Chapter 11 ®)
Biology of the Lymnaeidae—Parasite s
Interaction

Annia Alba and Benjamin Gourbal

Abstract Herein, general aspects of the relationship between lymnaeid snails and
their parasites are reviewed from a mechanistic point of view. It includes an outlook
to encounter filters whilst emphasizing on compatibility filters driven by the different
components of the internal defense system within Lymnaeidae, and to the
immunobiological interactions that determined the recognition and elimination of
the pathogen upon contact, or the establishment of the dynamic equilibrium charac-
teristic of a successful infection. The negative effects caused by parasitism on the
physiology and life history traits of the lymnaeid hosts are briefly reviewed, as well
as the role of ecological factors on modifying encounter and compatibility filters and
the ultimate infection outcome. Finally, insights into the significance of building up
knowledge on the biology of host—parasite interaction will be discussed to introduce
the opportunities and challenges that lies ahead concerning the family Lymnaeidae
and their most significant pathogens. Most of the published works on the subject
deals with Lymnaeidae—trematode interaction and consequently, this represents the
main topic reviewed in this chapter.

11.1 Introduction

Lymnaeid snails are known hosts of a plethora of pathogens, mainly within the class
Trematoda, among which there are some veterinary and/or medically-relevant par-
asites, e.g. Fasciola spp., Diplostomum spp., Trichobilharzia spp., Echinostoma
spp.. For instance, in a family of around 100 species described, the species Radix
natalensis is involved in the life cycles of at least 71 trematodes belonging to
13 different families that affect birds and both domestic and wild mammals as
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definitive hosts (Brown 1978), and this without counting digeneans of lower verte-
brates such as amphibians. Therefore, most of the works published deals with
trematode—Lymnaeidae interactions and consequently, this represents the main
topic reviewed within the present chapter.

In the next sections, we will review some general aspects of the relationship
between lymnaeid snails and their parasites from a mechanistic point of view. In this
sense, several features, mechanisms, and conditions which involve not only the
parasite and the lymnaeid snail but also the environment relevantly contribute in
shaping the landscape of snail host specificity and infection success; from the
pre-penetration step to the final outcome of each interaction. Two “filters” have
been proposed by Combes (2001) aiming to distinguish the main components
encompassing parasite success: the encounter filter and the compatibility filter.
The first one comprises the elements affecting the probability of contact between
the parasite and the host and includes appropriate spatial and temporal overlap as
well as the ability to enter the potential host. The compatibility filter determines
whether the parasite succeeds in infecting and stablishing itself in the host. Among
the determining elements of the compatibility filter, the morphological, biochemical,
immunological, and physiological interplays between both protagonists can be
referred as they permit or impede the development and transmission of the parasite
(Combes 2001). Selection will act on these filters to increase or to decrease their
permeability and specificity, changing the diameter of the encounter filter or the
angle of the compatibility filter (Poulin 2007). Furthermore, the development of
human civilization imposes new challenges to our understanding of the host—parasite
interplay as factors such as the global effects of urbanization, climate change, or
increased pollution heavily influenced environmental dynamics which are known to
affect both encounter and compatibility filters, and to ultimately influence infection
outcome (Fig. 11.1).

Herein, emphasis will be given to compatibility and immunobiological interac-
tions, and to ecological features affecting infection outcome and transmission.
Insights into the significance of building up knowledge on the biology of host—
parasite—environment interactions will be also discussed to introduce the opportu-
nities and challenges that lies ahead concerning the family Lymnaeidae and their
most significant pathogens.

11.2 How Do Parasites Meet Their Lymnaeid Hosts?

Whilst the nature of the compatibility filter is often amenable to experimentation as
infective stages of parasites are provided access to potential hosts, direct assessment
of the encounter filter is difficult to quantify, particularly in the field where the use of
sentinel snails may be required (see Allan et al. 2013, for example). However, no
successful parasite infection can occur without a successful contact of the parasite
with the host. In this sense, the encounter filter includes the large- and small-scale
spatial distribution of the host and parasite (i.e., geography and habitat use), and their
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behavior (e.g., circadian rhythms/chronobiology) and biology (e.g., for trophically-
transmitted parasites, whether the host ever eats the next host of the transmission
chain; see Combes 2001).

The family Lymnaeidae is present in all inhabited continents with species occur-
ring in different climatic conditions, from tropical to temperate to artic conditions
(Vazquez et al. 2018). Certain species such as Galba cousini and G. truncatula are
known to occur at high altitudes (Celi-Erazo et al. 2020; Roldan et al. 2020).
Representatives within this family are also commonly found in a wide variety of
freshwater environments; from rivers, lakes and streams to ponds, ditches, puddles,
and even, on man-made water systems, and they present a tendency to occur above
or near the shore and to inhabit ecosystems with slow-moving currents that could be
even temporal (Utzinger and Tanner 2000; Kock et al. 2003; Schweizer et al. 2007,
Vazquez et al. 2009; Dida et al. 2014). These ecosystems usually present high
productivity and biomass content, and a diversity of other species within or associ-
ated to them, including parasites (Soldanova et al. 2011; Preston et al. 2013, 2021;
Schmid-Araya et al. 2020). In such habitats lymnaeid snails also become important
members of the biotic community due to their propensity for feeding on numerous
species of algae, and macrophytes, foraging behavior when food is scarce and certain
resilience to drought and to playing roles in structuring the plant and macrophyte
communities in the environment (Hunter 1980). These ecological features of the
family Lymnaeidae should contribute to the establishment of ecological equiva-
lences for a number of parasites. For instance, snail feeding ecology and habitat
preference were suggested to be important factors in the infection dynamics of
Echinostoma spp. cercariae among the snail second intermediate hosts, with Physa
spp. and the lymnaeid Pseudosuccinea columella showing the highest prevalence
and intensity of infection, respectively, when compared to compatible sympatric
planorbid snails in the field. The pattern of infection displayed by P. columella was
related to its extensive vagility while foraging, in order to acquire sustainable food
resources, and to an increased probability of autoinfection as they are more likely to
harbor Echinostoma spp. as first intermediate hosts. Furthermore, its amphibious
tendency was speculated to aid transmission of the parasite to the definitive host as
they can locate closer to the surface (Zimmermann et al. 2014).

Besides ecological affinities between host and parasites, both entities can “try” to
open or close the encounter filters by modifying their behavior to chase or to avoid
each other. Several parasites like water-associated digeneans present free-living
stages that seek hosts in the environment primarily moving toward suitable micro-
habitats based on cues like gravity, temperature, or light intensity when the snail host
is not present within their vicinity, all of which have been linked to a selection driven
by the ecology of the host and by the probability of encounter (Christensen 1980;
Combes 2001). Once in the proximity of a host, molecular sensors that are believed
to exist in the parasitic larva facilitate a discriminatory chemotaxis toward the
suitable snail through the gradient of biochemical cues segregated by the host
(Wilson and Denison 1970a, b). Chemical attraction of Fasciola hepatica and
Trichobilharzia szidati [European isolates have been erroneously classified as
Trichobilharzia ocellata; see (Rudolfova et al. 2005; Aldhoun et al. 2016)] miracidia
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by species-specific mucin-type glycoproteins released by Galba truncatula and
Lymnaea stagnalis is supposed to influence host finding in these snail-parasite
systems (Kalbe et al. 1997, 2000).

There are different degrees of “openness” of encounter (and of compatibility)
filters irrespective of the biological level (species, population, individuals; see
Combes, 2001), and even known host snails vary their degrees of attractiveness
through parasite chemo-orientation behavior at the species or individual levels
(Christensen et al. 1976; Langeloh and Seppild 2018). In this sense, an “open”
encounter filter does not determine that the contact will be followed by infection
success as physiological, biochemical, and immunological interactions with the host
(determined by compatibility filters), as well as environmental factors will ultimately
dictate the overall success of the parasite in infecting the snail host (Combes 2001;
Langeloh and Seppild 2018).

11.3 How Does the Immunobiological Interaction Between
the Lymnaeid Host and the Parasite Take Place?

i. The immune system of Lymnaeidae snails

Lymnaeid snails, as all invertebrates, rely on an internal defense system (IDS) to
protect themselves against pathogens. Even though lymphocytes, antibodies, and
adaptive responses to specific antigens are lacking, their defense strategies are far
from being simple or non-effective (Loker et al. 2004). Homologs of molecules and
immune mechanisms between vertebrate and snail (invertebrate) immune defenses
exist although, there are unique immune features that are specifics to their lineage
and are the result of a long independent evolutionary process (see Schultz and
Adema 2017 for details). In general, three basic components from the snail host’s
IDS are included in the multistep infection processes determining the outcome of
any lymnaeid—parasite interaction: (1) physical, chemical, and biological barriers
(e.g., shell, mucus, microbiota), which impose the first challenge to overcome for
any given pathogen, (2) elements to discriminate self from dangerous non-self (e.g.,
pattern recognition receptors, PRR), and (3) an arsenal of cellular and humoral
effectors (e.g., hemocytes, reactive oxygen and nitrogen species (ROS, RNS),
opsonins, proteases) and defense mechanisms which are triggered to actively control
the injury/infection. Cellular and humoral elements co-operate in the process of self-
non-self-recognition as well as in the killing of the non-self, whereas the communi-
cation and integration between the different immune pathways allow to orchestrating
a multifactorial defense response of the snail host toward pathogens (Pila et al. 2017,
Alba et al. 2020). Evidences of specificity and innate immune memory within snail’s
immune system also exist (Sire et al. 1998; Portela et al. 2013; Pinaud et al. 2016;
Seppilid et al. 2021). Significantly, comparative studies between juveniles and adult
lymnaeid snails have brought forward some functional differences of the IDS
between both age groups as the former showed aspects related to immunological
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immaturity, e.g. lower and/or delayed capacity concerning phagocytosis, humoral
defenses (namely opsonization and agglutination), and elimination of pathogens
(Rondelaud and Barthe 1980a; McReath et al. 1982; Dikkeboom et al. 1985).

Barriers Mucus itself is an excellent physical barrier to cells, microorganisms, and
pathogens; its visco-elastic properties may act as an adhesive providing an initial
physical trap created by cross-linked glycoproteins (mucoprotein matrices) and
preventing colonization by microorganism and pathogens (Vieira et al. 2004;
Allam and Espinosa 2015). In addition to representing an efficient physical barrier,
mucus matrices contain various cells and bioactive molecules and have gained
prominence in the last few decades as main components of the innate and acquired
immune systems (Allam and Espinosa 2015). The biochemical nature of the mucus
may have anti-pathogenic activities, whether by the excretion-secretion of host-
produced factors or by the exogenous products secreted by the microbiota (Ehara
et al. 2002; Guo et al. 2009; Allam and Espinosa 2015). Particularly, the mucus has
been pointed as a mediator of snail-digenean compatibility when contact is
established. The in vitro effect of snail mucus of two different species on
Fascioloides magna miracidia was assayed (Coyne et al. 2015). While no damage
was observed when parasite larvae were exposed to the mucus of the lymnaeid
species Ladislavella elodes (compatible host), significant tegument damage and/or
larval death were recorded in the miracidia when tested against the mucus of an
incompatible snail (Helisoma trivolvis) and related to the presence of a cytotoxic
protein-like factor (Coyne et al. 2015).

