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Abstract

Fascioliasis is a zoonotic disease emerging in numerous parts of the world. Fascio-
liasis is an important food-borne parasitic disease caused by the two trematode
species, Fasciola hepatica and Fasciola gigantica. The characterisation and diffe-
rentiation of Fasciola populations is crucial to control the disease, given the diffe-
rent transmission, epidemiology and pathology characteristics of the two species.
Furthermore, in any endemic area, the characterisation of scenarios and patterns
of infection must always be considered the starting point before implementing
any control measure. Morphometric analyses were made with a computer image
analysis system (CIAS) applied on the basis of standardised measurements and
the logistic model of the body growth and development of fasciolids in the dif-
ferent host groups. The specific results have been grouped into three parts. A)
The phenotypic features of fasciolid adults infecting bovines inhabiting Pakistan
and Bangladesh have been studied to characterize fasciolid populations involved.
Since it is the first time that such a study has been performed, the results are
compared to pure fasciolid populations, (i) F. hepatica from the European Medi-
terranean area (Spain and France) and (ii) F. gigantica from Burkina Faso, i.e.
geographical areas where both species do not co-exist. Only parasites obtained
from bovines were used. The multivariate analysis used showed that the characte-
ristics of fasciolids from Pakistan and Bangladesh are between F. hepatica and F.
gigantica standard populations. These results demonstrate the existence of fascio-
lid intermediate forms in the endemic area studied in Pakistan and Bangladesh,
respectively. These results are analysed by considering the present emergence of
animal fascioliasis, the local lymnaeid fauna, the impact of climate change, and
the risk of human infection in the country. B) Fascioliasis caused by F. hepatica,
F. gigantica and intermediate forms is present in Guilan province, a complica-

ted epidemiological situation where the highest human infection rates have been
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described in Iran. Morphometric tools were used to analyse the possible relations-
hip between liver-fluke metric traits and geographical and altitudinal distribution.
This is the first study in which a detailed distribution of both Fasciola species
is analysed in a human fascioliasis endemic area with a zonal overlap transmis-
sion pattern. An accurate analysis was conducted to phenotypically discriminate
between fasciolids from naturally infected livestock (cattle, buffaloes, sheep and
goats). The distribution of the F. hepatica-like (F.h.) and F. gigantica-like (F.g.)
flukes detected in each liver versus altitude in each group (m) was analysed. The
presence of (F.g.) specimens mainly in locations below sea level (average: 11.23 %
(F.h.), 88.77% (F.g.), the presence of both species with similar intensity at 1-99 m
(average: 56.95 % (F.h.) , 43.05% (F.g.) and the presence of F.h. specimens mainly
from 100-999 m (average: 71.69 % F.h., 28.31 % F.g.) as well as in locations with
an altitude above 1,000 m (average: 97.48 % F.h., 2.52% F.g.) are noteworthy.
A significant positive correlation was obtained between altitude and % F.h., and
a significant negative correlation was obtained between altitude and % F.g. The
results show that F.g. populations in cattle, buffaloes and sheep share larger size
values, but smaller specimens are present mainly in lowland populations loca-
ted below sea level, independently of the host species (cattle, buffalo). F.g. from
lowland cattle presented a larger worm size variability. Four different fascioliasis
transmission areas may be distinguished in Guilan: a) lowland coastal areas neigh-
bouring the Caspian Sea shore, below sea level, where basically F. gigantica-like
specimens are found; b) a coastal plain with an altitude between 1-100 m where
both species co-exist; ¢) areas with altitude values of 100-999 m where mainly
F. hepatica-like specimens are found; d) highland mountainous areas, where basi-
cally F. hepatica-like specimens are found. The study of the influence of the host
species on the liver fluke was also carried out by a size-out analysis. This is the
first report concerning the decisive influence exercised by the host species on the
metric traits of F. gigantica adults. C) The phenotypic features of F. hepatica
adults infecting cattle, sheep and wild boars inhabiting Galicia (Spain) have been
studied. Specimens presents a similar body development and gravidity. Our study
shows for the first time that the F. hepatica uterus from the wild boar presents
an intermediate size between that found in primary reservoir hosts such as cattle
and sheep, i.e., the individual potential egg output capacity of the wild boar does

not greatly differ from that detected in Galician live-stock. These results show



that F. hepatica in Galicia has a normal development in wild boars, presenting its
own characteristics in shape and size in comparison with other host species. The
normal fluke development in the liver, suggest a possible role of this species as a

secondary reservoir in this region.

Key words: Fuasciola hepatica, Fasciola gigantica, intermediate forms, morphome-
tric analysis, altitudinal relationships, geographical distribution, host influence,
cattle, buffaloes, zebu, sheep, goats, wild boars, Pakistan, Bangladesh, Guilan,

Iran, Spain, France, Burkina Faso.






Indice general

Agradecimientos
Abstract
Indice general

Indice de figuras
Indice de tablas

1. INTRODUCCION

1.1. Sistemdtica y morfologia de los agentes etiologicos implicados . . .
1.2. Ciclo biologico . . . . . .. ..
1.3. Heterogeneidad epidemioldgica de la fascioliasis humana . . . .

1.4. Estacionalidad e impacto del cambio climético y cambio global

1.5. Diagnéstico . . . . . .. Lo
1.6. Importancia econémica de la fascioliasis . . . . ... ... ...
1.7. Relevancia e hipdtesis del estudio . . . . . ... ... ... ...

1.8. Objetivos . . . . . . . .

2. MATERIAL AND METHODS

2.1. Material . . . . . . . .
2.1.1. Zonasde Estudio . . . . .. ... ... ... .......
2.1.1.1. Espafia . . . . . ...

2.1.1.2. Francia . . . . . . . . . ...

2.1.1.3. BurkinaFaso . .. ... ... ..........

2.1.1.4. Pakistan . . . . .. ... ... ...

2.1.1.5. Bangladesh . . . . ... ... ... ...,

21.1.6. Irdn . . . . . . . ..o

2.1.2. Material Parasitologico . . . ... ... ... ... ...

XV

VII

XI

XIV



Indice general

2.2.

Métodos y Técnicas . . . . . . . .. .. Lo 34

2.2.1. Técnicas Mastozoologicas . . . . . . . .. .. .. .. .. .. 34

2.2.1.1. Estudio del higado y canales biliares . . . . . . . . 34

2.2.2. Técnicas Helmintolégicas . . . . . . . ... ... ... ... 34

2.2.2.1. Técnicas Microscopicas Generales . . .. .. ... 35

2.2.2.1.1. Fijacién . . . . ... ... 35

2.2.2.1.2. Conservacién . . . . . . . ... ... ... 36

2.2.2.1.3. Coloracién . . . . . ... ... ... ... 36

2.2.2.1.4. Diferenciacion . . . ... ... ... ... 37

2.2.2.1.5. Deshidratacién . . . . .. ... ... ... 37

2.2.2.1.6. Montaje. . . . ... ... ... ... ... 37

2.2.2.2. Estudio Morfométrico CIAS . . .. ... ... .. 38

2.2.2.3. Analisis Estadistico . . .. ... ... ....... 40
2.2.2.3.1.  Analisis de los Componentes principales

(ACP) . .. . o 41

2.2.2.3.2. Correlaciones . . . . ... ... ... ... 42

3. PHENOTYPING OF ADULT FASCIOLIDS IN PAKISTAN AND

BANGLADESH 43
3.1. Phenotyping of adult fasciolids in Pakistan . . . . .. .. ... .. 45
3.1.1. Material and Methods . . . . .. ... ... ... ...... 46
3.1.1.1. Material . .. ... ... ... .. ... ... 46

3.1.1.2. Morphometrics . . . . . . ... ... ... ... .. 46

3.1.1.3. Dataanalysis. . . ... ... ... ... ...... 46

3.1.2. Results . . ... . . . ... 50
3.1.3. Discussion . . . . . . .. ... e 51

3.2. Phenotyping of adult fasciolids in Bangladesh . . . . . .. ... .. 54
3.2.1. Material and Methods . . . . . . ... ... ... ...... 54
3.2.1.1. Material . . . ... ... ... ... ... 54

3.2.1.2. Morphometrics . . . . . .. ... L. 54

3.21.3. Dataanalysis. . .. ... ... ... ........ 55

3.22. Results . . .. . .. . ... . 58
3.2.3. Discussion . . . . . ... 60

3.3. Adult fasciolids from Pakistan vs Bangladesh . . . . . .. ... .. 63
3.3.1. Results . . ... ... .. . .. 63
3.3.2. Discussion . . . . . . ... 63

4. PHENOTYPING OF FASCIOLIDS IN IRAN 67
4.1. Relationships between zonal overlap and phenotypic traits . . . . . 69
4.1.1. Materials and Methods . . . ... ... ... .. ...... 70
4.1.2. Morphometrics . . . . . .. ... L 70

XVI



Indice general

4.1.3. Data analysis . . . . . .. .. .o oo 71
4.1.4. Results . . . .. . . 72
4.1.5. Analysis of altitudinal relationships. . . . . . . ... .. .. 72
4.1.6. Morphometric assessment . . . . . . ... ... ... .... 79
4.1.7. Discussion . . . . . ... Lo 85
4.1.7.1. Morphometric modelling of overlap areas . . . . . 85
4.1.7.2. Geographical distribution of fasciolids . . . . . . . 87
4.1.7.3. Phenotypic variation under host species influence,
with emphasis on F. gigantica . . . ... .. ... 92

5. PHENOTYPING OF ADULTS FASCIOLIDS IN WILD BOAR 97

5.1. Phenotyping of adult fasciolids in Wild boar . . . . . . .. ... .. 99
5.1.1. Materials and Methods . . . .. .. ... ... ....... 99

5.1.1.1. Material . . . ... .. ... ... ... ... 99

5.1.1.2. Morphometrics . . . . . ... ... ... 99

5.1.1.3. Dataanalysis. . . ... .. .. ... ........ 100

5.1.2. Results . . . . . . . . . 102

5.1.3. Discussion . . . . . . ... 106

6. CONCLUSIONS 111
7. BIBLIOGRAPHY 117
BIBLIOGRAFIA 117

XVII






Indice de figuras

1.1.

2.1.
2.2.

2.3.
2.4.

2.5.
2.6.
2.7.

3.1.

3.2.

3.3.

Ciclo biolégico de Fasciola hepatica. Imagen tomada del CD-ROM

Tropical Medicine. (PETERS & PASVOL, 2006). . . . . . ... .. 6
Mapa de Espana, situando Galicia. www. wikipedia. com. . . . . . 24
Ubicacién geografica de la isla de Cércega, Francia. www. wikipedia.

COTML. + v v v e e e e e e e e e e e e e e e e 25
Mapa de Burkina Faso. www. wikipedia. com. . . . . . . ... ... 26
Mapa de Pakistan, situando la regién de Punjab. www. wikipedia.

COTIL. « v v v e e e e e e e e e e e e e e 28
Mapa de Bangladesh. www. wikipedia. com. . . . . . .. ... ... 29
Mapa de Iran, situando la regién de Gilan. www. wikipedia. com. 32

Medidas estandarizadas aplicadas a espécimes adultos gravidos de
F. hepatica-like (A) y F. gigantica-like (B) (PERIAGO et al., 2006). 40

Principal component analysis of adult fasciolids from natural in-
fections in bovines of Pakistan (dashed and double dotted line)
compared with F. hepatica from Valencia, Spain (dashed line) and
Corsica, France (dashed-dotted line) and F. gigantica from Burkina
Faso (dotted line) (PERIAGO et al., 2006). Samples are projected
on to the first (PCI, 70 %) and second (PCII, 13 %) principal com-
ponents. . . ... e e 48
Principal component analysis of adult fasciolids from natural in-
fections in bovines of Bangladesh (solid line) compared with F.
hepatica from Valencia, Spain (dashed line) and Corsica, France
(dashed-dotted line) and F. gigantica from Burkina Faso (dotted
line) (PERIAGO et al., 2006). Samples are projected on to the first
(PCI, 58 %) and second (PCII, 29 %) principal components. . . . . 59
Principal component analysis of adult fasciolids from natural infec-
tions in bovines of Pakistan (dashed and double dotted line) and
Bangladesh (solid line) compared with F. hepatica from Valencia,
Spain (dashed line), Corsica, France (dashed-dotted line) and F.
gigantica from Burkina Faso (dotted line) (PERIAGO et al., 2006).
Samples are projected on to the first (PCI, 54 %) and second (PCII,
29 %) principal components. . . ... ... 65



Indice de figuras

4.1.
4.2.

4.3.

4.4.

4.5.

4.6.

Map of Guilan, Iran . . . . . .. ..o o
Relationship between altitude and the average of % Fasciola hepa-
tica-like and F. gigantica-like specimens. . . . . . . . . ... .. ..
Altitude influence on fasciolid distribution: Factor map correspon-
ding to worms of Fasciola from naturally infected livestock from
Guilan province according to altitude range groupings: Fasciola he-
patica-like specimens from cattle (F.h. cattle -27 - 0 m, F.h. cattle
1-99 m; F.h. cattle 100-999), buffaloes (F.h. buffaloes -27 - 0 m),
from sheep (F.h. sheep 1-99 m; F.h. sheep 100-999; F.h. sheep 1,000-
2,000 m), and goats (F.h. goat -27 - 0 m; F.h. goat 100-999 m; F.h.
goat 1,000-2,000 m); F. gigantica-like specimens from sheep (F.g.
sheep 100-999 m), cattle (F.g. cattle -27 - 0 m, F.g. cattle 1-99 m;
F.g. cattle 100-999; F.g. cattle 1,000-2,000 m), and buffaloes (F.g.
buffaloes -27 - 0 m, F.g. buffaloes 1-99 m). Samples are projected
onto the first (PCI, 69 %) and second (PCII, 11 %) principal com-
ponents. ... e e e e
Relationship between the topographic profile of Guilan province
(section through Bandar Anzali and Rasht cities) and the altitu-
dinal presence of Fasciola hepatica-like and F. gigantica-like spe-
cimens. To assess the topographic profile ArcGis software, using
an irregular triangle network (TIN) and a raster from SRTM30
dataset- CGIAR-SRTM data aggregated to seconds, produced by
NASA Shuttle Radar Topographic Mission (SRTM). Circle = Fas-
ciola hepatica-like specimens; triangle = Fuasciola gigantica-like spe-
cimens; square = coexistence of Fasciola hepatica-like and Fasciola
gigantica-like specimens in the same liver. . . . . . ... ... ...
Host influence on fasciolid shape: Factor map showing principal
component analysis of adult fasciolids from natural infections in
livestock in Guilan province, Iran. F.h. = Fasciola hepatica-like
specimens from cattle, buffaloes, sheep and goats; F.g. = Fasciola
gigantica-like specimens from cattle, buffaloes and sheep. Samples
are projected on to the second (PCII) and third (PCIII) principal
components. Each group is represented by its perimeter. . . . ..
Host influence on fasciolid shape: Factor map showing principal
component analysis of adult fasciolids from natural infections in
livestock in Guilan province, Iran. F.h. = Fusciola hepatica-like
specimens from cattle, buffaloes, sheep and goats; F.g. = Fusciola
gigantica-like specimens from cattle, buffaloes and sheep. Samples
are projected on to the second (PCII) and third (PCIII) principal
components. Each group is represented by its perimeter. . . . ..

XX

82



Indice de figuras

5.1.

5.2.

5.3.

7.1.
7.2.
7.3.
7.4.
7.5.
7.6.

Principal component analysis of adult F. hepatica from natural in-
fections from Galicia in wild boar (dotted line) compared with F.
hepatica in sheep (dashed line) and F. hepatica in cattle (uninte-
rrupted line); samples are projected on to the first (PCI, 91.0 %)
and second (PCII, 3.5 %) principal components. Each group is re-
presented by its perimeter. . . . .. ... oL 101
Gravid Fasciola hepatica adults from Galicia (NW, Spain) in: (a)
sheep; (b) cattle; (¢) wild boar. . . . . ... ... ... .. ... 102
Principal component analysis of uterus Fasciola hepatica from na-
tural infections from Galicia in wild boar (dotted line) compared
with F. hepatica in sheep (dashed line) and F. hepatica in cattle
(uninterrupted line); samples are projected on to the first (PCI,
94.0 %) and second (PCII, 4 %) principal components. Each group

is represented by its perimeter. . . . .. ..o 105
Fasciola hepatica adults from France. . . . . . .. ... .. ... .. 151
Fasciola hepatica adults from Spain. . . . . . .. ... .. .. ... 151
Fasciola gigantica adults from Burkina Faso. . . . .. ... .. .. 152
Fasciola sp. adults from Pakistan. . . . . .. .. .. ... ... .. 153
Fuasciola sp. adults from Bangladesh. . . . . ... ... .. .. ... 153

Fasciola sp. adults from (Iran) A, Fasciola hepatica adults from
(Corsica, France) B, Fasciola sp. adults from (Bangladesh) C and
Fasciola sp adults from (Pakistan) D. . . .. ... ... ... ... 154

XXI






Indice de tablas

3.1.

3.2.

3.3.

3.4.

4.1.

4.2.

Comparative morphometrics in mm (mean +/- SD and ranges) of
81 adult liver flukes from buffaloes of Pakistan. n. number of adult
liver flukes measured; lineal biometric characters in mm. areas in

Comparative morphometrics in um (mean +/- SD and ranges) of
mature eggs of fasciolids from Pakistan with data previously pu-
blished by PERIAGO et al. (2006) for standard populations from
Spain and Burkina Faso; n=number of eggs measured; Length (EL),
Width (EW), Perimeter (EP) in ym and Area (EA) in ym?. . .. 52
Comparative morphometric data of adult liver flukes from bovines
of Bangladesh with previously published data of standard popula-
tions from Spain, France and Burkina Faso described by PERTAGO
et al. (2006). n. number of adult liver flukes measured; lineal bio-
metric characters in mm. areas in mm?. . . . ... .. ... .... 56
Mahalanobis distances between liver-flukes from Burkina Faso, Fran-
ce, Spain, Bangladesh and Pakistan. . . . . .. .. ... ... ... 62

Sample sizes of the Fasciola hepatica-like (F.h.) and F. gigantica-
like (F.g.) groups analysed in each definitive host species (including
sex and age in years), the year of sample collection, the breeding
site of the definitive host (with latitude, longitude and altitude),
and the slaughterhouse where sample collection took place (with
latitude, longitude and altitude) in Guilan province, Iran. (*) = In
parenthesis the number of parasites included in the morphometrical
analysis. F' = female; M = male. a = Year of sample collection. b
= Number code used to identify the samples. . . . . . . .. .. .. 75
Mahalanobis distances between the 16 fluke adult groups distinguis-
hed in Guilan province, Iran, according to parasite species (Fh =
F. hepatica-like; Fg = F. gigantica-like), host species (F. h. from
cattle, buffaloes, sheep and goats;F. g¢. from cattle, buffaloes and
sheep) and geographical altitude (ranges: -27- 0 m; 1-99 m; 100-999
m; 1,000-2,000 m). . . ... 84

XXIII



Indice de tablas

5.1.

5.2.

Comparative morphometrics with mean values + SD (range in size)
of 82 adult liver fluke uteri in sheep, 17 in wild boars and 124 in
cattle from Galicia; n. number of adult liver flukes measured; lineal
biometric characters in mm. areas in mm?. . . . ... ... .. ..
Comparative morphometrics with mean values £ SD (range in size)
of 82 adult liver fluke uteri in sheep, 17 in wild boars and 124 in
cattle from Galicia; n. number of adult liver flukes measured; lineal

biometric characters in mm. areas in mm?2. . . . . . . . ... ...

XXIV



Capitulo 1

Introduccion

Introduction






Capitulo 1. INTRODUCCION

La fascioliasis es una enfermedad parasitaria humana y animal causada por dos
especies de trematodos pertenecientes a la familia Fasciolidae: Fasciola hepatica
Linnaeus, 1758 y Fasciola gigantica Cobbold, 1856. El aumento de zonas endémicas
humanas en Europa, las Américas, Asia y Africa en las tltimas décadas (CHEN
& MOTT, 1990; MAS-COMA et al., 1999, 2009a, 2014a) ha cambiado su es-
tado de enfermedad zoondtica secundaria a enfermedad zoondtica emergente o
re-emergente. Se estima que 17 millones de personas presentan fascioliasis por
todo el mundo (MAS-COMA et al., 2014c). Estas cifras estan todavia lejos de
la realidad, pues la enfermedad no estd debidamente diagnosticada en paises en
vias de desarrollo, paises que mads sufren la enfermedad. El nimero de citas de
casos humanos ha aumentado en muchos paises de los cinco continentes. Resulta-
dos recientes de estudios sobre patogenicidad e inmunidad estan en la base de la
decisién de considerar a la fascioliasis como una enfermedad parasitaria humana
importante (MAS-COMA et al. 1999) e incluirla como una trematodiasis transmi-
tida por alimentos de prioridad dentro de la agenda de la Organizacion Mundial
de la Salud (WHO 2013). La patogenia ocurre principalmente por la migracién
de las formas juveniles de los fasciélidos hasta su llegada a los conductos biliares.
Los signos clinicos que desencadenan son reacciones alérgicas e inmunolégicas. En
la fascioliasis humana, las complicaciones que podemos encontrar son hemorra-
gias y cirrosis biliar, las cuales pueden ser las principales causas de muerte, si
bien la muerte es rara en esta infeccion (CHEN & MOTT, 1990). Sin embargo, la
fascioliasis ha demostrado ser altamente patogena, no sélo durante la fase aguda
como también en su fase crénica. Este aspecto es de gran importancia en las zonas
endémicas humanas de los paises en desarrollo, donde la mayoria de los sujetos
infectados, principalmente ninos, se detectan en la etapa crénica (VALERO et al.,
2003, 2006a, 2008). Hay descritos casos de fascioliasis ectépica en el tracto gas-
trointestinal, pared abdominal, pancreas, bazo, tejido subcutédneo, corazén, vasos
sanguineos, pulmén y cavidad pleural, musculo esquelético, apéndice y epididimo
(MAS-COMA & BARGUES, 1997).
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1.1. Sistematica y morfologia de los agentes etiolégicos

implicados

Segun los trabajos de YAMAGUTI (1958), PANTELOURIS (1965), TAYLOR
(1964), SCHELL (1970), ODENING (1971), BORCHET (1981), BORAY (1982),
BOCH & SUPPERER (1982), EUZEBY (1984); URQUHART et al., (1987), la
clasificacién taxondémica de las especies de Trematodos en estudio quedaria como

sigue:

Phylum: Platyhelminthes, 1872
Clase: Trematoda, 1808
Subclase: Digenea, 1858
Orden Echinostomatida, 1957

Suborden Prosostomata Odhner, 1905

Familia Fasciolidae Railliet, 1985
Género Fuasciola Linnaeus, 1758
Especie F. hepatica Linnaeus, 1758
Especie F. gigantica Cobbold, 1855

La fase adulta de F. hepatica presenta un cuerpo folidceo, aplanado dorso ventral-
mente, con una longitud comprendida entre 20 y 30 mm y una anchura variable
entre 6 y 13 mm (MAS-COMA & BARGUES, 1997). Por otra parte, F. gigantica
presenta un tamano de 24 a 76 mm de largo y de 5 a 13 mm de ancho. Por lo
tanto, F. gigantica es mas alargada y estrecha, con paredes laterales, tendiendo
a ser paralelas y con los hombros inexistentes o menos marcados (PERIAGO et
al., 2006). Ambas especies comparten muchos rasgos morfolégicos. Su cuerpo esta
cubierto por pequenas espinas que se dirigen hacia atras, cuya funciéon es mantener
la posicién del parésito en el interior de los conductos biliares, asi como erosionar
su epitelio y el de los vasos sanguineos. Poseen una ventosa oral en el extremo
anterior, otra ventral, a la altura de lo que se podria llamar hombros. El sistema
digestivo comprende la boca, situada en la ventosa oral, la prefaringe, la faringe, el
esofago y los ciegos intestinales. Los ciegos intestinales se bifurcan a poca distan-

cia de la ventosa oral, formando ramas primarias y secundarias que se extienden
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hasta la parte posterior del cuerpo. El poro genital se abre anteriormente a la ven-
tosa ventral (QUIROZ, 2000; URQUHART & ARMOUR, 2001). En F. gigantica
los ciegos estdn més ramificados que en F. hepatica (PERIAGO et al., 2006). El
ovario ramificado estd localizado en el lado derecho, posteriormente al acetabulo.
A partir del ovario se origina un oviducto estrecho. Tras el ootipo se forma un
atero tubuloso y ondulado. Las glandulas vitelégenas estan formadas por células
arracimadas en forma de foliculos, situadas en los margenes laterales del cuerpo,
cuya funcién es la de producir sustancias de reserva. Presenta dos testiculos rami-
ficados, uno anterior y el otro posterior, que ocupan una considerable porcién del
cuerpo del pardasito. A partir de ellos, se originan dos conductos eferentes que se
dirigen hacia la parte anterior y se unen para formar el conducto deferente en la
base de la bolsa del cirro, a nivel de la ventosa ventral. La primera parte de este
conducto es ancho y forma la vesicula seminal. Posteriormente sufre un estrecha-
miento y se rodea de glandulas prostaticas, terminando en el 6rgano copulador,
o cirro, bien desarrollado (OLSEN, 1977). El sistema excretor esta formado por
solenocitos o células en flama que estan conectados a tibulos que liberan los pro-
ductos de desecho del parésito a través de un poro ubicado en la porcién terminal
del cuerpo (FAIRWEATHER et al., 1999). Los huevos de las especies de Fasciola
son operculados, ovalados, amarillentos y no embrionados en el momento de la
puesta. En el extremo opuesto al opérculo puede identificarse, ocasionalmente, un
area irregular, si bien este cardcter tiene variabilidad poblacional (VALERO et
al., 2009a). Los huevos de F. hepatica suelen medir entre 130 y 150 pm de largo
por 63/90 pm de ancho, mientras que los de F. gigantica son un poco mayores en
longitud y anchura, aunque morfolégicamente indistinguibles de los de F. hepatica,
estando relacionadas sus dimensiones con la especie del hospedador definitivo que
aloje al pardsito (VALERO et al., 2001b, 2002, 2009a).

