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Abstract

The recent recurrent outbreaks of urogenital schistosomiasis in the south of Europe were
unanticipated and caught scientists and health authorities unpre-pared. It is now time to learn lessons
from these outbreaks and to implement concrete procedures in order to better quantify the risks and
prevent future outbreaks of schistosomiasis in Europe. In this context, we propose a reflection on the
factors that currently hamper our ability to quantify these risks and argue that we are incapable of
predicting future outbreaks. We base our reflexion on an ecological two-step filter concept that drives
host—parasite interactions, namely the encounter and the compatibility filters.

Trends

Global changes promote the establishment and spread of infectious diseases worldwide. Several
tropical and subtro- pical vector-borne diseases have recently emerged in more temperate
geographical areas, demonstrating that they need further considerations. An autochthonous
urogenital schisto-somiasis outbreak has recently been identified in Southern Europe (Corsica, France).
The causative parasitic agent is a hybrid between a human-specific and a livestock-specific schistosome
species. Quantifying the emerging risk of vec-tor-borne disease requires knowledge of the ecological
characteristics of parasites and their potential vectors as well as of the interactions between
protagonists in Northern latitudes. Host—parasite interactions are driven by an ecological two-step
filter con-cept (the encounter and the compat-ibility filters). Global changes and hybridization may
affect both filters, hence hampering our ability to quantify the risk of future emergence. Thus, we are
still incapable of predicting future outbreaks, and new tools need to be developed.

Schistosomiasis Outbreaks in Europe

Global changes, including both natural and anthropogenic environmental modifications, pro-mote the
spread of exotic pathogens worldwide and disease outbreaks [1]. In particular, with the ongoing rise
in temperature and the intensification of human activities, it is expected that tropical and subtropical
vector-borne diseases will expand to higher latitudes [2—6]. So far, concrete cases of autochthonous
transmission of tropical infectious diseases in temperate areas remain scarce. The most alarming
examples of pathogen geographical range expansions are the recent cases of locally acquired
arthropod-borne diseases such as dengue, malaria, and chikungunya in southern Europe [7-10].



Climate change and trade of car tyres promoted the establishment of the mosquito vector species
around the Mediterranean Sea, hence allowing the parasites to complete their life cycles and emerge
locally. To face the risk of arthropod-borne diseases, the European Union (EU) established the
VBORNET network in 2010. This One Health consortium mobilized both entomological and public
health specialists to assist the European Centre for Disease Prevention and Control (ECDC). This
network was completed by the VectorNet project in 2014 to include animal disease agents. Today, up-
to-date distribution maps of mosquitoes, ticks, and sandflies are freely available on the website of the
ECDC. In addition to the risk map, the ECDC has published guidelines for the surveillance of native and
invasive mosquitoes in Europe [11,12]. These resources paved the way to concrete and applied opera-
tional processes for a better surveillance of mosquitoes and to prevent future outbreaks.

For several reasons, the risks of snail-borne diseases in Europe have been overlooked so far. First, until
very recently, freshwater ecosystems received less ecological attention than terres-trial systems [13].
Second, the expansion, and ultimately the establishment, of snail intermedi-ate host species that have
coevolved with parasites from tropical countries to Europe is expected to be limited because of the
low dispersal ability of freshwater snails. However, in March 2014, clusters of human urogenital
schistosomiasis cases, transmitted through fresh-water Bulinus snails, were simultaneously diagnosed
in French and German hospitals [14-16].

