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Highlights 1 

・Rapid surveillance of Schistosoma transmission risk areas is vital.  2 

 3 

・Laboratory experiments and field surveys were conducted. 4 

 5 

・Targeting >3 µm size fraction was sufficient to capture S. mansoni eDNA.  6 

 7 

・Sample size and PCR replicates required for its sufficient detection were inferred.  8 

 9 

・Performance of eDNA analysis for S. mansoni monitoring was fine-tuned.  10 
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Abstract 50 

Schistosomiasis, caused by trematodes of genus Schistosoma, is among the most seriously 51 

neglected tropical diseases. Although rapid surveillance of risk areas for Schistosoma 52 

transmission is vital to control schistosomiasis, the habitat and infection status of this parasite 53 

are difficult to assess. Environmental DNA (eDNA) analysis, involving the detection of extra-54 

organismal DNA in water samples, facilitates cost-efficient and sensitive biomonitoring of 55 

aquatic environments and is a promising tool to identify Schistosoma habitat and infection 56 

risk areas. However, in tropical wetlands, highly turbid water causes filter clogging, thereby 57 

decreasing the filtration volume and increasing the risk of false negatives. Therefore, in this 58 

study, we aimed to conduct laboratory experiments and field surveys in Lake Victoria, Mbita, 59 

to determine the appropriate filter pore size for S. mansoni eDNA collection in terms of 60 

particle size and filtration volume. In the laboratory experiment, aquarium water was 61 

sequentially filtered using different pore size filters. Targeting >3 µm size fraction was found 62 

to be sufficient to capture S. mansoni eDNA particles, regardless of their life cycle stage (egg, 63 

miracidia, and cercaria). In the field surveys, GF/D (2.7 µm nominal pore size) filter yielded 64 

2.5-times the filtration volume obtained with a smaller pore size filter and pre-filtration 65 

methods under the same time constraints. Moreover, a site-occupancy model was applied to 66 
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the field detection results to estimate S. mansoni eDNA occurrence and detection probabilities 67 

and assess the number of water samples and PCR replicates necessary for efficient eDNA 68 

detection. Overall, this study reveals an effective method for S. mansoni eDNA detection in 69 

turbid water, facilitating the rapid and sensitive monitoring of its distribution and cost-70 

effective identification of schistosomiasis transmission risk areas. 71 

 72 

Keywords: 73 

environmental DNA (eDNA); filtration; quantitative real-time PCR (qPCR); Schistosoma 74 

mansoni; schistosomiasis; site occupancy-detection model (SODM) 75 
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1. Introduction  77 

Schistosomiasis is an acute and chronic parasitic disease caused by blood flukes (trematode 78 

worms) belonging to genus Schistosoma. It has been reported in 78 countries in Africa, Latin 79 

America, South America, Middle East, and Southeast Asia, depending on the species (World 80 

Health Organization, 2023). At least 251.4 million people required preventive treatment for 81 

schistosomiasis in 2021, and deaths and disability-adjusted life years (DALYs) due to 82 

schistosomiasis were 10,100 and 1.9 million in 2016, respectively (GBD 2016 Causes of 83 

Death Collaborators, 2017; World Health Organization, 2023). Schistosomiasis is among the 84 

most serious neglected tropical diseases (NTDs) and has the second-highest socioeconomic 85 

impact after malaria among parasitic diseases (Cioli et al., 2014). Schistosoma larvae 86 

(cercariae) are released from freshwater snails (intermediate hosts), and humans get infected 87 

after contact with Schistosoma-infested water (Colley et al., 2014). Infected people can 88 

further contaminate freshwater sources via feces and urine containing the parasite eggs, which 89 

hatch in the water and lead to water-borne infections (Gryseels et al., 2006; World Health 90 

Organization, 2023). In the body of definitive hosts, cercariae develop into schistosomulae 91 

(immature schistosomes), migrate to the lungs through venous circulation, then to the left 92 

heart, and eventually mature into adult schistosomes in the liver, intestine, and urogenital 93 
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vessels. Some eggs deposited by adult worms remain in the body tissues and cause immune 94 

reactions and progressive damage to organs (Pearce & MacDonald, 2002; McManus et al., 95 

2018).  96 

 Schistosomiasis treatment mainly relies on praziquantel, a safe and low-cost 97 

anthelmintic agent (Cioli et al., 2014; World Health Organization, 2023). Although 98 

praziquantel treatment alleviates the symptoms, patients can get reinfected on repeated 99 

contact with contaminated water (Gryseels et al., 2006). Therefore, rapid identification of 100 

areas at risk of Schistosoma transmission is necessary to develop suitable control strategies 101 

for schistosomiasis and protect public health. Distribution of host snails and infection status 102 

are routinely used to assess infection risk areas (Gouvras et al., 2017; Kamel et al., 2021), 103 

which is essential for the surveillance and control of schistosomiasis. However, this method 104 

requires substantial efforts for snail collection and taxonomic expertise for identification. In 105 

addition, even in high Schistosoma transmission risk areas, infection rate of intermediate 106 

hosts is generally low (approximately 1 to 10%) (Wang et al., 2009). Moreover, high 107 

fluctuation in water levels during wet seasons and the recent anthropogenic expansion of 108 

arable land significantly affect the potential habitats of intermediate host snails and 109 
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Schistosoma (Mereta et al., 2019; Oso & Odaibo, 2021), making collection- and observation-110 

based surveys difficult and insufficient for infection control. 111 

 Recently, environmental DNA (eDNA) analysis has been widely used to monitor 112 

the occurrence and diversity of various macro-organisms, including fish, other vertebrates, 113 

and macroinvertebrates, in water samples (Minamoto et al., 2012; Lacoursière‐Roussel et al., 114 