1.2. Ciclo biolégico

El ciclo de F. hepatica se describié por primera vez por THOMAS, (1883). El ciclo
biolégico (Fig. 1.1) del pardsito presenta dos estadios de multiplicacién, uno se-
xuado en el hospedador definitivo vertebrado, y el otro asexuado en el hospedador

intermediario invertebrado.
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Reservoir host: sheep
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FicuraA 1.1: Ciclo biolégico de Fasciola hepatica. Imagen tomada del CD-ROM
Tropical Medicine. (PETERS & PASVOL, 2006).

El ciclo biolégico de ambas especies es similar y dura 14-23 semanas (MAS-COMA
et al., 2014c). Los vectores de F. hepatica y F. gigantica son los caracoles gas-
terépodos de agua dulce de la familia Lymnaeidae. Las diferentes especies de
lymnaeidos que transmiten a los dos fascidlidos muestran una especificidad mar-
cada y diferente. Hay especies de lymnaeidae que no pueden transmitir fasciélidos,
otras especies de lymnaeidos que sélo transmiten F. hepatica, otras especies que
transmiten F. gigantica y muy pocas que son capaces de transmitir a las dos espe-
cie fascidlidos. Fasciola hepatica principalmente es transmitida por una especie de

pequenio tamano que pertenece al grupo Galba/Fossaria (BARGUES et al. 2007,
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2011a), incluyendo Galba truncatula como vector principal, inico en Europa, pe-
ro que también se presenta en Africa, Asia y Sudamérica. Otra especie de este
grupo actiia como vector en las Américas Lymnaea tomentosa es el transmisor en
Australia. Fasciola gigantica es transmitida por especies del género Radiz, princi-
palmente R. natalensis en Africa y variedades de R. auricularia y R. viridis en
Asia. En Europa, sin embargo, las especies de Radiz no muestran ninguna im-
portancia epidemiolégica, dado que sélo estd presente F. hepatica (BARGUES et
al. 2001). Pseudosuccinea es un género monoespecifico que incluye a la especie P.
columella, que ha colonizado todos los continentes, y que parece ser capaz de trans-
mitir a ambas especies de Fasciola (BARGUES et al. 2011c). La presencia de los
lymnaeidos vectores no solo define la distribucion geogréfica de la fascioliasis, sino
también puede explicar tanto la distribucién de infeccién humana dentro de un
pais, como recientemente se ha observado en Venezuela (BARGUES et al. 2011b)
y Chile (ARTIGAS et al. 2011), como, dentro de una zona endémica, que la trans-
misién sea estacional o permanente (MAS-COMA et al. 1999). De forma similar
a otras enfermedades parasitarias humanas, los focos de transmision estdn distri-
buidos de forma “parcheada” dentro de una zona endémica. Como hospedadores
definitivos, adem&s del humano, pueden actuar una gran variedad de mamife-
ros. Los trematodos adultos parasitan los canales biliares y la vesicula biliar del
hospedador definitivo. Como hospedadores reservorios actiian especies de ganado
doméstico, incluyendo especies representantes de las familias Bovidae, Equidae, y
Camelidae. Los mamiferos silvestres también pueden contraer la enfermedad, ac-
tuando también como reservorios. Por ejemplo se han citado especies de reservorios
silvestres pertenecientes a Cervidae, Marsupialia y Lagomorpha (BORAY, 1969).
Asi, cabe destacar principalmente como hospedadores a ovejas, cabras, bovinos
y muchos otros animales herbivoros domésticos y silvestres, incluyendo caballos,
asnos, mulas y también camélidos del Viejo y el Nuevo Mundo. Bifalos, ciervos,
la oveja salvaje, el cerdo salvaje, varios marsupiales, el conejo, la liebre y la nutria
son también hospedadores susceptibles. Los cerdos domésticos también puede ser
parasitados, pero este hospedador por lo general muestra una resistencia natural
més alta contra la duela del higado (MAS-COMA & BARGUES, 1997). El ganado
ovino y el ganado bovino son las especies mas afectados por F. hepatica, mientras
que el bufalo parece ser el hospedador méas importante para F. gigantica. Entre

los hospedadores silvestres definitivos en Europa, F. hepatica parece estar menos
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adaptada al corzo (Capreolus capreolus) cuando se compara con otros ciervos (el
ciervo rojo y el gamo), la nutria (Myocastor coypus) actiia como un reservorio im-
portante en Francia y quizas también en areas de Sudamérica, de donde procede.
El humano es un hospedador susceptible a la infestacion por ambas especies de
Fasciola (MAS-COMA et al. 2009a). El ciclo consta de 7 fases:

= desarrollo del adulto en el hospedador definitivo;

= eliminacién de los huevos desde el hospedador definitivo;

= desarrollo de los huevos en el ambiente;

= formacién del miracidio y busqueda del hospedador intermediario en el agua;
= desarrollo de los estadios larvarios en los caracoles;

» salida de las cercarias de los caracoles y su enquistamiento;

= e ingestién de las metacercarias por el hospedador definitivo.

Empezando por el parasito adulto en los canaliculos biliares hepaticos del hospe-
dador definitivo, un paréasito adulto pone entre 8,000 y 25,000 huevos al dia. A
pesar de que el trematodo adulto es hermafrodita, se cree que la fecundacién cru-
zada entre dos parasitos adultos es la forma més comtun de reproduccion sexuada
(CHEN & MOTT, 1990). Los huevos no embrionados pasan a través del higado
hasta las heces. Las condiciones anaerébicas encontradas en el bolo fecal impiden
cualquier desarrollo y, por lo tanto, sélo los huevos libres en agua van a embrionar
y eclosionar. ROWCLIFFE & OLLERENSHAW (1960) indican que los huevos
pueden mantener su viabilidad en el interior de las heces por un periodo variable
entre unas semanas a varios meses, dependiendo de la humedad. Respecto a su
desarrollo, éste estd condicionado por la temperatura ambiental. Asi, se requiere
un periodo de 6 meses para su completo desarrollo cuando la temperatura es de
10 °C, sélo son necesarios 8 dias cuando la temperatura es de 30 °C, y por encima
de 30 °C, la mortalidad de los huevos se incrementa. Temperaturas més bajas a 10
°C inhiben su desarrollo. Sin embargo, se ha demostrado que pueden sobrevivir a
condiciones invernales desfavorables, eclosionando en la siguiente primavera, pero

con una alta mortalidad. La intensidad de la luz, la tensién de oxigeno, asi como el

8



1.2. Cliclo bioldgico

pH del medio pueden influir significativamente en su desarrollo. Cuando los hue-
vos se activan por la luz, los miracidios alteran la permeabilidad de la membrana
del huevo, resultando un aumento de la presion interna, con la posterior apertu-
ra del opérculo (WILSON, 1969). Después de la eclosién, el miracidio tiene una
expectativa de vida de aproximadamente 24 horas, y en este intervalo de tiempo
debe encontrar al hospedador intermediario. Su longevidad esta influenciada por la
temperatura medioambiental. Asi, la vida media de un miracidio disminuye desde
36 horas a 6 °C hasta 6 horas a 25 °C, mientras que a 10 °C es de aproximadamen-
te 24 horas (ROWCLIFFE & OLLERENSHAW, 1960). Como el miracidio tiene
energia para sélo 24 horas, la penetracion en el caracol ocurre tan pronto lo encuen-
tre. En cuanto entre en contacto con él, tras la penetracién, pierde los cilios y se
transforma en esporocisto. Tras la formacién de redias madres e hijas, se producen
multiples cercarias, entre la 5 a 7 semana post-infecciéon (HOPE CAWDERY et al.,
1978). El proceso de reproduccién asexuada dentro del caracol permite a un tinico
miracidio producir de 10 a 700 metacercarias. La longevidad de la metacercaria
en el medio externo es dependiente de la edad (VALERO & MAS-COMA, 2000).
Se ha citado que en condiciones ideales, las metarcercarias permanecen viables
durante 5 meses en heno seco (HASEEB et al., 2002), de 6 a 7 meses en periodos
invernales (ROWCLIFFE & OLLERENSHAW, 1960), o durante 2 o 3 meses con
bajas temperaturas y escasa humedad (ENIGK & HILDEBRANDT, 1964). De
modo general, las metacercarias pueden mantenerse viables en el medio ambiente
durante largos periodos, si las condiciones de humedad son superiores al 70 %.
Una vez ingerida la metacercaria por el hospedador definitivo, la metacercaria, se
va a desenquistar y tornarse activa en dos pasos, primero en el rumen/estémago
por la temperatura y la concentraciéon de diéxido de carbono, seguidamente, al
pasar el duodeno, la presencia de las enzimas y sales biliares van a estimular el
desquistamiento. Una vez libre del quiste, la forma joven del parasito va a pene-
trar en la mucosa intestinal, entrando en la cavidad peritoneal, en general a las 24
horas, migrando hasta llegar al higado del hospedador definitivo. Después de pasar
la capsula de Glisson, empieza su periodo de migracién a través del parénquima
hepatico. Va a crecer y alimentarse en el parénquima y después penetrara en los
canaliculos biliares, para completar su desarrollo a adulto (ANDREWS, 1999). El
periodo prepatente, o sea, el tiempo transcurrido entre la infeccién hasta que se

puedan detectar huevos en heces, es, en ratones de 6 semanas, en ovino de 8 a 10
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semanas, y en bovinos entre 12 y 15 semanas. Una vez adultos, los trematodos
pueden vivir por un periodo variado de tiempo, entre 9 a 12 meses en vacunos,
hasta 11 anos en ovejas y 9 a 13 anos en el hombre (MAS-COMA et al., 2014c).

1.3. Heterogeneidad epidemiolégica de la fascioliasis

humana

Un analisis global de la distribucién geografica de casos humanos muestra que la
esperada correlacién entre la fascioliasis animal y humana sélo aparece en un nivel
bésico. Asi, altas prevalencias en humanos no necesariamente se relacionan con
areas en donde la fascioliasis es un gran problema veterinario. En la actualidad se
conoce que la fascioliasis humana es un problema de salud en paises Andinos (Bo-
livia, Perti, Chile, Ecuador), el Caribe (Cuba), Africa del Norte (Egipto), Oriente
Préximo (Irdn y paises vecinos), Sudeste Asiatico (Vietnam) y Europa Occidental
(Portugal, Francia y Espana) (ESTEBAN et al., 1998; MAS-COMA et al., 2005,
2009a). En éreas de hiperendemia humana se presenta con mayor prevalencia y con
mayores cargas parasitarias en ninos (con un pico en la categoria de edad entre los
9-11 anos), si bien los sujetos adultos también estédn parasitados. Los sujetos adul-
tos pueden mantener a los parasitos adquiridos cuando eran jévenes o bien pueden
re-infectarse debido al alto riesgo de infeccién. Vale la pena mencionar el efecto
de género en la fascioliasis humana. Las prevalencias y/o intensidades en areas
humanas hiperendémicas parecen ser considerablemente mas altas en mujeres. En
paises Andinos, las mujeres emiten un mayor nimero de huevos que los varones
(ESTEBAN et al., 1999, 2002).En Egipto, la prevalencia en mujeres es considera-
blemente mds alta que en varones (ESTEBAN et al., 2003). Después de muchos
anos de estudio sobre diferentes areas que presentan la parasitacion humana por
fasciélidos por todo el mundo, la clasificacion de las situaciones epidemiologicas
propuestas por MAS-COMA et al. (1999) todavia es totalmente valida y util. Esta
clasificacién incluye las siguientes situaciones: (1) casos autdéctonos, aislados, no
constantes; (2) casos importados; situaciones endémicas incluyendo (3) hipoen-
demia, (4) mesoendemia y (5) hiperendemia; y también situaciones epidémicas
que comprenden (6) epidemias en zonas no endémicas humanas pero endémicas

de animales y (7) epidemias en zonas endémicas humanas. La fascioliasis humana
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presenta un amplio espectro de patrones de transmision y modelos epidemioldgicos,
incluyendo desde areas hipoendémicas hasta areas hiperendémicas. Esta variedad
se relaciona con una gran diversidad de entornos, incluyendo diferentes situacio-
nes de endemia/epidemia; demografias humanas diferentes, razas, dietas, hébitos,
tradiciones y religiones; diferentes especies de reservorios mamiferos domésticos y
silvestres; diferentes especies de lymnaéidos transmisoras; localizaciones tanto en
el hemisferio norte como en el hemisferio sur; altitudes oscilando entre 27 m por
debajo del nivel del mar hasta 4,200 m; precipitaciones anuales escasas o pronun-
ciadas; potencial de evapotranspiracion medio anual bajo o alto; y estaciones con
ausencia de periodo seco o con ausencia de periodo de lluvias. Estas dreas incluyen
desde altiplanos a valles, de islas a continentes, de sistemas de irrigacién naturales
a artificiales, de lagos a lagunas, de grandes rios a pequenas corrientes y de cuer-
pos de agua permanentes a temporales (MAS-COMA et al., 2003). MAS-COMA
(2005) propuso una clasificacion del modelo de transmisidn, la cual ha sido actua-
lizada progresivamente para ofrecer una linea de partida de futuras investigaciones
(MAS-COMA et al., 2009a). Hasta la actualidad, se han distinguido los siguientes
patrones: (1) un modelo de alta altitud en paises Andinos incluyendo el modelo
altipldnico y el modelo de valle (VALERO et al., 2012c), (2) un modelo caribeno
insular, (3) un modelo relacionado con tierras bajas Afro mediterraneas, (4) un
modelo relacionado con los alrededores del mar Caspio y (5) un modelo relaciona-
do con tierras bajas del sudeste asidtico. MAS-COMA et al. (2009a) ha propuesto
el término de “superposicién zonal” para designar a zonas endémicas incluyendo,
tanto tierras de altitud con transmisién de F. hepatica como tierras bajas vecinas
con transmision de F. gigantica. Se incluyen en este tipo de patrén epidemiolégico
de “superposicién zonal” zonas endémicas de paises africanos como Etiopia (YIL-
MA & MALONE, 1998) o el sur de Tanzania (WALKER et al., 2008), y también
en paises asiaticos como la parte norte de la provincia de Punjab en Pakistan
(KENDALL, 1954; KENDALL & PARFITT, 1959; AFSHAN et al., 2013, 2014) o
la provincia de Guilan en Iran (ASHRAFT et al., 2006a, b, 2007). Desde un punto
de vista epidemiolégico, estas dreas de fascioliasis lamentablemente no han sido
evaluadas suficientemente para distinguir si todas ellas presentan o no un modelo
de transmision y una situacion epidemiolégica uniforme. Desde un punto de vista
de salud publica, el problema de infeccién humana sélo ha sido destacado en la

provincia irani de Guilan, mientras que en las otras areas indicadas hasta la fecha
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los casos humanos no tienen un gran impacto. Concretamente, no se han descrito
ninguna infeccion humana en zonas de altitud o zonas bajas de Tanzania, se han
citado tasas de infeccién humanas relativamente bajas en Etiopia (BAYU et al.,
2005; FENTIE et al., 2013), y un area relativamente restringida con prevalencias
en humanos en Pakistdn (QURESHI et al., 2005; QURESHI & TANVEER, 2009;
AFSHAN et al., 2014).

1.4. Estacionalidad e impacto del cambio climatico y

cambio global

Los factores climaticos son decisivos en la transmision de la fascioliasis, prin-
cipalmente la temperatura, la precipitacién y/a la evapotranspiracién potencial
(MAS-COMA et al., 2009b). Principalmente la variacién de la precipitacién y la
temperatura da lugar a la diferente estacionalidad de la fascioliasis. En Europa, la
transmisién de la enfermedad es tipicamente bi-estacional, debido a los periodos
de actividad del lymnaeido vector en primavera y otono. En el Altiplano boliviano,
sin embargo, la transmisién ocurre a lo largo del ano, ya que las poblaciones del
lymnaeido vector estan siempre presentes debido a que habitan cuerpos de agua
permanentes en vez de temporales, ante las altas tasas evapotranspiracién de las
areas geogréficas de la alta altitud (MAS-COMA et al., 1999). En otras éareas, la
transmisién aparece mono-estacional, debido a la existencia de sd6lo un periodo
intra-anual con disponibilidad de agua. El cambio climatico solapado con las mo-
dificaciones antropogénicas y ambientales se incluyen en el amplio término de
“cambio global” (MAS-COMA et al., 2009b). Asi, la irrigacién artificial de los
campos de cultivo parece ser suficiente para tener la transmisién de la fascioliasis
en el Altiplano peruano (ESTEBAN et al., 2002). En la provincia de Punjab, en
Pakistan, la transmisién incluye la bi-estacionalidad, con un pico relacionado con
la precipitacién natural y otro pico relacionado con la irrigacién artificial (AFS-
HAN et al., 2014). Punjab es la primera zona endémica donde la aparicién de
infecciéon humana se ha correlacionada con un aumento significativo de riesgo de
transmisién de la fascioliasis debido al impacto del cambio climéatico a lo largo de

un periodo de 20 anos (AFSHAN et al., 2014).
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1.5. Diagnéstico

Dado al incremento en el niimero de casos de fascioliasis humana por todo el
mundo, es fundamental la caracterizacién del agente etiolégico implicado en la
enfermedad. Para el diagnéstico diferencial de F. hepatica, F. gigantica, hibridos y
formas intermedias, los métodos clinicos, patoldgicos, coprolégicos o inmunoldgi-
cos no son utiles. A pesar de la importancia de poder distinguir entre infecciones
por una u otra especie de fascidlido, debido a sus diferentes caracteristicas de
transmisién, epidemiologia, patologia y control, no hay, lamentablemente, ningu-
na prueba de coproantigeno directa, ni prueba indirecta inmunolégica disponible
para su diagnoéstico diferencial (VALERO et al., 2009a, b, 2012a, b; MAS-COMA
et al., 2014b). De hecho, las herramientas diagndsticas disponibles actualmente
son sdlo ttiles para diferenciar a la fascioliasis de otras enfermedades. Hasta aho-
ra, la diferenciacién especifica sélo puede ser realizada por estudios fenotipicos de
parasitos adultos mediante herramientas morfométricas (PERIAGO et al., 2006;
VALERO et al., 2009a, 2012c; ASHRAFTI et al., 2006a, 2015; ASHRAFT et al.,
2013) o estudios genotipicos por herramientas moleculares (MAS-COMA et al.,
2009a). Esto es un problema en las dreas geograficas en las que se superponen las
dos especies de fascidlidos, dada la importancia de este diagnéstico diferencial de
las formas de fasciélidos implicadas. En el caso de que existan formas intermedias,
las medidas del huevo pueden superponerse. Clasicamente, la distinciéon entre las
especies de Fasciola se ha hecho en base a su morfologia. Sin embargo, en general
se ha aceptado que la diferenciacion especifica de estos trematodos hepaticos no
se puede conseguir unicamente por examen morfolégico (PERIAGO et al., 2008),
siendo necesario un anélisis genético detallado (ITAGAKI & TSUTSUMI, 1998;
MARCILIA et al., 2002). Ademds, la hibridacién entre diferentes genotipos de
Fasciola puede dar lugar a la generacién de nuevas formas (MAS-COMA et al.,
2001). A pesar del desarrollo reciente de muchas pruebas moleculares, la secuen-
ciaciéon del ADN todavia permanece como el inico método apropiado para tanto el
haplotipaje de la dos especies “puras” de fascidlidos, como para la deteccion de su
hibridaciéon o de formas intermedias. Para tal objetivo, las secuencias completas de
los dos espaciadores rDNA ITS-1 e ITS-2 conjuntamente con la secuencia completa

de los genes mtDNA cox1 y nadl hasta la fecha han demostrado ser los marcadores
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de elecciéon (MAS-COMA et al., 2009a). Ya se ha publicado la nomenclatura para
estos cuatro marcadores (MAS-COMA et al., 2009a). No obstante, las diferencias
en solo 5 posiciones para el ITS-1 y otras 5 posiciones en el ITS-2, diferencias
tipicas de organismos que pueden hibridar, como de hecho ocurre entre estas dos
especies de fascidlidos (MAS-COMA et al., 2009a), hace que frecuentemente se

utilicen criterios morfolégicos para la identificacién del agente etioldgico.

1.6. Importancia econémica de la fascioliasis

La fascioliasis afecta un gran nimero de animales sobre todo los animales ru-
miantes de importancia en ganaderia (ovejas, vacas, bufalos y cabras). Infecciones
agudas con cargas elevadas pueden causar la muerte, sobre todo en el ganado
ovino y caprino. También pueden causar alteracién de la fertilidad, produccién
de leche (ganado) y lana (ovejas), asi como reduccion de la capacidad de trabajo
de estos animales. Todos estos déficits colocan a la fascioliasis como una de las
enfermedades zoondticas con un mayor impacto econémico global (CWIKLINS-
KI et al., 2015). La fascioliasis es la enfermedad parasitaria més importante del
ganado y una enfermedad de importancia econdémica en rumiantes en Europa,
América, Australia y Nueva Zelanda. El triclabendazol es el farmaco de eleccién
utilizado en programas de control, pero el alto costo del tratamiento impide el
uso generalizado por los ganaderos en los paises en vias de desarrollo. Por otra
parte, la resistencia al triclabendazol ha sido citada en ovinos afectados con F.
hepatica (OVEREND & BOWEN, 1995), lo que sugiere que la seleccién de pardsi-
tos resistentes a la larga pueden comprometer el uso de este farmaco. Ademads,
a pesar de que la quimioterapia se ha utilizado durante méas de dos décadas con
cierta eficacia en la reduccién de las tasas de morbilidad, ésta quimioterapia es
sélo una medida provisional, dejando sin cambios las tasas de transmisién, debido
a la continua re-infeccién en areas endémicas (SPITHILL et al., 1999; MEEUSEN
& PIEDRAFITA 2003). Un estudio realizado por SCHWEIZER et al. (2005) en
Suiza sugiere que la prevalencia de infeccion por F. hepatica en el ganado se encon-
traba por encima del 16 %, representando una pérdida econémica media de cerca
de 52 millones de Euros, con un rango de entre 22 y 92 millones por ano. En el

Reino Unido, la prevalencia de la infeccién en las distintas categorias de ganado
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vacuno oscila entre el 45 y 84 % en Irlanda, y las pérdidas anuales se estiman en 60
millones de Euros (TENDLER & SIMPSON, 2008). Para calcular el costo poten-
cial de las pérdidas se requiere el conocimiento de la prevalencia y la intensidad de
la infeccién y la habilidad de utilizar la informacién meteorolégica para predecir

las practicas de manejo zootécnico (QUIROZ, 1995).

