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Abstract

Background

Schistosomiasis is a chronic parasitic disease, that affects over 207 million people and

causes over 200,000 deaths annually, mainly in sub-Saharan Africa. Although many health

measures have been carried out to limit parasite transmission, significant numbers of non-

human primates such as Chlorocebus aethiops (Ch. aethiops) (vervet) and Papio anubis

(baboon) are infected with S. mansoni, notably in Ethiopia, where they are expected to have

potentially significant implications for transmission and control efforts.

Objective

The objective of this study was to assess and compare the genetic diversity and population

structure of S. mansoni isolates from human and non-human primates free-ranging in close

proximity to villages in selected endemic areas of Ethiopia.

Methods

A cross-sectional study was conducted in three transmission sites: Bochesa, Kime and

Fincha. A total of 2,356 S. mansoni miracidia were directly isolated from fecal specimens of

104 hosts (i.e. 60 human hosts and 44 non-human primates). We performed DNA extraction

and PCR amplification using fourteen microsatellite loci.

Results

At population scale we showed strong genetic structure between the three sample sites. At

the definitive host scale, we observed that host factors can shape the genetic composition

of parasite infra-populations. First, in male patients, we observed a positive link between

parasite genetic diversity and the age of the patients. Second, we observed a difference in
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genetic diversity which was high in human males, medium in human females and low in

non-human primates (NHPs). Finally, whatever the transmission site no genetic structure

was observed between human and non-human primates, however, there appears to be little

barriers, if any, host specificity of the S. mansoni populations with cross-host infections.

Conclusion

Occurrence of infection of a single host with multiple S. mansoni strains and inter- and intra-

host genetic variations was observed. Substantial genetic diversity and gene flow across

the S. mansoni population occurred at each site and non-human primates likely play a role

in local transmission and maintenance of infection. Therefore, public health and wildlife pro-

fessionals should work together to improve disease control and elimination strategies.

Author summary

Schistosomiasis is a chronic disease caused by flukes (trematodes). The definitive host

spectrum of schistosomes, whether human, non-human primates (NHPs) or other mam-

mals, is highly dependent on the schistosome species concerned. Genetic diversity and

population structure studies of S. mansoni have provided insights into the variation of nat-

ural populations. Understanding S. mansoni genetic diversity and population structure of

isolates from human and non-human primate hosts living in close proximity showed the

occurrence of infection of a single host with multiple S. mansoni strains and inter- and

intra-host genetic variations. In this article, the researchers assert the fact that genetic

approach reveals that parasites from the three different sites are independent. Thus, we

could consider the three sites as geographical replicates showing the influence of NHPs in

parasitic transmission in Ethiopia. This study provides insights into the epidemiology,

genetic diversity and population structure of S. mansoni in human and non-human pri-

mates in Ethiopia, all of which are crucial for the control of schistosomiasis.

Introduction

Schistosomiasis remains one of the most prevalent and debilitating helminthic infections in

the world. Globally more than 207 million people are infected, and over 600 million people are

at risk of infection [1]. These parasites have a complex life cycle with freshwater snail interme-

diate hosts and vertebrate definitive hosts. Like other trematodes, schistosomes are character-

ized by a certain specificity for their snail intermediate hosts. However, the definitive host

spectrum of the 26 Schistosoma species varies greatly according to the species concerned. The

ancestral S. japonicum species is characterized by a broad host range and the host specificity

seems to be a derived characteristic with some species such as S. intercalatum recorded to only

infect humans [2]. Schistosoma mansoni is present in South America and in Africa and it is

responsible for the mesenteric form of the disease. Compared to S. japonicum, S. mansoni is

less well recognized as a zoonotic parasite. We have identified evidence for 51 species being

naturally infected with S. mansoni (S1 Table). It is important to notice that the majority of the

identifications we have recorded in the database are based on egg morphology and not molec-

ular identification. However, lateral spine eggs are not frequent in Schistosoma species and

mis-assignation is unlikely. A bad assignation could concern S. rodhaini, a rodent parasite that
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produce eggs similar in shape to those of S. mansoni. With 59% and 24% of the species inven-

toried, the majority of non-human S. mansoni definitive hosts are rodents and primates,

respectively. With human population growth or human-made landscape changes it is likely

that non-human hosts could maintain the infection in nature and serve as sources of infection

for humans (i.e. could act as reservoir hosts) and may have potentially significant implications

for transmission and control efforts. Large-scale control programs are mainly based on mor-

bidity control through a mass-drug chemotherapy program using a single drug treatment [3].

Despite their important role in the transmission of the parasite, the reservoir hosts are cur-

rently excluded from control programs in Africa. In China, an integrative control strategy that

includes a mass-chemotherapy program and which also considers bovine hosts has proven to

be highly efficient in reducing the prevalence of S. japonicum [4].