These patients had never visited a Schistosoma haematobium-endemic country (i.e., Africa, Arabian
Peninsula), but all the patients had spent their holidays in Corsica in August 2013. Corsica is a favourite
destination for tourists from Europe and overseas, and more specifically during summer. All the
infected individuals had been in contact with the Cavu River (southern Corsica) which is famous for its
crystalline and warm natural pools. Subsequently, the INVS (Institut National de Veille Sanitaire) and
the ECDC published a rapid risk assessment. Following a massive campaign for diagnosis in April 2015,
more than 100 further cases which had contracted the disease during summer 2013 were reported in
France. Surprisingly, after intensive screening for the presence of the parasite, no Bulinus truncatus
snails from the Cavu river were found to be infected with schistosomes, highlighting the difficulty of
detecting the parasite in the field [17]. Moreover, no potential animal reservoir host was found in the
vicinity of the river [17]. However, during the summer of 2015 a new case of acute endemic schistoso-
miasis was acquired in Corsica, indicating that transmission is persisting locally and pointing out the
risk for further infections [18]. In line with this outbreak, the rapid risk assessment of the ECDC stated:
“The autochthonous transmission of S. haematobium in Corsica in 2013 is a local public health event
that highlights a potential risk for other receptive areas of southern Europe. Therefore, there is a need
to consider enhancing epidemiological surveillance for schistosomi-asis in the EU.”. Contrary to
arthropod-borne diseases, the emergence of schistosomiasis in Europe was unexpected, and both the
scientific community and health authorities were caught unprepared. We discuss here the reasons why
we are currently incapable of predicting future outbreaks of this neglected but severe tropical disease
in Europe and address several directions that would greatly improve our ability to better evaluate
these risks. We base our reflection on the fundamental two-step filter concept, including the
encounter and the com-patibility filters, as first proposed by Louis Euzet and Claude Combes in the
2000s [19,20] and examine how global changes are expected to alter these filters and hence increase
the risk of schistosome parasites establishing and spreading throughout Europe.

Host—Parasite Association Filters

Host—parasite interactions can be analysed through the concept of association filters. In all systems
formed by two organisms, natural selection tends to maximise their fitness indepen-dently [21]. In a
host—parasite couple, a filter can be seen as a virtual phenotype defined by both the genome of the
parasite and the genome of the host [19]. At the parasite level, filters need to be open to accomplish



their life cycle, therefore natural selection will tend to select genes allowing both the encounter
(encounter filter open) and the survival of the parasite (compatibility filter open) associated with its
host. On the contrary, hosts will tend to close these two filters, and natural selection will select genes
allowing them to avoid (encounter filter closed) and kill (compatibility filter closed) the parasites. When
these filters are synchronously opened in a particular area, and for a particular host—parasite
association, there is a potential risk for disease emergence. Evaluating the status of these two filters
(open or closed) offers the opportunity to quantify the risk for schistosomiasis emergence in Europe.

Encounter Filter

The encounter requires spatial and temporal overlap between the host and the parasite. Quantifying
the risk of emergence and spread of schistosomes in Europe thus partially depends on our knowledge
concerning (i) the geographical distribution of all potential intermediate snail hosts for the parasites
to complete their life cycle locally, and (ii) the dispersion of parasites through their definitive hosts and
in particular humans.

What Do We Really Know about the Distribution of Schistosome Intermediate Snail Hosts in Europe?

The answer is: very little. Among the 2090 freshwater snail species for which the geographical range
was documented in Europe, Planorbarius metidjensis and B. truncatus are intermediate hosts for
schistosome species in Africa [22], especially the human-infecting species S. haema- tobium. However,
most of the sampling references for these two host species are out of date [22]. Moreover, snail
populations are highly dynamic in space and time (Box 1). P. metidjensis is expected to be present in
all the Iberian Peninsula (Spain and Portugal) and has never been observed elsewhere in Europe [22].
Two recent records confirm the current abundance of this snail species in the south of Spain (in the
province of Huelva and in Almeria) [23,24]. B. truncatus is expected to be present in all the
Mediterranean islands, in the Atlantic and Mediterranean coastal zones of the Iberian Peninsula, in the
western coastal zone of Italy, in Greece, and in the south of France [22]. In southern Spain, B. truncatus
has been recorded recently in the province of Huelva [23], in Almeria and Alicante [25], and in northern
Spain, in Catalonia [26] and in Galicia provinces [27]. In France, B. truncatus is abundant in the island
of Corsica [28] and has been sparsely observed in the south of the mainland, in the piedmont of the
Pyrenees [29] and around Montpellier [30]. All these records are sporadic and are clearly insufficient
to quantify the spreading potential of S. haematobium in Europe. Determining the distribution of
intermediate snail hosts is hindered by the available methods used to collect and identify species.
Classically, freshwater snail detection is performed by scooping the grasses in the bank of the water
bodies and turning the stones at the bottom of the river. Then, the identification of the snails to the
species level is anything but trivial and requires thorough malacological knowledge. Such an approach
is tedious and time consuming and there is thus an urgent need to develop more efficient tools to
improve extensive spatial and temporal snail surveys.

