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ABSTRACT 

 

 

Coccidiosis is a major concern in goat industry leading to high economic losses. In 

Alentejo, the pathogenic Eimeria arloingi was one of most prevalent species identified. A 

new E. arloingi European strain was isolated and a suitable in vitro culture system for the first 

merogony in primary endothelial cells was established. Moreover, parasite-host endothelial 

cells interactions were investigated during macromeront formation.  

Polymorphonuclear neutrophils (PMN) release neutrophil extracellular traps (NETs). We 

have demonstrated for the first time NET formation performed by caprine PMN exposed to 

different stages of E. arloingi (sporozoites and oocysts), suggesting NETosis as an important 

effector mechanism in the early innate immune response to this infection in goats.  

The new E. arloingi (strain A) will be useful for better comprehension of early host innate 

immune reactions against this parasite in vitro/in vivo as well as to further our investigations 

in the complex Eimeria-host endothelial cell interactions. 

 

 

Key words: Coccidiosis; Eimeria arloingi; Endothelial cell modulation; Innate immune 

reactions; Neutrophil extracellular traps 
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RESUMO 

 

 

A coccidiose constitui um enorme problema na indústria caprina, causando graves perdas 

económicas. No Alentejo, a espécie patogénica Eimeria arloingi foi uma das mais 

frequentemente identificadas. Uma nova estirpe europeia de E. arloingi foi isolada e um 

sistema de cultura in vitro foi estabelecido para o desenvolvimento da primeira merogonia em 

células endoteliais primárias e as interações parasita-células endoteliais do hospedeiro foram 

investigadas durante a formação dos macromerontes. 

Os neutrófilos (PMN) extrudem redes extracelulares (Nets). Pela primeira vez 

demonstramos a formação de NETs por PMN caprinos expostos a diferentes estádios de  

E. arloingi (esporozoitos e oocistos), sugerindo que a NETosis é um importante mecanismo 

da resposta imune inata nesta infecção em cabras.  

A nova E. arloingi (estirpe A) será útil para uma melhor compreensão das reações imunes 

inatas contra este parasita in vitro/in vivo, bem como para progredir nas nossas investigações 

sobre as complexas interações entre Eimeria-células endoteliais do hospedeiro.  

 

 

Palavras-chave: Coccidiose; Eimeria arloingi; Modulação das células endoteliais; Reações 

imunes inatas; Redes extracelulares de neutrófilos 
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1. INTRODUCTION 

 

 

1.1. Social and economic importance of goat industry 

According to FAOSTAT (2014), about one billion goats were reared for meat and milk 

production worldwide in 2012 (Fig. 1). In addition, to assure nutritional demands of small 

farmers in deprived regions and nourishment of growing ethnic populations, faith-based 

consumers and health-conscious people, goat production also guarantees working 

opportunities for a considerable number of people worldwide, apart from contributing to the 

cleaning of forest areas and fire prevention (Silva et al. 2014b).  

Portugal represents the eighth largest national goat industry within the European Union 

(Fig. 1), rearing about 400.000 goats (FAOSTAT 2014). Most of them (21.6 %) are allocated 

in Alentejo (GPP 2009), where goats support the stability and maintenance of rural 

communities, thereby avoiding the abandonment of this underprivileged region. Especially in 

Alentejo, a semi-arid region with poor soil conditions and lack of vegetation, goats are raised 

in extensive or semi-extensive systems. These environments are not suitable for rearing other 

domestic animals that need feed supplementation, but goats are undemanding animals that 

require low quality feed for the production of valuable meat and milk products (Oltjen and 
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Beckett 1996). Despite their resistance, goats are still affected by a variety of diseases and 

parasites, which cause an array of health problems in goat production (Ruiz et al. 2014). 

 

FIG. 1. World population of goats distributed by continents (2012) 

Most important European countries in goat industry are listed in the bar. Portugal has 0.04% of the 

global goat population. 

Overall and compared with other livestock animals, goats represent still a neglected 

species regarding basic, clinical and epidemiological research. Nevertheless, under the 

framework of Food and Agriculture of the European Community, the CAPARA COST 

Action (FAO805) – Caprine Parasitology – Goat-parasite interactions: from knowledge to 

control – brought researchers from more than 28 countries together to address this farm 

animal species. CAPARA supported the establishment of an efficient network of European 

researchers working on different aspects of goats parasitology and health management to 

improve the understanding of the different components explaining the specificities of goat-

parasite interactions as well as to develop suitable strategies to control parasitic diseases in 

goats (CAPARA 2012).  
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1.2. Apicomplexan parasites 

Apicomplexa is the subphylum of single-celled eukaryotic protozoa responsible for 

diseases of recognizable medical and economic importance both in humans and in farm 

animals (Muller and Hemphill 2013; Francia and Striepen 2014). Apicomplexan parasites 

infect different hosts and specific host cell types, in which they hide from the host immune 

response, while depleting their nutrients (Striepen et al. 2007). Amongst the most relevant 

apicomplexan genera in farm animals are Babesia spp. (Gohil et al. 2013), Besnoitia spp. 

(Cortes et al. 2014), Cryptosporidium spp. (Slapeta 2013), Eimeria spp. (Chartier and Paraud 

2012), Cystoisospora spp. (Schwarz et al. 2014), Neospora spp. (Reichel et al. 2014), 

Sarcocystis spp. (Bahari et al. 2014), Theileria spp. (Li et al. 2014) and Toxoplasma gondii 

(Abi Abdallah et al. 2012; Coppens 2013). Despite the enormous socio-economic impact of 

these parasites in farm animal production worldwide, until now, Toxoplasma and Plasmodium 

have been the best studied parasites (Chapman 2014), mainly because of their 

antropozoonotic potential and high impact on human health worldwide. 

All apicomplexan parasites are obligate intracellular protozoa and are characterized by the 

unique apical complex of parasite different stages, such as sporozoites, tachyzoites, 

bradyzoites and merozoites. The apical complex is formed of structural and secretory 

elements and it is crucial in the active host cell invasion process, parasitophorous vacuole 

(PV) formation and parasite division within infected host cells (Morrissette and Sibley 2002; 

Striepen et al. 2007; Katris et al. 2014). The apical complex contains a polar-ring complex, a 

conoid, subpellicular microtubules, rhoptries, micronemes and dense granules (Chobotar and 

Scholtyseck 1982). The polar ring is located at the anterior part of apicomplexan invasive 

stages. It consists of a ring of microtubules, which operate as one of the microtubule-

organizing centers essential for the arrangement of host cell structures during intracellular 
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growth and replication of the parasite (Morrissette and Sibley 2002; Striepen et al. 2007).  

The hollow-shaped conoid is located in the middle of the apical complex and plays a 

mechanical role in active invasion process of host cells (Morrissette and Sibley 2002). 

Additionally, longitudinal subpellicular microtubules arise and anchor to the polar-ring and 

are associated with the inner membrane complex (IMC), which is important for the 

apicomplexan shape and physical stability (Morrissette and Sibley 2002). Rhoptries, 

micronemes and dense granules are highly specialized secretory apicomplexan organelles that 

secret important molecules for the parasite intracellular survival (Morrissette and Sibley 2002; 

Striepen et al. 2007). Therefore, their secreted products are required for three essential 

apicomplexan actions: (i) gliding motility, (ii) host cell invasion and (iii) early intracellular 

life establishment by PV formation (Dubremetz et al. 1998; Blackman and Bannister 2001; 

Morrissette and Sibley 2002; Souza 2006; Striepen et al. 2007; Ravindran and Boothroyd 

2008). Rhoptries are tear drop-shaped organelles that are connected by a thin duct to the 

apical part of the parasite. The number of rhoptries can vary from two to more than six 

elements depending on the apicomplexan genus, species and stage [e. g. sporozoites, 

merozoites, bradyzoites, tachyzoites, metrozoites, dormozoites (hypnozoites)] (Blackman and 

Bannister 2001). Shortly after parasite adhesion to the host cell membrane, rhoptric molecules 

are secreted. Rhoptry neck proteins (RONs) have been described to participate in the parasite-

cell membrane tight junction formation during active host cell invasion process (Alexander et 

al. 2005; Alexander et al. 2006). Furthermore, rhoptry proteins, such as the merozoite-specific 

22-kDa rhoptry protein of E. nieschulzi, have been described as integral molecule of the PV 

membrane (PVM) (Rick et al. 1998). Micronemes are small elliptic-shaped organelles 

important for specific host cell recognition, binding and gliding motility (Dubremetz et al. 

1998). Dense granules represent cytoplasmic spherical-shaped organelles containing high 

concentration of proteins that are secreted after internalization of the parasite and incorporated 
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into both, the PVM and the intravacuolar membranous network (Mercier et al. 2005).  

Structural elements of the apical complex mediate orientation of the parasite and are 

considered as the focal point for secretory organelle discharge (Katris et al. 2014). Moreover, 

after contact of the apical complex with the host cell membrane, host cell invasion is 

accomplished in a host cell-independent process, based on the active gliding motility of the 

parasite being regulated by specialized actin- and myosin-elements within the pellicula 

(parasite membrane) (Striepen et al. 2007). 

Irrespectively of the genus, apicomplexan parasites share the same phases of the life cycle, 

with endogenous (parasitic) and exogenous (environment) phase, comprising three 

generations: sporogony, merogony, and gamogony. Sporogony represents an asexual 

replication period resulting in the formation of infective stages, the sporozoites. Sporozoites 

invade specific host cells and thereafter undergo a second step of asexual replication, named 

merogony, in which merozoites are formed. Merogony occurs in various host cell locations 

and for genetically defined numbers of generations, which are characteristic for each species. 

Certain merozoites differentiate into haploid macro- (female) and micro- (male) gametes 

which than have to fuse (known as syngamy), becoming a diploid zygote – known as the 

sexual gamogony. Immediately after syngamy, the zygote undergoes meiosis to re-establish 

haploid forms – sporogony (Striepen et al. 2007). The repetition of cycles of host cell 

invasion, parasite replication, host cell lysis and parasite invasion of new cells results in the 

vast tissue damage which is a typical characteristic of apicomplexan infections (Morrissette 

<and Sibley 2002). Free stages, such as sporozoites and merozoites, must promptly invade 

new specific host cells after being released from ruptured host cells in order to continue their 

life cycle and to avoid extracellular attacks of host leukocytes, such as neutrophils and 

monocytes (Morrissette and Sibley 2002; Abi Abdallah and Denkers 2012). 
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1.3. Eimeria species 

More than one thousand species are known within the Eimeria genus belonging to the 

subphylum Apicomplexa (order Eimeriida, family Eimeriidae). Almost all species of Eimeria 

are strictly host specific (monoxenous) enteropathogens of vertebrates (Witcombe and Smith 

2014), which develop within specific host cells at specific sites of the intestinal mucosa.  

The disease caused by the genus Eimeria is known either as coccidiosis or as eimeriosis and 

has been reported worldwide as a major livestock health problem in different production 

systems (Foreyt 1990; Lima 2004; Daugschies and Najdrowski 2005; Witcombe and Smith 

2014). Particularly in poultry (Chapman 2014), rabbits (Nosal et al. 2014) and ruminants 

(Daugschies and Najdrowski 2005) Eimeria infections are well-known to cause severe 

intestinal lesions, and consequently, considerable economic losses worldwide. In addition, 

extra-intestinal stages of some Eimeria species have been reported in different host locations, 

causing hepatic-, renal-, and, less commonly, splenic- or pulmonary-coccidiosis (Collins et al. 

1988; Dai et al. 1991; Morgan et al. 2013). In the last years, numerous studies have been 

conducted to improve the knowledge on this disease, e. g. in poultry (Blake and Tomley 2014; 

Chapman 2014), in rodents (Shi et al. 2000), in rabbits (Akpo et al. 2012) and in cattle 

(Hammond et al. 1966; Hermosilla et al. 1999; Hermosilla et al. 2012). Despite the negative 

impact of coccidiosis on goat industry, caprine Eimeria infections have been neglected for 

several decades. Nonetheless, few studies on caprine coccidiosis have recently been published 

(Ruiz et al. 2006; Hashemnia et al. 2011; Hashemnia et al. 2012; Ruiz et al. 2014), but most 

of them were related to clinical and epidemiological topics (Rakhshandehroo et al. 2013; Ruiz 

et al. 2014). 