In addition to immunological and enzymatic factors such as PRRs, humoral
effectors, heat shock proteins, etc., the diverse mucus matrices in mollusks are
also enriched in specialized microbiota that are recruited and maintained by the
mucus layer and kept in check by the IDS. However, microbiota is believed to also
influence and be influenced by snail-pathogen interactions (Allam and Espinosa
2015) and for instance, differences regarding the diversity and composition of
bacterial microbiota exist between resistant and susceptible strains of Biomphalaria
glabrata to the trematode Schistosoma mansoni (Allan et al. 2018; Huot et al. 2020).
Furthermore, a shift in the composition of B. glabrata microbiota during early
infection by S. mansoni (Portet et al. 2021) or by the nematode Angiostrongylus
cantonensis (Osorio et al. 2020) has been observed. Changes in the expression of
some antimicrobial peptides were recorded in accordance to the changes in the
structure of the microbial community in B. glabrata—S. mansoni system (Portet
et al. 2021). While this topic will deserve further investigations in lymnaeid snails,
evidences exist of modulation of the bactericidal activity from in vitro bacterial
clearance assays following infection of L. stagnalis with T. szidati (van der Knaap
et al. 1987; Nuiiez et al. 1994).

Recognition Elements A prerequisite for the functioning of any internal defense
system is the recognition of foreignness and therefore, recognition molecules are
pivotal in orchestrating the immune response of the host that follows parasite’s
penetration. In molluscs, recognition of dangerous non-self and subsequent immune
activation is significantly mediated through lectins and, as other PRRs, they can
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occur freely in the plasma or on the surface of immune phagocytic cells named
hemocytes (Schultz and Adema 2017). These molecules are non-enzymatic,
non-antibody proteins that function as PRRs by binding to repetitive carbohydrate
surface determinants that characterize groups of pathogens and by activating
immune responses (Hordk and van der Knaap 1997). When soluble, lectins can
function as agglutinins/opsonins; directly neutralizing the target element or creating
carbohydrates bridges between the hemocyte receptors and the target element
(Horak and Deme 1998).

Little is still known about the molecular arsenal of PRRs of lymnaeid snails and
thorough functional and molecular characterizations are surely needed to elucidate
the level of diversity within such family of molecules. However, it has been proved
that recognition of and defense response against several degrees of foreignness is
possible in lymnaeid snails; from abiotic materials to xenografts, septic injuries and
parasitic infections, (e.g., Sminia et al. 1974; van der Knaap et al. 1981; Gutiérrez
et al. 2003). In this sense, several lectins have been found in L. stagnalis and
P. columella and some of their properties and/or binding abilities have been identi-
fied (e.g., van der Knaap et al. 1983b; Horak and Deme 1998; Alba et al. 2019a,
2020; Seppild et al. 2021). The presence of most on the hemocytes of lymnaeid
snails has been recognized by means of saccharide-dependent inhibition of phago-
cytosis/encapsulation, as saturation of lectins with sugars reduces lectin recognition
(Horak and Deme 1998; Horak et al. 1998; Alba et al. 2020), whereas evidence of
reversed bound to hemocytes of cell-free lectins has been also found (van der Knaap
et al. 1983b). Recently, the transcriptome of L. stagnalis under different biotic and
abiotic stressors was elucidated and several transcripts within different types of
lectins were identified in the reference transcriptome; i.e. galectin, Chi-lectin,
L-type lectin, M-type lectin (Seppili et al. 2021). Specifically, non-self-recognition
lectin-like soluble factors belonging to the immunoglobulin superfamily,
i.e. fibrinogen-related proteins of the variable immunoglobulin and lectin domain-
containing molecules (FREP; a C-terminal fibrinogen-related domain and one or two
Ig domains, see Seppild et al. 2021), and a molluscan defense molecule (MDM,; five
tandemly arranged Ig domains; see Hoek et al. 1996) have been described in
L. stagnalis. In P. columella, the characterization of the differential transcriptome
between susceptible and resistant snails to F. hepatica infection resulted in the
identification of several lectins; including variants of C-type lectins, different man-
nose and galactose binding molecules, galectin, and CD109, which were found to be
overrepresented in the resistant phenotype (Alba et al. 2019a). Although no specific
molecules have been related to P. columella—F. hepatica recognition, the role of
lectins in this interaction was brought forward as the in vitro encapsulation of the
parasite larvae by the snail’s hemocytes was significantly diminished by adding
sugars; with D-mannose exerting the strongest inhibition (Alba et al. 2020).

Furthermore, stimulation of L. stagnalis hemocytes with pathogen-associated
molecular patterns such as laminarin (a p-glucan of brown algae), zymosan (-
B-glucan of fungi), and bacteria lipopolysaccharide (LPS) leads to the activation of
the immune cells (Plows et al. 2004; Lacchini et al. 2006; Wright et al. 2006)
suggesting the presence of specific -1, 3-glucan-binding proteins (BGBP) and
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LPS receptors on the surface of the immune cells that has yet to be characterized.
Furthermore, several transcripts of gram-negative binding protein have been identi-
fied in the reference transcriptome of L. stagnalis (Seppild et al. 2021) and proteins
containing peptidoglycan binding domains and Toll-like receptors have been found
in both L. stagnalis and P. columella snails (Alba et al. 2019a; Seppili et al. 2021).

Cellular Effectors At least four types of cells participate in snail defenses; three are
“fixed” cells that have been poorly studied concerning snail—pathogen interactions;
i.e. antigen-trapping endothelial cells, reticulum cells, and pore cells, whereas the
fourth type comprises macrophage-like cells that dwell in the tissues or circulate
with the blood fluid (hemolymph) of mollusks and are called hemocytes or amebo-
cytes (van der Knaap and Loker 1990). Hemocytes move freely to and from the
tissues continuously sensing the internal environment, and prompt to cellular
immune responses and cytotoxic reactions involving lysosomal enzymes and the
production of ROS and RNS when stimulated by immune elicitors (van der Knaap
and Loker 1990; Adema et al. 1991; Lacchini et al. 2006; Wright et al. 2006; Zelck
et al. 2007). These cells originate from connective tissues or specialized organs (e.g.,
the amebocyte producing organ (APO) in some gastropods, or the white body organ
in cephalopods) and their continuous and regulated hematopoiesis is important not
only for immune functions, but also for the survival of the animal as a whole as it
replenish the number of circulating hemocytes that are depleted from defense
reactions, migration to tissues or cellular turn-over or senescence (Pila et al. 2016b).

The localization and structure of the APO varies among snail species and some
lymnaeid snails may exhibit a diffuse hematopoietic site as it is believed to be the
case in L. stagnalis; the hemocytes are possibly formed throughout the connective
tissue and the vascular system of this snail species (Sminia 1974). Contrastingly, a
lymphoid organ located beneath the mantle, between the pericardial cavity and the
saccular kidney, and presenting a central lumen that is continuous with the kidney
lumen has been described in G. truncatula (Rondelaud and Barthe 1981, 1982). In
this species, the APO involves the proximal part of the kidney sac and presents a dual
structure: the main part, containing an epithelial layer of podocytes that separates the
broad hemal spaces adapted for hemolymph filtration from the urinary space, and the
apical portion, adhering to the mantle and pericardial epithelia, and consisting in
thicker connective-tissue frame in which hemocyte nodules may develop (Monteil
and Matricon-Gondran 1991a). An ill-defined tissue located in the region of the lung
roof close to the heart of Ladislavella catascopium contained massive numbers of
hemocytes but whether it is the site for hemocyte production remains to be clearly
demonstrated (Loker 1979).

During infection, the APO can increase its size compared to non-infected snails
(Rondelaud and Barthe 1981). However, in lymnaeid snails, proliferation of hemo-
cytes can occur outside of the hematopoietic organ such as in the connective tissue
(Sminia 1974), in various scattered nodular regions (Monteil and Matricon-Gondran
1991a), and even in the hemolymph (Sminia 1974; Alba et al. 2020).

Another feature of hemocytes within Mollusca is their biochemical, functional,
and morphological heterogeneity, whilst the variety of approaches used for their
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characterization (as there is a lack of specific universal molecular markers) has
resulted in a non-unified classification system (Pila et al. 2016b). From a rough
morphological perspective, based on their spreading capabilities, two main types of
hemocytes can be defined: cells that typically spread, forming filopodia or
lamellipodia in the process, are believed to be the mature effectors in phagocytosis
and encapsulation processes and constitute the majority (if not all) of hemocyte
populations, and smaller cells that do not spread or spread minimally when placed on
artificial surfaces and present high nucleus/cytoplasm ratio, which are often called
round cells or blast-like cells (Loker 2010). Spreading cells have been further
segregated, mainly based on their granular content, into two groups:
(1) granulocytes, which present conspicuous granules located mainly in the endo-
plasm and produce extensive pseudopodia in all directions, and the (ii) hyalinocytes
which are smaller in size, agranular or less granular compared to the granulocytes,
generally spherical or slightly oval with lobose and shorted pseudopodia (Pila et al.
2016b). Granulocytes are believed to be more active (e.g., phagocytic and enzymatic
activities) than hyalinocytes (Mabhilini and Rajendran 2008; Travers et al. 2008).
Two hypothesis exist behind the morphological and functional heterogeneity of
hemocytes; whereas some researchers consider that the different morphotypes rep-
resent different lineages of the cells, others state that they reflect different develop-
mental stages of a single cell type (Pila et al. 2016b).

In G. truncatula, the ultrastructure of circulating hemocytes revealed a prepon-
derance of spreading cells at different stages of differentiation, whereas a few round
cells were also observed and suggested as a distinct population. Endogenous perox-
idase activity was localized in secretory granules as well as in multivesicular bodies
of the spreading hemocytes (Monteil and Matricon-Gondran 1993).

Fluorescence staining of cytoplasm and nucleus, and the estimation of size/
cytoplasmic complexity by flow cytometry allowed the description of two main
morphotypes in P. columella: (i) large adherent cells and (ii) non-adherent small,
roundly-shaped hemocytes with low cytoplasmic complexity and high nucleus-to-
cytoplasm ratio; i.e. blast-like cells (Alba et al. 2020). In P. columella, the blast-like
cells were related to proliferation reactions in the hemolymph, particularly in
resistant snails exposed to F. hepatica (Alba et al. 2020), endorsing the hypothesis
of the pluripotency of this morphotype related with certain stem-cell capacity (Wang
et al. 2012; Rebelo et al. 2013).

In S. palustris, three populations of circulating hemocytes, morphologically and
cytochemically distinct, were observed; (i) round non-adherent cells showing a
central spherical nucleus and a low nucleus-to-cytoplasm ratio, (ii) adherent irregular
hyalinocytes showing an eccentric kidney-shaped nucleus surrounded by a thin ring
of cytoplasm, a light basophilic cytoplasm containing small vacuoles and few
basophilic, rarely neutrophilic, granules, and (iii) large granulocytes producing
long, filamentous pseudopodia and characterized by an acidophilic cytoplasm
containing many acidophilic granules (Russo and Lagadic 2000).