Moreover, there is also very little information concerning the ability of S. haematobium to infect
alternative local European snails. Host shifts can occur when parasites disperse to new environments
in which their natural primary hosts are absent [31]. Schistosomes, and especially S. haematobium, are
known to be specific to their snail hosts in their native range, and host-switching is thus expected to
be limited [32]. However, S. haematobium host-switching has promoted an outbreak of urogenital
schistosomiasis in India in the middle of the last century [33]. In 1952, urogenital schistosomiasis foci
were reported in Gimvi village (Bombay State), with more than 200 people excreting typical S.
haematobium terminal spine eggs [34]. In response to this unexpected outbreak, notably due to the
complete absence of the known potential intermediate host vectors in this area, Gadgil & Shah [35]
experimentally exposed several local snail species to S. haematobium miracidia collected from the



urine of infected patients. Against all odds, Ferrissia tenuis was successfully infected and produced
schisto-some cercariae [35]. The genus Ferrissia is widely distributed in Africa but has never been
shown to host schistosome parasites. This outbreak of S. haematobium out of its native range clearly
indicates that even for apparently highly specific parasites, shifts towards phylogeneti-cally distant
hosts may occur. Finally, it is worth stressing that, like Bulinus, the genus Ferrissia belongs to the family
Planorbidae, which is widely distributed across Europe.

Where Does the Risk Come from?

The dispersal of pathogens by air travel and subsequent importation risks in Europe has already been
inferred for some arthropod-borne disease such as dengue [36]. In particular, authors quantified the
importation risks of dengue into Europe by considering in their model the volume of air-travellers
arriving from dengue-infected areas and European cities in which the potential arthropod vector
(Aedes albopictus) is present. They found that, in 2010, Milan, Rome, and Barcelona were hotspots for
dengue importation and autochthonous outbreaks, especially from August to October [36]. Concerning
schistosomes, the EuroTravNet consortium has recently synthesized 5 years (2008-2012) of travel-
related illness (n = 32 136) [37]. Schistoso-miasis ranked 12th in the imported disease category (with
malaria ranking first), with around 22 cases for 1000 ill patients. Importantly, this study also revealed
that patients harbouring schistosomiasis infection are represented in all categories of travellers:
business (9%), immi-gration (18%), missionary/volunteer (33%), tourism (21%), and people visiting
friends and relatives (16%); a majority came from sub-Saharan Africa (74%). Considering that around
100 million passengers enter Europe on commercial flights every year [36] the risks for other
schistosome outbreaks is a real concern [38—41].

S. haematobium is endemic in 53 countries, mostly in Africa and the middle-East [42]. The parasites
responsible for the recent outbreak in Corsica were genetically closely related to parasitic populations
from Senegal [17]. Several sociological elements also support the hypo-thetical Senegalese origin of
this parasite. First, urogenital schistosomiasis is present across Senegal, and its prevalence is estimated
to be 25% at the national scale [43]. Second, Senegal is a former French colony, and these two countries
still have strong commercial and political relationships with important bidirectional population flows.
With around 100 000 French tourists every year, Senegal ranks 35th for preferred French tourist
destinations, and 50% of tourists in Senegal are from France. In the other direction, France is the first
destination for Senegalese people in Europe.

The probability of an encounter between the parasite and its mollusc host is also related to the length
of time that the infected patient will be able to excrete eggs. In the case of schistosomiasis, this
duration is often very long for two main reasons. First, the diagnosis of the infection is difficult; it may
be delayed or even not performed (Box 2). Second, the lifetime of the adult parasite in its host is long,
from 3 to 10 years and up to 40 years [44]. By comparison, this duration of transmission is much longer
than for arboviruses, in which the viremic phase of transmission lasts only a few days.

