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ABSTRACT – Knowledge of the population dynamics of parasites and their hosts is essential to
build veterinary and health programs. The example chosen is that of Fasciola hepatica, a food-borne
trematode responsible for severe human and animal infections on the five continents. In this paper, we
review the relationships between the liver fluke and its intermediate (mollusc) and definitive (vertebrate)
hosts. © 2001 Éditions scientifiques et médicales Elsevier SAS
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1. Introduction
At the beginning of this new millennium, the knowledge of evolutionary processes is one of the major challenges of life sciences. Although we currently cannot
formalize, or define all of the mechanisms involved, several studies have revealed that parasites and pathogens
(symbiotic organisms which live at the expense of other
organisms (i.e. hosts); see [1] for a definition of these
terms) constitute a major evolutionary component. As
suggested by Barbault [2], three principal reasons explain
why such symbiotic systems are so important in evolutionary dynamics.
1. All living species can be involved in parasitism,
either as parasites or as hosts [3]; human societies do not
escape this biological constraint, as evidenced by statistics
supplied by different health organizations (WHO, CDC,
etc). Indeed, AIDS, malaria, yellow fever, Lyme disease,
bilharziosis, cholera, trypanosomiasis or fasciolasis (to
cite only a few examples) are all human diseases caused
by a symbiotic organism (in the sense defined by [1]).
Moreover, we cannot ignore the emergence or
re-emergence of many of these diseases around the world.
2. Parasitism is a major factor limiting natural populations and must therefore play an important role in the
equilibrium of ecosystems.
3. Parasitism, which is probably the most specialized
type of interspecific relationship, implies strong genetic
interactions between the parasite and its host, which leads
to coadaptation between the two partners.
*Correspondence and reprints.
E-mail address: hurtrez@mlp.ird.fr (S. Hurtrez-Boussès).
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In this context, host–parasite interaction studies have to
address the following questions.
– How is the genetic information transmitted in different
environments? Which reproductive strategies are selected
in host and parasite populations?
– How does gene flow spread within and between parasite populations on one hand, and host populations on the
other hand? Are host and parasite genotypes randomly
associated or not?
– What are the levels of adaptation between parasites and
their hosts? Which roles do the biological and ecological
parameters of host (i.e. ’habitat-resource’ system of the
parasite) play in mechanisms of specialization of parasites?
– What are the consequences of parasitic pressures on
host life history traits (i.e. survival, fecundity, behavior,
sexual selection, spatial and temporal distribution)? Do
hosts and parasites co-evolve (evolution of resistance and
virulence)?
Although most of these points belong to ecological and
evolutionary topics, investigations on human, animal and
plant diseases concern all branches of biology (i.e. medical, pharmacological, veterinary, genetics, biochemistry,
ecology and evolutionary biology). Therefore, the development of prophylactic tools requires good fundamental
knowledge, and information acquired from ecological
and evolutionary studies is essential for public and veterinary health programs (epidemiology, pathology, control
and therapy). Thus, it is necessary to develop strong interactions between different approaches in order to enhance
our efforts against current or future biotic aggressors.
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The biological model we have chosen is the liver fluke
Fasciola hepatica, a food-borne trematode which constitutes a severe public-health problem across the world [4].
The purpose of this paper is to analyse the ecological and
evolutionary relationships between the liver fluke and its
intermediate and definitive hosts, and to suggest and discuss future investigations for the control of this disease.

2. Current knowledge
of fasciolosis around the world
An estimated 40 million people are infected by at least
one of the different trematode species and several infections caused by these parasites are re-emerging [5]. Among
them, fasciolosis is caused by F. hepatica or, to a lesser
extent, by F. gigantica. These liver flukes, which are among
the largest parasites infecting the human host (each adult
measures 25–30 mm in length and about 10–15 mm in
width) are digenean parasites (see [6, 7] for details concerning the life cycle). Figure 1 shows the three steps of the
F. hepatica life cycle. The definitive host is a vertebrate,
most often a mammal (human, cow, sheep, rabbit, etc.),
but infection has also been reported in birds [8]. The
intermediate host is a hermaphroditic lymnaeid snail (mollusc gastropod) inhabiting intermediate ponds. Major
sources of infection for definitive hosts are plants associated with water (e.g., watercress, mint) or spring water [9].
