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Summary

Gastropoeborne trematodes infectome 300 million peopleworldwide An estimated
200,000 people die each ydacause o$chistosomiasitHowever,effects gobeyondhuman
mortality, and manytrematodesare of significant economic and ecological importance.
l denti fying a Ilfeeycleaisciuding allsts possibhp (intertmediate and final)
hosts is the first step in disease control and prevention of epideviacemade reservoirs
have heavily disturbed environmentsaiding the spread of invasive speciegross the
landscape which in their turn potentially facilitate an invasional cascade Therefore,
gastropod and trematode communitiesivé manmade reservoirs in Zimbabweere studied
using shedding experiments and molecular tobtere we detected?21 trematode species of
seven superfailies and 14 gastropod specie®Ve provide the firsmolecular data and high
quality photographef Fasciolanyanzaeand report itendemicityin Zimbabwe the spread of
the gastropodGyraulus connollyi north of the LimpopoRiver Valley, four Schistosoma
species in Mwenje reservoand identified Biomphalaria pfeifferias a potentialy new
intermediategastropod host fob. edwardiensdn Lake Chivero w found an invasive leech,
Helobdellaeuropaea a known gastropod predatoriginating fromSouth Americatogether
with two invasive gastropadin close association withithe invasive water hyacinth
Eichhornia crassipescould indicae an invasional meltdownFurthermore, e complete
lifecycle of threehippopotamusnfecting trematode species were identified, within thee
Health framework. This studyndicaks the importance of invasive gastropods in disease
transmission in mamade reservoirand will hopefully contribute to therotection of

hippopotaimus populationgn Zimbabwe despitéhe crippling anthropogenic pressures.
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Samenvatting

Gastropoegeassocieerde trematoden infectevesreldwijd ongeveer 300 miljoen mensen.
Elk jaar sterven naar schattir@00,000 mensen aan de gevolgen van schistosomiasis.
Trematoden infecteren echteok dierenen vele zijn van ecologisch en economisch belang.
De eerste stam hetvoorkomen van ziektaitbrakenis hetidentificeren van alle mogelijke
(finale en tussef gastherenArtificiéle reservoirscreéreneen verstoorde omgeving die
invasieve soorten helpt verspreiden en die op hun beurt kunnen leiden towva&sonal
cascade.Daarom bestudeerden vstakken en trematode in vijf artificiéle reservoirs in
Zimbabwe met behulp vasheddingexperimenten en moleculaire analysét& vonden2l
trematode soorten van zeven superfamilies en 14 slakken sddNé&nsequentiegn hoge
kwaliteitsf o t o 6Fascidaanyanzaewerden voor het eerst gecreéemldeze soort blijkt
bovendien endemisch te zijm Zimbabwe Bovendien vonden wels eerstende slak
Gyraulus connollyi ten noorden van de Limpopo River Vallgyier Schistosomaoorten in
Mwenje reservoir eidentficeerden weBiomphalarg pfeifferi als nieuwe tussengastheer van
Schistosoma&dwardienseln Lake Chivero vonden wde invasieve slaletendebloedzuiger
Helobdellaesuropa@, afkomstig uit ZuidAmerika,samen met twee invasieve slakken soorten
in associae metde invasieve water hyacirijchhornia crassipeDe aanwezigheid van deze
exoten duidt op een mogelijievasional meltdowrn dit reservoir. In het kader van @ne
Health benadering, identificeerden we de volledige levenscyclus dra verschillende
parasie¢n van het nijlpaardDeze studie toont het belang van invasieve slakken in ziekte
overdracht in artificiéle reservoirs en zal hopelijk bijdrageretstverdere beschermingan

het nijlpaard in Zimbabwe.
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Introduction

1. Role of freshwategastropods in disease transmission

Many gastropod species serve aBligate intermediate hostin the complex lifecycles of
digenetic trematode§Some300 million people araffectedworld-wide by GastropoeBorne
TrematodegGBTs) (WHO, 2018).0f these,207.7 million peopleare affected bgchistos-
miasis of which 924 live in Africa, causing an estimate2D0,000 deaths each year due to
direct and indirect effectef the diseaseMany trematode species are of veterinand
ecologcal importance with the mossubstantialfinancial losses caused bgchistosomes,
amphistomes andasciolids(Toledo and Fed, 2014 Figure 1). Many speciesalso infect
wildlife, which may also constitutea conservation threat since many wild animég.
HippopotamusamphibiousLinnaeus, 175Bare listed as vulnerable or endangered on the
IUCN Red List of Threatened Speci&ringer and Linklater, 2014Rohret al, 2008;Figure

1). Adding to their ecological relevance, trematode bionwss reach high proportions in
ecosystems, it canven exceedbird biomassas exemplifiedin three Californian estuaries
(Kuris et al, 2008)

Figure 1. Planorbid gastropods,

;% ﬁm hosts of many trematodes.

Planorbids are used as intermedic

hosts by a wide variety o
m ! trematodes. Some species infe

3_/9 humans and both wild an
3 @ domestic animals (e.@chistosoma
?\ @ @ mattheeVeglia & Le Roux, 1929

@ \T 7 W” highlighting the importance of

“ , Ty @ Q_fa h] potential zoonoses and reservc
—>
= hods. Image courtesyof Dr. T.
PLANORBID SNAILS, A HOST OF PROBLEMS Huyse (adapted)

Most GBTs occuin developng countries in the tropics and subtropiashich is why they are
alsoreferred to agNeglected Tropical Diseas®g®NTDs). Neglected diseases are by definition
understudied and markyowledgegaps stillhaveto be filled(Toledo and Fried, 20145o0me
gastropodspecieshave been introducdd the African continenas the result of the globalized
transport in agricultural andquarium tradéAppleton and Miranda, 2015These invasive
gastropods can haweerious consequences for local parasite epidemialdgpyrgan et al,
2001; Smithet al, 2009; Grabneet al, 2014; Carolu®t al, 2019) Man-made reservoirs are

sensitive taheseinvasivegastropodsiue to their younggeandecological nstablity (Havel
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et al, 2005) This, together with theobservation that snainanagements an important
component of diseases control, underlihe importance omalacological surveys ahan
made reservoirgChandiwanaet al, 1988; Sokolowet al, 2016) Our study, therefore,
analyses a small subset of maade reservoirs (Mwenje Dam, Mazowe Dam, Lake Chivero
and Kariba Dam) present in Zimbabwe in an attemjietter understand invasive gastropods

and local trematode epidemiology.

2. Gastropod
1.1 Diversity

The Class Gastropoda(Phylum: Mollusca) of ten r ef er andtde Class as
Bivalvia have been repeatedly successfutolonizng freshwater habitafswith only the
Antarctic being devoidof freshwater gastropod$stronget al, 2008) Both classes belong to

the Phylum with the most described species following the Phylum Arthro@midinental
waters host around 35 lineages of gastropods covej@f 4lescribed speci¢Stronget al,

2008) Lydeard et al. (2004) estimatedthat there arestill 3,000 i 10,000 undescribed
freshwater species waiting to blescovered(Lydeardet al, 2004) However athropogenic
threats such agollution and habitadegradation antbss pose a mjr threat to freshwater
gastropod diversity resulting in 874 species being included on the IUCN Red List of

Threatened Species as vulnerablemtangere@www.iucnredist.org).

1.2 Biology

Gastropod classificationincludestwo main cladeshe Caenogastropoda and the Pulmonata.
Most Caenogastropoda are dioagsoandstrictly sexually reproducingith a few exceptions

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

and are usually habitat speciaisPulmonates are exclusively hermaphroditic, can-self
fertilize and lack actenidium butinstead havea vas c u |l ar i zthatdis u§ddar gag 6
exchanggtheyare mostly habitat generalists. These traits give pulmonates a high colonisation

and invasiorcapacity(see furtherjStronget al, 2008)

1.3 Classification
Morphological gastropod classifications have repeatedlybeenproven unsuccessful due to

high intraspecies and overlapping interspegagation in shell morphologyAn example can


http://www.iucnredlist.org/

be found in thdBulinus tropicus/truncatusomplex where certain individuals thfe following

four speciesB. tropicus(Krauss, 1848 B. truncatus(Audouin, 1827; B. depressugHaas,
1936 and B. natalensigKuster, 184) prove to be unclassifiable based on morphickalg
shell characteristic§Mukaratirwaet al, 1998) Mukaratirwaet al. (1998)were successful in
usng chromosome numbers, allozyme data, morphological characteristics and susceptibility
to Schistosoma haematobiu(Bilharz, 1852 to classify snail morphgrom the Bulinus
tropicus/truncatugomplexfound in ZimbabweMost classification guides use shell and soft
parttraitsto determine snail speciddowever thesetraits prove to be insufficient due the
correlation ofshell morphologywith environmental variableand the existence ofpecies
complexesbasedon boh shell and soft part morphologfMukaratirwa et al, 1998;
Pfenningeret al, 2006 Correaet al, 2011) Contrary to shell morphologypNA-taxonomy
provides comparable, reliable, consistent and objective species identification while
additionally providinginformation on geographical distribution pattermghen using certain
markers (e.gCOl) (Pfenningetet al, 2006; King and Lively, 2012)

