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Abstract

Schistosomiasis is a neglected water-born parasitic disease caused by Schistosoma affect-
ing more than 200 million people. Introgressive hybridization is common among these para-
sites and raises issues concerning their zoonotic transmission. Morphological identification
of Schistosoma cercariae is difficult and does not permit hybrids detection. Our objective
was to assess the performance of MALDI-TOF (Matrix Assistated Laser Desorption-loniza-
tion—Time Of Flight) mass spectrometry for the specific identification of cercariae in human
and non-human Schistosoma and for the detection of hybridization between S. bovis and S.
haematobium. Spectra were collected from laboratory reared molluscs infested with strains
of S. haematobium, S. mansoni, S. bovis, S. rodhainiand S. bovis x S. haematobium natural
(Corsican hybrid) and artificial hybrids. Cluster analysis showed a clear separation between
S. haematobium, S. bovis, S. mansoniand S. rodhaini. Corsican hybrids are classified with
those of the parental strain of S. haematobium whereas other hybrids formed a distinct clus-
ter. In blind test analysis the developed MALDI-TOF spectral database permits identification
of Schistosoma cercariae with high accuracy (94%) and good specificity (S. bovis: 99.59%,
S. haematobium 99.56%, S. mansoniand S. rodhaini: 100%). Most misidentifications were
between S. haematobium and the Corsican hybrids. The use of machine learning permits to
improve the discrimination between these last two taxa, with accuracy, F1 score and Sensi-
tivity/Specificity > 97%. In multivariate analysis the factors associated with obtaining a valid
identification score (> 1.7) were absence of ethanol preservation (p < 0.001) and a number
of 2-3 cercariae deposited per well (p < 0.001). Also, spectra acquired from S. mansoni cer-
cariae are more likely to obtain a valid identification score than those acquired from S. hae-
matobium (p<0.001). MALDI-TOF is a reliable technique for high-throughput identification of
Schistosoma cercariae of medical and veterinary importance and could be useful for field
survey in endemic areas.
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Author summary

Schistosomiases are neglected tropical diseases, affecting approximately 200 million peo-
ple worldwide. They are transmitted during contact with water contaminated with the
infesting stage of the parasite (the cercaria stage). Species-level recognition of cercariae
present in water has important implications for field campaigns aimed at eradicating
schistosomiasis. In addition, Schistosomes are able to hybridize between different species.
Identification of Schistosomes cercariae on microscopy is difficult because of their simi-
larity, and it does not allow hybrids to be distinguished. Molecular biology techniques
allow a reliable diagnosis but are expensive. MALDI-TOF is a recent technique that per-
mits an inexpensive identification of micro-organisms in a few minutes. In this paper, we
evaluate MALDI-TOF identification of Schistosomes cercariae.

We have implemented a database of MALDI-TOF cercariae spectra obtained from
parental strains and hybrids of species of medical or veterinary interest, allowing reliable
identification with an accuracy of 94%. The identification errors mainly come from confu-
sion between the natural Corsican hybrid (S. haematobium x S. bovis) and S. haemato-
bium. The use of machine learning algorithms permits to obtain an accuracy of more than
97% in the recognition of these two parasites. In conclusion, MALDI-TOF is a promising
tool for the identification of Schistosome cercariae.

Introduction

Schistosomiasis is a neglected water-born parasitic disease caused by digenean Trematoda of
the genus Schistosoma. These parasites have a complex life cycle involving a fresh-water mol-
lusc as an intermediate host for asexual reproduction. As a result of this process, a free-swim-
ming larval stage, the cercariae, are released from infected snails in water which can penetrate
the skin of the bathing definitive hosts [1,2].

By mid-2003, the number of people at risk of developing schistosomiasis was estimated at
779 million (more than 10% of the world population) [3]. The greatest burden of schistosomia-
sis is observed in Sub-Saharan Africa [4], in which S. haematobium and S. mansoni are the
most common parasites [2]. In 2013 more than 200 million people were estimated to be
infected [5]. An integrated approach has been proposed by WHO for eradication of schistoso-
miasis involving periodic mass treatments with preventive anti-helmintic chemotherapy,
water sanitation and hygiene (WASH strategy) and snail control [6]. Morbidity due to schisto-
somiasis has recently declined, going from 2,543,364 disability adjusted life years (DALYs) in
2016 to 1,627,844 in 2019 [7]. The WHO goal for 2030 is to eliminate schistosomiasis as a pub-
lic health problem in all 78 endemic countries [8].