Compatibility Filter

Overlap in host and parasite distribution (i.e., open encounter filter) is necessary but not sufficient to
allow the parasites to complete their life cycles. The compatibility filter also needs to be open [19,20].
A host is defined as compatible to a parasite if it provides adequate resource and is incapable of
eliminating the parasite with its defense mechanisms. Compatibility between schistosomes and their
intermediate snail hosts results from a complex pheno-type-to-phenotype interaction between each
pair of individuals (parasite and snail) [45]. The compatibility polymorphism is widely documented
between S. mansoni (responsible for the human mesenteric schistosomiasis) and its snail host,
Biomphalaria glabrata, at both the populational and molecular levels [46]. Conversely, few studies



have yet investigated the levels and mechanisms of compatibility between S. haematobium and
Bulinus or Planorbarius snails. We here synthesized all published studies that have experimentally
tested the compatibility between various host/parasite strains (see Table S1 in the supplemental
information online). Concerning the S. haematobium—B. truncatus pair, most studies have quantified
the compati-bility between parasite and snail strains from Africa (either in sympatry or in allopatry).
Our synthesis indicates that, at the national scale, sympatric associations are more compatible than
allopatric ones in Cameroon [47] — which is in contrast to results obtained in Niger [48]. Moreover,
considering that geographic and genetic distances may be correlated for both snail and parasite, we
might expect a negative correlation between geographic distances and compatibility under a
coevolving scheme. However, we found no significant relationship between geographic distance
between parasite and host strains and compatibility (Spearman correlation test; n=32;r=_0.32; P >
0.05) at the African continent level. Thus, there is no congruence between the coevolutionary history
of snails and parasites and their compatibility. Such disconnection clearly hampers our ability to predict
which parasite populations are more prone to settle in a given geographic locality, and more
particularly which parasite populations from endemic countries constitute the greatest threat to
Europe.

In this regard, few and somewhat dated studies have tested the compatibility between parasitic strains
from Africa and snail intermediate hosts from Europe. Capron and collaborators [49] found high levels
of compatibility between B. truncatus from France (Corsica) and an S. haematobium strain from Algeria
(52.6% of snails were infected when exposed to five miracidia). In the context of the first emergence
of schistosomiasis in Portugal in the 1920s, some authors revealed that local B. truncatus snails were
compatible with parasites coming from Guinea Bissau or Mozambique but not from Angola (Table S1).
Compatibility between S. haematobium from several African countries and P. metidjensis from
Portugal and Spain was also experimentally quantified recurrently [50-52]. All of these studies failed
to infect snails, suggesting that P. metidjensis from Europe is not compatible with S. haematobium
from Africa. This was surprising given that some local wild populations of P. metidjensis were found to
be naturally infected with S. haematobium at the time of the schistosomiasis outbreak in the 1920s
[53]. More recently, some authors found that snail size was critical for infecting P. metidjensis with S.
haematobium and concluded that the failure of experimental infestation of P. metidjensis from
Portugal could have resulted from the use of nonadequate snail sizes [54-58]. Another hypothesis
would be that P. metidjensis from Portugal is indeed incompatible with pure S. haematobium, and that
wild populations of P. metidjensis in Portugal were actually infected by hybrids of S. haematobium and
S. bovis, the latter being present in southern Europe [59]. Hybridization between schistosome species
is indeed known to widen the snail host spectrum [60]. This last hypothesis is particularly relevant in
the European context because P. metidjensis is abundant in the Iberian Peninsula, and S. haematobium
_S. bovis hybrids were identified in several West African countries (Senegal, Mali, Benin, and Niger)
[61-64] and, more recently, during the outbreak in Corsica [17,62].

Effects of Global Changes on the Encounter and the Compatibility Filters

Quantifying the risks of schistosomiasis emergence in Europe is highly dependent on our ability to
predict where and when filters will be opened synchronously (see Figure 1). In the next section we
examine how global changes may affect the opening and dynamics of these two filters.

The increases in human activities and movements are by far the most obvious factors that may open
the encounter filter by increasing contact probabilities between parasites and snail intermediate hosts.
The accruing human bidirectional flows between Europe and endemic tropical and subtropical areas
increase the possibility that infected travellers import into Europe parasite strains that are capable of
infecting local potential hosts (i.e., B. truncatus or P. metidjensis) or switch to a novel local snail host



species. Finally, increased parasite movements might also promote hybridization events between
strains or species. Hybridization in the genus Schistosoma is common [65] and can alter the
compatibility filter by diversifying the range of both intermediate and final hosts [66]. It is also
hypothesized that hybridization may foster adaptation to novel environmental conditions and hence
facilitate the establishment and spread of parasites northward [66].

