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ABSTRACT
Fascioliasis and Schistosomiasis are two major (re)emerging trematodiasis with large impact
on human health. Given the necessity to characterize the Trematode populations involved, the aims of
the present research are, first, analyze the impact of Fasciola hepatica experimental reinfection on
immunological, clinical and biological phenotypes by means of an experimental design which
reproduced the usual reinfection/chronicity conditions in human Fascioliasis endemic areas. Second,
the morphological phenotypic characterization of parasite eggs from Schistosomiasis haematobium
infected sub-Saharan migrants in Spain and introduction of a new study methodology. The specific
results have been grouped into four parts. A. Impact of Fascioliasis reinfection on host immune response:
relationship with the clinical phenotypes of anemia. The profile of the Th1/Th2/Th17/Treg expression
levels is analyzed after reinfection, correlating them with their corresponding hematological
biomarkers of morbidity. Reinfection in the chronic phase is able to activate a mixed immune response
(Th1/Th2/Th17/Treg). The systemic immune response is different in each group, suggesting that
suppression is mediated by different mechanisms in each case. Multivariate mathematical models were
built to describe the Th1/Th2/Th17/Treg expression levels and the clinical phenotype. B. Impact of
Fascioliasis reinfection on F. hepatica egg shedding: relationship with the immune‐regulatory response.
Serical IgG1 levels and eggs per gram of feces (epg) were analyzed after reinfection, correlating them
with their corresponding profile of the Th1/Th2/Th17/Treg expression levels. A transiently higher
averages of epg and epg/worm in reinfected groups vs primoinfected group (PI) were detected at least
in the weeks following reinfection. The kinetics of IgG1 levels shows that reinfected groups followed a
pattern similar to the one in the PI group, but transiently higher averages of IgG1 levels in reinfected
groups vs the PI group were detected in the weeks following reinfection. Epg correlated with IgG1 levels
and also with systemic Il10 and thymic Ifng and Il10 expression levels. These results suggest that epg
depends on the Th1 and Treg phenotype and that the determination of the fluke burden by epg is likely
to be an overestimation in cases of recent reinfection in low burden situations. A strategy to facilitate
the implementation of epg count techniques and the subsequent decision on the appropriate treatment
dose for each patient to prevent colic risk is required. C. Phenotypic analysis of Schistosoma species eggs:
proposal for a standardized study methodology. The present study focuses on eggs, considered
genetically pure S. haematobium by genetic characterization (intergenic ITS region of the rDNA and cox
1 mtDNA by RD-PCR). A phenotypic characterization of S. haematobium eggs was made by
morphometric comparison with experimental populations of S. bovis and S. mansoni. Analyses were
made by Computer Image Analysis System (CIAS) applied on new standardized measurements and
geometric morphometric tools. The principal component analysis (PCA), including seventeen nonredundant measurements, showed three phenotypic patterns in eggs of S. haematobium, S. bovis and S.
mansoni. Mahalanobis distances between each pair of groups were calculated for each discriminant
analysis performed. In general, S. mansoni and S. bovis present larger distances between them than with
S. haematobium, i.e. they present the greatest differences. Regarding the spine, S. haematobium and S.
mansoni are the most distant species. Results show the usefulness of this methodology for the
phenotypic differentiation between eggs from these Schistosoma species, capable of discerning
morphologically close eggs, as is the case of the haematobium group. Schistosoma egg phenotyping
approaches may be applied to assess not only hybrid forms but also potential influences of a variety of
other factors. D. Phenotypic characterization of S. haematobium‐like and genetically pure eggs:
description of morphotypes and analysis of the influence of the geographical origin on egg phenotypes.
The above-described methodology allowed us to classify the eggs from Schistosomiasis haematobium
infecting sub-Saharan migrants in Spain into three morphotypes: round, elongated and spindle. The
results show an uneven distribution of these morphotypes among countries. In addition, an egg sample
was both geno- and phenotyped (intergenic ITS region of the rDNA and cox 1 mtDNA by RD-PCR),
allowing us to compare only genetically pure eggs and eliminate the variability hybrid eggs might entail.
Regarding the influence of the geographical origin, great intraspecific variation was found among
countries. Further studies will confirm these results and the utility of this tool for comparative studies
of hybrid Schistosoma egg morphology.
Key words: Fasciola hepatica, Schistosoma haematobium, Schistosoma mansoni, Schistosoma bovis,
reinfection, Th1/Th2/Th17/Treg expression levels, anemia, epg, IgG1, egg shedding, egg morphology,
ITS region of the rDNA, cox 1 mtDNA, CIAS, PCA, sub-Saharan migrants, Spain.
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RESUMEN
La Fascioliasis y la Esquistosomiasis son dos importantes trematodiasis (re)emergentes con
gran impacto en la salud humana. Dada la necesidad de caracterizar las poblaciones de Trematodos
involucradas, los objetivos de la presente investigación son: en primer lugar, analizar el impacto de la
reinfección experimental por Fasciola hepatica en los fenotipos inmunológicos, clínicos y biológicos por
medio de un diseño experimental que reproduce las condiciones habituales de reinfección/cronicidad
en las zonas endémicas de la Fascioliasis humana; en segundo lugar, la caracterización fenotípica
morfológica de huevos de Schistosoma haematobium de migrantes subsaharianos con Esquistosomiasis
urogenital en España y la presentación de una nueva metodología de estudio. Los resultados obtenidos
se han agrupado en cuatro apartados. A. Impacto de la reinfección en Fascioliasis en la respuesta
inmunitaria del hospedador: relación con los fenotipos clínicos de la anemia. Se analizó el perfil de los
niveles de expresión de Th1/Th2/Th17/Treg después de la reinfección, correlacionándolos con sus
correspondientes biomarcadores hematológicos de morbilidad. La reinfección en la fase crónica fue
capaz de activar una respuesta inmune mixta (Th1/Th2/Th17/Treg). La respuesta inmunológica
sistémica fue diferente en cada grupo, lo que sugiere que la supresión está mediada por diferentes
mecanismos en cada caso. Se realizaron cinco modelos matemáticos multivariantes para describir los
niveles de expresión de Th1/Th2/Th17/Treg y el fenotipo clínico. B. Impacto de la reinfección en
Fascioliasis en la emisión de huevos de F. hepatica: relación con la respuesta inmunorreguladora. Se
analizaron los niveles séricos de IgG1 y el contaje de huevos por gramo de heces (hpg) tras la
reinfección, correlacionándolos con su correspondiente perfil de los niveles de expresión de citoquinas
Th1/Th2/Th17/Treg. Se detectaron promedios transitoriamente más altos de hpg y hpg/parásito en
los grupos reinfectados frente a los grupos primoinfectados (PI) en las semanas posteriores a la
reinfección. Los hpg se correlacionaron con los niveles de IgG1 así como con los niveles de expresión
sistémicos de Il10 y tímicos de Ifng e Il10. Estos resultados sugieren que la cantidad de hpg depende del
fenotipo Th1 y Treg y que la determinación de la carga parasitaria por el conteo de hpg podría
sobreestimarla en los casos de reinfección reciente. Se requiere un protocolo que facilite la aplicación
de las técnicas de recuento por hpg y la consiguiente decisión sobre la dosis de tratamiento apropiada
para cada paciente a fin de prevenir el riesgo de cólico. C. Análisis fenotípico de los huevos de tres especies
de Schistosoma: propuesta de una metodología de estudio estandarizada. El presente estudio se centró
en huevos considerados como S. haematobium puro por caracterización genética (secuenciación de la
región ITS del ADNr y RD-PCR de cox 1 del ADNmt). Se realizó una caracterización fenotípica de los
huevos de S. haematobium mediante comparación morfométrica con poblaciones experimentales de S.
bovis y S. mansoni utilizando el Sistema de Análisis de Imágenes por Computadora (CIAS) aplicado sobre
diecisiete nuevas medidas estandarizadas. El análisis de componentes principales (ACP) y el análisis
canónico de la varianza (ACV) mostraron tres patrones fenotípicos en los huevos de S. haematobium, S.
bovis y S. mansoni. En general, S. mansoni y S. bovis presentaron mayores distancias entre ellos que con
S. haematobium. En cuanto a la espina, S. haematobium y S. mansoni fueron las especies más distantes.
Los resultados muestran la utilidad de esta metodología para la diferenciación fenotípica de los huevos
de estas especies de Schistosoma, capaces de discernir entre huevos morfológicamente cercanos, como
es el caso del grupo haematobium. El fenotipado de huevos de esquistosoma podría aplicarse para
evaluar no sólo las formas híbridas sino también la posible influencia de gran variedad de factores sobre
el morfotipo de los huevos. D. Caracterización fenotípica de huevos de tipo S. haematobium y
genéticamente puros: descripción de morfotipos y análisis de la influencia del origen geográfico en el
fenotipo de los huevos. La metodología descrita anteriormente permitió clasificar huevos de S.
haematobium obtenidos de muestras de migrantes subsaharianos en España en tres morfotipos:
redondeados, alargados y con forma de huso o spindle. Los resultados muestran una distribución
desigual de estos morfotipos entre los países. Además, una submuestra fue geno y fenotipada
(secuenciación de la región ITS y RD-PCR de cox 1), lo que permitió comparar sólo los huevos puros y
eliminar la variabilidad que los huevos híbridos podrían presentar. En cuanto a la influencia del origen
geográfico, se ha observado una gran variabilidad intraespecífica entre los diferentes países analizados.
Futuros estudios confirmarán estos resultados y la utilidad de esta herramienta para realizar estudios
comparativos sobre la morfología de los huevos híbridos del género Schistosoma.
Palabras clave: Fasciola hepatica, Schistosoma haematobium, Schistosoma mansoni, Schistosoma bovis,
reinfección, Th1/Th2/Th17/Treg niveles de expresión, anemia, hpg, IgG1, emisión de huevos,
morfología de huevos, región ITS del ADNr, cox 1 ADNmt, CIAS, ACP, migrantes sub-Saharianos, España.
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RESUM
La Fasciolosi i la Esquistosomosi són dos importants trematodosis (re)emergents amb gran
impacte en la salut humana. Donada la necessitat de caracteritzar les poblacions de Trematodes
involucrades, els objectius de la present investigació són: en primer lloc, analitzar l'impacte de la
reinfecció experimental de Fasciola hepatica als fenotips immunològics, clínics i biològics per mitjà d'un
disseny experimental que reprodueix les condicions habituals de reinfecció/cronicitat en les zones
endèmiques de la Fasciolosi humana; en segon lloc, la caracterització fenotípica morfològica d'ous de
Schistosoma haematobium de migrants subsaharians amb Esquistosomosi urogenital a Espanya i la
presentació d'una nova metodologia d'estudi. Els resultats obtinguts s'han agrupat en quatre apartats.
A. Impacte de la reinfecció per Fasciolosi en la resposta immunitària de l'hoste: relació amb els fenotips
clínics de l'anèmia. Es va analitzar el perfil dels nivells d'expressió de Th1/Th2/Th17/Treg després de
la reinfecció, correlacionant-los amb els seus corresponents biomarcadors hematològics de morbiditat.
La reinfecció en la fase crònica va ser capaç d'activar una resposta immune mixta
(Th1/Th2/Th17/Treg). La resposta immunològica sistèmica va ser diferent en cada grup, la qual cosa
suggereix que la supressió està mediada per diferents mecanismes en cada cas. Es van realitzar cinc
models matemàtics multivariants per a descriure els nivells d'expressió de Th1/Th2/Th17/Treg i el
fenotip clínic. B. Impacte de la reinfecció de la Fasciolosi en l’emissió d'ous de F. hepatica: relació amb la
resposta immune reguladora. Es van analitzar els nivells sèrics de IgG1 i el contatge d'ous per gram de
femta (opg) després de la reinfecció, correlacionant-los amb el seu corresponent perfil dels nivells
d'expressió de citocines Th1/Th2/Th17/Treg. Es van detectar mitjanes transitòriament més alts d’ opg
i opg/paràsit en els grups reinfectats enfront dels grups primoinfectats (PI) en les setmanes posteriors
a la reinfecció. Els opg es van correlacionar amb els nivells de IgG1 així com amb els nivells d'expressió
sistèmics de Il10 i tímics de Ifng i Il10. Aquests resultats suggereixen que la quantitat d’opg depèn del
fenotip Th1 i Treg i que la determinació de la càrrega parasitària pel comptatge de opg podria
sobreestimar-la en els casos de reinfecció recent. Es requereix un protocol que facilite l'aplicació de les
tècniques de recompte per opg i la consegüent decisió sobre la dosi de tractament apropiada per a cada
pacient a fi de previndre el risc de còlic. C. Anàlisi fenotípica dels ous de tres espècies de Schistosoma:
proposta d'una metodologia d'estudi estandarditzada. El present estudi es va centrar en ous considerats
com a S. haematobium pur per caracterització genètica (seqüenciació de la regió ITS del ADNr i cox 1
del ADNmt per RD-PCR). Es va realitzar una caracterització fenotípica dels ous de S. haematobium
mitjançant comparació morfomètrica amb poblacions experimentals de S. bovis i S. mansoni utilitzant
el Sistema d'Anàlisi d'Imatges per Computadora (CIAS) aplicat sobre dèsset nous mesuraments
estandarditzades. L'anàlisi de components principals (ACP) i l'anàlisi canònica de la variància (ACV)
van mostrar tres patrons fenotípics en els ous de S. haematobium, S. bovis i S. mansoni. En general, S.
mansoni i S. bovis van presentar majors distàncies entre ells que amb S. haematobium. Quant a l'espina,
S. haematobium i S. mansoni van ser les espècies més distants. Els resultats mostren la utilitat d'aquesta
metodologia per a la diferenciació fenotípica dels ous d'aquestes espècies de Schistosoma, capaces de
destriar entre ous morfològicament pròxims, com és el cas del grup haematobium. El fenotipat d'ous de
Schistosoma podria aplicar-se per a avaluar no sols les formes híbrides sinó també la possible influència
de gran varietat de factors sobre el morfotipus dels ous. D. Caracterització fenotípica d'ous de tipus S.
haematobium i genèticament purs: descripció de morfotipus i anàlisi de la influència de l'origen geogràfic
en el fenotip dels ous. La metodologia descrita anteriorment va permetre classificar els ous de S.
haematobium obtinguts de mostres de migrants subsaharians a Espanya en tres morfotipus: arredonits,
allargats i amb forma de fus o spindle. Els resultats mostren una distribució desigual d'aquests
morfotipus entre els països. A més, una submostra va ser geno i fenotipada (seqüenciació de la regió
ITS del ADNr i cox 1del ADNmt per RD-PCR), la qual cosa va permetre comparar només els ous purs i
eliminar la variabilitat que podrien presentar els ous híbrids. Pel que fa a la influència de l'origen
geogràfic, es van trobar diferències estadísticament significatives entre els ous del Senegal i de
Mauritània. Futurs estudis confirmaran aquests resultats i la utilitat d'aquesta eina per a realitzar
estudis comparatius sobre la morfologia dels ous híbrids del gènere Schistosoma.
Paraules clau: Fasciola hepatica, Schistosoma haematobium, Schistosoma mansoni, Schistosoma bovis,
reinfecció, Th1/Th2/Th17/Treg nivells d'expressió, anèmia, opg, IgG1, emissió d'ous, morfologia d'ous,
regió ITS del ADNr, cox 1 ADNmt, CIAS, ACP, migrants sub-Saharians, Espanya.
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MCV

Mean corpuscular volume

mRNA

Messenger ribonucleic acid

μm

Microns

NaCl

Sodium chloride

NI

Non infected

NOS‐2

Nitric oxide synthase-2

Nos2

Gene encoding NOS-2

NS

Statistically not significant

NTD

Neglected tropical disease

nTreg

Natural Treg cells

OPD

O-phenylenediamine dihydrochloride

PBS

Phosphate buffered saline

PCA

Principal component analysis

PCI – PC1

Principal component 1

PCII – PC2

Principal component 2

PCR

Polymerase chain reaction

PI

Primoinfection

p.i.

Post- infection

PMSF

Phenylmethylsulfonyl fluoride, protease
inhibitor

PZQ

Praziquantel

Rmax

Radius maximum

Rmin

Radius minimum

R8

Reinfected at 8 w.p.i.

R12

Reinfected at 12 w.p.i.

RBC

Total red blood cell

rDNA

Ribosomal DNA
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RD‐PCR

Rapid diagnostic PCR

RDW‐CV

Red cell distribution width coefficient of
variation

RDW‐SD

Red cell distribution width-standard deviation

RQ

Relative quantity

RR

Relative risk

rs

R square

SBW

Spine base width

SD

Standard deviation

SEW

Spine end width

SE20

Width at 20 µm from spine end

SE35

Width at 35 µm from spine end

SE40

Width at 40 µm from spine end

S.h.

S. haematobium pure egg

SL

Spine length

SMW

Spine medium width

TGF‐β

Transforming growth factor- β

Tgf‐ β

Gene encoding transforming growth factor- β

Th1

Type 1 helper T cells

Th2

Type 2 helper T cells

Th17

Type 17 helper T cells

Treg

Regulatory T cells

Tris

Tris(hydroxymethyl)aminomethane

w.p.i.

Weeks post infection
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Neglected Tropical Diseases (NTDs) are a group of illnesses
including several parasitic, viral, and bacterial infections that cause
substantial disability for more than one billion people globally. Affecting
the world’s poorest people, NTDs impair physical and cognitive
development, contribute to mother and child illness and death, make it
difficult to farm or earn a living, and limit productivity in the workplace. As
a result, NTDs trap the poor in a cycle of poverty and disease (CDC, 2020a).
NTDs affect nearly two billion people worldwide, including 0.5 billion
children, and are responsible for causing approximately 200,000 deaths
per year. Together, they represent a loss of 25.11 million Disability
Adjusted-Life Years (DALYs) (16.9 million years lived with disability and
8.21 million years of life lost). However, the lack of accurate and available
data may underestimate their real number (Alvarez-Hernandez et al.,
2020). Fascioliasis and Schistosomiasis are considered two of these NTDs
and are included in the WHO NTD roadmap 2021–2030 targeted for control
(Fascioliasis) and for elimination as a public health problem
(Schistosomiasis), respectively (WHO TEAM Control of Neglected Tropical
Diseases, 2020).
Climate change and SARS-CoV-2 pandemic are the twin crises in the
Anthropocene, the era in which unsustainable growth of human activities
has led to a significant change in the global environment (Asayama et al.,
2020). After many years of controversy, climate change is already a reality:
changes in air and sea surface temperatures, precipitations, sea level, and
ocean salinity and circulation patterns, are clear evidence of it (WMO,
2020). In addition to environmental variations, anthropogenic alterations
such as urbanization, human activities, deforestation, and population
growth define the phenomenon known as global change.
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Global change is expected to boost geographical spread of
pathogens. Tropical infectious diseases, in particular vector borne diseases,
are especially prone to expand due to (1) the introduction or colonization
of their vectors in more temperate regions, where climate conditions are
becoming favorable and (2) mass population movements such as
migrations or trips (Kim et al., 2014; Campbell-Lendrum et al., 2015; Ogden
& Gachon, 2019; Semenza & Ebi, 2019). Examples of emergence of tropical
infectious pathogens in warm areas are mostly associated with arthropodborne diseases (e.g., dengue, Crimean-Congo hemorrhagic fever and
chikungunya) (Mariconti et al., 2019; Monge et al., 2020; Monsalve Arteaga
et al., 2020) while snail-borne diseases have been underestimated for years
mainly due to the limited dispersal ability of these animals. Fascioliasis and
Schistosomiasis are two examples of these ailments (Mas-Coma et al.,
2009a; Stensgaard et al., 2019). These helminthiases have an enormous
importance because of their large impact on human health as they affect
millions of people worldwide. They are also of veterinary interest due to
the livestock losses they cause, as well as the capacity of many helminth
species to regulate the abundance of free-living animal populations and
communities and hence, affect the balance of ecosystems (Mas-Coma et al.,
2009a).
The literature on the interactions of helminths with abiotic and
biotic factors is very broad, including both experimental and field studies.
Consequences of global change may ultimately increase the risk of
spreading of snail-borne parasites (Mas-Coma et al., 2009a).
Therefore, Fascioliasis and Schistosomiasis are considered (re-)
emerging diseases as the risk of their introduction in new areas is
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extremely likely in the following years. Knowledge about the biology,
epidemiology, and pathology of these two trematodiasis is crucial to carry
out control strategies to stop their spreading and, therefore, the burden of
these diseases.
Fascioliasis is considered a major human disease caused by two
species of liver flukes: Fasciola hepatica and F. gigantica. It is a plant-borne
trematodiasis transmitted by specific freshwater snail vectors of the family
Lymnaeidae (Mas-Coma et al., 2019). Herein, we will focus on F. hepatica,
also known as the common liver fluke, affecting chronically around 2.4- 17
million people worldwide, as the parasite may live up to 13 years in their
human host (Mas-Coma et al., 2019).
The liver fluke promotes its own survival through several strategies
to down-regulate the immune response of the host during the early phase
of infection. It secretes molecules, known as excretory/secretory (E/S)
products, that modulate or suppress host immune responses even in the
advanced chronic phase of the disease (Girones et al., 2007). However, to
our knowledge, there is no research about the host immune responses in
Fascioliasis reinfection scenario, despite the fact of being the norm in
hyperendemic areas. It is well-known that the pathogenicity of infectious
diseases is a consequence not only of the parasite virulence, but the
immunopathology associated to it. Both an exacerbated immune response
as well as a severe immunosuppression may have fatal consequences for
the host (Girones et al., 2007). Therefore, knowing the immune profile of
such a common situation as it is Fascioliasis reinfection is crucial to
progress in worldwide initiatives against these parasitic infections (MasComa et al., 2019).
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In developed countries, Fascioliasis is usually diagnosed during the
acute phase or at the beginning of the chronic phase. On the contrary,
infected subjects detected in surveys in human endemic areas of
developing countries are mainly in the advanced stage of chronicity, when
not already re-infected due to the high contamination risk, due to the long
lifespan of the parasite (Mas-Coma, 2005). The public health impact of this
scenario has reached an importance never expected before, owing to the
great pathogenicity of the long-term liver fluke infection proven
experimentally (Valero et al., 2003, 2006a, 2008) and the immunemodulation of fasciolids (Brady et al., 1999; Girones et al., 2007), which is
in the background of co-infections with other parasitic and infectious
diseases (Mas-Coma, 2005). Additionally, reinfection has also been related
to high pathogenicity and impressive manifestations in patients (MasComa et al., 2014a). Clinical studies have shown this disease to be
pronouncedly complex, giving rise to progressive general deterioration of
the patients, with sequelae sometimes leaving subjects handicapped and
frail, even leading to fatal cases (Mas-Coma et al., 2014a, b; Valero et al.,
2016).
One of the main consequences of the chronicity of Fascioliasis is the
risk of anemia. This condition was traditionally thought to be related to a
direct loss of whole blood caused either through ingestion of blood by the
flukes or hemorrhage induce by them. However, previous works suggested
an association between anemia and the following factors: fluke burden,
eggs per gram of feces, body area of parasite, presence of blood in feces,
IgG1, eosinophil levels, and % of splenic weight. Consequently, a high risk
of anemia may be expected in human subjects inhabiting areas where
Fascioliasis is highly endemic and where high egg outputs detected in
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humans suggest that liver fluke burdens may also be very high. Therefore,
anemia in Fascioliasis could be considered a biomarker of the severity and
chronicity period of the disease and its relationship with other
pathogenicity biomarkers should be considered when analyzing
Fascioliasis detriment (Valero et al., 2008).
In 2006, WHO launched a worldwide initiative against Fascioliasis
based on Egaten®, the only highly efficient drug currently available for
human treatments (WHO, 2007). This treatment must be cautiously
administered and monitored as patients presenting massive infections
suffer the risk of a hepatic colic after treatment because of biliary canal
obstruction due to the accumulation of such big-sized helminths. Thus,
determining a patient's parasitic burden is crucial in order to prevent a
hepatic colic. Unfortunately, there are some unavoidable difficulties in
human Fascioliasis diagnosis in human endemic areas of developing
countries. Indirect tests, either serological or using coproantigens, are
useless for intensity estimation, are generally expensive and require a
minimum of laboratory infrastructure. Direct coprological analysis for the
detection and identification of fasciolid eggs continues to be the most
appropriate diagnostic strategy for both detection of infection and
estimation of intensity, not only for those human endemic rural areas but
also for the implementation of the WHO treatment initiative (Pérez-Crespo,
2013). As mentioned before, it is likely that most patients in hyperendemic
areas are in the chronic phase and have been or are currently being
repeatedly reinfected. Hitherto, there is no knowledge about how
reinfection affects the parasite fecundity, and therefore its egg shedding,
proven to be crucial to estimate the parasite burden and in turn, the
treatment dose. Moreover, nothing is known about the relationship
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between egg shedding and immune response, which might also be
interconnected and be an additional risk factor for the host.
Schistosomiasis is a very complex disease in terms of
characterization of the causal agents implicated. The haematobium group
currently contains 8 species, some of which are of some medical (S.
haematobium, S. intercalatum, S. guineensis) and veterinary (S. bovis, S.
mattheii and S. curassoni) importance. Many of the species within the S.
haematobium group have been shown to hybridize both in nature and
experimentally (Rollinson, 2009). Of particular note is hybridization
between S. haematobium and S. bovis species, first described in 1993 in
Niger and confirmed by modern molecular techniques to infect humans in
2009 (Brémond et al., 1993; Huyse et al., 2009). Since then, presence of this
introgression has been reported in endemic areas of Senegal, Mali, Ivory
Coast and Malawi (Webster et al., 2013, 2019; Soentjens et al., 2016; Angora
et al., 2020). Furthermore, molecular characterization of the strain
established in Corsica, revealed the presence of different haplotypes of S.
haematobium x S. bovis hybrids (Moné et al., 2015; Boissier et al., 2016)
which proves the potential of hybrid schistosomes to be introduced into
new areas where suitable snail intermediate hosts are found. It remains a
great challenge to elucidate how hybridization may affect spread and
pathogenicity of parasites. It may encompass a hybrid vigor, which includes
(amongst others) not only the potential for a widened definitive host range,
but also an increased range of intermediate snail hosts relative to their pure
“parent” single species (Borlase et al., 2017). Hybrid vigor has been
reported experimentally where hybrids shown characteristics associated
with increased fitness at multiple stages of the life cycle, including
increased adult worm fecundity and increased cercarial shedding rates in
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snails (Taylor, 1970; Webster & Southgate, 2003). Moreover, genetic
introgression might occur in areas of the genome affecting the evolution of
virulence, transmission, host specificity and, of course, drug resistance
(Leger & Webster, 2017). Resistance to praziquantel (PZQ) has not yet
seemed to be a significant problem in the human population (Fenwick,
2015), but it should not be disregarded that hybridization could enhance
development of drug resistance, as proved to happen in parasite and rodent
species where drug-resistance genes were introgressed into new
populations through hybridization (Song et al., 2011; Chaudhry et al., 2015;
Borlase et al., 2017). Therefore, detection of introgressed species should be
of major concern in current Schistosoma research studies in order to have
enough information available should these suppositions became a fact.
Hitherto, hybrid parasites have been detected by means of
molecular tools, mainly by genetic barcoding or sequencing (Schols et al.,
2019). However, these techniques are rather complex, expensive and
require specialized equipment, making them unsuitable for field
implementation. Classically, diagnosis of Schistosomiasis has consisted in
parasitological techniques which lie in the identification of parasite’s eggs
based in the spine location and overall shape. Hybridization may also have
consequences in this direct diagnosis. Very few studies have been made
about a detailed characterization of parental species as well as hybrid eggs
with the purpose of evaluate the repercussion the introgression may have
on them. Detecting hybrid parasites by direct methods might entail great
progress for Schistosomiasis research, which can be translated, as a last
resort, into a significant improvement in worldwide initiatives against this
disease.
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On the other hand, morphologic and genetic variation have been
described in different helminth species related to their geographical origin
(Chitwood, 1957; Valero et al., 1999, 2005). Regarding Schistosoma species
eggs, published data remain scarce and it is based on basic morphometric
traits which overlook egg shape differences (Jewsbury, 1968; Kechemir &
Théron, 1997). Schistosoma eggs size and shape show an important role in
the pathogenicity of the disease. Egg enzymes and spine play a key role to
go through the endothelium and intestine or bladder wall, facilitating the
transmission of the parasite and reducing host morbidity. However, a
significant proportion of eggs fails to cross the two barriers and are trapped
in the surrounding tissues of target organs (intestine and bladder) or are
carried in the bloodstream to other organs such as liver, lungs, kidneys and
central nervous system causing high morbidity (Boissier et al., 2019). This
failure might be consequence of the place of egg deposition (at Peyer’s
Patch lymphoid tissue-associated vasculature the eggs access more easily
the lumen), enzymatic secretions, size and shape of egg and size and shape
of spine. Therefore, characterization of these features might give an insight
about the morbidity this parasite might cause in a certain geographic area
and thus might help to evaluate the impact this infection has in a certain
endemic area population.
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Objectives
The overall goal of the present study is to shed light on different
aspects of the phenotypes of two major emerging trematodiasis:
Fascioliasis and Schistosomiasis, and hence, contribute to fight these
complex neglected diseases. Given the necessity to characterize the
Trematode populations involved, the aims of the present research are, first,
the analysis of impact of Fasciola hepatica experimental reinfection on
immunological, clinical and biological phenotypes by means of an
experimental design which reproduced the usual reinfection/chronicity
conditions in human Fascioliasis endemic areas. Second, the morphological
phenotypic and genetic characterization of parasite eggs from
Schistosomiasis haematobium infected sub-Saharan migrants in Spain and
proposal for a standardized study methodology, given their importance in
the etiological diagnosis of the disease.
To reach these targets, the following specific objectives are addressed:
A. Elucidate the host immune response associated to F. hepatica
reinfection and its relationship with the clinical phenotypes of anemia.
B. Elucidate the impact of Fascioliasis reinfection on F. hepatica egg
shedding and its relationship with the immune-regulatory response.
C. Provide a new tool for Schistosomiasis diagnosis and research
based on phenotypic characterization of parasite eggs and proposal for a
standardized study methodology.
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D. Phenotypically characterize S. haematobium-like and genetically
pure eggs: description of morphotypes and analysis of the influence of the
geographical origin on egg phenotypes.
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FASCIOLIASIS
CAUSAL AGENT AND LIFE CYCLE
According to Yamaguti (1953), Pantelouris (1965), Borchert (1975)
and Boch & Supperer (1982), the taxonomic classification of the fasciolid
trematodes referred to in this thesis states as follows:
Kingdom Animalia
Phylum Platyhelminthes
Class Trematoda
Subclass Digenea
Order Echinostomatida
Suborder Prosomata Odhner, 1905
Family Fasciolidae Railliet, 1985
Genus Fasciola Linnaeus, 1758
Species F. hepatica Linnaeus, 1758
Species F. gigantica Cobbold, 1855
Adult worms (20-30 mm in length) are characterized by a
dorsoventral flattened foliaceous body with a protrusion on its anterior
portion known as cephalic cone. They present an oral sucker on the apical
end of the cephalic cone and a ventral sucker in the anterior third of the
body. The tegument is covered with microscopic, toothed spines. Internally,
both their digestive system and reproductive organs are morphologically
characterized by branched caeca and dendritic testes. They are
hermaphrodite and live on the lining of the bile ducts of ruminants where
they laid eggs which reach the external milieu by way of bile and intestine
with feces (Mas-Coma et al., 2019).
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F. hepatica eggs are operculated, ovoid, yellow, and nonembryonated when laid and their length and width vary from 73,8-161,0
µm and 58,1-104,6 µm, respectively, depending on the geographical area
and animal host (Valero et al., 2009). Eggs will only embryonate if they
reach freshwater with appropriate physico-chemical characteristics (MasComa et al., 2019).
The miracidia develop and hatch in about 9–21 days (at 15–25 °C)
under light stimulation and actively swims until it reaches a suitable
aquatic gastropod snail host of the family Lymnaeidae. After penetration,
development continues to sporocyst, redial generations, production of
cercariae, and shedding of the latter into water (6–7 weeks at 20–25 °C).
Cercariae swim for a short time (1h) until reaching a solid substrate, mostly
water plants although they can also encyst freely in the water given rise to
floating metacercariae. They lose their tail during the encystment process
and become infective within 24 h (Mas-Coma et al., 2019).
The definitive mammalian host is infected by ingestion of
metacercariae. Metacercariae excyst in the small intestine within 1h after
ingestion and penetrate the host intestine wall. Most migrating juveniles
reach the liver within 6 days after excystment, where they migrate for 5–6
weeks, feeding directly on liver tissue. They finally penetrate into the bile
ducts where they become sexually mature. The prepatent period (from the
ingestion of metacercariae to the first shedding of eggs in the feces) is about
2 months (6–13 weeks) in ruminants and at least 3–4 months in humans.
Estimations from several long-term case reports, suggest the lifespan of F.
hepatica in humans can be between 9 and 13.5 years (Mas-Coma et al.,
2019) (Figure 1).
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Figure 1. Life cycle of Fasciola species. Modified from (CDC, 2019a).