Alike other Apicomplexa the life cycle of Eimeria spp. is complex and contains three 

different obligatory steps: sporogony, merogony and gamogony. The sporulation of the 
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oocysts takes place in the environment under appropriate humidity, temperature and oxygen 

supply conditions, resulting in the infective form of the parasite, the sporulated oocyst, in 

which four sporocysts develop, each containing two sporozoites. After oral ingestion by the 

final host the sporulated oocyst undergoes excystation in the gut lumen and releases 

sporozoites that must infect specific intestinal cells. Most of Eimeria species develop within 

intestinal epithelial cells while some highly pathogenic species (e. g. E. bovis,  

E. ninakohlyakimovae, E. arloingi) infect endothelial host cells. When first merogony is 

completed merozoites I are released from mature meronts. Thereafter, merozoites I migrate to 

the ileum, caecum or colon epithelium and undergo the second merogony, followed by the 

sexual phase of gamogony. The gamogony also occurs in host epithelial cells of the gut and 

results, after syngamy, in the formation of new oocysts. After the rupture of oocyst-carrying 

epithelial cells, unsporulated oocysts are shed into the environment and the life cycle of 

Eimeria is completed (Taylor and Catchpole 1994). 

Considering the pathogenesis of ruminant eimeriosis, the damage in the intestinal mucosa 

during development and proliferation of these intracellular parasites significantly interferes 

with the digestive process and with homeostasis. In consequence, adverse effects on animal 

welfare and production performance leading to significant economic losses, even in the 

absence of visible clinical signs (Daugschies and Najdrowski 2005), are a common feature in 

coccidiosis. Diarrhoea leads to plasmatic potassium concentration increases, 

hypoproteinaemia, hyponatraemia and hypochloraemia in biochemical blood analysis of  

Eimeria-infected animals (Lima 2004). Most Eimeria species are considered as low 

pathogenic since they induce mild pathology and mild or non-clinical disease. Additionally, in 

non-intensive farming conditions and after low dose Eimeria infections, a rather beneficial 

balance between the parasite and the host immune system can be established. In this case, 

either no clinical signs are detected (subclinical coccidiosis) or rather moderate diarrhoea 
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occurs (Daugschies and Najdrowski 2005; Witcombe and Smith 2014). On the other hand, 

certain species such as e. g. E. tenella and E. necatrix (chicken), E. intestinalis and E. stiedae 

(rabbit), E. bovis, E. alabamensis and E. zuernii (cattle), E. bakuensis and E. ovinoidalis 

(sheep), or E. ninakohlyakimovae and E. arloingi (goat) are considered as highly pathogenic 

species. Apart from common clinical signs observed in clinical coccidiosis, such as anaemia, 

weakness, lethargy, anorexia, poor weight gain, dehydration, growth delay, low feed 

conversion and catharrhalic diarrhoea, severe haemorrhagic diarrhoea often is observed in the 

presence of highly pathogenic species. In contrast to non-pathogenic ruminant Eimeria spp., 

highly pathogenic ones (e. g. E. arloingi) possess a massive replication capacity during their 

first merogony within host endothelial cells of the lacteals, producing macromeronts of up to 

400 µm size each containing > 120.000 merozoites I and occasionally causing even sudden 

death of infected animals (Koudela and Bokova 1998; Daugschies and Najdrowski 2005; 

Chapman 2014; Silva et al. 2014b). 

1.3.1. Epidemiology of Eimeria infections (coccidiosis) 

Coccidiosis severity results from complex interactions between the parasite and the host, 

being additionally influenced by many environmental circumstances (Hashemnia et al. 2014). 

In principle, naïve animals of all ages are susceptible to eimeriosis. However, younger 

animals represent the most susceptible group and almost inevitably develop the disease. 

Especially under intensive rearing conditions young animals are unavoidably exposed to 

Eimeria spp. infection owing to the ubiquity of infectious stages (Soe and Pomroy 1992; 

Taylor and Catchpole 1994; Daugschies and Najdrowski 2005). Still, the severity of 

coccidiosis is not only influenced by the age, but also by other intrinsic factors. One of the 

most import risk factors being associated with clinical disease in ruminants is stress, 
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especially when acting on young animals. As such, the weaning period, the transport,  

re-grouping, inadequate feeding, the parturition period or concomitant infections with other 

pathogens result in a higher risk of coccidiosis and contribute to the complication of the 

condition (Faber et al. 2002; Lima 2004; Daugschies and Najdrowski 2005). Moreover, apart 

from characteristics of the parasite itself (species and even strains), the genetical background 

and related host immune system efficacy most probably contributes to the individual clinical 

outcome of the disease (Daugschies and Najdrowski 2005; Witcombe and Smith 2014). 

In Serpentina goats, a rustic breed from Alentejo, Portugal, infections with the most 

pathogenic species of Eimeria resulted in the absence of classical clinical signs of coccidiosis, 

indicating an effective innate and adaptive immune response of this breed (see Chapter 2). 

The pathogenicity and the site of infection of different Eimeria species (or even strains) 

influence the outcome of clinical coccidiosis (Rose 1987). The most pathogenic species in 

ruminants [E. bovis, E. zuernii (cattle), E. ninakohlyakimovae, E. arloingi, E. christenseni 

(goat), and E. bakuensis (sheep)] do not infect epithelial host cells as most other Eimeria spp. 

But have to transverse the intestinal epithelium and to invade endothelial cells of the central 

lymph capillaries of the intestinal villi (Hermosilla et al. 2012) where they form 

macromeronts, a process that requires prolonged replication time and vast modulation of the 

host cell (Taubert et al. 2010; Lutz et al. 2011; Hermosilla et al. 2012). Eimeria bovis as well 

as other apicomplexan- (T. gondii, N. caninum) induced modulation of the host endothelial 

cell was clearly demonstrated by Hermosilla et al. (2008) and Taubert et al. (2006). In E. 

bovis in vitro infections of primary bovine umbilical vein endothelial cells (BUVEC), the 

parasite induced a reorganization of several elements of the host cell cytoskeleton in order to 

support the enlargement of host cells by macromeront formation (>250 µm) within the PV. 

Additionally, the parasite recruits host cell-organelles, such as mitochondria and ER, close to 

the PVM to gain access to host cell energy and nutrients (C. Hermosilla, personal 
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observation). Other host cell functional categories are significantly modulated by 

apicomplexan parasites, and will be addressed in more detail in Chapter 1.4. 

The severity of coccidiosis is also determined by the proliferation capacity of the infective 

Eimeria species as defined by the number of merogonies and number of merozoites being 

produced per merogony, since these will later determine the number of destroyed cells per 

ingested sporulated oocysts. Thus, the dose of infection and the magnitude of the reinfection 

can considerably influence the extend and the outcome of coccidiosis (Lima 2004).  

Once in contact with coccidian stages, a host protective species-specific immunity 

develops (Rose 1987; Daugschies and Najdrowski 2005). During a primary ruminant Eimeria 

infection, an expansion of both CD4+- and CD8+-T cells subsets generally occurs (Hermosilla 

et al. 1999; Suhwold et al. 2010). In prepatency a rather Th1-dominated cellular immune 

responses was observed being characterized by an enhanced antigen-specific IFN-γ 

production (Taubert et al. 2008). As shown previously by Faber et al. (2002), an active host 

immune response was generally related with the synthesis of Eimeria-specific IgM-, IgG2- 

and IgA-antibodies in cattle, being combined with decreased oocyst shedding. However, 

Faber et al. (2002) could not significantly prove antibody-based immunoprotection of calves 

against E. bovis infection which is in contrast to findings of Catchpole and Devonshire in 

1989 (reviewed by Yvoré 1989) showing that maternal antibodies are protective for new-born 

lambs in E. crandallis infections. However, host humoral immune responses are not fully 

protective since reinfections represent a common feature in coccidiosis, but do generally not 

result in clinical disease, confirming the importance of primary infections for the outcome of 

protective immunity (Daugschies and Najdrowski 2005). 

Infected animals are the natural source for environmental contamination and subsequent 

infection of naïve and young animals (Lima 2004). The degree of environmental 
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contamination varies largely with the type of herd management. The risk of coccidiosis 

outbreaks is greater in intensive husbandries, where environmental contamination is high due 

to excessive population densities. High infection pressure is thereby increasing the individual 

risk to acquire clinical coccidiosis. Generally, in this type of intensive managements, 

humidity and temperature conditions empower the sporogony of freshly shed oocysts thereby 

increasing the disposability of infectious exogenous stages (Lima 2004; Daugschies and 

Najdrowski 2005; Ruiz et al. 2006). Furthermore, climate conditions play an important role in 

the epidemiology of coccidiosis since the development of exogenous infectious stages 

depends on adequate temperatures (Ruiz et al. 2006). Thus, under propitious conditions of 

humidity, aeration and temperature oocyst sporulation occurs in several days (Christensen 

1939; Daugschies and Najdrowski 2005; Ruiz et al. 2006).  

1.3.2. Control of Eimeria spp. coccidiosis 

The prevalence of Eimeria spp. in ruminants is generally high, entailing significant 

economic losses caused mainly by decreased meat or milk production, costs of treatments, 

prophylaxis and metaphylaxis, and even death of heavily infected animals. Thus, an effective 

control of the disease is essential to avoid clinical coccidiosis in the farms, especially in those 

with histories of high morbidity and mortality in young animals (Ruiz et al. 2006). Nowadays, 

control of coccidiosis is based on the improvement of management practices combined with 

treatments of infected animals and chemoprophylaxis/metaphylaxis applying specific 

anticoccidial drugs (Ruiz et al. 2014).  

In order to reduce the risk of eimeriosis outbreaks, adequate management measures should 

be considered. Husbandries with insufficient hygiene bear a higher risk of disease due to high 

environmental contamination with oocysts. Secondly, high values of humidity and high 
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concentrations of ammonia and carbon dioxide, lead to a higher rate of sporulation of shed 

oocysts, increasing the availability of infective stages. Consequently, only mild subclinical 

coccidiosis was observed in ruminant herds with good hygienic status (Lima 2004; 

Daugschies and Najdrowski 2005; Smith and Sherman 2009). Improved hygiene practices in 

turn will decrease the ingestion of sporulated oocysts. Therefore, reducing the number of 

animals per group and keeping feeders and water sources free of faeces contamination will 

increase the health status of the herd (Lima 2004; Smith and Sherman 2009). Furthermore, 

oocysts are quite resistant to environmental degradation and are even more resistant when 

being sporulated (Smith and Sherman 2009), but can be degraded by desiccation, sunlight, 

heat and some disinfectants (e. g. disinfectants with high concentrations of sodium 

hypochlorite or cresol) (Lima 2004). However, given that oocysts are generally covered by 

faecal material, they may not generally be killed by these compounds, and persist infective for 

long periods (up to 4.5 years at 4°C; C. Hermosilla, personal communication), even on 

pastures, in stables and during the winter season.  

Commonly, kids are always kept on the same pastures year after year, which may increase 

the risk of caprine coccidiosis due to high infection pressure of naïve animals. Hence, pastures 

should be kept drained to avoid accumulation of water, which provides humidity conditions 

for oocyst sporulation and thus perpetuation of infective sporulated oocysts where animals 

graze (Daugschies and Najdrowski 2005). 

The treatment of infected animals is inevitable in coccidiosis outbreaks and the first 

control measure to be implemented should be the isolation of diarrhoeic animals from the 

group to stop environmental contamination. Supportive care during coccidiosis therapy 

should be taken into account in order to re-establish homeostasis, and to correct dehydration 

and electrolyte imbalances. Additionally, broad-spectrum antibiotics are indicated to prevent 

secondary bacterial infections and septicaemia owing to parasite-induced disruption of the 
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intestinal mucosal barrier (Smith and Sherman 2009). For the last years, specific anticoccidial 

compounds have been used in coccidiosis outbreaks and most of them delivered satisfactory 

results when administrated in the early phase of the disease. Many anticoccidial drugs mainly 

target gamonts (Daugschies and Najdrowski 2005). However, in active clinical coccidiosis, 

application of these drugs are of limited value since they are coccidiostats which slow down 

but do not entirely interrupt coccidial replication (Smith and Sherman 2009). Still, 

administration of these compounds hampers gamogony and formation of new oocysts and is 

therefore of benefit for heavily infected animals. 

Chemo-prophylactic and -metaphylactic programs are more effective tools to prevent 

coccidiosis outbreaks than therapeutic approaches (Daugschies and Najdrowski 2005; Iqbal et 

al. 2013). Sulphonamides, which interfere with asexual replication, are frequently applied 

(Daugschies and Najdrowski 2005) and represent the oldest coccidiostatic drugs. However, 

parasite resistance to these compounds have been reported worldwide (Smith and Sherman 

2009). In contrast to sulphonamides, benzene acetonitrile compounds (e. g. toltrazuril and 

diclazuril) act against all endogenous parasitic generations (merogonies and gamogony) and 

therefore became particularly useful in the metaphylaxis of ruminant coccidiosis when all 

animals of a group were treated (Daugschies and Najdrowski 2005; Ruiz et al. 2012).  

Single doses of toltrazuril and diclazuril have been described effective in the control of 

clinical disease and oocysts excretion (Daugschies and Najdrowski 2005; Ruiz et al. 2012).  