1.7. Relevancia e hipdtesis del estudio

La diferenciacién morfolégica especifica entre F. hepatica y F. gigantica en areas
dénde ambas especies se superponen es una tarea a veces muy complicada por dis-
tintas razones. En primer lugar, los trabajos previamente realizados no han seguido
un método estandarizado de medicién morfométrica y por lo tanto los resultados
no son comparables. Ademds, estos estudios no han considerado el crecimiento
alométrico que albergan los adultos. También hay que tener en consideracién que
la especie de hospedador definitivo puede influir en el fenotipo, tanto en la fase
adulta de F. hepatica como en la de huevo, principalmente debido al tamano del
conducto biliar (VALERO et al. 2001a, b, 2002, 2009a). Sin embargo, la infec-
tividad metacercariana no parece diferenciarse en aislados obtenidos a partir de
especies hospedadoras diferentes (VALERO & MAS-COMA, 2000). Las clésicas
medidas morfométricas de los ejemplares adultos y huevos de ambas especies en las
revisiones clasicas (YAMAGUTI, 1958; WATANABE, 1962; BORAY, 1969, BOR-
CHET, 1981; BOCH & SUPPERER, 1982; URQUHART et al., 1987; MAS-COMA
& BARGUES, 1997; MAS-COMA et al., 2000, MAS-COMA, 2004a), demuestran
un solapamiento entre ambas especies. Por lo tanto, no se puede disponer de datos
concluyentes en muchas ocasiones porque el material parasitario utilizado en las
diferentes revisiones generalmente resulta ser una mezcla de diferentes especies
hospedadoras. Dado que hay una superposicién en la distribucién geografica de F.
hepatica y F. gigantica en areas tropicales de Africa y Asia (MAS-COMA et al.,
2009a), existen en muchas ocasiones problemas de identificacién especifica en estas
zonas tanto a nivel humano como animal (MAS-COMA et al., 2009a; ICHIKAWA
et al., 2011). En el caso concreto de Asia, el solapamiento en la distribucién de F.
hepatica y F. gigantica ha conducido a una controversia que concierne la identidad

taxondémica de la especie Fasciola encontrada en los paises del Extremo Oriente,
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en el cual unos se parecen a F. hepatica, mientras que los otros se parecen a F.
gigantica, con formas intermedias también presentes y fendmenos de gametogéne-
sis anormal, diploidia, triploidia y mixoploidia, partenogénesis e hibridacién entre
genotipos diferentes (MAS-COMA et al., 2009a). Finalmente, ASHRAFT et al.
(2006b) describié la presencia de formas intermedias en oriente medio, concreta-
mente en Irdn. Ante esta situacién morfométrica y genética, las cuestiones radican
en que si los fasciélidos presentes en otras areas de solapamiento fuera del sudeste
asidtico o Iran son también formas intermedias o hibridas. Estudios multidisci-
plinares, sin embargo, han demostrado que F. hepatica y F. gigantica deben ser
consideradas como especies validas, a pesar de su capacidad de hibridacién y dar
lugar a formas intermedias en las dreas donde se superponen (MAS-COMA et al.,
2009a). La meta de este estudio es tratar de contestar estas preguntas desde el
punto de vista morfométrico. Se ha realizado el fenotipaje mediante un sistema de
andlisis de imagenes digitales por ordenador teniendo en cuenta: (i) el uso de medi-
das estandarizadas, (ii) el crecimiento alométrico, (iii) la influencia del hospedador
definitivo, y (vi) la distribucién geografica del hospedador intermediario, dada la
especificidad del lymnaeido. Para poder realizar un estudio morfométrico de am-
bas especies y poder identificar los fascidlidos presentes en las diferentes areas
de endemia, sélo se han utilizado parasitos adultos procedentes de hospedado-
res naturalmente infectados. Se han utilizado como representantes de F. hepatica
ejemplares de la zona mediterranea de Espana y Francia, (MAS-COMA et al.,
2003), donde sélo esté presente esta especie. Ejemplares de Burkina Faso se han
utilizados como representantes de F. gigantica, ya que Radixz natalensis es la inica
especie de lymnaeido presente es este pais y porque F. gigantica fue originalmente
descrita en una jirafa del Africa sub-sahariana, encontrada en un zooldgico ambu-
lante en Inglaterra (COBBOLD, 1855).

El jabali (Sus scrofa Linnaeus, 1758) es uno de los mamiferos terrestres més am-
pliamente distribuidos (LUCCINI et al., 2005). El drea de distribucién originaria
incluye el norte de &frica, Europa, sur de Rusia, China, Oriente Medio, India,
Sri Lanka e Indonesia (WILSON & REEDER, 1993). El jabali es un animal con
diferentes tipos de dietas, las cuales incluyen frutas, anfibios, reptiles, setas, aves
y sus huevos, pequenos roedores, carrona y larvas de insectos (SOLAYMANI-
MOHAMMADI et al., 2003; MOWLAVT et al., 2006). Debido a sus habitos ali-

mentarios, el jabali pueden desempenar un papel significativo en la circulacién y el
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mantenimiento de ciertos patégenos (ANTOLOVA et al., 2006; MOWLAVI et al.,
2006), o sea, puede actuar como reservorio de muchas enfermedades infecciosas de
animales domésticos importantes, tales como la cldsica peste porcina, la brucelosis
y la triquinosis. En el caso de los humanos, actia de reservorio de enfermedades
como la hepatitis E, la tuberculosis, la leptospirosis y la triquinosis (GIBBS, 1997).
Las especies de Fusciola son capaces de parasitar una amplia gama de animales
rumiantes domésticos y silvestres, y el hombre (MAS-COMA et al., 2014c). Todos
estos animales actian como hospedadores definitivos de Fasciola sp. Esta gran
cantidad de hospedadores sitiia a los fascidlidos entre los trematodos digéridos
capaces de parasitar a una mayor gama de hospedadores definitivos, difiriendo de
otros trematodos, tales como Schistosoma mansoni, patdégeno humano, que tiene
una gama de hospedadores definitivos mucho més restringida (CWIKLINSKI et
al., 2015). Dado que la fascioliasis tiene un caricter zonético, es importante eva-
luar la capacidad de los animales de actuar como reservorios silvestres, ya que
son condicién esencial de la persistencia de la zoonosis en una determinada area
geografica (HUDSON et al., 2002). A pesar de que el jabali es un animal silvestre,
en las ultimas décadas, distintos factores, como cambios del habitat humano a
areas suburbanas y un mayor uso de las tierras para la agricultura y la deforesta-
cién (GIBBS, 1997) han favorecido el acercamiento de estos animales al hombre.
GORTAZAR et al. (2003) cita la caza humana del jabali con el objetivo de me-
jorar la cosecha y creacién de granjas semi-extensivas. Ademas, POPIOLEK et
at. (2010) cita, como otro factor que contribuye al acercamiento jabali-hombre, el
aumento de la poblacién de jabali, con una tendencia creciente constante desde
1960. Existen pocos trabajos cientificos publicados sobre la presencia de F. he-
patica en el jabali. Asi, cabe destacar la presencia de F. hepatica en el jabali de
la Peninsula Ibérica (CORDERO DEL CAMPILLO et al., 1994; DE SOUSA et
al., 2004), con un porcentaje de 60,9 % o en el oeste de Escocia (THOMPSON et
al., 2009). A pesar de la baja cantidad de estudios que apuntan al jabali como
reservorio de F. hepatica, se sabe que el habito de compartir los mismos pastos y
las mismas fuentes de agua que el ganado, favorece la diseminacién de la fascio-
liasis (KUKIELKA et al., 2013). Concretamente, el jabali se alimenta de especies
herbaceas localizadas en los cursos de agua habitados por caracoles de la familia

Lymnaeidae, hospedadores intermediarios de F. hepatica. El jabali con fascioliasis
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puede defecar en estos cursos de agua, los huevos del parasito emitidos por las he-
ces, en un ambiente propicio de luz, temperatura y humedad, completa el ciclo de
la Fasciola. El ganado al beber agua en estos sitios pueden ingerir metacercarias,
forma infestante del parasito. Finalmente se ha abordado la cuestién de que si los
adultos de F. hepatica son capaces de alcanzar un desarrollo normal en el jabali
europeo, en comparacién con los hospedadores considerados como normales, como

son el ganado ovino y bovino.

1.8. Objetivos

El objetivo general de la presente investigacién es la caracterizacion fenotipica
de facidélidos adultos de zonas endémicas con caracteristicas epidemiolégicas he-
terogéneas. En este sentido hemos focalizado el estudio en dreas con modelos de
transmisién diferentes, incluyendo areas en donde ambas especies de fascidlidos
coexisten y areas en donde unicamente existe F.hepatica.

En el primer caso, el estudio se ha dirigido a los siguientes objetivos especificos:

» a) caracterizar los individuos de fascidlidos adultos de Pakistdn y compa-
rarlos con los patrones morfométricos especificos de cada especie, utilizando
como previa base, patrones especificos de F.hepatica y F. gigantica de pobla-

ciones alopétricas (F.hepatica de Espana, y F. gigantica de Burkina Faso).

» b) caracterizar los individuos de fasciélidos adultos de Bangladesh y compa-
rarlos con los patrones morfométricos especificos de cada especie, utilizando
como previa base, patrones especificos de F.hepatica y F. gigantica en pobla-
ciones alopétricas (F.hepatica de Espana y Francia y F. gigantica de Burkina
Faso).

» ¢) evaluar la distribucién geografica (analizando longitud, latitud y altitud)
de F.hepatica y F. gigantica en la provincia de Guilan y establecer una
metodologia, utilizando herramientas morfométricas, que pueda ser usada

para evaluar otras areas de fascioliasis similares;
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» d) analizar la influencia ejercida por la especie hospedadora definitiva sobre
los rasgos métricos de los adultos de F. gigantica utilizando herramientas

morfométricas

En el segundo caso, el estudio se ha dirigido al siguiente objetivo especifico:

» e) caracterizar los individuos de F.hepatica en el jabali en Espana y su com-
paracién con individuos de F.hepatica procedentes de especies consideradas
como reservorios principales de la enfermedad (ovinos y bovinos) procedentes

de la misma &rea geografica.

Para abordar estos objetivos, la presente Tesis Doctoral ha sido desglosada en cin-
co capitulos. Asi, tras el presente primer capitulo introductorio, en el segundo de
los capitulos incluimos los materiales estudiados procedentes de zonas asidticas,
europeas y africanas. Dentro del mismo capitulo se incluye las técnicas utilizadas,
tanto referentes a las técnicas mastozooldgicas, como a las técnicas helmintologicas
generales, técnicas de imagen computerizadas (CIAS) para el estudio morfométri-
co y finalmente los analisis estadisticos empleados. En el tercer y cuarto capitulo
se aborda el fenotipaje de fascidlidos de paises asidticos, incluyendo Pakistan,
Bangladesh e Iran. En cada pais se incluye después de los resultados, la perti-
nente discusion de los mismos. En el quinto capitulo se aborda el fenotipaje de
fascidlidos obtenidos en el jabali europeo, focalizando el estudio en el desarrollo
uterino del parasito y centrando la discusion sobre el posible papel de reservorio
de esta especie hospedadora silvestre. El sexto y tdltimo capitulo comprende las

conclusiones alcanzadas.
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2.1. Material

2.1. DMaterial

2.1.1. Zonas de Estudio
2.1.1.1. Espana

Espaifia presenta una superficie territorial de 504 645 km?. Comparte fronteras
terrestres con Francia y con Andorra al norte, con Portugal al oeste y con el
territorio britdnico de Gibraltar al sur. Su territorio estd organizado en diecisie-
te comunidades auténomas, comprende también los archipiélagos de Canarias y
Baleares, otras islas menores y las ciudades de Ceuta y Melilla, situadas en el
norte del continente africano. El PIB per capita de Espana, en 2014, fue de 32,360
délares, por lo que se encuentra en el puesto 32 de 196 paises. Su economia esta
basada principalmente en el turismo, siendo el tercer pais mas visitado del mun-
do. La agricultura en Espana es un sector estratégico de gran importancia social,
territorial, medioambiental y econdmica. La mitad de la superficie de Espana se
destina a actividades agricolas o ganaderas (el 33 % del territorio corresponde a
tierras de cultivo y el 16 % a prados y pastos) y el sector agroalimentario es uno
de los més pujantes de la economia espanola (La Moncloa, Govierno de Espafa,
2015).

El material parasitario estudiado en la presente Tesis Doctoral procede de dos
zonas geograficas diferentes, el drea mediterranea, en donde se obtuvo material
del matadero de Mercavalencia, de la zona de los alrededores de la Albufera de
Valencia, en la Comunidad Valenciana y el area atlantica, en donde se obtuvo
material de Galicia (véase Fig. 2.1), regién localizada en el noroeste de Espana y
que cubre un area de 29 574 km? (latitud 42°23‘60N, longitud 7°4’W). En Galicia
el 4rea de tierra dedicada a la agricultura comprende 874,379 ha y hay actualmente
548,642 vacas en 36,919 granjas y 279,942 pequenos rumiantes en 25,288 rebanos
(Conselleria do Medio Rural e do Mar, 2015). Los prados ocupan aproximadamente

el 60.0% de la tierra 1til agricola, y la ganaderia por lo general pasta a lo largo
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FI1GURA 2.1: Mapa de Espana, situando Galicia.
www. wikipedia. com.

del ano. El tipo de ganaderia y las caracteristicas climaticas de la regién (clima
maritimo) favorecen la transmisién de helmintiasis a través del pasto. Segin datos
oficiales, se cazaron 27,000 jabalies a lo largo del periodo de estudio (de 2007 hasta
2010).

2.1.1.2. Francia

La mediterrdnea isla de Cércega presenta una superficie de 8 721 km?, siendo
su longitud maxima de 183 km desde el cabo de Cércega hasta el estrecho de
Bonifacio. Se sittia a 12 km de Cerdena y a 82 km de Italia. Esta caracterizada
por la insularidad y su pronunciado relieve (altitud media superior a 568 m). El
material parasitario estudiado en la presente Tesis Doctoral procede del matadero

de Portovechio, en Cércega del Sur (véase Fig. 2.2).
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F1cura 2.2: Ubicacién geografica de la isla de Cércega, Francia.
www. wikipedia. com.

2.1.1.3. Burkina Faso

Burkina Faso es un pais de Africa Occidental, con un 4rea de 274 00 km?, que
limita al noroeste con Mali, al noreste con Niger, al sur con Costa de Marfil,
Ghana, Togo y Benin. La altitud media es de 400 metros y la diferencia entre el
punto maés elevado y el mas bajo es inferior a 600 metros. En general, Burkina Faso
es un pais plano. El material parasitario estudiado en la presente Tesis Doctoral

procede del matadero de Bobo Dioulaso, la capital del Pais (véase Fig. 2.3).
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=

Ficura 2.3: Mapa de Burkina Faso.
www. wikipedia. com.

2.1.1.4. Pakistan

Pakistan, incluye cuatro provincias, Punjab, Sindh, Baluchistdan y la Provincia
Fronteriza Noroccidental. El pais tiene fronteras con la India por el este, con Af-
ganistan por el oeste y el norte, con Irdn por el suroeste y con China en su extremo
noreste. La superficie de Pakistan es de 796 095 km?. El PIB es de 167 millones
de ddlares estadounidenses, lo que le hace la 48° economia mas grande del mun-
do, siendo considerada como la segunda economia mas grande en el sur de Asia.
Pakistdn es un pais agricola. Segin datos de la FAO (2014), la agricultura propor-
ciona alimentos e ingresos para 80 % de la poblacidon, es el sector més influyente
responsable de sacar a las familias méas pobres del hambre, de la desnutricién y de
la dependencia de ayuda externa. Ademds, la agricultura tiene una influencia di-
recta sobre si los hogares rurales pueden mantenerse, ofreciendo servicios médicos

y manutencién de escuelas. Los principales cultivos son de algodén, arroz, cana de
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azucar, maiz y trigo. Sélo estos cultivos representan cerca del 90 % del sector agra-
rio (GUfA PAIS PAKISTAN, 2006). El tipo y método empleado para el cultivo de
ciertos alimentos pueden propiciar el ambiente ideal para el desarrollo de ciertas
parasitosis. Cabe recordar que los hospedadores intermediarios de fascidlidos son
caracoles gasteropodos de agua dulce de la familia Lymnaeidae que necesitan de
colecciones de agua dulce adecuadas para su supervivencia. Este ambiente estd
presente en el cultivo de arroz, donde el método de irrigacion es por inundacién
y estos campos a menudo, permanecen inundados durante toda la temporada de
cultivo. La presencia del ambiente ideal para el desarrollo del hospedador interme-
diario de especies de fascidlidos, anadido a presencia del ganado que representa su
principal hospedador definitivo, propicia el ambiente ideal para la incidencia de la
fascioliasis animal en Pakistdan. No obstante, no sélo el cultivo de arroz propicia
el desarrollo del parasito en Pakistan, el pais es conocido por su excelente red de
canales de riego y tierras agricolas ricas, con tres grandes rios. Asi, los canales
y zanjas cubren alrededor de 1 609 344 kilémetro (ALVI & SHARIF, 1995). Es-
tos cursos de agua y canales agravarian el riesgo de fascioliasis en el paifs. Segin
SPITHILL et al. (1999) el uso de estanques para el consumo de agua, hébitat pri-
mario del hospedador intermediario de F. gigantica, es un riesgo para los animales
en el pastoreo. Este fenémeno se ve apoyado por la mayor tasa de infeccién en
animales que utilizan estanques como fuente de agua, seguido por los que utilizan
rios y fuentes (KHAN et al., 2009). Para la poplacién que vive de la agricultura,
los animales son una parte fundamental, al ser responsables de arar la tierra y el
transporte, ademas del aporte, en términos de productos, de carne, leche, cueros,
etc. La ganaderia representa el 46,8 % del valor anadido del sector agrario y el
10,8 % del PNB. Entre 30 y 35 millones de personas viven de la cria de ganado o
éste representa una parte fundamental de sus ingresos (GUfA PAIS PAKISTAN,
2006). La parasitosis implica perdidas en la productividad de estos animales y pre-
juicios no sélo en las familias que dependen del ganado, sino también en el sector
agricola. En Pakistan la fascioliasis es endémica en varios distritos (CHAUDHRY
& NIAZ, 1984; MASUD & MAJID, 1984; MAQBOOL et al., 2002; KHAN et al.,
2009). Los primeros casos de fascioliasis humana se han citado en las areas rurales
del distrito de Lahore, provincia de Punjab (QURESHI et al., 2005; QURESHI,
2008; QURESHI & TANVEER, 2009). En Punjab, se ha citado una prevalencia
del 14,71 % de casos humanos (MAQBOOL et al., 2002), con mayor presencia de
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F. gigantica que de F. hepatica (KHAN et al., 2009). Ademas, dentro los bovinos,
los més afectados son los bifalos. Segiin LIGDA (1998) el factor mas importante
que contribuye la alta presencia de la fascioliasis en el bifalo, es su habito de
vivir en zonas pantanosas, zonas donde estan los hospedadores intermediarios del
parasito. El drea de estudio comprende tierras de regadio, con un sistema de ca-
nales de agua bien establecido de la cuenca del rio Indo, comtinmente denominada
como Punjab y localizada en la zona central de Pakistan. Los bufalos analizados
procedian de diferentes distritos de la zona central de Punjab, concretamente de

los distritos de Lahore, Faisalabad, Okara, Sahiwal y Jhang (véase Fig. 2.4).

F1GURA 2.4: Mapa de Pakistdn, situando la regién de Punjab.
www. wikipedia. com.

2.1.1.5. Bangladesh

Bangladesh se encuentra en el sur de Asia y estd rodeada casi en su totalidad por la
India, a excepcién de una pequena frontera en el sureste con Birmania (Myanmar)

y una linea costera a lo largo de la bahia de Bengala (véase Fig. 2.5).
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F1GurA 2.5: Mapa de Bangladesh.
www. wikipedia. com.

La superficie de Bangladesh es de 147 570 km?. Es un pafs pobre, siendo uno
de los paises més densamente poblado del mundo y eminentemente rural. Segin
datos de la CIA WORLD FACTBOOK, el PIB de Bangladesh del afio 2012 es-
tuvo distribuido en 17,7 % para agricultura, 28,5 % para industria y 53,9 % para
servicios. La participacién en el PIB de los subsectores individuales de la agricul-
tura son aproximadamente el 13 % para cultivos, el 3% para el ganado, 5% para
la pesca y el 2% para el sector forestal. Bovinos, caprinos y suinos representan
el sustento de muchas familias no sélo por la obtencién de leche y carne, sino
también para la ejecucién de los servicios agricolas. Los datos de CHOWDHURY
et al. (2003) apuntan esta realidad, de los 20 millones de cabras en Bangladesh,
10,4 millones de cabras estan criadas en sistema de patio trasero por agricultores
rurales, especialmente las mujeres pobres o los ninos. Estos animales no sélo sirven
de sustento para la poblacién méas pobre, sino representan una parte importante
de la economia rural del pais. Existen alrededor de 38,1 millones de pequenos ru-

miantes (cabras y ovejas) en Bangladesh FAO (2005), representando una cantidad
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considerable de divisas por exportacién de pieles y otros subproductos (KAMA-
RUDDIN, 2003). Segun dados de la FAO (2007), la agricultura en Bangladesh
se estd transformando gradualmente del sistema de produccién de subsistencia a
una agricultura comercial. La importancia de los cultivos comerciales tradicionales
(yute, cana de azicar, tabaco, etc.) ha disminuido con el tiempo. Por necesidad,
los agricultores estan recurriendo a los cultivos de alimentos tales como el arroz,
el trigo, frutas y verduras para la producciéon comercial y para ingresos en efec-
tivo. Andlogamente a Pakistdn, Bangladesh cultiva el arroz y tiene este cultivo
como el cultivo mas dominante del pafs. Como hemos mencionado previamente,
las irrigaciones de los arrozales y los estanques aumenta la incidencia de fascio-
liasis en animales. Bangladesh es uno de los paises asidticos donde la fascioliasis
es la enfermedad parasitaria mas frecuente en bovinos, bifalos, cabras y ovejas
(NOORUDDIN & EL ISLAM, 1996; HOSSAIN et al., 2011). Una encuesta an-
terior revelé que 71,55 % de los bovinos, el 14,6 % de las ovejas y las cabras y el
100 % de los bufalos se ven afectados por la fascioliasis (BHUIYAN, 1970). Un
informe maés reciente (BAS-USDA, 2012) mostré que el 10,42 % de ganado, 9%
cabras y 36,61 % de los bifalos estan infectados con Fasciola sp. El drea de estudio
de la presente Tesis Doctoral comprende 9 lugares de 8 distritos de cuatro zonas

agro-ecologicas diferentes.

2.1.1.6. Iran

Irdn limita al norte con Armenia, Azerbaijan, el mar Caspio y Turkmenistdn, al
este con Afganistan y Pakistan, al oeste con Turquia e Irak y al sur con el golfo
Pérsico y el mar de Omén. La superficie de Irdn es de 1 648 000 km?, presentan
como ciudades principales Teheran, Tabriz, Meshed, Ispahéan, Shiraz, Abadén, Ah-
waz y Kermanshah. El PIB per cédpita es de 6,359 Délares USA. Los principales
productos de exportacion son el petrdleo, frutas, tapetes y acero. La economia
de Irdn esta principalmente marcada por la dependencia de las exportaciones de
petrédleo y gas. A parte, también estd presente la agricultura, industria y servicios.
El sector agricola estda basado en el cultivo de cereales como el trigo, el arroz,
cana de agzucar, arboles frutales, frutos secos y algodén. La produccion ganadera

se centra en la produccién lana, leche y otros productos licteos (CIA WORLD
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FACTBOOK, 2014). En Asia, el Oriente Préximo aparece como un importan-
te foco de fascioliasis humana. En Irdn, la fascioliasis estd presente en muchas
provincias, incluyendo el Kurdistan, Zanjan, Kermanshah, Mazandaran, Teheran,
Azerbaiyén, Gilan, Fars y Juzestdn (AMOR et al., 2011). La fascioliasis animal
esté presente en la mayor parte del pais y su prevalencia alcanza hasta el 50 %
en algunas dreas (MOGHADDAM et al., 2004a; ROKNI, 2008; MOSHFE et al.,
2003). Entre los animales infectados estan el ganado vacuno, ovino, bifalos y ca-
bras. La fascioliasis causada por F. hepatica, F. gigantica y formas intermedias
esta presente en la provincia Guilan, con una situacién epidemiolégica complica-
da, y donde se ha descrito las tasas mas altas de infeccion humana en Iran. El
primér brote implicé alrededor de 10,000 personas en 1987 y el segundo brote de
alrededor de 5,000 personas, diez anos después. La mayoria de los casos humanos
en Guilan se detectaron en personas que vivian en las tierras bajas de los dis-
tritos de Bandar-Anzali y de Rasht, en una zona situada a 23 m por debajo del
nivel del mar. Estos son los brotes de fascioliasis humana que han implicado un
mayor numero de pacientes hasta el momento. El material de Iran analizado en
el presente trabajo procede de Guilan (véase Fig. 2.6), situada a lo largo de las
orillas occidentales de Mar Caspio, incluyendo tierras bajas con un llano costero y
colinas en donde se presentan los casos humanos de fascioliasis y areas montanosas
(tierras altas). Guilan tiene un clima himedo subtropical con la precipitacién més
elevada del pais, sobre todo entre septiembre y diciembre. La humedad es muy
alta debido al cardcter pantanoso de los llanos costeros y puede alcanzar el 90 %
en el verano, con temperaturas por encima de 26 °C. La linea de la costa es mas
fria. Gran parte de la provincia es montafnosa, verde y arbolada. El llano costero a
lo largo de Mar Caspio se usa principalmente para campos de arroz, con altitudes
que se extienden entre 27 m por debajo del nivel de mar y 300 m por encima
de nivel de mar, y en donde el 60 % del terreno incluye pantanos, con numerosos
canales de irrigacién y el cultivo del arroz como la actividad agricola principal
(ASHRSAFI & MAS-COMA, 2014).