EPIDEMIOLOGY AND DISTRIBUTION
The human Fascioliasis scenario experienced a profound change in
the 1990's, from isolated cases from developed countries to the progressive
description of heterogeneous human endemic areas and human infection
reports in developing countries, presenting different transmission patterns
and epidemiological situations (Mas-Coma et al., 2014b). Considered a
well-known veterinary problem of worldwide distribution, Fascioliasis is
the vector-borne parasitic disease presenting the widest latitudinal,
longitudinal, and altitudinal distribution known hitherto (Figure 2). It has
been included in the WHO list of priorities among foodborne trematodiasis.
There are areas worldwide considered endemic for this disease in humans,
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including hypoendemic, mesoendemic and hyperendemic situations, with
prevalences and intensities that vary from one to another. It is noteworthy
that high prevalences in humans do not seem to be necessarily related to
high prevalences in livestock. (Mas-Coma et al., 1999a, b, 2005; Esteban et
al., 2003).
Whereas in Europe, the Americas and Oceania only F. hepatica is
concerned, the distributions of F. hepatica and F. gigantica species overlap
in many areas of Africa and Asia. Intermediate forms of these two species
have been described, making epidemiology and diagnosis even more
complex (Mas-Coma et al., 2009b).
The areas where Fascioliasis is considered a major health problem
are the Andean countries (Bolivia, Peru, Chile and Ecuador), Caribbean area
(mainly Cuba), north Africa (Egypt), the Middle East (Iran and neighboring
countries), Southeastern Asia (principally Vietnam and occidental Europe
(France, Spain and Portugal) (Mas-Coma, 2005; Mas-Coma et al., 2009b).
The highest prevalences and intensities of human Fascioliasis have been
reported in the northern Bolivian highlands, a hyperendemic area where
this disease is caused only by F. hepatica and where human prevalences
were up to 72% and 100% in coprological and serological surveys,
respectively (Mas-Coma, 2005, 2019, 2020a, b).
The risk of reinfection in infected humans in hyperendemic areas is
very high. The frequent chronicity in infected subjects - the majority of
whom are in the chronic phase of the disease, lasting for many years- is due
to the fluke's enormous longevity in humans and due to the lack of
diagnosis and treatment of patients, mainly children (Mas-Coma et al.,
2014a, b). Indeed, chronicity is evidenced by recent multitest diagnostic
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studies, which have demonstrated that most of the children infected (from
the age of five) in these endemic areas are already in the biliary or chronic
phase of the disease (Valero et al., 2012a), i.e., reinfection and chronicity
are the norm in these areas.

Figure 2. Global distribution of Fascioliasis. In blue, countries where F. hepatica
and/or F. gigantica is present.

DISEASE MANIFESTATION AND PATHOLOGY
Four clinical phases may be observed in human Fascioliasis

infection. Of these four periods, the second and fourth are the most
important because patients are in one or another of these two periods
almost always when diagnosed (Mas-Coma et al., 2019):


The incubation period. Includes from the ingestion of
metacercaria to the appearance of the first symptoms. In
humans, this period is not accurate, varying from only “a few”
days, 6 weeks, 2–3 months, or even more.
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The invasive or acute period. It comprises fluke migration up
to the bile ducts. Transit of immature flukes through the liver
can cause mechanical and toxic irritation with toxemia,
necrosis, and secondary fibrosis. The major symptoms of this
phase include fever, abdominal pain, loss of appetite,
flatulence, nausea and diarrhea, respiratory symptoms such as
cough, dyspnea, hemoptysis, and chest pain, and urticaria. This
symptomatology is a consequence of mechanical destruction of
liver tissue and abdominal peritoneum by the migrating larvae.



The latent period. It includes maturation of the parasites and
starting of oviposition. This period can last for months or years
and the proportion of asymptomatic subjects in this phase is
unknown, being often discovered during family screening after
a patient is diagnosed. Patients may have prominent
eosinophilia

suggestive

of

infection,

gastrointestinal

complaints, or one or more relapses of the acute symptoms.


The biliary, chronic, or obstructive period. It may develop
after months to years of infection. Adult flukes cause
inflammation, hyperplasia of the epithelium, and thickening
and dilatation of duct and gall bladder walls. The resulting
cholangitis and cholecystitis, combined with the large body of
the flukes, are sufficient to cause obstruction. Lithiasis of the
bile duct or the gall bladder and bacterobilia are frequent. This
phase includes biliary colic, epigastric pain, nausea, jaundice,
and abdominal tenderness, among others. Furthermore, one of
the main signs of this disease is the presence of anemia.
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Flukes may deviate during migration, enter other organs and cause
ectopic Fascioliasis. Normally, the causal agent is an immature juvenile, but
they might also be caused by mature flukes (Mas-Coma et al., 2014a, b). In
humans, the most frequent ectopic lesions are in the gastrointestinal tract.
Neurofascioliasis and ophthalmofascioliasis are not as infrequent as
previously believed (Mas-Coma et al., 2019). The last stage of the disease in
humans encompasses an obstructive or chronic phase which may develop
after months to years of infection, including mild to moderate anemia,
especially in cases of heavy parasitic burdens (Valero et al., 2008).
Although little is known on Fascioliasis reinfection in humans, it has
been suggested to be linked to high burdens (Mas-Coma et al., 2014b) and
their impact during the chronic phase (Valero et al., 2008), and to
coinfections with other diseases, whether parasitic (Mas-Coma et al.,
2014b) or bacterial (Valero et al., 2006a), giving rise to a combined
morbidity potential of concern in human Fascioliasis high endemic areas.
Host immune responses are characterized by T-cell activation in
response to antigen stimulation leading to the differentiation of effector Tcell subtypes, which, in turn, are characterized by distinct cytokine
secretion and enzymatic profiles leading to specific effector functions.
Helminths generally induce Th2 responses, which are characterized by IL4 and IL-13 production (Goerdt & Orfanos, 1999), with alternative
activation of macrophages expressing Arginase I (Arg I) (Hesse et al., 2001).
Arg I may downregulate inflammatory responses and facilitate tissue
remodeling, as it initiates the pathways that lead to the synthesis of proline
and polyamines while competing with inducible nitric oxide synthase-2
(iNOS or NOS-2), an enzyme that converts L-arginine into nitric oxide (NO)
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(Hesse et al., 2001). Conversely, intracellular pathogens generate Th1
responses, induced by IL-12, composed of IL-12α and IL-12β, triggering
IFN-γ production (Dalton et al., 1993), which in turn induces classically
activated macrophages, triggering iNOS expression. In addition, Th17 cells,
characterized by IL-17 production, cause recrudescence of autoimmune
disease (Langrish et al., 2005). Uncontrolled Th1 responses can lead to
necrosis and tissue damage, whereas exaggerated responses by Th2 cells
can induce asthma, as well as allergy and can also lead to tissue
inflammation and fibrosis (Dewals et al., 2010).
The immune balance and immunopathology control are mediated
by regulatory CD4+ CD25+ T cells (Tregs) (Dewals et al., 2010) in the
thymus, named natural Tregs (nTregs), which express the transcription
factor forkhead box P3 (Foxp3). nTregs can reach the periphery as
functional suppressor cells (Sakaguchi et al., 1995). Tregs can also be
induced in the periphery when the infection occurs (iTregs or Th3 cells)
(Barthlott et al., 2005; Belkaid & Tarbell, 2009). Tregs exert their
suppressive function by producing IL-10 and TGF-β, or indirectly via
dendritic cells (Jager & Kuchroo, 2010; Gravano & Vignali, 2012). IL-35 is
an inhibitory cytokine that may be specifically produced by Foxp3+ Treg
cells and is required for maximal suppressive activity, composed by IL-12α
(Il12a) and IL-27β (Ebi3). Tr1 cells are iTregs that produce IL-10 but do not
express Foxp3 (Jager & Kuchroo, 2010). In some settings a complex
network of both Foxp3+ Tregs and combinations of IL-10 and TGF-β has
been found to play an important role in controlling host immune responses,
thereby preventing parasite death and resolution of infection. However,
reversal of these regulatory settings has been shown to result in parasite
clearance (Beiting et al., 2007).
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A strong Th2 immune response is induced in most helminth
infections with early production of IL-4 over IFN-γ, playing a dominant role
in host protective immunity and being related to the decrease in worm
burdens as well as disease severity (Pleasance et al., 2011). Most nematode
infections follow this rule, while there are exceptions in the case of
trematode infections such as Schistosoma species, in which both Th1 and
Th2 responses have been associated with protection (Dessein et al., 2004;
McManus & Loukas, 2008). In Fascioliasis, it has been reported that in the
early process of infection (tissue or biliary canal habitat), F. hepatica
induces potent polarized Th2/Treg immune responses coincident with a
suppression of Th1/Th17 cytokines (O'Neill et al., 2000, 2001; Donnelly et
al., 2005, 2008; Flynn et al., 2007; Dowling et al., 2010). Previous studies
showed that Fascioliasis stimulates a switch to the Th2 immune response
in the acute and chronic phases of primoinfection in several animal models
(O'Neill et al., 2000; Cervi et al., 2001; Dalton et al., 2013). In murine and
ruminant models, soon after infection with F. hepatica, the immune
response is proinflammatory, lasting about 4-6 weeks. This immune
response is switched off at around the time the adult flukes begin to enter
the bile duct (Espino & Rivera, 2010). Furthermore, infection also results
in the bystander suppression of Th1 responses to a concurrent bacterial
infection or to immunization with a Th1-inducing bacterial vaccine (Flynn
& Mulcahy, 2008). Little light has hitherto been shed on the regulation of F.
hepatica immune responses. However, the existence of parasite specific, IL10 and TGF-β producing, Treg cells capable of suppressing parasite-specific
Th1 and Th2 responses has been demonstrated in a mice model (Walsh et
al., 2009). Nevertheless, the few immunological studies on Fascioliasis
reinfection previously performed in animal models are old and outdated as
a Th1/Th2/Th17/Treg analysis was not carried out.
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Fascioliasis shows a marked variability in its immune response
(Mulcahy et al., 1999). For instance, R. norvegicus Wistar has been
classified, like humans, as a resistant host for F. hepatica, making of it a
useful approach for the immunopathological research of Fascioliasis
(Valero et al., 2000, 2006a, 2008; Girones et al., 2007).

DIAGNOSIS
Stool and blood techniques are the main tools for diagnosis of
Fascioliasis in humans. Commonly used diagnostic techniques are (MasComa et al., 2019):
-

Serodiagnosis: Serological tests such as immunofluorescence,
ELISA, immunoelectrophoresis, and complement fixation are
helpful in lightly infected individuals for detection of specific
antibodies. ELISA becomes positive within 2 weeks of infection
and is negative after treatment. In chronic Fascioliasis, Fasciola
copro-antigen may be detected in stool (Paniker & Ghosh,
2018). MM3 coproantigen-detection test allows for high
sensitivity and specificity, fast large mass screening capacity
and usefulness for surveillance programs. However, its main
disadvantage is its poor efficacy when evaluating the fluke
burden. Finally, a lateral flow test (SeroFluke) showed maximal
specificity and sensitivity and the advantage of being applicable
to both serum and whole-blood samples. Its simplicity allows it
to be used in major hospitals as well as in endemic/
hyperendemic regions where point-of-care testing is required.
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-

Imaging:

USG,

CT

Choangiopancreatography

scan,

Endoscopic

(ERCP)

and

Retrograde
percutaneous

cholangiography may be helpful in diagnosis (Paniker & Ghosh,
2013).
-

Molecular techniques: Two examples are the detection of F.
hepatica fecal DNA by amplifying the tandem repetitive
fragment PFH5 by PCR. On the other hand, in order to identify
species, a simple and rapid PCR-RFLP assay can distinguish
between F. hepatica and F. gigantica, using the common
restriction enzymes AvaII and DraII (Marcilla et al., 2002;
Carnevale et al., 2020).

-

Direct parasitological detection: Despite its low sensitivity,
coprological diagnosis is the most appropriate diagnostic
strategy for both detection of infection and estimation of
intensity. F. hepatica and F. gigantica eggs seem to differ in size
although great variation might be found related to geographical
origin and host species. The Kato–Katz technique is considered
the most appropriate diagnosis method because of its
simplicity, very low cost, and reproducibility (Mas-Coma et al.,
1999a). Its low sensitivity may be solved by repeated
application. Egg shedding has been reported to fluctuate
significantly over time. Therefore, several sample collections on
different days should be considered for an accurate diagnosis
(Valero et al., 2011). Eggs may also be found elsewhere by
means of other invasive techniques such as obtaining duodenal
fluid, duodenal and biliary aspirates, surgery (laparotomy,
cholecystectomy, sphincterotomy), histological examination of
liver and/or other organ biopsy materials.
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In Fascioliasis, the two epidemiological factors mainly used to
assess the health problem in a human endemic area are prevalence and
intensity (Mas-Coma et al., 2014b). The intensity or infection burden in a
disease caused by parasites of large body size, such as fasciolids, is crucial.
Adult fluke number has proved to be related to pathogenicity and clinical
manifestations, i.e. the higher the number of flukes present, the more
severe the morbidity (Valero et al., 2006a, 2008). Moreover, patients
presenting massive infections suffer the risk of a hepatic colic after
treatment as the consequence of biliary canal obstruction due to the
accumulation of such big-sized helminths (WHO, 2007). Thus, determining
a patient's parasitic burden is crucial, as drug treatment must be monitored
in order to prevent a hepatic colic. A threshold of 400 eggs per gram of feces
(epg) was established to decide for a mid-dose to prevent colic risk in
massively infected subjects (WHO, 2007). For the prevention of a potential
post-treatment colic, hospitalization allowing for the patient's follow-up is
recommended (Valero et al., 2012a; Villegas et al., 2012).
Opposite to serological and coproantigen techniques, direct
coprological assays have the added value of enabling burden quantification
by epg counts. Therefore, epg is the only measure used to assess (i) the
burden indirectly, (ii) intensity related pathogenicity, and (iii)
posttreatment colic risk. Moreover, epg counts may provide valuable
information about families at risk, as well as the status of infection risk in
the field around given localities and is thus useful for prevention and
control (Mas-Coma et al., 2014b).
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TREATMENT AND CONTROL
Triclabendazole (Egaten®) is currently the drug of choice for
human Fascioliasis caused by both F. hepatica and F. gigantica at present.
The recommended dosage is two separate regimens of 10 mg/kg
administered after meals (improves absorption) (Mas-Coma et al., 2019).
Regarding prevention in Fascioliasis, the success of Fascioliasis
control depends on the correct and integrated application of several
measures, which include:


Health education for population in endemic areas.



Massive Drug Administration programs.



Preventing pollution of water courses with sheep, cattle, and
human feces.



Strict control of the growth and sale of watercress and other edible
water plants (Mas-Coma et al., 2018).



In the case of travelers to areas with poor sanitation, they should
avoid food and water that might be contaminated (CDC, 2019a).



Vector snails control by using natural molluscicides, biological
control (predators, competitors, parasitic castration, interspecific
trematode antagonism, pathogens) or genetic manipulation (MasComa et al., 2019).
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SCHISTOSOMIASIS
CAUSAL AGENT AND LIFE CYCLE
Schistosomiasis is a parasitic chronic disease caused by trematodes
from the genus Schistosoma. There are six Schistosoma species known to
affect humans: S. haematobium, S. mansoni, S. intercalatum, S. guineensis, S.
japonicum and S. mekongi, most of them being acknowledged zoonoses
(diseases that are naturally transmitted between vertebrate animals and
humans and vice versa), able to infect a broad range of livestock and
wildlife (Webster et al., 2006; Boissier et al., 2019).
The taxonomic classification of the schistosome trematodes
referred to in this thesis states as follows (Barker & Blair, 1996):
Kingdom Animalia
Phylum Platyhelminthes
Class Trematoda
Subclass Digenea
Order Strigeatida
Family Schistosomatidae Loss 1899
Genus Schistosoma Weinland 1858
Species S. haematobium (Bilharz, 1852) Weinland, 1858
Species S. mansoni Sambon, 1907
Species S. bovis Sonsino, 1876
These trematodes are the only dioic ones and sexes show a marked
dimorphism. The male is white, very muscular and robust, with powerful
suckers and around ~1 cm in size. The female is black, longer (~1.5 cm)
and thinner than the male, although sizes vary among species. The black
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color of the female is due to the disposal product of hemoglobin
degradation (called hemozoin) resulting from red blood cell ingestion.
They both live en copula, with the female lying within the gynecophoral
canal of the male. The male can develop fully in the absence of the female,
but the female does not achieve sexual maturity in the absence of the male,
in fact, they usually die when they are not paired (LoVerde, 2019). Adult
worms can live in humans for several years (5–10 years) although adult
worms living more than 30 years have been reported (from infected
individuals who no longer lived in endemic areas).
Human schistosomes have a heteroxenous lifecycle including an
aquatic snail vector (Di Bella et al., 2018). When eggs released with urine
(S. haematobium) or stool (S. mansoni, S. intercalatum, S. guineensis, S.
japonicum) of an infected person reach freshwater, a free-swimming
miracidia hatches within minutes stimulated by the light and the low
salinity of the water. This ciliated larva swims for a few hours to find and
penetrate a suitable host of the genus Bulinus or Planorbarius (S.
haematobium, S. intercalatum, S. guineensis,), Oncomelania (S. japonicum)
or Biomphalaria (S. mansoni).

Inside the gastrophod, the miracidium

develops and becomes mother sporocyst (or sporocyst 1) in which many
daughter-sporocysts (or sporocyst 2) develop by asexual multiplication
and generate new swimming larval stages, the furcocercariae. One single
miracidium may result in thousands of furcocercariae, which will swim to
find a human host and actively penetrate their skin. After penetration, the
cercaria becomes schistosomulum and undertakes a complex migration
through the body in the bloodstream that ends ultimately in the liver where
males and females mate, become sexually mature then migrate to the egglaying site, mesenteric veins (S. mansoni, S. japonicum, S. mekongi, S.
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intercalatum and S. guineensis) or bladder venous plexus (S. haematobium).
The arrival of the pairs in the nesting sites occurs 5-6 weeks after
penetration. The Schistosome female leaves the male to enter the capillary
to shed eggs, which will then need to cross the vessel wall and the wall of
the intestines or bladder to be expelled outside in the stool or in the urine
(Boissier et al., 2019) (Figure 3).

Figure 3. Life cycle of Schistosoma species. Modified from (CDC, 2020b).

EPIDEMIOLOGY AND DISTRIBUTION
Schistosomiasis ranks second after malaria for parasitic diseases in
terms of socioeconomic and public health importance (mortality and
morbidity). It affects more than 250 million people in 78 countries
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worldwide, 779 million are at risk of infection and it is estimated to have
caused 1.4 million disability-adjusted life years in 2017 (Hotez et al., 2014;
GBD, 2018; McManus et al., 2018). 85% of the global at-risk estimated
population is concentrated in Africa, where more than 110 million are
affected by S. haematobium only (Boissier et al., 2016; McManus et al.,
2018).
Most of the countries endemic for Schistosomiasis are among the
least developed, whose health systems face severe strains to provide basic
care at the primary level (Figure 4). Almost 300,000 people die annually
from Schistosomiasis only in Africa (Ismail et al., 2016). Several
schistosome species haven been reported to have a zoonotic potential
infecting other primates and wild rodents. species, because the parasite
infects not only humans but also wild rodents (Boissier et al., 2019).
S. haematobium has been reported in 54 countries (Africa, parts of
the Middle East, Madagascar and the Indian Ocean islands), more than 110
million people are affected only by S. haematobium in Africa (Boissier et al.,
2016; McManus et al., 2018) and is the most common species worldwide,
i.e. more people are infected with S. haematobium than with all the other
schistosome species combined (Rollinson, 2009; Boissier et al., 2016).
Since 2011, a new location was added to this distribution as a newly
emergent region for Schistosomiasis in the island of Corsica (France)
(Berry et al., 2014). It remains unknown if the parasite’s cycle continues
active in this area (Oleaga et al., 2019).
S. mansoni is present in Brazil, Venezuela, Suriname and SantaLucia in America; in 38 African countries; and in 7 Eastern Mediterranean
countries. S. mansoni and S. haematobium are co-endemic in 35 countries.
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S. guineensis occurs in the Gulf of Guinea including Cameroon, Equatorial
Guinea, Gabon, and Sao Tomé & Principe and S. intercalatum is mainly
found west and central Africa. S. japonicum is restricted to China, Indonesia,
Philippines and other areas from Southeast Asia (Boissier et al., 2019).
Bulinus truncatus (Audouin, 1827) has been reported in more than
60 locations in Spain and Portugal, making them risk areas for the
introduction of urogenital Schistosomiasis in the Iberian Peninsula, and
therefore, rising awareness of the potential emergence of this parasite in
our country (Martinez-Orti, 2019).

2.2.2.1.

HYBRIDIZATION EVENTS IN SCHISTOSOMA SPECIES

There are other human Schistosome species coexisting with S.
haematobium in Africa: S. mansoni, S. intercalatum and S. guineensis.
Furthermore, these are not the only ones with socioeconomic impact for
the African populations. Cattle Schistosomiasis caused by S. bovis, S. matthei
and S. curassoni among others, are of great importance not only for the
veterinary and economic significance but for the increasing cases of
introgression between these species and human ones. Of particular note is
the introgression between S. haematobium and S. bovis species, first
described in 1993 in Niger and confirmed by modern molecular techniques
to infect humans (Brémond et al., 1993; Léger et al., 2016). Since then,
presence of this introgression has been reported in endemic areas of
Senegal, Mali, Ivory Coast, Malawi and Benin (Huyse et al., 2009; Webster
et al., 2013, 2019; Soentjens et al., 2016; Angora et al., 2020; Savassi et al.,
2020). In 2011, an outbreak of urogenital Schistosomiasis was detected in
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Corsica (Berry et al., 2014; Boissier et al., 2015), adding autochthonous
cases to the increasing number of imported cases of urogenital
Schistosomiasis in Europe (Lingscheid et al., 2017). Molecular studies
identified as etiological agent of this introduction both pure S.
haematobium and hybrids of S. haematobium x S. bovis (Moné et al., 2015;
Boissier et al., 2016), proving the potential of hybrid schistosomes to be
introduced into new areas where suitable snail intermediate hosts are
found. It is surprising that, excluding the studies about the Corsican
outbreak, articles of S. haematobium urogenital Schistosomiasis in Europe
are almost uniquely medical case reports but none of them characterize the
parasite arriving to a new country where it could be potentially introduced,
considering on top of that, the importance that a hybrid species may entail.
Hybridization may encompass a hybrid vigor, which includes
(amongst others) not only the potential for a widened definitive host range,
but also an increased range of intermediate snail hosts relative to their pure
“parent” single species (Borlase et al., 2017), higher virulence and different
drug sensitivity (Taylor, 1970; King et al., 2015). Early hybridization
experiments which crossed S. mansoni, S. rodhaini, S. mattheei, S.
haematobium and S. bovis, showed that F1 hybrid eggs often have a
morphology intermediate to that of the parental species (Taylor, 1970).
Thus, the morphological analysis of eggs may have the potential to detect
hybridization events. However, the morphology of eggs resulting from
natural introgressions in the field has hardly been studied. Few recent
works have characterized S. haematobium x S. bovis eggs coming from
patients infected in Corsica, Senegal and Benin (Moné et al., 2015; Boon et
al., 2017; Savassi et al., 2020), finding no differences between pure and
hybrid eggs, maybe due to the small number of measurements used.
71

CHAPTER II. BACKGROUND

Figure 4. Global distribution of Schistosomiasis. Modified from (Gryseels et al.,
2006).

DISEASE MANIFESTATION AND PATHOLOGY
According to Boissier et al. (2019), four clinical phases may be
observed in human Schistosomiasis infection:


Invasion phase: A mild or transient rash may develop within
hours or up to a week after cercarial invasion of the skin that can
result in itching. However, this symptom is more common after
the exposure to cercariae of avian or bovine schistosomes.



Acute phase: This stage coincides with maturation of adult
worms and start of deposition of eggs. The symptomatology is
known as Katayama syndrome. The patient may experience fever,
rigors,

headache,

dry

cough,

muscle

and

joint

pain,

hepatosplenomegaly, abdominal pain, lymphadenopathy, skin
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rash, eosinophilia, and patchy pulmonary infiltrates on chest
radiograph. It appears between 14 to 84 days after infection and
corresponds to allergic reaction against developing schistosomula
(Othman & El Ridi, 2014). This syndrome is rarely observed in
people living in endemic areas (McManus et al., 2018).


Established active infection: The main symptoms and organrelated lesions of patent infections are caused by inflammatory
responses against parasite eggs. Schistosome eggs actively secrete
antigenic glycoproteins, which have the function of facilitating the
passage of the eggs from the blood vessel (where they are laid) to
the lumen of the intestine or urinary bladder (thereby promoting
transmission) by inducing an inflammatory response. However,
these soluble egg antigens also induce the formation of
granulomas around eggs that are trapped in the surrounding
tissue; granulomas are a collection of inflammatory cells such as
eosinophils, neutrophils, lymphocytes and macrophages that
accumulate in response to the presence of the eggs. Symptoms
depend on the species implicated. Urogenital Schistosomiasis
provokes hematuria (microscopic or macroscopic), burning
micturition and renal dysfunction while for hepato-intestinal
Schistosomiasis the symptoms are weakness, fatigue, irregular
bowel movement, abdominal pain, diarrhea, and blood in stools
(McManus et al., 2018).



Late chronic phase: In most people continuously exposed to
infection in Schistosomiasis endemic areas, their worm burdens
gradually decline after their early teenage years as a partial
immunity to new infections develops, while the number of
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established worms from earlier infections is reduced over time by
natural worm deaths. Long term infection (several months or
years) leads to fibrosis of organs containing trapped eggs.
Hepatosplenic lesions with fibrosis in the portal tracts of the liver
are the most serious complication. S. haematobium infection has
been related with bladder cancer (McManus et al., 2018).
Schistosoma infection has been associated with several pathologies
at all ages. Previous studies have found significant associations between
schistosome

infection

and

anemia,

nutritional

status

and

pathophysiological conditions such as chronic blood loss, cognitive
impairment and diminished academic and work performance, which
further exacerbate the repercussions of poverty (Ezeamama et al., 2018).
Preschool-aged children carry significant infection and morbidity to
Schistosomiasis. S. haematobium has been linked to gut microbiome
alterations, anemia, poor nutrition and chronic pro-inflammatory
morbidity, with all the consequences that entails (Osakunor et al., 2018,
2020).
Regarding urogenital Schistosomiasis, women take the brunt as S.
haematobium infection increases the risk of HIV acquisition (Furch et al.,
2020) and favor persistent genital HPV infection either by traumatizing the
genital epithelium and/or by local immunosuppression (Petry et al., 2003).
In addition, HIV-Schistosoma coinfection has been related with lower egg
excretion specially in women (Colombe et al., 2018). This fact entails a
more challenging diagnosis for this group of population, especially in case
of low burden infections.
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Reports from patients infected in the Corsican outbreak refer to
asymptomatic infections, as the subjects did not show any noticeable
manifestation of the disease. However, for many years, the concept of
“asymptomatic” Schistosomiasis has been misused as the unfortunate use
of this term implies that most patients are not experiencing ongoing
morbidity or disability, which is not certain as Schistosomiasis is always a
chronic inflammatory disease. Eggs must cause inflammation to leave the
human body, and immune-mediated inflammation and scarring of the host
tissues are intrinsically detrimental (King, 2015).

DIAGNOSIS
Diagnosis of human Schistosomiasis remains challenging. Current

diagnostic technologies lack sensitivity when used in patients with low-

intensity infections and/or are expensive in point-of-care situations.
Commonly used diagnostic techniques are:


Immunological detection: ELISA and point-of-care circulating

cathodic antigen (POC-CCA) are commercially available for S.
haematobium and S. mansoni diagnosis, both showing general high
sensitivity. ELISA’s main disadvantage is the possible antibody
cross reactivity with other helminths and that it can detect previous
exposure to infection. POC-CCA prove a positive correlation with
worm burden but showed poor performance for detection of S.
haematobium and poor sensitivity in low transmission intensity
areas (Candido, 2018a).
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DNA and RNA detection: PCR, RT-PCR and LAMP have been
developed for S. mansoni, S. japonicum and S. haematobium. They all
show high sensitivity rates. PCR and RT-PCR main drawback is their
limited use in poor settings due to their high cost and necessary
equipment. LAMP is more cost-effective than these two techniques,
but sample processing can produce false- positives (Candido et al.,
2018b).