In contrast, decoquinate, which acts against sporozoites and trophozoites, must be 

administrated continuously as in-feed medication for effective treatments (Daugschies and 

Najdrowski 2005). The coccidiostatic compound amprolium, a thiamine antagonist acting 

upon the first generation meronts, inhibits merozoites differentiation (Daugschies and 

Najdrowski 2005; Smith and Sherman 2009) and may also suppress the sexual stages and 

sporulation of the oocysts. Young et al. (2011) recently confirmed the efficacy of amprolium 
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for treatment of pathogenic Eimeria species in goat kids by using high doses. Additional 

drugs with known efficacies against coccidia are monensin, lasalocid, salinomycin and other 

ionophores, which are all widely used in poultry, cattle, sheep and goat industries. They affect 

the cation transport through the parasite cell membrane, but they are potentially toxic to the 

ruminant host if being overdosed (Smith and Sherman 2009; Witcombe and Smith 2014). 

Many anticoccidial drugs are no longer as effective as they were when were first 

introduced into the market owing to drug resistance (Chapman et al. 2013). Currently, the use 

of anticoccidial drugs as feed additives is widely used for coccidiosis control. Extensive use 

of these drugs has caused the development of drug-resistant Eimeria species worldwide.  

Due to the genomic plasticity of coccidia, resistant species are able to multiply and survive in 

the presence of a drug that would normally abolish or prevent replication of the same non-

resistant species (McDonald and Shirley 2009; Coppens 2013; Ruiz et al. 2014; Witcombe 

and Smith 2014). Moreover, some Apicomplexa-specific drug treatments present poor overall 

potency, activity which is restrict to particular parasitic stages and unwanted side effects  

(Coppens 2013). Lately, recent and growing public demand for residue-free livestock 

products has encouraged new research lines. Owing to drug resistance phenomena and the 

lack of new drugs on the market, research activities focused on the development of vaccines 

and plant-derived, ecologically friendly compounds acting against coccidia (Chapman et al. 

2013; Coppens 2013; Iqbal et al. 2013; Witcombe and Smith 2014). However, the search for 

new drug targets is an ongoing process and mainly concerns parasite auxotrophic metabolic 

pathways. Coppens (2013) described apicomplexan parasites to contain unique, non-

mammalian enzymatic systems for the biosynthesis of specific lipids, which become valid 

drug targets in the future.  

Different vaccines against Eimeria spp. have been used in the past, such as live attenuated 

vaccines, parasites lysates, total antigens or antigen fractions from killed parasites or subunit 
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vaccines (Jenkins 2001; Monney and Hemphill 2014; Ruiz et al. 2014; Witcombe and Smith 

2014). Immunoprophylaxis mainly has been applied in poultry industry and to date 

commercial Eimeria vaccines are only available for poultry coccidiosis (McDonald and 

Shirley 2009). Concerning goat eimeriosis, Ruiz et al. (2014) have recently shown protective 

effects when using live attenuated oocysts of E. ninakohlyakimovae for challenge infections 

of goat kids, thus preventing clinical coccidiosis manifestations. In this trial Ruiz et al. (2014) 

have clearly demonstrated the usefulness of gamma-irradiated oocysts, which conferred 

cellular immune protection whilst inducing low pathogenicity. In general, Eimeria spp. 

infections induce strong species-specific protective immune responses, which reduce the 

clinical signs of coccidiosis. Hence, the isolation of a new pathogenic caprine Eimeria species 

would add to the currently available vaccine portfolio against caprine coccidiosis. In this 

context, with the present work we were able to isolate for the first time in Europe a new  

E. arloingi (strain A) from Alentejo, Portugal (see Chapter 3). Investigations on the efficacy 

of this new isolate in immunization protocols for goat kids, both as single species and a multi-

species approach (in combination with E. ninakohlyakimovae), will constitute a future project. 

The public interest in the development of alternative and environmentally-friendly 

anticoccidial agents for coccidia control has been growing in the last years. The efficacy of 

different plant compounds against coccidia have been investigated by Kommuru et al. (2014), 

who observed less signs of coccidiosis in infected goats fed with pelleted sericea lespedeza 

(Lespedeza cuneata) when compared to control groups. Thus, this treatment led to a more 

than 90 % reduction of oocyst shedding. Given that goats preferably engorge this kind of 

plants while grazing may deliver a self-medication on the level of prophylaxis or even 

therapeutic or prophylactic. The same behaviour has been shown in primates parasitized with 

gastro-intestinal nematodes (Hoste et al. 2008; Amit et al. 2013). 
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1.4. Caprine coccidiosis 

Caprine coccidiosis is a ubiquitous and frequent clinical and subclinical disease affecting 

the profitability of goat industry worldwide (Norton 1986; O'Callaghan 1989; Agyei et al. 

2004; Hashemnia et al. 2014). Coccidiosis might affect up to 100% of 4-10 weeks old goat 

kids (Mehlhorn and Armstrong 2001), depending on the type of management, immune status 

of animals, and climate conditions (Ruiz et al. 2006). Therefore, significant economic losses 

are implied, mostly due to high mortality rates that may concern > 50% of the kids (Jalila et 

al. 1998; Smith and Sherman 2009). This condition could be prevented with a correct 

diagnosis of involved Eimeria species and prophylactic control measures. Diagnosis should 

not only rely on epidemiological and clinical factors, since moderate infections or infections 

with non-pathogenic species may induce subclinical coccidiosis or transient  

non-haemorrhagic diarrhoea usually being attributed to other pathogens, but should be proven 

by laboratory investigations (Daugschies and Najdrowski 2005; Silva et al. 2013). Between 

one week and one month of age, other pathogens than Eimeria spp. can cause abdominal pain 

and acute diarrhoea episodes in kids such as cryptosporidiosis, colibacillosis, enterotoxaemia, 

salmonellosis, viral enteritis and dietary diarrhoea, and consequently, they must also be 

considered as potential ethiologic agents (Smith and Sherman 2009). In cases of massive 

Eimeria infections, clinical signs occur in the prepatent period hampering oocyst detection in 

faecal samples. Consequently, diagnosis would only be possible by detection of Eimeria 

endogenous stages in intestinal tissues of necropsied recently deceased animals or in 

fragments of intestinal mucosa free of faeces (Lima 2004). Nowadays, the classical 

copromicroscopy is still the most widely employed technique for the detection of parasitic 

stages, regardless of the availability of other molecular, biochemical or immunological 

diagnostic approaches which usually bear rather high costs which still make them unavailable 
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in routine practice (Cringoli et al. 2010; Vadlejch et al. 2011; Silva et al. 2013). Besides 

clinical observations and the analysis of the epidemiologic status of the goat herds, the 

quantification of oocyst shedding is helpful for proper treatments, especially in young kids 

(Ruiz et al. 2012; Iqbal et al. 2013). However, the number of oocysts shed by animal is not 

strictly related to the severity of clinical disease since in cases of infections with pathogenic 

species many oocysts may be trapped within tissue and fibrin thereby reducing oocyst 

shedding (Daugschies and Najdrowski 2005). Thus, the number of shed oocysts by animal is 

not strictly related to the severity of clinical disease. Overall, routine diagnostics on faecal 

samples is recommended including the determination of the species being involved in 

respective samples. Given that oocyst shedding may be discontinuous, e. g. peaking in 

stressful conditions, the continuous control of oocyst shedding within the herd is 

recommended The morphologic differentiation of sporulated caprine Eimeria spp. oocysts is 

based on their shape and size, the presence or absence of a micropyle and polar cap, and the 

colour and thickness of the oocyst walls (Levine 1985; Eckert 1995). 

Due to the lack of available data concerning caprine coccidiosis in Portugal, the first aim 

of this work was to epidemiologically characterize caprine Eimeria spp. infections in the 

province of Alentejo (see Chapter 2). 

At least 18 different Eimeria species have been described to infect goats worldwide  

(Soe and Pomroy 1992; Smith and Sherman 2009). Eimeria arloingi (Marotel 1905),  

E. ninakohlyakimovae (Yakimoff and Rastegaieff 1930) and also E. christenseni (Lima 1980) 

are considered as the most pathogenic ones (Sayin et al. 1980; Levine 1985; Yvoré et al. 

1985) due to their massive replication capacity within the first merogony in host endothelial 

cells and to the large-scaled erosion of the affected intestinal mucosa (Soe and Pomroy 1992; 

Ruiz et al. 2006; Taylor et al. 2007). Eimeria arloingi and E. ninakohlyakimovae were 

reported as the most frequent species present in caprine flocks from several countries 
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(Balicka-Ramisz 1999; Ruiz et al. 2006; Balicka-Ramisz et al. 2012; Silva et al. 2013; 

Kheirandish et al. 2014), which might indicate a well-adapted host endothelial cell-parasite 

interaction within their definitive hosts. Common clinical manifestations of infections with 

these species include severe haemorrhagic diarrhoea, weight losses, dehydration and poor 

growth rates (Koudela and Bokova 1998; Ruiz et al. 2013). Even sudden death in heavily 

infected goat kids has been reported (Balicka-Ramisz et al. 2012; Rakhshandehroo et al. 

2013; Silva et al. 2014b). Other commonly detected caprine species are E. alijevi (Musaev 

1970), E. hirci (Lima 1980), E. caprina (Lima 1979), E. caprovina (Lima 1980) and  

E. jolchijevi (Lima 1980). All these species develop in epithelial cells of the small and large 

intestine (Taylor et al. 2007). In general these species are considered non or mild pathogenic; 

however, they are still reported as responsible for subclinical caprine coccidiosis (Taylor et al. 

2007). 

1.4.1. Eimeria arloingi: peculiarities of its life cycle and pathogenesis 

Considering all Eimeria species identified in goats so far, E. arloingi is reported as one of 

the most pathogenic species. Given that this species is regularly identified as the most 

frequent one in previous caprine coccidiosis reports, it is of major concern in many countries 

(Chartier and Paraud 2012; Hashemnia et al. 2012; Silva et al. 2013; Silva et al. 2014b). 

Marotel originally described E. arloingi in 1905 as Coccidium arloingi and for many years it 

was accepted that E. arloingi infected both, sheep and goats (Hashemnia et al. 2012). 

Nonetheless, attempts to transfer the morphologically indistinguishable Eimeria species,  

E. arloingi and E. ovina, to different hosts revealed that they were two different species and 

as other Eimeria spp. behaved strictly species-specific (Sayin et al. 1980). 
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Life cycle of E. arloingi comprises the formation of two generations of meronts (Fig. 2). 

After ingestion of sporulated oocyst, excystation of sporozoites in gut lumen and migration of 

sporozoites through epithelial cells, first merogony occurs in the host endothelial cells of the 

lacteals of the villi of duodenum, jejunum and ileum, but also in the endothelial cells of the 

sinuses of mesenteric lymph nodes draining these regions. First-generation macromeronts can 

reach sizes of up to 240 µm, develop within 12-14 days and may release > 120.000 

merozoites I, each (Taylor et al. 2007; Hashemnia et al. 2012). Smaller second-generation 

meronts develop in epithelial cells of the villi and the crypts of the lower jejunum (Taylor et 

al. 2007), within 12 days and release 8-24 merozoites II (Sayin et al. 1980; Hashemnia et al. 

2012). Merozoites II differentiate into sexual macro- (female) and micro- (male) gametocytes 

within host epithelial cells and, after gamogony, new oocysts are shed into the environment 

(for illustration see Fig. 2). 

Hashemnia et al. (2012) recently reported on morphopathological aspects of E. arloingi 

experimental infections. The authors denoted a correlation between infection dose and the 

onset and severity of clinical signs being presented by mild to severe degrees of depression, 

dehydration, paleness of conjunctiva and semi-liquid to liquid diarrhoea. Following 

experimental caprine E. arloingi infections, a thickening of the mucosa and the presence of 

large non-pedunculated to polyp-like whitish nodules reaching the size of 3-5 mm within the 

jejunum and ileum were reported at necropsy (Hashemnia et al. 2012; Silva et al. 2014b). 

Moreover, mucosal leukocyte infiltration mainly by lymphocytes, eosinophils, 

polymorphonuclear neutrophils (PMN) and macrophages has been described (see Chapter 2). 

Since first merogony of E. arloingi occurs within highly immunoreactive host endothelial 

cells (Ruiz et al. 2010), the aim of this work was to establish a suitable in vitro system by 

using primary endothelial host cells to be as close as possible to the in vivo situation. Further 

on, we aimed to study in detail the development of pathogenic stages and their host cell 
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modulation (see Chapter 3). Additionally, the species-specificity of the host immune response 

against Eimeria and even species variation factors (e. g. strains) (Rose 1987) justify the 

isolation of a new pathogenic species occurring endemically in Portuguese goats and in other 

European countries (see Chapter 2) (Silva et al. 2013; Silva et al. 2014b). 

 

 

FIG. 2. Life cycle of Eimeria arloingi 

Infected animals shed unsporulated oocysts (A), which undergo sporogony in the environment. 

