used with the PCR for OsHV-1 and variants, as well as the visualisation of the product.

The expected amplified product (amplicon) size for microsporidian spp. was 180bp.
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Table 2: Description of PCR primer pairs showing sequences for each forward and
reverse primer and expected product size.

Primer sequence (5°-3’)

Primer Product Primer
. Forward Reverse . e
pair size (bp) specificity
ITS-for GTT TCC GTA GGT AAG CAG CGAGAAGCC o Cerastoderma
ITS Ce-R GAACCTG GTTC edule
ITS-for GTT TCC GTA GGT AAT TCG CCA TCG TCG Cerastoderma
470
ITS Cg-R GAACCTG G glaucum
HAP-F1L  GTTCTT TCW TGA AKR HRT TCC TWG TTC 350 Haplosporidia
HAP-R3  TTC TAT GMA AAG AYG A spp.
TAP-For  ATC TAACTAGCT CTT TCAAGA TTA CCC 165 Minchinia
TAP-Rey GTCGCTAACTCGT  GGCTCTGC tapetis
MER-For ATC TAA CTA GCT ACG CAC ATT GAT Minchinia
GTC ACT ATG GAA 170 mercenariae-
MER-Rev AA TGCCCAGCTCTTT like
Vib-F3 CAA CAG AAG AAG  CACGCT TTC GCATCT L
286 Vibrio spp.

Vib-R3 CAC CGG CT GAG TG
OHVA  TGCTGGCTGATG ~ GGATATGGAGCTGCG oo hergi\r/?;ﬂs_ .
OHVB TGATGG CTT TGG GCGCT and variants
MiclF1 GTG GAC GCT AGT TTG CAC CAG AAG GTT 180 Microsporidia
MiclR1 CTCACAGGTT TACGACACAT sp.1
MiclF2 ATG CAT GCG TAA TCT CTT GCA CCA GAA 180 Microsporidia
MicIR2 GCG AAGCAGTTAT GGTTTACGAC sp. 2

Quantitative PCR (gPCR) for detection and quantification of Vibrio
aestuarianus in the cockle samples that were positive for Vibrio spp. was performed
using specific primers (Table 3) for detection of the molecular chaperone dnaJ gene,
following the protocol of McCleary and Henshilwood (2015). Negative template
controls consisting of 5 ul of double-distilled water (ddH20) were included in
triplicates in each run. 5 pl of V. aestuarianus DNA suspension was used in triplicates
as positive controls in each run. All samples were performed in triplicates using 5 pl
of DNA. C; (Cycle threshold) values were used to determine PCR quantification and

detection limits by a Thermo Hybaid PCR express thermal cycler. A tested sample
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was considered positive if its mean C; value was below 37. Six prepared 1:10 serially
diluted V. aestuarianus DNA standards were tested in triplicates as stated in McCleary
and Henshilwood (2015). Standard curves aim at checking the efficacy of the PCR
reaction and at estimating the number of bacterial DNA copies present in tested
samples. Results were interpreted by linear regression for slope analysis, and the PCR
amplification efficiency (E) was calculated according to: E = [10 Y(slop9] _ 1
(McCleary and Henshilwood, 2015). Absolute quantitation for DNA copies was
carried out by comparing the C obtained against the standard curve with known copy

numbers.

Viral load for ostreid herpesvirus-1 and variants was investigated by gPCR with
a small number of individuals (n=30, whose standard PCR results displayed some
smear in the visualisation of the product) to verify that there was no viral load by
carrying out a more specific screening and increasing the amount of DNA processed.
The protocol of Pepin et al. (2008) was followed, using the specific primers HVDP-
F/HVDP-R (Table 3). Each run included two positive DNA controls (genomic OsHV-
1 DNA) and two blank controls (ddH20). All samples were conducted in duplicates
using 5 pl of DNA. Ctvalues were used to determine PCR quantification and detection
limits by a Thermo Hybaid PCR express thermal cycler. Amounts of viral DNA
(copies/ul) are calculated by comparison with standard curve values obtained from
amplification reactions carried out with serial dilutions of the genomic OsHV-1 DNA.
Absolute quantitation for OsHV-1 DNA copies is carried out by comparing the C;
obtained against the standard curve with known copy numbers. PCR efficiency
(E=10C15l0p8) _ 1y i determined by drawing standard curves from a serial dilution’s
analysis of genomic OsHV-1 DNA to ensure that E ranged from 95% to 105% (Pepin
et al., 2008).

Table 3: Description of gPCR primer pairs and probe.

Primers Sequence Specificity

dnaJ f420 GTGAAGGGACGGGTGCTAAG

dnaJ r456 CCATGACAAGTGCCACAAGTCT Vibrio aestuarianus

dnaJ p441 (probe) FAM-AGGGCACGTCGGC-MGB

HVDP-F ATTGATGATGTGGATAATCTGTG Ostreid herpesvirus-1 and
HVDP-R GGTAAATACCATTGGTCTTGTTCC variants
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Direct sequencing was carried out on representative PCR products (n=10)
amplified using generic Vibrio Vib-F3/R3 primers (Kett et al., 2022) to identify the
Vibrio species present in the samples. Likewise, direct sequencing was carried out on
representative PCR products (n=5) amplified using generic haplosporidian HAP-F1
and HAP-R3 primers (Renault et al., 2000; Molloy et al., 2012) to identify the species
present in the samples beyond the Minchinia species screened. Genomic DNA from
selected individuals was isolated and purified using the QIAquick Gel Extraction Kit
(QIAgen) prior to direct sequencing. Both the forward and reverse strands of DNA
samples were sequenced commercially (Source Bioscience). Each sequence was
matched against the National Center for Biotechnology Information (NCBI)
nucleotide database with BLASTn (Basic Local Alignment Search Tool), which finds
regions of local similarity between sequences to identify and confirm the DNA being
detected in the PCRs.

4.2.3. Environmental data

This study was conducted using E.U. Copernicus Marine Service Information
(marine.copernicus.eu/services-portfolio/access-to-products). Two environmental
parameters critical in shaping host-pathogen interactions in estuarine and marine
environments (Coen and Bishop, 2015) were selected for this study as potential
confounding factors: seawater temperature and salinity. Recorded data in seawater
temperature (°C) and salinity (PSU), taken monthly at a depth of 0.5m below sea level,
were downloaded by ArcGIS Desktop 10.5.1 Redlands, CA (Environmental Systems
Research Institute, 2017) throughout the duration of the study (from April 2018 to
May 2019) from the different sample sites (coordinate-based) along the Irish coast.

4.2 4. Statistical analysis

Statistical analysis was performed in R version 3.2.3. statistical software. The
pathogen occurrence was modelled as pathogen presence/absence in each cockle for
each pathogen group and their combinations, and it was used in the subsequent
analysis to examine the associations between the different pathogen groups present

through the samples.

Pearson’s Chi-squared tests between the observed values and the expected

values of the prevalence of coinfected individuals were conducted to assess whether
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the total observed values were significantly different (p(Chisq) < 0.05) from the
expected prevalence of coinfections or were consistent with random chance (p(Chisq)
> 0.05).

Association screening approach (SCN), described in detail by Vaumourin et al.
(2014), was conducted by running 5000 simulations (NS) with the presence/absence
of Haplosporidia and Vibrio spp. to determine a potential association between these
two pathogen groups, under the null hypothesis of random pathogen associations
(P(SCN) < 0.05). Subsequently, a second SCN (NS=5000) was performed with the
presence/absence of the different pathogen species detected and quantified in the
samples, i.e. Minchinia tapetis, M. mercenariae-like and Vibrio aestuarianus.

Corrected Pearson’s Chi-square test, described in detail by Hellard et al. (2012),
was applied to the Haplosporidia and Vibrio spp. presence/absence data to determine
if the coinfection was due to an underlying biological interaction or to confounding
factors considered (seawater temperature, salinity, cockle size and age, and epiflora
on their shells). Likewise, the test was applied to the Minchinia tapetis and M.
mercenariae-like presence/absence data. Biological interactions between two
pathogens, therefore, will be suspected when the probability of coinfection is not
random once confounding factors have been considered (p(Corr %2 < 0.05). In the
model, running 1000 bootstraps, the effects of the confounding factors are summarised
as F1+F2+F3+F4+Fb5.

Moreover, Pearson’s Chi-squared tests were used to determine whether the
prevalence observed of single infections and two-pathogen coinfections were
significantly different (p(Chisg) < 0.05) among the sample sites and throughout the
year. Fisher’s exact test was conducted when the frequencies of the pathogen

occurrence in a site or season were < 4, to gain accuracy.
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4.3. Results

Table 4: Prevalence (%, positive individuals/screened individuals) of Haplosporidia
spp., Minchinia tapetis, M. mercenariae-like, Vibrio spp. and Vibrio aestuarianus

screening in Cerastoderma edule at each sample site by season.

. Pathogen Spring Summer Autumn Winter Spring
Sample site identification 2018 2018 2018 2018/19 2019 Totals
Hanlosooridia s 45.0% 15.4% 41.7% 21.1% 28.3% 32.3%
plosp PR (27/60)* (6/39) (25/60) (8/38) (17/60)  (83/257)
Cork Minchinia taoetis 15.0% 7.7% 18.3% 2.6% 17% 9.7%
Harggur P (9/60) (3/39) (11/60)* (1/38) (1/60) (25/257)
aarbour - Minchinia 23.3% . 8.3% . 10.0% 9.7%
R'”g:rig'ddy mercenariae-like  (14/60yx 0RO gy 0% (088) pen (o507
- o 13.3% 12.8% 15.0% 5.3% 11.7% 12.1%
Cusk *k
HsKinny Vibrio spp. (8/60) (5/39) (9/60)* (2/38) (7/60)  (31/257)
. 17% . . . 1.7% 0.8%
V.aestuarianus (1/60)* 0% (0/39) 0% (0/60) 0% (0/38) (1/60)* (21257)
- 9.1% 12.5% 56.7% 8.33% 30.4%
Haplosporidia spp. - (111) (2/16) (17/30)* (1/12) (21/69)
Minchinia tapetis - 0% (0/11) 0% (0/16) 0% (0/30) 0% (0/12) 0% (0/69)
Youghal Minchinia ) o 12.5% 3.3% o 4.3%
Bgy mercenariae-like 0% (0111) gy apo) 00012 g
L ] 27.3% 43.8% 16.7% 33.3% 27.5%
Vibrio spp. (3/11) (7116)* (5/30) (4/12) (19/69)
. ) 27.3% 6.3% ) . 5.8%
V.aestuarianus (3/11)* (1/16) 0% (0/30) 0% (0/12) (4/69)
.. 39.2% 10.3% . 40% 27.8%
Haplosporidia spp. @o51)*  (658) S0P OBO) qomy  (47169)
o . 2.0% 0.6%
Minchinia tapetis (1/51)* 0% (0/58) 0% (0/30) 0% (0/30) (1/169)
Dungarvan Minchinia . . . 10.0% 1.8%
Harbour  mercenariae-like - 0% (0/51) 0% (058) 0% (0/30)  (q3p (31169
Vibrio sop ¢ 56.9% 56.9% 6.7% 36.7% 44.4%
Pp- (29/51)*  (33/58)* (2/30) (11/30)  (75/169)
. 43.1% . ) 3.3% 13.6%
V.aestuarianus (22/51)* 0% (0/58) 0% (0/30) (1/30) (23/169)
Hanlosooridia s ] 98.3% 28.3% 45.0% 38.3% 52.5%
plosp Pp- (59/60)* (17/60) (27/60) (23/60)  (126/240)
o . 70.0% 23.3% 23.3%
DuBr;c)i/e_llk Minchinia tapetis - (42/60)* (14/60) 0% (0/60) 0% (0/60) (56/240)
Annagassan Minchinia ] LL7% (06 (0l60) 1.7% 3.3% 4.2%
and Cooley mercenariae-like (7/60)* (1/60) (2/60) (10/240)
Vibrio sop ] 38.3% 33.3% 3.3% 26.7% 25.4%
Pp- (23/60)* (20/60) (2/60) (16/60)  (61/240)
. ) 3.3% 10% . . 3.3%
V.aestuarianus (2/60) (6/60)* 0% (0/60) 0% (0/60) (8/240)
P 45.0% 53.4% 25.8% 38.6% 32.7% 37.7%
Haplosporidiaspp. — o7/650  (gg/161)*  (50/194) (61/158)  (53/162)  (277/735)
Minchinia tapetis 15.0% 28.6% 12.9% 0.6% 0.6% 11.2%
P (9/60)  (46/161)*  (25/194) (1/158) (1/162)  (82/735)
Totals by Minchinia 23.3% 4.3% 3.6% 1.3% 6.8% 5.6%
season mercenariae-like (14/60)* (7/161) (7/194) (2/158) (11/162) (41/735)
Vibrio sop ¢ 13.3% 37.3% 35.6% 7.0% 23.5% 25.3%
Pp- (8/60)  (60/161)*  (69/194) (11/158)  (38/162)  (186/735)
. 1.7% 16.8% 3.6% 0.0% 1.2% 5.0%
V-aestuarianus (1/60)  (27/161)*  (7/194) (0/158) (1162)  (37/735)

(-) No samples

(*) The highest prevalence (%) for each pathogen group at each site/season is highlighted in bold.
(**) Potential Vibrio species were defined in Table 5
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The examination of the quantity and quality of the extracted DNA from a
subsample (n=120) of the collected cockles revealed that all tested samples showed a
good DNA quantity, with a mean quantity of 304.13 ng/ul (range between 76.35 ng/ul
and 1305.47 ng/ul). Among the subsample, 90% (n=108/120) of the samples had a
DNA quantity higher than 100 ng/ul. Likewise, all the tested samples showed high-
quality DNA, with a mean of A260/A280 = 1.77 and a range between 1.6 and 2.02.
Proven that the quantity and quality of extracted DNA were appropriate, subsequent
molecular analyses were carried out. In total, 735 cockles were screened to determine
the prevalence of infection and coinfections of the target pathogens (Table 4). The
cockle speciation PCR confirmed that all the individuals from all sample sites were

Cerastoderma edule.

4.3.1. Diversity and prevalence of single and multiple infections and the associations

between them

No ostreid herpesvirus-1 microVar (OsHV-1 puVar) nor microsporidian species
were detected in any of the cockles (n=735) screened by PCR. The only pathogen
groups detected during the study were Haplosporidia and Vibrio. Overall,
Haplosporidia was the most common pathogen found through the samples, with a
37.7% (n=277) occurrence (Figure 2, detailed data in Table 4). Among these 277
infected cockles, two haplosporidian species were identified in the study: Minchinia
tapetis which was present in 29.6% (n=82/277) of the tested individuals, and M.
mercenariae-like which was present in 14.8% (n=41/277) (Figure 2, detailed data in
Table 4). Nevertheless, 171 (61.7%) of the tested samples that were positive in the
generic haplosporidian PCR did not amplify using the more specific PCR for
Minchinia spp., which could indicate the presence of other haplosporidian species
occurring in the samples. Thus, five of those samples amplified using generic HAP-
F1/R3 primers were commercially sequenced, however, low-complexity sequences
were obtained, and no significant similarity was found in GenBank. Therefore, the
277 positive PCR cases were defined as Haplosporidia spp. for statistical and analysis

purposes.

Vibrio was present in 25.3% (n=186) of the total number of cockles screened
(Figure 2, detailed data in Table 4). Of the 186 samples that were positive for Vibrio,
19.9% (n=37/186) were confirmed by qPCR to be Vibrio aestuarianus (Figure 2,
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detailed data in Table 4). V. aestuarianus positive controls (diluted purified DNA)
have a Ct=30 (60 copies of V. aestuarianus DNA/uL). Based on that value, 13.5%
(n=5/37) of the individuals were classified as heavily infected individuals (Ct < 30;
more than 60 copies of V. aestuarianus DNA/uL), while 86.5% (n=32/37) were
classified as low-intensity infections (37 > C; > 30; less than 60 copies of V.
aestuarianus DNA/uL). The PCR efficiency and slope values were also recorded for
each standard curve in order to precise accuracy and reproducibility. The mean PCR
efficiency value obtained were 100,5% * 2,72%, and -3,31 £ 0,07% for slope value.

M.tap_M.mer_V.aes | 0.1 Lo Hom "
ap: Haplosporidia spp.

M.mer_V.aes |] 0.4 Vib'? Vibrf; S;)p. PP
M.tap_V.aes D 0.8 M.tap: Minchinia tapetis
M.tap_M.mer I:l 23 M.mer: Minchinia mercenariae-like

V.aes I:I 5 V.aes: Vibrio aestuarianus

M.mer - 56

Hap_Vib - 9.5
M.tap _ 11.2
0 10 20 30 40 50

Pathogen prevalence (%)

Figure 2: Overall prevalence of infections and coinfections (%) with the different
pathogen groups (Hap: Haplosporidia spp.; Vib: Vibrio spp.; M.tap: Minchinia
tapetis; M.mer: Minchinia mercenariae-like; V.aes: Vibrio aestuarianus).

Direct sequencing was carried out on representative PCR products (n=10)
amplified using generic Vibrio Vib-F3/R3 primers (Kett et al., 2022) to identify other
Vibrio species present in the samples apart from V. aestuarianus. Using BLASTN,
three of the sequenced samples had a query length of 127 to 155bp with an 83 to 91%
query coverage and 92.6 to 97.9% percent identity to Vibrio splendidus deposited by
Gao (2020) (MT445179.1; MT445177.1) and by Landreau et al. (2020)
(MT345091.1) (Table 5). Three other PCR product samples that generated sequences
had a query length of 82 to 179bp, a query coverage of 78 to 83% and 92.6 to 98.6%
percent identity to Vibrio kanaloae deposited by Zheng (2020) (MT505700.1) and by
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Barcia and Romalde (2020) (CP065151.1; CP065150.1) (Table 5). Another sample,
with a query length of 158bp, had 94% query coverage and 98% percent identity to V.
aestuarianus deposited by Garcia (2018) (MK307696.1) and Vibrio mediterranei
deposited by Gao et al. (2020) (MT269602.1) (Table 5). Two other samples were
identified as Vibrio spp., as the blasted sequence was too short (52-69bp) to
differentiate robustly between species (Table 5). The 186 positive PCR cases were
defined as Vibrio spp. for statistical and analysis purposes.

Table 5: Description of the BLASTn results obtained from the sequenced DNA of
cockle samples using generic Vibrio primers Vib-F3/R3.

Query
. - e P t
Sample site Season Species identification erce_n Query Length
Identity  Cover
(bp)
Youghal _y .
Summer Vibrio spp. among them: Vibrio 92.59- 0
Dungarvan 2018 splendidus and V. kanaloae 98.58% 78-83%  82-179
Cooley
Annagassan Summer Vibrio spp. most likely V. 97.84- 0
Annagassan 2018 splendidus 97.92% 88-91%  154-1%5
Annagassan  oummer Vibrio spp. mostlikely V. g0 100 9494 158
2018 aestuarianus or V. mediterranei
Cuskinny Autumn . 94.23- 0
Dungarvan 2018 vibrio spp. oa.299 O 73% 5269

Being 25.3% (n=186/735) the total prevalence of Vibrio spp. and assuming no
bias towards coinfection, it would be reasonable to expect 69 of 277 (0.25 x 277)
animals infected with Haplosporidia to be coinfected with Vibrio spp. Overall, 9.5%
(n= 70/735) of the individuals displayed coinfection with the two pathogen groups
present in the samples, Haplosporidia and Vibrio (Figure 2), while 207 cases of
infection with only Haplosporidia were observed. Consequently, the observed
coinfection between Haplosporidia and Vibrio spp. appears to be coincidental with the

expected value (p(Chisq) > 0.05).

Moreover, no significant association between these two pathogen groups was
displayed when testing by SCN (p-value > 0.05), under the null hypothesis of random
pathogen combinations (Table 6), i.e., the pathogen combination was considered not

to occur differently than expected by chance.
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Table 6: Association screening analysis (SCN) results for all the pathogen
combinations between Haplosporidia (HAP) and Vibrio (VIB) pathogen groups. The
observed (Obs) frequency of each coinfection status is given along with the lower
(LL) and upper (UL) limits of the 95% confidence envelope.

Coinfection

status Pathogen groups Obs LL UL SCN p-value
connen | hAP Ve 10 50 w0 osi
1-pathogen HAP 207 177 236 0.9832
infection VIB 116 92 141 0.5142
Not infected 342 309 376 0.5222

In order to identify the mechanisms driving the pathogen coinfection with
Haplosporidia and Vibrio pathogen groups, Corrected Pearson’s Chi-square Test was
also performed including seawater temperature, salinity, cockle height and age, as
well as presence/absence of epiflora on the shells (Table 7; Table 8), as confounding
factors which may promote pathogen presence. Under the null hypothesis of
independence between the two pathogens, the test showed that the observed
frequencies for each pathogen combination were not significantly different (Corr
v?=2.51; ¢=0.84; p-value 1=0.08; p-value 2=0.08) to the expected frequencies
considering the confounding factors as drivers of the infection (Table 9). Therefore,
the proportion of double infected individuals can be explained because the same
factors promote the pathogen presence and not because the different pathogen groups
are interacting synergistically. The differences in the considered environmental and
biotic factors between sample sites and throughout the time, thus, might have been
driving the risk of infection in C. edule populations.
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Table 7: Mean = SD of abiotic (seawater temperature and salinity) and biotic factors
(cockle height and age) and the overall percentage of presence of epiflora on the
cockle shells at each sample site. The largest value for each factor is highlighted in

bold.
wansso S vy Qg Oy
Temperature (°C) 11.8+2.6 10.7+29 122+ 3.0 10.8+4.2
Salinity (PSU) 33.6+0.8 33.9+0.03 33.9+0.2 30.4+05
Height (mm) 29778 27.3+48 220+45 29.6 +53
Age (growth rings) 3.6+1.9 29+ 17 17+10 30+16
Epiflora (presence/absence) 10.9% 7.2% 4.7% 1.7%

Table 8: Mean * SD of abiotic (seawater temperature and salinity) and biotic factors
(cockle height and age) and the overall percentage of presence of epiflora on the

cockle shells by season.

Mean & SD o s oo oolwne so1e.
Temperature (°C) 122+39 120433 119433  115+34 114+34
salinity (PSU) 322+16 331+14 329+16 32.7+17 326+17
Height (mm) 280+74 272+71 27.5+69  27.8+67 27.9+66
Age (growth rings) 27+1.7 2817 28+138 29+138 2917
(Epprgl‘;;ie Jabsence) 26.7% 8.7% 2.1% 1.9% 4.9%

Table 9: Observed frequencies of infection with Haplosporidia and Vibrio and their
combination; and expected frequencies under corrected Pearson’s chi-square test
considering confounding factors.

Corrected Pearson’s Chi-square Test

Haplosporidia-Vibrio

Observed frequencies:

Expected frequencies:

-/- 342 351.17
-/+ 116 106.83
+/- 207 197.83
++ 70 79.17

(-/-) Non-infected individuals

(-/+) (+/-) Single infected individuals
(+/+) Double infected individuals
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Regarding the specific species quantified in the samples, only 0.8% (n=6/735)
of the individuals were coinfected with Vibrio aestuarianus and Minchinia tapetis,
while 0.4% (n=3/735) were coinfected with V. aestuarianus and Minchinia
mercenariae-like (Figure 2). Likewise, 13.8% of the Minchinia infected cockles
showed a coinfection with both Minchinia species (n=17/123), however, the
percentage fell to 2.3% when all the screened cockles were considered (n=17/735)
(Figure 2). While coinfection with both Minchinia species and V. aestuarianus was
only observed in one of the samples (0.1%, n=1/735) (Figure 2).

Being 5.0% (n=37/735) the total prevalence of V. aestuarianus and assuming no
bias towards coinfection, it would be reasonable to expect 4 of 82 (0.05 x 82) animals
infected with M. tapetis to be coinfected with V. aestuarianus. Accordingly, the
observed prevalence of coinfection with V. aestuarianus and M. tapetis (n=6/735) was
not significantly different to the prevalence expected by random chance (p(Chisq) >
0.05). The observed prevalence of coinfection with V. aestuarianus and M.
mercenariae-like (n=3/735) was also consistent with random chance (p(Chisq) > 0.05)
when it was compared to the expected value, i.e., 2 of 41 (0.05 x 41) animals infected
with M. mercenariae-like would be expected to be coinfected with V. aestuarianus.
Likewise, 1 of 17 (0.05x17) individuals coinfected with both Minchinia species was
expected to be coinfected with V. aestuarianus and it appears to be coincidental
(p(Chisg) > 0.05) to the observed prevalence (n=1/735). However, regarding the
coinfection with both Minchinia species, being 11.2% (n=82/735) the total prevalence
of M. tapetis, the observed value of coinfection with M. mercenariae-like (n=17/735)
was significantly higher (p(Chisq) < 0.001) than expected by random chance, i.e., only
5 o0f 41 (0.11x41) animals infected with M. mercenariae-like would be expected to be

coinfected with M. tapetis.

Associations between M. tapetis, M. mercenariae-like and V. aestuarianus and
all the possible combinations were tested by SCN, revealing a significant association
between the two species of Minchinia (Table 10). The observed number of coinfected
individuals with both Minchinia species was significantly overrepresented compared
to expected by random chance (p-value < 0.001; Table 10), indicating a significant
positive two-way association between these two species. While M. mercenariae-like
was found to occur alone significantly less often than expected by chance (p-value <
0.05; Table 10).

134



Chapter 4

Table 10: Association screening analysis (SCN) results for all the pathogen
combinations between M. tapetis (MT), M. mercenariae-like (MM) and V.
aestuarianus (VA). The observed (Obs) frequency of each coinfection status is given
along with the lower (LL) and upper (UL) limits of the 95% confidence envelope.
Significant associations (p-value < 0.05) are highlighted in bold.

Coinfection Pathogen species Obs LL UL SCN p-value
status

3-pathogen MT MM VA 1 0 2 0.4292
coinfection

MT MM 16 0 11 0.0004

2-pathogen ™ VA 5 0 10 0.7036
coinfection

MM VA 2 0 6 0.5568

MT 60 53 95 0.0996

1-pathogen MM 22 21 50 0.0296

infection
VA 29 18 46 0.8016
Not infected 600 558 612 0.1836

The association between Minchinia species was further examined by Corrected
Pearson’s Chi-square Test in order to assess if the biotic and abiotic factors considered
in the study (Table 7; Table 8) influenced this coinfection. The test showed that the
observed frequencies for each pathogen combination were significantly different from
the expected frequencies considering the confounding factors as drivers of the
infection (Table 11). The significant outcome (Corr ¥?=3.04; ¢=0.59; p-value 1=0.02;
p-value 2 = 0.02) showed that the two pathogens are not independent of each other,
and the proportion of double infected individuals is unlikely to be due only to shared

confounding factors.
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Table 11: Observed frequencies of infection with Minchinia tapetis and M.
mercenariae-like and their combination; and expected frequencies under corrected
Pearson’s chi-square test considering confounding factors.

Corrected Pearson’s Chi-square Test

M. tapetis and

M. mercenariae-like Observed frequencies: Expected frequencies:
-/- 171 166.28
-+ 24 28.72
+/- 65 69.72
++ 17 12.28

(-/-) Non-infected individuals
(-/+) (+/-) Single infected individuals
(+/+) Double infected individuals

4.3.2. Site influence on single infections and coinfections

Spatial variability was assessed and significant differences (p(Chisg) < 0.05)
were found between the sample sites when the prevalence of single infections and
two-pathogen coinfections were considered (Figure 3). Dundalk Bay was the site with
the highest presence of Haploporidia spp. (52.5%, n=126/240), showing a
substantially higher prevalence of Minchinia tapetis (23.3%, n=56/240) than the other
sites, while no presence of M. tapetis was observed in Youghal Bay. Dundalk Bay
showed lower seawater salinity and a lower presence of epiflora on the cockle shells
than the other sample sites (Table 7). Dungarvan Harbour, with the smallest and
youngest cockles collected (Table 7), showed the highest presence of Vibrio spp.
(44.4%, n=75/169) and a peak of Vibrio aestuarianus (13.6%, n=23/169). Moreover,
three out of the five individuals with the highest intensity of infection (C: < 30) with
V. aestuarianus were observed at Dungarvan Harbour. Accordingly, the highest
prevalence of coinfection with Haplosporidia and Vibrio spp. occurred in Dundalk
Bay (14.6%, n=35/240) and Dungarvan Harbour (11.8%, n=20/169). However,
coinfection with M. tapetis and M. mercenariae-like was absent in Dungarvan
Harbour and Youghal Bay, with Cork Harbour being the site with the highest
prevalence (4.3%, n=11/257). The other two-pathogen coinfections with Minchinia
species and V. aestuarianus showed no significant differences between the sites
(p(Chisq) > 0.05) since the total number of positive cases detected was too low (M.
tapetis and V. aestuarianus (n=6); M. mercenariae and V. aestuarianus (n=3)).
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Likewise, Cork Harbour was the only site that showed three-pathogen coinfection
with both Minchinia species and V. aestuarianus (0.4%, n=1/257). Cork Harbour, the
site with the oldest cockles, had the highest presence of epiflora on the cockle shells
compared to the other sample sites (Table 7).
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Figure 3: Prevalence (%) of Haplosporidia spp. (Hap), Vibrio spp. (Vib), Minchinia
tapetis (M.tap), M. mercenariae-like (M.mer) and V. aestuarianus (V.aes) single
infections and coinfections (Hap-Vib; M.tap_M.mer; M.tap_M.mer_V.aes) at each
sample site.

4.3.3. Temporal impact on single infections and coinfections

Significant temporal variability (p(Chisg) < 0.001) was exhibited when the
prevalence of single infections and two-pathogen coinfections were compared
between seasons (Figure 4). The absence of V. aestuarianus and, in general, a low
prevalence of infections were observed in winter 2018/19 (Figure 4), except for
Haplosporidia spp. (38.6%, n=61/158). Summer 2018 had the highest prevalence for
all pathogens (Figure 4), except for M. mercenariae-like which exhibited the highest
prevalence in spring 2018 (23.3%, n=14/60). Furthermore, the five individuals with
the highest intensity of infection (C:< 30) with V. aestuarianus were observed during

summer 2018. The highest prevalence of coinfection with Haplosporidia and Vibrio
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spp. occurred in summer 2018 (21.7%, n=35/161), while the highest coinfection
prevalence with M. tapetis and M. mercenariae-like occurred in spring 2018 (11.7%,
n=7/60), with no occurrence in winter 2018/19. The higher pathogen incidence during
spring and summer corresponded with higher seawater temperature and a peak in the
presence of epiflora on the cockle shells (Table 8). The other two-pathogen
coinfections with Minchinia species and V. aestuarianus showed no significant
differences throughout the year (p(Chisq) > 0.05) since the total number of positive
cases detected was too low (M. tapetis and V. aestuarianus (n=6); M. mercenariae
and V. aestuarianus (n=3)). There was only one case of three-pathogen coinfection
with M. tapetis, M. mercenariae-like and V. aestuarianus in spring 2019 (0.6%,
n=1/162).
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Figure 4: A) Prevalence (%) of Haplosporidia (Hap) and Vibrio (Vib) single infections
and coinfection (Hap-Vib) by season. B) Prevalence (%) of Minchinia tapetis (M.tap),
M. mercenariae-like (M.mer) and V. aestuarianus (V.aes) single infections and
coinfections (M.tap_M.mer and M.tap_M.mer_V .aes) by season.
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4.3.4. Histopathology

The histological screening was used as a validation method of the PCR and
gPCR results. Haplosporidian infection was observed in histological sections of 67
cockles out of a subsample of 70 samples (95.7% visual confirmation) that were
positive for generic haplosporidian PCR. Thirty of these histological sections were
positive cases for generic haplosporidian PCR but negative for specific Minchinia
PCRs in order to confirm the presence of haplosporidians in those individuals. No
obvious differences in host pathology (haplosporidian morphology, etc.) were
observed between those sections (Figure 5b, 5d) and the Minchinia-specific positive
cases (Figure 5a, 5c). Mostly haplosporidians were observed as multinucleate
plasmodia, multiple haplosporidia-like sporonts and developing spores similar to
those described for Minchinia spp. (Ramilo et al., 2018; Lynch et al., 2020b; Figure
5), and as uninucleate cells stage in lower numbers. Among the sample sites, the
haplosporidia-like sporonts were predominantly visualised in the infected individuals
from Cork Harbour in spring 2018, autumn 2018 and spring 2019; while the
developing spores were observed mainly in the infected individuals from Dundalk
Bay in summer 2018 and winter 2018/19. A higher prevalence of haplosporidians was
recorded by PCR at both sites. The multinucleate plasmodia were visualised in cockles
throughout the year at the different sample sites. The multinucleate plasmodia and
haplosporidia-like sporonts were mainly observed throughout the connective tissue of
the gills and digestive gland, while the developing spores were principally found in

the mantle of infected animals.

Host pathology associated with Vibrio species included haemocyte
accumulation in the connective tissues, as McCleary and Henshilwood (2015)
described in C. gigas infected with V. aestuarianus. In this study, some of the sections
examined (n=28) showed haemocyte accumulation in the connective tissues of C.
edule (Figure 5). However, the presence of haemocyte infiltrations throughout the
organs and tissues has also been previously associated with Minchinia infection
(Longshaw and Malham, 2013). In this study, only in a minor number of screened
samples (n=4), where Vibrio and Haplosporidia were detected by PCR, haemocyte

infiltrations were observed, all of them at Cork Harbour.

Although ostreid herpesvirus-1 microVar (OsHV-1 pVar) is not visible using
histology, cytopathic effects can be observed in infected hosts, such as hypertrophied
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cells with a low nucleus-cytoplasm ratio and nuclear abnormalities (Prado-Alvarez et
al., 2016). Abnormal cell pathology associated with a viral infection was not observed
in the histology (n=70). Similarly, microsporidial spores may be visualised by
microscopy in infected hosts (Garcia, 2002), however, it was not observed in the

histological sections screened (n=70).

Figure 5: a) Multiple haplosporidia-like sporonts (black arrow) along with haemocytes
(red arrow) in the connective tissue of Cerastoderma edule; b) a large number of
haplosporidian spores (black arrow) in the mantle tissue of C. edule; c) multinucleate
plasmodia (black arrow) in the connective tissue of C. edule; and d) multinucleate
plasmodia (black arrow) along with haemocytes (red arrow) in the digestive gland of
C. edule.
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Ten histological sections of samples that were negative by PCR were screened
and no evident signal of infection was found in those, and tissues, organs and sinuses

presented good integrity and a clear structure.

4.4. Discussion

The present study describes for the first time, to the best of our knowledge,
simultaneous infections with haplosporidians and Vibrio spp. in wild and fished C.
edule populations along the Irish coast. Coinfections with two and, especially, three
pathogens, were less frequent in this study compared to single infected individuals but
were statistically consistent with the values expected by random chance, except for
the coinfection with both Minchinia species which was overrepresented in our
samples. Only three individuals presented a three-pathogen coinfection with
Minchinia spp. and Vibrio spp., all located at Cork Harbour. Previous studies reported
mortalities associated with coinfections of ostreid herpesvirus (OsHV-1 and variants)
and Vibrio spp. in C. gigas in France (Petton et al., 2015; Azéma et al., 2016; Petton
et al., 2019), as well as with the co-occurrence of different protozoa and bacteria in
the noble pen shell Pinna nobilis in the Mediterranean Sea (Carella et al., 2020). Cork
Harbour was the site with the oldest cockles, and it is well known that older hosts have
more time than younger hosts to accumulate disease-causing pathogens (Lafferty and
Kuris, 2009; Breitburg et al., 2015). Nevertheless, older bivalves have also more time
available to develop immunotolerance and defence mechanisms compared to their
younger cohorts (Renault and Novoa, 2004; Coen and Bishop 2015). It may be the
reason why cockles at Cork Harbour have not succumbed to the multiple infections.
Moreover, methodological limitations may have masked multiple infections at a finer
scale than the sampling can resolve. Consequently, future research should focus on
the multiple infections at different scales, between sites and within the sites, in order

to extend the understanding of the prevalence of coinfection and its distribution.

Even though Haplosporidia and Vibrio were found simultaneously in double
infected individuals, no significant biological interaction was statistically identified
between those pathogen groups. Unlike other studies that have reported that multiple
pathogens can interact synergistically, with the presence of one pathogen enhancing
the abundance and/or virulence of the other (De Lorgeril et al., 2018; Carella et al.,
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2020). Concurrent infections by multiple pathogens species are more likely to occur
in immune-depressed individuals, which are more vulnerable to multiple opportunistic
infections (De Lorgeril et al., 2018; Carella et al., 2020). These findings highlight that
there can be variation amongst pathogen groups and the primary pathogen-

opportunistic pathogen interplay.

It is well known that environmental and ecological factors potentially influence
mechanisms of disease transmission in marine systems, i.e., hydrodynamics, the
biomass of infected animals, etc. (Petton et al., 2015). Similarities in the host
environment, behaviour or susceptibility can cause correlations in the risk of infection
between two parasites (Vaumourin et al., 2014). In this study, the proportion of double
infected individuals with Haplosporidia and Vibrio was explained by risk factors
(increased seawater temperature, reduced salinity and host condition) shared by the
two pathogen groups, increasing the probability of infection by both infectious agents.
Such confounding factors may influence host exposure and/or host susceptibility
promoting simultaneous infections, even though involved pathogens do not interact
biologically (Vaumourin et al., 2015). These factors may be naturally occurring or be
outcomes of coastal development (e.g., pollution) or climate change (e.g., warming,
increased precipitation events and subsequent freshwater loadings into bays and
estuaries), and may impact the expression of diseases directly or indirectly (Coen and
Bishop, 2015). The predicted warming, increased precipitation, and reduced salinity
of coastal waters in temperate regions will provide new areas for the natural
occurrence of pathogenic strains and may also impact the resilience of bivalve hosts
(Rowley et al., 2014; Lynch et al., 2020a).

Consequently, spatial variability in the pathogen infection was detected driven
by environmental and biological variables. The highest prevalence of coinfection with
Haplosporidia and Vibrio spp. occurred in Dundalk Bay, which had a lower mean
salinity throughout the year compared to the other sites. Gorrasi et al. (2020) observed
that the abundance of Vibrio genus in water decreased along the salinity gradient
within a marine saltern hypersaline environment. In general, marine vibrios are
considered halotolerant, with no extreme halophiles reported within this genus
(Gorrasi et al.,, 2020). Previous studies have highlighted the intolerance of
haplosporidians to low salinity in C. edule (Albuixech-Marti et al., 2020), eastern

oyster Crassostrea virginica (Ford and Haskin, 1982; Burreson and Ford, 2004) and
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European flat oyster Ostrea edulis (Flannery et al., 2014). The high prevalence of
haplosporidians at Dundalk Bay may be due to its commercial fishery activity. It is
recognised that fishing and dredging may unbalance the interplay between infectious
disease agents and their hosts in marine ecosystems (Rowley et al. 2014; Coen and
Bishop, 2015). Cranfield et al. (1999, 2005) hypothesised that extensive dredging in
Foveaux Strait of New Zealand, contributed to increase densities of Chilean oysters
(Ostrea chilensis) and decrease densities of other filter-feeding organisms, that may
have previously reduced the dispersal stages of the haplosporidian Bonamia exitiosa,
enhancing disease transmission. The high cockle density found at Dundalk Bay may
have facilitated the infection among the cockle population, due to the proximity of
infected to non-infected cockles. The cultivated and harvested molluscs tend to have
a much greater incidence of disease than wild molluscs, which may be because they
are placed at high densities which enhance disease transmission and cause stress

(competition for resources, space, etc.) among individuals (Ford, 2002).

Dungarvan Harbour also displayed a high prevalence of coinfection with
Haplosporidia and Vibrio spp. compared to the other sites. Cockles from Dungarvan
Harbour were the smallest and the youngest ones. Although it is accepted that older
hosts have more time to accumulate disease-causing pathogens (Lafferty and Kuris,
2009; Breitburg et al., 2015), the susceptibility of small bivalves to viral and bacterial
infections is generally greater than for larger adults (Renault and Novoa, 2004; Coen
and Bishop 2015). Moreover, the proximity of an extensive C. gigas culture site at
Dungarvan Harbour, where Vibrio spp. are endemic (pers. comm. with Marine
Institute Ireland), can have promoted the presence of Vibrio in the environment.
Particularly, V. aestuarianus and V. splendidus, which have been identified in this
study, have been described as increasingly harmful pathogens of C. gigas aquaculture
(Le Roux et al., 2002; Garnier et al., 2007; McCleary and Henshilwood, 2015).
Caballes et al. (2012) demonstrated interspecific transmission of Vibrio rotiferianus

between co-occurring echinoderm species.

Even though the natural host for OsHV-1 is C. gigas, this virus can behave
opportunistically and infect other cohabiting bivalve species (Bookelaar et al., 2020).
It has been previously reported in C. edule, in Ireland (Bookelaar et al., 2020) and in
the Sydney cockle, Anadara trapezia, in Australia (Evans et al., 2017). Nevertheless,

no presence of OsHV-1 uVar was detected in the study, despite the extensive farming
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of C. gigas at Dungarvan Harbour, which has a history of OsHV-1-associated
mortality events (Lynch etal., 2012; Prado-Alvarez et al., 2016). During summer 2018
the prevalence of OsHV-1 puVar in C. gigas at Dungarvan Harbour was confirmed by
Kett et al. (unpublished data) to be 48.4% (n=92/190), with low mortality rates (max.
of 6% at the high shore in July). Moreover, Bookelaar et al. (2020) observed OsHV-
luVar-infected C. edule (14.4%; n=36/250) and infected C. gigas (range of 0-27%
per month; n=270) at Dungarvan Harbour from April 2015 to August 2015, with no
recording of mortalities. Thus, the lack of OsHV-1 uVar detection in C. edule at
Dungarvan Harbour in the current study may be because the virus remained within the
oysters and was not shed from dying or dead oysters into the environment, as the high
prevalence and low mortality recorded by Kett et al. (unpublished data) suggested.
The smaller sample size (n=81) compared to the above studies, taken during spring
and summer 2018 when the OsHV-1 pVar can have a major emergence due to the

higher temperatures (Renault et al., 2014), may have also influenced the results.

Seasonal variability was also observed in this study, with the highest prevalence
of coinfection with Haplosporidia and Vibrio spp. occurring in summer 2018, which
coincided with the highest intensity of infection with V. aestuarianus. Additionally,
lower occurrences of the haplosporidian and Vibrio species quantified were detected
in the cooler spring 2019 compared to spring 2018 in this study. Burreson and Ford
(2004) tested that low-temperature conditions caused a dramatic reduction in the
prevalence of Haplosporidium nelsoni in C. virginica. Conversely, a higher
prevalence of Bonamia ostreae in European flat oyster O. edulis was associated with
cooler spring temperatures over a thirty-year study period in Ireland (Engelsma et al.
2010; Lynch et al., 2014). These findings would suggest that a thermal tolerance range
exists for haplosporidian species. It is also well-known that bacteria belonging to the
genus Vibrio are strongly thermo-dependent and their occurrence is expected to rise
with increasing temperature conditions (Garnier et al., 2007; Cotter et al., 2010;
Vezzulli et al., 2010). Most of the reported Vibrio-associated mass mortalities in
marine invertebrates have occurred during the summer when seawater temperatures
were higher than 18°C (Le Roux et al., 2002; Garnier et al., 2007; Vezzulli et al.,
2010). Therefore, high temperatures in summer might have triggered a major pathogen
propagation and, consequently, a higher prevalence of two-pathogen coinfection.
While lower temperatures in winter, with the lowest prevalence of two-pathogen
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coinfection, would have kept the pathogens at a sub-lethal level in the hosts reducing
the transmission between cockles. It has been observed that Vibrio spp. may enter into
a dormant state when the environmental conditions become unfavourable (i.e.
suboptimal or reduced temperature, elevated salinity, low nutrient concentration and
extreme pH) (Lin and Schwarz, 2003; Nowakowska and Oliver, 2013; Neogi et al.,
2018). The low number of coinfected individuals in winter might also suggest that

most C. edule had succumbed to infection in autumn after the peak in summer.

It was also observed that with the higher temperatures in summer and spring the
presence of epiflora on the cockle shells was more frequent, which may have
consequences on cockle susceptibility to infectious agents. As seen in shellfish
aquaculture, the presence of biofouling on the stock can have a direct impact, causing
physical damage, biological competition, mechanical interference and environmental
modification, while infrastructure is also impacted (Fitridge et al., 2012). Microalgae
have been pointed to as a repetitive and substantial source of bacterial inoculation into
the bivalve larval culture systems (Salvesen et al., 2000). Microalgae may promote
and/or inhibit bacterial growth by the production of organic exudates and toxic
metabolites (Salvesen et al., 2000). For instance, Vibrio species such as V. splendidus
or V. parahaemolyticus have been found to be associated with microalgae (Kumazawa
etal., 1991; Rehnstam-Holm et al., 2010; Notaro et al., 2021). Therefore, the presence
of epiflora on the shells might have also exposed the cockles to pathogens, in

particular Vibrio species.

Both species of Minchinia, M. tapetis and M. mercenariae-like, were found to
occur together significantly more often than expected by random chance, indicating a
positive two-way association between both species. However, previous studies
examining pairwise coinfections indicate that antagonistic interactions between
similar types of parasites may be common (Dobson, 1985; Johnson and Hoverman,
2012). A possible explanation of the established synergetic interaction is that, despite
both Minchinia species being closely related, they exhibit differences in their
pathogenic effect and use of resources within the host. Carballal et al. (2020) observed
that the distribution of infection with M. tapetis and M. mercenariae-like
haplosporidian in cockles C. edule in Galicia was different throughout the cockle
tissues. M. mercenariae-like haplosporidian was observed in the connective tissue of

the digestive gland, gills and gonad, while M. tapetis was only observed in the
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digestive gland (Carballal et al., 2020). Moreover, shared susceptibility factors and
shared environmental co-factors not captured in the models may have also influenced
this synergetic association. Further research is needed to reveal the underlying
mechanism of this synergetic association in C. edule and the role that host exposure
and host habitat play in it. Given the heterogeneous and fluctuating environment of
intertidal habitats, the study of the microscale variation within the cockle beds may
also shed light on the ultra-local environmental and biological factors affecting the
prevalence of double infected individuals with Minchinia and the positive association
detected.

In brief, single infections with Haplosporidia and Vibrio were more frequent
than coinfected individuals, as expected by random chance. The proportion of double
infected individuals with haplosporidian and Vibrio was driven by environmental and
biological factors, triggering a spatial and temporal variability in the distribution of
coinfection. The higher temperature in warmer months and presence of epiflora, which
can be associated with pathogens, on the cockle shells may have promoted the risk of
coinfection, along with low salinity and the host condition in some of the sample sites.
The close proximity to other infected host species may have also influenced the
coinfection distribution in C. edule. Similarly, fished C. edule populations with high
cockle densities might have been more exposed to the infection. Therefore, those
factors may conform the ideal scenario for simultaneous infections, although the
pathogen groups showed no biological interaction between them. Nevertheless,
individuals coinfected with both Minchinia species were observed significantly more
often than expected by random chance. Likewise, a positive two-way association
between both Minchinia species was statistically confirmed, which may be due to their
different pathogenic effects and use of resources within the host, although further
research on the underlying mechanism of this association is needed. Our findings shed
light on the complex interactions between multiple aetiological agents associated with
host diseases in the frame of a natural system. This study highlights the consequences
of the coinfections are not simply the sum of the effects caused by each infectious
agent, but the result of a complex combination of direct and indirect pathogens effects,
the host ecology, and the environmental context.

These results are framed into the current scenario of climate change, which

involves oceans warming on average by 0.6°C in the next 100 years (Wiltshire et al.,
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2008), with European seas especially affected (Philippart et al., 2011). The sea surface
temperature around the United Kingdom and Ireland has increased at six times the
rate of the global average, particularly jeopardizing species that have small thermal
tolerance windows (Frost et al., 2012). As a result, previously appropriate habitats for
cockles may no longer be suitable due to changes in thermal regime, oxygen levels or
altered rainfall patterns (Morgan et al., 2013; Coen and Bishop, 2015). Climate change
may also be expected to have a large effect on disease occurrence, especially in host
species showing strong relationships between temperature/salinity and diseases, as
seen for the cockle populations studied, and for many other molluscan host-parasite
systems (Coen and Bishop, 2015; Allam and Raftos, 2015; Lynch et al., 2020a). The
physiological stress may also cause the host to become immune-compromised and
unable to suppress an infection (Suttle, 2007). Therefore, climate change could be the
driver of the spreading and range expansions of infectious agents, such as bacteria,
haplosporidians and viruses, in the marine ecosystem and may lead to more frequent
pathogen outbreaks (Burreson and Ford, 2004; Suttle, 2007; Rowley et al., 2014; Coen
and Bishop, 2015). As global climate change and anthropogenic impacts continue to
modify the distribution and abundance of hosts and parasites and the ways in which
they interact, integral studies like ours are important since concepts gained might be

applied to other associations and to a changing environment.

A final important point to emphasise is that the relative potential of coinfections
to cause the emergence of zoonoses in wild animals remains to be fully assessed
(Hoarau et al., 2020). Given that two-thirds of emerging infectious diseases are
zoonoses, with nearly 70% originating from wildlife (Hoarau et al., 2020), better
knowledge of the interactions of infectious agents in wild reservoirs, such as cockles,
will provide key insight for the understanding and management of spillover processes.
Although challenging, findings from this study highlight the necessity to integrate data
pertaining to host ecology, pathogen diversity, biogeography and seasonality of the
disease and the environmental influence. This approach should be consistently applied
to provide a more detailed picture of coinfection dynamics in individual hosts and

communities over time.
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This chapter is published as follows:

Albuixech-Marti, S., Lynch, S.A. & Culloty, S.C., 2021. Connectivity dynamics in Irish
mudflats between microorganisms including Vibrio spp., common cockles
Cerastoderma edule, and shorebirds. Scientific Reports 11, 22159. 10.1038/s41598-
021-01610-x.

Abstract

Shellfish, including the key species the common cockle Cerastoderma edule,
living and feeding in waters contaminated by infectious agents can accumulate them
within their tissues. It is unknown if microbial pathogens and microparasites can
subsequently be transmitted via concomitant predation to their consumers, including
shorebirds. The objective of this study was to assess if pathogens associated with C.
edule could be detected seasonally in the faeces of shorebirds that feed on C. edule
and in the physical environment (sediment) in which C. edule reside, along the Irish
and Celtic Seas. Two potentially pathogenic global groups, Vibrio and Haplosporidia,
were detected in C. edule. Although Haplosporidia were not detected in the bird faeces
nor in the sediment, identical strains of Vibrio splendidus were detected in C. edule
and bird faecal samples at sites where the oystercatcher Haematopus ostralegus and
other waders were observed to be feeding on cockles. Vibrio spp. prevalence was
seasonal and increased in C. edule and bird faecal samples during the warmer months,
possibly due to higher seawater temperatures that promote the replication of this
bacteria. The sediment samples showed an overall higher prevalence of Vibrio spp.
than the bird faecal and C. edule samples, and its detection remained consistently high
through the sites and throughout the seasons, which further supports the role of the

sediment as a Vibrio reservoir. Our findings shed light on the fact that not all pathogen
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groups are transmitted from prey to predator via feeding but bacteria such as V.
splendidus can be. As most of the wading birds observed in this study are migratory,
the results also indicate the potential for this bacterium to be dispersed over greater
geographic distances, which will have consequences for areas where it may be

introduced.

Keywords: Cerastoderma edule, shorebirds, sediment, Vibrio, Haplosporidia, trophic

transmission, disease connectivity.
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Highlights:

»  Haplosporidia transmission to shorebirds was not detected.

»  Transmission of Vibrio splendidus to shorebirds, via Cerastoderma edule

consumption.

> Role of sediment as a Vibrio reservoir, where the bacteria can find a favourable

environment for overwintering.
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5.1. Introduction

Mudflats are coastal wetlands that form in sheltered intertidal areas such as bays
and estuaries, where sediments have been deposited by tides or rivers. Mudflats
support a large population of wildlife and are a key habitat for many migratory
shorebirds, as well as for certain species of molluscs, crabs, and fish (Thieltges et al.,
2018). The common cockle Cerastoderma edule is widely distributed in the Atlantic
and is one of the main non-cultured bivalve species harvested in western European
bays and estuaries, where population densities of 10,000 per m? have been recorded
(Tyler-Walters, 2007), making them a useful model species for this study.
Furthermore, common cockles play a key role as an ecosystem engineer, controlling
or influencing processes such as bioturbation and water filtration, increasing the
productivity of sedimentary habitats, which underpin marine food webs and
biodiversity (Malham et al., 2012; Magalhdes et al., 2017; Carss et al., 2020). In the
marine food chain, C. edule is an important food source and is a link between primary
producers (phytoplankton, phytobenthos) and consumers such as crabs, shrimps, fish
and birds (Magalhdes et al., 2017). Cockles, inhabiting the intertidal, are easily
available to a variety of predators since they are found only a few millimetres beneath
the sediment surface, they may even emerge at the surface when abundance is high,
because of sediment erosion, or when they are stressed, such as by oxygen deficiency
or trematode infection (Lassalle et al., 2007). One of the main consumers feeding on
up to 300 cockles per day is marine bird populations (Malham et al., 2012), whose
feeding ecology may shape their diverse and multiple endoparasitic fauna (Hoberg,
1996), responsible for significant effects on marine birds (Muzaffar and Jones, 2004).
Trophically transmitted parasites and pathogens are central elements in most aquatic
food webs, given that foraging behaviour and diet facilitate the transmission of a
variety of pathogens and endoparasites through marine invertebrate and vertebrate
species (Lafferty et al., 2006; Lafferty et al., 2008). Concomitant predation is the most
common way for parasites and pathogens to become prey, which occurs when an
infected host is eaten by a predator. Because of the high productivity of aetiological
agents, their unique nutritional composition and their pathogenicity in hosts, their
consumption affects food web structure, energy transfer and disease dispersals
(Johnson et al., 2010).
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Although parasitism contributes significantly to the biodiversity of mudflat
ecosystems, the composition of parasites in the food web of the mudflat ecosystems
has been understudied (Thieltges et al., 2018). Cockles inhabiting those habitats can
accumulate agents that are potentially pathogenic (Zannella et al., 2017) and act as a
reservoir for subsequent infection of other species (Carss et al., 2020). Cockles are
hosts to a diverse range of macroparasites (Fermer et al., 2011), but may also be
infected by a range of pathogens including protists, bacteria and viruses (Longshaw
and Malham, 2013). In turn, Newman et al. (2007) confirmed that infectious diseases
are an important cause of mortality events and individual bird deaths, especially
among coastal and freshwater aquatic birds, pointing out bacterial infections as a

frequent cause of mass mortality events.