Direct parasitological detection: The prepatent period for S.
mansoni is around 32 days, S. japonicum approximately 28 days and
S. haematobium 90 days. Kato-Katz is an easy, low-cost and highspecific technique suitable for intestinal Schistosomiasis although
it lacks sensitivity and might not be suitable for low transmission
intensity areas. For S. haematobium, urine filtration would be the
equivalent, although the time of sample collection is restricted from
10 am to 2 pm to maximize the recovery of eggs. Helmintex has
been reported to yield high sensitivity and specificity although is
more expensive, laborious and time consuming (Candido et al.,
2018a; Lindholz et al., 2018).
Schistosome species identification can be done using molecular

methods on eggs, but the study of the egg morphological characteristics
remains the easiest and most feasible method, well adapted for developing
countries where molecular tools are not easily available. Each trematode
species has its own particular egg shape, and the length and width of the
eggs are generally within a specific range (Valero et al., 2009). These
features allow for the etiological diagnosis of Schistosomiasis using easily
and non-invasive obtained samples such as feces or urine. In
Schistosomiasis, the usual diagnosis during the chronic stage of infection is
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based on the classification of eggs found in stools and/or urine, and
secondarily in biopsies. Schistosome eggs have very characteristic shapes
and features, with the morphology of the egg being diagnostic for each
Schistosoma species (Candido et al., 2018b), i.e. S. mansoni eggs show a
prominent lateral spine, while those of S. haematobium present a terminal
spine. On the other hand, S. japonicum eggs present only a rudimentary
spine, varying from a small bump on the shell to a complete absence of this
feature (Leiper, 1911; Woolley & Huffman, 1911; Karl et al., 2013; Candido
et al., 2018b). Likewise, different species of schistosomes present eggs that
vary in size, not only between different species but within the same species
of the Schistosoma parasite (Southgate & Bray, 2009; Lewis & Tucker,
2014). Until recent years, the tropism of egg excretion could be considered
as a unique proxy for species identification. Eggs recovered from feces were
supposed to be S. mansoni, whereas eggs recovered from urine were
supposed to be S. haematobium. However, since the discovery of several
hybrid forms this proxy was challenged, and eggs with S. mansoni shape (S.
mansoni x S. haematobium hybrids) can be found in urine and eggs with S.
haematobium shape (S. bovis x S. haematobium hybrids) can be found in
feces (Huyse et al., 2009; Le Govic et al., 2019; Webster et al., 2019). The
situation becomes much more complex if the parasite is a hybrid between
animal and human infecting schistosomes, because egg shapes of animal
schistosomes (e.g. S. bovis or S. mattheei) can be found in human excreta
(Huyse et al., 2009; Boissier et al., 2018; Webster et al., 2019).
The difficulty of egg species differentiation is further complicated
by the presence of intraspecific morphometric variation and potential
natural hybridization, as previously shown experimentally (Taylor, 1970;
Wright & Southgate, 1976). Until now, there is no method available or
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measurement standardization to properly analyze the phenotype of
Schistosome eggs. Surprisingly, the complex morphology of Schistosoma
eggs is mainly characterized by only three parameters, i.e. length, width,
and the length/width ratio; the latter being highly variable (about 70% of
this variation was present within a single patient) (Almeda et al., 1996). In
addition, these classical morphometric measurements do not reveal the
"spindle" character of some species. Therefore, with the aim of discerning
S. bovis, S. haematobium and S. mattheei eggs, the width of the egg at an
arbitrary distance of 50 µm from the non-spiked end was chosen (Alves,
1949). Later on, the width of the posterior process at 40 µm from the tip of
the spine was introduced to characterize the eggs of the same species
(Pitchford,

1965).

Yet,

a

standardized

methodology

for

egg

characterization is absent.
As mentioned before, hybridization may also have consequences in
diagnosis. Classically, diagnosis of Schistosomiasis has consisted in
parasitological techniques which lie in the identification of parasite eggs
based on the spine location and overall shape. Although today PCR-based
diagnostic techniques are available, microscopy techniques are still the
reference method used for disease mapping and mass drug administration
programs (Weerakoon et al., 2015). In other trematodes, such as F. hepatica
and F. gigantica, hybridization has been reported to yield intermediate
shaped eggs between the two species, leading to confusion in diagnosis and
therefore, underestimation of the higher pathogenicity of the latter due to
its larger fluke size as well as the different epidemiology, transmission and
control characteristics of the diseases (Valero et al., 2009). Regarding
Schistosoma species, despite the increasing number of publications in the
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last decade, they are mostly focused on clinical case reports or molecular
analysis.

TREATMENT AND CONTROL
Praziquantel (PZQ) is currently the drug of choice for human
Schistosomiasis as it is safe and efficacious against adult worms of all
human Schistosoma species The WHO recommends that PZQ be used at a
single dose of 40 mg/kg (WHO, 2006).
Regarding prevention of Schistosomiasis, no effective vaccine is
expected to be available in the short term, despite a large panel of 97
antigen candidates having been tested over the previous decades.
According to Boissier et al. (2019) control measurements include:


Health education for population in endemic areas.



Massive Drug Administration programs.



Improve drinking-water sources: protect the source from outside
contamination, particularly fecal matter.



Improved sanitation facility is one that hygienically separates
human excreta from human contact (flush toilet, septic tank,
flush/pour flush to pit latrine, composting toilet, etc.).



In the case of travelers to endemic areas, they should avoid any
contact with freshwater that might be contaminated.



Vector snails control by using molluscicides (Niclosamide),
biological control (Colley et al., 2014).
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F. HEPATICA EXPERIMENTAL
INFECTION AND REINFECTION
MODEL
PARASITOLOGICAL MATERIAL
A F. hepatica isolate and lymnaeid snail vectors from a human
Fascioliasis endemic area were used. A balanced commercial rodent diet
(Panlab Chow A04) and water were provided ad libitum. Metacercariae
were obtained from experimentally infected Galba truncatula snails at the
Department of Parasitology at University of Valencia, stored in freshwater
at 4ºC until required and administered to the rats after checking for
viability by use of the refractile appearance of the excretory granules as a
criterion. Galba truncatula that shed the cercariae that gave rise to the
metacercaria were from a laboratory-reared strain (in Heraeus-Vötsch HPS
1500 and HPS 500 climatic chambers; the experimental conditions were as
follows: temperature, 20ºC; photoperiod, 12 h of light and 12 h of darkness;
and relative humidity, 90%). These snails were, in turn, monomiracidially
infected (Mas-Coma et al., 2001).

EXPERIMENTAL INFECTION PROCEDURES
Male Wistar rats (Iffa Credo), (80-100 g) were infected with 20
metacercariae/rat, by use of an orogastric syringe. First, a pilot experiment
was conducted. Data from this experiment were used to calculate the
number of animals of the experiment. Fasciola infection is harmful to rats
and a long-term experiment was planned, therefore the software Ene 3.0
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(Servei d'Estadistica Aplicada, Universidad Autonoma de Barcelona,
Cerdanyola del Valles, Spain, distributed by GlaxoSmithKline) was used to
establish the minimum number of animals needed to obtain statistically
significant results (P: 0.05, power: 80%), in accordance with the present
ethical rules for experiments with mammal animal models. Animal care,
animal health, body condition and well-being were assessed on a weekly
basis by means of checking their body weight and the appearance of the fur.
Primoinfected and reinfected animals presented a lower body weight than
negative controls at the end of the experiment. No mortality occurred.
At the end of experiment, animals were anesthetized with isoflurane

(IsoFlo; Dr Esteve SA, Barcelona, Spain), prior to cardiac puncture for blood
sample collection. Finally, animals were humanely euthanized with an
overdose of the anesthetic. The number of worms that successfully
developed in each rat was established by necropsy. Then, both the thymus
and spleen were removed under sterile conditions.

EXPERIMENTAL DESIGN
Two experimental designs were carried out during the present work:
•

The experimental design corresponding to the assessment of the
immune response associated to reinfection is depicted in Figure 5.
Wistar rats were divided into four groups: i) a non-infected group (NI)
(16 rats); ii) a group of primary infected rats that received a single
infection dose (PI) (12 rats); iii) primary infected rats subsequently
reinfected at 8 weeks post infection (p.i.) (R8) (14 rats); and iv)

primary infected rats subsequently reinfected at 12 weeks p.i. (R12)
(16 rats).
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For F. hepatica egg shedding associated to reinfection analysis, Wistar
rats were divided into two experiments, including its own controls
(Figure 6):


Experiment 1: rats were divided into three groups: i) a noninfected group (NI-1) (10 rats); ii) a group of primary infected
rats that received a single infection dose (PI-1) (10 rats); iii)
primary infected rats subsequently reinfected at 4 weeks (R4)
(10 rats). All rats were euthanized 10 weeks after initiation of
the experiment (Figure 6A).



Experiment 2: rats were divided into four groups: i) a noninfected group (NI-2) (16 rats); ii) a group of primary infected
rats that received a single infection dose (PI-2) (12 rats); iii)
primary infected rats subsequently reinfected at 8 weeks (R8)
(14 rats); and iv) primary infected rats subsequently reinfected
at 12 weeks p.i. (R12) (16 rats). All rats were euthanized 20
weeks after initiation of the experiment (Figure 6B).

HEMATOLOGICAL ANALYSIS
Blood samples were collected at 20 weeks p.i. from rats from experiment

2, in vials containing ethylenediamine-tetracetic acid (EDTA) as

anticoagulant. Total red blood cell (RBC) count (M/μL), hemoglobin (HGB)
(g/dL), hematocrit (HCT) (%), mean corpuscular volume (MCV) (fL), mean

corpuscular hemoglobin (MCH) (pg), mean corpuscular hemoglobin

concentration (MCHC) (g/dL), red cell distribution width-standard

deviation (RDW-SD) (fL) and red cell distribution width coefficient of
variation (RWD-CV) (%) were calculated using an automatic blood
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analyzer (Sysmex XE-2100). The percentage of eosinophils (EOS%) was
calculated through thin blood films stained with Giemsa. At least 100 cells
were counted on each film.

QUANTITATIVE RT‐PCR GENE EXPRESSION
Total mRNA was extracted from the spleen and thymus of rats from
experiment 2. The isolated total mRNA was suspended in DEPC water for
storage at −70ºC and cDNA synthesis was performed with First Strand
cDNA synthesis kit purchased from Pharmacia Biotech. The amplification
of Ifng, Nos2, Il4, Arg1, Foxp3, Il10, Tgfb, Ebi3, Il12a, Il12b, Il17 and 18S
cDNAs was performed in 384-well MicroAmp optical reaction plates using
commercially available primer and probe sequences (TaqMan Gene
Expression Assay reagents) and Universal PCR Master Mix (all from
Applied Biosystems, Forter City, CA, USA). The total reaction volume in each well
was 10 μL containing 5 ng of cDNA. The reactions were carried out in
AB7900 HT Sequence Detection System (Applied Biosystems) using the
standard three-step run protocol (Step 1: 2 min at 50ºC, Step 2: 10 min at
95ºC, Step 2: 40 cycles of 15 s at 95ºC plus 1 min at 60ºC). Quantification
was calculated by the comparative threshold cycle (CT) method following
the manufacturer's instructions. All quantifications were normalized to the
18S gene to account for the variability in the initial mRNA concentration
the conversion efficiency of the reverse transcription reaction (ΔC T) as well
as values from control samples from non-infected rats (ΔΔCT). The relative
quantity (RQ) was calculated as: RQ = 2-ΔΔCT. SDS 2.2.2 software was used
for analysis.
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Figure 5. Experimental design of host immune response associated to reinfection
characterization. Primary infected rats (PI) received a single infective dose;
reinfected rats (R): received a primary infection and subsequently a secondary
infection, at 8 weeks after primary infection (R8) and at 12 weeks after primary
infection (R12); control rats (NI).
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Figure 6. Experimental design of F. hepatica egg shedding associated to reinfection
analysis. (A) Experiment 1: primary infected rats (PI-1) received a single infective
dose; reinfected rats (R): received a primary infection and subsequently a
secondary infection, at 4 weeks after primary infection (R4); control rats (NI-1).
Rats of experiment 1were sacrificed 10 weeks after initiation of the experiment.
(B) Experiment 2: primary infected rats (PI-2), received a single infective dose;
reinfected rats (R): received a primary infection and subsequently a secondary
infection, at 8 weeks after primary infection (R8) and at 12 weeks after primary
infection (R12); control rats (NI-2). Rats of experiment 2 were sacrificed 20 weeks
after initiation of the experiment.
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PROLIFERATION ASSAYS
In the advanced chronic phase (20 weeks post infection, w.p.i.),
spleens from NI, PI, R8 and R12 rats (from experiment 2) were extracted,
and cells were obtained using a 40-μm mesh cell strainer (Becton Dickinson
Labware). After red blood cells were lysed with water for 5 s, the cells were
washed twice in Dulbecco's modified Eagle medium (DMEM) and
resuspended in DMEM 10% fetal bovine serum (FBS). Cells were plated in
96-well plates (2±105 cells/200 μL) containing 5 μg/mL of concanavalin A
(ConA) and 1 μg/mL of lipopolysaccharide (LPS), as indicated. Proliferation
was measured by incorporating 1 μCi [3H]thymidine (Amersham
Pharmacia Biotech) per well during the last 24 h of a 3-day culture. Cells
were then harvested onto a glass-fiber filter, using a Cell Harvester
(Skatron Instruments), and radioactivity was estimated in counts per
minute (cpm). Results are expressed as fold proliferation (=cpm
infected/cpm non-infected).

MORPHOMETRIC MEASUREMENTS
The adult fluke body area (mm2) of parasites recovered from rats of
experiment 2 was measured by a computer image analysis system (CIAS)
with specialized software (ImagePro® Plus, version 4.5 for Windows,
Media Cybernetics Inc., Silver Spring, USA) (Valero et al., 2005, 2012b).
Thus, for each infected rat, the liver fluke total body area (BA) was
calculated by adding the adult body area of each parasite present. To
analyze F. hepatica per capita adult fluke development (BA per individual
fluke = BA/worm), the BA was divided by the total fluke number.
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EGG SHEDDING FOLLOW‐UP STUDY
Epg shed by each rat was calculated using the Kato-Katz technique
(Helm-Test) (Valero et al., 2011, 2012a). Fecal pellets were collected from
the 88 rats fresh at 9:00 a.m. once a day from each animal and stored in
closed Petri dishes to avoid drying before examination. In experiment 1,
fecal samples were weekly examined at 5, 6, 7 and 8 weeks p.i. In
experiment 2, fecal samples were examined on a weekly basis at 5, 6 and 7
weeks p.i. and then on a four-weekly basis at 8, 12, 16 and 20 weeks p.i. The
specific shape and size characteristics of F. hepatica eggs were considered
to facilitate detection (Valero et al., 2009).
The Kato–Katz technique is routinely employed to diagnose and
quantify the burden in the majority of human helminthiases (Katz et al.,
1972). The simplicity of the test and its ease of performance under field
conditions have ensured its universal application. However, the sensitivity
of a single examination may be very low due to a combination of several
factors and little confidence can be given to a single epg quantification. So,
numerous samples are required for the detection of differences between
groups of hosts or parasites (Valero et al., 2011). Thus, three slides were
made per rat for epg calculation. To analyze F. hepatica per capita egg
production (epg per individual fluke = epg/worm), the fluke egg count was
divided by the total fluke number to obtain the fluke egg count per fluke for
each infected rat. It was assumed that the number of adult flukes did not
vary throughout the experiment, since epg counts did not decrease
abruptly in any rat analyzed.
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SERUM IgG1 LEVELS
In experiment 2, whole blood was collected by means of
venipuncture (in the great saphenous vein) on a biweekly basis of 0, 2, 4, 6,
8, 10, 12, 14, 16, 18 and 20 weeks p.i. For serum preparation, the blood was
centrifuged at 760 ng at 4 ºC for 10 min. Serum samples were stored at
−80ºC until analysis. A marked predominance of serum IgG1 over IgG2a
isotypes in Wistar rats in the acute and chronic Fascioliasis phases (1–21
weeks) has been previously described in primo-infection models (Girones
et al., 2007). Serum IgG1 levels were determined in rat serum samples
using detergent soluble F. hepatica extract in ELISA. Mature flukes were
removed from the bile ducts of bovine livers. For the preparation of a
detergent soluble extract, adult flukes were killed by freezing at −70ºC,
washed in phosphate buffered saline (PBS) and drained. One gram of wet
weight of minced tissue was incubated in 10 mL of 50mMTris pH 7.4,
150mM NaCl, 1% DOC and 1 μg/mL of protease inhibitors (leupeptin,
pepstatin, aprotinin) and 1mM PMSF. The extract homogenate was
obtained by disruption with a polytron for 3 min on ice, followed by
centrifugation at 14,000 rpm in a minifuge for 15 min.
The quantification of protein in the resulting supernatant was
carried out by the BCA method. A total of 100 μg of protein extract per well
of a 96 well plate was used. Coating of the wells was carried out in PBS
overnight at 4ºC. Blocking was done for 1 h at room temperature with PBS
containing 0.2% Tween-20 and 3% low fat dry milk. Wells were washed 3
times with PBS containing 0.05% Tween-20 and 1% low fat dry milk. Sera
were diluted 1:50 in PBS and incubated for 1 h at room temperature. Wells
were washed 3 times with PBS containing 0.05% Tween-20 and 1% low fat
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dry milk. Antibodies against IgG1, IgG2a and coupled with horseradish
peroxidase (Serotec) were used at 1:10,000 dilutions and incubated for 1 h
at room temperature. Wells were washed 5 times with PBS containing
0.05% Tween-20 and 1% low fat dry milk and developed with ophenylenediamine dihydrochloride (OPD) for 30 min at room temperature.
Absorbance at 450 nm was measured in an EL 340 Biokinetics microplate
reader (Biotek Instruments) (Girones et al., 2007).

STATISTICAL ANALYSIS
Splenic and thymic cytokine expression levels (Il4, Arg1, Ifng, Nos2,
Il17, Foxp3, Il10, Tgfb, Ebi3 and Il12a and IL12b) in each rat of the NI, PI, R8
and R12 groups were compared with each other by the non-parametric
Mann-Whitney test (SPSS v.22). The bivariant correlation (Kendall's Tau-b
correlation) of splenic and thymic cytokine expression levels (Il4, Arg1,
Ifng, Nos2, Il17, Foxp3, Il10, Tgfb, Ebi3 and Il12a and IL12b) vs parasitic
burden, rat body weight at the end of the experiment and hematological
parameters (RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD, RWD-CV and
EOS%) in each rat groups (NI, PI, R8 and R12) were calculated. Statistical
comparisons of the percentage of rats with anemia were carried out with
the chi-square test (SPSS v.22). Principal component analysis (PCA) was
applied to each individual rat data set (NI, PI, R8 and R12) to gain an
overview of the degree of differentiation between the NI, PI, R8 and R12
groups. Analyses were carried out using CLIC package version 97
(Dujardin, 2008), which is freely available at http://mome-clic.com. Since
PCA is an unsupervised method and makes no assumption as to the origin
or class of samples, it allows the major sources of variance in a data set to
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be defined without incorporating an inherent bias. PCA reduces the
multivariate data to a lower-dimensionality score plot, without requiring
any earlier class information and delivers a snapshot of the similarity
between observations based on the linear combinations of the data. As the
first step, PCA components of spleen cytokine expression were calculated.
Then, PCA components including parasitic burden, rat body weight
at the end of the experiment, RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD,
RWD-CV and EOS% in each rat group (NI, PI, R8 and R12) were calculated.
Relative risks of presence of anemia (RR) were estimated using a
multivariate logistic regression [in the context of risk factors, the resulting
Exp(B) are estimates of RR] using SPSS v.22. Five multiple logistic
regression models were analyzed.
Inclusion of two terms representing multiplicative interaction
between Ifng and Nos2 (Ifng x Nos2) was found to be helpful in order to
increase the fits (models 2-5). The following were used as independent
variables: presence/absence of reinfection of liver flukes (reinfection) in
model 1; reinfection, gene expression level of Ifng, Nos2 and Tgfb in model
2; reinfection, Ifng, Nos2 and Il10 in model 3; reinfection, Ifng, Nos2 and
Foxp3 in model 4; reinfection, Ifng, Nos2 and Ebi3 in model 5. Results were
considered statistically significant when P<0.05.
Regarding the egg shedding, some transformations were necessary
for a proper description. Egg counts were considered after converting
individual values to logarithms (log e) with the (n+1) transformation
ln(epg+1) (Stephenson & Holland, 1987; Valero et al., 2008). Furthermore,
individual trematode egg shedding (epg/worm) was considered after
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converting individual values to logarithms (log e) with the (n+1)
transformation ln((epg/worm)+1).
Antibody responses and cytokine expression levels were compared
using the non-parametric Mann-Whitney test (U) with SPSS software.
Bivariant correlation was used for the analysis of cytokine expression
levels (Il4, Arg1, Ifng, Nos2, Il17, Foxp3, Il10, Tgfb, Ebi3 and Il12a and IL12b),
IgG1, epg, ln(epg+1), ln((epg/worm)+1), number of parasites, and BA
(Pearson correlation, when considering all rat groups together and
Spearman correlation, when considering each rat group independently).
Results were considered statistically significant when P<0.05.

ETHICS STATEMENT FOR ANIMAL RESEARCH
All animal research was performed with the approval of the
Committee for the Evaluation of Projects concerning Animal Research at
University of Valencia (“Órgano Habilitado para la Evaluación de Proyectos
de

Experimentación

Animal

de

la

Universidad

de

Valencia”)

(A1263915389140 and 2015/VSC/PEA/00001 tipo 2), strictly following
the institution's guidelines based on Directive 201063/EU.
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PHENOTYPIC AND GENETIC
CHARACTERIZATION OF
SCHISTOSOMA EGGS
PARASITOLOGICAL MATERIAL
3.2.1.1.

STANDARDIZATION OF THE METHODOLOGY

A total of 174 Schistosoma eggs were analyzed for the
standardization of the methodology (Table 1) (results shown in Chapter
VI):


S. haematobium: 84 eggs from six urine samples of young
migrant men (20-27 years old, average 24; 5 from Senegal, 1
from Mauritania) living in Spain (from 1 to 14 months) and
diagnosed with urogenital Schistosomiasis at the Tropical
Medicine Unit of Poniente Hospital (El Ejido, Almeria, Spain)
and

considered

pure

S.

haematobium

by

genetic

characterization (intergenic ITS region of rDNA and cox1
mtDNA). Epidemiological and clinical records were also
collected for each patient. Parasite eggs were recovered from
urine by using a 40 µm cell strainer (Falcon®) and 9‰ NaCl
saline solution to wash the sample through the filter. All eggs
trapped on the strainer were collected in a Petri dish
containing 20mL saline solution.


S. bovis: 47 eggs from infected female hamster liver squashes
from the laboratory strain (Silva et al., 1977) maintained in the
IHPE

(Interactions

Hôtes-Pathogènes-Environnements),
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CNRS, Perpignan, France. They were mashed and passed
through a column of metal sieves of different pore size to
isolate parasite eggs from the debris. All eggs trapped on the
last sieve were collected in a Petri dish containing 20mL saline
solution.


S. mansoni: 43 eggs from infected female mice liver squashes
from the laboratory strain (SmBRE strain, Brazil) (Théron et
al., 1997) maintained in the IHPE (Interactions HôtesPathogènes-Environnements),

CNRS,

Perpignan,

France.

Parasite eggs were recovered from the livers as described
above.

Species

S. haematobium

Country

Sample/Host /Patient
code

No. eggs
phenotyped

MAURITANIA

Urine/Human/P-15

14

Urine/Human/P-4

12

Urine/Human/P-16

30

Urine/Human/P-18

6

Urine/Human/P-19

7

SENEGAL

S. bovis

SPAIN

S. mansoni

BRAZIL

Urine/Human/P-21
Total
Liver/Hamster/Lab
strain Sb
Liver/Mouse/Lab.
Strain Sm

Table 1. Number of eggs phenotyped of each species and their origin.
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Previous studies of F. hepatica egg size showed characteristic
morphometric traits to be related to their definitive host species (Valero et
al., 2009). Nevertheless, this phenomenon has not been previously
described in the genus Schistosoma.

Furthermore, the present work

analyzes three different species where the influence of the host species is
negligible and egg sizes obtained herein have been verified to agree with
previous egg descriptions (see section 6.4).
As fixation is known to affect size and shape of helminth eggs, egg
materials used in the present study were analyzed without prior fixation,
suspended in 9‰ NaCl saline solution, preserved in darkness at 4 °C until
required and digitalized in the shortest possible time, within the next
fortnight after collection (Valero et al., 2009).

3.2.1.2.

S. HAEMATOBIUM EGG MORPHOMETRIC
COMPARATIVE STUDY

For the morphometric detailed characterization and comparative
study (results shown in Chapter VII), S. haematobium eggs were analyzed
coming a total of from 18 urine samples of migrant men (18-40 years old,
average 25) living in Spain (from 1 month up to 11 years) and diagnosed
with urogenital Schistosomiasis in our country. 17 urine samples came
from the Tropical Medicine Unit of Poniente Hospital (El Ejido, Almeria,
Spain) and 1 urine sample came from a migrant young man from Mali
diagnosed in the Hospital Vall d’Hebron (Barcelona, Catalonia, Spain).
Sample collection took place between October 2016 and July 2018.
Epidemiological and medical history were also recorded for each patient.
Certainty about the country of infection was assumed from the patient’s
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anamnesis. Patients’ samples whose epidemiological records were not
accurate or ambiguous (not certain about the place of infection) were not
included in the study. Parasite eggs were recovered from urine by using a
40 µm cell strainer (Falcon®) and 9‰ NaCl saline solution to wash the
sample through the filter. All eggs trapped on the strainer were collected in a
Petri dish containing 20 mL saline solution.

MOLECULAR ANALYSIS OF SCHISTOSOMA
SPECIES EGGS FROM URINE SAMPLES
S. haematobium-like eggs from human urine samples were
molecularly characterized by profiling a mitochondrial marker (partial
cytochrome c oxidase subunit I - cox1) and by sequencing a nuclear marker
(intergenic ITS region of the rDNA). Genomic DNA was extracted from a
single egg using the InstaGeneTM Matrix kit (Bio-Rad Laboratories® CA,
USA) following the manufacturer's instructions, and stored at −20 °C until
use.
For mitochondrial cox1 profiling, a Rapid Diagnostic PCR (RD-PCR)
from each S. haematobium egg (n=84) was performed using speciesspecific primers to amplify a specific cox1 DNA region (differing in length)
for S. bovis (306 bp), S. mansoni (375 bp) and S. haematobium (543 bp). The
primers applied and PCR conditions were as previously described
(Webster et al., 2010; Van den Broeck et al., 2011; Boon et al., 2017). The
cox1-PCR products were visualized for electrophoresis on a 2.5% agarose
gel stained with GelRed (Biotium) and photographs were taken using the
UVP xgel documentation system.
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SCHISTOSOME EGG DIGITALIZATION AND
MEASUREMENTS
The measurements were taken by means of a Computer Image
Analysis System (CIAS), including a computer connected to a digital camera
linked to a microscope. Each egg was individualized in a 9‰ NaCl drop on
a slide and photographed using a microscope (Leica DMR 72-89663) with
400 magnifications and the high-resolution camera Leica DFC450C
controlled by the LAS software. Representative images of the photographed
eggs and their spines are shown in Figure 7.
All pictures were taken without coverslip for the establishment of a
correct standardization of the measurements. During the workup of the
standardization, the influence of the coverslip on egg shape and size was
assessed. The same egg was photographed before (Figure 7D) and after
(Figure 7E) a cover slip was gently lowered on the saline solution drop
where it was placed. No pressure was applied. In addition, the lack of
coverslip allowed the recovery of individual eggs, and preservation in EtOH
70º, for posterior molecular characterization. For morphometric
characterization, the software Image Pro Plus v5.1 (Media Cybernetics,
USA) was used.
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Figure 7. Egg sample of each Schistosoma species without coverslip: (A) S. haematobium, (B) S. bovis, (C) S. mansoni and
comparison of one S. haematobium egg (D) without and (E) with coverslip. (F, G, H) Great variability in the S. haematobium
spines was observed.
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A total of twenty-five measurements were designed to
phenotypically characterize the different schistosome eggs. However, only
17 were finally selected to be suitable for accurate phenotyping. In
addition, two ratios were calculated. These measurements are detailed in
Figure 8 and include:
‐

Egg Area (EA). Area included in the polygon defining the egg
outline.

‐

Egg Perimeter (EP). Length of the egg outline.

‐

Radius max (Rmax). Maximum distance between egg centroid and
outline.

‐

Radius min (Rmin). Minimum distance between egg centroid and
outline.

‐

Egg length (EL). Feret diameter along major axis of egg.

‐

Egg width (EW). Feret diameter along minor axis of egg.

‐

Egg Roundness (ER). Defined as (perimeter2/4π · Area). It is a
measurement of how circular an object is (the expected perimeter
of a circular object divided by the actual perimeter). A circular
object will have a roundness of 1.0, while more irregular objects
will have larger values (Anonymous, 2001; Ohnuma et al., 2006).

‐

Width at 20 µm from blunt end (BE20).

‐

Width at 35 µm from blunt end (BE35).

‐

Width at 50 µm from blunt end (BE50).

‐

Width at 20 µm from spine end (SE20).

‐

Width at 35 µm from spine end (SE35).

‐

Width at 40 µm from spine end (SE40).

‐

Spine length (SL).

‐

Spine base width (SBW).

‐

Spine medium width (SMW).
101

CHAPTER III. MATERIAL & METHODS

‐

Spine end width (SEW).

‐

Egg Shape Ratio (ESR). Defined as (Egg length/BE35 · Roundness).
It is a measurement of how spindled an object is, as it relates the
width of the egg at 35 µm from the blunt end (where the narrowing
is usually found) with its total length and circularity.
Elongation Ratio (ERatio). Defined as (Rmax/Rmin).

Figure 8. Standardized measurements designed for the morphometric phenotyping
of eggs of Schistosoma species. A. S. haematobium. B. S. bovis. C. S. mansoni.
D. Spine measurements applied in A, B and C (adapted for the latter).

‐
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STATISTICAL ANALYSIS
Statistical analysis was performed using SPSS Statistics 26.
Comparison of the average egg measurements from the different
populations was carried out using one-way ANOVA and three post hoc tests
with different conservative approaches (Tukey’s HSD, Scheffé and
Bonferroni tests). Values were considered statistically significant when
P<0.05.
Current statistical techniques in morphometrics make it possible to
test the null hypothesis of conspecific populations being simply the
allometric extension of each other, provided a common allometric trend is
identifiable (Rohlf & Marcus, 1993). Biometric data was examined using
multivariate analysis. Morphological differences were quantified by
geometrical morphometrics, which includes validated methods for
analyzing variation in organismal shape (Klingenberg, 2016). These
procedures focus on the retention of geometric information throughout a
study and provide efficient, statistically powerful analyses that can readily
relate abstract, multivariate results to the physical structure of the original
specimens (Slice, 2007).
Principal component analysis (PCA) is an estimator of certain
parametric structure characteristics of the population. It may also be used
as a dimension-reduction technique that identifies orthogonal linear
combinations of the original variables that most efficiently reproduce
sample variability. The latter use is particularly important in morphometric
research as the number of shape variables to be analyzed can be very large
and often exceeds reasonable sample sizes (Slice, 2007). For each analysis,
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a two-dimensional morphospace plot based on the first two principal
component was built.
Size-free canonical discriminant analysis was used on the
covariance matrix of measurements transformed into logarithms to assess
morphometric variation among samples. This technique consists of
removing the effect of within-group ontogenetic variation, regressing each
character separately on the within group first principal component (a
multivariate size estimator) (Periago et al., 2008).
The resulting “allometry-free” (effect of size on morphological
variation), or size-free, variables were submitted to a canonical variate
analysis (CVA) and Mahalanobis distances were derived (Mahalanobis,
1936). The Mahalanobis distance can be used to measure how distant a
point is from the center of a multivariate normal distribution. The degree
of similarity between egg populations was assessed through pairwise
Mahalanobis distances (García-Sanchez et al., 2020).
PCA was carried out using the natural logarithm of measurements
applying the BAC software. PVA and Mahalanobis distances were calculated
using PAD software and tested by non-parametric permutation tests with
1,000 iterations each. Values were considered statistically significant when
P<0.05 (Dujardin, 2002; García-Sánchez et al., 2019). Nevertheless, to avoid
matrix singularities, some measures were discarded because of their
partial overlap with other measures. The following non-redundant
measurement (i.e. one is not included in another one) were considered: EA,
Rmax, Rmin, EP, EL, EW. BE20, BE35, BE50, SE20, SE35, SE40, ER, SL, SBW,
SMW and SEW.
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ETHICS STATEMENT FOR ANIMAL RESEARCH
AND HUMAN SAMPLES
Animal samples were obtained at the laboratory of the IHPE (HôtesPathogènes-Environnements), CNRS, Université de Perpignan (Perpignan,
France) which has permission A66040 from «Ministère de l’Enseignement
supérieur de la Recherche et de l’Innovation (France)» for animal
experimentation.