Infective stages (B, sporulated oocysts) remain on the pasture until ingestion by goats (primary or 

challenge infection). During the excystation process in the gut lumen, oocysts release eight 

sporozoites, each. Freshly released sporozoites must traverse the epithelium and invade endothelial 

cells of the lacteals of the villi of duodenum, jejunum and ileum, or, less commonly, endothelial cells 

of the sinuses of mesenteric lymph nodes draining these regions. First merogony results in 

macromeronts (C), which may release more than 120.000 merozoites I. Free-released merozoites I 

then must invade epithelial cells of the duodenum, jejunum or ileum and develop into small second-
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generation meronts (second merogony). Differentiation of second-generation merozoites into macro- 

or microgametocytes is designated gamogony (D) and takes place in epithelial cells (duodenum, 

jejunum, ileum). The life cycle is completed when unsporulated oocysts are shed into the environment. 

1.5. Host cell-parasite interactions 

In biology, parasitism is defined as relation between an organism (parasite) that grows, 

multiplies, feeds and shelters on or in a different organism (host) while contributing minimal 

to nothing to the survival of its host, thereby causing morbidity or mortality (Todar 2006).  

As obligatory intracellular organisms, intracellular stages of all apicomplexan parasites cause 

the pathogenicity of the infection. Therefore, in vitro systems have been used for many years 

in order to investigate in detail complex host-parasite interactions and in many cases have 

entirely replaced the requirement of experimental animals (Muller and Hemphill 2013). 

Especially concerns on animal welfare, animal protection laws and the public´s interest in 

science impelled the development of in vitro culture systems, which were recognized as 

powerful and useful tools in a large number of research fields. Some examples of what have 

been accomplished with suitable in vitro culture systems have been reviewed by Muller and 

Hemphill (2013) and are here enumerated: knowledge of basic biology of parasites –  

T. annulata (Li et al. 2014); host-parasite interactions – E. tenella (Tierney et al. 2007); 

development of tools for diagnostic proposes – B. besnoiti (Cortes et al. 2006); factors 

involved in innate resistance – T. gondii (Cavailles et al. 2006); vaccines candidates and drug 

effectiveness – B. bovis (Salama et al. 2013), and identification of chemotherapic compounds 

– B. besnoiti (Cortes et al. 2011). 

The host immune system governs host-parasite interactions to a great extent. Mainly, it is 

responsible for protection of the organism against infectious agents, including bacteria, 

viruses, fungi and parasites. However, pathogens possess a great variety of host evasion 
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mechanisms that facilitate their development by directly interact with host defence tools. 

Some parasites are capable of producing endonucleases and DNases which allow them to free 

themselves from extracellular traps (ETs) produced by activated polymorphonuclear 

neutrophils (PMN) during host innate immune responses (Riyapa et al. 2012; Seper et al. 

2013; Guimaraes-Costa et al. 2014), or, like in the case of E. papillata infections in mice, 

parasites can induce clear goblet cell hypoplasia and depletion of mucus secretion to gain 

better access to epithelial cells (Dkhil et al. 2013). Furthermore, Eimeria spp. modulate a 

series of host cell-derived processes in order to complete their intracellular life cycle, such as 

the host cell cycle (Taubert et al. 2010), host cell structure – e. g. by the modulation of the 

cytoskeleton (Hermosilla et al. 2008), inhibition of apoptosis (Lang et al. 2009), immune 

responses or even host cell metabolism (Hermosilla et al. 2008; Taubert et al. 2010), all to 

achieve completion of their own life cycle. Particularly in the case of early host innate 

immune reactions against apicomplexan, the development of a suitable in vitro culture system 

allows detailed analyses of complex host endothelial cell-Eimeria interactions as previously 

reported for E. bovis (Hermosilla et al. 2006; Taubert et al. 2008; Taubert et al. 2010; 

Hermosilla et al. 2012). 

1.5.1. Host immune reactions against Eimeria 

The immune system can be academically divided in two main sections: the innate or non-

specific immune system and the adaptive or specific immune system. The adaptive immune 

system is highly specific for particular pathogens and it is either triggered when innate 

immune responses fail to eliminate the pathogen or when reactions of the innate immune 

system initiate the transition to adaptive immune response. The adaptive immune response 

can confer long-lasting protection, in contrast to the innate immune system which is known to 
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act immediately upon exposure and thereby represents the first line of defence (Alberts et al. 

2002). In coccidiosis, respective parasite species reveal a high host- and site-specificity, 

which is assumed to result from genetically determined parasite factors in combination with 

specific host immune responses (Rose 1987; Witcombe and Smith 2014). Induction of strong 

species-specific protective immune response, which prevents clinical disease, is generally 

induced by homologous challenge infections (Ruiz et al. 2014) and relies on acquired 

immunological memory actions provided by the cellular adaptive immune system. This 

process is the basis of successful vaccination used for coccidiosis control in chickens (Long et 

al. 1982; Zhang et al. 2014). Nonetheless, further research focused on other host species to be 

protected from coccidiosis, such as turkeys (Poplstein and Vrba 2011), bovines (Svensson et 

al. 1996) and goats (Ruiz et al. 2014). 

a) Host innate immune responses 

In contrast to the cellular adaptive immune response (Rose and Hesketh 1979; Rose et al. 

1992; Hermosilla et al. 1999; Shi et al. 2001), relatively little is known on host innate immune 

reactions against Eimeria infections in ruminants, even though the host innate immune system 

is considered to be an evolutionarily older system than the adaptive one and acts as the  

first-line of defence (Alberts et al. 2002; Tschopp et al. 2003). Physical barriers of mucosa, 

epithelial cells, endothelial cells and leukocytes form part of the host innate immune system. 

Skin and other epithelial surfaces, such as the lining of lungs and gut, establish the most 

external physical and natural barriers between the organism and invasive pathogens. 

Additionally, specialized epithelial cells (goblet cells) secrete antimicrobial products and  

gel-forming mucins, which are the major component of mucus and contribute to the 

maintenance of the mucosal barrier (Roxstrom-Lindquist et al. 2006). Mucus interfaces act as 
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local defence mechanisms, protect epithelial cells from host digestive enzymes and constitute 

the first barrier between the intestinal epithelium and pathogens (Roxstrom-Lindquist et al. 

2006; Tierney et al. 2007). For instance, the antimicrobial peptides defensin and lactoferrin, 

which cover the epithelial surfaces, inhibit the adhesion of pathogens to epithelium by 

hampering their invasion or by even killing them (Alberts et al. 2002; Roxstrom-Lindquist et 

al. 2006). Likewise, it has been shown that mucin exerts a direct negative effect on the 

attachment of E. tenella to epithelial cells in vitro thereby reducing the number of intracellular 

sporozoites (Tierney et al. 2007). 

Furthermore, endothelium, lining blood and lymphatic vessels, establishes a physical 

barrier between blood and lymph and the adjacent tissues. Besides trophic (modulation of 

metabolic homeostasis), tonic (vascular hemodynamics) and trafficking functions (cell 

extravasation), endothelial cells exhibit important immunoregulatory functions, rendering 

them the first cells to interact with foreign pathogens (Mai et al. 2013). Furthermore, 

endothelial cells are highly immunoreactive cells since they actively participate in both innate 

and adaptive immune responses, demonstrating the crucial interplay between both systems  

(i. e., components of the innate immune system influence the adaptive immune system and 

vice versa). For instance, they synthesize a broad spectrum of immunoregulatory molecules 

such as chemokines which are involved in the recruitment of immune cells by chemotaxis, in 

leukocyte activation, endothelium transmigration and in the regulation of inflammatory 

processes by interactions with growth factors, cytokines, and adhesion molecules (Taubert et 

al. 2006).  

According to the relative position of their cysteine residues, chemokines are classified in 

four different families (CXC, CC, C, and CX3C chemokines). CXC chemokines such as 

chemokine (CXC motif) ligand 1 [(CXCL1, previously growth-related oncogene protein α 

(GRO-α], the CXC-chemokine interleukin-8 (CXCL8, previously IL-8) and CXC motif 
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chemokine 10 [CXCL10, previously interferon gamma-induced protein 10 (IP-10)] 

predominantly attract PMN and lymphocytes, whilst CC chemokines [CC motif ligand 2 

(CCL2), previously monocyte chemotactic protein-1 (MCP-1); CCL5, previously regulation 

upon activation normal T cell expressed and secreted (RANTES)] are more effective in the 

recruitment of other leukocytes and T helper cells rather than PMN (Taubert et al. 2006). 

Additionally, endothelial cells even serve as antigen presenting cells by expressing major 

histocompatibility complex (MHC) I and II molecules, which facilitate the recognition of 

pathogen epitopes by T-cells and expedites their infiltration in tissues (Taubert et al. 2010; 

Mai et al. 2013). 

Endothelial cells are the specific host cells of a number of coccidian parasites in vivo, 

particularly for pathogenic Eimeria species forming macromeronts [e. g. E. bovis (cattle),  

E. arloingi, E. ninakohlyakimovae (goat), E. bakuensis (sheep), E. rajhastani (camels)], and 

as well as for other coccidian species [e. g. T. gondii, N. caninum (Taubert et al. 2006) and  

B. besnoiti (Alvarez-Garcia et al. 2014b)]. 

The development of macromeront by certain Eimeria species is related to their rather 

longer persistence in their host endothelial cell, when compared to faster replicating parasites, 

such as T. gondii, N. canimum or B. besnoiti, and hence, to avoid the stimulation of host 

endothelial cells may, in turn, result in pro-inflammatory host cell reactions. In this work, 

interactions between E. arloingi sporozoites and primary endothelial host cells were studied 

(see Chapter 3). Furthermore, early host innate immune reactions, i. e. parasite-triggered 

neutrophil extracellular trap (NET) formation was investigated and compared to reactions 

being induced by a closely related, but fast replicating apicomplexan parasite, B. besnoiti (see 

Chapter 5)(Muñoz-Caro et al. 2014). 
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The collection and isolation of primary endothelial host cells is a rather difficult, time 

consuming, and expensive process. Therefore, different cell lines have also been tested with 

the purpose of identifying permanent cell lines capable of supporting E. arloingi replication 

(Hermosilla et al. 2002; Tierney et al. 2007; Ruiz et al. 2010). However, the current data show 

that the in vitro infection of endothelial host cells represents a superior model to investigate 

host-parasite interactions (see Chapter 3). 

b) Host innate leukocytes 

Host innate leukocytes are a major component of the innate immune system comprising 

PMN, monocytes, macrophages, dendritic cells, natural killer cells, basophils, mast cells and 

eosinophils. Until recently, the most acknowledged function of PMN, monocytes and 

macrophages was the phagocytosis promoting the internalization of pathogens in cytosolic 

phagosomes and their fusion with intracellular granules forming phagolysosomes. Within 

these intracellular structures, a combination of non-oxidative [antimicrobial peptides  

(AMPs) – e. g. defensins, proteases] and oxidative mechanisms [antimicrobial reactive 

oxygen species (ROS)] act to eliminate pathogens (Hermosilla et al. 2014). Especially, PMN 

as the most abundant leukocyte cell type play an important role in innate immunity and 

predominantly act via the production of immunomodulatory molecules, such as cytokines 

[e.g. IL-6, IL-12, tumour necrosis factor-α (TNF-α)] and chemokines (e. g. CCL2, CXCL1, 

CXCL8, CXCL10), which attract other immunocompetent cells to the site of infection in 

order to start acquired cellular immune responses (Behrendt et al. 2010). 



 

Introduction 

 27 

1.6. Neutrophil extracellular traps 

PMN are fascinating cells able to kill viable pathogens far beyond their lifespan. Ten years 

ago, Brinkmann et al. (2004) revealed a novel effector mechanism, which represents a general 

and ancient mechanism to eliminate invasive pathogens, known as neutrophil extracellular 

trap (NET) formation. NETs are classically composed of extracellular protein-studded DNA 

matrices capable of extracellular trapping and killing of pathogens (Brinkmann et al. 2004). 

The protein mass of NETs accounts for approximately 70% and is mainly composed of core 

histones (H2A, H2B, H3, H4), microbicidal granular enzymes and peptides/proteins 

(Brinkmann et al. 2012) such as bacterial permeability-increasing protein (BPI), 

myeloperoxidase, cathepsin G, lactoferrin, gelatinase, peptido-glycan recognition proteins 

(PGRPs), calprotectin and elastase (Abi Abdallah and Denkers 2012; Hermosilla et al. 2014).  

NET formation (Fig. 3) occurs when (i) PMN become activated by contact with pathogenic 

stages inducing the activation of the NADPH oxidase cascade and the intracellular production 

of ROS. Additionally, PAD4-dependent NET formation has been reported (von Kockritz-

Blickwede and Nizet 2009). Subsequently, (ii) the nuclear envelope degrades and chromatin 

decondensates. Then, (iii) nuclear contents mix with cytoplasmatic granular contents. Finally, 

(iv) the DNA-protein mixture is expelled from the cells by a cytoskeleton-dependent 

shrinkage of the dead PMN (Brinkmann et al. 2004; Hermosilla et al. 2014).  