In L. stagnalis, size differentiation following a density gradient centrifugation
segregated the hemocytes in: small cells (3.6—4.8 pm; 4.4 + 0.6) with high nucleus/
cytoplasm ratio, and two types of spreading cells; medium-size cells (6—12 pm;
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9.04 + 2.00) displaying some pseudopodia, and large hemocytes (13—17 pm;
14.22 + 1.00). Although it is worth mentioning, that no complete separation
among cellular fractions was achieved. Moreover, cytochemical assays for lyso-
somal enzymes revealed a-naphthyl acetate esterase activity in all three size groups,
whereas acid phosphatase activity was weak or absent in most of the large-size cells
(Adema et al. 1994a). The previous size/appearance based-segregation was more
recently observed by (Boisseaux et al. 2016) in side-scattered signal outputs as three
clusters, differing in size and granulometry, were also resolved; a small cells cluster
(clearly segregated from the others), and intermediate and large cells clusters that
sometimes overlapped. However, differences on intermediate and large cells clusters
observed in the cytograms were believed to be caused by the variety of nucleus
lobulation (hemocytes with one up to four nuclear lobules were observed) rather than
to a cytoplasm granulation gradient as light microscopy made difficult to discrimi-
nate granulocytes from hyalinocytes (Boisseaux et al. 2016). Further ultrastructural
analysis showed only one cell population, evidences of high cellular activity and the
presence of two interesting organelles, so far, only described from L. stagnalis; (i) a
large organelle with a spectacular fibrillary arrangement called lysosomal-like struc-
tures and (ii) a massive structure, usually located within the perinuclear regions, with
a dense aspect and vesicles sprouting out from the internal nuclear membrane was
also depicted filling intracellular compartments and occupying a vast cytosolic space
in the vast majority of hemocytes (Boisseaux et al. 2016). The hypothesis that
hemocytes from L. stagnalis originate from a single cell lineage that mature pro-
gressively as a differentiation/maturation continuum reflected in the cytograms
clusters and in the small differences observed in microscopy, is strongly suggested
(Boisseaux et al. 2016).

Phagocytosis (Plows et al. 2006b), encapsulation (Loker et al. 1982), and pro-
duction of cytotoxic molecules (Lacchini et al. 2006; Wright et al. 2006) involved in
pathogen killing and elimination are among the significant roles of hemocytes in
mollusks. However, they also participate in other vital processes such as wound
healing (Franchini and Ottaviani 2000) and nerve repair (Hermann et al. 2005), as
well as in the production of a plethora of molecules involved in signal transduction,
defense regulation, or effector capacities (Baeza-Garcia et al. 2010; Galinier et al.
2013; Pila et al. 2016a). All these functions ensure the homeostasis of the organism
and require the activation of the cells through different signaling pathways and
regulatory molecules, many of which occurs in concert with humoral factors.

Signaling/Regulatory Molecules and Pathways, and Defense
Reactions Hemocytes can phagocytize small particles and cells, whereas encapsu-
lation is reserved for larger elements or organism (such as metazoan parasites like
digenean larvae). Both processes involve recognition and adherence to the surface of
non-self-particles through cellular receptors and, in the case of encapsulation,
recognition and adherence must be extended to other hemocytes that must signifi-
cantly spread to form layers of overlapping cells that will eventually surround and
isolate the element (Loker et al. 1982). The involvement of the mitogen-activated
protein kinase (MAPK) pathways has been particularly described in several snail
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species in association to adhesion, motility and spreading cellular events required for
phagocytosis, encapsulation, and regulation of cytotoxic molecules/reactions (e.g.,
Humphries and Yoshino 2003, 2008; Iakovleva et al. 2006). In L. stagnalis, the
pivotal role of the MAPK and phosphatidylinositol 3-kinase (PI3-K) signal cascades
in the immune responses of the snail’s hemocytes was elucidated using different
specific inhibitors (Zelck et al. 2007). To note, the extracellular signal-regulated
kinase (ERK) inhibitor, PD098059, substantially impaired hemocyte spreading and
aggregation, phagocytosis, encapsulation and H,O, production, making patent the
involvement of the ERK cascade in all phases of the cellular processes. The
MEK/ERK inhibitor showed the strongest effect when added before hemocyte
attachment, supporting the significant role for this signaling pathway in the initial
processes of cell migration and cell defense responses (Zelck et al. 2007).

Upstream events involved in the defense activity of L. stagnalis hemocytes have
been related to the activation of cell-surface bound avp3 and Pl-like integrins
mediating Ca**/Mg**-dependent cell adhesion; their inhibition with blocking pep-
tides resulted in a significant diminished of the spreading capacity of the cells and in
a significant inhibition of the phagocytosis of Escherichia coli bioparticles. It has
been proposed that integrin engagement promotes outside-in signaling events in
L. stagnalis hemocytes (Plows et al. 2006a; Walker et al. 2010) as it mediates
association of protein kinase C (PKC) with focal adhesion kinase (FAK)/tyrosine
kinase Src complexes to promote focal adhesion assembly, and to possibly modulate
hemocyte early adhesion to pathogens (Walker et al. 2010). This model has been
endorsed by the findings that phosphorylated (activated) PKC colocalized with focal
adhesion sites (where a FAK-like protein was also found phosphorylated; (Plows
et al. 2006a)), whereas specific inhibitors of PKC and of Src (which phosphorylates
and associates with FAK) attenuated hemocyte spreading (Walker et al. 2010).
Moreover, phosphatidyl inositol-3 phosphate kinase (PI3-K) and ERK have been
also pointed out to strongly regulate cell motility and spreading of L. stagnalis
hemocytes as the addition, prior to hemocyte attachment, of the MEK/ERK inhib-
itor, PD98059, or the PI3-K inhibitor, wortmannin, severely suppressed hemocyte
spreading and aggregate formation in a concentration-dependent manner. No evi-
dences of a significant participation of c-Jun N-terminal kinase (JNK) inhibitor,
SP600125, and the p38 kinase inhibitor, SB203580, on hemocyte spreading were
observed (Zelck et al. 2007).

A variety of targets such as zymosan (Dikkeboom et al. 1987), gram-positive and
gram-negative bacteria (Dikkeboom et al. 1987; Plows et al. 2006b), red blood cells
(Zelck et al. 2007), or latex particles (Dikkeboom et al. 1987; Russo and Lagadic
2000) have been used to elicit phagocytosis by lymnaeid snails’ hemocytes. In vitro
phagocytosis assays of E. coli by L. stagnalis hemocytes in the presence of inhibitors
of PI3-K and of protein kinase A (PKA) demonstrated that this reaction is dependent
on the activation of the first enzyme (Plows et al. 2006b). In another study, the
stimulation of L. stagnalis hemocytes with bacterial LPS resulted in a transient
activation of ERK, whereas inhibition of MEK activity impaired phosphorylation
of ERK, its colocalization in the nuclear and perinuclear regions after LPS challenge,
as well as the phagocytosis of E. coli bioparticles (Plows et al. 2004). Furthermore,



296 A. Alba and B. Gourbal

addition of GF109203X, a PKC inhibitor, or of a FTase inhibitor I, which blocks
farnesylation of the upstream MAPK component Ras, resulted in a reduced phago-
cytosis suggesting that activation of ERK can be driven by both Ras-dependent (with
MEK as upstream kinase of ERK) and Ras-independent mechanisms (which may
involve PKC, PKA or PI-3-kinase; Plows et al. 2004). ERK, and JNK, and p38 Map
kinase in a lesser extent, were also found to contribute in signal transduction
mediating the phagocytosis of sheep red blood cells by L. stagnalis hemocytes,
indicating that regulation of this process may depend on the activation of and the
cross-talk among all three MAPK pathways. Moreover, trematode encapsulation by
L. stagnalis was also impaired by inhibitors for MEK/ERK and PI3-K (Zelck et al.
2007).

Activated hemocytes trigger cytotoxic reactions toward phagocytized or encap-
sulated elements. Contact between the immune elicitor and the hemocyte’s surface
stimulates a membrane-bound system to generate and to release oxygen radicals that
can be sensed in the extracellular milieu (Adema et al. 1991). The encapsulation
reaction allows the hemocytes to isolate the menace and to neutralize it within the
formed capsule without seriously endanger the integrity of the surrounded tissues
(Loker et al. 1982; McReath et al. 1982). When internalization of the immune
elicitor occurs through phagocytosis, the production of oxygen radicals localized
inside the phagolysosome (Dikkeboom et al. 1987; Adema et al. 1991).

The mechanism for production of toxic ROS in L. stagnalis (as well as in other
mollusk species) has been proposed to be homologous to that of the respiratory burst
of vertebrate phagocytes as both are sensitive to catechol-like phenol inhibitors of
the vertebrate NADPH-oxidase enzyme complex that generates superoxide (Adema
et al. 1993; Lacchini et al. 2006). It is postulated that, in L. stagnalis hemocytes, an
active NADPH-oxidase enzyme complex has to be assembled from putative cyto-
solic and membrane-associated components (Adema et al. 1993). At the molecular
level, ERK appears to play a major role in the activation of the oxidative burst of
L. stagnalis hemocytes following phagocytosis or encapsulation reactions (Zelck
et al. 2007). Challenge of freshly collected hemocytes with 1,3-glucan laminarin
promoted PKC-mediated signaling and downstream MEK/ERK activation and H,O,
release (Lacchini et al. 2006). Moreover, ERK1/2 and PKC (to a lesser extend)
signaling seems to play a pivotal role in mediating nitric oxide synthase (NOS)
activation and the subsequent NO production following stimulation of L. stagnalis
hemocytes by laminarin and the phorbol ester, phorbol myristate acetate (Wright
et al. 2006). However, as with phagocytosis, observations that PD098059, a specific
inhibitor of ERK/MEK, did not completely inhibit H,O, generation suggest that
multiple signaling cascades, possibly other MAPK pathways, may contribute to the
orchestration of cellular defense responses in lymnaeid snails (Zelck et al. 2007).

Another significant pathway mediating immune reactions in different phyla is the
Toll-like receptor (TLR) pathway. In mollusks, TLRs can be activated and their
expression can be upregulated after septic injury to promote hemocyte activation
(Nie et al. 2018), whereas the positive influence of TLRs and their activation in the
protective response toward pathogens have been experimentally stated in
B. glabrata—S. mansoni system (see Pila et al. 2016c). One Toll-like receptor
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(TLR) with transmembrane domain and several transcripts belonging to downstream
mediators within the TLR pathway (e.g., MyD88, IkB, and NF-kBp65) have been
recorded in the reference transcriptome of L. stagnalis. It was also observed that IxkB,
a regulator of TLR signaling, showed increased transcription to different immune
elicitors (gram-negative and gram-positive bacteria, trematode, injury) except
wounding and even though this effect was not seen in all individuals, it suggests
that the TLR pathway generally participates in the control of the defense responses in
L. stagnalis (Seppdld et al. 2021). In P. columella, PKC, leucine-rich repeat-
containing molecules, and several Toll-like receptors (TLR) and some of their
downstream molecules, were found to be overrepresented in F. hepatica-resistant
snails (Alba et al. 2019a).