When swallowed by a vertebrate host, the encysted infective stage (metacercaria) excysts in the lumen of the intestine, and migrates toward the liver, where it feeds upon the
parenchymal cells, causing extensive haemorrhage. F. hepatica grows slowly, achieving sexual maturity after
2 months in the bile ducts. The fluke is hermaphroditic,
and self-mating may occur. Eggs are produced by each
worm after approximately one more week of development. Eggs are laid unembryonated and are passed from
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the common bile ducts into the duodenum and subsequently into feces. The egg must be deposited in fresh
water to complete its development and hatch. Hatching
usually takes place within 10–15 days, but at low temperatures, development can be delayed for several months.
Immediately after hatching, the ciliated miracidium swims
actively and seeks its appropriate snail host. Upon encountering it, the miracidium penetrates the snail and develops
within its tissue, where it multiplies asexually. Morphogenesis within the snail proceeds sequentially from the
miracidium to the sporocyst, and then to the redia stage.
Each new stage signals an increase in the number of
individual immature flukes. Each redia gives rise to many
cercariae, which penetrate out of the snail and into the
water. The cercariae encyst upon aquatic plants or, in a
lower proportion, in water. The encysted cercariae, now
termed metacercariae, are resistant to mild changes in
temperature and other environmental parameters.
Fasciolosis, which is probably the most common helminth infection of cattle (prevalences 30–90%, mainly in
tropical areas [10]) has long been recognized as a true
veterinary problem. Indeed, infection of livestock induces
productivity losses (e.g., meat, milk, wool, see review in
[10]), with important economic consequences [4, 11].
Fasciolosis is now also recognized as an important
re-emerging human disease [12]: 17 million humans are
considered to be infected with liver fluke [13], and 180
million are at risk of infection [14]. In some regions,
prevalence of infection with Fasciola is extremely high,
particularly in South America (Peru and Bolivia), where
fasciolosis is regarded as a serious health problem. The
most striking description of a human hyperendemic area
[15] is the Bolivian Altiplano, in which prevalences
between 72 and 100% have been recorded in different
surveys [16, 17]. Hillyer and Apt [11] estimated that over
350 000 humans are infected in the Bolivian altiplano
alone.

Figure 1. Life cycle of the liver fluke F. hepatica L. 1758 (modified from [6] and [7]).
a. Intra-mollusc stages: asexual reproduction of larval stages of F. hepatica (sporocysts, redia and cercaria) occurs in the intermediate host.
In this part, the major research aims on population biology should be:
A. Mollusc:
1. Genetic characterization and allelic cartography of L. truncatula in the different geographic areas of its distribution; 2. Genetic structure
and reproduction mode of snail populations under different parasitic pressures; 3. Spatial and temporal analyses of bottleneck and
demography of snail populations; 4. Evolution of life history traits (survival, fecundity, resistance to infection, etc.) in different endemic
areas.
B. Liver fluke:
1. Comparative analyses of population genetic structures of larvae vs adults of F. hepatica; 2. Evolution of life history traits (infestation rates,
intra-host survival, cercarial production, etc.) of F. hepatica depending on the definitive host species and the genetic variabilty of the snails.
C. Biosystem: ’Mollusc-fluke’:
1. Genetic co-structures of Lymnaea and Fasciola populations in different endemic areas: ’Who transmits who, where and when?’; 2.
Compatibility polymorphisms between snails and flukes depending on their geographic origins.
b. Plant or water encysted stage (metacercaria), which is the infective stage for the vertebrate host.
c. Intra-vertebrate stages. Sexual reproduction (selfing or outcrossing) occurs for the hermaphroditic adult of F. hepatica in the definitive
host. In this part, different research aims on the population biology of the liver fluke should be addressed:
1. Genetic characterization and allelic cartography of F. hepatica in different geographic areas of its distribution; 2. Genomic specificity of
F. hepatica among definitive host taxa; 3. Evolution of life history traits (survival, fecundity, egg hatching rates) of F. hepatica depending on
host species and geographic origins; 4. Population genetic structures of F. hepatica and reproduction mode among endemic areas. Does only
one genetic entity of F. hepatica exist?