3. Gastropod BorneTrematoe@s

2.1 Lifecycles

GBTs use at least two hosts to complete tlifeicycle, which always includes a gastropod as
first intermediate hostnd alternabns of sexual and asexual reproductive stagéke
Schistosomdifecycle depicted inFigure 2 is used asan exampleto explain the general
lifecycle of GBTs in this part The cycle startswhen fertilized eggs argroduced
Embryonation occurs during the seven to-dey migratory route to the exterior of the host
(Mahmoud, 2001)This allows @gs passed in faecesirine or other &cretionsof the final
host to hatch into miracidiawithin minutesupon contact witha suitable freshwater habitat
(Mahmoud, 2001)Schistosoma mansoffsambon, 1907eggs can survive for six to eight
days on land or for as long as the faeces dalesiccate or the temperaturegsnot get t@
high (Mahmoud, 2001)Contrary toschistosone eggsthat hatch immediately upon water
contact,Fasciolaeggs still need 9 21 days of miracidiadevelopment before hatching and
canremain viable for up to a few monthshiétchingconditions are unfavourab(&oledo and
Fried, 2014)



After a possibly long A - inecive stage

. R O .
resistant phase, miracidii 4% e
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into water and free- 5wimming
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I f
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Pairad adult worms migrate to:
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b g
5. mansomi n 5. hasmatabium liver and shed in stools)

tissue is completed in ¢ E i venous plois of bladder

few minutes and ISFigure 2: The Schistosomalifecycle provides a generalized view on the GE

facilitated with boring lifecycles (source: (CDC, USA).

movementsand secretions from penetration glands. The pexi@in spotis tissueaspecific
since it can enter through any soft body part and is also not speeesc since
incompatiblegastropodgi.e. incompatible species or phenotypas also often penetsa
resulting in an aborted infectiofMitta et al, 2011) Within the following 48 lours the
miracidium develops into a primary sporocyst. Within the primary sporosgsbndary
sporocysts develop within eight to ten days. Even within one spéuggs is aconsiderat#
variation in the number of secondary sporocysts formed as can be seenansonjwhich
creates between 40 and more than 600 secorsfayocysts(Mahmoud, 2001) These
secondary sporocysty rediae are active feeders amijrate actively or passivelyhrough
the blood sinuseso their final location the digestive glandsyithin the gastropodhost
(Mahmoud, 2001)Cercariae now develop within the sedary sporocysts. They can either
burst through the sporocyst wall or through terminal birth pores and are reledsethe
environment atcertain periods in the day Thi s procsseddiMagyoc al | e
schistosomespecies shed during the fédwurs following sunrisée.g.S. intercalatum(Fisher,
1943) but many variations are knowiages and Théron, 199@ome species shelurnal
(e.g.S mattheeiPitchfordet al, 1969) and others likeéheFasciolasp. found in Lake Kariba
and e.g.S rodhaini (Brumpt, 1931)shednocturnally (pers.observ; Pitchford et al, 1969
Caroluset al, 2019. Shedding timenhas evolved to maximize the chance of infecting the final

4



host and thus depends o tircadian rhythm. Cercariae, like miracidieannotabsorb
nutrients and have to find their host before their eneeggrvesare exhaustedrhis usually
happens after 24 durs but infectivity is already diminishing aftesix to eight hours.
Schistosome cercariglke mostcercarial stages @&6BTs actively penetrate the skin of their
final host. Fasciatls and amphistomeshowever, form some of the excemns where
cercariagpassively infect the final host througimcysing and formation of metacercariaa
vegetation which is thenconsumedby the hostActively infecting cercariae lose their tail
upon penetratiomnd become schistosomulaethe case oschistosones After invasion of
the final host, migration towards theeproduction sitestarts. Firstly, however, these
Schistosomguveniles have to mature into adult flatworrBgvelopment happens in the liver.
After reaching adulthoodntersex couples formThe malenow escorts the femalé the
reproductive sitausing its powerful sucker§loledo and Fried, 2014igure 3). These are

also used to anchor the pair at the final locafitmiedo and

Fried, 2014. This locationis speciespecific, an exampl
is the venous plexus of the bladder &r haematobiu
(Toledo and Fried, 2014)Female schistosomes neq
pairing with a male to complete their reproducti
developmen{Toledo and Fried, 2014l contrastto most

trematode speciesthat are hermaphroditic, the family Figure 3: S. mansoniadults laying in
Schistosomatidaeis dioecious. The lifecycle is now Copula The larger male holds the

completed when adults reproduty means ofcross female within its gynecophoralcana|

L ) o ) providing stimuli needed for
fertilization. Many other lifecycle variations exist(e.g.

reproductive and physiologica
selffertilization or selfing in hermaphrodite specie)e eyelopment of the femal@oledo and
to the high diversity of GBTsbut theseare beyond the Fried, 2014)photo: T. Huyse).

scope of this introduction

2.2 Classification

The class Trematoda belong to the phylum Platyhelminthes and constitutes of two
subclasses; the extensive Digenea spanning an estima®8d pecies and the significantly
smaller Aspidogastrea containing only 100 speciég Aspidogastrea are obligate parasites
of molluscswith some infecting fisks and turtleas their final host Digeneas, however, are
obligate parasites of, but notrhited to, both molluscs and vertebrat€sassification of this

subclass has been the source of many discussions sinceticert@ry. Many attempts to



find useful criteria have been madior example usage ofthe sucker arrangements. Fhe
proved unsatisfactorfifowever(Gibsonet al, 2002) In the following decadesnany more
classification attempts were made based on for example secondary sporocysts or cercarial
morphology butalso these methodseceived severe criticismand conflicts. The simple
classifiation proposed bgibsonin 1996dividesthe Digenea into three orders; the Strigeida,

the Echinostomida and the Plagiorchiidehis appears to be one of the most accepted
classificationgut only uses cemrial morphologyand thusadditional worksvere needed for

the determination o&dult stages This was provided irKeys to the Trematodhy Gibson

(2002 where moleculabased phylogaas were used together with morphological evidence

to classify the Digenea agell as possibléToledo and Fried, 2014)

Morphological cercarial identification is usually done based on gross morphological
structures like the head, the tail and its relative dimesstbe number and position of body
suckersard 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#)owever, similar to gastropods, ercariae are
challengingto identify up to species level based on morpholagigpne HenceDNA-based
taxonomyis needed to provide a clear, objective and comparable fesulientification
Typical markers include theuclearribosomal DNAregions thatontainthe large and small
subunit of the ribosomal RNA: 18S ar&8S rDNA with in between them the internal
transcribed spacer regi®filrS1 and ITS2 Both 18S and 28s arkighly conserved regions,
making them useful to determine higher taxonomaicks In contrast,ITS provides more
resolution at the species level. In order to obtain variation at the populatieh the
mitochondrial cytochrome oxidase 1 ger@O() is mainly used Additionally, Schistosoma
hybrids can be studietthrough combired analysis of bothmitochondrialand nuclear genes
(e.g.COl and ITS1 respectivelyseed.2 Hybridizatiord).

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 thst substantigdroportion (926) living on

the African continent (WHO, 2018). 8easesymptoms are ndfirectly caused by thadult
worms butare a consequencef parasite eggsdudng lesions and inflammatory reactions

(WHO, 2018).Financial losses in Africa due to disability in humaarg estimated to be



nearlyhalf a billion US$ per yeafWright, 1972) This estimation does not include any other
costs associated with human or animal infectioms does it include all schistosome species
Both S. haematobiumand S. mansonare endemic to Zimbabwef which the former ishe

most widespread human schistosonre the country (Doumenge, 1987) Adult S.
haematobiunworms live in the venous plexus around the bladtieeir eggs migrate through
vein walls and ureter or bladderalls to be excreted witlthe urine. The process causes
hematuria or bloody urinevhich is a clear sign db. haematobiurmfection. The blood loss

is not very harmful to the patientlowever, egg traversing tissues cause the formation of
scar tissue and around the bladder cause an increased chance of developingéhasdder
(King and DangerfieldCha, 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 Dangeriiélth, 2008) Many other
symptans occur when eggs deviate from their normal passageway and the human immune
system forms granulation tissue around them. Ortheshis cerebral schistosomiasiahich

is capable of causing paralysis and even death

Table 1. Other Schistosomaspecies besidesS. haematobiumand S. mansonj known to be endemic to

Zimbabwe. Species are listetogether with known final and intermediate host

Schistosomasp. Gastropod host True final hosts Sources

S. leiperi B. globosusandB. GenusKobus (Pitchford, 1976; Christensen

Le Roux. 1955 africanus (family: Bovidae) et al, 1983

S. mattheei B. globosusandB. Orders Artiodactyla (Nelson, 1960; Pitchford,
africanus and Perrisodactyla 1976)

S. rodhaini Bi. pfeifferi Wild rodents (Chandiwanaet al, 1987

Brumpt, 1931

Additional Schistosomaspeciesendemicto Zimbabweor near its bordearelisted inTable

