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Summary 

Gastropod-borne trematodes infect some 300 million people worldwide. An estimated 

200,000 people die each year because of schistosomiasis. However, effects go beyond human 

mortality, and many trematodes are of significant economic and ecological importance. 

Identifying a parasiteôs complete lifecycle, including all its possible (intermediate and final) 

hosts is the first step in disease control and prevention of epidemics. Man-made reservoirs 

have heavily disturbed environments, aiding the spread of invasive species across the 

landscape, which in their turn potentially facilitate an invasional cascade. Therefore, 

gastropod and trematode communities of five man-made reservoirs in Zimbabwe were studied 

using shedding experiments and molecular tools. There, we detected 21 trematode species of 

seven superfamilies and 14 gastropod species. We provide the first molecular data and high-

quality photographs of Fasciola nyanzae and report its endemicity in Zimbabwe, the spread of 

the gastropod Gyraulus connollyi north of the Limpopo River Valley, four Schistosoma 

species in Mwenje reservoir and identified Biomphalaria pfeifferi as a potentially new 

intermediate gastropod host for S. edwardiense. In Lake Chivero we found an invasive leech, 

Helobdella europaea, a known gastropod predator originating from South America, together 

with two invasive gastropods in close association with the invasive water hyacinth, 

Eichhornia crassipes, could indicate an invasional meltdown. Furthermore, the complete 

lifecycle of three hippopotamus-infecting trematode species were identified, within the One 

Health framework. This study indicates the importance of invasive gastropods in disease 

transmission in man-made reservoirs and will hopefully contribute to the protection of 

hippopotamus populations in Zimbabwe despite the crippling anthropogenic pressures. 
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Samenvatting 

Gastropod-geassocieerde trematoden infecteren wereldwijd ongeveer 300 miljoen mensen. 

Elk jaar sterven naar schatting 200,000 mensen aan de gevolgen van schistosomiasis. 

Trematoden infecteren echter ook dieren en vele zijn van ecologisch en economisch belang. 

De eerste stap in het voorkomen van ziekte-uitbraken is het identificeren van alle mogelijke 

(finale en tussen-) gastheren. Artificiële reservoirs creëren een verstoorde omgeving die 

invasieve soorten helpt verspreiden en die op hun beurt kunnen leiden tot een invasional 

cascade. Daarom bestudeerden we slakken en trematoden in vijf artificiële reservoirs in 

Zimbabwe met behulp van shedding experimenten en moleculaire analyses. We vonden 21 

trematode soorten van zeven superfamilies en 14 slakken soorten. DNA-sequenties en hoge 

kwaliteitsfotoôs van Fasciola nyanzae werden voor het eerst gecreëerd en deze soort blijkt 

bovendien endemisch te zijn in Zimbabwe. Bovendien vonden we als eersten de slak 

Gyraulus connollyi ten noorden van de Limpopo River Valley, vier Schistosoma soorten in 

Mwenje reservoir en identificeerden we Biomphalaria pfeifferi als nieuwe tussengastheer van 

Schistosoma edwardiense. In Lake Chivero vonden we de invasieve slak-etende bloedzuiger 

Helobdella europaea, afkomstig uit Zuid-Amerika, samen met twee invasieve slakken soorten 

in associatie met de invasieve water hyacint, Eichhornia crassipes. De aanwezigheid van deze 

exoten duidt op een mogelijke invasional meltdown in dit reservoir. In het kader van de One 

Health benadering, identificeerden we de volledige levenscyclus van drie verschillende 

parasieten van het nijlpaard. Deze studie toont het belang van invasieve slakken in ziekte 

overdracht in artificiële reservoirs en zal hopelijk bijdragen tot een verdere bescherming van 

het nijlpaard in Zimbabwe. 
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Introduction 

1. Role of freshwater gastropods in disease transmission 

Many gastropod species serve as obligate intermediate host in the complex lifecycles of 

digenetic trematodes. Some 300 million people are affected world-wide by Gastropod-Borne 

Trematodes (GBTs) (WHO, 2018). Of these, 207.7 million people are affected by schistoso-

miasis, of which 92% live in Africa, causing an estimated 200,000 deaths each year due to 

direct and indirect effects of the disease. Many trematode species are of veterinary and 

ecological importance with the most substantial financial losses caused by schistosomes, 

amphistomes and fasciolids (Toledo and Fried, 2014; Figure 1). Many species also infect 

wildlife, which may also constitute a conservation threat since many wild animals (e.g. 

Hippopotamus amphibious Linnaeus, 1758) are listed as vulnerable or endangered on the 

IUCN Red List of Threatened Species (Stringer and Linklater, 2014; Rohr et al., 2008; Figure 

1). Adding to their ecological relevance, trematode biomass can reach high proportions in 

ecosystems, it can even exceed bird biomass as exemplified in three Californian estuaries 

(Kuris et al., 2008). 

Most GBTs occur in developing countries in the tropics and subtropics, which is why they are 

also referred to as óNeglected Tropical Diseasesô (NTDs). Neglected diseases are by definition 

understudied and many knowledge gaps still have to be filled (Toledo and Fried, 2014). Some 

gastropod species have been introduced to the African continent as the result of the globalized 

transport in agricultural and aquarium trade (Appleton and Miranda, 2015). These invasive 

gastropods can have serious consequences for local parasite epidemiology (Morgan et al., 

2001; Smith et al., 2009; Grabner et al., 2014; Carolus et al., 2019). Man-made reservoirs are 

sensitive to these invasive gastropods due to their young age and ecological instability (Havel 

Figure 1:  Planorbid gastropods, 

hosts of many trematodes. 

Planorbids are used as intermediate 

hosts by a wide variety of 

trematodes. Some species infect 

humans and both wild and 

domestic animals (e.g. Schistosoma 

mattheei Veglia & Le Roux, 1929), 

highlighting the importance of 

potential zoonoses and reservoir 

hosts. Image courtesy of Dr. T. 

Huyse (adapted). 
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et al., 2005). This, together with the observation that snail management is an important 

component of diseases control, underline the importance of malacological surveys of man-

made reservoirs (Chandiwana et al., 1988; Sokolow et al., 2016). Our study, therefore, 

analyses a small subset of man-made reservoirs (Mwenje Dam, Mazowe Dam, Lake Chivero 

and Kariba Dam) present in Zimbabwe in an attempt to better understand invasive gastropods 

and local trematode epidemiology. 

 

2. Gastropoda 

1.1. Diversity 

The Class Gastropoda (Phylum: Mollusca), often referred to as ósnailsô, and the Class 

Bivalvia have been repeatedly successful at colonizing freshwater habitats, with only the 

Antarctic being devoid of freshwater gastropods (Strong et al., 2008). Both classes belong to 

the Phylum with the most described species following the Phylum Arthropoda. Continental 

waters host around 35 lineages of gastropods covering 4,000 described species (Strong et al., 

2008). Lydeard et al. (2004) estimated that there are still 3,000 ï 10,000 undescribed 

freshwater species waiting to be discovered (Lydeard et al., 2004). However anthropogenic 

threats, such as pollution and habitat degradation and loss, pose a major threat to freshwater 

gastropod diversity resulting in 874 species being included on the IUCN Red List of 

Threatened Species as vulnerable or endangered (www.iucnredlist.org).  

 

1.2. Biology 

Gastropod classification includes two main clades, the Caenogastropoda and the Pulmonata. 

Most Caenogastropoda are dioecious and strictly sexually reproducing with a few exceptions 

as for example Melanoides (family: Thiaridae), which have a true molluscan gill (ctenidium) 

and are usually habitat specialists. Pulmonates are exclusively hermaphroditic, can self-

fertilize and lack a ctenidium but instead have a vascularized ólungô that is used for gas 

exchange; they are mostly habitat generalists. These traits give pulmonates a high colonisation 

and invasion capacity (see further) (Strong et al., 2008). 

 

1.3. Classification 

Morphological gastropod classifications have repeatedly been proven unsuccessful due to 

high intraspecies and overlapping interspecies variation in shell morphology. An example can 

http://www.iucnredlist.org/
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be found in the Bulinus tropicus/truncatus complex where certain individuals of the following 

four species, B. tropicus (Krauss, 1848); B. truncatus (Audouin, 1827); B. depressus (Haas, 

1936) and B. natalensis (Küster, 1841) prove to be unclassifiable based on morphological 

shell characteristics (Mukaratirwa et al., 1998). Mukaratirwa et al. (1998) were successful in 

using chromosome numbers, allozyme data, morphological characteristics and susceptibility 

to Schistosoma haematobium (Bilharz, 1852) to classify snail morphs from the Bulinus 

tropicus/truncatus complex found in Zimbabwe. Most classification guides use shell and soft 

part traits to determine snail species. However, these traits prove to be insufficient due to the 

correlation of shell morphology with environmental variables and the existence of species 

complexes based on both shell and soft part morphology (Mukaratirwa et al., 1998; 

Pfenninger et al., 2006; Correa et al., 2011). Contrary to shell morphology, DNA-taxonomy 

provides comparable, reliable, consistent and objective species identification while 

additionally providing information on geographical distribution patterns when using certain 

markers (e.g. COI) (Pfenninger et al., 2006; King and Lively, 2012). 

 

3. Gastropod - Borne Trematodes 

2.1. Lifecycles 

GBTs use at least two hosts to complete their lifecycle, which always includes a gastropod as 

first intermediate host and alternations of sexual and asexual reproductive stages. The 

Schistosoma lifecycle depicted in Figure 2 is used as an example to explain the general 

lifecycle of GBTs in this part. The cycle starts when fertilized eggs are produced. 