A wide range of bacterial infections occurs in free-ranging birds (Muzaffar and
Jones, 2004), with many copiotrophic bacteria, such as Vibrio spp., widely distributed
in estuarine and coastal ecosystems (Vezzulli et al., 2016; Jesser and Noble, 2018). A
large number of Vibrio species are associated with marine organisms like fish,
molluscs and crustaceans, in commensal or pathogenic relations (Romalde et al.,
2014). Some species such as Vibrio aestuarianus, Vibrio splendidus or Vibrio tapetis
have been associated with mortalities of different molluscan species, seriously
affecting their culture and causing high losses in hatcheries as well as in natural beds
(Allam et al., 2002; Waechter et al., 2002; Gay et al., 2004; Paillard et al., 2004; Prado
et al., 2005; Garnier et al., 2008). For other species, ecological importance has been
demonstrated, such as Vibrio crassostreae, Vibrio breoganii, and Vibrio celticus,
which form part of the molluscan microbiota (Romalde et al., 2014), or V.
mediterranei, found in the microbiota of marine fish (Egerton et al., 2018). In addition,
Vibrio bacteria can persist in high abundance and/or can be found during cold and
unfavourable environmental conditions in the sediment compartment (Vezzulli et al.,
2013; Vezzulli et al., 2015). Azandégbe et al. (2010) reported the occurrence of V.
aestuarianus in sediment at two C. gigas farms in France and suggested that this
bacterium might subsist during the cold seasons in the sediment and rise again under

favourable conditions.

The haplosporidian protists are also widespread and have been associated with
some of the most serious epizootic mortalities of commercially important bivalves,

including cockle population crashes in The Netherlands and UK (Burreson and Ford,
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2004; Engelsmaetal., 2011; Longshaw and Malham, 2013; Arzul and Carnegie, 2015;
Carnegie et al., 2016). A number of studies have reported the detection of Minchinia
(Engelsmacet al., 2011; Longshaw and Malham, 2013; Ramilo et al., 2018; Albuixech-
Marti et al., 2020; Lynch et al., 2020) and Haplosporidium in cockles (Azevedo et al.,
2003; Engelsma et al., 2011), and Urosporidium parasitizing trematodes or turbellaria
infecting cockles (Carballal et al., 2005). Cockles are a known food source for
shorebirds; however, to the best of our knowledge, Haplosporidia have not been
previously associated with birds.

Viral diseases play an increasingly important role in the health of aquatic birds,
as has been suggested in previous studies (Daoust et al., 1998; Converse and Kidd,
2001; Friend et al., 2001). Particularly, herpesviruses have been previously associated
with respiratory and enteric disease and mortality among seabirds and waterfowl
(Hubalek, 2004; Quesada et al., 2011; Niemeyer et al., 2017). In turn, even though the
natural hosts for ostreid herpesvirus type-1 (OsHV-1) are oysters, Bookelaar et al.
(2020) recently determined the potential for C. edule to become infected with and to
act as an alternate host of OsHV-1 pVar. The presence of herpesviruses in the
sediment has been also described. Honjo et al. (2012) reported for the first time
Cyprinid herpesvirus 3 (CyHV-3) DNA in sediments of natural lakes and ponds
suggesting that sediment could act as a reservoir for CyHV-3 in natural freshwater
environments. Subsequently, Evans et al. (2017) detected OsHV-1 in the mangrove

sediments from an estuary in Australia.

Therefore, the environmental reservoirs along with the hosts may largely
influence the ecology of those pathogen groups by favouring their survival and
dispersion in the environment and also serving as a vector for their associated disease.
Free-living birds might be involved in the carriage of microbial pathogens not only as
biological carriers (the pathogen multiplies in the avian body) but also as mechanical
carriers (the pathogen does not multiply in or on the bird) (Hubalek, 2004). The
pathogen can be located on the surface of the bird’s body or pass through the digestive
tract, being viable when excreted (Hubalek, 2004). Likewise, birds are hosts for many
parasites that sometimes serve as vectors of infectious agents (Hubalek, 2004). Birds,
including waterfowl, can be hyperparasitized by microsporidians that infect their
parasites (Slodkowicz-Kowalska et al., 2006; Malcekova et al.,, 2013).

Hyperparasitism by microsporidia might influence trophic relationships between
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invertebrate hosts such as C. edule and vertebrate hosts such as birds, releasing the
secondary host from metacercarial infections (Fermer et al., 2009). Therefore, birds
may play an important role as a reservoir of infection and/or incidental carriers
influencing pathogen transmission, dispersal, and disease dissemination. The potential
for transport and dissemination of certain pathogenic microorganisms by free-living
birds is of concern and is the subject of increased vigilance. For instance, the roles of
wild birds in the spread of avian flu and tick-borne viruses are well recognised (Yun
etal., 2015; Xu et al., 2016).

Parasite-inclusive food web studies have so far mainly considered
macroparasites; however, the large diversity of microparasites and pathogens in
mudflat ecosystems remains to be fully explored (Thieltges et al., 2018). Even though
it is well-known that infectious agents may incur costs for their avian hosts at an
individual level (Muzaffar and Jones, 2004), the trophic transmission of microbial and
parasitic infections in aquatic birds and their influence on disease dynamics and
dissemination are difficult to establish. Further complications arise from the fact that
some host groups such as birds are often transient components of the local food web
that can carry parasites and pathogens acquired elsewhere (Thieltges et al., 2018).
Polymerase chain (PCR)-based techniques for detecting prey remains in the gut,
faeces and regurgitates of predators can be applied to study complex trophic
interactions in the field; however, their application is still a challenge. The lack of
sensitivity, short post-ingestion detection periods and cross-amplification problems
are the major difficulties in detecting degraded, semi-digested DNA (King et al.,
2008). Nevertheless, following stringent contamination control strategies when
collecting samples, prompt preservation of those samples and assay optimization can
prevent these problems (Harper et al., 2005; Martin et al., 2006; Read et al., 2006;
Harwood et al., 2007).

The presence of the Vibrio genus in C. edule has been confirmed on the eastern
and southern Irish coasts (Albuixech-Marti et al., 2021). Likewise, there have been
previous records of infected C. edule populations with haplosporidian protists such as
the genus Minchinia (Albuixech-Marti et al., 2020; Lynch et al., 2020), or with ostreid
herpesvirus type-1 (OsHV-1) (Bookelaar et al., 2020), as well as records of
microsporidian species parasitizing digeneans that infect cockle populations in those
areas (Fermer et al., 2009; Fermer et al., 2011). Therefore, the objective of this study
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was to assess if pathogens associated with C. edule (Vibrio spp., Haplosporidia spp.,
ostreid herpesvirus-1 microVar, Microsporidia spp.) could be detected seasonally in
the sediment and the faeces of shorebird species at sample sites along the Irish and
Celtic Seas. This study used PCR-based techniques adopting strict contamination
control strategies and optimisation of the storage, extraction, and purification of the
DNA from bird faecal droppings, sediment, and cockles. Shorebird species present
were recorded while foraging, with particular attention to cockle consumption. The
observational data from shorebirds was assessed in relation to C. edule DNA presence
and pathogen detection in faecal samples. The spatial and seasonal influence in the
detection of the infectious agents in cockles, shorebird faecal samples as well as
sediment was also evaluated. Findings will provide an insight into the pathogen
community present in C. edule, shorebird populations and sediment, establishing the
potential of the different pathogen groups to persist in these three natural
compartments and be trophically transmitted from C. edule to shorebirds. This study
highlights the role of the shorebirds as carriers of infectious agents as well as the role
of the sediment in the pathogen persistence.

5.2. Materials and Methods
5.2.1. Sample sites

Cockles, faecal samples and sediment samples were collected seasonally from
April 2018 to April 2019 at Cork Harbour (Ringaskiddy and Cuskinny) on the south
coast (Celtic Sea) of Ireland, and from July 2018 to April 2019 at Youghal Bay and
Dungarvan Harbour, the latter the site of extensive farming of Pacific oysters
(Crassostrea gigas), on the south coast (Celtic Sea), as well as at the commercial
fishery at Dundalk Bay (Annagassan and Cooley) on the northeast coast (Irish Sea)
(Figure 1). The six locations are bays with intertidal sand and mudflats, where a
variety of bivalve species inhabit. They are Special Protection Areas (SPASs) under the
E.U. Birds and Habitats Directives, providing good quality feeding areas and roost
sites for an excellent diversity of waterfowl species (www.npws.ie/protected-
sites/spa). Moreover, Cuskinny is classified as Marsh Nature Reserve and Dundalk

Bay is a classified Bivalve Mollusc Production Area and it has supported a
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commercial dredge cockle (Cerastoderma edule) fishery since 2001 (Hervas et al.,
2008).

1 1 1 1 1
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Figure 1: Map of Ireland highlighting the sample sites with coordinates (ArcGIS
Desktop 10.5.1; www.esri.com)

Although the cockle densities in situ were not measured, observations of cockle
abundances during the samplings were in accordance with the reference densities
previously recorded in those sites. C. edule densities in the selected sites varied from
higher densities, 9.33 + 3.5 ind/m?, in Dundalk Bay (Shellfish Stocks and Fisheries
Review, Marine Institute and BIM, 2017) to lower densities in sites that are not fished:
1.6 + 2.1 ind/m? in Youghal Bay; 0.8 + 1.7 ind/m? in Cork Harbour; and 0.4 + 1.3

ind/m?in Dungarvan Harbour (Fermer et al., 2011).

5.2.2. Bird observations

Video recording of shorebirds while foraging at low tide in the study areas was
carried out seasonally from April 2018 to April 2019, following the specifications of
Martins et al. (2013). Recordings were carried out with a digital camcorder (CX405B,
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Sony) with a 30x optical zoom. The video recording was done prior to sampling to
avoid disturbance. The average duration of the films was 5 to 10 minutes, each one
taken from a different perspective of the bay while filming the main bird aggrupations.
Therefore, it is highly unlikely that pseudoreplication (i.e., filming the same individual
more than once) affected our dataset and conclusions to any significant extent. The
recording was done in the aerially exposed cockle bed, where the faecal samples and
the sediment samples were collected at low tide. The viewing of the videos was carried
out to list the bird species, their number and behaviour i.e., foraging and feeding or
not, at the time of the filming. Following the descriptions in Lewis and Tierney (2014),
shorebird behaviour was classified into two categories: (1) foraging/feeding: the
active or passive search of food and feeding; and (2) other: this category was used for
all other behaviours that do not assign to foraging, including roosting, standing,
preening, loafing, swimming and others. Prey identity was not examined. However,
in some cases, analysis of video recordings allowed the distinction of the consumption
of bivalves, even though identification of specific species could not be done even with

the best quality recordings.

5.2.3. Sample types

Cockles were collected by hand raking from the intertidal area of each site at
spring tide (0.5m-1m) and seasonal intervals. The sample size, outlined in Table 1,
was dependant on the available abundance at each site and season. Cockles were kept
at ambient temperature during the fieldwork and were processed either on the same

day or were held overnight at 4°C and were processed the next day.

Sediment and seabird faecal samples were collected as near as possible to the
cockle collection area (Table 1). As food retention time in the digestive tracts of birds
is short - for instance, for red knots (Calidris canutus) it is 20-50 min (Piersma et al.,
1993) -, the collection of samples was done after 30 min from the start of the video
recording to ensure that the bird faeces collected were composed of food remains
found and digested by the shorebirds feeding on prey from that foraging site (Martins
et al.,, 2013). The collection of samples was conducted following stringent
contamination control strategies, such as using sterilised material and avoiding taking
any substrate in contact with the faecal matter. One sterilised swab was used to collect
a small amount (around 5mm?) of the bird faecal waste and a second swab was used
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to collect the same amount of sediment nearby to the stool. Each sample was

transferred into an individually labelled 2ml sterile Eppendorf tube.

Wherever possible, faeces were collected fresh to minimize further enzymatic
action and, consequently, degradation of the DNA, although freshness is not always
easy to determine in the field (King et al., 2008). Preservation of faecal samples has
mainly been by freezing in a range from -20 °C to -80 °C (Harper et al., 2005; Martin
et al., 2006; Read et al., 2006; Harwood et al., 2007). Seabird faeces and the sediment
samples were stored in an insulated bag with iced packs during the fieldwork and,
once in the lab, they were frozen at -80°C until their processing to accelerate freezing
and halt DNA-destroying enzymatic processes.

Table 1: Number of collected cockles (C.), bird faecal samples (F.) and sediment
samples (S.) by site and season (Sp.18: spring 2018; Sum.18: summer 2018; Aut.18:
autumn 2018; Wint.18/19: winter 2018/19; Sp.19: spring 2019).

Cork Cork
Harbour - ! Harbour
Dates Ringaskiddy ! Cuskinny

Youghal Dungarvan Dundalk Bay i Dundalk Bay
Bay Harbour — Annagassan 1 -Cooley

C. F. S {C F. S.{C. F. S }C. F. S {C. F. S {C. F. S.

Sp. 18 29 4 4 131 2 2

Sum.18 112 - - 27 - - 11 4 4 51 3 3 143 6 6 117 10 10

Aut.18 131 10 10;29 10 10}16 10 10}58 10 10}30 10 10;30 10 10

Win. 18/19; 15 10 10323 10 10:30 10 1030 10 1030 10 10:30 10 10

Sp.19 30 10 10:30 10 10:12 10 10:30 S5 5 :+30 10 10:30 10 10

Totals 117 34 341140 32 32169 34 341169 28 281133 36 36107 40 40

(-) No samples collected

5.2.4. Sample processing and diagnostic methods

A small piece of gill tissue (2-5mm? of tissue) from each cockle was taken and
stored at -20°C for molecular assays. Genomic DNA from the cockle gill tissue was
extracted using the chelex-100 extraction method (Walsh et al., 1991; Lynch et al.,
2008). The DNA of seabird faecal samples, as well as the sediment samples, were
extracted by Qiagen QIlAamp DNA Stool Kit, following the protocol of Zeale et al.
(2011), with modifications from Dr James Nicholls (www.protocols.io/view/dna-
extraction-from-avian-faeces-stored-in-ethanol-ve6e3he) and Sarah Davies (pers
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comm). Negative controls during DNA extraction were included to screen for potential
contamination by prey DNA between samples and provide a higher degree of
confidence in the assay protocol. Once extracted, the samples were used to determine
the European cockle species (Cerastoderma edule (Linnaeus, 1758) or Cerastoderma

glaucum (Poiret, 1789)) present and for subsequent pathological screening.

The quantity of target DNA remaining after storage, extraction and purification
of the DNA, affects the successful amplification of that DNA from faecal material
(King et al., 2008). It should be highlighted that faecal DNA is often degraded, the
risk of contamination is high, and PCR inhibitors may likely be co-extracted (King et
al., 2008). Therefore, the quantity and the quality of the extracted DNA from seabird
faeces and sediment samples were established wusing NanoDrop 1000
Spectrophotometer to avoid the diagnosis of false negatives due to low DNA quantity
and/or DNA of poor quality. Likewise, the quantity and the quality of the extracted
DNA from a subsample (n=120) of the collected cockles were also tested. DNA purity
was assessed by determining the ratio of spectrophotometric absorbance of each
extracted sample at 260/280 nm (A260/A280 ratio; an indicator of protein or phenol
contamination). Pure DNA extraction should have an A260/A280 ratio ~1.8, higher
values indicate the presence of RNA along with DNA.

Polymerase chain reaction (PCR) was carried out in the cockle, seabird faecal
and sediment samples to amplify the nuclear DNA markers ITS-for / ITS Ce-R / ITS
Cg-R to differentiate between the presence of C. edule, C. glaucum species or hybrids
(Freire etal., 2011; Table 2). Purified DNA of C. edule was used as a positive control.
Two positive controls were included in each PCR assay to confirm that the
amplification worked. Likewise, negative controls (two replicates with ddH20) were
included in each PCR assay to confirm the absence of contamination. Amplification
was conducted following the reaction mixture and thermocycling conditions, as well

as the visualisation of the product, described in Albuixech-Marti et al. (2020).

Standard PCR screening in cockle, seabird faecal and sediment samples was
conducted using generic primers Vib1F/2R (Thompson et al. 2004; Table 2) following
the protocol modified by Vezzulli et al. (2012) (optimised by Davies, C. E.) for the
detection of Vibrio genus. A total of 1ul of DNA per individual was used in a total

volume of 25ul of the reaction mixture containing: 12.5ul of Tag 2X Master Mix,
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0.125ul of forward and reverse primers (100mM) and 11.25ul of ddH2O. Cycling
conditions consisted of an initial denaturation of the sample at 94°C for 10 min
followed by 30 cycles of 94°C for 30s, 58°C for 30s, 72°C for 60s and a final
elongation at 72°C for 10 min. Purified DNA of the pathogen was used as a positive
control. Two positive controls were included in each PCR assay to confirm that the
amplification worked. Likewise, negative controls (two replicates with ddH20) were
included in each PCR assay to confirm the absence of contamination. Electrophoresis
of the amplification products was conducted in a 2% agarose gel. The expected

amplified product (amplicon) size for Vibrio spp. was 120bp.

Standard PCR screening for haplosporidian detection was carried out in the
cockle samples (n=735), likewise in a subsample of seabird faecal and sediment
samples (n=168), using generic haplosporidian HAP-F1 and HAP-R3 primers that
amplify small regions of the SSU rDNA of most haplosporidian parasites (Renault et
al., 2000; Molloy et al., 2012; Table 2). Purified haplosporidian DNA was used as a
positive control. Two positive controls were included in each PCR assay to confirm
that the amplification worked. Likewise, negative controls (two replicates with
ddH20) were included in each PCR assay to confirm the absence of contamination.
Amplification was conducted following the reaction mixture and thermocycling
conditions, as well as the visualisation of the product, described in Albuixech-Marti
et al. (2020).

Standard PCR screening for Minchinia spp. detection was carried out in the
cockle samples that were positive for Haplosporidia by conventional PCR (n=277),
likewise in a subsample of seabird faecal and sediment samples (n=168), using
specific primers for Minchinia tapetis (TAP-For/Rev) and Minchinia mercenariae-
like (MER-For/Rev) (Albuixech-Marti et al., 2020; Table 2) in the appropriate
pairings and in separate PCR reactions. Two positive controls (purified DNA of the
respective Minchinia species) were included in each PCR assay to confirm that the
amplification worked. Likewise, negative controls (two replicates with ddH20) were
included in each PCR assay to confirm the absence of contamination. Amplification
was conducted following the reaction mixture and thermocycling conditions, as well

as the visualisation of the product, described in Albuixech-Marti et al. (2020).

175



Chapter 5

Standard PCR screening for ostreid herpesvirus type-1 (OsHV-1) and variants
was carried out in cockle samples (n = 735), likewise in a subsample of seabird faecal
and sediment samples (n=226), using specific primers OHVA/OHVB that amplify
small products of the ORF4 gene in the OsHV-1 virus and its variants (Lynch et al.,
2013; Table 2). Purified DNA of the pathogen was used as a positive control. Two
positive controls were included in each PCR assay to confirm that the amplification
worked. Likewise, negative controls (two replicates with ddH,O) were included in
each PCR assay to confirm the absence of contamination. Amplification was
conducted following the reaction mixture and thermocycling conditions described in
Lynch et al. (2013). Electrophoresis of the amplification products was conducted in a
2% agarose gel. The expected amplified product (amplicon) size for the OsHV-1 virus

and its variants was 385bp.

Standard PCR using specific primers (MiclF1-MicIR1 and MiclF2-MiclR2,
Table 2) (Lynch, unpublished data confirmed to be specific to Microsporidia spp. by
Sanger sequencing) to detect two unidentified microsporidian species was carried out
in cockle samples (n = 735), likewise in a subsample of seabird faecal and sediment
samples (n=116). Purified microsporidian DNA was used as a positive control. Two
positive controls were included in each PCR assay to confirm that the amplification
worked. Likewise, negative controls (two replicates with ddH2O) were included in
each PCR assay to confirm the absence of contamination. Both reaction mixture and
thermocycling conditions were the same as used with the PCR for OsHV-1 and
variants, as well as the visualisation of the product. The expected amplified product

(amplicon) size for microsporidian species was 180bp.

Quantitative PCR (qPCR) for detection and quantification of Vibrio
aestuarianus in the cockle, seabird faecal and sediment samples that were positive for
generic Vibrio screening was performed using specific primers for detection of the
molecular chaperone dnaJ gene, following the protocol of McCleary and
Henshilwood (2015) (Table 3). Negative template controls consisting of 5 ul of
double-distilled water (ddH2O) were included in triplicates in each run. 5 pl of V.
aestuarianus DNA suspension was used in triplicates as positive controls in each run.
All samples were performed in triplicates using 5 pul of DNA. C: (Cycle threshold)
values were used to determine PCR quantification and detection limits by Thermo

Hybaid PCR express thermal cycler. A tested sample was considered positive if its
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mean C; value was below 37. Six prepared 1:10 serially diluted V. aestuarianus DNA
standards were tested in triplicates as stated in McCleary and Henshilwood (2015).
Standard curves aim at checking the efficacy of the PCR reaction and at estimating
the number of bacterial DNA copies present in tested samples. Results were
interpreted by linear regression for slope analysis, and the PCR amplification
efficiency (E) was calculated according to: E = [10 Ytslop)] — 1 (McCleary and
Henshilwood, 2015). Absolute quantitation for DNA copies was carried out by
comparing the C; obtained against the standard curve with known copy numbers.

Table 2: Description of PCR primer pairs showing sequences for each forward and
reverse primer and expected product size.

Primer sequence (5°-3°)

. . Product Primer
Primer pair Forward Reverse . e
size (bp) specificity
ITS-for GTT TCC GTAGGT AAG CAG CGA GAA 190 Cerastoderma
ITS Ce-R GAACCTG GCCGTTC edule
ITS-for GTT TCC GTAGGT AAT TCG CCATCG 470 Cerastoderma
ITS Cg-R GAACCTG TCG G glaucum
Vibl-F GGC GTA AAG CGC GAA ATT CTACCC -
) 120 Vibrio spp.
Vib2-R ATG CAG GT CCCTCTACAG
HAP-F1 GTT CTT TCW TGA AKR HRT TCC TWG 350 Haplosporidia
HAP-R3 TTC TAT GMA TTC AAGAYG A spp.
TAP-For ATC TAA CTA GCT CTTTCAAGATTA 165 Minchinia
TAP-Rev GTCGCTAACTCGT CCCGGCTCT GC tapetis
MER-For ATC TAACTA GCT gi? '(I?g((l: g(-:r; éé‘? 170 mlt\e/lr::necnhzil:iI:e
MER-Rev GTC ACT ATG GAA AA CTTT like
Ostreid
OHVA TGC TGG CTG ATG GGA TAT GGA GCT 385 herpesvirus
OHVB TGA TGG CTT TGG GCG GCGCT type-1 and
variants
MiclF1 GTG GAC GCT AGT TTG CAC CAG AAG 180 Microsporidia
MiclR1 CTCACAGGTT GTTTACGACACAT sp.1
MiclF2 ATG CAT GCG TAA TCT CTT GCA CCA 180 Microsporidia
MiclR2 GCG AAGCAGTTAT GAAGGTTTACGAC sp.2
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Table 3: Description of gPCR primer pair and probe used in the study.

Primers Sequence Specificity
dnaJ f420 GTGAAGGGACGGGTGCTAAG -
dnaJ ra56 CCATGACAAGTGCCACAAGTCT Vibrio

aestuarianus
dnaJ p441 (probe) FAM-AGGGCACGTCGGC-MGB

Direct Sanger sequencing was carried out on representative PCR products
amplified from cockle samples, seabird faecal and sediment samples, using generic
Vibrio primers to identify the species present in the samples. Genomic DNA from 10
selected cockle individuals and 11 faecal and sediment samples was isolated and
purified using the QIAquick Gel Extraction Kit (QIAgen) prior to direct sequencing.
Both the forward and reverse strands of DNA samples were sequenced commercially
(Source Bioscience). Each sequence was matched against the National Center for
Biotechnology Information (NCBI) nucleotide database with BLASTn (Basic Local
Alignment Search Tool), which finds regions of local similarity between sequences to
identify and confirm the DNA being detected in the PCRs.

5.2.5. Statistical analysis

Statistical analysis was performed in R version 3.2.3. statistical software. Vibrio
occurrence was modelled as pathogen presence/absence in each cockle, bird faecal
sample and sediment sample. Pearson’s Chi-squared tests were used to determine
whether the presence of Vibrio spp. was significantly different (p(Chisq) < 0.05)
among the sample sites and throughout the year for each of the sample types (cockles,
bird faecal samples and sediment). Fisher’s exact test was conducted when the

frequencies of the pathogen occurrence in a site or season were < 4, to gain accuracy.

Collinearity between the different compartments - sediment, cockles, and
shorebirds - was examined by pairs using non-parametric Kendall's Rank Correlation
Tau (1) with the Vibrio occurrence data in each compartment (p(t) < 0.05). The
correlation (p(t) < 0.05) between the presence of the C. edule DNA and Vibrio DNA

was also examined within two of the compartments, shorebirds and sediment.
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5.3. Results

5.3.1. Bird species and observational studies

A detailed list of the bird species identified as well as the behaviour observed in
the recording is provided in Supplementary Table S1, likewise, their diet and status

are described in Supplementary Table S2.

Overall, the bird presence on the sampled cockle beds, in the intertidal and
subtidal areas, was constant at the sample sites and throughout the year
(Supplementary Table S1). The only exception was in spring 2019 in Annagassan,
where there was a clear disturbance in the shorebird community due to a flying drone
in the area. A variety of waders (Supplementary Table S1) - oystercatchers
Haematopus ostralegus, curlews Numenius arquata, bar-tailed godwits Limosa
lapponica, black-tailed godwits Limosa limosa, common redshanks Tringa totanus,
red knot Calidris canutus and dunlins Calidris alpina - that feed on bivalves, including
cockles, were identified in the recordings along with several species of seagulls -
Larus canus, Chroicocephalus ridibundus, Larus marinus, Larus melanocephalus -
and hooded crows (Corvus cornix), both groups with a generalist diet but that can feed
on bivalves in coastal areas (Supplementary Table S2). Most waders observed were
actively foraging and feeding (Table 4; Supplementary Table S1). Some recording
was done of birds, especially oystercatchers, digging out shellfish from the sediment
and opening them with their beak. Gulls, in turn, were usually loafing, preening, and

passively foraging and feeding (Table 4; Supplementary Table S1).

The sample sites with lower bird occurrence were Ringaskiddy and Youghal,
where a few scattered bird individuals were recorded (mainly H. ostralegus, N.
arquata and L. canus), except for a flock of C. canutus (10 < 20 individuals) in
summer 2018 at Youghal (Table 4; Supplementary Table S1). Bird flocks (>10
individuals) were common in Cuskinny, Dungarvan, and Dundalk (Annagassan and
Cooley) (Table 4; Supplementary Table S1). Large gull flocks (>20 individuals) were
recorded at Cooley and, especially, at Cuskinny and Dungarvan (Table 4;
Supplementary Table S1). In turn, wader flocks (10 < 30 individuals), including H.
ostralegus, L. limosa, T. totanus and C. alpina, were more frequently recorded in
Dundalk sites (Annagassan and Cooley) (Table 4; Supplementary Table S1). Gulls
were recorded over the year, except for the winter season in Annagassan and Cooley,
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while waders seemed to be more frequently observed during autumn and winter

(Supplementary Table S1), which would correlate with their status as winter visitors

to Ireland (Supplementary Table S2).

Table 4. The most abundant shorebird species, number, location and behaviour
observed at each sample site by season, compiling the main flocks observed in the

field.
. . Tidal . . Number of Behaviour
Sites Sampling dates sonation Bird species individuals .
Spring 2018 Intertidal Common gulls (Larus canus) 5 o
Autumn 2018 Intertidal Oystercatchers (Haematopus ostralegus) 3 F
Ringaskiddy  \inter 2018/19  Intertidal Oystercatchers (Haematopus ostralegus) 5 F
Soring 2019 | dal Common gulls (Larus canus) 2 o
tert| -
pring nterhda Great black-backed gulls (Larus marinus) 2
Spring 2018 Intertidal Hooded crows (Corvus cornix) Flock (~10) F/O
Autumn 2018 Intertidal Black-headed gull (Chroicocephalus Flock (40-50) FIO
ridibundus)
Cuskinny ! ) Common gulls (Larus canus) Flock (20-30)
Winter 2018/19 Intertidal - F/O
Hooded crows (Corvus cornix) Flock (10-20)
. . Black-h Il (Chroi hal
Spring 2019 Intertidal & eaded.g.u (Chroicocephalus Flock (30-50) F/O
ridibundus)
Summer 2018 Intertidal Red knot (Calidris canutus) Flocks (10-20) F
Intertidal
Autumn 2018 / subtidal Common gulls (Larus canus) 4 (0]
Youghal -
. Intertidal
Winter 2018/19 . Oystercatchers (Haematopus ostralegus) 4 F
/ subtidal
Spring 2019 Intertidal Oystercatchers (Haematopus ostralegus) 3 F
Summer 2018 Intertidal Oystercatchers (Haematopus ostralegus) 4 F
Autumn 2018 Intertidal Black—headed.g.ull (Chroicocephalus Flock (20-30) F/O
ridibundus)
D
ungarvan . . Common gulls (Larus canus) Flock (20-30)
Winter 2018/19  Intertidal - O
Great black-backed gulls (Larus marinus) Flock (20-30)
Spring 2019 Intertidal Oystercatchers (Haematopus ostralegus) Flocks (~10) F
Summer 2018 Intertidal Dunlins (Calidris alpina) Flock (10-20) F
. Oystercatchers (Haematopus ostralegus) Flocks (~10)
Autumn 2018 Intertidal - F
Annagassan Common redshank (Tringa totanus) Flocks (~10)
. . Oystercatchers (Haematopus ostralegus) Flocks (10-20)
Winter 2018/19 Intertidal - - - - F
Black-tailed godwits (Limosa limosa) Flocks (10-20)
Spring 2019 Supratidal Raven (Corvus corax) 1 F
Summer 2018 Intertidal Oystercatchers (Haematopus ostralegus) Flocks (~10) F
Autumn 2018 Intertidal Black-tailed godwits (Limosa limosa) Flock (20-30) F
Winter 2018/19 Intertidal Oystercatchers (Haematopus ostralegus) Flocks (~10) F
Cooley Black-tailed godwits (Limosa limosa) Flock (20-30) F
' Intertidal ComrT10n gulls (Larus canus) '
Spring 2019 ; Mediterranean gulls (Larus Mixed flock
/ subtidal FIO
melanocephalus) (>50)

Sandwich terns (Sterna sandvicensis)

(*) Following the descriptions in Lewis and Tierney (2014), shorebird behaviour was classified into
two categories: (F) foraging/feeding: the active or passive search of food and feeding; and (O) other:
all other behaviours that do not assign to foraging, including roosting, standing, preening, loafing,
swimming and others.
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5.3.2. Molecular cockle species identification

The examination of the quantity and quality of the extracted DNA from a
subsample (n=120) of the collected cockles revealed that all tested samples showed a
good DNA quantity, with a mean quantity of 304.13 ng/ul (range between 76.35 ng/ul
and 1305.47 ng/ul). Among the subsample, 90% (n=108/120) of the samples had a
DNA quantity higher than 100 ng/ul. Likewise, all the tested samples showed high-
quality DNA, with a mean of A260/A280 = 1.77 and a range between 1.6 and 2.02.
All the screened cockles were identified as Cerastoderma edule, with no presence of

Cerastoderma glaucum or hybrids.

Among the faecal and sediment samples taken, 61.8% (n=126/204) of the faecal
samples and 63.2% (n=129/204) of the sediment samples showed good DNA quantity
(>1 ng/pul) and high-quality DNA (A260/A280 = 1 < 1.99), while 17.6% (n=36/204)
of the faecal samples and 18.1% (n=37/204) of the sediment samples showed good
DNA quantity (>1 ng/pul) and presence of RNA along with DNA (A260/A280 =2 <
4).

In the seabird faecal samples, 22.5% (n=46/204) contained C. edule DNA
(Figure 2), with 63.0% (n=29/46) of those samples displaying high quantities of DNA
(>1 ng/ul) and high-quality DNA (A260/A280 = 1 < 1.99). In the sediment samples,
33.8% (n=69/204) contained C. edule DNA (Figure 2), with 56.5% (n=39/69) of those
samples displaying good quantities of DNA (>1 ng/ul) of high-quality (A260/A280 =
1 <1.99). There was no presence of C. glaucum DNA or hybrids in any seabird faecal

or sediment samples.

The highest percentage of C. edule DNA detected in faecal samples occurred at
Dundalk Bay — Annagassan (30.6%; n=11/36) and Cooley (30.0%; n=12/40) —, where
the cockle abundance found was high compared to the other sites and where
oystercatchers H. ostralegus, curlews N. arquata, black-tailed godwits L. limosa,
common redshanks T. totanus and dunlins C. alpina were observed foraging (Figure
3). Cuskinny, where gulls were the dominant species recorded and the cockle
abundance observed in that area was lower than other sites, was the site with the lowest
level of C. edule DNA found in faeces (12.5%; n=4/32) (Figure 3). Youghal, with a
low cockle and bird abundances observed, also showed a low detection of C. edule
DNA in faeces (14.7%; n=5/34) (Figure 3). The lowest C. edule DNA detection in the
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sediment samples was in Ringaskiddy (20.6%; n=7/34), where a low abundance of
cockles and empty cockle shells were found at every sampling, while the highest
detection was in the commercial fishery of Dundalk - Annagassan (36.1%; n=13/36)
and Cooley (60.0%; n=24/40) -, with higher cockle abundances observed (Figure 3).

Seasonal variability in the detection of C edule DNA in faecal and sediment
samples was observed, with the highest detection of C edule DNA during spring 2018
(faeces: 100%, n=6/6; sediment: 83.3%, n=5/6) and summer 2018 (faeces: 73.9%,
n=17/23; sediment: 78.3%, n=18/23), when more screened cockles were found dead
or in poor condition (full of sand and bad smell); while the lowest detection was in
winter 2018/19 (faeces: 6.7%, n= 4/60; sediment: 20.0%; n=12/60) (Figure 4). Flocks
of H. ostralegus, C. alpina and C. canutus (10 < 20 individuals) were observed during
summer, while H. ostralegus, T. tetanus, and L. limosa flocks (10 < 30 individuals)
along with large flocks of gulls (20 < 50 individuals) and hooded crows (10 < 20

individuals) were observed in autumn and winter (Figure 4).

5.3.3. Pathogen screening

During the study two pathogen groups were detected in C. edule samples: 37.7%
(n=277/735) tested positive for Haplosporidia, while 25.3% (n=186/735) tested
positive for Vibrio spp. (Figure 2; Table 5). Of the 277 cockles positive for
Haplosporidia, 29.6% (n=82/277) could be distinguished as being infected with
Minchinia tapetis and 14.8% (n=41/277) were infected with Minchinia mercenariae-
like (Table 5). However, other haplosporidian species not targeted by this study could
also be present in the C. edule samples that were positive in the generic haplosporidian
PCR. Of the 186 cockles positive for Vibrio, 19.9% (n=37/186) were determined to
be infected with Vibrio aestuarianus (Table 5), with highly infected individuals
defined as those individuals that showed a C; < 30, since the V. aestuarianus positive
controls (diluted purified DNA) had a Ct=30 (60 copies of V. aestuarianus DNA/uL).
Based on that, 13.5% (n=5/37) of the individuals determined to be positive for V.
aestuarianus were classified as heavily infected individuals, while 86.5% (n=32/37)
were classified as having light/low infections. The mean PCR efficiency value
obtained were 100,5% * 2,72%, and -3,31 = 0,07% for slope value. Dungarvan
Harbour was the site with the highest presence of V. aestuarianus and three out of the
five heavily infected individuals were found at that site during summer 2018.
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Sequencing was conducted with a subsample of the other 80.1% (n=149/186) of
samples that were not positive for V. aestuarianus, with results listed below (Table 6).
No ostreid herpesvirus-1 microVar nor Microsporidia spp. were detected in any of the

C. edule screened during the study (Table 5).
Haplosporidia
> -
Figure 2: Network association plot displaying the links between the different
compartments studied. The black text refers to pathogens and the white text relates to
hosts/reservoirs. A solid line represents target DNA presence and line thickness

indicates the prevalence (%) of infected C. edule and the percentage of positive faecal
and sediment samples.

Table 5: Total numbers of positive cases (%, positive individuals/screened
individuals) for the screening done for the target pathogen species in cockles, seabird
faecal samples and sediment samples.

Pathogen species Cockle samples  Seabird faecal samples  Sediment samples
Haplosporidia 37.7% (277/735) 0% (0/84) 0% (0/84)
Minchinia tapetis 29.6% (82/277) 0% (0/84) 0% (0/84)
Minchinia mercenariae-like 14.8% (41/277) 0% (0/84) 0% (0/84)
;)rf;r\f;driazzpes"'r“s Pel 604 (0/735) 0% (0/113) 0% (0/113)
Microsporidia sp.1 0% (0/735) 0% (0/58) 0% (0/58)
Microsporidia sp.2 0% (0/735) 0% (0/58) 0% (0/58)
Vibrio spp. 25.3% (186/735) 13.7% (28/204) 62.7% (128/204)
Vibrio aestuarianus 19.9% (37/186) 0% (0/204) 1.6% (2/204)
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Of the various pathogen groups screened for, only vibrios were found in both
bird faecal samples and sediment, apart from in C. edule samples (Figure 2). Vibrio
spp. DNA was detected in 13.7% of the seabird faeces (n=28/204) and 62.7%
(n=128/204) of the sediment samples (Table 5). 64.3% (n=18/28) of those faecal
samples and 66.4% (n=85/128) of those sediment samples displayed good quantities
of DNA (>1 ng/ul) and high-quality DNA (A260/A280 =1 <1.99). The PCR-positive
samples for generic Vibrio in the three screened sample types were defined as Vibrio
spp. for analysis purposes. However, specific screening of V. aestuarianus was
conducted by gPCR and sequencing done with subsamples of the C. edule, faecal and
sediment samples revealed other Vibrio species present during the study but not

quantified.

V. aestuarianus was absent in the faecal samples, and it was only detected in
two of the sediment samples (1.6%, n=2/204), in spring 2018 at Cuskinny and in
summer 2018 at Dungarvan (Table 5), and both were classified as having low bacteria
loading. PCR efficiency ranged between 97% and 99%, with corresponding slope
values between -3.2 and -3.3. The strain of V. aestuarianus detected in cockles and
sediment was confirmed to be the same (MK307696.1, strain 15 075 _1T2), which
has been recently confirmed to be pathogenic to the common cockles C. edule (Garcia
et al., 2021). Other species of Vibrio, known as important aetiological agents of
diseases affecting all life stages of shellfish (Gay et al., 2004; Romalde et al., 2014),
were also identified: Vibrio splendidus and Vibrio kanaloae. It was confirmed that
three strains of V. splendidus identified by direct Sanger sequencing were the same in
the three sample types (Table 6). The sequences obtained from the three samples
types, with a query length between 87-155bp, showed 60-91% query coverage and
92.6-98.7% percent identity to V. splendidus strains deposited by Gao (2020)
(MT445179.1, strain FS1; MT445177.1, strain CT1) and by Landreau et al. (2020)
(MT345091.1, strain D0-B01). Some of these sequences obtained from C. edule and
bird faecal samples came from the same sampling site, Dungarvan (Table 6).
However, the identified sequences from the sediment are from Ringaskiddy. Likewise,
the V. kanaloae strain CAIM 485 was found by sequencing in both cockle and
sediment samples (Table 6). The cockle samples, with a query length between 82-
179bp, showed 78-83% query coverage and 92.6-98.6% percent identity to V.
kanaloae deposited by Sun (2020) (MT759943.1); while the sequence from the
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sediment sample, with a query length of 222bp, showed 30% query coverage and
94.4% percent identity to V. kanaloae deposited by Sun (2020) (MT759943.1).
Nevertheless, it was not considered a robust outcome due to the low query cover
(30%) in the sequenced sediment sample. For two of the sequenced cockle samples,

it was not possible to generate sequences that were long enough to identify species.

Table 6: Description of the Blast results obtained from the sequenced DNA of cockles,
seabird faeces and sediment samples using generic Vibrio primers.

Query
Sample Sample site Season Species identification Perce_nt Query Length
type Identity  Cover
(bp)
Youghal Vibrio spp. among them: 92.59-
Cockles Dungarvan ~ Summer 2018 Vibrio splendidus* and V. . 78-83%  82-179
98.58%
Cooley kanaloae*
Annagassan Vibrio spp. most likely V. 97.84- N
Cockles Annagassan Summer 2018 splendidus® 97.92% 88-91%  154-155
Vibrio spp. most likely V.
Cockles  Annagassan ~ Summer 2018 aestuarianus or V. 98.01% 94% 158
mediterranei
Cuskinny - 94.23- 0
Cockles Dungarvan Autumn 2018 Vibrio spp. 94.29% 67-73% 52-69
. Cooley L 95.31- 0
Sediment Dungarvan Summer 2018 Vibrio spp. 95.83% 85-93% 74-75
Sediment  Ringaskiddy = Autumn 2018 Vibrio splendidus 92.73% 85% 62
. Ringaskiddy ~ Autumn 2018 Vibrio sp. most likely V. 95.65- 0
Sediment  pingaskiddy ~ Winter 2018 splendidus* og51% oo 1014
Sediment  Youghal  Summer201g  V1PHOSP-mOStIikely V. g o0 g00g 222
kanaloae*
Shorebird 1y | arvan  Spring 2019 Vibrio sp. mostlikely V. g 0700 ggog 87
faeces splendidus*
Shorebird Grimontia hollisae
Cooley Summer 2018 (previously classified as 97.14% 50% 138
faeces e -
Vibrio hollisae)
Shorebird . _ .
faeces Youghal Spring 2019 Vibrionaceae bacterium 100% 80% 57
Shorebird L
faeces Annagassan  Autumn 2018 Enterobacter/Kiebsiella spp. 96.43% 73% 75
St};;ik;;rd Cuskinny Autumn 2018 Enterobacterales 98.48% 44% 146

(*) Same strains of Vibrio spp. were identified in cockle samples and sediment/faecal samples.

The prevalence of Vibrio spp. displayed significant spatial variability

(p(Chisg)<0.05) in both C. edule and bird faecal samples (Figure 3), although, no
significant correlation (p(t) > 0.05) in the prevalence of Vibrio spp. was established
between cockles and shorebird compartments. Ringaskiddy displayed the lowest
prevalence of Vibrio spp. (2.9%; n=1/34) in the bird faecal samples, but also showed
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a low prevalence of Vibrio spp. in C. edule samples (13.7%; n=16/117) (Figure 3). In
turn, Youghal, Annagassan and Cooley showed intermediate values in the prevalence
of Vibrio spp. detected in C. edule samples and bird faecal samples (Figure 3).
Cuskinny was the site showing the lowest prevalence of Vibrio spp. in cockle samples
(10.7%; n=15/140), while Dungarvan presented the highest prevalence (44.4%;
n=75/169) (Figure 3). In contrast, the highest prevalence of Vibrio spp. detected in
faecal samples was in Cuskinny (31.3%; n=10/32), with the lowest level of C. edule
DNA found in the faeces of that area (12.5%; n=4/32) (Figure 3); while Dungarvan
was the second site with the lowest prevalence of Vibrio spp. in faecal samples (7.1%;
n=2/28) and a low level of C. edule DNA found in the faeces (17.9%; n=5/28) (Figure
3). No significant correlation (p(t) > 0.05) was established between the presence of C.

edule DNA and Vibrio DNA detected within the shorebird compartment.

The presence of Vibrio spp. in sediment samples overpassed the prevalence of
Vibrio spp. in bird faecal samples and to a lesser extent in C. edule samples (Figure
3). The examination of collinearity in the prevalence of Vibrio spp. between the
different compartments - sediment, cockles, and shorebirds — revealed a correlation (t

> 0.3) between sediment and cockles.

In sediments samples, no significant differences in Vibrio presence between
sample sites were displayed (p(Chisqg) > 0.05). The occurrence of Vibrio spp. remained
fairly high through the sites, regardless of the different levels of C. edule DNA found
in the sites - no significant correlation (p(t) > 0.05) was established between the
presence of C. edule DNA and Vibrio DNA detected within the sediment compartment
- (Figure 3).
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Figure 3: Distribution of C. edule DNA compared to the presence of Vibrio spp. in
shorebird faecal samples, cockles, and sediment samples at each sample site. The most
frequently observed shorebird species throughout the seasons at each sample site are
represented on the top of the figure (Images under license from Shutterstock.com).

Significant seasonal variability (p(Chisq) < 0.01) in the occurrence of Vibrio

spp. was exhibited in the three studied compartments — sediment, cockles, and

shorebirds-. The highest presence of Vibrio spp. in C. edule, bird faecal samples and

sediment samples, was during the warmer months and declined during the winter

(Figure 4). The presence of Vibrio spp., therefore, followed the same seasonal trend

as the occurrence of C. edule DNA in both faeces and sediment samples (Figure 4),
although the correlation between C. edule DNA and Vibrio DNA detected in those

compartments was not statistically significant (p(t) > 0.05). 28.6% (n=8/28) of the
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faecal samples that were positive for Vibrio spp. also contained C. edule DNA and all
of them were from spring and summer. It was also noticeable that in spring 2019 the
prevalence of infection was higher in the three compartments compared to spring 2018
(Figure 4) when the only samples available were from Ringaskiddy and Cuskinny.
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Prevalence (%)
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Figure 4: Distribution of C. edule DNA compared to the presence of Vibrio spp. in
shorebird faecal samples, cockles and sediment samples throughout the seasons. The
most frequently observed shorebird species through the sites by each season are
represented on the top of the figure (Images under license from Shutterstock.com).
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5.4. Discussion

This study demonstrates connectivity between the presence of vibrios in the
marine environment and the different compartments that they can be detected in, i.e.,
sediment, invertebrates, and vertebrates. The presence of Vibrio spp. was confirmed
in sediment samples, that may act as a reservoir or sink for such bacteria; in sediment-
dwellers C. edule, where some may be pathogenic; and in shorebirds, infected via the
consumption of cockles, resulting in transmission of these bacteria via faeces and the
further repopulating of the sediment by these faecal bacteria. Unlike Vibrio spp.,
haplosporidians, including Minchinia spp., were found in C. edule samples but no
transmission to shorebirds was detected. Haplosporidia DNA was also absent in the
sediment. The lack of detection of haplosporidians supports the effectiveness of the
Vibrio pathogen group to be transferred through the bird digestive system and persist
in the environment. This finding may provide new insight into the life cycle of
haplosporidians, which is still not fully known, and its capacity of persistence outside
the host. However. further research into the infective stages of these pathogens is
needed.

Two Vibrio species were identified that were of interest due to their
pathogenicity and their major role in bivalve disease outbreaks (Lacoste et al., 2001;
Le Roux et al., 2002; Waechter et al., 2002; Garnier et al., 2007; Garcia et al., 2021);
Vibrio splendidus, known as an important aetiological agent of diseases affecting
Crassostrea gigas aquaculture (Lacoste et al., 2001; Le Roux et al., 2002), and Vibrio
aestuarianus, whose harmful effect has been reported on C. edule (Garcia et al., 2021)
and C. gigas (McCleary and Henshilwood, 2015). For the first time, to the best of our
knowledge, identical strains of V. splendidus have been reported in C. edule, faecal
samples of wild shorebirds and sediment. V. aestuarianus was detected in C. edule
through the sample sites and in sediment from Cuskinny and Dungarvan, but it was
absent in the faecal samples. A potential explanation for this absence is that the
bacterial load in cockles was not high enough to be transmitted to the birds during

foraging or to be detected due to the low levels present.

V. splendidus detection in bird faeces further supports the carrier role that
migratory birds play in the dissemination of Vibrio species, such as in V. cholerae
(Halpern et al., 2008; Rodriguez et al., 2010; Fernandez-Delgado et al., 2016; Laviad-
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Shitrit et al., 2019), V. parahaemolyticus, V. vulnificus and V. mimicus (Buck, 1990;
Miyasaka et al., 2006; Fu et al., 2019). It is well-known that the dispersal of V.
cholerae by aquatic birds may be attributable to their direct predation of fish
(Senderovich et al.,, 2010; Laviad-Shitrit et al., 2017; Hossain et al., 2018),
chironomids and copepods (Halpern et al., 2008). Recently, Fu et al. (2019)
demonstrated that the predation of molluscs and zooplankton by migratory birds
played an essential role in the dissemination of V. parahaemolyticus and V. mimicus
in the estuary of the Liaohe River in China. However, the transmission of Vibrio
species less relevant to humans had been neglected and very little is known about the
role that migratory birds play in the spread of these pathogens. Our findings, therefore,
provided the first evidence of possible transmission of V. splendidus to birds through
consumption of infected cockles, as was supported by the presence of C. edule DNA
and Vibrio DNA in the same bird faecal samples. In addition, as further discussed
below, the presence of Vibrio spp. followed the same seasonal trend in both C. edule
and faeces samples, likewise, similar outcomes were observed in those two
compartments at some of the sites. Moreover, the identified strains of V. splendidus
in C. edule and bird faecal samples came from the same sample site, Dungarvan, with
the highest prevalence of Vibrio spp. in C. edule samples. Those results and the taken
measures of sterilisation and correct handling of the stools to minimise the cross-
contamination with the sediment provided a solid base for identifying the infected
cockles as the source of V. splendidus in shorebirds. The examination of collinearity
in the prevalence of Vibrio spp. between sediment and shorebird faeces, in turn,
revealed no correlation between those compartments. The consumption of infected
cockles as the source of V. splendidus in shorebird faeces was further supported by
the observations of waders, mainly oystercatchers H. ostralegus, known to feed on
bivalves including cockles, at the sample sites. Cockle availability is a key resource
supporting many overwintering wader populations such as oystercatchers (Carss et
al., 2020). The observational data collected also revealed that the presence of waders
was larger at the sample sites with higher cockle abundances observed during the
sampling. Previous studies have demonstrated a positive correlation between
shorebird abundance and invertebrate prey densities, especially when patterns are
examined across large spatial scales (e.g., encompassing entire estuaries) (Bryant,
1979; Hicklin and Smith, 1984; Colwell and Landrum, 1993). In sum, those outcomes
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provided robust evidence that the V. splendidus was potentially transmitted through

the consumption of infected cockles by shorebirds.

The spatial variability in the Vibrio infection established in C. edule and bird
faecal samples added evidence to the influence that cockle consumption may have had
on the Vibrio prevalence detected in shorebird faecal samples. Wader flocks were
common in Dundalk (Annagassan and Cooley) with the highest presence of cockles
observed in the field and the highest densities reported in the literature (Shellfish
Stocks and Fisheries Review, Marine Institute and BIM, 2017). Both sites in Dundalk
showed the highest presence of C. edule DNA in the bird faeces, suggesting the waders
are feeding on the cockles of those areas. In turn, Annagassan and Cooley showed
intermediate values in the prevalence of Vibrio spp. detected in both C. edule samples
and bird faecal samples. Despite the more frequent observation of waders in the sites
with easier access to cockles, the correlation in Vibrio prevalence between C. edule
and shorebird compartments was not significant. The strongest discrepancy in the
prevalence of Vibrio spp. detected between the C. edule samples and the faecal
samples was found at Cuskinny and Dungarvan. Dungarvan, with the highest
prevalence of Vibrio spp. and V. aestuarianus in C. edule, showed a low prevalence
of Vibrio spp. in bird faecal samples, probably due to the predominant presence of
gulls, with a generalist diet, with respect to waders. Cuskinny exhibited the lowest
prevalence of Vibrio spp. in cockle samples and the highest prevalence of Vibrio spp.
in faecal samples, being also the gulls the dominant birds present. Therefore, it may
reflect a lower consumption of cockles by gulls. This is consistent with the lower
presence of C. edule DNA found in bird faecal samples at both sites. In the case of
Cuskinny, the high prevalence of Vibrio spp. in faecal samples may be due to another

source of Vibrio rather than the consumption of cockles.