31



Capitulo 2. MATERIAL AND METHODS

FiGUrA 2.6: Mapa de Iran, situando la region de Gilan.
www. wikipedia. com.

2.1.2. Material Parasitolégico

Todos los ejemplares de fasciélidos utilizados para el estudio morfométrico fueron
obtenidos de los conductos biliares de animales naturalmente infectados. Los hue-
vos se recolectaron de los uteros de los Trematodos adultos gravidos, aplicando
un poco de presién en el acetdbulo para forzar la salida de los huevos maduros a
través del poro genital. A continuacion se detalla el material analizado, indicando

la localizacién geografica y especie hospedadora.

Material de Espana: 81 trematodos adultos de 7 individuos de ganado vacuno (B.
taurus) del Matadero de Mercavalencia (Valencia); 35 trematodos adultos de 11
individuos de jabali (Sus scrofa) de Galicia; 88 trematodos adultos procedentes
de 7 ovinos (Ouis aries) de Galicia y 133 trematodos adultos procedentes de 7

individuos de ganado vacuno (B. taurus) de Galicia (véase Fig. 2.1).
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Material de Francia: 84 ejemplares de 6 individuos de ganado vacuno (B. taurus)

del Matadero de Portovechio (Cércega, Francia).

Material de Burkina Faso: 81 ejemplares de 4 cebiis (Bos indicus) del Matadero
de Bobo-Dioulasso (Burkina Faso).

Material de Pakistan: 81 ejemplares de 19 bufalos (Bubalus bubalis) de diferentes

distritos de la zona central de Punjab (véase Fig. 2.4).

Material de Bangladesh: 102 ejemplares de 51 bifalos (B. bubalis) y 51 cebus (B.
indicus) (véase Fig. 2.5).

Material de Iran: se escogieron parasitos adultos de mataderos localizados en re-
giones con una mayor diversidad, zonas montafiosas, de tierras bajas y colinas. Se
estudiaron un total de 69 higados incluyendo 4713 adultos (Fasciola) procedentes
de cuatro especies hospedadoras: vacuno (B. taurus), bifalos (B. bubalis), ovinos
(O. aries) y cabras (Capra aegagrus hircus). De estos fascidlidos se seleccionaron
los de mejor estado, un total de 1361 parasitos adultos (véase Fig. 2.6). De estos

se analizaron:

- Fasciola hepatica, 153 procedentes del ganado bovino, 8 de bufalo, 130 de ovinos
y 301 de cabras (localizadas principalmente en zonas montanosas y colinas);

- F. gigantica, 625 de ganado vacuno, 123 de bifalos y 21 de ovinos.
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2.2. Meétodos y Técnicas

2.2.1. Técnicas Mastozooldgicas

Estas técnicas van a proporcionar informacién sobre el tratamiento de los hospe-
dadores definitivos utilizados para poder recuperar los diferentes estadios (adultos

y huevos) de los Digénidos.

2.2.1.1. Estudio del higado y canales biliares

Dado que en F. hepatica y F. gigantica el microhabitat de parasitacion especifico
del adulto es el higado, se realizé un minucioso estudio de este érgano. Los higados
infectados procedentes de los distintos mataderos fueron trasladados hasta el labo-
ratorio en fresco y sin congelacién para procurar mantener los fasciélidos vivos. La
coleccion de los especimenes fue realizada a través de una necropsia parasitaria del
higado. El propésito de esta necropsia es colectar los fascidlidos de la cara visceral
hepatica, la vesicula biliar, los conductos biliares mayores y finalmente los menores
que se encuentran en la parte mas profunda del parénquima hepético. Los canales
biliares aumentan mucho su didmetro en la fase de estado, siendo facil detectar si
van a existir adultos de F. hepatica o F. gigantica en ellos. Al abrir el canal biliar
con unas tijeras, los Digénidos adultos salen vivos, procediéndose a su recoleccién
y fijacién. Una vez extraidos los diferentes especimenes, se colocaron en agua para
permitir que el fascidlido libere restos del jugo biliar (PANOVA, 2002; PERIAGO,
2008).

2.2.2. Técnicas Helmintoldgicas

Las técnicas helmintolégicas se utilizan para la preparacién y estudio de los Digéni-

dos adultos, para su posterior estudio morfométrico y morfoanatémico.
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2.2.2.1. Técnicas Microscépicas Generales

Estas técnicas incluyen los procesos realizados desde la recogida de los vermes
hasta su estudio en el microscopio, es decir, la fijacién de los Trematodos, su

conservacion, coloracién, diferenciacion, deshidratacién y montaje.

2.2.2.1.1 Fijacion

Para que la visualizacién de la anatomia interna del Trematodo sea Optima, el
verme se debe fijar in vivo y ser sometido a una ligera presiéon. El proceso de
fijacién se detalla a continuacion. En ejemplares pequenos se coloca el Trematodo
vivo con un pincel sobre un portaobjetos en una gota de agua. Se anade una
gota de liquido de Bouin en la cara inferior de un cubreobjetos y se deja caer
sobre el Trematodo, cuidando que éste no se encuentre ladeado, en cuyo caso se
enderezara con ayuda de una aguja enmangada. El verme debe permanecer entre
porta y cubreobjetos unos 20 minutos. Luego se levanta y se traslada el Trematodo
con un pincel a una placa Petri con fijador de Bouin, en el que permanecerd unos
30 minutos (MARCOS, 1993).

En ambos casos, transcurrido el tiempo establecido, se llevan a alcohol de 70°,
cambiando éste diariamente hasta que el verme pierda la coloraciéon amarilla dada
por el fijador; en nuestro caso oscila entre 30 a 90 dias dependiendo del tamano
del Trematodo. El liquido de Bouin se considera uno de los mejores fijadores

topograficos. Su composicién por cada 100 ml es la siguiente:

Solucion acuosa de acido picrico
75 ml Formol (solucién comercial al 40 %)

25 ml Acido acético 5 ml

Se prepara de la siguiente manera: en un matraz, se pone un litro de agua y se
calienta hasta que esté templada. Se coloca el matraz sobre un agitador y se le
va anadiendo poco a poco &cido picrico hasta conseguir una solucién saturada del
mismo, es decir, hasta que el acido picrico no se disuelva en el agua. Una vez
conseguido se deja reposar 24 horas (solucién madre). Para utilizar el fijador se

anade a pequenas fracciones de la mezcla la cantidad correspondiente de acido

35



Capitulo 2. MATERIAL AND METHODS

acético (b partes de acido acético por cada 100 partes de solucién) (PANOVA,
2002). El liquido de Bouin fija de forma homogénea y penetra rapidamente. La
retraccion en el momento de la fijacion es mas débil que con otras buenas mezclas
fijadoras (BARGUES, 1986).

2.2.2.1.2 Conservacién

La conservacion se realiza en viales con alcohol de 70°; en el cual los Digénidos

pueden permanecer hasta el momento de su tincién (PANOVA, 2002).

2.2.2.1.3 Coloracién

Las tinciones utilizadas dan lugar a preparaciones permanentes, imprescindibles
en el estudio llevado a cabo. El colorante utilizado ha sido el Carmin Borécico de

Grenacher, cuya férmula es la siguiente:

Solucién acuosa de bérax al 4% (8 gramos de bérax en 200 cc de agua destilada)

Carmin (casa Merck)

Se detalla a continuacién el protocolo de preparacion del carmin Boracico de Gre-
nacher. En un matraz redondo se pone la solucién acuosa anterior y se le anaden
5 gramos de carmin. Se calienta en un recipiente de reflujo, en el cual tenemos un
cazo con tierra y el matraz esférico, con un refrigerador por el que entra y sale
agua. Se deja hervir suavemente durante 30 minutos y se le afiaden 200 cc de al-
cohol de 70°. Se deja reposar 24 horas y se filtra (PANOVA, 2002). Los Digénidos
obtenidos deben permanecer en el colorante un tiempo determinado que depende
de su grosor y su capacidad de tomar el colorante. Los adultos de F. hepatica
y F. gigantica deben tenirse de forma suficiente pero no excesiva para facilitar
su posterior diferenciacion. Si los ejemplares se tifien en exceso deben estar mas
tiempo en el liquido diferenciador, lo que puede alterar el inicial de la tincién e
incluso los tejidos del verme. En lineas generales diremos que los adultos de F.
hepatica de mayor grosor y los adultos de F. gigantica se han tenido durante 24
horas en la mezcla de carmin Boréacico de Grenacher. La tincion éptima se controla

periddicamente bajo la lupa binocular.
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2.2.2.1.4 Diferenciacién

Una vez que el Trematodo ha sido tenido efectuamos la diferenciacién en alcohol
clorhidrico. Con un pincel bien seco extraemos los vermes del colorante y los colo-
camos, de uno en uno, en una placa Petri afiadiendo, gota a gota, acido clorhidrico
comercial (35%). El Trematodo va alcanzando una tonalidad rosada con luz su-
perior de la lupa, debiéndose observar con la inferior todas las estructuras del
parasito por transparencia. La duracién de esta operacién depende del tamano y
grosor del Trematodo (PANOVA, 2002).

2.2.2.1.5 Deshidratacion

Tras la diferenciacién colocamos una serie de placas Petri con distintos alcoholes
en los que, con ayuda de un pincel, iremos pasando sucesivamente los parasitos.
En la primera placa, con etanol de 70°, el Digénido debe estar 10 minutos. Después
lo llevamos a otra placa con alcohol de 96°, 15 minutos. De ésta pasa a alcohol de
100° 15 minutos mas, otros 15 minutos en alcohol butilico y finalmente 15 minutos

en xilol, terminando con este paso la cadena de deshidratacién.

2.2.2.1.6 Montaje

El montaje se realiza con un portaobjetos, un cubreobjetos y balsamo de Canada,
resina comercial que solidifica rapidamente y proporciona preparaciones de larga
vida. Sin embargo, para poderla emplear es necesario realizar una previa deshi-
dratacion del material, ya que no es soluble en agua. Para realizar el montaje se
coloca sobre el portaobjetos una gota de balsamo de Canadd y sobre ella el Tre-
matodo en posicion ventral, es decir, con la ventosa o acetdbulo ventral de cara al
cubreobjetos. Con un pincel mojado en xilol eliminamos las posibles burbujas que
se hayan podido formar en el balsamo antes de colocar el cubreobjetos sobre él.
Si una vez montado, el pardsito no presenta suficiente balsamo, o si éste se retrae,
se puede anadir mas pincelando con xilol los bordes entre porta y cubre, afiadien-
do una gota de balsamo de Canadd, que entra en la preparacién por capilaridad

(MARCOS, 1993). Por ultimo, se introducen las preparaciones en la estufa a 20
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°C de 4 a 24 horas, hasta que estén secas. Si el balsamo se retrae por el calor, se
repite la operacién anteriormente descrita de pincelado con xilol y balsamo por
capilaridad (PANOVA, 2002).

2.2.2.2. Estudio Morfométrico CIAS

Para la obtencion de imagenes y para el cdlculo de las diferentes medidas mor-
fométricas con un analizador de imédgenes, tanto unidimensionales como bidimen-

sionales y para la obtencién de imagenes se han utilizado los siguientes programas:

» Image-Pro Plus, version 5.1 para Windows (Media Cybernetics Inc., Silver
Spring, USA): con dicho programa comercializado se han creado macros pa-
ra el calculo de las dimensiones en imégenes digitalizadas mediante camara
digital Nikon Coolpix 5400 y Leica V-LUX 1 (para medidas de adultos) y
mediante un microscopio Nikon modelo SE equipado con un revolver de 4 ob-
jetivos (4x, 10x, 40x, 100x y 2 oculares de 10x), conectado con videocdmara
de color 3CCD (Sony DXC-930P) (para medidas de ventosas y faringes).

= Microsoft Excel: programa comercializado para anélisis y célculos de da-
tos. Los datos obtenidos a través de Image-Pro®Plus se exportaban a los

archivos de dicho programa para poder operar después con ellos.

La estandarizacién de la metodologia para la realizacion de las medidas es fun-
damental en cualquier estudio morfométrico (VALERO & MAS-COMA, 1985;
VALERO, 1986; VALERO et al., 1987; VALERQO et al., 1996, 2005; PERIAGO et
al., 2006, 2008). Los trabajos de VALERO et al. (1996, 2005) y PERIAGO et al.
(2006, 2008) proponen la metodologia Computer Image Analysis System (CIAS)
para el estudio morfométrico de los adultos de F. hepatica y F. gigantica. Se han
realizado mediciones de adultos de fasciélidos en material fijado y montado en
preparaciones permanentes. Los parametros morfométricos analizados en el huevo
de los fascidlidos son los siguientes:

Caracteristicas biométricas lineales: EL. = Longitud del huevo; EW = anchura del
huevo; EP = perimetro del huevo; ER = circularidad del huevo (ER=EP2/47EW).

38



2.2. Métodos y Técnicas

Superficies: EA = area del huevo.

Relaciones: EL/EW = relacién entre longitud del huevo y anchura del huevo.

Los parametros morfométricos analizados en el fasciélido adulto son los siguientes
(véase Fig. 2.7):

Caracteristicas biométricas lineares: BL= longitud corporal; BW= anchura corpo-
ral; BWOv= anchura corporal a nivel del ovario; BP= perimetro corporal; BR=
circularidad corporal (BR=BP2/47rBW); CL= longitud del cono; CW= anchura
de cono; OSMax= didmetro maximo de la ventosa oral; OSmin= didmetro mini-
mo de la ventosa oral; VSMax= didmetro maximo de la ventosa ventral; VSmin=
didmetro minimo de la ventosa ventral; A-VS= distancia entre el extremo anterior
del cuerpo y la ventosa ventral; OS-VS= distancia entre la ventosa oral y ventosa
ventral; VS-Vit= distancia entre la ventosa ventral hasta el final de las glandu-
las vitelogenas; Vit-P= distancia entre las glandulas vitelégenas hasta la parte
posterior corporal; VS-P= distancia entre la ventosa ventral y la parte posterior
corporal; PhLL= longitud de la faringe; PhW: anchura de la faringe; TL= longitud
testicular; TW= anchura testicular; TP= perimetro testicular; TR= circularidad
testicular (TR=TP2/47TW). Superficies: BA= superficie corporal; OSA= super-
ficie de la ventosa oral; VSA= superficie de la ventosa ventral; PhA= superficie de
la faringe; TA= superficie testicular. Relaciones: BL/BW= relacién entre longitud
corporal y anchura corporal; BWOv/CW= relacién entre la anchura corporal a
nivel de ovario y distancia entre la ventosa ventral y el final corporal; OS/VS=
relacién entre drea de la ventosa oral y area de la ventosa ventral; BL/VS-P=
relacion entre la longitud corporal y la es el objeto més grande son los valores
(PERIAGO et al., 2008).

La medida de la circularidad se utilizé para cuantificar su forma. Esta medida
sirve para conocer como de circular es un objeto. Un objeto circular tendrd una

circularidad de 1.0, cuanto mas regular.
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FiguraA 2.7: Medidas estandarizadas aplicadas a espécimes adultos gravidos de
F. hepatica-like (A) y F. gigantica-like (B) (PERIAGO et al., 2006).

2.2.2.3. Analisis Estadistico

Los fascidlidos adultos sufren un proceso marcado de desarrollo en el hospedador

definitivo. Los cambios de los diferentes parametros biométricos de los Trematodos
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a diferentes tiempos han sido analizados previamente en F. hepatica (VALERO et
al., 1998, 2001a, b, 2005, 2011). Las correspondientes curvas de crecimiento obte-
nidas son logisticas, lo cudl implica que el desarrollo morfométrico de F. hepatica
no es ilimitado, sino “damped” y no puede exceder de ciertos valores maximos
caracteristicos ym (=valor maximo alcanzado por una variable biométrica). Este
modelo describe la variacién de los valores biométricos del adulto de F. hepatica a
lo largo del tiempo, desde la migracién de parasito por el parénquima hepatico a la
localizacién del adulto en el interior del conducto biliar. La entrada en el conducto
biliar induce a la maduracién y la produccién de huevos. El modelo logistico que
representa el crecimiento del cuerpo y el desarrollo se caracteriza por dos fases
(VALERO et al., 1998, 2005). La parte exponencial de crecimiento logistico co-
rresponde al desarrollo de cuerpo durante la migracién en la cavidad abdominal y
el parénquima hepatico, y la fase saturada corresponde al desarrollo, maduracién
sexual y produccién de huevos en el conducto biliar. Por consiguiente, para evitar
la influencia de la edad y el crecimiento sobre la comparacién morfométrica, la
variacién morfolégica la hemos cuantificado a través de la morfometria geométrica
(ROHLF & MARCUS, 1993), una técnica que ofrece una estimacién del tamano
y las diferentes tasas de crecimiento se integran en una tnica variable (ROHLF &
MARCUS, 1993).

2.2.2.3.1 Anadlisis de los Componentes principales (ACP)

El andlisis de los componentes principales (ACP) permite explorar la variacién in-
dividual y reconocer eventualmente los agrupamientos particulares sobre un “mapa
factorial”, que generalmente se trata de un plot de los dos primeros componentes
principales (BOOKSTEIN, 1989; ROHLF & MARCUS, 1993; KLINGERBERG,
1996; DUJARDIN et al., 2002; DUJARDIN & LE PONT, 2004). Este andlisis no
toma en cuenta la pertenencia de cada individuo a grupos distintos. Es un analisis
ciego y frecuentemente puede detectar estos grupos a partir de los valores indivi-
duales (DUJARDIN et al., 2002). En resumen, la funcién del analisis en componen-
tes principales es doble. Por una parte, permite reconocer una estructuracién en
particular de los individuos, correspondiente o no a su clasificacién inicial, asi que
puede ser utilizado como instrumento de clasificacién. Por otra parte, el andlisis en

componentes principales presenta el interés adicional de proporcionar una variable
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de tamano, en general el primer componente principal (CPI), variable que serd uti-
lizada después para eliminar el efecto tamafio de las poblaciones en comparacién
(DUJARDIN et al., 2002). Asi, el andlisis en componentes principales brinda una
variable de tamano (CPI), que es la combinacién lineal que representa la varianza
maxima. Ademas, geométricamente CPI se corresponde con la direccién del eje
mas largo a través de la nube de puntos. Las subsiguientes variables (CPII, CPIII,
etc.), matematicamente independientes, alcanzan la varianza méxima, siendo un
eje ortogonal al resto de los componentes (KLINGERBERG, 1996). Ademés, es-
ta clase de andlisis permite separar la influencia del tamano de la influencia de
la forma sobre la estructura observada (DUJARDIN et al., 2002). El andlisis se
llevé a cabo usando el software BAC v.2 (DUJARDIN, 2002), utilizando varios
médulos CLIC package (by J.P. Dujardin, http://momedujardin.wordpress.com).
Para realizar de manera 6ptima estos dos objetivos del analisis en componentes
principales, los datos iniciales deben transformarse en logaritmos naturales. Esta
transformacién presenta numerosas ventajas estadisticas (normalizacién de las dis-
tribuciones, igualacién de las varianzas, etc.) y permite comparar las diferencias
relativas mas que las absolutas (DUJARDIN et al., 2002). Se han utilizado las
siguientes medidas no redundantes (una medida no incluye a la otra) en el estudio
de los adultos: BL, BW, BP, OS max, OS min, VS max, VS min, A-VS, VS-Vit,
Vit-P, PhL,, PhW and TL, donde al menos se ha tenido en cuenta una dimensién

de los caracteres morfolégicos méas importantes.

2.2.2.3.2 Correlaciones

Para el calculé de la correlacién entre dos variables se utilizo la correlaciéon de Pear-

son. Se han considerado resultados estadisticamente significativos cuando P<0.05.
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3.1. Phenotyping of adult fasciolids in Pakistan

Pakistan is one of the Asian countries where both fasciolid species overlap, and
fascioliasis is highly prevalent in livestock, including cattle, buffaloes, sheep and
goats (KHAN et al., 2010), and the two fasciolid species are frequently reported
(MAQBOOL et al., 1994, 2002; SIDDIQI & SHAH, 1984; CHAUDHRY & NIAZ,
1984; MASUD & MAJID, 1984; KHAN et al., 2009). In the Punjab province of
Pakistan, fascioliasis is of special concern in bovines. Fascioliasis has been found
to be endemic in various districts, with prevalences ranging from 10.48 to 40.31 %
(CHAUDHRY & NIAZ, 1984; MASUD & MAJID, 1984; MAQBOOL et al., 2002;
KHAN et al., 2009), and results indicate the presence of F. gigantica to be more
widespread than F. hepatica in five Punjabi districts (KHAN et al., 2009).
Furthermore, human cases have also been described in rural areas of Lahore, Cen-
tral Punjab, Pakistan, thus suggesting fascioliasis to be an even greater public
heath problem than previously estimated (QURESHI et al., 2005).

Faced with the present situation, it is evident that further studies about the epi-
demiology and transmission of the disease to humans and animals are required to
obtain the baseline on which to establish appropriate control measures in that en-
demic area of Pakistan. This study represents a step further in this endeavour, by
analysing the morphometric characteristics of fasciolid adults infecting the buffalo
in Pakistan, one of the main livestock species present. Unfortunately, appropriate
phenotypic analyses to assess the presence and phenotypic features of the fascio-
lids have never been carried out in Pakistan. Studies were performed on the basis
of standardised measurements known to be useful for the differentiation of both
fasciolid species (PERIAGO et al., 2006). Therefore, a computer image analysis
system (CIAS) method (VALERO et al., 2005) was applied to flukes collected
from buffaloes. Since it is the first time that such a study has been performed in
Pakistan, the results are compared to pure fasciolid populations, namely (i) F.
hepatica from the European Mediterranean area and (ii) F. gigantica from Bur-

kina Faso, i.e. geographical areas where both species do not co-exist, according
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to previously obtained results (PERIAGO et al., 2006).The definitive animal host
species is known to pronouncedly influence the phenotype of both adult stage and
egg of the liver fluke, mainly due to the different size of the liver duct microhabi-
tat (VALERO et al., 2001a, 2002, 2009a). For this reason, only parasites obtained

from bovines were used in this study.

3.1.1. Material and Methods

3.1.1.1. Material

Only parasites obtained from bovines were used in this study.The Material used is
detailed in Section 2.1.2 in the Material & Methods. The study area is described
in 2.1.1.4 Section

3.1.1.2. Morphometrics

An accurate morphometric study was conducted to phenotypically discriminate
between F. hepatica and F. gigantica. Only adult flukes found in naturally infec-
ted bovines were used for the phenotypic comparison. All measurements of adult
worms and eggs were made according to a previously described standardised met-
hodology (VALERO et al., 2005, 2009a; PERIAGO et al., 2006, 2008). After egg
collection from the uteri of flukes, standardised measurements were taken using a
microscope and images captured by a digital camera (Nikon Coolpix), which were
then analysed by image analysis software (ImagePro plus version 5.0 for Windows,
Media Cybernetics, Silver Spring, USA) (see 2.2.2.8 Section). For adult fasciolids,
the standardised measurements described in 2.2.2.8 Section were taken (Fig. 2.7).
Since the morphometric maximum values are characteristic for each population,

they are considered the comparative base of this study (Table 3.1).