Embryonation occurs during the seven to ten-day migratory route to the exterior of the host 

(Mahmoud, 2001). This allows eggs passed in faeces, urine or other excretions of the final 

host, to hatch into miracidia within minutes upon contact with a suitable freshwater habitat 

(Mahmoud, 2001). Schistosoma mansoni (Sambon, 1907) eggs can survive for six to eight 

days on land or for as long as the faeces do not desiccate or the temperatures does not get too 

high (Mahmoud, 2001). Contrary to schistosome eggs that hatch immediately upon water 

contact, Fasciola eggs still need 9 - 21 days of miracidial development before hatching and 

can remain viable for up to a few months if hatching conditions are unfavourable (Toledo and 

Fried, 2014).  
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After a possibly long, 

resistant phase, miracidia 

hatch and actively search 

for their suitable 

intermediate gastropod 

hosts. This stage usually 

loses its infectivity after 

around 12 hours, but 

survival time strongly 

depends on abiotic 

conditions. Upon contact 

with a gastropod, 

penetration of the host 

tissue is completed in a 

few minutes and is 

facilitated with boring 

movements and secretions from penetration glands. The penetr-ation spot is tissue-aspecific 

since it can enter through any soft body part and is also not species-specific since 

incompatible gastropods (i.e. incompatible species or phenotypes) are also often penetrated, 

resulting in an aborted infection (Mitta et al., 2011). Within the following 48 hours, the 

miracidium develops into a primary sporocyst. Within the primary sporocyst, secondary 

sporocysts develop within eight to ten days. Even within one species, there is a considerable 

variation in the number of secondary sporocysts formed as can be seen in S. mansoni, which 

creates between 40 and more than 600 secondary sporocysts (Mahmoud, 2001). These 

secondary sporocysts or rediae are active feeders and migrate actively or passively through 

the blood sinuses to their final location, the digestive glands, within the gastropod host 

(Mahmoud, 2001). Cercariae now develop within the secondary sporocysts. They can either 

burst through the sporocyst wall or through terminal birth pores and are released into the 

environment at certain periods in the day. This process is called ósheddingô. Many 

schistosome species shed during the few hours following sunrise (e.g. S. intercalatum (Fisher, 

1943)) but many variations are known (Pages and Théron, 1990). Some species shed diurnal 

(e.g. S. mattheei (Pitchford et al., 1969)) and others like the Fasciola sp. found in Lake Kariba 

and e.g. S. rodhaini (Brumpt, 1931) shed nocturnally (pers. observ.; Pitchford et al., 1969; 

Carolus et al., 2019). Shedding time has evolved to maximize the chance of infecting the final 

Figure 2: The Schistosoma lifecycle provides a generalized view on the GBTs 

lifecycles (source: (CDC, USA). 
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host and thus depends on its circadian rhythm. Cercariae, like miracidia, cannot absorb 

nutrients and have to find their host before their energy reserves are exhausted. This usually 

happens after 24 hours, but infectivity is already diminishing after six to eight hours. 

Schistosome cercariae, like most cercarial stages of GBTs, actively penetrate the skin of their 

final host. Fasciolids and amphistomes, however, form some of the exceptions where 

cercariae passively infect the final host through encysting and formation of metacercariae on 

vegetation, which is then consumed by the host. Actively infecting cercariae lose their tail 

upon penetration and become schistosomulae in the case of schistosomes. After invasion of 

the final host, migration towards the reproduction site starts. Firstly, however, these 

Schistosoma juveniles have to mature into adult flatworms. Development happens in the liver. 

After reaching adulthood, intersex couples form. The male now escorts the female to the 

reproductive site using its powerful suckers (Toledo and Fried, 2014; Figure 3). These are 

also used to anchor the pair at the final location (Toledo and 

Fried, 2014). This location is species-specific, an example 

is the venous plexus of the bladder for S. haematobium 

(Toledo and Fried, 2014). Female schistosomes need 

pairing with a male to complete their reproductive 

development (Toledo and Fried, 2014). In contrast to most 

trematode species that are hermaphroditic, the family 

Schistosomatidae is dioecious. The lifecycle is now 

completed when adults reproduce by means of cross-

fertilization. Many other lifecycle variations exist (e.g. 

self-fertilization or selfing in hermaphrodite species) due 

to the high diversity of GBTs, but these are beyond the 

scope of this introduction.  

 

2.2. Classification 

The class Trematoda belongs to the phylum Platyhelminthes and constitutes of two 

subclasses; the extensive Digenea spanning an estimated 18,000 species and the significantly 

smaller Aspidogastrea containing only 100 species. The Aspidogastrea are obligate parasites 

of molluscs with some infecting fishes and turtles as their final hosts. Digeneans, however, are 

obligate parasites of, but not limited to, both molluscs and vertebrates. Classification of this 

subclass has been the source of many discussions since the 19th century. Many attempts to 

Figure 3: S. mansoni adults laying in 

copula. The larger male holds the 

female within its gynecophoral canal, 

providing stimuli needed for 

reproductive and physiological 

development of the female (Toledo and 

Fried, 2014) (photo: T. Huyse). 
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find useful criteria have been made, for example, usage of the sucker arrangements. These 

proved unsatisfactory however (Gibson et al., 2002). In the following decades, many more 

classification attempts were made based on for example secondary sporocysts or cercarial 

morphology but also these methods received severe criticism and conflicts. The simple 

classification proposed by Gibson in 1996 divides the Digenea into three orders; the Strigeida, 

the Echinostomida and the Plagiorchiida. This appears to be one of the most accepted 

classifications but only uses cercarial morphology, and thus, additional works were needed for 

the determination of adult stages. This was provided in Keys to the Trematoda by Gibson 

(2002) where molecular-based phylogenies were used together with morphological evidence 

to classify the Digenea as well as possible (Toledo and Fried, 2014). 

Morphological cercarial identification  is usually done based on gross morphological 

structures like the head, the tail and its relative dimensions, the number and position of body 

suckers and finally a number of specialized surface structures like a stylet if present. This 

usually allows for cercarial identification up to family level and sometimes even up to genus 

level (Frandsen and Christensen, 1984). However, similar to gastropods, cercariae are 

challenging to identify up to species level based on morphology alone. Hence DNA-based 

taxonomy is needed to provide a clear, objective and comparable result for identification. 

Typical markers include the nuclear ribosomal DNA regions that contain the large and small 

subunit of the ribosomal RNA: 18S and 28S rDNA with in between them the internal 

transcribed spacer regions ITS1 and ITS2. Both 18S and 28s are highly conserved regions, 

making them useful to determine higher taxonomic ranks. In contrast, ITS provides more 

resolution at the species level. In order to obtain variation at the population level, the 

mitochondrial cytochrome oxidase 1 gene (COI) is mainly used. Additionally, Schistosoma 

hybrids can be studied through combined analysis of both mitochondrial and nuclear genes 

(e.g. COI and ITS1 respectively) (See ó5.2 Hybridizationô).  

 

4. Schistosoma 

5.1. Biology and Ecology 

Schistosomiasis, also known as bilharzia, is a neglected tropical disease (NTD) affecting 

more than 200 million people worldwide with the most substantial proportion (92%) living on 

the African continent (WHO, 2018). Disease symptoms are not directly caused by the adult 

worms but are a consequence of parasite eggs inducing lesions and inflammatory reactions 

(WHO, 2018). Financial losses in Africa due to disability in humans are estimated to be 
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nearly half a billion US$ per year (Wright, 1972). This estimation does not include any other 

costs associated with human or animal infections, nor does it include all schistosome species. 

Both S. haematobium and S. mansoni are endemic to Zimbabwe, of which the former is the 

most widespread human schistosome in the country (Doumenge, 1987). Adult S. 

haematobium worms live in the venous plexus around the bladder. Their eggs migrate through 

vein walls and ureter or bladder walls to be excreted with the urine. The process causes 

hematuria or bloody urine, which is a clear sign of S. haematobium infection. The blood loss 

is not very harmful to the patient. However, eggs traversing tissues cause the formation of 

scar tissue and around the bladder cause an increased chance of developing bladder cancer 

(King and Dangerfield-Cha, 2008). They also have the potential to cause urogenital 

complications even in children, an increased chance for HIV transmission and infertility in 

females (Forsyth and Macdonald, 1965; King and Dangerfield-Cha, 2008). Many other 

symptoms occur when eggs deviate from their normal passageway and the human immune 

system forms granulation tissue around them. One of them is cerebral schistosomiasis, which 

is capable of causing paralysis and even death.  

Table 1: Other Schistosoma species, besides S. haematobium and S. mansoni, known to be endemic to 

Zimbabwe. Species are listed together with known final and intermediate hosts.  