Precision mapping of Schistosoma prevalence in man and in the environment is thus neces-
sary for achievement of this goal [9]. Detection of Schistosoma infection in its snail host needs
efficient tools to monitor the efficacy of elimination programs [1]. Snails could also serve as
“sentinels” to evaluate the human risk of infection as a relation between snail infection and
local human genotypes near the surveyed snail habitats has been reported [10].

A tool permitting to screen rapidly harvested snails for infection with human pathogenic
Schistosoma would be particularly useful to achieve this task. This efficient xenomonitoring
could also allow more precisely targeted mass chemotherapy administration campaigns
increasing the efficiency of the control.

The induction of cercariae released by light stimulation allows the identification of a patent
snail infection. Such time-consuming methods require, however, an experienced microscopist
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in light of the difficulty to identify cercariae species using conventional morphological criteria.
Indeed, livestock, wildlife and human cercariae are often co-endemic and are not easily distin-
guishable by conventional microscopy [11]. Only a precise analyse of papillae distribution on
cercariae surface (i.e. Chaetotaxy) allows to distinguish these larvae at a species level [12]. Vari-
ous molecular technics have been developed to achieve this task [13-16] but they remain
expensive and time-consuming.

Another level of complexity is due to introgressive hybridization between Schistosoma spe-
cies. Indeed, several hybrid schistosomes have been identified in the field between human
infecting species (e.g. S. haematobium x S. mansoni), between animal infecting species (e.g. S.
bovis x S. curassoni) and between human and animal infecting species (e.g. S. bovis x S. haema-
tobium) [17]. These latter hybrids are certainly the most worrying because they raise the even-
tual capability of zoonotic transmission as evidenced in Benin previously [18,19]. Among
hybrid schistosomes, S. haematobium x S. bovis hybrids received the most attention and have
been identified in several West African countries including Sénégal, Benin, Cote d’Ivoire,
Cameroon, Nigeria, Mali and Niger [17,20-22]. These hybrids have also been responsible of
an outbreak in Corsica [12], probably originating from a human migrant with autochtonous
transmission by local Bulinus truncatus snails. As a consequence of hybridization, hybrid vigor
and adaptive introgression in schistosome populations may lead to parasites producing more
eggs with a larger size than their parental form, and thus expand their intermediate and defini-
tive host spectrum [23]. Identification of Schistosome species and their hybrids is thus of par-
ticular interest to better control parasites’ transmission and morbidity.

MALDI-TOF (Matrix Assistated Laser Desorption-Ionization-Time Of Flight) mass spec-
trometry, an important tool in microbiology, already allows the identification of bacteria,
fungi arthropods or protozoans [24-26]. In helminthology, MALDI-TOF has been used for
the identification of various nematodes and Platyhelminthes [27]. It has also recently been
used successfully to identify cercariae of European Trematoda [28]. In Schistosoma, Hamlili
et al. have demonstrated the usefulness of MALDI-TOF in malacology to identify Schistoso-
ma’s intermediate hosts [29]. The authors, however, were not able to detect Schistosoma signals
in the spectra of snail’s tissues in order to detect non patent infections. Several papers have also
been published on the use of MALDI-TOF for detecting circulating biomarkers of S. japoni-
cum. First in a rabbit model [30] then in mice used as sentinel [31] and finally for differentiat-
ing patients with newly developed advanced schistosomiasis from healthy controls [32].

Our objective was to assess the performance of MALDI-TOF for the specific identification
of cercariae in human and non-human Schistosoma and for the detection of hybridization
between S. bovis and S. haematobium.

Material and methods
Ethics statement

Experiments were carried out according to national ethical standards of the French guidelines
(writ of February 1st, 2013; NOR: AGRG1238753A). Experiments were carried out under the
permit A66040 delivered by French Ministry of Food and Agriculture. The investigator pos-
sesses an official certificate for animal experimentation (number of the authorization 007083).

Strains

Schistosoma rodhaini, S. mansoni, S. bovis, S. haematobium and S. haematobium-bovis hybrid
strains were used in this study.

