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A B S T R A C T   

The Northern Bolivian Altiplano is the human fascioliasis hyperendemic area where the highest prevalences and 
intensities in humans have been reported. Preventive chemotherapy was implemented in the last ten years. 
Surveillance showed high human infection and re-infection rates in between the annual triclabendazole mono-
dose treatments. A complementary One Health control action was launched to decrease the infection risk. Among 
the multidisciplinary axes, there is the need to establish animal reservoir species priorities for a more efficient 
control. Laboratory and field studies were performed for the first time to assess the Fasciola hepatica transmission 
capacity of the pig and its potential reservoir role. The experimental follow-up of altiplanic pig isolates through 
altiplanic Galba truncatula snail vector isolates were performed at different miracidial doses and different day/ 
night temperatures. Experiments included egg embryonation, miracidial infectivity, lymnaeid snail infection, 
intramolluscan larval development, cercarial production, chronobiology of the cercarial shedding, vector sur-
vival to infection, metacercarial infectivity of mammal host, and adult stage development. Surveys included the 
assessment of prevalence, intensity, egg measurements and egg shedding rates in nature. Pig contribution was 
evaluated by comparing with the main altiplanic reservoirs sheep and cattle. Results demonstrated that the pig 
assures the whole F. hepatica life cycle and participates in its transmission in this area. The fast egg embry-
onation, high cercarial production, long multi-wave shedding chronobiological pattern in monomiracidial in-
fections at permanent 20 ◦C temperature, and the high daily egg outputs per pig are worth mentioning. The high 
infection risk suggests early infection of freely running piglets and evolutionary long-term adaptation of the liver 
fluke to this omnivorous mammal, despite its previously evoked resistance or non-suitability. Genetic, physio-
logical and immune similarities with humans may also underlie the parasite adaptation to humans in this area. 
The pig should be accordingly included for appropriate control measures within a One Health action against 
human fascioliasis. The pig should henceforth be considered in epidemiological studies and control initiatives not 
only in fascioliasis endemic areas with human infection risk on other Andean countries, but also in rural areas of 
Latin America, Africa and Asia where domestic pigs are allowed to run freely.   

1. Background 

Fascioliasis is a zoonotic disease caused by the digenean species 
Fasciola hepatica and F. gigantica. This trematodiasis shows a worldwide 
distribution due to the introduction of livestock almost everywhere. 
Thus, F. hepatica is present in Europe, Asia, Africa, the Americas and 

Oceania, whereas F. gigantica appears widely distributed in parts of Af-
rica and Asia [1]. 

The World Health Organization (WHO) decided to include fascioli-
asis in the group of food-borne trematodiases within the list of Neglected 
Tropical Diseases (NTDs) to which priority should be given [2], based 
on: 
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- the human fascioliasis endemic areas where children are the highest 
infection risk group mainly in low-income countries, including from 
early postnatal infection [3], and the increasing number of case re-
ports throughout [4];  

- the high pathogenicity both at short-term in the acute phase and 
long-term during the chronic phase [5–8], including severe clinical 
pictures and sequelae [6,9];  

- the immunosuppression effects it induces in the acute phase [10] and 
the chronic phase [11], and consequent facilitation of coinfections 
[12–14];  

- the problems posed by the diagnosis in human endemic areas and 
patients [4,15,16];  

- the influences of climate change and the impact of anthropogenic 
modifications of the environment leading to human disease spread 
and infection increases [17–20]; 

- the wide variety of human infection sources underlying a great dis-
ease heterogeneity depending on the different endemic areas [21];  

- and, altogether, its impact on the development of rural communities 
of low-income countries. 

Latin America is a priority region for human fascioliasis control due 
to the many countries presenting human endemic areas. In South 
America, the public health problems concern mainly high altitude areas 
of Andean countries, such as Bolivia, Peru, Chile and Argentina. In areas 
with high human prevalences and intensities, the availability of a highly 
efficient and safe drug as triclabendazole [22] has allowed for mass 
treatment campaigns by means of annual monodose administrations, 
with the main purpose of decreasing the high burdens linked to the 
worse pathological effects and morbidity [23,24]. 

The Northern Bolivian Altiplano is the area where the highest 
prevalences and intensities in humans have been reported [25–27]. This 
hyperendemic area is located between the Lake Titicaca and the valley 
of La Paz city, at 3820–4100 m a.s.l. In this area, control by such a 
preventive chemotherapy has been applied for more than ten years. 
Despite successful implementation and lack of cases with secondary 
effects, periodical surveillance allowed for the detection of new in-
fections and re-infections in children in between the annual campaigns. 
This led to a PAHO-WHO monographic meeting for an in-depth analysis 
of the local situation. The problem posed by the resistance to tricla-
bendazole reported in other human and animal endemic areas of the 
aforementioned Andean countries was also considered [28]. 

When deciding which further interventions would be appropriate to 
decrease the infection/re-infection risk not only in the Northern Bolivian 
Altiplano, but also in other human endemic Andean areas, crucial as-
pects of the disease merited detailed focus, such as (i) the eurixenous 
specificity for herbivore mammals but also several omnivore mammals 
as definitive hosts including domestic as well as sylvatic species together 
with humans [1], (ii) the oligoxenous specificity for freshwater 
amphibious snails of the family Lymnaeidae as invertebrate vectors 
[29], and (iii) the opportunistic capacity of the free-living, encysted 
infective metacercarial stage for oral infection of the definitive hosts 
according to a large spectrum of infection sources including both food 
and drinks [21,30]. Indeed, these characteristics underlie a wide 
complexity and heterogeneity of transmission patterns [31,32] and 
epidemiological scenarios [33,34]. 

A multidisciplinary One Health action was concluded to be the most 
appropriate subsequent step. This was proposed to be included within 
new control initiatives to complement the preventive chemotherapy 
interventions already under way. Indeed, WHO has recently reinforced 
the strategies to fight against NTDs, human liver fluke diseases included 
[35]. The Northern Bolivian Altiplano was selected for such a One 
Health intervention and several implementation axes have been 
designed accordingly. Among them, one is devoted to assess priorities 
between the animal reservoirs. Therefore, experimental studies and field 
surveys are being performed. Sheep, cattle and donkey have already 
been the focus of such assessments [36,37]. 

The present study exposes the results obtained in laboratory analyses 
on altiplanic pig isolates through altiplanic Galba truncatula snail vector 
isolates, including the experimental follow-up of the egg embryonation, 
miracidial infectivity, lymnaeid snail infection, intramolluscan larval 
development, cercarial production, chronobiology of the cercarial 
shedding, vector survival to infection, metacercarial infectivity of 
mammal host, and adult stage development. The field studies included 
the assessment of prevalence, intensity, egg measurements and egg 
shedding rates in nature. The contribution of the pig to fascioliasis in this 
area is evaluated by comparing with results of similar studies previously 
performed under identical methods and techniques on the main alti-
planic reservoir species: sheep and cattle [36]. This is the first time that 
such experimental fascioliasis studies focus on the pig. The epidemio-
logical role of the pig as reservoir in a human endemic area is also 
assessed for the first time. 

2. Material and methods 

2.1. Experimental studies 

2.1.1. Materials of Fasciola hepatica and lymnaeid snail vector 
For the experimental study of the fasciolid egg embryonation, eggs 

produced by liver flukes naturally infecting domestic pigs from the lo-
cality of Batallas, in the Northern Bolivian Altiplano human hyperen-
demic area, at 3858 m a.s.l. (Fig. 1), were isolated by filtration (filter 
pore size of 40 μm) and conserved in natural water under complete 
darkness at 4 ◦C until starting of the embryogenesis follow up study. 