Schistosoma sp. Gastropod host True f inal hosts Sources 

S. leiperi 

Le Roux, 1955 

B. globosus and B. 

africanus 

Genus Kobus 

(family: Bovidae) 

(Pitchford, 1976; Christensen 

et al., 1983) 

S. mattheei B. globosus and B. 

africanus 

Orders Artiodactyla 

and Perrisodactyla 

(Nelson, 1960; Pitchford, 

1976) 

S. rodhaini 

Brumpt, 1931 

Bi. pfeifferi Wild rodents (Chandiwana et al., 1987) 

Additional Schistosoma species endemic to Zimbabwe or near its border are listed in Table 

1. S. leiperi can sporadically infect other wildlife species and domestic animals, but these 

seem unable to sustain viable populations (Christensen et al., 1983; Pitchford, 1976). This 

contrasts with the broad host range of S. mattheei that includes both domestic and wild 

animals (Nelson, 1960). S. mattheei is capable of infecting non-human and human primates 

while having true reservoir hosts in the orders Artiodactyla and Perrisodactyla, ranging, 

respectively, from giraffes and cattle to rhinos and zebras (Nelson, 1960). S. mattheei 

frequently infects humans, while S. leiperi and S. margrebowiei appear an insignificant 



 

8 

 

zoonotic disease (Michelson, 1989; Weyher et al., 2010). Co-infections of S. mattheei with 

human schistosomes are the rule rather than the exception, with co-infections of S. 

haematobium or S. mansoni being reported in Zimbabwe and South Africa (Blackie, 1932; 

Nelson, 1960; Chandiwana et al., 1987, 1988; Mahmoud, 2001). óPureô S. mattheei infections 

in the human host occur seldomly, are short-lived and have lower fecundity in comparison to 

the previously mentioned co-infections (Chandiwana et al., 1987, 1988; Mahmoud, 2001). 

Considering that eggs traversing tissues mainly cause disease symptoms, co-infections most 

likely result in increased disease symptoms in humans. S. mattheei is not only of zoonotic 

importance, but it also poses a substantial economic burden on animal husbandry in Southern 

Africa (Vanwyk et al., 1997; De Bont and Vercruysse, 1998; You et al., 2018). Infection 

prevalence in cattle and humans can reach up to 90% and 40% respectively (Mahmoud, 

2001). Worldwide 165 million cows have been estimated to have schistosomiasis with 

financial losses originating from decreased fertility, production loss and mortality (Vanwyk et 

al., 1997; De Bont and Vercruysse, 1998; You et al., 2018).  

Schistosomes are characterised by the alternation of sexual reproduction in the final host and 

asexual reproduction within the intermediate gastropod host. This lifecycle allows 

schistosomes to experience the benefits of both reproduction methods (de Meeûs et al., 

2007). Sexual reproduction combines new alleles, which can then be tested in the local 

environment (de Meeûs et al., 2007). The asexual or clonal reproduction phase allows the 

fittest genotype to reproduce clonally without dismantling its genetic set-up (de Meeûs et al., 

2007). Additionally, this results in much larger numbers of shedding cercariae since there are 

no demographic costs associated with different sexes through cloning (de Meeûs et al., 2007). 

Cloning effectively eliminates the twofold cost of sex since all progeny can reproduce (de 

Meeûs et al., 2007). In contrast to half the progeny when males are involved. Additionally, 

costs associated with meiosis and reproductive structures are avoided (de Meeûs et al., 2007). 

Schistosoma species each have their own intermediate snail host species, which in turn 

determine their geographical distribution. The Schistosoma genus used to be sub-divided in 

groups based on egg morphology and intermediate snail host genus (Rollinson and Southgate, 

1987). These groups and their intermediate snail hosts are: S. japonicum Katsurada, 1904, 

using snails from the genus Oncomelania; S. indicum Montgomery, 1906, transmitted by the 

snail genus Indoplanorbis; S. mansoni, using Biomphalaria spp. for transmission and S. 

haematobium, using the genus Bulinus as vectors. The two latter affect humans and a wide 

variety of wild and domesticated animals throughout Africa, making them of high veterinary 
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and medical importance. Phylogenetic studies have shown that the ancestral species infected 

non-human animals and that the human-infecting schistosomes most likely evolved this 

capacity at three separate moments in their evolution with some species; like S. bovis Sonsino, 

1876; returning to the ancestral state (Webster et al., 2006; Standley et al., 2012; Figure 4). 

Known natural hosts and hybrid zones are marked in Figure 4 because of the particular 

medical importance of hybridizing schistosomes (See next paragraph).  

 

5.2. Hybridization 

Schistosoma hybrid s are not isolated cases, with many studies reporting its occurrence 

(Théron, 1989; Webster and Southgate, 2003; Huyse et al., 2009; Huyse, den Broeck, et al., 

2013). Hybridization is partially made possible due to the common mate finding and pairing 

site, of all schistosome species, in the hepatic portal system before males carry the females to 

their respective egg-laying sites (Armstrong, 1965). Mate pairing is a process of trial and 

error, resulting in same-sex and interspecific couples being temporarily formed (Armstrong, 

Figure 4: Phylogenetic tree of the Schistosoma genus constructed by Webster et al. (2006) using 

complete 18S, combined partial 28S and partial COI sequences. S. kisumuensis is not included since it was 

only discovered in 2009 and most likely belongs to the S. haematobium group (Hanelt et al., 2009). S. 

edwardiense and S. ovuncatum are also missing in the tree for unknown reasons. The use of humans as 

final hosts (A, B and C) and the known hybridizing species (full line with óHô) are marked (see section 

5.2). Adapted from Webster et al. (2006) and Standley et al. (2012). 
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1965). Another requirement for viable hybridization is that both mating species belong to the 

same Schistosoma clade, with viable hybrid strains being reported within the S. haematobium 

and the S. mansoni group respectively (Théron, 1989; Huyse et al., 2009). Cross-group 

mating allows for the female to mature, which usually results in the female switching to 

parthenogenetic reproduction, rather than sexual reproduction, causing only a small 

proportion of eggs to be viable (Tchuente et al., 1994). Notably, Huyse et al. (2013) detected 

hybrid offspring resulting from S. mansoni X S. haematobium pairing. This indicates that 

inter-clade hybridization can still result in viable offspring. Inter-clade hybridization could 

have important epidemiological implications if these hybrids are able to use both Bulinus and 

Biomphalaria spp. as intermediate gastropod hosts. Interspecific mating can clearly only 

occur when both species have the same geographical distribution, which depends on the 

distribution of both the intermediate gastropod host and final mammalian host. Additionally, 

both species should have the capacity to infect the same final host. It was suggested by Huyse 

et al. (2009) that, since S. haematobium is ancestral to S. bovis (Webster et al., 2006), it is 

possible that S. bovis could have retained its ancestral capacity to infect humans allowing both 

species to hybridize in the Senegal River Basin. Another possible explanation given by Huyse 

et al. (2009) is that both species hybridized in rodents.  

Many hybrid crosses are not viable; the ones that are viable, can pose a serious health risk for 

the local inhabitants and can potentially change local epidemiology quite drastically. An 

example can be found for S. haematobium, S. intercalatum and their hybrids in Cameroon 

(Southgate et al., 1976). Initially the only compatible gastropod intermediate host in this 

region was B. forskalii, which transmits S. intercalatum. Environmental changes, however, 

allowed B. truncatus to colonize this area, providing a suitable snail host for S. haematobium. 

In the following 30 years it became clear that S. haematobium and recombinants became the 

more dominant species in the region over S. intercalatum. Heterosis plays an important role in 

the explanation for this shift. It means that, among other traits, hybrid strains can have shorter 

pre-patent periods, a wider snail host range and increased infectivity when compared to their 

pure parental species (Webster and Southgate, 2003). Male schistosomes determine the final 

location within the mammalian host, allowing S. haematobium(ǁ) X S. intercalatum(ǀ) 

hybrids to pass their eggs through urine instead of faeces, drastically changing the 

transmission cycle (Webster and Southgate, 2003). These improved parasitic transmission 

traits turn hybridization into an extremely important research subject since it can change 

parasite epidemiology and potentially further increase the global burden of schistosomiasis. 
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5. Fasciola 

Fasciolosis is a disease caused by parasites of the genus Fasciola. The genus has the largest 

longitudinal, latitudinal and altitudinal distribution of any vector-borne parasite. The adaptive 

capacity of both the parasite and its lymnaeid gastropod host facilitated the wide geographical 

distribution (Toledo and Fried, 2014). Global estimates of human infection reach about 2.4 - 

17 million, with 180 million people at risk of infection, making it an important public health 

problem (Hopkins, 1992; WHO). This number might increase dramatically with improved 

research efforts since many Asian and African countries remain understudied (Hopkins, 1992; 

Mas-coma, 2004). Three species of Fasciola are known: Fasciola nyanzae, Leiper, 1910; F. 

hepatica and F. gigantica. The latter two species infect humans on several continents, with F. 

hepatica having the largest distribution, managing to colonize and thrive on all continents 

excluding Antarctica. F. hepatica is mainly adapted to Galba truncatula (Muller, 1774) as 

intermediate gastropod host and Caprinae ruminants, such as sheep, as final hosts (Mas-Coma 

et al., 2009). F. gigantica is adapted to Sub Saharan ruminants as final hosts and Lymnaea 

natalensis (Krauss, 1848) as intermediate snail host (Mas-Coma et al., 2009). L. natalensis is 

known to also transmit F. nyanzae (Dinnik and Dinnik, 1961), which exclusively infects 

hippopotami (Hi. amphibious) (Dinnik and Dinnik, 1961; Mas-Coma et al., 2009). The host 

range could potentially increase with further studies due to limited knowledge about this 

parasite and its lifecycle. F. gigantica has been found in hippopotami and furthermore shares 

many common final hosts with F. hepatica (Mas-Coma et al., 2009). F. gigantica X F. 

hepatica hybrids commonly occur and are capable of infecting humans (Hoa Le et al., 2008; 

Nguyen et al., 2018). The broad host range of both F. gigantica and F. hepatica combined 

with the known susceptibility of Hi. amphibious to F. gigantica, suggest that hybridization 

with F. nyanzae could be possible. Resistance of L. natalensis to F. hepatica used to create a 

geographical barrier between F. hepatica and F. nyanzae (Mas-Coma et al., 2009). However, 

the recent spread of the Fasciola susceptible invasive gastropod Pseudosuccinea columella 

(Say, 1817) across Africa might allow F. hepatica to colonize new regions breaking down this 

geographical barrier (Bargues et al., 2011; Grabner et al., 2014; Lounnas et al., 2017; Carolus 

et al., 2019). Ruminants can host a notable Fasciola sp. infection prevalence (e.g.: Sudanese 

cattle (91%), Ethiopian sheep (70%) and Vietnamese Buffalo (62%) (Mehmood et al., 2017). 