Experimenters

hold

the

certificate

for

animal

experimentation (authorization 007083, decree 87-848 and 20122010008). Housing, breeding and animal care followed the national and
European ethical requirements.
Human samples were obtained at the Tropical Medicine Unit of
Poniente Hospital (El Ejido, Almeria, Spain) for diagnostic purposes as part
of the standard protocol care for sub-Saharan patients attended at such a
unit. Anonymized data were collected retrospectively. This study was
approved by the Ethics Committee of the Coordinating Site (protocol Schis01-UMT-2018). At the end of the study, all participants were informed
about their parasitological results and free treatment was offered when
found positive for Schistosomiasis (single 40 mg/kg dose of PZQ).
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CHAPTER IV
IMPACT OF FASCIOLIASIS
REINFECTION ON HOST IMMUNE
RESPONSE: RELATIONSHIP WITH THE
CLINICAL PHENOTYPES OF ANEMIA

4.1. INTRODUCTION

INTRODUCTION
The association between Fascioliasis-induced anemia and related
factors has previously been quantified in a rodent model (Valero et al.,
2008). The development of anemia appears to be complex and may involve
multiple mechanisms. Among the mechanisms that explain Fascioliasisrelated anemia are: i) compensatory increase in erythrocyte production
and a continuous drain of iron stores resulting from the blood-sucking
activity of the parasites; ii) hemolysis of red blood cells; iii) the general
effects of inflammation on erythropoiesis; iv) concomitant parasitic and
bacterial infections, and v) premorbid nutritional abnormalities (Valero et
al., 2008).
As previously mentioned, the risk of reinfection in infected humans
in hyperendemic areas is very high and most of the children infected (from
the age of five) in these endemic areas are already in the biliary or chronic
phase of the disease (Valero et al., 2012a; Mas-Coma et al., 2014a, b), i.e.,
reinfection and chronicity are the norm in these areas. However, studies
about the impact of reinfection on the host are scarce and little is known
about the consequences it might have on the outcoming anemia clinical
phenotype.
The aim of this study was to ascertain the immune response
induced by reinfection during the chronic phase of F. hepatica infection by
analyzing the immune profile through the gene expression of Ifng, Ebi3,
Nos2, Il4, Arg1, Foxp3, Il10, Tgfb, Il12a, Il12b and Il17 in the spleen and the
thymus.

The

experimental

design

used

reproduces

the

usual

reinfection/chronicity conditions in human endemic areas and included
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primoinfected (PI) and reinfected rats at 8 weeks post-infection (R8, w.p.i.),
approximately the time when adult flukes begin to enter the bile duct or the
initial chronic phase, and at 12 w.p.i. (R12), when the adult flukes are
already established in the bile duct (established chronic phase). The
immune response in advanced chronic Fascioliasis was analyzed at 20
weeks after primoinfection. Hitherto, the correlation between Fascioliasis
reinfection, anemia and the immune response has never been studied in a
rat model at such an advanced chronic phase and during such a long time
span of 20 weeks post-infection (p.i.). The results revealed that reinfection
reactivated the Th2 responses when compared to PI rats. In addition, we
found, for the first time, that reinfection also stimulated Th1, Treg and Th17
responses. Finally, the correlation of the presence/ absence of anemia and
the variation of the different hematological parameters are correlated with
the Th1/Th2/Th17/Treg associated gene expression levels.

MATERIAL & METHODS
A total of 58 rats were divided into four groups: i) a non-infected
group (NI) (16 rats); ii) a group of primary infected rats that received a
single infection dose (PI) (12 rats); iii) primary infected rats subsequently
reinfected at 8 weeks (R8) (14 rats); and iv) primary infected rats
subsequently reinfected at 12 weeks p.i. (R12) (16 rats). All rats were
euthanized 20 weeks after initiation of the experiment (see Figure 5).
Blood samples were collected at 20 weeks p.i. to perform a
complete hemogram (RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD, RWD-CV
and EOS%). Total mRNA was extracted from the spleen and thymus of all
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rats. The expression of Ifng, Nos2, Il4, Arg1, Foxp3, Il10, Tgfb, Ebi3, Il12a,
Il12b, Il17 and 18S was analyzed by TaqMan probes. Cell proliferation was
analyzed in splenic cells after stimulation with concanavalin A (ConA) and
lipopolysaccharide (LPS).
Splenic and thymic cytokine expression levels in each rat of the NI,
PI, R8 and R12 groups were compared with each other by the nonparametric Mann-Whitney test (SPSS v.22). The bivariant correlation
(Kendall's Tau-b correlation) of splenic and thymic cytokine expression
levels vs parasitic burden, rat body weight at the end of the experiment and
hematological parameters in each rat groups (NI, PI, R8 and R12) were
calculated. Statistical comparisons of the percentage of rats with anemia
were carried out with the chi-square test (SPSS v.22). Principal component
analysis (PCA) was applied to each individual rat data set (NI, PI, R8 and
R12) to gain an overview of the degree of differentiation between the NI,
PI, R8 and R12 groups. Relative risks of presence of anemia (RR) were
estimated using a multivariate logistic regression Five multiple logistic
regression models were analyzed.
More detailed methodology is described in sections 3.1.1, 3.1.2,
3.1.3, 3.1.4, 3.1.5, 3.1.6, 3.1.10 and 3.1.11.
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RESULTS
F. HEPATICA DEVELOPMENT IN PRIMARY
INFECTION AND REINFECTION
All infected animals were parasitized. Rats were analyzed in the
advanced chronic phase 20 weeks after initiation of the experiment,
harboring the following fluke burdens: i) 2.8±1.9 worms/rat (range 1-7
worms/rat) in the primary infection group; ii) 4.6±2.4 worms/rat (range
1±9 worms/rat) in the R8 reinfection group and iii) 3.1±1.6 worms/rat
(range 2-6 worms/rat) in the R12 reinfection group.

IMMUNE RESPONSE IN THE ADVANCED
CHRONIC PHASE IN PRIMARY AND
SECONDARY INFECTIONS
To address the immunological status of the different infected rat
groups, the expression of Th1/Th2 markers in primary and secondary
infections was analyzed in the spleen and the thymus. The spleen and
thymus cells of the Wistar rats were chosen as primary and secondary
lymphoid organs where the immunological responses take place and
different types of Tregs develop. In primary infected rats at 20 w.p.i., Il4 and
Arg1 mRNA levels in the thymus and spleen presented basal levels, and no
induction of Ifng Nos2 was detected (Figure 9 and Figure 10). An increase
of Il4, Arg1 and Ifng mRNAs in the spleen was observed in the R12 group,
suggesting the existence of peripheral systemic mixed Th1/Th2 active
immune responses in secondary infection (Figure 9 and Figure 10).

112

4.3. RESULTS

Moreover, in the spleen of R12 rats, the expression levels of Foxp3, Il10 and
Tgfb mRNAs increased in comparison with NI rats and PI rats (Figure 11).
Increased expression levels of Ebi3, that codifies IL-27β (part of the IL-35
complex), were observed in the spleen of R12 when compared to NI rats
(Figure 11). The Ifng expression in the thymus increased above basal levels
in reinfected rats (R8 and R12 groups), indicative of an ongoing Th1
response (Figure 10B). In addition, the expression levels of Il10 in the R12
group increased in the thymus when compared to NI and PI rats (Figure
11B). In primary infected rats, R8 and R12, Il12a and Il12b levels from the
thymus and spleen presented basal levels (Figure 12). Notably, the
expression of Il17 mRNA in R12 in the spleen, but not in the thymus,
increased when compared to control rats, PI and R8 rats (Figure 13).
Statistically significant positive correlations were obtained
between splenic Ifng vs Foxp3 (r=0.56), Tgfb (r=0.66), Il10 (r=0.77), Ebi3
(r=0.65) and Il4 (r=-0.75). Statistically significant positive correlations
were also obtained between thymic Ifng vs Foxp3 (r=0.76), Tgfb (r=0.83),
Il10 (r=0.50) and Ebi3 (r=0.57). A significant negative correlation was
obtained between splenic Ifng vs Il12b (r=−0.61). Interestingly, a
significant negative correlation between thymic Il17 vs fluke burden
(r=-0.54) was detected.
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Figure 9. Effect of F. hepatica reinfection on the Il4 and Arg1 expression from the
spleen and thymus. (A) Spleen. (B) Thymus. Group NI: non-infected controls;
Group PI: rats received a single infection dose; Group R8: infected and reinfected
rats at 8 weeks after primary infection; Group R12: infected and reinfected rats at
12 weeks after primary infection. Bars represent mean±SE values. *Statistically
significant differences (P<0.05, Mann-Whitney non-parametric test).

Figure 10. Effect of F. hepatica reinfection on the Ifng and Nos2 expression from
the spleen and thymus. (A) Spleen. (B) Thymus. Group NI: non-infected controls;
Group PI: rats received a single infection dose; Group R8: infected and reinfected
rats at 8 weeks after primary infection; Group R12: infected and reinfected rats at
12 weeks after primary infection. Bars represent mean±SE values. *Statistically
significant differences (P<0.05, Mann-Whitney non-parametric test).

114

4.3. RESULTS

Figure 11. Effect of F. hepatica reinfection on the Foxp3, Il10, Tgfb and Ebi3
expression from the spleen and thymus. (A) Spleen. (B) Thymus. Group NI: noninfected controls; Group PI: rats received a single infection dose; Group R8:
infected and reinfected rats at 8 weeks after primary infection; Group R12: infected
and reinfected rats at 12 weeks after primary infection. Bars represent mean±SE
values. *Statistically significant differences (P<0.05, Mann-Whitney nonparametric test).

Figure 12. Effect of F. hepatica reinfection on the Il12a and Il12b expression from
the spleen and thymus.(A) Il12a expression. (B) Il12b expression. Group NI: noninfected controls; Group PI: rats received a single infection dose; Group R8:
infected and reinfected rats at 8 weeks after primary infection; Group R12: infected
and reinfected rats at 12 weeks after primary infection. Bars represent mean±SE
values. No statistically significant differences were found (P<0.05, Mann-Whitney
non-parametric test).
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Figure 13. Effect of F. hepatica reinfection on the Il17 expression from the spleen
and thymus. Group NI: non-infected controls; Group PI: rats received a single
infection dose; Group R8: infected and reinfected rats at 8 weeks after primary
infection; Group R12: infected and reinfected rats at 12 weeks after primary
infection. Bars represent mean±SE values. *Statistically significant differences
(P<0.05, Mann- Whitney non-parametric test).

SUPPRESSION OF PROLIFERATION IN THE
ADVANCED CHRONIC PHASE
The proliferative response of lymphocytes to mitogens in the spleen
was evaluated. When T cells were stimulated with ConA, a T cell mitogen, a
profound decrease in the proliferation of spleen cells from PI, R8 and R12
compared with spleen cells of NI rats was found (P<0.05) (Figure 14A).
LPS stimulates mostly B lymphocytes, but a significant decrease in
proliferation (around 50%) was observed in PI, R8 and R12 rats, compared
with spleen cells of NI (P<0.05) (Figure 14B). These results suggest that a
pronounced suppression of a mitogen-induced proliferative response of
lymphocytes takes place in all animals, whether primo-infected or
reinfected during the advanced chronic phase.
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Figure 14. Effect of F. hepatica reinfection on spleen cell proliferation in response
to mitogens. (A) Concanavalin A (ConA). (B) Lipopolysaccharide (LPS). Group NI:
uninfected controls; Group PI: rats received a single infection dose; Group R8:
infected rats and challenged at 8 weeks after primary infection; Group R12:
infected rats and challenged at 12 weeks after primary infection. Significant
inhibition of the proliferation was observed in cultures stimulated with
concanavalin A (ConA) and lipopolysaccharide (LPS). P<0.05 was considered to be
statistically significant. Bars represent mean±SD. *Statistically significant
differences (P<0.05, Mann-Whitney non-parametric test).

PATHOGENICITY AND SYSTEMIC CYTOKINE
EXPRESSION LEVELS
Rat body weight, RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD, RWDCV and EOS% in each rat group (NI, PI, R8 and R12) were calculated at the
end of the experiment (Table 2). Anemia was defined on the basis of the
hemoglobin cut-off values of hemoglobin mean±SD of the control rats
(WHO, 2011). An increase in the percentage of the number of anemia cases
was observed in the R8 group vs NI (chi-square: 5.25, P<0.05). Additionally,
the rat body weight in R8 rats was lower than in negative control rats (NI)
(Figure 15).
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Figure 15. Effect of F. hepatica reinfection on anemia and rat body weight. Bars
represent mean±SE values *Statistically significant differences (P<0.05, MannWhitney non-parametric test).

The gene expression levels obtained in cytokines analyzed from the
thymus and spleen in each rat group and its clinical phenotype, as defined
by rat body weight, RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD, RWD-CV
and EOS% were correlated to elucidate model-dependent associations of
the cytokine gene expression and pathogenicity. A significant positive
correlation (Tau b de Kendall) between: i) Ifng expression levels and MCV
(r=0.503, P<0.05); ii) Il17 expression levels and RBC (r=0.474, P<0.05),
HCT (r=0.490, P<0.05) and MCHC (r=0.613, P<0.05); iii) Arg1 expression
levels and RBC (r=0.482, P<0.05), HGB (r=0.572, P<0.05) and HCT
(r=0.455, P<0.05) were detected.
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NI

PI

R8

R12

Body weight

0.41±0.02

0.35±0.01

0.33a±0.01

0.35±0.02

RBC

10.22±0.41

7.76a±1.82

6.16ab±0.30

7.11a±0.89

HGB

18.33±0.73

13.93a±4.83

10.90a±1.67

13.08a±2.17

HCT

52.05±0.86

43.00a±7.54

37.06ab±4.15

41.62a±4.97

MCV

51.00±1.40

56.00a±5.12

60.16a±5.66

58.63a±2.95

MCH

17.95±0.29

17.70±2.03

17.94a±2.32

18.37±1.55

MCHC

35.20±1.10

31.80±5.20

29.78a±1.46

31.30±1.64

RDW-SD

25.58±1.72

41.27a±11.58

51.14ab±10.11

36.08ac±6.91

RWD-CV

17.90±0.50

22.83±1.68

24.38a±4.45

18.70c±2.84

EOS%

1.43±1.26

6.33±3.21

8.22a±1.28

3.45c±0.98

Significantly different vs. NI, determined by Mann-Whitney test.
Significantly different vs. PI, determined by Mann-Whitney test.
c Significantly different vs. R8, determined by Mann-Whitney test.
a

b

Table 2. Rat body weight and hematological parameters in each rat group at the
end of the experiment. Values are mean±SD. NI, uninfected controls; PI, rats
received a single infection dose; R8, infected rats and challenged at 8 weeks after
primary infection; R12, infected rats and challenged at 12 weeks after primary
infection; Body weight, rat body weight (gr); RBC, total red blood cell count
(M/μL); HGB, hemoglobin (g/dL); HCT, hematocrit (%); MCV mean corpuscular
volume (fL); MCH, mean corpuscular hemoglobin (pg); MCHC, mean corpuscular
hemoglobin concentration (g/dL); RDW-SD, red cell distribution width-standard
deviation (fL); RWD-CV, red cell distribution width-coefficient of variation (%);
EOS%, percentage of eosinophils (%).

The RR of anemia associated with reinfection (Table 3) showed a
value of 14.66 (model 1). The dependence of anemia in reinfection on the
combination of Ifng and Nos2 was analyzed through multiple logistic
regression analysis. Model 2 showed an anemia risk in the covariable Ifng
x Nos2 of 50.28, but the covariable Tfg presented a RR value of 0.006,
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indicating a protective value. Model 3 showed an anemia risk in the
covariable Ifng x Nos2 of 37.32, but the covariable Il10 presented an RR
value of 0.05, indicating a protective value. Models 4 and 5 included as
covariables Ifng x Nos2 and Foxp3 (model 4), and Ebi3 (model 5) but
presented no significant P values. These results indicate that increased
systemic Tgfb and Il10 expression levels decrease the anemia risk
associated with inflammation.

MULTIVARIATE STATISTICAL MODELING OF F.
HEPATICA REINFECTION
The fluke burden and the splenic and thymic cytokine profiles
detected in each rat group (NI, PI, R8 and R12) were modeled through
principal component analysis (PCA) (Figure 16A). In brief, only in the
splenic cytokine profiles, there are clear visual separations among the NI,
PI, R8 and R12 groups.
The fluke burden and the clinical phenotypes, as defined by rat
body weight, RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD, RWD-CV and
EOS% detected in each rat group (NI, PI, R8 and R12) were modeled
through principal component analysis (PCA) (Figure 16B). In brief, clinical
phenotypes can be differentiated among the NI, PI, R8 and R12 groups (PCI:
84%, PCII: 11%).
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Model 1
Model 2
Model 3
Model 4
Model 5

RR
P-value
RR
P-value
RR
P-value
RR
P-value
RR
P-value

Reinfection

Ifng x Nos2

Tgfb

14.66
0.009
1010.65
0.003
564.72
0.002
32.09
0.001
32.72
0.002

50.28
0.047
37.32
0.043
8.00
NS
2.57
NS

0.006
0.037

Il10

Foxp3

Ebi3

0.05
0.017
0.07
NS
0.17
NS

Table 3. Multivariate logistic regression analysis of different factors obtained
during experimental Fascioliasis in Wistar rats and regression coefficients
[RR=relative risk of presence of anemia] with significance in different models.
Reinfection, presence/absence of reinfection of liver flukes; Ifng, gene expression
level of Interferon gamma; Nos2, gene expression level of inducible nitric oxide
synthases; Tgfb, gene expression level of transforming growth factor beta; Il10,
gene expression level of interleukin 10; Foxp3, gene expression level of
Forkhead Box P3; Ebi3. NS=not significant. Five models (model 1, 2, 3, 4
and 5) were used in the multivariate logistic regression analysis including
presence/absence of anemia as dependent variable: model 1 including
presence of reinfection as independent variable; model 2 including presence
of reinfection, Ifng, Nos2 and Tgfb as independent variables; model 3
including presence of reinfection, Ifng, Nos2 and Il10 as independent
variables; model 4 including presence of reinfection, Ifng, Nos2 and Foxp3 as
independent variables; model 5 including presence of reinfection, Ifng, Nos2
and Ebi3 as independent variables.
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Figure 16. Pathogenicity and systemic cytokine expression levels. (A) Factor map
corresponding to splenic cytokine profiles from experimentally infected Wistar
rats including fluke burden. Samples are projected onto the first (PCI, 86%) and
second (PCII, 5%) principal components. Each group is represented by its
perimeter. (B) Factor map corresponding to clinical phenotypes from
experimentally infected Wistar rats. Clinical phenotypes are defined by fluke
burden, rat body weight, RBC, HGB, HCT, MCV, MCH, MCHC, RDW-SD, RWD-CV and
EOS% detected in each rat group (NI, PI, R8 and R12).
Samples are projected onto the first (PCI: 84%) and second (PCII: 11%) principal
components. Each group is represented by its perimeter. Group NI: non-infected
controls; Group PI: rats received a single infection dose; Group R8: infected and
reinfected rats at 8 weeks after primary infection; Group R12: infected and
reinfected rats at 12 weeks after primary infection.
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DISCUSSION
The host’s ability to develop resistance to Fasciola reinfection is
species dependent. Thus, in sheep sensitization to a primary F. hepatica
infection fails to stimulate any resistance to secondary infection (Chauvin
et al., 1995). Previous studies showed that rats exhibit significant
resistance to reinfection (Hughes et al., 1976; Piedrafita et al., 2004),
depending on the strain, age, and sex (Hayes et al., 1974a; Hughes et al.,
1976, 1977; Rajasekariah & Howell, 1977a, 1981; Piedrafita et al., 2004).
Rats infected orally with metacercariae quickly build up resistance to a
secondary challenge within 2–3 weeks before the majority of flukes reach
the liver (Piedrafita et al., 2004). Previous studies related the Th2 response
to the protection capacity in rats (Armour & Dargie, 1974; Hayes et al.,
1974a, b, c; Hayes & Mitrovic, 1977; Rajasekariah & Howell, 1977a, b, 1981;
Doy et al., 1978; Kelly et al., 1980; Mitchell et al., 1981; Chapman & Mitchell,
1982; Yoshihara et al., 1985; Van Milligen et al., 1998a, b, 1999; Tliba et al.,
2000).
Wistar rats are frequently used as a laboratory model for
chemotherapeutic, pathological and immunological studies and are
especially useful for investigations during the advanced chronic period of
Fascioliasis (Valero et al., 2000, 2006a, 2008; Girones et al., 2007). Also, it
is accepted that primary infections cause partial protection against a
secondary reinfection in some rat strains, the so-called concomitant
immunity (Keegan & Trudgett, 1992; Paz et al., 1999; Paz-Silva et al., 2002),
which is the reason why rats are presently not used in models of
experimental reinfection. Fasciola reinfection was confirmed in Wistar
rat/F. hepatica reinfection models focusing on IgG and IgA serum levels and
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coproantigens. These studies showed different kinetics of the humoral
response depending on whether rats were challenged in the acute phase or
in the chronic phase (Paz et al., 1999).
The various stages of the F. hepatica life cycle may contribute to
heterogeneity in immune responses. Juvenile migrating flukes, adult flukes
in the bile duct and eggs elicit stage-specific immune responses (Dowling
et al., 2010; Vukman et al., 2013) that may change over time in the infected
host. Previous studies (Helmby & Grencis, 2003; Beiting et al., 2007)
suggest that two different forms of immunity are present in parasite life
cycles which imply more than one location in the host, i.e., a migratory
pattern is adopted within host tissues (Mulcahy et al., 2005). In a bovine/F.
hepatica model, it has been found that both TGF-β and IL-10 play a decisive
role in the control of IL-4 and IFN-γ-dependent anti-parasitic pathways,
suggestive of various regulator mechanisms which may be limiting the host
immune response (Flynn & Mulcahy, 2008).
Previous studies found that rats infected with F. hepatica
experience immunosuppression during the chronic phases of the disease
(Girones et al., 2007). This immunosuppression may allow parasite
survival when confronted with an ongoing immune response during
primoinfection, and it is likely to be caused by Th2 cytokines as IL-4 that
inhibit Th1 and Th17 responses as well as Tregs that produce suppressive
cytokines as IL-10 and TGF-β. Thus, a polarized Th2/Treg immune
response coincident with a suppression of Th1/Th17 cytokines is
generated during primoinfection, having been previously described in
other experimental models (Oldham & Williams, 1985; Clery & Mulcahy,
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1998; Brady et al., 1999; O'Neill et al., 2000, 2001; Donnelly et al., 2005,
2008; Flynn et al., 2007; Flynn & Mulcahy, 2008).
In the present study, no significant differences in thymus or spleen
Th1, Th2, Th17 and Treg associated gene expression markers in
primoinfected rats vs controls at 20 w.p.i. was observed, indicating that in
the advanced chronic phase of the disease (20 w.p.i.), those specific
alterations of the expression pattern of the immune response due to
primary infection return to normal levels. However, upon reinfection, a
different immune response expression pattern emerges, likely to represent
a secondary/memory expansion of the immune response. Ifng gene
expression increased in the thymus of R12 rats with respect to non-infected
rats. More notably, in R12 rats, in addition to Ifng, splenic expression levels
of numerous cytokines and Foxp3 increased. At this time of reinfection, full
establishment or adult flukes in the bile duct is achieved. These data
indicate that reinfection increases Ifng gene expression levels. Previously,
a mixed Th1/Th2 response was demonstrated in given cases in F. hepatica
primoinfection, i.e., depending on the genetic background of some species
as, for example, in the C57BL/6 mice/F. hepatica model (O'Neill et al.,
2000).
In Wistar rats, IL-4 has been demonstrated to be a characteristic
element of the Th2/Th0 response associated with F. hepatica infection
(Tliba et al., 2002a, b). Previous studies performed on T helper cytokines in
rats basically concerned the early stages of Fascioliasis, suggesting that
Fasciola species, similar to other helminth parasites, induce a polarized Th2
response (Tliba et al., 2002a, b). The rise in levels of parasite-specific IL-4
after TGF- inhibition suggests that TGF- may be responsible for
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inhibiting IL-4-dependent anti-parasitic mechanisms during acute
infection, such as eosinophilia or mastocytosis. Migrating juvenile worms
would be more susceptible to IL-4-dependent cellular infiltration, as other
models of IL-4-dependent worm immunity have demonstrated (Finkelman
et al., 2004). Previous studies described that in primoinfected animals that
reach the early chronic infection, there is a predominance of Th2 response,
which decreases in advanced chronic infection, at 20 w.p.i., which is
characterized by a persistent immune suppression (Girones et al., 2007).
During the chronic stage of the disease, the R12 group showed, in
the thymus, a progression of host responses from effector Th2 to a so-called
‘modified Th2’ phenotype associated with elevated Treg-associated gene
expression levels (Il10) and reduced Th2 gene expression levels but with
increased Ifng expression. The absence of Foxp3 and Tgfb expression in the
thymus in the R12 group might indicate that the source of Il10 in the
thymus could be IL-10-producing-Foxp3-negative cells (Murphy & Weaver,
2016) either Th1, Th2 and Th17 cells, thus given the increased Ifng levels,
or Th1 cells are the ones in which Il10 is increased. Alternatively, these cells
could be Tr1 cells that require antigen for IL-10 secretion (Jager & Kuchroo,
2010).
In the spleen, the R12 group showed an even higher increase in the
levels of Ifng, Il10, Tgfb and Foxp3, and in addition, increased levels of Ebi3
(IL-27 component of IL-35), indicating an expansion of Tregs. Tregs may
be responsible for the increase in Il10, Tgfb and Ebi3 levels, inhibiting the
production of Th2 cytokines, but allow a partial Th1 response (evidenced
by Ifng expression) in situations of reinfection. Moreover, significant
positive correlations between splenic Ifng vs Foxp3, Tgfb and Ebi3 were

126

4.4. DISCUSSION

detected, suggesting that the role of Treg is highly selective, and does not
suppress the Th1 response observed upon reinfection at 12 w.p.i. Such an
immune response representing a regulated Th2 response may be an
important feature of balanced parasitism that ensures parasite survival but
protects the host from Th2-induced pathology. Previous research on the
protection in human Schistosomiasis has

also emphasized the

compartmentalization of the type-1⁄2 immune response against different
parasite stages, and the need for more detailed in vivo investigations into
immune mechanisms at different sites of infection (Dessein et al., 2004). In
the early stage of primoinfection, Th1-type clones generated from mice
infected with Fasciola suppressed proliferation and IFN- production by
Th1 cells (Walsh et al., 2009). IFN- was also associated with resistance
against the liver stage in human Schistosomiasis (Dessein et al., 2004).
Previous studies have demonstrated that an early and local type-1 immune
response is associated with the resistance of Indonesian thin-tail (ITT)
sheep to Fasciola infection (Pleasance et al., 2011).
The type-1 immune response was highlighted in the hepatic lymph
nodes (HLN) of F. gigantica-infected ITT sheep (resistant infection) and
was in direct contrast to the predominant type 2-like response observed in
F. hepatica-infected ITT sheep (susceptible infection) and F. giganticainfected Merino sheep (susceptible breed). The significant type-1 immune
response occurred at the time when parasite attrition occurs and may
represent the immune phenotype responsible for resistance against
Fasciola infection in the natural host (Pleasance et al., 2011).
In other helminth infections, Tregs play a beneficial role for the parasite,
as in experimental rodent filariasis, S. mansoni or the Litosomoides
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sigmodontis infection, being also beneficial to the host by reducing the
associated immunopathology (Maizels, 2007; McSorley et al., 2008).
Interestingly, Brugia malayi secretes a homolog of mammalian TGF-
(Maizels, 2007) that may be involved in Treg cell conversion. It has been
demonstrated that increased IFN- production, by IL-10 inhibition or
knockout, results in more effective killing of T. spiralis larvae located within
the muscles of murine hosts. Conversely, in the same IL-10-/- mice, IL-4 and
IL-13 were boosted but mast cell infiltration was reduced, leading to
increased worm burdens within the intestinal tract (Helmby & Grencis,
2003). In L. sigmodontis-infected mice it has been demonstrated that the
restoration of effective parasite clearance only occurred when surface
bound CTLA-4 was neutralized and CD4+CD25+ cells were depleted
simultaneously (Taylor et al., 2007). In a T. spiralis/mice model, it was
found that the muscle infection parasite killing happened in the presence of
increased IFN- and increased infiltration of inducible nitric oxide synthase
(iNOS)-positive cells (Beiting et al., 2007).
In our study, induction of Treg markers in R12 was paralleled by
the induction of Il17, in which several pro-inflammatory effects have been
described (Apostolidis et al., 2011). However, it also plays a protective role
against pathogens such as Trypanosoma cruzi (Miyazaki et al., 2010). In this
sense, the negative correlations detected between Il17 levels in the spleen
vs the phenotypic parasitic markers used in this work, i.e. number of liver
flukes detected in the bile duct, suggest a protective role of the IL-17 and
Th17 response previously unappreciated in Fascioliasis, but described in
other helminthic infections in association with a Th2 response.
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Interestingly, in endemic schistosome and filarial diseases,
pathology ranges from chronic debilitating to tolerant phenotypes. The
pathologic phenotype is characterized by a Th2 primary response that
converts to Th1 and Th17 in secondary infection, while the tolerant
phenotype shows a regulatory response, low pathology but high parasite
burden (McSorley & Maizels, 2012). Thus, in the chronic phase in endemic
areas prone to reinfection, the response is expected to be more complex,
involving several types of immune response as our results show here.
In addition, it is controversial whether regulatory T cells under
certain conditions may express pro-inflammatory cytokines while
retaining suppressive ability, or whether these Tregs are dysregulated and
associated with perpetuation of the immunopathology.
Moreover, induction of alternative activated macrophages (AAMφ),
dependent on IL-4, has been described at the early stages of F. hepatica
infection (Reyes & Terrazas, 2007), which can also be induced in mice
through the injection of excreted/secreted products of F. hepatica that
induce the recruitment of alternatively activated macrophages leading to
suppressed Nos2 mRNA levels and elevated Tgfb levels (Donnelly et al.,
2005). In turn, AAMφ produce molecules that are toxic to the fluke and
participate in fibrosis and tissue repair (Moreau & Chauvin, 2010). In cattle
(Flynn et al., 2010) and sheep (Hacariz et al., 2009), it was found that IL-10
and TGF- levels were increased upon F. hepatica infection. These results
lead to the hypothesis that IL-10 and TGF- worked together, being
responsible for fibrosis and ensuing parasite burden decrease. Such
previous observations are in agreement with our results in the R12 rats due
to the increase in Arg1 levels in the spleen. A similar trend was observed
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for IL-10 and TGF-β. Thus, during reinfection AAMφ could be reactivated
and is likely to result in reduced proliferation in spleen cells through IL-10
and TGF-β. In addition, AAMϕ could participate in tissue repair.
In

rats,

sheep,

and

humans,

F.

hepatica

excretory/

secretory antigens (ESFh) have been shown to inhibit the proliferative
response of spleen mononuclear cells stimulated with mitogens in a
dose-dependent fashion (Moreau et al., 2002). Previous studies carried out
at our laboratory already documented spleen cell immunosuppression
in the advanced chronic phase of Fascioliasis (Girones et al., 2007). A
decrease in nitric oxide

production

by

lipopolysaccharide

stimulated peritoneal macrophages has also

been observed

(LPS)–
with

ESFh, although the exact mechanism was not addressed (Cervi et
al., 1998). Tregs have been described to cause immunosuppression in
other parasitic diseases. In our study, spleen cell unresponsiveness to B
and T mitogens is present in primo-infected and re-infected groups.
Thus, immunosuppression is present in the advanced chronic phase
independent of reinfection. It has been described that in the migration
phase

of

its

life

cycle,

F.

hepatica generates

a

transient

immunosuppression. Thus, when evaluating the spleen cell proliferative
response to ConA of F. hepatica-infected rats until 60 days post-infection, a
decrease on day 7 post-infection was shown, while LPS caused a
pronounced increase of the proliferative response from day 3 until around
8 weeks post-infection (Cervi et al., 1998, 2001). In addition, in a sheep
model, after secondary infection at 6 weeks post-infection, ConA-induced
lymphocyte proliferation transiently increased, while the humoral
response was reduced (Chauvin et al., 1995). The main difference between
those studies and ours is that we measured proliferation much later, at 20
weeks p.i., while in previous studies it was carried out at 9 weeks p.i. at the
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most. Our results show that a generalized unresponsiveness to T and B

cell mitogens is preserved along the infectious phases up to the advanced

chronic phase independently of reinfection. However, the PI and R8
groups did not show changes in Il10 nor Tgfb expression in the spleen,

suggesting that suppression of spleen cell proliferation by parasite
molecules might be occurring. But, in the R12 group, a partial Th1

response as well as Treg and Th2/M2 cytokine responses in the spleen

occurred. Thus, in R12 rats in addition to parasite immunosuppressive
antigens, host immunoregulation might occur, and in R8 rats bystander

suppression of Ifng might occur probably due to the location of the
parasite in the bile duct. Furthermore, Treg markers, Foxp3, Il10, Tgfb and

Ebi3, reached high levels of gene expression that are likely to correspond
to Th3 iTreg cells. Notably, our results suggest, for the first time, that
IL-35, likely to be produced by Tregs, may play a suppressive role in
Fasciola reinfection.