With close geographical and genetic proximity of many species of non-human primates

(NHP) to humans, and given sufficient epidemiological opportunity, NHP can become

infected with S. mansoni and may potentially exhibit similar clinical signs and symptoms [5]

and would act as fully competent definitive hosts [6, 7]. Experimental studies conducted in the

1960s and 1970s comprehensively demonstrated that several NHP were able to maintain trans-

mission of schistosomiasis and maintain the parasitic cycle [8–10]. Several field surveys have

demonstrated that NHP can naturally host S. mansoni [11]. Natural S. mansoni infections have

been evidenced in grivet monkeys (Chlorocebus aethiops) in Ethiopia [12–15], Kenya [16, 17]

and Tanzania [14], in patas monkeys (Erythrocebus patas) in Cameroon [18], in chimpanzees

(Pan troglodytes) in Nigeria [19] and Senegal [20], and in baboons (Papio sp.) in Saudi Arabia

[21, 22], Ethiopia [13, 15, 23], Tanzania [24–26], Kenya [17, 27–29] and Nigeria [30]. Although

baboons in many locations have been shown to be infected with S. mansoni, other sympatric

NHP species were described as free of the parasite. For example, in Kenya S. mansoni infection

was identified in baboons but not in local vervet or sykes monkeys [27]. Similarly, Legesse and

Erko [23] observed S. mansoni infection in baboons in Ethiopia, but not in sympatric vervet

monkeys. In several of these NHP schistosome infections, it has been suggested that forest

fragmentation, increased proximity of humans to wild habitats and the emerging reliance of

wild primates on human settlements for food, are at least partially responsible for increased

exposure and risk of these animals contracting ‘human’ diseases [30]. This is mainly due to the

rapid population growth rate and human-mediated landscape changes. A worrying trend is

that national park and forest reserve areas, which might have been expected to allow for a

degree of protection against zoonotic transmission of infections, also seem to show signs of

parasite transfer from humans to animals, as has been seen in Mahale Mountains National

Park and Gombe Stream National Park [5].

A multi-host parasite system does not automatically imply a reservoir host for the human

parasite. Parasite and/or host behavior may limit the encounter of animal and human infecting

pathogens. For instance, the pattern of cercarial emergence, a genetically controlled behavior,

can limit parasite exchanges between different host species. This has been demonstrated for S.

japonicum where two distinct patterns have been identified according to the animal reservoir

host implicated in the transmission: with parasites from rodent hosts emerging in the after-

noon and those from cattle emerging in the early morning [31]. Interestingly, this phenotypic

differentiation is based on clear genetic differentiation [31]. Population genetic tools, to accu-

rately identify the species of the parasite are needed and, are powerful techniques to identify

parasite gene flow in a multi-host parasite system [32]. This has been illustrated for S. japoni-
cum where in villages of the Anhui province in China, different parasite lineages were identi-

fied between water buffalo or human hosts and goats, pigs, dogs or cats [33]. Similarly, close

genetic proximity was observed between parasites recovered from dogs and humans in the

Philippines [34]. Parasite reservoir hosts and subsequent control measures are thus dependent
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on the transmission site [35]. In Ethiopia, 30 million people are at risk of infection, while 4 mil-

lion are already infected with S. mansoni or S. haematobium [36]. Although natural NHP

infection with S. mansoni has been reported in Ethiopia, the precise role in the transmission

has never been inferred. In this study, we investigated the genetic diversity and population

structure of S. mansoni from humans and NHPs in three selected endemic localities. The study

will provide insights into the definitive host range and transmission dynamics of S. mansoni
between humans and NHPs, and will deliver important information for schistosomiasis con-

trol in Ethiopia.

Materials and methods

Study sites

A cross sectional study was conducted in Bochesa village, Kime area, and Fincha (Fig 1)

located in Oromia Regional State within previously reported endemic foci of S. mansoni [23,

37]. Bochesa village is located around Lake Ziway about 160 km south of Addis Ababa at an

altitude of 1642 m above sea level. The people in the village use the lake water for irrigation,

fishing and other domestic activities. Numerous vervet monkeys range in the environment

and share the water source with humans. Kime is located 235km south of Addis Ababa on the

eastern shore of Lake Langano. It is situated at about 1600m above sea level. There were two

troops of free-ranging baboons with overlapping territories in Bishan Gari and Burka Dita for-

est reserve areas in close proximity to human habitation. The baboons range freely over

human peridomestic habitats. The study area was previously described in detail [38]. Fincha

Camp 7 site is located in the Fincha River Valley Sugar Plantation about 350km west of Addis

Ababa at an altitude of about 1567m above sea level. The irrigation system of the area creates

Fig 1. Map of Ethiopia showing study sites.

https://doi.org/10.1371/journal.pntd.0008538.g001
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favorable conditions for transmission of schistosomiasis as a result of agro-industrial activities

and high population influx [39]. There were also free ranging vervets and baboons living in the

forest surrounding the sugar plantation. The prevalence of S. mansoni infection in human and

NHP were previously published and synthetized in Table 1. This last study showed higher

prevalence in male compare to female patients.

Stool sample collection. For humans, small plastic sheets were provided to study partici-

pants and a stool specimen was collected and examined microscopically using Kato-Katz

method. S. mansoni positive egg specimens were kept in 0.85% saline solution and transported

to the Medical Parasitology Laboratory of Aklilu Lemma Institute of Pathobiology, Addis

Ababa University, to harvest miracidia. The age and the sex of each patient (i.e. host) were

recorded [37].

For NHPs, fresh fecal droppings were collected early in the morning upon defecation and

while the baboons were in the trees where they spent the night [23]. Microscopic examination

was conducted and S. mansoni positive samples were kept in 0.85% saline solution and trans-

ported to the same laboratory for miracidia hatching. Samples were collected once from

baboons from Kime and twice from Fincha over two separate days. Samples were collected

twice from vervets in Bochesa, at two different locations and at different times. During collec-

tion, much care was taken to select only distinct droppings so that each dropping would repre-

sent a single baboon or vervet monkey sample. This sampling method limit our investigations

because contrary to human samples we cannot know precisely which sample collected from

which individual NHP.