Industrialized countries are not exempt from these helminth parasites. Belgian and Swiss 

cattle were found to be infected by F. hepatica at a prevalence of 37% and 18%, respectively 

(Rapsch et al., 2006; Bennema et al., 2009). The infection rates were most likely related to 

husbandry practices (Bennema et al., 2009). Previous work in Switzerland assumed infection 
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rates of 10% and estimated financial losses per infected animal at ú 299 (Schweizer et al., 

2005). The main financial burdens originate from reduced fertility and milk production 

(Schweizer et al., 2005). Together with minor losses from growth reduction and liver 

condemnation result in 52 million euros of total annual losses in Switzerland (Schweizer et 

al., 2005). As suggested by Rapsch et al. (2006) financial burdens are most likely higher due 

to the underestimated infection prevalence. Zimbabwe has approximately four times as much 

cattle compared to Switzerland, while having a comparable infection prevalence of 16% 

(Mehmood et al., 2017). These observations suggest potential annual losses of around 200 

million euros in the Zimbabwean cattle husbandry alone. Most Fasciola sp. infections in 

Zimbabwean cattle are caused by F. gigantica and a minority due to F. hepatica (Mucheka et 

al., 2015). This is in contrast to South Africa, where 64% of infected cattle suffer F. hepatica 

infections (Mucheka et al., 2015). World-wide financial losses most likely exceed 300 US$ 

billion annually as a consequence of fasciolosis (Mehmood et al., 2017).  

 

Fasciola sp. infections occur passively through ingestion of infected water vegetation, water 

and even terrestrial plants that have been washed with contaminated water (Figure 5). F. 

nyanzae is a neglected species within the Fasciola genus, most presumably because it is not 

Figure 5: The Fasciola lifecycle. Notice the differences in steps one and six with the 

Schistosoma lifecycle depicted in Figure 2. Whereby excreted Fasciola eggs are 

unembryonated and metacercariae passively infect the final hosts (adapted from: CDC, USA). 
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known to infect humans or domesticated animals. The only known final host and intermediate 

snail host are respectively Hi. amphibious and L. natalensis (Leiper, 1910; Dinnik and Dinnik, 

1961). Thus far, only one study conducted limited experiments on the host range of this 

species showing that low numbers of rabbits, goats and calves failed to be experimentally 

infected by F. nyanzae (Dinnik and Dinnik, 1961). Two published papers describe the 

morphology of F. nyanzae with the most recent one being published in 1961 that allow for 

morphological analysis of adult F. nyanzae. However, no genetic data is available for this 

species to date. This prevents molecular identification of F. nyanzae from environmental 

samples. In this thesis we will attempt to provide genetic data on this species and screen other 

potential mammalian final and gastropod intermediate hosts. The data will allow future 

research to genetically identify F. nyanzae from infected samples. Describing genetic 

variability in fasciolids can support disease surveillance and control (Mucheka et al., 2015; 

Khalifa et al., 2016). This information could prove vital in future population management of 

Hi. amphibious, which is listed on the IUCN red list as vulnerable. Parasites have positive and 

negative effects on wildlife conservation efforts and are increasingly seen as biodiversity 

conservation targets themselves (Gómez and Nichols, 2013; Stringer and Linklater, 2014). 

Parasites act as evolutionary drivers behind community structures and host genetic and 

phenotypic diversity making them sources of biodiversity (Gómez and Nichols, 2013; 

Stringer and Linklater, 2014). Anthropogenic effects (e.g.: host inbreeding, climate change, 

habitat degradation and loss, invasive species and contact with domestic animals) could 

potentially increase the consequences of parasite infections due to temporary or permanent 

reductions in already threatened host populations (Smith et al., 2009; Heard et al., 2013). 

Large healthy wildlife populations with enough genetic diversity can co-evolve with their 

parasites. This not only conserves and drives both host and parasite biodiversity but also 

prevents the creation of naïve host populations (Smith et al., 2009; Stringer and Linklater, 

2014).  

 

6. Amphistomes 

Amphistomiasis or óstomach fluke diseaseô is a neglected tropical disease infecting 

domesticated and wild animals world-wide and is caused by helminth parasites of the 

superfamily Paramphistomoidea (Fischoeder, 1901) commonly referred to as óamphistomesô 

(Hanna et al., 1988; Toledo and Fried, 2014). Nine out of twelve amphistome families occur 

in Africa (Laidemitt et al., 2016). Three families (i.e. Paramphistomidae, Gastrodiscidae and 
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Gastrothylacidae) are especially speciose in Africa and contribute to over 40% of known 

amphistomes (Laidemitt et al., 2016). Amphistomes are endoparasites in the digestive tracts 

of a wide variety of final vertebrate hosts, ranging from fishes and amphibians to both 

livestock and wild ruminant species (Toledo and Fried, 2014). Economic losses due to this 

disease have not been estimated to date but must be substantial since it is the most pathogenic 

parasitic diseases in domesticated livestock (Toledo and Fried, 2014). Amphistomiasis causes 

mortality, anorexia, extreme weakness, exhaustion, loss of appetite and diarrhoea. Mortality 

mostly occurs in young animals and is caused when high numbers of immature flukes migrate 

from the intestines to the rumen (Toledo and Fried, 2014). Amphistome migration is a slow 

and painful process that causes severe intestinal damage to the infected host (Toledo and 

Fried, 2014). The high mortality and morbidity in ruminant livestock make the stomach fluke 

disease of high veterinary importance (Hanna et al., 1988; Anuracpreeda et al., 2008; Toledo 

and Fried, 2014). Amphistomes are transmitted through Planorbidae and Lymnaeidae 

gastropod intermediate hosts, which transmit Schistosoma and Fasciola spp. The shared 

gastropod host has important implications for local disease epidemiology. Some amphistomes 

form rediae within the gastropod host, enabling consumption of sporocysts from other 

trematodes like schistosomes (Laidemitt et al., 2016). The highly specific treatment only 

targeting fasciolosis in livestock in France might have caused the severe increase in 

amphistomiasis prevalence from 1990 to 1999 (5.2% to 44.7%) (Christian Mage et al., 2002). 

The increase originates from two factors. Firstly, the reduction in Fasciola sp. causes reduced 

competition between Fasciola and amphistome parasites within the gastropod intermediate 

host (Christian Mage et al., 2002). And secondly, there is no effective treatment against the 

stomach fluke disease (Christian Mage et al., 2002). Further epidemiological complications 

occur due to the high percentage (77%) of amphistome species infecting both domestic and 

wild ruminants in Eastern and Southern Africa (Pfukenyi and Mukaratirwa, 2018). 

Additionally, intermediate gastropod hosts are only known for nine out of twenty-six 

described amphistome species in Eastern and Southern Africa (Pfukenyi and Mukaratirwa, 

2018). The ratio of unknown gastropod intermediate hosts is undoubtedly higher because the 

review by Pfukenyi and Mukaratirwa (2018) does not include species infecting Hi. 

amphibious or Loxodonta africana (Blumenbach, 1797), which are barely studied. Infection 

rates of Hi. amphibious and other final and reservoir hosts, if any, could be estimated through 

non-invasive molecular analysis of stool samples. This method combined with studying 

infection prevalence in gastropod intermediate hosts and the potential effect of invasive 

gastropod species on disease transmission, allow for a more profound comprehension of the 
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parasiteôs lifecycle. Additionally, it allows for a preliminary understanding of potential 

dilution effects caused by unsuitable intermediate and final hosts (Civitello et al., 2015). 

7. Invasive Gastropods in Southern Africa  

Increased globalisation has caused the spread of many invasive species. Therefore, it is 

important to understand their distribution pattern and population structure and the associated 

effects on local epidemiology. To date 14 species of non-indigenous or exotic gastropods 

have been documented in South Africa, while no exotic bivalve species are found (Appleton, 

2003; Appleton and Miranda, 2015). Some of these gastropods became invasive: (P. 

columella, Physa acuta (Draparnaud, 1805) and Tarebia granifera (Lamarck, 1816)) or still 

have the potential to do so (Gyraulus chinensis (Dunker, 1848)). Some other species went 

locally extinct (Biomphalaria angulosa (Mandahl-Barth, 1957)) or managed to remain stable 

without becoming invasive (Helisoma duryi (Wetherby, 1879)) (Appleton and Miranda, 2015; 

Table 2).  