In this study, the splenic and thymic cytokine expression levels in

F. hepatica reinfections were correlated with the anemia clinical

phenotype. Herein, experimental infections in an animal model of chronic

and repeated Fascioliasis infection, related to the expression levels of

Th1/Th2/Th17/Treg with anemia during re-exposure have been carried
out for the first time. The increased RR of anemia when Ifng expression
levels were included as covariables in the models analyzed are suggestive
of the presence of anemia of inflammation. In addition, it was shown in
murine Toxoplasma gondii infection that IFN-γ can act directly on

macrophages to provoke RBC uptake (Zoller et al., 2011). The results of
logistic regression analysis suggest that increased splenic Tgfb and Il10

expression levels are protective in anemia of inflammation. Although
inflammation is fundamental to immune-mediated protection against

131

CHAPTER IV. IMPACT OF FASCIOLIASIS REINFECTION ON HOST IMMUNE RESPONSE:
RELATIONSHIP WITH THE CLINICAL PHENOTYPES OF ANEMIA

most pathogens, counter-regulatory mechanisms are required to limit
collateral damage to host tissues (O'Garra et al., 2004). Our results

suggest that anemia of inflammation is present in re-infection.
Similarly, anemia in patients with Schistosomiasis is usually anemia of
inflammation, linked with blood loss, which contributes to total-body iron
deficiency (Colley et al., 2014).
Mechanistically, anemia of inflammation is mainly caused by
inflammation-driven retention of iron in macrophages making the metal
unavailable for heme synthesis in the course of erythropoiesis and further
by impaired biological activity of the blood cell hormone erythropoietin
and the reduced proliferative capacity of erythroid progenitor cells, i.e.
anemia of inflammation is caused by iron trapping with the body mediated
by the hepatic hormone hepcidin, the release of which is stimulated by
infection-related production of the pro-inflammatory cytokine interleukin
6 (Weiss, 2015). CD4+CD25+Foxp3+ regulatory cells (Tregs) are a special
lineage of cells, essential for maintaining immune homeostasis. They are
conventionally associated with the production of classical antiinflammatory cytokines such as IL-10, TGF-b and IL-35, and are consistent
with their anti-inflammatory functions. Herein, Il10, Tgfb and Il35 gene
expression levels were evaluated. Concretely, our results suggest that
Tregs participate in the regulation of anemia of inflammation. The results
showed that in reinfection two phenotypic patterns were detected: i) a
pattern which included only increased systemic Ifng expression levels but
no Treg associated gene expression, associated with lower hemoglobin
levels; ii) a pattern which included increased systemic Ifng expression
levels as well as an increased Treg gene expression associated with a less
severe decrease of hemoglobin levels. These results agree with previous
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data in which TGF-β production is inversely correlated with severity of
murine malaria infection, suggesting that TGF-β may play a crucial role in
preventing the severe pathology of malaria (Omer & Riley, 1998). We
hypothesized that the severe anemia of Fascioliasis infection in the R8
group was due to Ifng increased expression in the absence of Tgfb or Il10.
Examples of the role of Treg in reducing immunopathology can be found in
the original observation of their role in control of colitis (Powrie et al.,
1994), reduction of pulmonary inflammation in pneumocystis (McKinley et
al., 2006), control of hepatic pathology in Schistosoma infections (Hesse et
al., 2004) or control of immunopathological lesions in viral infections
(Suvas et al., 2004).
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CHAPTER V
IMPACT OF FASCIOLIASIS
REINFECTION ON F. HEPATICA EGG
SHEDDING: RELATIONSHIP WITH THE
IMMUNE‐REGULATORY RESPONSE

5.1. INTRODUCTION

INTRODUCTION
As mentioned before, Fascioliasis patients presenting massive
infections suffer the risk of a hepatic colic after treatment as the
consequence of biliary canal obstruction due to the accumulation of such
big-sized trematodes (WHO, 2007). Thus, determining a patient's parasitic
burden is crucial, as drug treatment must be monitored in order to prevent
a hepatic colic. Only direct coprological assays have the added value of
enabling burden quantification by epg counts.
In spite of the importance of Fasciola egg quantification as a
biomarker, the evidence concerning the effect of reinfection in chronic
Fascioliasis on epg is scarce. There are very few data available on egg
shedding and the immune response in the advanced chronic phase in
primary and secondary infections. In a reinfection F. hepatica/Wistar rat
model, we demonstrated that reinfection reactivated the Th2 responses in
the chronic phase when compared to primo-infected rats (see Chapter IV).
In addition, reinfection also stimulated Th1, Th2, Treg and Th17 responses.
The aim of the present study is to investigate how Fascioliasis
reinfection affects liver fluke egg shedding and its related immuneregulatory mechanisms. To this end, an F. hepatica/ Wistar rat model of
primo-infection/reinfection at three selected time-points was analyzed: (i)
at 4 weeks p.i. (R4), when adult flukes migrate through the liver
parenchyma; (ii) at 8 weeks p.i. (R8), when adult flukes begin to enter the
bile duct; and (iii) at 12 weeks p.i. (R12), coinciding with the beginning of
the chronic phase. To address the relationship between immunological
status and epg in primary and secondary infections rat groups, the

137

CHAPTER V. IMPACT OF FASCIOLIASIS REINFECTION ON F. HEPATICA EGG SHEDDING:
RELATIONSHIP WITH THE IMMUNE-REGULATORY RESPONSE

following aspects were analyzed: i) serical IgG1 levels and epg in a
longitudinal study (0-20 weeks p.i.); and ii) the profile of the genes
associated with Th1 (Ifng, Il12a, Il12b, Nos2), Th2 (Il4, Arg1), Treg (Foxp3,
Il10, Tgfb, Ebi3), and Th17 (Il17) in the spleen and thymus and epg, in a
cross-sectional study (20 weeks p.i.).

MATERIAL & METHODS
The experimental design is depicted in section 3.1.3. Wistar rats were
divided into two experiments, including its own controls:


Experiment 1: rats were divided into three groups: i) a noninfected group (NI-1) (10 rats); ii) a group of primary infected
rats that received a single infection dose (PI-1) (10 rats); iii)
primary infected rats subsequently reinfected at 4 weeks (R4)
(10 rats) (Figure 6A).



Experiment 2: rats were divided into four groups: i) a noninfected group (NI-2) (16 rats); ii) a group of primary infected
rats that received a single infection dose (PI-2) (12 rats); iii)
primary infected rats subsequently reinfected at 8 weeks (R8)
(14 rats); and iv) primary infected rats subsequently reinfected
at 12 weeks p.i. (R12) (16 rats)( Figure 6B).

The adult fluke body area (BA) (mm2) of parasites recovered from
rats of experiment 2 was measured by a computer image analysis system
(CIAS) with specialized software (ImagePro® Plus, version 4.5 for
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Windows, Media Cybernetics Inc., Silver Spring, USA) (Valero et al., 2005,
2012b).
Epg shed by each rat was calculated using the Kato-Katz technique
(Helm-Test) (Valero et al., 2011, 2012a), which is routinely employed to
diagnose and quantify the burden in the majority of human helminthiases
(Katz et al., 1972). To analyze F. hepatica per capita egg production (epg
per individual fluke = epg/worm), the fluke egg count was divided by the
total fluke number to obtain the fluke egg count per fluke for each infected
rat. In experiment 2, serum IgG1 levels were determined in rat serum
samples using detergent soluble F. hepatica extract in ELISA.
For egg shedding statistical analysis, some transformations were
necessary for a proper description. Egg counts were considered after
converting individual values to logarithms (log e) with the (n + 1)
transformation ln(epg+1) (Stephenson & Holland, 1987; Valero et al.,
2008). Furthermore, individual trematode egg shedding (epg/worm) was
considered after converting individual values to logarithms (log e) with the
(n + 1) transformation ln((epg/worm)+1).
Antibody responses and cytokine expression levels were compared
using the non-parametric Mann-Whitney test (U) with SPSS software.
Bivariant correlation was used for the analysis of cytokine expression
levels, IgG1, epg, ln(epg+1), ln((epg/worm)+1), number of parasites, and
BA.
More detailed methodology is described in sections 3.1.1, 3.1.2,
3.1.3, 3.1.5, 3.1.7, 3.1.8, 3.1.9, 3.1.10, 3.1.11.
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RESULTS
DEVELOPMENT OF F. HEPATICA CHRONIC
INFECTION/REINFECTION IN RATS
All infected rats were parasitized. The results of experiment 1 are
summarized in Table 4. In experiment 1, rats harboured, at 10 weeks p.i.,
the following fluke burdens: i) 2.0±1.73 worms/rat (range 1-4 worms/rat)
in the primary infection group; ii) 4.5±2.12 worms/rat (range 3-6
worms/rat) in the R4 reinfection group.
The results of experiment 2 are summarized in Table 5. In
experiment 2, rats harbored, at 20 weeks p.i., the following fluke burdens:
(i) 3.00±1.87 worms/rat (range 1–5 worms/rat) in the primary infection
group; ii) 5.71±1.89 worms/rat (range 3–9 worms/rat) in the R8
reinfection group and (iii) 3.33±1.51 worms/rat (range 2–6 worms/ rat) in
the R12 reinfection group.

Parameter

PI‐1
Mean±SD (Min‐Max)

R4
Mean±SD (Min‐Max)

Pre‐patent period
(weeks)
epg at:
6-8 weeks p.i.

6

6

52.61±122.25 (24-528)

42.89±46.85 (24-216)

Worms at 10 weeks p.i.
Recovered per rat (no)
Recovered a (%)

2.00±1.73 (1-4)
10%b

4.50±2.12 (3-6)
11.25%c

a [(No

of flukes recovered/no of cysts administered) x 100].
Challenge with 20 metacercariae.
c Challenge with 40 (=20+20) metacercariae.
b

Table 4. Experiment 1: kinetics of eggs per gram of feces (epg) and experimental
parameters observed up to 10 weeks post infection (p.i.) in rats with F. hepatica
primo-infection (PI-1) and reinfection at 4 weeks p.i. (R4).
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Parameter

PI‐2
Mean±SD
(Min‐Max)

R8
Mean±SD
(Min‐Max)

R12
Mean±SD
(Min‐Max)

Pre‐patent
period
(weeks)

6

6

6

10-20 weeks
p.i.

661.67±821.48
(24.00-3432.00)

914.63±731.90c
(48.00-4272.00) c

1050.51±1006.24c
(24.00-3432.00) c

14-20 weeks
p.i.

727.85±715.62
(48.00-2688.00)

994.11±874.58
(48.00-4272) c

1306.67±1004.55
(24.00-3432.00) c

Worms at 20
p.i.
Recovered
per rat (no)
Recovered a
(%)

3.00±1.87
(1-5)

5.71±1.89
(3-9)

3.33±1.50
(2-6)

15.00%d

14.28% e

8.33%e

10-20 weeks
p.i.

189.12±211.45
(4.80-858.00)

180.82±149.39
(6.86-854.40)

280.29±267.01
(8.00-1164.00)

14-20 weeks
p.i.

24.00-672.00
(248.85±193.29)

8.00-854.4
(196.46±174.17)

8.00-1164.00
(345.56±268.25)

Fluke body
area b (mm2)

344.46±204.31
(120.16-540.49)

626.71±149.42
(438.20-871.90)

375.33±81.75
(276.12-482.50)

Fluke body
area/worm
(mm2)

117.83±7.93
(108.10-127.30)

113.43±17.32
(96.88-146.07)

121.84±25.54
(75.41-149.96)

epg at:

epg/worms

[(No of flukes recovered/no of cysts administered) x 100].
Sum of the body area of all liver flukes present in each rat bile duct.
c No significant differences vs. PI, determined by t test.
d Challenge with 20 metacercariae.
e Challenge with 40 (=20+20) metacercariae.
a

b

Table 5. Experiment 2: kinetics of eggs per gram of feces (epg) and experimental
parameters observed up to 20 weeks post infection (p.i.) in rats with F. hepatica
primo-infection (PI-2), reinfection at 8 (R8) and 12 (R12) weeks p.i.
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EGG SHEDDING CAPACITY IN
INFECTED/REINFECTED GROUPS
The comparison of the kinetics of average of egg emission from
transformed logarithm data are represented in Figure 17 showing
different patterns between the primo-infected and reinfected groups. In
experiments 1 and 2, in both primo-infected and reinfected animals, the
pre-patent period was 6 weeks after infection.
In experiment 1, the average epg emitted weekly increased
progressively, until 8 weeks after infection in the primo-infected group (PI1) and until 7 weeks after infection in the reinfected group (R4) (but
without statistical significance) (Figure 17A).
In experiment 2, when comparing the total average epg in the R8
group vs PI-2 group (from 8-20 weeks p.i.), no differences were detected
(Table 5). In the primo-infected group (PI-2), the average epg increased
progressively until 20 weeks p.i. Thus, when comparing the epg average in
R8 vs PI-2 at 12 weeks p.i. (= 4 weeks post reinfection) incremented epg
values in R8 were detected (U=8.50, P=0.0497), still remaining high at 16
weeks p.i. (but without statistical significance). Posteriorly, a steady
decrease in epg was observed until 20 weeks p.i. (Figure 17B). When
comparing the total average epg in R12 vs PI-2 (from 12-20 weeks p.i.), no
differences were detected (Table 5). When comparing the epg average in
R12 vs PI-2 at 16 weeks p.i. (= 4 weeks post reinfection), incremented epg
values in R12 were detected (U=8.50, P=0.0497), remaining high at 20
weeks p.i. (U=8.50, P=0.0497) (Figure 17B).
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To eliminate the effect of the increased number of adults reaching
the bile duct as a consequence of reinfection, epg/worm was calculated,
allowing the comparison of egg shedding by each adult between the primoinfected and reinfected groups.
In experiment 1, no differences were detected when the average
epg/worm from the PI and R4 groups at 6, 7 and 8 weeks p.i. were
compared (Figure 17C). Nevertheless, the small sample size analyzed must
be taken into account. In experiment 2, differences in the average
epg/worm were detected between the PI-2 and R8 groups, at 12 weeks p.i.
(U=165; P=0.035) (Figure 17D). Differences in the average epg/worm
were detected between the PI-2 and R12 groups, at 16 and 20 weeks p.i.
(U=28.5; P=0.042, U=165; P=0.035, respectively) (Figure 17D). Summing
up, the kinetics of epg and epg/worm of PI-2, R8 and R12 is different,
showing transiently higher averages of egg emission in reinfected groups
when compared to the primo-infected group in the short term, i.e. at least
in the weeks following reinfection analyzed.
In experiment 2, correlations between fluke burden and epg at 20
weeks p.i. were calculated considering each rat group independently. The
results showed a statistically significant positive correlation in all groups
(PI-2: r=0.927, P=0.001; R8: r=0.635, P=0.036; R12: r=0.895, P=0.001).
Furthermore, correlations between fluke burden and epg at 20 weeks p.i.
were calculated considering all rat group together, showing a statistically
significant positive correlation (PI-2: r=0.927, P=0.001; R8: r=0.635,
P=0.036; R12: r=0.895, P=0.001). Non-parametric Spearman's correlations
between fluke burden and epg/worm at 20 weeks p.i. were calculated
considering each rat group independently. The results showed a
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Figure 17. Comparison of kinetics of eggs per gram of feces (epg), expressed as
Ln(epg+1), and epg/worm, expressed as Ln((epg/worm)+1), between primoinfected and reinfected groups in experiments 1 and 2. (A) Average of Ln(epg+1)
in experiment 1, including reinfection at 4 weeks p.i. (B) Average of Ln(epg+1) in
experiment 2, including reinfection at 8 and 12 weeks p.i.; (C) Average of
Ln((epg/worm)+1), in experiment 1, including reinfection at 4 weeks p.i.; (D)
Average of Ln((epg/worm)+1), in experiment 2, including reinfection at 8 and 12
weeks p.i. Group NI-1: non-infected controls from experiment 1; Group PI-1: rats
received a single infection dose in experiment 1; Group R4: infected and reinfected
rats at 4 weeks after primary infection; Group NI-2: non-infected controls from
experiment 2; Group PI-2: rats received a single infection dose from experiment 2;
Group R8: infected and reinfected rats at 8 weeks after primary infection; Group
R12: infected and reinfected rats at 12 weeks after primary infection.
Squares and circles represent mean values and bars represent ±SE values.
**Statistically significant differences vs PI.
***Statistically significant differences vs R8.
(P<0.05, Mann-Whitney non-parametric test).
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statistically significant positive correlation only in the PI-2 group (r=0.528,
P=0.017).
The BA and BA/worm were calculated in experiment 2 (Table 5).
Non-parametric Spearman's correlations between development BA and
epg at 20 w.p.i. were calculated considering each rat group independently.
Thus, in all groups, the results showed a positive correlation (PI: r=0.964,
P=0.001; R8: r=0.619, P=0.004; R12: r=0.873, P=0.002). Bivariant
correlations between individual development (BA/worm) and epg
production at 20 weeks p.i. were calculated considering each rat group
independently. Thus, in all groups, the results showed a positive
correlation (PI-2: r=0.836, P=0.005; R8: r=0.790, P=0.004; R12: r=0.764,
P=0.017).

EGG SHEDDING AND IMMUNOGLOBULIN
LEVELS
In experiment 2, specific IgG1 responses were induced in all
infected rats. The time course of IgG1 levels of primo-infected and
reinfected groups from the start to end of experiment 2 (0 to 20 weeks) are
shown in Figure 18. OD values for negative controls remained always
below the cut-off value. The kinetics of antibodies for all F. hepatica primoinfected rats followed the same pattern. OD increased rapidly between the
2nd and the 8th week p.i., when the highest values were reached, remaining
around this value until the 20th week p.i. The kinetics of IgG1 levels showed
that reinfected groups follow a similar pattern as the primo-infected group,
but with a significant increase, in R8 at 10 weeks p.i. (R8: U=17, P=0.011)
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and in R12 rats at 14 w.p.i. (R12: U=28.5, P=0.038). Summing up, in
relation to the kinetics of IgG1 levels, reinfected groups followed a similar
pattern as the primo-infected group, but with transiently higher averages
of IgG1 levels in reinfected groups when compared to the primo-infected
group in the short term, i.e. in the two weeks following reinfection
analyzed.
The correlation between IgG1 levels in each infected rat at 8, 12,
16, and 20 w.p.i. and the epg average at 8, 12, 16, and 20 w.p.i. was
calculated considering each rat group independently (Figure 18). Thus, the
results showed a significant correlation in the primo-infected group (PI-2:
r=0.510, P=0.037). Nevertheless, a significant correlation in the reinfected
groups was not found (R8: r=−0.059, P=0.767; R12: r=−0.139, P=0.570).
Summing up, in experiment 2, positive correlations between IgG1 levels
and epg were detected in primo infection only.
Furthermore, correlations between IgG1 at 20 w.p.i. and BA/worm
were calculated considering each rat group independently. Thus, in all
groups, the results showed a positive correlation (PI: r=0.766, P=0.016; R8:
r=0.930, P=0.001; R12: r=0.794, P=0.006). Summing up, in experiment 2,
positive correlations between IgG1 levels and liver fluke development were
detected.
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Figure 18. Comparison of the kinetics of immunoglobulin (Ig) IgG1 in experiment
2. Effect of liver fluke infection on IgG1 levels in primo-infected rats (PI-2),
reinfected rats (R8) and (R12) versus control negative rats (NI-2) using a biweekly
period. Group NI-2: non-infected controls; Group PI-2: rats received a single
infection dose; Group R8: infected and reinfected rats at 8 weeks after primary
infection; Group R12: infected and reinfected rats at 12 weeks after primary
infection. Circles and bars represent mean+SE values. OD, optical density.
**Statistically significant differences vs PI.
(P<0.05, Mann-Whitney non-parametric test).
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EGG SHEDDING AND CYTOKINE LEVELS
In experiment 2, the gene expression levels obtained in cytokines
analyzed from the thymus and spleen in each rat group and epg were
correlated to elucidate model-dependent associations of the immune status
and egg shedding. Correlations between epg at 20 weeks p.i. vs cytokine
expression levels (Il4, Arg1, Ifng, Nos2, Il17, Foxp3, Il10, Tgfb, Ebi3, Il12a,
Il12b) from the spleen and thymus were calculated in experiment 2. When
considering all rat groups together, the splenic results showed a positive
correlation between epg and Il10 (r=0.512, P=0.018) (Figure 19A). The
thymic results showed a positive correlation between epg and Ifng
(r=0.672, P=0.003) and Il10 (r=0.534, P=0.013) (Figure 19B).
Interestingly, a negative correlation between BA and Il17 from thymus
(r=-0.526, P=0.025) was detected. Even though mRNA expression is not
always an indication of cytokine production and may only represent a
potential cytokine production, these results are suggestive of egg shedding
being dependent on the Th1 and Treg phenotype.
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Figure 19. Number of eggs per gram of feces (epg) shed at 20 weeks post infection,
Il10 gene expression from the spleen and Ifng and Il10 gene expression from the
thymus. (A) Spleen. (B) Thymus. Group NI-2: non-infected controls; Group PI-2:
rats received a single infection dose; Group R8: infected and reinfected rats at 8
weeks after primary infection; Group R12: infected and reinfected rats at 12 weeks
after primary infection. Bars represent mean±SE values.
*Statistically significant differences vs NI-2.
**Statistically significant differences vs PI-2.
***Statistically significant differences vs R8.
(P<0.05, Mann-Whitney non-parametric test).
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DISCUSSION
EGG SHEDDING CAPACITY IN REINFECTED
GROUPS
Intra-specimen and day-to-day variations of Fasciola egg counts in
human stools have been described (el-Morshedy et al., 2002). A follow up
study on eggs in a primo-infection F. hepatica/Wistar model covering a
period of 40–300 days p.i. showed that individual fecal egg counts have
strong day-to-day fluctuations (Valero et al., 2011). Nevertheless, when
data were grouped in weekly intervals, epg values followed a saturated
model until reaching the advanced chronic phase (=20 weeks p.i.).
Therefore, to compare egg production between primo-infected and
reinfected rats, data from samples obtained from the point of reinfection
until the end of the experiment were analyzed: 6–8 weeks p.i. (experiment
1), 8–20 weeks p.i. (experiment 2) and 12–20 weeks p.i. (experiment 2), not
showing differences in the average of epg between primo-infected and
reinfected groups. These results agree with previous studies using an F.
hepatica/Sprague-Dawley model showing that in F. hepatica reinfection at
4 and 11 weeks p.i., the numbers of flukes recovered were similar in groups
infected once and those infected twice, and there was no detectable
increase in egg shedding following challenge infection (Paz et al., 1999).
Nevertheless, our experiments showed increased values in epg as
well as in epg/worm in the reinfected groups (R8 and R12) when compared
to the primo-infected group using grouped data from 4 weeks following
challenge infection, i.e. transiently higher averages of egg emission in the
short term in reinfected groups are present when compared to the primoinfected group.
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In livestock, F. hepatica per capita egg production (epg/worm)
depends on the number of adult flukes in the liver (Boray, 1969). In a F.
hepatica/primo-infected Wistar model, it was determined that infection
intensity levels (= varying number of adults located in the biliar canal)
exercise a significant influence on egg production in advanced chronic
Fascioliasis (Valero et al., 2006b). These experimental studies on the
crowding effect of F. hepatica showed that egg production decreases when
the burden increases (Valero et al., 2006b). For this reason, the result of an
epg/worm increase in the short term in both reinfected groups (at 4 weeks)
when compared to the primo-infected group, despite the accumulation of
worms in the reinfected rats, was unexpected. This suggests that there
should be an immunological explanation for such a counteraction effect.
Furthermore, the result of an epg increase in the short term in both
reinfected groups (at 4 weeks) is not explainable by an accumulation of
worms in the reinfected rats, as the period is too short to reach the prepatent period, keeping in mind that in experiments 1 and 2 the pre-patent
period was 6 weeks. Also, the crowding effect becomes manifest through a
delayed fluke migration from the liver parenchyma into the common bile
duct (Valero et al., 2006b). Consequently, the results obtained in rats
indicate that the determination of the fluke burden by epg may be an
overestimation in cases of recent reinfection in low burden situations. A
priori, nothing appears against extrapolating this conclusion to human
reinfections. This should be considered henceforth, because needed studies
for confirmation in humans would evidently pose ethical problems.
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EGG SHEDDING AND FLUKE DEVELOPMENT
The F. hepatica reinfection model used herein showed a positive
correlation between egg shedding (epg) and fluke body area (BA), which is
consistent with similar findings in primo-infection F. hepatica/ Wistar
models and with other helminths. Previous studies showed a correlation
between the liver fluke uterus area and egg production (Valero et al., 2011).

EGG SHEDDING AND IMMUNOGLOBULIN
LEVELS
Similarly to our results, another study using another rat breed (F.
hepatica/Sprague-Dawley reinfection model) showed that, in reinfections
at 4 and 11 weeks p.i., the kinetics of the immune humoral response (IgG1
subclasses) in reinfected rats presented a marked increase from the point
of challenge onwards (Paz et al., 1999). In our experiment, furthermore, a
correlation between epg and IgG1 levels in a period including both shortand long-term chronic Fascioliasis (8–20 weeks p.i.) was only detected in
the primo-infected group. These results agree with previous studies using
a similar primo-infection model describing a correlation between IgG1
levels and epg including only a short-term chronic phase (7–12 weeks p.i.)
(Girones et al., 2007).
However, in our experiment, no correlation between epg and IgG1
levels was detected in reinfected groups. These different correlation
patterns probably underlie the disparity of results detected in human
Fascioliasis. Thus, some studies did not find a relationship between total
IgG and intensity of human Fascioliasis (Salem et al., 1987; Espinoza et al.,
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2007), but others showed a positive correlation between IgG antibodies
and infection intensity in patients, determining Fasciola intensity through
repeated egg counts in different stool samples (Shehab et al., 1999). In
agreement with these last results, in other human trematodiasis, such as
Schistosomiasis, a positive relationship between IgG antibody levels and
egg counts was detected (Mott & Dixon, 1982). Our results suggest that F.
hepatica egg shedding depends on the host immune status and correlates
with IgG1 levels in primoinfection situations until the advanced chronic
phase.
In our experiment, a positive correlation between burden and BA/
worm and IgG1 levels at 20 weeks p.i. was detected in primo-infected and
reinfected groups. These results agree with our previous studies applying
a primo-infection F. hepatica/Wistar model in which a positive correlation
between IgG1 and BA was described (Girones et al., 2007).