Other transcripts involved in regulation/signaling such as granulocyte colony
stimulatory factor receptor (G-CSFR), transforming growth factor 1-beta (TGF1p),
members of the superfamily of tumoral necrosis factor (TNF) receptors and inter-
feron regulatory factors (IRF) have been recorded in P. columella transcriptome
(Alba et al. 2019a). Similarly, several variants of the cytokine macrophage migration
inhibitory factor (MIF) have been found in L. stagnalis and P. columella (Alba et al.
2019a; Seppéld et al. 2021), whereas three variants of the TNF and 23 variants of
interleukin 17 families were depicted in the reference transcriptome of L. stagnalis
(Seppili et al. 2021). Furthermore, expression of granulin, a cytokine with pleio-
tropic functions in mammals (Jian et al. 2013) that also promotes proliferation,
differentiation, and activation of B. glabrata hemocytes in response to S. mansoni
(Pila et al. 2016a; Hambrook et al. 2019), was specifically studied in P. columella by
gRT-PCR following exposure to F. hepatica (Alba et al. 2020). In this study, the
granulin gene was found to be significantly upregulated in resistant P. columella
snails during infection in consistency with the increase of hemocyte proliferation and
spreading that was also associated to this host phenotype (Alba et al. 2020).

Apart from the mentioned cellular reactions, the phenoloxidase (PO) system is
another immune trait with a major role in invertebrates and their defenses against
pathogens and damaged tissues that eventually leads to melanization (Cerenius and
Soderhill 2004). In L. stagnalis, PO-like activity, measured as an increase in optical
density of a solution in which PO enzymes from snail hemolymph oxidize the
substrate L-dopa, has been assessed after experimental challenges with different
immune elicitors or environmental conditions (e.g., Seppéld and Jokela 2010;
Seppéld and Leicht 2013). Although, this assay may also measure the combined
activity of different factors (see Le Clec’h et al. 2016), the finding of several variants
of laccase and tyrosinase, enzymes involved in phenoloxidase/melanization type-
reactions, in the reference transcriptome of L. stagnalis warrants further investiga-
tions about their significance in protective immune defenses (Seppild et al. 2021).

In addition, hemocytes of the lymnaeid snails L. stagnalis and Radix lagotis, and
of the planorbid Planorbarius corneus have recently been shown to generate
extracellular trap-like (ET-like) fibers in vitro, although their induction following
stimulation of hemocytes with immune elicitors was rare (Skala et al. 2018). This
mechanism was firstly described in mammalian neutrophils, which generate extra-
cellular chromatin fibers that facilitates immobilization and elimination of
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unicellular pathogens (Kaplan and Radic 2012). In terrestrial slugs and snails,
ET-like fibers were observed to be extruded from hemocytes following exposure
to metastrongyloid parasites and to participate in the contact, entrapment, and
immobilization of the larva (Lange et al. 2017). Further characterization of this
phenomenon in the family Lymnaeidae is needed to elucidate its significance in
the IDS.

Humoral Effectors and Antioxidant System The role of plasma (cell-free hemo-
lymph) in digenean—snail compatibility has proved crucial since significant damage
to sporocyst (digenean intramolluscan larva) tegument and diminishing of its sur-
vival can be seen after parasite’s exposure to plasma from incompatible hosts. In 9 of
10 combinations tested, lymnaeid plasma was toxic to the parasites of planorbid
snails and in 2 of 4 combinations, planorbid plasma was toxic to the parasites of
lymnaeid snails. The effect was not associated to the physic-chemical conditions of
the plasma and thus, the existence of particular humoral factors dictating patterns of
snail specificity was speculated (Sapp and Loker 2000).

Further studies have described the presence of humoral factors with potential
defense activity against infection in lymnaeid snails, such as different variants within
families of antimicrobial peptides, i.e. hydramacin in P. columella (Alba et al.
2019a) and macin in L. stagnalis (Seppild et al. 2021). Soluble lectins in the plasma
can function as opsonins or agglutinins neutralizing pathogens, or promoting recog-
nition and effector capacity of cellular defenses (Sminia et al. 1979; van der Knaap
etal. 1981, 1983b; Horak and Deme 1998). Moreover, an opsonin named granularin,
a cysteine-rich protein that shares amino acid sequence identity with domains
present in Von Willebrand factor and thrombospondin, has been described in
L. stagnalis to stimulate phagocytosis of foreign particles by hemocytes (Smit
et al. 2004). Several proteins with potential activity in antimicrobial defenses were
identified in the reference transcriptome of L. stagnalis; i.e. lipopolysaccharide-
binding protein/bactericidal permeability-increasing proteins (LBP/BPI), lysozymes
and L-amino acid oxidases. In addition, different transcripts encoding for cytolytic
pore-forming toxins, called as Lymnaea-lysin and stagnalysin, were also found
(Seppild et al. 2021). In P. columella, a G-type lysozyme and a LBP/BPI were
only observed in the differential proteome of resistant P. columella to F. hepatica
(Alba et al. 2019a). It is worth mentioning that, whereas hemocytes are believed to
play a crucial role in the synthesis and secretion of humoral factors (Baeza-Garcia
et al. 2010; Galinier et al. 2013), other cellular types and organs have been proved to
be involved in this activity in lymnaeid snails, such as the granular cells (Hoek et al.
1996; Smit et al. 2004) and the albumen gland (Alba et al. 2019a).

Enzymes and proteins with roles in regulating the oxidative damage,
i.e. superoxide dismutases (Cu/Zn and Fe/Mn families; SOD), glutathione peroxi-
dases, glutathione reductase, peroxiredoxins, glutathione S-transferases (GST) and
catalase, were represented in a transcriptomic study on L. stagnalis focalized on
responses to environmental stress (Bouétard et al. 2012). In naive resistant
P. columella, transcripts identified as catalase, superoxide dismutase and probable
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deferrochelatase peroxidase have been identified as overrepresented, as well as
molecules involved in acute phase response like ferritin and NOS (Alba et al.
2019a). Such antioxidant potential is essential to maintain the redox balance of the
host prior and during infection and has proved significant to resist bacterial infection
in the clam Meretrix meretrix (Wang et al. 2013) or to be positively associated to
anti-parasite resistance in B. glabrata snails as higher constitutive levels of Cu/Zn
SOD make killing of the trematode larva more effective (Goodall et al. 2004;
Lockyer et al. 2012).

To summarize the main content of the present section, a representation of some of
the elements, signaling pathways, and immune reactions described to be involved in
the IDS of Lymnaeidae is depicted in Fig. 11.2.

ii. The interplay between the lymnaeid host and the parasite:
defenses vs. counter defenses

The penetration of a pathogen into the lymnaeid snail and its colonization
stimulate the IDS of the host through the recognition of the somatic components
or the excretion-secretion products (ESP) of the parasite (Nufiez et al. 1994; Skala
et al. 2014). However, whether these events will result in the destruction of the
pathogen or in the dynamic equilibrium that characterized an established infection
will depend on the interplay between host’s defenses and pathogen’s counter
defenses at each step of the interaction (van der Knaap and Loker 1990). The
interplay is, therefore, dependent on (epi)genetic factors that control the infectivity
and pathogenicity of the parasite and the level of resistance of the host (Mitta et al.
2017).

Destruction of the Pathogen The sensing of a trematode occurs early in the
infection and it may lead to the activation of the IDS of the snail host as shown by
the enhanced in vitro phagocytosis of zymosan particles or live bacteria by
L. stagnalis hemocytes between 1.5 and 3 h post-exposure (p.e.) to T. szidati (van
der Knaap et al. 1987; Nufez et al. 1994). It can be featured by the recruitment of
hemocytes to the site of infection as it was proposed when a decrease of hemocytes
counts in the hemolymph of P. columella was observed as early as 30 minutes p.e. to
F. hepatica (Ribeiro et al. 2017). In R. lagotis infected by Trichobilharzia regenti,
histological sections showed that circulating hemocytes migrate and accumulate
nearby the developing parasite between 2 and 36 h p.e. (Skala et al. 2014). In
S. palustris, hemocytes gathered around F. hepatica sporocyst between 24 and
72 h p.e., although the length of the mobilization period and of the defense reactions
decreases as the age of the snail increases (McReath et al. 1982).

An increase of circulating hemocytes (Ribeiro et al. 2017; Alba et al. 2020),
changes in the dynamic of the different morphotypes (Russo and Lagadic 2000) and
even qualitative alterations of their morphology and functionality can also result
from the contact with trematodes (Alba et al. 2020). In resistant P. columella
challenged with F. hepatica, an increase of the proliferative activity of blast-like
cells and of the spreading of large hemocytes, which tended to aggregate into a sheet-
like spreading pattern and to display an increased length of broad-based cytoplasmic
projections, was observed at 24 h p.e. (Alba et al. 2020). In G. truncatula, the APO is
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significantly enlarged upon exposure to F. hepatica and showed an increase of
hemocyte proliferation and density during early infection compared to uninfected
snails (Rondelaud and Barthe 1981).

The regulation of the expression of several immune molecules also occurs
following IDS activation, which results in mounting and controlling the immune
response during all the infection process. In resistant P. columella challenged with
F. hepatica, the transcription of the cytokine granulin is significantly upregulated at
6 h p.e. compared to naive snails, whilst at 96 h p.e. a higher increase was recorded in
exposed snails irrespective of the phenotype (Alba et al. 2020). In L. stagnalis snails
infected with 7. szidati, the gene encoding the opsonin granularin is upregulated
from 1.5 h p.e. onwards (Smit et al. 2004). Upregulation of laccase transcription
following injection of soluble extracts from trematode infected snails has been also
reported in L. stagnalis (Seppéld et al. 2021).

All the reactions elicited in the snail by the infective trematodes might eventually
lead to an increase of the phagocytosis/encapsulation activity specifically directed
toward the parasite and to the activation of the respiratory burst. Highly antigenic
miracidial ciliated plates shed by the parasite upon penetration have been observed
within phagosomes of hemocytes of R. lagotis after infection with 7. regenti (Skala
et al. 2014). On the other hand, stimulation of L. stagnalis with zymosan or
trematode larvae triggered the generation of elevated amounts of H,O, in the snail
hemocytes 2 to 48 h p.e.; maximal inductions were observed at 45 min during
phagocytosis and at 12 h during encapsulation reactions (Zelck et al. 2005). The
respiratory burst and the concomitant production of ROS and RNS should follow the
proper activation of hemocytes (Adema et al. 1991; Lacchini et al. 2006; Zelck
et al. 2007) and the cytotoxic effect exerted by reactive oxygen intermediates like
superoxide (O,—) and hydrogen peroxide (H,0O,) has been proved effective against
schistosomes (Adema et al. 1994b).

In particular, the encapsulation and further killing of the encapsulated parasite are
the effective snail defense that is generally associated to protection against trema-
todes (Loker 1979; McReath et al. 1982; Gutiérrez et al. 2003). The velocity and
effectiveness of mounting such a response significantly increases with the age of the
snails; in 6 to 9 days old S. palustris, encapsulation of 50% of F. hepatica sporocysts
was observed at 96 h p.e and the infection was resolved within 7 days p.e., whereas
in 18-21 days old snails, 50% of parasite larva were already encapsulated within the
first 24 h and total clearance was attained at day 5 p.e. (McReath et al. 1982).