Seasonal variability in the Vibrio infection was confirmed in C. edule and bird
faecal samples and may also be related to the cockle consumption by shorebirds.
Prevalence of Vibrio spp. increased in C. edule and faecal samples during the warmer
months, probably due to the higher temperature. Temperature is likely the most
important driver of the overall change in Vibrio abundance in temperate coastal waters
(Vezzulli et al., 2015). Temperature promotes the proliferation of bacteria such as
Vibrio, which grow preferentially in warm waters (Vezzulli et al., 2013; Vezzulli et

al., 2015). The high seawater temperature may also have an important impact on the
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physiological state of bivalve hosts, which makes them more susceptible to infection
during the warm period of the year (Ben-Horin et al., 2015). Consequently, infected
C. edule may have been more accessible for shorebirds at that time of the year, when
more screened cockles were found in poor condition. This higher susceptibility of
cockles may have also promoted its opportunistic consumption by generalist feeders
such as gulls and hooded crows, as suggested by the higher occurrence of C. edule
DNA detected during the warmer months in the bird faecal samples. Although no
significant correlation was established between the presence of C. edule DNA and
Vibrio DNA in faecal samples, Vibrio prevalence followed the same seasonal trend as
the occurrence of C. edule DNA in bird faeces. It was also noticeable that in spring
2019 the prevalence of infection was higher in C. edule and faecal samples compared
to spring 2018. This might be because the only samples available in spring 2018 were
from Ringaskiddy and Cuskinny, where the prevalence of Vibrio spp. was low in C.
edule samples. Besides, in Cuskinny, gulls, which are not exclusively dependent on

cockles for their feeding, were most frequently observed.

As expected, due to the infaunal lifestyle, C. edule DNA was also detected in
sediment samples, with higher frequency than in the faecal samples. The detection of
C. edule DNA in the sediment samples was higher at the sites with higher cockle
abundances observed, i.e. Dundalk (Annagassan and Cooley). The detection of C.
edule DNA in Ringaskiddy and Youghal was the lowest, as they were the areas where
more effort was required to find enough cockles for the study. Empty cockle shells
were observed at Ringaskiddy at every sampling, while Youghal is an extremely
muddy shore, which makes it less suitable for cockles that prefer a sand-mud mixture
best for cockle growth (Carss et al., 2020). A significant correlation between the
occurrence of Vibrio spp. in cockles and sediment was established, confirming the
link between these two compartments. In sediment samples, the total frequency of
Vibrio spp. detected was higher than in shorebird faeces and C. edule samples.
Previous studies have shown that attachment to surfaces, such as the exoskeleton of
chitin as well as sediment, is an integral part of the aquatic lifestyle of many vibrios,
representing a successful survival mechanism (Pruzzo et al., 2008; Vezzulli et al.,
2010; Vezzulli et al., 2015; Azandégbé et al., 2010). Vezzulli et al. (2015) observed
that both V. aestuarianus and V. splendidus maintained viability and culturability for

longer times in the sediment than in seawater in laboratory experiments, suggesting
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that this compartment may represent a suitable niche for their persistence in the
environment. Accordingly, Johnson et al. (2010) observed a protective effect in
sediment compared with oysters and seawater, for V. parahaemolyticus and V.
vulnificus. Freitas et al. (2020) recently demonstrated that V. parahaemolyticus cells
attach to underwater surfaces, such as sediment, and/or associate with various species
of shellfish and zooplankton as part of their life cycle. In our study, no significant
spatial variability was detected in the presence of Vibrio spp. in sediment samples.
Vibrio spp. frequency remained consistently high through the sample sites regardless
of the different levels of C. edule DNA detected, with no correlation established
between the C. edule DNA and Vibrio DNA found in the sediment. The findings
highlight the role of the sediment as a major reservoir for Vibrio spp.

Vibrio spp. showed a lower prevalence during winter in both C. edule and faecal
samples, however, Vibrio spp. frequency remained higher in the sediment.
Accordingly, Vezzulli et al. (2009) identified the sediment as an environmental
reservoir for Vibrio, where the bacteria can find a favourable environment for
overwintering. This is also probably linked to the fact that sediment provides biotic
and abiotic surfaces useful for bacterial biofilm development; moreover, the
concentration of organic matter in this compartment is higher than in the overlying
water column (10000-100000 fold-higher in natural conditions) (Vezzulli et al.,
2009).

The strains of V. splendidus found in the sediment were the same as the ones in
C. edule and bird faecal samples, although the strains of V. splendidus in sediment
were identified in a different cockle bed, as well as the same strain of V. aestuarianus
was detected in C. edule and sediment samples. In waterborne infections, in fact, the
pathogenic agent can be shed by infected migrating birds, resulting in contamination
of water with faeces or other corporal discharges (Hubalek, 2004). Subsequently,
molluscs inhabiting the area may get infected by filtration of the water column with
the pathogenic agent in it (Fu et al., 2019). The presence of pathogens in the sediment
may also have an impact on the infaunal community within the sediment, which
influence ecosystem services such as bioturbation, nutrient recycling or carbon
sequestration (Carss et al., 2020). The presence of the same vibrios in the three
analysed compartments exposes, therefore, the intricate links of the marine trophic

webs and the influence of the environment on them.
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The findings obtained from this research provide new insight into the parasite-
inclusive food web studies of mudflat ecosystems, targeting microparasites and
pathogens that have received much less attention in this respect. This study highlights
that the connectivity existing between different compartments within the food web
can be extended to the microparasites and pathogens present. The observed
differences in the transmission of the Haplosporidia and the Vibrio spp. analysed
indicates that not all pathogen groups are transmitted via food webs and that certain
pathogens such as bacteria can be ingested and excreted with their DNA integrity
intact thus indicating viability. The findings shed light on the potential transmission
of V. splendidus associated with bivalves to shorebirds, via cockle consumption; as it
has been previously reported with oysters (Laviad-Shitrit et al., 2019) and fish
(Laviad-Shitrit et al., 2017), whose intake transmits V. cholerae to aquatic birds. Our
findings add evidence to the significant role migratory birds may have as carriers of
infectious agents such as bacteria, enabling their transport and dispersal not only to a
short distance, given the efficient digestion and short food retention time in shorebirds,
but also to a long distance if the infection in shorebirds occurs (Piersma et al., 1993).
Further examination of regurgitated pellets and faecal droppings, as well as the
analysis of gut contents of shorebirds, would be necessary to definitively confirm the
subsequent trophic transmission and the infection success and impacts this pathogen
can have on shorebird populations. Likewise, our findings further support the role of
sediment as a Vibrio reservoir. The analysis of other compartments in the field, such
as seawater, cohabiting bivalves, etc., and the factors affecting the survival of the
infectious agents, would be of interest for future research to provide a complete picture
of the infection sources and the potential connectivity between them.
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Supplementary Table S1: Seabird species, number, location and behaviour observed
at each sample site (Ringaskiddy (Ringa.), Cuskinny (Cuski.), Youghal (Youg.),
Dungarvan (Dung.), Annagassan (Annag.), and Cooley) by season.

Sampling

Tidal

Number of

Sites dates zonation Bird species individuals Behaviour
. Common gulls (Larus canus) 5 LO?‘“”Q. and
Spring - swimming.
2018 Intertidal Passivel
Hooded crows (Corvus cornix) 1 assively
foraging.
Common gulls (Larus canus 2 .
gulls ( ) Standing and
Black-headed gull 1 swimming
(Chroicocephalus ridibundus)
Autumn . Oystercatchers (Haematopus
Intertidal 3 . .
2018 ntertica ostralegus) Actively foraging
Common redshank (Tringa 1 and feeding
Ri totanus)
nga. . .
g Curlew (Numenius arquata) 1 Flying
Loafing and
Common gulls (Larus canus) 3 swimming.

. Oystercatchers (Haematopus 5 Actively foraging
Winter | o idal ostralegus) and feeding
2018/19 Passively foragin

Curlew (Numenius arquata) 1 y foraging
and preening.
Brent gooses (Branta bernicla) 4 Swimming
. Common gulls (Larus canus)
Spring Intertidal Loafing
2019 Great black-backed gulls (Larus 2
marinus)
. Common gulls (Larus canus) 4 Loafing
Spring Intertidal Passively foraging
2018 Hooded crows (Corvus cornix) Flock (~10) )
and/or standing.
Black-headed gulls . Preening, loafing,
(Chroicocephalus ridibundus) Flock (40-50) and passively
Great black-backed gulls (Larus 5 foraging and
Autumn Intertidal marinus) feeding.
2018 -
Hooded crows (Corvus cornix) 1 . .
Actively foraging
Oystercatcher (Haematopus 1 and feeding
ostralegus)
Common gulls (Larus canus) Flock (20-30)
Cuski. _ Hooded crows (Corvus cornix) Flock (10-20)  Passively foraging
;/(\)Iigﬁg Intertidal Black-headed gulls 4 and/or standing.
(Chroicocephalus ridibundus)
Oystercatcher (Haematopus 1 Actively foraging
ostralegus) and feeding
Black-headed gulls
(Chroicocephalus ridibundus) Flock (30-50) ) )
Passively foraging
Spring Intertidal Common gulls (Larus canus) 5 and/or standing.
2019 Great black-backed gulls (Larus 4
marinus)
Hooded crows (Corvus cornix) 8 Actively foraging

and feeding.
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Red knot (Calidris canutus)

Flocks (10-20)

Actively foraging

and feeding.
Black-headed gulls .
(Chroicocephalus ridibundus) 2 Loafing
Summer .
2018 Intertidal Oystercatcr:erT (Ha)ematopus )
ostralegus
g Actively foraging
Curlews (Numenius arquata) 4 and feeding.
Grey heron (Ardea cinerea) 1
Oystercatchers (Haematopus 3 Actively foraging
ostralegus) and feeding.
Autumn 'ntg:ltcijdal Common gulls (Larus canus) 4 Standing
Youg 2018 subtidal Curlew (Numenius arquata) 1 Actively foragi
' ctively foraging
Bar-tailed godwits (Limosa 2 and feeding
lapponica)
Curlews (Numenius arquata) 2
. Oystercatchers (Haematopus Actively foraging
Winter Int::]tédal ostralegus) 4 and feeding.
2018119 ¢ ptidal Bar-tailed godwit (Limosa .
lapponica)
Common gulls (Larus canus) 2 Loafing.
Oystercatchers (Haematopus 3 Actively foraging
Sprin ostralegus) and feeding.
pring Intertidal -
2019 Common gulls (Larus canus) 2 Standing.
Grey heron (Ardea cinerea) 1 Actively foraging.
Common gull (Larus canus) 1 Passively foraging
Summer Intertidal Oystercatchers (Haematopus 4 and feeding.
2018 ostralegus)
Hooded crow (Corvus cornix) 1 Standing
Common gulls (Larus canus) 6
Great black-backed gulls (Larus 6
marinus) Sparse Passively foraging
Black-headed gulls indivi%uals ®) and/or standing.
Autumn _ (Chroicocephalus ridibundus) A flock (20-30)
2018 Intertidal )
Hooded crow (Corvus cornix) 1
Oystercatchers (Haematopus 4
Dung. ostralegus) Actively foraging
Common redshanks (Tringa 9 and feeding.
totanus)
. Common gulls (Larus canus) Flock (20-30)
Winter Intertidal Loafin
2018/19 Great black-backed gulls (Larus Flock (20-30) g
marinus)
Common gulls (Larus canus) 7 Loafing and
Great black-bac_ked)gulls (Larus 1 preening.
marinus
Spring i 0 hers (H Actively foragi
Intertidal ystercatchers (Haematopus - ctively foraging
2019 ostralegus) Flocks (+10) g feeding.
Swimming,
Brent gooses (Branta bernicla) 10 loafing and
preening.
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Oystercatchers (Haematopus

9
ostralegus)
Curlews (Numenius arquata) 3 Actively foraging
Summer . Black-headed gulls 7 and feeding.
2018 Intertidal (Chroicocephalus ridibundus)
Dunlins (Calidris alpina) Flock (10-20)
Common gulls (Larus canus) 3 Passively foraging
Hooded crows (Corvus cornix) 1 and/or standing.
Oystercatchers (Haematopus -
ostralegus) Flocks (~10)
Common redshank (Tringa Flocks (~10) Actively foraging
Annag. Autumn. el totanus) and feeding.
2018 Curlew (Numenius arquata) 1
Little egret (Egretta garzetta)
Common gulls (Larus canus) 1 Loafing.
Oystercatchers (Haematopus Flocks (10-20)
ostralegus)
Black-tailed godwits (Limosa
Winter . Iin%osa) ( Flocks (10-20)  Actively foraging
201g/19  'Mertidal : and feedin
Common redshank (Tringa 1 g
totanus)
Curlew (Numenius arquata) 1
Spring idal R 1 Actively foragi
2019 Supratidal aven (Corvus corax) ctively foraging
Common gulls (Larus canus) 4
Black-headed gulls 2
(Chroicocephalus ridibundus) Standing and
Great black-backed gull (Larus 1 loafing
Summer . marinus)
Intertidal -
2018 Hooded crows (Corvus cornix) 2
Black-tailed godwits (Limosa 3
limosa) Actively foraging
Oystercatchers (Haematopus -~ and feeding.
ostralegus) Flocks (~10)
Common gulls (Larus canus 3
gulls ( ) Loafing and
I_3Iack-headed _gl_JIIs 2 standing.
(Chroicocephalus ridibundus)
Autumn . Black-tailed godwits (Limosa . Actively foraging
Cooley 2018 Intertidal limosa) Flock (20-30) and feeding,
Grey heron (Ardea cinerea) 1 Standing
. Passively
Little egret (Egretta garzetta) 1 foraging.
Oystercatchers (Haematopus Flocks (~10)
winter | ostralegus) Actively foraging
2018/19 Black-tailed godwits (Limosa 5 and feeding.
limosa)
Black-tailed godwits (Limosa . Actively foraging
limosa) Flock (20-30) and feeding.
. Intertidal Common gulls (Larus canus) ) )
Spring and - Actively foraging
2019 subtidal Mediterranean gulls (Larus Mixed flock and feeding.
melanocephalus) (>50) Some loafing and

Sandwich terns (Sterna
sandvicensis)

preening.
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Supplementary Table S2: List of bird species observed in the study, their diet and
status (based on www.birdwatchireland.ie).

Bird species Diet Status
The main food resource includes the larger . . .
Oystercatcher . . 9 Resident and winter visitor from
invertebrates, particularly mussels and
(Haematopus ostralegus) cockles Iceland and the Faeroes.

Curlew
(Numenius arquata)

Feed mostly on invertebrates, particularly
ragworms, crabs and molluscs including
cockles (Goss-Custard and Jones, 1976).

Winter visitor to wetlands, as well
as breeding in small numbers in
floodplains and boglands.

Bar-tailed godwit
(Limosa lapponica)

Polychaete worms, particularly lugworms,
form a large proportion of their diet. On the
muddier estuaries, where lugworms may be
absent, they take ragworms and bivalves.

Winter visitor to coastal estuaries
from Russia and Scandinavia

Black-tailed godwit
(Limosa limosa)

Feed on a range of invertebrates, including
bivalves, polychaete worms and shore
crabs.

Winter visitor from Iceland.

Red knot
(Calidris canutus)

Feed predominantly on small bivalves,
especially mussels, clams and cockles, and
also on crustaceans.

Winter visitor from northern
Greenland and the Queen
Elizabeth Islands of high Artic
Canada west to Prince Patrick
Island. In spring and light summer
some breeding plumage birds can
be spotted.

Dunlin
(Calidris alpina)

Feed predominantly on small invertebrates
of estuarine  mudflats, particularly
polychaete worms and small molluscs,
including cockles (Dit Durell and Kelly,
1990).

Summer  visitor from NW
Africa/SW Europe, winter visitor
from Scandinavia to Siberia,
passage migrant from Greenland
(heading south to winter in
Africa).

Common redshank
(Tringa totanus)

Feed mainly on insects, earthworms,
crustaceans and molluscs, including cockles
(Goss-Custard and Jones, 1976).

Resident, winter visitor from
Iceland and passage migrant
(from  Scandinavia/the Baltic
breeding areas to African
wintering areas).

Common gull
(Larus canus)

Feed on a wide range of terrestrial and
aquatic insects and invertebrates, also fish,
carrion and rubbish. On sandy and muddy
shores molluscs, including cockles, can
serve as food (Vernon, 1972).

Resident and winter visitor from
Europe.

Black-headed gull
(Chroicocephalus
ridibundus)

Feed on mostly animal material, including a
wide variety of insects, also earthworms,
marine worms, molluscs, crustaceans,
small fish and carrion. On sandy and muddy
shores molluscs, including cockles, can
serve as food (Vernon, 1972).

Resident along all Irish coasts,
with significant numbers arriving
from the Continent in winter.

Great black-backed gull
(Larus marinus)

Diet includes carrion, fish, molluscs,
crustaceans, marine worms, insects,
rodents, berries, and the adults, young, and
eggs of other birds. On mudflats, they
follow the retreating tide to capture worms
and small bivalves.

Resident along all Irish coasts.

Mediterranean gull
(Larus melanocephalus)

Feed on terrestrial and aquatic insects,
marine molluscs, including bivalves, and
fish, also offal and carrion.

Breeds in small numbers in the
southeast. Winter visitor from
northwest France, Belgium and
the Netherlands.
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Sandwich tern
(Sterna sandvicensis)

Feed mainly on surface-dwelling fish, taken
from shallow dive.

Summer visitor to all Irish coasts.
Winters in small numbers in
Galway Bay and Strangford
Lough.

Hooded crow
(Corvus cornix)

Diet includes seeds, insects, carrion, young
birds and eggs. In coastal areas, will take
crabs, bivalve and gastropod molluscs.

Common resident throughout
Ireland.

Raven
(Corvus corax)

May feed on practically anything, but
mostly on insects and their larvae, worms
and other subterranean invertebrates, also
berries, grain, small mammals and birds.

Widespread resident throughout
Ireland, especially in upland
areas.

Brent goose
(Branta bernicla)

During the winter, it feeds mostly on eel-
grass.

Winter migrant from high-Arctic
Canada. This population winters
almost entirely in Ireland, with
small numbers in parts of Britain
and France.

Little egret
(Egretta garzetta)

Takes a wide variety of animals including
small fish, frogs, snails and insects

Resident along coasts and rivers
throughout Ireland, but still scarce
in the Midlands and the north-
west.

Grey heron
(Ardea cinerea)

Diet includes fish, amphibians, small
mammals, insects and reptiles.

Common resident at wetlands,
estuaries and along rivers
throughout Ireland.
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Geographical distribution and abundance of significant pathogens

associated with Cerastoderma edule along the Irish and Welsh coasts
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Abstract

There has been an increase in pathogen emergence in marine ecosystems as a
result of a variety of anthropogenic stressors, which in some cases have resulted in
changes in the prevalence and geographical distribution of the disease. Improved
knowledge of pathogen distribution at different scales and how physical processes and
biological effects can influence their spatial patterns is required. The common cockle
Cerastoderma edule was used as a model group (1) to map the spatial patterns of
emerging pathogens - the haplosporidians (obligate protozoan parasites) Minchinia
tapetis and Minchinia mercenariae-like, and Vibrio spp. (bacteria) - associated with
wild C. edule populations at five Irish sites (n=150) and at eight Welsh sites (n=186),
some of which are routinely exploited and some of which are not; and (2) to assess
the ecological factors that may be shaping the pathogen distribution, diversity, and
abundance at a regional and local scale. Newly documented geographic ranges of
Minchinia and Vibrio spp. that are new and emergent in C. edule in this region were
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reported. No significant differences in the prevalence of these pathogens were found
when the two countries were compared. However, significant spatial variability was
statistically confirmed between sites, highlighting the importance of site-specific
effects in shaping the pathogen spatial distribution. C. edule populations exposed to a
high concentration of nitrates promoted the presence of Vibrio spp. (most likely V.
splendidus) and 2-pathogen co-occurrence. Low levels of dissolved oxygen may have
also facilitated Vibrio proliferation, while high temperatures enhanced M.
mercenariae-like occurrence. Sites with shipping and cockle dredging activity may
have also promoted the pathogen prevalence. This study sheds new light on the
complex pattern of interactions between the host-pathogen systems and habitat
conditions, which will influence the spatial distribution of different pathogen groups
in C. edule. Findings from this study provide predicted scenarios that can facilitate
pathogen emergence and disease development under certain environmental

conditions, which are forecasted in the future.

Keywords: Cerastoderma edule, Minchinia, Vibrio, pathogen spatial distribution,

environmental stressors, pathogen emergence.

Highlights:

»  Newly documented geographic ranges for emergent Minchinia tapetis and
Minchinia mercernariae-like, as well as for Vibrio spp., most likely Vibrio splendidus,
and 2-pathogen co-occurrence in C. edule populations were reported.

»  Site-specific factors were the main drivers in shaping the pathogen spatial
distributions.

»  Exposure to a high concentration of nitrates promoted the presence of Vibrio
spp., most likely V. splendidus, as well as the 2-pathogen co-occurrence.

»  Seawater temperature was determined as the main driver of M. mercenariae-
like occurrence and distribution.

»  The low concentration of dissolved oxygen may have enhanced Vibrio
proliferation.

»  Shipping and cockle dredging activity may have facilitated the pathogen

dispersal and establishment.
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6.1. Introduction

Characterising the diversity and distribution of microbial endoparasites and
pathogens may be a challenge due to their patchy spatial and temporal distributions
and the highly divergent genes that characterise these infectious agents (Hartikainen
et al.,, 2014; Lynch et al., 2020b). Better knowledge of pathogen distributions at
different scales and of how physical processes and biological effects can influence
their spatial patterns is needed. Understanding some of the current drivers of pathogen
emergence and spread has the potential to facilitate the development of early warning

systems of pathogen presence and planning tools.

There has been an increase in emerging infectious diseases in marine
ecosystems, referring to emergent diseases as the ones that have recently increased in
incidence or impact, or have recently moved into a new host population or geographic
region (Lederberg et al. 1992, Smolinski et al. 2003). Previous studies have reported
changes in the prevalence, geographical distribution and severity of emerging
diseases, as a result of a variety of anthropogenic stressors (Harvell et al., 2002;
Lafferty et al., 2004; Ward and Lafferty, 2004; Gallana et al., 2013; Sunagawa et al.,
2015; Borbor-Cordova et al., 2019; Bramwell et al., 2021). Climate change has been
demonstrated as one of the main ecological drivers of emerging infectious diseases
(Lafferty, 2009; Bramwell et al., 2021). In northern latitudes, the higher temperatures
recorded in the summer months have the potential for increasing the multiplication of
microbial pathogens, such as bacteria, while simultaneously stressing hosts, leaving
them immunocompromised (Rowley et al., 2014; Zgouridou et al., 2021). Milder
winter temperatures may facilitate longer transmission periods and opportunities for
reproduction or production of more cohorts of parasites and pathogens (Rowley et al.,
2014). Increasing precipitation will reduce salinity in temperate coastal regions,
providing new areas for the natural occurrence of pathogenic strains and may also

impact the resilience of bivalve hosts (Rowley et al., 2014; Lynch et al., 2020a, b).

Coastal marine environments are subjected to particularly fluctuating
environmental conditions and multiple stressors, such as runoff, discharge inputs and
climate change, which can have a direct impact on the distribution, life cycle and
physiological status of hosts and pathogens inhabiting these environments (Gallana et

al., 2013; Yu et al., 2021). There is increasing evidence that a changing environment
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will affect the ecology of infectious diseases and the physiology of bivalve species in
coastal waters and their resistance to infection (Soon and Zheng, 2020; Zgouridou et
al.,, 2021). Bivalve molluscs, particularly, the well-studied common cockle
Cerastoderma edule, have proved to be useful bioindicators and model organisms,
due to their prominent role in different ecosystem services and widespread distribution
(Malham et al., 2012; Longshaw and Malham, 2013; Burdon et al., 2014; Rowley et
al., 2014; Carss et al., 2020). As with other filter and deposit-feeding organisms,
cockles can accumulate potentially pathogenic agents, such as Vibrio and

Haplosporidia (Zannella et al., 2017).

Vibrio bacteria are ubiquitous in aquatic environments, including estuaries
(Gorrasi et al., 2020), and have been previously associated with C. edule (Paillard et
al., 2006; Albuixech-Marti et al., 2021; Garcia et al., 2021). The distribution of Vibrio
is influenced by various environmental parameters, with seawater temperature,
salinity and nutrients all being important, and by biological factors (Zhang et al., 2018;
Gorrasi et al., 2020). The emergence of pathogenic Vibrio species in coastal zones has
been predicted based on the unusual increase in seawater temperature due to climate
change (Marcogliese, 2008, Vezzulli et al., 2012; Rowley et al., 2014; Gorrasi et al.,
2020; Zgouridou et al., 2021). Although Vibrio can promptly adapt to environmental
changes due to high genome plasticity (King et al., 2019), shifts in Vibrio communities
in response to fluctuations in environmental parameters have been widely evidenced
(Tamplin, 2001; Lin and Schwarz, 2003; Froelich et al., 2012; Johnson et al., 2012;
Oliver, 2015). Vezzulli et al. (2016) reported that ocean warming resulted in a
significant increase in Vibrio abundance and associated human diseases during the
1980s onwards in the North Atlantic.

Poor biogeographical records are available for protistan parasites (Lynch et al.,
2020b). Numerous novel haplosporidians continue to be reported, although not
specifically identified, from many different invertebrate hosts and habitats,
highlighting the possibility that the geographic range of haplosporidian species is
significantly greater than originally documented (Burreson and Ford, 2004; Lynch et
al., 2013; Lynch et al., 2014; Arzul and Carnegie, 2015; Ramilo et al., 2018; Lynch et
al., 2020b). This has been demonstrated in the case of Minchinia, a sparsely recorded
haplosporidian genus of five species, with sequence data from molluscs from the US

Atlantic coast, Western Australia and Europe (Hartikainen et al., 2014). Up until very
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recently, little was known about their diversity and distribution in C. edule, however,
new reports on Minchinia tapetis and Minchinia mercenariae-like parasitizing C.
edule around the coasts of Europe have emerged over the past decade, which have
widened their known geographic range (Engelsma et al., 2011; Elliott et al., 2012;
Ramilo et al., 2018; Carballal et al., 2020; Lynch et al., 2020b; Albuixech-Marti et al.,
2020; Albuixech-Marti et al., 2021). It has been suggested that the dynamics of
haplosporidians in their hosts are seasonal and depend on environmental parameters,
especially temperature and salinity, which impact the vitality and survival of parasites
outside their hosts but also influence host-parasite interactions (Arzul and Carnegie,
2015). Nevertheless, the role of environmental factors in haplosporidian dispersal and

ecology is still little understood (Arzul and Carnegie, 2015).

The aims of this study were (1) to map the spatial distribution patterns of three
emergent pathogens (Minchinia tapetis, Minchinia mercenariae-like and Vibrio spp.)
and their co-occurrence in C. edule from exploited and non-exploited populations
along the Irish and Welsh coasts (latitude: from 51°38'04.1"N to 53°47'05.9"N;
longitude: from 4°02'27.6"W to 9°58'51.81"W); as well as (2) to assess the
environmental and anthropogenic factors that may be influencing pathogen
distribution, diversity, and abundance at a regional and a local scale. This study sheds
light on the spatial patterns of those pathogens in the current changing environmental
context. Findings will provide better knowledge on the pathogen emergence and
outbreaks under certain environmental conditions, particularly important among

sentinel and bioindicator species such as C. edule.

6.2. Materials and Methods

6.2.1. Sampling
Cockles were sampled at five sites on the Irish coast (n=150) and at eight sites

on the Welsh coast (n=186) (Table 1) along a latitudinal range (from 51°38'04.1"N to
53°47'05.9"N) and a longitudinal range (from 4°02'27.6"W to 9°58'51.81"W) (Figure
1). Single sampling was done at each site during the period between March 2018 to
April 2019. Up to 30 cockles were collected by hand raking from the intertidal area of
each site at spring tide (0.5m-1m) (Table 2). All selected sites were bays and estuaries

with intertidal sand and mudflats, where a variety of bivalves inhabit, including C.
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edule, ranging from cockle beds that are commercially harvested to those that are not
(Table 1).

10°0'0"W  9°0'0"W 8°0'0"W 7°0'0"W 6°0'0"W 5°0'0"W  4°0'0"W  3°0'0"W 2°0'0"W
1 1 1 1 1 1 1 1 1
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" 40 160 240 320 "
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Figure 1: Location of the sample sites along with a representation of the main
characteristics of the areas.
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Table 1: Sample sites, coordinates, and description, including water quality rating: non-problem area (NP), potential problem area (PPA),
problem area (PA) (Eutrophication Status of the OSPAR Maritime Area; 2017); and anthropogenic activities on the areas (Welsh National
Marine Plan, Welsh Government, 2020; Shellfish Stocks and Fisheries Review, Marine Institute and BIM, 2018).

Eutrophication

Sites Coordinates Status Description
og " Site of Special Scientific Interest (SSSI) and Special Area of Conservation (SAC). A narrow
. . 53°8'28.04"N . R . . .
Menai Strait , N NP stretch of shallow tidal water, with limited freshwater inputs and a wide range of habitats, such
4°19'43.05"W . . L
as mudflats and sandflats, reefs, sandbanks, and associated marine communities.
oga " Special Area of Conservation (SAC). The estuary, with extensive salt marshes, sand, mud and
Dwyryd 52°53'57.7"N . . . .
oo N NP dune system, is affected by freshwater runoff from the river Dwyryd. The estuary is partially
Estuary 4°07'00.1"W . . -
within Snowdonia National Park.
Mawddach 52°42'55 5N Site of Special Scientific Interest (SS§I) and Special Area of anseryatlon (S.AC).. Wld(? sandy
Estuar 4°02'34.9"W NP estuary affected by runoff from the river Mawddach. Extensive intertidal habitats including salt
y ' marshes, mud and sand. The estuary is within Snowdonia National Park.
. " National Nature Reserve. The Dyfi Estuary has vast areas of mudflats, sandbanks and saltmarsh
. 52°32'19.1"N . . . . o . .
Dyfi Estuary 4°02'27 6" W NP that are affected by runoff from the river Dyfi. The estuary is partially within Snowdonia National
' Park. Dyfi has a rich industrial heritage, which has challenges in relation to water quality.
(%]
o , " Teifi Estuary, with mudflats and sandbanks, is affected by runoff from the river Teifi. The Teifi
) o 52°06'15.7"N . . o - . .
s Teifi Estuary 4°41°06.8"W NP Marshes is one of the most important wetland sites in Wales, providing feeding and roosting areas
< ' for wetland birds. The estuary is partially within Pembrokeshire Coast National Park.
= Fishguard 52°00'11.6"N NP Fishguard Harbour is a large ferry port and has shipping activity in the bay. It is located adjacent
Ferry Port 4°59'28.9"W to Pembrokeshire Coast National Park.
Located within Pembrokeshire Coast National Park. The Gann Estuary, near the village of Dale,
. " is a relatively sheltered inlet at the entrance of the Milford Haven Waterway, the most active
Dale — 51°42'47.7"N .. . . .
on N PPA shipping port in Wales. The Gann’s intertidal mudflats and sandflats, ‘the flats’, are a complex
Gann Flats 5°10'05.2"W . . . . . . .
mix of habitats encompassing the largest single area of littoral mixed sediment sheltered muddy
gravel habitat in Wales.
Gower Peninsula is the UK’s first Area of Outstanding Beauty (AONB). The sample site is in the
0aq'AA 1" north, where the coast is low-lying with extensive salt marshes and dune systems. The north of
Burry - 51°3804.1"N PA the peninsula is home to the cockle-beds of Penclawdd, which are fished commercially. The site
Gower Bay 4°09'16.3"W P ! y.

is encompassed by Burry Inlet, an enclosed system, designated as a Special Protection Area
(SPA) under the E.U. Birds Directive. Shipping activity in Burry Port, at the entrance of the bay.
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Eutrophication

Sites Coordinates Status Description
53°19'6.79"N The bay is rather shallow with many sandbanks and rocky outcrops. The bay has been subject to
Dublin Bay 6°11'54 06" W PPA pollution from the inflowing watercourses, shipping and port activity, the main water treatment
' plant for Dublin and sewage discharges at other points.
Wexford Harbour is the lowermost part of the estuary of the River Slaney. Shallow marine water
Wexford 52°18'14.01"N PPA is a principal habitat but, at low tide, extensive areas of intertidal flats are exposed. The site is a
Harbour 6°23'55.61"W Special Protection Area (SPA) under the E.U. Birds Directive. Fishing port and leisure shipping
activity in the area.
» A large, sheltered bay system, with several river estuaries and intertidal mudflats. Intense
% Cork Harbour 51°51'29.94"N PPA shipping and industrial activity in the harbour. Cuskinny, within the harbour, is a Marsh Nature
= — Cuskinny 8°15'49.50"W Reserve supporting an array of habitats, within a relatively small area, for a diverse community
= of wildlife.
A sandy beach bordered by two streams. The intertidal sediments vary from muddy sands on the
Tralee — . . . . .
Castlemaine 52° 8'37.50"N NP upper shgre to firm rlpp.led sands on. the Iower, more e>.<posed shore. There.ls a} small—sca}le
Harbour 9°58'51.81"W commercial hand-gathering cockle fishery in Castlemaine Harbour. The site is a Special
Protection Area (SPA) under the E.U. Birds Directive.
53°47'05.9"N Wgstportt Bay is a shallow inlet,_approached by narrow and intricgte channels betwee_n a number
Westport Bay 993909 1"W NP of islets in Clew Bay. Commercial cockle (C. edule) stock occurs in Clew Bay, but this stock has

not been commercially fished in recent years. The site is a Special Area of Conservation (SAC).
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Table 2: Collection date and sample size at each site in Ireland and Wales; along with
the environmental data: monthly mean of seawater temperature (Temp), salinity (Sal),
dissolved oxygen (O2), pH, and concentration of nitrate (NO3) corresponding to the
collection date.

Sites Collection ~ Sample Temp Sal 02 H NO3
date size (°C) (PSU)  (mmol/m?3) P (mmol/m3)

Dublin Bay April 2019 30 9.82 33.77 2991.00 8.09 0.40
Wexford Harbour April 2019 30 10.20 34.31 2950.00 8.09 0.40

1%}

[<5)

& | Cork Harbour - March 2019 30 935 3464 203800  8.06 4.90

< | Cuskinny

2 -

= | Tralee— March 2019 30 866 3043 310600 804  16.10
Castlemaine Harbour
Westport Bay March 2019 30 7.93 30.67 3161.00 8.03 13.40
Menai Strait March 2018 22 6.52 34.54 3052.00 8.10 0.00
Dwyryd Estuary June 2018 10 17.61 30.44 2740.00 7.95 3.50
Mawddach Estuary June 2018 28 17.60 31.13 2799.00 7.97 2.20

8 May 2018 15 12.43 32.33 3298.00 8.05 4.60

= 1 Dyfi Estuary

< Nov. 2018 14 10.21 33.32 2820.00 8.04 8.30

o

= | Teifi Estuary June 2018 21 13.89 34.07 2836.00 7.98 0.20
Fishguard Ferry Port June 2018 26 12.61 34.40 2877.00 8.00 0.00
Dale - Gann Flats Sep. 2018 27 16.71 35.08 2502.00 8.00 0.10
Burry - Gower Bay June 2018 23 16.79 30.61 2781.00 8.00 0.10

The highest environmental values are in bold font.

6.2.2. Sample processing and diagnostic methods

6.2.2.1. Molecular techniques for pathological screening:

A small piece of gill tissue (2-5mm? of tissue) from each cockle of the Irish sites
was taken and stored in 70% ethanol for subsequent pathological screening. Genomic
DNA from the cockle gill tissue was extracted using the chelex-100 extraction method
(Walsh et al., 1991; Lynch et al., 2008). Tissue cross-sections, including digestive
gland, mantle, gill, and adductor muscle, from each cockle of the Welsh sites, were
dissected and homogenised for DNA extraction using a CTAB and phenol-chloroform

procedure (Winnepenninckx et al., 1993).

Standard PCR screening for Minchinia species detection was carried out in all
DNA extractions using specific primers for Minchinia tapetis (TAP-For/Rev) and
Minchinia mercenariae-like (MER-For/Rev) (Albuixech-Marti et al., 2020; Table 3).
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Two positive controls (purified DNA of the respective Minchinia species) were
included in each PCR assay to confirm that the amplification worked. Likewise,
negative controls (two replicates with ddH>O) were included in each PCR assay to
confirm the absence of contamination. Amplification was conducted following the
reaction mixture and thermocycling conditions, as well as the visualisation of the
product, described in Albuixech-Marti et al. (2020).

Standard PCR screening for Vibrio spp. in all DNA extractions was conducted
using generic primers Vib-F3/R3, developed in our lab for the detection of the Vibrio
genus (Kettet al., 2022) (Table 3). A total of 2 ul of DNA per individual was used in
a total volume of 27.5ul of the reaction mixture containing: 5ul of 5x green buffer,
5ul of ANTPs (1.25mM), 0.5ul of MgCly, 0.25ul of forward and reverse primers, 0.1ul
of GoTaqg polymerases, 1.5ul of DMSO and 12.9ul of ddH20. Cycling conditions
consisted of an initial denaturation of the sample at 95°C for 1 minute followed by 35
cycles of 94°C for 20s, 56°C for 30s, 72°C for 30s and a final elongation at 72°C for
7 minutes. Purified DNA of the pathogen was used as a positive control. Two positive
controls were included in each PCR assay to confirm that the amplification worked.
Likewise, negative controls (two replicates with ddH>O) were included in each PCR
assay to confirm the absence of contamination. Electrophoresis of the amplification
products was conducted in a 2% agarose gel. The expected amplified product
(amplicon) size for Vibrio spp. was 286bp.

Table 3: Description of PCR primer pairs showing sequences for each forward and
reverse primer and expected product size.

Primer sequence (5°-3°)

Primer Product Primer
. Forward Reverse . e
pair size (bp) specificity
TAP-For ATC TAA CTA GCT CTT TCA AGA TTA CCC 165 Minchinia
TAP-Rey GTCGCTAACTCGT GGC TCT GC tapetis
MER-For  ATC TAA CTA GCT ACG CAC ATT AAA GAT 0 m':'r'cnecnh;:i':e_
MER-Rey GTC ACT ATG GAAAA TGCCCAGCTCTTT like
Vib-F3 CAA CAG AAG AAG CAC GCTTTC GCATCT .
] 286 Vibrio spp.
Vib-R3 CAC CGGCT GAG TG
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Quantitative PCR (gPCR) for detection and quantification of Vibrio
aestuarianus in the cockle samples from the Irish sites that were positive for Vibrio
spp. (n=50) was performed using specific primers (Table 4) for detection of the
molecular chaperone dnaJ gene, following the protocol of McCleary and
Henshilwood (2015). Negative template controls consisting of 5 pl of double-distilled
water (ddH-O) were included in triplicates in each run. 5 pl of V. aestuarianus DNA
suspension was used in triplicates as positive controls in each run. All samples were
performed in triplicates using 5 pl of DNA. C; (Cycle threshold) values were used to
determine PCR quantification and detection limits by Thermo Hybaid PCR express
thermal cycler. A tested sample was considered positive if its mean C; value was below
37. Six prepared 1:10 serially diluted V. aestuarianus DNA standards were tested in
triplicates as stated in McCleary and Henshilwood (2015). Standard curves aim at
checking the efficacy of the PCR reaction and at estimating the number of bacterial
DNA copies present in tested samples. Results are interpreted by linear regression for
slope analysis, and the PCR amplification efficiency (E), calculated according to: E =
[10 YCslope)] — 1 should range from 95% to 105% (McCleary and Henshilwood, 2015).
Absolute quantitation for DNA copies is carried out by comparing the C: obtained
against the standard curve with known copy numbers. In the case of the Welsh

samples, there was not enough quantity of sample to conduct the gPCR analysis.

Table 4: Description of gPCR primer pair and probe.

Primers Sequence Specificity

dnaJ f420 GTGAAGGGACGGGTGCTAAG

dnaJ r456 CCATGACAAGTGCCACAAGTCT Vibrio aestuarianus
dnaJ p441 (probe) FAM-AGGGCACGTCGGC-MGB

Direct sequencing was carried out on representative PCR products (n=48)
amplified using generic Vibrio Vib-F3/R3 primers (Kett et al., 2022) to identify the
Vibrio species present in the samples from Irish and Welsh sites. Genomic DNA from
selected individuals was isolated and purified using the QIAquick Gel Extraction Kit
(QIAgen) prior to direct sequencing commercially (Source Bioscience). Each

sequence was matched against the National Center for Biotechnology Information
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(NCBI) nucleotide database with BLASTn (Basic Local Alignment Search Tool),
which finds regions of local similarity between sequences to identify and confirm the
DNA being detected in the PCRs.

6.2.2.2. Histology:
A transverse section, including visceral mass, gill, mantle and foot tissues, of

each cockle collected at the Irish sites, was placed in an individually labelled
histocassette and was preserved in Davidson’s fixative for 24 hours prior to
processing. Paraffin-embedded tissue blocks were sectioned at Sum and stained using
Harris” haematoxylin and eosin (Howard and Smith, 1983). Tissue sections were
screened at a magnification of 40x and under oil at 100x for visualization of the
pathogens and tissue pathology. The histological examination was used as a validation

method of the results from the molecular analysis.

6.2.3. Environmental data

This study was conducted using E.U. Copernicus Marine Service Information
(marine.copernicus.eu/services-portfolio/access-to-products). Five environmental
parameters critical to water quality in estuarine and marine environments were
selected for this study: seawater temperature, salinity, dissolved oxygen, pH, and
concentration of nitrate in seawater. Recorded data in temperature (°C), salinity
(PSU), dissolved oxygen (mmol/m?), pH, and concentration of nitrate in seawater
(mmol/m?), taken monthly at a depth of 0.5m below sea level, were downloaded by
ArcGIS Desktop 10.5.1 Redlands, CA (Environmental Systems Research Institute,
2017) for the corresponding collection dates at each sample site (coordinate-based)
along the Irish and Welsh coasts (Table 2).

6.2.4. Statistical analysis

Statistical analysis was performed in R version 3.2.3. statistical software. The
pathogen occurrence was modelled as the presence/absence of pathogen DNA
detected by PCR in each individual cockle for each pathogen group and for the

pathogen co-occurrence, used as the response variables in the subsequent analysis to
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examine the spatial variability and the effects of the environmental variables on the

pathogen spatial distribution.

Chi-square tests (%) between the observed values and the expected values of the
prevalence of each combination of pathogen co-occurrence were conducted to assess
whether the total observed prevalence values were significantly different (p(y?) <
0.05) from the expected values or were consistent with random chance (p(y2) > 0.05).

In order to determine whether, overall, the PCR-positive cases of the single
pathogen detection, 2-pathogen co-occurrence and uninfected individuals differed
between the Irish sites and the Welsh sites, the mean percentages of PCR-positive
cases of each pathogen, 2-pathogen co-occurrence and of uninfected individuals, after
grouping all the samples, were calculated for each coast. Differences between the
mean values at the Irish sites and at the Welsh sites were then analysed with an
unpaired 2-sample t-test when the distribution followed by the corresponding PCR-
positive/uninfected individuals was normal. If the PCR-positive/uninfected
individuals followed a non-normal distribution, the significance was assessed by the
Mann-Whitney U-test which examines the difference between the medians of two
unmatched samples. Significance was established at p-value < 0.05.

Fisher’s Exact Tests were conducted to determine whether the prevalence
observed for each pathogen and 2-pathogen co-occurrence, as well as the frequency
of uninfected individuals, was significantly different (p(Fisher) < 0.05) among the
sample sites. This test was used instead of Pearson’s Chi-squared tests to gain
accuracy since the frequencies of the pathogen occurrences in some of the sites were
<4,

A series of Generalised Linear Mixed Models (GLMMs), following binomial
distributions for presence/absence data (Ime4 package; Bates et al., 2015) (considering
the presence/absence data for each pathogen species; and, subsequently, the pathogen
co-occurrence presence/absence data), were conducted to investigate the relative
importance of the environmental factors (explanatory variables) in determining the
presence of each pathogen and, subsequently, the pathogen co-occurrence in the field.
Each GLMM included pathogen presence/absence as the response variable, none
(Null_Model) or a single explanatory variable (1-factor models) as the fixed effect

and collection date as a random term (in order to control for the variation due to the
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different sampling time). Each 1-factor model was compared to the Null_Model
(intercept-only model) using the likelihood ratio test following Chi-square
distributions to determine whether the presence of pathogens observed was
significantly (p(x?)<0.05) affected by the environmental factors tested. All the
explanatory variables were standardized (x-mean/SD) to improve comparisons in the
models. Visual inspection of residual plots and model validation with each above

model revealed that the model assumptions were satisfied in all the cases.

Competing models were compared based on the Akaike Information Criterion
(AIC), with an efficient model being one that explains a relatively large amount of the
variance in the response variable, using relatively few explanatory variables to do so
(MuMIn package; Barton, 2018). A lower AIC value indicates a better fit of the model
to the data, thus, the models with the lowest AIC scores were selected as the best
performing driver models. Model comparison (bbmle package, Bolker et al., 2009)
was done for the series of 1-factor models, ranking them in order of plausibility based
on their lowest AIC scores and highest Akaike’s weights (®), i.e., the likelihood that
the candidate model is the best approximation, relative to all other models in the set
of models under consideration. Models considered to be statistically plausible were
selected based on AAIC (the difference in AIC values between a candidate model and
the best performing model with the lowest AIC value) and were defined as those with
AAIC values < 2 (i.e., not statistically different from the best performing model with
AAIC = 0) (Thomas, 2017).

6.3. Results

In total, 336 cockles were screened to determine the prevalence of each
pathogen group and pathogen co-occurrence in C. edule at the Irish (n=150) and
Welsh (n=186) sites (Table 5). Single pathogen detection was considered when only
one pathogen group was detected in C. edule individuals, while 2-pathogen co-
occurrence was described as the individuals with two pathogen groups simultaneously
present. The 2-pathogen co-occurrence included the co-occurrence of both Minchinia
species or either one Minchinia species and Vibrio spp. Due to the low number (2
individuals in Tralee - Castlemaine Harbour) of pathogen co-occurrence involving the
three pathogens, this co-occurrence was not considered separately for statistical and
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spatial analysis purposes, instead, these two individuals were included as 2-pathogen
co-occurrence. The spatial patterns of each pathogen group (considering the single
occurrence and the co-occurrence) and, subsequently, the 2-pathogen co-occurrence
were assessed at a regional and a local scale.

Prior to the spatial analysis at a regional and a local scale, the observed total
prevalence for each combination of co-occurrence of pathogens (Table 5) were
compared to the expected values in order to assess if the co-occurrence observed
values were consistent with random chance. Being 20.2% (n=68/336) the total
prevalence of Vibrio spp. and assuming no bias towards coinfection, it would be
reasonable to expect 2 of 12 (0.20 x 12) animals infected with M. tapetis to be
coinfected with Vibrio. However, the observed prevalence of coinfection with Vibrio
spp. and M. tapetis (1.8%, n=6/336) was significantly higher (p(x?) < 0.05) than the
prevalence expected by random chance (0.6%, n=2/336). The observed prevalence of
coinfection with Vibrio spp. and M. mercenariae-like (10.7%, n=36/336) was also
significantly higher (p(x?) < 0.05) when it was compared to the prevalence expected
by random chance, i.e., 9 of 44 (0.20 x 44) animals infected with M. mercenariae-like
would be expected to be coinfected with Vibrio (2.7%, n=9/336). Regarding the
coinfection with both Minchinia species, being 3.6% (n=12/336) the total prevalence
of M. tapetis, the observed value of coinfection with M. mercenariae-like (1.5%,
n=5/336) was also significantly higher (p(yx?) < 0.05) than expected by random chance,
i.e., 2 of 44 (0.04 x 44) animals infected with M. mercenariae-like would be expected
to be coinfected with M. tapetis (0.6%, n=2/336). However, the one out of five (0.20
X 5) (0.3%, n=1/336) individuals that was expected to be coinfected with both
Minchinia species and also Vibrio spp. was consistent (p(x?) > 0.05) with the observed

prevalence of triple infection at 0.6% (n=2/336).

6.3.1. Diversity and prevalence of single pathogen detection and 2-pathogen co-

occurrence at a reqgional scale

The distribution of each pathogen group and, subsequently, the pathogen co-
occurrence was compared between Ireland and Wales to determine any significant

difference at a regional scale.
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No significant differences (p-value > 0.05) in Minchinia species prevalence
were revealed between Ireland and Wales. At the Irish sites, on average, 5.3 [2.3,
10.2]% (mean [95% Confidence Interval (CI)]) of the cockles showed presence of
Minchinia tapetis exclusively, while 23.3 [16.8, 30.9]% displayed presence of
Minchinia mercenariae-like (Figure 2). The mean prevalence of single detection of
M. tapetis (2.4 [0.6, 5.4]%) and, alternatively, M. mercenariae-like (6.9 [2.2, 9.0]%)
were lower at the Welsh sites (Figure 2). Histological sections (n = 78 screened)
revealed cells that fit the morphology of haplosporidian cells despite the deterioration
of tissue integrity in those samples. In those PCR-positive C. edule samples, small
haplosporidian cells of the expected size ranging from 3 to 5 um in diameter (mean =
4.5 um) (Ramilo et al., 2018) were visualised consistent with either M. tapetis or M.
mercenariae-like, along with multinucleate plasmodia that can range from 6 to 15 pm
in diameter (mean = 8.5 um) and enclose from 3 to 14 nuclei (Ramilo et al., 2018; de
Montaudouin et al., 2021) (Figure 3).

No significant difference (p-value > 0.05) in Vibrio prevalence was revealed
between Ireland and Wales. Single detection of Vibrio spp., on average, was higher in
C. edule at the Welsh sites (mean [95% CI]; 24.4 [19.7, 32.7]%) than at the Irish sites
(13.3 [8.3, 19.8]%) (Figure 2). No samples that were positive for Vibrio were
confirmed by gPCR to be Vibrio aestuarianus. Direct sequencing was carried out on
representative PCR products from Irish (n=24) and Welsh (n=24) sample sites to
identify the Vibrio species present in the samples. Using BLASTN, the sequenced
samples from both coasts showed a query length of 63 to 255bp with a 60 to 90%
query coverage and 91.5 to 100% percent identity to Vibrio splendidus deposited by
Gao (2020) (MT445179.1; MT445177.1) and by Landreau et al. (2020)
(MT345091.1). One sample from Dwyryd Estuary, with a query length of 80bp, had
73% query coverage and 95.1% percent identity to Vibrio mediterranei deposited by
Jiang (2011) (HE584789.1) and 67% query coverage and 96.4% percent identity to V.
aestuarianus deposited by Garcia (2018) (MK307696.1). Four samples (from Cork
Harbour, Tralee, and Fishguard Ferry Point), with a query length of 82 to 214bp,
showed 93.75 to 97.73% percent identity to V. splendidus deposited by Gao (2020)
(MT445179.1; MT445177.1) and by Landreau et al. (2020) (MT345091.1). However,
these four samples were identified as Vibrio spp., as the query coverage was too short
(44-55%) to differentiate robustly between species. Given the general consistency of
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the sequencing results, the positive PCR cases were defined as Vibrio spp. most likely

V. splendidus for statistical and analysis purposes.

[ Irish coast [[] Welsh coast

(4]
o

Uninfected M. ra'petfs M. mercenariae-like Vibrio spp. 2—pathogen‘ coinfection

Pathogen groups

Figure 2: Mean frequency (%) = Binomial Confidence Intervals (95% CI) of
uninfected individuals, single detection of Minchinia tapetis, M. mercenariae-like,
and Vibrio spp., most likely V. splendidus, and 2-pathogen co-occurrence in
Cerastoderma edule at Irish and Welsh coasts.

The mean prevalence of co-occurrence of Minchinia and Vibrio species in C.
edule was also lower at the Welsh sites (mean [95% CI]; 8.7 [4.2, 12.3]%; co-
occurrence of one Minchinia species and Vibrio spp.) than at the Irish sites (23.3 [16.8,
30.9]%; including co-occurrence of both Minchinia species or either one Minchinia
species and Vibrio spp.) (Figure 2). Nevertheless, no significant differences (p-value
> 0.05) in the prevalence of 2-pathogen co-occurrence were revealed between Ireland
and Wales. Histological examination of the individuals with pathogen co-occurrence
revealed uninucleate haplosporidian cells consistent with either M. tapetis or M.

mercenariae-like in addition to extracellular bacterial colonies (Figure 3).

A higher mean frequency of uninfected C. edule was recorded at the Welsh sites
(mean [95% CI]; 57.7 [52.3, 66.8]%) compared to the Irish sites (34.7 [27.1, 42.9]%)
(Figure 2). Nevertheless, no significant differences (p-value > 0.05) were revealed

between the mean frequency of uninfected individuals between Ireland and Wales.
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Figure 3: A) and B) Multinucleate plasmodia (black arrow) in the connective tissue of
Cerastoderma edule from the Irish coast; C) extracellular bacterial colony (black
arrow) in the connective tissue of C. edule from the Irish coast; D) uninucleate
haplosporidian cells (head arrow) in the connective tissue of the digestive system in
C. edule from the Irish coast.

6.3.2. Spatial variability in the detection of each pathogen group and the 2-pathogen

co-occurrence at a local scale

Since no significant differences were found at a regional scale, the differences
in the spatial distribution of each pathogen group and the pathogen co-occurrence

between sites were also examined at a local scale.

Significant differences (p(Fisher) < 0.001) in the prevalence of each pathogen
group, i.e., M. tapetis, M. mercenariae-like, and Vibrio spp. (V. splendidus), was
displayed between the sample sites. M. tapetis was not detected in C. edule at most of
the Welsh sites, except at Teifi Bay, with the highest prevalence of M. tapetis single
detection (19%; n=4/21) among the Irish and Welsh sites (Table 5, Figure 4). C. edule
at Cork Harbour had the highest prevalence of M. mercenariae-like single detection
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(46.7%, n=14/30) among the Irish and Welsh sites (Table 5, Figure 4). M.
mercenariae-like single detection was only observed in C. edule at Dwyryd Estuary
(30%; n=3/10), at Burry — Gower Bay (21.7%; n=5/23), and at Dyfi Estuary (3.4%;
n=1/29) among the Welsh sites (Table 5, Figure 4). Single detection of Vibrio spp. (V.
splendidus) was not observed in C. edule at Burry — Gower Bay and Wexford Harbour
(Table 5, Figure 4). C. edule sampled at Dale — Gann Flats showed the highest
prevalence of Vibrio spp. (V. splendidus) single detection (63%; n=17/27) among the
Irish and Welsh sites (Table 5, Figure 4).