EGG SHEDDING AND CYTOKINE LEVELS
Given that mRNA expression is not always an indication of cytokine
production and may only represent a potential cytokine production, our
results suggest, for the first time, that Th1 and Tregs participate in the
modulation of F. hepatica egg production. It is noteworthy that Tregs are
conventionally associated with the production of anti-inflammatory
cytokines and are consistent with immune suppressive functions. The
production of these cytokines increases during F. hepatica reinfection of
humans, mice and rats (see Chapter IV). Our results suggest that, in
reinfection models, F. hepatica egg shedding depends on the host immune
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status and positively correlates with splenic Il10 and thymic Infg and Il10
gene expression levels. Previous studies on Th cytokines in Fasciola/rat
models concerned mainly the early stages of Fascioliasis and situations of
primo infection. During the first 2 weeks of infection, F. hepatica induces a
transient Th0 cytokine profile, with an ensuing down-regulation of the
cellular response and the induction of a Th2 cytokine profile (Tliba et al.,
2002b, c). In primoinfected Wistar rats, the presence of higher IL-10 and
IL-4 levels in serum at 7 weeks p.i. and of IL-10 at 10 weeks p.i. was
observed (Girones et al., 2007) (see Chapter IV), results that agree with
previous studies concerning early infection.
These outcomes indicate that in primo-infection, IL-10 and IL-4
could suppress IFN-gamma production by Th1 cells with the inhibition of
the activation of macrophages. Nevertheless, cytokine production is absent
in the advanced chronic phase, in a primo-infected model (Girones et al.,
2007). It is generally accepted that immunosuppression is advantageous
for parasite survival when confronted with an on-going immune response
during primo-infection, likely to be caused by Th2 cytokines such as IL-4
inhibiting Th1 and Th17 responses as well as Tregs producing suppressive
cytokines such as IL-10 and TGF-β (Dalton et al., 2013). Thus, polarized
Th2/Treg immune responses coincident with a suppression of Th1/Th17
cytokines are generated during the early phases in primoinfection models
(O'Neill et al., 2001). However, in a F. hepatica/Wistar rat model, we
showed that reinfection potentiates a mixed Th1/Th2/Th17/Treg
response (see Chapter IV).
In the present study, in F. hepatica reinfection, two egg shedding
patterns were detected: (i) a phenotypic pattern which included no
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increased Treg gene expression, associated with lower liver fluke egg
fecundity; (ii) a pattern which included increased Th1 and Treg gene
expression, associated with higher liver fluke egg fecundity. In addition, in
the advanced chronic phase, the PI and R8 groups did not present increased
Il4 expression levels in the spleen nor in the thymus vs negative control,
explaining that no correlation was detected with epg (see Chapter IV).
In models of experimental S. mansoni infections, an increased and
rapid recruitment of Treg cells takes place, which can be beneficial to the
helminth parasite when colonizing its host or completing its life cycle
successfully, but also to the host by reducing the associated
immunopathology (McSorley et al., 2008).
In our experiment, the positive correlation between systemic and
thymic Il10 expression levels and epg levels detected agrees with the
positive correlation between IL-10 levels in serum and infection intensity
described in Schistosomiasis. In humans infected by S. haematobium,
individuals producing high levels of parasite specific IL-10 cytokine
responses, elicited from whole blood cultures, were significantly more
likely to be egg positive than those producing lower levels of the cytokine
IL-10 and showed a positive correlation between IL-10 and infection
intensity (Mutapi et al., 2007). The positive association of IL-10 and
infection intensity has also been reported in S. mansoni-infected individuals
(Silveira et al., 2004). Two possible explanations for this positive
association have been given (Mutapi et al., 2007): (i) IL-10 could simply be
reflecting exposure to parasite antigens, or (ii) high levels of IL-10 are
stimulated by high infection levels so as to prevent the development of an
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excessive Th2-mediated pathology in addition to a Th1-mediated
pathology (Taylor et al., 2006).
The latter is consistent with earlier immuno-epidemiological
studies on S. haematobium infection reporting immunosuppression of
schistosome responses in children (Grogan et al., 1998) and Th2 responses
in adults with little or no infection (Mduluza et al., 2003).
As in Schistosomiasis, the infection level in Fascioliasis is measured
through epg levels. Our results, however, are suggestive of another
interpretation as they show that epg production per worm increases in
reinfection in low burden cases and correlates positively with Il10
expression levels, lending support to a new hypothesis in which Treg
underlies increased egg output in Fascioliasis.
In summary, this is the first study on the relationship between the
immunological host status and epg measured by the Kato–Katz technique,
a common diagnostic tool for human helminth infections. Our results
suggest, for the first time, that host immune responses modulate F. hepatica
fecundity. Furthermore, our results indicate that a short-term increase of
epg/worm is present in F. hepatica reinfection. Egg fecundity is associated
with systemic Il10 and thymic Ifng and Il10 expression levels. Very high epg
counts are found in infants and schoolchildren in several human
Fascioliasis endemic areas, e.g., in the Altiplanic areas of Bolivia (Mas-Coma
et al., 2009b) and Peru (Esteban et al., 2002), the Andean valleys in Peru
(Gonzalez et al., 2011) and in the Nile Delta in Egypt (Esteban et al., 2003).
In all these human hyperendemic areas, Fascioliasis transmission shows a
patchy distribution linked to freshwater water bodies inhabited by
lymnaeid snail vectors. Thus, prevalences in localities correlate with the
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distance to the closest transmission focus, i.e. the higher the prevalences
the shorter that distance (Mas-Coma et al., 1999b). Consequently, it can be
concluded that the likelihood of reinfection in individuals living near those
transmission foci is higher, and the probability of increased epg counts is
also higher if our experimental results are extrapolated. Therefore, subjects
with high epg counts should be the main targets for diagnosis and
treatment not only because of the pathogenicity of the higher burden due
to reinfection, but also in control initiatives to achieve a fast impact by
deworming subjects with the highest egg shedding and to decrease the
ensuing environmental contamination with parasite eggs shed in human
feces.

157

6.

CHAPTER VI
PHENOTYPIC ANALYSIS OF THREE
SCHISTOSOMA SPECIES EGGS:
PROPOSAL FOR A STANDARDIZED
STUDY METHODOLOGY

159

160

6.1. INTRODUCTION

INTRODUCTION
Schistosomiasis is usually found in travelers and migrants in
Europe (Lingscheid et al., 2017). Both autochthonous and imported cases
of urogenital Schistosomiasis have been described in Europe. As previously
mentioned, autochthonous cases were described in the French island of
Corsica (Berry et al., 2014; Boissier et al., 2015), changing the paradigm of
tropical diseases and rising awareness of the globalization of pathogens.
Moreover, molecular studies identified as etiological agent of this
introduction both pure S. haematobium and hybrids of S. haematobium
and S. bovis (Boissier et al. 2016). On the other hand, S. haematobium cases
in Spain have increased in the last decade (Salas-Coronas et al., 2020). Yet,
studies which geno- and phenotypically characterize the etiological agents
in Europe are scarce.
In the last years, geometric morphometrics has been proved as a
useful tool for the differentiation of eggs of helminths such as the genus
Fasciola (Valero et al., 2009) or Trichuris (García-Sanchez et al., 2020). As
previously suggested, the egg shape of Schistosomes could be determined
more precisely by taking additional measurements and by using geometric
morphometric techniques (Boon et al., 2017).
The present study focuses on eggs considered pure S. haematobium
by genetic characterization (ITSs of rDNA and cox1 mtDNA). Given the
necessity to characterize S. haematobium populations involved in cases
from sub-Saharan migrants present in Spain, the aim is to phenotypically
characterize S. haematobium eggs by morphometric comparison with
experimental populations of S. bovis and S. mansoni. Analyses were made
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by means of a Computer Image Analysis System (CIAS) method (Valero et
al., 2005), applied based on new standardized measurements and
geometric morphometric tools. The present work shows the usefulness of
this methodology for the phenotypic differentiation between eggs from
Schistosoma species, capable of distinguishing morphologically close eggs,
as is the case in the haematobium group.

MATERIAL & METHODS
A total of 174 Schistosoma eggs were analyzed for the
standardization of the methodology (Table 1):


S. haematobium: 84 eggs from six human urine samples.



S. bovis: 47 eggs from experimentally infected female hamster
liver squashes.



S. mansoni: 43 eggs from experimentally infected female mice
liver squashes.

The measurements included: EA, Rmax, Rmin, EP, EL, EW. BE20,
BE35, BE50, SE20, SE35, SE40, ER, SL, SBW, SMW and SEW (see section
3.2.3). Statistical analysis included one-way ANOVA and three post hoc
tests, PCA and discriminant analysis.
More detailed methodology is described in sections 3.2.1.1, 3.2.2,
3.2.3, 3.2.4 and 3.2.5.
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RESULTS
MOLECULAR CRITERIA FOR SPECIES
IDENTIFICATION
Genetic profiles provided by cox1 mtDNA and ITS region of rDNA,
allowed defining that the parasites (schistosome terminal-spined eggs
from urine samples) were S. haematobium and not a hybrid species.

6.3.1.1.

Cox1 rapid diagnostic PCR

The 84 eggs from the urine samples from the six Schistosomainfected patients furnished an S. haematobium cox1 profile. No
egg/miracidium gave an S. bovis or S. mansoni profile.

6.3.1.2.

ITS rDNA sequence analysis

ITS rDNA profiles showed that S. haematobium were present in all
the six human samples selected for this study. No hybrid profiles were
detected in the chromatograms. Among the 25 sequences obtained for the
nuclear Internal Transcribed Spacers (ITSs), two profiles of ITSs were
retrieved; one of them (Sh-1A) showed sequence identity (100%) with S.
haematobium (consensus sequence retrieved from GenBank = Acc. Nos.
GU257398, JQ397400-JQ397414, FJ588861, MT884914 and MT158873)
and was obtained in 17 of 25 sequences (68%), and in patients from both,
Mauritania and Senegal. The second profile (Sh-2A) presented a
heterozygotic signal (C/T) in position 533 of the ITSs alignment and did not
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correspond to any discriminative position among other Schistosoma
species with terminal-spined eggs. This Sh-2A sequence was present in
32% (8/25) of samples, and only in two patients from Senegal, and showed
sequence identity (100%) with S. haematobium from the Ivory Coast
(MG554667).

COMPARATIVE BIOMETRIC ANALYSIS AMONG
SCHISTOSOMA SPECIES
Biometric features were compared between different species
(Table 6). As previously known, the longest eggs belong to S. bovis, while
the widest are those of S. mansoni. The overlap in the length range of some
S. haematobium and S. bovis eggs is noteworthy, being inexistent between
the latter and S. mansoni eggs.
One-way ANOVA showed all measurements to be significantly
different

for

subsequent

morphometric

analyses

(Table

7).

S.

haematobium eggs are significantly different from those of S. bovis and S.
mansoni for Egg Area (EA), Egg Perimeter (EP), Width at 50 µm from Blunt
End (BE50), Width at 20 µm from Spine End (SE20), Width at 35 µm from
Spine End (SE35), Width at 40 µm from Spine End (SE40), Egg Shape Ratio
(ESR), Spine Length (SL), Spine Base Width (SBW), Spine Medium Width
(SMW), and Spine End Width (SEW).
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Egg Area
(EA, µm2)

Radius maximum
(Rmax, µm)

Radius min
(Rmin, µm)

Egg Perimeter
(EP, µm)

Egg Length
(EL, µm)

Egg Width
(EW, µm)

Egg Roundness
(ER)

Width at 20 µm
from Blunt End
(BE20, µm)

Width at 35 µm
from Blunt End
(BE35, µm)

Width at 50 µm
from Blunt End
(BE50, µm)

Width at 20 µm
from Spine End
(SE20, µm)

Width at 35 µm
from Spine End
(SE35, µm)

Width at 40 µm
from Spine End
(SE40, µm)

S. haematobium

S. bovis

S. mansoni

5027.1±791.1
(2890.27-6494.93)

5901.72±1807.79
(2962.75-11071.52)

6104.77±1042.86
(3314.58-7562.29)

72.52±6.65
(56.94-85.57)

103.22±11.69
(82.88-131.61)

73.59±6.41
(57.66-83.76)

25.89±2.99
(17.23-33.12)

26.6±5.21
(16.87-40.14)

27.82±3.33
(18.41-33.37)

309.4±27.22
(252.45-355.84)

425.95±48.95
(344.49-539.46)

349.1±27.46
(266.79-392.71)

139.13±13.48
(111.64-164.12)

201.41±22.61
(162.63-251.16)

136.69±11.94
(106.55-156.53)

53.95±5.58
(38.17-66.85)

55.44±10.4
(35.65-81.21)

64.73±6.57
(43.41-77.51)

1.54±0.14
(1.25-1.82)

2.55±0.3
(2-3.42)

1.62±0.11
(1.41-1.88)

31.18±5.65
(20.2-42.53)

15.54±1.79
(11.96-18.87)

30.73±3.73
(24.18-39.88)

39.35±7.26
(24.45-53.41)

18.73±2.08
(14.62-23.12)

41.87±4.46
(31.63-51.28)

46.83±7.5
(31.09-62.19)

23.31±3.41
(17.01-29.5)

50.53±4.69
(39.06-59.25)

24.8±4.62
(16.74-38.25)

14.24±2.9
(7.71-20.73)

51.09±9.56
(32.41-65.09)

39.18±4.81
(30.56-54.75)

22.23±3.81
(14.62-31.63)

54.19±5.43
(36.66-61.66)

43.25±4.81
(34-57.94)

23.92±4.31
(14.35-34)

54.76±5.54
(38.25-63.25)
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Length/Width
Ratio (L/W)

2,6±0,3
(1,99-3,31)

3,69±0,42
(3,03-4,73)

2,12±0,18
(1,76-2,56)

Egg Shape Ratio

2.36±0.38
(1.7-3.16)

4.28±0.59
(3.19-5.77)

2.03±0.18
(1.71-2.49)

2.83±0.36
(2.12-3.72)

3.96±0.50
(3.28 – 5.36)

2.67±0.24
(2.19 – 3.25)

(SL, µm)

6.55±2.09
(3.19-11.32)

12.55±2.95
(5.71-18.07)

25.06±3.66
(17.3-31.56)

Spine Base
Width (SBW, µm)

4.68±1.1
(2.13-7.56)

5.89±1.8
(2.66-9.03)

20.06±3.36
(13.93-29.25)

Spine Medium
Width (SMW, µm)

2.8±0.69
(1.19-4.45)

3.46±1.18
(1.59-6.11)

10.07±1.69
(6.03-13.22)

Spine End Width

1.54±0.37
(0.59-2.67)

1.35±0.41
(0.59-2.94)

2.2±0.5
(1.13-3.1)

(ESR)

Elongation Ratio
(ERatio,
Rmax/Rmin)

Spine Length

(SEW, µm)

Table 6. Biometric data of the three Schistosoma species eggs. Mean±SD (Min–
Max). All measurements are presented in microns.

S. haematobium

S. bovis

S. bovis
EA, Rmax, EP, EL, L/W,
ER, ERatio, BE20, BE35,
BE50, SE20, SE35, SE40,
ESR, SL, SBW, SMW, SEW

S. mansoni
EA, Rmin, EP, EW, L/W, BE50,
SE20, SE35, SE40, ESR, SL,
SBW, SMW, SEW
Rmax, EP, EL, EW, L/W, ER,
ERatio, BE20, BE35, BE50,
SE20, SE35, SE40, ESR, SL,
SBW, SMW, SEW

Table 7. Significantly different measurements among the three Schistosoma
species eggs according to one-way ANOVA and three post hoc tests (P<0.05).
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Eggs of S. bovis are significantly different from those of S. mansoni
regarding Radius maximum (Rmax), Egg Perimeter (EP), Egg Length (EL),
Egg Width (EW), Egg Roundness (ER), Width at 20 µm from Blunt End
(BE20), Width at 35 µm from Blunt End (BE35), Width at 50 µm from Blunt
End (BE50), Width at 20 µm from Spine End (SE20), Width at 35 µm from
Spine End (SE35), Width at 40 µm from Spine End (SE40), Egg Shape Ratio
(ESR), Spine Length (SL), Spine Base Width (SBW), Spine Medium Width
(SMW) and Spine End Width (SEW). These results suggest that the
morphological traits designed offer detailed and specific values for each
schistosome species proving to be useful to characterize and compare
them.

MULTIVARIATE ANALYSIS OF SPECIES
First, a principal component analysis was performed. Initially, the
seventeen non-redundant measurements were analyzed all together,
regardless of the nature of each of them (size, shape, spine) (Figure 20A).
The three species appear well differentiated in the factor map, i.e. three
phenotypic patterns could be distinguished in the egg material analyzed: S.
haematobium, S. bovis and S. mansoni. PCA showed that the S. bovis
population presented a large egg size range with a pronouncedly larger
maximum size. However, contribution of the two principal components
was low (PCI: 57%; PCII: 30%), probably due to the amount of
measurements included and their diverse nature. Therefore, for
subsequent analysis, measurements were divided into three groups: size,
shape and spine measurements. Size measurements included EA, Rmax,
Rmin, EP, EL and EW. S. haematobium and S. mansoni mostly overlapped as
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their eggs have a similar size, slightly bigger for S. mansoni (Figure 20B).
Shape measurements included the Width at six different distances from
both the Spike and Blunt End of the eggs (BE20, BE35, BE50, SE20, SE35
and SE40) and ER (Figure 20C). In this factor map, S. haematobium is closer
to S. bovis although a certain overlap occurs with S. mansoni. Spine
measurements included SL, SBW, SMW and SEW (Figure 20D) and show
clear differences between S. mansoni and the other two species. Despite the
overlap between S. haematobium and S. bovis, the latter show larger spine
values than S. haematobium when projected on the X axis.
Second, a multivariate discriminant analysis of the seventeen nonredundant measurements was performed (Figure 21A). In this case,
canonical factor contribution was significant, and the three species appear
well differentiated. Therefore, no more analyses were needed. Spine
measurements were also included for a detailed description (Figure 21B).
The contribution of canonical factors increased for this analysis and species
appeared differently, appearing closer together (even overlapping) but still
well differentiated.
Mahalanobis distances between each pair of groups were calculated
for each discriminant analysis performed (Table 8). In general (Table 8A
= all measurements), S. mansoni and S. bovis present larger distances
between them than with S. haematobium, i.e. they present the greatest
differences. Regarding the spine (Table 8B), S. haematobium and S.
mansoni are the most distant species.
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Figure 20. Principal component analysis factor map of (A) all measurements (17),
(B) size measurements (6), (C) shape measurements (7) and (D) spine
measurements (4) of the three Schistosoma species analyzed (S. haematobium, S.
bovis and S. mansoni). Larger symbols represent the group centroid. In brackets,
PC contribution.
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Figure 21. Discriminant analysis factor map of (A) all measurements (17) and (B)
spine measurements (4) of the three Schistosoma species analyzed (S.
haematobium, S. bovis and S. mansoni). Larger symbols represent the group
centroid. In brackets, canonical factor (CF) contribution.

A

S. haematobium

S. bovis

S. mansoni

S. haematobium

0.00

S. bovis

7.78

0.00

S. mansoni

8.25

12.12

0.00

S. haematobium

S. bovis

S. mansoni

B
S. haematobium

0.00

S. bovis

2.29

0.00

S. mansoni

3.69

2.86

0.00

Table 8. Mahalanobis distances between the three Schistosoma species (S.
haematobium, S. bovis and S. mansoni) for the two discriminant analysis
performed: (A) all measurements (17) and (B) spine measurements (4). All
distances were statistically different over 1000 permutations with Bonferroni
correction (P<0.05).
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LINEAR REGRESSION ANALYSIS
The relationship between the elongation ratio (ERatio) values
(maximum radius divided by minimum radius) and aforementioned PC1
and PC2 scores was represented through a linear regression analysis, one
for each combination of measurements.


Size, shape and spine measurements (17 measurements). PC1
scores (57%) showed a significant positive correlation with ERatio
values for the eggs of S. haematobium (r=0.0855, P=0.0070), S. bovis
(r=0.3374, P<0.0001) and S. mansoni (r=0.1519, P=0.0098) (Figure
22A). PC2 scores (30%) were significantly negatively correlated
with ERatio values for eggs of S. haematobium (r=0.6249,
P<0.0001), S. bovis (r=0.2331, P=0.0006) and S. mansoni (r=0.5464,
P<0.0001) (Figure 22B).

Figure 22. Relationship between elongation ratio (ERatio) values (maximum
radius divided by minimum radius) and (A) PC1 scores (57% contribution) and
(B) PC2 scores (30% contribution) of size, shape and spine measurements. On PC1,
increasingly elongated eggs are associated with increasingly significative higher
scores for the three Schistosoma species. On PC2, increasingly elongated eggs are
associated with decreasingly significative lower scores for the three Schistosoma
species.
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Size and shape measurements (13 measurements). PC1 scores
(77%) showed a significant positive correlation with ERatio values
for eggs of S. haematobium (r=0.7787, P<0.0001), S. bovis
(r=0.6754, P<0.0001) and S. mansoni (r=0.6981, P<0.0001) (Figure
23A). PC2 scores (14%) were equally significantly positively
correlated with ERatio values for eggs of S. bovis (r=0.3494,
P<0.0001) and S. mansoni (r=0.1507, P=0.0101), whereas no
correlation was detected for S. haematobium eggs (r=0.0006,
P=0.8156) (Figure 23B).

Figure 23. Relationship between elongation ratio (ERatio) values (maximum
radius divided by minimum radius) and (A) PC1 scores (77% contribution) and
(B) PC2 scores (14% contribution) of size and shape measurements. On PC1,
increasingly elongated eggs are associated with increasingly significative higher
scores for the three Schistosoma species. On PC2, increasingly elongated eggs are
associated with increasingly higher scores for S. bovis and S. mansoni, while no
significant correlation was detected for S. haematobium.



Size measurements (6 measurements). PC1 scores (70%) showed
a significant and strong negative correlation with ERatio values for
eggs of S. bovis (r=0.4154, P<0.0001) and S. mansoni (r=0.184,
P=0.0035), whereas no correlation was found for S. haematobium
eggs (r=0.0048, P=0.5299) (Figure 24A). On the contrary, PC2
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scores (27%) were significantly positively correlated with ERatio
values of all species: S. haematobium (r=0.8695, P<0.0001), S. bovis
(r=0.8799, P<0.0001) and S. mansoni (r=0.8295, P<0.0001) (Figure
24B).

Figure 24. Relationship between elongation ratio (ERatio) values (maximum
radius divided by minimum radius) and (A) PC1 scores (70% contribution) and
(B) PC2 scores (27% contribution) of size measurements. On PC1, increasingly
elongated eggs are associated with increasingly lower scores for S. bovis and S.
mansoni, while no correlation was detected for S. haematobium. On PC2,
increasingly elongated eggs are associated with increasingly higher scores for all
species.



Shape measurements (7 measurements). PC1 scores (88%)
showed a significant and strong positive correlation with ERatio
values for eggs of all species: S. haematobium (r=0.7256, P<0.0001),
S. bovis (r=0.6358, P<0.0001) and S. mansoni (r=0.6425, P<0.0001)
(Figure 25A). A significant negative correlation was found for PC2
scores (10%) with ERatio values for S. haematobium eggs
(r=0.0872, P=0.0064), whereas no correlation was found neither
for eggs of S. bovis (r=0.0021, P=0.7591) nor S. mansoni (r=0.0745,
P=0.0765) (Figure 25B).
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Figure 25. Relationship between elongation ratio (ERatio) values (maximum
radius divided by minimum radius) and (A) PC1 scores (88% contribution) and
(B) PC2 scores (10% contribution) of shape measurements. On PC1, increasingly
elongated eggs are associated with increasingly higher scores for all species. On
PC2, negative significant correlation was only detected for S. haematobium eggs.

DISCUSSION
GENETIC AND PHENOTYPIC
CHARACTERISTICS OF S. HAEMATOBIUM EGGS
This is the first study to characterize S. haematobium eggs
thoroughly with a genotypic and phenotypic analysis. Phenotypic
characteristics of Schistosoma eggs have been characterized in the research
presented herein by using, for the first time, 19 parameters, which allow to
substantially increase the specific accuracy of the morphometric
characterization compared to classical measurements, length and width.
Furthermore, this technique has been tested in S. bovis and S. mansoni. The
latter also plays the role of a size-partner of S. haematobium and, at the
same time, as external group for shape measurements, due to its different
morphology. S. haematobium and S. bovis eggs are both terminal-spined but
significant differences are noteworthy. S. bovis eggs released in stool are
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larger (usually between 200 - 300 µm) and spindle-shaped, consisting of a
broad middle portion and drawn-out rod-like ends, one bearing a well
differentiated spine, the other evenly rounded (Taylor, 1970; Touassem,
1987; Boon et al., 2017). Previous descriptions of S. bovis egg
measurements are summarized in Reguera-Gomez et al. (2021). Despite
the fact the eggs analyzed herein come from hamsters, their length range
(162.63 - 251.16 µm) fits perfectly with depictions of cattle samples 130 –
300 µm (MacHattie et al., 1933; Savassi et al., 2020), suggesting that
differences found between species are minimally influenced by the host.
Due to the spindle shape of S. bovis, their maximum width of 40-90 µm
(Alves, 1949; Savassi et al., 2020) and 35.65 - 81.21 µm (present study)
does not differ significantly from that of S. haematobium of 38-95 µm
(Zeibig, 2012; Savassi et al., 2020) and 38.17 - 66.85 µm (present study),
providing further evidence that this measurement on its own is insufficient
for a detailed characterization. The length/width ratio of the eggs analyzed
herein (data not shown) fit within the ratios previously described
(Reguera-Gomez et al., 2021).
The previously proposed width measurements at 40 µm and 50 µm
(Alves, 1949; Pitchford, 1965) were designed especially for S. mattheei
phenotyping. 40 µm was longer than the length of the longest spine of S.
mattheei measured at their laboratory and fell well within that portion of
the egg where the shouldering would affect the shape. These two
measurements seem sufficient for the characterization of S. bovis and S.
mattheei although width at a greater distance from blunt and spike ends of
S. bovis eggs should be considered as differences that can usually be found
closer to the halfway point. However, when applying them to S.
haematobium eggs, relevant information about their shape would be
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missing, as 50 and 40 µm are already too close to the eggs midway and,
therefore, yield a very similar value to their maximum width. In this study,
four shorter measurements have been included, allowing a thorough
description of the egg shape. However, when comparing exclusively S. bovis
populations, width at 70 and 60 µm from blunt and spine end, is highly
recommended in order to detect fluctuations that might be present in
different strains.
S. haematobium eggs are smaller and rounder than S. bovis and are
usually found in urine. In previous descriptions, length varied from 83 µm
to 170 µm in eggs originating from human urine (Alves, 1949; Pitchford,
1965; Savassi et al., 2020; Reguera-Gomez et al., 2021). The average size
(139.13 µm, range 111.64-164.12 µm) of the S. haematobium eggs analyzed
herein falls within this range although our minimum record is slightly
larger. The maximum width (66.85 µm) detected in the S. haematobium
eggs analyzed in the present study is also significantly smaller than
previously described (95 µm) (Savassi et al., 2020), probably as a
consequence of the use of the coverslip in previous studies.
Egg sizes obtained by other authors (Boon et al., 2017) (136.6×62.4
µm) show shorter but wider eggs than the total mean of the S. haematobium
eggs analyzed in this study (139.13 x 53.95 µm). However, it must be
considered that eggs originating from different countries are included in
our mean. When comparing only S. haematobium eggs coming from Senegal
(the same country of origin as the former study), these are larger and
narrower (140.73 x 53.48 µm) than those described by those authors (Boon
et al., 2017). Furthermore, both Senegalese eggs from the present study and
those from Boon et al. (2017) are larger and narrower than eggs originating
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from Mauritania (130.4x57.68 µm). Further studies analyzing the influence
of geographical origin should be considered.
Previous phenotypical characterizations of S. mansoni eggs by
length, width and spine length show similar values to those yielded by our
samples (Reguera-Gomez et al., 2021). Length ranges vary from 112 up to
180 µm (present study: 106.55-156.53 µm) and width 40 to 73 µm (present
study: 43.41-77.51 µm) (Lenzi et al., 2008; Candido et al., 2018b; CDC,
2019b; De Souza et al., 2019). The length/width ratio obtained in S.
haematobium eggs analyzed in this study agrees with other reports (CDC,
2019b), but it is slightly smaller than the rest of descriptions (i.e. a smaller
difference between length and width). Regarding the spine, S. haematobium
eggs analyzed in this study show a larger average spine (25.06 µm) when
compared to previous descriptions but similar to a hybrid strain reported
in the Ivory Coast (Depaquit et al., 2019). The statistically significant
variability found in three different Brazilian strains is noteworthy,
shedding light on the intraspecific variation and the influence of the
geographical origin on Schistosoma species (Euzebio et al., 2012).
Egg variability associated to geographic origin has previously been
described in other trematodes such as F. hepatica and F. gigantica (Valero
et al., 2005, 2009). In the genus Schistosoma, intraspecific egg variability
has been described in few species. The variability in size and shape of eggs
of S. intercalatum from São Tomé has been analyzed as it represented an
obstacle when differentiating S. intercalatum from S. haematobium eggs
through microscopical observations in that region. The results showed that
this variation was not related to age, sex or intensity of infection (Almeda
et al., 1996). Egg variability in size has also been found within two
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populations of S. haematobium from Algeria (Kechemir & Théron, 1997),
but studies remain scarce for this species.
This study shows the usefulness of the proposed measurements for
a detailed phenotypic analysis of schistosome eggs. Hitherto, egg
descriptions have only included linear features which might overlap among
species. Herein, we propose new morphometric traits which may
complement previous methodologies. Furthermore, new digital tools have
been applied in this work, increasing the accuracy and reliability of the
measurements.

Moreover, we here propose a method for sample

standardization, essential for repeatability of this kind of research.
Our study provides the first geometric morphometric analysis of
eggs of S. haematobium, S. mansoni and S. bovis. PCA arises as an efficient
method to analyze eggs from the above-mentioned Schistosoma species.
Herein, the selected measurements to be included in the PCA are proposed
for the first time, according to our knowledge. For the four analysis
performed, the first two PCs accounted for 87%, 97%, 98% and 94% of the
total egg shape variation across species, respectively, and therefore a biplot
of the two axes provides a reasonable approximation of the egg
morphospace for this study. Through PCA, we achieved the differentiation
of eggs of S. haematobium, S. mansoni and S. bovis, obtaining three welldefined populations that allow their identification, without presenting any
overlap zone. Furthermore, molecular studies corroborated these results.
The degree of similarity between egg species was assessed through
pairwise Mahalanobis distances. These distances were calculated
comparing eggs from the S. haematobium, S. mansoni and S. bovis species
with each other (Table 8). When all measurements are taken into account,
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eggs of S. bovis show larger distances vs S. mansoni than vs S. haematobiumHowever, when only spine measurements are analyzed, S. mansoni eggs are
further from S. haematobium than S. bovis. These results agree with the
analysis observed in Figure 21.
The results obtained in the lineal analysis show different
correlation patterns among the Schistosoma species. Although S. bovis and
S. mansoni are the most distant species in terms of taxonomy and
morphology, they present a similar behaviour in terms of correlation of
their principal components and elongation ratios when analyzing size and
shape measurements. However, S. haematobium behaves differently than
the other two species, showing no correlation when size measurements are
involved, while being significantly correlated when only shape
measurements are considered. This morphometric trait has been used in
egg characterization of other animal species, proving to be a useful tool of
classification (Attard et al., 2018).
This study also has its limitations. It must be taken into
consideration that there might be differences in the size and shape of eggs
depending on their origin and method of sampling. As previously
highlighted (Touassem, 1987), the shape of S. bovis eggs from the host feces
(the typical ones) and from the distal portion of the worm uterus tended to
be homogeneous, whereas those from the host liver were more
heterogeneous for two different strains of this species. S. bovis and S.
mansoni eggs used in this work were recovered from hamster livers and
not from natural host samples, which might have influenced the
morphometry outcome. However, we consider size and shape of these
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three species to be truly different, so that the influence of host and sample
methods can be disregarded.