The S. bovis strain was isolated in 1970 in Villar de la Yegua-Salamanca (Spain) and was
kindly provided by Ana Oleaga from the Spanish laboratory of parasitology of the Institute of
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Natural Resources and Agrobiology in Salamanca. This strain is maintained in golden hamster
(Mesocricetus auratus) as definitive host and Bulinus truncatus (Spanish strain) or Planorbar-
ius metidjensis (Spanish strain) as intermediate hosts.

S. haematobium was originally isolated circa 1950 from an unknown location in Egypt.
The laboratory stock of the Egyptian strain of S. haematobium was later mixed with an iso-
late that was thought to be obtained from Abrawash (Cairo) by the Naval Medical Research
Unit III, in 1977. The current Egyptian strain of S. haematobium that is maintained at the
Biomedical Research Institute (Rockville, USA) is from a mixture of the 1977 stock with
another Egyptian isolate obtained in the 1980s. This strain was kindly provided by the BRI.
Although used as S. haematobium’s reference genome [33], recent genomic characterization
of this strain suggests that in fact it contains introgressed S. bovis alleles in genomic regions
spanning up to 100 kb [34].

The S. mansoni strain was isolated from an infected patient in Recife Hospital (Brazil). The
strain was installed in the lab in 1975 after a generous gift of Pr Y. Golvan (Hopital Saint
Antoine, Paris).

S. rodhaini was isolated from an infected rodent in Burundi. The strain was installed in the
lab in 1984 after a generous gift of Pr D. Rollinson (British Museum, London).

The S. haematobium-bovis hybrid strain was recovered from eggs isolated from a patient
infected in the Cavu River, Corsica, France [35]. Since 2014 this strain is maintained in golden
hamster as definitive host and Bulinus truncatus (Corsican strain) as intermediate host. This
strain was genetically characterized at the whole genome level and is composed of 77% and
23% of S. haematobium and S. bovis, respectively [35].

S. haematobium x S. bovis reciprocal first generation hybrids (e.g. F1 ou F1’) were obtained
by crossing the two parental strains according to a previously described protocol [36]. Briefly,
molluscs are individually exposed to a single miracidia in order to obtain single-sex clonal
populations of cercariae. Secondly, cercarial populations are molecularly sexed [37]. Thirdly,
infected molluscs are gathered and separated according to the species and sex of the schisto-
some infection: B. truncatus infected by male or female, S. bovis or S. haematobium. Lastly,
hamsters are exposed to equal numbers of male S. bovis cercariae and female S. haematobium
cercariae (F1) or the reciprocal combination (equal numbers of female S. bovis and male S.
haematobium: F1’).

Spectra acquisition

Cercariae emissions and MALDI-ToF spectra were obtained as previously described by
Huguenin et al. [28]. Briefly, snails were isolated individually and cercarial emergence was
obtained by light stimulation lasting between 30 min and 2h. 2-5uL of water was then depos-
ited in each spot on a 96 wells polished steel MALDI-ToF target plate (Bruker Daltonics
GmbH, Bremen, Germany).

The abundance of emitted cercariae in water and the number of deposited cercariae per
spot was assessed under stereomicroscope. The number of replicates per plates and the num-
ber of deposited cercariae per well was dependent on the abundance of emitted cercariae.

After complete drying, 1 pL of formic acid (Sigma Aldrich, Saint Quentin Fallavier France)
was added to each well and after evaporation spots were covered by 1 uL of MALDI HCCA
matrix (a-cyano-hydroxy-cinnamic acid in solution with 2.5% trifluoroacetic acid and 50%
acetonitrile in water, Bruker Daltonics). Spectra were acquired with a Microflex LT mass-spec-
trometer (Bruker Daltonics), using default parameters (linear positive ions mode acquired on
a range of 2000-20,000 Da). In order to produce a sufficient amount of spectra each spot was
read at least 8 times. All spectra were acquired using the standard
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MBT_BTS_Validation_AutoX method using FlexControl v3.4, except one plate inadvertently
acquired using MBT_AutoX_smart.

Spectra analysis

Spectral quality and reproducibility assessment. Spectra were visually assessed in FlexA-
nalysis v3.4 and imported in Biotyper Compass Explorer v4.1.100 for analysis.