 

Almost all exotic gastropods found in Africa have been introduced through the aquarium trade 

(i.e. juveniles or eggs attached to aquarium plants; Ebbs et al., 2018) and show three general 

introduction periods (Appleton and Miranda, 2015). Between the 1940s and 1960s North 

American gastropods were introduced, from the 1960s to the 1980s mainly South American 

species were introduced and starting from the 1980s Asian species followed suit (Appleton 

and Miranda, 2015). The invasion capacity of these gastropods is made possible through a 

Species Year of 

first 

collection 

Earliest published 

source 

Region of 

origin  

Status in South Africa 

Pseudosuccinea 

columella 

1942 Barnard (1948) North America Invasive 

Physa acuta 1956 Van Bruggen (1966) North and 

South America 

Invasive 

Helisoma duryi 1966 Brown (1967) North America Established, not invasive 

Tarebia 

granifera 

1999 Appleton & Nadasan 

(2002) 

Southeast Asia Invasive 

Melanoides 

tuberculata 

2004 Genner et al. (2004) Southeast Asia Indigenous but potential replacement 

by an invasive morph from Asia 

(Genner et al., 2004) or a hybrid 

Radix 

rubiginosa 

2004 Appleton and 

Miranda (2015) 

Southeast Asia Introduced, status unknown 

Gyraulus 

chinensis 

2006 Appleton and 

Miranda (2015) 

Southeast Asia Introduced, potentially invasive 

Table 2: Adapted list from Appleton and Miranda (2015) containing invasive or otherwise interesting exotic gastropods in 

South Africa. 
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wide diversity of interacting factors. The absence of native amphibious gastropods in Africa 

caused their associated niches to be empty and ready for invasions (Appleton, 2003). This 

partially explains the successful and rapid invasion of P. columella on the African continent 

(Appleton, 2003). Additionally, this gastropod is characterized by an augmented defence 

strategy against predatory beetle larvae compared to native snails. Rapid excretion of large 

quantities of slime immobilize the predator. This amount is significantly higher than the 

amount of mucus produced by native snails (Appleton et al., 2004). P. columella is found 

strongly associated with Eichhornia crassipes (Solms, 1883), the invasive water hyacinth 

(Grabner et al., 2014). This association together with its amphibious nature allow this species 

to quickly escape the water when threatened by either predators or molluscicides, making 

control of the snail almost impossible (Grabner et al., 2014). The non-invasive natural 

establishment of H. duryi has been attributed to its increased need for cross-fertilisation 

compared to other pulmonates (Appleton, 2003). This prevents colonization of a new area by 

a single individual (Appleton, 2003). Contrary to H. duryi, most invading gastropods 

reproduce parthenogenetically or use cross - and self - fertilisation. The global invasion of P. 

acuta knows multiple factors that all contribute to this success. Firstly, P. acuta is a relatively 

fast moving snail that is not associated with vegetation like most gastropods, allowing it to 

quickly colonize disturbed habitats before plants even had the chance to grow again 

(Appleton, 2003). This rapid (re-) colonization capacity is made possible due to high and 

plastic reproduction rates, allowing for cohort production up to once every one to three 

months (Appleton, 2003; Ebbs et al., 2018). Secondly, it has a unique musculature allowing 

shell flicking when a predator, as for example the leech Helobdella europaea (Kutschera, 

1987), attempts to attack the gastropod (Appleton et al., 2004). This effectively reduces the 

predation efficiency (Appleton et al., 2004). Their defence strategy is supplemented by active 

avoidance of predators, which involves rapid movement away from the predator or out of the 

water when attacked by more rapid hunters like crayfish (Appleton et al., 2004). This 

behaviour is not observed in native snails. 

The introduction method of invasive gastropods usually involves eggs or young snails 

colonizing new areas through the aquarium trade or with biological vectors like birds (Ebbs et 

al., 2018). Since eggs cannot be infected by trematode parasites most invasive species lose 

their native parasite fauna when colonizing a new geographical area (i.e. the enemy release 

hypothesis). Invasions by P. acuta have been found in line with this hypothesis (Ebbs et al., 

2018). Invasive gastropods could affect local parasite epidemiology in three distinct ways 

(Mitchell and Leung, 2016). Firstly, the invasive gastropods could be a compatible host for 
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native parasites and cause a spillback effect whereby they increase the number of local 

parasites. Secondly, the invader could be an incompatible host for some or all local parasites 

effectively creating a dilution effect due to the aspecific infection of the gastropod 

intermediate host by trematode miracidia (in that case they act as a ñdecoyò host). Finally, the 

invader could introduce exotic parasites into the newly colonized area (co-introduction) and 

cause a spillover effect whereby exotic parasites infect native species. 

Invasive species usually have low or no genetic variation due to genetic bottlenecks and 

founder effects but still manage to adapt and thrive in new environments, leading to the óthe 

invasion paradox of genetic variabilityô (Lounnas et al., 2017). The global flash invasion of a 

single multilocus genotype of P. columella is a clear example of this paradox. Genetic 

purging most likely allowed this invasion to occur since it decreases inbreeding depression 

(Lounnas et al., 2017). This single multilocus genotype flash invasion has important medical 

and veterinary implications since genetically homogenous populations are more susceptible to 

parasites (King and Lively, 2012; Lounnas et al., 2017). Additionally, this strain has been 

found susceptible to Fasciola spp. (Bargues et al., 2011; Carolus et al., 2019; Grabner et al., 

2014). Carolus et al. (2019) found an exceptionally high Fasciola sp. infection rate (65%) in 

P. columella populations in Lake Kariba, Zimbabwe. This might be a case of parasite 

spillback whereby native Hi. amphibious and potentially other native species suffer increased 

parasite burdens. The increased burden on native hosts cannot be proven at this point but due 

to the high infection rate in the invasive gastropod, increased transmission to native species is 

likely (Carolus et al., 2019). Additionally, Grabner et al. (2014) suggest that the increased 

incidence of fasciolosis-cases in Egypt is due to parasite spillback through P. columella. 

parasite spillback events stress the importance of studying bioinvasions and their effect on 

local parasite epidemiology. The vulnerability of man-made reservoirs to invasions together 

with the increased human-water interactions, make artificial reservoirs interesting and 

important ecosystems for trematode epidemiological studies (Havel et al., 2005). 

 

8. The effect of man-made lakes on trematode epidemiology 

Zimbabwe hosts about 10,000 of the estimated 12,000 man-made reservoirs in Southern 

Africa (excluding South Africa) while only covering 6.8% of the region (Doumenge, 1987; 

Sugunan, 1997). In Zimbabwe most of these man-made reservoirs were constructed during 

the 20th century. Their purposes range from irrigation, drinking water and fishing to the 

generation of hydroelectricity (Morley, 2007). Mazowe Dam, Chivero Dam, Kariba Dam and 
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Mwenje Dam were respectively constructed in 1920, 1952, 1959 and 1970. Kariba Dam (128 

m tall) is world-wide the largest dam based on water capacity alone. Dams dramatically affect 

a wide variety of environmental and cultural factors (e.g. stop migration of river fish, cause 

flooding of vast land surfaces, force resettlement of native inhabitants and increase vector-

borne disease transmission) (Lerer and Scudder, 1999; McAllister et al., 2001). Dams 

blocking water flow inherently slow down the water velocity, shifting silt deposits from river 

deltas and flood plains to up-river areas (Townsend et al., 2008). The sedimentation shift can 

have grave consequences for both human and wildlife populations (Townsend et al., 2008). 

For example, due to the lack of sedimentation in the Nile delta, Egypt could potentially lose 

19% of its habitable land, forcing almost a fifth of their population to migrate to other regions 

within the next 60 years (Townsend et al., 2008). Dams create extensive standing waters 

where rivers used to flow, resulting in a shift from riverine to lake biota. Freshwater 

gastropods are a prime example. They are able to colonize these newly formed environments 

and increase in population size due to increased habitat size, refuge abundance and food 

availability (Havel et al., 2005; Sokolow et al., 2017). This results in important implications 

for both invasive species and gastropod-borne disease transmission (Sow et al., 2002; Havel 

et al., 2005). Firstly, invasive species can use these standing, well connected and heavily 

disturbed waters as stepping-stones to spread across the landscape (Havel et al., 2005). 

Species-rich ecosystems are assumed to be more resistant to invasions under the óbiotic 

resistanceô model compared to species-poor ones because of the more complete exploitation 

of resources and the presence of more potential predators and competitors of the former 

(Elton, 1958). In contrast to this hypothesis, the successful invasion rate increased in certain 

aquatic ecosystems with an increase in species richness (Ricciardi, 2001). This pattern could 

be explained by the óinvasional meltdownô model (Simberloff and Von Holle, 1999). Hereby 

established invasive species facilitate invasions by new exotic species through habitat 

alterations and/or disruption of local community interactions (Simberloff and Von Holle, 

1999). Examples supporting the óinvasional meltdownô model have been found by Ricciardi 

(2001) and Carolus et al. (2019) in the great lakes (North-America) and lake Kariba 

(Zimbabwe) respectively. Carolus et al. (2019) found that increased densities of the invasive 

aquatic plant E. crassipes correlated with increased abundances of the invasive gastropod P. 

columella. The increase in intermediate gastropod hosts and potential gastropod community 

alterations can have drastic effects on parasite epidemiology. Construction of a dam on the 

Senegal River in 1985 provides a striking case with respect to these consequences. Prior to 

dam completion, local people experienced low S. haematobium infection rates. Contrary to 
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expectations, S. mansoni managed to colonize the area after dam construction and in the 

consecutive years caused serious epidemics of intestinal schistosomiasis (Morgan et al., 

2001). To this day the area remains one of the most intense intestinal schistosomiasis foci in 

the world (Morgan et al., 2001). Dam completion caused marked physiological changes in the 

river water (e.g. reduced salinity) (Morgan et al., 2001). This caused a significant increase in 

both Bulinus and Biomphalaria gastropods, subsequently enabling the invasion of S. mansoni 

(Morgan et al., 2001). The effects of dams on schistosome transmission are not restricted to 

this one area in Senegal. Estimates state that dams blocking gastropod - predating river 

prawns (i.e. natural control agents of gastropod populations) cause an increased risk of 

schistosomiasis for nearly 400 million people world-wide (Sokolow et al., 2017). Expanding 

gastropod populations will increase not only schistosomiasis but also other gastropod-borne 

diseases of socio-economic importance (Lerer and Scudder, 1999). 