This novel cell death process, which is distinct from apoptosis and necrosis, is nowadays 

well-known as NETosis. NETosis has been widely associated with extracellular bacteria and 

has been shown to occur in numerous vertebrates and invertebrates including humans, mice, 

cows, horses, cats, dogs, chickens, goats, fish, insects and even crustaceans  

(see Chapters 4 and 6). 
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Previous studies report on NET formation in the presence of other protozoan parasites 

within the subphylum Apicomplexa: P. falciparum (Baker et al. 2008), E. bovis (Behrendt et 

al. 2010) and T. gondii (Abi Abdallah et al. 2012). Since there was clear evidence of E. bovis-

triggered NETosis (Behrendt et al. 2010), the aim of this work was to investigate whether the 

interaction of caprine PMN with E. arloingi stages would also result in caprine NET 

formation (see Chapter 4). 

Eimeria arloingi sporozoites – after having excystated in the intestinal lumen – traverse the 

intestinal mucosa of the small intestine in order to infect lymphatic endothelial cells to fulfil 

their first merogony. During parasite migration, E. arloingi sporozoites are exposed to 

leukocytes, such as PMN, mainly when entering the lymphatic capillaries of the ileum. Given 

that host cell invasion is an indispensable requirement of E. arloingi for successful in vivo 

survival and replication (Silva et al. 2014a), leukocyte-parasite-encounter may represent a 

good opportunity for the host innate immune system to either eliminate or at least reduce the 

degree of infection (Abi Abdallah and Denkers 2012). 

The key role of PMN and other leukocytes, such as monocytes and macrophages, in 

ruminant Eimeria infections has been proven in vitro, ex vivo and in vivo experiments 

(Behrendt et al. 2008; Suhwold et al. 2010; Taubert et al. 2010). In line with these findings, 

other authors have described the crucial role of PMN during rodent coccidiosis. Thus, PMN-

depleted SCID mice showed severe coccidiosis due to primary E. papillata infections when 

compared to wild type mice. (Schito and Barta 1997). Others have described a significant 

reduction of the in vitro infection rate of PMN-exposed E. bovis sporozoites, which may have 

a tremendous impact on subsequent apicomplexan parasite proliferation (see Chapter 

5)(Muñoz-Caro et al. 2014). 
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FIG. 3. Mechanisms of parasite-triggered neutrophil extracellular traps (NETs) release 

PMN become activated by the contact with different apicomplexan parasite stages, such as 

trophozoites of Plasmodium falciparum, sporozoites of Eimeria bovis, E. arloingi or  

E. ninakohlyakimovae, tachyzoites of Toxoplasma gondii or Besnoitia besnoiti. Stimulation of PMN 

results in the activation of NADPH oxidase, the intracellular production of reactive oxygen species 

(ROS) and PAD and Raf-MEK-ERK pathway activation. ROS molecules are required for the novel 

cell death pathway of NETosis, which is mainly characterized by the degradation of the nuclear 

membrane envelope and granule membranes, chromatin decondensation and the mixing of nuclear 

contents with cytoplasmic granular contents. As a final step, nuclear and granular components are 

extruded by a cytoskeleton-dependent shrinkage of the dead PMN. Released NET structures being 

decorated with antimicrobial peptides, histones and proteases, have the capability to entrap, kill or 

immobilize the different parasite stages, whilst also initiating pro-immunoinflammatory innate 

immune reactions to recruit more leucocytes to the site of infection (adapted from Hermosilla et al. 

2014). 
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Recently, other innate immune leukocytes have also been described to release extracellular 

traps (ETs) and, consequently, this process was re-named as ETosis (Muniz et al. 2013).  

ETs are released by basophils containing mitochondrial DNA instead of nuclear DNA 

(Morshed et al. 2014), by macrophages (Bonne-Annee et al. 2014), mast cells (von Kockritz-

Blickwede and Nizet 2009) and eosinophils (Yousefi et al. 2008). Moreover, monocytes can 

also strongly extrude ETs as shown for the exposure to B. besnoiti tachyzoites and E. bovis 

sporozoites (Muñoz Caro et al., accepted manuscript) and E. arloingi and  

E. ninakohlyakimovae sporozoites (L. Silva, personal observation). 
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2. EIMERIA INFECTION IN GOATS IN 

SOUTHERN PORTUGAL 

 

 

This chapter is based on the following published paper: 

 

 

 

Silva LMR, Vila-Viçosa MJ, Nunes T, Taubert A, Hermosilla C, Cortes HCE (2014) Eimeria 

infections in goats in Southern Portugal. Rev Bras Parasitol Vet 23(2):280-6.  

doi: http://dx.doi.org/10.1590/S1984-29612014051 
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3. SUITABLE IN VITRO EIMERIA ARLOINGI 

MACROMERONT FORMATION IN  

HOST ENDOTHELIAL CELLS AND 

MODULATION OF ADHESION 

MOLECULE, CYTOKINE AND 

CHEMOKINE GENE TRANSCRIPTION 

 

This chapter is based on the following published paper: 

 

Silva LMR, Vila-Viçosa MJ, Cortes HCE, Taubert A, Hermosilla C (2014) Suitable in vitro 

Eimeria arloingi macromeront formation in host endothelial cells and modulation of 

adhesion molecule, cytokine and chemokine gene transcription. Parasitol. Res. DOI 

10.1007/s00436-014-4166-4 
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4. THE APICOMPLEXAN PARASITE 

EIMERIA ARLOINGI INDUCES CAPRINE 

NEUTROPHIL EXTRACELLULAR TRAPS 

 

 

This chapter is based on the following published paper: 

 

 

 

Silva LMR, Muñoz Caro T, Gerstberger R, Vila-Viçosa MJ, Cortes HC, Hermosilla C, 

Taubert A. The apicomplexan parasite Eimeria arloingi induces caprine neutrophil 

extracellular traps. Parasitol Res 113(8):2797-807. doi:10.1007/s00436-014-3939-0 
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5. NEUTROPHIL EXTRACELLULAR TRAPS 

AS INNATE IMMUNE REACTION 

AGAINST THE EMERGING 

APICOMPLEXAN PARASITE  

BESNOITIA BESNOITI 

This chapter is based in the following published paper: 

 

 

 

Muñoz Caro T, Hermosilla C, Silva LMR, Cortes H, Taubert A. Neutrophil extracellular 

traps as innate immune reaction against the emerging apicomplexan parasite Besnoitia 

besnoiti. PLoS One. 2014 Mar 11;9(3):e91415. doi:10.1371/journal.pone.0091415 
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6. THE INTRIGUING HOST INNATE 

RESPONSE: NOVEL ANTI-PARASITIC 

DEFENCE BY NEUTROPHIL 

EXTRACELLULAR TRAPS 

 

 

This chapter is based in the following published paper: 

 

 

 

Hermosilla C, Muñoz-Caro T, Silva LMR, Ruiz A, Taubert A (2014). The intriguing host 

innate immune response: novel anti-parasitic defence by neutrophil extracellular traps. 

Parasitology 141(11):1489-98. doi:10.1017/S0031182014000316 
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7. DISCUSSION AND OUTLOOK 

 

 

The vast biodiversity of apicomplexan parasites and their impact in human and livestock 

health provide enough incentive motives for a long-term investment in parasitology research, 

as nowadays we do not have appropriate solutions for all of these parasitic diseases. As such, 

coccidiosis caused by parasites of the genus Eimeria is still one of the most widespread and 

ubiquitous infections of livestock reared under different production systems, especially in 

ruminants, poultry, and rabbits (Foreyt 1990; Lima 2004; Daugschies and Najdrowski 2005; 

Chapman 2014; Nosal et al. 2014; Witcombe and Smith 2014). 

Particularly in goats, high prevalences of Eimeria spp.-infections have been reported 

worldwide. Regardless of climatic conditions or type of management, coccidiosis is a 

considerable problem, inclusively in semi-arid regions such as the ones observed in Alentejo, 

Portugal (de la Fuente and Alunda 1992; Ruiz et al. 2006; Silva et al. 2013; Silva et al. 

2014b). In principle, even under adverse climatic conditions, such as desiccation, direct 

sunlight or extreme high temperatures, certain Eimeria oocysts (e. g. E. cameli,  

E. dromedarii, E. bactriani) remain infectious for long periods of time showing their 

exceptional resistant properties (Faizal and Rajapakse 2001; Ruiz et al. 2006; Sazmand et al. 

2012). The Eimeria-oocyst wall, a robust structure resistant to a variety of environmental and 

chemical agents, grants this property (Mai et al. 2009). Oocyst wall formation occurs within 

Eimeria-infected host cells, by conjugating a variable number of membranes depending on 

Eimeria species to be considered. Thus, two (E. arloingi), three (E. acervulina), four  
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(E. maxima), or even up to five membranes (E. perforans) have been described to form oocyst 

walls (Mai et al. 2009). In the case of E. arloingi, the oocyst wall has two distinct membrane 

layers, the outer electron-dense layer [formed by fusion of wall forming bodies 1 (WFB1)] 

and the inner electron-lucent layer (formed by the fusion of WFB2), thus providing a 

protective survival barrier for adverse climatic condition or chemical agents (Razavi et al. 

2014). Consequently, resilience of caprine Eimeria-oocysts facilitates continuous infection of 

hosts and perpetuation of coccidiosis in goat herds allocated in semi-arid regions, as seen in 

Alentejo, Portugal.  

In total, nine different caprine Eimeria species were identified in Alentejo (Silva et al. 

2014b), in agreement to other reports with similar geographical areas (Penzhorn et al. 1994; 

Agyei et al. 2004; Ruiz et al. 2006). Our survey constitutes the first published epidemiological 

study in this region and, evidently, contributes to clarify the presence of pathogenic and non-

pathogenic species responsible for caprine coccidiosis. The pathogenic species E. arloingi and 

E. ninakohlyakimovae (Levine 1985; Chartier and Paraud 2012) were the most predominant 

species identified (Silva et al. 2014b). These results were expected due to the severity of 

clinical signs and death of young animals witnessed by veterinarians and goat producers in 

Alentejo. Additionally, E. christenseni, also a pathogenic species, was more predominant 

among young animals than dairy goats, as previously confirmed by high prevalences in kids 

with less than six months of age (Jalila et al. 1998; Lima 2004; Hassum and Menezes Rde 

2005). Nevertheless, variations in prevalence of E. christenseni registered in adults and young 

animals, previously reported in diverse epidemiological studies, have been attributed to 

differences in geographical conditions (Chartier and Paraud 2012). Non-pathogenic species 

were also identified in this epidemiological survey such as E. alijevi, E. hirci, E. jolchijevi,  

E. aspheronica, E. caprina and E. caprovina (Silva et al. 2014b). Even if these species are 

considered non-pathogenic, their multiplication in epithelial host cells causes disturbances in 



 

Discussion and Outlook 

 87 

homeostasis, and consequent economic losses due to low performance of Eimeria-infected 

animals. 

Young animals are more susceptible than adults during coccidiosis outbreaks, and the 

impact on young animals’ health is usually higher than in older animals. Higher OPG counts 

observed in our survey corroborated findings of previous age-related studies on caprine 

coccidiosis (Penzhorn et al. 1994; Koudela and Bokova 1998), where mainly goat kids were 

more frequently affected by Eimeria-infections. Adult goats exposed to primary Eimeria-

infections develop a species-specific protective cellular immunity, resulting in lower intensity 

of infection and lower OPG during homologous challenge infections, when comparing to 

naïve kids (Taylor and Catchpole 1994). At this point, an enzootic stability between host and 

parasite can be achieved, leading to non-clinical manifestations among adult goats and even 

among some previously exposed young animals to low Eimeria-infection doses. In the case of 

Serpentina goats, which were the only Portuguese breed to be included in our survey,  

E. arloingi and E. ninakohlyakimovae-infected animals, although showing particularly high 

OPG values, displayed no clinical signs of coccidiosis, such as severe diarrhoea, dirty 

posteriors or dehydration. Probably the well-developed Serpentina cellular adaptive immune 

response against these two caprine Eimeria spp. could be the plausible reason for this 

phenomenon. Nonetheless, the natural innate immune system of this Portuguese goat breed 

compared to others should also be taken into account; but obviously further research on early 

host innate immune reactions against these species should be conducted to confirm this 

hypothesis (Silva et al. 2014b). 