The assessment of spectral intraspecific reproducibility and of its variation factors was per-
formed by computing the Composite Correlation Index (CCI) using Compass Explorer default
settings with the following spectral features: (i) sum of the intensity of all detected peaks, using
R scripts adapted from Cuénod et al. [38] and (ii) signal to noise ratio (SNR) of the spectra cal-
culated by the MALDIQuant detectPeaks function. PCA analyse were performed using the
FactoMineR package [39].

MSP database creation and validation. The Bruker “MALDI Biotyper Preprocessing
Standard Method” was used with slight modification namely the use of 2000 and 20,000 Da as
lower and upper bound limits for spectra trimming. High quality spectra from fresh cercariae
were selected for addition into the database using the Main Spectra Profile (MSP) creation tool
of Compass Explorer using Bruker guidelines. Eight to 22 spectra were used for MSP creation.

Hierarchical Cluster Analysis (HCA) was performed using correlation method and the
Ward algorithm for clustering with the MSP dendrogram tool of Compass Explorer.

Spectra used for MSP database validation came from Schistosoma cercariae from different
emissions than those chosen for database construction. Both fresh and ethanol-stored cercar-
iae were used.

According to our previous work on Trematoda’s cercariae, identifications were considered
interpretable when the first best match Log-Score Value (LSV1) was > 1.7 (ROC curve pre-
sented on S1 Fig) [28]. Accuracy (percentage of correct identifications) and specificity were
calculated in R (version 4.0.5) using the caret package [40].

For assessing the effects of various parameters on spectral quality and identification LSV1
value, spectra of hybrids were removed from the blind test validation dataset. Statistical analy-
sis was performed in R (version 4.0.5) using base R with the rstatix, pROC, and forestmodel
packages [41-43]. Student’s t-test and Wilcoxon rank-test were used in univariate analysis; a
logistic regression model was built for multivariate analysis. Bonferroni correction was used to
adjust p-values in multiple comparisons.

Differentiation between Schistosoma haematobium and Corsican hybrid strains using
machine learning approach. Four machine learning algorithms were evaluated to discrim-
inate between Schistosoma haematobium and hybrid strains: k nearest neighbour (KNN),
Support Vector Machine linear classifier (SVM), Partial Least-Square Discriminant Analy-
sis (PLS) and Random Forest Analysis (RF) using custom R scripts based on the caret pack-
age [40].

Briefly, Bruker FID spectra files from Schistosoma haematobium and Corsican hybrid
strains were imported using the MALDIQuantForeign package. Selection of high quality spec-
tra was performed by using the screenSpectra function from the MALDIrppa package [44].
Spectra preprocessing and peak detection was performed with the MALDIquant package [45].
Intensity peak matrix was imported as a specmine object [46] and randomly split into “train-
ing” and “first validation” datasets. A second dataset containing both ethanol preserved and
fresh specimens was created. Model training was performed on the “training” dataset with the
“knn”, “svmLinear”, “pls” and “rf” caret [40] methods with repeated cross validation (10 folds
and 10 repeats). ROC metrics were used to evaluate model performance.
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Results
Database construction and MSP classification

5408 spectra were collected. Representative spectra are shown in Fig 1. Spectra were visually
different between species and reproducible across replicates of the same species. Interestingly,
spectra of F1 and F1” hybrids are visually different while spectra of S. haematobium and of the
Corsican hybrid seem very similar.

For database construction, between 9 and 24 high-quality spectra were chosen to create
MSP for each strains. They were added to the in-house Trematode’s MSP database [28] (data-
base structure is listed in S1 Table).

Cluster analysis showed a clear separation between S. haematobium, S. bovis, S. mansoni
and S. rodhaini (Fig 2). All spectra obtained from specimens belonging to the same species are
grouped together within the same cluster. Low heterogeneity is observed between MSP of the
same species (distance level < 100 arbitrary units). Corsican hybrids spectra, however, are
mixed with those of S. haematobium. S. bovis x S. haematobium hybrids form a cluster close to
that of the S. haematobium/Corsican hybrid cluster, in which there is no grouping according
to the directions of hybridization.

Database validation

Among the 5408 spectra, 3277 were selected for database validation (2166 from fresh speci-
mens and 1111 from ethanol stored specimens). The number of spectra and the species distri-
bution according to experimental procedure is given in Table 1.

The choice of an LSV cut-off >1.7 for specific identification was supported by ROC-curve
analysis (S1 Fig). We chose not to lower this score in order to possibly detect cercariae of non-
schistosomal species [28].