Significant spatial variability (p(Fisher) < 0.001) between the sample sites was
also detected for 2-pathogen co-occurrence. The highest prevalence of 2-pathogen co-
occurrence (including co-occurrence of both Minchinia species or either one
Minchinia species and Vibrio spp.) was displayed in C. edule at Tralee - Castlemaine
Harbour (56.7%, n=17/30) (Table 5, Figure 4). C. edule at Tralee - Castlemaine
Harbour showed the highest single detection of Vibrio spp. (V. splendidus) (36.7%,
n=11/30) among the Irish sites (Table 5, Figure 4). The only Welsh C. edule that had
2-pathogen co-occurrence were observed at Dyfi Estuary (34.5%; n=10/29; with M.
mercenariae-like and Vibrio spp. (V. splendidus)), Dwyryd Estuary (30%; n=3/10;
with M. mercenariae-like and Vibrio spp. (V. splendidus)) and Teifi Estuary (4.8%;
n=1/21; with M. tapetis and Vibrio spp. (V. splendidus)) (Table 5, Figure 4).

Significant differences (p(Fisher) < 0.001) in the frequency of uninfected
cockles were also shown between the sample sites. Fishguard Ferry Port C. edule
exhibited the highest presence of uninfected individuals (88.5%; n=23/26) among the
Irish and Welsh sites, with only Vibrio spp. (V. splendidus) detected (11.5%; n=3/26)
(Table 5, Figure 4). Tralee - Castlemaine Harbour, in turn, was the site with the lowest
frequency of uninfected individuals (6.7%; n=2/30) (Table 5, Figure 4) among the
Irish and Welsh sites.
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Table 5: Collection date and prevalence (%, PCR-positive individuals/screened individuals) of single detection of Minchinia tapetis, M.
mercenariae-like, and Vibrio spp., most likely V. splendidus, and each combination of pathogen co-occurrence, as well as frequency (%,

uninfected individuals/screened individuals) of uninfected Cerastoderma edule at each Irish and Welsh sample site.

. M. M. tapetis M. tapetis, M.
. M. M. tapetis . .
. Collection . . - L mercenariae- and M. mercenariae- .
Sites M. tapetis mercenariae- Vibrio spp. and Vibrio . L . . Uninfected
date like s like and Vibrio  mercenariae- like and
Pp. spp. like Vibrio spp.
Dublin Bay April 2019 13.3% (4/30) 20% (6/30) 13.3% (4/30) 3.3% (1/30) 23.3% (7/30) 6.7% (2/30) 0% (0/30) 20% (6/30)
Wexford Harbour April 2019 6.7% (2/30) 43.3% (13/30) 0% (0/30) 0% (0/30) 3.3% (1/30) 6.7% (2/30) 0% (0/30) 40% (12/30)
» Cork Harbour —
& Cuskinny March 2019 6.7% (2/30) 46.7% (14/30) 10% (3/30) 0% (0/30) 6.7% (2/30) 0% (0/30) 0% (0/30) 30% (9/30)
[9p]
S Tralee —
= . March 2019 0% (0/30) 0% (0/30) 36.7% (11/30) 6.7% (2/30) 43.3% (13/30) 0% (0/30) 6.7% (2/30) 6.7% (2/30)
- Castlemaine Harbour
Westport Bay March 2019 0% (0/30) 6.7% (2/30) 6.7% (2/30) 6.7% (2/30) 0% (0/30) 3.3% (1/30) 0% (0/30) 76.7% (23/30)
Totals 5.3% (8/150) | 23.3% (35/150) | 13.3% (20/150) | 3.3% (5/150) | 15.3 % (23/150) | 3.3% (5/150) 1.3% (2/150) 34.7% (52/150)
Menai Strait March 2018 0% (0/22) 0% (0/22) 36.4% (8/22) 0% (0/22) 0% (0/22) 0% (0/22) 0% (0/22) 63.6% (14/22)
Dwyryd Estuary June 2018 0% (0/10) 30% (3/10) 20% (2/10) 0% (0/10) 30% (3/10) 0% (0/10) 0% (0/10) 20% (2/10)
Mawddach Estuary June 2018 0% (0/28) 0% (0/28) 21.4% (6/28) 0% (0/28) 0% (0/28) 0% (0/28) 0% (0/28) 78.6% (22/28)
May 2018 0% (0/15) 6.7% (1/15) 20% (3/15) 0% (0/15) 33.3% (5/15) 0% (0/15) 0% (0/15) 40% (6/15)
8 Dyfi Estuary
7] Nov. 2018 0% (0/14) 0% (0/14) 57.1% (8/14) 0% (0/14) 35.7% (5/14) 0% (0/14) 0% (0/14) 7.1% (1/14)
<
g Teifi Estuary June 2018 19% (4/21) 0% (0/21) 4.8% (1/21) 4.8% (1/21) 0% (0/21) 0% (0/21) 0% (0/21) 71.4% (15/21)
Fishguard Ferry Port June 2018 0% (0/26) 0% (0/26) 11.5% (3/26) 0% (0/26) 0% (0/26) 0% (0/26) 0% (0/26) 88.5% (23/26)
Dale — Gann Flats Sep. 2018 0% (0/27) 0% (0/27) 63% (17/27) 0% (0/27) 0% (0/27) 0% (0/27) 0% (0/27) 37% (10/27)
Burry — Gower Bay June 2018 0% (0/23) 21.7% (5/23) 0% (0/23) 0% (0/23) 0% (0/23) 0% (0/23) 0% (0/23) 78.3% (18/23)
Totals 2.2% (4/186) 4.8% (9/186) 25.8% (48/186) | 0.5% (1/186) 7.0% (13/186) 0% (0/186) 0% (0/186) 59.7% (111/186)

The highest prevalence (%) of each pathogen and each combination of pathogen co-occurrence, and the highest frequency (%) of uninfected individuals at each site are in bold.
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Figure 4: A) Sample site locations in Ireland; frequency (%) of uninfected individuals,
single detection of Minchinia tapetis, M. mercenariae-like, and Vibrio spp., most
likely V. splendidus, and each combination of pathogen co-occurrence in
Cerastoderma edule at each Irish site. B) Sample site locations in Wales; frequency
(%) of uninfected individuals, single detection of M. tapetis, M. mercenariae-like, and
Vibrio spp., most likely V. splendidus, and each combination of pathogen co-
occurrence in C. edule at each Welsh site.
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6.3.3. Effects of environmental factors on each pathogen group and the 2-pathogen

co-occurrence distributions at a local scale

The significant differences between sample sites were subsequently examined
in relation to site-specific environmental factors to determine the drivers that may be

shaping the pathogen distribution at a local scale.

None of the environmental variables (Table 2) came out as significant factors in
determining M. tapetis distribution, since the 1-factor models showed no significant
differences with the null model (intercept-only model; AIC=176.0; AAIC<2;
Supplementary material Table S1).

Among the 1-factor models, seawater temperature was the best performing
driver shaping the M. mercenariae-like distribution in the study (with the lowest
AlIC=329.8; Supplementary material Table S2). Higher M. mercenariae-like
occurrence was observed at sites where the collection took place in June 2018 (Welsh
sites) and March and April 2019 (Irish sites) (Figure 5). The other 1-factor models
were statistically less plausible than the best performing model (AAIC>2;
Supplementary material Table S2).

Based on the models, the concentration of nitrate in seawater was the best
performing driver associated with Vibrio distribution (with the lowest AIC=365.5;
Supplementary material Table S3). A higher prevalence of Vibrio spp. (V. splendidus)
was observed at the sites with higher concentrations of nitrate in the seawater, such as
Tralee - Castlemaine Harbour and Dyfi Estuary (Figure 5). Neither of the other
environmental factors came out as significant factors in determining Vibrio
distribution (statistically less plausible than the best performing model, AAIC>2;
Supplementary material Table S3).

Among the 1-factor models, the concentration of nitrate was the best performing
driver (with the lowest AIC=239.7) associated with 2-pathogen co-occurrence
distribution (including co-occurrence of both Minchinia species or either one
Minchinia species and Vibrio spp.) (Supplementary material Table S4). A higher 2-
pathogen co-occurrence was observed at the sites with higher concentrations of nitrate
in seawater, such as Tralee - Castlemaine Harbour and Dyfi Estuary (Figure 5). The

rest of the 1-factor models were not significant in determining the 2-pathogen co-
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occurrence distribution (statistically less plausible than the best performing model,

AAIC>2; Supplementary material Table S4).
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Figure 5: Plots of the effects, based on the 1-factor models, of A) the temperature (°C)
on Minchinia mercenariae-like distribution; B) the concentration of nitrates
(mmol/m3) on Vibrio spp., most likely V. splendidus, distribution; and C) the
concentration of nitrates (mmol/m®) on 2-pathogen co-occurrence distribution
(including co-occurrence of both Minchinia species or either one Minchinia species
and Vibrio spp.) in Cerastoderma edule.
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6.4. Discussion

The spatial distribution of Minchinia and Vibrio spp. in C. edule at newly
documented latitudinal and longitudinal ranges along the Irish and Welsh coasts was
reported for the first time in this collaborative study. This study examined the
pathogen distributions at a regional and a local scale, and the findings established that
site-specific factors, such as concentration of nitrates and seawater temperature,
exerted a significant effect in shaping the spatial patterns of those C. edule pathogen
distributions. Similar habitat conditions at different sample sites resulted in similar
spatial patterns for M. mercernariae-like as well as for Vibrio spp. (V. splendidus) and
2-pathogen co-occurrence (including co-occurrence of both Minchinia species or
either one Minchinia species and Vibrio spp.) in C. edule populations. This was further
supported by the overrepresentation of coinfection with both Minchinia species or
with Vibrio and either Minchinia species found in this study, which was non-
consistent with the values expected by random chance. Although the three-pathogen
co-occurrence with both Minchinia species and also Vibrio found in our study was
consistent with the low values expected by random chance.

At a regional scale, no significant differences in pathogen distributions were
detected between countries, suggesting that the differences found between both
regions were consistent with that expected by random chance. Sequencing confirmed
that the Vibrio spp. found in C. edule at both Irish and Welsh sites was best matched
to V. splendidus. In accordance with our results, Costello et al. (unpublished data) also
detected environmental DNA of V. splendidus in seawater samples along the Irish and
Celtic Seas in 2018. Coscia et al. (2013) described how the C. edule larvae spawned
in south Wales are capable of travelling west towards Ireland due to the Celtic Sea
front residual current, thus, indicating the potential connectivity between certain C.
edule pathogen groups in Wales and Ireland. Therefore, it is important to develop a
better knowledge of the pathogen distribution not only at a regional scale but also at a
local scale and improve our understanding of how site-specific factors can influence

their spatial patterns.

At a local scale, the significant spatial variability in pathogen distributions
between the sites was statistically associated with site-specific factors. The
concentration of nitrate in the seawater was highlighted by the 1-factor models as the
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best explanatory factor in driving the distribution of Vibrio spp. (V. splendidus), as
well as the 2-pathogen co-occurrence in C. edule. Tralee - Castlemaine Harbour, a
rural area with intensive agriculture and farming activity, showed the highest
concentration of nitrate in seawater, which corresponded with the highest prevalence
of 2-pathogen co-occurrence among the Irish and Welsh C. edule and was also
associated with a high prevalence of Vibrio spp. (V. splendidus). In general, seawater
concentration of nitrate at the Welsh sites was lower than at the Irish sites, except for
Dyfi Estuary, which has a rich industrial heritage and has had reported problems in
relation to water quality (www.naturalresources.wales). Correspondingly, Dyfi
Estuary also exhibited a high prevalence of 2-pathogen co-occurrence and single
detection of Vibrio spp. (V. splendidus). Anthropogenic inputs of nutrients may trigger
changes in host abundance and distribution, an increase in host susceptibility, or shifts
in pathogen populations, which may, eventually, cause mortalities of benthic fauna,
including bivalves (Elliott and de Jonge, 2002; McKenzie and Townsend 2007;
Johnson and Carpenter 2008; Johnson et al., 2010; Burdon et al., 2014). Increased
nutrient loadings in the water may lead to several signs and symptoms of
eutrophication, one of which is oxygen depletion that can stress the benthic fauna,
making them more vulnerable to diseases (Elliott and de Jonge, 2002; Burdon et al.,
2014). Bivalve molluscs growing in such waters can concentrate pollutants, such as
are found in continuous and intermittent discharges, during the process of filter-
feeding (Strubbia et al., 2016), and eutrophication is often associated with toxicants,
which increase the individual’s susceptibility to disease by impairing its defences
(Lafferty et al., 2004). Several studies have suggested that organic loading and oxygen
depletion may be a likely cause of mass cockle mortalities in the past (Desprez et
al.,1992; Rybarczyk et al.,1996; Mudge and Bebianno, 1997). The extra organic input
experienced by C. edule at those sites may impact host immune function while
favouring pathogen proliferation and survival (Marcogliese, 2001). Previous studies
have correlated nutrient enrichment with increases in the prevalence, severity, or
distribution of infectious diseases in aquatic invertebrates and vertebrates (Lafferty,
1997; Coyner et al. 2003; Lafferty and Holt, 2003; Voss and Richardson 2006;
Johnson et al. 2007; McKenzie and Townsend, 2007; Johnson and Carpenter, 2008).
Higher concentrations of nutrients in seawater (primarily nitrogen and phosphorus)
may lead to high biomass of seaweeds and algae, and the derived alginates are known
to be consumed by Vibrio species (Lynch et al., 2021; Notaro et al., 2021).
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Dale - Gann Flats showed the highest prevalence of Vibrio spp. (V. splendidus),
with no other pathogen being detected, even though this site had a very low
concentration of nitrate in the seawater. This site is next to Milford Haven Waterway,
with the highest shipping activity registered in Wales (Welsh National Marine Plan,
Welsh Government, 2020). The coastal development and shipping activity are often
associated with toxic pollution, and toxicants can impair host defences (Lafferty et al.,
2004). In addition to the shipping activity, the lowest concentration of dissolved
oxygen registered in Dale - Gann Flats may have led to the high Vibrio prevalence.
Low dissolved oxygen levels, harmful algal blooms, toxins and pollutants have been
shown to promote infection by the bacterium V. splendidus (Soon and Zheng, 2020).
Hypoxic conditions can also impact bivalve immune systems and interact with
diseases, for example rendering bivalve hosts less efficient at eliminating bacterial
cells (Macey et al., 2008). Vibrio, similar to other pathogen species, can behave
opportunistically and exploit the vulnerability of the host under stressful conditions
(Egerton et al., 2018).

Based on the 1-factor models, elevated seawater temperature was the best
explanatory factor in driving the distribution of M. mercenariae-like in C. edule. A
higher prevalence of M. mercenariae-like was detected in June 2018 (at Welsh sites)
and March and April 2019 (at Irish sites). Nevertheless, M. mercenariae-like was not
present as single detection either co-occurring with another pathogen in five out of the
13 sample sites. De Montaudouin et al. (2021) recently reviewed the parasitology of
C. edule in the Atlantic Area and described that the recorded prevalence of M.
mercenariae in C. edule has always been low. Ramilo et al. (2018) reported a
prevalence of <10% with M. mercenariae-like parasite in Galician cockles, similar to
as observed by Albuixech-Marti et al. (2021) in Irish C. edule. However, previous
findings have suggested that a thermal tolerance range exists for haplosporidian
species, which can influence their prevalence (Burreson and Ford, 2004; Engelsma et
al. 2010; Lynch et al., 2014). Upper temperatures in warmer months have been
associated with a higher prevalence of Minchinia species in C. edule (Carballal et al.,
2020) and Haplosporidium nelsoni in eastern oyster Crassostrea virginica (Burreson
and Ford, 2004). Warming could also affect parasites by influencing the distribution
and life-history of hosts and potentially increase host susceptibility to infection due to
thermal stress (Harvell et al., 2002; Callaway et al., 2012; Zgouridou et al., 2021).
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None of the 1-factor models was conclusive in determining the distribution of
M. tapetis. A potential explanation for the detection of low or null prevalence in C.
edule at the Irish and Welsh sites is the possibility that mortalities of individuals
infected with M. tapetis occurred. However, heavy infection intensity with M. tapetis
in C. edule has never been recorded and no mortality outbreaks have been reported
associated with this agent in the Atlantic Area (de Montaudouin et al., 2021). Even if
Minchinia infection has not been directly associated with cockle mortalities,
pathological responses in infected cockles with Minchinia are still considered to be
detrimental to host survival (Elliott et al., 2012). Carballal et al. (2020) suggested that
ocean warming might contribute to increasing the prevalence of M. tapetis in C. edule

and, consequently, this agent may become a threat to cockle production.

Cork Harbour, Wexford Harbour and Dublin Bay, apart from Teifi Estuary, are
the only sites that presented single detection of M. tapetis in C. edule. Moreover, Cork
Harbour, Wexford Harbour and to a lesser extent Dublin Bay and Gower Bay (Burry),
all known for their intense shipping activity, exhibited high detection levels of M.
mercenariae-like. C. edule mass mortalities at Burry Inlet were first reported in the
1950s and 1960s (Hancock and Franklin, 1972) and since 2002 have recurred every
year (Murray and Tarrant, 2015). Elliott et al. (2012) concluded that mortality events
were the result of a combination of factors, including pathogens such as Minchinia
spp. and host density dependence, and various extrinsic factors such as temperature
and organic loading. Anthropogenic impacts, such as the pressure from increasing
waterway degradation and pollution, have been associated with increased
susceptibility of other bivalves such as C. gigas to pathogens through reduced immune
functions (Moreau et al., 2015).

Dredging, including suction dredging activity, can disturb the sediment and
affect bivalve host populations and other filter-feeding organisms and subsequently
unbalance the interplay between infectious disease agents and their hosts in marine
ecosystems (Cranfield et al., 1999; Cranfield et al., 2005; Rowley et al., 2014; Coen
and Bishop, 2015). It has been previously reported in Ireland that exploited C. edule
populations with high cockle densities were more exposed to infection and coinfection
with Minchinia and Vibrio species (Albuixech-Marti et al., 2021). The high levels of
microphotobenthic biofilms associated with cockle beds may also increase the

persistence of infectious agents in the sediment (Carss et al., 2020). Accordingly, in
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the Castlemaine Harbour (Tralee) and Gower Bay (Burry) fisheries, the prevalence of
pathogens present was high compared with the other non-exploited sites. C. edule at
Westport Bay, with the stock not commercially fished in recent years, showed low

pathogen prevalence.

This study describes newly documented geographic ranges of Minchinia and
Vibrio species in exploited and non-exploited C. edule populations, relating their
spatial patterns to environmental and biological factors. The findings suggest that
exposure of C. edule to a high concentration of nitrates, high temperatures and low
levels of dissolved oxygen increased pathogen prevalence and may have affected host
susceptibility. Likewise, shipping and cockle dredging activity at certain sites may
have also influenced the host-pathogen systems. Overall, a complex pattern of
interactions is expected between the host-pathogen systems and several habitat
conditions (e.g., temperature, nutrients, anthropogenic impacts), which will influence
the spatial distribution of host-pathogen systems. These findings highlight the need to
examine pathogen distribution at different scales and emphasise the importance of
site-specific monitoring to assess a number of potential drivers/inhibitors, given the
highly dynamic nature of the estuarine environment. Findings from this study provide
predicted scenarios that can facilitate pathogen emergence and possible outbreaks
under certain environmental conditions, which are forecasted in the future.
Investigating these relationships and modelling environmental drivers or inhibitors of
host and pathogen distribution is essential for the sustainable management of coastal
ecosystems, particularly in a changing marine environment with the increasing

emergence of novel and known pathogens.

240



Chapter 6

Acknowledgements

This work was supported by the Bluefish (Grant Agreement No. 80991) Project, part-
funded by the European Regional Development Fund (ERDF) through the Ireland
Wales INTERREG Programme. The research leading to these results received funding
from the European Union’s Horizon 2020 research and innovation programme under
grant agreement No 730984, ASSEMBLE Plus project.

241



Chapter 6

References

Albuixech-Marti, S., Culloty, S. C., Lynch, S. A., 2021. Co-occurrence of pathogen
assemblages in a keystone species the common cockle Cerastoderma edule on
the Irish coast. Parasitology. 1-15. 10.1017/S0031182021001396.

Albuixech-Marti, S., Lynch, S. A., Culloty, S. C., 2020. Biotic and abiotic factors
influencing haplosporidian species distribution in the cockle Cerastoderma
edule in lIreland. Journal of Invertebrate Pathology. 174, 107425.
10.1016/}.jip.2020.107425.

Arzul, 1., Carnegie, R. B., 2015. New perspective on the haplosporidian parasites of
molluscs.  Journal of  Invertebrate  Pathology. 131,  32-42.
10.1016/j.jip.2015.07.014.

Barton, K., 2018. MuMIn: multi-model inference. R package version 1.40.4.
CRAN.Rproject.org/package=MuMIn. Accessed 16 Feb 20109.

Bates, D., Maechler, M., Bolker, B. M., Walker, S. C., 2015. Fitting linear mixed-

effects models using Ime4. Journal of Statistical Software. 67, 1-48.

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M.
H. H., White, J. S., 2009. Generalized linear mixed models: A practical guide
for ecology and evolution. Trends in Ecology & Evolution. 24, 127-135.
10.1016/j.tree.2008.10.008.

Borbor-Cordova, M. J., Torres, G., Mantilla-Saltos, G., Casierra-Tomalal, A.,
Bermudez, J. R., Renteria, W., Bayot, B., 2018. Oceanography of harmful algal
blooms on the Ecuadorian coast (1997-2017): Integrating remote sensing and
biological data. Frontiers in Marine Science. 6, 13. 10.3389/fmars.2019.00013.

Bramwell, G., Schultz, A. G., Sherman, C. D. H., Giraudeau, M., Thomas, F., Ujvari,
B., Dujon, A. M., 2021. A review of the potential effects of climate change on
disseminated neoplasia with an emphasis on efficient detection in marine
bivalve populations. Science of the Total Environment. 775, 145134,
10.1016/j.scitotenv.2021.145134.

242



Chapter 6

Burdon, D., Callaway, R., Elliott, M., Smith, T., Wither, A., 2014. Mass mortalities
in bivalve populations: A review of the edible cockle Cerastoderma edule (L.).
Estuarine Coastal and Shelf Science. 150, 271-280. 10.1016/j.ecss.2014.04.011.

Burreson, E., Ford, S., 2004. A review of recent information on the Haplosporidia,
with special reference to Haplosporidium nelsoni (MSX disease). Aquatic
Living Resources. 17, 499-517. 10.1051/alr:2004056.

Callaway, R., Shinn, A. P., Grenfell, S. E., Bron, J. E., Burnell, G., Cook, E. J.,
Crumlish, M., Culloty, S., Davidson, K., Ellis, R. P., Flynn, K. J., Fox, C.,
Green, D. M., Hays, G. C., Hughes, A. D., Johnston, E., Lowe, C. D., Lupatsch,
I., Malham, S., Mendzil, A. F., Nickell, T., Pickerell, T., Rowley, A. F., Stanley,
M. S., Tocher, D. R., Turnbull, J. F., Webb, G., Wootton, E., Shields, R. J.,
2012. Review of climate change impacts on marine aquaculture in the UK and
Ireland. Aquatic Conservation-Marine and Freshwater Ecosystems. 22, 389-
421.10.1002/aqc.2247.

Carballal, M. J., Cao, A., Iglesias, D., Gonzalez, A., 1., Villalba, A., 2020. Temporal
dynamics of infection of cockles Cerastoderma edule with the protistan parasite
Minchinia tapetis (Rhizaria: Haplosporida) in Galicia (NW Spain). Journal of
Invertebrate Pathology. 172, 107349. 10.1016/j.jip.2020.107349.

Carss, D. N., Brito, A. C., Chainho, P., Ciutat, A., de Montaudouin, X., Fernandez
Otero, R. M., Incera Filgueira, M., Garbutt, A., Goedknegt, M. A., Lynch, S. A,,
Mahony, K. E., Maire, O., Malham, S. K., Orvain, F., Olivier, A. v. d. S., Jones,
L., 2020. Ecosystem services provided by a non-cultured shellfish species: The
common cockle Cerastoderma edule. Marine Environmental Research. 158,
104931. 10.1016/j.marenvres.2020.104931.

Coen, L. D., Bishop, M. J., 2015. The ecology, evolution, impacts and management
of host-parasite interactions of marine molluscs. Journal of Invertebrate
Pathology. 131, 177-211. 10.1016/j.jip.2015.08.005.

Coscia, I., Robins, P. E., Porter, J. S., Malham, S. K., Ironside, J. E., 2013. Modelled

larval dispersal and measured gene flow: Seascape genetics of the common

243



Chapter 6

cockle Cerastoderma edule in the southern Irish Sea. Conservation Genetics.
14, 451-466. 10.1007/s10592-012-0404-4.

Coyner, D. F., Spalding, M. G., Forrester, D. J., 2003. Influence of treated sewage on
infections of Eustrongylides ingnotus (Nematoda: Dioctophymatoidea) in
Eastern mosquitofish (Gambusia holbrooki) in an urban watershed.
Comparative Parasitology. 70, 205-210. 10.1654/4061.

Cranfield, H., Dunn, A., Doonan, I., Michael, K., 2005. Bonamia exitiosa epizootic in
Ostrea chilensis from Foveaux Strait, southern New Zealand between 1986 and
1992. ICES Journal of Marine Science. 62, 3-13.
10.1016/j.icesjms.2004.06.021.

Cranfield, H., Michael, K., Doonan, 1., 1999. Changes in the distribution of epifaunal
reefs and oysters during 130 years of dredging for oysters in Foveaux Strait,
southern New Zealand. Aquatic Conservation-Marine and Freshwater
Ecosystems. 9, 461-483. 10.1002/(SICI1)1099-0755(199909/10)9:5<461::AlD-
AQC353>3.0.CO;2-Z.

de Montaudouin, X., Arzul, 1., Cao, A., Carballal, M.J., Bruno, C., Correia, S., Cuesta,
J., Culloty, S., Daffe, G., Darriba, S., Diaz, S., Freitas, R., Garcia, C.,
Goedknegt, A., Grade, A., Groves, E., Iglesias, D., Jensen, K., Villalba, A.,
2021. Catalogue of parasites and diseases of the common cockle Cerastoderma
edule, 1% Edn. Aveiro, Portugal: UA Editora — Universidade de Aveiro.
10.34624/9a9c-9j21.

Desprez, M., Rybarczyk, H., Wilson, J., Ducrotoy, J., Sueur, F., Olivesi, R., Elkaim,
B., 1992. Biological impact of eutrophication in the Bay of Somme and the
induction and impact of anoxia. Netherlands Journal of Sea Research. 30, 149-
159. 10.1016/0077-7579(92)90054-1.

Egerton, S., Culloty, S., Whooley, J., Stanton, C., Ross, R. P., 2018. The gut
microbiota of marine fish. Frontiers in Microbiology. 9, 873.
10.3389/fmich.2018.00873.

244



Chapter 6

Elliott, M., Burdon, D., Callaway, R., Franco, A., Hutchinson, T., Longshaw, M.,
Malham, S., Mazik, K., Otto, Z., Palmer, D., Firmin, C., Smith, T., Wither, A,
2012. Burry Inlet cockle mortalities investigation 2009-2011. Final technical
report to Environment Agency (Wales), 17 January 2012.

Elliott, M., de Jonge, V., 2002. The management of nutrients and potential
eutrophication in estuaries and other restricted water bodies. Hydrobiologia.
475, 513-524. 10.1023/A:1020372316420.

Engelsma, M. Y., Kerkhoff, S., Roozenburg, I., Haenen, O. L. M., van Gool, A,
Sistermans, W., Wijnhoven, S., Hummel, H., 2010. Epidemiology of Bonamia
ostreae infecting European flat oysters Ostrea edulis from Lake Grevelingen,
The Netherlands. Marine Ecology Progress Series. 409, 131-142.
10.3354/meps08594.

Engelsma, M. Y., Roozenburg, I., Voorbergen-Laarman, M., Van den Brink, A.,
Troost, K., Ysebaert, T., Bateman, K., Longshaw, M., 2011. Digenean
trematodes and haplosporidian protozoans associated with summer mortality of
cockles Cerastoderma edule in the Oosterschelde, The Netherlands. In

European Association of Fish Pathologists Conference, Split, Croatia. 14-18.

Froelich, B. A., Williams, T. C., Noble, R. T., Oliver, J. D., 2012. Apparent loss of
Vibrio vulnificus from North Carolina oysters coincides with a drought-induced
increase in salinity. Applied and Environmental Microbiology. 78, 3885-3889.
10.1128/AEM.07855-11.

Gallana, M., Ryser-Degiorgis, M., Wahli, T., Segner, H., 2013. Climate change and
infectious diseases of wildlife: Altered interactions between pathogens, vectors
and hosts. Current Zoology. 59, 427-437. 10.1093/czo0l0/59.3.427.

Garcia, C., Mesnil, A., Tourbiez, D., Moussa, M., Dubreuil, C., de Sa, A. G., Chollet,
B., Godfrin, Y., Degremont, L., Serpin, D., Travers, M., 2021. Vibrio
aestuarianus subsp. cardii subsp. nov., pathogenic to the edible cockles
Cerastoderma edule in France, and establishment of Vibrio aestuarianus subsp.

aestuarianus subsp. nov. and Vibrio aestuarianus subsp. francensis subsp. nov.

245



Chapter 6

International Journal of Systematic and Evolutionary Microbiology. 71, 004654.
10.1099/ijsem.0.004654.

Gorrasi, S., Pasqualetti, M., Franzetti, A., Pittino, F., Fenice, M., 2020. Vibrio
communities along a salinity gradient within a marine saltern hypersaline
environment (Saline di Tarquinia, Italy). Environmental Microbiology. 22,
4356-4366. 10.1111/1462-2920.15041.

Hancock, D., Franklin, A., 1972. Seasonal-changes in condition of edible cockle
(Cardium-edule L). Journal of Applied Ecology. 9, 567-&. 10.2307/2402454.

Hartikainen, H., Ashford, O. S., Berney, C., Okamura, B., Feist, S. W., Baker-Austin,
C., Stentiford, G. D., Bass, D., 2014. Lineage-specific molecular probing
reveals novel diversity and ecological partitioning of haplosporidians. Isme
Journal. 8, 177-186. 10.1038/ismej.2013.136.

Harvell, C., Mitchell, C., Ward, J., Altizer, S., Dobson, A., Ostfeld, R., Samuel, M.,
2002. Ecology - Climate warming and disease risks for terrestrial and marine
biota. Science. 296, 2158-2162. 10.1126/science.1063699.

Howard, D.W., Smith, C.S., 1983. Histologic techniques for marine bivalve mollusks.
US Dept Commerce, NOAA Tech Memo NMFS-F/NEC-25.

Johnson, C. N., Bowers, J. C., Griffitt, K. J., Molina, V., Clostio, R. W., Pei, S., Laws,
E., Paranjpye, R. N., Strom, M. S., Chen, A., Hasan, N. A, Huq, A., Noriea, N.
F., Grimes, D. J., Colwell, R. R., 2012. Ecology of Vibrio parahaemolyticus and
Vibrio vulnificus in the coastal and estuarine waters of Louisiana, Maryland,
Mississippi, and Washington (United States). Applied and Environmental
Microbiology. 78, 7249-7257. 10.1128/AEM.01296-12.

Johnson, P. T. J., Carpenter, S. R., 2008. Influence of eutrophication on disease in
aquatic ecosystems: Patterns, processes, and predictions. In: Ostfeld, R.S.,
Keesing, F., Eviner, V.T., editors. Infectious disease ecology: Effects of
ecosystems on disease and of disease on ecosystems. Princeton, NJ: Princeton
University Press; 2008. p. 71-99.

246



Chapter 6

Johnson, P. T. J., Chase, J. M., Dosch, K. L., Hartson, R. B., Gross, J. A., Larson, D.
J., Sutherland, D. R., Carpenter, S. R., 2007. Aquatic eutrophication promotes
pathogenic infection in amphibians. Proceedings of the National Academy of
Sciences of the United States of America. 104, 15781-15786.
10.1073/pnas.0707763104.

Johnson, P. T. J,, Townsend, A. R., Cleveland, C. C., Glibert, P. M., Howarth, R. W.,
McKenzie, V. J., Rejmankova, E., Ward, M. H., 2010. Linking environmental
nutrient enrichment and disease emergence in humans and wildlife. Ecological
Applications. 20, 16-29. 10.1890/08-0633.1.

Kett, G. F., Culloty, S. C., Jansen, M. A. K., Lynch, S. A., 2022. Development of a
sensitive polymerase chain reaction (PCR) and digoxigenin (DIG)-labeled in
situ hybridization (ISH) for the detection of Vibrio bacteria in the Pacific oyster
Crassostrea gigas. Aquaculture Reports. 22, 100961.
10.1016/j.aqrep.2021.100961.

King, W. L., Siboni, N., Kahlke, T., Green, T. J., Labbate, M., Seymour, J. R., 2019.
A new high throughput sequencing assay for characterizing the diversity of
natural Vibrio communities and its application to a Pacific oyster mortality
event. Frontiers in Microbiology. 10, 2907. 10.3389/fmich.2019.02907.

Lafferty, K., 1997. Environmental parasitology: What can parasites tell us about
human impacts on the environment? Parasitology Today. 13, 251-255.
10.1016/S0169-4758(97)01072-7.

Lafferty, K. D., 2009. The ecology of climate change and infectious diseases. Ecology.
90, 888-900. 10.1890/08-0079.1.

Lafferty, K., Holt, R., 2003. How should environmental stress affect the population
dynamics of disease? Ecology Letters. 6, 654-664. 10.1046/j.1461-
0248.2003.00480.x.

Lafferty, K., Porter, J., Ford, S., 2004. Are diseases increasing in the ocean? Annual
Review of Ecology Evolution and Systematics. 35, 31-54.
10.1146/annurev.ecolsys. 35.021103.105704.

247



Chapter 6

Lederberg, J., Shope, R.E., Oakes, S.C.J., 1992. Emerging infections: Microbial
threats to health in the United States. Institute of Medicine, National Academy
Press, Washington, DC. 10.17226/2008.

Lin, M., Schwarz, J., 2003. Seasonal shifts in population structure of Vibrio vulnificus
in an estuarine environment as revealed by partial 16S ribosomal DNA
sequencing. FEMS Microbiology Ecology. 45, 23-27. 10.1016/S0168-
6496(03)00091-6.

Longshaw, M., Malham, S. K., 2013. A review of the infectious agents, parasites,
pathogens and commensals of European cockles (Cerastoderma edule and C.
glaucum) (vol 93, pg 227, 2013). Journal of the Marine Biological Association
of the United Kingdom. 93, 1141-1141. 10.1017/S0025315413000167.

Lynch, S.A., Breslin, R., Bookelaar, B., Rudtanatip, T., Wongprasert, K., Culloty,
S.C., 2021. Immunomodulatory and antiviral effects of macroalgae sulphated
polysaccharides: case studies extend knowledge on their importance in
enhancing shellfish health, and the control of a global viral pathogen ostreid
herpesvirus-1 ~ microvar.  Polysaccharides. 2, 202-217.  10.3390/
polysaccharides2020014.

Lynch, S. A., Coghlan, A., O'Leary, B., Morgan, E., Culloty, S. C., 2020a. Northward
establishment of the Mediterranean mussel Mytilus galloprovincialis limited by
changing climate. Biological Invasions. 22, 2725-2736. 10.1007/s10530-020-
02294-6.

Lynch, S. A., Dillane, E., Carlsson, J., Culloty, S. C., 2013. Development and
assessment of a sensitive and cost-effective polymerase chain reaction to detect
ostreid herpesvirus 1 and variants. Journal of Shellfish Research. 32, 657-664.
10.2983/035.032.0305.

Lynch, S. A., Lepee-Rivero, S., Kelly, R., Quinn, E., Coghlan, A., Bookelaar, B.,
Morgan, E., Finarelli, J. A., Carlsson, J., Culloty, S. C., 2020b. Detection of

haplosporidian protistan parasites supports an increase to their known diversity,

248



Chapter 6

geographic range and bivalve host specificity. Parasitology. 147, 584-592.
10.1017/S0031182019001628.

Lynch, S. A., Morgan, E., Carlsson, J., Mackenzie, C., Wooton, E. C., Rowley, A. F.,
Malham, S., Culloty, S. C., 2014. The health status of mussels, Mytilus spp., in
Ireland and Wales with the molecular identification of a previously undescribed
haplosporidian.  Journal of Invertebrate Pathology. 118, 59-65.
10.1016/j.jip.2014.02.012.

Lynch, S. A., Mulcahy, M. F., Culloty, S. C., 2008. Efficiency of diagnostic
techniques for the parasite, Bonamia ostreae, in the flat oyster, Ostrea edulis.
Aquaculture. 281, 17-21. 10.1016/j.aquaculture.2008.06.005.

Macey, B. M., Achilihu, 1. O., Burnett, K. G., Burnett, L. E., 2008. Effects of
hypercapnic hypoxia on inactivation and elimination of Vibrio campbellii in the
Eastern oyster, Crassostrea virginica. Applied and Environmental
Microbiology. 74, 6077-6084. 10.1128/AEM.00317-08.

Malham, S. K., Hutchinson, T. H., Longshaw, M., 2012. A review of the biology of
European cockles (Cerastoderma spp.). Journal of the Marine Biological
Association of the United Kingdom. 92, 1563-1577.
10.1017/S0025315412000355.

Marcogliese, D. J., 2008. The impact of climate change on the parasites and infectious
diseases of aquatic animals. Revue Scientifigue Et Technique-Office
International Des Epizooties. 27, 467-484. 10.20506/rst.27.2.1820.

Marcogliese, D. J., 2001. Implications of climate change for parasitism of animals in
the aquatic environment. Canadian Journal of Zoology. 79, 1331-1352.
10.1139/cjz-79-8-1331.

McCleary, S., Henshilwood, K., 2015. Novel quantitative TagMan (R) MGB real-time
PCR for sensitive detection of Vibrio aestuarianus in Crassostrea gigas.
Diseases of Aquatic Organisms. 114, 239-248. 10.3354/da002869.

249



Chapter 6

McKenzie, V. J., Townsend, A. R., 2007. Parasitic and infectious disease responses
to changing global nutrient cycles. Ecohealth. 4, 384-396. 10.1007/s10393-007-
0131-3.

Moreau, P., Faury, N., Burgeot, T., Renault, T., 2015. Pesticides and ostreid
herpesvirus 1 infection in the Pacific oyster, Crassostrea gigas. Plos One. 10,
€0130628. 10.1371/journal.pone.0130628.

Mudge, S., Bebianno, M., 1997. Sewage contamination following an accidental
spillage in the Ria Formosa, Portugal. Marine Pollution Bulletin. 34, 163-170.
10.1016/S0025-326X(96)00082-3.

Murray, F., Tarrant, P., 2015. A social and economic impact assessment of cockle
mortality in the Burry Inlet and Three Rivers cockle fisheries, South Wales UK.
Aquaculture Research Reports (Welsh Government Marine and Fisheries
Division, 2015).

Notaro, D. A., Culloty, S. C., Lynch, S. A., 2021. A pilot study investigating the
potential of antimicrobial photodynamic therapy (aPDT) to control Vibrio spp.
development in microalgae and seawater. Aquaculture International. 29, 355-
372.10.1007/s10499-020-00631-z.

Oliver, J. D., 2015. The biology of Vibrio vulnificus. Microbiology Spectrum. 3, VE-
0001-2014. 10.1128/microbiolspec.VE-0001-2014.

Paillard, C., Gausson, S., Nicolas, J., le Pennec, J., Haras, D., 2006. Molecular
identification of Vibrio tapetis, the causative agent of the brown ring disease of
Ruditapes  philippinarum.  Aquaculture. 253, 25-38. 10.1016/
j-aquaculture.2005.03.047.

Ramilo, A., Abollo, E., Villalba, A., Carballal, M. J., 2018. A Minchinia mercenariae-
like parasite infects cockles Cerastoderma edule in Galicia (NW Spain). Journal
of Fish Diseases. 41, 41-48. 10.1111/jfd.12668.

Rowley, A. F., Cross, M. E., Culloty, S. C., Lynch, S. A., Mackenzie, C. L., Morgan,
E., O'Riordan, R. M., Robins, P. E., Smith, A. L., Thrupp, T. J., Vogan, C. L.,

250



Chapter 6

Wootton, E. C., Malham, S. K., 2014. The potential impact of climate change
on the infectious diseases of commercially important shellfish populations in the
Irish Sea-A review. ICES Journal of Marine Science. 71, 741-759.
10.1093/icesjms/fst234.

Rybarczyk, H., Elkaim, B., Wilson, J., Loquet, N., 1996. Eutrophication in the Baie
de Somme: Consequences and impacts on the benthic population. Oceanologica
Acta. 19, 131-140.

Smolinski, M.S., Hamburg, M.A., Lederberg, J., 2003. Microbial threats to health:
Emergence, detection, and response. The National Academies Press,
Washington, DC. 10.17226/10636.

Soon, T. K., Zheng, H., 2020. Climate change and bivalve mass mortality in temperate
regions. Reviews of Environmental Contamination and Toxicology, Vol 251.
251, 109-129. 10.1007/398_2019_31.

Strubbia, S., Lyons, B. P., Lee, R. J., 2016. Geographical and temporal variation of E.
coli and norovirus in mussels. Marine Pollution Bulletin. 107, 66-70.
10.1016/j.marpolbul.2016.04.019.

Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., Salazar, G.,
Djahanschiri, B., Zeller, G., Mende, D. R., Alberti, A., Cornejo-Castillo, F. M.,
Costea, P. I., Cruaud, C., d'Ovidio, F., Engelen, S., Ferrera, I., Gasol, J. M.,
Guidi, L., Hildebrand, F., Kokoszka, F., Lepoivre, C., Lima-Mendez, G.,
Poulain, J., Poulos, B. T., Royo-Llonch, M., Sarmento, H., Vieira-Silva, S.,
Dimier, C., Picheral, M., Searson, S., Kandels-Lewis, S., Bowler, C., de Vargas,
C., Gorsky, G., Grimsley, N., Hingamp, P., ludicone, D., Jaillon, O., Not, F.,
Ogata, H., Pesant, S., Speich, S., Stemmann, L., Sullivan, M. B., Weissenbach,
J., Wincker, P., Karsenti, E., Raes, J., Acinas, S. G., Bork, P., Tara Oceans
Coordinators, 2015. Structure and function of the global ocean microbiome.
Science. 348, 1261359. 10.1126/science.1261359.

251



Chapter 6

Tamplin, M., 2001. Coastal vibrios: Identifying relationships between environmental
condition and human disease. Human and Ecological Risk Assessment. 7, 1437-
1445. 10.1080/20018091095113.

Thomas, R., 2017. Data analysis with R statistical software: A guidebook for

scientists, second ed. Eco-Explore CIC.

Vezzulli, L., Brettar, 1., Pezzati, E., Reid, P. C., Colwell, R. R., Hoefle, M. G., Pruzzo,
C., 2012. Long-term effects of ocean warming on the prokaryotic community:
Evidence from the vibrios. Isme Journal. 6, 21-30. 10.1038/ismej.2011.89.

Vezzulli, L., Grande, C., Reid, P. C., Helaouet, P., Edwards, M., Hoefle, M. G.,
Brettar, 1., Colwell, R. R., Pruzzo, C., 2016. Climate influence on Vibrio and
associated human diseases during the past half-century in the coastal North
Atlantic. Proceedings of the National Academy of Sciences of the United States
of America. 113, E5062-E5071. 10.1073/pnas.1609157113.

Voss, J. D., Richardson, L. L., 2006. Nutrient enrichment enhances black band disease
progression in corals. Coral Reefs. 25, 569-576. 10.1007/s00338-006-0131-8.

Walsh, P. S., Metzger, D. A., Higuchi, R., 1991. Chelex-100 as a medium for simple
extraction of DNA for PCR-based typing from forensic material.
BioTechniques. 10, 506-513. 10.2144/000114018.

Ward, J., Lafferty, K., 2004. The elusive baseline of marine disease: Are diseases in
ocean  ecosystems  increasing?  Plos  Biology. 2,  542-547.
10.1371/journal.pbio.0020120.

Winnepenninckx, B., Backeljau, T., Dewachter, R., 1993. Extraction of high-
molecular-weight DNA from mollusks. Trends in Genetics. 9, 407-407.

Yu, L., Shi, Y., Xing, Z., Yan, G., 2021. Detection and correlation analysis of shellfish
pathogens in Dadeng Island, Xiamen. Environmental Science and Pollution
Research. 10.1007/s11356-021-15176-8.

252



Chapter 6

Zannella, C., Mosca, F., Mariani, F., Franci, G., Folliero, V., Galdiero, M., Tiscar, P.
G., Galdiero, M., 2017. Microbial diseases of bivalve mollusks: Infections,
immunology and antimicrobial defense. Marine Drugs. 15, 182.
10.3390/md15060182.

Zgouridou, A., Tripidaki, E., Giantsis, I. A., Theodorou, J. A., Kalaitzidou, M.,
Raitsos, D. E., Lattos, A., Mavropoulou, A., Sofianos, S., Karagiannis, D.,
Chaligiannis, 1., Anestis, A., Papadakis, N., Feidantsis, K., Mintza, D., Staikou,
A., Michaelidis, B., 2021. The current situation and potential effects of climate
change on the microbial load of marine bivalves of the Greek coastlines: an
integrative review. Environmental Microbiology. 10.1111/1462-2920.15765.

Zhang, X., Lin, H., Wang, X., Austin, B., 2018. Significance of Vibrio species in the
marine organic carbon cycle - A review. Science China-Earth Sciences. 61,
1357-1368. 10.1007/s11430-017-9229-x.

253



Chapter 6

Supplementary Material

Supplementary material Table S1: Overview of the 1-factor models explaining
Minchinia tapetis prevalence (modelled as pathogen presence/absence) in
Cerastoderma edule.

Akaike’s

Model Variable Estimate (B) + SE AlC AAIC .
weights (®)

Null Intercept -3.2817 +0.8075 176.0 1.2 0.208

1-Factor Intercept -3.4597 + 0.9664 174.8 0.0 0.371
Temperature (°C) -0.8953 + 0.6318

1-Factor Intercept -3.2884 + 0.8030 176.4 1.6 0.166
Dissolved O, (mmol/m?) 0.5163 + 0.4388

1-Factor Intercept -3.2651 + 0.7885 177.5 2.7 0.097
Nitrates (mmol/m?3) 0.2396 + 0.3546

1-Factor Intercept -3.3127 £ 0.8320 177.9 3.1 0.081
Salinity (PSU) 0.0831 +0.2611

1-Factor Intercept -3.3437 £ 0.9470 178.0 3.1 0.078
pH -0.1052 + 0.7029

The best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (o).
(*) Significantly different from Null Model (intercept-only) (p(x?) < 0.05).

Supplementary material Table S2: Overview of the 1-factor models explaining
Minchinia mercenariae-like prevalence (modelled as pathogen presence/absence) in
Cerastoderma edule.

Model Variable Estimate (B) £ SE AIC AAIC A,kaike,s
weights (®)

Null Intercept -1.640 = 0.667 341.7 11.9 0.0023

1-Factor Intercept -2.342 £1.693 329.8* 0.0 0.8836
Temperature (°C) 2.809 + 1.032

1-Factor  Intercept -2.056 +1.343 333.9% 4.2 0.1107
Dissolved O, (mmol/m?) -1.368 + 0.441

1-Factor  Intercept -1.7189 + 0.6254 342.3 125 0.0017
pH 0.5088 + 0.4189

1-Factor  Intercept -1.61592 * 0.65512 3435 13.7 <0.001
Salinity (PSU) -0.07635 £ 0.17029

1-Factor  Intercept -1.66115 + 0.69288 343.6 13.8 <0.001
Nitrates (mmol/m?) -0.09559 + 0.24437

The best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (®).
(*) Significantly different from Null Model (intercept-only) (p(x?) < 0.05).
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Supplementary material Table S3: Overview of the 1-factor models explaining Vibrio
spp., most likely V. splendidus, prevalence (modelled as pathogen presence/absence)
in Cerastoderma edule.

Model Variable Estimate (B) + SE  AIC  AAIC - kaike’s
weights (0)

Null Intercept -0.2406 + 0.4421 394.7 29.2 <0.001

1-Factor Intercept -0.1331 + 0.5181 365.5* 0.0 1
Nitrates (mmol/m?) 1.4580 + 0.3256

1-Factor Intercept -0.08517 £ 0.52312  382.8* 17.2 <0.001
Salinity (PSU) -0.63442 + 0.18206

1-Factor Intercept -0.07271 £ 0.51438 394.0 285 <0.001
pH -0.60553 + 0.39499

1-Factor Intercept -0.2076 + 0.4619 396.1 30.6 <0.001
Temperature (°C) 0.2643 £ 0.3328

1-Factor Intercept -0.2375 £ 0.4725 396.2 30.7 <0.001

Dissolved O, (mmol/m?)

0.2033 + 0.2996

The best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (o).
(*) Significantly different from Null Model (intercept-only) (p(y?) < 0.05).

Supplementary material Table S4: Overview of the 1-factor models explaining 2-

pathogen co-occurrence (modelled

Cerastoderma edule.

as pathogen co-occurrence presence/absence) in

Model  Variable Estimate (B) + SE AlC  Aalc  Akaike’s
weights (®)

Null Intercept -2.1336 £ 0.5938 260.9 21.2 <0.001

1-Factor Intercept -2.2468 = 0.5646 239.7* 0.0 0.977
Nitrates (mmol/m?) 1.5342 +0.4250

1-Factor  Intercept -2.1018 + 0.5848 247.2* 7.5 0.023
Salinity (PSU) -0.9909 + 0.3017

1-Factor  Intercept -2.1701 £ 0.4724 257.6* 17.9 <0.001
Dissolved O, (mmol/m?) 0.7580 + 0.3225

1-Factor  Intercept -2.1364 + 0.7707 261.6 22.0 <0.001
pH -0.6971 + 0.6305

1-Factor  Intercept -2.1247 + 0.5542 262.8 23.1 <0.001

Temperature (°C)

-0.1953 + 0.4996

The best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (o).
(*) Significantly different from Null Model (intercept-only) (p(x?) < 0.05).
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Key conclusions — overview:

»  The host-parasite interplay in Cerastoderma edule should be viewed as a
pathosystem defined by the reciprocal interaction between the host, the internal

pathogen/parasite community, and the external environment.

»  All the screened cockles in this study were identified as C. edule, with no

presence of lagoon cockle Cerastoderma glaucum or hybrids.

»  Species-specific PCRs were developed for the specific detection of two
significant haplosporidian species, Minchinia tapetis and Minchinia mercenariae-
like.

» A novel geographic range of Minchinia tapetis and M. mercenariae-like in C.

edule was detected along the Irish coastline in the Irish and Celtic Seas.

»  Biological and environmental factors played a key role in driving Minchinia

infections in C. edule spatially and temporally.

»  Co-occurrence of microbial assemblages within C. edule. Simultaneous
infections with haplosporidians and Vibrio spp. were described for the first time in C.
edule populations along the Irish coast. No microsporidian species nor OsHV-1 pVar

were detected.

»  Single infections with haplosporidian or Vibrio species were more common in

C. edule than coinfected individuals.

»  Coinfections with Haplosporidia and Vibrio in C. edule resulted because the
same risk factors, biotic and abiotic, shared by the two pathogens, increased the

probability of infection by both pathogen groups.

»  Minchinia tapetis and M. mercenariae-like in C. edule showed a positive two-

way association between both species regardless of sample time and sample site.
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»  ldentical strains of Vibrio splendidus were found in C. edule and, for the first
time, in shorebird faecal samples, thus, highlighting that C. edule ingestion and

mobility in seabirds play a role in the transmission and persistence of Vibrio species.

»  Our findings further support the role of the sediment as an environmental
reservoir for Vibrio, where the bacteria can find a favourable environment for

overwintering.

»  Haplosporidia transmission to shorebirds via C. edule ingestion was not
detected, nor the presence of Haplosporidia in sediment, providing new insight into

its capacity of persistence outside the host.

»  Minchinia tapetis and M. mercernariae-like as well as Vibrio spp., most likely
V. splendidus, and 2-pathogen co-occurrence in exploited and non-exploited C. edule

populations were reported on a wider geographic range across Ireland and Wales.

»  Environmental and anthropogenic stressors (high concentration of nitrates,
warm temperatures, low levels of dissolved oxygen, shipping and cockle dredging
activity) may have increased pathogen prevalence and affected host susceptibility,
shaping the observed spatial patterns of pathogen occurrence in C. edule populations.
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7.1. Cerastoderma edule as a pathosystem representative of the complexity of

host-pathogen interplay in the natural systems

The integration of the host-pathogen system within the environment as a
pathosystem provides a better understanding of the intricate interactions occurring and
affecting pathogen diversity, prevalence, transmission, and distribution, especially in
a changing marine environment. However, connections between the community
structure and the emergence, spread, and persistence of marine diseases are very rarely

made.