Clinical coccidiosis outcome is mostly determined by the pathogenicity of the species, 

even sometimes by the strain of Eimeria spp., the infection dose, and the site of replication of 

the parasite (Rose 1987). Consistently, most pathogenic species in goats, namely E. arloingi 

and E. ninakohlyakimovae, must traverse the intestinal epithelium to invade deeper located 
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host endothelial cells of the central lymph capillaries of the intestinal villi. Moreover, the first 

merogony of ruminant pathogenic Eimeria species results in huge macromeronts (up to  

240 µm in size) and the release of > 120.000 merozoites I (Ruiz et al., 2010; Hermosilla et al., 

2012). This intracellular massive replication requires not only a prolonged replication time but 

also an efficient host cell modulation [e. g. modulation of host cell cytoskeleton (Hermosilla 

et al. 2008), modulation of host cell apoptosis (Lang et al. 2009), modulation of host 

endothelial cell immune reactions (See Chapter 3), and also host cell metabolism to gain 

access to nutrients (Hermosilla et al. 2008; Taubert et al. 2010)]. 

In mono E. arloingi-infections, the presence of large non-pedunculated to polyp-like 

whitish nodules, reaching the size of 3-5 mm, within the jejunum and ileum mucosa are 

related to the site of the parasite’s massive replication (Hashemnia et al. 2012; Silva et al. 

2014b). Accordingly, the pathological findings in intestinal samples from a deceased two-

month-old goat kid clearly indicated a natural occurring E. arloingi mono-infection as prime 

cause of death (Silva et al. 2014b), and thus confirming its high pathogenicity especially in 

young animals (Yvoré et al. 1985; Koudela and Bokova 1998). 

Caprine coccidiosis results from complex host-parasite interactions, influenced by a variety 

of factors which can later on determine the severity of the disease (Hashemnia et al. 2014) 

including age, parasite species, stress, genetic susceptibility, physical condition and 

immunologic state of the host (Ruiz et al. 2006). Stress caused to animals during their lives is 

an important risk factor associated with coccidiosis outbreaks in ruminants. The weaning 

period, transport, frequent re-grouping, inadequate feeding, peripartum period, or even 

concomitant infections might result in higher risk of coccidiosis (Faber et al. 2002; Lima 

2004; Daugschies and Najdrowski 2005). Consequently, early recognition of risk factors, 

identification of Eimeria species to be found in goat herds as well as continuous assessment of 
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OPG throughout the animal production life are crucial in the efficient control of caprine 

coccidiosis. 

Regarding the impact of peripartum stress on OPG counts, a follow up of Eimeria-oocysts 

excretions was conducted in two goat farms in Alentejo, one week before and until three 

months after kidding, on a weekly base (Silva et al. 2012). Examined kids (n = 14) and dairy 

goats (n = 12) presented concomitant infections with 2 to 7 different species. Again Eimeria 

arloingi, E. ninakohlyakimovae and E. alijevi were the most frequently identified species in 

both groups. Interestingly, the goat herd set in a more humid environment presented always 

higher OPG counts in all investigated animals when compared to the herd with more 

insolation and drier premises, thus confirming the importance of adequate humidity levels for 

oocyst sporulation and further maintenance of infective stages (sporulated oocysts) in the 

environment. After parturition, there was a weekly decrease in the number of shed oocysts in 

dairy goats, but no significant differences were registered when comparing consecutive 

weeks, revealing a rather slow decrease of oocysts shedding (Silva et al. 2012). Meanwhile, 

kids started to shed oocysts from the second or third week of age onwards, mainly due to 

acquired infection in their first days of life. Commonly, ingestion of sporulated oocysts occurs 

while suckling on contaminated udders of their mothers or by ingestion of contaminated soil 

and other food materials (Silva et al. 2011). Kids OPG counts revealed an interesting pattern 

with a peak of oocysts shedding every 2 to 3 weeks. Silva et al. (2011) reported a peak of 

OPG in lambs at 6 weeks of age, probably associated with the introduction of lambs into 

pasture and the beginning of grazing season. In our survey, goat kids from both herds 

remained in isolated premises, where gazing was not possible. However, kids became more 

active and curious, so accidental ingestion of sporulated oocysts could have easily occurred 

while exploring surroundings. The biphasic pattern of oocysts excretion can also be related to 

different pre-patent periods of Eimeria spp. found in this study or even related to the presence 

of so called ‘hypnozoites’/’dormozoites’, previously described for some ruminant Eimeria 
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(Speer et al. 1985). In vivo, these ‘hynozoites/dormozoites’ might remain intracellularly 

inactive until more favourable conditions are found for further macromeront development and 

production of merozoites I (Markus 2011). 

In both caprine coccidiosis epidemiology studies, kids were the most important source of 

environmental contamination since they always showed higher OPG values when compared 

to older animals (Silva et al. 2012; Silva et al. 2014b). Therefore, goat kids born later on 

during the kidding season may present higher risk of clinical coccidiosis, due to a more 

contaminated environment, if no appropriate management is considered. Only two goat herds 

in this survey had running metaphylactic programs against caprine coccidiosis as control 

strategy (Silva et al. 2014b); nonetheless, both farms presented OPG counts within the ranges 

of non-treated animals. This fact clearly indicates the requirement of improved metaphylaxis 

programs in order to achieve real reduction of oocysts shedding and, thereby, decreasing 

environmental contamination. Ruiz et al. (2012) stated that in goat farms with previous 

history of serious clinical caprine coccidiosis, an efficient metaphylactic control program 

should be included by taking into account, firstly, the precise time point of treatments by 

using diclazuril, and secondly, higher treatment doses than the ones recommended in order to 

prevent severe clinical coccidiosis outbreaks. 

Currently, we have evidence that caprine Eimeria-infections are endemic and highly 

prevalent in Portugal. The economic impact of caprine coccidiosis is enormous, yet neglected 

in the goat industry. In contrast to this situation, in the poultry industry in which costs 

represent a constant concern, it was estimated that more than $3 billion are spent annually 

worldwide exclusively for coccidiosis prevention (ThePoultrySite 2013). Also in ruminants, 

coccidiosis has a great economic impact (Foreyt 1990; Daugschies and Najdrowski 2005; 

Chartier and Paraud 2012). Daugschies and Najdrowski (2005) estimated costs due to 

coccidiosis in cattle and buffalo of US$731 million/year in 1980 and lost profit amounts of 
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US$400 million/year in 2002. However, the current impact of coccidiosis on the small 

ruminants industry worldwide is still not well documented (Chartier and Paraud 2012). More 

than three decades ago, Fitzgerald (1980) estimated US$140 million/year of economic losses 

caused by ovine- and caprine-coccidiosis. Nowadays, we truly believe this value is 

considerably higher due to the fact that the numbers of reared goats have dramatically 

increased since 1980, reaching one billion goats raised worldwide (FAOSTAT 2014). Thus, 

the search for new coccidiosis control measurements, such as the development of suitable 

immunoprophylaxis in caprine eimeriosis (e. g. attenuated vaccines) is hereby justified (Ruiz 

et al. 2014). 

Despite academic recognition on the importance of caprine coccidiosis and its financial 

impact in goat production systems, there is still unawareness within breeders. The absence of 

common visible clinical signs, such as diarrhoea, does not indicate the absence of the disease 

in their flocks. Indeed, the perpetuation of uncontrolled subclinical caprine coccidiosis will 

almost inevitably result in coccidiosis outbreaks with devastating consequences in the goat 

production, often associated with mortality of young animals. Therefore, early interventions 

of veterinarians through reliable diagnostic tools, as well as effective control programs, are of 

great importance in integrated control strategies of caprine coccidiosis. 

As mentioned before, E. arloingi infections are widely distributed (Chartier and Paraud 

2012; Hashemnia et al. 2012), particularly in Southern Portugal (Silva et al. 2013; Silva et al. 

2014b) and mainly in kids (Sayin et al. 1980; Agyei et al. 2004), thereby justifying the 

isolation of a new E. arloingi (strain A) which will allow further detailed caprine studies. 

Investigations related to early host innate immune reactions [e. g. caprine NETosis induced by 

E. arloingi (Silva et al. 2014a)] and others linked to complex molecular host endothelial cell-

parasite interactions (see Chapter 3) can also be performed, as previously reported for the 

closely related Eimeria species in cattle (Hermosilla et al., 2006; Taubert et al., 2006; Taubert 
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et al., 2010; Hermosilla et al., 2012). To our best knowledge, there was only one isolated pure 

E. arloingi strain so far (Parasitology Department of Shiraz University, Iran), which has been 

recently characterized in in vivo infections (Hashemnia et al. 2011; Hashemnia et al. 2012; 

Hashemnia et al. 2014; Razavi et al. 2014) and also genetically and phylogenetically 

(Khodakaram-Tafti et al. 2013). Isolation of this new European E. arloingi (strain A) 

represents an important tool for investigations related to antigenic differences between strains 

(Kawazoe et al. 2005), which have been reported to exist in chicken Eimeria spp. (Tomley 

1994a; Tomley 1994b). Furthermore, the isolation of a highly prolific E. arloingi (strain A) 

(see Chapter 3, isolation of more than 580 × 106 oocysts out of 3 × 103 initial sporulated 

oocysts) will allow promising future investigations on immunoprophylaxis against  

E. arloingi-infections as recently demonstrated for E. ninakohlyakimovae (Ruiz et al. 2014). 

Therefore, further investigations on the applicability of this new caprine E. arloingi-isolate for 

immunization trails, both alone and combined with E. ninakohlyakimovae will be carried out 

in the near future. Our main goal will be to develop a commercial suitable vaccine against 

these two highly pathogenic species, and thus actively contribute to the control of caprine 

coccidiosis worldwide. 

So far, no in vitro system was ever established for E. arloingi, although similar in vitro 

systems have been reported for other ruminant Eimeria (Hammond et al. 1966; Hammond and 

Fayer 1968; Hermosilla et al. 2002; Ruiz et al. 2010). Consequently, the development of a 

suitable in vitro system for E. arloingi sporozoites by using the same in vivo specific host 

cells – primary endothelial host cells – allows advanced and detailed molecular parasite-host 

cell interaction studies. Excystation of Eimeria oocysts is a key event for any suitable in vitro 

system. In vivo, two types of stimuli are necessary during excystation process: the first one 

provided by the rumen environment and the second one by the trypsin-bile solution of the 

small intestine (Jackson 1962). Here, a successful E. arloingi in vitro excystation protocol 

was established, adapted from excystation protocols previously described for E. bovis 
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(Hermosilla et al. 2002). Thus, using bovine bile and swine trypsin we were able to obtain 

viable E. arloingi sporozoites in vitro (see Chapter 3), showing that bile salts and trypsin are 

mandatory components for proper excystation even if coming from other host species (bovine, 

swine). However, E. arloingi sporozoites experienced a different sporozoites egress 

mechanism than the one observed in closely related E. bovis (Hermosilla et al. 2002) and  

E. ninakohlyakimovae (Ruiz et al. 2010), both presenting two thin oocysts walls and 

inconspicuous micropyle (Eckert 1995). In vitro excystation of these two former species 

involves the rupture of oocyst walls degraded by trypsin releasing sporocysts, which contain 

two sporozoites each. Subsequently, activated sporozoites enclosed within sporocysts set 

themselves free from single sporocysts. In case of E. arloingi, a well-developed micropyle 

and polar cap are present (Levine 1985). After few minutes of incubation in trypsin-bile 

excystation solution, E. arloingi-oocyst polar caps detach and sporozoites become extremely 

active and mobile inside oocysts. Eimeria arloingi oocyst walls do not rupture due to their 

thickness, and do not release sporocysts (Eckert 1995). Afterwards, E. arloingi sporozoites 

leave sporocysts into the cavity of the oocysts. Meanwhile, sporozoites get in contact with the 

opened micropyle, and actively egress from oocysts by gliding motility, as previously 

reported by Jackson (1964) (see supplementary data, Movie 1). We can only speculate about 

the reasons for this peculiar excystation process, since we do not know the real biological 

functions of the micropyle and the polar cap. Neither the molecules nor enzymes involved in 

E. arloingi excystation process are known. Eventually, micropyle and polar cap are features 

of Eimeria species with more resistant oocysts. Having their sporozoites protected by 

sporocysts surrounded by two thick oocyst walls, allows E. arloingi to master and to 

overcome adverse climatic environmental conditions, such as desiccation and high 

temperatures. Therefore, the presence of a micropyle might be an alternative way to regulate 

water within exogenous E. arloingi-oocysts. Unfortunately, no data is available concerning 

the role of oocyst micropyle and its implications during excystation in vivo, but further 
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investigations of micropyle- and polar cap-related molecules, as recently reported for  

E. nieschulzi (Wiedmer et al. 2011), are expected to take place. 

Freshly in vitro released E. arloingi sporozoites showed adequate gliding motility, 

infectivity, and further intracellular development. In vivo, E. arloingi is a highly host-specific 

parasite of goats in which sporozoites have to invade host ECs of the central lacteals of the 

intestinal villi. Nevertheless, under in vitro conditions, E. arloingi sporozoites were able to 

invade different host-cell types such as BUVEC, MDBK and MARC-145. Contrary to 

observations in BUVEC, after MDBK- and MARC-145-sporozoite invasion, no further 

development was witnessed (see Chapter 3). However, after infecting BUVEC, sporozoites 

were able to undergo successful intracellular macromeront development, ending with the 

release of fully developed merozoites I, at 22 days p. i. (see Chapter 3). According to Ruiz et 

al. (2010), BUVEC were also suitable host cells for in vitro first merogony development of  

E. ninakohlyakimovae. Thus, we were expecting a similar E. arloingi infection development. 

In vitro use of primary caprine umbilical vein endothelial cells (CUVEC) as host cells was not 

considered because of the widespread contamination of these endothelial cells with 

Mycoplasma spp., which clearly hampered in vitro development of Eimeria (Ruiz et al. 2010). 