Miracidium collection on FTA cards. For S. mansoni miracidium isolation, samples

from each infected host were prepared separately. The stool specimens and fecal droppings

were suspended in dechlorinated water and filtered through tiered sieves of different mesh

sizes (425μm, 180μm and 140μm) and kept for about 20 min in order to allow the eggs to settle

in the bottom of the flask. The eggs were washed twice by filling the flask with distilled water

and then allowing them to rest submerged for 30 minutes. Parasite eggs concentrated at the

bottom of the flask were kept in the dark for 30 minutes and hatching was induced by exposure

to bright light on a Petri dish. Miracidia were individually pipetted both for human and NHPs

onto the Whatman FTA Elute card using a dissection microscope [40].

DNA extraction. A 4.0mm disc was removed with micro-punch from the FTA Elute

Card where the miracidia sample was loaded and put in a tube. 50μl Milli-Q water was added

to each tube, incubated at room temperature for 10 minutes and then removed. 100μl of 5%

(wt/vol) Chelex 100 solution was pipetted into each tube while the resin beads were evenly dis-

tributed (gentle mixing with a stir bar) in solution using a large bore pipette tip [41] followed

by incubation at 56˚C for 20 minutes and at 99˚C for 8 minutes. The tubes were centrifuged at

Table 1. Schistosoma mansoni prevalence in human and non-human primates in three transmission sites in Ethiopia (Kebede et al., 2018).

Human Vervet monkey Baboon

Male Female

Bochesa (n = 283) 30.3%� (n = 61) 7.3% (n = 6) 21.6% (n = 37)

Kime (n = 318) 20.6%� (n = 28) 9.9% (n = 18) 51.7% (n = 58)

Fincha (n = 310) 33.1% (n = 58) 28.9% (n = 39) 45.5% (n = 11)

Total (n = 911) 28.7%� (n = 147) 18.8% (n = 63)

The sample size is shown in the parentheses.

� Significant difference between male and female prevalence.

https://doi.org/10.1371/journal.pntd.0008538.t001
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12,000 rpm for 2 minutes and the supernatants (schistosome genomic DNA) were put in a 96

well plate until PCR processing.

PCR amplification and genotyping. Fourteen previously published polymorphic micro-

satellite markers were chosen based on their consistent and reproducible amplification under

standard conditions and used in two multiplexes (details of loci are provided in Table 2). Mul-

tiplex one contains loci SMDA28, S9-1, SMD28, SMD25, SMD89 and SMDO11, and multiplex

two contains loci CA11-1 and SmBr10, BF936409, SmC1, SmBr1, SmBr16, R95529 and

SmBr5. PCR was performed in a total volume of 10μl containing 5μl of 2x Master Mix QIA-

GEN which contains: HotStarTaq DNA Polymerase, PCR Buffer (6 mM MgCl2, pH 8.7

(20˚C), dNTP mix (dATP, dCTP, dGTP, dTTP), 1μl Primer mix and 4μl schistosome genomic

DNA. The cycling reaction was done in a programmable thermal cycler (TC-Plus, TECHNE,

UK) set to heat at 95˚C for 15 min initial activation, followed by 40 cycles at 94˚C for 30 s

(denaturing), 56˚C for 90 s (annealing), 72˚C for 60 s (extension), and a final extension at

60˚C for 30 min.

Multiplexed PCR products were genotyped by a subcontractor (Genoscreen) and scored

with GeneMapper v. 2.2 software. All genotype calls were manually identified and rechecked

by a second reader for consistency. Of the 2,476 genotyped individuals, 2,354 contained ade-

quate information which could be included in further analyses. Here, we tested the divergence

Table 2. Primer sequences and characteristics of Schistosoma mansoni microsatellite loci used in this study.

Locus Accession No. Multiplex Primer sequences (50–30) Dye Size bp Repeat Ref.

smda28 AF325695 1 F = CATGATCTTAGCTCAGAGAGCC

R = AGCCAGTATAGCGTTGATCATC

VEC 91–115 (GATA)7-14 [43]

S9-1 AF330106 1 F = ATTACGATTGCACAGATACTTTTG VEC 198 (GT)16 [44]

R = TTTCAGAAATTTGTT TCCTCCTC

SMD28 AF202966 1 F = CATCACCATCAATCACTC VEC 240–244 (CAA)5 [45]

R = TATTCACAGTAGTAGGCG

SMD25 AF202965 1 F = GATTCCCAAGATTAATGCC NED 292 (CA)10 [45]

R = GCCATTAGATAATGTACGTG

SMD89 AF202968 1 F = AGACTACTTTCATAGCCC PET 153 (TC)8 [45]

R = TTAAACCGAAGCGAGAAG

SMDO11 AF325698 1 F = TGTTTAAGTCGTCGGTGCTG PET 303–367 (GATA)20−37 [43]

R = ACCCTGCCAGTTTAGCGTAG

CA11-1 AI740374 1 F = TTCAAAACCATGAGCAATAGATAC FAM 198 (AC)23 [44]