For the experimental infection of lymnaeid snail vectors, F. hepatica 
eggs were similarly isolated from pigs of Batallas and conserved until 
used for snail infection in the laboratory. Experimental assays were 
started immediately after each field mission and arrival to the labora-
tory, and only first laboratory generation specimens of the altiplanic 
species Galba truncatula [38] were used. 

For the experimental infection of Wistar rats, F. hepatica meta-
cercariae were obtained from the aforementioned experimentally 
infected lymnaeid snails. These metacercariae were stored in natural 
water in total darkness until required. The storage temperature was 4 ◦C, 
according to the usual standards in liver fluke studies [39]. 

2.1.2. Egg embryogenesis follow up 
The egg embryogenesis was experimentally studied under conditions 

of 90% relative humidity and a photoperiod of 12 h light/12 h darkness 
in climatic chambers (HPS-1500, VB-0714 and HPS-500 models of 
Heraeus-Vötsch) [40]. For the follow-up analyses, microscopic obser-
vations and counts were made at intervals of every four days under two 
different temperature patterns:  

A) 20 ◦C/20 ◦C day/night temperature to allow for comparisons 
with previous studies made on liver fluke isolates from the two 
main reservoir species sheep and cattle of the same altiplanic 
endemic area, obtained following the same procedures [36]. 

B) 22 ◦C/5 ◦C 12 h day/12 h night temperature to assess the po-
tential influence of the daily varying temperature in this alti-
planic endemic area [18]. 

Egg development was analyzed by differentiation of (i) eggs in the 
phase of morula, showing vitelline granules and/or spheroidal cells (E. 
M.), (ii) eggs in the phase of outlined miracidium, in which a miracidial 
form begins to be observed (E.O.M.), and (iii) eggs in the phase of 
developed miracidium, in which a fully developed miracidium is 
observed inside (E.D.M.). Counting did not only include E.M., E.O.M. 
and E.D.M., but also (iv) degenerated eggs, (v) empty eggs, and (vi) 
broken eggs. For images showing these different egg stages, see previ-
ously published illustrations [37]. 

For each 4-day study, a total of 33 eggs from each host individual 
were analyzed between slip and coverslip. Egg counts were noted in 
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percentages independently per observational day. 

2.1.3. Experimental infection of snails with miracidia 
Only laboratory reared lymnaeid specimens of a size of 4.0–5.0 mm 

were used to assess snail susceptibility to miracidial infection by the pig 
isolate. For this purpose, miracidia were obtained by putting fully 
embryonated eggs under light to force their hatching [41]. Individually 
isolated snails were exposed to miracidia for 4 h in a small Petri dish 
containing 2 ml of fresh water. The disappearance of the miracidia was 
taken as verification of its successful penetration into the snail. 

To asses the pig isolate infection capacity, mono- and tri-miracidial 
infection doses were assayed and subsequent intramolluscan develop-
ment followed-up at 20 ◦C/20 ◦C day/night temperature according to a 
photoperiod of 12 h light/12 h darkness. Additionally, a mono- 
miracidial infection dose and subsequent intramolluscan development 
were analyzed in a 22 ◦C/5 ◦C day/night temperature experiments, to 
reproduce the daily variability of the air temperature on the Altiplano 
[18], which appears however buffered inside freshwater [42]. All the 
assays were performed in the aforementioned climatic chambers. 

After the infection, snails were returned to 2000 ml containers, at 
90% relative humidity, 12 h/12 h light/darkness, and dry lettuce ad 
libitum, until day 30 post-infection. Afterwards, they were again isolated 
in Petri dishes under the aforementioned corresponding conditions of 
temperature to allow daily monitoring of cercarial shedding by indi-
vidual snails. Lettuce was provided ad libitum to each snail in a Petri dish 
during both shedding and post-shedding periods until death of the snail. 
The cercarial shedding was followed by daily counting of metacercariae 
in each Petri dish [41]. 

2.1.4. Laboratory cultures of the snail vector 
Galba truncatula has recently been proved to be the only lymnaeid 

species inhabiting the Northern Bolivian Altiplano hyperendemic area. 
Sequencing of complete nuclear ribosomal DNA and mitochondrial DNA 
markers proved moreover its genetic uniformity throughout the whole 
endemic area [38]. This is an introduced species of European origin 

which differs from the Neotropical species of the Galba/Fossaria group of 
lymnaeids which also act as vectors of fascioliasis in South America 
[43]. Living specimens of G. truncatula were collected in the altiplanic 
localities of Huacullani and Ancocagua (Fig. 1) and transported under 
isothermal conditions for their laboratory adaptation to standardized 
controlled conditions of 90% relatively humidity, 12 h/12 h light/ 
darkness photoperiod, and 20 ◦C/20 ◦C day/night temperature in the 
aforementioned precision climatic chambers. The possible natural 
infection by fasciolids was always individually verified prior to the 
launch of laboratory cultures. This was performed by keeping each 
lymnaeid specimen isolated in a Petri dish containing a small amount of 
natural water. After 24 h, the presence or absence of motionless meta-
cercarial cysts or moving cercariae was verified in each Petri dish. Non- 
infected lymnaeids were arranged in standard breeding boxes contain-
ing 2000 ml fresh water, to assure locality-pure cultures. The water was 
changed weekly and lettuce added ad libitum. 

2.1.5. Experimental infections of laboratory mammal model 
A total of 24 male Wistar rats (Iffa Credo, Barcelona, Spain) aged 4–5 

weeks were used throughout. A balanced commercial rodent diet 
(Panlab Chow A04) and water were provided ad libitum, according to 
standards previously reported [44]. 

Wistar rats were infected according to methods previously described 
[45,46]. A dose of 20 F. hepatica metacercariae per rat was used. Met-
acercariae were inoculated orally by means of a gastric tube. Animal 
care, animal health, body condition and well-being were assessed on a 
weekly basis by means of checking their body weight and the appear-
ance of the fur. Infected animals presented a lower body weight than 
negative controls at the end of the experiment. No mortality occurred. 

Infection prevalence and intensity (number of worms successfully 
developed in each rat) were established by necropsy 12 weeks after 
infection. Therefore, animals were humanely euthanized with an over-
dose of an anesthetic (IsoFlo; Dr. Esteve SA, Barcelona, Spain), and 
F. hepatica worms were collected under a dissecting microscope, ac-
cording to methods already outlined before [47]. The bile duct was 

Fig. 1. Map showing the Northern Bolivian Altiplano human fascioliasis hyperendemic area, at 3820–4100 m altitude, including zones where pigs were surveyed and 
localities where lymnaeid snail vector specimens of Galba truncatula were collected. Localities: 1) Batallas; 2) Chijipata Alto; 3) Ancocagua; 4) Tambillo; 5) Caleria; 
6) Korila; 7) Chiripujo; 8) Lacaya Baja; 9) Chojasihui; 10) Huacullani; 11) Queroni. 
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initially examined for the presence of flukes, followed by the whole 
liver, although the rest of the organs were also evaluated. The thoracic 
and abdominal viscera and cavities were examined and thoroughly 
rinsed with water to assure the recovery of all worms. 