2016; Bista et al., 2017; Jo et al., 2020; Sales et al., 2020). The term eDNA refers to all DNA 115 

present in the environment, not only the DNA within the living organism but also the DNA 116 

released outside the organisms (Pawlowski et al., 2020; Jo et al., 2022). By collecting water 117 

samples and analyzing the DNA fragments, eDNA analysis faciltates non-destructive, 118 

sensitive, and cost-efficient surveillance of aquatic ecosystems (Darling & Mahon, 2011; 119 

Goldberg et al., 2016; Keck et al., 2022). Previous studies have reported the successful 120 

detection of Schistosoma and other trematode eDNAs from water samples and infected snails 121 

as well as their positive correlations with cercariae and infected snail abundances, suggesting 122 

eDNA analysis as a promising tool for habitat surveillance and identification of infection risk 123 

areas (Hashizume et al., 2017; Sato et al., 2018; Sengupta et al., 2019; Alzaylaee et al., 2020a; 124 

2020b). 125 
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 Some challenges are associated with the practical application of eDNA analysis for 126 

Schistosoma surveillance in natural environments. Most studies use a relatively small pore 127 

size filter to collect eDNA particles from the water (e.g., 0.22 μm pore size Sterivex-filters 128 

[Merck KGaA, Germany] or 0.7 µm nominal pore size glassfiber filters GF/F [GE Healthcare 129 

Life Science, UK]) (Sato et al., 2018; Sengupta et al., 2019; Alzaylaee et al., 2020a). 130 

However, the optimal filter pore size for collecting Schistosoma eDNA remains unknown. 131 

Although a smaller pore size filter can capture more eDNA particles, especially in tropical 132 

wetlands that is the main habitat of Schistosoma, filter clogging due to highly turbid water can 133 

decrease the filtration volume and eDNA yield, accumulate PCR inhibitors (e.g., humic, 134 

fulvic, and tannic acids), and consequently increase the risk of false-negative detection 135 

(Robson et al., 2016; Uchii et al., 2019). Therefore, the state and particle size of Schistosoma 136 

eDNA should be examined in the water at each life stage to determine suitable filtration 137 

strategies for eDNA-based Schistosoma surveillance. Most studies on eDNA particle size and 138 

optimal filter pore size for eDNA collection have mainly focused on fish species (Turner et 139 

al., 2014; Minamoto et al., 2016; Jo et al., 2019; Cooper et al., 2022), with parasites, 140 

including Schistosoma species, receiving much less attention.  141 
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 In this study, we conducted laboratory experiments to determine the appropriate 142 

filter pore size for Schistosoma eDNA collection. We prepared experimental tanks containing 143 

S. mansoni eggs and miracidia (the life stage after hatching and before the infection of 144 

intermediate host snails). We also prepared intermediate host snails (Biomphalaria glabrata) 145 

infected with S. mansoni that released S. mansoni cercaria from their bodies. Rearing water 146 

samples from the experimental aquaria were sequentially filtered using filters of different pore 147 

sizes, and the target eDNA yields were compared with the size fractions for each treatment. 148 

Additionally, time-series changes in S. mansoni eDNA in intermediate host snails after 149 

infection were compared among different size fractions. Based on the results, we conducted 150 

field surveys in Lake Victoria, Kenya, to compare the detectability of S. mansoni eDNA and 151 

filtration volume among different filtration methods and survey the potential distribution of S. 152 

mansoni. The eDNA field detection results were further analyzed using a multi-scale site 153 

occupancy-detection model (SODM), which can estimate target eDNA occurrence (site- and 154 

sample-level) and detection (PCR-level) probabilities in relation to various environmental 155 

factors (see below). Overall, this study provides a new method for Schistosoma eDNA 156 

detection in turbid water of typical tropical wetlands. 157 

 158 
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2. Materials and methods 159 

2.1. Ethics statement 160 

This study was reviewed and approved by the Maseno University Scientific and Ethics 161 

Review Committee, Kenya (proposal reference number: MSU/DRPC/MUERC/00056/14) and 162 

Ethical Review Board of the Institute of Tropical Medicine, Nagasaki University, Japan 163 

(proposal reference number: 10121666). 164 

 165 

2.2. Laboratory experiments 166 

The tank experiment was conducted at the Institute of Tropical Medicine of Nagasaki 167 

University (Nagasaki Prefecture, Japan) in 2018 and 2019. Seven types of experimental tanks 168 

(four replicates per treatment type) were prepared as follows: (i) tanks containing 12,000 eggs 169 

of S. mansoni (NIH-sm-PR-2-line; egg tank), (ii) tanks containing 12,000 individuals of S. 170 

mansoni miracidia (miracidia tank), (iii to vi) tanks containing 20 B. glabrata snails 171 

(Newton’s NIH PuertoRican/Brazilian M-line) at 2-, 3-, 4-, and 6-week post-infection (wpi) 172 

to five S. mansoni miracidia per snail (2-, 3-, 4-, and 6-wpi tanks), and (vii) tanks containing 173 

20 uninfected snails (uninfected tank). We also prepared a tank filled with only 1 L of tap 174 

water as a blank tank for each treatment (seven blanks in total). The egg tanks were filled with 175 
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1 L of phosphate-buffered saline and shaded in a styrofoam box to prevent the eggs from 176 

hatching. To prepare the miracidia tanks, 12,000 eggs were added to tanks filled with 1 L of 177 

aged tap water and exposed to light to induce hatching (i.e., S. mansoni miracidia and their 178 

egg fragments in the miracidia tanks at the time of water sampling). The 2-, 3-, 4-, and 6-wpi 179 

and uninfected tanks were filled with 1 L of aged tap water. The room temperature was 180 

maintained at 24.2 to 24.9 °C using an air conditioner during the experiments. 181 