On the other hand, even though most studies have encompassed the immune
response toward trematodes, defense reactions against other types of pathogens have
been explored in lymnaeid snails through experimental challenges using model
bacteria species. As with digenean trematodes, evidences of certain specificity of
the immune response can be observed as distinctive molecular patterns have
emerged following exposure. In this sense, experimental challenge of L. stagnalis
with the gram-negative E. coli bacteria results in the differential expression of the
TLR and of several molecules of the TLR signaling pathway (IxkB, NF-kB) as well as
of the antibacterial cytotoxins Lymnaea-lysins. In contrast, exposure to the gram-
positive bacteria Micrococcus lysodeikticus leads to the overexpression of the lectin
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FREP and the cytokine IL-17. The enzyme laccase and the component of the TLR
pathway IxkB were found overexpressed 6 h after both bacterial challenges (Seppild
et al. 2021). At the phenotypic level, injection of M. lysodeikticus significantly
increases antibacterial activity of the hemolymph of L. stagnalis at 6 h
p-e. (Seppild and Leicht 2013). Exposure to Staphylococcus saprophyticus or
E. coli results in early phagocytosis of the bacteria by hemocytes with the number
of fusions of lysosomes and phagosomes as well as of the fusions among
phagosomes increasing from 30 min p.e. onwards, and 99% of bacterial clearance
attained as early as 2 h p.e. (van der Knaap et al. 1981).

Nevertheless, all the previous immunobiological events will result in the protec-
tive response only when resistant or incompatible snail-pathogen combinations take
place (Nufiez and De Jong-Brink 1997; Gutiérrez et al. 2003; Alba et al. 2020). In
P. columella, two contrasting phenotypes concerning infection by the trematode
F. hepatica exist; naturally resistant and susceptible snail populations (Gutiérrez
et al. 2003; Alba et al. 2018, 2019a, b). Although defense reactivity seems to be
constitutively enhanced in naive resistant snails compared to susceptible ones (Alba
et al. 2019a, 2020), the experimental challenge with F. hepatica ends up boosting the
encapsulation capacity of the hemocytes toward the sporocysts particularly in
resistant snails, both in vitro (Alba et al. 2020) and in vivo (Gutiérrez et al. 2003).
Apparently, the defense response elicited by F. hepatica in resistant P. columella is
potent enough to eliminate the infection regardless of the infective dose, infection
scheme, or the geographic origin of the parasite (Calienes et al. 2004; Vazquez et al.
2014; Alba et al. 2018). However, when analyzing susceptible P. columella and
other compatible lymnaeid snails high among-individual variation in terms of the
immune response toward trematodes has been observed at the molecular (Seppild
et al. 2021) and phenotypical levels (Vazquez et al. 2014; Alba et al. 2020). Even
within a single snail host individually infected by multiple miracidia, evidences of
effective encapsulation of certain larva whilst other remain free to develop and
multiply attest for this mosaic of phenotypic responses to infection within suscep-
tible (= compatible) hosts (e.g., (Loker 1979; Theron and Coustau 2005; Coustau
et al. 2015). This is the result of a polymorphism of compatibility, which is driven by
genotype/genotype interaction from each single host—parasite combination (Théron
and Coustau 2005).

Dynamic Equilibrium of a Successful Infection In snail-trematode systems,
although all intramolluscan developmental stages are continuously confronted with
a potentially lethal host response, compatible parasites are left unharmed as the
countermeasures displayed by them are effective enough as to impair the orchestra-
tion of a protective response and to succeed in guarantying the infection and
development within the host. Two main strategies; evasion of immunorecognition,
and selective and direct interference of the antiparasitic activities elicited upon
infection, are used by compatible parasites to overcome host defenses, and can act
independently or concomitantly depending on the host—parasite system (van der
Knaap and Loker 1990).
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The avoidance of recognition by the host’s IDS can be achieved through antigenic
variation or molecular disguise (i.e., molecular masking and molecular mimicry; see
van der Knaap and Loker 1990). The miracidium-to-sporocyst (-to rediae) transfor-
mation of digenean trematodes involves considerable changes in the molecular
composition of the larvae, including the main targets for non-self-recognition via
host’s lectins, i.e. the carbohydrate moieties, as demonstrated on the surface of
T. szidati and F. hepatica by the use of a variety of lectin probes (Gerhardus et al.
1991; Horak 1995; Georgieva et al. 2016). Moreover, the intramolluscan stages of
T. szidati (miracidium, mother sporocyst, and cercaria) contain a polypeptide
exhibiting N-acetyl-galactosaminyl-transferase activity that controls the synthesis
of N’N-diacetyllactosediamino LacdiNAc-type glycans that are also common to
L. stagnalis and might, therefore, contribute to molecular mimicry (Neeleman
et al. 1994). In F. hepatica—P. columella/Galba cubensis, cross-reactivity of anti-
rediae polyclonal antibodies raised in mice and rabbits with antigens of naive snail is
suggestive of the existence of some immunogenic determinants of the parasite
similar to those of the snail hosts, mainly associated with low molecular weight
proteins that appear to be parasite-specific (Alba et al. 2014). In addition, it has been
observed that some glycan domains are shared between F. hepatica and some of the
tissues of G. truncatula where the parasite establishes itself (Georgieva et al. 2016).
Ultrastructural observations of Haplometra cylindracea sporocysts revealed that
G. truncatula hemocytes, which are modified upon contact with the parasite, end
up covering the sporocyst in a structure called “paletot,” an intermediate state
between typical free hemocytes and paletot cells derived from the transformation
of the formers upon contact with the parasite larva. This results in hemocytes
becoming fixed cells, losing most pseudopodia, endogenous peroxidase activity
and secretory granules, acquiring a basal lamina and presenting a cytoplasm grad-
ually invaded by glycogen and lipid inclusions and in a final structure that fails to
encapsulate the larva but could aid in interfering with IDS recognition and/or defense
while providing nutrition for the larvae (Monteil and Matricon-Gondran 1991b).

Direct interference from the parasite with defense activities of the host can be also
cited from Lymnaeidae—trematode interactions. In compatible L. stagnalis—T. szidati
combinations, snail hemocytes displayed an initial enhance of phagocytic activity
that is followed by a reduced capacity to eliminate foreign particles from 12 to 96 h
p.e. (e.g., Nuflez et al. 1994). In this sense, glycoproteins present in the high
molecular weight fraction of 7. szidati ESPs and produced between 33 and 72 h of
culture inhibited the phagocytosis of bacteria suggesting an immunosuppressive role
(Nufiez and De Jong-Brink 1997). Exposure to Plagiorchis mutationis causes a
severe immunosuppression of the cellular immune response in L. stagnalis. In this
study, hemocytes of both uninfected and infected snails did not form a capsule
around live cercariae, whereas all dead P. mutationis larva were encapsulated by
hemocytes in the uninfected snails but only 20% of all dead cercariae were
completely surrounded in vitro by hemocytes from infected snails (Kryukova et al.
2014). Similarly, only few hemocytes of L. catascopium occasionally adhere to the
body wall of compatible Schistosomatium douthitti mother sporocyst that typically
neither flatten nor accumulate in any numbers and thus, no effective host responses
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are observed (Loker 1979). On the other hand, the early recruitment of hemocytes of
R. lagotis infected by T. regenti does not result in the destruction of the parasite.
From 20 to 36 h p.e., hemocytes did not accumulate in layers and appear scattered
around the parasite without contacting parasite’s tegument, whilst at 44—49 h p.e. no
hemocytes were further observed in proximity to the sporocysts. In the same study,
phagocytic activity and H,O, production of these cells were found diminished
during the patent period of infection compared to those from non-infected snails,
showing also lower levels of phosphorylation of PKC and of ERK (Skila et al.
2014). In G. truncatula infected by F. hepatica, interference with hemocyte func-
tions was suggested as in the few capsules that occurred in parasitized snails the
hemocytes did not spread normally and their peroxidase granules were resorbed into
multivesicular bodies (Monteil and Matricon-Gondran 1993). Evidences of a puta-
tive F. hepatica driven inhibition of host immunity in susceptible P. columella snails
were recorded by Alba et al. (2020). No significant increase of total hemocyte
counts, no patent proliferation of blast-like cells, and a shrinkage of large adherent
cells which appeared more scattered, without a clear tendency to aggregate and
showing a discrete spreading morphology with shorter pseudopodia when compared
to naive conditions, were recorded following experimental infection by the parasite.
In addition, a significant decrease of production of the cytokine granulin at 12 and
24 h p.e. compared with the constitutive level in uninfected snails also features the
dynamic of the interplay in F. hepatica-susceptible P. columella (Alba et al. 2020).

Even though compatibility filters are early gauged, countermeasures and immune
regulation associated with parasite development are also present during mid and late-
infections in compatible host—parasite systems. An increase of the density of
G. truncatula hemocytes at the sites where F. hepatica occurs is significantly patent
at day 7 p.e., reached a maximum between days 35 and 49 p.e, peaking simulta-
neously with the redial multiplication, to disappear almost completely at day 70 p.-
e. (Rondelaud and Barthe 1980a). In the APO, the number of cells reached a
maximum at day 21 p.e. (Rondelaud and Barthe 1981). However, although a certain
hemocyte reaction can be observed, no encapsulation of the parasitic larva occurred
(Rondelaud and Barthe 1980a). In this sense, an increase in the number of hemocytes
has been detected in advanced infections in different Lymnaeidae—trematode
models; e.g. L. stagnalis—T. szidati (van der Knaap et al. 1987), S. palustris—
Metaleptocephalus sp. (Russo and Lagadic 2000), R. lagotis—T. regenti (Skala
et al. 2014), L. catascopium-S. douthitti (Loker 1979) possibly to cope with the
effects of parasite multiplication and/or cercarial shedding. In L. stagnalis, the
expression of the MDM receptor is suppressed by the avian trematode parasite
T. szidati with a significant downregulation to 76% of the non-parasitized level
observed at 2 weeks p.e. that continues at least up to 8 week p.e. where a 21%
decrease of expression was still observable (Hoek et al. 1996). Moreover, a decrease
on the phagocytic activity of the hemocytes was recorded from 5 weeks p.e. onwards
(van der Knaap et al. 1987), whereas Horak and Deme (1998) reported just minor
differences between infected and uninfected snails in terms of hemocyte phagocytic
activity at 10 weeks p.e. Hemocytes from infected L. stagnalis shedding
P. mutationis cercaria showed a significant diminish of their phagocytic and
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encapsulation capacities against E. coli bioparticles and Sephadex beads, respec-
tively, compared to uninfected snails (Kryukova et al. 2014). Similarly, patent
infection of T. regenti in R. lagotis results in a significant reduction of hemocyte
phagocytic activity and H,O, production when compared to uninfected counterparts,
an effect that was associated with a lower PKC and ERK activity in cell adhesion
assays (Skala et al. 2014).