1. S. leiperican sporadically infectther wildlife species and domestic animdisit these
seem unable to sustain viable populati¢@hristenseret al, 1983 Pitchford, 1976) This
contrass with the broad host rangef S. mattheethat includesboth domestic and wild
animals(Nelson, 196Q)S. mattheeis capable of infecting nehuman and human primates
while having true reservoir hosia the orders Artiodactyla and Perrisodactytanging
respectively,from giraffes and cattldo rhinos and zebragNelson, 196Q) S. mattheei

frequently infecs humans while S. leiperiand S. margrebowieiappear an insignificant



zoonotic diseaséMichelson, 1989; Weyheet al, 2010) Co-infectionsof S. mattheewith
human schistosomes are the rukgher than the exception, with eafections of S.
haematobiunor S. mansonbeing reported in Zimbabwand South AfricaBlackie, 1932;
Nelson, 1960; Chandiware al, 1987, 1988; Mahmoud, 2008 P u $. enditheeinfections
in the human host occur seldomly, are stiggd and have lower fecundity comparison to
the previously mentioned dafections (Chandiwanaet al, 1987, 1988; Mahmoud, 2001)
Consideringthat eggs travetiag tissues mainly cause disease symgtooeinfectionsmost
likely result in increased disease symptam$iumans S. mattheeis not only of zoonotic
importanceput it alsoposesa substantiaeconomicburdenon animal husbandry Southern
Africa (Vanwyk et al, 1997; De Bont and Vercruysse, 1998; Yetual, 2018) Infection
prevalence in cattle and humans can reach up % & 406 respectively(Mahmoud,
2001) Worldwide 165 million cows have been estimated to have schistosomiagis
financial losses origineig from decreased fertility, production loss and mortaltgnwyk et
al., 1997; De Bont and Vercruysse, 1998; ¥aal, 2018)

Schistosomes are characterisedthg alternation ofsexual reproduction in the finabstand
asexual reproduan within the intermediategastropod host. This lifecycle allows
schistosomes to experience thenefits of both reproduction methods(de Meedlset al,
2007) Sexual reproduction combines new allelegich can then be tested in the local
environment(de Meelset al, 2007) The asexual or clonal reproduction phase allows the
fittest genotype to reproduactonally without dismantling its genetic sep (de Meel<t al,
2007) Additionally, this results irmuch larger numbers of shedding cercariae since there are
no demographic costs associated wliferent sexeshrough cloningde Meedst al, 2007)
Cloning effectively eliminates the twofold cost of sex since all progeny can reprédieice
MeedUset al, 2007) In contrast to half the progeny when males are involdelditionally,
costs associated with meiosis and reproductive structures are a(aedeieéeltst al, 2007)
Schistosom specieseach have their own intermediate snail hagtecies which in turn
determire their geographicatlistribution The Schistosomaenus used to be swlivided in
groups basedroegg morphologgnd intermediate snail hogénus(Rollinson and Southgate,
1987) These groupsnd their intemediate snail hosts ar& japonicumKatsurada, 1904,
using shails from the gen@ncomelaniaS indicumMontgomery, 1906transmitted by the
snail genusindoplanorbis S mansoni using Biomphalaria spp for transmissionand S
haematobiumusingthe genusBulinusas vectes. The two latter affect humans and a wide

variety of wild and domesticated animals throughout Afrmaking them of high veterinary



and medical importanc®hylogenetic studies have shotimat the ancestral species infected
non-human animals andhat the humaninfecting schistosones most likely evolved this
capacity at threseparatenoments in their evolutiowith some speciesike S.bovisSonsing
1876 returning to the ancestratate(Websteret al, 2006 Standleyet al, 2012 Figure 4).
Known natural hosts and hybrid zones are marke&igure 4 because of thearticular

medical importance ofytoridizing schistosomes (See next paragraph).
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Figure 4: Phylogenetic tree of theSchistosomagenus constructed by Webstest al. (2006) usin
complete 18S, combined partial 28S and partial 8€uencesS. kisumuensiss not included since it w
only discovered in 2009 and most likely belongs to $Shenaematobiungroup (Haneltet al, 2009) S
edwardienseaind S. ovuncatunare also missing in the tree for unknown reasdhg use of humans
final hosts (AB and C) and the known hybridizi ngectol
5.2).Adapted from Websteat al. (2006) and Standlegt al.(2012).

5.2 Hybridization

Schistosomahybrid s are not isolated case with many studies repang its occurrence
(Théron, 1989; Webster and Southgate, 2003; Heyss#, 2009; Huyse, den Broeckt al,
2013) Hybridizationis partially made possible due to the comnmate finding and pairing
site, of all schistosome species, in the hepgadital system before males carry the females to
their respective eglpying sites(Armstrong, B65) Mate pairing is a process tfial and

error, resulting in samsex andnterspecific couples being temporarily forméarmstrong,



1965) Another requirement for viable hybridization is that both mating species belong to the
sameSchistosomalade, with viable hybrid strains being reported within $hdvaematobium

and theS. mansonigroup respectively(Théron, 1989; Huyset al, 2009) Crossgroup
mating allows for the female to matureyhich usually results inthe femaleswitching to
parthenogertee reprodution, rather than sexual reproduction, causing ordy small
proportion ofeggs to be viabléTchuenteet al, 1994) Notably, Huyseet al. (2013) detected
hybrid offspring resulting fron5. mansoniX S. haematobiunpairing This indicaes that
inter-clade hybridization can still result mable offspring Inter-clade hybridization could
have important epidemiological implicatiotighese hybridsareable to use botBulinusand
Biomphalaia spp. as intermediatgastropodhosts. Interspecific mating can clearly only
occur when both species have the same geographical distribution, which depends on the
distribution of both the intermediatgstropodhost and final mammalian hogdditionally,

both specieshouldhave the capacity to infect the safimal host It was suggested by Huyse

et al. (2009 that, sinceS. haematobiuns ancestral t&. bovis(Websteret al, 2006) it is
possible thas. bovisould have retainedstncestral capacity to infect humans allowing both
speciesd hybridize in the Senegal River Baskmother possible explanation given by Huyse

et al.(2009)is that both specidsybridized in rodents.

Many hybridcrossesre notviable the ones that andable, canpose a seriousealth risk for

the local inhaliants and can potentially change local epidemiology quite drastically. An
example can be found f@. haematobiunt. intercalatumand their hybrids in Cameroon
(Southgateet al, 1976) Initially the only compatible gastropod intermediate hastthis
region wasB. forskali, which transmitsS. intercalatumEnvironmental changes, however,
allowedB. truncatugo colonizethis area, providing a suitable snail host$othaematobium

In the following 30 year# became clear th&. haematobiurand recombiants became the
more dominant species in the region o8eimntercalatumHeterosigplays an important role

the explanation for this shiftit mears that among other traitdyybrid strainccanhave shorter
pre-patent periods, a wider snail host range imedeasednfectivity when compared to their
pure parental specie@Nebster and Southgate, 200B)ale schistosomedetermine the final
location within the mammalian hgsallowing S. haematobiurti() X S. intercalatur{l )
hybrids to pass their eggs through urine instead of faeces, drastically changing the
transmission cyclgdWebster and Southgate, 2003hese improved parasitic transmission
traits turn hybridization into an extremely important research subggute it can change

parasite epidemiology and potentidilytherincrease thglobalburdenof schistosomiasi
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5. Fasciola