2.2. Field surveys of domestic pigs 

2.2.1. Host animals studied 
Faecal samples from a total of 73 pigs were collected from different 

localities and zones of the Northern Bolivian Altiplano hyperendemic 
area (Fig. 1). Animals studied included both sexes and ranged between 1 
and 2 years in almost all individuals, except sporadic cases of 5 or 8 
months and one specimen of 8 years. The presence of fasciolid adult 
flukes in the liver was verified in all pig specimens analyzed from the 
localities of Batallas, Chijipata Alto and Pucarani (Fig. 1). In the 
Northern Bolivian Altiplano, Aymara inhabitants do not slaughter small 
piglets, nor do they treat pigs against liver fluke infection. 

2.2.2. Stool sample preparation and study 
Only coprological methods for qualitative and quantitative analyses 

were carried out. Faecal samples were placed in numbered plastic bags, 
transported to the laboratory within the following 5 h, and maintained 
at 4 ◦C until examination. From each stool sample a quantity of 5 g was 
sedimented twice, first with 50 ml of detergent solution (1 ml/1000 
cm2) after filtration and second with 50 ml water, and stained with 
methyl green according to a modified sedimentation test [48,49], before 
examination under light microscope for F. hepatica eggs. To avoid false 
positives due to spurious infection, microscopic slides of coprological 
samples were analyzed by members of the WHO Collaborating Centre on 
Human Fascioliasis of Valencia, whether in a La Paz laboratory during 
missions or in the WHO CC of Valencia itself directly after arrival from 
such a mission when previously impossible in La Paz. As known, an 
expert microscopist may differentiate the somewhat degenerated aspect 
of ‘eggs in transit’ from ‘normal eggs’ [4]. The number of eggs shed by a 
pig was used to estimate the infection intensity and was expressed in 
eggs per gram of stools (epg). 

Egg measurements were carried out using a computer image analysis 
system (CIAS) on the basis of standardized measurements known to be 
useful for fasciolid species [50]. Standardized measurements were taken 
using a microscope and images captured by a digital camera (3CCD color 
videocamera Sony DXC-930P), which were then analyzed by image 
analysis software (ImagePro plus version 5.0 for Windows, Media Cy-
bernetics, Silver Spring, Maryland, USA). Egg characteristics studied 
were: (a) linear measurements: egg length (EL), egg width (EW), and egg 
perimeter (EPe); (b) areas: egg area (EA); (c) ratios: EL/EW ratio. For 
each measure, minimum and maximum values, mean and standard de-
viation were determined. 

2.3. Statistical analyses 

Both transmission capacity and epidemiological role of the pig 
isolate were assessed by comparing each characteristic studied with 
those of the F. hepatica sheep and cattle isolates from the same Northern 
Bolivian Altiplano. The significance of the results from these compari-
sons can be analyzed because based on data obtained following the same 
methods and techniques both in the laboratory experiments and in the 
field work and which have been reported in another study [36]. 

Statistical analyses were performed using SPSS Statistics 26. Devel-
opment egg data (E.M., E.O.M., E.D.M.) were compared by ANOVA test. 
Statistical comparison of categorical variables was carried out with the 
Chi-square test and Yates continuity corrected Chi-square test. Means 
obtained in data from experimental infections of lymnaeid snails and 
from experimental infections of Wistar rats were compared by non- 
parametric Kruskal-Wallis test. Fasciolid egg size measurements (EL, 
EW, EPe, EA and EL/EW) were compared by post-hoc tests (L.S.D., 
Student–Newman–Keuls and Duncan’s tests). Results were considered 

statistically significant when P < 0.05. 

3. Results 

3.1. Egg embryonation 

At a 24 h permanent 20 ◦C, an outlined miracidium form begins to be 
observed inside eggs at day 16, and the first fully developed miracidium 
appears at day 24. Eggs including a fully developed miracidium were 
henceforth observed in each observational day until day 60, although 
progressively decreasing after a peak on day 36 (Fig. 2). 

At a varying 22 ◦C/5 ◦C day/night temperature, the embryogenesis 
shows a pronounced slow down. The first outlined miracidium only 
appeared from day 56, and the first fully developed miracidium only 
from day 82. Both type of eggs followed gradual increases until a peak 
on day 144, with a subsequent acrophase until day 164, to drastically 
decrease thereafter. Exhaustion of fully embryonated eggs was found at 
day 192 (Fig. 3). When comparing the egg embryonation (E.O.M., E.D. 
M.) at 22 ◦C/5 ◦C day/night temperature of the pig isolate (47.62%, 
0.75%), with the egg embryonation at 20 ◦C (22.62%, 20.47%), statis-
tically significant differences in the average egg embryonation were 
detected (P < 0.05 in both comparisons). 

When comparing the egg embryonation at 20 ◦C of the pig isolate 
with the sheep and cattle isolates from the Bolivian Altiplano, no sta-
tistically significant differences in the average egg embryonation (E.O. 
M., E.D.M.) of the pig isolate (22.62%, 20.47%) along 60 days were 
detected when compared to the sheep isolate (35.51%, 12.31%) and 
cattle isolate (31.89%,16.11%) (P > 0.05 in both comparisons). 

3.2. Snail infectivity and intramolluscan development 

Lymnaeid snail infection assays performed with the F. hepatica 
isolate from altiplanic pig furnished results which, together with 
experimental characteristics, conditions and number of snails used, are 
shown in Table 1, including their comparison with the altiplanic sheep 
and cattle isolates. 

When using a monomiracidial dose and temperature of 20 ◦C/20 ◦C 
day/night, the snail infectivity (= % of cercariae shedding snails) proved 
to be of 29.6%. This is slightly more efficient than the cattle isolate 
(25.0%), although both at distance from the sheep isolate (51.8%). 

Fig. 2. Graph showing the results of the experimental follow-up study of the 
egg embryonation of the altiplanic pig isolate of Fasciola hepatica, at 4-day study 
intervals and constant temperature of 20 ◦C. Curves of the percentages of 
degenerated, empty and broken eggs are not included. 
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However, no statistically significant differences in the percentage of 
snails successfully infected between the pig isolate and the two main 
reservoirs (P > 0.05) were detected. The mean value of the prepatent 
period (from infection up to the shedding of the first cercaria) of the pig 
isolate (51.1 days) was slightly lower than in the sheep (55.6 days) and 
cattle (55.5 days) isolates. These differences are not statistically signif-
icant (P > 0.05). The cercarial shedding period or patent period of the 
pig isolate (average: 70.1 days) showed a pronouncedly longer mean 
value than in the sheep (average: 34.7 days) and cattle (average: 47.1 

days) isolates. No statistically significant differences in the cercarial 
shedding period were anyway detected between the pig isolate and the 
two main reservoirs (P > 0.05). When comparing the high production of 
cercariae per infected snail of the pig isolate (average: 428.8 cercariae/ 
snail) with that of the sheep (average: 197.9 cercariae/snail) and cattle 
(average: 306.0 cercariae/snail) isolates, no significant differences were 
observed (P > 0.05). The assessment of the infection impact on snails 
was measured by (i) the snail survival after shedding end in days, (ii) the 
longevity of shedding snails, and (iii) the longevity of experimentally 

Fig. 3. Graph showing the results of the experimental follow-up study of the egg embryonation of the altiplanic pig isolate of Fasciola hepatica, at 4-day study 
intervals and day/night temperature of 20 ◦C/5 ◦C. Curves of the percentages of degenerated, empty and broken eggs are not included. 

Table 1 
Experimental infections of Galba truncatula lymnaeid snails with Fasciola hepatica pig isolate both from the Northern Bolivian Altiplano human hyperendemic area, and 
their comparison with results obtained in the F. hepatica sheep and cattle isolates from the same endemic area.  