Since 2 days p. i. until 22 days p. i., E. arloingi sporozoites egress was observed, as 

previously reported for other apicomplexan parasites (Mota and Rodriguez 2001; Behrendt et 

al. 2008; Ruiz et al. 2010). Sporozoite egress is commonly associated with the need of this 

parasite stage to reach its final specific host cells in deeper tissues, as reported for sporozoites 

of  

P. falciparum, E. bovis and E. ninakohlyakimovae, thereby migrating through cells in a 

unique and alternative invasion mechanism by breaching the plasma membrane of the cell 

without forming a PV (Mota et al. 2001; Behrendt et al. 2004). Currently, it is completely 

unknown as to how sporozoites of E. arloingi and other related pathogenic ruminant Eimeria 

(e. g. E. bovis, E. zuernii, E. christenseni, E. ninakohlyakimovae, E. bakuensis, E. cameli) 
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cross in vivo the epithelium layer of the gut to invade the central lacteals endothelium. Thus, 

we speculate that the search for a suitable specific host cell is the main reason for this 

alternative sporozoite invasion process (Mota et al. 2001; Mota and Rodriguez 2002; 

Behrendt et al. 2004; Hermosilla et al. 2012). Macromeront development of E. arloingi 

requires the parasite’s ability to modulate its highly immunoreactive host endothelial cell, and 

further to scavenge on host cell nutrients for offspring production (> 120.000 merozoites I). In 

this context, possible impact of cell culture medium supplementations (e. g. glucose, proteins, 

lipids) on in vitro E. arloingi merozoites I production were tested (see Chapter 3). 

Carbohydrates are well-known to mediate a variety of relevant biological processes such as 

cell adhesion, cell-cell communication and even host-pathogen interactions (Sanz et al. 2013). 

Additionally, for in vitro apicomplexan parasite growth they seem to be fundamental (van 

Schalkwyk et al. 2008; Preuss et al. 2012). We also proved the key role of glucose 

supplementation, which resulted in the increment of E. arloingi merozoites I production in 

vitro (see Chapter 3). In contrast, neither proteins- nor lipids-supplementation resulted in 

significant enhancement of in vitro E. arloingi merozoites I production. Regarding lipids 

supplementation, it has already been described a key role of oleic acid in intraerythrocytic 

proliferation of P. falciparum in vitro (Mi-Ichi et al. 2007; Gratraud et al. 2009). Conversely 

to our E. arloingi lipid-related assay, oleic acid supplementation of E. bovis-infected BUVEC 

resulted in significant increase of merozoites I production in vitro when compared to 

untreated cultures (Hamid et al., submitted manuscript). 

Endogenous development of in vitro E. arloingi macromeronts was in accordance to 

previously described data for other related Eimeria spp. (Hermosilla et al. 2002; Ruiz et al. 

2010). The production of in vitro E. arloingi macromeronts is of particular scientific interest 

for various reasons: (i) enduring E. arloingi macromeront maturation within highly 

immunoreactive host ECs strongly suggest that this parasite must rely on regulatory processes 

to guarantee its massive replication; (ii) there is evidence that first generation meronts 
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represent key targets for host protective immune responses (Rose et al. 1992; Shi et al. 2000; 

Shi et al. 2001; Taubert et al. 2008); (iii) mature macromeront I cultures should be useful 

tools for the replacement of animal experiments concerning pharmaceutical screenings; and 

(iv) they guarantee accessibility of other parasite stages (merozoites I), which might be 

needed for further basic molecular and immunological research. 

One of the first reactions against pathogens is ECs activation, which represents a state of 

intensified responsiveness induced by different stimuli, including cytokines, chemokines and 

even active parasite invasion (Taubert et al. 2006; Mai et al. 2013). Upon activation, ECs can 

produce a broad range of adhesion molecules, cytokines and pro-inflammatory chemokines. 

Adhesion molecules such as E-selectin, P-selectin, intracellular adhesion molecule 1  

(ICAM-1) and vascular cellular adhesion molecule 1 (VCAM-1) regulate leukocyte adhesion 

to ECs and also monitor their movement (Hermosilla et al. 2006). E- and P-selectin mediate 

the reversible binding, known as tethering, between ECs and leukocytes, while ICAM-1 and 

VCAM-1 regulate leukocyte-rolling and firm adhesion onto ECs (for review see Wagner and 

Roth 2000). In E. arloingi infections, E-selectin transcription increased until 6 h p. i. while  

P-selectin transcription values peaked postponed at 12 h p. i.. Comparing to E. bovis-induced 

adhesion molecule up-regulation, E. arloingi-infection induced a different pattern with lower 

levels of E- and P-selectin up-regulation (Hermosilla et al. 2006). It was previously discussed 

that even contact of ECs with secreted molecules of apicomplexan parasites may already 

activate ECs without active parasite host cell invasion (Hermosilla et al. 2006). Secretion of 

parasite-specific proteins constitute a well-known feature in apicomplexan invasion process, 

and as sporozoites of E. arloingi induced up-regulation of adhesion molecules gene transcripts 

proved that the parasite has the capability to activate BUVEC. Moreover, ICAM-1 and 

VCAM-1 increasing transcription was also detected within the first 6 h p. i., contrary to  

E. bovis-infection where the peak for these molecules was earlier observed (4 h and 1h p. i., 

respectively). According with generated data of Hermosilla et al. (2006), a decrease of 
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adhesion molecules gene transcription was observed from 6 h p. i. onwards. Thus, sporozoites 

may display counteracting mechanisms to avoid, or at least down-regulate, ECs immune 

reactions, achieving their obligate intracellular replication (Hermosilla et al. 2012).  

Relevant immunoregulatory molecules such as CXC- and CC-chemokines, cytokines (GM-

CSF) and enzymes responsible for the synthesis of prostaglandins were also subject of 

comparative studies revealing a relative weak impact of E. bovis-infections when compared to 

T. gondii- and N. caninum-infections in BUVEC (Taubert et al. 2006). 

As preliminary results of ongoing phylogenetic resemblance studies of E. arloingi and  

E. bovis, we expected also E. arloingi to be able to modulate ECs activation. Nevertheless, 

our E. arloingi in vitro system is established on BUVEC (bovine origin) and this might 

explain the stronger reaction induced by E. arloingi-sporozoites in these cells, similar to other 

apicomplexan findings (Taubert et al. 2006). In the first 12 h p. i., a stronger enhanced 

transcription of studied chemokine genes (CXC and CC) was observed, demonstrating again 

sporozoite active invasion as triggering event of BUVEC activation (Taubert et al. 2006). 

CXCL8 gene transcription peaked at 12 h p. i. resembling E. bovis-infection, contrary to  

T. gondii- and N. caninum-infected ECs which revealed higher transcription levels at 4 h p. i. 

(Taubert et al. 2006). Consequently, E. arloingi triggered similar BUVEC response to  

T. gondii and N. caninum within the first hours of infection, but later on induced similar 

reactions to E. bovis-infections. Concerning CCL2- and CCL5-chemokine gene transcription, 

analogous time courses were observed for these two pro-inflammatory molecules. At 3 h p. i., 

an increase in CCL2-gene transcription was detected and continued increasing until 12 h p. i.. 

Considering CC-chemokines, Taubert et al. (2006) reported a gene transcription peak at 12 h 

p. i., in all three investigated species, namely E. bovis, T. gondii and N. caninum. Besides the 

fact that different parasites and even different stages (sporozoites for E. arloingi/E. bovis, 

tachyzoites for T. gondii/N. caninum) were compared, the reactivity of single BUVEC isolates 
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should also be considered. With their own variability, maybe BUVEC isolates are responsible 

for small differences in gene transcription patterns.  

Transcription of GM-CSF gene was rather moderate and similar to the pattern observed in 

E. bovis-infection, increasing from 3 h p. i. until 12 h p. i.. In contrast, T. gondii- and  

N. caninum-infections in BUVEC induced earlier GM-CSF reactions (Taubert et al. 2006). As 

for all the other studied molecules, at 24 h p. i., gene transcription levels decreased to controls 

levels. In contrast, COX-2 gene transcription remained stable throughout the time course and 

no significant differences were registered when compared to controls. COX-2 expression is 

usually associated with cell damage, which in our E. arloingi in vitro study was rarely 

observed. 

The up-regulated gene transcription of pro-inflammatory chemokines and other 

immunomodulatory molecules by E. arloingi confirms the immune reactivity of ECs to 

foreign pathogen invasion. Additionally, endothelium-derived CC-chemokines and 

prostaglandins are known to be involved in the transition of innate into adaptive immune 

response (Zlotnik and Yoshie 2000; Zhang and Rivest 2001; Taubert et al. 2006). 

Moreover, after in vivo excystation, E. arloingi sporozoites must confront directly all 

compartments of the host innate immune system, namely intestinal mucosa, epithelial cells, 

endothelial cells, and leukocytes (Tschopp et al. 2003). Therefore, basic research to better 

understand host innate immune reactions against parasites is urgently needed, since protective 

cellular adaptive immune responses are always dependent on early innate immune reactions. 

Particularly in the case of early host innate immune reactions against Eimeria spp., a small 

number of studies have been performed, a few of them showing the key role of PMN, 

monocytes and macrophages in ruminant coccidiosis (Behrendt et al. 2008; Behrendt et al. 

2010; Silva et al. 2014a). 
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PMN are the most abundant leukocytes, representing approximately 60% of total white 

blood cells (Thrall et al. 2012). Being the first leukocytes to be recruited to the site of 

infection, PMN are the first line of defence against pathogens (Brinkmann et al. 2004; Nathan 

2006; Ermert et al. 2009; Brinkmann and Zychlinsky 2012; Hahn et al. 2013). Therefore, 

PMN are considered of crucial value in host innate immune reactions, becoming extremely 

mobile and being able to respond immediately to pathogens after leaving the bone marrow 

(Hermosilla et al. 2014). Their main functions are phagocytosis- and oxidative burst-related 

defence actions, as well as NET formation (Brinkmann et al. 2004). During phagocytosis, 

pathogens are engulfed and internalized into phagosomes, which later on fuse with 

intracellular granules to form the phagolysosome, within which pathogens will be killed by a 

combination of non-oxidative (AMPs – cathelicidins, defensins, cathepsins and proteases) and 

oxidative mechanisms (ROS production via the NADPH oxidase complex) (Nathan 2006; von 

Kockritz-Blickwede and Nizet 2009; Hermosilla et al. 2014).  

NETosis, the latest discovered effector mechanism of PMN, has been described in several 

species such as humans (Gupta et al. 2005), mice (Ermert et al. 2009), horses (Alghamdi and 

Foster 2005), cattle (Behrendt et al. 2010), fish (Palic et al. 2007), cats (Wardini et al. 2010), 

chickens (Chuammitri et al. 2009), insects (Altincicek et al. 2008) and crustaceans (Ng et al. 

2013). With this work we demonstrated for the first time caprine NET formation, not only in 

response to recognized stimulus (zymosan) but also in response to the goat apicomplexan  

E. arloingi (Silva et al. 2014a). 

In the last years, NET formation has been focused mainly on bacterial, viral or fungal 

infections (Urban et al. 2006; Fuchs et al. 2007; Aulik et al. 2010; Jenne et al. 2013; 

Hermosilla et al. 2014). Nonetheless, protozoan parasites have also been investigated as 

potent inducers of NETosis, e. g. T. gondii (Abi Abdallah et al. 2012), P. falciparum (Baker et 
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al. 2008), E. bovis (Behrendt et al. 2010), Leishmania spp. (Guimaraes-Costa et al. 2009), 

and, recently, B. besnoiti (Muñoz-Caro et al. 2014).  

Bovine besnoitiosis is an important emerging disease in Europe (EFSA 2010), which has 

been already described in Portugal (Cortes et al. 2005; Waap et al. 2014), Spain (Fernandez-

Garcia et al. 2009; Alvarez-Garcia et al. 2014a), France (Jacquiet et al. 2009), Germany 

(Mehlhorn et al. 2009; Schares et al. 2009), Italy (Gollnick et al. 2010; Rinaldi et al. 2013), 

Switzerland (Basso et al. 2013), and Hungary (Hornok et al. 2014). The first report of 

autochthonous bovine besnoitiosis in Central-Eastern Europe was closely related to human 

activities (e. g. cattle trading), resulting as the main factor in geographical spreading of this 

neglected parasitic disease (Hornok et al. 2014). Besnoitia besnoiti has a heteroxenous life 

cycle with intermediate and final hosts. Currently, the final host of cattle besnoitiosis is yet 

unknown, but ruminants (cattle, buffalo) are the most important intermediate hosts (Hornok et 

al. 2014). So far, little is known on adaptive and innate immune reactions against B. besnoiti. 