Fasciobsisis a disease caused by parasites of the géassiola The genushasthe largest
longitudinal, latitudinal and altitudinal distribution of any veebmrne parasitéThe adaptive
capacity of both the parasite and its lymnaeid gastropodidmbtatedthe wide geographical
distribution (Toledo and Frid, 2014) Global estimats d human infectiorreachabout 2.4 -
17 million, with 180 million people atisk of infection making it an important public health
problem (Hopkins, 1992 WHO). This nhumbermight increasedramaically with improved
research efforts since many Asian and African countries remain underdtiddgdns, 1992;
Mas-coma, 2004) Three species dfasciolaare known:Fasciola nyanzad, eiper, 1910;F.
hepaticaandF. gigantica Thelattertwo specia infect humans oseveralcontinents, withF.
hepaticahaving the largest distribution, managing to colonize and thrive on all continents
excluding AntarcticaF. hepaticais mainly adapted t&alba truncatula(Muller, 1774 as
intermediateggastropochostand Caprinae ruminants, such as sheep, as fina (Mas-Coma
et al, 2009) F. giganticais adapted t&Gub Saharamuminantsas final hosts andymnaea
natalensigKrauss, 1848as intermediate snail ho@lasComaet al, 2009) L. natalensigs
known to also transmit F. nyanzae(Dinnik and Dinnik, 1961)which exclusively infects
hippopotami(Hi. amphibiou}¥ (Dinnik and Dinnik, 1961; Ma€omaet al, 2009) The host
range couldpotentially increase with further studiedue to limitedknowledge about this
parasite and its lifecyclé-. giganticahas been found ihippopotamiand furthermore shares
many common final hosts witk. hepatica(MasComaet al, 2009) F. giganticaX F.
hepaticahybrids commony occurand are capable of infecting humgitoa Leet al, 2008;
Nguyenet al, 2018) The broad host range of bokh giganticaand F. hepaticacombined
with the known susceptibility oHi. amphibiousto F. giganticg suggestthat hybridization
with F. nyanzaecould be possibleResistance of. natalensido F. hepaticaused to create a
geographical barrier betweé&n hepaticaandF. nyanzagMas-Comaet al, 2009) However,
the recentspread of thd-asciola susceptiblenvasive gastropodPseudosuccinea columella
(Say, 1817gcross Africanightallow F. hepaticato coloniz new regionsreaking dowrthis
geographical barrigBargueset al, 2011; Grabneet al, 2014; Lounnast al, 2017; Carolus
et al, 2019) Ruminantscanhosta notableFasciolasp. infection prevalencde.g.: Sudanese
cattle(91%), Ethiopian sheef70%) and Viethamese Buffalo (62 (Mehmoodet al, 2017)
Industriaized countries are not exempt frothesehelminth parasitesBelgian and Swiss
cattle were found to biafectedby F. hepaticaat a prevalence @&7% and18%, respectively
(Rapschet al, 2006; Bennemat al, 2009) The infection ratesvere most likely related to

husbandry practicgBennemaet al, 2009) Previous work in Switzerland assumed infection
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rates of 10 and estimated femcial losssper i nf ect e d (Sehweizeret bl, at
2005) The main financial burdens originatfrom reduced fertility and milk production
(Schweizeret al, 2005) Together with minor losses from growth reduction and liver
condemnatiorresult in 52 million euro®f total annual losses Switzerland(Schweizeret

al., 2005) As suggested by Rapset al. (2006) financiaburdensare most likely higher due

to the underestimated infection prevalence. Zimbahasapproximately four times asuunh
cattle compared to Switzerlandihile havinga comparable infection prevalence of%d6
(Mehmoodet al, 2017) These observations suggest potential annual losses of around 200
million euros in the Zimbabwean cattle husbandry aldviest Fasciob sp. infectionsin
Zimbabwen cattlearecaused byr. giganticaand a minority due t&. hepatica(Muchekaet

al., 2015) This is n contrast to South Africa, where %dof infectedcattlesuffer F. hepatica
infections(Muchekaet al, 2015) World-wide financial losses most likely exceed 300 US$
billion annually as a consequence of fasusa (Mehmoodet al, 2017)

Metacercariae on water
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Figure 5: The Fasciola lifecycle. Notice the differences in steps one and six witl
Schistosoma lifecycle depicted in Figure 2. Whereby excretedFasciola eggs ar

unembryonated and metacercariae passively infect the final(adsgsted fromCDC, USA).

Fasciola sp. infections occurpassively through ingestion offectedwater vegetation, water
and even terrestrial plants that have been washed with contaminated Figiee 6). F.
nyanzads a neglected species within tRasciolagenus most presumably because it is not
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known to infect humans or domesticated aniniBfe only known final hostind intermediate

snail host are respectiveyi. amphibiousandL. natalensiqLeiper, 1910; Dinnik and Dinnik,
1961) Thus far,only one study conduetl limited experimentson the host range of this
species showing thabw numbers ofrabbits, goats and calvésiled to beexperimentally
infected byF. nyanzae(Dinnik and Dinnik, 1961) Two published papers describe the
morphology ofF. nyanzaewith the most recent one being published in 18t allow for
morphologicalanalysis of adulf. nyanzaeHowever no genetic datas available forthis
speciesto date This preventsmolecularidentification of F. nyanzaefrom environmental
sampla. In this thesis we will attempt to provide genetic data on this spangscreerther
potential mammalianfinal and gastropodintermediate hosisThe data will allow future
reseach to genetically identifyF. nyanzaefrom infected samplesDescribing genetic
variability in fasciolids can support disease surveillaaecd control(Muchekaet al, 2015;
Khalifa et al, 2016) This informationcould prove vital in future population management of
Hi. amphibious which islistedon the IUCN red list asulnerable Parasites have positive and
negative effects on wildlife conservation efforts and are increasingly seen as biodiversity
conservation targets themsel\g&&omez and Nichols, 2013; Stringer and Linklater, 2014)
Parasites act as evolutionary drivdyshind community structures and host genetic and
phenotypic diversity making them sources of biodivergiBomez and Nichols, 2013;
Stringer and Linklater, 2014Anthropogenic effects (e.g.: host inbreeding, climate change,
habitat degradation and loss, invasive species and contact with domestic animals) could
potentally increase the consequences of parasite infections due to temporary or permanent
reductions in already threatened host populati@mith et al, 2009; Heardet al, 2013)

Large healthy wildlife populations with enough genetic diversity caevodve with the
parasites This not only conser@s and drives both host and parasitéiodiversity butalso
prevents the creation of naive host populati(®mith et al, 2009; Stringer and Linklater,
2014)

6. Amphistomes

Amphistomiasis o r 0st omach i$ b wégkected iropieak diseasefecting
domesticated and wild animalsorld-wide and iscaused by helminth parasites of the
superfamily Paramphistomoidégischoeder, 190lc o mmonl|l y ref erred t o
(Hannaet al, 1988; Toledo and Fried, 2014Aine out of twelve amphistome families occur

in Africa (Laidemittetal., 2016) Three families (i.e. Paramphistomidae, Gastrodiscidae and
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Gastrothylacidae) are especially speciose in Africa and contribute to o¥eo#@nown
amphistomegLaidemittet al, 2016) Amphistomes are endoparasites in the digestive tracts
of a wide variety of final vertebrate hosts, ranging from fishes anghibians to both
livestock and wild ruminant speci€¥oledo and Fried, 2014Economic losses due to this
disease have not been estimated to date but must be substanéat isthe most pathogenic
parasiic diseases in domesticated livestgékledo and Fried, 2014Amphistomiasis causes
mortality, anorexia,extreme weakness, exhaustitoss of appetite and diarrhoea. Mortality
mostly occurs in young animadsd is caused when high numbers of immature flukes migrate
from the intestines to the rumé€mnoledo and Fried, 2014Amphistome migration is a slow
and painfulprocessthat causes severe intestinal damage to the infected (fioktdo and
Fried, 2014) The high mortality and morbidity in ruminant livestock make the stomach fluke
disease of high veterinary important¢¢annaet al, 1988; Anuracpreedet al., 2008; Toledo

and Fried, 2014) Amphistomes are transmitted throudtlanorbidaeand Lymna&lae
gastropod intermediate hostshich transmitSchistosomaand Fasciola spp. The shared
gastropod host has important implicationslowal disease epidemiologgomeamphistomes
form rediae within the gastropod hpstnabling consunption of sporocystsfrom other
trematodes like schistosomésaidemitt et al, 2016) The highly specific treatmendnly
targeting fasciobsis n livestock in France might have caused the severe increase in
amphistomiasis prevalence from 1990 to 1999%&@ 44.P%6) (Christian Mageet al, 2002)

The increase originates frotwo factors. Firstly, the reduction Fasciolasp. causes reduced
competitionbetweenFasciolaand amphistome parasites viitithe gastropodintermediate
host(Christian Mageet al, 2002) And seondly, there is no effective treatment against the
stomach fluke diseag€hristian Mageet al, 2002) Further epidemiological complications
occur due to the highercentagd77%) of amphistome species infecting both domestic and
wild ruminants in Eastern andSouthern Africa (Pfukenyi and Mukaratirwa, 2@)
Additionally, intermediate gastropod hosts apaly known for nine out of twentysix
describedamphistome species iBastern andsouthern Africa(Pfukenyi and Mukaratirwa,
2018) The ratio of unknowmgastropodntermediate hosts is undoubtedly higher because the
review by Pfukenyi and Mukaratirwa (2018) does not include species infedtng
amphibiousor Loxodonta africangBlumenbach, 1797 which are barely studiednfection
ratesof Hi. amphibiousand other finahnd reservoihosts if any, could be estimated through
norrinvasive molecular analyss of stool sample This method combined with studying
infection prevalence imgastropodintermediate hostsnd the potential effect of invasive
gastropod species on disease transmissilbow for amore profoundccomprehensiomf the
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p ar a difiedycted Additionally, it allows for a preliminary understandi of potential
dilution effects caused by unsuitable intermediate and final f@stitello et al, 2015)

7. Invasive Gastropods in Southern Africa

Increasedglobalisation has caused the spread of many invasive spetlesrefore,it is
important to understand thadistribution pattern angbopulation structurand theassociated
effects on local epidemiologyTo date 14 species oforrindigenous orexotic gastropods
have beemlocumentedn South Africa while noexotic bivalve specieare found(Appleton,
2003; Appleton and Miranda, 2015pome of these gastropodsbeame invasive (P.
columellg Physa acutgDraparnaud, 1805nd Tarebia granifea (Lamarck, 1816) or still
have the potential to do s&yraulus chinensigDunker, 1848). Some other specieswent
locally extinct(Biomplhalaria angulosa(MandahiBarth, 1957) or managed teemain stable
without becoming invasivéHelisoma dury(Wetherby, 1879)(Appleton and Miranda, 2015
Table 2).