 The day after tank preparation, water samples were collected from all experimental 182 

tanks. After mixing, 250 mL of rearing water was collected using a 50-mL pipette (500 mL 183 

water was collected from the uninfected and corresponding blank tanks). Each water sample 184 

was placed in a 1-L plastic bottle, and 1 mL of 10% benzalkonium chloride (BAC) was added 185 

to suppress eDNA degradation (Jo et al., 2021). The collected water samples were 186 

sequentially filtered using a series of 47‐mm‐diameter polycarbonate membrane filters (10, 3, 187 

0.8, and 0.4 μm pore sizes; MILLIPORE, USA) following Jo et al. (2019). Sequential 188 

filtration was performed using a combination of magnetic filter funnels (500 mL capacity; 189 

Pall Corporation, USA), plastic holders (ADVANTEC, Japan), nipple joints (ADVANTEC), 190 

and hoses (TOYOX, Japan), which divided the eDNA particles into four size fractions (>10, 191 

3–10, 0.8–3, and 0.4–0.8 µm). Throughout the experiment, disposable gloves were worn 192 
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when collecting water samples, and the equipment used for water collection and filtration 193 

(plastic bottles, filter funnels, plastic holders, nipple joints, hoses, and tweezers) was bleached 194 

in 0.1% sodium hypochlorite solution for at least 5 min after every use, followed by rinsing 195 

with tap and distilled water (Jo et al., 2019). All filter samples were covered with commercial 196 

aluminum foil and stored at –20 °C until DNA extraction. 197 

 198 

2.3. Field surveys in Lake Victoria 199 

Field surveys were conducted in Lake Victoria, Mbita (Homa Bay County, Kenya), which has 200 

a high incidence of schistosomiasis (Morgan et al., 2001; Nagi et al., 2014; Chadeka et al., 201 

2019), from September 7 to 15, 2018 (Figure 1) during the dry season. Four sites were 202 

selected for water sampling: GA1, RB3, GA3, and RA4 (Table S1). At each site, water 203 

samples were collected from swamps containing S. mansoni (vegetation area; triplicates at 204 

GA1 and RB3 and duplicates at GA3 and RA4) and open water areas used by the local people 205 

as living water sources (open water area; one replicate at all sites). Surface water (5 L per 206 

area) was collected gently to avoid making the water turbid using a 5-L PET bottle, and 5 mL 207 

of 10% BAC was added to the water sample to suppress eDNA degradation during 208 

transportation to the laboratory at NUITM-KEMRI research station (Kenya Medical Research 209 
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Institute in the Nagasaki University Institute of Tropical Medicine) in Mbita. Environmental 210 

parameters (water temperature [°C], pH, electrical conductivity [EC; µS/cm], turbidity 211 

[mg/L], and dissolved oxygen [DO; mg/L]) were simultaneously measured at each site using 212 

a portable multi-parameter water quality meter WQC-24 (DKK-TOA Co., Japan).  213 

 The collected water samples were split into five 1-L subsamples and filtered using a 214 

hand pump (Hashizume et al., 2017) using the following five methods: (a) filtration with a 47‐215 

mm‐diameter glassfiber filter with 2.7 µm nominal pore size (GF/D; GE Healthcare Life 216 

Science), (b) filtration with a 47‐mm‐diameter glassfiber filter with 0.7 µm nominal pore size 217 

(GF/F), and (c–e) pre-filtration with a 47‐mm‐diameter nylon net filter with 100, 60, and 20 218 

µm mesh sizes (MILLIPORE), followed by filtration with the GF/F filter. Each water 219 

subsample was filtered twice using each method, and each of the two filter samples derived 220 

from each subsample was treated individually. The filtration volume was recorded 10 min 221 

after the start of filtration due to filter clogging. As a negative control (NC), 500 mL of store-222 

bought bottled water was filtered through a GF/F filter after filtering the field water samples.  223 

 Owing to poor detectability in the previous field surveys (see Results), we re-224 

conducted field surveys in Lake Victoria the following year (November 28 to December 3, 225 

2019) during the wet season. In addition to the four sites selected in 2018 (GA1, RB3, GA3, 226 
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and RA4), seven new sites were selected for water sampling (GA4, RA6, RA-public, Wath 227 

Lwanda Rombo B [site 1], Kaswanga BMU [site 2], Wath Kakimko [site 3], and Wadh Mon 228 

Sienga [Site 4], resulting in a total of 11 sites (Figure 1). During the survey period, water 229 

sampling was repeated three times at GA1, GA4, RA4, and RA6 and once at the other sites 230 

(Table S1). Eight replicates of 1 L water samples were collected using a 1-L PET bottle at 231 

each site and sampling time, and 1 mL of 10% BAC was added to the water samples, as 232 

described above. Environmental parameters were measured as described above (Table S1). In 233 

the laboratory, each water sample was filtered using the GF/D filter, and 500 mL of distilled 234 

water was filtered at each site as filtration NC. Final filtration volume was recorded 5 min 235 

after the start of filtration due to filter clogging (Table S1). 236 

 237 

2.4. Molecular analyses 238 

Total DNA on the polycarbonate membrane and glass fiber (GF/F and GF/D) filters was 239 

extracted using the DNeasy Blood & Tissue Kit (QIAGEN, Germany; Appendix S1). S. 240 

mansoni eDNA concentrations in the filtered samples were estimated by quantifying the copy 241 

number of mitochondrial cytochrome oxidase I (COI) genes from the target species using the 242 

StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, USA). All primers and 243 
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TaqMan probes were obtained from Sato et al. (2018). This assay produced 162 bp amplicons 244 

derived from mitochondrial COI genes specific to the target species (Sato et al., 2018). The 245 

sensitivity of the assay was newly assessed in this study and the limits of detection and 246 

quantification (LOD and LOQ, respectively) were estimated as 0.3 and 3 copies, respectively 247 

(Appendix S2). Then, 20 μL of TaqMan reaction contained 2 μL of template DNA or pure 248 

water (PCR negative control), final 900 nM each of forward and reverse primers, 125 nM of 249 