11.4 What Could Be the Effects of a Parasitic Infection
in the Lymnaeid Host?

In compatible host—parasite combinations, the successful infection of the snail host
by a pathogen, once established, concomitantly leads to the development and/or
reproduction of the parasite and to the continuity of its transmission cycle. This
causes profound effects in several aspects within the host; from the physical damage
to organs and tissues where the pathogen settled to changes in the metabolism and
physiology of the host that ultimately result in changes in life history traits. Exam-
ples involving infection-associated effects that somehow contributes to reproduction
and transmission of the parasite, particularly within snail-digenean systems,
e.g. modulation of energy reserves, energetic budget and neuroendocrine metabo-
lism (de Jong-Brink et al. 1997), behavioral changes (Zbikowska and Zbikowski
2015), host castration (Schallig et al. 1991), gigantism (Sorensen and Minchella
1998), or growth stunting (Mufioz-Antoli et al. 2007), are reported.

i. On the integrity of internal organs and tissues

The development of an infection, particularly those characterized by high parasite
burdens can result in a significant damage to the internal systems of the snail hosts.
In the case of digenean trematodes, those involving the production of rediae within
the host can inflict serious injuries to the snail’s tissues partly associated with the
voracious behavior of this actively-feeding larva (Esch et al. 2002). For instance,
structural modifications, degeneration, and necrosis have been described in the
digestive and reproductive tissues of G. truncatula infected by F. hepatica, in
association to the mechanic trauma exerted by the establishment and multiplication
of the parasite in these organs (Rondelaud and Barthe 1980b; Wilson and Denison
1980). The lesions relate to the intensity of the evolutive infection: necrosis of the
digestive gland is found in moderate to low infections, whereas gonadal atrophy with
epithelial necrosis is usually found in highly infected snails (Sindou et al. 1991). Mid
and late-infections by F. hepatica in G. truncatula also cause the destruction of renal
epithelial cells followed by epithelial hyperplasia (Rondelaud and Barthe 1983),
whereas in Omphiscola glabra, S. palustris, and Ampullaceana balthica, epithelial
necrosis of the kidney has been recorded (Sindou et al. 1991). In addition, in
O. glabra, multifocal and generalized epithelial necrosis, and epithelial
reconstitution with cell hyperplasia can be observed in the digestive gland of
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F. hepatica-infected snails, with the latter event occurring more frequently
and appearing sooner in individuals showing bigger shells (Sindou et al. 1991). In
Galba viator infected with F. hepatica, severe epithelial damage and leakage of
hemolymph into the vicinity of the digestive gland leading to a persistent degener-
ation and necrotic process of the organ, was observed and related to the presence the
parasite rediae (Magalhdes et al. 2008). Edema, cellular degeneration, and loss of
cytoplasmic content of the hepatic cells and glycogen clumps in the luminal bound-
ary of the hepatopancreatic cells were noted in Radix auricularia infected with
Fasciola gigantica (Patnaik 1968).

It was observed that infection by Echinostoma revolutum in young S. palustris
snails partially inhibited the development of the hepatopancreas, and the
hepatopancreatic epithelium was reduced to a syncytium showing necrosis and
loss of tissue. In infected adult snails, the hepatopancreas was crowded to the
periphery and the epithelium commonly underwent vacuolar degeneration, whereas
gonads were degenerated (Zischke 1972). In L. elodes, the growth of the rediae
population of E. revolutum had a strong negative effect on the ovotestis and the
digestive gland of the snail host; the size and integrity of the organs decreased with
the progression of the infection due to their apparent consumption by the parasitic
larvae (Sorensen and Minchella 1998).

In L. catascopium—S. douthitti, the migration and establishment of daughter
sporocyst results in atrophy of the digestive gland and, in consequence, many
smaller lobules of the digestive gland disappear, whilst the remaining lobules
became more widely separated. In occasions, the pressure resulting from growth
of mother sporocysts has proved sufficient to rupture the transverse membrane that
normally separates the cephalopedal and visceral sinuses in lymnaeid snails (Loker
1979). In the kidney of L. stagnalis parasitized by T. ocellata (North American
isolate), vacuolization was observed within the cells of the tubule epithelium,
although no evidences of mechanical trauma related to the development and multi-
plication of the sporocysts were recorded. Significantly, the reproductive tract of
infected snails failed to develop, remaining rudimentary with the albumen and
muciparous glands often being indiscernible and the ovotestis regressed
(McClelland and Bourns 1969).

Experimental infection of P. columella with the entomopathogenic nematode
Heterorhabditis baujardi results in severe damage of the cephalopodal mass and
the digestive gland due to the intense cell disorganization and the formation of
granulomatous reactions caused by the inflammatory response occurring in the
infected snails (Tunholi et al. 2017).

ii. On the physiology and the metabolism

Pathogens profit from host resources to support their development which causes
significant physiological and metabolic alterations aiming at balancing the energy
budget (Patnaik 1968; de Jong-Brink et al. 1997; Humiczewska and Rajski 2005).
Furthermore, parasitism can also alter the biological rhythms, foraging behavior, and
responses to abiotic stimuli of the host, usually benefiting parasite development
and/or transmission (Voutilainen 2010; Zbikowska and Zbikowski 2015). For
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instance, changes in ionic balance and calcium deposition can result from infection.
Significant hypercalcification of the shell has been observed in infected compared to
uninfected L. stagnalis when inhabiting lakes with low calcium content (Zbikowska
2003), whereas the calcium content of the shells and soft parts of Radix natalensis
shedding F. gigantica cercariae was lower compared to uninfected snails (Mostafa
2008). In the latter study, the concentration of lead and sodium ions in infected
R. natalensis showed a significant decrease during the patent period whilst higher
concentrations of zinc, potassium, and copper were found in infected compared to
non-infected snails.

Infection of R. auricularia by E. revolutum results in depletory changes in
glycogen reserves within host tissues which are shifted toward the development of
or deposition in the larval trematode (Patnaik 1968). Lower rates of oxygen con-
sumption have been reported in E. revolutum-infected S. palustris in association
with the parasite burden (Zischke 1972), whereas the galactogen concentration in the
albumen gland of P. columella exposed to the nematode Heterorhabditis baujardi
declined significantly as infection progressed in relation to non-exposed control
group (Tunholi et al. 2017). Infection of P. columella by Echinostoma paraensei
significantly altered the contents of carbohydrates (60% reduction) and total proteins
(76.4% reduction) in the digestive gland during the prepatent period, whereas total
protein amounts were also 80% lower in the hemolymph of parasitized snails
compared to uninfected individuals. Nitrogen catabolism was estimated by measur-
ing uric acid and urea; the former was reduced in both organs after 10 days p.e,
whereas urea increased in the hemolymph, peaking at day 10 to decrease afterwards,
and it also increased in the albumen gland by 20 days p.e. when the larvae were well-
established. A shift in infected host from using carbohydrates to proteins as main
energy source was suggested possibly in response to the depletion of snail glycogen
deposits caused by the parasites (Pinheiro et al. 2009).

In G. truncatula, infection by F. hepatica resulted in increased cellular
vacuolization and lysosomal enzyme activity that apparently leads to an increase
in intracellular digestive processes, including autolysis, most likely as a result of a
host’s attempt to maintain its nutritional requirements under parasitic stress (Moore
and Halton 1973). Furthermore, it leads to a significant decrease of up to 80% of the
lipids reserves in the digestive gland of the snail host from early infection onwards,
which was associated to a mobilization of lipid energy reserves to compensate for the
deficiency of carbohydrates as they are used by F. hepatica, and to the direct
accumulation of the lipid content by the different parasitic larvae (Humiczewska
and Rajski 2005). An increase of 38% in the free fatty acid content probably
correlated to a decrease of 56% and 52% in the monoglyceride and the triglyceride
fractions has been observed in the hepatopancreas of F. hepatica-infected
G. truncatula compared to uninfected snails, which was linked to a direct increase
of hydrolysis of host’s triglycerides and diglycerides. Moreover, phospholipids were
reduced by 13% compared to uninfected snails, with the most significant change
being the 80% decrease of the phosphatidyl ethanolamine fraction (Southgate 1970).

On the other hand, thermo-behavioral study of L. stagnalis shedding Notocotylus
attenuatus cercariae showed an induced anapyrexia that contrasted with the behavior
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of non-infected snails, which preferred the warmer end of the thermal gradient for
longer periods of time. It was speculated that such behavioral change favored
parasite transmission as snail hosts kept at a decreased temperature present increased
life span and release significantly more cercariae (Zbikowska and Zbikowski 2015).
In the case of Diplostomum pseudospathaceum infection, it has been suggested that,
even though parasitized L. stagnalis snails display fewer feeding events per individ-
ual than their uninfected counterparts, they are more active in the presence of a fish
predator (parasite’s second intermediate host) than in the absence of other non-fish
predators. As D. pseudospathaceum cercariae have low motility and a short infective
span once release in the water, this change of the foraging pattern of the infected snail
enhances the success of transmission of the parasite to its next host, whether it is a
direct result of parasite’s manipulation or a by-product of infection (Voutilainen
2010).

One of the most studied examples of parasite-mediated regulation of the neuro-
endocrine system of the host is that of T szidati when infecting L. stagnalis; its effect
resulting in the castration of infected hosts (Schallig et al. 1991). Schistosomin, a
host neuropeptide elicited upon infection (Schallig et al. 1991), has been strongly
associated to physiological and metabolic effects observed on parasitized snails.
They are featured by the inhibition of the bioactivity of female gonadotropic
hormones, i.e. the caudodorsal cell hormone, calfluxin, and dorsal body hormone,
via the antagonizing effect of schistosomin on target organs, the changes in the
electrophysiological properties and the release growth- and reproduction-controlling
peptides by neuroendocrine centers, and the changes in the gene expression in the
central nervous system of infected L. stagnalis snails (reviewed in de Jong-Brink
et al. 1997).

iii. On the life history traits

Energy constrains during infection affect host’s life history traits, as both, the host
and the pathogen attempt to use the same limited resources to maximize their own
growth, reproduction, and survival. At the light of host—parasite interactions, host’s
traits must be interpreted in terms of the life history strategies of both, the parasite
and of the host (Sorensen and Minchella 2001).

In rediae-producing infections, the strongest negative effect on host survival
usually occurs during the prepatent period, whilst infections characterized by the
development of mother and daughter sporocysts generally decrease host survival
during patency (Sorensen and Minchella 2001). Moreover, survival usually
decreases as the infective dose or the number of successive exposures increases
(Rondelaud and Barthe 1982; Alba et al. 2018). In any case, although survival of the
snail host can be significantly affected by infection (see (Sorensen and Minchella
1998; Gutiérrez et al. 2000, 2002; Salazar et al. 2006; Muioz-Antoli et al. 2007) for
examples on parasitized lymnaeid snails), when analyzing this parameter it should
be considered that the degree of damage caused by the parasite is kept in check by
the requirement that the host survives long enough until the time comes for the
pathogen to be transmitted (Sorensen and Minchella 1998; Zbikowska 2011). For
instance, in one study, infection of L. stagnalis by T. ocellata resulted in an increase
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of the life span of infected snails; 90% of the exposed group survived at week 28 of
age when all uninfected snails were already dead (McClelland and Bourns 1969). In
addition, snail age and host density also appear to affect host survival as well as
compatibility. Death observed during mid and latter infections presumably indicates
excessive energy demands or tissue damage imposed by the parasite, whilst mortal-
ity of exposed snail, especially during early infection may reflect compatibility
issues (Sorensen and Minchella 2001). Therefore, survival has been used as an
additional element to depict gradients within compatible host—parasite systems
(Alba et al. 2018; Vazquez et al. 2019). The dynamic balance allowing parasite’s
exploitation of host resources without severely endangered critical resources for
host’s survival, at least before transmission is possible, generally occurs at the
expenses of other hosts traits such as reproduction (Sorensen and Minchella 2001).