Table 2: Adapted list from Appleton and Miranda (2015) containingasive or otherwise interesting exotic gastropods in
South Africa.

Species Year of  Earliest published Region of Status in South Africa
first source origin
collection
Pseudosuccinee 1942 Barnard (1948) North America Invasive
columella
Physa acuta 1956  Van Bruggen (1966, North and Invasive
South America
Helisoma duryi 1966 Brown (1967) North America Established, not invasive
Tarebia 1999  Appleton & Nadasar Southeast Asie Invasive
granifera (2002)
Melanoides 2004 Genneret al.(2004) Southeast Asie Indigenous but potential replaceme
tuberculata by an invasive morph from Asia
(Genneret al, 2004) or a hybrid
Radix 2004 Appleton and Southeast Asic Introduced, status unknown
rubiginosa Miranda (2015)
Gyraulus 2006 Appleton and Southeast Asic  Introduced, potentially invasive
chinensis Miranda (2015)

Almostall exotic gastropod®und in Africahave been introduced through the aquaritade
(i.e. juveniles or eggs attached to aquarium pjdfivbset al, 2018 and show thregeneral
introduction periodgAppleton and Miranda, 2015Between the 1940s and 196Rsrth
Americangastropodsvere introduced, from th&960s to thel980s mainlySouth American
species were introduced and starting from 2880s Asianspeciesfollowed suit (Appleton

and Miranda, 2015)The invasion gaacity of these gastropods is made posdibeugha
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wide diversity of interacting factorsThe absence of native amphibious gastropods in Africa
caused their associated niches to be empty and ready for invéampiston, 2003) This
partially explains the successful and rapid invasioR.ofolumellaon the African continent
(Appleton, 2003) Additionally, this gastropod is characterized by an augmented defence
strategy against pdatory beetle larvae compared to native snails. Rapid excretion of large
guantities of slime immobilize the prada This amount is significantly higher than the
amount of mucus produced by native sngiippletonet al, 2004) P. columellais found
strongly associated witkichhornia crassipegSolms, 1883), the invasive water hyacinth
(Grabneret al, 2014) This association together with its ampbils nature allow this species

to quickly escape the water when threatened by either predators or molluscicides, making
control of the snail almost impossible (Grabneret al, 2014) The noninvasive natural
establishmenbf H. duryi has been attributed tids increagd need for croskertilisation
compared tather pulmonatefAppleton, 2003) This preverd colonization of a new area by

a single individual (Appleton, 2003) Contrary toH. duryi, most invading gastropods
reproduce parthegenetically or use crossand self- fertilisation. The global invasion d1.
acutaknows multiple factors that all contribute to this success. FiBtlgcutais 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 eh@ngrow again
(Appleton, 2003) This rapid(re-) colonization capacity is made possibleedto high and
plastic reproductiorrates, allowing for cohot productionup to once everyone to three
months(Appleton, 2003; Ebbst al, 2018) Secondly, it las a unique musculature allowing
shell flicking when a predatoras for example the leedhelobdella europaea(Kutschera,
1987) attempts toattackthe gastropod(Appletonet al, 2004) This effectively reduesthe
predationefficiency (Appletonet al, 2004) Their defence strategy supplemented by active
avoidance of predators, which involvegid movement awayrom the predator or out of the
water when attacked by more rapid huntéke crayfish (Appleton et al, 2004) This
behaviour is not observed in native snails.

The introduction method of invasive gastropods usually involves eggsyoung snails
colonizing new areas through the aquarium t@deith biological vectors like birdéEbbset

al., 2018) Since ggscannot banfected by trematode parasitemstinvasive species lose
their native parasite fauna when colonizing a new geographical(ieeethe enemy release
hypothesi¥. Invasions byP. acutahave been found in line witthis hypothesigEbbset al,

2018) Invasive gastropods could affelcical parasite epidemiology ithree distinct ways
(Mitchell and Leung, 2016)Firstly, the invasive gastropods coddd a compatible host for
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native parasites and causespillback 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 adilution effect due to tb aspecific infection of the gastropod
intermediate hodby trematode miracidiéin that case they act asidecoy host) Finally, the
invader could introducexotic parasitesnto the newly colonized argao-introduction)and
cause apillovereffect whereby exotic parasites infect native species.

Invasive speciesisually have low or nogenetic variation due togenetic bottleneckand
founder effectdut still manage to adapt and thrive in new environmentd eadi ng t o
invasion paradox f genet i @Loumnasetiala2®17) The gloldal flash invasion of a
single multilocus genotype dP. columellais a clear example of this paradoxGenetic
purging most likely allowedthis invasionto occursince it decreases inbreeding depression
(Lounnaset al, 2017) This singlemultilocus genotypeflash invasionhas important medical
and veterinary implications since geneticdltynogenougpopulations are more suscejiilo
parasitegKing and Lively, 2012; Lounnast al, 2017) Additionally, this strain has been
found susceptible td-asciolaspp.(Bargueset al, 2011; Carolu®t al, 2019 Grabneret al,
2014) Caroluset al. (2019 foundan exceptionalhyhigh Fasciolasp. infection rate(65%) in

P. columellapopulations in Lake KarihaZimbabwe This might bea case ofparasite
spillbackwhereby nativeHi. amphibiousand potentially other native spec®sferincreased
parasite burdesi The increased burdem native hostsannot be proven at this point but due
to the high infection rate ithe invasive gastropothcreased transmission to native species is
likely (Caroluset al, 2019) Additionally, Grabneret al. (2014) suggesthat the increased
incidence of fasci@sis-cases in Egypt is due to parasggillback through P. columella.
parasitespillback events stress the importance of studyioginvasionsand th& effect on
local parasite epidemiologyhe vulnerability of mammade reservoirs to invasiotmgether
with the increased humamater interactiog make artificial reservoirs interesting and

important ecosystenier trematode epidemiolacal studies(Havelet al, 2005)

8. The effectof manmade lake®n trematode epidemiology

Zimbabwe hosts about 10,000 of the estimated 1200 mammade reservoirs in Southern
Africa (excluding South Africa) while only covering @@&of the region (Doumenge, 1987,
Sugunan, 1997)in Zimbabwe nost of thesemanmade reservoirs were constructed during
the 2@" century. Their purposes range from irrigation, drinking water and fistintine

generation of hydroelectricitfMorley, 2007) Mazowe Dam, Chivero Dam, Kariba Dam and
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Mwenje Dam were respectively constructed in 1920, 1952, 1959 and K&Ti8a Dam(128

m tall) is world-wide the largestambased on water capacity a®iDams dramatically affect

a wide variety ofenvironmental and cultural factofs.g. stop migration of river fish,cau®
flooding of vast land surfacedorce resettlement of native inhabitamisd increag vector

borne disease transmissjofLerer and Scudder, 1999; McAllisteat al, 2001) Dams
blocking waterflow inherently slow down the water velocitshifting silt deposits from river
deltas and flood plains to tnver areagTownsendet al, 2008) The sedimentation shift can
have grave consequences for both human and wildlife populdfiomssendet 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 year§Townsendet al, 2008) Dams creat extensivestanding watey
where rivers used to flow, resulting in a shift from riverine to lake biBtashwater
gastropodsrea prime example. They aebleto colonizethesenewly formed environments

and increasein population sizedue to increased habitatze refugeabundanceand food
availability (Havel et al, 2005; Sokolowet al, 2017) This resultsin important implications

for both invasive species and gastrojbmiine disease transmissi@®ow et al, 2002; Havel

et al, 2005) Firstly, invasive species can use these standirgl connectecand heavily
disturbedwaters as steppingtones to spread across the landsco@dpeevel et al, 2005)
Speciegich ecosystems are assumed to be more resistant to invasides he diotic
resistancémodelcompared tespeciespoor onesecause othe more complete exploitation

of resourcesand the presence of more potential predators and competitors of the former
(Elton, 1958) In contrast to this hypothesis, the successful invasateincreased in certain
aguatic ecosystemgith an increasén spedes richnesgRicciardi, 2001) This pattern could