3.1.1.3. Data analysis

Morphological variation is quantified by geometrical morphometrics (ROHLF &
MARCUS, 1993). The principal component analysis is used to summarize most
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of the variations in a multivariate dataset in few dimensions (DUJARDIN & LE
PONT, 2004) and is described in 2.3 Section. The following non-redundant mea-
surements (one measurement is not included in another) used for fasciolid adults
were BL, BW, BP, OS max, OS min, VS max, VS min, A-VS, VS-Vit, Vit-P,
PhL, PhW and TL, where at least one dimension was measured among the most
important morphological characters. The remaining variables were all significantly
correlated with the first principal component (PC1), contributing 72 % to overall
variations. PC1 could therefore be accepted as a general indicator of size (BOOKS-
TEIN, 1989), so that the resulting factor maps (Fig. 3.1) clearly illustrate global

size differences in the populations analysed.
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FiGuraA 3.1: Principal component analysis of adult fasciolids from natural infec-
tions in bovines of Pakistan (dashed and double dotted line) compared with F.
hepatica from Valencia, Spain (dashed line) and Corsica, France (dashed-dotted
line) and F. gigantica from Burkina Faso (dotted line) (PERIAGO et al., 2006).

Samples are projected on to the first (PCI, 70 %) and second (PCII, 13 %) prin-
cipal components.



3.1. Phenotyping of adult fasciolids in Pakistan

\ Adult measurements \ Pakistan Burkina Faso Spain
Fasciola sp. F. gigantica F. hepatica
n=81 n=81 n=84
Body length (BL) 29.09 £5.23 39.72+0.58 17.41£0.23
17.43 - 41.34 28.82-52.30 11.64-22.93
Body width (BW) 9.64 +1.29 8.45+0.14 10.02 £ 0.17
6.37 - 12.45 6.03-11.84 6.41-13.88
Body width ovary level (BWOv) 7.83+1.07 7.59+0.13 7.90 £0.14
5.48 - 10.49 5.33-11.55 4.53-11.67
Body perimeter (BP) 70.84 + 11.40 85.25+1.21 43.05 + 0.55
43.42 - 96.87 63.19-113.71 28.58-54.40
Body roundness (BR) 1.91+0.21 2.47 £ 0.05 1.23+0.01
1.53-2.65 1.71-3.65 1.06-1.58
Cone length (CL) 2.16 + 0.26 2.67 £ 0.04 1.09-2.92
1.59 - 2.68 2.10-3.36 2.02+0.04
Cone width (CW) 3.52+0.37 3.74 £ 0.06 3.20 £ 0.04
2.59 - 4.37 2.23-5.08 2.35-4.21
Maximum diameter of oral sucker 1.00 £ 0.12 0.83 £ 0.02 0.85+0.01
(OS max) 0.72-1.78 0.52-1.17 0.57-1.03
Minimum diameter of oral sucker (OS 0.32-1.62 0.62 £ 0.02 0.61+£0.01
max) 0.66 + 0.16 0.21-0.95 0.44-0.77
Maximum diameter of ventral sucker 1.55+0.13 1.50 £ 0.02 1.13+0.01
(VS max) 1.08 - 1.88 0.87-1.92 0.92-1.49
Minimum diameter of ventral sucker 1.41+0.14 1.38 £ 0.02 1.12+0.01
(VS max) 0.61-1.66 0.80-1.83 0.86-1.35
Distance between anterior end of 1.94 +£0.29 2.36 £ 0.03 2.05+0.04
body and VS (A-VS) 0.97 -2.48 1.46-3.01 1.12-2.92
Distance between suckers (0S-VS) 1.29+0.28 1.71+£0.03 1.42+£0.04
0.16 - 1.91 1.15-2.22 0.57-2.4.1
Distance between Vs and union of 18.67 + 3.59 22.68 +0.45 9.60 £ 0.17
vitelline gland (VS-Vit) 10.71 - 26.60 12.26-34.11 6.57-14.31
Distance between Vit and posterior 8.83+2.26 13.45+0.32 4.73+0.10
end of body (Vit-P) 1.38 - 15.32 8.97-21.43 2.63-7.57
Distance between VS and posterior 27.50 £+ 5.30 36.39+0.59 14.40 £ 0.22
end of body (VS-P) 15.88 - 39.57 26.28-50.09 9.51-19.94
Pharynx length (PL) 0.93 +0.11 0.78 £ 0.02 0.70 £ 0.01
0.63 - 1.28 0.46-1.06 0.52-1.00
Pharynx width (PW) 0.56 + 0.09 0.42 £ 0.01 0.44 £ 0.01
0.34-0.75 0.23-0.68 0.26-0.83
Testicular space length (TL) 13.79+£3.14 18.76 £ 0.38 7.91+0.15
7.80 - 22.26 12.76-29.38 5.45-11.68
Testicular space width (TW) 5.68 £ 0.91 5.51+0.12 6.61+0.12
3.71-7.64 3.24-8.66 4.18-8.93
Testicular space perimeter (TP) 37.29+7.43 44.62 +0.87 25.32+0.42
22.48 - 59.63 25.97-68.06 17.10-34.34
Body area (BA) 212.47 £ 54.59 249.38 £7.48 123.83 +£3.28
87.33 - 332.11 162.58-482.91 54.90-197.40
Oral sucker area (OSA) 0.52 £ 0.11 0.46 £ 0.03 0.41+£0.01
0.28 - 0.84 0.10-1.11 0.25-0.56
Ventral sucker area (VSA) 1.75+0.26 1.86 £ 0.08 0.99 + 0.02
1.03-2.46 0.56-3.52 0.67-1.57
Pharynx area (PA) 0.40 £ 0.08 0.33 £0.02 0.31+£0.01
0.21-0.64 0.12-0.64 0.16-0.57
Testicular space area (TA) 62.10 £ 19.65 80.75 + 3.44 40.45+1.24
22.41-123.46 41.05-187.50 17.85-70.62
Ratio between BL and BW (BL/BW) 3.04 £ 0.53 4.70+0.08 1.74 £ 0.03
2.02-4.85 3.40-6.77 1.29-2.77
Ratio between BWOv and CW 2.24+0.29 2.03 £ 0.05 2.47 +0.04
(BWOV/CW) 1.66 - 2.88 1.34-3.63 1.52-3.46
Ratio between Suckers area OSA/VSA 0.30 + 0.05 0.25+0.01 0.41+£0.01
0.17 - 0.44 0.08-0.40 0.24-0.60
Ratio between BL ad VS-P (BL/VS-P) 1.06 + 0.02 1.09 + 0.004 1.21 £ 0.004
1.01-1.12 0.95-1.20, 1.14-1.31

TABLA 3.1: Comparative morphometrics in mm (mean +/- SD and ranges) of
81 adult liver flukes from buffaloes of Pakistan. n. number of adult liver flukes
measured; lineal biometric characters in mm. areas in mm=.

2
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3.1.2. Results

Fasciolid populations from Pakistan were grouped according to the maximum and
minimum values of given differentiating morphological measurements previously
proposed for F. hepatica, F. gigantica or Fasciola sp. (= intermediate forms) (PE-
RIAGO et al., 2006): BR: 1.06-1.58 in F. hepatica; 1.71-3.65 in F. gigantica;
BL/BW: 1.29-2.80 in F. hepatica; 3.40-6.78 in F. gigantica and VS-P: 8.86-25.08
mm in F. hepatica; 26.28-50.09 mm in F. gigantica. The specimens from Pakistan
were first grouped according to BR and BL/ BW, and, secondarily, according to
VS-P. Using these criteria, adult specimens from Pakistan were grouped into F.
hepatica-like (3.7 %), F. gigantica-like (22.2%) or Fasciola sp.-like (74.1%).

Secondly, integration of morphological data from all adult specimens from Pa-
kistan (without the above-mentioned previous classification) through Principal
Component Analysis was made. Adults from Spain and Burkina Faso were inclu-
ded in the same analysis as F. hepatica and F. gigantica standard populations,
respectively. Fasciolid variables all significantly correlated with PC1. The resulting
factor maps (Fig. 3.1) clearly illustrate global size differences in the populations
analysed, where each group is represented by its perimeter. Two independent zo-
nes can be distinguished: one zone is made up of samples from Spain, while the
other zone consists only of samples from Burkina Faso. These zones overlap with
the samples from Pakistan. The multivariate analysis used to measure the changes
in size of fasciolid adults from Pakistan and compared with the above-mentioned
standard populations for each pure fasciolid species showed that the size of most
fasciolids from Pakistan is situated between F. hepatica and F. gigantica standard
populations. These results confirm that intermediate forms of fasciolids exist in
Central Punjab. Nevertheless, it is worth mentioning that the samples from Pa-
kistan overlap with F. hepatica and F. gigantica standard populations, but in the
absence of specimens of standard F. hepatica and F. gigantica from Pakistan it
is also possible that the forms identified as F. hepatica-like and F. gigantica-like
could be the extreme values of the morphometric distribution of the Fasciola sp.

- like specimens.
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3.1.3. Discussion

In Pakistan, fascioliasis in humans from Lahore, Central Punjab, was diagnosed in
the chronic stage of the disease, i.e. through the coprological detection of fasciolid
eggs (QURESHI et al., 2005). Liver fluke disease has recently proved to be highly
pathogenic when chronic, and not only in the acute phase as previously thought.
This aspect is of great importance in human endemic areas of developing countries
where the majority of infected subjects, mainly children, are detected in the chro-
nic stage (VALERO et al., 2003, 2006a, 2008). Additionally, appropriate surveys in
these human endemic areas have shown that liver fluke infected patients are usually
concomitantly infected by other parasites, related to an immune-suppression cau-

sed by Fasciola infection in chronic fascioliasis (GIRONES et al., 2007).

This pathological scenario of great concern may be aggravated when considering
that results of recent studies indicate that the occurrence of F. gigantica is more
widespread than that of F. hepatica in five Punjabi districts (KHAN et al., 2009),
similarly to northern Iran (ASHRAFT et al., 2004). The considerably larger size
of F. gigantica adult worms when compared to F. hepatica and consequently its
higher pathogenicity must be taken into account in Pakistan. Moreover, fascioliasis
is a trematode disease highly susceptible to climatic factors (FUENTES et al.,
1999, 2001), which explains the impact of climate change on transmission of this
disease (MAS-COMA et al., 2008). Pakistan’s latitudinal situation is prone to be
affected by climate change, which has indeed already been detected, showing a rise
in the mean temperature in coastal areas, a 10-15% decrease of precipitation in
the coastal belt, the presence of hyper-arid plains, and an increase in summer and
winter precipitation in the northern part of the country (FAROOQ & KAHN, 2004;
CRUZ et al., 2007). When considering all the aforementioned facts, it becomes
evident that assessing the present situation of F. hepatica and F. gigantica is a

priority for Pakistan.

The present phenotypic study on fasciolids infecting buffaloes from Central Punjab
demonstrates the presence of intermediate forms (Fasciola sp.) (Table 3.1, Fig.
3.1).
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TABLA 3.2: Comparative morphometrics in gm (mean +/- SD and ranges) of

mature eggs of fasciolids from Pakistan with data previously published by PE-

RIAGO et al. (2006) for standard populations from Spain and Burkina Faso;

n=number of eggs measured; Length (EL), Width (EW), Perimeter (EP) in um
and Area (EA) in pum?.

The size measurements of eggs of fasciolid intermediate forms in the current study,
of 115.07-186.68/79.12-114.09 pm (Table 3.2), show intermediate values when com-
pared to the standard fasciolid populations of both species previously described
(PERIAGO et al., 2006) and which molecularly proved to be genetically pure F.
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hepatica and pure F. gigantica (MAS-COMA et al., 2009a). Fasciolid egg size
ranges depend upon livestock species and geographical areas, respectively, as pre-
viously described by applying the CIAS methodology (VALERO et al., 2009a).
Egg length minimum values obtained in the present study approach minimum va-
lues found in F. hepatica from Bolivian cattle, F. hepatica from Egyptian cattle
and those from Georgia. Egg length maximum values approach maxima obtained
in F. gigantica from Egyptian cattle and F. gigantica from Vietnamese cattle, but
are smaller than the maxima described in those from Burkina Faso. The results
obtained from fasciolids encountered in the Central Punjab area agree with re-
sults from previous studies carried out in other Asian countries, where a large egg
measurement overlap was detected (WATANABE, 1962; AKAHANE et al., 1970;
SAHBA et al., 1972; KIMURA et al., 1984; SRIMUZIPO et al., 2000).
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3.2. Phenotyping of adult fasciolids in Bangladesh

Bangladesh is one of the Asian countries where fascioliasis is the most prevalent
parasitic disease in cattle, buffaloes, goats and sheep (NOORUDDIN & ISLAM,
1996; HOSSAIN et al., 2011). An earlier survey revealed that 71.55% of cattle,
14.6 % of sheep and goats and 100 % of buffaloes are affected by the liver-fluke
(BHUIYAN, 1970). A more recent report (BAS-USDA, 2012) showed that 10.42 %
cattle, 9% goats and 36.61 % of buffaloes are infected with Fasciola among snail
borne trematode infections in Bangladesh. Recent post-mortem examinations re-
vealed a Fasciola infection rate of 35.27 % irrespective of geographical areas and
host animal species (unpublished data, 2013). Unfortunately, appropriate phe-
notypic analyses to assess the presence and phenotypic features of the fasciolids
have never been carried out in Bangladesh. The present study represents the first
attempt within that endeavour. Bovines, as the most widespread livestock species
in the country, have been the hosts selected. An approach by means of a computer
image analysis system (CIAS) (VALERO et al., 2005, 2012¢c) was applied for the

morphometric characterisation of the liver flukes.

3.2.1. Material and Methods

3.2.1.1. Material

Only parasites obtained from bovines were used in this study.The Material used is
detailed in section 2.1.2 in the Material & Methods. The study area is described

in 2.1.1 Section.

3.2.1.2. Morphometrics

An accurate morphometric study was conducted to phenotypically discriminate
between F. hepatica and F. gigantica. All measurements of adult worms and eggs
were made according to a previously described standardised methodology (VALE-
RO et al., 2005, 2009a; PERIAGO et al., 2006, 2008). After egg collection from

the uteri of flukes, standardised measurements were taken using a microscope and
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images captured by a digital camera (Nikon Coolpix), which were then analy-
sed by image analysis software (ImagePro plus version 5.0 for Windows, Media
Cybernetics, Silver Spring, USA) (see 2.2.2.2. section). For adult fasciolids, the
standardised measurements described in 2.2.2.8 Section section were taken (Fig.
2.7). Since the morphometric maximum values are characteristic for each popula-

tion, they are considered the comparative base of this study (Table 3.3).

3.2.1.3. Data analysis

Morphological variation is quantified by geometrical morphometrics (ROHLF &
MARCUS, 1993). The principal component analysis is used to summarize most
of the variations in a multivariate dataset in few dimensions (DUJARDIN & LE
PONT, 2004) and is described in 2.3 Section. The following non-redundant mea-
surements (one measurement is not included in another) used for fasciolid adults
were BL, BW, BP, OS max, OS min, VS max, VS min, A-VS, VS-Vit, Vit-P,
PhL, PhW and TL, where at least one dimension was measured among the most
important morphological characters. The remaining variables were all significantly
correlated with the first principal component (PC1), contributing 72 % to overall
variations. PC1 could therefore be accepted as a general indicator of size (BOOKS-
TEIN, 1989), so that the resulting factor maps (Table 3.3) clearly illustrate global
size differences in the populations analysed. For adult fasciolids, the following stan-
dardised measurements were taken (Fig. 2.7). Since the morphometric maximum
values are characteristic for each population, they are considered the comparative

base of this study.
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Adult Bangladesh Burkina
measurements Faso

F. sp. F. hepatica F. hepatica F. gigantica
n=102 n=84 n=86 n=81
Body length, BL 30.29+0.77 11.64-22.93 12.22-29.00 28.82-52.30
20.19-53.58 17.41+£0.23 20.45+0.37 39.72+0.58
Body width, BW 10.32+0.17 6.41-13.88 4.88-14.07 6.03-11.84
6.98-15.39 10.02+0.17 10.71+£0.18 8.45+0.14
BW at ovary level, 9.03+0.19 4.53-11.67 4.46-11.46 5.33-11.55
BWOv 5.10-12.90 7.90+0.14 8.06+0.15 7.59+0.13
Body perimeter, 81.23+1.71 28.58-54.40 30.21-66.43 63.19-113.71
BP 57.22-130.96 43.05+0.55 49.21+0.81 85.25+1.21
Body roundness, 1.69+0.02 1.06-1.58 1.10-1.55 1.71-3.65
BR 1.39-2.25 1.23+£0.01 1.25+£0.01 2.47+0.05
Cone length, CL 2.46+0.05 1.09-2.92 1.58-3.04 2.10-3.36
1.90-3.30 2.02+0.04 2.21+0.03 2.67+0.04
Cone width, CW 3.24+0.09 2.35-4.21 2.30-4.01 2.23-5.08
2.00-5.00 3.20+0.04 3.08+0.04 3.74+0.06
0OS maximum 0.72+0.01 0.57-1.03 0.60-0.99 0.52-1.17
diameter, OSmax 0.50-1.00 0.85+0.01 0.84+0.01 0.83+0.02
OS minimum 0.47+0.02 0.44-0.77 0.40-0.83 0.21-0.95
diameter, OSmin 0.20-0.90 0.61+0.01 0.65+0.01 0.62+0.02
VS maximum 1.124£0.03 0.92-1.49 0.69-1.38 0.87-1.92
diameter, VSmax 0.85-1.85 1.13+0.01 1.101£0.01 1.50+0.02
VS minimum 0.98+0.02 0.86-1.35 0.83-1.26 0.80-1.83
diameter, VSmin 0.79-1.80 1.124£0.01 1.084£0.01 1.38+£0.02
Distance between 2.50£0.03 1.12-2.92 1.35-3.04 1.46-3.01
anterior end of 2.00-3.00 2.05+0.04 2.48+0.04 2.36+0.03
body and VS, A-
VS
Distance between 1.82+0.08 0.57-2.41 0.89-2.32 1.15-2.22
suckers, 0S-VS 0.70-4.30 1.42+0.04 1.82+0.03 1.71£0.03
Distance between 18.36+0.53 6.57-14.31 5.97-18.22 12.26-34.11
VS and union of 9.35-36.04 9.60+0.17 11.64+0.26 22.68+0.45
vitelline glands,
VS-Vit

TABLA 3.3: Comparative morphometric data of adult liver flukes from bovines of

Bangladesh with previously published data of standard populations from Spain,

France and Burkina Faso described by PERIAGO et al. (2006). n. number of
adult liver flukes measured; lineal biometric characters in mm. areas in mm?2.
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Distance between
Vit and posterior
end of body, Vit-P
Distance between
VS and P, VS-P

Pharynx length,
PhL

Pharynx width,
PhW

Testicular space
length, TL

Testicular space
width, TW

Testicular space
perimeter, TP

Body area, BA
Oral sucker area,
OSA

Ventral sucker
area, VSA

Pharynx area, PhA

Testicular space
area, TA

BL/BW ratio
BWOV/CW ratio
Sucker ratio,

OSA/VSA

BL/VS-P ratio

9.42+0.32
5.20-17.02

27.78+0.77
17.71-50.82

0.74+0.03
0.27-1.57

0.60+0.02
0.26-1.14

17.17+0.38
12.00-29.00

5.27+0.14
3.00-8.00

44.88+1.02
30.00-74.80

318.41+£11.20
164.11-637.60

0.36+0.02
0.10-0.90

1.16+0.06
0.68-3.33

0.50+0.03
0.08-1.79

95.20+4.65

36.00-243.60

2.96+0.07
1.83-4.87

2.89+0.06
1.97-4.08

0.30+0.01
0.15-0.48

1.10+0.003
1.05-1.15

2.63-7.57
4.73+0.10

9.51-19.94
14.40£0.22

0.52-1.00
0.70+0.01

0.26-0.83
0.44+0.01

5.45-11.68
7.91+0.15

4.18-8.93
6.61+0.12

17.10-34.34
25.32+0.42

54.90-197.40

123.83+3.28

0.25-0.56
0.41+0.01

0.67-1.57
0.99+0.02

0.16-0.57
0.31+0.01

17.85-70.62
40.45+1.24

1.29-2.77
1.74£0.03

1.52-3.46
2.47+0.04

0.24-0.60
0.41+0.01

1.14-1.31
1.21£0.004

2.90-8.99
5.17x0.15

8.86-25.08
16.90+0.36

0.10-0.97
0.76+0.01

0.29-0.63
0.41+0.01

5.38-15.99
9.85+0.23

3.17-10.11
7.39+0.14

15.75-40.29
29.85+0.56

46.80-261.71
153.61+4.70

0.22-0.59
0.43+0.01

0.45-1.30
0.93+0.02

0.04-0.54
0.31+0.01

13.77-100.47
56.30+£1.96

1.33-2.80
1.91+0.03

1.47-3.86
2.62+0.05

0.21-0.99
0.46+0.01

0.95-1.38
1.21+0.01

8.97-21.43
13.45+0.32

26.28-50.09
36.39+0.59

0.46-1.06
0.78+0.02

0.23-0.68
0.42+0.01

12.76-29.38
18.76+0.38

3.24-8.66
5.51+0.12

25.97-68.06
44.62+0.87

162.58—
482.91
249.38+7.48
0.10-1.11
0.46+0.03

0.56-3.52
1.86+0.08

0.12-0.64
0.33+0.02

41.05-187.50
80.75+£3.44

3.40-6.77
4.70£0.08

1.34-3.63
2.03+0.05

0.08-0.40
0.25+0.01

0.95-1.20
1.09+0.004

TABLA 3.3: Comparative morphometric data of adult liver flukes from bovines of
Bangladesh with previously published data of standard populations from Spain,
France and Burkina Faso described by PERIAGO et al. (2006). n. number of

adult liver flukes measured; lineal biometric characters in mm. areas in mm=.
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BANGLADESH

3.2.2. Results

Fasciolid populations from cattle from Bangladesh were grouped according to the
maximum and minimum values of given differentiating morphological measure-
ments previously proposed for F. hepatica, F. gigantica or Fasciola sp. (= inter-
mediate forms) (PERIAGO et al., 2006): BR: 1.06-1.58 in F. hepatica, 1.71-3.65
in F. gigantica; BL/BW: 1.29-2.80 in F. hepatica, 3.40-6.78 in F. gigantica; and
VS-P: 8.86-25.08 mm in F. hepatica, 26.28-50.09 mm in F. gigantica. The spe-
cimens from Bangladesh were first grouped according to BR and BL/BW, and,
secondarily, according to VS—P. Using these criteria, adult specimens from cattle
were grouped into F. hepatica-like (11.76 %), F. gigantica-like (47.06 %) or Fascio-
la sp.-like (41.18 %). Similarly, adult specimens from buffaloes were grouped into
F. hepatica-like (5.88 %), F. gigantica-like (39.22 %) or Fasciola sp.-like (54.90 %).
The resulting factor maps clearly illustrate global size differences in the cattle and
buffalo populations analysed, each group being represented by its perimeter (Fig.
3.3). Two independent zones can be distinguished: one zone is made up of sam-
ples from Spain and Corsica, while the other zone consists only of samples from

Burkina Faso.

For Bangladesh the Figure 3.3 indicates that 24 % of specimens fit the F. gigantica-
morph and that 65 % are intermediate forms, white 11 % fit the F. hepatica-morph.

For Pakistan Figure 3.3 indicates that 40 % of specimens fit the F. gigantica-morph
and that 42 % are intermediate forms, white 18 % fit the F. hepatica-morph.

Principal component analysis of adult fasciolids from natural infections in bovines
of Bangladesh (dashed line) compared with F. hepatica from Valencia, Spain (dot-
ted line) and Corsica, France (dashed-dotted line) and F. gigantica from Burkina
Faso (solid line) (PERIAGO et al., 2006). Samples are projected on to the first
(PCI, 58 %) and second (PCII, 29 %) principal components. These zones overlap
with the samples from Bangladesh. The multivariate analysis used to measure the
changes in size of fasciolid adults from Bangladesh and compared with the above

mentioned standard populations for each pure fasciolid species showed that the
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3.2. Phenotyping of adult fasciolids in Bangladesh

size of most fasciolids from Bangladesh is situated between F. hepatica and F.

gigantica standard populations.
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FicuraA 3.2: Principal component analysis of adult fasciolids from natural in-

fections in bovines of Bangladesh (solid line) compared with F. hepatica from

Valencia, Spain (dashed line) and Corsica, France (dashed-dotted line) and F.

gigantica from Burkina Faso (dotted line) (PERIAGO et al., 2006). Samples are

projected on to the first (PCI, 58 %) and second (PCII, 29 %) principal compo-
nents.
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These results demonstrate that intermediate forms of fasciolids exist in Bangla-
desh. Nevertheless, it is worth mentioning that the samples from Bangladesh over-
lap with F. hepatica and F. gigantica standard populations, but in the absence
of specimens of standard F. hepatica and F. gigantica from Bangladesh it is also
possible that the forms identified as F. hepatica-like and F. gigantica-like could
be the extreme values of the morphometric distribution of the Fasciola sp.-like

specimens.