TaqMan probe, and 0.1 µL of Amp Erase Uracil N‐Glycosylase (Thermo Fisher Scientific) in 250 

1 × TaqMan Environmental Master Mix 2.0 (Thermo Fisher Scientific). The thermal 251 

conditions for quantitative real-time-PCR (qPCR) were as follows: 2 min at 50 °C, 10 min at 252 

95 °C, and 55 cycles of 15 s at 95 °C and 1 min at 60 °C. A dilution series of S. mansoni COI 253 

amplicons was used as a quantification standard and run simultaneously to estimate the copy 254 

number of the target eDNA in the sample (Appendix S2). All qPCRs were performed in 255 

triplicates and included eDNA samples, dilution series, blank samples, and negative controls. 256 

The eDNA concentration in each sample was calculated as the mean of triplicate 257 

measurements, and each PCR-negative replicate (indicating non-amplification) was 258 

considered to contain 0 copies (Jo et al., 2021). However, all samples in the field surveys in 259 
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both years exhibited extremely low eDNA concentrations (< 0.1 copies per template DNA); 260 

therefore, only detection/non-detection per PCR replicate was considered. 261 

 We also checked PCR inhibition in samples collected from Lake Victoria in 2018 262 

using an internal positive control. Lambda phage DNA and real-time PCR assay were used 263 

(Minamoto et al., 2009; Honjo et al., 2010). Briefly, 20 μL of TaqMan reaction contained 2 264 

μL of eDNA extract, final 900 nM each of forward and reverse primers, 125 nM of TaqMan 265 

probe, 0.1 µL of Amp Erase Uracil N‐Glycosylase, and Lambda phage DNA (3,000 copies 266 

per PCR reaction) or pure water (standard) in 1 × TaqMan Environmental Master Mix 2.0. 267 

Thermal conditions for qPCR were previously described by Honjo et al. (2010). All qPCRs, 268 

including spike, standard samples, and PCR negative controls (similar to the procedure 269 

described above), were performed in duplicate. The eDNA sample was considered to be PCR-270 

inhibited if ΔCt (difference in Ct values of each spiking sample from that of the standard 271 

sample) > 2, as previously reported (Jo et al., 2020). All GA1 samples and approximately half 272 

of the samples collected from the other three sites (92 samples in total) were tested for PCR 273 

inhibition (Table S2). 274 

 275 

2.5. Statistical analyses 276 
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All statistical analyses were performed using R version 4.2.2 (R Core Team, 2023). In the 277 

laboratory experiments, all eDNA concentrations per PCR reaction (copies/2 µL template 278 

DNA) were converted into those per water sample (copies/mL water). First, to compare the 279 

target eDNA concentrations at different size fractions (>10, 3–10, 0.8–3, and 0.4–0.8 µm; as a 280 

categorical variable), linear mixed models (LMMs) and post-hoc multiple comparison tests 281 

were performed for each treatment type using the packages, lmerTest (Kuznetsova et al., 282 

2017) and multcomp (Hothorn et al., 2008). The eDNA concentrations (x) in all samples were 283 

subjected to log10(x + 0.1) transformation to meet normality, as the target eDNA was not 284 

detected in some samples in the 2-wpi tanks. Different tank IDs were considered random 285 

effects. Second, target eDNA concentrations in each size fraction (>10, 3–10, 0.8–3, and 0.4–286 

0.8 µm) were converted to a proportion of total sequential filtration for each experimental 287 

tank. Third, generalized linear models (GLMs) with Gaussian distribution were used to assess 288 

the changes in the target eDNA concentrations (log10-transformed) and proportions for each 289 

size fraction after infection with intermediate snails (B. glabrata; 2, 3, 4, and 6-wpi; as a 290 

categorical variable). 291 

 In the 2018 field survey, a generalized linear mixed model (GLMM) with a gamma 292 

distribution, followed by a post-hoc multiple comparison test, was used to compare the 293 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



filtration volume recorded 10 min after the start of filtration in the five filtration methods 294 

using the packages, lmerTest and multcomp. Survey sites (GA1, RB3, GA3, and RA4), areas 295 

(vegetation and open water; nested within survey sites), and filtration replicates (nested within 296 

areas) were hierarchically considered as random effects. 297 

 In the 2019 field survey, SODM with the Bayesian Monte Carlo Markov Chain 298 

(MCMC) algorithm was performed using the package, eDNAoccupancy (Dorazio & Erickson, 299 

2018). Based on the eDNA detection result, the following probabilities were estimated for 300 

each survey site: Ψ (site-level; probability of target eDNA occurrence at a given sampling 301 

site), θ (water sample-level; conditional probability of target eDNA occurrence in each 302 

sample at a given site when the target eDNA is present at that site), and ρ (PCR replicate-303 

level; conditional probability of the target eDNA detection in each PCR replicate of a given 304 

eDNA sample when the target eDNA is present in the sample) (Dorazio & Erickson, 2018; 305 

Sengupta et al. 2019; Jo et al., 2020). According to the default settings, 10,000 iterations of 306 

the MCMC algorithm were run per model, and the burn-in was set at 1,000 to discard the 307 

initial transient region of the chain to obtain precise parameter estimates. 308 

 Prior to SODM, mean values of water temperature, pH, EC, turbidity, DO, and 309 

infection rate of humans with S. mansoni (Appendix S3) at each survey site were calculated to 310 
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construct a Pearson’s correlation matrix with Bonferroni’s correction (significance level: α = 311 

0.05/7C2 ≒ 0.0024), and high levels of correlations were detected between pH and DO (r = 312 

0.974; P < 0.001), pH and temperature (r = 0.825; P = 0.0018), DO and temperature (r = 313 

0.803; P = 0.0029), and turbidity and filtration volume (r = –0.812; P = 0.0024). Therefore, 314 

these variables were omitted, and only EC, filtration volume, and infection rate were 315 

considered as factors affecting each probability in the SODM. Infection rate was included in 316 