Host isolate Pig Sheepa Cattlea 

F. hepatica geogr. Origin Batallas Batallas Batallas Batallas Batallas Batallas Batallas Kallutaca Kallutaca 

Lymnaeid geogr. Origin Huacullani Huacullani Ancocagua Huacullani Huacullani Ancocagua Huacullani Viacha Tambillo 
Miracidial dose mono- 

miracidial 
mono- 
miracidial 

tri- 
miracidial 

mono- 
miracidial 

mono- 
miracidial 

bi- 
miracidial 

mono- 
miracidial 

mono- 
miracidial 

tri- 
miracidial 

Temperature (12 h day/12 h 
night) 

20◦ C/20 ◦C 22 ◦C/5 ◦C 20 ◦C/20 ◦C 20 ◦C/20 ◦C 22 ◦C/5 ◦C 20◦ C/20 ◦C 20 ◦C/20 ◦C 22 ◦C/5 ◦C 20 ◦C/20 ◦C 

No. lymnaeids infected 92 46 79 62 50 37 55 21 50 
No. survivor snails at 

beginning of shedding (%) 
54 (58.7%) 43 (93.5%) 24 (30.4%) 54 (87.1%) 41 (82.0%) 13 (35.1%) 48 (87.3%) 13 (61.9%) 23 (46.0%) 

No. shedding snails (%) 16 (29.6%) 5 (13.7%) 4 (16.7%) 28 (51.8%) 9 (21.9%) 7 (53.8%) 12 (25.0%) 2 (15.4%) 15 (65.2%) 
Prepatent period in dpi 

(mean) 
49–55 (51.1) 48–59 (53.0) 44–57 

(53.5) 
48–92 (55.6) 59–93 (69.3) 41–69 

(49.7) 
49–76 (55.5) 94–95 (94.5) 43–95 

(67.2) 
Shedding end in dpi (mean) 69–131 

(119.1) 
48–62 (56.6) 49–71 

(59.5) 
52–136 
(89.4) 

70–93 (75.7) 49–87 
(67.6) 

58–135 
(101.6) 

95–106 
(100.5) 

70–117 
(89.3) 

Shedding length in days 20–83 (70.1) 1–11 (4.6) 1–15 (6.7) 1–88 (34.7) 1–15 (7.3) 6–29 (18.9) 1–85 (47.1) 1–13 (7.0) 1–85 (23.1) 
No. total cercariae shed 3859 204 130 5542 311 429 3672 30 762 
No. cercariae/snail (mean) 101–569 

(428.8) 
1–131 (40.8) 19–47 

(32.5) 
8–562 
(197.9) 

1–155 (34.5) 15–101 
(61.3) 

8–581 
(306.0) 

1–29 (15.0) 2–100 
(51.8) 

Snail survival after shedding 
end in days 

1–73 (38.7) 0–83 (21.8) 0–1 (0.75) 1–132 (24.5) 0–34 (5.0) 1–10 (3.9) 1–133 (42.3) 0–25 (12.5) 1–21 (3.8) 

Longevity of shedding snails 
in dpi 

92–181 
(157.8) 

59–138 
(78.4) 

50–72 
(60.2) 

53–192 
(113.8) 

72–127 
(75.9) 

51–90 
(71.4) 

76–268 
(143.9) 

106–120 
(113.0) 

71–128 
(93.1) 

Longevity of non-shedding 
snails in dpi 

98–180 
(140.3) 

48–153 
(98.3) 

31–62 
(43.5) 

49–196 
(139.1) 

56–143 
(83.2) 

44–107 
(62.7) 

31–209 
(105.4) 

96–161 
(132.9) 

32–49 
(38.5) 

dpi = days post-infection. 
a Data from Mas-Coma et al. [36]. 
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infected non-shedding snails. In the pig isolate, these three character-
istics showed mean and range values overlapping those in sheep and 
cattle isolates, all of them proving to be not statistically different (P >
0.05). 

When using a monomiracidial dose and 22 ◦C/5 ◦C day/night tem-
peratures, the infectivity rate, the length of the patent period, and the 
number of cercariae/snail showed values lower than those mono-
miracidially obtained at 20 ◦C/20 ◦C day/night, although no statistical 
differences was found in their comparison (P > 0.05). Only the prepatent 
period was similar. The three values assessing the infection impact on 
snails were also lower, although no statistically different differences 
were found (P > 0.05). All these values of the pig isolate using a mon-
omiracidial dose and 22 ◦C/5 ◦C day/night temperatures showed 
evident similarities with those obtained with the isolates of the main 
reservoirs sheep and cattle when using the same monomiracidial dose 
and same day/night temperatures (Table 1) (P > 0.05). 

The results of the pig isolate when using a tri-miracidial dose at 
20 ◦C/20 ◦C day/night temperature were similar to those obtained using 
a monomiracidial dose and 22 ◦C/5 ◦C day/night temperatures, except 
for the lower values of the three characteristics assessing the infection 
impact on snails (Table 1) (P > 0.05). 

3.3. Chronobiology of cercarial shedding 

The total length of the shedding period of the pig isolate, using a 
monomiracidial dose and temperature of 20 ◦C/20 ◦C day/night, lasted 
up to 83 days (Fig. 4 A) or 12 weeks (Fig. 4 C), with a mean of 70.1 days 
(Table 1). 

The chronobiological patterns of cercarial emergence by altiplanic 
Galba truncatula monomiracidially infected with the altiplanic pig 
isolate of F. hepatica according to the mean amounts of cercariae shed 
daily from the day of the emergence of the first cercaria by each snail 

and from the day of the miracidial infection of each snail are shown in 
Fig. 4 A and Fig. 4 B, respectively. The daily shedding process appears as 
a long succession of small waves in which the number of cercariae/snail 
is high already from the beginning. It reaches the highest peak at day 8, 
to subsequently follow a gradual quantitative decrease until complete 
exhaustion at day 84 (Fig. 4 A). 

In the chronobiological analysis of the cercarial shedding period 
from the day of the miracidial infection, the curve shows a similar 
pattern. It should be highlighted, however, that there are four days in 
which all snails simultaneously stop their shedding. These days of 
unanimous lack of cercarial emergence corresponded to days 65, 82, 92 
and 119 dpi (Fig. 4 B). Such days without shedding are not observed 
when the chronobiological curve concerns the daily follow-up from the 
day of the first cercarial shedding by each snail. 

The weekly analysis of the curve of the chronobiological cercarial 
shedding period from the day of the emergence of the first cercaria by 
each snail and from the day of the miracidial infection of each snail are 
shown in Fig. 4 C and Fig. 4 D, respectively. Both curves are similarly 
regular and allow to show the general shedding trend which appears 
masked when analyzed by daily values. The highest values are found in 
the initial two weeks, the highest peak in the second week, and a pro-
gressive decrease from the third week until the final exhaustion. The 
total shedding length of 12 weeks covers from week 8 up to week 19 
when the counting is made from the miracidial infection day (Fig. 4 D). 