Aims 

The limited literature dealing with the impact of man-made reservoirs and invasive gastropods 

on trematode epidemiology underline the importance of studying artificial ecosystems. 

Therefore, we address the following questions: 1) Do the man-made reservoirs in Zimbabwe 

(Mwenje dam, Mazowe dam and Lake Chivero) contain invasive gastropod species? 2) If so, 

do they play a role in GBT transmission? 3) Which final hosts are affected by these GBTs? To 

answer these questions, trematode and gastropod communities in and around the Mwenje 

Dam, Mazowe Dam, Lake Chivero and Kariba Dam, all found in Zimbabwe, were studied by 

means of morphological and molecular studies. Additionally, stool samples from wildlife and 

domestic ruminants were collected and studied using PCR analysis. 

 

Materials and methods 

1. Ethical statement and risk assessment 

Gastropod collection was approved by the Research Ethics Committee of the University of 

Zimbabwe (UZ) (Harare, Zimbabwe). Collection of the adult flukes from the hippopotami 

were in context of the research collaboration between UZ and the Zimbabwe Parks and 

Wildlife Management Authority in Lake Kariba. Collection and fixation of gastropods, adult 

parasites and animal stool samples did not require any further certificates. Collection of the 

Hi. amphibious parasites occurred when the Zimbabwe Parks and Wildlife Authority culled a 
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subadult male for population control in Lake Kariba. Detailed risk assessments are given in 

Annex I. 

 

2. Sampling 

2.1. Sampling locations 

Gastropod samples were collected (see 2.2 sampling methodology) at 12 sites spanning five 

man-made reservoirs and two rivers. Sampling occurred between 1 September 2018 and 16 

October 2018. Sites were located in Mazowe Dam (sites 1 and 3), Hendersonôs reservoir (site 

2), Mwenje Dam (sites 4, 5, 7, 8 and 8b), Kariba Dam (sites 3 and 16 in Kariba), Lake 

Chivero (site 10) and two river sites both up- and downstream of Mwenje reservoir (sites 9 

and 6 resp.). All Harare region sites are shown in Figure 6, and all Kariban sites are shown in 

Annex Figure 1. Table 3 provides a summary of the sampled locations, and additional 

information (including GPS-coordinates) is provided in Annex Table 1. Sites at Lake Kariba 

were chosen based on parasitological data collected by Hans Carolus in 2017. A selection of 

six sites was made based on parasite abundance found in P. columella snails. Only two of 

these locations (site 3 and 16) still harboured snails at the beginning of October and were 

included in this study.  

Table 3: Summary of site information, including reservoir name, sampling date, observed activities and origin. 

Site Reservoir Sampling date Observed activities Origin  

1 Mazowe 10-9-2018 Fishing, boating, water irrigation, cattle Man-made  

2 Henderson's 12-9-2018 Fishing, water reserve fish farm Man-made  

3 Mazowe 17-9-2018 Fishing, wastewater fish farm, cattle Man-made  

4 Mwenje 20-9-2018 Swimming, humans drinking, cattle Man-made  

5 Mwenje 20-9-2018 Cattle Man-made  

6 Mwenje river downstream 20-9-2018 Washing location Natural 

7 Mwenje 27-9-2018 Cattle, fishing Man-made  

8 Mwenje 27-9-2018 Cattle, fishing Man-made  

8b Mwenje (small puddle) 27-9-2018 Cattle Man-made  

9 Mwenje river upstream 27-9-2018 River sand mining, cattle Natural 

10 Lake Chivero 6-10-2018 Boating activity, fishing Man-made  

3 Kariba 1-10-2018 Fishing, boating, wildlife Man-made 

16 Kariba 1-10-2018 Wildlife  Man-made 
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2.2. Sampling methodology 

2.2.1. Gastropods 

Gastropods were collected through investigation of (floating) water vegetation in trays and 

scooping of plants and sediment using strong nets. Sampling methods differed slightly 

between Lake Kariba and the other reservoirs due to the presence of dangerous wildlife and 

different water vegetation in Lake Kariba. Both Kariban sites were studied by two researchers 

collecting vegetation for 30 minutes and subsequent collection of gastropods until the whole 

batch of vegetation was processed. Other sites were studied for 30 minutes, including the 

analysis of scoop content and identification of vegetation, by two researchers. Site ó8bô was 

exempt from this methodology because one researcher managed to collect all gastropods 

present in the puddle in 15 min. All gastropods collected were transported to the lab in jars 

containing water from the source location in coolers to prevent premature mortality. 

Gastropods were fixated following shedding experiments (see next paragraph) and 

Figure 6: Map of the sampling sites in Harare region (Zimbabwe). Created by Birgit Vandenberghen using Arc map 10.6 ® software. 
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morphotype identification. Two identification keys were used to determine the species using 

only external morphological traits (Mandahl-Barth, 1962; Frandsen, 1980). Gastropod 

fixation was achieved through the following steps. Each gastropod was initially treated with a 

hot water bath (~70 °C) and subsequently submerged in 70% ethanol for a few minutes after 

which the final fixation in 90% ethanol followed. The hot water bath is used to relax 

gastropod tissue and facilitate DNA extractions. The first ethanol washing step prevents 

gastropod haemolymph from contaminating and degrading the final fixation ethanol. 

Gastropods shedding cercariae were given a code and fixated in separate tubes together with a 

subsample of the released cercariae. Non-infected gastropods were pooled per morphotype 

per site in 15 or 50 ml tubes depending on the gastropod count. Ethanol was replaced within 

two to three days following fixation to assure adequate fixation. Fixated gastropods were 

stored at 4 °C during the rest of the sampling period and sample processing in Belgium. 

Pictures were taken of two individuals per morphotype per site and all infected individuals 

prior to DNA extraction using the high-quality photography stacking apparatus at the RMCA 

and according to the methodology described by Brecko et al. (2014). Pictures taken at 

different focal depths were subsequently merged into one high quality stacked photograph 

with appropriate scaling using the Zerene Stacker® program.  

 

2.2.2. Cercariae 

Infection status of gastropods was tested using shedding experiments in Zimbabwe and PCR 

protocols at the RMCA (see paragraph 3.2). Experiments were conducted for all sites except 

for site 10 due to time restrictions. Gastropods were sorted per morphotype per site upon 

arrival in the field lab and individually transferred to separate wells of culture plates 

containing aged water from their site of origin during the whole experiment. A pooling 

method was used when the number of gastropods exceeded the number of separate wells. This 

involved selecting larger individuals that would be stored separately, while younger 

individuals were stored in larger pools in glasses or bottles. Such size-based selection was 

made because older gastropods have a higher cumulative chance of having been exposed to 

trematodes, and these parasites cause gastropod gigantism (Giannelli et al., 2016). Gastropods 

were stored separately overnight to allow detection of nocturnal shedding cercariae. All 

gastropods underwent intense light treatment from 8 am to 12 pm to trigger parasite 

emergence through mimicking sunlight. The use of direct sunlight was avoided since it can 

cause excessive heating of the well, resulting in gastropod mortality. Few cercariae were 
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isolated and immobilized using a drop of ethanol prior to the microscopical determination to 

family or genus level using the key made by Frandsen and Christensen (1984). Multiple 

cercariae were compared to detect possible double infections. Of each shedding gastropod, 

four cercariae were stored on a Whatman FTA® card. A subsample of the remaining cercariae 

was stored together with the gastropod, but the majority was stored in a separate RMCA tube 

with a unique barcode containing 80% ethanol. Cercarial morphotypes from each gastropod 

were digitalized using a microscopic stacking photography set-up. The Zerene Stacker® 

program was again used to provide high-quality final pictures with appropriate scales. 

 

2.2.3. Stool 

Lake Kariba has a high diversity in wildlife species. Attempts were made to collect stool 

samples from a wide variety of wild animals in the region, which would allow preliminary 

data on the final host range of local trematodes. The other sampling sites had minimal wildlife 

activity. At these sites, stool samples from cattle were collected on the same day of gastropod 

sampling. Only fresh stool samples were collected because they contain viable trematode eggs 

and would thus provide higher quality DNA compared to older stool samples. Stools 

matching these criteria were fixed in high-grade ethanol (99-100%) at 0.25 g stool per ml of 

ethanol to allow optimal sample fixation (ten Hove et al., 2008). All fixed stool samples were 

stored at 4 °C in the lab to further prevent DNA degradation. 

 

2.2.4. Adult flukes 

Adult parasites were collected on two distinct occasions. The first collection occurred at the 

abattoir óKoala Parkô close to Harare. It allowed the detection of fasciolosis and 

amphistomiasis in slaughtered cattle. Local veterinarians decided which livers were 

condemned. These selected livers were analysed for Fasciola sp. infections through 

dissection. All flukes were pooled per species and host individual. Due to time restrictions, 

only four livers were checked. We were not allowed to search stomach contents for 

amphistomes ourselves due to the abattoirôs regulations. The local veterinarians luckily 

provided us with a small number of adult amphistomes found in the intestines of the same 

batch of cattle being slaughtered. The second adult fluke collection event occurred in Kariba. 

Local wildlife authorities culled a subadult Hi. amphibious male as a salary for their services 

to the national park and for population control. We were allowed to take a few tissue samples 

when about twenty soldiers were processing the kill. Sadly, the fast work of the rangers did 
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not allow for a detailed and complete analysis of all tissues; the liver could be completely 

dissection but only part of the stomach and intestines could be inspected for flukes. Helminths 

and nematodes were stored in separate falcon tubes containing 80% ethanol and stored at 4 

°C. Amphistomes and nematodes had to be pooled respectively due to their high abundance. 