Ψ assuming that more S. mansoni eDNA may be present at the site with a high infection rate. 317 

Filtration volume was included in θ assuming that low filtration volume decreases the capture 318 

efficiency of the target eDNA particles. EC was included in ρ assuming that high EC indicates 319 

more amount of PCR inhibitory substances, such as humic and tannic acids, at the site (Uchii 320 

et al., 2019). 321 

 Based on each of the probabilities in SODM, the cumulative availability probability 322 

𝜃∗ in relation to the number of water samples n (when the target eDNA was present at the 323 

site) and cumulative detection probability 𝜌∗ in relation to the number of PCR replicates m 324 

(when the target eDNA was present in the sample) were estimated using the following 325 

equations (Sengupta et al., 2019; Jo et al., 2020): 326 

𝜃∗ = 1 − (1 − 𝜃̅)𝑛 327 
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𝜌∗ = 1 − (1 − 𝜌̅)𝑚 328 

where 𝜃̅ is the mean value of the sample-level occurrence probability at all survey sites, and 329 

𝜌̅ is the mean value of the PCR replicate-level detection probability at all survey sites. 330 

 331 

3. Results  332 

3.1. Laboratory experiments 333 

In real-time PCR, R2 value and PCR efficiency were 0.993 to 1.000 and 86.0 % to 89.8%, 334 

respectively. Although some blank samples showed PCR amplification, their concentrations 335 

ranged from 0.1 to 1.4 copies in the water and were much lower than those in the 336 

corresponding tank samples (Table S2). In addition, one sample in the uninfected tank also 337 

showed PCR amplification (approximately 0.1 copies per mL water; Table S2) possibly due 338 

to inter-sample contamination. None of the PCR negative controls was amplified throughout 339 

the experiment. 340 

 LMMs and post-hoc comparison tests showed that S. mansoni eDNA concentrations 341 

were significantly higher at >10 µm size fraction and significantly lower at 0.4–0.8 µm size 342 

fraction than at the other size fractions for all treatments (P < 0.01), except for the 2-wpi tanks 343 

(Table S3; Figure 2). Approximately 98.3 and 99.6% of S. mansoni eDNA were detected 344 
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from >10 µm size fractions in the egg and miracidia tanks, respectively (Table 1). Moreover, 345 

most of the target eDNA was detected from >10 µm size fractions in the 3-, 4-, and 6-wpi 346 

tanks (73.8, 67.2, and 90.4% on average, respectively). In contrast, in the 2-wpi tanks, the 347 

target eDNA concentrations were significantly lower than those in the other treatments, and 348 

the differences in eDNA concentrations among different size fractions were unclear (Table 1; 349 

Figure 2). These findings were also supported by the GLMs, which showed that the target 350 

eDNA concentrations were significantly lower in the 2-wpi tanks than in the 3-, 4-, and 6-wpi 351 

tanks for all size fractions (P < 0.001; Figure 3). In contrast, post-infection, the proportion of 352 

S. mansoni eDNA derived from intermediate snails significantly increased in the >10 µm size 353 

fraction (GLM; P < 0.05) but decreased in the smaller size fractions over time (Figure 3; 354 

Table S3).  355 

 356 

3.2. Field surveys in Lake Victoria 357 

In the 2018 field survey, S. mansoni eDNA was only detected in five subsamples at GA1, but 358 

not at the other sites (Table S2). In the inhibition test, ΔCt values ranged from –0.3 to 0.3 and 359 

PCR inhibition effect was negligible (Table S2). Water temperature, pH, EC, turbidity, and 360 

DO were 25.8 ± 1.1 °C, 7.2 ± 0.7, 252.1 ± 145.1 µS/cm, 84.8 ± 60.8 mg/L, and 10.9 ± 21.3 361 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



mg/L (mean ± standard deviation [SD]), respectively. In addition, GLMM showed that the 362 

water filtration volume was significantly higher in GF/D filtration than in the other filtration 363 

methods (P < 0.001; Table S4; Figure S1). 364 

 In the 2019 field survey, we only used the GF/D filter for water filtration based on 365 

the above results, including the laboratory experiment results. S. mansoni eDNA was detected 366 

in 16 samples collected from GA1 (eight on Nov 28, four on Nov 30, and four on Dec 3) and 367 

eight samples collected from GA4 (all on Dec 3), but not at the other sites (Table S2). In 368 

SODM, Ψ was high at sites with high infection rates, θ increased with increasing filtration 369 

volume, and ρ was lower at sites with high EC, although uncertainties were high for Ψ and θ 370 

(i.e., 95% confidence intervals [CIs] of the covariates encompassed zero; Table 2; Figure 4). 371 

The median estimates of Ψ, θ, and ρ at each survey site were 0.025–0.384 (0.212 on average), 372 

0.391–0.926 (0.788 on average), and 0.610–0.978 (0.915 on average), respectively. As long 373 

as the target eDNA was present at a specific site or in a specific sample, 𝜃∗ and 𝜌∗ were 374 

estimated to exceed 0.95, including their 95% CIs (𝜃̅: 0.390–0.913; 𝜌̅: 0.784–0.974), when 375 

more than seven water samples were collected from the site and more than two PCR 376 

replicates were prepared from the collected water samples (Figure S2). 377 

 378 
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4. Discussion 379 

4.1. Laboratory experiments 380 

We found that a large proportion of S. mansoni eDNA derived from its eggs, miracidia, and 381 

cercaria generally existed in the >10 µm size fraction. As all eggs, miracidia, and cercaria are 382 

tens to hundreds of µm in diameter (Xu & Dresden, 1989; Sengupta et al., 2019), eDNA 383 

detected in > 10 µm size fraction may be derived from S. mansoni eggs or the individuals 384 

themselves, and their extra-organismal DNA (true eDNA) may be detected in the smaller size 385 

fractions. In the egg and miracidia tanks, proportions of true eDNA (eDNA detected in <10 386 