Reduction in the reproductive parameters of the host can result from parasitism.
The entomopathogenic nematode H. baujardi negatively affects oviposition, the
number of eggs and eggs masses per snail, and the hatching rate of infected
P. columella, significantly impairing reproduction (Tunholi et al. 2017). Some
studies have shown that infection of P. columella by the digeneans trematodes
F. magna and F. hepatica is accompanied by a reduction in egg mass production
and by a decrease in the number of eggs per egg mass (Salazar et al. 2006; Pankrac
et al. 2016). In G. cubensis—F. hepatica, infected snails showed lower fecundity
parameters than non-exposed individuals (Gutiérrez et al. 2000) whereas, egg laying
progressively declined during infection of S. palustris snails by E. revolutum until
complete castration occurred (Zischke 1972). During experimental infection of
Lymnaea olulla by F. gigantica, a consistently lower levels of egg and embryo
production was observed throughout a 7 weeks observation period in parasitized
snails (Kumkate et al. 2009). A fecundity compensation can occur with parasitic
castrators in which large numbers of eggs are produced by infected individuals
before a significant impairment of oviposition ensues (Schallig et al. 1991; Sorensen
and Minchella 2001; Gutiérrez et al. 2002). In any case, the ultimate reduction in the
reproductive outputs of parasitized snails may be directly linked to the redirection of
limited host resources to better support infection, as in L. stagnalis—T. ocellata/T.
szidati systems (McClelland and Bourns 1969; Schallig et al. 1991), or to a direct
result of biochemical, histopathological, and/or mechanical damage caused by the
development of the parasite in the snail’s reproductive organs, as observed in
G. truncatula when heavily infected with F. hepatica (Wilson and Denison 1980).
Regarding the first cause, there is debate concerning whether parasite-mediated
fecundity reduction reflects “strategy” directed by the host or the parasite. However,
parasitic castrators that actively divert host resources away from reproduction can
catalyze another phenomenon: enhanced growth of infected snails (Sorensen and
Minchella 2001; Hall et al. 2007). Thus, it is not surprising that examples of both, a
significant decrease of reproductive traits and an increase of growth rate and shell
size in parasitized snails have been observed, e.g. L. stagnalis—T. szidati/D.
pseudospathaceum (Schallig et al. 1991; Seppéld et al. 2013), L. elodes—E.
revolutum/Plagiorchis elegans (Sorensen and Minchella 1998; Zakikhani and Rau
1999). The overall increase on the shell length on infected snails may vary with



11 Biology of the Lymnaeidae—Parasite Interaction 311

factors like food availability (see Sorensen and Minchella 2001), the infective dose
or the age of the snail host (Zakikhani and Rau 1999). Conversely to the previ-
ous examples of gigantism in infected hosts, it has been reported that the infection of
Peregriana peregra by Echinostoma friedi not only produces a total parasitic
castration but also reduction of normal development (stunting) of infected snails
(Muiioz-Antoli et al. 2007).

Independently of reproductive constrains, evidence of parasitism by digenean
trematodes on the size and shape of lymnaeid snails has been observed in both, field
and experimental studies (see Sorensen and Minchella 2001 for review). A decrease
of the growth rate during early and mid-infection and a reduction of the rate of shell
formation in young snails have been reported in E. revolutum-infected S. palustris in
association with the parasite burden (Zischke 1972). In addition, it has been
observed that field-occurring L. stagnalis snails infected with Echinoparyphium
aconiatum, E. revolutum, D. pseudospathaceum, and Opisthioglyphe ranae differed
in shell shape compared to uninfected individuals; a slenderer shell, with a more
elongate spiral was recorded in the former group and suggested to be associated with
infection (Zbikowska and Zbikowski 2005).

11.5 How Can the Environmental Factors Affect
the Infection Outcome of Lymnaeid Snails: Parasite
Interaction?

Host—parasite interactions result from the conjunction of the interplay between
biological factors (encounter filter and compatibility filter), which are primarily
determined by the genetic and epigenetic structure of each partner, and a plethora
of environmental factors, as changes in environmental variables (e.g., temperature,
droughts, pollution, co-infections) may affect the exposure to parasites and the
outcome of the infection, even in highly compatible host—parasite systems (Sandland
and Minchella 2003; Wolinska and King 2009). It is important to note, that the same
factor could have positive and negative effects on the different encounter and
compatibility filters and thus, it is the final balance between the multiple influences
what will decide the faith or the extent of the contact/infection. In this sense,
environmental factors can affect crucial features of parasite’s infectivity and/or
survival (e.g., Rondelaud and Barthe 1980b; Ford et al. 1998; Morley et al. 2007)
or the immunological and/or life history traits in the host (e.g., Sandland and
Minchella 2003; Leicht et al. 2013), all of which could modify encounter and
compatibility filters and the ultimate phenotype resulting from exposure to the
pathogen.

In addition, ecological features of the host population (e.g., density, abundance,
aggregation, demographic structure, population genetics), by themselves, are also
significant influencers of encounter and compatibility filters. For instance, although
parasitism, in general, should have a negative effect on host population density, a
positive correlation between L. stagnalis density and Diplostomum sp. prevalence
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was reported as the parasite was fairly common in L. stagnalis populations in small
lakes but rare in large lakes (Voutilainen et al. 2009). The demographic structure of
the host population can also influence contact and compatibility events with para-
sites; adult snails showing higher sizes could be better in attracting parasites as they
may produce higher amounts of chemical clues (Langeloh and Seppild 2018)
although, contrastingly, susceptibility to infection usually decreases with age (e.g.,
Zakikhani and Rau 1999). Moreover, the high transmission of F. hepatica through
G. truncatula snails in the Bolivian Altiplano has been related to a depleted genetic
diversity within the host population featured by the occurrence of a single and
unique genotype that is highly compatible with the parasite (Meunier et al. 2001).
Similar as to what occurred at the individual level, the ecological features of host
populations are also constantly and ultimately influenced and regulated by a plethora
of environmental factors and their dynamics.

i. Abiotic factors

The degree of openness of the encounter filter ultimately depends on host
availability which is determined by environmental factors that define the temporal
and spatial occurrence of a given host—parasite system, as well as its meeting rates
(Detwiler and Minchella 2009). Factors such as altitude (Walker et al. 2008), pH and
water hardness (Alba et al. 2019b) have been reported as significant in determining
the occurrence and habitat preference of different lymnaeid snails. Furthermore,
certain seasonal patterns of transmission have been informed for different lymnaeid-
borne trematodes species in correspondence to fluctuations of abiotic factors such as
rainfall pattern, temperature, water flow/level, and soil evapotranspiration driving
variations on parasite’s infectivity and/or intermediate hosts populations (e.g.,
Luzén-Pefia et al. 1995; Yurlova et al. 2006; Zbikowska et al. 2006). In this sense,
although many lymnaeid species show resilience to desiccation, estivation of
infected snails during drought can result in a significant degeneration of the
intramolluscan parasitic larvae most likely related to an increased stress and to the
negative effect on host nutrition, as observed in G. truncatula—F. hepatica
(Rondelaud and Barthe 1980b). In addition, water with high turbidity levels nega-
tively influence host-finding capacity of F. hepatica miracidium (Christensen 1980),
whereas the oxygen content and the pH of the water were identified to be associated
with the probability of infection by trematodes of field-occurring Radix auricularia
and L. stagnalis (Soldanova et al. 2010). Negative and positive correlations between
the mean abundance and the water level have been reported for Cotylurus cornutus
and Molinella anceps trematodes in L. stagnalis inhabiting a Siberian lake (Yurlova
et al. 2006). An increased risk of infection of G. truncatula by F. hepatica has been
associated with the type of habitat; higher risk was related to snail populations
originating from spring swamps, wells, and reeds compared to populations from
streams (Schweizer et al. 2007).

The influence of temperature on hosts, parasites and their interplay has been
studied from different points of view, particularly in the case of ectothermic hosts
such as snails. Overall, an increase of temperature within the optimal range usually
favors higher metabolic rates and physiological process such as the motility of
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free-living parasitic stages (Morley et al. 2007; Selbach and Poulin 2020), and the
growth rate and fecundity of the snail host (Vaughn 1953; Leicht et al. 2013).
However, a decrease or elevation of the temperature away from the biological
range of tolerance for each partner will produce negative effects on host’s life traits,
as well as on parasite’s infectivity and survival (e.g., Vaughn 1953; Luz6n-Pefia
et al. 1995; McCarthy 1999). Furthermore, intramolluscan colonization, develop-
ment and further transmission of the parasite are also influenced by temperature
(Wilson and Draskau 1976; Abrous et al. 1999; Morley et al. 2007) in a species-
specific manner (see Selbach and Poulin 2020) for examples among trematodes). In
this sense, immune responsiveness of the host is another parameter heavily affected
by changes in this environmental factor. For instance, an increased transcription of
the cytokine MIF was recorded in L. stagnalis snails exposed to high temperature
(Seppild et al. 2021), whereas a long heat wave (i.e., for more than 7 days) was
found to decrease hemocyte concentration and PO-like activity (Leicht et al. 2013).
It has been referred that phagocytosis in this snail species is optimal between 20-25 °
C range (van der Knaap et al. 1983b). An increased susceptibility of L. stagnalis
snails to E. aconiatum was observed when the host population was exposed to a heat
wave for 7 days, in association to the impairment of host’s immune reactiveness
known to occur under such treatment (Leicht and Seppéila 2014).