As far as could be ascertained during this study, the concept of the pathosystem
has never been associated with cockles. The wide range of infectious agents occurring
in C. edule, their host-parasite interactions and their impact on non-host populations,
as well as the environmental influence shape a complex ecosystem. Accordingly, the
host-parasite interplay should be viewed as a pathosystem, i.e., an ecological
subsystem within an environment, which is defined by the reciprocal interaction
between the host, the parasite, and the environment (Sullivan et al., 2013). A better
understanding of this holistic pathosystem approach may shed light on how parasites
and pathogens affect directly and indirectly host individuals and population health and
dynamics, and, in turn, how to influence the community structure. In that sense, C.
edule can serve as an ideal model to highlight the activity of agents causing
emerging/novel infectious diseases in fluctuating environments and investigate the
role of environmental stress on host-pathogen interplay. C. edule is also an ecosystem
engineer which provides regulating ecosystem services, such as bioturbation, nutrient
recycling and carbon sequestration (Carss et al., 2020). The aforementioned regulating
services can be imperative in coastal and restoration studies, showing the wider
benefits of a better understanding of the C. edule pathosystem in order to keep a
healthy ecosystem that persists, and maintains vigour, organization and resilience to
change. The integrative approach taken in this thesis, in turn, might be extended to
other bivalve species and the problems facing those populations, which would have
important consequences for the sustainability of wild and cultured bivalve populations

and the function of nearshore ecosystems.
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7.2. Host-pathogen ecology using Cerastoderma edule as a model organism

Pathogens and micro-parasites in C. edule have had less attention compared to
macroparasites, due to their challenging detection (Burreson and Ford, 2004;
Hartikainen et al.,, 2014). Despite that, previous studies have highlighted the
importance of Phylum Haplosporidia in bivalve health studies (Burreson and Ford,
2004; Lynch et al., 2013; Lynch et al., 2014; Arzul and Carnegie, 2015; Ramilo et al.,
2018; Lynch et al., 2020).

In our study, a detailed examination of the microbial community with newly
developed species-specific primers revealed a novel geographic range of two
haplosporidian species, Minchinia tapetis and Minchinia mercenariae-like, in C.
edule along the Irish coastline in the Irish and Celtic Seas. These findings, thus, further
support the possibility that haplosporidian species have a greater geographic range
than originally documented. The characterisation of both Minchinia species in C.
edule is recent. M. tapetis was identified in C. edule for the first time in the
Netherlands (Engelsma et al., 2011) and, subsequently, in Wales (Elliott et al., 2012)
and Spain (Carballal et al., 2020), while M. mercenariae-like was recently detected in
C. edule in Spain (Ramilo et al., 2018) and, subsequently, in Ireland (Lynch et al.,
2020). Moreover, very little is known about the life cycle of Minchinia species. The
observation of spore-like stages in the connective tissues of C. edule in this study adds
evidence to the recent description of spores of M. mercenariae-like in Irish C. edule
(Lynch et al., 2020), which have not been observed either in the M. mercenariae-like
parasite (Ramilo et al. 2018) or in M. tapetis infecting C. edule in Galicia (NW Spain)
(Carballal et al., 2020). The new findings of spore-like stages, presumably the
transmission stage as seen in Haplosporidium nelsoni (Ford et al., 2018), in C. edule
and the availability of molecular diagnostics should encourage future investigations
into the Minchinia life cycle. A better understanding of the Minchinia life cycle will
provide a better comprehension of the pathogen transmission and, consequently, a
more accurate approach in the disease management in C. edule, but also in other hosts
such as clams. Future research should address if the pathogen must complete its life
cycle by producing spores, or if even in the absence of spore production, there
continues to be a quantity of infective particles sufficient to cause infections in host
individuals. In addition to the use of histopathology, further research on

haplosporidian life cycles could be addressed using a combination of molecular and

261



Chapter 7

experimental approaches. In the last years, there has been an increasing development
of molecular technology which provides exciting possibilities for the study of
microparasites, which historically have been difficult and costly to sample. These
molecular screening techniques have enabled high-throughput rapid-detection of
pathogens within molluscs (e.g., Romalde et al., 2014; Thompson et al., 2015).
However, there still are many haplosporidian species whose DNA sequence has not
been described yet, as supported by the finding of a potential non-identified
haplosporidian species in our study. Therefore, further research in the development of
more specific probes to identify novel/emergent haplosporidians will contribute to
determining the species diversity and their geographic distribution. The development
of specific PCRs will complement other available diagnostic methods such as generic
PCRs, histology, ISH, and immunochemistry.

Minchinia detection in C. edule also adds evidence to the potential infection of
these Minchinia species to other bivalve species (Engelsma et al., 2011; Elliott et al.,
2012; Ramilo et al., 2018; Lynch et al., 2020; Carballal et al., 2020), apart from clams,
their natural host (Navas et al. 1992; Villalba, et al. 1993; Azevedo, 2001; Ford et al.,
2009), which can have implications for the biosecurity and management of the bivalve
industry. The host-jumping from the natural host to another susceptible species, which
may not have the defences to defeat the infection, might increase the pathogen
dispersion and transmission, and, eventually, trigger host abundance declines and
population crashes. Given the current changing environment, the emergence of
infectious agents in hosts and/or areas that were not present before will probably
continue over the foreseeable future. Therefore, the identification of those
emergent/novel infectious agents should be a priority for providing an early warning
of potential emergence and outbreaks of previously non-problematic infectious

agents.

The knowledge of how the physical and biological processes can influence
Minchinia distribution is scarce, especially under environmental stress (de
Mountaudouin et al., 2021). Host condition was determined to have a key role in
shaping host-pathogen interactions in this study, with smaller and older C. edule being
more vulnerable to the infection. Likewise, environmental drivers (higher dissolved

oxygen, lower temperature, and lower salinity in seawater) may have affected both
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spatial and temporal patterns of haplosporidian infection in C. edule distribution.
Therefore, the Minchinia emergence may become more frequent over time under the
increasing environmental stress. Climate change, in fact, might be contributing to the
emergence, translocation and virulence of diseases, parasites and pathogens
(Callaway et al., 2012; Soon and Zheng, 2020; Zgouridou et al., 2021). Rapid changes
derived from climate change, such as warming in coastal regions and ocean
acidification, can boost marine pathogens that will impact the immune system of
bivalves and weaken their tolerance to extreme environmental conditions (Groner et
al., 2016; Turner et al., 2016; Cao et al., 2018; Avdelas et al., 2021). As a result of
physiological malfunction, mass mortalities and high losses in hatcheries as well as in
natural beds and spat are expected on a national and global scale (Groner et al., 2016;
Turner et al., 2016; Cao et al., 2018; Avdelas et al., 2021). Even though these
Minchinia species have never been associated with abnormal cockle mortality (de
Mountaudouin et al., 2021), M. tapetis infection has been associated with heavy
haemocytic infiltration around parasite foci in C. edule (Carballal et al., 2020). This
heavy inflammatory reaction could cause host damage and weakness, favouring other
pathological conditions (Carballal et al., 2020).

Additionally, diseases that are assumed to peak in a single season may follow
atypical infection patterns due to climatic change (Coen and Bishop, 2015) and, thus,
one-time sampling may miss critical periods. Enhanced longitudinal studies assessing
the occurrence of infectious diseases in various host populations, along with more
specific approaches that focus on the actual causative agents of these existing and
novel diseases, must be developed to detect both the frequency and range of disease
epizootics, especially on species that are bioindicators and ecosystem engineers, such
as C. edule. Future research, thus, should focus on long-term studies that consider
host-pathogen dynamics and interactions within the environment, as a pathosystem,
and assess the impact of the environmental stress on the functioning of wild and fished

bivalve populations.
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7.3. Pathogen community in Cerastoderma edule: diversity, interactions and

impacts in cockle health

This study gives an overview of the microbial community in C. edule, providing
evidence of the interactions occurring within the hosts. Simultaneous infections with
haplosporidians and Vibrio spp. were detected in wild and fished C. edule populations,
and a positive two-way association between M. tapetis and M. mercenariae-like was
statistically confirmed. Given the increasing emergence of infectious agents due to
climate change and anthropogenic disturbances (Coen and Bishop, 2015), it is
particularly important to consider the potential interactions between the different
agents within the host and the effects that may have on the bivalve populations. Even
though it is well-known that C. edule can be the host of multiple pathogens and micro-
parasites (Longshaw and Malham, 2013), the causes of coinfection and the
interactions between those infectious agents have been neglected. However, a better
understanding of the mechanisms underlying the interactions between the infectious
agents and the synergistic or antagonistic effects of simultaneous infections within the
host would be beneficial to ensure that biologically relevant decisions are made in
managing any wild and harvested cockle populations. Future research should address
how simultaneous infections can affect bivalve immunity and their susceptibility to
further infectious agents. Even though a pathogen might not be problematic on its
own, the immune suppression triggered by a primary infection could facilitate the
infection by another pathogen group. Therefore, the detrimental effect of simultaneous
infections on bivalve health needs to be addressed and considered in the management
of bivalve beds and stocks. Given the rising bivalve farming worldwide, further
studies on the microbiological quality of the product and bivalve immunity will
expand our understanding of their defence mechanisms, which will improve their
management from both a human health perspective and for reducing economic losses.
Similarities in the host environment or susceptibility can also cause correlations in the
risk of infection between two infectious agents, even though involved agents do not
interact biologically (Hellard et al., 2015; Vaumourin et al., 2015). As it was observed
in this study with the double infected individuals with Haplosporidia and Vibrio.
Consequently, future research should also focus on how the host condition and habitat

could facilitate simultaneous infections, and how parasite burdens that are considered
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harmless in favourable environmental conditions could become stressful harmful

agents in unfavourable environmental conditions.

Accordingly, future research should move from the study of one host-one
pathogen systems towards more complex systems considering the pathogen
community within the host and their relationship with the environment. Further
research to reveal the underlying mechanisms of the pathogen interactions within the
host and the role that host exposure and habitat play in it, is crucial in order to develop
a better understanding of the relationship between pathogen diversity, transmission

and disease.

7.4. Disease connectivity of pathogens associated with Cerastoderma edule in

mudflats

The previous pathological studies of marine bivalve molluscs have mainly
enhanced our understanding of how disease shapes marine molluscan ecology at the
population level but have seldom considered the impacts of disease at higher levels of
ecological organization. Nevertheless, hosts exist within diverse ecological
communities, and ecological interactions undoubtedly influence the transmission and
impact of aetiological agents (Dobson, 2004; Hall et al., 2007). Even though it is well-
known that infectious agents can be trophically transmitted via predator-prey
interactions (Coen and Bishop, 2015), the trophic transmission of microbial infections
in aquatic birds and their influence on disease dynamics and dissemination are
difficult to establish.

The findings of this study provided the first evidence of transmission of Vibrio
splendidus to shorebirds through consumption of infected C. edule. V. splendidus
detection in bird faeces further support the carrier role that migratory birds play in the
dissemination of Vibrio species, reported previously for other Vibrio species important
for human health, such as V. cholerae (Halpern et al., 2008; Rodriguez et al., 2010;
Fernandez-Delgado et al., 2016; Laviad-Shitrit et al., 2019), V. parahaemolyticus, V.
vulnificus and V. mimicus (Buck, 1990; Miyasaka et al., 2006; Fu et al., 2019). Future
research should examine the infection success this pathogen can have on shorebird

populations, or if on the contrary, Vibrio just pass through the digestive tract, being
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viable when excreted, which will determine the range of pathogen dispersal and
transmissibility. The use of both in vitro and in vivo models should be considered in
future studies to determine the impact of this pathogen on shorebirds at an individual
and a population level, as well as to identify those biological and environmental

factors that influence the expression of disease.

Environmental conditions are often directly linked to disease emergence,
persistence, and spread, and must be addressed to successfully prevent and control
disease (Friend et al., 2001; Harvell et al., 2002; Newman et al., 2007). Climate
warming may affect host-pathogen interactions by increasing pathogen development
rates, transmission, and the number of generations per year; relaxing overwintering
restrictions on pathogen life cycles; and modifying host susceptibility to infection
(Harvell et al., 2002). Accordingly, in our study, higher Vibrio prevalence in bird
faeces was observed preferentially during the warmer months. The high seawater
temperature is a key driver of the proliferation of Vibrio and, thus, ocean warming can
promote the proliferation and spread of vibrios and contribute to the ongoing range
expansions (Vezzulli et al., 2012; Vezzulli et al., 2013; Vezzulli et al., 2016).
Consequently, Vibrio species which currently are non-problematic for shorebird
populations can start more frequently being transmitted to shorebirds and become
challenging for the survival of susceptible individuals. In addition, the effect of the
environmental stress on the bird condition and their immune system can facilitate the
infection of vibrios, promoting long-distance pathogen dissemination. The increasing
dispersion of Vibrio by shorebirds might have severe consequences for areas where it
may be introduced. These introduced pathogens may spread to naive host populations
or other naive host species, and, eventually, they can become a threat to humans if
vibrios continue their trend of proliferation and spread to coastal areas, that people
depend on for food, recreation, and their well-being. Therefore, monitoring programs
for the prevalence and severity of wildlife diseases and their impacts must be
implemented for a wider range of natural systems in order to early detect and predict
changes and control outbreaks and population crashes. This will have implications for
aquatic bird health, but also for human health, as the aquatic birds may act as sentinels

for contamination of the marine ecosystems.

The higher occurrence of Vibrio spp. in sediment samples further supports the

role of the sediment as an environmental reservoir of Vibrio, from which the bacteria
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can emerge when environmental conditions became favourable (Vezzulli et al., 2009;
Vezzulli et al., 2015; Azandégbé et al., 2010). The increasing coastal development
and some of the fishing practices such as dredging or trawling can intensify the
sediment disturbance and, consequently, increase the pathogen transfer to the water
column and the probability of host contact with the infectious agents. Therefore, the
presence of vibrios in the physical environment (sediment and water column) should
also be monitored, as climate change and increasing anthropogenic disturbances may
promote new threats. Overall, the presence of pathogens in the sediment may have an
impact not only on C. edule but also on the entire infaunal community within the
sediment, which influence ecosystem services such as bioturbation, nutrient recycling

or carbon sequestration (Carss et al., 2020).

Many of the examples of how infectious agents modify the community structure
and even the whole ecosystems and their services have come from the study of
macroparasites. However, our knowledge remains largely scant for many molluscan
host-parasite systems in intertidal environments, in particular those involving
microparasites. The use of C. edule and its microbial community as a pathosystem
model, thus, may shed new light on the transmission of diseases in bivalve populations
and the critical role of passive carriers, reservoirs, and vector species in an ecological
context. The next step should be the examination of the role of plankton in the
dissemination of selected cockle pathogens, as this constitutes a major component of
cockle diets (Longshaw and Malham, 2013), in order to provide a complete picture of
the infection sources and the potential connectivity between them in the pathosystem
model C. edule.

Therefore, wildlife disease surveillance efforts from multiple ecological levels
of organization will need to be combined and analysed to obtain a better understanding
of the pathogen transmission through the trophic web and the impacts on the hosts and
ecosystems. Environmental conditions should be considered in wildlife monitoring in
order to develop better management and conservation strategies and minimise the risk
of pathogen dissemination, as well as provide a robust early warning system for larger-
scale marine perturbations. This knowledge will provide a more accurate overview of
the ecosystem health, which is crucial for an appropriate approach to conservation and

resource management.
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7.5. Spatial distribution of pathogens associated with Cerastoderma edule along

the Irish and Welsh coasts

Coastal marine environments are extremely vulnerable to change (Holt et al.,
2010) and the predicted alteration of coastal waters (warming, reduced salinity, etc.)
can impact the distribution, life history and physiological status of pathogens, hosts,
and vectors (Gallana et al., 2013; Rowley et al., 2014). Indeed, a faster emergence of
pathogen outbreaks, especially the thermopile species, is expected under climate
change (Zgouridou et al., 2021). Moreover, most bivalve species, growing mainly in
estuaries and coastal waters, are often exposed to polluted urban or agricultural
wastes, which may accelerate the increase of pathogen contamination, causing
infections in the majority of bivalve species (Moullec et al., 2019). Accordingly, this
study describes newly documented geographic ranges of Minchinia and Vibrio species
in exploited and non-exploited C. edule populations across Ireland and Wales, relating
their spatial patterns to high concentrations of nitrates, warm temperatures, and low
levels of dissolved oxygen, as well as to shipping and cockle dredging activity. Our
findings revealed the site-specific variability in the pathogen distributions and
emphasised the importance of site-specific monitoring, given the highly dynamic
nature of the intertidal environments. Better knowledge of the spatial patterns of those
pathogens at different scales may provide an early warning of the emergence and
outbreaks of previously non-problematic infectious agents which can now become a

threat under the current anthropogenic pressure.

Studies such as ours provide predicted scenarios that can facilitate pathogen
emergences and possible outbreaks under environmental stress and anthropogenic
disturbances. Given most coastal waters are typically affected by suites of
anthropogenic pollutants and inputs, it is often difficult to identify only one specific
cause of deteriorating health or disease outbreak (Harvell et al. 1999; Elliott et al.,
2012; Zgouridou et al., 2021). Future work should include assessing how habitat
degradation and pollutant inputs, often brought about by human activity, can facilitate
disease emergence and outbreaks, particularly among sentinel and bioindicator
species such as C. edule. The early detection of pathogen emergence in a bioindicator
species may alert of potential anthropogenic impacts promoting the infection and may
avoid further damage to the community.
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In the current context of climate change, increased ocean pollution and
intensifying aquaculture activities, the surveillance and mitigation of disease
emergence should be a priority. Improving surveillance requires fast, accurate
diagnosis, forecasting disease risk assessment and real-time monitoring of
environmental conditions promoting disease. Further development of molecular
techniques such as metagenomics, barcoding or next-generation sequencing will
improve the diagnosis and detection of microbial pathogens with a poorly understood
spatial distribution. Moreover, a diverse array of new remote sensing technologies has
been developed, including optical instrumentation on satellites, aircraft, moored and
floating systems, gliders and autonomous vehicles, that may measure environmental
variables as well as aspects of habitat structure and, in some cases, real-time data
streams. Those new technologies when accompanied by monitoring of disease,
provide powerful opportunities to assess relationships between environmental change
and disease outbreaks, at large spatial and temporal scales. The overarching aim
should be to provide region-wide adaptation strategies for the benefit of coastal
communities. Protecting coastal communities will not only be beneficial for the
species inhabiting there but also to the entire marine ecosystem since coastal

communities are responsible for key ecosystem services.

7.6. Future research questions

The pathological studies of cockles have been often overlooked compared with
other cultured bivalve species. Nevertheless, a species such as C. edule, growing and
being harvested in the wild, is particularly important in order to study how the current
fluctuating environmental conditions and the increasing anthropogenic stressors affect
the disease dynamics in the nearshore areas. Therefore, C. edule, as seen in this study,
may be a key bioindicator species for the early detection of emergent infectious
agents. Likewise, the concepts gained from the C. edule pathosystem might be applied
to other bivalve species and the changing environmental contexts forecasted in the

future.

In short, through this study, we highlight that the use of C. edule as a model

pathosystem provides crucial information on the host-pathogen interplay and its
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interaction with the environment. This study has raised new important questions
regarding the detrimental effect of emergent infectious agents in C. edule populations.
Future research, thus, should investigate further how emergent pathogens and their
interactions can affect C. edule health and trigger mortalities under environmental
stress. However, the studies with molluscs are often based on spatial and temporally
limited sampling and wide-ranging environmental conditions, thus, a horizon
scanning approach with longitudinal monitoring of emergent pathogens in wider
geographical areas should be considered in the future. Likewise, the sampling design
and the need for replication at finer scales are fundamental for parasitological studies,
given the high natural variation in the prevalence of infection at a finer scale. Natural
variation in the presence and prevalence of multiple pathogens can be expected at the
microscale sampling frame within the bivalve beds. Therefore, a clustering sampling
design that considers several random clusters within the same sample site would give
a more accurate view of the natural variability of the multiple pathogen groups present
in a specific site. Replicated multi-cluster on each sample site will give information
in terms of intra-cluster correlation coefficient and the between-cluster variance.
Along with descriptive studies generating hypotheses about the biotic and
environmental controlling factors that may lead to disease outbreaks and mass-
mortality events, experimental pathology studies should be conducted to establish the
causation of mortality. Overall, the limited number of experiments examining cause-
effect relationships between disease and ecological change at larger spatial scales and

different levels of ecological organization remains a major research gap.

This thesis provides insight into the role of infectious agents as essential
components of the ecosystems, but there are still many gaps in the knowledge of the
underlying mechanisms driving the host-pathogen systems. Hence, a better
understanding of the infectious agents as an integral part of the pathosystems and their
influence on the assembly, functioning and stability of communities and ecosystems

is required.
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ARTICLE INFO ABSTRACT

Keywords: The Phylum Haplosporidia consists of four genera (Minchinia, Haplosporidium, Urosporidium and Bonamia)
Cockle health that are endoparasitic protists of a wide range of marine invertebrates including commercial bivalve species.
Héplofpf)ridia Characterization of haplosporidian species remains a challenge due to their patchy spatial and temporal dis-
I(\J/[c;:f}:elcr;;in tributions, host-restricted occurrence, and poorly known life cycles. However, they are commonly associated

with significant mortality events in bivalves. Due to the recent sporadic mortality events that have occurred in
cockles in Europe, the objectives of this study were to determine the diversity, distribution and seasonality of
haplosporidian species in Cerastoderma edule populations at several Irish sites. The role of abiotic (temperature,
salinity and dissolved oxygen in water) and biotic (cockle size and age) factors as drivers or inhibitors of hap-
losporidian infection were also assessed. Cockles (n = 998) from the intertidal were sampled from April/July
2018 to April 2019 at three sites with no commercial fishing activity on the south coast (Celtic Sea) and one site
on the northeast coast (Irish Sea) with an active commercial fishery. Screening of the cockles by molecular
techniques (PCR, Sanger sequencing) and by histopathology was carried out. Two species were identified and
confirmed in Irish C. edule for the first time, Minchinia mercenariae -like (14.8%) and Minchinia tapetis
(29.6%). Similar to other haplosporidian parasites, the Minchinia spp. detected in our study were present year-
round at all sites, except for M. tapetis in Youghal Bay (Celtic Sea). Coinfection of both Minchinia species was
only observed in Cork Harbour (Celtic Sea) and Dundalk Bay (Irish Sea), where Minchinia spp. showed a higher
presence compared to Youghal Bay and Dungarvan Harbour (Celtic Sea). Moreover, haplosporidians detected
with generic primers, were present at all of the sample sites throughout the year but had a higher occurrence
during the winter months and were positively correlated with dissolved oxygen. Likewise, smaller and older
C.edule seemed to be more vulnerable to the haplosporidian infection. Furthermore, haplosporidian distribution
displayed spatial variability between and within sample sites, with the highest presence being observed in
cockles at one of the commercially fished Dundalk beds, while the lowest presence was observed in cockles at the
second Dundalk bed that was more influenced by freshwater runoff when the tide was out. Findings from this
study provide additional information on the distribution and seasonal presence of novel haplosporidian species
and their potential abiotic and biotic drivers/inhibitors of infection.

Ecological drivers

1. Introduction seabirds, etc. (Magalhaes et al. 2017). They are also good sentinel and
bioindicator species (Malham et al., 2012), and are commercially
exploited with a high economic value (Rowley et al., 2014). There are
two European cockle species that are morphologically similar and that

sometimes coexist (Malham et al. 2012). The edible cockle Cer-

Cockles (family Cardiidae), including the common cockle
Cerastoderma edule, are bivalves that occur intertidally and subtidally in
estuaries and sandy bays around the European coastline (Malham et al.

2012, Longshaw and Malham, 2013). In general, cockles have been
well-studied and there is evidence that they are responsible for different
ecosystem services, i.e. carbon storage, energy cycling, food source for
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astoderma edule (Linnaeus, 1758) is one of the most common infaunal
bivalve species in more northern European soft-sediment coastal waters
and is commonly found on Irish coasts (Fermer et al. 2011, Morgan
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et al. 2012). The lagoon cockle Cerastoderma glaucum (Poiret, 1789), is
considered a more southern European species, coexisting with C. edule
in several localities of Portugal, France, UK and NW Spain (Malham
et al. 2012; Carballal et al. 2016).

Cockles are hosts to a wide range of parasites, pathogens and
commensals, directly affecting individual cockle health and cockle po-
pulation dynamics (Longshaw and Malham, 2013). Cockles may be host
to multiple macro-parasite infections, particularly trematodes (de
Montaudouin et al., 2000), but may also be infected by a range of
micro-parasites including protists (Coen and Bishop, 2015). One pro-
tistan pathogen group that cockles are susceptible to are the Haplos-
poridia, which are widespread and cause significant losses (Longshaw
and Malham, 2013). At present there are thirty-six recognised species in
the phylum Haplosporidia belonging to four genera, Urosporidium
parasitizing trematodes or turbellaria infecting clams, cockles, oysters,
and swimming crabs (Perkins, 1979; Carballal et al., 2005), Minchinia
parasitizing clams, mussels and cockles (Azevedo, 2001; Ford et al.,
2009; Lynch et al., 2014; Ramilo et al. 2018; Lynch et al., 2019),
Haplosporidium being major pathogens of concern in oysters (Burreson
and Ford, 2004) but have also been detected in cockles (Azevedo et al.,
2003; Engelsma et al., 2011), and Bonamia in also being serious pa-
thogens of oysters (Culloty and Mulcahy, 1996; Engelsma et al., 2014).
Characterising the diversity and distribution of these parasites remains
a challenge due to their patchy spatial and temporal distributions, host-
restricted occurrence, and poorly known life cycles (Hartikainen et al.,
2014). Detection of haplosporidian taxa is hindered by the use of
broadly targeted molecular probes that are unsuitable for the highly
divergent genes that characterise parasite groups (Burreson and Ford,
2004; Hartikainen et al., 2014). Despite that, numerous novel haplos-
poridians continue to be reported, although not specifically identified,
from many different invertebrate hosts and habitats, highlighting the
possibility that the geographic range of haplosporidian species is sig-
nificantly greater than originally documented (Burreson and Ford,
2004; Lynch et al., 2013; Lynch et al., 2014; Arzul and Carnegie, 2015;
Ramilo et al., 2018; Lynch et al., 2019).

A number of studies have reported the detection of Minchinia spp. in
cockles although several clam species have been described as their
natural hosts. Minchinia mercenariae was first described in the hard clam
Mercenaria mercenaria along the eastern United States coastline (Ford
et al.,, 2009). Minchinia tapetis was reported in clams such as the
grooved carpet clam/Palourde clam Ruditapes decussatus, the pullet
carpet clam Venerupis corrugata and the banded carpet clam Polititapes
rhomboides from Galicia, NW Spain (Villalba, et al. 1993) and in R.
decussatus and golden carpet clam Polititapes aureus from Huelva coast,
SW Spain (Navas et al. 1992); as well as in R. decussatus from Portugal
(Azevedo, 2001). Minchinia mercenariae and Minchinia tapetis have been
reported to cause infections in cockles Cerastoderma edule in Nether-
lands and UK, where it was implicated as the cause of host population
crashes (Engelsma et al., 2011; Longshaw and Malham, 2013). A Min-
chinia mercenariae-like parasite was recently detected for the first time
in Cerastoderma edule on the east and south coasts of Ireland (Lynch
et al., 2019) and in C. edule in Spain (Ramilo et al. 2018).

The immune-competence relationship between parasite and host is
influenced by environmental conditions and stressors, which may
compromise the immune response and the balance in host-pathogen
interactions, causing disease or even mortality if the host resistance is
overcome (Selakovic et al. 2014). Environmental conditions potentially
influence disease processes through differential effects on pathogens
and hosts (Lafferty and Holt, 2003). Moreover, parasites may reduce the
tolerance threshold of host organisms to extreme environmental con-
ditions such as oxygen depletion, extreme temperatures and salinity
fluctuations (Longshaw and Malham, 2013). Consequently, parasite
burdens that are considered harmless in favourable environmental
conditions could become stressful harmful agents in unfavourable en-
vironmental conditions (Longshaw and Malham, 2013).

For host-parasite systems in estuarine and marine environments,
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abiotic factors (e.g., temperature, salinity, dissolved oxygen, etc.) are
particularly critical in shaping the host-parasite interactions (Coen and
Bishop, 2015). Temperature is one of the most important factors de-
termining physiological processes, ecological patterns and the limits on
the geographic distribution of bivalves (Verdelhos et al., 2015a).
Thermal stress is, therefore, a critical environmental impacting factor,
especially in intertidal habitats more exposed to temperature changes
(Helmuth et al., 2010). Salinity is a major factor impacting estuarine
bivalves, which are often exposed to short-term (tidal) and long-term
(rain periods) changes in salinity, promoting a physiologically stressful
environment, especially in cases of abrupt salinity changes (Verdelhos
et al., 2015b). Hypoxia or low dissolved oxygen is also a persistent
problem in estuaries and nearshore coastal ecosystems (Breitburg et al.,
2015). Low dissolved oxygen stress can lead to increased susceptibility
to disease (Breitburg et al., 2015) and, consequently, to sublethal and
lethal effects on many species, including molluscs (Stickle et al., 1989).
Variation in the physical environment may therefore alter the host-
pathogen interactions and affect both spatial and temporal patterns of
economically and ecologically important species and the severity of
epizootics (Breitburg et al., 2015).

Besides climatic stressors, biotic factors may also have a key role in
shaping host-parasite interactions. Former authors have demonstrated
that age can affect organism response to stress (Taskinen and Saarinen,
1999; Renault and Novoa, 2004; Clark et al., 2013). Moreover, older
hosts are more likely to accumulate disease-causing pathogen agents
over time, as the duration of exposure to parasites is longer than in
younger hosts (Lafferty and Kuris, 2009). Likewise, the infection suc-
cess is likely to be higher in a population of larger cockles due to a
much larger filtration capacity and, consequently, higher intake rate of
parasites (Mouritsen et al., 2003). These findings highlight the need to
consider biotic factors (size and age class) as potential drivers or in-
hibitors of infection.

The objectives of this study were to determine (i) the diversity, (ii)
spatial distribution and (iii) seasonality of haplosporidian species in
Irish Cerastoderma edule populations along the coastline of the Irish and
Celtic Seas and to better understand (iv) the abiotic (seawater tem-
perature, salinity and dissolved oxygen in water) and biotic (cockle
body size and age) drivers or inhibitors of infection. We hypothesise
that the expression of haplosporidian disease is driven by biological and
environmental factors and, therefore, varies spatial and seasonally
along Irish coasts. Our study extended the understanding of how the
physical environment, as well as the host susceptibility, can modulate
disease processes in aquatic environments by linking spatial patterns
and seasonality of parasite occurrence to relevant environmental
parameters (temperature, salinity and dissolved oxygen in water) and
biotic factors (cockle size and age).

2. Material and methods

2.1. Sampling

Cockles were sampled (from April/July 2018 to April 2019) within
the commercial fishery at Dundalk Bay (Annagassan and Cooley) on the
northeast coast (Irish Sea) and from Dungarvan Harbour, Youghal Bay
and Cork Harbour (Ringaskiddy and Cuskinny) on the south coast
(Celtic Sea) of Ireland where there is no commercial fishing activity
(Fig. 1, Table 1). The six locations are Special Protection Areas (SPAs)
under the E.U. Birds and Habitats Directives, providing good quality
feeding areas and roost sites for an excellent diversity of waterfowl
species (www.npws.ie/protected-sites/spa).

Cockles of all available sizes were collected by hand raking from the
intertidal area of each site at spring tide (0.5-1 m) and at monthly in-
tervals from April/July 2018 to April 2019. The sample size was de-
pendant on the available abundance at each site and season (Table 2).
The cockles were collected from the surface and within the sediment at
relatively shallow depths (< 15cm), hence a differentiation was not
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Fig. 1. Map of Ireland highlighting the cockle sample sites and the mean haplosporidian presence and absence (%) at each sample site (Ringaskiddy and Cuskinny in
Cork Harbour; Youghal Bay; Dungarvan Harbour; Annagassan, and Cooley in Dundalk Bay).

considered between them. Cockles were kept at ambient temperature
during the fieldwork and, once back at the laboratory, were processed
either on the same day or were held overnight at 4 °C and were pro-
cessed the next day.

2.2. Sample processing and diagnostic methods

2.2.1. Morphometrics

Measurements included (A) cockle body size (height, length and
width (mm)) that were recorded using Vernier callipers, as well as (B)
the wet weight (g) of each individual, after drying the excess of water
from the shell, using an electronic balance scale. The (C) cockle’s age
was determined by counting the annual winter growth rings. For ver-
ification and validation purposes, the number of growth rings was
confirmed by a second researcher, as it is recognised that variations in

growth during the same year lead to the possible formation of extra
stria (de Montaudouin, 1996).

2.2.2. Histology

A transverse section of each cockle, including the digestive gland,
gonads, gills and mantle tissues, was excised, as well as a section of the
hinge ligament and a section of the tip of the foot for histological ex-
amination. The three sections were placed in a labelled histocassette
and were preserved in Davidson’s fixative for 48 h (Shaw and Battle,
1957) prior to processing. Paraffin-embedded tissue blocks were sec-
tioned at 5 um and stained using haematoxylin and eosin (Howard and
Smith, 1983). Tissue slides were screened at a magnification of 40x and
under oil at 100x for visualisation of the parasite.

Sample site description (www.npws.ie/protected-sites/spa) including water quality rating (EPA, 2017) and anthropogenic activities.

Trophic status

Description

Table 1
Sites Coordinates
Covrk Harbour Ringaskiddy 51°49'52.11”"N
8°17’56.64"W
Cuskinny 51°51729.94”N

8°15749.50"W
51°5718.52"N
7°50’3.51"W
52° 3'52.38"N
7°3610.37"W

Youghal Bay

Dungarvan Harbour

Dundalk Bay Annagassan ~ 53°52’52.30"N
6°207.77"W
Cooley 54° 0'16.84"N

6°1743.17"W

Unpolluted

Intermediate polluted
Unpolluted
Unpolluted

Intermediate
polluted

A large, sheltered bay system, with several river estuaries and intertidal mudflats.

Ringaskiddy is located near to an important industrial area and is a busy ferry/shipping terminal;
Cuskinny is a Marsh Nature Reserve supporting an array of habitats within a relatively small area, for a
diverse community of wildlife.

A moderately-sized, sheltered south-facing estuary, with intertidal sediments, mostly consisting of mud
or sandy mud.

A marine habitat with the inner bay being extremely sheltered and with extensive mud and sand flats.
Extensive farming of Pacific oysters Crassostrea gigas in this bay.

An open shallow bay with extensive salt marshes and intertidal sand and mudflats. The main cockle
fishery in Ireland (Fahy et al. 2005).

Annagassan and Cooley are oppositely located, with Cooley mainly affected by freshwater runoff from
Castletown River and Flurry River due to its proximity.
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Table 2
Sample sites, dates and number of collected cockles.
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Sampling dates Cork Harbour - Ringaskiddy Cork Harbour —Cuskinny

Youghal Bay

Dungarvan Harbour Dundalk Bay- Annagassan Dundalk Bay- Cooley

April 2018 23 28 -
June 2018 19 57 -
July 2018 - - 11
August 2018 12 27 -
October 2018 22 30 -
November 2018 - - 16
December 2018 9 6 -
February 2019 15 23 30
April 2019 30 30 12
Totals 130 201 69

51 60 58
- 39 31
- 30 30
58 - -

- 31 30
30 30 30
30 30 30
169 220 209

(=) No samples.

2.2.3. Molecular techniques for cockle species
haplosporidian species screening

A small piece of gill tissue (2-5 mm? of tissue) from each cockle was
taken and stored at —20°C for molecular assays, to determine the
cockle species and to screen for haplosporidian species. Genomic DNA
from the cockle gill tissue was extracted using the chelex-100 extraction
method (Walsh et al., 1991; Lynch et al., 2008).

To determine the cockle species present, PCR was carried out to
amplify the nuclear DNA markers ITS-for / ITS Ce-R / ITS Cg-R to
differentiate between the presence of Cerastoderma edule, Cerastoderma
glaucum species or hybrids (Freire et al. 2011). Amplification was
conducted in 20 pl of the reaction mixture containing 4 pl of 5x green
buffer, 4 ul of dNTPs (1.25 mM), 0.2 pl of each primer (ITS-for / ITS Ce-
R / ITS Cg-R, Table 3), 0.1 pl of GoTaq polymerases, 10.3 pl of ddH,0
and 1 pl of total genomic DNA under the following conditions: 95 °C for
3 min (1 cycle), 95°C for 30s, 56 °C for 30s, 72 °C for 30 s (35 cycles)
and 72 °C for 5 min. Electrophoresis of the amplification products was
conducted in a 2% agarose gel. The expected amplified product (am-
plicon) size for C. edule was 190 bp, and for C. glaucum 470 bp and both
bands would occur simultaneously in hybrids (Freire et al. 2011).

PCR screening for haplosporidian detection in cockle DNA
(n = 998) was carried out using generic haplosporidian HAP-F1 and
HAP-R3 primers that amplify small regions of the SSU rDNA of most
haplosporidians (Renault et al., 2000; Molloy et al., 2012, Table 3). The
amplification was conducted in 20 pl of the reaction mixture containing
4 ul of 5x green buffer, 4 pl of ANTPs (1.25mM), 0.4 ul of each primer
(Table 3), 0.2 pl of GoTaq polymerases, 10 pl of ddH,O and 1 pl of total
genomic DNA. The reaction mixtures were cycled in a thermal cycler
with an initial cycle of 95 °C for 3 min, 35 cycles at 95 °C for 30's, 48 °C
for 30s, and 72°C for 30s with final extension at 72°C for 5min.
Electrophoresis of the amplification products was conducted in a 2%
agarose gel.

identification and

Table 3

2.2.4. Primer design and optimisation of specific PCRs for Minchinia tapetis
and Minchinia mercenariae-like

Direct sequencing was carried out on representative PCR products
amplified using generic haplosporidian HAP-F1 and HAP-R3 primers
(Renault et al., 2000; Molloy et al., 2012) to identify the species present
in the samples. Genomic DNA from three selected individuals from each
sample site (n = 18) was isolated and purified using the QIAquick Gel
Extraction Kit (QIAgen) prior to direct sequencing. Both the forward
and reverse strands of DNA samples were sequenced commercially by
Eurofins Genomics (Germany).

The genomic DNA sequences obtained from the sequenced samples
were analysed by BLAST (Basic Local Alignment Search Tool) and were
aligned by Clustal Omega (Multiple Sequence Alignment) along with
the sequences deposited in GenBank (NCBI) for both identified species,
Minchinia tapetis (KF208603.1, Hartikainen et al., 2014) and Minchinia
mercenariae (FJ518816.1, Ford et al., 2009), to distinguish regions of
the primary sequence unique to each of the identified species, which
would be good candidates for specific PCR primers. Subsequently,
Primer3Web version 4.1.0 and OligoCalc 2007 (Oligonucleotide Prop-
erties Calculator) were used to design the suitable specific PCR primers
based on those regions. Each of the candidate forward and reverse PCR
primers (Table 3) were tested in the appropriate pairings and in sepa-
rate PCR reactions with genomic DNA from Cerastoderma edule that
were positive with the HAP-F1/HAP-R3 primers (n = 277) (Table 4).
Optimised reaction conditions in both PCRs were the same as described
above for the PCR using HAP-F1/HAP-R3 primers, except for the
quantity of each primer, that was 0.2 pl, and the annealing temperature
that was 60 °C. From all the PCR products amplified using each pair of
primers a random subsample (n = 12 from Minchinia tapetis PCR and
n = 12 from Minchinia mercenariae-like PCR) was selected to be purified
(by QIAquick Gel Extraction Kit) and sequenced commercially to con-
firm the species identity of the resulting outcomes and the validity of
our primers. In addition, a random subsample (n = 5) among the ne-
gative samples for Minchinia-specific screening was purified (by QIA-
quick Gel Extraction Kit) and sequenced commercially to detect the

Description of PCR primer pairs used, showing sequences for each forward and reverse primer and expected product size.

Primer sequence (5’-3")

Primer pair Forward Reverse Product size (bp) Primer specificity
ITS-for GTT TCC GTA GGT GAA CCT G AAG CAG CGA GAA GCC GTT C 190 Cerastoderma edule
ITS Ce-R
ITS-for GTT TCC GTA GGT GAA CCT G AAT TCG CCA TCG TCG G 470 Cerastoderma glaucum
ITS Cg-R
HAP-F1 GTT CTT TCW TGA TTC TAT GMA AKR HRT TCC TWG TTC AAG AYG A Variable Haplosporidia spp.
HAP-R3
TAP-For ATC TAA CTA GCT GTC GCT AACTCG T CTT TCA AGA TTA CCC GGC TCT GC 165 Minchinia tapetis
TAP-Rev
MER-For ATC TAA CTA GCT GTC ACT ATG GAA AA ACG CAC ATT AAA GAT TGC CCA GCT CTT T 170 Minchinia mercenariae-like

MER-Rev
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Table 4
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Number of PCR positive cases (positive individuals/screened individuals) for the screening of Haplosporidia spp. (HAP-F1/R3); Minchinia tapetis (TAP-For/Rev) and
Minchinia mercenariae-like (MER-For/Rev); and the number of coinfected individuals (positive individuals/screened individuals) at each sample site by season.

Sample site Pathogen identification Spring 2018 Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Totals
Cork Harbour - Ringaskiddy Haplosporidia spp. 9/42(21.4%) 5/12(41.7%) 17/31(54.8%)* 0/15(0%) 3/30(10%) 34/130
Minchinia tapetis 5/9(55.5%) 3/5(60%)* 8/17(47.1%) 0/0(0%) 1/3(33.3%) 17/34
Minchinia mercenariae-like 9/9(100%)* 0/5(0%) 2/17(11.8%) 0/0(0%) 1/3(33.3%) 12/34
Minchinia spp. coinfection 5/9(55.5%)* 0/5(0%) 1/17(5.9%) 0/0(0%) 1/3(33.3%) 7/34
Cork Harbour - Cuskinny Haplosporidia spp. 18/85(21.2%) 1/27(3.7%) 8/36(22.2%) 8/23(34.8%) 14/30(46.7%)* 49/201
Minchinia tapetis 4/18(22.2%) 0/1(0%) 3/8(37.5%)* 1/8(12.5%) 0/14(0%) 8/49
Minchinia mercenariae-like 5/18(27.8%) 0/1(0%) 3/8(37.5%)* 0/8(0%) 5/14(35.7%) 13/49
Minchinia spp. coinfection 2/18(11.1%) 0/1(0%) 2/8(25%)* 0/8(0%) 0/14(0%) 4/49
Youghal Bay Haplosporidia spp. - 1/11(9.1%) 2/16(12.5%) 17/30(56.7%)* 1/12(8.33%) 21/69
Minchinia tapetis - 0/1(0%) 0/2(0%) 0/17(0%) 0/1(0%) 0/21
Minchinia mercenariae-like - 0/1(0%) 2/2(100%)* 1/17(5.9%) 0/1(0%) 3/21
Minchinia spp. coinfection - 0/1(0%) 0/2(0%) 0/17(0%) 0/1(0%) 0/21
Dungarvan Harbour Haplosporidia spp. - 20/51(39.2%) 6/58(10.3%) 9/30(30%) 12/30(40%)* 47/169
Minchinia tapetis - 1/20(5%)* 0/6(0%) 0/9(0%) 0/12(0%) 1/47
Minchinia mercenariae-like - 0/20(0%) 0/6(0%) 0/9(0%) 3/12(25%)* 3/47
Minchinia spp. coinfection - 0/20(0%) 0/6(0%) 0/9(0%) 0/12(0%) 0/47
Dundalk Bay- Annagassan Haplosporidia spp. - 43/99(43.4%) 5/61(8.2%) 17/30(56.7%) 22/30(73.3%)* 87/220
Minchinia tapetis - 29/43(67.4%) 5/5(100%)* 0/17(0%) 0/22(0%) 34/87
Minchinia mercenariae-like - 3/43(6.9%)* 0/5(0%) 1/17(5.9%) 1/22(4.5%) 5/87
Minchinia spp. coinfection - 2/43(4.6%)* 0/5(0%) 0/17(0%) 0/22(0%) 2/87
Dundalk Bay- Cooley Haplosporidia spp. - 16/89(17.9%) 12/60(20%) 10/30(33.3%)* 1/30(3.3%) 39/209
Minchinia tapetis - 13/16(81.2%)* 9/12(75%) 0/10(0%) 0/1(0%) 22/39
Minchinia mercenariae-like - 4/16(25%) 0/12(0%) 0/10(0%) 1/1(100%)* 5/39
Minchinia spp. coinfection - 4/16(25%)* 0/12(0%) 0/10(0%) 0/1(0%) 4/39

(=) No samples.
(*) The highest parasite presence (%) for each site and season.

presence of other haplosporidian species occurring in the samples not
detected by the newly designed primers.

2.3. Environmental data

This study was conducted using E.U. Copernicus Marine Service
Information  (marine.copernicus.eu/services-portfolio/access-to-pro-
ducts). Three relevant environmental parameters critical in shaping
host-parasite interactions in estuarine and marine environments (Coen
and Bishop, 2015) were selected for this study: seawater temperature,
salinity and dissolved oxygen in water. Recorded data in seawater
temperature (°C), salinity (PSU) and dissolved oxygen (mmol/m>),
taken monthly at a depth of 0.5 m below sea level, were downloaded by
ArcGIS Desktop 10.5.1 Redlands, CA (Environmental Systems Research
Institute, 2017) throughout the duration of the study (from April 2018
to May 2019) from the different sample sites (coordinate-based) within
the Irish and Celtic Seas.

2.4. Statistical analysis

Statistical analysis was performed in R version 3.2.3. statistical
software. The haplosporidian occurrence (based on the generic hap-
losporidian PCR using HAP-F1/HAP-R3 primers) was modelled as
parasite presence/absence in each individual cockle and used as the
response variable in the subsequent analysis to examine the spatial and
seasonal variability and the effects of the biological and environmental
variables on the parasite distribution.

A Generalised Linear Mixed Model (GLMM), following binomial
distributions for presence/absence data (Ime4 package; Bates et al.,
2015), was conducted including our Sites and Seasons as fixed terms
and the Nested Sites as a random term (Full_Model), i.e. the sample sites
were nested in the different bays, as some of the sites are not totally
independent since they are in the same bay. Subsequently, a binomial
GLMM was performed considering only the Seasons as a fixed term and
the Nested Sites as a random term (Sites_Model) to determine how
much variability in parasite presence depended on spatial scale when
this model was compared to the Full Model. Likewise, a binomial

GLMM was conducted considering only the Sites as a fixed term and the
Nested Sites as a random term (Seasons_Model) to assess the seasonal
effect on haplosporidian presence when this model was compared to the
Full Model. Both reduced models were compared to the Full Model
using likelihood ratio tests following Chi-square distributions to de-
termine whether the presence of parasites observed were significantly
different (p(Chisq) < 0.05) among the sample sites and throughout the
year. Visual inspection of residual plots and model validation with each
above model revealed that the model assumptions were satisfied in all
the cases.

Collinearity between the different biotic and abiotic variables was
examined using non-parametric Kendall's Rank Correlation Tau (1),
displaying a strong correlation (t > 0.8) between the different cockle
size measurements taken (cockle wet weight, height, length and width).
Consequently, only cockle height was selected as a factor to be analysed
in the consecutive modelling. Moreover, all the explanatory variables
were standardized (x-mean/SD) to improve comparisons in the models.

Subsequently, a series of binomial GLMMs were conducted to in-
vestigate the relative importance of the biotic and abiotic factors in
determining the presence of host infections in the field. Each GLMM
included parasite presence/absence as the response variable, none (null
model) or a single explanatory variable (1-factor models) as the fixed
effect and Nested Sites as well as Seasons as random terms. Competing
models were compared based on the Akaike Information Criterion
(AIC), with an efficient model being one that explains a relatively large
amount of the variance in the response variable, using relatively few
independent variables to do so (MuMIn package; Barton, 2018). A
lower AIC value indicates a better fit of the model to the data, thus, the
models with the lowest AIC scores were selected as the best performing
driver models. Visual inspection of residual plots and model validation
with each above model revealed that the model assumptions were sa-
tisfied in all the cases.

Then, 2-factor models (binomial GLMMs) were produced with two
fixed effects -the top performing driver plus each of the other ex-
planatory variables in turn- also considering Nested Sites and Seasons
as random terms; and including an intercept-only model (null model)
against which every other model was compared. Again, the best
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performing models were chosen based on the lowest AICs and the for-
ward selection procedure was terminated at this point to avoid over-
fitting of the data (Goedknegt et al., 2019). Visual inspection of residual
plots and model validation with each above model revealed that the
model assumptions were satisfied in all the cases.

Model comparison (bbmle package, Bolker et al., 2009) was done
for the series of candidate models (1-factor models; 2-factor models;
and between the best fitting 1-factor and 2-factor models), ranking
them in order of plausibility based on their lowest AIC scores and
highest Akaike’s weights (w), i.e. the likelihood that the candidate
model is the best approximation, relative to all other models in the set
of models under consideration. Models considered to be statistically
plausible were selected based on AAIC (the difference in AIC values
between a candidate model and the best performing model with the
lowest AIC value) and were defined as those with AAIC values < 2 (i.e.
not statistically different from the best performing model with
AAIC = 0) (Thomas, 2017).

3. Results
3.1. Cockle speciation and identification of haplosporidian species

The cockle speciation PCR confirmed that all the individuals from
all sample sites were Cerastoderma edule. Overall, 27.7% (n = 277) of
all cockles screened (n = 998) by PCR were positive for haplosporidian
species throughout the year (Table 4).

Direct sequencing was carried out on representative PCR products
amplified using generic haplosporidian HAP-F1 and HAP-R3 primers
(Renault et al., 2000; Molloy et al., 2012) to identify the species present
in the samples. The sequencing revealed two Minchinia species: Min-
chinia tapetis and Minchinia mercenariae-like, as discussed below.

Two sequenced individuals from Ringaskiddy (n = 1) and Cuskinny
(n = 1), with a query length of approximately 300 bp, showed 96-99%
query coverage and 99.7-100% percent identity to Minchinia tapetis
deposited by Hartikainen et al. (2014) (KF208603.1), and 96-99%
query coverage and 98.7-99.1% percent identity to Minchinia tapetis
deposited by Reece et al. (2004) (AY449710.1). The tested sequences
showed less homology with Minchinia mercenariae-like sequences de-
posited in GenBank: < 92.3% (KY522823.1), < 92.6% (FJ518816.1).

Six sequenced individuals from Ringaskiddy (n = 1), Cuskinny
(n = 2), Youghal Bay (n = 2) and Annagassan (n = 1), with a query
length ranging between 248 and 318 bp, displayed 96-100% query
coverage and 96.7-98% percent identity to Minchinia mercenariae de-
posited by Ford et al. (2009) (FJ518816.1), and 96-100% query cov-
erage and 99-100% percent identity to Minchinia mercenariae-like de-
posited by Ramilo et al. (2018) (KY522823.1). The latter matches
exactly with the sequences found by Lynch et al. (2019). Only in one
sequence, the query coverage dropped to 75%, with a query length of
393 bp and a percent identity 97.3% to Minchinia mercenariae deposited
by Ford et al. (2009), and 99.3% to Minchinia mercenariae-like de-
posited by Ramilo et al. (2018). Moreover, the tested sequences showed
less homology with Minchinia tapetis sequences deposited in Gen-
Bank: < 91.8% (AY449710.1), < 92.5% (KF208603.1). However, it
was not possible to generate forward and reverse sequences that were
long enough to identify species in the rest of the sequenced samples
(n =10).

Based on the obtained sequences, two pairs of primers were devel-
oped to detect the presence of each species, since all the infected in-
dividuals could not be sequenced due to the high number of samples
that were positive for haplosporidians using the generic PCR (n = 277).
As validation, 24 samples were sequenced to confirm the suitability of
both pairs of newly designed primers. Using MER-For/MER-Rev pri-
mers (Table 3), 12 samples were sequenced - Ringaskiddy (n = 2),
Cuskinny (n = 2), Youghal (n = 2), Dungarvan (n = 1), Annagassan
(n = 3) and Cooley (n = 2) -, with a query length of approximately
170 bp, showing 87-91% query coverage and 96.1-99.3% percent
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identity to Minchinia mercenariae deposited by Ford et al. (2009)
(FJ518816.1), and 87-91% query coverage and 96.7-100% percent
identity to Minchinia mercenariae-like deposited by Ramilo et al. (2018)
(KY522823.1). The latter matches exactly with the sequences found by
Lynch et al. (2019). Furthermore, the obtained sequences showed less
homology with Minchinia tapetis sequences deposited in GenBank: <
92.9% (AY449710.1), < 92.9% (KF208603.1). Based on the percent
identity, the short length of the sequences and the low percentage of
query coverage in some sequences, the species found in our samples
was referred as Minchinia mercenariae-like, although the fragments
amplified were comprised in the sequence deposited by Ford et al.
(2009).

Likewise, using TAP-For/TAP-Rev primers (Table 3), 12 samples
were sequenced - Ringaskiddy (n = 5), Cuskinny (n = 1), Dungarvan
(n = 2), Annagassan (n = 3) and Cooley (n = 1) -, however, in the
samples from Annagassan (n = 3) and in one sample from Dungarvan
no significant similarity was found. The rest of samples, with a query
length of approximately 165 bp, showed 86-90% query coverage and
98.7-99.3% percent identity to Minchinia tapetis deposited by
Hartikainen et al. (2014) (KF208603.1), and 86-90% query coverage
and 97.9-98.7% percent identity to Minchinia tapetis deposited by Reece
et al. (2004) (AY449710.1). Only in one sequenced sample, the percent
identity dropped to 86.4% to Minchinia tapetis deposited by Hartikainen
et al. (2014) and 85.6% to Minchinia tapetis deposited by Reece et al.
(2004), with 80% query coverage and a query length of 165 bp, without
more matches present in GenBank. In general, the obtained sequences
showed less homology with Minchinia mercenariae-like sequences de-
posited in GenBank: < 92.4% (FJ518816.1), < 93.1% (KY522823.1).