PROPOSAL OF A NEW ANALYTICAL
METHODOLOGY
Most of the scientific work published in the last decade about the
genus Schistosoma is based on molecular characterization. Herein, we
propose a wide selection of morphometric traits that may complement
molecular tools. Schistosome eggs are complex structures playing a central
role in the diagnosis of the disease. Although several studies have been
conducted to elucidate morphological characteristics of the eggs, none of
them has proposed a standardized methodology capable of discerning
morphologically close eggs as is the case inside the haematobium group.
The 21st century is the digital era, and there is an increasing urgency for
sensitive diagnostic methods. Nowadays, digital imaging technology is
becoming increasingly prevalent in all clinical settings. Therefore, these
tools should also be implemented in parasitological research and
diagnostic laboratories in order to improve the sensitivity, efficacy and
accuracy of the diagnosis, especially in areas where species overlap.
Additionally, these new morphometric concepts provide appropriate tools
for Schistosoma egg phenotyping in order to evaluate whether factors are
correlated with egg variability. This methodology has been proved to
discern clearly among pure species. Further research should study its
usefulness for many other comparative studies as, for instance, population
characterizations

of

each

of

the

species

considering

different

factors/variables such as host influence, geographical origin, genotype,
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sample method, pre- and post-praziquantel treatment or even
immunization trials. Crossing experiments between S. haematobium and
S. bovis resulted in eggs with intermediate sizes and shapes (Taylor,
1970; Brémond et al., 1993). In this sense, the results obtained in the present
work are expected to lay the groundwork of comparative morphometric
studies, making the differentiation of even potential intermediate forms
possible.
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CHAPTER VII
PHENOTYPIC CHARACTERIZATION
OF S. HAEMATOBIUM‐LIKE AND
GENETICALLY PURE EGGS:
DESCRIPTION OF MORPHOTYPES AND
ANALYSIS OF THE INFLUENCE OF THE
GEOGRAPHICAL ORIGIN ON EGG
PHENOTYPES

7.1. INTRODUCTION

INTRODUCTION
Geographical origin might influence the phenotype of parasite eggs.
Phenotypic differences have been reported among trematode populations
coming from different geographical origin (Valero et al., 1999, 2005).
Regarding Schistosoma species eggs, published data is based on basic
morphometric traits which overlook egg shape differences (Jewsbury,
1968; Kechemir & Théron, 1997).
In Chapter VI we have standardized a methodology to characterize
different Schistosoma species eggs, based on the interspecific differences
found among them. Herein, we performed a detailed morphometric
analysis of S. haematobium-like and genetically pure eggs of patients living
in Spain and coming from different endemic countries in order to assess
whether there are intraspecific differences in any morphometrical traits
and evaluate whether this methodology could allow to discern among
geographical locations.
S. haematobium-like eggs were characterized and grouped
regarding their geographical origin and morphotype. In addition, a genetic
characterization was simultaneously carried out in order to select only
genetically pure S. haematobium eggs (S.h.) and evaluate differences among
morphotypes and countries. Furthermore, we assessed whether there were
differences among morphotypes proportion of the genetically pure S.
haematobium eggs in the different countries. Finally, we discuss the
usefulness of egg morphometry as a tool to detect hybridized parasites and
the influence this phenomenon may entail in the pathogeny and diagnosis
of the disease.
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MATERIAL & METHODS
S. haematobium-like eggs were analyzed coming from 18 urine
samples of migrant men (18-40 years old, average 25) from Mali,
Mauritania and Senegal living in Spain (from 1 month up to 11 years). 43 S.
haematobium eggs from 11 human urine samples were molecularly
characterized as genetically pure by RD-PCR of cox1 gene and sequencing
of the ITS region of the rDNA. The measurements were taken by means of
a Computer Image Analysis System (CIAS) and included the measurements
described in section 3.2.3. Statistical analysis included one-way ANOVA
and three post hoc tests, PCA and discriminant analysis. More detailed
methodology is described in sections 3.2.1.2, 3.2.2, 3.2.3 and 3.2.4. The
content of this chapter is structured as depicted in Diagram 1.

Diagram 1. Content and structure of results presented in Chapter VII.
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RESULTS
A total of 18 urine samples were analyzed in the Parasitology Unit
of Universitat de València (Table 9). Eleven samples came from patients
from Mali (61,1%), one from Mauritania (5,6%) and six from Senegal
(33,3%). In all, 351 eggs were morphometrically phenotyped and 43
genetically characterized. A total of 239 eggs (68,1%) from Mali, 14 (4%)
from Mauritania and 98 (27,9%) from Senegal were phenotyped.
Regarding the genotyping, 26 eggs (75%) from Mali, 6 (8,8%) from
Mauritania and 11 (16,2%) from Senegal were successfully characterized
as genetically pure S. haematobium (S.h.).

PHENOTYPIC CHARACTERIZATION OF S.
HAEMATOBIUM‐LIKE EGGS ACCORDING TO
THEIR MORPHOTYPE
In order to establish a phenotypic classification, the eggs analyzed
were divided into three morphotype groups for subsequent analysis based
on the ESR: round (ESR<2.00), elongated (2.01<ESR<2.29) and spindle
(ESR>2.30). Representative images of the analyzed eggs are shown in
Figure 26. Biometric features of each morphotype are detailed in Table
10. 107 (30.48%) presented round morphotype, 132 (37.60%) were
elongated and 111 spindle (31.62%).
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Country

Patient
code

No. S. haematobium‐like
eggs phenotyped

MALI
(11 patients)

P-1
P-6
P-7
P-9
P-11
P-12
P-13
P-14
P-17
P-22
P-23
TOTAL

2
14
21
27
15
8
18
22
31
37
44
239

MAURITANIA
(1 patient)

P-15

14

SENEGAL
(6 patients)

P-4
P-16
P-18
P-19
P-20
P-21
TOTAL

12
30
6
7
28
15
98
351

Total

No. genetically pure
S. haematobium eggs
(S.h.) phenotyped
1
5
4
2
4
2
5
3
26
6

4
7

11
43

Table 9. Number of S. haematobium-like eggs phenotyped and genotyped of each
patient and country of origin.
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Figure 26. Representative egg sample of each morphotype: (A, B) Round, (C, D) Elongated and (E, F) Spindle.
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Round

Elongated

Spindle

(N= 107)

(N= 132)

(N= 111)

4707.26±684.3
(2749.2-6513.11)

5071.63±823.03
(2811.38-8005.66)

5437.54±914.11
(2890.27-8329.31)

67.65±5.19
(55.85-79.87)

72.49±5.55
(56.89-91.3)

76.82±6.51
(58.67-90.71)

26.66±2.76
(19.15-35.06)

26.23±2.92
(19.41-33.77)

26.25±2.91
(17.23-34.82)

286.29±19.45
(233.22-328.6)

307.11±21.96
(233.75-384.76)

327.55±25.78
(252.45-388.83)

125.58±8.97
(102.66-145.29)

137.47±9.79
(105-171.18)

148.66±11.67
(117-174.3)

54.59±5.39
(39.26-70.29)

54.14±5.84
(39.06-69.61)

54.93±5.81
(38.17-71.73)

1.41±0.09
(1.2-1.64)

1.5±0.09
(1.3-1.82)

1.6±0.1
(1.37-1.86)

37.76±3.57
(28.97-48.91)

33.48±3.07
(24.45-42)

29.17±3.5
(20.2-38)

48.01±4.33
(35.59-63.25)

42.56±4.08
(31.88-53.94)

36.92±4.51
(24.45-48.63)

54.2±4.9
(40.66-69.63)

50.02±4.84
(38.53-63.5)

44.61±5.07
(31.09-57.41)

25.16±4.41
(14.62-38.25)

24.11±4.16
(15.15-32.94)

24.24±4.02
(16.48-36.41)

40.21±4.85
(30.29-55.28)

38.11±4.68
(27.64-48.91)

38.36±4.44
(29.23-51.28)

44.44±4.83
(34-59.53)

42.06±4.95
(31.34-53.41)

42.3±4.61
(32.94-56.06)

1.87±0.09
(1.59-2)

2.16±0.09
(2.01-2.3)

2.54±0.21
(2.3-3.16)

(SL, µm)

7.18±2.28
(3.7-15.95)

7.89±2.44
(3.19-16.16)

7.71±2.6
(2.21-15.7)

Spine Base
Width (SBW, µm)

5.31±3.34
(2.39-36.41)

4.92±1.41
(2.13-8.81)

5.08±1.18
(2.66-8.77)

Egg Area
(EA, µm2)

Radius maximum
(Rmax, µm)

Radius min
(Rmin, µm)

Egg Perimeter
(EP, µm)

Egg Length
(EL, µm)

Egg Width
(EW, µm)

Egg Roundness
(ER)

Width at 20 µm
from Blunt End
(BE20, µm)

Width at 35 µm
from Blunt End
(BE35, µm)

Width at 50 µm
from Blunt End
(BE50, µm)

Width at 20 µm
from Spine End
(SE20, µm)

Width at 35 µm
from Spine End
(SE35, µm)

Width at 40 µm
from Spine End
(SE40, µm)

Egg Shape Ratio
(ESR)

Spine Length
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Spine Medium
Width (SMW, µm)

3.02±0.83
(1.41-7.18)

2.71±0.68
(1.19-4.54)

2.75±0.55
(1.59-5.05)

Spine End Width

1.9±0.53
(0.59-3.45)

1.81±0.52
(0.75-3.36)

1.7±0.53
(0.75-4.78)

(SEW, µm)

Table 10. Biometric data of the different S. haematobium-like egg morphotypes.
Mean±SD (Min–Max). All measurements are presented in microns.

The ANOVA showed EA, Rmax, EP, EL, ER, BE20, BE35, BE50, SE35,
SE40, ESR, SMW and SEW to be significantly different among morphotypes
(Table 11).

Round

Elongated

Elongated

Spindle

EA, Rmax, EP, EL, ER,
BE20, BE35, BE50, SE35,
SE40, ESR, SMW

EA, Rmax, EP, EL, ER,
BE20, BE35, BE50, SE35,
SE40, ESR, SMW, SEW*
EA, Rmax, EP, EL, ER,
BE20, BE35, BE50, ESR

Table 11. Significantly different measurements among the different S.
haematobium-like egg morphotypes, according to one-way ANOVA and three post
hoc tests (P<0.05). *Difference only found in 2 comparisons; **difference only
found in one comparison.

Round eggs are significantly smaller than elongated and spindle
eggs in terms of EA, Rmax, EP, EL and ESR but they show significantly
greater values for BE20, BE35, BE50, SE35 and SE40, meaning they are
wider. Regarding the spine, round eggs show greater SMW values than
elongated and spindle eggs and greater SEW compared only to spindle eggs.
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Round eggs show significantly smaller values (closer to 1) for ER when
compared with the other two morphotypes, as expected.
Spindle eggs have significantly greater values of EA, Rmax, EP, EL,
ER and ESR than elongated eggs and significantly smaller values for BE20,
BE35 and BE50 (as expected due to the characteristic narrowing of spindle
eggs) (Table 11).
PCA analysis of all measurements yielded rather low contributions
of the two first principal components (57% altogether) and the clusters did
not show differences among groups as the areas delimited in the factor map
overlap and the centroids appear close together (Figure 27A). Similar
results were found for the spine measurements (Figure 27D). However,
when performing PCA of size and shape measurements (respectively),
greater contributions were obtained, and groups appear better defined
(Figure 27B and Figure 27C). Elongated eggs appear in between the other
two morphotypes, as it shows an intermediate phenotype between round
and spindle eggs.
Similarly, when performing CVA of all measurements, the three
morphotypes appear well differentiated with elongated eggs in between
round and spindle eggs (Figure 28A). CVA of size measurements show
elongated eggs completely overlapped with round eggs while spindle eggs
appear bigger than these two (greater values of individuals when projected
in the X axis) (Figure 28B). For shape measurements, elongated eggs
appear somewhere in between the other two species (like for the PCA)
despite de overlapping (Figure 28C). Spine measurements do not seem to
present differences at first sight, but their centroids are significantly
distant, according to Mahalanobis analysis (Figure 28D). All Mahalanobis
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distances were statistically different over 1000 permutations with
Bonferroni correction (P<0.05) (Table 12).

Figure 27. Principal component analysis factor map of (A) all measurements (17),
(B) size measurements (6), (C) shape measurements (7) and (D) spine
measurements (4) of the 351 S. haematobium‐like eggs phenotyped, classified into
three morphotypes. Larger symbols represent the group centroid. In brackets, PC
contribution.
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Figure 28. Canonical variate analysis factor map of (A) all measurements (17), (B)
size measurements (6), (C) shape measurements (7) and (D) spine measurements
(4) of the 351 S. haematobium‐like eggs phenotyped, classified into three
morphotypes. Larger symbols represent the group centroid. In brackets, canonical
factor contribution.
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A

Round

Elongated

Spindle

Round

0.00

Elongated

2.47*

0.00

Spindle

5.18*

2.79*

0.00

Round

Elongated

Spindle

B
Round

0.00

Elongated

1.41*

0.00

Spindle

2.38*

0.97*

0.00

Round

Elongated

Spindle

C
Round

0.00

Elongated

1.24*

0.00

Spindle

2.87*

1.69*

0.00

Round

Elongated

Spindle

D
Round

0.00

Elongated

0.54*

0.00

Spindle

0.47*

0.41*

0.00

Table 12. Mahalanobis distances between the three morphotypes of the 351 S.
haematobium‐like eggs for the four discriminant analysis performed: (A) all
measurements (17), (B) size measurements (6), (C) shape measurements (7) and
(D) spine measurements (4). *Statistically different over 1000 permutations with
Bonferroni correction (P<0.05).
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INFLUENCE OF THE GEOGRAPHICAL ORIGIN
ON S. HAEMATOBIUM‐LIKE EGG PHENOTYPE
Since S. haematobium-like eggs came from different countries, we
hypothesized that the geographical origin might influence the phenotype of
eggs. Therefore, eggs were in turn classified according to their country of
origin. Biometric features of eggs from each country are detailed in Table
13.

(N= 239)

S. haematobium‐
like from
MAURITANIA

5094.15±914.74
(2749.2-8329.31)

5036.8±621.4
(4017.37-6225.1)

5031.79±755.06
(2890.27-6494.93)

72.03±6.85
(55.85-91.3)

71.01±3.15
(61.9-74.27)

73.44±6.94
(56.29-85.57)

26.53±2.88
(19.15-35.06)

28.58±2.31
(25.09-33.12)

25.65±2.69
(17.23-30.57)

305.9±28.45
(233.22-388.83)

296.69±15.47
(259.29-319.3)

311.83±26.79
(240.12-355.84)

136.4±13.86
(105-174.3)

130.4±6.92
(111.65-138.06)

140.73±13.14
(102.66-164.12)

54.75±5.86
(39.06-71.73)

57.68±4.67
(49.88-66.85)

53.48±5.19
(38.17-62.64)

1.49±0.11
(1.2-1.86)

1.41±0.07
(1.3-1.55)

1.56±0.13
(1.25-1.82)

34.27±4.25
(24.45-48.91)

38.24±2.64
(31.88-42.53)

30.64±4.88
(20.2-41.72)

43.58±5.5
(31.88-63.25)

48.48±3.31
(40.13-53.41)

38.76±6.12
(24.45-52.09)

S. haematobium‐
like from MALI
Egg Area
(EA, µm2)

Radius
maximum
(Rmax, µm)

Radius min
(Rmin, µm)

Egg
Perimeter
(EP, µm)

Egg Length
(EL, µm)

Egg Width
(EW, µm)

Egg
Roundness
(ER)

Width at 20
µm from
Blunt End

(N= 14)

S. haematobium‐
like from SENEGAL
(N= 98)

(BE20, µm)

Width at 35
µm from
Blunt End
(BE35, µm)
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Width at 50
µm from
Blunt End

50.57±5.65
(38.53-69.63)

55.8±3.63
(48.91-62.19)

46.27±6.31
(31.09-60.31)

24.62±4.1
(14.62-36.94)

22.32±2.91
(18.07-29.5)

24.36±4.58
(16.21-38.25)

39.14±4.66
(27.64-55.28)

38.21±3.86
(30.56-46.25)

38.08±5.02
(29.5-54.75)

43.21±4.87
(31.34-59.53)

43.11±4.15
(34.28-50.75)

41.9±5.07
(33.22-57.94)

Egg Shape
Ratio (ESR)

2.13±0.25
(1.64 – 2.89)

1.91±0.11
(1.70 – 2.12)

2.38±0.34
(1.58 – 3.16)

Spine Length

7.91±2.52
(2.21-16.16)

6.52±1.69
(4.25-10.13)

7.03±2.26
(3.19-12.25)

5.29±2.46
(2.39-36.41)

5.34±1.08
(3.49-6.69)

4.54±1.06
(2.13-7.71)

2.85±0.73
(1.36-7.18)

3.56±0.6
(2.66-4.45)

2.64±0.57
(1.19-4.02)

1.88±0.57
(0.75-4.78)

1.69±0.36
(1.33-2.45)

1.62±0.41
(0.59-2.67)

(BE50, µm)

Width at 20
µm from
Spine End
(SE20, µm)

Width at 35
µm from
Spine End
(SE35, µm)

Width at 40
µm from
Spine End
(SE40, µm)

(SL, µm)

Spine Base
Width (SBW,
µm)

Spine
Medium
Width (SMW,
µm)

Spine End
Width (SEW,
µm)

Table 13. Biometric data of the three S. haematobium‐like egg populations.
Mean±SD (Min–Max). All measurements are presented in microns.

The ANOVA showed Rmin, EL, EW, ER, BE20, BE35, BE50, ESR, SL,
SBW, SMW and SEW to be significantly different among S. haematobiumlike egg populations. All populations present significant differences with
the other two in Rmin, ER, BE20, BE35, BE50, ESR and SMW (Table 14).
S. haematobium-like eggs from Mali are significantly smaller than
Mauritanian eggs attending to Rmin, BE20, BE35, BE50, ESR and SMW
while they show significantly greater values of ER and ESR i.e. they are
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more elongated. Senegalese S. haematobium-like eggs are significantly
smaller than Malian and Mauritanian eggs regarding the Rmin, BE20, BE35,
BE50 and SMW. However, they show significantly greater values of EL, ER
and ESR i.e., they are more elongated than Malian and Mauritanian eggs.
Senegalese eggs also present significantly smaller values than Malian eggs
attending to SL, SBW and SEW, i.e, their spines are smaller. They are also
less wide (significantly smaller EW) comparing to Mauritanian eggs (Table
14). These results suggest Malian and Mauritanian eggs are more similar
between them than compared to the Senegalese ones.

S. haematobium‐
like from MALI
S. haematobium‐
like from
MAURITANIA

S. haematobium‐like from
MAURITANIA

S. haematobium‐like
from SENEGAL

Rmin, ER, ESR, BE20, BE35,
BE50, SMW

Rmin, EL*, ER, ESR,
BE20, BE35, BE50, SL*,
SBW**, SMW, SEW**
Rmin, EL*, EW**, ER,
ESR, BE20, BE35, BE50,
SMW

Table 14. Significantly different measurements between the three S.
haematobium‐like egg populations, according to one-way ANOVA and three post
hoc tests (P<0.05). *Difference only found in 2 comparisons; **difference only
found in one comparison.

PCA of this classification yielded PCI with very low contribution
(35% for all measurements and 54% for spine measurements) and did not
elucidate differences among populations (data not shown). However,
Mahalanobis distances obtained from the discriminant analysis, showed all
distances between countries to be statistically significant except between
Malian and Senegalese eggs when only spine measurements were included
(Table 15). These results suggest eggs from Mali and Senegal have similar
spines.
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A

Mali

Mauritania

Senegal

Mali
Mauritania
Senegal

0.00
2.38*
1.10*

0.00
2.78*

0.00

B

Mali

Mauritania

Senegal

Mali
Mauritania
Senegal

0.00
1.65*
0.38

0.00
1.32*

0.00

Table 15. Mahalanobis distances between the three S. haematobium-like egg
populations according to their geographical origin (Mali, Mauritania and Senegal)
for the two discriminant analysis performed with (A) all measurements and (B)
spine measurements. *Statistically different over 1000 permutations with
Bonferroni correction (P<0.05).

DISTRIBUTION OF MORPHOTYPES AMONG
COUNTRIES
Prevalence of each morphotype by country of origin are detailed in
Table 16. It should be noted that all Mauritanian eggs belonged to the
round phenotype. Fisher exact test showed there is a non-random
association (0.000) between country and morphotype, confirming
morphotypes do not distribute equally among countries.
PCA of this classification yielded PC with very low contributions and
did not elucidate differences among populations (data not shown).
However, regarding discriminant analysis, the factor map of the canonical
variate analysis shows differences among morphotypes and in turn, among
countries in the case of round and spindle eggs. No differences were
observed between Malian and Senegalese Elongated eggs (Figure 29).
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Mahalanobis distances confirm the observations made from the
factor map. In order to facilitate understanding, they are represented in
three different tables, but it is worth mentioning that they were all obtained
from the same analysis (Table 17).

Round

Elongated

Spindle

Mali (N=239)

32.6%

44.4%

23.0%

Mauritania (N=14)

100%

0%

0%

Senegal (N=98)

16.3%

26.5%

57.1%

Table 16. Percentage of each morphotype found in the three different S.
haematobium-like egg populations. In bold most prevalent morphotype.

Figure 29. Canonical variate analysis factor map of (A) all measurements (17), (B)
size measurements (6), (C) shape measurements (7) and (D) spine measurements
(4) of the 351 S. haematobium-like eggs phenotyped classified by morphotype and
country of origin.
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ROUND

Mali

Mauritania

Senegal

Mali
Mauritania
Senegal

0.00
2.18*
1.24

0.00
2.25*

0.00

ELONGATED

Mali

Senegal

Mali
Senegal

0.00
0.81

0.00

SPINDLE

Mali

Senegal

Mali
Senegal

0.00
1.20*

0.00

Table 17. Mahalanobis distances between the seven S. haematobium-like egg
populations according to their morphotype (round, elongated and spindle) and
geographical origin (Mali, Mauritania and Senegal) for the discriminant analysis
performed with all measurements. *Statistically different over 1000 permutations
with Bonferroni correction (P<0.05).

MOLECULAR CHARACTERIZATION OF S.
HAEMATOBIUM EGGS
Differences found among each morphotype and country sample of
eggs (Table 12 and Table 15) might have been consequence of the genetic
variability, as there might be hybrid eggs and in different proportion in
each population. Hybrid egg phenotype has not been exhaustively
analyzed, but previous works suggest they might present different
morphometric traits than pure eggs (Moné et al., 2015; Boon et al., 2017;
Savassi et al., 2020). Therefore, with the aim of eliminate the genetic
variable and study the morphotypes and the influence of geographical
origin more precisely, we simultaneously performed an analysis of only
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genetically pure S. haematobium eggs from the three countries. In this
study, following with the criteria previously used, the definition of pure is
a synonym for eggs with a S. haematobium cox1 profile by RD-PCR (see
section 3.2.2) as well as ITS genetic sequence (Boon et al., 2018). A total of
43 genetically pure S. haematobium eggs (S.h.) from the three countries
were analyzed from this point forward.

PHENOTYPIC CHARACTERIZATION OF
GENETICALLY PURE S. HAEMATOBIUM EGGS
ACCORDING TO THEIR MORPHOTYPE
The same phenotypic classification based on the ESR was
performed on genetically pure S. haematobium eggs. 17 eggs (39.5%)
belonged to the round morphotype, 12 (27.9%) were elongated and 14
(32.6%) spindle. Biometric features of genetically pure S. haematobium
eggs (S.h.) classified by morphotype are detailed in Table 18.

Egg Area
(EA, µm2)

Radius maximum
(Rmax, µm)

Radius min
(Rmin, µm)

Egg Perimeter
(EP, µm)
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S.h. Round

S.h. Elongated

S.h. Spindle

(N= 17)

(N= 12)

(N= 14)

4868.99±924.09
(2749.2-6513.11)

5104.4±997.23
(4029.17-7850.85)

5431.09±834.88
(3672.1-7391.28)

68.49±5.08
(57.71-75.97)

71.82±6.07
(65.86-86.51)

76.87±6.14
(63.38-84.13)

27.55±3.81
(19.15-34.45)

26±3.14
(22.3-33.28)

26.31±2.86
(21.49-33.12)

290.07±23.52
(233.22-319.3)

306.65±23.82
(282.69-371.99)

327.23±24
(270.49-356.52)
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127.38±10.09
(105.35-144.08)

137.2±10.04
(126.64-164.79)

148.24±11.37
(123.09-163.34)

56.36±7.39
(39.26-69.66)

53.99±6.11
(45.79-67.91)

55.18±6.33
(44.3-70.11)

1.4±0.1
(1.23-1.62)

1.49±0.07
(1.41-1.64)

1.59±0.12
(1.38-1.76)

37.6±4.4
(29.5-46.25)

33.63±3.54
(28.43-39.06)

30.56±2.74
(25.78-34.28)

48.48±5.24
(36.13-58.47)

42.7±4.42
(37.19-51.56)

38.19±3.58
(33.22-45.97)

55.52±6.19
(40.66-66.16)

50.05±4.86
(43.84-60.06)

45.52±5.04
(39.34-55.53)

24.75±4.16
(18.33-34.81)

25.31±3.75
(19.93-31.34)

23.21±4.94
(16.74-32.94)

40.74±4.75
(30.29-51.81)

38.29±4.35
(32.16-45.72)

38.03±5.37
(32.16-51.28)

45.08±4.88
(34-56.06)

42.32±4.52
(35.06-50.75)

41.89±5.65
(35.06-56.06)

6.59±1.83
(4.26-10.13)

6.2±1.78
(3.99-9.62)

8.88±3.34
(4.64-15.7)

(SL, µm)

4.86±1.32
(2.94-7.18)

4.17±0.78
(3.19-5.68)

4.93±1.36
(3.45-7.73)

Spine Base
Width (SBW, µm)

2.9±0.81
(1.41-4.38)

2.41±0.75
(1.59-4.02)

2.42±0.54
(1.68-3.54)

Spine Medium
Width (SMW, µm)

1.56±0.38
(0.96-2.19)

1.7±0.55
(1.06-2.67)

1.49±0.36
(1.06-2.13)

Spine End Width

2.29±0.25
(1.92-2.81)

2.55±0.16
(2.34-2.87)

2.71±0.27
(2.24-3.07)

Egg Length
(EL, µm)

Egg Width
(EW, µm)

Egg Roundness
(ER)

Width at 20 µm
from Blunt End
(BE20, µm)

Width at 35 µm
from Blunt End
(BE35, µm)

Width at 50 µm
from Blunt End
(BE50, µm)

Width at 20 µm
from Spine End
(SE20, µm)

Width at 35 µm
from Spine End
(SE35, µm)

Width at 40 µm
from Spine End
(SE40, µm)

Egg Shape Ratio
(ESR)

Spine Length

(SEW, µm)

Table 18. Biometric data of genetically pure S. haematobium eggs (S.h.) classified
by morphotype. Mean±SD (Min–Max). All measurements are presented in microns.
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The ANOVA showed Rmax, EP, EL, ER, BE20, BE35, BE50, ESR and
SL to be significantly different among morphotypes (Table 19).

S.h. Round

S.h. Elongated

S.h. Spindle

EL, BE20, BE35, BE50,
ESR

Rmax**, EP**, EL, ER, BE20,
BE35, BE50, ESR, SL

S.h. Elongated

EL, ER, BE20, BE35, ESR, SL

Table 19. Significantly different measurements between morphotypes of the
genetically pure S. haematobium eggs (S.h.), according to one-way ANOVA and
three post hoc tests (P<0.05). *Difference only found in 2 comparisons;
**difference only found in one comparison.

The

differences

between

the

statistically

significant

different

measurements among groups in this analysis versus the previous one
(Table 11) might be attributed to the genotype of eggs (as in the bigger
sample hybrid eggs were mixed with genetically pure eggs). Size sample
might have also influenced the significance of the analysis.
PCA of this egg sample (Figure 30) shows similar results than previous
analysis (Figure 27), suggesting the results observed apply equally for
genetically pure eggs as well. Likewise, regarding the CVA, genetically pure
eggs show similar grouping pattern in the factor map (Figure 31)
compared to Figure 28. However, Mahalanobis distances differ from the
previous sample, as no statistically significant differences were found for
spine measurements (Table 20).
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Figure 30. Principal component analysis factor map of (A) all measurements (17),
(B) size measurements (6), (C) shape measurements (7) and (D) spine
measurements (4) of the 43 genetically pure S. haematobium eggs (S.h.) classified
by morphotype. Larger symbols represent the group centroid. In brackets, PC
contribution.
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Figure 31. Canonical variate analysis factor map of (A) all measurements (17), (B)
size measurements (6), (C) shape measurements (7) and (D) spine measurements
(4) of the 43 genetically pure S. haematobium eggs (S.h.) classified by morphotype.
Larger symbols represent the group centroid. In brackets, canonical factor
contribution.
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A

S.h. Round

S.h. Elongated

S.h. Spindle

S.h. Round

0.00

S.h. Elongated

3.00*

0.00

S.h. Spindle

4.80*

2.21*

0.00

S.h. Round

S.h. Elongated

S.h. Spindle

B
S.h. Round

0.00

S.h. Elongated

1.60*

0.00

S.h. Spindle

2.39*

0.79

0.00

S.h. Round

S.h. Elongated

S.h. Spindle

C
S.h. Round

0.00

S.h. Elongated

1.40*

0.00

S.h. Spindle

2.61*

1.65*

0.00

S.h. Round

S.h. Elongated

S.h. Spindle

D
S.h. Round

0.00

S.h. Elongated

1.08

0.00

S.h. Spindle

1.13

1.13

0.00

Table 20. Mahalanobis distances between the three morphotypes of the
genetically pure S. haematobium eggs (S.h.) for the four discriminant analysis
performed: (A) all measurements (17), (B) size measurements (6), (C) shape
measurements (7) and (D) spine measurements (4). *Statistically different over
1000 permutations with Bonferroni correction (P<0.05).
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INFLUENCE OF THE GEOGRAPHICAL ORIGIN
ON GENETICALLY PURE S. HAEMATOBIUM EGG
PHENOTYPES
Influence of the geographical origin might have on the phenotype of eggs
was also analyzed for the genetically pure egg sample. 26 (60.4%) pure S.
haematobium eggs from Mali, 6 (14%) from Mauritania and 11 (25.6%)
from Senegal. Biometric features of genetically pure eggs from each
country are detailed in (Table 21).