R = CAACAAACAAGAAGGCTGATTAG

SmBr10 DQ448293 2 F = CATGATCTTAGCTCAGAGAGC FAM 109–133 (GATA)10 [46]

R = GTACATTTTATGTCAGTTAGCC

BF936409 BF936409 2 F = CACCTCAACACCTATG FAM 224 (AAT)13 [47]

R = GTTGGAAACACATTGGGC

SmC1 AF325694 2 F = TGACGAGGTTGACCATAATTCTAC FAM 287–296 (ATT)6-16 [43]

R = AACACAGATAAGAGCGTCATGG

SmBr1 L81235 2 F = GAGTATACGGCTTCTTGGA PET 154 (AC)9 [48]

R = CGGAACGACAAGAAAATCAT

SmBr16 L04480 2 F = TGTGACTTTGATGCCACTGA PET 337–341 (TA)10 [46]

R = GGCCTGATACAATTCTCCGA

R95529 R95529 2 F = GTGATTGGGGTGATAAAG NED 228–275 (CAT)10 [45]

R = CATGTTTCTTCAGTGTCC

SmBr5 L25065 2 F = GAATTACTGTCCCTTTATCTC NED 328 (ATT)7 [48]

R = AAACTATTCATTACTGTCGGG

https://doi.org/10.1371/journal.pntd.0008538.t002
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from Hardy–Weinberg expectations using procedure implemented in the FSTAT v.2.9.3.2

[42] and based on 10 000 randomizations. In the same way, linkage disequilibria were tested

using the procedure implemented in the FSTAT v.2.9.3.2 [42]. This option allowed testing the

significance of association between genotypes by estimating p-values from randomizations of

genotypes [42], p-values threshold were adjusted using Bonferroni correction.

Genetic diversity. Miracidia from all hosts (human or NHP) within a single site (Bochesa,

Kime or Fincha) were treated as a population while all miracidia from a single host were

treated as an infrapopulation. The genetic diversity of the six schistosome populations and all

infrapopulations were assessed by measuring the expected heterozygosity (He), the allelic rich-

ness (Ar) and the inbreeding coefficient (Fis) at each microsatellite locus and for each popula-

tion using Fstat software 2.9.3.2. The most likely numbers of breeding males and females

within an individual host were assessed using Colony software v. 2.0.5.8 assuming random-

mating population [49]. Only infrapopulations with a minimum of 10 S. mansoni larvae were

included in this sibship analysis. In each site, expected heterozygosity (He) and allelic richness

(Ar) were compared between the parasite populations recovered in humans and NHP using

pairwise t-tests using SPSS 20.0. The age of hosts, the number of breeders, the expected hetero-

zygosity (He) and the allelic richness (Ar) were compared using ANOVA followed by LSD

pos-hoct tests. Pearson correlation tests were performed to assess a possible link between the

age of the human host and the infrapopulation genetic diversity indexes (He, Ar, Fis and num-

ber of breeders). Finally, in order to infer possible relationship between variables (age and sex)

we built full factorial general linear models for each genetic diversity indexes with sex as an

explanatory categorical variable and age as a continuous co-factor.

Population genetic structure. Genetic differentiation was first measured by estimating

the FST values between all pairs of populations [50] (The p-value estimated after 300 permuta-

tions and indicative adjusted nominal level (5%) for multiple comparisons was 0.003333).

Treating miracidia as independent individuals, we investigated genetic structure using both

Factorial Correspondence Analysis (FCA) implemented in Genetix software and Bayesian

approach using Structure software 2.0 [51]. The FCA analysis allowed us to visualize the distri-

bution of the genetic variations within and among populations. The Bayesian approach

allowed for the assignment of individuals to a user-defined number of clusters (K). The maxi-

mum probability value of K was obtained by analyzing the likelihood of the data for different

values of K from 1 to 7 using the Delta K method implemented in Structure harvester software

[52]. Each simulation was replicated 20 times [53]. In this analysis, we chose the admixture

model and the option of correlated allele frequencies among populations. The number of itera-

tions was 1,000,000 and the burn-in period was 10,000.

Ethical clearance

Ethical clearance was obtained from the Institutional Review Board (IRB) of Aklilu Lemma

Institute of Pathobiology, Addis Ababa University (Ref. No.: ALIPB/994/2005/13) and the

National Research Ethics Review Committee of Federal Republic of Ethiopia Ministry of Sci-

ence and Technology (Ref. No.: 3.10/434/106). All ethical issues were strictly handled as per

the International Ethical Guidelines for Biomedical Research. Informed verbal consent was

obtained from all adults because the study participants provided only stool specimens and the

procedure was not invasive presenting no more than minimal risk of harm to the study partici-

pants. Hence, the IRB approved the use of oral consent as we requested. For children younger

than 18, informed verbal consent was obtained from their parents and the children also gave

their assent. During specimen collection, oral consent for all those who agreed was docu-

mented as consented. All study subjects found positive for S. mansoni and other intestinal
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helminth were treated with praziquantel at a dose of 40mg/Kg body weight and albendazole

(400 mg), respectively. Non-human primates’ droppings sampling was initiated after explicit

consent was obtained from local authorities.

Results

Database and genetic diversity

One hundred and four different parasite infrapopulations (60 from human and 44 from NHP)

with a total number of 2,354 S. mansoni miracidia (Table 3), with an average of 22.7 (SD+ 8.4)

larvae per host were successfully genotyped and analyzed using 14 microsatellite loci (Database

in S2 Table).