Based on this screening (n = 277), Minchinia mercenariae-like was
present in 41 individuals (14.8%), and Minchinia tapetis was present in
82 individuals (29.6%), while 17 individuals (6.1%) displayed coin-
fection of both Minchinia spp. (Table 4). Nevertheless, 171 (61.7%) of
the tested samples that were positive in the generic haplosporidian PCR
did not amplify using the more specific PCR. Five of those samples were
commercially sequenced in addition to the samples previously se-
quenced, however, no significant similarity was found in GenBank.
Therefore, the 277 positive PCR cases were defined as Haplosporidia
spp. for statistical and analysis purposes.

The histological screening was used as a validation method of the
results from the molecular analysis. Haplosporidian infection was ob-
served in histological sections of 67 cockles out of a subsample of 70
samples that were positive for PCR. Mostly haplosporidian parasites
were observed as multinucleate plasmodia, multiple haplosporidia-like
sporonts and developing spores (Fig. 2; Lynch et al., 2019), and as
uninucleate cells stage in lower numbers. The haplosporidia-like spor-
onts were predominantly visualised in the infected individuals from
Ringaskiddy (Cork Harbour) throughout the year. The multinucleate
plasmodia and haplosporidia-like sporonts were mainly observed
throughout the connective tissue of gills and digestive gland, while the
developing spores were principally found in the mantle of infected
animals. Thirty histological sections screened out of the seventy were
positive cases for generic haplosporidian PCR but negative for specific
Minchinia PCRs. No obvious differences in host pathology (haplospor-
idian morphology, etc.) was observed between those individuals and
the individuals that were positive for Minchinia-specific PCRs, although
the strongest infected individuals observed (n = 9) were among the
ones positive for Minchinia-specific PCRs. Additionally, 10 histological
sections of samples that were negative for PCRs were screened and no
evident signal of infection was found on those.

3.2. Spatial variability in the haplosporidian presence

Haplosporidians were present at all the sample sites, however, dif-
ferences were observed between sites. Annagassan had the highest
mean presence (mean * SD; 36.5 + 34.8%), followed by Cuskinny
(31.9 = 24.3%), Dungarvan (29.7 = 13.9%), Ringaskiddy
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Fig. 2. a) Multiple haplosporidia-like sporonts in the connective tissues of Cerastoderma edule; and b) a large number of haplosporidian spores in the mantle tissue of

C. edule.
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Fig. 3. Haplosporidian distribution in cockles col-
lected at each sample sites (Ri: Ringaskiddy and Cu:
Cuskinny, nested sites in Cork Harbour; Fp:
Youghal Bay; Cun: Dungarvan Harbour; DKA:
Annagassan and DKC: Cooley, nested sites in
Dundalk Bay), combining the data from all the
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seasons. The boxplot compactly displays the dis-
tribution of the response variable - Haplosporidia
presence (%) -. The line in the box represents the
median. The lower and upper hinges correspond to

the 25th and 75th percentiles. The upper and lower
whiskers extend to the largest and smallest values,
respectively, no further than 1.5 * IQR (inter-
quartile range, i.e. distance between the first and

‘ third quartiles) from the hinge.
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(28.3 = 21.0%), Youghal (21.7 * 23.6%) and Cooley with the lowest
mean occurrence (17.3 = 17.1%) (Fig. 3). Based on the comparison
between models, the binomial GLMM considering the fixed effects of
spatial and seasonal variability (Full_ Model, AIC = 1154.2) had a better
fit than the binomial GLMM with only the seasonal variability included
as a fixed effect (Sites.Model, AIC = 1157.2), showing a significant
difference between models (p(Chisq) < 0.05) and, consequently, in-
dicating there was a significant spatial variability on the haplosporidian
distribution throughout the year.

3.3. Seasonal variability in the haplosporidian presence

Although haplosporidians infecting Cerastoderma edule were found
throughout the year, seasonality in haplosporidian infections was ob-
served, with the highest mean presence in winter 2018/19
(mean = SD; 35.3 + 21.1%), followed by spring 2019
(30.2 = 27.7%), autumn 2018 (26.3 = 23.8%), spring 2018
(25.0 = 18.4%), with summer 2018 (24,2 + 25.8%) having the

25 50 75

25 50 75

lowest mean presence (Fig. 4). The binomial GLMM considering the
fixed effects of spatial and seasonal variability (Full Model,
AIC = 1154.2) was compared to the binomial GLMM with only the
spatial variability included as a fixed effect (Seasons_Model,
AIC = 1169.8), showing a significant difference between models (p
(Chisq) < 0.001), i.e. the seasonality had a significant effect on
shaping the haplosporidian distribution through the sites.

3.4. Effects of abiotic and biotic factors on haplosporidian infection

Dundalk Bay displayed higher oxygen levels, lower water tem-
peratures and lower salinity values than the other sites, which exhibited
similar values of temperature and salinity, while the oxygen levels
were, on average, the lowest at both beds of Cork Harbour (Table 5). On
average, the largest cockles were found at Annagassan, Cooley and
Cuskinny, where the oldest cockles were found (Table 5). The smallest
cockles were recorded at Dungarvan Harbour corresponding with the
youngest cockles sampled (Table 5).
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Fig. 4. Haplosporidian distribution in cockles col-
lected from different seasons (spring 2018, summer
2018, autumn 2018, winter 2018/19, spring 2019),
combining the data from all the sample sites. The
boxplot compactly displays the distribution of the
response variable - Haplosporidia presence (%) -.
The line in the box represents the median. The
lower and upper hinges correspond to the 25th and
75th percentiles. The upper and lower whiskers
extend to the largest and smallest values, respec-
tively, no further than 1.5 * IQR (inter-quartile
range, i.e. distance between the first and third
quartiles) from the hinge.
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There was a clear seasonal variability of temperature and dissolved
oxygen in water, with the lowest mean water temperature
(85 + 1.1°C) and a high dissolved oxygen concentration
(292.0 + 13.8 mmol/m®) in winter, and the highest mean water tem-
peratures (15.5 + 1.2°C) and the lowest mean dissolved oxygen con-
centration (268.8 + 12.1 mmol/m®) in summer. While the salinity
remained fairly stable during the year, with the highest value in
summer (33.2 = 1.5 PSU) and the lowest in spring 2018 (31.9 = 1.7
PSU).

Cockle height measurements also showed a seasonal tendency. It
decreased progressively from spring 2018 (33.0 + 3.3 mm) to winter
2018/19, when the lowest mean height (25.3 + 3.6 mm) was re-
corded, and greater cockles were subsequently sampled in spring 2019
(28.4 = 3.2mm). In turn, cockle age showed the lowest values in
summer 2018 (2.5 * 0.7 growth rings) and winter 2018/19
(2.6 *= 0.7 growth rings).

Among the 1-factor models assessing the effects of abiotic and biotic
variables (Table 6), the one considering the dissolved oxygen in the
water as a fixed effect was the best fitting model (with the lowest
AIC = 1122.6). Consequently, dissolved oxygen was the best per-
forming driver explaining the haplosporidian distribution in the study.
Higher haplosporidian occurrence was observed at higher dissolved
oxygen concentrations. Neither of the other two environmental factors,
water temperature and salinity, came out as significant factors in de-
termining the haplosporidian distribution, having worse fits than the
null model (intercept-only model, Table 6). Nevertheless, lower tem-
perature and salinity values corresponded to higher parasite presence.

Cockle height was the second-best explanatory factor in de-
termining parasite presence based on the 1-factor models
(AIC = 1140.4; AAIC = 2, i.e. statistically less plausible than the best

Table 5

75

25 50 75

performing model) (Table 6). Lower haplosporidian presence was ob-
served in larger cockles. Likewise, the 1-factor model considering the
cockle age was significantly different from the null model (intercept-
only model, Table 6). However, the correspondent 1-factor model
showed higher AIC value (AIC = 1155.8, Table 6) than the model
considering cockle height, consequently, revealing a weaker inhibitory
effect on the parasite distribution than cockle height.

All the 2-factor models - with the top performing driver (oxygen)
plus each of the other explanatory variables in turn - showed a sig-
nificantly better goodness of fit than the null model (intercept-only
model, Table 7). However, the model with the best goodness of fit was
the one considering cockle height as a fixed factor (with the lowest
AIC = 1099.9). Therefore, cockle height was highlighted as the ex-
planatory biotic factor better determining parasite presence along with
the oxygen. Lastly, the 2-factor models with water temperature, salinity
and cockle age as fixed factors disclosed weaker effects on haplospor-
idian presence, being the one considering the temperature the second-
best performing model (AIC = 1104.4, AAIC = 2, i.e. statistically less
plausible than the best performing model) (Table 7).

A comparison between AIC values of the best fitting 1-factor
(Table 6) and 2-factor (Table 7) models revealed that, overall, the 2-
factor model with oxygen and cockle height as fixed factors was the
most plausible explanatory model defining the haplosporidian species
distribution in the study. The rest of the models were considered sta-
tistically different from the former one (AAIC = 2) and, consequently,
less plausible.

4. Discussion

For the first time, a comprehensive study assessing the temporal and

Mean =+ SD of abiotic (temperature, salinity and dissolved oxygen in water) and biotic factors (cockle height and cockle age) at each sample site.

Mean *= SD Cork Harbour — Ringaskiddy =~ Cork Harbour —Cuskinny ~ Youghal Bay Dungarvan Harbour =~ Dundalk Bay- Annagassan ~ Dundalk Bay- Cooley
0, (mmol/m?) 276.5 + 13.3 275.8 + 12.9 2829 + 13.4 2822 * 155 290.8 + 22.6 295.7 * 15.6
Temperature (°C) 11.8 = 2.6 119 = 2.6 119 =+ 29 119 = 2.7 11.1 = 3.7 11.0 = 3.5

Salinity (PSU) 335 * 0.8 33.6 = 0.7 339 £ 0.3 340 £ 05 30.3 £ 0.8 30.5 £ 0.7

Height (mm) 28.1 * 4.9 29.4 + 6.8 27.4 * 1.1 223 * 1.3 29.7 + 1.5 29.8 * 2.3

Age (growth rings) 2.9 = 0.7 3.7 £ 14 3.1 %= 0.6 1.8 £ 0.4 2.8 £ 0.7 3112




S. Albuixech-Marti, et al.

Table 6
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Overview of the 1-factor models explaining haplosporidian presence (modelled as parasite presence/absence) infecting edible cockles Cerastoderma edule.

Model Variable Estimate (f) = SE AIC AAIC Akaike’s weights (w)

Null Intercept -0.975 = 0.211 1162.9 40.3 < 0.001

1-Factor Intercept —1.111 = 0.251 1122.6* 0.0 1
Dissolved O, (mmol/m?) 0.700 * 0.136

1-Factor Intercept —1.010 = 0.221 1140.4* 17.8 < 0.001
Cockle height (mm) —0.420 + 0.086

1-Factor Intercept —0.983 + 0.208 1155.8* 33.1 < 0.001
Cockle age (growth rings) —0.254 = 0.086

1-Factor Intercept —0.960 + 0.231 1164.2 41.6 < 0.001
Temperature (°C) 0.116 = 0.148

1-Factor Intercept —-0.975 + 0.211 1164.9 42.3 < 0.001
Salinity (PSU) —0.002 = 0.128

Best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (w).

(*) Significantly different from Null Model (intercept-only).

spatial distribution of haplosporidian species in commercial and non-
commercial Cerastoderma edule populations at a new geographic range
in Ireland was carried out. These findings further support that the
Minchinia mercenariae-like haplosporidian and Minchinia tapetis infect C.
edule of all sizes and age groups in Europe (Carballal et al., 2001;
Villalba et al., 2001; Carballal et al., 2003; Engelsma et al., 2011;
Longshaw and Malham, 2013; Ramilo et al., 2018). Similar to other
haplosporidian species (Ford and Haskin, 1982; Burreson et al., 2004;
Engelsma et al., 2010; Lynch et al., 2014), the Minchinia spp. detected
in the study were present year-round at all sites, except for M. tapetis in
Youghal. Coinfection of both Minchinia species was only observed in
Cork Harbour and Dundalk Bay, where Minchinia spp. showed a higher
presence compared to Youghal Bay and Dungarvan Harbour (Celtic
Sea).

Certain samples that were deemed positive in the generic haplos-
poridian PCR did not amplify a product in the species-specific PCRs.
The discrepancy between the results from the generic haplosporidian
and Minchinia-specific screenings could indicate the presence of other
haplosporidian species in the samples. The absence of amplicons in the
Minchinia-specific screening could also be due to the low intensity of
infection observed in the cockles by histology. A low quantity of pa-
thogen DNA present in the mixed (host and pathogen DNA if present)
samples would reduce the probability of detecting the target Minchinia
DNA during PCR. It could also be attributed to gradual DNA degrada-
tion in the gill tissue samples due to the freeze thawing process.

Overall, more than a quarter of the Cerastoderma edule at the Irish
sample sites were positive for haplosporidians. Spatial variability was
observed between sites and even between cockle beds within the
commercial fishery (Annagassan and Cooley) at Dundalk and the
marine nature reserve and shipping port (Cuskinny and Ringaskiddy)

Table 7

within Cork Harbour.

Both cockle beds at Dundalk Bay displayed similar environmental
conditions and cockles there presented similar biotic characteristics,
but while Annagassan, exhibited, on average, the highest haplospor-
idian presence, Cooley was the sample site with the lowest haplospor-
idian presence. Although Cerastoderma edule at both Dundalk beds ex-
perienced the same mean salinity year-round when the tide was in, the
Cooley bed is located higher up the bay, is in close proximity to the
mouth of a river, and therefore experiences more freshwater runoff
when the tide is out compared to the Annagassan bed. Therefore, it was
hypothesised that salinity could have a potential effect in defining
haplosporidian distribution on that bay. It has long been known that
spring freshwater runoff is an important control of Haplosporidium
nelsoni in its host the eastern oyster Crassostrea virginica in North
America (Ford and Haskin, 1982; Burreson and Ford, 2004). Ford and
Haskin (1988) highlighted that reduced prevalence of H. nelsoni in C.
virginica held at a low salinity was probably due to a physiological in-
ability of the parasite to tolerate reduced salinity rather than an en-
hancement of host defence mechanisms. Flannery et al. (2014) ob-
served a lower prevalence of another haplosporidian, Bonamia ostreae,
in the European flat oyster Ostrea edulis on oyster beds located close to a
freshwater source at two different sample sites. These findings would
suggest that the haplosporidian species are limited by reduced salinity,
despite this was not highlighted as a relevant factor in our models.
Older and larger sized Cerastoderma edule were sampled at the Cooley
bed, which would indicate that low haplosporidian detection in Cooley
was not due to cockle mortality induced by the freshwater runoff, as
adult cockles are able to close their valves to reduce exposure to con-
ditions of unfavourable salinity that extend days to weeks (Coen and
Bishop, 2015), but more than likely an intolerance of the

Overview of the 2-factor models explaining haplosporidian presence (modelled as parasite presence/absence) infecting edible cockles Cerastoderma edule.

Model Variable Estimate (B) = SE AIC AAIC Akaike’s weights (w)

Null_Oxygen Intercept —1.111 + 0.251 1122.6 22.7 < 0.001
Dissolved O, (mmol/m®) 0.700 + 0.136

2-Factor Intercept —1.146 = 0.250 1099.9* 0.0 0.901
Dissolved O, (mmol/m®) 0.695 + 0.131
Cockle height (mm) —0.431 = 0.087

2-Factor Intercept —1.097 + 0.342 1104.4* 4.5 0.097
Dissolved O, (mmol/m®) 1.148 + 0.214
Temperature (°C) 0.752 = 0.202

2-Factor Intercept —-1.113 + 0.234 1113.8* 13.8 < 0.001
Dissolved O (mmol/m?) 0.689 = 0.141
Cockle age (growth rings) —0.287 = 0.089

2-Factor Intercept —1.232 + 0.291 1115.9* 15.9 < 0.001
Dissolved O, (mmol/m®) 0.882 + 0.164
Salinity (PSU) 0.541 + 0.223

Best model (in bold) was selected based on its lowest AIC scores and highest Akaike’s weights (w).

(*) Significantly different from Null Model (intercept-only).
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haplosporidians to low salinity. Continuous sampling at a time scale,
rather than punctual sampling, would be necessary, to definitively
confirm the role of salinity on parasite infection and transmission at a
population level.

At the two cockle beds within Cork Harbour, Cerastoderma edule at
Cuskinny Marsh Nature Reserve had a significantly higher overall
haplosporidian occurrence compared to C. edule at Ringaskiddy, con-
trary to what might be expected given the proximity of Ringaskiddy to
an industrial and shipping area. It is recognised that coastal develop-
ment and anthropogenic disturbances may unbalance the interplay
between infectious disease agents and their hosts in marine ecosystems
(Rowley et al. 2014; Coen and Bishop, 2015). The Cerastoderma edule
sample size at Cuskinny was greater than Ringaskiddy possibly in-
dicating a lower C. edule density or that a mortality event may have
occurred at that site. While the environmental conditions were similar
at both beds of Cork Harbour, the cockle size at Cuskinny was greater
than at Ringaskiddy, which is contrary to the fact that cockle height was
highlighted as a significant explanatory factor inhibiting the haplos-
poridian infection. Therefore, although cockle age was not stressed as a
key factor in our models, it has been inferred that the oldest cockles
sampled at Cuskinny were exposed for a longer period of time to the
haplosporidians, thus increasing their likelihood of becoming infected
and having a higher occurrence of this pathogen. It is well known that
older hosts have more time than younger hosts to accumulate disease-
causing pathogens (Lafferty and Kuris, 2009; Breitburg et al., 2015).

Seasonal variability was also confirmed, the highest peak of parasite
presence in winter was related to the higher dissolved oxygen con-
centration in the water (the best performing driver in our models);
conversely, in summer with the lowest mean dissolved oxygen con-
centration, the cockles showed the lowest mean parasite presence. It
would be expected that a lower dissolved oxygen environment would
be more stressful to Cerastoderma edule and would make them more
susceptible to pathogen infections. Emerging diseases have been pre-
viously linked to climate change and other anthropogenic stressors,
extreme temperatures and salinities, and low dissolved oxygen (e.g.,
Harvell et al., 1999; Harvell et al., 2002; Lafferty et al., 2004). Pro-
longed exposure to hypoxia has been shown to increase pathogen-re-
lated mortality and impair immune responses in a number of marine
and estuarine invertebrates (Robohm et al., 2005; Patterson et al.,
2014; Breitburg et al., 2015). As it has been observed in previous stu-
dies, when the temperature rises, oxygen levels decrease and metabolic
rates increase, suggesting that warming could lead to respiratory stress,
thus increasing organism’s susceptibility to disease (Lafferty et al.,
2004; Mackenzie et al., 2014). It was suggested that a possible ex-
planation of this positive relation between dissolved oxygen and hap-
losporidian infection in the study may be associated with an increased
water circulation/turbidity, therefore increasing the probability of host
contact with the pathogens. Nevertheless, further research must be
done in that sense to reach a clear conclusion.

Even if the seawater temperature was not defined in the 1-factor
models as an important factor determinant of the parasite distribution,
a higher parasite presence was observed in the cooler winter months.
Additionally, a higher overall haplosporidian presence was detected in
the cooler spring 2019 compared to spring 2018 in this study. Contrary
to our results, simulations using progressive cooling or warming con-
ditions made by Burreson and Ford (2004), under high salinity condi-
tions, indicated that low temperature conditions caused a dramatic
reduction in the prevalence of Haplosporidium nelsoni in Crassostrea
virginica. Conversely, a higher prevalence of Bonamia ostreae in Ostrea
edulis was associated with cooler spring temperatures over a thirty-year
study period in Ireland (Engelsma et al. 2010; Lynch et al., 2014). These
findings would suggest that a thermal tolerance range exists for hap-
losporidian species.

In addition, it was observed that the height of cockles sampled, the
second-best explanatory factor in determining parasite presence, also
showed a seasonal tendency, with the lowest mean height and the

10

Journal of Invertebrate Pathology 174 (2020) 107425

highest mean parasite presence recorded in winter, and greater cockles
subsequently sampled in spring 2019, corresponding with a decrease in
parasite occurrence. As it has been previously reported, the host size is a
relevant factor for the disease infection and transmission, it is com-
monly accepted that larger hosts, which typically eat more than their
smaller counterparts, have a greater probability of consuming parasites
while feeding (Mouritsen et al., 2003; Breitburg et al., 2015). The
greater reproductive output of larger/older individuals may, during
times of reproduction, cause a reduction in host condition and reduc-
tion of energy available for immunological defence, thereby rendering
them more susceptible to infections (Taskinen and Saarinen, 1999).
Nevertheless, the susceptibility of bivalves to viral and bacterial in-
fections is generally greater for smaller younger individuals than for
larger adults (Renault and Novoa, 2004), since larger/older bivalves
have had more time available to develop defence mechanisms com-
pared to their smaller/younger cohorts (Coen and Bishop 2015).

Findings from this study provide a better knowledge on novel
haplosporidian species and a better understanding of some of the biotic
and abiotic factors influencing haplosporidian species, particularly,
Minchinia spp. in commercially fished and wild Cerastoderma edule. Both
spatial and temporal variation indicated that site influence and seasonal
environmental parameters play a role in haplosporidian species dis-
tribution and possibly Cerastoderma edule tolerance to the haplospor-
idians. Spatial variability occurred within a bay and harbour in this
study, thus highlighting that localised site influences can have an im-
pact. In our study, haplosporidians appeared to have a tolerance range
for the environmental variables assessed (dissolved oxygen, tempera-
ture and salinity), which is typical of a diverse range of haplosporidian
parasites. All age groups and size classes of Cerastoderma edule were
associated with haplosporidians, although smaller and older cockles
seemed to be more vulnerable to the infection.

These results will contribute to an improved understanding of such
an important emergent pathogen in molluscs as Haplosporidia, its di-
versity, occurrence, seasonality, host and geographic distribution and
the potential drivers/inhibitors of emerging infectious diseases asso-
ciated with haplosporidian species in cultured and non-cultured
Cerastoderma edule populations.
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Abstract

Despite coinfections being recognized as the rule in animal populations, most studies focus
on single pathogen systems. Pathogen interaction networks and the drivers of such associa-
tions are lacking in disease ecology studies. Common cockle Cerastoderma edule populations
are exposed to a great diversity of pathogens, thus making them a good model system to
investigate. This study examined the diversity and prevalence of pathogens from different
taxonomic levels in wild and fished C. edule on the Irish coast. Potential interactions were
tested focussing on abiotic (seawater temperature and salinity) and biotic (cockle size and
age, and epiflora on shells) factors. No Microsporidia nor OsHV-1uVar were detected.
Single infections with Haplosporidia (37.7%) or Vibrio (25.3%) were more common than
two-pathogen coinfected individuals (9.5%), which may more easily succumb to infection.
Fished C. edule populations with high cockle densities were more exposed to infections.
Higher temperature and presence of epiflora on cockle shells promoted coinfection in warmer
months. Low seawater salinity, host condition and proximity to other infected host species
influenced coinfection distribution. A positive association between two Minchinia spp. was
observed, most likely due to their different pathogenic effect. Findings highlight the major
influence that ecological factors have on pathogen interactions and host-pathogen interplay.

Introduction

Animal hosts are exposed to complex pathogen assemblages that ultimately form a dynamic com-
munity within them (Johnson and Buller, 2011). However, research into host-pathogen interac-
tions remains dominated by the study of one host-one pathogen systems despite the fact that
hosts can simultaneously carry several infectious agents, with consequences for the dynamics
of each agent and host health. Coinfections have been previously reported in shellfish hosts:
including Vibrio tapetis, Perkinsus sp. and digenetic trematodes in cockles (Lassalle et al,
2007); ostreid herpesvirus-1 (OsHV-1) and Vibrio spp. in oysters (Petton et al, 2015; Alfaro
et al., 2019); and protozoans and bacteria in clams (Arzul et al, 2012; Carella et al., 2020);
and in some of the cases with a dramatic effect on disease susceptibility (Cox, 2001; Lassalle
et al., 2007; Arzul et al., 2012; Alfaro et al., 2019). Processes at different scales of ecological organ-
ization from the within-host level (e.g. interactions of coinfecting parasites) to the ecosystem level
(e.g. the influence of environmental variables) across space and over time have a key influence in
complex natural systems (Hellard et al., 2015). Therefore, moving from one host-one pathogen
systems towards an ecosystem view of host-pathogen interactions and their ecology is essential.

Detection of interspecific parasite/pathogen interactions in natural populations is not easy,
due to complex networks of indirect effects making it difficult to infer underlying processes
(Hellard et al., 2012). Interactions among coinfecting infectious agents can, in fact, alter
host pathology, parasite transmission and virulence evolution, also influencing the spread of
infections at a population level resulting in disease outbreaks, as described previously in
bivalves (Lassalle et al., 2007; Arzul et al., 2012; Alfaro et al., 2019). These effects can be
the opposite, i.e. coinfections within the host may reduce infection success yet still enhance
pathology or, in contrast, co-occurring parasites/pathogens may weaken host pathology
increasing the infection success (Johnson and Hoverman, 2012). For example, mortality
induced by one parasite can also eliminate the availability of hosts for other parasites (Jolles
et al., 2008); likewise, morbidity induced by one parasite can increase exposure to a second,
even if within-host interactions are antagonistic (Karvonen et al., 2009).

Simultaneous infections may therefore trigger a whole spectrum of outcomes within the
hosts, both synergistic and antagonistic, i.e. the weight of one or both infectious agents may
be suppressed (Fukami et al., 2010), one or both agents may be amplified resulting in coexist-
ence (Thomas et al., 1998), or one may be amplified and the other suppressed (Johnson and
Hoverman, 2012). Parasite/pathogen interactions can be not only direct, such as competition
for attachment sites, competition for host resources and predation upon one another (intra-
guild predation) (Hatcher et al., 2006, 2012; Johnson et al., 2010), but interactions can also
be indirect or host-mediated often involving changes in immunity such as cross-immunity
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(apparent competition) and immune suppression (apparent facili-
tation) (Jolles et al., 2008). For instance, Johnson and Hoverman
(2012) suggested cross-reactive immunity as a cause of a decrease
in parasite persistence in their experiments with a group of related
larval trematodes in Pacific chorus frogs (Pseudacris regilla).
Johansen and Sommer (2001) suggested that the immune sup-
pression triggered by a primary infection could be the cause of
multiple bacterial infections in Atlantic salmon (Salmo salar).

The co-occurrence of infectious agents may also result simply
because the same risk factors promote their presence and not
because the different pathogen groups are interacting synergistic-
ally (Vaumourin et al., 2015). Risk factors shared by two or more
infectious agents can occur at the level of the host individual (e.g.
host condition and age), population (e.g. host density) or land-
scape (e.g. climatic factors), increasing the probability of infection
by both/all agents (Hellard et al., 2015). Such confounding factors
may influence host exposure and/or host susceptibility promoting
simultaneous infections (Vaumourin et al., 2015). Environmental
parameters such as seawater temperature and salinity, host density
or host physiological conditions and behaviour are common con-
founding factors that may influence the co-occurrence of different
pathogen groups and the epidemiological and geographic patterns
of infection and disease (Hellard et al., 2012; Vaumourin et al.,
2015). Confounding factors must be considered in field studies
since those factors can create statistical associations between
infectious agents even if there is no true biological interaction
between them (Kuris and Lafferty, 1994).

Generalist host species, such as the common cockle
Cerastoderma edule, with wide spatial distributions, are exposed
to a large range of environmental conditions, and a greater diver-
sity of parasites and pathogens, and consequently are more likely
to be coinfected (Vaumourin et al., 2015; Mahony et al., 2020;
de Montaudouin et al., 2021), directly affecting individual cockle
health and cockle population dynamics (Longshaw and Malham,
2013). Cockles may be host to multiple macro-parasite infections,
particularly trematodes (de Montaudouin et al, 2010, 2021),
but may also be infected by a range of pathogens (Rowley et al.,
2014; de Montaudouin et al., 2021), providing a microcosm for
the parasite/pathogen community. Within this community,
there are haplosporidian protists such as the genus Minchinia
(Engelsma et al., 2011; Longshaw and Malham, 2013; Ramilo
et al, 2018; Lynch et al, 2020b; Albuixech-Marti et al., 2020;
de Montaudouin et al., 2021), numerous members of the bacterial
family Vibrio (Carballal et al, 2001; Lassalle et al, 2007; de
Montaudouin et al., 2021), viruses such as ostreid herpesvirus-1
microVar (OsHV-1 uVar) (Carballal et al, 2003; Evans et al.,
2017; Bookelaar et al., 2020; de Montaudouin et al., 2021) and
microsporidian species reported in digeneans and paramyxids
infecting cockle populations (Goater, 1993; Fermer et al., 2009,
2011; Villalba et al, 2014; de Montaudouin et al, 2021).
Cockles are a keystone species responsible for different ecosystem
services, i.e. carbon storage, energy cycling, food source for sea-
birds, etc., being also good sentinel and bioindicator species
(Malham et al., 2012; Carss et al., 2020). Moreover, the common
cockle is one of the main non-cultured bivalve species harvested
in western European waters, with a high economic value (Rowley
et al., 2014; Carss et al., 2020). Consequently, cockles have been
well-studied and are useful model species. Given the complex para-
site/pathogen assemblages within the cockles and their intricate
interactions and effects, a comprehensive and integrated approach
that considers not only the synergistic impact of coinfections but
also the role of ecological factors driving the infection across
space and over time is needed.

Future climate scenarios predict a warming marine environ-
ment and increased precipitation events resulting in pulse events
of reduced/fluctuating salinity in nearshore ecosystems (Allam
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and Raftos, 2015; Coen and Bishop, 2015). Consequently, climate
change may be expected to have a significant effect on disease
epidemiology (Coen and Bishop, 2015), and may even have sig-
nificant consequences on zoonoses emergence (Hoarau et al.,
2020). In this context, the need for the understanding of eco-
logical processes involved in the transmission and dynamics of
infectious agents in host reservoirs is critical (Hoarau et al.,
2020). This study, therefore, aims to assess the interactions
between infectious agents, their hosts and the environment.

For that purpose, this study examined the diversity and preva-
lence of significant pathogen groups, Haplosporidia, Vibrio spp.,
OsHV-1 uVar and Microsporidia, associated with bivalve mortal-
ities globally as well as coinfections and associations of the differ-
ent infectious agents at an individual and population level in wild
and fished C. edule along the Irish and Celtic Seas. The role of
abiotic (seawater temperature and salinity) and biotic (cockle
size and age, and epiflora on their shells) factors in the risk of
coinfection throughout the study was also assessed. Developing
knowledge on pathogen diversity and co-occurrence in an eco-
nomically and ecologically important species as is C. edule and
integrating the role of the environment in the host-pathogen
interplay is essential for a better understanding of the interaction
networks that can affect disease outcomes and transmissibility
in the current changing environment. Findings from this study
highlight the complexity of pathogen interactions within a host
and the effect of key biotic and environmental drivers shaping
disease dynamics, which can also be applied to other coinfected
animal host species.

Materials and methods
Sampling

Cockles were sampled from spring 2018 to spring 2019 at Cork
Harbour (Ringaskiddy and Cuskinny, #n =257) on the south coast
(Celtic Sea) of Ireland and from summer 2018 to spring 2019 at
Youghal Bay (n =69) and Dungarvan Harbour (n =169), with an
extensive farming of Pacific oysters (Crassostrea gigas), on the
south coast (Celtic Sea) of Ireland, where there is no commercial
fishing activity (Fig. 1). Additionally, 240 cockles were collected
from summer 2018 to spring 2019 at the commercial fishery at
Dundalk Bay (Annagassan and Cooley) on the northeast coast
(Irish Sea) of Ireland (Fig. 1). Dundalk Bay is a classified Bivalve
Mollusc Production Area and it has supported a commercial
dredge cockle (C. edule) fishery since 2001 (Hervas et al., 2008).

The four locations are bays with intertidal sand and mudflats,
where a variety of bivalves inhabit. Cerastoderma edule densities
in the selected sites vary from higher densities, 9.33 £3.5 ind
m~2 in Dundalk Bay (Shellfish Stocks and Fisheries Review,
Marine Institute and BIM, 2017) to lower densities in the no com-
mercial fishing sites: 1.6 2.1 ind m™ in Youghal Bay; 0.8 + 1.7
indm™ in Cork Harbour; and 0.4+ 1.3 indm™ in Dungarvan
Harbour (Fermer et al., 2011). Cockle mortalities associated with
disseminated neoplasia have been previously reported in Cork
Harbour (Morgan et al., 2012). While a massive cockle mortality
event associated with dinoflagellates occurred in Youghal Bay in
the past (Ottway et al., 1979). Dungarvan Harbour has also a his-
tory of OsHV-1-associated mortality events (Lynch et al., 2012;
Prado-Alvarez et al., 2016). However, to the best of our knowledge,
Dundalk Bay has not previously recorded mortality events.

Even though Cork Harbour is an important industrial area and
is a busy ferry/shipping terminal, its trophic status (based on the
nutrient levels such as phosphorus and nitrogen, growth of algae
and dissolved oxygen concentration) was qualified as unpolluted
by the EPA in 2017 along with Dungarvan Harbour, an extremely
sheltered bay, while Youghal Bay, close to an urban hub, was
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Fig. 1. Map of Ireland highlighting the cockle sample sites with coordinates.

classified as intermediate polluted area. In turn, Dundalk Bay
showed a localized effect on the trophic status, with Annagassan
classified as an unpolluted area and Cooley as an intermediate pol-
luted area, probably due to the influence of water discharge from
the local river.

Cockles were collected by hand raking from the intertidal area
of each site at spring tide (0.5-1 m) and seasonal intervals. The
sample size, outlined in Table 1, was dependant on the availability
of cockles at each site and season. Cockles were kept at ambient
temperature during the fieldwork and were processed either on
the same day or were held out of water overnight at 4°C and
were processed the next day.

Sample processing and diagnostic methods

Morphometrics

Measurements included (A) cockle body size [height (mm)] of
each individual that was recorded using Vernier callipers. The
(B) cockle’s age was established by counting the annual winter
growth rings. For verification and validation purposes, the num-
ber of growth rings was confirmed by a second researcher, as it
is recognized that variations in growth during the same year
lead to the possible formation of extra stria (de Montaudouin,
1996). Ultimately, the presence or absence of epiflora on the
shell of each individual was also recorded. Epiflora was mainly
composed of epiphytic algae, although no specific species were
identified.

Histology
A transverse section of each cockle was excised, including the
digestive gland, gonads, gills and mantle tissues; as well as a
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section of the hinge ligament and a section of the tip of the
foot were taken for histological examination. The three sections
were placed in a labelled histocassette and were preserved in
Davidson’s fixative for 48 h (Shaw and Battle, 1957) prior to pro-
cessing. Paraffin-embedded tissue blocks were sectioned at 5um
and stained using haematoxylin and eosin (Sigma Aldrich,
USA) (Howard and Smith, 1983). Tissue slides were screened at
a magnification of 40x and under oil at 100x for visualization
of the pathogens and tissue pathology.

Molecular techniques for cockle species identification and
pathological screening

A small piece of gill tissue (2-5 mm? of tissue) from each cockle
was taken and stored at —20°C for molecular assays, to deter-
mine the European cockle species [C. edule (Linnaeus, 1758) or
Cerastoderma glaucum (Poiret, 1789)] and for subsequent patho-
logical screening. Genomic DNA from the cockle gill tissue was
extracted using the chelex-100 extraction method (Walsh et al.,
1991; Lynch et al., 2008).

Polymerase chain reaction (PCR) was carried out to amplify
the nuclear DNA markers ITS-for/ITS Ce-R/ITS Cg-R to differen-
tiate between the presence of C. edule, C. glaucum species
or hybrids (Freire et al., 2011; Table 2). Amplification was con-
ducted following the reaction mixture and thermocycling condi-
tions, as well as the visualization of the product, described in
Albuixech-Marti et al. (2020).

Standard PCR screening for haplosporidian detection was car-
ried out in cockle gill tissue samples (n = 735) using generic hap-
losporidian HAP-F1 and HAP-R3 primers that amplify small
regions of the SSU rDNA of most haplosporidians (Renault
et al, 2000; Molloy et al, 2012; Table 2). Amplification was
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Table 1. Sample sites, seasons and number of cockles collected

Sara Albuixech-Marti et al.

Sampling dates Cork Harbour Youghal Bay Dungarvan Harbour Dundalk Bay Totals
Spring 2018 60 - - - 60
Summer 2018 39 11 51 60 161
Autumn 2018 60 16 58 60 194
Winter 2018/19 38 30 30 60 158
Spring 2019 60 12 30 60 162
Totals? 257 (34.9%) 69 (9.4%) 169 (23.0%) 240 (32.7%) 735

(-) No samples collected.
“In brackets the % representation of all cockles sampled.

Table 2. Description of PCR primer pairs showing sequences for each forward and reverse primer and expected product size

Primer sequence (5'-3')

Product
Primer pair Forward Reverse size (bp) Primer specificity
ITS-for GTT TCC GTA GGT GAA CCT G AAG CAG CGA GAA GCC GTT C 190 Cerastoderma edule
ITS Ce-R
ITS-for GTT TCC GTA GGT GAACCT G AAT TCG CCATCG TCG G 470 Cerastoderma glaucum
ITS Cg-R
HAP-F1 GTT CTT TCW TGA TTC TAT GMA AKR HRT TCC TWG TTC AAG AYG A 350 Haplosporidia spp.
HAP-R3
TAP-For ATC TAA CTA GCT GTC GCT AACTCG T CTT TCA AGA TTA CCC GGC TCT GC 165 Minchinia tapetis
TAP-Rev
MER-For ATC TAA CTA GCT GTC ACT ATG GAA AA ACG CAC ATT AAA GAT TGC CCAGCT CTT T 170 Minchinia mercenariae-like
MER-Rev
Vib-F3 CAA CAG AAG AAG CAC CGG CT CAC GCT TTC GCA TCT GAG TG 286 Vibrio spp.
Vib-R3
OHVA TGC TGG CTG ATG TGA TGG CTT TGG GGA TAT GGA GCT GCG GCG CT 385 Ostreid herpesvirus-1 and variants
OHVB
MiclF1 GTG GAC GCT AGT CTC ACA GGT T TTG CAC CAG AAG GTT TAC GAC ACA T 180 Microsporidia sp.1
MiclR1
MiclF2 ATG CAT GCG TAA GCG AAG CAG TTAT TCT CTT GCA CCA GAA GGT TTA CGA C 180 Microsporidia sp. 2
MiclR2

conducted following the reaction mixture and thermocycling con-
ditions, as well as the visualization of the product, described in
Albuixech-Marti et al. (2020).

Standard PCR screening for Minchinia spp. detection was car-
ried out in the cockle samples that were positive for Haplosporidia
by conventional PCR, using specific primers for Minchinia tapetis
(TAP-For/Rev) and Minchinia mercenariae-like (MER-For/Rev)
(Albuixech-Marti et al., 2020; Table 2) in the appropriate pairings
and separate PCR reactions. Amplification was conducted follow-
ing the reaction mixture and thermocycling conditions, as well as
the visualization of the product, described in Albuixech-Marti
et al. (2020).

Standard PCR screening for Vibrio spp. in cockle gill tissues
was conducted using generic primers Vib-F3/R3, developed in
our lab for the detection of Vibrio genus [Kett et al., unpublished
as per Notaro et al. (2021), data confirmed to be specific for
Vibrio spp. by Sanger sequencing; Table 2]. The screening was
conducted in all the collected cockles (n=735). A total of 2 uL
of DNA per individual was used in a total volume of 27.5uL of
the reaction mixture containing: 5uL of 5x green buffer, 5uL
of dNTPs (1.25mm), 0.5uL of MgCl,, 0.25uL of forward and
reverse primers, 0.1 uL of GoTaq polymerases, 1.5uL of DMSO
and 129 uL of ddH,0. Cycling conditions consisted of an initial

denaturation of the sample at 95 °C for 1 min followed by 35 cycles
of 94°C for 20s, 56 °C for 30, 72 °C for 30 s and a final elong-
ation at 72 °C for 7 min. Electrophoresis of the amplification pro-
ducts was conducted in a 2% agarose gel.

Standard PCR screening for OsHV-1 and variants, including
OsHV-1 uVar, was carried out in cockle gill tissue samples
(n =735) using specific primers OHVA/OHVB that amplify
small products of the ORF4 gene in the OsHV-1 virus and its var-
iants (Lynch et al., 2013; Table 2). Amplification was conducted
following the reaction mixture and thermocycling conditions
described in Lynch et al. (2013). Electrophoresis of the amplifica-
tion products was conducted in a 2% agarose gel.

Standard PCR using specific primers MicIF1/MicIR1 and
MicIF2/MicIR2 (Lynch et al., unpublished data confirmed to be
specific to Microsporidia spp. by Sanger sequencing; Table 2) to
detect two unidentified microsporidian species was carried out in
cockle gill tissue samples (n = 735). Both reaction mixture and ther-
mocycling conditions were the same as used with the PCR for
OsHV-1 and variants, as well as the visualization of the product.

Real-time quantitative PCR (qQPCR) for detection and quanti-
fication of Vibrio aestuarianus in the cockle samples that were
positive for Vibrio spp. was performed using specific primers
(Table 3) for detection of the molecular chaperone dnaJ gene,
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Table 3. Description of qPCR primer pairs and probe

Primers Sequence Specificity
dnaJ 420 GTGAAGGGACGGGTGCTAAG Vibrio aestuarianus
dnaJ r456 CCATGACAAGTGCCACAAGTCT

dnaJ p441 (probe)

FAM-AGGGCACGTCGGC-MGB

HVDP-F
HVDP-R

ATTGATGATGTGGATAATCTGTG
GGTAAATACCATTGGTCTTGTTCC

Ostreid herpesvirus-1 and variants

following the protocol of McCleary and Henshilwood (2015). All
samples were performed in triplicates using 5uL of DNA. C;
values were used to determine real-time PCR quantification and
detection limits. A tested sample was considered positive if its
mean C, value was below 37.

Viral load for OsHV-1 and variants was investigated by qPCR
with a small number of individuals (n = 30, whose standard PCR
results displayed some smear in the visualization of the product)
to verify that there was no viral load by carrying out a more spe-
cific screening and increasing the amount of DNA processed. The
protocol of Pepin et al. (2008) was followed, using the specific pri-
mers HVDP-F/HVDP-R (Table 3). qPCR was conducted in
duplicate using 5 uL DNA by a Thermo Hybaid PCR express ther-
mal cycler.

Direct sequencing was carried out on representative PCR pro-
ducts (n =10) amplified using generic Vibrio Vib-F3/R3 primers
(Kett et al., unpublished as per Notaro et al., 2021) to identify the
Vibrio species present in the samples. Likewise, direct sequencing
was carried out on representative PCR products (n = 5) amplified
using generic haplosporidian HAP-F1 and HAP-R3 primers
(Renault et al., 2000; Molloy et al., 2012) to identify the species
present in the samples beyond the Minchinia species screened.
Genomic DNA from selected individuals was isolated and
purified using the QIAquick Gel Extraction Kit (QIAgen) prior to
direct sequencing. Both the forward and reverse strands of DNA
samples were sequenced commercially (Source Bioscience).
Each sequence was matched against the National Center for
Biotechnology Information (NCBI) nucleotide database with
BLASTn (Basic Local Alignment Search Tool), which finds
regions of local similarity between sequences to identify and con-
firm the DNA being detected in the PCRs.

Environmental data

This study was conducted using E.U. Copernicus Marine Service
Information (marine.copernicus.eu/services-portfolio/access-to-
products). Two environmental parameters critical in shaping
host-pathogen interactions in estuarine and marine environments
(Coen and Bishop, 2015) were selected for this study as potential
confounding factors: seawater temperature and salinity. Recorded
data in seawater temperature (°C) and salinity (PSU), taken
monthly at a depth of 0.5m below sea level, were downloaded
by ArcGIS Desktop 10.5.1, Redlands, CA, USA (Environmental
Systems Research Institute, 2017) throughout the duration of
the study (from April 2018 to May 2019) from the different sam-
ple sites (coordinate-based) along the Irish coast.

Statistical analysis

Statistical analysis was performed in R version 3.2.3. statistical
software. The pathogen occurrence was modelled as pathogen
presence/absence in each cockle for each pathogen group and
their combinations, and it was used in the subsequent analysis
to examine the associations between the different pathogen
groups present through the samples.

Association screening approach (SCN), described in detail by
Vaumourin et al. (2014), was conducted running 5000 simula-
tions (NS) with the presence/absence of Haplosporidia and
Vibrio spp. to determine a potential association between these
two pathogen groups, under the null hypothesis of random patho-
gen associations [P(SCN) < 0.05]. Subsequently, a second SCN
(NS =5000) was performed with the presence/absence of the dif-
ferent pathogen species detected and quantified in the samples,
i.e. M. tapetis, M. mercenariae-like and V. aestuarianus.

Corrected Pearson’s y” test, described in detail by Hellard et al.
(2012), was applied to the Haplosporidia and Vibrio spp. pres-
ence/absence data to determine if the coinfection was due to an
underlying biological interaction or to confounding factors con-
sidered (seawater temperature, salinity, cockle size and age, and
epiflora on their shells). Likewise, the test was applied to the M.
tapetis and M. mercenariae-like presence/absence data.
Biological interactions between two pathogens, therefore, will be
suspected when the probability of coinfection is not random
once confounding factors have been considered [P(Corr x°) <
0.05]. In the model, running 1000 bootstraps, the effects of the
confounding factors are summarized as F1 + F2 + F3 + F4 + F5.

Moreover, Pearson’s y* tests were used to determine whether
the prevalence observed of single infections and two-pathogen
coinfections was significantly different [P(Chisq) < 0.05] among
the sample sites and throughout the year. Fisher’s exact test was
conducted when the frequencies of the pathogen occurrence in
a site or season were <4, to gain accuracy.

Results

In total, 735 cockles were screened to determine the prevalence of
infection and coinfections of the target pathogens (Table 4). The
cockle speciation PCR confirmed that all the individuals from all
sample sites were C. edule.

Diversity and prevalence of single and multiple infections and
the associations between them

No OsHV-1 uVar nor microsporidian species were detected in
any of the cockles (n =735) screened by PCR. The only pathogen
groups detected during the study were Haplosporidia and Vibrio.
Overall, Haplosporidia was the most common pathogen found
through the samples, with a 37.7% (n =277) occurrence (Fig. 2,
detailed data in Table 4). Among these 277 infected cocKles,
two haplosporidian species were identified in the study: M. tapetis
which was present in 29.6% (n = 82/277) of the tested individuals,
and M. mercenariae-like which was present in 14.8% (n = 41/277)
(Fig. 2, detailed data in Table 4). Nevertheless, 171 (61.7%) of
the tested samples that were positive in the generic haplosporidian
PCR did not amplify using the more specific PCR for Minchinia
spp., which could indicate the presence of other haplosporidian
species occurring in the samples. Thus, five of those samples
amplified using generic HAP-F1/R3 primers were commercially
sequenced; however, low-complexity sequences were obtained,
and no significant similarity was found in GenBank. Therefore,
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Table 4. Prevalence (%, positive individuals/screened individuals) of Haplosporidia spp., Minchinia tapetis, M. mercenariae-like, Vibrio spp. and Vibrio aestuarianus screening in Cerastoderma edule at each sample site by season

Sample site

Pathogen identification

Spring 2018

Summer 2018

Autumn 2018

Winter 2018/19

Spring 2019

Totals

Cork Harbour - Ringaskiddy and Cuskinny

Haplosporidia spp.

45.0% (27/60)°

15.4% (6/39)

41.7% (25/60)

21.1% (8/38)

28.3% (17/60)

32.3% (83/257)

Minchinia tapetis

15.0% (9/60)

7.7% (3/39)

18.3% (11/60)°

2.6% (1/38)

1.7% (1/60)

9.7% (25/257)

Minchinia mercenariae-like

23.3% (14/60)°

0% (0/39)

8.3% (5/60)

0% (0/38)

10.0% (6/60)

9.7% (25/257)

Vibrio spp.”

13.3% (8/60)

12.8% (5/39)

15.0% (9/60)°

5.3% (2/38)

11.7% (7/60)

12.1% (31/257)

V. aestuarianus

1.7% (1/60)*

0% (0/39)

0% (0/60)

0% (0/38)

1.7% (1/60)°

0.8% (2/257)

Youghal Bay

Haplosporidia spp.

9.1% (1/11)

12.5% (2/16)

56.7% (17/30)°

8.33% (1/12)

30.4% (21/69)

Minchinia tapetis

0% (0/11)

0% (0/16)

0% (0/30)

0% (0/12)

0% (0/69)

Minchinia mercenariae-like

0% (0/11)

12.5% (2/16)°

3.3% (1/30)

0% (0/12)

4.3% (3/69)

Vibrio spp.”

27.3% (3/11)

43.8% (7/16)°

16.7% (5/30)

33.3% (4/12)

27.5% (19/69)

V. aestuarianus

27.3% (3/11)°

6.3% (1/16)

0% (0/30)

0% (0/12)

5.8% (4/69)

Dungarvan Harbour

Haplosporidia spp.

39.2% (20/51)°

10.3% (6/58)

30% (9/30)

40% (12/30)

27.8% (47/169)

Minchinia tapetis

2.0% (1/51)°

0% (0/58)

0% (0/30)

0% (0/30)

0.6% (1/169)

Minchinia mercenariae-like

0% (0/51)

0% (0/58)

0% (0/30)

10.0% (3/30)°

1.8% (3/169)

Vibrio spp.?

56.9% (29/51)°

56.9% (33/58)°

6.7% (2/30)

36.7% (11/30)

44.4% (75/169)

V. aestuarianus

43.1% (22/51)°

0% (0/58)

0% (0/30)

3.3% (1/30)

13.6% (23/169)

Dundalk Bay - Annagassan and Cooley

Haplosporidia spp.

98.3% (59/60)°

28.3% (17/60)

45.0% (27/60)

38.3% (23/60)

52.5% (126/240)

Minchinia tapetis

70.0% (42/60)°

23.3% (14/60)

0% (0/60)

0% (0/60)

23.3% (56/240)

Minchinia mercenariae-like

11.7% (7/60)°

0% (0/60)

1.7% (1/60)

3.3% (2/60)

4.2% (10/240)

Vibrio spp.”

38.3% (23/60)°

33.3% (20/60)

3.3% (2/60)

26.7% (16/60)

25.4% (61/240)

V. aestuarianus

3.3% (2/60)

10% (6/60)°

0% (0/60)

0% (0/60)

3.3% (8/240)

Totals by season

Haplosporidia spp.

45.0% (27/60)

53.4% (86/161)°

25.8% (50/194)

38.6% (61/158)

32.7% (53/162)

37.7% (277/735)

Minchinia tapetis

15.0% (9/60)

28.6% (46/161)°

12.9% (25/194)

0.6% (1/158)

0.6% (1/162)

11.2% (82/735)

Minchinia mercenariae-like

23.3% (14/60)°

4.3% (7/161)

3.6% (7/194)

1.3% (2/158)

6.8% (11/162)

5.6% (41/735)

Vibrio spp.”

13.3% (8/60)

37.3% (60/161)°

35.6% (69/194)

7.0% (11/158)

23.5% (38/162)

25.3% (186/735)

V. aestuarianus

1.7% (1/60)

16.8% (27/161)°

3.6% (7/194)

0.0% (0/158)

1.2% (2/162)

5.0% (37/735)

(-) No samples.
The highest prevalence (%) for each pathogen group at each site/season is highlighted in bold.
bPotential Vibrio species were defined in Table 5.
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the 277 positive PCR cases were defined as Haplosporidia spp. for
statistical and analysis purposes.

Vibrio was present in 25.3% (n=186) of the total number
of cockles screened (Fig. 2, detailed data in Table 4). Of the 186
samples that were positive for Vibrio, 19.9% (n=37/186) were
confirmed by qPCR to be V. aestuarianus (Fig. 2, detailed data
in Table 4). Vibrio aestuarianus-positive controls (diluted purified
DNA) have a C, =30 (60 copies of V. aestuarianus DNA per uL).
Based on that value, 13.5% (n=5/37) of the individuals were
classified as heavily infected individuals (C; < 30), while 86.5%
(n =32/37) were classified as low-intensity infections (37 > C, > 30).

Direct sequencing was carried out on representative PCR pro-
ducts (n=10) amplified using generic Vibrio Vib-F3/R3 primers
(Kett et al., unpublished as per Notaro et al., 2021) to identify
other Vibrio species present in the samples apart from V. aestuar-
ianus. Using BLASTn, three of the sequenced samples had a
query length of 127-155bp with an 83-91% query coverage
and 92.6-97.9% identity to Vibrio splendidus deposited by Gao
(2020) (MT445179.1; MT445177.1) and by Landreau et al.
(2020) (MT345091.1) (Table 5). Three other PCR product sam-
ples that generated sequences had a query length of 82-179 bp,
a query coverage of 78-83% and 92.6-98.6% identity to Vibrio
kanaloae deposited by Zheng (2020) (MT505700.1) and by
Barcia and Romalde (2020) (CP065151.1; CP065150.1)
(Table 5). Another sample, with a query length of 158 bp, had
94% query coverage and 98% identity to V. aestuarianus depos-
ited by Garcia (2018) (MK307696.1) and Vibrio mediterranei
deposited by Gao et al. (2020) (MT269602.1) (Table 5). Two
other samples were identified as Vibrio spp., as the blasted
sequence was quite short (52-69bp) to differentiate robustly
between species (Table 5). The 186 positive PCR cases were
defined as Vibrio spp. for statistical and analysis purposes.