1399 spectra (42.7%) had a LSV > 1.7. Among them, 80 (5.7%) non-concordant identifica-
tions were observed. The global accuracy of the test was 0.94 (95%CI [0.928, 0.953]). Specificity

5. rodhaini H 1 Fl: f 5 haematobium x 9 5. bowis

h i i it gl A b R

5. mansoni

F1:% 5 hoemotobivm x & 5. bows

5. haematobivm

e L SR 1 5. haematoblum Carsica

Fig 1. Representative spectra

of cercariae. Panel A: The four species of Schistosoma: S. rodhaini, S. mansoni, S. haematobium and S. bovis. Panel B: S.

haematobium x S. bovis F1 and F1’ laboratory reared hybrids, S. haematobium x S. bovis Corsican hybrids. Smoothed spectra with baseline
substracted. The m/z values are expressed in Da and the intensity of spectra are reported in arbitrary unit (a. u.).

https://doi.org/10.1371/journal.p

ntd.0010577.9001
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Fig 2. Cluster analysis of MSP. Spectra dendrogram was obtained using Pearson correlation coefficient and Ward D2 linking.
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for identification of Schistosoma at the species level was good: S. bovis: 99.59%, S. haematobium
99.56%, S. mansoni and S. rodhaini: 100%.

Among discordant results, 68 S. haematobium spectra were wrongly identified as Corsican
hybrids, 4 Corsican hybrids were misidentified as S. haematobium, 5 F1” hybrids were mis-
identified as S. bovis and one as S. haematobium. Lastly, one S. bovis was identified as an F1
hybrid with a LSV of 2.18.

Factors impacting spectrum quality and species identification

The reproducibility of spectra was assessed by comparing spectra acquired from fresh speci-
mens of cercariae belonging to the same strain and originating from different molluscs (Fig 3).

Table 1. Number of spectra and species distribution.

Number of spectra
Genotype Database creation Database validation Quality test with LSV Total number of acquired spectra
Schistosoma bovis Parental Strain 65 401 401 570
Schistosoma haematobium Parental Strain 52 680 514° 906
Schistosoma mansoni Parental Strain 64 740 740 1073
Schistosoma rodhaini Parental Strain 36 557 557 881
F1 hybrids 46 119 0 332
F1” hybrids 68 552 0 1078
Corsican hybrid 34 228 0 568
Total 365 3277 2212 5408

166 spectra of S. haematobium Parental Strain were inadvertently acquired with the MBT_AutoX_smart method instead of MBT_BTS_Validation_AutoX and were
thus excluded from the quality test with LSV analysis.

https://doi.org/10.1371/journal.pntd.0010577.t001
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https://doi.org/10.1371/journal.pntd.0010577.g003
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These analyses were performed for S. bovis (3 molluscs: SB2, SB3 and SB4), S. mansoni (2 mol-
luscs MS1 and MS3) and S. rodhaini (2 molluscs SR1A, SR3A). The composite correlation
index matrix (Fig 3A) showed high similarity between all spectra except for SB2_B5, SB3_B2
and SB4_A10. These spectra were characterized by a high intensity but a low signal-to-noise
level. Manual inspections showed a peaks pattern similar to other spectra from the same species.
All these spectra were unambiguously correctly identified at species level. Principal Component
Analysis (PCA) of the MS1/MS3 spectra showed a dispersion of the MS3 spectra along Principal
Component 1, while MS1 spectra were clustered to the positive side of this component (Fig 3B).
For S. bovis (except for SB3) and S. rodhaini, spectra were dispersed along the PC1 and PC2 (Fig
3C and 3D). The analysis of the whole reproducibility dataset showed a clustering by species
with an overlap between some S. mansoni and S. rodhaini spectra (Fig 3E). These overlapping
spectra correspond to the SR3 mollusc (Fig 3F). In each case, only less than 15% of variance is
explained by the first 2 components of PCA showing that a large part of the spectral diversity is
not explained by the emitting snail or by the species to which the cercaria belongs.