3.2.3. Discussion

In the material from Bangladesh, the CIAS detection of the three phenotypic
groups of F. hepatica-like forms (cattle: 11.76 %; buffalo: 5.88 %), F. gigantica-like
forms (cattle: 47.06 %; buffalo: 39.22 %) or Fasciola sp.-like forms (cattle: 41.18 %;
buffalo: 54.90 %) represent highly interesting results and pose several question
marks. The first aspect to be highlighted is the geographical and physiographi-
cal similarities between Bangladesh and the lowlands of Pakistan, where human
fascioliasis has been reported recently (QURESHI et al., 2005; QURESHI & TAN-
VEER, 2009) and where human infection by Fasciola has more recently proved
to be related to climate and global changes (AFSHAN et al., 2014). Bangladesh
presents abundant water bodies, irrigation fields and canals, making it a suita-
ble habitat for the lymnaeid snail vectors. Geographical locations, agroecological
and agrobiological conditions, and climate change with the particular trend of in-
creasing temperatures are enhancing the abundance, seasonality, reproduction and
distribution of different species of snail borne trematodes throughout the country.
Bangladesh is globally recognised as the most vulnerable country to climate chan-
ge, e.g. in Bangladesh the average temperature has registered an upward trend of
about 1°C in May and 0.5°C in November along the 14 year period from 1985 to
1998 (IPCC, 2007). According to general analyses, climate change is bound to have
a severe impact on the transmission of this disease in Bangladesh (MAS-COMA et
al., 2008, 2009b). Thus, similarity results suggest that a risk for human infection in
Bangladesh should be considered. The percentages of the three forms found in the
bovines studied, with similar proportions in both cattle and buffaloes, and with
a patent domination of F. gigantica-like forms and Fasciola sp.-like forms closer

to F. gigantica than to F. hepatica, agree with the known evolutionary historical
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scenario throughout southern Asia (MAS-COMA et al., 2009a). The detection of
F. hepatica-like forms poses the question mark about the lymnaeid vectors which
may be needed for their transmission in Bangladesh. Fasciola hepatica is mainly
transmitted by small size lymnaeid species of the Galba/Fossaria group (BAR-
GUES et al., 2007, 2011a), including Galba truncatula as the main vector and the
only one in Europe, but also present in Asia, Africa and South America. Fasciola
gigantica is transmitted by lymnaeids of larger size of the Radiz group (BARGUES
& MAS-COMA, 2005). The presence of lymnaeid vectors defines not only the dis-
tribution of fascioliasis, but may also explain the distribution of human infection
within a country, as has been recently observed in different countries (ARTIGAS
et al., 2011; BARGUES et al., 2011b,c), and within an endemic area, as well as
its seasonality or permanent transmission (BARGUES et al., 2012). In southern
Asia G. truncatula is restricted to the highlands in countries such as Afghanis-
tan and Pakistan (KENDALL, 1954,1965) and its absence as well as the lack of
appropriate Galba/Fossaria lymnaeid species for the development of F. hepatica
in India and eastward up to South-east Asia is well known (MAS-COMA et al.,
2009a). In Bangladesh, G. truncatula has never been found, nor does the country
have temperatures below 15°C (except for about 10 days a year), which indicates a
scenario not appropriate for the transmission of F. hepatica. Consequently, it may
be perhaps better to consider that the forms identified as F. hepatica-like could
indeed correspond to the extreme values of the morphometric distribution of the

Fasciola sp.-like specimens.
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TABLA 3.4: Mahalanobis distances between liver-flukes from Burkina Faso, Fran-
ce, Spain, Bangladesh and Pakistan.
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3.3. Adult fasciolids from Pakistan vs Bangladesh

3.3.1. Results

The PC analysis of fasciolid populations from bovines from Pakistan, Bangladesh,
Spain, France and Burkina Faso are indicated in (Fig. 3.3). The resulting factor
maps clearly illustrate global size differences in the cattle and buffalo populations
analysed, each group being represented by its perimeter. The results shows an
overlap of the perimeters from Pakistan and Bangladesh populations, indicating a
strong phenotypic homogeneity. Mahalanobis distances showed maximum distan-
ces when Burkina Faso, France, Spain, Bangladesh and Pakistan were compared
in (Table 3.4).

3.3.2. Discussion

Previous studies showed the presence of morphologically intermediate forms in
geographically sympatric areas of F. hepatica and F. gigantica in Africa and Asia.
In Africa, the presence of intermediate forms has been morphometrically eviden-
ced by means of the CIAS methodology in Egypt (PERIAGO et al., 2008). In
Asia, a varied spectrum of morphological forms of fasciolids has been described in
several countries, such as India (VARMA, 1953), Japan (WATANABE & ITWATA,
1954; WATANABE, 1962; OSHIMA et al., 1968a, b; TERASAKI et al., 2000),
Korea (CHU & KIM, 1967), the Philippines (KIMURA et al., 1984), Thailand
(SRIMUZIPO et al., 2000), Iran (ASHRAFT et al., 2006b), Vietnam (ITAGAKI
et al., 2009) and China (PENG et al., 2009) based on traditional microscopic mea-
surements. In Iran, however, the presence of intermediate forms was verified by
the same methodology as the one applied in this study (PERIAGO et al., 2008).
In relation to the distribution of fasciolids in Asia, historical, archeological, bio-
geographic, climatic and lymnaeid faunal data indicate that two different main
routes from the Fertile Crescent and eastwards separated by the large Himalayan
chain need to be considered (MAS-COMA et al., 2009a). One northward from
the Himalaya includes the spread of mainly F. hepatica and another route south-

ward from the Himalaya concerns the spread of mainly F. gigantica through the
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southern Asian region. This southward spread appears to have been linked to the
higher temperatures and presence of the appropriate Radixz vector species in the
lowlands of Afghanistan, Pakistan, India and eastward up to South East Asia.
This spread should have been facilitated by the extensive trade between the two
primary centres of India and the Fertile Crescent during the 4000-1000 BC pe-
riod and the later, very intense and long distance commercial exchanges between
those southern Asian countries and Near FEast countries, for instance, through the
southern routes of the Silk Road, which was active over 15 centuries, from around
138 years BC until the 15th century. Camels, taurine and zebu cattle were mainly
used for the transportation of goods and merchandise, while dromedaries were
later incorporated into the most southern routes of the Silk Road through Afgha-
nistan, Pakistan and India because of their better adaptation to warmer climates
(MAS-COMA et al., 2009a).
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Ficura 3.3: Principal component analysis of adult fasciolids from natural in-

fections in bovines of Pakistan (dashed and double dotted line) and Bangladesh

(solid line) compared with F. hepatica from Valencia, Spain (dashed line), Cor-

sica, France (dashed-dotted line) and F. gigantica from Burkina Faso (dotted

line) (PERIAGO et al., 2006). Samples are projected on to the first (PCI, 54 %)
and second (PCII, 29 %) principal components.
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4.1. Relationships between zonal overlap and phenoty-

pic traits

The Iranian province of Guilan is, on the contrary, of particular interest due to the
wide human fascioliasis endemic area it includes and mainly to the two very lar-
ge human epidemics which occurred in the past (MASSOUD, 1990; WHO, 1995;
ASSMAR et al., 1991; FORGHANPARAST et al., 1993; FORGHANPARAST &
ASHRAFI, 2001; MOGHADDAM et al., 2004a; TALAIE et al., 2004; ASHRAFI
et al., 2004, 2006a,b, 2007). The first outbreak involved an estimate of around
10,000 people in 1987 and the second of around 5000 people occurred ten years
later. The majority of human cases in Guilan were detected in people who lived
in the lowlands of Bandar-Anzali and Rasht districts, in an area located at 23 m
b.s.l. These are the human fascioliasis outbreaks known to have involved a higher
number of patients so far. Descriptions of human fascioliasis out-breaks have so
far only included a relatively small number of related patients, such as members of
a family in an animal endemic area in Argentina (MERA & SIERRA et al., 2011),
or relatively reduced in the number of patients (usually fewer than 100) in human
endemic areas usually after a particularly rainy year, such as in France or Cuba
(ESTEBAN et al., 1998). The causes of the two large outbreaks in Guilan still re-
main to be elucidated, but the different aspects evoked to be potentially linked to
them do unfortunately not explain them. The implication of local traditional foods
(ASHRAFT et al., 2006b) would explain the outbreaks affecting humans but not
livestock (no epidemic situation in animals was reported during these two periods),
although this does not appear to be the origin as indeed these local foods have
always been consumed in Guilan. Increased precipitation, noted to be the cause
of these outbreaks (SALAHI-MOGHADDAM et al., 2011; SALAHI- MOGHAD-
DAM & ARFAA, 2013), did neither explain them as indeed the previous rainy
periods did not appear to be exceptional (no flooding in the area), parallel animal
outbreaks were not reported, and similar human outbreaks were never reported
before nor have they afterwards in the Guilan area. Multidisciplinary research is

warranted to clarify the transmission pattern and epidemiological situation in the
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human fascioliasis endemic area of the Iranian province of Guilan, as the needed
baseline to elucidate what really happened in those two large human outbreaks,
to forecast similar epidemics in the future and establish appropriate control mea-
sures, not only in Guilan but also in other zonal overlap endemic areas in other
countries. The present study aims to assess the geographical distribution of F. he-
patica and F. gigantica in the Guilan province in depth. The specific differentiation
of fasciolids has been made by means of phenotypic characterisation of adult flu-
kes (VALERO et al., 2005) infecting the different livestock species throughout the
province and including both lowland and highland areas. This is the first time that
such an exhaustive study is made in a zonal overlap endemic area and is therefore
expected to establish a methodology which may be used to evaluate other similar
fascioliasis areas adequately. Moreover, it is also the first time that morphometric
tools are used to analyse the decisive influence exercised by different host species

on the metric traits of F. gigantica adults.

4.1.1. Materials and Methods

Only parasites obtained from bovines were used in this study. The Material used
is detailed in Section 2.1.2 in the Material & Methods. The study area is described
in 2.1.1.6 Section.

4.1.2. Morphometrics

An accurate morphometric study was conducted to phenotypically discriminate
between F. hepatica and F. gigantica. All measurements of adult worms and eggs
were made according to a previously described standardised methodology (VA-
LERO et al., 2005, 2009a; PERIAGO et al., 2006, 2008). After egg collection
from the uteri of flukes, standardised measurements were taken using a micros-
cope and images captured by a digital camera (Nikon Coolpix), which were then
analysed by image analysis software (ImagePro plus version 5.0 for Windows, Me-
dia Cybernetics, Silver Spring, USA) (see 2.2.2.8 Section). For adult fasciolids,

the standardised measurements described in 2.2.2.8 Section were taken (Fig. 2.7).
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Since the morphometric maximum values are characteristic for each population,

they are considered the comparative base of this study.

4.1.3. Data analysis

Morphological variation is quantified by geometrical morphometrics (ROHLF &
MARCUS, 1993). The principal component analysis is used to summarize most
of the variations in a multivariate dataset in few dimensions (DUJARDIN & LE
PONT, 2004) and is described in 2.3 Section. The following non-redundant measu-
rements (one measurement is not included in another) used for fasciolid adults were
BL, BW, BP, OS max, OS min, VS max, VS min, A-VS, VS-Vit, Vit-P, PhL, PhW
and TL, where at least one dimension was measured among the most important
morphological characters. The remaining variables were all significantly correlated
with the first principal component (PC1), contributing 72 % to overall variations.
PC1 could therefore be accepted as a general indicator of size (BOOKSTEIN,
1989), so that the resulting factor maps, clearly illustrate global size differences
in the populations analysed. Ovoposition is the inflection point of logistic growth,
marking the end of the exponential period and the beginning of the “saturated”
period, i.e. the beginning of egg shedding to the external environment constitutes
the biological factor that marks the inflection point (VALERO et al., 2005, 2006b),
which implies that immature (= without eggs in the uterus) and small individuals
correspond to recent infections. Consequently, the simultaneous presence of ju-
venile and fully developed adult worms was used as the determining criterion to

assign the geographical area in which parasite transmission may mainly occur.
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4.1.4. Results

4.1.5. Analysis of altitudinal relationships

Integration of morphological data from all adult specimens from Guilan through
Principal Component Analysis was made. The fasciolid variables all significantly
correlated with PC1. The resulting factor maps clearly illustrate global size diffe-
rences in the populations analysed, where each group is represented by its perime-
ter. Two independent zones can be distinguished: one zone corresponds to the vast
predominance of F. hepatica-like specimens (independently of the host species and
its breeding location), while the other zone corresponds to the vast predominance
of F. gigantica-like (independently of the host species and its breeding location).
These zones overlap in a few specimens. These results suggest that intermediate
forms of fasciolids exist in our sample analysis. Nevertheless it is worth mentio-
ning that, in the absence of specimens of standard F. hepatica and F. gigantica
from Iran, it is also possible that the forms identified as F. hepatica-like and F.
gigantica-like could be the extreme values of the morphometric distribution of the
Fasciola sp.- like specimens (Fig. 4.1). Fasciola hepatica-like flukes were present
in cattle, buffaloes, sheep and goats from -27 m up to 1,821 m altitude, while F.
gigantica-like flukes were present in cattle, buffaloes and sheep from -27 m up to
1,691 m altitude (Fig. 4.1). Of the 69 livers analysed, 22 were co-infected with
both fasciolids: 17 from cattle, three from buffaloes, one from sheep and one from

goats.

For an in-depth analysis of the zonal distribution, F. hepatica-like and F. gigantica-
like specimens detected in the 69 livers analysed were divided into four groups

according to altitude:

27 m b.s.l. to 0 m (-27-0 m) with 99 F.hepatica-like and 1,282 F. gigantica-like,

1-99 m a.s.l. (1-99 m) with 958 F.hepatica-like and 690 F. gigantica-like,

100-999 m a.s.l. (100-999 m) with 880 F.hepatica-like and 368 F. gigantica-like,

1,000-2,000 m a.s.l. (1,000-2,000 m) with 163 F.hepatica-like and 3 F. gigantica-
like.
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Caspian Sea [J-ss-0

C1r-o0
[J100-999
[ 1.000- 1,999
[ 2.000 - 2,999

A F. gigantica-like specimens
F. hepatica-like speci

W F hepatica-like + F. gigantica-like specimens [ 3.000 - 3,550

F1GURA 4.1: Map of Guilan, Iran

Sample sizes of the different groups analysed in each species, the year of sample
collection, definitive host species, the breeding site of the definitive host (with
latitude, longitude and altitude), and the slaughterhouse where sample collection
took place (with latitude, longitude and altitude) are indicated in (Table 4.1). The
distribution of the average % of F. hepatica-like and F. gigantica-like specimens
detected in each liver versus average of altitude in each group (m) is shown in
(Fig. 4.2).

Relationship between altitude and the average of, Fasciola hepatica-like and F.

gigantica-like specimens.

The presence of F. gigantica-like specimens mainly in locations below sea level
(11.23% F.h., 88.77% F.g.), the presence of both species with similar intensity at
1-99 m (56.95 % F.h., 43.05 % F.g.), and the presence of F. hepatica-like specimens
mainly from 100 m onwards (100-999 m: 71.69 % F.h., 28.31 % F.g.), as well as the
almost disappearance of F. gigantica-like specimens at the highest altitudes (1,000-
2,000 m: 97.48% F.h., 2.52% F.g.), are noteworthy. The bivariant correlation
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FIGURA 4.2: Relationship between altitude and the average of % Fasciola hepa-
tica-like and F. gigantica-like specimens.

between altitude vs % F.h., Ln(% F.h.),% F.g. and Ln(% F.g.) was calculated.
A significant positive correlation was obtained between altitude and % F.h. (r =
0.339, P< 0.001) and Ln(% F.h.) (r = 0.300, P< 0.05). A significant negative
correlation was obtained between altitude and % F.g. (r = -0.339, P< 0.001) and
Ln(% F.g.) (r = -0.279, P< 0.001).
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TABLA 4.1: Sample sizes of the Fasciola hepatica-like (F.h.) and F. gigantica-like
(F.g.) groups analysed in each definitive host species (including sex and age in

years), the year of sample collection, the breeding site of the definitive host (with
latitude, longitude and altitude), and the slaughterhouse where sample collection
took place (with latitude, longitude and altitude) in Guilan province, Iran. (*)

In parenthesis the number of parasites included in the morphometrical analysis.

Number code used to 79

male. a = Year of sample collection. b

female; M =

F =

identify the samples.
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male. a = Year of sample collection. b

TABLA 4.1: Sample sizes of the Fasciola hepatica-like (F.h.) and F. gigantica-like

(F.g.) groups analysed in each definitive host species (including sex and age in
years), the year of sample collection, the breeding site of the definitive host (with

latitude, longitude and altitude), and the slaughterhouse where sample collection

took place (with latitude, longitude and altitude) in Guilan province, Iran. (*)
In parenthesis the number of parasites included in the morphometrical analysis.

76 F = female; M
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TABLA 4.1: Sample sizes of the Fasciola hepatica-like (F.h.) and F. gigantica-like

(F.g.) groups analysed in each definitive host species (including sex and age in
years), the year of sample collection, the breeding site of the definitive host (with

latitude, longitude and altitude), and the slaughterhouse where sample collection
took place (with latitude, longitude and altitude) in Guilan province, Iran. (*)
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TABLA 4.1: Sample sizes of the Fasciola hepatica-like (F.h.) and F. gigantica-like
(F.g.) groups analysed in each definitive host species (including sex and age in
years), the year of sample collection, the breeding site of the definitive host (with
latitude, longitude and altitude), and the slaughterhouse where sample collection
took place (with latitude, longitude and altitude) in Guilan province, Iran. (*) =
In parenthesis the number of parasites included in the morphometrical analysis.
8 = female; M = male. a = Year of sample collection. b = Number code used to
identify the samples.
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4.1.6. Morphometric assessment

For the morphological analysis, the fasciolid populations from Guilan were also
grouped according to shape into F. hepatica-like and F. gigantica-like, host species
(F.h. from cattle, buffaloes, sheep and goats; F.g. from cattle, buffaloes and sheep)
and geographical altitude (-27-0 m; 1-99 m; 100-999 m; 1,000-2,000 m) into 16
groups (Table 4.1):

F. hepatica-like specimens from: cattle: F.h. cattle -27-0 m, F.h. cattle 1-99 m;
F.h. cattle 100-999 m, buffaloes: F.h. buffaloes -27-0 m, sheep: F.h. sheep 1-99 m;
F.h. sheep 100-999 m; F.h. sheep 1,000-2,000 m, goats: F.h. goat -27-0 m; F.h.
goat 100-999 m; F.h. goat 1,000-2,000 m.

F. gigantica-like specimens from: cattle: F.g. cattle -27-0 m, F.g. cattle 1-99 m;
F.g. cattle 100-999 m; F.g. cattle 1,000-2,000 m, buffaloes: F.g. buffaloes -27-0 m,
F.g. buffaloes 1-99 m, sheep: F.g. sheep 100-999 m. The size of liver fluke adults
was studied by multivariate analyses. A scatterplot of the first two principal com-
ponents (PC) is shown in (Fig. 4.3). The first common principal component (PCI)
of the 16 populations analysed can be interpreted as a measure of overall size, all
significantly correlated with PCI, thus contributing 69.0 % to overall variation. The
comparison of F. hepatica-like vs F. gigantica-like specimens showed the presence
of intermediate forms in all livestock species analysed (cattle, buffalo, sheep and
goat). The scatterplot can be divided into two parts related to smaller (juveniles
and ingravid specimens) and larger specimens (fully developed and gravid speci-
mens) in both F. hepatica-like and F. gigantica-like populations. The results show
that F. hepatica from mountains, hills and lowland populations in cattle, buffalo,
sheep and goat share their higher values, but smaller specimens are present mainly
in populations with positive altitudinal values (mainly 1-99 m), independently of
the host species. All this indicates that, in lowlands, transmission of F. hepatica-
like specimens takes place in zones above sea level. Furthermore, F. hepatica-like

specimens are the main morph detected in highlands (mainly above 100 m).
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F1GURA 4.3: Altitude influence on fasciolid distribution: Factor map correspon-
ding to worms of Fuasciola from naturally infected livestock from Guilan provin-
ce according to altitude range groupings: Fasciola hepatica-like specimens from
cattle (F.h. cattle -27 - 0 m, F.h. cattle 1-99 m; F.h. cattle 100-999), buffaloes
(F.h. buffaloes -27 - 0 m), from sheep (F.h. sheep 1-99 m; F.h. sheep 100-999;
F.h. sheep 1,000-2,000 m), and goats (F.h. goat -27 - 0 m; F.h. goat 100-999
m; F.h. goat 1,000-2,000 m); F. gigantica-like specimens from sheep (F.g. sheep
100-999 m), cattle (F.g. cattle -27 - 0 m, F.g. cattle 1-99 m; F.g. cattle 100-999;
F.g. cattle 1,000-2,000 m), and buffaloes (F.g. buffaloes -27 - 0 m, F.g. buffaloes
1-99 m). Samples are projected onto the first (PCI, 69%) and second (PCII,
11 %) principal components.



4.1. Relationships between zonal overlap and phenotypic traits

Altitude influence on fasciolid distribution. Factor map corresponding to worms
of Fasciola from naturally infected livestock from Guilan province according to
altitude range groupings: Fasciola hepatica-like specimens from cattle (F.h. cattle
-27 - 0 m, F.h. cattle 1-99 m; F.h. cattle 100-999), buffaloes (F.h. buffaloes -27 -
0 m), from sheep (F.h. sheep 1-99 m; F.h. sheep 100-999; F.h. sheep 1,000-2,000
m), and goats (F.h. goat -27 - 0 m; F.h. goat 100-999 m; F.h. goat 1,000-2,000 m);
F. gigantica-like specimens from sheep (F.g. sheep 100-999 m), cattle (F.g. cattle
-27 - 0 m, F.g. cattle 1-99 m; F.g. cattle 100-999; F.g. cattle 1,000-2,000 m), and
buffaloes (F.g. buffaloes -27 - 0 m, F.g. buffaloes 1-99 m). Samples are projected
onto the first (PCI, 69 %) and second (PCII, 11 %) principal components.

The results show that F. gigantica-like populations in cattle, buffaloes and sheep
share higher values, but smaller specimens are present mainly in lowland popula-
tions located below sea level, independently of the host species (cattle, buffalo).
F. gigantica-like flukes from lowland cattle presented a larger worm variability.
Summing up, the results obtained indicate that there are four different fascioliasis

transmission areas in Guilan (Fig. 4.4):

a) lowland coastal areas neighbouring the Caspian Sea shore, below sea level,
where basically F. gigantica-like specimens are found;

b) a coastal plain with an altitude between 1-99 m where both species co-exist;

c) areas with altitude values of 100-999 m where mainly F. hepatica-like specimens

are found;

d) highland mountainous areas where basically F. hepatica-like specimens are

found.
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F1GURA 4.4: Relationship between the topographic profile of Guilan province
(section through Bandar Anzali and Rasht cities) and the altitudinal presence of
Fasciola hepatica-like and F. gigantica-like specimens. To assess the topographic
profile ArcGis software, using an irregular triangle network (TIN) and a raster
from SRTM30 dataset- CGIAR-SRTM data aggregated to seconds, produced by
NASA Shuttle Radar Topographic Mission (SRTM). Circle = Fasciola hepatica-
like specimens; triangle = Fasciola gigantica-like specimens; square = coexistence
of Fasciola hepatica-like and Fusciola gigantica-like specimens in the same liver.
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The study of the influence of the host species on the liver fluke was also carried out
by PCI analysis and size-out analysis. Regarding size, variables of fasciolid adults
from domestic animals (cattle, buffalo, sheep and goat) all significantly correlated
with PCI, thus contributing 69 % to overall variation. The resulting factor maps
(Fig. 4.6) clearly illustrate global size differences in F. gigantica-like populations
analysed vs bovines (cattle and buffaloes) and sheep. The results show that the
liver fluke size of F. gigantica-like populations from sheep is smaller than that
from cattle and buffaloes; these differences are not as marked. However, when F.
hepatica-like specimens are compared, i.e. specimens from cattle are slightly lar-
ger than those from sheep, which, in turn, are slightly larger than specimens from
goats and buffaloes. The F. gigantica-like population from buffaloes presented a
similar size than that found in cattle populations. Regarding shape, PCII versus
PCIII analysis illustrates global shape differences in F. gigantica-like populations
analysed vs bovines (cattle and buffaloes) and sheep. Mahalanobis distances sho-
wed maximum distances when F. hepatica and F. gigantica were compared. When
comparing F. gigantica-like from sheep vs F. gigantica-like specimens from bovi-
nes (cattle and buffaloes, respectively), distances detected were larger than in the
inter-bovine comparison of F. gigantica-like specimens (cattle vs buffaloes). Like-
wise, the maximum distance (3.51) was obtained when F. hepatica-like specimens
from sheep were compared with F. hepatica-like specimens from buffaloes (Fig.
4.6).