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Fasciolosis is cosmopolitan in distribution, with human
and animal cases being reported on the five continents
(reviews in [10, 18, 19]). Only F. hepatica has a worldwide
distribution, whereas F. gigantica is restrained to Africa
and South America [5]. F. hepatica originated in Europe
and was successfully introduced into America, Australia,
New Zealand and Africa [20]. When introduced, F. hepatica has adapted to new definitive (e.g., llamas and
alpacas in South America [15]) and intermediate hosts
(e.g., Lymnaea tomentosa in Australia [20]). However, in
the Bolivian altiplano, a population-genetics study conducted by Jabbour-Zahab et al. [21] has revealed that the
European intermediate host Lymnaea truncatula had also
been introduced from Europe, and is responsible for the
transmission of liver fluke (see figure 2; see also [22, 23],
for morphological and molecular arguments).

3. Relationships between liver fluke
and molluscs (intermediate hosts)
Although different lymnaeid snails can be infected by
F. hepatica, L. truncatula is the predominant intermediate
host [20, 24]. The liver fluke has proved to have several
detrimental effects on its intermediate host, including castration or decrease in fecundity, increased mortality,
destruction of the digestive gland, metabolic changes (reallocation of energy from reproduction to growth, inducing
gigantism), increased sensitivity to environmental stress
[24, 25]. Since the liver fluke affects both survival and
fecundity of its intermediate host, it most probably exerts
strong selective pressures on snail populations. According
to the Red Queen hypothesis (see section 3.1), it would be
expected that co-selection between host and parasite
favours the maintenance of sex in host and parasite populations [26], resulting in the maintenance of polymorphism on loci acting in host–parasite interactions. However, Meunier et al. [27] have shown that selfing is the
predominant mode of reproduction and that, in the Bolivian altiplano, L. truncatula are monomorphic at six microsatellite loci (see figure 3). This suggests that another effect
(i.e. bottleneck event due to introduction) would impair
the Red Queen hypothesis in the Bolivian liver flukelymnaeid snail system. However, surprisingly, liver flukes
infecting snails in the Bolivian altiplano present microsatellite polymorphism (Hurtrez-Boussès et al., unpublished
data).
Natural prevalence of F. hepatica in lymnaeid snails is
high [28], but highly variable among sites. For instance, in
the region of Limoges (France), Rondelaud [29] showed
that natural prevalence ranged from 0% in sites without
potential definitive hosts (river banks) to 12.3% in sites
usually occupied by livestock (meadows). These differences were also observed at very small scale (ca. 400 m),
between drainage areas (prevalence: 3.8%) and brook
banks (0%) in a same hydrographic network [30]. In six
cattle ranches in Florida, Kaplan et al. [31] found that the
prevalence of F. hepatica in its local intermediate host,
Fossaria cubensis, ranged from 0.1 to 3.1%. In the Bolivian altiplano, Meunier et al. [27] reported a mean prevalence of 11.6% (± 23.3, n = 245 snails dissected), ranging
from 0 to 88.3% (n = 13 sites).
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Experimental infestations have revealed that the liver
fluke induces higher mortality in snails originating from
populations with low natural prevalences than in those
originating from populations with high prevalences [29,
32, 33] (but see [34] for contradictory results), indicating
that there would be co-adaptation between host and parasite (see section 3.1). Moreover, Boray [20] has experimentally shown that Australian strains of F. hepatica are
more infective than European strains for the local intermediate host (L. tomentosa), suggesting a local adaptation of
the introduced parasite to its new host.
As pointed out by van der Knaap and Loker [35], the
variations in compatibility between trematode and snail
might result from different traits (ecological, behavioural,
physiological, immunological), and their study will be
useful in our knowledge of the dynamics of host-parasite
systems (figure 1). Such information would be particularly
relevant in the elaboration of control programs based on
the management of snail populations.
3.1. The Red Queen principal

In Lewis Carroll’s book Through the looking glass and
what Alice found there, published in 1872, the Red Queen
runs, dragging Alice away (see figure 4). She explains to
Alice that she needs to run continuously in order to stay in
the same place, because the background is always moving. Van Valen [36] has transposed this principle to evolutionary ecology: since a given species interacts with other
species (competitors, predators, parasites) which are continuously evolving (’the moving landscape’), the ’Red
Queen species’ has to keep adapting (’to run’) to avoid
extinction (’to stay at the same place’). The ’arms race’
developed by hosts and parasites, named coevolution, is
an illustration of this principle: parasites continuously
evolve to evade strategies developed by the hosts against
them and, in turn, hosts must adapt to the parasite changes.