With the purpose to address early innate immune reactions against this parasite, we also have 

investigated the role of NETs in the course of the disease (Muñoz-Caro et al. 2014). During 

the acute phase of besnoitiosis, also known as anasarca phase, fast-replicating tachyzoites 

infect host ECs in vivo (Alvarez-Garcia et al. 2014b), as E. arloingi sporozoites. However,  

E. arloingi first merogony development requires a longer permanence in these host cells when 

compared to B. besnoiti-tachyzoites, which might implicate different modulation strategies of 

these parasites (see Chapter 3). Additionally, B. besnoiti invasion of BUVEC is faster and 

results in higher infection rates (see Chapter 5) when compared to E. arloingi-infections (see 

Chapter 3). 

As suggested for E. bovis and T. gondii (Behrendt et al. 2010; Abi Abdallah et al. 2012),  

E. arloingi-induced NETosis counts on entrapment and immobilization of parasites, 

hampering sporozoite host cell invasion, rather than pathogen killing. Curiously, caprine 
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PMN entrapment capacity of E. arloingi sporozoites appears to be superior to the one 

observed in bovine PMN, since 70% of tested sporozoites were ensnared in caprine NETs 

(Silva et al. 2014a). Bovine NETs entrapped 30% of sporozoites, when challenging parasites 

to PMN at the same co-culture ratios (unpublished data). Furthermore, only 34% of CFSE-

labelled B. besnoiti tachyzoites were trapped in bovine NET structures (Muñoz-Caro et al. 

2014), confirming the greater capability of caprine NETs to entrap parasites. 

Extracellular arrest of obligate intracellular replicating parasites will, obviously, prevent 

sporozoites/tachyzoites host cell invasion and, thus, abrogate life cycles of E. arloingi and B. 

besnoiti (Muñoz-Caro et al. 2014; Silva et al. 2014a). NET formation induced 40% reduction 

of B. besnoiti infectivity, after incubation with bovine PMN (180 min), while E. arloingi 

infectivity was reduced in 80%, after incubation with caprine PMN (90 min). In both cases, 

treatments with DNase I, which dissolve formed NET structures, revealed higher infectivity 

of sporozoites and tachyzoites, when compared to PMN-incubated parasites. Accordingly, 

trypan blue vital staining of the same parasites showed NETs did not vastly kill E. arloingi 

sporozoites (Silva et al. 2014a) and B. besnoiti tachyzoites (Muñoz-Caro et al. 2014), in 

agreement with reports on E. bovis-induced NET formation (Behrendt et al. 2010). In contrast 

to reports dealing with Eimeria sporozoites, NETs appeared to exhibit certain lethal effects on 

tachyzoites of T. gondii (Abi Abdallah et al. 2012) and L. amazonensis promastigotes 

(Guimaraes-Costa et al. 2009). Since the main replication step only follows after ECs 

infection, via intracellular macromeront formation and subsequent second merogony and 

gamogony, every single sporozoite being immobilized in NETs may account for the outcome 

of the disease severity. 

Additionally, we have shown that caprine NETs is neither a stage- nor a parasite-specific 

effector mechanism of PMN. Caprine NETosis was observed in response to sporozoites and 

oocysts of E. arloingi, both by SEM and fluorescence analyses (Silva et al. 2014a). Whilst 
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sporozoite stages have been already demonstrated as potent NET-triggers (Behrendt et al. 

2010), we here demonstrated for the first time that also oocysts of E. arloingi induced NETs. 

Similar findings were seen with Leishmania-triggered NETosis, since both promastigotes  

(L. amazonensis, L. major, L. chagasi) and amastigotes (L. amazonensis) promoted NETs, 

demonstrating non stage-specific NETs induction (Guimaraes-Costa et al. 2009; Guimaraes-

Costa et al. 2012). As already mentioned, E. arloingi sporozoites must egress through opened 

micropyle (Jackson 1964) instead of being set free all at once during oocyst disrupture in non-

micropylic species (e. g. E. ninakohlyakimovae, E. zuernii, E. bovis). In consequence, 

effective blockage of micropyle by NETs immediately hampers all sporozoites inside the 

oocyst from excystation. Recent investigations on PMN have demonstrated the capability of 

these leukocytes to actively transmigrate into the intestinal lumen (Brazil et al. 2013; Seper et 

al. 2013; Szabady and McCormick 2013; Sumagin et al. 2014), thereby also being able to 

interact with luminal pathogen stages, such as ingested oocysts, in the in vivo situation. It is 

therefore tempting to speculate that luminal NETs might effectively imped E. arloingi 

sporozoite excystation at the earliest time point after oral infection. SEM analyses performed 

in this study clearly showed oocysts and freshly excysted sporozoites being firmly entrapped 

by NET-like structures in vitro, showing once more the importance of NET formation in early 

innate immune response against caprine E. arloingi (Silva et al. 2014a). 

Recent analyses doubt a strict species-specificity Eimeria-induced NETosis since caprine 

NETs was induced by (strictly host specific) E. bovis sporozoites, and E. ninakohlyakimovae 

sporozoites, and furthermore, bovine PMN also expelled NETs in response to non-bovine  

E. arloingi sporozoites (Muñoz-Caro et al., submitted manuscript). Likewise, future 

experiments with metazoan parasites (Haemonchus contortus) will be carried out with caprine 

PMN to identify possible NETs-dependent effector mechanisms against this parasite.  
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The DNA-nature of sporozoite-triggered NETs was demonstrated by staining of NET 

structures with the DNA-stain Sytox Orange® and the dissolution of parasite-induced 

filamentous structures by DNase I treatments. Besides chromatin, other components of NETs, 

such as nuclear histones (H3), NE, cathepsin G, MPO, lactoferrin and gelatinase, are 

described as pivotal for the microbiocidal effect of NETs (Brinkmann et al. 2004). Through 

co-localization experiments we were able to confirm these classical characteristics of NETs 

showing the simultaneous presence of H3, NE and MPO in caprine NETs. Eimeria arloingi 

sporozoite-triggered NETosis as well as B. besnoiti tachyzoite-triggered NET formation were 

time-dependent as also previously reported by Behrendt et al. (2010) for E. bovis. Caprine 

PMN reacted strongly upon zymosan by up regulating NADPH oxidase-, NE- and MPO-

activities and NET release. Interestingly, E. arloingi-induced NET formation accounted for 

even higher values than zymosan stimulation after 90 min of incubation pointing at a 

considerable NET-inducing capacity of E. arloingi-sporozoites (Silva et al. 2014a). 

Moreover, enhanced NE enzymatic activity in sporozoite-exposed PMN confirmed the key 

role of this molecule in formation of NETs as suggested by others (Papayannopoulos et al. 

2010). NADPH oxidase complex activation and subsequent production of ROS is a crucial 

step in NETosis (Brinkmann and Zychlinsky 2007; Fuchs et al. 2007). Since ROS production 

was significantly enhanced in sporozoite-exposed PMN and NADPH oxidase blockage via 

diphenylene iodondium (DPI) treatment (Hosseinzadeh et al. 2012) diminished parasite-

triggered NETosis, our results confirmed the relevance of this enzyme complex in pathogen-

induced NET formation (Brinkmann et al. 2004; Fuchs et al. 2007; Behrendt et al. 2010; Abi 

Abdallah et al. 2012). Previously, a singular regulation process of inducible nitric oxide 

synthase production in bovine and caprine leukocytes was reported (Adler et al. 1996) as well 

as differential lower phagocytic activities in caprine PMN after being exposed to Candida 

albicans when compared to bovine- and buffalo-PMN responses (Sahoo et al. 2000). Thus, 
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findings of ROS-dependent NET induction in goats cannot be taken for granted (Silva et al. 

2014a). 

Even though NET formation has been studied in vitro, in vivo evidence of this innate 

immune effector mechanism is still scarce. Chuah et al. (2013) have shown the release of 

NETs in vivo in Schistosoma japonicum-induced hepatic granuloma formation and the role of 

PMN in the mediation of tissue damage and repair during S. japonicum egg-induced hepatic 

granulomatous lesions. In the case of E. arloingi, we could recently identify the presence of 

NET structures in histological intestinal tissue slides (supplementary data, Fig. 4) originated 

from a naturally E. arloingi infected goat kid, thereby clearly proving NETosis to occur also 

in vivo during coccidiosis. Interestingly in these tissue samples, a single E. arloingi-merozoite 

can be observed being firmly trapped by NET structures, confirming that E. arloingi-free 

stages are effectively trapped by caprine NETs (supplementary data, Fig. 4, arrow), as 

previously demonstrated in vitro (Silva et al. 2014a). Further analysis will be performed to co-

localize other classical components of NETs in E. arloingi-infections in vivo, as well as in 

other apicomplexan infections of cattle. 

Recently, other innate immune leukocytes have been described to release extracellular 

traps (ETs) (Muniz et al. 2013). ETs are released by basophils containing mitochondrial DNA 

instead of nuclear DNA (Morshed et al. 2014), macrophages (Bonne-Annee et al. 2014), mast 

cells (von Kockritz-Blickwede and Nizet 2009) and eosinophils (Yousefi et al. 2008). 

Moreover, we have recently shown monocyte-triggered ETs after the exposure to B. besnoiti 

tachyzoites and E. bovis sporozoites (Muñoz-Caro et al., accepted manuscript), as well as 

against E. arloingi and E. ninakohlyakimovae sporozoites (personal observation, data not 

published). Additionally, ETosis against metazoan parasites (e. g. H. contortus) and different 

leukocytes such as monocytes and eosinophils are being carried out in our lab in order to 

amplify our knowledge in innate immune responses. 
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Overall, we here presented specific data on the characterization of Eimeria infections in 

goats in Southern Portugal. Moreover, we provided for the first time epidemiological data 

concerning caprine coccidiosis in Portugal and we successfully isolated a caprine-specific  

E. arloingi (A). The advantages of keeping a brand new Eimeria species are countless. 

Without any doubts, the most tempting expectation of all these possibilities is the capability to 

develop a new protective vaccine against E. arloingi, as recently successfully achieved by the 

use of the attenuated caprine E. ninakohlyakimovae (GC) oocysts in Spain (Ruiz et al. 2014). 

Additionally, the development of a suitable in vitro culture system to gain access to additional 

parasite stages (merozoites I) proves the usefulness of this new E. arloingi (A) for future 

studies such as phylogenetic analysis (already in course with the kind collaboration of Dr. 

Damer Blake, Royal Veterinary College, London, UK), therapeutic target identification, 

endothelium-related immunological studies as well as basic research on the complex 

modulation of the host cell by E. arloingi. Other related data generated during the PhD 

scientific program is not yet available in this thesis, but will be published soon. 

With this PhD work we were able to build up novel knowledge in very different fields of 

caprine coccidiosis, extending from epidemiology to complex innate immune reactions. 

Obviously, much more basic molecular research is needed to better understand this neglected 

enteric parasitosis of goats, but at least first insights into these exciting parasitosis were 

generated within this PhD thesis. The true journey starts now… 
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Appendix 

 I 

SUPPLEMENTARY DATA 

 

Movie 1. Eimeria arloingi excystation. During excystation, E. arloingi sporozoites after 

activation become extremely active and egress through the micropyle.  

Link:  

https://www.youtube.com/watch?v=KLEP0-nKP2k&list=PLlxiM1Cz1_QkwjdudZWt_sf17IcC9b4R3&index=2  

Movie 2. Eimeria arloingi merozoites I release. Rupture of mature macromeront and 

release of viable merozoites I at 22 days p. i..  

Link: https://www.youtube.com/watch?v=9EHnqg1JWFg&list=PLlxiM1Cz1_QkwjdudZWt_sf17IcC9b4R3 

 

 

FIG. 4. First in vivo evidence of NETs in histological intestinal tissue slides of an Eimeria 

arloingi-infected goat kid 

A single Eimeria arloingi-merozoite (arrow) is shown to be firmly entrapped within in vivo NETs in 

histological intestinal tissue slides. DNA was stained with 4',6-diamidino-2-phenylindole (DAPI) 

fluorescent dye (blue). 

https://www.youtube.com/watch?v=KLEP0-nKP2k&list=PLlxiM1Cz1_QkwjdudZWt_sf17IcC9b4R3&index=2
https://www.youtube.com/watch?v=9EHnqg1JWFg&list=PLlxiM1Cz1_QkwjdudZWt_sf17IcC9b4R3


 

 

 

 

 

 

 