Climatic change is another aspect that can affect both filters. More specifically, rising temper-atures
are known to impact the distribution and abundance of freshwater snails, thus modifying their
potential geographical distribution. Such influence of climate change on the distribution of coevolved
snail hosts has been predicted in Africa [67,68] but not in Europe. Together with an increase in parasite
dispersion, this geographical expansion is expected to provide optimal environmental conditions (both
biotic and abiotic) for the parasite to establish and spread. Changes in seasonality may also have a
huge impact on the encounter filter by extending seasons during which the parasite larvae may be
emitted by the snails, hence favouring infections of definitive hosts. At the compatibility filter level,
temperature increase is known to affect snail susceptibility to schistosomes, reversing a resistant to a
compatible phenotype [69]. Until now, few studies have investigated the effect of other global changes
on the encounter and compatibility filters in schistosomes. However, it is likely that other factors, such
as water quality (e.g., pollution) or river fragmentation, might have impacts on the ability of parasites
to infect both intermediate and final hosts, either by affecting compatibility or favouring contacts.

Concluding Remarks and Future Perspectives

Today we are incapable of inferring the current and future risks of schistosomiasis outbreaks in Europe
without answering a few specific questions (see Outstanding Questions). First, it is urgent to determine
the geographic distribution of the snail intermediate host populations and to monitor their
spatiotemporal dynamics. For this purpose, several tools are currently available. (i) Spatial statistical
models have recently been used to predict the theoretical niche and infer the potential spatial
distribution of schistosome intermediate snail species in endemic countries [70,71]. (ii) Environmental
DNA (eDNA) is promising to detect both parasites and vectors at large spatial and temporal scales [72].
eDNA is widely used in aquatic ecology for the detection of invasive species, or species of interest, or
to evaluate ecosystem biodiversity [73]. Recently eDNA has been successfully used for detecting
trematode parasites infecting frogs [74], bird schistosomes [75], invasive mosquito vectors (Aedes
albopictus) [76], and for inferring myxo-zoan diversity [77]. Combined with punctual malacological
surveys and spatial modelling, the eDNA approach would greatly improve our ability to develop ‘real-
time’ risk maps of schistosomiasis transmission in both Europe and all endemic countries [78]. (iii)
Finally, the susceptibility level of possible European intermediate hosts for different parasite strains is
largely unexplored. Considering the absence of links between geographic distance and compatibility,
and without experimental evidence, it is not possible to predict which parasite strains have the highest
introduction risk level in Europe. Experimental tests between several parasite strains and several snail
hosts are hence needed to address this question.

In the light of our synthesis, it clearly appears that we are far from being able to quantify the risk of
schistosomiasis emergence in Europe. Importantly however, the current risk of schistoso-miasis
outbreaks in Europe compared to arthropod-borne diseases needs to be nuanced for several reasons.
First, contact with infected freshwater is a prerequisite for humans to be infected. In Europe, the
relationship to freshwater and water contacts are mostly limited to recreational or agricultural
activities. Second, the sanitation networks of the European countries greatly limit possible
dissemination of schistosomiasis to urban areas. Indeed, helminth eggs are easily removed during
water treatment. Systems involving primary and secondary sewage treatment without chlorination are
highly successful for removing schistosome eggs (99.5% of eggs are removed) [79]. However, contrary



to arthropod-borne diseases, the persistence of the parasite in hosts is very high. In humans, the adult
parasite worms can live several decades, emitting eggs throughout their host's lifetime. The fact that
several human cases are asymp-tomatic makes parasite detection problematic. Thus, although the
parasites are expected to persist little in the water, they are expected to persist over long periods
within their hosts with recurrent swarms of infecting stages in the environment. Concerning the snail
intermediate host, the lifetime of infected snails has been documented in the context of a subtropical
climate but not in more temperate countries. For instance, we know that adult Aedes mosquitoes
cannot persist over a winter season [80], whereas we still do not have a clue whether infected Bulinus
snails are able to persist over that period. This calls for more ecological research to better appreciate
the interactions between schistosomes, their hosts, and the continental environment to understand
how global changes may promote the emergence of autochtho-nous schistosomiasis in Europe.

Outstanding Questions

What are the ecological characteristics of habitat of the schistosome interme-diate in Europe?

What is the spatial repartition of schis-tosome intermediate hosts in Europe?