3.4. Mammal host infectivity 

The results of the laboratory infection of Wistar rats with experi-
mentally obtained metacercariae of the altiplanic pig isolate are shown 
in Table 2. The experimental prevalence (= percentage of rats success-
fully infected) obtained in the metacercarial infections using the pig 
isolate (45.8%) are lower than those found when using the altiplanic 

Fig. 4. Chronobiological patterns of cercarial emergence by altiplanic Galba truncatula monomiracidially infected with the pig isolate of Fasciola hepatica from the 
Northern Bolivian Altiplano human fascioliasis hyperendemic area: A) shedding period analyzed according to the mean amounts of cercariae shed daily from the day 
of the emergence of the first cercaria by each snail; B) shedding period analyzed according to the mean amounts of cercariae shed daily from the day of the miracidial 
infection; prepatent period not shown; C) shedding period analyzed according to the mean amounts of cercariae shed weekly from the day of the emergence of the 
first cercaria by each snail; D) shedding period analyzed according to the mean amounts of cercariae shed weekly from the day of the miracidial infection; prepatent 
period not shown. 
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sheep (78.4%) and cattle (75.0%) isolates. However, no statistically 
significant differences appeared when comparing these infectivity rates 
(P > 0.05). The infectivity decrease, from 80.0% with 6–8-week-aged 
metacercariae down to 21.4% with 9–11-week-aged metacercariae, 
suggests that the age of the metacercariae may influence the infection 
capacity of the pig isolate more than in the sheep and cattle isolates. 

Regarding the infection intensity, measured by the number of flukes 
recovered per metacercariae inoculated and also per rat, the results 
obtained did not show significant differences when comparing the pig 
isolate with the sheep and cattle isolates (P > 0.05). 

3.5. Prevalence, intensity, egg measurements and shedding rates in nature 

Prevalences and intensities (epg) found in the coprological surveys 
on pigs inhabiting selected zones of the fascioliasis hyperendemic area 
(Fig. 1) are shown in Table 3. In the Altiplano, pigs are numerous in all 
zones of the endemic region, as they are usually part of the livestock of 
Aymara families. According to their number, it appears to be the third 
domestic animal species in importance in the Northern Bolivian Alti-
plano, after sheep and cattle. In most zones, pigs run free and can usually 
be observed in or around freshwater bodies inhabited by Iymnaeid snails 
(Fig. 5). 

A total of 186 F. hepatica eggs from altiplanic pigs were measured. 
Results of EL, EW, EPe, EA and EL/EW and their comparative analysis 
with fasciolid eggs shed by altiplanic sheep and cattle are shown in 
Table 4. The statistical analysis by post-hoc tests (L.S.D., Stu-
dent–Newman–Keuls and Duncan’s tests) showed that, in the Altiplano, 
EL, EPe, EA and EL/EW proved to be significantly smaller than the same 
parameters in the sheep and cattle isolates (P < 0.05). 

The infection intensity in pigs varied between 1 and 67 epg, with a 
mean of 17.1 epg (Table 3). Comparisons with intensities in sheep and 
cattle are neither included nor statistically analyzed in this Table 3, 
because epg data are not comparable between different animal species, i. 
e. the pronounced differences in quantities of faeces per day give rise to 
different dilutions of epg according to host species. However, the daily 
capacity of each host species to contribute egg contamination of the 
environment may be appropriately compared. When considering the 
amount of stools defecated by each domestic animal species per day, the 
total number of F. hepatica eggs shed with faeces by each species per day 
in the Bolivian Altiplano could be estimated (Table 4). The range of daily 
egg output per pig per day proved to be markedly lower than the simi-
larly estimated values for sheep and cattle. 

4. Discussion 

4.1. Participation of the pig in fascioliasis transmission 

In digenean trematodes in whose life cycle there is a low specificity 
at definitive host level, the finding of natural infections of a mammal 
species allows to include this host species among the list of animals 
affected by the disease caused by the trematode, but does a priori not 
enable to epidemiologically consider it as a reservoir because it may 
indeed only be a dead end. The infection and development of the adult 
stage in a definitive host species does not mean that this species par-
ticipates in the transmission of the parasite. There may even be differ-
ences in the viability of the same definitive host species, with 
geographical populations playing a transmission role whereas others 
being a blind alley. 

Table 2 
Experimental infections of Wistar rats with experimentally obtained metacercariae of pig isolate from the Northern Bolivian Altiplano human hyperendemic area and 
comparison with sheep and cattle isolates from the same area.  

Host isolate Pig Sheepc Cattlec 

F. hepatica geographical origin Batallas Batallas Batallas Ancocagua Kallutaca Batallas 

Age of metacercariae 6–8 weeks 9–11 weeks 1 week 2 weeks 6 weeks 8 weeks 
No. metacercariae inoculated per rat 20 20 20 20 20 20 
No. inoculated rats 10 14 14 23 4 4 
No. rats infected (%) 8 (80.0%) 3 (21.4%) 11 (78.6%) 18 (78.3%) 4 (100%) 2 (50.0%) 
No. flukes recovered per rat (mean) 1–3 (1.6) 1–1 (1.0) 1–8 (3.6) 1–10 (3.7) 1–2 (1.7) 1–2 (1.5) 
Intensitya 8.0% 5.0% 14.3% 14.6% 8.8% 3.7% 
Mean % flukes recovered/ratb 8.0% 7.0% 18.2% 18.6% 8.8% 7.5%  

a Intensity = total % of flukes recovered = (total No. of flukes recovered/total No. of metacercariae administered in all rats) x 100. 
b Mean % flukes recovered/rat = Mean % of flukes recovered per infected rat = (flukes recovered/metacercariae administered per infected rat) x 100. 
c Data from Mas-Coma et al. [36]. 

Table 3 
Prevalence and intensity of Fasciola hepatica infection found by coprological analyses in pigs of different zones of the Northern Bolivian Altiplano human hyperendemic 
area and comparison with local prevalences in sheep and cattle from the same zones.  

Locality Endemic zone Pig Sheepb Cattleb 

Prevalence Intensity Prevalence Prevalence 

No. analyzed/infected % Range (epg) Mean (epg) No. analyzed/infected (%) No. analyzed/infected (%) 

Batallas Batallas 10/7 70.0a 4–67 25.4 135/76 (56.3) 303/45 (14.8) 
Chijipata Alto Batallas 1/0 0.0 – – 35/21 (60.0) 55/24 (43.6) 
Ancocagua Pucarani 8/5 62.5a 5–37 23.8 170/97 (57.1) 195/22 (11.3) 
Tambillo Tambillo-Lacaya 6/1 16.7a 11 11.0 230/113 (49.1) 50/2 (4.0) 
Caleria Tambillo-Lacaya 1/0 0.0 – – 53/43 (81.1) 43/3 (7.0) 
Korila Tambillo-Lacaya 2/0 0.0 – – 47/41 (87.2) – 
Chiripujo Tambillo-Lacaya 2/1 50.0 23 23.0 – 141/17 (12.0) 
Lacaya Baja Tambillo-Lacaya 7/0 0.0 – – 100/64 (64.0) 43/3 (7.0) 
Chojasihui Huacullani 5/0 0.0 – – 100/70 (70.0) 29/9 (31.0) 
Huacullani Huacullani 27/5 18.5a 1–7 2.8 120/81 (67.5) 210/95 (45.2) 
Queroni Huacullani 14/2 14.3 9–21 15.0 100/70 (70.0) – 
TOTAL  73/21 28.7a 1–67 17.1 920/582 (63.7) 768/148 (19.3)  

a Significantly different vs. sheep and cattle, determined by chi-square test (P < 0.05). 
b Local data from various sources - see references noted in Mas-Coma et al. [36]. 
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To prove that a definitive host species or local geographical strain 
participates in the transmission of a trematode, there is the need to (i) 
experimentally assess that the life cycle of the parasite is not blocked at 
any of the subsequent life cycle larval stages until the infection of 
another definitive host individual, and (ii) demonstrate that the rates of 
development in all these life cycle phases is sufficient as to estimate a 
successful transmission in nature. In Fasciola, this implies appropriate 
laboratory research on definitive host egg shedding, egg embryonation, 
miracidial hatching and snail vector infection, complete intramolluscan 
larval development until cercarial production, cercarial shedding and its 

characteristics, metacercarial production and definitive host infection, 
and final adult stage development until mature stage. 