Regarding shape, PCII versus PCIII analysis illustrates global shape differences in
F. gigantica-like populations analysed vs bovines (cattle and buffaloes) and sheep.
Mahalanobis distances showed maximum distances when F. hepatica-and F. gi-
gantica-were compared (Table 4.2). When comparing F. gigantica-like from sheep
vs F. gigantica-like specimens from bovines (cattle and buffaloes, respectively),
distances detected were larger than in the inter-bovine comparison of F. gigan-
tica-like specimens (cattle vs buffaloes). Likewise, the maximum distance (3.51)
was obtained when F. hepatica-like specimens from sheep were compared with F.

hepatica-like specimens from buffaloes (Fig. 4.5).
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TABLA 4.2: Mahalanobis distances between the 16 fluke adult groups distinguis-

hed in Guilan province, Iran, according to parasite species (Fh = F. hepatica-

like; Fg = F. gigantica-like), host species (F. h. from cattle, buffaloes, sheep and
goats;F. ¢. from cattle, buffaloes and sheep) and geographical altitude (ranges:
-27- 0 m; 1-99 m; 100-999 m; 1,000-2,000 m)
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4.1. Relationships between zonal overlap and phenotypic traits

Host influence on fasciolid size: Factor map showing principal component analysis
of adult fasciolids from natural infections in livestock in Guilan province, Iran.
F.h. = Fasciola hepatica-like specimens from cattle, buffaloes, sheep and goats;
F.g. = Fasciola gigantica-like specimens from cattle, buffaloes and sheep. Samples
are projected on to the first (PCI) and second (PCII) principal components. Each

group is represented by its perimeter.

4.1.7. Discussion

4.1.7.1. Morphometric modelling of overlap areas

Given that fascioliasis is able to follow different transmission patterns and gives ri-
se to different epidemiological situations (MAS-COMA, 2005; MAS-COMA et al.,
2009a), the characterisation of local scenarios and patterns of human and animal
infection must always be considered the starting point before implementing any
measure of infection control. For this purpose, the first step is always to ascertain
the causal agent(s) present and its (their) distribution in the endemic area, bea-
ring in mind the different transmission, epidemiological, pathological and control
characteristics depending on the fasciolid species involved. In overlap areas, spe-
cific adscription of parasite adults and eggs remains difficult (MAS-COMA et al.,
2014a). The only tools available for fasciolid discrimination are based on molecular
biology techniques based on DNA sequencing (MAS-COMA et al., 2009a) or mat-
hematical assessment of morphometry considering fluke development, allometric
growth and host-induced variation (VALERO et al., 2005, 2009a). The application
of DNA sequencing techniques is costly and special equipment is required. The-
refore, morphology has traditionally been the most commonly used criterion for
systematic studies on fasciolids and its application is less costly. Yet, an accura-
te morphological discrimination between fasciolid species remains difficult due to
the many variations in their metric traits (BERGEON & LAURENT, 1970) and
also because of the fact that intermediate fasciolid forms of adults usually appear
in overlap areas (PERIAGO et al., 2008). In Asia, especially Japan, Taiwan, the
Philippines and Korea, a wide range of morphological types has been detected
using traditional microscopic measurements (WATANABE, 1962; OSHIMA et al.,
1968a; AKAHANE et al., 1970; KIMURA et al., 1984; SRIMUZIPO et al., 2000;
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TERASAKI et al., 2000). Concretely, in Iran, intermediate forms of Fasciola have
been found in Mazandaran (MOGHADDAM et al., 2004a) and accurately des-
cribed in Guilan (ASHRAFT et al., 2006a). The existence of these intermediate
forms has been molecularly verified to be not only common but even the rule in
these overlap areas (MAS-COMA et al., 2009a) and poses a question mark on
whether metric characteristics are suitable as a tool for the differential diagnosis
of fascioliasis caused by either species. So far, there are only few studies that have
quantitatively analysed the influence that the definitive host species has on adult
and egg morphology of fasciolids (BORAY, 1969; AKAHANE et al., 1970, 1974;
SRIMUZIPO et al., 2000; VALERO et al., 2001a, 2009a), having mainly focused
on F. hepatica from areas where only this species is present. Thus, appropriate stu-
dies on F. gigantica are needed. Moreover, no comparative study has been carried
out until now with adults from different host species originating from geographi-
cal areas where both species co-exist, whenever possible in human endemic areas.
The present study in Guilan province addresses all these aspects for the first time,
with the aim to obtain a model which might be subsequently applied to other
zonal overlap endemic areas of fascioliasis in Iran or other countries and thereby
assess up to which level overlap areas may be similar or different. This knowledge
is crucial when control measures in the different overlap areas have to be applied,
either being the same or made to measure for each overlap area. In modern morp-
hometrics, the estimate of size is contained in a single variable reflecting variation
in many directions, as many as there are landmarks under study, and shape is de-
fined as their relative positions after correcting for size, position and orientation.
With these informative data, and the corresponding software freely available to
conduct complex analyses, significant biological and epidemiological features can
be quantified more accurately (DUJARDIN, 2008). Through this methodology,
the analysis of the morphometric characterisation of populations of F. hepatica-
like and F. gigantica-like specimens from Guilan province, taking into account
standardized measurements, parasite growth, definitive host species influence and

its correlation with the fascioliasis transmission patterns, has been carried out.

86



4.1. Relationships between zonal overlap and phenotypic traits

4.1.7.2. Geographical distribution of fasciolids

In Guilan province, hitherto studies on the presence of F. hepatica and F. gigan-
tica have mainly been undertaken in cattle, because this livestock species is by
far the most slaugthered in the area of Rasht and Bandar Anzali cities. Sheep
breeding is not usually found in lowland areas. Until now, no comparative study
has been carried out with fasciolid materials from lowland and highland areas
where both species co-exist. Moreover, studies on this question are also needed
in human endemic localities, although the analysis of the presence of F. hepati-
ca and/or F. gigantica in the animal host species can only be an approximation,
given the possibility of livestock mobility along time. The results of the present
study demonstrate that, in Guilan, fascioliasis follows a zonal overlap transmission
pattern, with F. hepatica-like transmission taking place mainly in the highlands
and F. gigantica-like transmission mainly in the lowlands. The co-existence of the
two fasciolids in livestock in Guilan suggests a complicated scenario of possible
ways of circulation of the causal agents, e.g. through altitudinal livestock trans-
humance or animal transportation in both past and recent times (MAS-COMA
et al., 2009a). Transhumance was practised in many parts of Guilan in the past
and nowadays it still occurs on a yearly basis in areas such as those of Talesh
and Masal in the west, Rodsar in the south-east and many others where people
live near mountains. In these areas, it is traditional to move livestock to high-
lands for the summer months and back to the lowlands for overwintering. This,
animals which harbour F. gigantica in the highlands may have been infected most
probably during their stay in the lowlands in the cold season. Similarly, livestock
presenting F. hepatica in the lowlands may have been infected most probably
during their stay in the highlands in the hot season. This is, however, not the
case in the flatland areas located very far away from the mountains, such as in
the districts surrounding the cities of Bandar Anzali and Rasht where livestock
transhumancy is not practised. Regarding human infection, the similar infectivity
of fasciolid isolates from the different animal reservoir species (VALERO & MAS-
COMA, 2000; VALERO et al., 2001a) but mainly the presence and characteristics
of their vectors, should be considered. The two fluke species, the smaller Fas-
ctola hepatica and the larger F. gigantica, are transmitted by respective specific
freshwater lymnaeid vector species (BARGUES & MAS-COMA, 2005). Fasciola
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hepatica is transmitted mainly by species of the Galba/Fossaria group which are
small lymnaeids preferring mild-cold temperatures, surface small water bodies and
highlands (BARGUES et al., 2007, 2011a), whereas F. gigantica is transmitted by
lymnaeids of the Radix group which are usually larger snails preferring warmer
temperatures, deeper and larger water bodies and lowlands (BARGUES et al.,
2001; MAS-COMA et al., 2009a). The different geographical distributions of these
snail vectors explain the distributional differences at continental level, F. hepatica
presenting a worldwide distribution and F. gigantica only covering many regions
of Africa and Asia (MAS-COMA et al., 2009a). Lymnaeid vectors also define the
geographical distributions of the fasciolids both inside countries and at local level
(BARGUES et al., 2011b, ¢, 2012; ARTIGAS et al., 2011). Therefore, the fauna
and ecological characteristics of the lymnaeid vectors present are crucial when
defining the different transmission patterns and epidemiological situations of this
disease (MAS-COMA et al., 2009a). In several of the regions of Africa and Asia,
the distributions of F. hepatica and F. gigantica overlap due to the coexistence
of lymnaeid vector species of the Galba/Fossaria and Radiz groups in the same
endemic area. Diagnosis in these areas is troublesome, due to the existence of in-
termediate forms between the phenotypes of the ”pure”’species (PERIAGO et al.,
2006) in the morphology of the adult stage and in the morphometry of the adult
stage as well as eggs, in both animals and humans (VALERO et al., 2005, 2009a;
MAS-COMA et al., 2009a, 2014a). These intermediate forms, usually identified
as Fuasciola sp., are the consequence of hybridisation processes between adult spe-
cimens of F. hepatica and F. gigantica in the biliary canals and gallbladder of
their hosts (MAS-COMA et al., 2009a) and have already been described in several
countries such as Egypt (PERIAGO et al., 2008) in Africa and Iran (ASHRAFI
et al., 2006a) in Asia. Our results suggest the presence of intermediate form of
fasciolids in Guilan. Interestingly, of the 69 livers analysed, 22 were co-infected
with both fasciolids, which means that there are possibilities for hybridization.
Hybridization phenomena are known in Trematodes. Within Schistosoma, experi-
mental studies have demonstrated that there are no reproductive isolating barriers
between Schistosoma species belonging to the same group. These hybrids share
morphological and biological features with their parental species, and some hy-

brid generations may even have many reproductive advantages over their parental
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Schistosoma species, which in turn has epidemiological consequences as well (PA-
GES & THERON, 1990; WEBSTER & SOUTHGATE, 2003; FAN & LIN, 2005).
Thus, in Fasciola hepatica it Schistosoma, hybridization has been shown to exhibit
several enhanced phenotypic characteristics such as faster maturation time, higher
infectivity, higher fecundity, increased pathology and the ability to infect both in-
termediate snail hosts of the parental species, thereby widening their intermediate
host spectrum (WRIGHT & ROSS, 1980; WEBSTER et al., 2013). Therefore, the
presence of different types of morphs in Guilan suggests the likelihood of some
degree of hybridization between F. hepatica and F. gigantica. Future experimen-
tal studies will elucidate if these intermediate specimens have a better fitness, i.e.
infecting both species of the Galba/Fossaria group and species of the Radiz group
in order to characterise their different biological aspects of transmission and epi-
demiology as to establish appropriate fascioliasis control measures. Two different
overlap situations were distinguished by MAS-COMA et al. (2009a) in areas where

both Fasciola species coexist:

Local overlap: in places where climatic characteristics throughout the year enable
the coexistence of Galba and Radiz species in the same locality, nearby water
bodies and even sometimes the same water body, thus allowing transmission and
consequently infection of livestock and humans living sedentarily in the locality
by both F. hepatica and F. gigantica; The low flatlands of the Nile Delta region
in Egypt is a typical example.

= Zonal overlap: in areas with different altitudes so that highlands offer the
necessary cold-mild weather conditions for Galba/Fossaria and F. hepatica,
and lowlands offer the warm-hot climate necessary for Radiz species and
F. gigantica, definitive hosts becoming co-infected by both fasciolids when
moving from lowlands to neighbouring highlands and vice-versa (animals
because of interzonal transhumance, transportation and trade; humans when

moving around for different reasons).

Among the many different species of Lymnaeidae reported from Iran, the species
Galba truncatula, Lymnaea (Stagnicola palustris), and (L.Radiz gedrosiana) were
noted to be present in the human endemic lowlands around the cities of Bandar-
Anzali and Rasht in Guilan province (MANSOORIAN, 2000; MOGHADDAM et
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al., 2004b). In this Guilan lowland area, the two fasciolid species were thought to be
involved, because of the presence of the lymnaeid vector species Galba truncatula,
main vector of F. hepatica, and Lymnaea gedrosiana (recently molecularly proved
to be a synonym of Radiz auricularia - see ASHRAFT et al. (2014), vector of F.
gigantica. This situation was assumed because of the northern latitude, tempera-
tures entering the survival range of these two vectors, and the mildering influence
of the neighbouring Caspian Sea, whose water surface is at -29 m altitude. Such
a transmission pattern and epidemiological situation were initially thought to be
similar to those known in the Nile Delta region of Egypt, although studies soon
demonstrated that the Guilan and Nile Delta endemic areas do in fact pronoun-
cedly differ from the disease point of view (see MAS-COMA et al., 2009a, p. 92,
Fig. 2.3) despite sharing the same vector species and similar lowland endemiotopes.
However, another recent study on the lymnaeids present in the Bandar-Anzali and
Rasht endemic areas contributed unexpected results related to fascioliasis trans-
mission in the Guilan area. It has been demonstrated that specimens previously
ascribed to Galba truncatula in that lowland endemic area indeed belong to anot-
her species without transmission capacity, Lymnaea schirazensis, a lymnaeid of the
Galba/Fossaria group morphologically similar and hitherto confused with Galba
truncatula (BARGUES et al., 2011a). This indicates that F. hepatica may not be
transmitted in that area. Such a situation suggests that only F. gigantica may
be transmitted in the aforementioned endemic lowlands, similarly as suggested by
other previous studies on natural infections of lymnaeid snails and cattle by fascio-
lids throughout the year (ASHRAFT et al., 2004, 2014a). Thus, it was definitively
demonstrated that the Guilan endemic area is in fact a zonal overlap area and not
a local overlap area as previously believed, explaining the differences found when
compared to the Nile Delta local overlap area (MAS-COMA et al., 2009a). This
new discovery was, however, adding confusion to the understanding of fascioliasis
in the Guilan lowland area, as indeed F. gigantica has never been reported to
cause such large epidemics in humans (emerging human fascioliasis situations in
southeastern Asia initially noted to be due to F. gigantica are indeed caused by
Fasciola hybrids - see LE et al. (2008). In Guilan, G. truncatula has been found
transmitting F. hepatica in the Talesh mountains (ASHRAFT et al., 2007), whe-
reas R. auricularia (= L. gedrosiana) appears well distributed in the lowlands
around the cities of Bandar Anzali and Rasht (ASHRAFI & MAS-COMA, 2014).
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These data correlate with results of previous studies suggesting F. gigantica to
be the most prevalent species (91.1 %) in these human endemic lowlands around
the two aforementioned cities (ASHRAFT et al., 2004). At the highest altitudes
(1,000-2,000 m), F. hepatica-like specimens dominate infecting sheep and goats,
whereas F. gigantica-like specimens are only sporadically found in cattle, which
suggest their presence in bovines most probably as a consequence of animal mo-
vements. However, a sporadic presence of isolated populations of R. auricularia
(= L. gedrosiana) may not a priori be ruled out and is perhaps likely to enable
a short transmission season of F. gigantica at such altitudes in Guilan during the
summer months. Indeed, R. auricularia has been noted to be present and transmit
F. gigantica in altitudes of 1,332 m in the northwestern Azerbaijan province of
Iran, where average temperature ranges from 9.4°C to 11.6°C but reaches up to
22.6°C in summer (IMANI-BARAN et al., 2011, 2012, 2013). At the lowest altitu-
des (from -27 m to 0 m), F. gigantica-like specimens dominate infecting cattle and
buffaloes, whereas F. hepatica-like specimens appear only sporadically in cattle,
buffaloes and goats. Again, movements of these livestock species may underlie the-
se findings, although isolated transmission of F. hepatica may occur thanks to the
presence of scattered populations of L. (S.) palustris in the lowland coastal strip
(MANSOORIAN, 2000) L. (S.) palustris is a species which has been observed to
be able to transmit F. hepatica under given circumstances (mainly if infected du-
ring the first few days of the snail’s life) and in the absence of the main vector G.
truncatula in different latitudes in other countries (KENDALL, 1970; MCREATH
et al., 1982; DREYFUSS et al., 1994; NOVOBILSKY et al., 2013). However, the
absolute absence of G. truncatula populations in this lowland coastal strip is still
pending confirmation, as not all populations might have been confused with L.
schirazensis (BARGUES et al., 2011a). In fact, the mild temperatures during the
cooler months in this lowland coastal strip (ASHRAFI & MAS-COMA, 2014) do
not a priori exclude the survival capacity of G. truncatula nor a transmission of
F. hepatica in isolated foci (see temperature thresholds in AFSHAN et al. (2014).
At the interface between the highest and lowest altitudes, there appears a strip
of land between 1 m and 999 m (lowland areas above sea level at 1-99 m and
hilly areas at 100-999 m) in which both Fasciola forms are present: F. hepatica-
like specimens in cattle and sheep at 1-999 m and in goats at 100-999 m, and F.

gigantica-like specimens in cattle at 1-999 m, in buffaloes only at 1-99 m and in
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sheep at 100-999 m. These results indicate that the transition between highlands
and lowlands is gradual, most probably related to a distributional overlap of the
lymnaeid vector species transmitting the two fasciolids. The two cities and their
surrounding areas where most of the patients were detected during the two large
human fascioliasis outbreaks in the past are located in the Guilan lowlands, the
coastal city of Bandar Anzali between - 28 m and - 25 m and the large city of

Rasht extending from -9 m on the seaside to +9 m on the inland side.

4.1.7.3. Phenotypic variation under host species influence, with emp-

hasis on F. gigantica

Another aim of the present study was to quantitatively characterise the influence
of the host species on the morphometric traits of F. hepatica adults (from cattle,
buffaloes, sheep and goats) and F. gigantica (from cattle, buffaloes and sheep)
in natural liver fluke populations from Guilan, taking into account standardised
measurements and allometric growth (VALERO et al., 2012c). It should be consi-
dered that there is no apparent relationship between the shape of fasciolid adults
with regard to altitudinal difference or geographical origin and that allometry-free
shape appears as a more stable trait than size in fasciolid species (VALERO et
al., 2012c). This is the first study on the decisive influence exercised by the host
species on metric traits of F. gigantica adults. Morphological variation has been
quantified by geometrical morphometrics (ROHLF & MARCUS, 1993). The ani-
mal host species can strongly influence the phenotype of the adult stage as well as
the egg, mainly due to the different size of the liver duct microhabitat (VALERO
et al., 2001a,b, 2002, 2009a). The ability of organisms to produce different phe-
notypes under different environmental conditions (phenotypic plasticity) has been
an object of evolutionary and ecological studies since the Neo-Darwinian synt-
hesis (PIGLIUCCI, 2005). Yet, another direction of future research certainly lies
at the interface between genetics and environments, in the epigenetic machinery
that somehow translates genetic effects and environmental influences (host species,
geographical location) into coherent fasciolid phenotypes. Studies on isoenzymes,
protein sequences and mitochondrial DNA sequences suggest that fasciolids are
able to develop a capacity for definitive host species selection (MILLER et al., 1993;
PANACCIO & TRUDGETT, 1999; SPITHILL et al., 1999). In India, some degree
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of genetic variation among F. gigantica isolates derived from cattle, buffaloes and
goats has been found by RAPD analysis (GUNASEKAR et al., 2008). Differences
in the ionic composition between liver flukes from cattle and sheep detected (CA-
SEBY et al., 1995) may reflect physiological adaptations by the fluke to different
environments rather than genetically determined traits (PANACCIO & TRUD-
GETT, 1999). Proteomic analysis of embryonic F. hepatica by characterisation of
a developmentally regulated heat shock protein shows plasticity in expression of
major proteins, particularly a prominently expressed 65kDa protein cluster bet-
ween natural populations of embryonating F. hepatica eggs, suggesting that liver
fluke embryogenesis is a plastic process (MOXON et al., 2010). Consequently, re-
search must be carried out to define phenotypic measurements complementing the
molecular tools that would enable the analysis of parasite plasticity. Surprisingly,
however, only very few studies have quantitatively assessed the influence that the
definitive host species exercises on adult and egg morphology of these two fas-
ciolids (BORAY, 1969; AKAHANE et al., 1970, 1974), having mainly focused on
F. hepatica. Thus, conclusive data have shown the presence of certain morpho-
logical traits that characterise F. hepatica adult size in different host species: a)
cattle, sheep, pigs and donkeys in the northern Bolivian Altiplano (VALERO et
al., 2001a,b); b) cattle, sheep and wild boars in Galicia, Spain (MEZO et al., 2013).
Likewise, fasciolid eggs shed by humans show morphological traits different from
eggs shed by animals (VALERO et al., 2009a), and F. hepatica egg size correlates
with naturally infected host species such as the house mouse M. musculus, the
black rat R. rattus and cattle on the island of Corsica (VALERO et al., 2002).
Nevertheless, little is known about F. gigantica. Based on the marked variation
in adult dimensions of a mixed F. gigantica strain from cattle in Thailand, the
comparative morphometry of adults and eggs, adult surface topography under
scanning electron microscopy (SEM), and testicular metaphase karyotypes of the
provisionally classified races, i.e. body length <25 mm (designated small race),
25-35 mm (designated medium-sized race), >35 mm (designated big race) were
carried out to search for differences among the three tentative races. The results
showed that the morphological races of F. gigantica from Thailand are not the
consequence of a possible species complex but the result of plasticity, i.e. similar

genotypes give birth to several phenotypes (SRIMUZIPO et al., 2000).

93



Capitulo 4. PHENOTYPING OF FASCIOLIDS IN IRAN

94

a 2 3
« £ S 28§ 22 s
TEREREE
- T T
TR e T
- (™. i o = o .
. v
1 N
[ - I
TR : .’
I - .
[ . I
o
<
~
o
-4
o
5
’ )
i
i
B
t‘ < "
i
: <
y
j )
l.' ‘.
: <
- “
i
; :
B
l' " ?
' ‘
' .
.
Sevee :
IU.I'II'-I..I..IOI. ".'
.
¢
©
~
-
. . : : - o T

“maa ©

F1GURA 4.5: Host influence on fasciolid shape: Factor map showing principal
component analysis of adult fasciolids from natural infections in livestock in
Guilan province, Iran. F.h. = Fasciola hepatica-like specimens from cattle, buf-
faloes, sheep and goats; F.g. = Fasciola gigantica-like specimens from cattle,
buffaloes and sheep. Samples are projected on to the second (PCII) and third
(PCIII) principal components. Each group is represented by its perimeter.
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5.1. Phenotyping of adult fasciolids in Wild boar

In Galicia (NW, Spain), the wild boar is the main wild ungulate in terms of
abundance and distribution. Its population has continuously increased over the
past decades (SCHMALENBERGER et al., 2004) and this population growth has
been accompanied by a reduction of habitats, so that the wild boar populations
encroach more and more frequently onto agricultural lands. The increase of the
interface area between livestock and the wild boars frequently involves the sharing
of pastures and water sources, so that the circulation of common pathogens is
propitiated. It must be highlighted that in Galicia, the prevalence of fasciolosis
in livestock is very high and that some cases of natural infections by F. hepatica
have been observed in wild boars hunted close to cattle farms (MEZO et al., 2008).
However, the role of this wild ungulate in the maintenance and transmission of

fasciolosis has not been studied until now.

5.1.1. Materials and Methods
5.1.1.1. Material

The liver-fluke material analyzed in the present chapter was obtained from a study
carried out by Dr. M. MEZO from Centro de Investigaciones Agrarias de Ma-
begondo, Instituto Galego da Calidade Alimentaria-Xunta de Galicia (Spain) in
livers from 358 hunted wild boars in the time period between 2007-2010 in Galicia
(Spain). The Material used is detailed in Section 2.1.2 in the Material & Methods.
The study area is described in 2.1.1.1 Section.