We found no evidence for linkage disequilibrium as no significant association between

genotypes was detected (p-value threshold after Bonferroni correction, p-0.0005). At the popu-

lation scale, 42 of 84 Fis values showed significant departures from Hardy Weinberg expecta-

tions (p-value threshold after Bonferroni correction, p-0.0036) with Fis values (ranging from

-0.09 to 0.45; mean Fis values = 0.055), revealing an excess of homozygosity (Table 4). These

results likely stem from a Wahlund effect as each population analyzed included miracidia from

different hosts (i.e. infrapopulations). We detected no deviation from Hardy Weinberg equilib-

rium at the infrapopulation scale (ranging from -0.54 to 1; mean Fis values = 0.02) (S3 Table).

At the population scale, allelic richness ranged from 1.48 to 24.44 with a mean value of 8.57

(Table 4). This allelic richness was higher in the parasite population recovered from humans

compared to the parasite population recovered in NHP for Bochesa (t = 2.80, p<0.05) and

Fincha (t = 2.99, p<0.05) but not for the Kime population (t = -0.77, p>0.05). Allelic richness

was lower in Kime compared to Bochesa and Fincha for both human and NHP (p<0.05).

Expected heterozygosity (He) for all populations was 50.1%. No statistical difference was

observed in He between parasites coming from human and NHP (pairwise t-tests p>0.05).

Expected heterozygosity was lower in Kime compared to Bochesa and Fincha for both humans

and NHP (pairwise t-tests p<0.05).

Genetic diversity indices (Ar, He, Fis and number of breeders) for each infrapopulation are

presented in S3 Table and mean (±SD) values in Table 5. Mean values irrespective of the trans-

mission site are presented in Fig 2. There is no difference in age between the group of female

and male (Table 5). No statistical difference was observed in either the average age (t = 0.18,

p>0.05) or in the distribution of age (Kolgomorov test Z = 0.74, p>0.05) according to the sex

of the patient. The Fig 2 shows the genetic diversity indexes according to the type of host. We

can notice a general trend, with the highest genetic diversity index in the parasite infrapopula-

tions coming from human males, followed by human females and lastly, by NHP. Significant

differences in He, Ar and the number of breeders were observed according to the type of host

(F2,101 = 6.18, F2,101 = 7.87 and F2,87 = 4.36 for He, Ar and number of breeders respectively,

p<0.05). Finally, we observed that the age of male patients was positively correlated to He

(n = 36, r = 0.333, p<0.05), Ar (n = 36, r = 0.331, p<0.05), and the number of breeders

Table 3. Number of human or non-human primate hosts (vervet monkey or baboon) sampled by transmission site (Bochesa, Kime and Fincha). Numbers in paren-

theses represent the total number of Schistosoma mansoni miracidia recovered.

Human Vervet monkey Baboon Total

Bochesa 22(619) 13(254) - 35(873)

Kime 18(424) - 26(599) 44(1,023)

Fincha 20(381) - 5(77) 25(458)

Total 60(1,424) 13(254) 31(676) 104(2,354)

https://doi.org/10.1371/journal.pntd.0008538.t003
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(n = 32, r = 0.403, p<0.05) but not to the Fis (n = 36, r = -0.885, p>0.05) of the parasite infra-

population they hosted. For female patients, no significant correlations were observed between

genetic indices of the parasite infrapopulations they hosted whatever He (n = 24, r = 0.841,

p>0.05), Ar (n = 24, r = -0.231, p>0.05), number of breeders (n = 20, r = -0.166, p>0.05) or

Fis (n = 23, r = 0.013, p>0.05), and their ages (p>0.05). Full factorial generalized linear models

(S4 Table) show no direct influence of the sex or the age of the patient but that the interaction

between age and sex influence both Ar and the number of breeders but not He and the Fis.

This result make sense considering that for these two parameters the correlation with the age

is negative for female and positive for male.

Population genetic structure

All pairwise FST values (Table 6) were significant after Bonferroni correction (p-value thresh-

old = 0.003). These Fst values follow an isolation by distance pattern with Fincha distant from

the other two sites. The lowest Fst values were between human and NHP parasites irrespective

of location. Pairwise FST values of S. mansoni between human and vervet monkey infections in

Bochesa was 0.0066, between human and baboon infections in Kime was 0.0019, and between

human and baboon infections in Fincha was 0.0083. On average, pairwise Fst values between

parasite populations recovered in human and NHP was 0.056±0.003 compared to 0.160±0.080

and 0.175±0.092 between parasite populations recovered in humans and NHP in different

foci, respectively. Results from FCA (Fig 3) showed a spatial genetic structure of S. mansoni
miracidia characterized by three groups of points corresponding to the three geographical

studied sites (i.e. Bochesa, Kime, and Fincha). While this main genetic structure distinguished

miracidia infrapopulations from the different transmission sites, results within study sites, did

not separate humans and NHP infrapopulations, which were totally admixed. This genetic

structure was corroborated by an individual-based approach implemented in Structure soft-

ware which inferred a highest posterior probability for two genetic clusters (i.e. K = 2) (Fig 4A

and 4B).