4.2. Egg embryonation in altiplanic pig isolate 

The miracidium development is temperature-dependent. The pig 
isolate of altiplanic F. hepatica could be experimentally followed until 
complete development of the inner miracidium under both experimental 
conditions assayed of 20 ◦C/20 ◦C day/night temperature (Fig. 2) and 
22 ◦C/5 ◦C day/night temperature (Fig. 3). 

Fig. 5. Pigs in human fascioliasis hyperendemic 
areas of the Northern Bolivian Altiplano (A-E) and 
the Peruvian province of Cajamarca (F): A) Freely 
running piglet close to freshwater collection in 
Batallas; B) Weekly pig slaughtering at the river in 
Batallas; C) Pigs inside freshwater collection inhabi-
ted by lymnaeid snails in the Pucarani zone (in rainy 
season); D) Freely running pigs in Huarina, north-
ward from Batallas (in dry season; see grazing cow 
beside); E) Pig close to small freshwater canal 
inhabited by lymnaeid snails in Chijipata Alto; F) Pig 
besides small freshwater stream at a road border in 
the Cajamarca area. Photographs S. Mas-Coma.   

Table 4 
Comparison of egg measurements (A) and egg shedding (B) between the Fasciola hepatica pig isolate and the sheep and cattle isolates from the Northern Bolivian 
Altiplano human hyperendemic area.  

Host Pig Sheepa Cattlea 

A) Egg measurements 
No. of eggs studied 186 104 168 
Measurements in μm Range Mean ± SD Range Mean ± SD Range Mean ± SD 
EL 73.8–148.6 123.8 ± 11.3 114.8–151.2 130.8 ± 7.1 105.3–155.9 132.0 ± 10.5 
EW 58.1–82.5 71.8 ± 4.3 65.5–81.4 72.6 ± 3.9 61.7–82.5 71.1 ± 4.4 
EPe 247.8–360.0 313.6 ± 20.92 294.2–368.2 327.6 ± 15.0 270.6–422.9 340.0 ± 33.4 
EA 3988.7–8626.9 6836.9 ± 820.3 5998.2–8608.4 7238.0 ± 532.8 5286.5–9676.8 7170.2 ± 802.5 
EL/EW 1.0–2.1 1.7 ± 0.1 1.5–2.1 1.8 ± 0.1 1.6–2.3 1.8 ± 0.2 

B) Egg shedding 
Intensity range (epg) 1–65 3–241 1–96 
Stools/day (kg) 0.5–3.0 (a) 1–3 15–35 
No.eggs/animal/day 500–195,000 3000–723,000 15,000-3,360,000 

EL: egg length; EW: egg width; EPe: egg perimeter; EA: egg area; EL/EW: egg length/egg width. Measurement values shown as range and mean ± standard deviation (S. 
D.). 
(a) = after Morros Sarda [70] and Gurtler et al. [71]. 

a Data noted in Mas-Coma et al. [36]. 
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In the follow-up at permanent 20 ◦C (Fig. 2), the first appearance of 
outlined miracidium and fully developed miracidium at days 16 and 24, 
respectively, agrees with results obtained with the altiplanic sheep and 
cattle isolates [36] and also with the 19–27 day range observed in 
ruminant isolates in southern Europe [51] and in the southern part of 
Chile [52]. The egg embryonation in the pig isolate differs, however, 
with the delayed embryonation observed in the donkey isolate from the 
same Altiplano endemic area [37]. Moreover, the percentage of inner 
developed miracidia in the pig isolate shows a higher acrophase between 
days 24 and 36 and a lower percentage at day 60, which indicate a faster 
miracidium development than in the sheep and cattle isolates. 

In the follow-up at varying 22 ◦C/5 ◦C day/night temperature 
(Fig. 3), the process appears delayed, although high percentages of eggs 
containing a fully developed miracidium were found between days 120 
and 164. It should be highlighted that a minimum temperature threshold 
of 10 ◦C for the development of the egg of F. hepatica was established 
early on [53]. At 10 ◦C, the time needed to reach a 50% of the eggs 
presenting a fully developed miracidium was 161 days [54]. In another 
study in southern Europe, a hatching time of 56 days was found at 15 ◦C 
[51]. Nevertheless, in studies performed in the open field in the southern 
part of Chile, F. hepatica proved to be more adapted to cold tempera-
tures, with first hatching times at 101 days at 9.1 ◦C, 80 days at 10 ◦C, 
57 days at 12.4 ◦C, 44 days at 12.6 ◦C, 42 days at 13.8 ◦C, and 34 days at 
15.1 ◦C [52]. At the very high altitude of 3820–4100 m of the Northern 
Bolivian Altiplano hyperendemic area, the mean environmental tem-
perature is slightly lower than 10 ◦C throughout the year in most of the 
transmission foci, and the substantial variation of temperature within a 
daily 24-h period allows for the relatively high temperature during 
sunshine hours to counteract the negative impact of the cold tempera-
ture during the night [18]. Recent field studies in altiplanic transmission 
foci have moreover demonstrated that although the mean environ-
mental temperature was always lower than the fluke development 
minimum temperature threshold, the water temperature was higher 
(except during winter), explaining egg embryonation viability during 
most of the year [42]. 

4.3. Miracidial infectivity, intramolluscan development and cercarial 
chronobiology 

The monomiracidial infectivity of 29.6% at 20 ◦C/20 ◦C of 12 h day/ 
12 h night photoperiod in the altiplanic pig isolate agrees with the range 
of 14.0–56.8% experimentally found in different G. truncatula pop-
ulations in France [55,56], as well as with that of 25.0–51.8% detected 
in altiplanic sheep and cattle isolates [36]. 

The prepatent period of the pig isolate neither statistically differed 
from that in the altiplanic sheep and cattle isolates [36], nor from those 
found in other experimental studies on F. hepatica/G. truncatula: 56–86 
days at 15 ◦C, 48–51 days at 20 ◦C, and 38 days at 25 ◦C [57–59]. 

The length of the patent period of the pig isolate ranged between 20 
and 83 days, with a high mean of 70.1 days. This overlaps well with the 
ranges found in the altiplanic sheep and cattle isolates, although the 
means in the latter two are pronouncedly shorter [36]. At 20 ◦C, 
different mean lengths were experimentally found in monomiracidial 
infections of F. hepatica/G. truncatula in the European lowlands: 
18.6–28.0 days in cattle isolate [60]; 47.3 and 60.4 days in sheep and 
cattle isolates, respectively [61]. 

The high cercarial production of the pig isolate (range 101–569, 
mean 428.8 cercariae/snail) is worth mentioning. This amount is higher 
than those found in the altiplanic sheep and cattle isolates [36] and 
those obtained in F. hepatica/G. truncatula in given populations from 
lowlands: 120.0 cercariae/snail [62]; 300.0 cercariae/snail [58]; 91.7 
cercariae/snail [63]. However, higher values have also been found, such 
as the ranges of 476–544 cercariae/snail [57], and 952–2275 cercariae/ 
snail obtained when infected with many miracidia and providing special 
food [64]. 