µm size fraction) were less than 2%. Notably, egg-derived eDNA (not the egg itself) shows a 387 

very low concentration, which may be undetectable in other taxa, such as fish and amphibians 388 

(Takeuchi et al., 2019; Takeshita et al., 2020). Here, proportion of true eDNA in the tanks 389 

with infected intermediate host snails (i.e., cercaria-derived eDNA) was 10–30% (except for 390 

the 2-wpi tanks; discussed below). Therefore, S. mansoni eDNA is mainly detected in the 391 

whole organisms, eggs, and extra-organismal cercaria DNA. Sengupta et al. (2019) also 392 

reported that S. mansoni eDNA is detectable from tank water even if whole cercariae are 393 

removed from the tank via pre-filtration with a 12-µm mesh size filter, but the results may 394 

vary by 2–3 orders of magnitude in the presence and absence of cercariae. 395 
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 Cercariae are non-feeding stages with a short-lived ecology (from 10 hours to 3 396 

days) (Schreiber et al., 1949). A previous study revealed an approach to collect cercariae 397 

using a large pore size filter to detect the organismal DNA (Hung & Remais, 2008); however, 398 

this approach increases the likelihood of non-detection due to death or decomposition, leading 399 

to an uncertain and biased diagnosis. Additionally, cercaria-based approach requires a 400 

relatively large volume of water using a zooplankton net, which is expensive and its reuse 401 

requires decontamination between sampling events (Alzaylaee et al., 2020a). On the contrary, 402 

extra-organismal DNA (true eDNA) persists in water after decomposition (from days to 403 

weeks, depending on the environmental conditions) (Jo & Minamoto, 2021), facilitaing more 404 

sensitive and precise surveillance (Hashizume et al., 2017; Sengupta et al., 2019; Kamel et al., 405 

2021). In our experimental tanks with infected intermediate host snails, 83.4–96.4% of the 406 

target eDNA on average was detected in the > 3 µm size fraction and 98.7–99.8% of the 407 

target eDNA on average was detected in the > 0.8 µm size fraction (except for the 2-wpi 408 

tanks). Therefore, targeting eDNA particles in the >3 µm size fraction is a practical approach 409 

to capture both S. mansoni and its eDNA with reduced filter clogging risk for samples 410 

collected from turbid environments. 411 
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 Compared to the other treatments, S. mansoni eDNA concentrations were 412 

significantly lower in the 2-wpi tanks in all size fractions. As the experimental tanks had a 413 

higher individual density (20 infected snails per L of water) than the natural environments, the 414 

cercariae themselves and their extra-organismal DNAs released from intermediate host snails 415 

were hardly detected in the early infection stages (approximately two weeks post-infection) in 416 

the field. In contrast, the amount of S. mansoni eDNA drastically increased in all size 417 

fractions over the next week (from 2-wpi to 3-wpi), indicating that it takes three weeks or 418 

longer for S. mansoni cercariae to mature and escape from host snails. As the infection 419 

progressed, the proportion of target eDNA in the >10 µm size fraction (possibly cercariae 420 

themselves) gradually increased. Accordingly, the proportion of true S. mansoni eDNA 421 

detected in the smaller fractions decreased. These results confirm a previous report that S. 422 

mansoni propagates via asexual reproduction in intermediate host snails (Colley et al., 2014).  423 

 424 

4.2. Field surveys in Lake Victoria 425 

The advantage of targeting eDNA particles at >3 µm size fraction was reinforced by the field 426 

survey in 2018 in terms of filtration volume. In our laboratory experiments, eDNA detection 427 

rate and yield per filtration volume were high for filters with small pore sizes. However, in 428 
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field surveys, in addition to the risk of filter clogging, the time required for filtration must be 429 

considered for survey accuracy. Although the target eDNA was not detected in most of the 430 

water samples, use of the GF/D (2.7 µm nominal pore size) filter yielded approximately 2.5-431 

times the filtration volume obtained with the filtration methods under the same time constraint 432 

(10 min per filtration). Pre-filtration methods have been used as alternatives to filters with 433 

large pore sizes to avoid filter clogging (Robson et al., 2016; Takasaki et al., 2021). Although 434 

no significant difference was observed in the filtration volume with the different pre-filtration 435 

methods, the filtration volume with any of tested the pre-filtration methods was less than that 436 

obtained with the GF/D filter. In the survey area, most suspended particles causing filter 437 

clogging were smaller than 20 µm in diameter (corresponding to the minimum pore size of 438 

the pre-filtration filter). These results indicate that a high eDNA detection rate and yield can 439 

be achieved using the GF/D filter if S. mansoni eDNA is detected in the study area.  440 

 Factors related to intermediate host snail density and infectivity were possibly 441 

responsible for the severely low detection rate of S. mansoni eDNA in the 2018 survey. Snail 442 

density and infectivity are affected by various environmental factors, such as pH, 443 

conductivity, and human activity (Rowel et al., 2015; Mereta et al., 2019). They also change 444 

seasonally and are affected by fluctuations in precipitation and water temperature. For 445 
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example, S. mansoni infection of the intermediate host snail (B. glabrata) is positively 446 

correlated with rainfall (Calasans et al., 2018). The period of the 2018 survey corresponded to 447 

the dry season, in which snail density is generally high (Odongo-Aginya et al., 2008; 448 

Adediran et al., 2014; Andrus et al., 2023); however, the detected infection rate was low. This 449 

low detection rate of S. mansoni eDNA in the dry season was possibly due to seasonality and 450 

relatively low quantity of target eDNA in the samples, but not due to PCR inhibition (see 451 