be explained by the {Simbeldfand&odblle dB9DHeklmywn 6 mc
established invasive species facilitate invasions by new exotic species through habitat
alterations and/or disruption of local community interacti¢Bsnberloff and Von Holle,
1999) Exampl es suppomdlitndyo wrnhée nda dnevia sh aommeal been
(2001) and Caroluset al. (2019) in the great lakes (Nortkmerica) and lake Kariba
(Zimbabwe) respectivelyCaroluset al. (2019) found that increased densities of the invasive
aquatic plank. crassipesorrehted with increased abundances of the invasive gast®pod
columella The increase in interediategastropodhostsand potential gastropod community
alterationscan havedrasticeffects onparasite epidemiology. Construction of a dam on the
SenegaRiver in 1985 provides a striking casewith respect tahese consequencdarior to

dam completion, local gpple experienced lows. haematobiunmfection rates Contrary to
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expectationsS. mansonmanaed to colonize the areafter damconstructionand in the
consecutiveyears cau®d serious epidemis of intestinal schistosomiasi@organ et al,
2001) To thisday the areaemainsone of the most intense intestinal schistosomiasis foci in
the world(Morganet al, 2001) Dam completion caused marked physiological changtse
river water (e.g. reduced salinitfiylorganet al, 2001) This cause a significant increase in
both Bulinusand Biomphalariagastropodssubsequently enablirthe invasion ofS. mansoni
(Morganetal., 2001) The effects of damen schistosoméransmissiorare not restricted to
this one area in Senegal. Estimates state that dams blocking gastrppedhting river
prawns (i.e. natural control agents of gastropod populatiace)se an increased risk of
schistosomiasis for nearly 400 million people wenldie (Sokolowet al, 2017) Expanding
gastropodpopulations willincreasenot only €histosomiasis but also other gastrojmine

diseases of socieconomic importanc@.erer and Scudder, 1999)

Aims

Thelimited literaure dealing withtheimpact ofmanmade reservoirs and invasive gastropods
on trematode epidemiology underline the importance of studying artificial ecosystems.
Thereforewe address the following questions: 1) Do the smade reservoirgr Zimbabwe
(Mwenje dam, Mazowe dam and Lake Chivero) contain invasive gastropod species@ 2) If
do they play a role in GBT transmission? 3) Which final hosts are affected by these BBTs?
answer these questions, trematode and gastropod communities in and tamMwienje

Dam, Mazowe Dam, Lake Chivero and Kariba Dafthfound inZimbabwe were studied by
means of morphological and molecular studies. Additionally, stool samples frdfifersind
domestic ruminants were collected and studied using PCR analysis.

Materials and methods

1. Ethical statement and risk assessment

Gastropod collection was approvbeg the Research Ethics Committed the University of
Zimbabwe (UZ) (Harare, Zimbhwe). Collection of the adult flukes from the hippopotami
were in context of theesearchcollaboration between UZ and ttmbabwe Parks and
Wildlife Management Authorityn Lake KaribaColledion and fixation of gastropogdsadult
parasites and animalosti samplesdid not require any furthesertificates. Collection of the

Hi. amphibiougarasites occurred whehe Zimbabwe Parks and Wildlife Authoritylled a
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subadult maldor population control inLake Kariba.Detailed risk assessments are given in

Annex |.

2. Sampling

2.1 Sampling locations

Gastropod samples were collected (see 2.2 sampling methodaldb®/kites spanning five
manmade reservoirs and two riveiSampling occurred betwednSeptembef018and 16
October2018 Sites werelocated in Mazowe Dansifes 1 and 3, Hender smiteds r es
2), Mwenje Dam gites 4, 5, 7, 8 and 8bKariba Dam gites 3 and 16 in KaribalLake
Chivero 6ite 1Q and two river sites both u@nd downstream of Mwenjeservoir(sites 9

and 6 resp.)All Harare regiorsites are shown iRigure 6, andall Kariban sitesare shown in

Annex Figure 1. Table 3 provides asummary ofthe sampled locationsand additional
information(including GPScoordinates)s providal 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 fouhdcwlumellasnails. Only two of
theselocations (site 3 and 16till harboured snailsit the beginning of October and were

included in this study.

Table 3: Summaryof ste information including reservoiname sampling datepbservedctivities andrigin.

Site  Reservoir Sampling date  Observed activities Origin

1 Mazowe 10-9-2018 Fishing, boating, water irrigation, cattl 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;attle Man-made
5  Mwenje 20-9-2018 Cattle Marn-made
6  Mwenje river downstrean 54.9-2018 Washing location Natural

7 Mwenje 27-9-2018 Cattle, fishing Marn-made
8  Mwenje 27-9-2018 Cattle, fishing Man-made
8b  Mwenje (small puddle)  257.9.2018 Cattle Marn-made
9  Mwenije river upstream  57.9.2018 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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Figure 6: Map of the sampling sites in Harare region (Zimbabwe)Created by Birgit Vandenberghen using Arc map 10.6 ® software.

2.2. Sampling methodology
2.2.1. Gastropods

Gastropods were collectedroughinvestigationof (floating) water vegetatiom traysand
scoopingof plants and sedimeniising strong nets. Sampling methods differed slightly
between Lake Kariba and the other reservdus to the presence of dangerous wildéifed
different water vegetatiom LakeKariba Both Kariban sites were studied by two researchers
collecting vegetation for 30 minutes and subsequeltctionof gastropodsuntil the whole
batch of vegetationwas processedther sites were studied for 30 minyta@scluding the
analysis of soop contentind identification of vegetatioiy two researcher§Si t e 08 b 6
exempt from this methodology because one researcher managed to coligastrapods
presentin the puddlein 15 min. All gastropods collected wetteansportedo the lab injars
containing water from the source location in coolers to prevent premature mortality.

Gastropods were fixated following shedding experiments (see next paragraph) and
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morphotype identificationTwo identificationkeys were used to determine th@eciesusing
only external morphological traits (MandahiBarth, 1962; Frandsen, 1980%astropod
fixation was achievedtough the following steps. Each gastropeas initially treatedvith a

hot water bath (~70C) andsubsequently submergad 70% ethanolfor a few minutesafter
which the final fixation in 90% ethanol followed The hot water bath is used to relax
gastropd tissue andfacilitate DNA extractions. Thefirst ethanol washing step prevents
gastropod haemolymph from contaminating and degrading fheal fixation ethanol.
Gastropodshedding cercariagere given a code and fixated in separate ttdigsther with a
subsample of the released cercarideninfected gastropods were pooled per morphotype
per site in15 or50 ml tubesdepending on thgastropod counE&thanol was replaced within
two to three days following fixatiomo assure adequate fixatioRixated 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 morpgpet per site and all infected individuals
prior to DNA extractiorusing the higkguality photography stacking apparatus at the RMCA
and according to the methodology describedBrgcko et al. (2014) Pictures taken at
different focal depths wersubsequentlynerged into one high quality stacked photograph

with appropriate scadg using the Zezne Stacker® program.

2.2.2. Cercariae

Infection status of gastropods was tested using shedding experiments in Zimbabwe and PCR
protocols at the RMCA (see paragrapB). Experiments were conducted for all siesscept

for site 10due totime restrictions.Gastropods were sorted per morphotype per site upon
arrival in the field lab and individually transferred toseparate wellof culture plates
containingaged water from their site of origirduring the whole experiment. A pooling
methodwas used when theumberof gastropodexceeded theumberof separate wells. This
involved selectng larger individuals that would be stored separately, while younger
individuals were stored in larger pools in glasses or botBash sizebased selectiowas

made because older gastropods have a higher cumulative chance of having been exposed to
trematodesand these parasites cause gastropod gigaf@sannelliet al, 2016) Gastropods

were stored separdy overnight to allow detection afiocturnal sheddingercariae.All
gastropodsunderwent intense light treatment froma8n to 12pm to trigger parasite
emergencehrough mimicking sunlight The use of direct sunlight was avoided since it can

cause excessive heating of the well, resulting in gastropod mortedity.cercariae were
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isolated and immobilized using a drop of ethgmdr to the microscopical determination to
family or genus leel using the key made by Frandsen and Christensen (1984). Multiple
cercariae were compared to detpossibledouble infections. Of each shedding gastropod,
four cercariae were stored on a Whatman FTA® ocarslibsample of the remaining cercariae
wasstoral together with the gastropoolut the majority wastored in a separate RMQAbe

with a unique barcodeontaining 89 ethanol.Cercarid morphotypedrom each gastropod
were digitalized using a microscopic stacking photographyugefThe Zerene Stacker®

program was again used to provide hoghality 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 ire tlegion, whichwould allow preliminary

data orthefinal host range of local trematodes. The od@mnplingsiteshadminimal wildlife