Overall, 9.5% (n = 70/735) of the individuals displayed coinfec-
tion with the two pathogen groups present in the samples,
Haplosporidia and Vibrio (Fig. 2). However, no significant asso-
ciation between them was displayed when testing by SCN (P
value > 0.05), under the null hypothesis of random pathogen
combinations (Table 6), i.e. the pathogen combination was con-
sidered not to occur differently than expected by chance.

In order to identify the mechanisms driving the pathogen
coinfection with Haplosporidia and Vibrio pathogen groups, cor-
rected Pearson’s ) test was also performed including seawater
temperature, salinity, cockle height and age, as well as the pres-
ence/absence of epiflora on the shells (Tables 7 and 8), as con-
founding factors which may promote pathogen presence. Under
the null hypothesis of independence between the two pathogens,
the test showed that the observed frequencies for each pathogen
combination were not significantly different (Corr y*=2.51; ¢ =

Haplosporidia spp.; Vib: Vibrio spp.; M.tap: Minchinia
tapetis; M.mer: Minchinia mercenariae-like; V.aes: Vibrio
aestuarianus).

40 50

0.84; P value 1=0.08; P value 2 =0.08) to the expected frequen-
cies considering the confounding factors as drivers of the infec-
tion (Supplementary material). Therefore, the proportion of
double infected individuals can be explained because the same
factors promote the pathogen presence and not because the differ-
ent pathogen groups are interacting synergistically. The differ-
ences in the considered environmental and biotic factors
between sample sites and throughout the time, thus, might have
been driving the risk of infection in C. edule populations.

Regarding the specific species quantified in the samples, only
0.8% (n=6/735) of the individuals were coinfected with V. aes-
tuarianus and M. tapetis, while 0.4% (n =3/735) were coinfected
with V. aestuarianus and M. mercenariae-like (Fig. 2). Likewise,
13.8% of the Minchinia-infected cockles showed a coinfection
with both Minchinia species (n=17/123); however, the percent-
age fell to 2.3% when all the screened cockles were considered
(n=17/735) (Fig. 2). While coinfection with both Minchinia spe-
cies and V. aestuarianus was only observed in one of the samples
(0.1%, n=1/735) (Fig. 2).

Associations between M. tapetis, M. mercenariae-like and
V. aestuarianus and all the possible combinations were tested
by SCN, revealing a significant association between the two
species of Minchinia (Table 9). The observed number of
coinfected individuals with both Minchinia species were signifi-
cantly overrepresented compared to expected by random chance
(P value<0.001; Table 9), indicating a significant positive
two-way association between these two species. While
M. mercenariae-like was found to occur alone significantly less
often than expected by chance (P value < 0.05; Table 9).

The association between Minchinia species was further exam-
ined by corrected Pearson’s y” test in order to assess if the biotic
and abiotic factors considered in the study (Tables 7 and 8) influ-
enced this coinfection. The test showed that the observed frequen-
cies for each pathogen combination were significantly different
from the expected frequencies considering the confounding fac-
tors as drivers of the infection (Supplementary material). The
significant outcome (Corr y*=3.04; ¢=0.59; P value 1=0.02;
P value 2 =0.02) showed that both pathogens are not independ-
ent, and the proportion of double infected individuals cannot
be due only to shared confounding factors.

Site influence on single infections and coinfections

Spatial variability was assessed and significant differences
[P(Chisq) < 0.05] were found between the sample sites when the
prevalence of single infections and two-pathogen coinfections
was considered (Fig. 3). Dundalk Bay was the site with the highest
presence of Haploporidia spp. (52.5%, n =126/240), showing a
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Table 5. Description of the BLASTn results obtained from the sequenced DNA of cockle samples using generic Vibrio primers Vib-F3/R3

Sample site Season Species identification Per cent identity Query cover Query length (bp)
Youghal Summer 2018 Vibrio spp. among them: Vibrio splendidus and V. kanaloae 92.59-98.58% 78-83% 82-179
Dungarvan

Cooley

Annagassan Summer 2018 Vibrio spp. most likely V. splendidus 97.84-97.92% 88-91% 154-155
Annagassan

Annagassan Summer 2018 Vibrio spp. most likely V. aestuarianus or V. mediterranei 98.01% 94% 158

Cuskinny Autumn 2018 Vibrio spp. 94.23-94.29% 67-73% 52-69

Dungarvan

Table 6. Association screening analysis (SCN) results for all the pathogen combinations between Haplosporidia (HAP) and Vibrio (VIB) pathogen groups

Coinfection status Pathogen groups Obs LL uL SCN P value
2-pathogen coinfection HAP VIB 70 51 90 0.5174
1-pathogen infection HAP 207 177 236 0.9832
VIB 116 92 141 0.5142
Not infected 342 309 376 0.5222

The observed (Obs) frequency of each coinfection status is given along with the lower (LL) and upper (UL) limits of the 95% confidence envelope.

Table 7. Mean +s.0. of abiotic (seawater temperature and salinity) and biotic factors (cockle height and age) and the overall percentage of the presence of epiflora

on the cockle shells at each sample site

Mean *s.p. Cork Harbour Youghal Bay Dungarvan Harbour Dundalk Bay
Temperature (°C) 11.8+2.6 10.7+2.9 12.2+3.0 10.8+4.2
Salinity (PSU) 33.6+0.8 33.9+0.03 33.9+0.2 30.4+£05
Height (mm) 29.7+7.8 27.3+4.8 22.0+4.5 29.6+5.3
Age (growth rings) 3.6+1.9 29+1.7 1.7+1.0 3.0£1.6
Epiflora (presence/absence) 10.9% 7.2% 4.7% 1.7%

The largest value for each factor is highlighted in bold.

Table 8. Mean +s.o. of abiotic (seawater temperature and salinity) and biotic factors (cockle height and age) and the overall percentage of the presence of epiflora

on the cockle shells by season

Mean +s.p. Spring 2018 Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019
Temperature (°C) 12.2+3.9 12.0+3.3 11.9+3.3 11.5+3.4 114+3.4
Salinity (PSU) 322+16 33.1+14 329+1.6 32.7+1.7 326+1.7
Height (mm) 28.0+7.4 27271 27.5+6.9 27.8+6.7 279+6.6
Age (growth rings) 2.7+1.7 2.8+1.7 2.8+1.8 29+1.8 29+1.7
Epiflora (presence/absence) 26.7% 8.7% 2.1% 1.9% 4.9%

substantially higher prevalence of M. tapetis (23.3%, n =56/240)
than the other sites, while no presence of M. tapetis was observed
in Youghal Bay. Dundalk Bay showed lower seawater salinity and
a lower presence of epiflora on the cockle shells than the other
sample sites (Table 7). Dungarvan Harbour, with the smallest
and youngest cockles collected (Table 7), showed the highest
presence of Vibrio spp. (44.4%, n=75/169) and a peak of V. aes-
tuarianus (13.6%, n=23/169). Moreover, three out of the five
individuals with the highest intensity of infection (C,< 30) with
V. aestuarianus were observed at Dungarvan Harbour.
Accordingly, the highest prevalence of coinfection with
Haplosporidia and Vibrio spp. occurred in Dundalk Bay

(14.6%, n=35/240) and Dungarvan Harbour (11.8%, n =20/
169). However, coinfection with M. tapetis and M. mercenariae-
like was absent in Dungarvan Harbour and Youghal Bay, with
Cork Harbour being the site with the highest prevalence (4.3%,
n=11/257). The other two-pathogen coinfections with
Minchinia species and V. aestuarianus showed no significant dif-
ferences between the sites [P(Chisq) >0.05] since the total number
of positive cases detected was too low [M. tapetis and V. aestuar-
ianus (n=6); M. mercenariae and V. aestuarianus (n=3)].
Likewise, Cork Harbour was the only site that showed three-
pathogen coinfection with both Minchinia species and V. aestuar-
ianus (0.4%, n=1/257). Cork Harbour, the site with the oldest
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Table 9. Association screening analysis (SCN) results for all the pathogen combinations between M. tapetis (MT), M. mercenariae-like (MM) and V. aestuarianus (VA)

Coinfection status Pathogen species Obs LL uL SCN P value
3-pathogen coinfection MT MM VA 1 0 2 0.4292
2-pathogen coinfection MT MM 16 0 11 0.0004
MT VA 5 0 10 0.7036
MM VA 2 0 6 0.5568
1-pathogen infection MT 60 53 95 0.0996
MM 22 21 50 0.0296
VA 29 18 46 0.8016
Not infected 600 558 612 0.1836

The observed (Obs) frequency of each coinfection status is given along with the lower (LL) and upper (UL) limits of the 95% confidence envelope. Significant associations (P value <0.05) are

highlighted in bold.
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Fig. 3. Prevalence (%) of Haplosporidia spp. (Hap), Vibrio spp. (Vib), Minchinia tapetis (M.tap), M. mercenariae-like (M.mer) and V. aestuarianus (V.aes) single infec-

tions and coinfections (Hap_Vib; M.tap_M.mer; M.tap_M.mer_V.aes) at each sample site.

cockles, had the highest presence of epiflora on the cockle shells
compared to the other sample sites (Table 7).

Seasonal impact on single infections and coinfections

Significant seasonal variability [P(Chisq) <0.001] was exhibited
when the prevalence of single infections and two-pathogen coin-
fections were compared between seasons (Fig. 4). The absence of
V. aestuarianus and, in general, a low prevalence of infections
were observed in winter 2018/19 (Fig. 4), except for
Haplosporidia spp. (38.6%, n=61/158). Summer 2018 had the
highest prevalence for all pathogens (Fig. 4), except for M.
mercenariae-like that exhibited the highest prevalence in spring
2018 (23.3%, n=14/60). Furthermore, the five individuals with
the highest intensity of infection (C, < 30) with V. aestuarianus
were observed during summer 2018. The highest prevalence of
coinfection with Haplosporidia and Vibrio spp. occurred in sum-
mer 2018 (21.7%, n=35/161), while the highest coinfection

prevalence with M. tapetis and M. mercenariae-like occurred in
spring 2018 (11.7%, n=7/60), with no occurrence in winter
2018/19. The higher pathogen incidence during spring and sum-
mer corresponded with higher seawater temperature and a peak in
the presence of epiflora on the cockle shells (Table 8). The other
two-pathogen coinfections with Minchinia species and V. aestuar-
ianus showed no significant differences throughout the year
[P(Chisq) > 0.05] since the total number of positive cases detected
was too low [M. tapetis and V. aestuarianus (n = 6); M. mercenar-
iae and V. aestuarianus (n = 3)]. There was only one case of three-
pathogen coinfection with M. tapetis, M. mercenariae-like and
V. aestuarianus in spring 2019 (0.6%, n =1/162).

Histopathology

The histological screening was used as a validation method of the
PCR and qPCR results. Haplosporidian infection was observed in
histological sections of 67 cockles out of a subsample of 70
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Fig. 4. (A) Prevalence (%) of Haplosporidia (Hap) and Vibrio (Vib) single infections and coinfection (Hap-Vib) by season. (B) Prevalence (%) of Minchinia tapetis
(M.tap), M. mercenariae-like (M.mer) and V. aestuarianus (V.aes) single infections and coinfections (M.tap_M.mer and M.tap_M.mer_V.aes) by season.

samples (95.7% visual confirmation) that were positive for generic
haplosporidian PCR. Mostly haplosporidians were observed as
multinucleate plasmodia, multiple haplosporidia-like sporonts
and developing spores similar to those described for Minchinia
spp. (Ramilo et al., 2018; Lynch et al., 2020b; Fig. 5), and as uni-
nucleate cells stage in lower numbers. Among the sample sites, the
haplosporidia-like sporonts were predominantly visualized in the
infected individuals from Cork Harbour in spring 2018, autumn
2018 and spring 2019; while the developing spores were observed
mainly in the infected individuals from Dundalk Bay in summer
2018 and winter 2018/19. A higher prevalence of haplosporidians
was recorded by PCR at both sites. The multinucleate plasmodia
were visualized in cockles throughout the year at the different
sample sites. The multinucleate plasmodia and haplosporidia-like
sporonts were mainly observed throughout the connective tissue
of the gills and digestive gland, while the developing spores
were principally found in the mantle of infected animals.

Host pathology associated with Vibrio species included haemo-
cyte accumulation in the connective tissues, as McCleary and
Henshilwood (2015) described in C. gigas infected with V. aestuar-
ianus. In this study, some of the sections examined (1 = 28) showed
haemocyte accumulation in the connective tissues of C. edule
(Fig. 5). However, the presence of haemocyte infiltrations through-
out the organs and tissues has also been previously associated with
Minchinia infection (Longshaw and Malham, 2013). In this study,
only in a minor number of screened samples (n = 4), where Vibrio
and Haplosporidia were detected by PCR, haemocyte infiltrations
were observed, all of them at Cork Harbour.

Although OsHV-1 uVar is not visible using histology, cyto-
pathic effects can be observed in infected hosts, such as hypertro-
phied cells with a low nucleus-cytoplasm ratio and nuclear

abnormalities (Prado-Alvarez et al., 2016). Abnormal cell path-
ology associated with a viral infection was not observed in the
histology (n =70). Similarly, microsporidial spores may be visua-
lized by microscopy in infected hosts (Garcia, 2002); however, it
was not observed in the histological sections screened (n = 70).

Ten histological sections of samples that were negative by PCR
were screened and no evident signal of infection was found in
those, and tissues, organs and sinuses presented good integrity
and a clear structure.

Discussion

The present study describes for the first time, to the best of our
knowledge, simultaneous infections with haplosporidians and
Vibrio spp. in wild and fished C. edule populations along the
Irish coast. Coinfections with two and, especially, three pathogens,
were rare in this study compared to single infected individuals.
This finding may indicate that coinfected individuals succumb
more easily to simultaneous infections and die. The lower number
of coinfected individuals screened might indicate that the sam-
pling was carried out on a much smaller cohort of survivors
within the population. This survival bias is supported by previous
studies on mortalities associated with coinfections of ostreid her-
pesvirus (OsHV-1 and variants) and Vibrio spp. in C. gigas in
France (Petton et al., 2015; Azéma et al, 2016; Petton et al,
2019), as well as with the co-occurrence of different protozoa
and bacteria in the noble pen shell Pinna nobilis in the
Mediterranean Sea (Carella et al., 2020). Only three individuals
presented a three-pathogen coinfection with Minchinia spp. and
Vibrio spp., all located at Cork Harbour. Cork Harbour was the
site with the oldest cockles, and it is well known that older
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Fig. 5. (A) Multiple haplosporidia-like sporonts (black arrow) along with haemocytes (red arrow) in the connective tissue of Cerastoderma edule; (B) a large number
of haplosporidian spores (black arrow) in the mantle tissue of C. edule; and (C) red arrow shows a haemocyte accumulation in the connective tissue of C. edule.

hosts have more time than younger hosts to accumulate disease-
causing pathogens (Lafferty and Kuris, 2009; Breitburg et al,
2015). Nevertheless, older bivalves have also more time available
to develop immunotolerance and defence mechanisms compared
to their younger cohorts (Renault and Novoa, 2004; Coen and
Bishop, 2015). It may be the reason why cockles at Cork
Harbour have not succumbed to the multiple infections.

Even though Haplosporidia and Vibrio were found simultan-
eously in double infected individuals, no significant biological
interaction was statistically identified between those pathogen
groups. Unlike other studies that have reported that multiple
pathogens can interact synergistically, with the presence of one
pathogen enhancing the abundance and/or virulence of the
other (De Lorgeril et al., 2018; Carella et al., 2020). Concurrent
infections by multiple pathogens species are more likely to
occur in immune depressed individuals, which are more vulner-
able to multiple opportunistic infections (De Lorgeril et al,
2018; Carella et al.,, 2020). These findings highlight that there
can be variation amongst pathogen groups and the primary
pathogen-opportunistic pathogen interplay.

It is well known that environmental and ecological factors
potentially influence the mechanisms of disease transmission in
marine systems, i.e. hydrodynamics, the biomass of infected ani-
mals, etc. (Petton et al, 2015). Similarities in the host environ-
ment, behaviour or susceptibility can cause correlations in the
risk of infection between two parasites (Vaumourin et al., 2014).
In this study, the proportion of double infected individuals with
Haplosporidia and Vibrio was explained by risk factors (increased
seawater temperature, reduced salinity and host condition) shared
by the two pathogen groups, increasing the probability of infection
by both infectious agents. Such confounding factors may influence
host exposure and/or host susceptibility promoting simultaneous
infections, even though involved pathogens do not interact bio-
logically (Vaumourin et al., 2015). These factors may be naturally
occurring or be outcomes of coastal development (e.g. pollution)
or climate change (e.g. warming, increased precipitation events
and subsequent freshwater loadings into bays and estuaries), and
may impact the expression of diseases directly or indirectly
(Coen and Bishop, 2015). The predicted warming, increased pre-
cipitation and reduced salinity of coastal waters in temperate
regions will provide new areas for the natural occurrence of patho-
genic strains and may also impact the resilience of bivalve hosts
(Rowley et al., 2014; Lynch et al., 2020a).

Consequently, spatial variability in the pathogen infection was
detected driven by environmental and biological variables. The

highest prevalence of coinfection with Haplosporidia and Vibrio
spp. occurred in Dundalk Bay, which had a lower mean salinity
throughout the year compared to the other sites. Gorrasi et al.
(2020) observed that the abundance of Vibrio genus in water
decreased along the salinity gradient within a marine saltern
hypersaline environment. In general, marine vibrios are consid-
ered halotolerant, with no extreme halophiles reported within
this genus (Gorrasi et al., 2020). Previous studies have highlighted
the intolerance of haplosporidians to low salinity in C. edule
(Albuixech-Marti et al., 2020), eastern oyster Crassostrea virginica
(Ford and Haskin, 1982; Burreson and Ford, 2004) and European
flat oyster Ostrea edulis (Flannery et al., 2014). The high preva-
lence of haplosporidians at Dundalk Bay may be due to its com-
mercial fishery activity. It is recognized that fishing and dredging
may unbalance the interplay between infectious disease agents
and their hosts in marine ecosystems (Rowley et al., 2014; Coen
and Bishop, 2015). Cranfield et al. (1999, 2005) hypothesized
that extensive dredging in Foveaux Strait of New Zealand contrib-
uted to increased densities of Chilean oysters (Ostrea chilensis)
and decreased densities of other filter-feeding organisms, that
may have previously reduced the dispersal stages of the haplos-
poridian Bonamia exitiosa, enhancing disease transmission. The
high cockle density found at Dundalk Bay may have facilitated
the infection among the cockle population, due to the proximity
of infected to non-infected cockles. The cultivated and harvested
molluscs tend to have a much greater incidence of disease than
wild molluscs, which may be because they are placed at high dens-
ities which enhance disease transmission and cause stress (com-
petition for resources, space, etc.) among individuals (Ford, 2002).

Dungarvan Harbour also displayed a high prevalence of coin-
fection with Haplosporidia and Vibrio spp. compared to the other
sites. Cockles from Dungarvan Harbour were the smallest and the
youngest ones. Although it is accepted that older hosts have more
time to accumulate disease-causing pathogens (Lafferty and Kuris,
2009; Breitburg et al., 2015), the susceptibility of small bivalves to
viral and bacterial infections is generally greater than for larger
adults (Renault and Novoa, 2004; Coen and Bishop, 2015).
Moreover, the proximity of an extensive C. gigas culture site at
Dungarvan Harbour, where Vibrio spp. are endemic (pers.
comm. with Marine Institute Ireland), can have promoted the
presence of Vibrio in the environment. Particularly, V. aestuaria-
nus and V. splendidus, which have been identified in this study,
have been described as increasingly harmful pathogens of C.
gigas aquaculture (Le Roux et al, 2002; Garnier et al., 2007;
McCleary and Henshilwood, 2015). Caballes et al. (2012)
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demonstrated interspecific transmission of Vibrio rotiferianus
between co-occurring echinoderm species.

Even though the natural host for OsHV-1 are C. gigas, this virus
can behave opportunistically and infect other cohabiting bivalve
species (Bookelaar et al., 2020). It has been previously reported
in C. edule, in Ireland (Bookelaar et al., 2020) and in the Sydney
cockle, Anadara trapezia, in Australia (Evans et al, 2017).
Nevertheless, no presence of OsHV-1 uVar was detected in the
study, despite the extensive farming of C. gigas at Dungarvan
Harbour, which has a history of OsHV-1-associated mortality
events (Lynch et al., 2012; Prado-Alvarez et al., 2016). During sum-
mer 2018, the prevalence of OsHV-1 uVar in C. gigas at Dungarvan
Harbour was confirmed by Kett et al. (unpublished data) to be
48.4% (n=92/190), with low mortality rates (max. of 6% at the
high shore in July). Moreover, Bookelaar et al. (2020) observed
OsHV-1uVar-infected C. edule (14.4%; n=36/250) and infected
C. gigas (range of 0-27% per month; n=270) at Dungarvan
Harbour from April 2015 to August 2015, with no recording of
mortalities. Thus, the lack of OsHV-1 uVar detection in C. edule
at Dungarvan Harbour in the current study may be because the
virus remained within the oysters and was not shed from dying
or dead oysters into the environment, as the high prevalence and
low mortality recorded by Kett et al. (unpublished data) suggested.
The smaller sample size (n=281), compared to the above studies,
taken during spring and summer 2018, when the OsHV-1 uVar
can have a major emergence due to the higher temperatures
(Renault et al., 2014), may have also influenced the results.

Seasonal variability was also observed in this study, with the
highest prevalence of coinfection with Haplosporidia and Vibrio
spp. occurring in summer 2018, which coincided with the highest
intensity of infection with V. aestuarianus. Additionally, lower
occurrences of the haplosporidian and Vibrio species quantified
were detected in the cooler spring 2019 compared to spring
2018 in this study. Burreson and Ford (2004) tested that low-
temperature conditions caused a dramatic reduction in the preva-
lence of Haplosporidium nelsoni in C. virginica. Conversely, a
higher prevalence of Bonamia ostreae in European flat oyster
O. edulis was associated with cooler spring temperatures over a
30-year study period in Ireland (Engelsma et al, 2010; Lynch
et al., 2014). These findings would suggest that a thermal toler-
ance range exists for haplosporidian species. It is also well-known
that bacteria belonging to the genus Vibrio are strongly thermo-
dependent and their occurrence is expected to rise with increasing
temperature conditions (Garnier et al., 2007; Cotter et al., 2010;
Vezzulli et al, 2010). Most of the reported Vibrio-associated
mass mortalities in marine invertebrates have occurred during
the summer when seawater temperatures were higher than 18°C
(Le Roux et al., 2002; Paillard et al., 2004; Garnier et al., 2007;
Vezzulli et al., 2010). Therefore, high temperatures in summer
might have triggered a major pathogen propagation and, conse-
quently, to a higher prevalence of two-pathogen coinfection.
While lower temperatures in winter, with the lowest prevalence
of two-pathogen coinfection, would have kept the pathogens at
a sub-lethal level in the hosts reducing the transmission between
cockles. It has been observed that Vibrio spp. may enter into a
dormant state when the environmental conditions become
unfavourable (i.e. suboptimal or reduced temperature, elevated
salinity, low nutrient concentration and extreme pH) (Lin and
Schwarz, 2003; Nowakowska and Oliver, 2013; Neogi et al.,
2018). The low number of coinfected individuals in winter
might also suggest that most C. edule had succumbed to infection
in autumn after the peak in summer.

It was also observed that with the higher temperatures in sum-
mer and spring, the presence of epiflora on the cockle shells was
more frequent, which may have consequences on cockle susceptibil-
ity to infectious agents. As seen in shellfish aquaculture, the presence
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of biofouling on the stock can have a direct impact, causing physical
damage, biological competition, mechanical interference and envir-
onmental modification, while infrastructure is also impacted
(Fitridge et al., 2012). Microalgae have been pointed as a repetitive
and substantial source of bacterial inoculation into the bivalve larval
culture systems (Salvesen et al, 2000). Microalgae may promote
and/or inhibit bacterial growth by the production of organic exu-
dates and toxic metabolites (Salvesen et al, 2000). For instance,
Vibrio species such as V. splendidus or V. parahaemolyticus have
been found to be associated with microalgae (Kumazawa et al,
1991; Rehnstam-Holm et al., 2010; Notaro et al., 2021). Therefore,
the presence of epiflora on the shells might have also exposed the
cockles to pathogens, in particular Vibrio species.

Both species of Minchinia, M. tapetis and M. mercenariae-like,
were found to occur together significantly more often than
expected by random chance, indicating a positive two-way associ-
ation between both species. However, previous studies examining
pairwise coinfections indicate that antagonistic interactions
between similar types of parasites may be common (Dobson,
1985; Johnson and Hoverman, 2012). A possible explanation of
the established synergetic interaction is that, despite both
Minchinia species being closely related, they exhibit differences
in their pathogenic effect and use of resources within the host.
Carballal et al. (2020) observed that the distribution of infection
with M. tapetis and M. mercenariae-like haplosporidian in cockles
C. edule in Galicia was different throughout the cockle tissues. M.
mercenariae-like haplosporidian was observed in the connective
tissue of the digestive gland, gills and gonad, while M. tapetis
was only observed in the digestive gland (Carballal et al., 2020).
Further research is needed to reveal the underlying mechanism
of this synergetic association in C. edule and the role that host
exposure and host habitat play in it.

In brief, coinfected individuals may more easily succumb to
pathogen load. The proportion of double infected individuals
with haplosporidian and Vibrio was driven by environmental
and biological factors, triggering a spatial and seasonal variability
in the distribution of coinfection. The higher temperature in
warmer months and the presence of epiflora, which can be asso-
ciated with pathogens, on the cockle shells may have promoted
the risk of coinfection, along with low salinity and the host con-
dition in some of the sample sites. The close proximity to other
infected host species may have also influenced the coinfection dis-
tribution in C. edule. Similarly, fished C. edule populations with
high cockle densities might have been more exposed to the infec-
tion. Therefore, those factors may conform the ideal scenario for
simultaneous infections, although the pathogen groups showed
no biological interaction between them. Nevertheless, a positive
two-way association between both Minchinia species was
observed, which is suggested to be due to their different patho-
genic effect and use of resources within the host. Our findings
shed light on the complex interactions between multiple aetio-
logical agents associated with host diseases in the frame of a nat-
ural system. This study highlights the consequences of the
coinfections are not simply the sum of the effects caused by
each infectious agent, but the result of a complex combination
of direct and indirect pathogens effects, the host ecology and
the environmental context.

These results are framed into the current scenario of climate
change, which involves oceans warming on average by 0.6°C in
the next 100 years (Wiltshire et al., 2008), with European seas espe-
cially affected (Philippart et al, 2011). The sea surface temperature
around the UK and Ireland has increased at six times the rate of the
global average, particularly jeopardizing species that have small
thermal tolerance windows (Frost et al, 2012). As a result, previ-
ously appropriate habitats for cockles may no longer be suitable
due to changes in thermal regime, oxygen levels or altered rainfall
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patterns (Morgan et al., 2013; Coen and Bishop, 2015). Climate
change may be also expected to have a large effect on disease occur-
rence, especially in host species showing strong relationships
between temperature/salinity and diseases, as seen for the cockle
populations studied, and for many other molluscan host-parasite
systems (Allam and Raftos, 2015; Coen and Bishop, 2015; Lynch
et al., 2020a). The physiological stress may also cause the host to
become immune-compromised and unable to suppress an infec-
tion (Suttle, 2007). Therefore, climate change could be the driver
of the spreading and range expansions of infectious agents, such
as bacteria, haplosporidians and viruses, in the marine ecosystem
and may lead to more frequent pathogen outbreaks (Burreson
and Ford, 2004; Suttle, 2007; Rowley et al, 2014; Coen and
Bishop, 2015). As global climate change and anthropogenic
impacts continue to modify the distribution and abundance of
hosts and parasites and the ways in which they interact, integral
studies like ours are important since concepts gained might be
applied to other associations and to a changing environment.

A final important point to emphasize is that the relative poten-
tial of coinfections to cause the emergence of zoonoses in wild
animals remains to be fully assessed (Hoarau et al., 2020).
Given that two-thirds of emerging infectious diseases are zoo-
noses, with nearly 70% originating from wildlife (Hoarau et al.,
2020), better knowledge of the interactions of infectious agents
in wild reservoirs, such as cockles, will provide key insight for
the understanding and management of spillover processes.
Although challenging, findings from this study highlight the
necessity to integrate data pertaining to host ecology, pathogen
diversity, biogeography and seasonality of the disease and the
environmental influence. This approach should be consistently
applied to provide a more detailed picture of coinfection dynam-
ics in individual hosts and communities over time.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0031182021001396.
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Connectivity dynamics in Irish
mudflats between microorganisms
including Vibrio spp., common
cockles Cerastoderma edule,

and shorebirds

Sara Albuixech-Marti'™*, Sharon A. Lynch? & Sarah C. Culloty%3

Shellfish, including the key species the common cockle Cerastoderma edule, living and feeding in
waters contaminated by infectious agents can accumulate them within their tissues. It is unknown if
microbial pathogens and microparasites can subsequently be transmitted via concomitant predation
to their consumers, including shorebirds. The objective of this study was to assess if pathogens
associated with C. edule could be detected seasonally in the faeces of shorebirds that feed on C.

edule and in the physical environment (sediment) in which C. edule reside, along the Irish and Celtic
Seas. Two potentially pathogenic global groups, Vibrio and Haplosporidia, were detected in C. edule.
Although Haplosporidia were not detected in the bird faeces nor in the sediment, identical strains of
Vibrio splendidus were detected in C. edule and bird faecal samples at sites where the oystercatcher
Haematopus ostralegus and other waders were observed to be feeding on cockles. Vibrio spp.
prevalence was seasonal and increased in C. edule and bird faecal samples during the warmer months,
possibly due to higher seawater temperatures that promote the replication of this bacteria. The
sediment samples showed an overall higher prevalence of Vibrio spp. than the bird faecal and C. edule
samples, and its detection remained consistently high through the sites and throughout the seasons,
which further supports the role of the sediment as a Vibrio reservoir. Our findings shed light on the fact
that not all pathogen groups are transmitted from prey to predator via feeding but bacteria such as V.
splendidus can be. As most of the wading birds observed in this study are migratory, the results also
indicate the potential for this bacterium to be dispersed over greater geographic distances, which will
have consequences for areas where it may be introduced.

Mudflats are coastal wetlands that form in sheltered intertidal areas such as bays and estuaries, where sediments
have been deposited by tides or rivers. Mudflats support a large population of wildlife and are a key habitat for
many migratory shorebirds, as well as for certain species of molluscs, crabs, and fish!. The common cockle Ceras-
toderma edule is widely distributed in the Atlantic and one of the main non-cultured bivalve species harvested in
western European bays and estuaries, where population densities of 10,000 per m* have been recorded?, making
them a useful model species for this study. Furthermore, common cockles play a key role as an ecosystem engi-
neer, controlling or influencing processes such as bioturbation and water filtration, increasing the productivity of
sedimentary habitats, which underpin marine food webs and biodiversity’~. In the marine food chain, C. edule
is an important food source and are a link between primary producers (phytoplankton, phytobenthos) and con-
sumers such as crabs, shrimps, fish and birds*. Cockles, inhabiting the intertidal, are easily available to a variety
of predators since they are found only a few millimetres beneath the sediment surface, they may even emerge at
the surface when abundance is high, because of sediment erosion, or when they are stressed, such as by oxygen
deficiency or trematode infection®. One of the main consumers feeding on up to 300 cockles by day is marine
bird populations®, whose feeding ecology may shape their diverse and multiple endoparasitic fauna’, responsible
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for significant effects on marine birds®. Trophically transmitted parasites and pathogens are central elements in
most aquatic food webs, given that foraging behaviour and diet facilitate the transmission of a variety of patho-
gens and endoparasites through marine invertebrate and vertebrate species”!’. Concomitant predation is the
most common way for parasites and pathogens to become prey, which occurs when an infected host is eaten by a
predator. Because of the high productivity of aetiological agents, their unique nutritional composition and their
pathogenicity in hosts, their consumption affects food web structure, energy transfer and disease dispersals'.

Although parasitism contributes significantly to the biodiversity of mudflat ecosystems, the composition of
parasites in the food web of the mudflat ecosystems has been understudied'. Cockles inhabiting those habitats
can accumulate agents that are potentially pathogenic'? and act as a reservoir for subsequent infection of other
species®. Cockles are hosts to a diverse range of macroparasites'®, but may be also infected by a range of patho-
gens including protists, bacteria and viruses'®. In turn, Newman et al."” confirmed that infectious diseases are an
important cause of mortality events and individual bird deaths, especially among coastal and freshwater aquatic
birds, pointing out bacterial infections as a frequent cause of mass mortality events.

A wide range of bacterial infections occurs in free-ranging birds®, with many copiotrophic bacteria, such
as Vibrio spp., widely distributed in estuarine and coastal ecosystems'®!”. A large number of Vibrio species are
associated with marine organisms like fish, molluscs and crustaceans, in commensal or pathogenic relations'.
Some species such as Vibrio aestuarianus, Vibrio splendidus or Vibrio tapetis have been associated with mortalities
of different molluscan species, seriously affecting their culture and causing high losses in hatcheries as well as in
natural beds'®-*%. For other species, ecological importance has been demonstrated, such as Vibrio crassostreae,
Vibrio breoganii, Vibrio celticus, which form part of the molluscan microbiota'®, or V. mediterranei, found in
the microbiota of marine fish?*. In addition, Vibrio bacteria can persist in high abundance and/or can be found
during cold and unfavourable environmental conditions in the sediment compartment®®?’. Azandégbé et al.?®
reported the occurrence of V. aestuarianus in sediment at two C. gigas farms in France and suggested that this
bacterium might subsist during the cold seasons in the sediment and rise again under favourable conditions.

The haplosporidian protists are also widespread and have been associated with some of the most serious epi-
zootic mortalities of commercially important bivalves, including cockle population crashes in The Netherlands
and UK"*%-32, A number of studies have reported the detection of Minchinia'****-3% and Haplosporidium in
cockles®®, and Urosporidium parasitizing trematodes or turbellaria infecting cockles””. Cockles are a known
food source for shorebirds; however, to the best of our knowledge, Haplosporidia have not been previously
associated with birds.

Viral diseases play an increasingly important role in the health of aquatic birds, as has been suggested in previ-
ous studies®®°. Particularly, herpesviruses have been previously associated with respiratory and enteric disease
and mortality among seabirds and waterfowl*'~**. In turn, even though the natural host for ostreid herpesvirus
type-1 (OsHV-1) are oysters, Bookelaar et al.* recently determined the potential for C. edule to become infected
with and to act as an alternate host of OsHV-1 uVar. The presence of herpesviruses in the sediment has been also
described. Honjo et al.*® reported for the first time Cyprinid herpesvirus 3 (CyHV-3) DNA in sediments of natural
lakes and ponds suggesting that sediment could act as a reservoir for CyHV-3 in natural freshwater environ-
ments. Subsequently, Evans et al.*é detected OsHV-1 in the mangrove sediments from an estuary in Australia.

Therefore, the environmental reservoirs along with the hosts may largely influence the ecology of those
pathogen groups by favouring their survival and dispersion in the environment and also serving as a vector for
their associated disease. Free-living birds might be involved in the carriage of microbial pathogens not only as
biological carriers (the pathogen multiplies in the avian body) but also as mechanical carriers (the pathogen does
not multiply in or on the bird)*!. The pathogen can be located on the surface of the bird’s body or pass through
the digestive tract, being viable when excreted*'. Likewise, birds are hosts for many parasites that sometimes
serve as vectors of infectious agents*. Birds, including waterfowl, can be hyperparasitized by microsporidians
that infect their parasites*”*%. Hyperparasitism by microsporidia might influence trophic relationships between
invertebrate hosts such as C. edule and vertebrate hosts such as birds, releasing the secondary host from meta-
cercarial infections®. Therefore, birds may play an important role as a reservoir of infection and/or incidental
carrier influencing pathogen transmission, dispersal, and disease dissemination. The potential for transport
and dissemination of certain pathogenic microorganisms by free-living birds is of concern and is the subject
of increased vigilance. For instance, the roles of wild birds in the spread of avian flu and tick-borne viruses are
well recognised®*.

Parasite-inclusive food web studies have so far mainly considered macroparasites; however, the large diversity
of microparasites and pathogens in mudflat ecosystems remains to be fully explored'. Even though it is well-
known that infectious agents may incur costs for their avian hosts at an individual level®, the trophic transmission
of microbial and parasitic infections in aquatic birds and their influence on disease dynamics and dissemination
are difficult to establish. Further complications arise from the fact that some host groups such as birds are often
transient components of the local food web that can carry parasites and pathogens acquired elsewhere'. Poly-
merase chain (PCR)-based techniques for detecting prey remains in the gut, faeces and regurgitates of predators
can be applied to study complex trophic interactions in the field; however, their application is still a challenge.
The lack of sensitivity, short post-ingestion detection periods and cross-amplification problems are the major
difficulties for detecting degraded, semi-digested DNA>2. Nevertheless, following stringent contamination control
strategies when collecting samples, prompt preservation of those samples and assay optimization can prevent
these problems®~*°.

The presence of the Vibrio genus in C. edule has been confirmed on the eastern and southern Irish coasts®.
Likewise, there have been previous records of infected C. edule populations with haplosporidian protists such
as the genus Minchinia®**, or with ostreid herpesvirus type-1 (OsHV-1)*, as well as records of microsporidian
species parasitizing digeneans that infect cockle populations in those areas'>*. The objective of this study was
to assess if pathogens associated with C. edule (Vibrio spp., Haplosporidia spp., ostreid herpesvirus-1 microVar,
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Microsporidia spp.) could be detected seasonally in the sediment and the faeces of shorebird species at sample
sites along the Irish and Celtic Seas. This study used PCR-based techniques adopting strict contamination control
strategies and optimisation of the storage, extraction, and purification of the DNA from bird faecal droppings,
sediment, and cockles. Shorebird species present were recorded while foraging, with particular attention to cockle
consumption. The observational data from shorebirds was assessed in relation to C. edule DNA presence and
pathogen detection in faecal samples. The spatial and seasonal influence in the detection of the infectious agents
in cockles, shorebird faecal samples as well as sediment was also evaluated. Findings will provide an insight into
the pathogen community present in C. edule, shorebird populations and sediment, establishing the potential of
the different pathogen groups to persist in these three natural compartments and be trophically transmitted from
C. edule to shorebirds. This study highlights the role of the shorebirds as carriers of infectious agents as well as
the role of the sediment in the pathogen persistence.

Results

Bird species and observational studies. A detailed list of the bird species identified as well as the
behaviour observed in the recording is provided in Supplementary Table S1, likewise, their diet and status are
described in Supplementary Table S2.

Opverall, the bird presence on the sampled cockle beds, in the intertidal and subtidal areas, was constant at
the sample sites and throughout the year (Supplementary Table S1). The only exception was in spring 2019 in
Annagassan, where there was a clear disturbance in the shorebird community due to a flying drone in the area. A
variety of waders (Supplementary Table S1)—oystercatchers Haematopus ostralegus, curlews Numenius arquata,
bar-tailed godwits Limosa lapponica, black-tailed godwits Limosa limosa, common redshanks Tringa totanus, red
knot Calidris canutus and dunlins Calidris alpina—that feed on bivalves, including cockles, were identified in
the recordings along with several species of seagulls—Larus canus, Chroicocephalus ridibundus, Larus marinus,
Larus melanocephalus—and hooded crows (Corvus cornix), both groups with a generalist diet but that can feed
on bivalves in coastal areas (Supplementary Table S2). Most waders observed were actively foraging and feeding
(Table 1; Supplementary Table S1). Some recording was done of birds, especially oystercatchers, digging out
shellfish from the sediment and opening them with the beak. Gulls, in turn, were usually loafing, preening, and
passively foraging and feeding (Table 1; Supplementary Table S1).

The sample sites with lower bird occurrence were Ringaskiddy and Youghal, where a few scattered bird indi-
viduals were recorded (mainly H. ostralegus, N. arquata and L. canus), except for a flock of C. canutus (10<20
individuals) in summer 2018 at Youghal (Table 1; Supplementary Table S1). Bird flocks (> 10 individuals) were
common in Cuskinny, Dungarvan, and Dundalk (Annagassan and Cooley) (Table 1; Supplementary Table S1).
Large gull flocks (>20 individuals) were recorded at Cooley and, especially, at Cuskinny and Dungarvan (Table 1;
Supplementary Table S1). In turn, wader flocks (10 < 30 individuals), including H. ostralegus, L. limosa, T. totanus
and C. alpina, were more frequently recorded in Dundalk sites (Annagassan and Cooley) (Table 1; Supplementary
Table S1). Gulls were recorded over the year, except for the winter season in Annagassan and Cooley, while wad-
ers seemed to be more frequently observed during autumn and winter (Supplementary Table S1), which would
correlate with their status as winter visitors to Ireland (Supplementary Table S2).

Molecular cockle species identification.  All the screened cockles were identified as Cerastoderma edule,
with no presence of Cerastoderma glaucum or hybrids.

Among the faecal and sediment samples taken, 61.8% (n=126/204) of the faecal samples and 63.2%
(n=129/204) of the sediment samples showed good DNA quantity (=1 ng/pl) and high-quality DNA (A260/
A280=1<1.99), while 17.6% (n=36/204) of the faecal samples and 18.1% (n=37/204) of the sediment samples
showed good DNA quantity (= 1 ng/ul) and presence of RNA along with DNA (A260/A280=2<4).

In the seabird faecal samples, 22.5% (n=46/204) contained C. edule DNA (Fig. 1), with 63.0% (n=29/46)
of those samples displaying high quantities of DNA (> 1 ng/ul) and high-quality DNA (A260/A280=1<1.99).
In the sediment samples, 33.8% (n=69/204) contained C. edule DNA (Fig. 1), with 56.5% (n=39/69) of those
samples displaying good quantities of DNA (=1 ng/pl) of high-quality (A260/A280=1<1.99). There was no
presence of C. glaucum DNA or hybrids in any seabird faecal or sediment samples.

The highest percentage of C. edule DNA detected in faecal samples occurred at Dundalk Bay — Annagassan
(30.6%; n=11/36) and Cooley (30.0%; n=12/40) -, where the cockle abundance found was high compared to
the other sites and where oystercatchers H. ostralegus, curlews N. arquata, black-tailed godwits L. limosa, com-
mon redshanks T. totanus and dunlins C. alpina were observed foraging (Fig. 2). Cuskinny, where gulls were the
dominant species recorded and the cockle abundance observed in that area was lower than other sites, was the
site with the lowest level of C. edule DNA found in faeces (12.5%; n=4/32) (Fig. 2). Youghal, with a low cockle
and bird abundances observed, also showed a low detection of C. edule DNA in faeces (14.7%; n=5/34) (Fig. 2).
The lowest C. edule DNA detection in the sediment samples was in Ringaskiddy (20.6%; n=7/34), where a low
abundance of cockles and empty cockle shells were found at every sampling, while the highest detection was
in the commercial fishery of Dundalk—Annagassan (36.1%; n=13/36) and Cooley (60.0%; n=24/40) -, with
higher cockle abundances observed (Fig. 2).

Seasonal variability in the detection of C edule DNA in faecal and sediment samples was observed, with the
highest detection of C edule DNA during spring 2018 (faeces: 100%, n = 6/6; sediment: 83.3%, n=5/6) and sum-
mer 2018 (faeces: 73.9%, n=17/23; sediment: 78.3%, n=18/23), when more screened cockles were found dead
or in poor condition (full of sand and bad smell); while the lowest detection was in winter 2018/19 (faeces: 6.7%,
n=4/60; sediment: 20.0%; n=12/60) (Fig. 3). Flocks of H. ostralegus, C. alpina and C. canutus (10 <20 individu-
als) were observed during summer, while H. ostralegus, T. tetanus, and L. limosa flocks (10 <30 individuals)
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Sites Sampling dates | Tidal zonation Bird species Number of individuals | Behaviour*
Spring 2018 Intertidal Common gulls (Larus canus) 5 O
Autumn 2018 Intertidal ;)uygtercatchers (Haematopus ostrale- 3 F
Ringaskiddy | Winter 2018/19 | Intertidal ;’S‘erca“he“ (Haematopus ostrale- | 5 F
Common gulls (Larus canus) 2
Spring 2019 Intertidal Great black-backed gulls (Larus 5 O
marinus)
Spring 2018 Intertidal Hooded crows (Corvus cornix) Flock (~10) F/O
Autumn 2018 | Intertidal Black-headed gull (Chroicocephalus Flock (40-50) F/O
ridibundus)
Cuskinny Common gulls (Larus canus) Flock (20-30)
Winter 2018/19 | Intertidal F/O
Hooded crows (Corvus cornix) Flock (10-20)
Spring 2019 Intertidal Black-headed gull (Chroicocephalus Flock (30-50) F/O
ridibundus)
Summer 2018 Intertidal Red knot (Calidris canutus) Flocks (10-20) F
Autumn 2018 Intertidal / subtidal | Common gulls (Larus canus) 4 (0]
Youghal Winter 2018/19 | Intertidal / subtidal ;Yss)te“a“hm (Haematopus ostrale- | , F
Spring 2019 Intertidal gzjtercatchers (Haematopus ostrale- 3 F
Summer 2018 Intertidal ;zs)tercatchers (Haematopus ostrale- 4 F
Autumn 2018 | Intertidal Black-headed gull (Chroicocephalus | 1,1 (50_30) F/O
ridibundus)
Dungarvan Common gulls (Larus canus) Flock (20-30)
Winter 2018/19 | Intertidal _ O
Grea't black-backed gulls (Larus Flock (20-30)
marinus)
Spring 2019 Intertidal ;{ygtercatchers (Haematopus ostrale- Flocks (~10) F
Summer 2018 Intertidal Dunlins (Calidris alpina) Flock (10-20) F
Opystercatchers (Haematopus ostrale- Flocks (~ 10)
Autumn 2018 Intertidal gus) F
A Common redshank (Tringa totanus) Flocks (~10)
nn an
Opystercatchers (Haematopus ostrale- Flocks (10-20)
Winter 2018/19 | Intertidal 8us) F
Black-tailed godwits (Limosa limosa) Flocks (10-20)
Spring 2019 Supratidal Raven (Corvus corax) 1 F
Summer 2018 Intertidal ggtercatchers (Haematopus ostrale- Flocks (~10) F
Autumn 2018 Intertidal Black-tailed godwits (Limosa limosa) Flock (20-30) F
Winter 2018/19 | Intertidal ;{)Stercatchers (Haematopus ostrale- Flocks (~10) F
Cooley Black-tailed godwits (Limosa limosa) Flock (20-30) F
Common gulls (Larus canus)
Spring 2019 Intertidal / subtidal : _
pring Mediterranean gulls (Larus melano: Mixed flock (> 50) F/O
cephalus)
Sandwich terns (Sterna sandvicensis)

Table 1. The most abundant shorebird species, number, location and behaviour observed at each sample
site by season, compiling the main flocks observed in the field. (*) Following the descriptions in Lewis and
Tierney™, shorebird behaviour was classified in two categories: (F) foraging/feeding: the active or passive
search of food and feeding; and (O) other: all other behaviours that do not assign to foraging, including
roosting, standing, preening, loafing, swimming and others.

along with large flocks of gulls (20 <50 individuals) and hooded crows (10 <20 individuals) were observed in
autumn and winter (Fig. 3).

Pathogen screening. During the study two pathogen groups were detected in C. edule samples: 37.7%
(n=277/735) tested positive for Haplosporidia, while 25.3% (n=186/735) tested positive for Vibrio spp. (Fig. 1;
Table 2). Of the 277 cockles positive for Haplosporidia, 29.6% (n=82/277) could be distinguished as being
infected with Minchinia tapetis and 14.8% (n=41/277) were infected with Minchinia mercenariae-like (Table 2).
However, other haplosporidian species not targeted by this study could also be present in the C. edule samples
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Figure 1. Network association plot displaying the links between the different compartments studied. The

black text refers to pathogens and the white text relates to hosts/reservoirs. A solid line represents target DNA
presence and line thickness indicates the prevalence (%) of infected C. edule and the percentage of positive faecal
and sediment samples.

that were positive in the generic haplosporidian PCR. Of the 186 cockles positive for Vibrio, 19.9% (n=37/186)
were determined to be infected with Vibrio aestuarianus (Table 2), with highly infected individuals defined
as those individuals that showed a C,<30, since the V. aestuarianus positive controls (diluted purified DNA)
had a C,=30. Based on that, 13.5% (n=5/37) of the individuals determined to be positive for V. aestuarianus
were classified as heavily infected individuals, while 86.5% (n=32/37) were classified as having light/low infec-
tions. Dungarvan Harbour was the site with the highest presence of V. aestuarianus and three out of the five
heavily infected individuals were found in that site during summer 2018. Sequencing was conducted with a
subsample of the other 80.1% (n=149/186) of samples that were not positive for V. aestuarianus, results listed
below (Table 3). No ostreid herpesvirus-1 microVar nor Microsporidia spp. were detected in any of the C. edule
screened during the study (Table 2).

Of the various pathogen groups screened for, only vibrios were found in both bird faecal samples and sedi-
ment, apart from in C. edule samples (Fig. 1). Vibrio spp. DNA was detected in 13.7% of the seabird faeces
(n=28/204) and 62.7% (n=128/204) of the sediment samples (Table 2). 64.3% (n =18/28) of those faecal samples
and 66.4% (n=285/128) of those sediment samples displayed good quantities of DNA (=1 ng/ul) and high-quality
DNA (A260/A280=1<1.99). The PCR positive samples for generic Vibrio in the three screened sample types
were defined as Vibrio spp. for analysis purposes. However, specific screening of V. aestuarianus was conducted
by qPCR and sequencing done with subsamples of the C. edule, faecal and sediment samples revealed other Vibrio
species present during the study but not quantified.

V. aestuarianus was absent in the faecal samples, and it was only detected in two of the sediment samples
(1.6%, n=2/204), in spring 2018 at Cuskinny and in summer 2018 at Dungarvan (Table 2), and both were classi-
fied as having low bacteria loading. The strain of V. aestuarianus detected in cockles and sediment was confirmed
to be the same (MK307696.1, strain 15_075_1T2), which has been recently confirmed to be pathogenic to the
common cockles C. edule®. Other species of Vibrio, known as important aetiological agents of diseases affect-
ing all life stages of shellfish'®?!, were also identified: Vibrio splendidus and Vibrio kanaloae. It was confirmed
that three strains of V. splendidus identified by direct Sanger sequencing were the same in the three sample
types (Table 3). The sequences obtained from the three samples types, with a query length between 87-155 bp,
showed 60-91% query coverage and 92.6-98.7% percent identity to V. splendidus strains deposited by Gao
(2020) (MT445179.1, strain FS1; MT445177.1, strain CT1) and by Landreau et al. (2020) (MT345091.1, strain
DO0-B01). Some of these sequences obtained from C. edule and bird faecal samples came from the same sampling
site, Dungarvan (Table 3). However, the identified sequences from the sediment are from Ringaskiddy. Likewise,
the V. kanaloae strain CAIM 485 was found by sequencing in both cockle and sediment samples (Table 3). The
cockle samples, with a query length between 82-179 bp, showed 78-83% query coverage and 92.6-98.6% percent
identity to V. kanaloae deposited by Sun (2020) (MT759943.1); while the sequence from the sediment sample,
with a query length of 222 bp, showed 30% query coverage and 94.4% percent identity to V. kanaloae deposited
by Sun (2020) (MT759943.1). Nevertheless, it was not considered a robust outcome due to the low query cover
(30%) in the sequenced sediment sample. For two of the sequenced cockle samples, it was not possible to gener-
ate sequences that were long enough to identify species.
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Figure 2. Distribution of C. edule DNA compared to the presence of Vibrio spp. in shorebird faecal samples,
cockles, and sediment samples at each sample site. The most frequently observed shorebird species throughout
the seasons at each sample site are represented on the top of the figure (Images used under license from
Shutterstock.com).

The prevalence of Vibrio spp. displayed significant spatial variability (p(Chisq) <0.05) in both C. edule and
bird faecal samples (Fig. 2), although, no significant correlation (p(t)>0.05) in the prevalence of Vibrio spp.
was established between cockles and shorebird compartments. Ringaskiddy displayed the lowest prevalence of
Vibrio spp. (2.9%; n=1/34) in the bird faecal samples, but also showed a low prevalence of Vibrio spp. in C. edule
samples (13.7%; n=16/117) (Fig. 2). In turn, Youghal, Annagassan and Cooley showed intermediate values in
the prevalence of Vibrio spp. detected in C. edule samples and bird faecal samples (Fig. 2). Cuskinny was the site
showing the lowest prevalence of Vibrio spp. in cockle samples (10.7%; n=15/140), while Dungarvan presented
the highest prevalence (44.4%; n="75/169) (Fig. 2). In contrast, the highest prevalence of Vibrio spp. detected in
faecal samples was in Cuskinny (31.3%; n=10/32), with the lowest level of C. edule DNA found in the faeces of
that area (12.5%; n=4/32) (Fig. 2); while Dungarvan was the second site with the lowest prevalence of Vibrio spp.
in faecal samples (7.1%; n=2/28) and a low level of C. edule DNA found in the faeces (17.9%; n=5/28) (Fig. 2).
No significant correlation (p(t) > 0.05) was established between the presence of C. edule DNA and Vibrio DNA
detected within the shorebird compartment.