However, the shoulder in the delta K curve at K = 3 (See S1 Fig) suggests the presence of a

sub-structure organized into K = 3 genetic clusters (Fig 4A and 4B). This figure supports the

FCA result that the Fincha population is more genetically distinct to the schistosome popula-

tions at the other two sites, but suggests a total lack of genetic structure between human and

NHP parasites at each transmission site.

Discussion

This study was conducted at three study sites (30 to 500 km apart) and shows a very strong spa-

tial genetic structure of Schistosoma mansoni parasite populations originating from humans

and non-human primates (NHP). According to the geographical distances between study

sites, this significant genetic structure was expected. Similar results were previously found in

Ethiopia [54], Kenya [55], Brazil [56], Uganda [57] and Senegal [58]. This pattern contrasts

with that found for S. haematobium [59, 60] and S. bovis [61], where parasite populations show

a weak genetic structure. Several external factors including intermediate host repartition,

definitive host dispersal, host spectrum, drug pressure or internal factors such as effective pop-

ulation size or intrinsic genetic diversity could explain differences in the genetic structuring of

the parasite population. We did not try to identify the eventual presence of S. rodhaini in the

parasite we collected. Because, the microsatellite markers we used have been specifically

designed on S. mansoni, even if cross species amplification is possible, we could expect to have

some inefficient markers and/or a difference in allele size on S. rodhaini parasites. We can also

expect to observe a population differentiation of these parasites. These last points have not
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Table 4. Genetic diversity parameters for each locus and per population.

Bochesa Kime Fincha All

Human Vervet monkey Human Baboon Human Baboon

SMDA28 Ar 10.89 9.20 4.89 4.61 9.04 9.70 11.42

He 66.8% 72.1% 23.6% 21.4% 63.3% 69.7% 52.8%

Fis 0.004� 0.004 0.081� 0.009 0.020 -0.039� 0.010

S9-1 Ar 5.03 6.06 3.74 3.72 5.35 5.00 6.58

He 55.4% 54.0% 44.5% 46.0% 67.6% 66.8% 55.7%

Fis 0.095� 0.140� 0.009� 0.012� -0.002 0.189 0.075

SMD28 Ar 3.40 3.00 2.55 2.11 2.17 3.00 3.15

He 31.3% 24.3% 45.5% 45.3% 7.7% 11.5% 27.6%

Fis 0.056� -0.008 -0.064� -0.087 0.030 0.074 0.001

SMD25 Ar 6.37 5.39 5.60 4.93 9.60 6.89 7.13

He 71.3% 68.1% 69.0% 67.7% 78.5% 79.0% 72.3%

Fis 0.023� -0.005� -0.009� 0.001 0.016 0.076 0.014

SMD89 Ar 1.96 2.00 1.82 1.44 2.44 2.00 2.07

He 4.4% 6.5% 2.3% 0.8% 19.8% 8.7% 7.1%

Fis -0.022 -0.033 0.192� -0.003 -0.092 -0.041 0.000

SMD011 Ar 20.43 16.54 18.50 19.31 23.73 22.86 28.60

He 92.4% 90.5% 87.5% 86.6% 91.7% 90.1% 89.8%

Fis 0.075� 0.023� 0.057� 0.070 0.074� 0.036� 0.054

CA11-1 Ar 5.41 5.00 4.75 4.60 8.17 7.91 7.65

He 64.2% 68.2% 58.2% 56.0% 67.5% 70.4% 64.1%

Fis 0.094� 0.160� 0.082� 0.092� -0.015� 0.053 0.077

SmBr10 Ar 10.62 9.38 3.79 3.91 8.61 7.89 11.47

He 64.7% 72.1% 21.3% 18.3% 61.8% 69.7% 51.3%

Fis 0.044� 0.071 -0.052� -0.090� 0.033 0.012 -0.001

BF9364 Ar 4.31 3.90 2.82 2.45 7.15 4.00 5.06

He 55.6% 55.1% 47.2% 44.2% 61.4% 55.7% 53.2%

Fis 0.044� 0.010� -0.019� 0.023 0.004� -0.004 0.021

SmC1 Ar 4.00 3.00 3.44 3.22 5.42 4.00 4.48

He 50.0% 50.7% 6.1% 7.6% 66.5% 57.8% 39.8%

Fis 0.054 -0.026� 0.451� 0.061 0.032 0.075 0.106

SmBr1 Ar 3.72 3.25 1.83 2.18 3.53 3.00 3.86

He 12.6% 14.7% 1.5% 2.0% 16.3% 31.8% 13.2%

Fis 0.085� -0.007� 0.331� 0.162 -0.011 0.113 0.109

SmBr16 Ar 13.10 11.27 9.50 11.16 7.76 7.74 13.46

He 82.9% 83.6% 74.1% 77.1% 33.7% 24.4% 62.6%

Fis 0.052 -0.033� 0.083� 0.094 0.074 0.089� 0.055

R95529 Ar 3.65 3.92 2.78 2.56 9.81 8.00 7.88

He 28.0% 34.2% 48.3% 47.4% 81.7% 79.1% 53.1%

Fis -0.001� 0.120 0.007� 0.016� -0.004 0.084 0.039

SmBr5 Ar 4.58 3.54 2.89 3.22 5.61 5.00 4.53

He 67.4% 65.6% 51.5% 51.1% 57.1% 54.3% 57.8%

Fis 0.192� 0.085� 0.229� 0.245 0.242� 0.358 0.215

(Continued)
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been observed in the present study. However, considering the growing importance of hybrid

schistosomes, including S. mansoni x S. rodhaini hybrids, we preconize to consider S. rodhaini
in future studies.