Are schistosomes able to expand their snail intermediate host range to Euro-pean endemic snails?
Are schistosome-infected snails able to persist over a winter season in Europe?

What are the schistosome and mollusc intermediate host life history traits in temperate conditions?
Are hybrid schistosomes more virulent than parental species?

Is the invasive capacity of schisto-somes limited to hybrid parasites? Are all African schistosome strains
able to emerge in Europe?

What could be the future distribution of schistosome intermediate hosts and host—parasite
interactions as a conse-quence of climate change?

Can we quantify the risk of emergence by measuring human movement?

Are the public health organizations ready to control schistosomiasis out-breaks in southern Europe?
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Figure I.

Total Number of Snails Recovered Weekly over Sites 5, 8, and 9 in the Cavu River from Week 24 (mid-
June) to Week 35 (end of August), 2016.
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BOX 1
Snail Fluctuation in Space and in Time in the Cavu River

The Cavu River is where the parasite emerged in Corsica in both 2013 and 2015. For snail sampling, the
river was divided into 9 sites corresponding to a transect of 200 to 300 meters long [17]. The
contamination that occurred in 2013 concerned only upstream sites numbered 8 and 9 (2 out of 9
sites) [17]. Unexpectedly in 2015, patients were infected only at site 5, where neither snails nor
parasites had been recovered in 2013 [18]. During the same year, important variations in snail intensity
were also observed weekly. Figure | shows the total number of snails recovered at sites 5, 8, and 9 in
the summer of 2016, during the tourist season (same sampling effort in each site and for each week).
The number of snails increased from 50 to 750 between mid-June (week 24) and the end of August
(week 35), indicating that the snail population greatly increased during the tourist season. The
presence of tourists is also at a maximum between mid-July and mid-August, thus potentially
increasing the transmission risks.

BOX 2
Imported Schistosomiasis: A Difficult Diagnosis

Diagnosis of imported schistosomiasis may be compromised since these infections are asymptomatic
in 30-50% of cases [81-83]. Once the medical diagnosis has been suspected, further laboratory
diagnosis validation can also be difficult. Identifying eggs by microscopic examination of patient’s urine
is poorly sensitive (_20-30%) since parasite load is often low [81-83]. Another difficulty specific to S.
haematobium _ S. bovis hybrid infection is the possibility of eggs being excreted in urine and/or in
faeces. Eggs of S. haematobium and S. bovis are classically excreted in urine and faeces, respectively.
Whether hybrid eggs are preferentially (but not exclusively) excreted in urine, in faeces, or in both, is
yet to be determined. In Corsica, only urines were examined, hence raising the possibility of having
diagnosed false negatives. Altogether, these different points make diagnosis of imported cases of
schistosomiasis difficult, especially for physicians from nonendemic countries who may not be aware
of this tropical parasitic disease. Serodiagnosis is the tool of choice for screening and diagnosing of
schistosomiasis, even when hybrids are present. Combining two techniques (enzyme-linked
immunosorbent assay (ELISA), and indirect haemagglutination, i.e., IHA) raises the detection sensitivity
up to 80-90% with an almost perfect specificity (_100%) [84,85]. A Western blot from LDBio
Diagnostics using S. haematobium and S. mansoni antigens is now available, ensuring optimum
sensitivity and specificity in the case of discordant results
(http://www.ldbiodiagnostics.com/fichiers_site/a1181ldb/contenu_pages/wb_sch_v18 fr_en.pdf).



Figure 1.

Schistosomiasis Emergence in Europe: How Global Changes May Open Encounter and Compatibility
Filters.

Schistosomes display two free larval stages during their lifecycle. The miracidia, which hatch from eggs
excreted by a definitive vertebrate host in freshwater, then infest an intermediate snail host. The
cercariae are released by a snail intermediate host in freshwater and infest definitive vertebrate hosts.
Infestation of both the definitive and the intermediate hosts are conditioned by the opening of the
encounter filter (i.e., the spatial and temporal overlap of the larvae and their future hosts) and the
compatibility filter (i.e., hosts provide adequate resource and are incapable of eliminating the
parasites). Global changes (e.g., climate changes, human activities) may synchronously open these two
filters, hence facilitating parasites to accomplish their lifecycle in nonendemic countries.
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