Each fluke morphotype was photographed and stacked using the same method as applied to 

gastropod samples. 

2.2.5. Ecological assessments 

Physicochemical parameters, depth, substrate, observed animals and activities and littoral 

vegetation were noted down prior to gastropod sampling. Animal presence was determined 

based on stool samples or direct activity. Physicochemical measurements included pH, water 

temperature (°C), conductivity (µS/cm), dissolved oxygen (mg/l), total dissolved solutes 

(mg/l), nitrates (mg/L), phosphates (mg/L) and carbonates (mg/L). Abiotic measurements are 

incomplete due to lack of equipment both in the field and at the University of Zimbabwe.  

 

3. Molecular analysis 

3.1. Molecular identification of gastropod and trematode species 

3.1.1. DNA extraction 

Tissue of the complete gastropod was extracted from its shell using a fine needle, 

homogenized using a scalpel and excess ethanol was eliminated using absorbent paper. 

Gastropods of excessive size were cut lengthwise in order to sample all organs and a tissue 

voucher was placed in the museum collection. All equipment was sterilized after each 

individual extraction using bleach and an open flame to prevent contamination between 

samples. The proteinase K - based E.Z.N.A. Mollusc DNA Kit (OMEGA bio-tek, Inc.) and 

the associated protocol was used to extract DNA from selected gastropod samples. The 

selection includes: infected individuals, morphotype representatives and gastropods collected 

from sites that had shown high infection prevalence based on shedding experiments. Other 

samples were extracted using the ChelexÈ (BioradÊ) DNA extraction method. Following 

DNA extraction each sample was split in a working and a storage solution. The former was 

diluted 1 / 10 and served for further analysis during this study. The latter remained undiluted 

and served as high-quality DNA back-up and remains continuously stored at -20 °C to prevent 

DNA degradation. Back-up samples were only thawed in case a very light infection was 

detected in the infection RD-PCR to obtain PCR amplification of the parasite DNA. The 

E.Z.N.A. Mollusc DNA Kit eliminates inhibition by removing mucopolysaccharides more 
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consistently. However, this method requires significantly more financial and time resources 

compared to the ChelexÈ (BioradÊ) DNA extraction method. When inhibition occurred for 

pooled samples, all gastropods were diluted 1:100 to prevent inhibition and tested individually 

tested. Samples were discarded if amplification was still unsuccessful. Both methods were 

combined in this study due to the previously mentioned advantages and disadvantages of each 

method. A maximum of 24 gastropods per site per species was extracted to reduce cost and 

time expenditure. Location five was exempt from this methodology since four bulinids were 

found shedding Schistosoma-type cercariae in the field. For this reason, all collected Bi. 

pfeifferi and B. globosus gastropods were extracted with the E.Z.N.A. method, 34 and 38, 

respectively.  

Stool samples collected in the field were filtered by a Pitchford funnel in the lab to both 

eliminate ethanol residue and concentrate parasite eggs. QIAamp Fast DNA Stool Mini Kit 

(QiagenTM) was used to extract trematode DNA from vertebrate stool samples. Adult 

helminths collected from final hosts were extracted using the DNeasy Blood & Tissue Kit 

(QiagenTM) and associated protocol. Cercariae were extracted using a proteinase K based lysis 

buffer. The lysis stock buffer contained 0.90% Tween 20 (v/v), 0.90% NP40 (v/v) and 2x 

PCR-buffer. On the day of extraction, 12 µL of proteinase K was added to 1,000 µL of lysis 

buffer. 10 µL of the proteinase K lysis buffer was added to a single cercaria with 10 µL of 

MilliQ water. A first and second incubation step followed at 65 °C for 25 minutes and 95 °C 

at 10 minutes respectively.  

3.1.2. Simplex PCR and Sanger sequencing 

Gastropods were identified through amplification of the protein-encoding COI gene because it 

is the marker of choice for species identification and population studies due to its high 

evolutionary speed (Hebert et al., 2003). Additionally, gastropod COI sequences are highly 

represented on both BOLD systems V4 (http://www.boldsystems.org/index.php/) and NCBI 

GenBank (https://www.ncbi.nlm.nih.gov/). COI1_SNAIL_F and COI1_SNAIL_R were used 

for gastropod COI amplification, yielding a COI fragment of approximately 500 bps. Some 

gastropod genera could not be amplified using these primers. Non-infected representatives 

were selected and subsequently analysed using the general COI primers HCO2198 and 

LCO1490 designed by Folmer et al. (1994), yielding a 710 bp COI fragment. Trematode 

DNA amplification was more complex and a total of twenty-two primers had to be used for 

sequencing during this study (Annex Table 2). Attempts were made to amplify the longest 

possible fragment. If the initial primers were not successful, other primers were used to 

http://www.boldsystems.org/index.php/
https://www.ncbi.nlm.nih.gov/
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amplify a shorter fragment within the same marker. ITS4 / ITS5, BD1 / BD2 and Trem2F / 

Trem1R were used in a first step when a Schistosoma sp. or Fasciola sp. infection was 

detected. These primers amplify a large rDNA fragment covering 18S and 28S rDNA 

partially and the complete internal transcribed spacer (ITS) 1, ITS 2 and 5.8S rDNA regions. 

If amplification failed, Fasc-ITS1F / Fasc-ITS1R and ITS2_DIG_F / ITS2_DIG_R were used 

to obtain sequences of the ITS 1 region for Fasciola spp. and ITS 2 region for Schistosoma 

spp. respectively. 

18S is the most conserved ribosomal marker and can only be used to infer higher taxonomic 

levels (Nolan and Cribb, 2005; Toledo and Fried, 2014). Primers 18S_DIG_F and 1270R 

amplified the 18S fragment for non-Schistosoma and non-Fasciola spp. infections. 18S was 

amplified on two distinct occasions: as an initial broad screening of trematode diversity and 

when comparable COI reference sequences (best BLAST < 80%) were unavailable. 

Amplification success was detected through gel electrophoresis using a 1.5% agarose gel 

combined with the 100 bps FastGene® DNA ladder. Amplicons showing a strong signal of 

expected length, subsequently underwent a purification step following the ExoSAP 

(FermentasÊ) protocol. Finally, 5 µL of the sequencing primer (5 µM) was added to 5 µL of 

purified PCR product before the sequencing plates were sent to MacrogenTM for Sanger 

sequencing using the BigDye® chemistry. Both forward and reverse primers were used to 

sequence all amplicons except for gastropod COI, whereby only the forward primer was used 

because the number of samples exceeded financial possibilities. 

3.1.3. Phylogenetic trees 

Sequence trimming, quality checks and alignments were made in Geneious® 6.1.8 and were 

subsequently exported to Mega-X version 10.1.0 (Kumar et al., 2018). The invertebrate and 

flatworm mitochondrial genetic code were used when analysing gastropod and trematode COI 

sequences respectively. The standard nuclear code was used when analysing 18S amplicons 

and ITS regions were defined as non-coding. Phylogenetic tree layout was simplified by 

sequence alignment per phylum and marker. Related parasite species were bundled under one 

óTypeô code by using preliminary phylogenetic trees and p-distance matrices. p-distance 

based type-thresholds were selected at 5% for mitochondrial markers and 1% for ribosomal 

markers (Brant and Loker, 2009; Detwiler et al., 2010). Similar tree positions of same-type 

original and reference sequences were used to validate the selection. A slightly different 

approach was used for gastropod and Schistosoma spp. COI sequences. Intraspecific sequen-

ces were aligned in MEGA in order to detect haplotype richness. The best quality (highest 
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HQ) and longest representative of each haplotype was selected to simplify tree layout. óFind 

best modelô was used in Mega to determine the optimal analysis model to construct the 

maximum likelihood (ML)  tree based on AIC values. jModelTest2 was used to determine if 

the GTR model had a sufficiently high AIC value to perform Bayesian inference with the 

Markov Chain Monte Carlo (MCMC) algorithm. All  ML trees were statistically tested 

through 1,000 bootstrap replications. The Markov Chain Monte Carlo algorithm was 

programmed to sample 1,000,000 times, which allows enough sampling after stasis. The p-

distance model was used to construct pairwise distance matrices for each respective tree. 

Outgroups consisted of three species from closely related taxa outside the group of interest 

because it tests the monophyly of the ingroup (Barriel and Tassy, 1998). Parasite final host 

range, shown as silhouettes, were gathered from the host-parasite database of the Natural 

History Museum (London, www.nhm.ac.uk/research-curation/scientific-resources/taxonomy-

systematics/host-parasites/database). 

3.2. Multiplex PCR assays for detection of gastropod infection status 

A pooling design of four same-species individuals per pool was used to reduce costs during 

the infection screening of gastropods. Schistosoma sp. or Fasciola sp. infected pools were 

subsequently tested individually to identify the infected gastropods from the respective pool. 