We also observed that host factors are able to shape the genetic composition of parasite

populations. First, we observed a positive relationship between parasite genetic diversity and

the age of the host in male patients, with older men being infected with a more diverse parasite

population. Second, we observed differences in genetic diversity between host categories, with

high diversity in human males, medium in human females and low in NHPs. Host behavior

and/or physiology is expected to shape the genetic composition of the parasite infrapopulation

that they host. It has been proposed that the high genetic diversity of parasites is the result of

host behavior in sampling several parasites in space and/or in time, resulting in ‘genetic mixing

bowl’ for parasite genes [62–64]. A positive link between age of the patient and S. mansoni par-

asite diversity has already been observed in Senegal [64]. These authors showed that children

were infected by more highly related parasites than adults. We can assume that this pattern is

observable both in the present study and in the study of Van den Broeck et al. 2014, because

both studies sampled a broad range of ages, including children and adults, while most other

studies focused exclusively on children. A noticeable difference between our study and that of

Van den Broeck et al. (2014) is that we did not observe this link for female patients, and Van

den Broeck et al. did not observe differences between genders. Indeed, the sex of the host can

also shape the genetic diversity of the parasite. Even if no link between the sex of the host and

Table 4. (Continued)

Bochesa Kime Fincha All

Human Vervet monkey Human Baboon Human Baboon

All Ar 6.96 6.10 4.92 4.96 7.74 6.93 8.38

He 53.4% 54.3% 41.5% 40.8% 55.3% 54.9% 50.0%

Fis 0.064 0.041 0.049 0.050 0.035 0.078 0.055

Ar: allelic richness based on minimum sample size of 66 diploid individuals, He: expected heterozygosity and Fis computed for each population using FSTAT ver. 2.9.3.2

software (1200 permutations) (Goudet 2001).

�:Fis with significant departures from Hardy–Weinberg expectations (i.e. significantly different from 0; P<0.0005 after Bonferroni adjustment).

https://doi.org/10.1371/journal.pntd.0008538.t004

Table 5. Mean (±SD) genetic diversity indices (He, Ar, Fis and number of breeders) for each parasite infrapopulation.

Age He Ar Fis Number of breeders

N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD

Bochesa Human Male 18 19.78 1.75 18 0.524 .006 18 1.524 .006 18 0.095 .008 17 130.12 14.46

Human Female 4 20.00 5.90 4 0.510 .012 4 1.510 .012 4 0.056 .029 4 92.25 29.04

Non-Human Primate 13 0.506 .013 13 1.502 .015 13 -0.007 .012 10 40.90 9.10

Kime Human Male 7 9.29 1.60 7 0.404 .005 7 1.404 .005 7 0.115 .030 7 73.14 10.72

Human Female 11 15.45 3.02 11 0.402 .009 11 1.402 .009 11 0.071 .021 10 70.90 10.81

Non-Human Primate 26 0.409 .003 26 1.408 .003 26 0.114 .010 25 105.32 8.49

Fincha Human Male 11 11.45 1.83 11 0.540 .005 11 1.544 .005 11 -0.001 .021 8 128.38 16.27

Human Female 9 11.67 2.59 9 0.572 .028 9 1.540 .013 9 0.400 .012 6 93.00 12.60

Non-Human Primate 5 0.538 .019 5 1.536 .019 5 0.060 .012 3 104.33 19.53

All populations Human Male 36 15.19 1.32 36 0.507 .009 36 1.506 .009 36 0.070 .012 32 117.22 9.73

Human Female 24 14.79 1.95 24 0.483 .020 24 1.472 .015 24 0.057 .012 20 81.80 8.55

Non-Human Primate 44 0.452 .009 44 1.450 .009 44 0.072 .012 38 88.29 7.70

https://doi.org/10.1371/journal.pntd.0008538.t005
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Fig 2. Mean (±Standard Deviation) expected heterozygosity, allelic richness and number of breeders in

schistosome infrapopulations recovered from human males, human females and non-human primates in

Ethiopia. Statistical difference was assessed using one-way ANOVA followed by LSD post-hoc test. �: statistical

difference at 5% level. NS: not significant.

https://doi.org/10.1371/journal.pntd.0008538.g002
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the genetic diversity of the harbored parasite was highlighted in Senegal [64–66], a subsequent

study conducted in Ethiopia, revealed that males have a higher rate of infection and are more

Table 6. Pairwise genetic differentiation (FST) among populations based on 14 microsatellite loci.