The presence of Vibrio spp. in sediment samples overpassed the prevalence of Vibrio spp. in bird faecal samples
and to a lesser extent in C. edule samples (Fig. 2). The examination of collinearity in the prevalence of Vibrio
spp. between the different compartments—sediment, cockles, and shorebirds - revealed a correlation (t>0.3)
between sediment and cockles.

In sediments samples, no significant differences in Vibrio presence between sample sites were displayed
(p(Chisq) >0.05). The occurrence of Vibrio spp. remained fairly high through the sites, regardless of the different
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Figure 3. Distribution of C. edule DNA compared to the presence of Vibrio spp. in shorebird faecal samples,
cockles, and sediment samples throughout the seasons. The most frequently observed shorebird species through
the sites by each season are represented on the top of the figure (Images used under license from Shutterstock.
com).

levels of C. edule DNA found in the sites—no significant correlation (p(t) >0.05) was established between the
presence of C. edule DNA and Vibrio DNA detected within the sediment compartment—(Fig. 2).

Significant seasonal variability (p(Chisq) <0.01) in the occurrence of Vibrio spp. was exhibited in the three
studied compartments—sediment, cockles, and shorebirds-. The highest presence of Vibrio spp. in C. edule, bird
faecal samples and sediment samples, was during the warmer months and declined during the winter (Fig. 3). The
presence of Vibrio spp., therefore, followed the same seasonal trend as the occurrence of C. edule DNA in both
faeces and sediment samples (Fig. 3), although the correlation between C. edule DNA and Vibrio DNA detected
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Pathogen species Cockle samples | Seabird faecal sampl Sediment sampl
Haplosporidia 37.7% (277/735) | 0% (0/84) 0% (0/84)
Minchinia tapetis 29.6% (82/277) 0% (0/84) 0% (0/84)
Minchinia mercenariae-like 14.8% (41/277) 0% (0/84) 0% (0/84)
Ostreid herpesvirus type-1 and variants 0% (0/735) 0% (0/113) 0% (0/113)
Microsporidia sp.1 0% (0/735) 0% (0/58) 0% (0/58)
Microsporidia sp.2 0% (0/735) 0% (0/58) 0% (0/58)

Vibrio spp. 25.3% (186/735) | 13.7% (28/204) 62.7% (128/204)
Vibrio aestuarianus 19.9% (37/186) 0% (0/204) 1.6% (2/204)

Table 2. Total numbers of positive cases (%, positive individuals/screened individuals) for the screening done
for the target pathogen species in cockles, seabird faecal samples and sediment samples.

e site ecies identification ercent Identi uery Cover uery Len,
Sampl Samplesite | § Species identificati Percent Identity | Query C ity Ll )
Youghal Vibrio spp. among them:
Cockles Dungarvan Summer 2018 | Vibrio splendidus*and V. | 92.59-98.58% 78-83% 82-179
Cooley kanaloae*

Cockles ﬁggzgzzzg Summer 2018 SVP’;; ;’gizpfsgm“t likely V.| 97 84-97.920% 88-91% 154-155
Vibrio spp. most likely

Cockles Annagassan | Summer 2018 | V. aestuarianus or V. 98.01% 94% 158
mediterranei

Cockles g‘;;kg‘:rnvya . | Autumn 2018 | Vibrio spp. 94.23-94.29% 67-73% 52-69

Sediment g(l)l?]lge;’rvan Summer 2018 | Vibrio spp. 9531-95.83% | 85-93% 74-75

Sediment Ringaskiddy | Autumn 2018 | Vibrio splendidus 92.73% 85% 62

. Ringaskiddy | Autumn 2018 | Vibrio sp. most likely V. N N o _
Sediment Ringaskiddy | Winter 2018 splendidus* 95.65-98.51% 60% 110-114
Sediment Youghal Summer 2018 gi%;ﬁ;mosr likely V.1 94 379 30% 222
. . Vibrio sp. most likely V.

Shorebird faeces | Dungarvan Spring 2019 splendidus* 98.67% 86% 87
Grimontia hollisae (previ-

Shorebird faeces | Cooley Summer 2018 | ously classified as Vibrio 97.14% 50% 138
hollisae)

Shorebird faeces | Youghal Spring 2019 Vibrionaceae bacterium 100% 80% 57

Shorebird faeces | Annagassan | Autumn 2018 E;gerobacter/Klebmella 96.43% 73% 75

Shorebird faeces | Cuskinny Autumn 2018 | Enterobacterales 98.48% 44% 146

Table 3. Description of the Blast results obtained from the sequenced DNA of cockles, seabird faeces and
sediment samples using generic Vibrio primers. (*) Same strains of Vibrio spp. were identified in cockle
samples and sediment/faecal samples.

in those compartments was not statistically significant (p(t) >0.05). 28.6% (n = 8/28) of the faecal samples that
were positive for Vibrio spp. also contained C. edule DNA and all of them were from spring and summer. It was
also noticeable that in spring 2019 the prevalence of infection was higher in the three compartments compared
to spring 2018 (Fig. 3) when the only samples available were from Ringaskiddy and Cuskinny.

Discussion

This study demonstrates connectivity between the presence of vibrios in the marine environment and the dif-
ferent compartments that they can be detected in, i.e. sediment, invertebrates, and vertebrates. The presence of
Vibrio spp. was confirmed in sediment samples, that may act as a reservoir or sink for such bacteria; in sediment-
dwellers C. edule, where some may be pathogenic; and in shorebirds, infected via the consumption of cockles,
resulting in transmission of these bacteria via faeces and the further repopulating of the sediment by these faecal
bacteria. Unlike Vibrio spp., haplosporidians, including Minchinia spp., were found in C. edule samples but no
transmission to shorebirds was detected. Haplosporidia DNA was also absent in the sediment. The lack of detec-
tion of haplosporidians supports the effectiveness of the Vibrio pathogen group to be transferred through the
bird digestive system and persist in the environment. This finding may provide new insight into the life cycle of
haplosporidians, which is still not fully known, and its capacity of persistence outside the host. However. further
research in the infective stages of these pathogens is needed.
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Two Vibrio species were identified that were of interest due to their pathogenicity and their major role in
bivalve disease outbreaks?>**-%% Vibrio splendidus, known as an important aetiological agent of diseases affecting
Crassostrea gigas aquaculture®®®!, and Vibrio aestuarianus, whose harmful effect has been reported on C. edule®
and C. gigas®. For the first time, to the best of our knowledge, identical strains of V. splendidus have been reported
in C. edule, faecal samples of wild shorebirds and sediment. V. aestuarianus was detected in C. edule through the
sample sites and in sediment from Cuskinny and Dungarvan, but it was absent in the faecal samples. A potential
explanation for this absence is that the bacterial load in cockles was not high enough to be transmitted to the
birds during foraging or to be detected due to the low levels present.

V. splendidus detection in bird faeces further supports the carrier role that migratory birds play in the dis-
semination of Vibrio species, such as in V. cholerae®*%, V. parahaemolyticus, V. vulnificus and V. mimicus®®7°.
It is well-known that the dispersal of V. cholerae by aquatic birds may be attributable to their direct predation
of fish”'-7, chironomids and copepods®*. Recently, Fu et al.”” demonstrated that the predation of molluscs and
zooplankton by migratory birds played an essential role in the dissemination of V. parahaemolyticus and V.
mimicus in the estuary of the Liaohe River in China. However, the transmission of Vibrio species less relevant for
humans had been neglected and very little is known about the role that migratory birds play in the spread of these
pathogens. Our findings, therefore, provided the first evidence of possible transmission of V. splendidus to birds
through consumption of infected cockles, as was supported by the presence of C. edule DNA and Vibrio DNA in
the same bird faecal samples. This was further supported by the observations of waders, mainly oystercatchers H.
ostralegus, known to feed on bivalves including cockles, at the sample sites. Cockle availability is a key resource
supporting many overwintering wader populations such as oystercatchers®. The observational data collected also
revealed that the presence of waders was larger at the sample sites with higher cockle abundances observed dur-
ing the sampling. Previous studies have demonstrated a positive correlation between shorebird abundance and
invertebrate prey densities, especially when patterns are examined across large spatial scales (e.g., encompassing
entire estuaries)’*7°. Moreover, the identified strains of V. splendidus in C. edule and bird faecal samples came
from the same sample site, Dungarvan, with the highest prevalence of Vibrio spp. in C. edule samples.

The spatial variability in the Vibrio infection established in C. edule and bird faecal samples added evidence
to the influence that cockle consumption may have had on the Vibrio prevalence detected in shorebird fae-
cal samples. Wader flocks were common in Dundalk (Annagassan and Cooley) with the highest presence of
cockles observed in the field and the highest densities reported in the literature (Shellfish Stocks and Fisheries
Review, Marine Institute and BIM, 2017). Both sites showed the highest presence of C. edule DNA in the bird
faeces, suggesting the waders are feeding on the cockles of those areas. In turn, Annagassan and Cooley showed
intermediate values in the prevalence of Vibrio spp. detected in both C. edule samples and bird faecal samples.
Despite the more frequent observation of waders in the sites with easier access to cockles, the correlation in Vibrio
prevalence between C. edule and shorebird compartments was not significant. The strongest discrepancy in the
prevalence of Vibrio spp. detected between the C. edule samples and the faecal samples was found at Cuskinny
and Dungarvan. Dungarvan, with the highest prevalence of Vibrio spp. and V. aestuarianus in C. edule, showed
a low prevalence of Vibrio spp. in bird faecal samples, probably due to the predominant presence of gulls, with
a generalist diet, with respect to waders. Cuskinny exhibited the lowest prevalence of Vibrio spp. in cockle sam-
ples and the highest prevalence of Vibrio spp. in faecal samples, being also the gulls the dominant birds present.
Therefore, it may reflect a lower consumption of cockles by gulls. This is consistent with the lower presence of C.
edule DNA found in bird faecal samples at both sites. In the case of Cuskinny, the high prevalence of Vibrio spp.
in faecal samples may be due to another source of Vibrio rather than the consumption of cockles.

Seasonal variability in the Vibrio infection was confirmed in C. edule and bird faecal samples and may also
be related to the cockle consumption by shorebirds. Prevalence of Vibrio spp. increased in C. edule and faecal
samples during the warmer months, probably due to the higher temperature. Temperature is likely the most
important driver of the overall change in Vibrio abundance in temperate coastal waters”’. Temperature promotes
the proliferation of bacteria such as Vibrio, which grow preferentially in warm waters?®?’. The high seawater
temperature may also have an important impact on the physiological state of bivalve hosts, which makes them
more susceptible to infection during the warm period of the year””. Consequently, infected C. edule may have
been more accessible for shorebirds at that time of the year, when more screened cockles were found in poor con-
dition. This higher susceptibility of cockles may have also promoted its opportunistic consumption by generalist
feeders such as gulls and hooded crows, as suggested by the higher occurrence of C. edule DNA detected during
the warmer months in the bird faecal samples. Although no significant correlation was established between
the presence of C. edule DNA and Vibrio DNA in faecal samples, Vibrio prevalence followed the same seasonal
trend as the occurrence of C. edule DNA in bird faeces. It was also noticeable that in spring 2019 the prevalence
of infection was higher in C. edule and faecal samples compared to spring 2018. This might be because the only
samples available in spring 2018 were from Ringaskiddy and Cuskinny, where the prevalence of Vibrio spp. was
low in C. edule samples. Besides, in Cuskinny, gulls, which are not exclusively dependent on cockles for their
feeding, were most frequently observed.

As expected, due to the infaunal lifestyle, C. edule DNA was also detected in sediment samples, with higher
frequency than in the faecal samples. The detection of C. edule DNA in the sediment samples was higher at the
sites with higher cockle abundances observed, i.e. Dundalk (Annagassan and Cooley). The detection of C. edule
DNA in Ringaskiddy and Youghal was the lowest, as they were the areas where more effort was required to find
enough cockles for the study. Empty cockle shells were observed at Ringaskiddy at every sampling, while Youghal
is an extremely muddy shore, which makes it less suitable for cockles that prefer a sand-mud mixture best for
cockle growth®. A significant correlation between the occurrence of Vibrio spp. in cockles and sediment was
established, confirming the link between these two compartments. In sediment samples, the total frequency of
Vibrio spp. detected was higher than in shorebird faeces and C. edule samples. Previous studies have shown that
attachment to surfaces, such as the exoskeleton of chitin as well as sediment, is an integral part of the aquatic
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lifestyle of many vibrios, representing a successful survival mechanism?”**787°, Vezzulli et al.”” observed that both
V. aestuarianus and V. splendidus maintained viability and culturability for longer times in the sediment than in
seawater in laboratory experiments, suggesting that this compartment may represent a suitable niche for their
persistence in the environment. Accordingly, Johnson et al.'! observed a protective effect in sediment compared
with oysters and seawater, for V. parahaemolyticus and V. vulnificus. Freitas et al.% recently demonstrated that V.
parahaemolyticus cells attach to underwater surfaces, such as sediment, and/or associate with various species of
shellfish and zooplankton as part of their life cycle. In our study, no significant spatial variability was detected in
the presence of Vibrio spp. in sediment samples. Vibrio spp. frequency remained consistently high through the
sample sites regardless of the different levels of C. edule DNA detected, with no correlation established between
the C. edule DNA and Vibrio DNA found in the sediment. The findings highlight the role of the sediment as a
major reservoir for Vibrio spp.

Vibrio spp. showed a lower prevalence during winter in both C. edule and faecal samples, however, Vibrio
spp. frequency remained higher in the sediment. Accordingly, Vezzulli et al.%! identified the sediment as an
environmental reservoir for Vibrio, where the bacteria can find a favourable environment for overwintering. This
is also probably linked to the fact that sediment provides biotic and abiotic surfaces useful for bacterial biofilm
development; moreover, the concentration of organic matter in this compartment is higher than in the overlying
water column (10,000-100,000 fold-higher in natural conditions)®’.

The strains of V. splendidus found in the sediment were the same as the ones in C. edule and bird faecal
samples, although the strains of V. splendidus in sediment were identified in a different cockle bed, as well as the
same strain of V. aestuarianus was detected in C. edule and sediment samples. In waterborne infections, in fact,
the pathogenic agent can be shed by infected migrating birds, resulting in contamination of water with faeces
or other corporal discharges*!. Subsequently, molluscs inhabiting the area may get infected by filtration of the
water column with the pathogenic agent in it”’. The presence of pathogens in the sediment may also have an
impact on the infaunal community within the sediment, which influence ecosystem services as bioturbation,
nutrient recycling or carbon sequestration®. The presence of the same vibrios in the three analysed compartments
expose, therefore, the intricate links of the marine trophic webs and the influence of the environment on them.

The findings obtained from this research provide new insight into the parasite-inclusive food web studies
of mudflat ecosystems, targeting microparasites and pathogens that have received much less attention in this
respect. The observed differences in the transmission of the Haplosporidia and the Vibrio spp. analysed indicates
that not all pathogen groups are transmitted via food webs and that certain pathogens such as bacteria can be
ingested and excreted with their DNA integrity intact thus indicating viability. The findings shed light on the
potential transmission of V. splendidus associated with bivalves to shorebirds, via cockle consumption; as it has
been previously reported with oysters®” and fish’%, whose intake transmits V. cholerae to aquatic birds. Our find-
ings add evidence to the significant role migratory birds may have as carriers of infectious agents such as bacteria,
enabling their transport and dispersal not only to short-distance, given the efficient digestion and short food
retention time in shorebirds, but also to long-distance if the infection in shorebirds occurs®2, Further examina-
tion of regurgitated pellets and faecal droppings, as well as the analysis of gut contents of shorebirds, would be
necessary to definitively confirm the subsequent trophic transmission and the infection success and impacts
this pathogen can have on shorebird populations. Likewise, our findings further support the role of sediment
as a Vibrio reservoir. The analysis of other compartments in the field, such as seawater, cohabiting bivalves, etc.,
and the factors affecting the survival of the infectious agents, would be of interest for future research to provide
a complete picture of the infection sources and the potential connectivity between them.

Methods

Sample sites. Cockles, faecal samples and sediment samples were collected seasonally from April 2018 to
April 2019 at Cork Harbour (Ringaskiddy and Cuskinny) on the south coast (Celtic Sea) of Ireland, and from
July 2018 to April 2019 at Youghal Bay and Dungarvan Harbour, the latter the site of extensive farming of Pacific
oysters (Crassostrea gigas), on the south coast (Celtic Sea), as well as at the commercial fishery at Dundalk Bay
(Annagassan and Cooley) on the northeast coast (Irish Sea) (Fig. 4). The six locations are bays with intertidal
sand and mudflats, where a variety of bivalve species inhabit. They are Special Protection Areas (SPAs) under the
E.U. Birds and Habitats Directives, providing good quality feeding areas and roost sites for an excellent diver-
sity of waterfowl species (www.npws.ie/protected-sites/spa). Moreover, Cuskinny is classified as Marsh Nature
Reserve and Dundalk Bay is a classified Bivalve Mollusc Production Area and it has supported a commercial
dredge cockle (Cerastoderma edule) fishery since 2001%°.

Although the cockle densities in situ were not measured, observations of cockle abundances during the sam-
plings were in accordance with the reference densities previously recorded in those sites. C. edule densities in
the selected sites varied from higher densities, 9.33 + 3.5 ind/m?, in Dundalk Bay (Shellfish Stocks and Fisheries
Review, Marine Institute and BIM, 2017) to lower densities in sites that are not fished: 1.6 +2.1 ind/m? in Youghal
Bay; 0.8+ 1.7 ind/m? in Cork Harbour; and 0.4+ 1.3 ind/m? in Dungarvan Harbour".

Bird observations. Video recording of shorebirds while foraging at low tide in the study areas was carried
out seasonally from April 2018 to April 2019, following the specifications of Martins et al.*%. Recordings were
carried out with a digital camcorder (CX405B, Sony) with a 30x optical zoom. The video recording was done
prior to sampling to avoid disturbance. The average duration of the films were 5 to 10 min, each one taken from
a different perspective of the bay while filming the main bird aggrupations. Therefore, it is highly unlikely that
pseudoreplication (i.e., filming the same individual more than once) affected our dataset and conclusions to any
significant extent. The recording was done in the aerially exposed cockle bed, where the faecal samples and the
sediment samples were collected at low tide. The viewing of the videos was carried out to list the bird species,
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Figure 4. Map of Ireland highlighting the sample sites with coordinates (ArcGIS Desktop 10.5.1; www.esri.
com).

Cork Cork

Harbour— Harbour— Dungarvan Dundalk Bay - | Dundalk Bay

Ringaskiddy Cuskinny Youghal Bay | Harbour Annagassan -Cooley
Dates C F |s |C F |s |[C |F |§ |C F | |C F | |C F |S
Sp. 18 29 4 4 31 2 2 - - - - - - - - - - - -
Sum. 18 12 - - 27 - - 11 |4 4 51 3 3 43 6 6 17 10 | 10
Aut. 18 31 10 |10 |29 10 |10 |16 |10 |10 |58 10 |10 |30 10 |10 |30 10 | 10
Win. 18/19 15 10 |10 |23 10 |10 |30 |10 |10 |30 10 |10 |30 10 |10 |30 10 | 10
Sp. 19 30 10 |10 |30 10 |10 |12 |10 |10 |30 5 5 30 10 |10 |30 10 |10
Totals 117 |34 |34 |140 |32 |32 |69 |34 |34 |169 |28 |28 |133 |36 |36 |107 |40 |40

Table 4. Number of collected cockles (C.), bird faecal samples (F.) and sediment samples (S.) by site and
season (Sp.18: spring 2018; Sum.18: summer 2018; Aut.18: autumn 2018; Wint.18/19: winter 2018/19; Sp.19:
spring 2019). (-) No samples collected.

their number and behaviour i.e., foraging and feeding or not, at the time of the filming. Following the descrip-
tions in Lewis and Tierney®, shorebird behaviour was classified in two categories: (1) foraging/feeding: the
active or passive search of food and feeding; and (2) other: this category was used for all other behaviours that do
not assign to foraging, including roosting, standing, preening, loafing, swimming and others. Prey identity was
not examined. However, in some cases, analysis of video recordings allowed the distinction of the consumption
of bivalves, even though identification of specific species could not be done even with the best quality recordings.

Sample types. Cockles were collected by hand raking from the intertidal area of each site at spring tide
(0.5-1 m) and seasonal intervals. The sample size, outlined in Table 4, was dependant on the available abundance
at each site and season. Cockles were kept at ambient temperature during the fieldwork and were processed
either on the same day or were held overnight at 4 °C and were processed the next day.

Sediment and seabird faecal samples were collected as near as possible to the cockle collection area (Table 4).
As food retention time in the digestive tracts of birds is short—for instance, for red knots (Calidris canutus) it
is 20-50 min® -, the collection of samples was done after 30 min from the start of the video recording to ensure
that the bird faeces collected were composed of food remains found and digested by the shorebirds feeding on
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Primer sequence (5°-3’)
Primer pair Forward Reverse Product size (bp) | Primer specificity
ggé"; N GTT TCC GTA GGT GAA CCT G AAG CAG CGA GAA GCC GTT C 190 Cerastoderma edule
gg’é‘)gr_R GTT TCC GTA GGT GAA CCT G AAT TCG CCA TCG TCG G 470 Cerastoderma glaucum
zigéjﬁ GGC GTA AAG CGC ATG CAG GT GAA ATT CTA CCC CCCTCT ACA G 120 Vibrio spp.
NS GTT CTT TCW TGA TTC TAT GMA AKR HRT TCC TWG TTC AAG AYG A 350 Haplosporidia spp.
TAP Tor ATC TAA CTA GCT GTC GCT AACTCGT | CTT TCA AGA TTA CCC GGC TCT GC 165 Minchinia tapetis
MER-For ATC TAA CTA GCT GTC ACT ATG GAA AA | AGG CACATT AAA GAT TGC CCA GCT 170 Minchinia mercenariae-like
MER-Rev CTITT
83&; TGC TGG CTG ATG TGA TGG CTT TGG GGA TAT GGA GCT GCG GCG CT 385 Ostreid herpesvirus type-1 and variants
M GTG GAC GCT AGT CTC ACA GGT T TTG CAC CAG AAG GTT TAC GACACAT | 180 Microsporidia sp.1
l\l\ﬁﬁ% ATG CAT GCG TAA GCG AAG CAGTTAT | TCT CTT GCA CCA GAA GGT TTACGAC | 180 Microsporidia sp.2

Table 5. Description of PCR primer pairs showing sequences for each forward and reverse primer and
expected product size.

prey from that foraging site®’. Collection of samples was conducted following stringent contamination control
strategies, such as using sterilised material and avoiding taking any substrate in contact with the faecal matter.
One sterilised swab was used to collect a small amount (around 5 mm?) of the bird faecal waste and a second
swab was used to collect the same amount of sediment nearby to the stool. Each sample was transferred into an
individually labelled 2 ml sterile Eppendorf tube.

Wherever possible, faeces were collected fresh to minimize further enzymatic action and, consequently,
degradation of the DNA, although freshness is not always easy to determine in the field®. Preservation of fae-
cal samples has mainly been by freezing in a range from —20 °C to —80 °C>*-%°. Seabird faeces and the sediment
samples were stored in an insulated bag with iced packs during the fieldwork and, once in the lab, they were
frozen at —80 °C until their processing to accelerate freezing and halt DNA-destroying enzymatic processes.

Sample processing and diagnostic methods. A small piece of gill tissue (2-5 mm? of tissue) from
each cockle was taken and stored at —20 °C for molecular assays. Genomic DNA from the cockle gill tissue
was extracted using the chelex-100 extraction method®*®. The DNA of seabird faecal samples, as well as the
sediment samples, were extracted by Qiagen QIAamp DNA Stool Kit, following the protocol of Zeale et al.¥,
with modifications from Dr James Nicholls (https://www.protocols.io/view/dna-extraction-from-avian-fae-
ces-stored-in-ethanol-ve6e3he) and Sarah Davies (pers comm). Negative controls during DNA extraction were
included to screen for potential contamination by prey DNA between samples and provide a higher degree of
confidence in the assay protocol. Once extracted, the samples were used to determine the European cockle spe-
cies (Cerastoderma edule (Linnaeus, 1758) or Cerastoderma glaucum (Poiret, 1789)) present and for subsequent
pathological screening.

The quantity of target DNA remaining after storage, extraction and purification of the DNA, affects the
successful amplification of that DNA from faecal material®®. It should be highlighted that faecal DNA is often
degraded, the risk of contamination is high, and PCR inhibitors may likely be co-extracted?. Therefore, the
quantity and the quality of the extracted DNA from seabird faeces and sediment samples were established using
NanoDrop 1000 Spectrophotometer to avoid the diagnosis of false negatives due to low DNA quantity and/or
DNA of poor quality. DNA purity was assessed by determining the ratio of spectrophotometric absorbance of
each extracted sample at 260/280 nm (A260/A280 ratio; an indicator of protein or phenol contamination). Pure
DNA extraction should have an A260/A280 ratio ~ 1.8, higher values indicate the presence of RNA along with
DNA.

Polymerase chain reaction (PCR) was carried out in the cockle, seabird faecal and sediment samples to
amplify the nuclear DNA markers ITS-for / ITS Ce-R / ITS Cg-R to differentiate between the presence of C.
edule, C. glaucum species or hybrids® (Table 5). Amplification was conducted following the reaction mixture
and thermocycling conditions, as well as the visualisation of the product, described in Albuixech-Marti et al.?.

Standard PCR screening in cockle, seabird faecal and sediment samples was conducted using generic primers
Vib1F/2R¥ (Table 5) following the protocol modified by Vezzulli et al.”® (optimised by Davies, C. E.) for the detec-
tion of Vibrio genus. A total of 1 ml of DNA per individual was used in a total volume of 25 ml of the reaction
mixture containing: 12.5 ml of Taq 2X Master Mix, 0.125 ml of for and reverse primers (100 mM) and 11.25 ml
of ddH,0. Cycling conditions consisted of an initial denaturation of the sample at 94 °C for 10 min followed by
30 cycles of 94 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s and a final elongation at 72°c for 10 min. Electrophoresis
of the amplification products was conducted in a 2% agarose gel.
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Primers Sequence Specificity

dna] 420 GTGAAGGGACGGGTGCTAAG

dnaj r456 CCATGACAAGTGCCACAAGTCT | Vibrio aestuarianus
dnaJ p441 (probe) | FAM-AGGGCACGTCGGC-MGB

Table 6. Description of qPCR primer pair and probe used in the study.

Standard PCR screening for haplosporidian detection was carried out in the cockle samples (n=735), like-
wise in a subsample of seabird faecal and sediment samples (n = 168), using generic haplosporidian HAP-F1 and
HAP-R3 primers that amplify small regions of the SSU rDNA of most haplosporidian parasites’*? (Table 5).
Amplification was conducted following the reaction mixture and thermocycling conditions, as well as the visu-
alisation of the product, described in Albuixech-Marti et al.*.

Standard PCR screening for Minchinia spp. detection was carried out in the cockle samples that were posi-
tive for Haplosporidia by conventional PCR (n=277), likewise in a subsample of seabird faecal and sediment
samples (n=168), using specific primers for Minchinia tapetis (TAP-For/Rev) and Minchinia mercenariae-like
(MER-For/Rev)*® (Table 5) in the appropriate pairings and in separate PCR reactions. Amplification was con-
ducted following the reaction mixture and thermocycling conditions, as well as the visualisation of the product,
described in Albuixech-Marti et al.%.

Standard PCR screening for ostreid herpesvirus type-1 (OsHV-1) and variants was carried out in cockle sam-
ples (n=735), likewise in a subsample of seabird faecal and sediment samples (n=226), using specific primers
OHVA/OHVB that amplify small products of the ORF4 gene in the OsHV-1 virus and its variants®® (Table 5).
Amplification was conducted following the reaction mixture and thermocycling conditions described in Lynch
et al.”. Electrophoresis of the amplification products was conducted in a 2% agarose gel.

Standard PCR using specific primers (MicIF1-MicIR1 and MicIF2-MicIR2, Table 5) (Lynch, unpublished data
confirmed to be specific to Microsporidia spp. by Sanger sequencing) to detect two unidentified microsporid-
ian species was carried out in cockle samples (n=735), likewise in a subsample of seabird faecal and sediment
samples (n=116). Both reaction mixture and thermocycling conditions were the same as used with the PCR for
OsHV-1, as well as the visualisation of the product.

Real-time quantitative PCR (qPCR) for detection and quantification of Vibrio aestuarianus in the cockle,
seabird faecal and sediment samples that were positive for generic Vibrio screening was performed using spe-
cific primers for detection of the molecular chaperone dnaJ gene, following the protocol of McCleary and
Henshilwood® (Table 6). All samples were performed in triplicates using 5 pl of DNA. C, values were used to
determine real-time PCR quantification and detection limits, a tested sample was considered positive if its mean
C, value was below 37.

Direct Sanger sequencing was carried out on representative PCR products amplified from cockle samples,
seabird faecal and sediment samples, using generic Vibrio primers to identify the species present in the samples.
Genomic DNA from 10 selected cockle individuals and 11 faecal and sediment samples was isolated and puri-
fied using the QIAquick Gel Extraction Kit (QIAgen) prior to direct sequencing. Both the forward and reverse
strands of DNA samples were sequenced commercially (Source Bioscience). Each sequence was matched against
the National Center for Biotechnology Information (NCBI) nucleotide database with BLASTn (Basic Local
Alignment Search Tool), which finds regions of local similarity between sequences to identify and confirm the
DNA being detected in the PCRs.

Statistical analyses. Statistical analysis was performed in R version 3.2.3. statistical software. Vibrio occur-
rence was modelled as pathogen presence/absence in each cockle, bird faecal sample and sediment sample. Pear-
son’s Chi-squared tests were used to determine whether the presence of Vibrio spp. was significantly different
(p(Chisq) <0.05) among the sample sites and throughout the year for each of the sample types (cockles, bird fae-
cal samples and sediment). Fisher’s exact test was conducted when the frequencies of the pathogen occurrence
in a site or season were < 4, to gain accuracy.

Collinearity between the different compartments—sediment, cockles, and shorebirds—was examined by pairs
using non-parametric Kendall's Rank Correlation Tau (1) with the Vibrio occurrence data in each compartment
(p(t) <0.05). The correlation (p(t) <0.05) between the presence of the C. edule DNA and Vibrio DNA was also
examined within two of the compartments, shorebirds and sediment.
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Received: 17 May 2021; Accepted: 25 October 2021
Published online: 12 November 2021

References
1. Thieltges, D. W., Mouritsen, K. N. & Poulin, R. in Mudflat Ecology (ed Beninger, P.) (Springer International Publishing, 2018).
2. Tyler-Walters, H. Cerastoderma edule Common cockle. Marine Life Information Network: Biology and Sensitivity Key Information
Reviews (2007).
3. Malham, S. K., Hutchinson, T. H. & Longshaw, M. A review of the biology of European cockles (Cerastoderma spp.). J. Mar. Biol.
Assoc. U. K. 92, 1563-1577 (2012).

Scientific Reports |

(2021) 11:22159 | https://doi.org/10.1038/s41598-021-01610-x nature portfolio



www.nature.com/scientificreports/

10.
. Johnson, P. T. J. et al. When parasites become prey: ecological and epidemiological significance of eating parasites. Trends Ecol.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.

27.
28.
29.
30.

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.
44.

45.

46.

. Magalhaes, L., Freitas, R., Dairain, A. & De Montaudouin, X. Can host density attenuate parasitism?. J. Mar. Biol. Assoc. U. K. 97,

497-505 (2017).

. Carss, D. N. et al. Ecosystem services provided by a non-cultured shellfish species: The common cockle Cerastoderma edule. Mar.

Environ. Res. 158, 104931 (2020).

. Lassalle, G., de Montaudouin, X., Soudant, P. & Paillard, C. Parasite co-infection of two sympatric bivalves, the Manila clam (Rudi-

tapes philippinarum) and the cockle (Cerastoderma edule) along a latitudinal gradient. Aquat. Living Resour. 20, 33-42 (2007).

. Hoberg, E. P. Faunal diversity among avian parasite assemblages: the interaction of history, ecology and biogeography in marine

systems. Bull. Scand. Soc. Parasitol. 6, 65-89 (1996).

. Muzaffar, S. B. & Jones, I. L. Parasites and diseases of auks (Alcidae) of the world and their ecology-A review. Mar. Ornithol. 32,

121-146 (2004).

. Lafferty, K. D., Dobson, A. P. & Kuris, A. M. Parasites dominate food web links. Proc. Natl. Acad. Sci. U. S. A. 103, 11211-11216

(2006).
Lafferty, K. D. et al. Parasites in food webs: The ultimate missing links. Ecol. Lett. 11, 533-546 (2008).

Evol. 25, 362-371 (2010).

Zannella, C. et al. Microbial diseases of bivalve mollusks: Infections, immunology and antimicrobial defense. Mar. Drugs 15, 182
(2017).

Fermer, J., Culloty, S. C., Kelly, T. C. & O’riordan, R. M. Parasitological survey of the edible cockle Cerastoderma edule (Bivalvia)
on the south coast of Ireland. J. Mar. Biol. Assoc. U. K. 91, 923-928 (2011).

Longshaw, M. & Malham, S. K. A review of the infectious agents, parasites, pathogens and commensals of European cockles
(Cerastoderma edule and C. glaucum) (vol 93, pg 227, 2013). J. Mar. Biol. Assoc. U. K. 93, 1141 (2013).

Newman, S. H. et al. Aquatic bird disease and mortality as an indicator of changing ecosystem health. Mar. Ecol. Prog. Ser. 352,
299-309 (2007).

Vezzulli, L. et al. Climate influence on Vibrio and associated human diseases during the past half-century in the coastal North
Atlantic. Proc. Natl. Acad. Sci. U. S. A. 113, E5062-E5071 (2016).

Jesser, K. J. & Noble, R. T. Vibrio ecology in the Neuse River Estuary, North Carolina, characterized by next-generation amplicon
sequencing of the gene encoding heat shock protein 60 (hsp60). Appl. Environ. Microbiol. 84, €00333-e418 (2018).

Romalde, J. L., Dieguez, A. L., Lasa, A. & Balboa, S. New Vibrio species associated to molluscan microbiota: A review. Front.
Microbiol. 4,413 (2014).

Allam, B., Paillard, C. & Ford, S. Pathogenicity of Vibrio tapetis, the etiological agent of brown ring disease in clams. Dis. Aquat.
Org. 48, 221-231 (2002).

Waechter, M., Le Roux, E, Nicolas, J., Marissal, E. & Berthe, F. Characterisation of Crassostrea gigas spat pathogenic bacteria. C.R.
Biol. 325,231-238 (2002).

Gay, M., Renault, T, Pons, A. & Le Roux, E. Two Vibrio splendidus related strains collaborate to kill Crassostrea gigas: Taxonomy
and host alterations. Dis. Aquat. Org. 62, 65-74 (2004).

Paillard, C., Le Roux, F. & Borrego, J. Bacterial disease in marine bivalves, a review of recent studies: Trends and evolution. Aquat.
Living Resour. 17, 477-498 (2004).

Prado, S., Romalde, J., Montes, J. & Barja, J. Pathogenic bacteria isolated from disease outbreaks in shellfish hatcheries. First
description of Vibrio neptunius as an oyster pathogen. Dis. Aquat. Org. 67, 209-215 (2005).

Garnier, M., Labreuche, Y. & Nicolas, J. Molecular and phenotypic characterization of Vibrio aestuarianus subsp francensis subsp
nov., a pathogen of the oyster Crassostrea gigas. Syst. Appl. Microbiol. 31, 358-365 (2008).

Egerton, S., Culloty, S., Whooley, J., Stanton, C. & Ross, R. P. The gut microbiota of marine fish. Front. Microbiol. 9, 873 (2018).
Vezzulli, L., Colwell, R. R. & Pruzzo, C. Ocean warming and spread of pathogenic vibrios in the aquatic environment. Microb.
Ecol. 65, 817-825 (2013).

Vezzulli, L. et al. Aquatic ecology of the oyster pathogens Vibrio splendidus and Vibrio aestuarianus. Environ. Microbiol. 17,
1065-1080 (2015).

Azandegbe, A. et al. Occurrence and seasonality of Vibrio aestuarianus in sediment and Crassostrea gigas haemolymph at two
oyster farms in France. Dis. Aquat. Org. 91, 213-221 (2010).

Burreson, E. & Ford, S. A review of recent information on the Haplosporidia, with special reference to Haplosporidium nelsoni
(MSX disease). Aquat. Living Resour. 17, 499-517 (2004).

Engelsma, M. Y. et al. Digenean trematodes and haplosporidian protozoans associated with summer mortality of cockles Cerastoderma
edule in the Oosterschelde, The Netherlands. (European Association of Fish Pathologists Conference, Split, Croatia., 2011).

Arzul, I. & Carnegie, R. B. New perspective on the haplosporidian parasites of molluscs. J. Invertebr. Pathol. 131, 32-42 (2015).
Carnegie, R. B., Arzul, I. & Bushek, D. Managing marine mollusc diseases in the context of regional and international commerce:
Policy issues and emerging concerns. Philos. Trans. R. Soc. B-Biol. Sci. 371, 20150215 (2016).

Ramilo, A., Abollo, E., Villalba, A. & Carballal, M. J. A Minchinia mercenariae-like parasite infects cockles Cerastoderma edule in
Galicia (NW Spain). J. Fish Dis. 41, 41-48 (2018).

Lynch, S. A. et al. Detection of haplosporidian protistan parasites supports an increase to their known diversity, geographic range
and bivalve host specificity. Parasitology 147, 584-592 (2020).

Albuixech-Marti, S., Lynch, S. A. & Culloty, S. C. Biotic and abiotic factors influencing haplosporidian species distribution in the
cockle Cerastoderma edule in Ireland. J. Invertebr. Pathol. 174, 107425 (2020).

Azevedo, C., Conchas, R. & Montes, J. Description of Haplosporidium edule n. sp (Phylum Haplosporidia), a parasite of Cerasto-
derma edule (Mollusca, Bivalvia) with complex spore ornamentation. Eur. J. Protistol. 39, 161-167 (2003).

Carballal, M., Diaz, S. & Villalba, A. Urosporidium sp hyperparasite of the turbellarian Paravortex cardii in the cockle Cerastoderma
edule. J. Invertebr. Pathol. 90, 104-107 (2005).

Daoust, P,, Conboy, G., McBurney, S. & Burgess, N. Interactive mortality factors in common loons from Maritime Canada. J. Wildl.
Dis. 34, 524-531 (1998).

Converse, K. & Kidd, G. Duck plague epizootics in the United States, 1967-1995. J. Wildl. Dis. 37, 347-357 (2001).

Friend, M., McLean, R. & Dein, E. Disease emergence in birds: Challenges for the twenty-first century. Auk 118, 290-303 (2001).
Hubalek, Z. An annotated checklist of pathogenic microorganisms associated with migratory birds. J. Wildl. Dis. 40, 639-659
(2004).

Quesada, R. J. et al. Detection and phylogenetic characterization of a novel herpesvirus from the trachea of two stranded common
loons (Gavia immer). J. Wildl. Dis. 47, 233-239 (2011).

Niemeyer, C. et al. Genetically diverse herpesviruses in South American Atlantic coast seabirds. PLoS ONE 12, e0178811 (2017).
Bookelaar, B., Lynch, S. A. & Culloty, S. C. Host plasticity supports spread of an aquaculture introduced virus to an ecosystem
engineer. Parasit. Vectors 13, 498 (2020).

Honjo, M. N., Minamoto, T. & Kawabata, Z. Reservoirs of Cyprinid herpesvirus 3 (CyHV-3) DNA in sediments of natural lakes
and ponds. Vet. Microbiol. 155, 183-190 (2012).

Evans, O., Paul-Pont, I. & Whittington, R. ]. Detection of ostreid herpesvirus 1 microvariant DNA in aquatic invertebrate species,
sediment and other samples collected from the Georges River estuary, New South Wales, Australia. Dis. Aquat. Org. 122, 247-255
(2017).

Scientific Reports |

(2021) 11:22159 | https://doi.org/10.1038/s41598-021-01610-x nature portfolio



www.nature.com/scientificreports/

47.

48.

49.

50.

51.

52.

53.
54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Slodkowicz-Kowalska, A. et al. Microsporidian species known to infect humans are present in aquatic birds: Implications for
transmission via water?. Appl. Environ. Microbiol. 72, 4540-4544 (2006).

Malcekova, B., Valencakova, A., Molnar, L. & Kocisova, A. First detection and genotyping of human-associated microsporidia in
wild waterfowl of Slovakia. Acta Parasitol. 58, 13-17 (2013).

Fermer, J., Culloty, S. C., Kelly, T. C. & O’Riordan, R. M. Intrapopulational distribution of Meiogymnophallus minutus (Digenea,
Gymnophallidae) infections in its first and second intermediate host. Parasitol. Res. 105, 1231-1238 (2009).

Yun, Y. et al. Phylogenetic analysis of severe fever with thrombocytopenia syndrome virus in South Korea and migratory bird
routes between China, South Korea, and Japan. Am. J. Trop. Med. Hyg. 93, 468-474 (2015).

Xu, Y., Gong, P, Wielstra, B. & Si, Y. Southward autumn migration of waterfowl facilitates cross-continental transmission of the
highly pathogenic avian influenza H5N1 virus. Sci. Rep. 6, 30262 (2016).

King, R. A., Read, D. S, Traugott, M. & Symondson, W. O. C. Molecular analysis of predation: A review of best practice for DNA-
based approaches. Mol. Ecol. 17, 947-963 (2008).

Harper, G. et al. Rapid screening of invertebrate predators for multiple prey DNA targets. Mol. Ecol. 14, 819-827 (2005).
Martin, D. L., Ross, R. M., Quetin, L. B. & Murray, A. E. Molecular approach (PCR-DGGE) to diet analysis in young Antarctic
krill Euphausia superba. Mar. Ecol. Prog. Ser. 319, 155-165 (2006).

Read, D. S., Sheppard, S. K., Bruford, M. W,, Glen, D. M. & Symondson, W. O. C. Molecular detection of predation by soil micro-
arthropods on nematodes. Mol. Ecol. 15, 1963-1972 (2006).

Harwood, J. D. et al. Tracking the role of alternative prey in soybean aphid predation by Orius insidiosus: A molecular approach.
Mol. Ecol. 16, 4390-4400 (2007).

Albuixech-Marti, S., Culloty, S. C. & Lynch, S. A. Co-occurrence of pathogen assemblages in a keystone species the common cockle
Cerastoderma edule on the Irish coast. Parasitology, 1-15 (2021).

Lewis, L. . & Tierney, T. D. Low tide waterbird surveys: Survey methods and guidance notes. Irish Wildlife Manuals 80 (2014).
Garcia, C. et al. Vibrio aestuarianus subsp. cardii subsp. nov., pathogenic to the edible cockles Cerastoderma edule in France, and
establishment of Vibrio aestuarianus subsp. aestuarianus subsp. nov. and Vibrio aestuarianus subsp. francensis subsp. nov. Int. J.
Syst. Evol. Microbiol. 71, 004654 (2021).

Lacoste, A. et al. A Vibrio splendidus strain is associated with summer mortality of juvenile oysters Crassostrea gigas in the Bay of
Morlaix (North Brittany, France). Dis. Aquat. Org. 46, 139-145 (2001).

Le Roux, F. et al. Comparative analysis of Vibrio splendidus-related strains isolated during Crassostrea gigas mortality events. Aquat.
Living Resour. 15, 251-258 (2002).

Garnier, M., Labreuche, Y., Garcia, C., Robert, A. & Nicolas, J. Evidence for the involvement of pathogenic bacteria in summer
mortalities of the Pacific oyster Crassostrea gigas. Microb. Ecol. 53, 187-196 (2007).

McCleary, S. & Henshilwood, K. Novel quantitative TagMan (R) MGB real-time PCR for sensitive detection of Vibrio aestuarianus
in Crassostrea gigas. Dis. Aquat. Org. 114, 239-248 (2015).

Halpern, M., Senderovich, Y. & Izhaki, I. Waterfowl-The missing link in epidemic and pandemic cholera dissemination?. PLoS
Pathog. 4, 1000173 (2008).

Rodriguez, J., Lépez, P., Mufioz, J. & Rodriguez, N. Detection of Vibrio cholerae no toxigenico in migratory and resident birds
(Charadriiformes) in a coastal lagoon from northeastern Venezuela. Saber 22, 122-126 (2010).

Fernandez-Delgado, M. et al. Prevalence and distribution of Vibrio spp. in wild aquatic birds of the Southern Caribbean Sea,
Venezuela, 2011-12. J. Wildl. Dis. 52, 621-626 (2016).

Laviad-Shitrit, S., Izhaki, I. & Halpern, M. Accumulating evidence suggests that some waterbird species are potential vectors of
Vibrio cholerae. PLoS Pathog. 15, €1007814 (2019).

Buck, J. D. Isolation of Candida-albicans and halophilic Vibrio spp. from aquatic birds in Connecticut and Florida. Appl. Environ.
Microbiol. 56, 826-828 (1990).

Miyasaka, J. et al. Isolation of Vibrio parahaemolyticus and Vibrio vulnificus from wild aquatic birds in Japan. Epidemiol. Infect.
134, 780-785 (2006).

Fu, S. et al. Long-distance transmission of pathogenic Vibrio species by migratory waterbirds: A potential threat to the public
health. Sci. Rep. 9, 16303 (2019).

Senderovich, Y., Izhaki, I. & Halpern, M. Fish as reservoirs and vectors of Vibrio cholerae. PLoS ONE 5, e8607 (2010).
Laviad-Shitrit, S. et al. Great cormorants (Phalacrocorax carbo) as potential vectors for the dispersal of Vibrio cholerae. Sci. Rep.
7,7973 (2017).

Hossain, Z. Z., Farhana, I, Tulsiani, S. M., Beguml, A. & Jensen, P. K. M. Transmission and toxigenic potential of Vibrio cholerae
in hilsha fish (Tenualosa ilisha) for human consumption in Bangladesh. Front. Microbiol. 9, 222 (2018).

Bryant, D. M. Effects of prey density and site character on estuary usage by overwintering waders (Charadrii). Estuar. Coast. Mar.
Sci. 9, 369-384 (1979).

Hicklin, P. W. & Smith, P. C. Selection of foraging sites and invertebrate prey by migrant semipalmated sandpipers, Calidris-pusilla
(Pallas), in Minas Basin, Bay of Fundy. Can. J. Zool. 62, 2201-2210 (1984).

Colwell, M. A. & Landrum, S. L. Nonrandom shorebird distribution and fine-scale variation in prey abundance. Condor 95, 94-103
(1993).

Ben-Horin, T., Bidegain, G., Huey, L., Narvaez, D. A. & Bushek, D. Parasite transmission through suspension feeding. J. Invertebr.
Pathol. 131, 155-176 (2015).

Pruzzo, C., Vezzulli, L. & Colwell, R. R. Global impact of Vibrio cholerae interactions with chitin. Environ. Microbiol. 10, 1400-1410
(2008).

Vezzulli, L., Pruzzo, C., Hug, A. & Colwell, R. R. Environmental reservoirs of Vibrio cholerae and their role in cholera. Environ.
Microbiol. Rep. 2,27-33 (2010).

Freitas, C., Glatter, T. & Ringgaard, S. The release of a distinct cell type from swarm colonies facilitates dissemination of Vibrio
parahaemolyticus in the environment. ISME J. 14, 230-244 (2020).

Vezzulli, L. et al. Benthic ecology of Vibrio spp. and pathogenic Vibrio species in a coastal Mediterranean environment (La Spezia
Gulf, Italy). Microb. Ecol. 58, 808-818 (2009).

Piersma, T., Degoeij, P. & Tulp, I. An evaluation of intertidal feeding habitats from a shorebird perspective - Towards relevant
comparisons between temperate and tropical mudflats. Neth. J. Sea Res. 31, 503-512 (1993).

Hervas, A., Tully, O., Hickey, J., O’Keefe, E. & Kelly, K. Assessment, monitoring and management of the Dundalk Bay and Waterford
Cockle (Cerastoderma edule) Fisheries in 2007. BIM Fisheries Resource Series 7 (2008).

Martins, R. C., Catry, T., Santos, C. D., Palmeirim, J. M. & Granadeiro, J. P. Seasonal variations in the diet and foraging behaviour
of dunlins Calidris alpina in a South European Estuary: Improved feeding conditions for northward migrants. PLoS ONE 8, e81174
(2013).

Walsh, P. S., Metzger, D. A. & Higuchi, R. Chelex-100 as a medium for simple extraction of DNA for PCR-based typing from
forensic material. Biotechniques 10, 506-513 (1991).

Lynch, S. A., Mulcahy, M. E & Culloty, S. C. Efficiency of diagnostic techniques for the parasite, Bonamia ostreae, in the flat oyster,
Ostrea edulis. Aquaculture 281, 17-21 (2008).

Zeale, M. R. K., Butlin, R. K,, Barker, G. L. A,, Lees, D. C. & Jones, G. Taxon-specific PCR for DNA barcoding arthropod prey in
bat faeces. Mol. Ecol. Resour. 11, 236-244 (2011).

Scientific Reports |

(2021) 11:22159 | https://doi.org/10.1038/s41598-021-01610-x nature portfolio



www.nature.com/scientificreports/

88. Freire, R., Arias, A., Mendez, J. & Insua, A. Identification of European commercial cockles (Cerastoderma edule and C. glaucum)
by species-specific PCR amplification of the ribosomal DNA ITS region. Eur. Food Res. Technol. 232, 83-86 (2011).

89. Thompson, J. et al. Diversity and dynamics of a North Atlantic coastal Vibrio community. Appl. Environ. Microbiol. 70, 4103-4110
(2004).

90. Vezzulli, L. et al. Long-term effects of ocean warming on the prokaryotic community: Evidence from the vibrios. ISME J. 6, 21-30
(2012).

91. Renault, T. et al. Haplosporidiosis in the pacific oyster Crassostrea gigas from the French Atlantic coast. Dis. Aquat. Org. 42,207-214
(2000).

92. Molloy, D. P,, Giamberini, L., Stokes, N. A., Burreson, E. M. & Ovcharenko, M. A. Haplosporidium raabei n. sp (Haplosporidia):
A parasite of zebra mussels, Dreissena polymorpha (Pallas, 1771). Parasitology 139, 463-477 (2012).

93. Lynch, S. A,, Dillane, E., Carlsson, J. & Culloty, S. C. Development and assessment of a sensitive and cost-effective polymerase
chain reaction to detect ostreid herpesvirus 1 and variants. J. Shellfish Res. 32, 657-664 (2013).

Acknowledgements

We are grateful to Dr Charlotte E. Davies at Swansea University for the provision of the optimised Vibrio screen-
ing protocol modified by Vezzulli et al. (2012) and originally from Thompson et al. (2004) Appl. Environ. Micro-
biol. 70: 4103-4110. We would like also to thank Dr Ally Phillimore’s group at the University of Edinburgh and
in particular their lab researcher Dr James Nicholls and Sarah Davies (Cardiff University) for the provision of
their adapted avian faecal DNA extraction protocol originally from Zeale et al. (2011) Mol. Ecol Res. 11: 236-244.
This work was supported by the Bluefish (Grant Agreement No. 80991) Project, part-funded by the European
Regional Development Fund (ERDF) through the Ireland Wales Co-operation Programme.

Author contributions

Conceptualization and methodology: S.A.M., S.C.C., S.A.L.; formal analysis: S.A.M.; writing—original draft:
S.A.M.; writing—review and editing: S.C.C., S.A.L.; supervision: S.C.C., S.A.L. All authors approved the final
version of the manuscript before submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-01610-x.

Correspondence and requests for materials should be addressed to S.A.-M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:22159 | https://doi.org/10.1038/s41598-021-01610-x nature portfolio


https://doi.org/10.1038/s41598-021-01610-x
https://doi.org/10.1038/s41598-021-01610-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biotic and abiotic factors influencing haplosporidian species distribution in the cockle Cerastoderma edule in Ireland
	Introduction
	Material and methods
	Sampling
	Sample processing and diagnostic methods
	Morphometrics
	Histology
	Molecular techniques for cockle species identification and haplosporidian species screening
	Primer design and optimisation of specific PCRs for Minchinia tapetis and Minchinia mercenariae-like

	Environmental data
	Statistical analysis

	Results
	Cockle speciation and identification of haplosporidian species
	Spatial variability in the haplosporidian presence
	Seasonal variability in the haplosporidian presence
	Effects of abiotic and biotic factors on haplosporidian infection

	Discussion
	Acknowledgements
	Supplementary material
	References
	mk:H2_1


	Co-occurrence of pathogen assemblages in a keystone species the common cockle Cerastoderma edule on the Irish coast
	Introduction
	Materials and methods
	Sampling
	Sample processing and diagnostic methods
	Morphometrics
	Histology
	Molecular techniques for cockle species identification and pathological screening

	Environmental data
	Statistical analysis

	Results
	Diversity and prevalence of single and multiple infections and the associations between them
	Site influence on single infections and coinfections
	Seasonal impact on single infections and coinfections
	Histopathology

	Discussion
	Acknowledgements
	References

	Connectivity dynamics in Irish mudflats between microorganisms including Vibrio spp., common cockles Cerastoderma edule, and shorebirds
	Results
	Bird species and observational studies. 
	Molecular cockle species identification. 
	Pathogen screening. 

	Discussion
	Methods
	Sample sites. 
	Bird observations. 
	Sample types. 
	Sample processing and diagnostic methods. 
	Statistical analyses. 

	References
	Acknowledgements