According to the Red Queen principle, the evolutionary
success of parasites on common host genotypes leads to:
1) selection for sexual reproduction (Hamilton et al. [37])
and 2) local adaptation between parasites and hosts (Lively
and Dybdahl [38]).
1. Selection for sexual reproduction:
Under the Red Queen hypothesis it is expected that
both host and parasite will increase their genetic variability. In this context, if parasites induce a high selective
pressure (i.e. by castrating or by killing their hosts), crossfertilization will become advantageous for the host, since
it produces genetically variable offspring. Some of these
variants will therefore escape infection by parasites
adapted to the most common genotypes.
2. Local adaptation:
Several experimental studies have shown that parasites
are more infective (i.e. increased virulence and transmissibility) against the local hosts (sympatric hosts) than
against hosts of a foreign population (allopatric). This
phenomenon has received the name of local adaptation.
Taking into account the population dynamics of hosts and
parasites, Gandon et al. [39] have proposed a theoretical
model for local adaptation. This model shows that local
adaptation takes place when the migration rate is high for
the parasite but low for the host. By contrast, if migration is
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Figure 2. Phylogeography and genetic divergences in L. truncatula. We summarize here our knowledge of the distribution of genetic
entities obtained by multilocus enzyme electrophoresis at 18 putative loci for the two species L. truncatula and L. cubensis (from [21]).
These results reveal the following:
1. Between the two Lymnaea species: strong genetic divergences characterized by at least ten diagnostic loci. 2. Within the two Lymnaea
species: slight genetic divergences between geographic sites. Moreover, the observed lack of heterozygotes within the different populations
analyzed suggested a predominant selfing mode of reproduction for these species. 3. European origin of Lymnaea from Bolivian altiplano:
indeed, although the literature suggested that snails from Bolivia belong to the South American Lymnaea group, results showed no genetic
differences between Lymnaea collected in Portugal and Bolivia. Thus, the European origin of the Bolivian snails was clearly demonstrated.
Names of the loci, abbreviation, full name of the enzyme, and EC number:
AAT: Aspartate amino transferase, 2.6.1.1; DIA: Diaphorase, 1.6.99.2; EST: Esterase, 3.1.1.1; GPI: Glucose phosphate isomerase, 5.3.1.9;
LAP: Leucine aminopeptidase, 3.4.11.1; MDH: Malate dehydrogenase, 1.1.1.37; ME: Malic enzyme, 1.1.1.40; PEP LGG: Peptidase
leu-gly-gly, 3.4.11.-; PEP PP: Peptidase phe-pro, 3.4.11.-; PEP VAL-LEU: Peptidase val-leu, 3.4.11.-.
Microbes and Infection
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Figure 3. Example of microsatellite analysis of L. truncatula (Genbank accession number of this locus: AF 226978). PCR products are
separated on a 5% polyacrylamide and 7 M urea gel. Individuals analyzed on this gel were sampled in the Bolivian altiplano (37
individuals) and in Europe and North Africa (21 individuals). Similar results were obtained for the complete analysis conducted by Meunier
et al. [27], who studied 245 snails from Bolivia and 122 from Europe and North Africa at six microsatellite loci. Two main results were
obtained:
1. An important deficit in heterozygotes (Fis values: 0.69–1) revealed that these lymnaeid snails reproduce mainly by selfing (estimated
selfing rates: 0.82–1).
2. Although some genetic variability was detected in European and North-African populations (two to nine alleles per locus), all the
Bolivian snails analyzed have exactly the same multi-locus genotype.

higher for the host than for the parasite, parasites are
expected to develop better in allopatric hosts than in
sympatric ones. If both host and parasite populations have
high migration rates, similar parasite effects are expected
against allopatric and sympatric hosts.

4. Relationships between liver flukes
and vertebrates (definitive hosts)
The liver fluke has a very large spectrum of definitive
hosts: humans, livestock and wild animals (reviews in [15,
28]). Infestation levels vary among sites and among species (see review in [10]). In humans, high variability in

Figure 4. Alice and the Red Queen.