Results). 452 

 In the following year, survey was performed during the wet season, resulting in an 453 

increase in the number of positive samples in GA1, where the target eDNA was also detected 454 

in the previous year. S. mansoni eDNA was also detected in GA4, where no samples were 455 

collected in the previous year. Although human infection with S. mansoni was confirmed at 456 

all survey sites. the proportion of positive samples was still very low. This low detection 457 

frequency largely corresponds to the results of previous studies targeting trematode eDNA in 458 

the field (Hashizume et al., 2017; Sato et al., 2018; Sengupta et al., 2019; Alzaylaee et al., 459 

2020a), implying a high risk of false-negative detection in eDNA-based monitoring of 460 

trematode parasites, including S. mansoni. Here, SODM offered insight into the results of 461 

field surveys. ρ was generally high and negatively correlated with EC. The number of PCR 462 
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replicates used in this study (triplicate per sample) was similar to that in most eDNA studies 463 

for species-specific detection (Doi et al., 2021) and was sufficient to detect the target eDNA 464 

as long as it was present in the sample. Notably, this study used the Environmental Master 465 

Mix, a PCR reagent resistant to inhibition (Sengupta et al., 2019; Uchii et al., 2019), which 466 

may be adequate for eDNA detection in highly turbid environments, such as tropical 467 

wetlands. 468 

 θ was not as high as ρ, and the increase in eDNA capturability (i.e., cumulative 469 

availability probability) with increasing filtration volume was non-significant. The number of 470 

water samples necessary to sufficiently capture the target eDNA in this study (seven per site) 471 

was much higher than that used in most eDNA studies (one to three; Takahashi et al., 2023). 472 

Consistent with our findings, Sengupta et al. (2019) also used SODM and reported that more 473 

than seven 1-L water samples are necessary to achieve >95% detection probability of S. 474 

mansoni eDNA at the sample level, highlighting the importance of a sufficient number of 475 

sample replicates per site for sensitive and reliable schistosomiasis surveillance via eDNA 476 

analysis. Ψ was low in all survey sites regardless of the infection rate of humans with S. 477 

mansoni. Use of water sources contaminated with S. mansoni and infected intermediate host 478 

snails is the main factor for schistosomiasis transmission in the local population. However, 479 
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low Ψ estimates in SODM in this study indicate that, even if schistosomiasis transmission to 480 

the local population is evident, S. mansoni eDNA exhibits a very low concentration and 481 

heterogeneous distribution in the field, possibly yielding false negative results. For example, 482 

diffusion and dilution effects of water level fluctuations during the wet season weaken the 483 

association between eDNA detection and organism occurrence (Yates et al., 2019; Curtis et 484 

al., 2021). Diffusion effect may also yield false positives for eDNA detection in sites without 485 

S. mansoni (Jo et al., 2020). To compensate for the low site-level occupancy probability of S. 486 

mansoni eDNA and more accurately identify areas at risk for schistosomiasis transmission, 487 

replicated water sampling of multiple sites is crucial. Addressing these challenges is 488 

necessary for effective and reliable eDNA-based schistosomiasis surveillance. Nevertheless, 489 

conventional xeno-monitoring of trematode worms and intermediate hosts is also reliable 490 

detection. 491 

 492 

4.3. Conclusions and future perspectives 493 

In summary, this study outlined an effective method for S. mansoni eDNA detection in turbid 494 

water based on laboratory experiments and field surveys. Our findings suggest that targeting 495 

eDNA particles >3 µm size fraction is a practical approach to capture not only S. mansoni 496 
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individuals but also their extra-organismal DNA with reduced risk of filter clogging in a 497 

turbid environment. We also used the above filtration method to survey S. mansoni eDNA 498 

distribution in tropical wetlands in Lake Victoria and estimate its occurrence and detection 499 

probabilities at each hierarchical level based on an SODM. The model estimated the number 500 

of water samples necessary to capture S. mansoni eDNA and number of PCR replicates 501 

necessary for its sufficient detection. Our findings can aid in the rapid and sensitive 502 

monitoring of S. mansoni and other trematode parasites. Additionally, this study fills the 503 

knowledge gap related to filtration performance in water types with different turbidities and 504 

outlines a specific method to fine-tune pre-PCR sample processing for eDNA analysis 505 

(Kumar et al., 2022; Holmes et al., 2024).  506 

 For precise assessment of the schistosomiasis transmission risk areas, distribution of 507 

Schistosoma parasites and their intermediate/definitive hosts must be simultaneously 508 

examined as Schistosoma life cycle cannot be completed without the host. Although some 509 

freshwater snails, such as Biomphalaria, and mammals, including humans, are potential 510 

intermediate and definitive hosts of Schistosoma (He et al., 2001; Morgan et al., 2001), the 511 

types of species infected by these parasites and incorporated into their life cycles are difficult 512 

to assess in different environments. Sato et al. (2019) performed riverine eDNA 513 
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metabarcoding to detect Leptospira, a non-pathogenic microbiome, and vertebrates in 514 

northern Okinawa, Japan. They showed high correlations in the eDNA occurrence of 515 

Leptospira and some bacterial and vertebrate species suspected as potential leptospiral 516 

reservoirs. Therefore, the eDNA signal itself cannot directly indicate the infection status of 517 

the host; however, eDNA analysis can be used as an alternative approach to determine the 518 

candidate intermediate/definitive hosts of trematode parasites, including Schistosoma, in 519 

natural ecosystems. We believe that further exploration of eDNA applications for 520 

schistosomiasis surveillance under various environmental and epidemiological conditions will 521 

help to prevent schistosomiasis transmission in tropical areas by providing insights on 522 

infectious disease ecology, thereby facilitating the development of suitable medical, 523 

epidemiological, and sanitary interventions (Liang et al., 2007; Garchitorena et al., 2017; Bass 524 

et al., 2023). 525 
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Tables 835 