In order to evaluate the factors influencing quality of spectra, we compared spectra of the
same mollusc at day 0 (with and without ethanol fixation) and at day 22 (after ethanol fixa-
tion). As previously described [28], the intensity of spectra decreased significantly with ethanol
fixation (mean 893889.8 vs. 865683.4 in case of ethanol fixation p < 0.001) Fig 4A. This differ-
ence was not significant between fresh specimens and day 22 fixed specimens (mean total
intensity 893889.8 vs 865432.9 p = 0.33). The SNR slightly increase with ethanol fixation
(mean SNR 4.54 vs 4.62 p<0.001) as shown in Fig 4B. These differences vary according to spe-
cies (Fig 4C).

The influence of ethanol preservation, the number of deposited cercariae and species on identi-
fication success was then evaluated on a larger dataset: 2212 spectra were selected, 1101 from fresh
specimens and 1111 from ethanol stored specimens (Quality test with LSV in Table 1).

Distribution of best match LSV (LSV1) according to the number of deposited cercariae is
presented in Fig 5, for fresh and ethanol preserved specimens, according to the number of
deposited cercariae (Fig 5A and 5B), or the species of Schistosoma (Fig 5C and 5D). LSV1
value were significantly lower (mean 1.54 vs 1.84, median 1.41 vs 2.08, p < 0.0001 Student t-
test) for ethanol preserved specimens. 344 spectra out of 1111 (30.9%) from ethanol-preserved
cercariae did, however, reach the threshold of 1.7.

For fresh specimens, LSV1 was significantly associated with the number of deposited cer-
cariae (adjusted p < 0.0001, Wilcoxon rank test). Best results were obtained with 4-5 cercariae
(mean LSV1 2.13, median 2.24, 77/86 spectra with LSV1 > 1.7), then for 2-3 cercariae (mean
LSV1 1.98, median 2.22, 260/341 spectra with LSV1 > 1.7). Spectra with valid LSV1 were
obtained in 319/478 (66.7%) spectra for only one cercaria (mean LSV1 1.73, median 1.97).
When the number of deposited cercariae was superior to 5, we observed a degradation of
LSV1 values, with only 9/60 (15%) spectra achieving LSV1 > 1.7 (mean LSV1: 1.50; median
1.48). When comparing LSV1 between groups, only "2-3 cercariae" and "4-5 cercariae” groups
did not differ significantly.

For ethanol preserved cercariae, best LSV1 values were observed when 2-3 cercariae were
deposited (mean LSV1: 1.9, median: 2.16, 140/233 spectra with LSV1 > 1.7).

For both ethanol and fresh specimens, the species of Schistosoma is another factor associ-
ated with LSV1 (adjusted p < 0.001) with best LSV1 values observed for fresh specimens of S.
bovis (mean: 2.1, median: 2.21 and 42/152 spectra with LSV > 1.7).

In order to identify a factor associated with obtaining a valid LSV1 (> 1.7), a logistic regres-
sion model was built for spectra with LSV > 0 (Fig 6). In this multivariate analysis, the factors
affecting the probability of LSV1 > 1.7 were ethanol preservation (odds-ratio of 0.10 CI95%
[0.07-0.14], p < 0.001), the number of cercariae (odds-ratio for 2-3 cercariae of 139.26 CI95%
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Fig 4. Effect of ethanol fixation on spectral features. A. Boxplot of the sum of peaks intensities in fresh and ethanol preserved
specimens. B. Boxplot of the SNR in fresh and ethanol preserved specimens. C. Boxplots of the sum of peaks intensities and SNR in
fresh and ethanol preserved specimens according to species. * Statistically significant difference (p adjusted by Bonferroni
correction).

https://doi.org/10.1371/journal.pntd.0010577.9g004

[64.14-333.1], p < 0.001 Spectrum acquired from S. haematobium cercariae have a lower
probability of obtaining LSV1 >1.7 (odds-ratio of 0.40 CI95% [0.27-0.58]) than those acquired
from S. mansoni cercariae (odds-ratio of 4.54, CI95% [3.15, 6.57], p < 0.001).