S.h. Mali
(N=26)

S.h. Mauritania
(N=6)

S.h. Senegal
(N=11)

Egg Area
(EA, µm2)

5097.98±1098.19
(2749.2-7850.85)

5308.4±802.4
(4017.37-6225.1)

5060.25±495.78
(4029.17-5881.4)

Radius
maximum
(Rmax, µm)

72.28±7.68
(57.71-86.51)

71.22±4.67
(61.9-74.27)

72.33±5.07
(66.92-82.54)

Radius min
(Rmin, µm)

26.33±3.6
(19.15-34.45)

30.04±2.36
(27.17-33.12)

25.81±1.9
(22.73-29.71)

Egg Perimeter
(EP, µm)

307.63±32.99
(233.22-371.99)

300.56±22.11
(259.29-319.3)

308.23±18.04
(286.47-342.47)

Egg Length
(EL, µm)

137.7±15.72
(105.35-164.79)

131.06±9.96
(111.65-138.06)

138.25±9.22
(126.01-156.41)

Egg Width
(EW, µm)

54.85±7.42
(39.26-70.11)

60.68±4.61
(54.89-66.85)

53.48±3.83
(45.79-60.78)

Egg Roundness
(ER)

1.51±0.13
(1.23-1.76)

1.37±0.05
(1.3-1.45)

1.51±0.11
(1.36-1.7)
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Width at 20 µm
from Blunt End
(BE20, µm)

33.38±5.02
(25.78-46.25)

39.01±1.44
(37.47-41.72)

33.5±3.6
(28.43-41.47)

Width at 35 µm
from Blunt End
(BE35, µm)

42.71±6.82
(33.22-58.47)

50.14±2.32
(47.56-53.41)

41.82±3.8
(37.19-49.69)

Width at 50 µm
from Blunt End
(BE50, µm)

50.11±7.34
(39.34-66.16)

57.93±3.55
(52.88-62.19)

48.29±4.26
(42.53-53.94)

Width at 20 µm
from Spine End
(SE20, µm)

24.42±4.74
(16.74-34.81)

22.9±3.37
(20.46-29.5)

25.2±3.76
(20.46-31.34)

Width at 35 µm
from Spine End
(SE35, µm)

39.06±5.59
(30.29-51.81)

39.86±3.78
(36.66-46.25)

39.09±4
(32.16-44.91)

Width at 40 µm
from Spine End
(SE40, µm)

43.12±5.8
(34-56.06)

44.82±3.97
(40.66-50.75)

42.79±4.19
(35.06-48.91)

Egg Shape
Ratio (ESR)

2.18±0.29
(1.66-2.75)

1.91±0.11
(1.7-2)

2.21±0.19
(1.86-2.46)

Spine Length
(SL, µm)

7.28±2.9
(4.26-15.7)

6.85±2.17
(4.52-10.13)

7.29±2.38
(3.99-10.93)

Spine Base
Width (SBW,
µm)

4.7±1.32
(2.94-7.73)

5.59±1.15
(4.25-6.69)

4.16±0.71
(3.23-5.68)

Spine Medium
Width (SMW,
µm)

2.52±0.57
(1.41-3.73)

3.61±0.72
(2.66-4.38)

2.27±0.68
(1.59-4.02)

Spine End
Width (SEW,
µm)

1.6±0.44
(0.96-2.67)

1.56±0.34
(1.33-2.19)

1.52±0.48
(1.06-2.67)

Table 21. Biometric data of the genetically pure S. haematobium eggs (S.h.)
classified by country of origin. Mean±SD (Min–Max). All measurements are
presented in microns.
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The ANOVA showed Rmin, ER, BE20, BE35, BE50 and SMW to be
significantly different among genotypes classified by country (Table 22).

S.h. Mauritania
S.h. Mali

S.h. Senegal

Rmin, ER**, BE20, BE35,
BE50 and SMW

S.h. Mauritania

Rmin, BE20, BE35, BE50
and SMW

Table 22. Significantly different measurements between genetically pure S.
haematobium eggs (S.h.) coming from Mali, Mauritania and Senegal, according to
one-way ANOVA and three post hoc tests (P<0.05). *Difference only found in 2
comparisons; **difference only found in one comparison.

Mauritanian eggs show statistically significant greater values than
Malian and Senegalese eggs regarding Rmin, BE20, BE35, BE50 and SMW
measurements. In addition, they showed significantly smaller ER (eggs
were rounder) compared to eggs from Mali. Statistically significant
differences were also detected between Mauritania and the other two
countries regarding the quotient L/W, although these measurements did
not show differences separately.
As PCA analysis of all measurements yielded very low contribution
for PCI (36%), factor map did not show reliable information (Figure 32).
However, size, shape and spine analysis showed Senegalese and
Mauritanian egg perimeters well differentiated. CVA factor map showed
Mauritanian eggs clearly distinguishable from Senegalese and Malian ones
for all measurements groups and no differences between Malian and
Senegalese eggs (Figure 33). These results are supported by the statistical
significance of Mahalanobis distances (Table 23).
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Figure 32. Principal component analysis factor map of (A) all measurements (17),
(B) size measurements (6), (C) shape measurements (7) and (D) spine
measurements (4) of the 43 genetically pure S. haematobium eggs (S.h.) classified
by country of origin. Larger symbols represent the group centroid. In brackets, PC
contribution.
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Figure 33. Canonical variate analysis factor map of (A) all measurements (17), (B)
size measurements (6), (C) shape measurements (7) and (D) spine measurements
(4) of the 43 genetically pure S. haematobium eggs (S.h.) classified by country of
origin. Larger symbols represent the group centroid. In brackets, canonical factor
contribution.
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A

S.h. Mali

S.h. Mauritania

S.h. Senegal

S.h. Mali

0.00

S.h. Mauritania

2.85*

0.00

S.h. Senegal

0.65

3.44*

0.00

S.h. Mali

S.h. Mauritania

S.h. Senegal

B
S.h. Mali

0.00

S.h. Mauritania

1.49*

0.00

S.h. Senegal

0.28

1.73*

0.00

S.h. Mali

S.h. Mauritania

S.h. Senegal

C
S.h. Mali

0.00

S.h. Mauritania

1.89*

0.00

S.h. Senegal

0.49

2.22*

0.00

S.h. Mali

S.h. Mauritania

S.h. Senegal

D
S.h. Mali

0.00

S.h. Mauritania

1.96*

0.00

S.h. Senegal

0.49

2.33*

0.00

Table 23. Mahalanobis distances between the three populations of the 43
genetically pure S. haematobium eggs (S.h.) according to their geographical origin
for the four discriminant analysis performed: (A) all measurements (17), (B) size
measurements (6), (C) shape measurements (7) and (D) spine measurements (4).
*Statistically different over 1000 permutations with Bonferroni correction
(P<0.05).
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LANDMARK AND SEMILANDMARK ANALYSIS
OF GENETICALLY PURE S. HAEMATOBIUM
EGGS
In order to increase specificity when comparing eggs from different
locations, a modern geometric morphometric analysis was performed. A
total of 2 landmarks (one in each end) and 46 semilandmarks equidistantly
distributed were recorded for each genotyped egg and subjected to a
generalized Procrustes analysis (Figure 34). The resulting aligned
individuals were orthogonally projected onto the Euclidean space tangent
to the consensus of forms (Rohlf & Slice, 1990).

Figure 34. Translation, scaling and rotation of egg landmarks and semilandmarks
of (A) each individual and (B) mean shape of each genetically pure S. haematobium
egg population(S.h.).

PCA on Procrustes residues was performed (79% contribution). Eggs from
Mali overlap with the other two populations. However, the perimeter of
Mauritanian and Senegalese eggs appears well differentiated in the factor
map (Figure 35).
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CVA analysis showed Mahalanobis distance between Mauritanian
vs. Malian and Mauritanian vs. Senegalese eggs to be statistically significant
after 1000 permutations (Table 24). Canonical factors contribution
reaches 93% and it is represented in Figure 36. Differences between eggs
from Mauritania and Senegal are clearly observed in this factor map, as well
as the distance between the centroid of the Malian and Senegalese eggs
with the Mauritanian one.

Figure 35. Principal component analysis factor map of the Procrustes residues
obtained from the landmark and semilandmark collection of the 43 genetically
pure S. haematobium eggs (S.h.) classified by country of origin. Larger symbols
represent the group centroid. In brackets, PC contribution.

HH Mali

HH Mauritania

HH Mali

0.00

HH Mauritania

2.07*

0.00

HH Senegal

0.92

2.58*

HH Senegal

0.00

Table 24. Mahalanobis distances between the three populations of genetically
pure S. haematobium eggs (S.h.) obtained from the landmark and semilandmark
analysis. *Statistically different over 1000 permutations with Bonferroni
correction (P<0.05).
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Figure 36. Canonical variate analysis of the Procrustes residues obtained from the
landmark and semilandmark collection of the 43 genetically pure S. haematobium
eggs (S.h.) classified by country of origin. Larger symbols represent the group
centroid. In brackets, canonical factor contribution.

DISTRIBUTION OF GENETICALLY PURE S.
HAEMATOBIUM EGG MORPHOTYPES AMONG
COUNTRIES
Prevalence of each morphotype of genetically pure eggs by country
of origin are detailed in Table 25. Fisher exact test showed there is a nonrandom association (0.028) between country and morphotype, i.e.
morphotypes do not distribute equally among countries.

S.h. Round

S.h. Elongated

S.h. Spindle

S.h. Mali (N=26)

34.62%

30.77%

34.62%

S.h. Mauritania (N=6)

100%

0%

0%

S.h. Senegal (N=11)

18.2%

36.4%

45.5%

Table 25. Percentage of each morphotype found in the three different populations
of genetically pure S. haematobium eggs (S.h). In bold most prevalent morphotype.
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In the present analysis, proportion of morphotypes in Malian eggs
is different when compared to that of S. haematobium-like eggs. In this case,
round and spindle eggs are more prevalent than elongated, contrary to the
results showed in Table 16.
For the last analysis, the two variables (morphotype and country of
origin) were analyzed together, dividing the eggs in seven groups. PCA of
all measurements yielded PC with very low contributions (60% altogether)
(data not shown). However, PCA of size and shape measurements
(respectively), greater contributions were obtained, and groups appear
better defined (Figure 37). In order to ease the comparison between
countries, each morphotype have been displayed separately, but it is worth
mentioning that all graphs from the same line come from the same PCA
analysis. All groups’ perimeters and centroids appear very close together,
except for spine measurements analysis of spindle eggs, where Malian and
Senegal groups are completely independent.
For the discriminant analysis, the small sample size of round eggs
from Senegal (2 eggs) impede the analysis. Therefore, two different
analysis were performed: i) one analysis with all populations of
morphotype and country of origin, where only Mahalanobis distances could
be calculated and ii) one analysis without round eggs from Senegal, which
allowed to obtain besides Mahalanobis distances, the canonical factors and
therefore, a factor map.
In the first analysis, Mahalanobis distances showed statistically
significant differences between round eggs from Mauritania vs. spindle
eggs from Mali in terms of size and shape measurements and between
round vs.

spindle eggs from Mali when shape measurements were
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analyzed, meaning the differences between this two morphotypes are
remarkably in Malian eggs (Table 26).
For the second analysis, in order to ease the comparison between
countries in the CVA factor map, each morphotype have been displayed
separately, but it is worth mentioning that all graphs from the same line
come from the same CVA analysis (Figure 38). These graphs show
differences among Malian and Mauritanian round eggs for all
measurements, shape measurements and spine measurements analysis
and between Malian and Senegalese spindle eggs for shape measurements
and spine measurements analysis. Once again, no differences were
observed for elongated eggs. Mahalanobis distances show statistically
significant distances between Mauritanian round eggs vs. all the other
groups (round eggs from Mali and elongated and spindle eggs from Mali
and Senegal) and Malian round eggs and Senegalese spindle ones, when all
measurements were analyzed together. For size measurements analysis, all
round eggs were significantly different from spindle eggs. Likewise, for
shape measurements analysis all round eggs were significantly different
from Spindle eggs as well as Mauritanian round eggs vs. Senegalese
elongated eggs and Malian elongated eggs vs. Malian spindle eggs.
Regarding the spine measurements analysis, differences were only found
between round Mauritanian eggs vs. Malian elongated eggs and vs.
Senegalese spindle eggs (Table 27).
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Figure 37. Principal component analysis factor map of (A) all measurements (17),
(B) size measurements (6), (C) shape measurements (7) and (D) spine
measurements (4) of the 43 genetically pure S. haematobium eggs (S.h.) classified
by morphotype and country of origin. Larger symbols represent the group
centroid. In brackets, PC contribution.
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Round

A
Round
Elongated
Spindle

Mali
Mauritania
Senegal
Mali
Senegal
Mali
Senegal

Elongated

Mali

Mauritania

Senegal

Mali

Senegal

Mali

Senegal

0.00
0.42
0.08
0.13
0.03
1.06
0.53

0.00
0.51
0.29
0.39
0.64
0.11

0.00
0.22
0.12
1.15
0.61

0.00
0.10
0.93
0.40

0.00
1.03
0.49

0.00
0.54

0.00

Round

B
Round
Elongated
Spindle

Mali
Mauritania
Senegal
Mali
Senegal
Mali
Senegal

Elongated

Round
Elongated
Spindle

Mali
Mauritania
Senegal
Mali
Senegal
Mali
Senegal

Mauritania

Senegal

Mali

Senegal

Mali

Senegal

0.00
0.87
0.11
0.58
0.70
1.11
1.01

0.00
0.98
1.45
1.58
1.98*
1.88

0.00
0.47
0.60
1.00
0.90

0.00
0.13
0.54
0.43

0.00
0.41
0.30

0.00
0.10

0.00

Elongated

Round
Elongated
Spindle

Mali
Mauritania
Senegal
Mali
Senegal
Mali
Senegal

Spindle

Mali

Mauritania

Senegal

Mali

Senegal

Mali

Senegal

0.00
0.38
0.01
0.73
0.83
1.87*
1.33

0.00
0.6
1.10
1.20
2.25*
1.71

0.00
0.74
0.84
1.89
1.34

0.00
0.10
1.15
0.60

0.00
1.05
0.50

0.00
0.54

0.00

Elongated

Round

D

Spindle

Mali

Round

C

Spindle

Spindle

Mali

Mauritania

Senegal

Mali

Senegal

Mali

Senegal

0.00
0.29
0.14
0.02
0.35
0.65
1.23

0.00
0.43
0.27
0.06
0.94
1.52

0.00
0.16
0.49
0.51
1.09

0.00
0.33
0.67
1.25

0.00
1.10
1.58

0.00
0.58

0.00

Table 26. Mahalanobis distances between the three morphotypes of genetically
pure S. haematobium eggs divided by country of origin for the four discriminant
analysis performed: (A) all measurements (17), (B) size measurements (6), (C)
shape measurements (7) and (D) spine measurements (4). *Statistically different
over 1000 permutations with Bonferroni correction (P<0.05).
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Figure 38. Canonical variate analysis of (A) all measurements (17), (B) size
measurements (6), (C) shape measurements (7) and (D) spine measurements (4)
of the 43 genetically pure S. haematobium eggs (S.h.) - excluding round eggs from
Senegal (due to small sample size), classified by morphotype and country of origin.
Larger symbols represent the group centroid. In brackets, canonical factor
contribution.

221

CHAPTER VII. PHENOTYPIC CHARACTERIZATION OF S. HAEMATOBIUM-LIKE AND GENETICALLY PURE EGGS:
DESCRIPTION OF MORPHOTYPES AND ANALYSIS OF THE INFLUENCE OF THE GEOGRAPHICAL ORIGIN ON EGG
PHENOTYPES

A
Round
Elongated
Spindle

Spindle
Mali Senegal

Mali
Mauritania
Mali
Senegal
Mali
Senegal

Round
Elongated
Mali Mauritania Mali Senegal
0.00
2.13*
0.00
1.39
3.48*
0.00
1.30
3.39*
0.39
0.00
1.85
3.58*
1.09
1.38
2.62*
4.53*
1.49
1.86

Spindle
Mali Senegal

Mali
Mauritania
Mali
Senegal
Mali
Senegal

Round
Elongated
Mali Mauritania Mali Senegal
0.00
0.86
0.00
1.50
1.95
0.00
1.33
1.89
0.28
0.00
2.17*
2.66*
0.71
0.84
2.23*
2.68*
0.74
0.91

Spindle
Mali Senegal

Mali
Mauritania
Mali
Senegal
Mali
Senegal

Round
Elongated
Mali Mauritania Mali Senegal
0.00
1.29
0.00
0.97
2.11
0.00
1.43
2.63*
0.55
0.00
2.54*
3.61*
2.00*
1.87
1.81*
2.96*
1.24
1.16
Round
Elongated
Mauritania Mali Senegal

Spindle
Mali Senegal

Mali
Mauritania
Mali
Senegal
Mali
Senegal

Mali
0.00
1.92
0.64
0.62
0.71
1.59

B
Round
Elongated
Spindle

C
Round
Elongated
Spindle

D
Round
Elongated
Spindle

0.00
2.47*
2.38
1.85
3.06*

0.00
0.67
1.12
1.31

0.00
1.26
1.86

0.00
1.20

0.00
0.16

0.00
0.77

0.00
1.36

0.00

0.00

0.00

0.00

Table 27. Mahalanobis distances between the three morphotypes of genetically
pure S. haematobium eggs divided by country of origin - excluding round eggs from
Senegal (due to small sample size), for the four discriminant analysis performed:
(A) all measurements (17), (B) size measurements (6), (C) shape measurements
(7) and (D) spine measurements (4). *Statistically different over 1000
permutations with Bonferroni correction (P<0.05).
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DISCUSSION
This is the first detailed morphometrical analysis of S.
haematobium-like egg samples coming from different geographical origins.
Eggs have been classified and analyzed based on three variables
(morphotype, genotype and origin) and the possible relationship among
them.

PHENOTYPIC CHARACTERIZATION OF S.
HAEMATOBIUM‐LIKE EGGS
Classically, S. haematobium-like eggs have been considered to be
round to oval shaped (Othman & El Ridi, 2014). However, when
morphometrically characterizing the eggs, we found great variability in
sizes and shape. In order to standardize this variability, three morphotypes
(round, elongated and spindle) have been established based on the ESR.
Surprisingly, S. haematobium-like eggs analyzed herein, showed an even
distribution among three morphotypes (30.6% round; 37.7% elongated;
31.7% spindle) when 351 eggs were analyzed. These results suggest S.
haematobium-like eggs present greater shape variability than expected
hitherto, and round shape is not always the most common presentation of
eggs of this species. It is noteworthy that no differences were found
regarding the spine among the phenotypic groups, suggesting this feature
is not linked to egg morphotype.
Nevertheless, morphotypes do not distribute homogeneously
among countries. Malian eggs belong mostly to the elongated morphotype;
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all Mauritanian eggs of our sample belonged to the round morphotype; and
most of Senegalese ones present spindle shape. This observation has never
been described before, entailing a new feature to be included when
comparing S. haematobium-like egg populations. Small sample size of eggs
coming from Mauritania and the fact that they all came from one patient
should be taking into account. Further studies with bigger size samples will
provide further support to these results.

INTRASPECIFIC VARIATION AND INFLUENCE
OF THE GEOGRAPHICAL ORIGIN ON S.
HAEMATOBIUM‐LIKE EGG PHENOTYPES
Intraspecific egg variability has been previously described in
Schistosoma species (Jewsbury, 1968; Kechemir & Théron, 1997). Almeda
et al. (1996) described that the variation of egg measurements of S.
intercalatum from São Tomé and Principe was not related to age, sex or
intensity of infection. The variability in size and shape of the eggs might be
an obstacle for differentiating S. intercalatum from S. haematobium eggs
through microscopical observations in certain regions such as São Tomé
and Principe. Although egg variability associated to geographic origin has
been previously described in other trematodes such as F. hepatica and F.
gigantica (Valero et al., 2005, 2009), hitherto reports of this phenomenon
in the genus Schistosoma remain scarce. The only study made up to date,
compared S. haematobium eggs size from different countries and hosts
finding that the “average” eggs from the non- human hosts show a greater
similarity to each other than any of them do to those from human. However,
some eggs from hamsters (Baghdad) do in fact show some similarity to
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some eggs from human (Kuwait). In their taxonomic model, eggs from
Baghdad lie towards the opposite side of the model from eggs from Cairo,
Ghana, and Nigeria, in both hamsters and human, and eggs from Ghana and
Nigeria lie close together in both cases, agreeing with our results of the
influence of geographical origin of the samples (Jewsbury, 1968).
Herein, we have compared 351 S. haematobium-like eggs coming
from 3 different countries in order to shed light in this topic. Our results
show Senegalese eggs mean length (140.73 µm) is bigger compared to
Malian (136.4 µm) and Mauritanian (130.4 µm) eggs. However, Malian eggs
length range exceed Senegalese maximum length, showing greater
variability in the former. Despite their larger length, Senegalese eggs width
(53.48 µm) is slightly smaller than the other two populations. Mauritanian
eggs are overall shorter but wider (130.4 x 57.68 µm) than Malian (136.4 x
54.75 µm) and Senegalese eggs (140.73 x 53.48 µm), but its ranges lay
within those of the other populations.
The multivariate analysis proved Mauritanian eggs differ
significantly from Senegalese and Malian eggs in all the analysis performed.
The small size sample of this population must be beard in mind and further
studies with bigger sample size will confirm these results.
Regarding the proportion of each morphotype in the different
countries, our results showed a significantly uneven distribution. This
observation might explain the great variability found in S. haematobium
descriptions (Reguera-Gomez et al., 2021). Future studies should analyze if
this fact might be consequence of the genotype, whether hybrids show
certain morphotype in comparison to genetically pure eggs. The differences
in the proportion of each morphotype in the present study between the two
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analysis (with all phenotyped eggs vs. only S.h. eggs) could be due to the
different genotypes present in the first group or a simple consequence of
random selection of the sample.

INTRASPECIFIC VARIATION AND INFLUENCE
OF THE GEOGRAPHICAL ORIGIN ON
GENETICALLY PURE EGG PHENOTYPES
A sample of genetically pure S. haematobium genotyped eggs (S.h.)
was studied to analyze the differences found between phenotypes and
countries without the influence of the genetic variability that might be
present in hybrid forms. In this analysis, similar results as in the bigger
sample were observed. Regarding morphotypes, same pattern is observed,
where elongated eggs were displayed in between the other two groups for
size and shape measurements. On the other hand, the analysis of the
influence of the geographical origin showed Senegalese and Malian eggs
seem more similar among them compared to Mauritanian eggs, as
previously described. These results can be explained by two possibilities:
hybridization is hardly related with egg morphotype or a very low
proportion of hybrid eggs are included in the first analysis, therefore
differences cannot be detected.

226

7.4. DISCUSSION

LANDMARKS AND SEMILANDMARKS
ANALYSIS OF GENETICALLY PURE S.
HAEMATOBIUM EGGS CLASSIFIED BY
COUNTRY
A more detailed analysis was performed using landmarks and
semilandmarks analysis. This technique would bring to light any
differences among groups that might have been overlooked with the
designed

measurements. Hitherto, egg’s descriptions have been

overlooked and/or rather imprecise. Most characterizations have been
conducted by using very rudimental techniques such as drawing with a
camera lucida and/or calibrating with an ocular micrometer. Moreover,
there was no consensus in the preparation of the microscopy slides for egg
characterization. Coverslips may alter size and shape of eggs as it puts
pressure on them.

Great inconsistency can be observed among

descriptions as a result (Reguera-Gomez et al., 2021). However, these
differences could also be a consequence of the absence of molecular
techniques to confirm the genotype of the specimens analyzed, hence
describing hybrids as genetically pure S. haematobium. In this sense, one of
the strengths of this work lays in the correlation geno- morphotype of each
egg.
Furthermore, one of the clear improvements introduced by the
modern approach of geometric morphometrics is that it enables a visual
representation of shape, which may improve the visibility of subtle
changes. When overlapping the translated, scaled and rotated mean shape
of the analyzed eggs, it can be observed Senegalese and, especially, Malian
eggs, are narrower in the maximum width axis and blunt end compared to
the eggs from Mauritania. The latter show a narrower spine end while a
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wider blunt end, precisely the opposite than Senegalese eggs. The
discriminant analysis performed with the landmarks and semilandmarks
collected from each group showed statistically significant differences
between Senegalese and Mauritanian eggs. These differences, although
subtle, might be important for the pathogenicity of the infection, as the
shape and size of the eggs is directly related with their succeed when going
through the endothelium of veins into the urine bladder and/or the
formation of granulomas.
In the last years, geometric morphometrics techniques have been
used to analyze intermediate parasitic forms, such as Fasciola sp. adults.
Far from having a bigger size than F. hepatica when interacting with F.
gigantica, intermediate forms from Thailand have been reported to be
smaller than these two species (Sumruayphol et al., 2020). However,
intermediate forms of this species coming from Bangladesh and Pakistan
showed intermediate forms to have a halfway size and shape between the
two parental species (Afshan et al., 2014; Ahasan et al., 2016). Differences
aside with egg samples, these studies shed light about the complexity of
phenotypic characterization of intermediate phenotypes, making it
extremely difficult to establish a general pattern of change.
Results obtained herein by geometric morphometric analysis
showed similar results to those obtained by the PCA and CVA analysis of
the measurements designed, validating both methods as useful and
accurate tools in S. haematobium research.
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CHARACTERIZATION OF S. HAEMATOBIUM‐
LIKE EGGS IN ENDEMIC AND NON‐ENDEMIC
AREAS
S. haematobium-like eggs analyzed in the present work come from
three African countries where this parasite has been previously reported.
In the last decade, numerous studies of epidemiological, phenotypic, and
genetic characterization have been performed in endemic countries.
Regarding Mali, Schistosomiasis is a significant health problem in
certain areas of the country, reaching prevalences up to 97% (Mutombo et
al., 2019). Presence of natural crosses between S. haematobium and S. bovis
has been previously reported in this country (Soentjens et al., 2016).
However, there are not epidemiological studies carried out in this country
which enables mapping and characterizing the distribution and biology of
these introgressions, as most studies do not apply molecular techniques.
Concerning Mauritania, epidemiological surveys of S. haematobium
prevalence have been performed in schoolchildren recently (Gbalegba et
al., 2017; Ould Ahmed Salem et al., 2019) but none of them performed
molecular characterization. All Mauritanian eggs analyzed in our studies
were genetically pure S. haematobium and hybrids have not been reported
for this country. However, the lack of reports could be due to the absence
of studies or lack of molecular methods in the studies performed in
Mauritania.
Regarding Senegal, epidemiological status of Schistosomiasis is
rather well known thanks to the long history of work performed in
northern Senegal (Meurs et al., 2012; Sene-Wade et al., 2018; Boon et al.,
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2018, 2019). Introgression between S. haematobium and S. bovis has been
thoroughly genetically characterized in this country but egg morphology
remains quite unexplored.
Finally, imported urogenital Schistosomiasis in Europe, up to date,
remains restricted to medical case reports, mostly in south Europe (Spain
and Italy) (Ballesta Martínez et al., 2019; Tilli et al., 2019). Corsican
outbreak has been well

studied

but still numerous aspects of the

establishment and persistence of the parasite in the island remain
unknown. This is the first time the etiological agent of urogenital
Schistosomiasis from imported cases is characterized in Spain and Europe.
Given the emergent nature of this parasite in this continent, an exhaustive
characterization of the potentially introduced strains is of utmost
importance in order to evaluate and prevent the introduction of this
trematode in Spain and Europe.
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The conclusions obtained from this work are numerous and varied
according to the different contents. To facilitate their presentation, they are
listed according to the objectives.

A. HOST IMMUNE RESPONSE ASSOCIATED TO F. HEPATICA
REINFECTION AND ITS RELATIONSHIP WITH THE CLINICAL
PHENOTYPES OF ANEMIA
Regarding the results obtained in the study of the F. hepatica reinfection
immune profile, we can conclude:
1. Depending on whether adult flukes are well established in the bile
duct of primary infected rats or not, reinfection generates a strong
or a mild immune response, respectively, thus giving rise to
different associated immunopathology.
2. A Th17 associated gene expression, which is inversely correlated
with fluke burden, can also be observed, being suggestive of a
protective effect of this response.
3. Immunosuppression is maintained from primo infection to
chronic infection, also in reinfection.
4. The systemic immune response is different in primoinfection, in
reinfection at 8 w.p.i. and reinfection at 12 w.p.i., suggesting that
suppression is mediated by different mechanisms in each case.
5. Such an immune response representing a regulated Th2 response
may be an important feature of balanced parasitism that ensures
parasite survival but protects the host from Th2-induced
pathology.
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6. Reinfection showed a high relative risk of anemia compared to
primoinfection and Treg response seem to participate in the
regulation of anemia of inflammation.
7. In F. hepatica reinfection two phenotypic patterns were detected:
a. A phenotypic pattern which included only increased systemic
Ifng expression levels but no Treg associated gene expression,
associated with lower hemoglobin levels.
b. A phenotypic pattern which included increased systemic Ifng
expression levels as well as an increased Treg gene expression,
associated with a less severe decrease of hemoglobin levels.
8. In the chronic phase in endemic areas prone to reinfection, the
patient’s immune response is expected to be more complex,
involving several types of immune response.

B. IMPACT OF FASCIOLIASIS REINFECTION ON F. HEPATICA EGG
SHEDDING AND ITS RELATIONSHIP WITH THE IMMUNE‐
REGULATORY RESPONSE
Regarding the results obtained in the study of the impact of F. hepatica
reinfection on the parasite egg shedding we can conclude:
9. In F. hepatica reinfection there is a short-term increase of
epg/worm, returning to primoinfection levels after a few weeks.
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10. Egg fecundity is associated with systemic Il10 and thymic Ifng and
Il10 expression levels, suggesting egg shedding might be
dependent on the Th1 and Treg phenotype.
11. Egg shedding depends on the host immune status and correlates
with IgG1 levels in primoinfection situations.
12. Fluke number and size play an important role in the host immune
response in all infected groups.
13. In F. hepatica reinfection two egg shedding patterns were
detected:
a. A phenotypic pattern which included no increased Treg gene
expression, associated with lower liver fluke egg fecundity.
b. A phenotypic pattern which included increased Th1 and Treg
gene expression, associated with higher liver fluke egg
fecundity.
14. Determination of the fluke burden by epg in humans may be an
overestimation in cases of recent reinfection.
15. Subjects with high epg counts should be the main targets for
diagnosis and treatment not only because of the pathogenicity of
the higher burden, but also to decrease the ensuing environmental
contamination with parasite eggs shed in human feces.
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C. NEW TOOL FOR SCHISTOSOMA SPECIES DIAGNOSIS AND
RESEARCH
Regarding the results obtained in the phenotypic analysis of eggs of
different species of the genus Schistosoma, we can conclude:
16. This is the first study to propose seventeen new specific and
validated

measurements

for

Schistosoma

eggs

detailed

characterization.
17. The proposed morphometric methodology detects interspecific
variations among schistosome eggs, i.e. allows to discern among
the species S. haematobium, S. bovis and S. mansoni.
18. The designed morphometric measurements and subsequent
principal component analysis succeed in describing egg
morphology: S. bovis eggs appear further from S. haematobium
and S. mansoni in terms of size, while they are closer to S.
haematobium regarding the spine characterization.
19. Schistosoma species egg size descriptions are very unalike along
books, manuals, and research papers. This variability might be
consequence of inaccurate morphometric methods together with
an outstanding intraspecific variability depending on genotype
and origin of the samples. Classical descriptions should be revised.
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D. S. HAEMATOBIUM EGG PHENOTYPIC CHARACTERIZATION
Regarding the results obtained in the comparative study of S.
haematobium-like and genetically pure S. haematobium eggs with different
morphotypes and geographical locations we can conclude:
20. S. haematobium-like eggs show great phenotypic variability,
showing three distinguishable morphotypes: round, elongated
and spindle.
21. The proportion of each morphotype is different depending on the
country of origin for both S. haematobium-like and genetically
pure eggs.
22. This is the first study to both geno- and phenotypically
characterize in detail the same egg sample arriving to Spain from
different African endemic countries.
23. Genetic tools have allowed for selecting only genetically pure S.
haematobium eggs for subsequent detailed morphometric
analysis, avoiding the influence of hybridization.
24. This is the first study that applies geometric morphometrics to
perform a detailed characterization of genetically pure S.
haematobium eggs from different countries.
25. Both classical and geometric morphometric (landmarks and
semilandmarks) techniques used on genetically pure S.
haematobium

eggs,

showed

great

intraspecific

variation

depending on the geographical origin of the samples.
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26. Further studies with bigger egg samples and accurate
geographical origin are needed to confirm these preliminary
results.
27. Analyzing S. haematobium egg morphology might be a useful tool
to improve Schistosomiasis etiological diagnosis.
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