activity. At these sitesstool samples from cattle were collected on the sameifdggstropod
sampling. Only fresh stool samples were collected because they contain viable trematode eggs
and would thus provide higér quality DNA compared to older stool samples. Stools
matching these criteria were fixed in highade ethanol (3200%) at 0.25 g stool per ml of
ethanol to allow optimal sample fixatigten Hoveet 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. Thedallection occurred at the
abattoir 0Koal a P dtrakdoved ¢hke deteeion ©f ofasciblogis and e .
amphistomiasis in slaughtered cattle. Local veterinarians decided which livers were
condemned. These selected livers were analysedF&sciola sp. infections through
dissection. All flukeswere pooled per speciesd host individualDue to timerestrictions
only four livers were checked. We were not allowed to searsiomach contentgor
amphistomesourselves due to the abattwigegulations. The local veterinargruckily
provided us witha small number o&dult amphistomes found in the intestines of the same
batch of cattle being slaughtered. The second adult fluke collestEmtoccurred in Kariba.
Local wildlife authoritiesculled a subadulti. amphibiousmaleas asalaryfor their services

to the national park and for population control. We were allowed toatdée/tissuesamples

when about twenty soldiers were processing the &dldly, the fast work of theangersdid
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not allow fora detailed and complete analysis of all tissuée liver could becompletéy
dissectiorbutonly part of the stomach and intessr®uld beinspected for flukesHelminths
and nematodewere stored in separate falcon tubes containirdy 8thanoland stored at 4
°C. Amphistomes and nematodes had to be po@splectivelydue to their high abundance.
Each fluke morphotype was photographed and stacked using thersgthmas applied to

gastropodsamples

2.2.5. Ecologicahssessments

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 measnoi®included pH, water
temperature (°C), conductivity (uS/cm), dissolved oxygen (mg/l), total dissolved solutes
(mg/l), nitrates (mg/L), phosphates (mg/L) and carbonates (m@liptic measurementare

incomplete due to lack of equipmdtthin the fidd 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 gstropodwas extracted from its shell using a fine negedle
homogenized using &calpeland excess ethanol was eliminated using absorbent paper.
Gastropods of excessive size were leagthwise in order to sample all orgasnsd a tissue
voucher was placed in the museum collection. All equipment was stergdited each
individual extaction using bleach and an open flame to prevent contamination between
samples. The proteinage- based E.Z.N.A. Mollusc DNA Kit (OMEGA bitek, Inc.)and

the associated protocalas used to extract DNA fromeelectedgastropod samplesihe
selection includes: infectaddividuals morphotype representatives and gastropods collected
from sites that had shown high infection prevalence based on shedding experidieaits.
samples were extractassingtheCh el ex E ( Bi or ad E) hod Ralowegx t r act
DNA extraction each sample was split in a working arsorage solution. The former was
diluted 1 / 10 and served for further analysis during this study. The latter remained undiluted
andserved as higlguality DNA backup andremainscontinuously stored a0 °C to prevent

DNA degradation. Backip samples were only thawed in case a very light infection was
detectedin the infection RBPCR to obtain PCR amplification of the parasite DNFhe
E.Z.N.A. Mollusc DNA Kit eliminatesinhibition by removing mucopolysaccharides more
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consistently However,this method requires significantly more financial and time resources
comparedtda he Chel exE ( Bi or ad E)Whé&hhhibiterxoccureedot i o n
pooledsamplesall gastropodsverediluted1:100 to prevent inhibitiomand testedhdividually

tested. Samples were discardédmplification wasstill unsuccessfulBoth methods were
combined in this studgiue to the previously mentioned advantages and disadvantages of each
method A maximum of 24gastropodger site per speciasasextractedto reduce cost and

time expenditure. Location five was exempt from this medhayl since fourbulinids were

found $edding Schistosomdype cercariaein the field For this reasgnall collectedBi.
pfeifferi and B. globosusgastropodsvere 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 €@gamp Fast DNA Stool Mini Kit
(Qiageri™) was used to extradrematode DNA from vertebrate stool samplésiult
helminths collected from final hosts were extracted using the DNeasy Blood & Tissue Kit
(Qiaged™) and associated protoc@ercariae were extracted using a proteinase K based lysis
buffer. The lysis stock buffer contained 080'ween 20 (v/v), 0.9% NP40 (v/v) and 2x
PCRbuffer. On the day of extractipa2 uL of proteinase K was added 1,000 uL of lysis
buffer. 10 uL of the proteinase K lysis buffer was added to a stegieariawith 10 pL of

MilliQ water. A first and secondhcubation stefollowed at 65 °C for 25 minutes and 95 °C

at 10 minutesespectively

3.1.2. Simplex PCR and Sanger sequencing

Gastropod wereidentified through amplification oftie proteinencodingCOI gene because it
is the marker of choicdor species identificatiorand population studies due to its high
evolutionary spee@Hebertet al, 2003) Additionally, gastropodCOI sequences are highly
represented on both BOLD systems \Wtf://www.boldsystems.org/index.ph@nd NCBI
GenBank fittps://www.ncbi.nin.nih.gov). COI1_SNAIL_F and COI1_SNAIL R were used
for gastropodCOI amplification, yieldinga COI fragment of approximately 500 bps. Some

gastropod genera could not be amplified using these prifersinfected representatives
were selected and subseqgtly analysed usinghe general COI primers HCO2198 and
LCO1490designed by Folmeet al. (1994) yielding a 710bp COI fragment. Trematode
DNA amplification was more complex aradtotal oftwenty-two primershad to beusedfor
sequencingluring thisstudy Annex Table 2). Attempts were made to amplify the longest

possible fragment. If thénitial primers were not successfubther primers were used to
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amplify a shorter fragment within the same marker. ITS4 / JTE831 / BD2 andTrem2F /
TremlR were u=d in a first stepwhen aSchistosomasp. or Fasciola sp. infection was
detected. These primers amplify large rDNA fragment coveringl8S and 28S rDNA
partially and the complet@aternal transcribed spacdif§) 1, ITS 2 and 5.8S rDNA regions.
If amplification failed, Fasd¢TS1F / FasdTS1R and ITS2_DIG_F / ITS2_DIG_R were used
to obtain sequences tfe ITS 1 region foFasciolaspp. and ITS 2 region fdschistosoma

Spp. respectively.

18S is the most conserveithosomal marker and can only be used to infer higher taxonomic
levels (Nolan and Cribb, 2005; Toledo and Fried, 20I)imers 18S_DIGF and 1270R
amplified the 18Sfragment for norSchistosomand norFasciolaspp. infections 18S was
amplified on two @stinct occasions: as an initial broad screening of trematode diversity and
whencomparable€COl reference sequenc@zest BLAST < 80%jyvere unavailable.

Amplification success was detected through gel electrophoresis usif§joaafjarose gel
combined with the 10@ps FastGene® DNA ladder. Amplicons showing a strong sighal
expected length subsequently underwent a purification step following the ExoSAP
( Fer ment as Einallypsuloof tbecsequencing primer (5 pM) was adde 5pL of
purified PCR product before the sequencing plates wereto Macroge”™ for Sanger
sequencing using the BigDye® chemistBoth forward and reverse primers were used to
sequence all amplicons except f@stropodCOl, whereby only the forwadrprimer was used

becausehenumber of samplesxceeded financial possibilities.

3.1.3. Phylogenetic trees

Sequencérimming, quality checks andlignmentswere made in Geneio®s6.1.8andwere
subsequentlhexported to Mega version10.1.0(Kumar et al, 2018) The invertebrate and
flatworm mitochondrial genetic code were used when analysing gastropod and tre@@tode
sequences respectivelyhe standard nuclear code was used when analysing 18S amplicons
and ITS regions were defined as rmding. Phylogenetic tree layouivas simplified by
sequencalignment pemphylumandmarker Relatedparasitespeciesverebundled under one

60 Ty p e 6by asimgl greliminary phylogenetic trees andliptance matrices.-gistance
based typehresholds werselected at 5% for mitochondrial markensd 1% for ribosomal
markers(Brant and Loker, 2009; Detwilest al, 2010) Similar tree positiosof sametype
original and referencesequences were used VYalidate the selection.A slightly different
approach was used for gastropot Schistosomapp.COI sequencedntraspecific sequen

ces were aligned in MEGA in order to detect haplotype richness. The bést (highest
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HQ) and | ongest representative of eaknd hapl c
best moddé was used in Mega to determine the optimal analyssiahto constructhe
maximum likelihood(ML) treebased on AIC valks. jModelTest2was used to determine if

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

Markov Chain Monte Carlo (MCMC) algorithmAll ML trees were statisticallyested
through 1,000 bootstrap replicationsThe Markov (ain Monte Carloalgorithm was
programmed to sample 1,000,000 times, which allows enough sampling afterStasys.
distance model was used to construct pairwise distance matrices for each respective tree.
Outgroups consistl of three speciefrom closely relatedtaxa outside he group ofinterest
because it tests the monophyly of the ingréBarriel and Tassy, 1998Parasitefinal host

range, shown as silhouettesere gathered fromthe hostparasite database of the Natural
History Museum (London, ww.nhm.ac.uk/researeturation/scientifieresources/taxonory

systematics/hogtarasites/database

3.2. Multiplex PCRassays for detection of gastropod infection status

A pooling design of four sargpecies individuals per pool was used to reduce costs during

the infection screening of gastropo&chistosomap. orFasciolasp. infected pools were
subsegently tested individually to identify the infected gastropods froeréspective pool.