Table 1. Summary of S. mansoni eDNA concentrations (copies per mL water) and proportions 836 

for each size fraction and treatment (except for uninfected tanks) in the laboratory experiment.  837 

 838 

Treatment 
Size fraction eDNA concentration eDNA proportion 

[µm] Mean SD Mean SD 

(i) Eggs 0.4–0.8 46.8 22.8 0.0% 0.0% 
(i) Eggs 0.8–3 804.0 519.0 0.7% 0.6% 
(i) Eggs 3–10 1202.7 294.6 0.9% 0.5% 
(i) Eggs >10 145599.7 61414.8 98.3% 1.0% 

(ii) Miracidia  0.4–0.8 9.2 7.1 0.0% 0.0% 
(ii) Miracidia  0.8–3 181.4 86.9 0.2% 0.1% 
(ii) Miracidia  3–10 248.7 147.0 0.2% 0.2% 
(ii) Miracidia  >10 120600.3 30017.0 99.6% 0.3% 

(iii) 2-wpi 0.4–0.8 0.4 0.5 11.8% 16.5% 
(iii) 2-wpi 0.8–3 1.8 2.3 29.0% 34.1% 
(iii) 2-wpi 3–10 2.8 4.4 30.0% 11.5% 
(iii) 2-wpi >10 3.0 4.7 29.2% 11.2% 
(iv) 3-wpi 0.4–0.8 173.6 228.9 1.3% 1.6% 
(iv) 3-wpi 0.8–3 1063.9 1220.1 8.0% 8.6% 
(iv) 3-wpi 3–10 2178.3 2611.4 16.9% 18.2% 
(iv) 3-wpi >10 9681.9 5667.5 73.8% 28.2% 
(v) 4-wpi 0.4–0.8 89.5 79.6 1.1% 0.6% 
(v) 4-wpi 0.8–3 1230.0 571.4 15.5% 5.2% 
(v) 4-wpi 3–10 1236.8 628.7 16.2% 8.7% 
(v) 4-wpi >10 5689.1 2802.3 67.2% 14.2% 
(vi) 6-wpi 0.4–0.8 54.0 82.7 0.2% 0.1% 
(vi) 6-wpi 0.8–3 476.5 269.5 3.1% 2.5% 
(vi) 6-wpi 3–10 970.3 359.3 6.3% 3.8% 
(vi) 6-wpi >10 19902.4 18137.5 90.4% 6.2% 

 839 

Note: SD, standard deviation. 840 
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Table 2. Summary of the SODM for S. mansoni eDNA detection with the posterior medians 842 

and 95 % Cis of each parameter (upper) and the estimated probabilities at three hierarchical 843 

levels (Ψ, θ, and ρ) in each survey site (lower). 844 

 845 

Model formula Parameter Median (95% CI) 

Ψ(Infection rate) θ(Volume) ρ(EC) 

β(Intercept) –0.888 (–1.823, –0.081) 
β(Infection rate) 0.475 (–0.458, 1.573) 
α(Intercept) 0.909 (–0.182, 2.002) 
α(Volume) 0.582 (–0.105, 1.243) 
δ(Intercept) 1.620 (1.068, 2.272) 
δ(EC) -0.603 (–1.164, –0.082) 

 846 

Site 
Ψ θ ρ 

Median 2.5% 97.5% Median 2.5% 97.5% Median 2.5% 97.5% 

GA1 0.246 0.055 0.550 0.595 0.420 0.752 0.939 0.850 0.984 
GA4 0.275 0.060 0.607 0.391 0.220 0.597 0.747 0.517 0.893 
RA4 0.186 0.034 0.466 0.888 0.408 0.996 0.936 0.848 0.983 
RA6 0.289 0.060 0.628 0.924 0.385 0.999 0.974 0.875 0.998 
RB3 0.333 0.056 0.725 0.911 0.391 0.998 0.968 0.871 0.996 
GA3 0.384 0.050 0.833 0.602 0.423 0.763 0.610 0.266 0.868 
RA_public 0.186 0.034 0.466 0.791 0.432 0.964 0.978 0.880 0.998 
site1 0.168 0.024 0.456 0.839 0.423 0.985 0.976 0.876 0.998 
site2 0.025 0.000 0.670 0.926 0.385 0.999 0.977 0.878 0.998 
site3 0.086 0.001 0.492 0.900 0.400 0.997 0.978 0.880 0.999 
site4 0.148 0.014 0.456 0.900 0.400 0.997 0.978 0.880 0.998 

 847 

Note: parameters β, α, and δ represent the Bayesian estimates of site-level probability Ψ, 848 

sample-level probability θ, and PCR replicate-level probability ρ. 849 
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Figure legends 851 

Figure 1. Survey sites in Lake Victoria. Maps were created using QGIS (version 2.14.7-852 

Essen) based on the dataset from Natural Earth (https://www.naturalearthdata.com). 853 

 854 

Figure 2. Comparison of S. mansoni eDNA concentrations in different size fractions for each 855 

treatment (except for uninfected tanks). Factors with different letters are significantly 856 

different (P < 0.05) based on post-hoc multiple comparison tests. n.s., not significant (P > 857 

0.05). 858 

 859 

Figure 3. Time-series changes in S. mansoni eDNA concentrations (upper boxes) and 860 

proportions (lower boxes) after infection of intermediate snails at each size fraction. Asterisks 861 

and dots indicate the significant (***P < 0.001, **P < 0.01, and *P < 0.05) and marginal (P < 862 

0.1) differences between the factors. 863 

 864 

Figure 4. Estimated probabilities at each hierarchical level based on the SODM. The figure 865 

shows the relationships between infection rate and site-level occurrence probability Ψ (left), 866 

between filtration volume and sample-level occurrence probability θ (middle), and between 867 

conductivity and PCR replicate-level detection probability ρ (right). Symbols indicate the 868 

estimates of posterior medians with 95 % CIs at each survey site.  869 
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