5.1.1.2. Morphometrics

All measurements of adult worms and eggs were made according to a previously
described standardised methodology (VALERO et al., 2005, 2009a; PERIAGO et
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al., 2006, 2008). After egg collection from the uteri of flukes, standardised measu-
rements were taken using a microscope and images captured by a digital camera
(Nikon Coolpix), which were then analysed by image analysis software (Image-
Pro plus version 5.0 for Windows, Media Cybernetics, Silver Spring, USA) (see
2.2.2.8 Section). For adult fasciolids, the standardised measurements described in
2.2.2.8 Section were taken (Fig. 2.7). Furthermore, the uterus area was calculated
using the methodology previously described by PANOVA (2002) and VALERO
et al. (2011). Since the morphometric maximum values are characteristic for each

population, they are considered the comparative base of this study.

5.1.1.3. Data analysis

Morphological variation is quantified by geometrical morphometrics (ROHLF &
MARCUS, 1993). The principal component analysis is used to summarize most
of the variations in a multivariate dataset in few dimensions (DUJARDIN & LE
PONT, 2004) and is described in 2.3 Section. The following non-redundant mea-
surements (one measurement is not included in another) used for fasciolid adults
were BL, BW, BP, OS max, OS min, VS max, VS min, A-VS, VS-Vit, Vit-P,
PhL, PhW and TL, where at least one dimension was measured among the most
important morphological characters. The remaining variables were all significantly
correlated with the first principal component (PC1), contributing 72 % to overall
variations. PC1 could therefore be accepted as a general indicator of size (BOOKS-
TEIN, 1989), so that the resulting factor maps (Fig. 5.1) clearly illustrate global

size differences in the populations analysed.
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FiGura 5.1: Principal component analysis of adult F. hepatica from natural
infections from Galicia in wild boar (dotted line) compared with F. hepatica
in sheep (dashed line) and F. hepatica in cattle (uninterrupted line); samples
are projected on to the first (PCI, 91.0%) and second (PCII, 3.5%) principal
components. Each group is represented by its perimeter.
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5.1.2. Results

Comparative morphometric data of F. hepatica from cattle, sheep and wild boar
are shown in (Table 5.1 and Table 5.2). The development and gravidity of liver
flukes from wild boars were similar to those of liver flukes from sheep and cattle
(Fig. 5.2). Within-comparison of the values of the F. hepatica populations shows a
general overlap between them regardless of the different definitive host species of
origin. size and shape of liver-fluke bodies were studied by multivariate analyses.

A scatter plot of the first two principal components (PC) is shown in (Fig. 5.1).

a |§ : blS c

-

FIGURA 5.2: Gravid Fasciola hepatica adults from Galicia (NW, Spain) in:
(a) sheep; (b) cattle; (c) wild boar.

The remanning variables were all significantly correlated with the first principal
component (PC1), contributing 91 %and with the second principal component
(PC2), contributing 3.5% to overall variations (BOOKSTEIN, 1989), i.e., the
resulting factor maps (Fig. 5.1) clearly illustrate global size differences in the
populations analyzed. The results show that the bodies of F. hepatica populations
from sheep are of smaller size than those from cattle. The liver fluke population
from wild boars presents an intermediate size between sheep and cattle populations
(Fig. 5.1). Our results indicate that liver fluke bodies from wild boars present their

own morphometric pattern in size and shape.
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Adult measurements (mm)

38,3-149,80 34,06-138,83 62,00-190,31
Body area, BA 93,56+ 22,81 81,30+ 26,40 117,00+£26,60
10,25 - 21,06 11,93-25,29 12,36-21,%4
Body length, BL 16,25 +2,13 17,01 £3,47 16,25 +2,05
4,96 -11,10 3,98-9,09 6,87-13,05
Body width, BW 8,15 1,31 7,03+1,19 971125
1,91-8,47 4,32-7,89 5,75-13,95
BW at ovary level, BWOv 6,20+1,05 5,81+0,90 7,73 £1,17
25,76-52,84 28,90-55,25 32,35-59,04
Body perimeter, BP 40,54+ 511 40,04+7,25 44 60 £ 5,40
1,17-1,75 1,20-2,15 1,21-1,90
Body roundness, BR 1,42+ 0,11 1,62+ 0,23 1,42 £0,14
1,19-2,39 0,93-2,87 1,02-2,35
Cone length, CL 1,80+0,27 1,97+0,52 1,7420,25
1,97-3,36 1,76-3,86 1,88-3,96
Cone width, CW 2,66+0,31 2,70+0,62 3,17 £0,32
0,89-3,81 1,30-3,50 1,64-4,35
BWOV/CW ratio 2,34+0,40 2,23 0,59 2,480,46
0,35-1,22 0,21-0,54 0,23-1,30
Oral sucker area, OSA 0,75+0,22 0,37+0,08 0,41 +0,12
0,66 -1,87 0,58-1,27 0,66-1,09
Maximum diameter of the oral sucker, 1,02+0,19 0,88+0,14 0,81 £0,06
OSmax
0,48 -1,31 0,31-1,10 0,38-0,80
Minimum diameter of the oral sucker, 0,87 +0,16 0,65+0,20 0,56 £0,08
OSmin
0,23-1,08 0,67-1,13 0,35-2,25
Ventral sucker area, VSA 0,48+0,20 0,88 20,12 0,98+ 0,28
0,58-1,32 0,58-1,27 0,93-1,34
Maximum diameter of the ventral sucker, 0,83+0,16 0,97 +£0,16 1,15+ 0,07

VSmax

TaBLA 5.1: Comparative morphometrics with mean values + SD (range in size)
of 82 adult liver fluke uteri in sheep, 17 in wild boars and 124 in cattle from
Galicia; n. number of adult liver flukes measured; lineal biometric characters in

mm. areas in mm-<.
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Adult measurements (mm) Sheep Board Cattle
n= 88 n= 35 n= 133
0,45-11 0,48-1,13 0,82-1,24
Minimum diameter of the ventral sucker, 0,71+£0,15 0,86 £ 0,20 1,03 £0,07
VSmin
OSA/VSA ratio 0,36-3,13 0,25-2,97 0,20-1,08
1,85+ 0,76 1,15+ 0,77 0,47 +0,19
Distance between the anterior end of the 0,74-2,05 1,20-2,95 1,22-3,62
body and the ventral sucker, A-VS 1,44+0,23 2,04+ 0,41 1,88+ 0,29
Distance between the oral sucker and the 0,15-0,55 0,16-2,62 0,69-1,63
ventral sucker, 0S-VS 0,39+0,08 0,76+ 0,73 1,28+0,20
Distance between the ventral sucker and 8,40-1470 7,01-17,58 7,60-15,48
the union of the vitelline glands, VS-Vit 11,741£1,48 10,63+2,61 10,64 £ 1,61
Distance between the union of the vitelline 2,81-7,59 2,10-5,97 1,72-7,31
glands and the posterior end of the body, 4644102 3,93+1,08 4,04 +0,90
Vit-P
Distance between the ventral sucker and 12,33-20,22 10,59-23,11 10,62-20,07
the posterior end of the body, VS-P 14,1412 .63 13,93+3,37 14,14+ 214
BL/VS-P ratio 0,67-1,96 0,68-1,94 0,73-1,69
1,15 £0,25 1,08+0,22 1,14 £0,17
0,12-0,34 0,15-0,34 0,13-0,33
Pharynx area, PhA 0,23+ 0,04 0,30+ 0,07 0,21£ 0,04
Pharynx length, PhL 0,49 -0,92 0,43-0,97 0,56-0,89
0,72+ 0,07 0,75+ 0,11 0,71 +£0,06
0,29 -0,52 0,22-0,51 0,29-0,57
Pharynx width, PhW 0,41+0,04 0,40 £ 0,07 0,39 £ 0,05
3,64 -10,43 4,15-13,17 4,56 - 10,99
Testicular length, TL 7,01+£1,02 7,75+1,71 7,15+ 0,92
2,64-6,79 2,06-6,43 3,86-8,04
Testicular width, TW 4,76+ 0,90 432+ 0,99 6,31£ 1,12
10,25-48,76 10,76-47 69 16,93-65,92
Testicular area, TA 27,08+ 7,46 2422+ 995 36,81+ 9,16
13,15-45,03 14,27-34 45 18,73-37,39
22,00+ 5,51 22,04 £574 26,83 £3,50

Testicular perimeter, TP

TABLA 5.1: Comparative morphometrics with mean values + SD (range in size)
of 82 adult liver fluke uteri in sheep, 17 in wild boars and 124 in cattle from
Galicia; n. number of adult liver flukes measured; lineal biometric characters in

mm. areas in mm

104

2




5.1. Phenotyping of adult fasciolids in Wild boar

Liver fluke uteri of adults were studied by multivariate analyses. A scatter plot
of the first two principal components (PC) is shown in (Fig. 5.3). The remaining
variables were all significantly correlated with the first principal component (PC1)
contributing 94 % and the second principal component (PC2) contributing 4 %
to overall variations. PC1 could therefore be accepted as a general indicator of
uteri size. The results show that the uteri of F. hepatica populations from sheep,

cattle and wild boars showed small size differences between the three host species

analyzed.
015 ——— Sheep
----- Cattle
Wild boar
0,1
0,05
0
o
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-0,05
0,1
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FiGurA 5.3: Principal component analysis of uterus Fuasciola hepatica from na-

tural infections from Galicia in wild boar (dotted line) compared with F. hepatica

in sheep (dashed line) and F. hepatica in cattle (uninterrupted line); samples are

projected on to the first (PCI, 94.0 %) and second (PCII, 4 %) principal compo-
nents. Each group is represented by its perimeter.
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Adult measurements Sheep Wild boar Cattle
(mm) n=82 n=17 n=124
Uterus length, 3.12+0.58 3.12+0.70 3.05+£0.41
UL 1.72-4 .41 1.71-4.12 1.98-4.20
Uterus width, 2.12+0.34 2.19+0.72 2.53+0.41
uw 1.38-3.05 1.10-3.44 1.58-3.59
Uterus perimeter, 14.30% 2.26 14.30+3.13 14.14£2.76
up 8.53-19.51 92-18.25 9.44-21.35
Uterus area, 3.69+1.16 4.104+2.05 4.71%1.27
UA 1.01-6.90 1.02-8.03 1.49-7.74

TABLA 5.2: Comparative morphometrics with mean values + SD (range in size)
of 82 adult liver fluke uteri in sheep, 17 in wild boars and 124 in cattle from

Galicia; n. number of adult liver flukes measured; lineal biometric characters in

mm. areas in mm?2.

5.1.3. Discussion

The natural infection by F. hepatica has been previously reported in different wild
animal species (MENARD et al., 2000, 2001; VALERO et al., 2002; SHIMALOV &
SHIMALOV, 2003; VENGUST et al., 2003; SOARES et al., 2007; CAPUCCHIO
et al., 2009; ISSIA et al., 2009). In this sense, although some sporadic cases of
parasitation have also been described in the wild boar (BARUTZKI et al., 1990;
SHIMALOV & SHIMALOV, 2000; THOMPSON et al., 2009), the importance of
this hos tspecies in the transmission of fasciolosis has hardly been studied until
now. Herein, the prevalence and intensity of this hepatic parasitosis in wild boars
in Spain is analyzed. The amount and viability of eggs excreted in feces, as well
as the morphometric characteristics of the adult flukes parasitizing the liver are
also given. Several authors reported that another Swidae species, the pig, has a
considerable natural resistance to fasciolosis (ASHIZAWA et al., 1966; OSHIMA
et al., 1971; SHIMIZU et al., 1994). In the most recent European study, F. hepatica
was found in only 79 out of 3021 feral pigs in Sicily (Italy) (CAPUCCHIO et al.,
2009). Nevertheless, the study of MEZO et al. (2013),the prevalence of infection in
the total wild boar population (11.2 %) was only slightly lower than that found in
adult cattle (16 %) in the same region (MEZO et al., 2008), this difference being
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even lower when only wild boars older than 30 months were considered (13.6 %). It
must be taken into account that this study was carried out in an area with endemic
fasciolosis where the density of grazing cattle is high. Moreover, in recent years,
the expanding wild boar population frequently encroaches into livestock pastures
where there is a high risk of infection with F. hepatica metacercariae. Data relative
to the intensity of the infection in wild boars are very scarce. THOMPSON et
al. (2009) reported infections with 15-25 adult flukes in wild boars slaughtered
in western Scotland. Also, CAPUCCHIO et al. (2009) detected some massive
infections of up to 50 flukes in feral pigs in the aforementioned study, although
most parasitized livers (89 %) harbored parasite burdens ranging between 1-10
flukes, similar to those found in MEZO et al. (2013) study (mean = 2.3 flukes;
max = 14). These parasite burdens are significantly lower than those observed in
cattle (up to 244 flukes) in our region, which could be due, according to NANSEN
& ANDERSEN (1974), to a low susceptibility to fasciolosis of swine. Nevertheless,
other causes such as variations in feeding habits might also be implicated. In
relation to the contribution of wild boars to the transmission of fasciolosis, MEZO
et al. (2013) data show that they are very likely to contribute to the environmental
contamination with parasite eggs. In fact, by analyzing a single sample, MEZO et
al. (2013) detected F. hepatica eggs in the feces of 40 % of para-sitized wild boars,
with a mean of 6.1 epg and individual values of up to 49 epg. The non-detection
of eggs in wild boars infected with liver flukes located in the bile ducts suggests
that in some cases egg shedding does not take place or only in a very reduced
manner, making infection undetectable by microscopic techniques. In this sense,
once the worms have matured, diagnosis is sometimes difficult because, although
commonly employed, microscopic techniques for quantitative diagnosis of Fasciola
eggs are very specific but they are rather insensitive. In addition, in some cases
diagnosis is also difficult during the biliary stage, due to the intermittent excretion
of parasite eggs. Fecal egg counts are known to follow inter- and intraindividual
variations in fasciolosis (VALERO et al., 2009b, 2011). It must be kept in mind that
the fasciolid egg shedding pattern is not linear but fluctuates between maximum
and minimum values (VALERO et al., 2009b). One possible explanation for the
negative results obtained in the coprological analysis carried out by MEZO et
al. (2013) is that samples were from wild boars with chronic infections, in which

egg excretion is probably more erratic. However, in the same study, among the
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parasitized wild boars in which the MM3-COPRO ELISA test could be applied
(n = 27), most of them were demonstrated to excrete Fasciola coproantigens,
in spite of the fact that the parasite eggs were not detected in their feces. This
suggests that wild boars shed a much reduced, undetectable number of eggs with
the technique used, even despite presenting alive and metabolically active flukes
in their biliary canals. In cows with F. hepatica burdens similar to those found
in wild boars (1-10 flukes), we observed that both the percentage of animals
shedding parasite eggs (47.7%) and the epg counts (mean = 6.1 £+ 4.4) were
similar (MEZO et al., 2004). These results agree with those obtained by MAS-
COMA et al. (1997) who, in an interesting study carried out in the Bolivian
Altiplano, concluded that the F. hepatica egg output capacity of pigs does not
greatly differ from that of sheep and cattle in the same area. In addition, MEZO
et al. (2013) founded considerable amounts of viable parasite eggs within the
gallbladders of all parasitized livers, so that the wild boar can be considered an
additional source for environmental contamination by F. hepatica eggs in this
endemic area. According to DUJARDIN et al. (2009), quantitative morphological
variation informs about both genetic variation and external influences. In the case
of endoparasites, it is necessary to distinguish between macrohabitat (external
environment according to geography) and microhabitat (parasitized organ inside
the host) (VALERO et al., 2012c). Given that the entire material in this study
comes from one geographical area, external environment according to geography
is not a variable to be considered, and only the study of the host species effect on
the size and shape of the parasite populations was analyzed. The results of this
study show that F. hepatica in Galicia has a normal development in wild boars,
presenting its own characteristics in shape and size in comparison with other host
species. Thus, results obtained in the principal component analysis show that
liver flukes from wild boars present both an intermediate size and shape when
compared to parasites from sheep and cattle. The maximum size reached by F.
hepatica in wild boars is smaller than that in cattle but bigger than that in sheep.
Additionally, uterus size has been demonstrated to be proportional to both body
size (VALERO et al., 2001b) and number of eggs shed per gram of feces (VALERO
et al., 2012c). VALERO et al. (2001b) compared uterine development in Bolivian
liver flukes from cattle, sheep and pig, showing that uterine allometry of the F.

hepatica adult with respect to BA follows a pattern, which is independent of the
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host species. It is of great interest that it follows the same pattern in Bolivian
pigs as it does in hosts considered normal, such as sheep or cattle, because, as
above-mentioned, in other geographical areas the pig shows substantial natural
resistance to infection by Fasciola species (ASHIZAWA et al., 1966; OSHIMA
et al., 1971; SHIMIZU et al., 1994), or is even considered to be non-viable as
a host for F. hepatica (POLYAKOVA-KRUSTEVA & GORCHILOVA, 1972). It
can be concluded that in Galicia flukes from the wild boar present a minimum
uterus size similar to that in flukes from sheep and cattle. Furthermore, VALERO
& MAS-COMA (2000) found that there were no differences in the infectivity
and viability of the metacercariae among sheep, cattle and pig isolates from the
Bolivian Altiplano and deduced that the pig has a potentially high transmission
capacity in the geographical area in question. Given that the quantification of F.
hepatica eggs in feces can lead to inaccuracies. VALERO et al. (2012¢) proposed
F. hepatica uterus size as a quantitative biomarker of average epg shed, which
is consistent with similar findings in other helminths. In this sense, a positive
correlation between worm size and egg production has been described in nematodes
of animals and humans (DEZFULI et al., 2002; IRVINEET al., 2001; RICHARDS
& LEWIS, 2001; UGLAND et al., 2004; WALKER et al., 2009).
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Capitulo 6. CONCLUSIONS

The present research aims at the phenotypic characterization of fasciolid adults
from endemic areas with different epidemiological characteristics and heterogeneo-
us transmission, i.e. areas where both fasciolid species co-exist and areas where
only F. hepatica is present. The conclusions obtained from our work are numerous

and varied according to their different contents.

To facilitate their presentation, they are listed according to two groups depending

on the transmission model:

= With regard to the results obtained in the study on areas where both species
of fasciolids co-exist: This is the first time that intermediate forms, as well
as the F. hepatica-like and F. gigantica-like adult worms from bovines are

described in Pakistan and Bangladesh.

The detection of F. hepatica-like forms in these geographical areas is cru-
cial, given the well-known capacity of F. hepatica to infect humans which is

markedly higher than that in F. gigantica.

In relation to the liver-fluke material from Pakistan, the intermediate forms,
as well as the F. hepatica-like and F. gigantica-like adult worms, found in
buffaloes from the Central Punjab area, may be explained by a zonal overlap
transmission pattern. In fact, nomads move their animals from the highlands
to the lowlands in the winter season looking for grazing lands. Similarly,
animals are moved from the lowlands to the cooler highlands when warmer
conditions return. Further work on this very complex orographic and trans-
humance scenario is required to understand the epidemiology of the disease
in each locality, to assess how transmission of fascioliasis occurs throughout
the Central Punjab area and thus establish appropriate control measures for

each endemic subzone in the future.

In relation to the liver-fluke material from Bangladesh, the intermediate
forms, as well as the F. hepatica-like and F. gigantica-like adult worms,
found in zebu from the entire country, may be explained by the traditional

trade links between these countries.
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In relation to the liver-fluke material from Bangladesh, present widespread
fascioliasis with high pathogenicity in ruminants is a good indicator for the
disease likely to be diagnosed in humans if properly investigated. The higher
proportion of F. gigantica-like forms in that country may suggest more severe
pathogenic characteristics related to the larger size of F. gigantica if it infects

humans.

In relation to the liver-fluke material from Iran, the presence of different
types of morphs in Guilan suggests the likelihood of some degree of hybri-

dization between F. hepatica and F. gigantica.

Furthermore, the present study in Guilan province addresses to obtain a
transmission model which might be subsequently applied to other zonal over-
lap endemic areas of fascioliasis in Iran or other countries and thereby assess
up to which level overlap areas may be similar or different. This knowled-
ge is crucial when control measures in the different overlap areas have to
be applied, either being the same or made to measure for each overlap area.
The results of the present study demonstrate that, in Guilan, fascioliasis also
follows a zonal overlap transmission pattern, with F. hepatica-like transmis-
sion taking place mainly in the highlands and F. gigantica-like transmission
mainly in the lowlands. The co-existence of the two fasciolids in livestock
in Guilan suggests a complicated scenario of possible ways of circulation
of the causal agents, e.g. through altitudinal livestock transhumance which
does not take place in Guilan nowadays, but might have been practised in
the past, or animal transportation in recent times. In Guilan, G. truncatula
has been found to transmit F. hepatica in the Talesh mountains, whereas
R. auricularia (= L. gedrosiana) appears well distributed in the lowlands
around the cities of Bandar Anzali and Rasht. These data correlate with
results of previous studies suggesting F. gigantica to be the most prevalent
species in these human endemic lowlands around the two aforementioned
cities. At the highest altitudes (1,000-2,000 m), F. hepatica-like specimens
dominate infecting sheep and goats, whereas F. gigantica-like specimens are
only sporadically found in cattle, which suggest their presence in bovines
most probably as a consequence of animal movements. However, a sporadic

presence of isolated populations of R. auricularia (L. gedrosiana) may not a
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priori be ruled out and is perhaps likely to enable a short transmission season
of F. gigantica at such altitudes in Guilan during the summer months. At
the lowest altitudes (from -27 m to 0 m), F. gigantica-like specimens domina-
te infecting cattle and buffaloes, whereas F. hepatica-like specimens appear
only sporadically in cattle, buffaloes and goats. At the interface between the
highest and lowest altitudes, there appears a strip of land between 1 m and
999 m (lowland areas above sea level at 1-99 m and hilly areas at 100-999
m) in which both Fasciola forms are present: F. hepatica-like specimens in
cattle and sheep at 1-999 m and in goats at 100-999 m, and F. gigantica-like
specimens in cattle at 1-999 m, in buffaloes only at 1-99 m and in sheep at
100-999 m. These results indicate that the transition between highlands and
lowlands is gradual, most probably related to a distributional overlap of the

lymnaeid vector species transmitting the two fasciolids.

In relation to the liver-fluke material from Iran, the present study has quan-
tified for the first time the different developmental courses of F. hepatica in
four different host species (cattle, buffaloes, sheep and goats) and those of F.
gigantica in three different host species (cattle, buffaloes and sheep) using
geometrical morphometric techniques. The analysis of the influence of the
host species on the size and shape of F. hepatica-like and F. gigantica-like
specimens shows that the definitive host species has a decisive influence on
the size and shape of the liver-flukes studied. Nevertheless, this host influence

does not follow the same pattern in the phenotype of each fasciolid species.

With regard to the results obtained in the study on areas where only F.

hepatica is present:

In relation to the liver-fluke material from Galicia, the present study has
quantified for the first time the different developmental courses of F. hepatica
in three different host species (cattle, buffaloes, and wild boar) from the same
geographical area, using geometrical morphometric techniques. The analysis
of the influence of the host species on the size and shape of F. hepatica
specimens shows that the definitive host species has a decisive influence on

the size and shape of the F. hepatica adults studied.

PC analysis enabled the characterization of F. hepatica specimens found in

the wild boar and their comparison with F. hepatica specimens originating
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from host species considered main reservoir hosts of the disease in the area,
with particular emphasis on the uterus development. Our study shows for the
first time that in Galicia the F. hepatica uterus from the wild boar presents
an intermediate size between that found in primary reservoir hosts such as
cattle and sheep, i.e., the individual potential egg output capacity of the
wild boar does not greatly differ from that detected in Galician livestock.
The normal development of the flukes in the liver of the wild boar suggests

a possible role of this species as a secondary reservoir in this Spanish region.

The global results obtained do not only underline the extraordinary plas-
ticity and adaptability of these trematode species to different mammalian
hosts, but also highlight the utility of the phenotypic characterization of
the fasciolid adults in epidemiological studies in endemic areas. Future ex-
perimental studies will elucidate if intermediate specimens have a better
fitness, i.e. infecting both species of the Galba/Fossaria group and species of
the Radixz group in order to characterise their different biological aspects of
transmission and epidemiology as to establish appropriate fascioliasis control

measures
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10 mm

10 mm

FIGURA 7.1: Fasciola hepatica adults from France.

FI1GURA 7.2: Fasciola hepatica adults from Spain.
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10 mm

FiguraA 7.3: Fasciola gigantica adults from Burkina Faso.
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10 mm

FI1GURA 7.4: Fasciola sp. adults from Pakistan.

10 mm

F1GURA 7.5: Fasciola sp. adults from Bangladesh.
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FIGURA 7.6: Fasciola sp. adults from (Iran) A, Fasciola hepatica adults from
(Corsica, France) B, Fasciola sp. adults from (Bangladesh) C and Fasciola sp
adults from (Pakistan) D.
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