The lower values in the infectivity rate, the length of the patent 

period, and the number of cercariae/snail found when using a mono-
miracidial dose and 22 ◦C/5 ◦C day/night temperatures and also when 
using a tri-miracidial dose at 20 ◦C/20 ◦C day/night temperature, 
coincide with the lower values found under similar doses and conditions 
in the altiplanic sheep and cattle isolates [36], Previous studies with the 
same fluke/snail species pair indicate that a higher number of miracidia 
used for the infections may furnish lower cercarial productions than 
monomiracidial ones [65]. 

The chronobiological pattern of cercarial emergence of the pig 
isolate, using a monomiracidial dose and temperature of 20 ◦C/20 ◦C 
day/night, is markedly similar to the patterns found in altiplanic sheep 
and cattle isolates under the same conditions, concerning both the 
extreme length and the gradual progressive decrease after an initial 
acrophase [66]. The observed four pauses in which cercarial shedding 
completely stopped by all shedding snails should be highlighted. Indeed, 
four similar daily pauses were also described in the altiplanic sheep 
isolate at days 90, 102, 111 and 126 dpi. These wave-distinguishing 
pauses have been linked to the redial generation replication processes 
[66]. 

4.4. Lymnaeid survival and metacercarial infectivity 

When using a monomiracidial dose and temperature of 20 ◦C/20 ◦C 
day/night, the snail survival after shedding end and the longevity of 
shedding snails and infected non-shedding snails in infections by the 
altiplanic pig isolate are similar than in those obtained when infecting 
with the altiplanic sheep and cattle isolates under the same conditions 
[36], and differ from those found in the altiplanic donkey isolate [37]. 
The results obtained with the altiplanic pig isolate confirm that this 
longevity is longer in infected lymnaeids from high altitude areas than 
the same survival period known in F. hepatica/G. truncatula in the low-
lands and that this phenomenon is independent on the host isolate of 
F. hepatica [67]. 

A special mention depicts the lower values of the three characteris-
tics assessing the infection impact on snails when using a tri-smiracidial 
dose at 20 ◦C/20 ◦C day/night temperature, because they show the 
pathogenicity of such a miracidial dose in the pig isolate, similarly as 
observed in the altiplanic sheep and cattle isolates [36]. 

The experimental infections of Wistar rats with metacercariae of the 
altiplanic pig isolate allowed to verify its definitive host infectivity 
(Table 2). Both the prevalences and the intensities fitted well in the 
results obtained with the altiplanic sheep and cattle isolates [36], and 
also in the present knowledge when dealing with short-aged meta-
cercariae of ruminant origin [39,68]. 

4.5. Epidemiological role of the pig 

Liver fluke infection prevalences in pigs varied pronouncedly be-
tween 0 and 70%, with a mean of 28.7%, in the different zones of the 
fascioliasis hyperendemic area of the Bolivian Altiplano (Table 3), 
without any evident quantitative parallelism with the prevalences found 
in sheep and cattle from the same zones [36]. 

Intensities, measured by individual epg amount per pig, ranged be-
tween 1 and 67 epg (mean 17.7 epg). The intensities found in the 
Bolivian Altiplano endemic area were 3–241 epg (mean 54.7 epg) in 
sheep and 1–96 epg (mean 6.5 epg) in cattle [36], No comparison of 
intensities between these animal species is feasible, because of the 
different quantities of faeces per day produced by each species, and the 
consequent different dilution of epg in them. 

Eggs of F. hepatica shed by naturally infected pigs of the Bolivian 
Altiplano prove to be smaller than those found in naturally infected 
altiplanic sheep and cattle (Table 4). This agrees with present knowledge 
about the influence of the definitive host species on the size of fasciolid 
eggs [50,69]. 

The total number of liver fluke eggs expelled with faeces by a pig per 
day in the Northern Bolivian Altiplano, according to the amount of 
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stools defecated by a pig per day [70,71], may be estimated to be be-
tween 500 and 195,000 eggs/pig/day. This range appears to be rela-
tively high, although lower than similar values of estimates made for 
sheep and cattle (Table 4) [36] and also donkeys (9000–808,000 eggs/ 
pig/day) [37] in the same Northern Altiplano hyperendemic area. 

When considering these results on natural infections in domestic pigs 
in the Altiplano, but also other field studies having described F. hepatica 
infection in wild boars [72–76], the insufficient number of field surveys 
on fasciolid infection of domestic pigs is surprising, mainly in rural areas 
of human fascioliasis endemicity where pigs use to run freely (Fig. 5). A 
prevalence of 20.6% was found in a total of 330 pigs analyzed in the 
human endemic area of Talca, Chile [77,78]. A few years later, a prev-
alence of 27.1% was reported in a total of 59 pigs analyzed in the 
Bolivian Altiplano [79]. More recently, a prevalence of 12.1% was noted 
in a total of 257 pigs analyzed in the human endemic of the Mantaro 
valley, Junin, Peru [80]. The liver fluke infection has also been found in 
pigs in the human endemic area of Cajamarca province, although no 
prevalence data were reported [81]. Sporadic studies on natural infec-
tion of domestic pigs by F. hepatica were made long time ago in Europe 
[82]. 

The lack of focus on domestic pigs within field investigations on 
fascioliasis in the last decades is undoubtedly due to previous studies 
demonstrating the substantial natural resistance of the pig to infection 
by Fasciola species in several geographical areas [83–86], or even 
considering the pig as a non-viable host for F. hepatica in other areas 
[87]. Additionally, there were several studies on the experimental 
infection of pigs confirming these assumptions [88–91]. These studies 
demonstrated that in pigs infected shortly after birth the percentage of 
metacercariae recovered as adult parasites was comparable with that of 
very susceptible host species, whereas a considerable resistance was 
observed in pigs infected already from 8 weeks of age. The increasing 
resistance with age coincided with the capacity to give rise to a marked 
fibroblastic reaction in response to the infection, the resulting fibrous 
tissue acting as a mechanical barrier to the fluke migration in the hepatic 
parenchyma. It was also argued that the inhibition of migration could 
also be increased by a stronger immune reaction with the increasing age, 
although the knowledge on the complex immune mechanisms induced 
by the liver fluke infection was still in its infancy in that period. That is 
why the pig was included in the group of early resistance hosts char-
acterized by possessing tissues that are not suitable for the fluke, with a 
high degree of natural resistance, and with a self-limiting infection 
without harming the host [92]. 

In light of this high resistance of the pig to the liver fluke infection, 
the question arises on how to understand the aforementioned preva-
lences the pig shows in human fascioliasis endemic areas of South 
America. 

On the one hand, the infection of pigs may be understood by 
considering that, in such hyperendemic areas, (i) transmission foci are 
numerous [38], (ii) lymnaeid vector populations are whether yearly 
permanent or present throughout most seasons [42], and (iii) main 
reservoirs as sheep and cattle are sufficiently numerous, freely dispersed 
and with high infection rates [36], as to assure an extensive and per-
manent environmental contamination by long-time infective liver fluke 
metacercariae [93]. This implies high infection and re-infection risks 
[21,24,94,95], which allows for the early infection of freely running 
piglets (Fig. 5 A). 