Chemical pollution, particularly those associated to human practices such as
agriculture, can also have potential effects on parasite transmission. Several studies
have experimentally assessed the influence of toxicants on the biology of the
lymnaeid snails. A myriad of effects on their life history traits and population genetic
structure (see Coutellec et al. 2013; Amorim et al. 2019 for examples on Lymnaea
stagnalis), on the IDS and snail immunoreactivity (e.g., Russo and Lagadic 2000;
Russo et al. 2008), and on host—parasite interactions, in particular (e.g., in
R. natalensis—F. gigantica model, see Soliman 2009); P. peregralL. stagnalis—
Diplostomum spathaceum, see Morley et al. 2005), have been recorded. Others
discuss about a potential relation between the use of herbicides and chemical
pollutants on food crops and the punctual decline of lymnaeid snails’ density in
the field (Nguyen et al. 2017). Moreover, it has been demonstrated that pollution by
the herbicide Paraquat of the aquatic environment not only adversely affects
R. natalensis metabolism but also resulted in a significant reduction of the infectivity
of F. gigantica miracidia to the snail (Bakry et al. 2016).

ii. Biotic factors

Biotic factors add complexity to host—parasite interplays as other organisms,
co-occurring with the system, can significantly influence encounter and compatibil-
ity filters and transmission success through a variety of interactions (predation,
competence, dilution effect, decoy effect, invasive species, etc.). This implies that
biodiversity, in general, should have significant effects on parasite transmission
(Thieltges et al. 2008). In this sense, food resources have proved significant in
host—parasite interactions as factors like the quantity and quality of the diet may
significantly affect the encounter filter and can modify the physiological character-
istics and conditions of the host. For instance, strong long-term, but not short-term
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food deprivation reduced L. stagnalis chemical attractiveness to E. aconiatum cer-
cariae and thus, may negatively affect the probability of encounter (Seppild and
Leicht 2015; Langeloh and Seppédld 2018). Furthermore, starvation can directly
modify the IDS and in consequence, the immune reactivity and the ultimate com-
patibility of the host. In this sense, food deprivation downregulates the transcription
of an M-type lectin, and GST, and enhances the transcription of MIF, LBP/BPI and
lysozyme in L. stagnalis (Seppéld et al. 2021). Concerning hemocytes, those derived
from 14 days-starved L. stagnalis snails phagocytized less avidly than cells of
individuals fed ad libitum and showed significantly higher titers of agglutinin in
the hemolymph (van der Knaap et al. 1983b). Moreover, E. revolutum-infected
L. elodes snails subject to a low-protein diet exhibited lower survival than infected
snails fed on a high-protein diet and thus, influencing transmission to the next host
(Sandland and Minchella 2003). Food deprivation constrained the overall parasite
within-host reproduction in L. stagnalis—D. pseudospathaceum system, as the
release of parasite transmission stages was reduced (Seppild et al. 2015). In
G. truncatula, the cercarial production of F. hepatica, F. gigantica, and
Calicophoron daubneyi varied depending on the different food sources used
(Rondelaud et al. 2002a).

In addition, an increased diversity and abundance of co-occurring non-host
species could reduce the risk of contact and further infection of suitable snails, a
phenomenon commonly known as “dilution effect” (Civitello et al. 2015) where
non-host species can disrupt parasite-host encounter via several mechanisms like
predation of hosts and of free-living stages of parasites (Johnson et al. 2010), or by
acting as decoys attracting the pathogen (Marszewska et al. 2018). In particular,
besides directly reducing the abundance of the host, it was observed through
experimental infections of G. truncatula with F. hepatica that the stress caused by
the presence of predators (sciomyzid larvae or zonitid snails) in the host during
infection significantly influences survival of parasitized snails; the duration of the
cercarial shedding and the number of emitted cercariae were reduced compared to
controls (infected snails not subjected to predators; see Rondelaud et al. 2002b).

As each snail host presents limited nutrient and spatial resources, a structuration
of the parasite community, driven by complex interactions among infecting patho-
gens (particularly trematodes) related to competition, facilitation, or predation, can
occur within the host, during a multi-infection process (Lie et al. 1973; Abrous et al.
1996; Soldanova et al. 2012). For instance, infection synergism between C. daubneyi
followed by F. hepatica, and between Trichobilharzia brevis followed by
Echinostoma hystricosum has being reported when successive cross-exposures, in
the given order, were performed in G. truncatula or L. rubiginosa, as higher
infection rates were attained compared to each mono species-infection (Lie et al.
1973; Augot et al. 1996). Conversely, if T. brevis followed a primary infection by
E. hystricosum, the predatory rediae of E. hystricosum consumed T. brevis sporo-
cysts impairing the establishment of the second parasite (Lie et al. 1973). A field
study on the trematode infracommunity of L. stagnalis reported two pairs of
trematodes, i.e. P. elegans/T. szidati and M. anceps/Notocotylus attenuatus, that
were more frequently found infecting in combination than would be expected by
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chance suggesting facilitation. Moreover, competitive relationships among trema-
tode species were hypothesized as a dominance hierarchy in which seven top
dominant species with putatively similar competitive abilities reduced the preva-
lence of the other trematode species found (which develop in sporocysts only; see
Soldanova et al. 2012).

11.6 What Can the Study of Interaction Between Lymnaeid
Snails and Their Parasite Bring to Evolutionary
Biology and Disease Control, and Where Do We Go
from Here?

Since some snail-borne parasites cause significant diseases in humans and domestic
animals, the study of the host snails and of their specific interaction may have a great
impact on veterinary and human health sciences. In particular, given that it is
mandatory for digenean parasites to develop inside their snail hosts, controlling
the populations of the latter is a suitable strategy for directly tackling snail-borne
trematodiasis. However, the mechanisms and factors promoting the emergence or
re-emergence of these diseases are still poorly understood making any predictions on
their establishment and spreading, in a context of environmental changes, and
successfully preventing their propagation, particularly challenging. In this sense, a
thorough look into snail-parasite interaction is mandatory (Adema et al. 2012).
Aspects such as the factors determining the population structure and geographical
distribution of snails and thus, possible transmission foci, the effects of environ-
mental perturbations on the distribution and transmission of parasites through their
vector snails, and the extent of the influence of encounter and compatibility filters
between hosts and parasites versus the ecological factors that limit infections, are
among the significant questions that can be solved by investigating the biology of
snail-parasite interactions. Moreover, the deep study of the immunobiological
features of each particular digenean—mollusk system could allow to identify mole-
cules with potential biomedical relevance, and could also serve as model to study the
impact of pollutants or other stressors on immune function, to monitor climate
change and to record its impact, or ultimately to predict their effects on parasite
transmission and vectorial competence (Loker 2010). The knowledge on how
immunity and virulence have evolved to influence the snail—parasite compatibility
or which are the genetic markers determining such compatibility or the regulators of
parasite transmission in natural snail populations can only be attained through more
investigations encompassing snail—parasite dynamics (Adema et al. 2012). They will
also bring light on evolutionary and environmental immunology.

Nevertheless, in spite of the crucial contribution of this field to move securely
toward the control of human trematodiasis or a major understanding of invertebrate’s
biology and immunology, and the progresses achieved, significant knowledge gaps
remain, specially within Lymnaeidae—parasites systems. Encounter filter and its



316 A. Alba and B. Gourbal

association to susceptibility/virulence of host and parasites needs to be deeply
characterized under experimental as well as natural conditions. The role of
microbiota in lymnaeid snails—parasite dynamics has been largely overlooked,
although the host genome and the microbiota meta-genome are a real unit of
selection, one that is not only associated to the host genotype and/or physiological
status but also to environmental variations, and that affects host plasticity and
adaptive responses (Zilber-Rosenberg and Rosenberg 2008). Therefore, identifying
microbial communities more or less prone to modify parasite transmission in
lymnaeid host would have critical consequences in terms of snail control strategies
for fighting Lymnaeidae-borne diseases in the field and to understand evolutionary
dynamics. Furthermore, and despite the advances, our knowledge of PRRs,
receptor—ligand interactions, downstream mechanisms of signaling transduction
and molecular and mechanistic regulators, humoral effectors and defense reactions
to convey an appropriate immune response is currently poor in snails in general, and
in the family Lymnaeidae in particular. Therefore, it warrants further investigations
by multi-“omics” methods and functional validations as it is crucial for depicting the
(epi)genetic and molecular bases of the defense responses. In this sense, although
RNA interference is a powerful transient gene-expression repression system widely
employed in snails including the Lymnaeidae (e.g., Korneev et al. 2002; Lu and
Feng 2011), the potential of the CRISPR-Cas9 gene editing technique offers a wider
variety of applications (from complete gene knock-out to gene editing), appears to be
a more determinant approach that it is already under development to generate
transgenic mollusc (Perry and Henry 2014). A recent report demonstrates its suc-
cessful application for the genome editing of L. stagnalis (Abe and Kuroda 2019)
and opens up significant opportunities for functional genomics to investigate the role
of specific genes in snail immunobiology. Moreover, the lack of molecular markers
to properly classify hemocytes, its ontogeny and functional differences deserves
further efforts in order to properly elucidate the different lineages or types, and their
specific role during infection dynamics. In-depth characterization of hemocyte
populations and their interaction with trematodes to discriminate transcriptional
infra-populations, trajectories of differentiation and specific genes related to each
cellular stage/lineage can now be performed using Single-Cell RNA sequencing
technology (scRNA-seq; see Fu et al. 2020).

It is important to note, that most of the immunobiological information concerning
lymnaeid snails comes primarily from the study of a single species, the pond snail
L. stagnalis. Nonetheless, as the response of different species of snails to parasitic
infections is greatly varied, the information about one snail host/parasite model
cannot be strictly applied to other systems. Hence, it is crucial for future investiga-
tions to encompass other species in order to widen up the view of the IDS of the
Lymnaeidae and its interaction with pathogens. In parallel, further characterization
of virulence factors of pathogens affecting lymnaeid snails should be carried out in
order to completely elucidate the evolutionary bases of each host—parasite interac-
tion. Topics such as the specificity of the defense response (e.g., (van der Knaap et al.
1983a; Seppdli et al. 2021), immune memory (van der Knaap et al. 1983a), immune
priming (Alba et al. 2018), and transgenerational priming (Vorontsova et al. 2019)
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have been only modestly embraced within the Lymnaeidae and further efforts should
be directed toward them.

In addition, investigations of the effects of host—parasite interplay on lymnaeid
snail physiology, metabolism and ultimately, on life history traits must be empha-
sized and approached by integrative studies. Lastly, as the Anthropocene imposes
significant challenges for environmental dynamics, it is pivotal to develop a more
mechanistic understanding of how anthropic disturbances and environmental deg-
radation, habitat transformation, biodiversity loss and invasive species, and climate
change will affect hosts and parasites communities and their interplay if we aimed at
predicting changes in transmission dynamics and disease epidemiology. In this
sense, field studies, although difficult to carried out, should be particularly stimu-
lated not only with the finality of building up basic knowledge on host—parasite—
environment interplay, but also of exploring ways to practically exploit snail-based
control procedures of parasite transmission. Vector mediation by transgenesis strat-
egies either using introgression of selected snail genotypes refractory to
trematodiasis infection into, or direct genetic modification by CRISPR-Cas9 (trans-
fection with a multi-resistant gene) of natural populations might be envisioned for
increasing snail resistance, reducing their vectorial competence and tackling patho-
gen transmission. Profiting on snail’s microbiota for potentially controlling snail-
borne diseases, either through chemical modification or using paratransgenesis
solutions (using transgenic bacteria expressing foreign gene products; see
Coutinho-Abreu et al. 2010) to favor snail’s microbial communities rendering the
host more refractory or resistant to parasite infection, could be also projected.

The incorporation of additional research efforts, new competences, technology,
and funding is as challenging as it is essential since global attention is traditionally
diverted toward other host—parasite systems mostly driven by the notoriety of other
vectors and diseases in global health agendas. The scarce resources and interest
devoted to tackle snails and the diseases they transmit should be always considered,
as it is a major limitation for exploring related scientific and practical opportunities.
In addition, the list of scientists working on snails and the diseases they transmit
continues to grow thinner (Adema et al. 2012). Nevertheless, it must be brought
forward that the variety of models to study, the exciting investigations and discov-
eries that lay ahead, the applicability of such knowledge in different disciplines and
their usefulness for science and society, present to scientist and decision-makers an
attractive road deserving to be explored.
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