Three rapid diagnostic (R i.e. different primers are combined in one PCR reaction to obtain
amplicons of different lengthamultiplex PCR protocols were used to detme infection

status in gastropod sampl®&woth infection PCR protocols had a similar-sptandcontained

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

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

and Schistosomaor Fasciola sp. specific primers for planorbid and lymnaeid gastropods
respectively.Caroluset al. (2019) and Scholgt al. (under review) are referred to for the
interpretation of RBPCR outputSamples showing schistosoménfection underwent &wo-
stepapproach and were subsequendgntified to species levdlased orCOI amplification

using theSchistosom&D-PCR describeé in Scholset al. (unpublished)All primers used in

the RDPCR protocols arsummarized irT able 4. The G~asciolasp. infectionPCRbprotocol

was performed in a 15 €L volume with 2 L g
polymerase kit containing 1M PCR buf fer (QiagenkE), 0.6 mN
1.5 mM MgClb, 0.45 wunits of Tagqgq Pol ymBehSahswsortaQi ager
RD-PCR protocols used inthetvvot e p appr oach were perfor med

eL gastropod DNA template containing the Qi a
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the suitable primer mixPrimer concentrations in the final volumetbé Schistosomap.and
Fasciolasp. infection PCRsve r e :  @8S2Digenba d-anddl8S Digenea & 0. 1 e M
Gl8S SNAIL B and 4l8S SNAIL B and 0 . 6 Kaplkh_Foaind Kaplan_F or
dTS2_Schisto_6 and dTS2_Schisto_R respectively.The 6 S ¢ h i s RDsPCBAmramer
conentrations in the final vol ume wer e: 0.8
primer (6Sh. RO6, O0Sb. Rid&chiddSomatp. RO ndreadtd dma iP.CR
&chistosom&®D-PCR6&6 protocols consisted otonat®e f ol I
°C for 5 min, 40 cycles of 94C for 30 s, 62°C for 45 s and 72C for 45 s and a final
elongation step at 72C for 10 min in a Biometra® Tprofessional Thermal Cycler. The
Fasciolasp. infection PCRprotocolwas identicabxcept forthe annealing temperature, which

was lowered to 60C.

Table 4: Primers used in diagnostic REPCR protocols. The primer names, sequences and authors are given
along with the targeted marker, target organism and amplicon length (in nucleotides). F&QL88d ITS2
refer respectively tohe 124 bpFasciolasp. repeat, 18S rDNA, cytochrome c oxidase 1 (mtDNA) and internal
transcribed spacer 2.

Primer name  Marker  Target Length Primer sequence Authors

il nfecPC&B ORD

18S Digenea_F 18S  Trematoda sp +392 CAGCTATGGTTCCTTAGATCRTA Caroluset al.(2019)

18S_Digenea_R TATTTTTCGTCACTACCTCCCCGT Caroluset al.(2019)
18S _SNAIL_F 18S  Gastropodagp +500 AGTATGGTTGCAAAGCTGAAACTTA Caroluset al.(2019)
18S_SNAIL_R TACAAAGGGCAGGGACGTAAT Caroluset al.(2019)
Kaplan_F Fas Fasciolaspp. 124 ATTCACCCATTTCTGTTAGTCC Kramer and Schnieder (199¢
Kaplan_R ACTAGGCTTAAAGGCGTCC Kramer and Schnieder (199¢
ITS2_Schisto F ITS2 Schistosoma +369 GGAAACCAATGTATGGGATTATTG  Scholset al. (under review
ITS2_Schisto_R P ATTAAGCCACGACTCGAGCA Scholset al. (under reviewy
iSchi sRBPRORMa

Asmitl COIl Schistosoma TTTTTTGGTCATCCTGAGGTGTAT Websteret al. (2010)

Spp.
Sh.R Sﬁ)\aematobium 543  TGATAATCAATGACCCTGCAATAA Websteret al.(2010)
Sh.R S. bovis 306 CACAGGATCAGACAAACGAGTACC Websteret al.(2010)
Smat.R S. mattheei 362 CACCAGTTACACCACCAACAGA Scholset al. (under reviewy
Sman.R S. mansoni 375 TGCAGATAAAGCCACCCCTGTG Van den Broeclet al. (2011)

3.3.Haplotypeand genotypenapping based oGOl and ITSrespectively

Both haplotypes and genotypes were defined using the DnaSP® V5 softwaeslo and
Rozas, 2009)and respective networks were subsequently constructed in PopART®
(http://popart.otago.ac.hausing the TCS etwork inference modeg|Clementet al, 2002)

Only the ITS1 genotype network could be constructed containing sequences obtained by
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Muchekaet al. (2015 and thus cover§. hepaticaand F. giganticafrom Zimbabwe and
SouthAfrica. COl sequenceffom Muchekaet al. (2015)did not overlap with our amplicons
Additionally, their primers were found amplifyingastropodntDNA, preventing theiuse in

this study A COI haplotype network was also constructed Boiglobosusand L. natalensis
collected during this studyecause of their significant role as intermediate hosts in
schistosomiasisand fasciabsis transfer Haplotype networks were not made for other
gastropod species, even if they were found transmitting these parasites, because of their low
COl-inferred genetic diversity. Nmetworks were constructed f&chistosomaspp. since

intraspecificdiversitywasinsufficient based or€Ol and the rDNA region

3.4. Screeningfor hybrids

Potential lybrids of Schistosomaspp. and Fasciola spp. were analysed using both
mitochondrial and nuclear markemshich is a common and successful practice in helminth
hybrid screenig (Hoa Leet al, 2008; Huyseet al, 2009; Huyseet al, 2013; Nguyeret al,
2018) The haploid inheritance of the mitochondr@DI gene allows identification of the
maternalline. While nuclear markers, like ITS1 and IT8NA, allow detection of hybrids
through double peaks in the chromatogrammito-nuclear discordanc®llowing Sanger
sequencing. Nuclear amplicons were aligned vgiglguences of potential parental species
available on NCBI GenBank to detepblymorphic nucleotide sites. Fasciola spp. were
screened using the whole ITS regionomly ITS1 through a nested approach,the initial
PCR amplified gastropothstead of parasit®NA. This contrasts with gastropods infected
with Schistosomapp., whereby a different nestpdotocol resulted inITS2 amplification
The discontinuity in hybrid screening methodology betwEasciolaand Schistosomapp.
results from the limited amount of primers describethaliterature.Therefore primers had

to be used that amplify markers readily available in online databasesadb 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® usingxpertpackage, designed

by Wenseleers (2016) to improve figure-laygt. Most nultivariate methods werensuitable

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 ashe RDA aralysis insignificant NMDS
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analyges 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 anttematode diversity

1.1. Gastropod diversity

Key-based gastropodlassificationin Zimbabwe resulted in 13 distinct morphotyp&s:
globosug(1 and 3, B. truncatug6), B. tropicus(3, 4 and 5)Radixsp. (7), L. natalensig8),

P. columella(9), Bi. pfeifferi (10), Gyraulussp. (11),H. duryi (12), Oxylomasp. (13) M.
tuberculata(14), Bellamyasp. (15) andP. acuta(16) (MandahiBarth, 1962; Frandsen, 1980)
Each number within parenthesis linksmolecularly identified specimershownin Figure 7.

Some of these individuals were wrongly mtiied based on morphology and their final
identification using molecular tools is listed in the subscripEighire 7. Complementary to
sheltbased identification, soft body parts were also used to identify snail species
morphologically. These are notakin in the figures because all depicted specimens were
fixated on ethanolOxylomasp. was identified as such because it closely resembled the taxon
Oxyloma patentissimdescribed in this area by Brendorekal. (2003). Wheneverpossible,
shells and corresponding DNA extracts waeposied in the collection of the Royal Museum

for Central Africa (TervurenBelgium) for future studies.

One gastropod per morphotype per site (including those shokigurne 7), all shedding and
all Schistosomap. andrasciolasp. infected gastropods = 111)wereidentified using both
BLAST and treebased identificationCOI amplifications followed by manual editing and
trimming of the sequences, resultedlibl sequencegsuccess rate of 100%) sufficient
quality (HQ > 80% and without a single ambiguity) and length (> 40%), bghich were
combined with sequences present in malecular databasieom both Lake Kariba (& 13)
and Hender s on2%. Thisaesdtedn the total (classification of 30 unique
haplotypes of 15 different specieSOI1_Snail primers were sufficient for most samples
except forBellamya Helisoma Oxylomaand Radixspp., for which primers from Folmest

al. (1994) had to be used. The lafeovided longer fragments (> 650Hwf high quality for
these specimens but could not be used on other samples due to aspecific amplification of

trematode DNAThebest Bold Systems BLAST resultsighest similarity)per haplotypeare
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depicted inTable 5. A | | seqguence | Dbs compacted into on

Annex Table 3, while Annex Table 4 contains thd8LAST results for all haplotypes.

(continued on next page)
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