On the other hand, as a consequence of the opportunity of the liver 
fluke life cycle for numerous and repeated passages through the pig in 
such endemic areas along time, a progressive adaptation of the fasciolid 
parasite to the pig host may evolutionarily have occurred. The great 
capacity of the fasciolid flukes for an evolutionarily fast adaptation to 
markedly differentiated environments [96] and phylogenetically sepa-
rated host species [1] has been highlighted. Indeed, the substantial 
polymorphism levels found in the very long genome of F. hepatica have 
been argued to underlie the evolutionary potential for rapid adaptation 
to changes in host availability, climate change or to even drug or vaccine 

interventions [97]. 
Finally, the adaptation of the liver fluke to the pig parallelly focuses 

on its adaptation to another physiologically close omnivorous mammal 
as humans. In these endemic areas, human infection appears always 
manifested by faecal shedding of fasciolid eggs reaching high epg out-
puts [12,14,98], whereas the liver fluke is known to produce no eggs 
when infecting humans in several zones where human infection is rare 
or sporadic [4], as in many developed countries [99]. 

Indeed, domestic pigs are closely related to humans in terms of 
anatomy, genetics and physiology. Anatomically, pigs have all of the 
same thoracic and abdominal organs as humans, although there are 
small differences in a few organs, as for instance the liver. In the pig, this 
organ has five lobes including a right lateral, right central, left central, 
left lateral, and caudate lobes, whereas there are only the four right, left, 
caudate and quadrate lobes in humans. The genetic and physiological 
traits of pigs are also similar to those of humans. The similarity in size 
and physiology between pigs and humans allows pigs to be used for 
many experimental approaches not feasible in rodents [100]. This 
makes the pig one of the most useful and versatile animal models for 
translational research, surgery and procedural training involved in a 
wide variety of health aspects [101]. There are unique advantages to the 
use of swine in this setting given that they share with humans similar 
anatomic and physiologic characteristics involving the cardiovascular, 
urinary, integumentary and digestive systems [102]. These features 
have also made this mammal the primary species of interest as organ 
donors for xenographic procedures [103] and pig-to-primate organ 
transplantation models are already being used successfully [104]. 

The domestic pig also represents an excellent animal model for the 
study of infectious diseases. This animal has a full set of innate and 
adaptive immune effectors, and responds to the infection of human 
pathogens similarly as humans do [105]. Most proteins of the immune 
system share structural and functional similarities with their human 
counterparts. The porcine immune system closely resembles humans in 
more than 80% of the analyzed parameters [106]. Most of the immune 
cell populations identified in humans have been verified to be also 
present in pigs. The cluster of differentiation, the cell-surface proteins 
that allow the identification, and the characterization of the various 
immune cell populations have been described in pigs [107]. Globally 
functional orthologs for all the cytokines involved in the Th1/Th2/ 
Th17/Treg paradigm and corresponding cells have been reported in pigs 
[108–110]. These immunity characteristics emphasize that pigs repre-
sent a valuable model to assess knowledge on human infectious diseases. 

Moreover, studies on the gut barrier functions have revealed 
conserved defense mechanisms between pigs and humans, particularly 
in functional permeability. Interestingly, the pig has additionally proved 
to be also useful for studying the changes in human microbiota following 
nutritional interventions [111]. 

5. Concluding remarks 

The experimental follow-up of the development stages of egg, 
miracidium, lymnaeid snail vector infection, intramolluscan larval 
development, cercarial production, chronobiology of the cercarial 
shedding, vector survival to infection, metacercarial infectivity of 
mammal host, and adult stage development of the altiplanic pig isolate 
through altiplanic G. truncatula vectors, demonstrates that the pig is a 
definitive host which assures the viability of the whole life cycle of 
F. hepatica in the Northern Bolivian Altiplano human hyperendemic 
area. The field study results on prevalence, intensity, egg measurements 
and egg shedding rates in nature, further proved that the pig participates 
in the transmission of F. hepatica in this endemic area (Fig. 5 C-E). 

When considering both experimental and field results together, it can 
be concluded that the pig develops a reservoir role in this endemic area, 
with a priority weight lower than sheep and cattle [36] but markedly 
higher than the fourth reservoir animal species to be considered, the 
donkey [37]. Therefore, this omnivorous mammal species should be 
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accordingly included for appropriate control measures within a One 
Health action against human fascioliasis. Unfortunately, pigs have never 
been considered for fasciolicide treatments nor for other infection pre-
vention measures in the Northern Bolivian Altiplano (Fig. 5 B). 

This study illustrates the long-term research complexity and diffi-
culties involved in the needed experimental tasks and field activities to 
appropriately assess the participation of a mammal host species in the 
transmission and epidemiology in an endemic area of a disease of very 
high heterogeneity and low definitive host species specificity as fascio-
liasis. This study demonstrates that when applying a One Health control 
action against a zoonotic disease caused by a parasite with the wide 
adaptation capacity of fasciolid flukes, all kind of animals inhabiting the 
endemic area and presenting a way of life and feeding habits in the open 
field allowing them for infection by metacercariae should be considered 
for assessment of potential reservoirs needing control measures. The 
case of the pig is particularly worth mentioning, because concerning a 
mammal species which previous analyses showed it to be a non-suitable 
host for F. hepatica and usually considered out of the spectrum of the 
typical herbivorous hosts because of its omnivorous nature. 

Moreover, within a One Health action there is the need to establish 
the order of priorities of the control measures, thus enabling the most 
efficient application and highest impact of the funds available, which for 
rural areas in low-income countries are usually scarce. It is therefore 
crucial to clarify the participation rate of a definitive host by comparing 
with the participation rates of other definitive host species in the same 
endemic area. 

The extreme complexity of a One Health action against fascioliasis is 
evident when considering that the present study only concerns the One 
Health intervention axis of the mammal reservoirs, and that in the 
Northern Bolivian Altiplano the disease is only caused by F. hepatica and 
transmitted by only genetically uniform G. truncatula. This is opposite to 
the usual scenarios of human endemic areas including the presence of 
more than one lymnaeid vector species in Latin America [112], such as 
in Peru [113], Ecuador and Colombia [114], Venezuela [115], 
Argentina [32,116], and Chile [117], Additionally, this complexity in-
creases in many regions of Africa and Asia due to the overlap of 
F. hepatica, F. gigantica and corresponding multiple specific lymnaeid 
vector species, without forgetting the existence of hybrid intermediate 
forms in many endemic areas [1]. 

Personal observations and available information indicate that pigs 
should play a similar reservoir role in other human endemic areas but 
also animal endemic areas with human infection risk on other Andean 
countries, as at least Peru (Fig. 5 F) and Chile and probably also 
Argentina, Ecuador, Colombia and Venezuela. In Central America, 
Mexico is a country where the pig may also play an important fascioliasis 
reservoir role. All in all, not only Latin America but also many regions of 
Africa and Asia include rural areas where domestic pigs are traditionally 
running freely. 

The at present available knowledge on two other NTDs caused by 
plathelminth parasites, a cestodiasis and another food-borne trem-
atodiasis, may be of added value for the endeavor of assessing the po-
tential reservoir role of the pig in fascioliasis endemic areas. The pig is 
the intermediate host in taeniasis and cysticercosis by Taenia solium 
[118] and the only animal reservoir species in fasciolopsiasis by Fas-
ciolopsis buski [119]. The geographical distribution of taeniasis/cysti-
cercosis in the Americas, Africa and Asia [120] and that of 
fasciolopsiasis throughout South Central Asia and South East Asia [121] 
may facilitate the selection of areas for the appropriate epidemiological 
surveys and make it possible for the design of combined control 
initiatives. 
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