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infestation levels may be partly explained by behavioural
and dietary habits (e.g., consumption of aquatic plants,
living close to livestock etc., see [15]).
The host spectra differs strongly among regions. For
instance, pigs are very occasional hosts in Europe, whereas
they represent a secondary reservoir host in the Bolivian
altiplano [15]. Similarly, although rats are only occasionally infected by the liver fluke in France (e.g., see [40]), a
prevalence up to 45% had been reported in black rats on
the nearest island of Corsica [15, 41]. Moreover, Menard
et al. [40] have shown that the introduced coypu (Myocastor coypus) is a suitable host for the liver fluke in
Europe, with a prevalence reaching 55%.
Among the definitive host species there is a considerable variation in susceptibility to infection and in immune
responses against liver fluke [42]. For instance, cattle have
proved to develop acquired immunological resistance
against F. hepatica (review in [42]), whereas sheep develop
little or no acquired protective immunity [43]. Panaccio
and Trudgett [44] suggested that such variation in host
immune systems would result in various selective pressures which can lead to sympatric speciation of different
liver fluke strains. This hypothesis is supported by: (1)
morphological; (2) genetic; (3) physiological; and (4) epidemiological arguments.
Indeed, (1) Morphology of adults and eggs of liver fluke
varies across the different definitive hosts [45, 46].
(2) Miller et al. [47] have reported that the glutathione
S-transferase presents higher variability in cattle flukes
than in sheep or rat flukes. (3) Caseby et al. [48] have
shown that the ionic composition of liver flukes infesting
cattle differs from that of sheep flukes. (4) Interestingly,
Rondelaud and Dreyfuss [49] have revealed that the success of experimental infestation of snails strongly differs
between liver fluke miracidia obtained from different
Microbes and Infection
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definitive hosts. Indeed, the estimated prevalences were
35, 66 and 86% with liver fluke miracidia obtained from
eggs collected, respectively, in rabbit, sheep and cattle.
This variability can result from phenotypic plasticity or
from genetic differences between liver flukes infecting
different definitive hosts. Dixon [50] has shown that whatever the definitive host in which liver fluke eggs have been
initially sampled (sheep or cattle), liver flukes grow faster
but have a lower fecundity in sheep than in cattle, suggesting that the differences might be due to environmental
effects.
A better understanding of the relationships between the
liver fluke and its definitve hosts is required to elaborate
control programs (figure 1).

5. Concluding remarks and perspectives
Different antihelminthic drugs have proved to be effective against fasciolosis (review in [51]). However, cases of
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resistance of the liver fluke to treatments have been
reported [52, 53]. The development of vaccines is a new
challenge in the control of fasciolosis [53–55], but the
variability in host immune responsiveness is a serious
problem [19, 56]. Moreover, candidate antigens for vaccine proved to be highly polymorphic [53], and they only
induce partial protection. Other control strategies involve
the management of mollusc populations (application of
molluscicides, biological control). Another perspective is
the selection of resistant definitive hosts. To achieve such
control programs, it is necessary to assess the genetic
variability of liver fluke, in relation to the diversity of its
intermediate and definitive hosts (see figure 1).
As exemplified by studies on the liver fluke and its
hosts, a better knowledge of genetic relationships between
parasites and hosts will certainly provide a good framework for the control of diseases (figure 5).
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Figure 5. Summary of the host–parasite interaction studies.
Ecology, genetics and biology are three fundamental parameters
which characterize the evolution of host–parasite interactions
through generations. These interactions act at hierarchical levels
(i.e. from molecules to populations) for both host and parasite,
and constitute the ’host–parasite coevolution’. This figure summarizes the general context that should be developed in order to
better understand the epidemiology of diseases (from molecules
to ecosystems), taking into account the role played by human
societies. Indeed, control programs undoubtedly induce resistance in both parasite and vector populations. In turn, such
resistance modifies the three fundamental parameters of hostparasite interactions, and thus their evolution. Because we are
always confronted with new and different situations, the main
epidemiological question is: ’Who transmits who, where and
when?’ The answer to this question will enable us to understand
the epidemiology of diseases. To reach this goal, we must now
combine complementary approaches (i.e. molecular, cell and
population biology) in order to act efficiently against human,
plant and animal diseases.
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