Sample

Source

Bochesa Kime Fincha

Location Human Monkey Human Baboon Human Baboon

Bochesa Human - � � � � �

Monkey 0.0066 - � � � �

Kime Human 0.0753 0.0816 - � � �

Baboon 0.0775 0.0845 0.0019 - � �

Fincha Human 0.1713 0.1647 0.2333 0.2466 - �

Baboon 0.1798 0.1719 0.2534 0.2662 0.0091 -

�FST below diagonal and their significance level above diagonal (p<0.05)

https://doi.org/10.1371/journal.pntd.0008538.t006

Fig 3. Results of Factorial Correspondence Analysis (FCA) showing the relationship among the six parasite populations. Each dot represents one

miracidia. Circle for Fincha site, square for Kime and triangle for Bochesaa. Empty symbols represent miracidia originating from non-human primates and

plain symbols represent miracidia coming from humans. The first and the second axes represent 34.44% and 11.80% of the genetic variation, respectively. In

the box, each dot represents one host, with a plain symbol for humans and an empty symbol for non-human primates.

https://doi.org/10.1371/journal.pntd.0008538.g003
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intensely infected than females [37]. For instance, higher S. mansoni genetic diversity has been

observed in Rattus rattus males compared to females in the West indies [67]. The authors pro-

posed different host behaviors (i.e. a difference in duration of cercariae recruitment or sex-

biased dispersal and home range) or a difference in immunocompetence between sexes. The

immunocompetence hypothesis has been experimentally tested and it has been shown that

male mice are less susceptible to schistosome infection compared to females [68] and this

could be due to a toxic effect of the testosterone on the schistosome larval stages [69]. These

last experimental studies thus support the behavioral hypothesis over the immunocompetence

hypothesis. Higher levels of S. haematobium genetic diversity has been observed in boys com-

pared to girls in Zimbabwe [70]. In this last study, authors showed that males were more

heavily infected than females because males had more contact with water [70].

Finally, the fact that NHPs harbor less parasite genetic diversity than humans could also

result from behavioral differences including the frequency of water contact, which is much

lower in NHPs than in humans. A general pattern can be proposed, establishing the link

between host behavior (i.e. frequency of water contact), host immune defense mechanisms

and parasite genetic diversity. The protective immunity hypothesis (also called ‘concomitant

immunity’) states that the immune response stimulated by the adult parasite is more effective

against new-coming larval schistosomes [71–73]. Experimental infection that used controlled

infecting genotypes evidenced that the infectivity rate of incoming schistosomes is higher

when the first infecting parasite is genetically dissimilar [74]. This genotype-dependent con-

comitant immunity will result in increasing genetic diversity of parasite infra-populations as

Fig 4. Population genetic structure of the 2,354 miracidia analysed with Structure software 2.0. The miracidia are represented into either K = 2 (A) or K = 3 (B)

clusters. Each individual miracidium is represented by a thin vertical line, which is partitioned into a number of segments that represent the individual’s estimated

membership fractions in the relative genetic clusters K.

https://doi.org/10.1371/journal.pntd.0008538.g004
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the host is exposed to new-coming parasites. In the present study, differences in water contact

frequency can be found according to the patient’s age, sex and species; these differences will in

turn result in differences in parasite genetic diversity: high in human males, medium in

human females and low in Non-Human Primates.

Even if our results reveal a primary genetic structure that is organized into three clusters

which correspond to location (i.e. the 3 study sites), analyses (i.e. Fst) conducted between

infrapopulations recovered in humans and NHP, revealed statistically significant genetic dif-

ferentiations. However, these Fst values are less than 0.01 within the same study site and indi-

cate a very low genetic differentiation between parasites harbored by humans and NHPs. This

is consistent with NHP serving as reservoir hosts for human S. mansoni infections. Multi-host

parasite systems have been well studied for Schistosoma japonicum because this parasite is rec-

ognized as a zoonotic parasite. In the marshland region in China, humans and bovines (cattle

and water buffaloes) share the same S. japonicum genotypes but not with other definitive hosts

(cats, dogs, pigs and goats) [33]. However, according to the transmission sites, the reservoir

can change. For the same parasite species, in the Philippines, the reservoir host is the dog [34]

and in the Hilly region in China the reservoir hosts are rodents and dogs [35]. Regardless of

the reservoir host identified, the fact that the reservoir can change must be considered when

planning control measures. Because current efforts are primarily based on mass chemotherapy

programs, this approach may be ineffective if humans are re-infected by animal reservoir

hosts. Our study provides genetic evidence and confirms that NHP play an important role in

disease epidemiology of S. mansoni in Ethiopia. This is particularly relevant if we consider the

high prevalence (21.6% to 51.7%) of NHP infections. Using barcodes, previous authors have

also proposed that chimpanzees could act as reservoir host for S. mansoni [7, 75]. In many

rural and recreational areas of Ethiopia, there is a close interaction between wild primates,

especially baboons and vervets, and humans. In other areas with similar ecological conditions

where schistosomiasis is endemic and in particular, where the number of water-based develop-

ment projects are dramatically increasing, there is a need to assess the occurrence of natural

schistosome infections in wild animals to avoid the risk of establishing zoonotic schistosomia-

sis. Whatever the reason, the involvement of freely ranging wild animals, such as monkeys and

baboons, in the transmission cycle of schistosomiasis has a very important epidemiological

implication in that it complicates control programs and it incurs additional control costs since

it is difficult to treat wild animals even if the control program can financially afford treatment.

However, controlling the Schistosome infection status of NHP reservoir hosts in not a trivial

objective. First, it is not ethically conceivable to eliminate this kind of host and it is not easy to

displace NHP populations. Second, even if several efficient diagnostic tests including PCR,

ELISA or CAA tests can be used on NHPs [76], the sampling procedure whether blood or

feces is complex. Third, administering praziquantel treatment to these animals is not trivial.

An attempt to control chimpanzee infected populations by supplying praziquantel by food

supply did not succeed and more complex administration procedure using gastric tube under

anesthesia where preconized [75].
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