Three rapid diagnostic (RD, i.e. different primers are combined in one PCR reaction to obtain 

amplicons of different lengths) multiplex PCR protocols were used to determine infection 

status in gastropod samples. Both infection PCR protocols had a similar set-up and contained 

an internal control amplifying 18S gastropod rDNA, to avoid false negative results. Combined 

with an 18S rDNA trematode marker to detect a general trematode infection in the gastropod 

and Schistosoma or Fasciola sp. specific primers for planorbid and lymnaeid gastropods 

respectively. Carolus et al. (2019) and Schols et al. (under review) are referred to for the 

interpretation of RD-PCR output. Samples showing a schistosome infection underwent a two-

step approach and were subsequently identified to species level based on COI amplification 

using the Schistosoma RD-PCR described in Schols et al. (unpublished). All primers used in 

the RD-PCR protocols are summarized in Table 4. The óFasciola sp. infection PCRô protocol 

was performed in a 15 ɛL volume with 2 ɛL gastropod DNA using the QiagenÊ Taq DNA 

polymerase kit containing 1.5 mM PCR buffer (QiagenÊ), 0.6 mM dNTP mix (QiagenÊ), 

1.5 mM MgCl2, 0.45 units of Taq Polymerase (QiagenÊ) and primer mix. Both Schistosoma 

RD-PCR protocols used in the two-step approach were performed in a 15 ɛL volume with 2 

ɛL gastropod DNA template containing the QiagenÊ Multiplex Taq DNA polymerase kit and 
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the suitable primer mix. Primer concentrations in the final volume of the Schistosoma sp. and 

Fasciola sp. infection PCRs were: 0.2 ɛM ó18S_Digenea_Fô and ó18S_Digenea_Rô, 0.1 ɛM 

ó18S_SNAIL_Fô and ó18S_SNAIL_Rô and 0.6 ɛM of óKaplan_Fô and óKaplan_Rô or 

óITS2_Schisto_Fô and óITS2_Schisto_Rô respectively. The óSchistosoma RD-PCRô primer 

concentrations in the final volume were: 0.8 ɛM of óAsmit1ô and 0.3 ɛM of each reverse 

primer (óSh.Rô, óSb.Rô, óSmat.Rô and óSman.Rô). The óSchistosoma sp. infection PCRô and the 

óSchistosoma RD-PCRô protocols consisted of the following steps: initial denaturation at 95 

°C for 5 min, 40 cycles of 94 °C for 30 s, 62 °C for 45 s and 72 °C for 45 s and a final 

elongation step at 72 °C for 10 min in a Biometra® Tprofessional Thermal Cycler. The 

Fasciola sp. infection PCR protocol was identical except for the annealing temperature, which 

was lowered to 60 °C. 

Table 4: Primers used in diagnostic RD-PCR protocols. The primer names, sequences and authors are given 

along with the targeted marker, target organism and amplicon length (in nucleotides). Fas, 18S, COI and ITS2 

refer respectively to the 124 bp Fasciola sp. repeat, 18S rDNA, cytochrome c oxidase 1 (mtDNA) and internal 

transcribed spacer 2. 

Primer name Marker  Target Length Primer sequence Authors 

 ñInfection RD-PCRsò 

18S_Digenea_F 18S Trematoda spp. ±392 CAGCTATGGTTCCTTAGATCRTA Carolus et al. (2019) 

18S_Digenea_R 
   

TATTTTTCGTCACTACCTCCCCGT Carolus et al. (2019) 

18S_SNAIL_F 18S Gastropoda spp. ±500 AGTATGGTTGCAAAGCTGAAACTTA Carolus et al. (2019) 

18S_SNAIL_R 
   

TACAAAGGGCAGGGACGTAAT Carolus et al. (2019) 

Kaplan_F Fas Fasciola spp. 124 ATTCACCCATTTCTGTTAGTCC Krämer and Schnieder (1998) 

Kaplan_R 
   

ACTAGGCTTAAAGGCGTCC Krämer and Schnieder (1998) 

ITS2_Schisto_F ITS2 Schistosoma 

spp. 

±369 GGAAACCAATGTATGGGATTATTG Schols et al. (under review) 

ITS2_Schisto_R 
  

 ATTAAGCCACGACTCGAGCA Schols et al. (under review) 

 ñSchistosoma RD-PCRò 

Asmit1    COI Schistosoma 

spp. 

 
TTTTTTGGTCATCCTGAGGTGTAT Webster et al. (2010) 

Sh.R 
 

S. haematobium 543 TGATAATCAATGACCCTGCAATAA Webster et al. (2010) 

Sb.R 
 

S. bovis 306 CACAGGATCAGACAAACGAGTACC Webster et al. (2010) 

Smat.R 
 

S. mattheei 362 CACCAGTTACACCACCAACAGA Schols et al. (under review) 

Sman.R 
 

S. mansoni 375 TGCAGATAAAGCCACCCCTGTG Van den Broeck et al. (2011) 

 

3.3. Haplotype and genotype mapping based on COI and ITS respectively 

Both haplotypes and genotypes were defined using the DnaSP® V5 software (Librado and 

Rozas, 2009) and respective networks were subsequently constructed in PopART® 

(http://popart.otago.ac.nz) using the TCS network inference model (Clement et al., 2002). 

Only the ITS1 genotype network could be constructed containing sequences obtained by 
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Mucheka et al. (2015) and thus covers F. hepatica and F. gigantica from Zimbabwe and 

South-Africa. COI sequences from Mucheka et al. (2015) did not overlap with our amplicons. 

Additionally, their primers were found amplifying gastropod mtDNA, preventing their use in 

this study. A COI haplotype network was also constructed for B. globosus and L. natalensis 

collected during this study because of their significant role as intermediate hosts in 

schistosomiasis and fasciolosis transfer. Haplotype networks were not made for other 

gastropod species, even if they were found transmitting these parasites, because of their low 

COI-inferred genetic diversity. No networks were constructed for Schistosoma spp. since 

intraspecific diversity was insufficient based on COI and the rDNA region. 

3.4. Screening for hybrids 

Potential hybrids of Schistosoma spp. and Fasciola spp. were analysed using both 

mitochondrial and nuclear markers, which is a common and successful practice in helminth 

hybrid screening (Hoa Le et al., 2008; Huyse et al., 2009; Huyse et al., 2013; Nguyen et al., 

2018). The haploid inheritance of the mitochondrial COI gene allows identification of the 

maternal line. While nuclear markers, like ITS1 and ITS2 rRNA, allow detection of hybrids 

through double peaks in the chromatogram or mito-nuclear discordance following Sanger 

sequencing. Nuclear amplicons were aligned with sequences of potential parental species 

available on NCBI GenBank to detect polymorphic nucleotide sites. Fasciola spp. were 

screened using the whole ITS region or only ITS1 through a nested approach, if the initial 

PCR amplified gastropod instead of parasite DNA. This contrasts with gastropods infected 

with Schistosoma spp., whereby a different nested protocol resulted in ITS2 amplification. 

The discontinuity in hybrid screening methodology between Fasciola and Schistosoma spp. 

results from the limited amount of primers described in the literature. Therefore, primers had 

to be used that amplify markers readily available in online databases for each respective 

genus. 

 

4. Analysis of gastropod communities 

Ecological data was analysed using the statistical software program RStudio®. All graphs 

generated in R were exported to Microsoft Powerpoint® using the export package, designed 

by Wenseleers (2016) to improve figure lay-out. Most multivariate methods were unsuitable 

to analyse gastropod communities collected during this study for multiple reasons. The lack of 

equipment to measure physiological parameters resulted in the absence of data from multiple 

reservoirs, rendering analysis methods such as the RDA analysis insignificant. NMDS 
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analyses were executed on gastropod and macrophyte data of all sites. In contrast to 

physicochemical data for which only site 1 to 6 could be compared due to lack of data for the 

other locations.  

Results 

1. Gastropod and trematode diversity 

1.1. Gastropod diversity 

Key-based gastropod classification in Zimbabwe resulted in 13 distinct morphotypes: B. 

globosus (1 and 2), B. truncatus (6), B. tropicus (3, 4 and 5), Radix sp. (7), L. natalensis (8), 

P. columella (9), Bi. pfeifferi (10), Gyraulus sp. (11), H. duryi (12), Oxyloma sp. (13), M. 

tuberculata (14), Bellamya sp. (15) and P. acuta (16) (Mandahl-Barth, 1962; Frandsen, 1980). 

Each number within parenthesis links to molecularly identified specimens shown in Figure 7. 

Some of these individuals were wrongly identified based on morphology and their final 

identification using molecular tools is listed in the subscript of Figure 7. Complementary to 

shell-based identification, soft body parts were also used to identify snail species 

morphologically. These are not shown in the figures because all depicted specimens were 

fixated on ethanol. Oxyloma sp. was identified as such because it closely resembled the taxon 

Oxyloma patentissima described in this area by Brendonck et al. (2003). Whenever possible, 

shells and corresponding DNA extracts were deposited in the collection of the Royal Museum 

for Central Africa (Tervuren, Belgium) for future studies.  

One gastropod per morphotype per site (including those shown in Figure 7), all shedding and 

all Schistosoma sp. and Fasciola sp. infected gastropods (n = 111) were identified using both 

BLAST and tree-based identification. COI amplifications followed by manual editing and 

trimming of the sequences, resulted in 111 sequences (success rate of 100%) of sufficient 

quality (HQ > 80% and without a single ambiguity) and length (> 400 bps), which were 

combined with sequences present in our molecular database from both Lake Kariba (n = 13) 

and Hendersonôs reservoir (n = 2). This resulted in the total classification of 30 unique 

haplotypes of 15 different species. COI1_Snail primers were sufficient for most samples 

except for Bellamya, Helisoma, Oxyloma and Radix spp., for which primers from Folmer et 

al. (1994) had to be used. The latter provided longer fragments (> 650 bps) of high quality for 

these specimens but could not be used on other samples due to aspecific amplification of 

trematode DNA. The best Bold Systems BLAST results (highest similarity) per haplotype are 



 

31 

 

depicted in Table 5. All sequence IDôs compacted into one single haplotype are depicted in 

Annex Table 3, while Annex Table 4 contains the BLAST results for all haplotypes. 
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