Machine learning for discrimination of the Corsican hybrid

Most misidentifications come from confusion between S. haematobium and the Corsican
hybrids. Machine learning was thus tested in order to unambiguously distinguish the two spe-
cies. A dataset containing spectra (n = 649) from fresh cercariae of pure S. haematobium
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Fig 5. Influence of ethanol preservation, number of deposited cercariae and species on LSV. Violins plot of best match LSV value for: A. Fresh specimens
according to the number of deposited spectra. B. Ethanol preserved specimens according to the number of deposited spectra. C. Fresh specimens according to
the species. D. Ethanol preserved specimens according to species.

https://doi.org/10.1371/journal.pntd.0010577.9g005

(n = 335) and Corsican hybrids (n = 312) deposited on 5 plates and acquired over five different
days, has been selected. This dataset was then splitted into a training dataset (344 spectra: S.
haematobium n = 172, Corsican hybrid n = 172) and validation dataset (303 spectra: S. haema-
tobium n = 140, Corsican hybrids n = 163). A second validation dataset (116 spectra: S. haema-
tobium, ethanol preserved n = 20, Corsican hybrids n = 96) was also selected. All models
achieved a good classification performance on the first validation dataset with accuracy, F1
score and Sensitivity/Specificity > 97% (Table 2).

The second dataset containing both ethanol preserved and fresh specimens displayed a per-
formance drop for the SVM, PLS and RF models while the KNN model kept a very good accu-
racy (0.9914), sensitivity (0.9896) and specificity (1.000).

Discussion

MALDI-TOF is a reliable and accurate tool for the identification of Schistosoma cercariae of
medical importance at the species level. We confirm here the potential of MALDI-TOF for a
fast screening of Trematode’s cercariae, a capacity that could be developed for the environ-
mental monitoring of human and animal schistosomiasis outbreaks.

Inter-species hybridization occurs naturally in the genus Schistosoma, notably within S. hae-
matobium and S. bovis, whose introgressed population are responsible of urogenital schistoso-
miasis outbreaks in West Africa and Corsica [47]. The use of MALDI-TOF to identify S.
haematobium x S. bovis hybrids seems promising. Spectra from F1 laboratory reared hybrids
with 50% of each parental genome [35] clustered distinctly from spectra of parental S. haema-
tobium strain and the Corsican hybrid strain. They can be identified with high specificity
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Fig 6. Multivariate analysis of factors influencing spectral identification. Forest plot of significant variables used in logistic regression model for prediction
of LSVI > 1.7.

https://doi.org/10.1371/journal.pntd.0010577.9006

using MALDI-TOF. Spectra of the Corsican hybrids are grouped together with those of the
Egyptian parental S. haematobium strain, indicating close spectra proximity. This result is
coherent with the high level of introgression in the Corsican hybrid genome as 77% is of S.
haematobium origin and 23% of S. bovis origin [48]. Corsican hybrids spectra, however, can be
distinguished from those of the Egyptian S. haematobium strains with the identification algo-
rithm used routinely (global accuracy ~94%) and more robustly using machine learning tech-
niques with an accuracy > 99%.

Table 2. Performance of various machine learning models for the detection of Corsican hybrids on first and second validation datasets.

Model Validation dataset TP N FN FP Accuracy F1 score Sensitivity Specificity PPV NPV
KNN First dataset 163 138 0 2 0.9934 0.9939 1.000 0.9857 0.9879 1.000
Second dataset 95 20 1 0 0.9914 0.9948 0.9896 1.0000 1.0000 0.9524
SVM First dataset 159 139 4 1 0.9835 0.9845 0.9755 0.9929 0.9937 0.9720
Second dataset 88 20 8 0 0.931 0.9565 0.9167 1.0000 1.0000 0.9565
PLS First dataset 160 140 3 0 0.9901 0.9907 0.9816 1.0000 1.0000 0.9790
Second dataset 89 20 7 0 0.9397 0.9622 0.9271 1.0000 1.0000 0.7407
RF First dataset 159 140 4 0 0.9868 0.9876 0.9755 1.0000 1.0000 0.9722
Second dataset 80 19 16 1 0.8534 0.9040 0.8333 0.9500 0.9877 0.5429
TP: True Positives; TN: True Negatives; FN: False negatives; FP: False Positives; PPV: Positive Predictive Value; NPV: Negative Predictive Value
https://doi.org/10.1371/journal.pntd.0010577.t002
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Based on parasite specimens sampled in several African countries, it has been evidenced
that hybrids may harbour different patterns of genomic introgression across S. haematobium
lineages [47]. It will thus be interesting to evaluate the ability of MALDI-TOF to detect hybrids
with various introgression rates, ranging from low admixture to complete genomic introgres-
sion of nuclear genomes derived from S. haematobium or S. bovis. The sensitivity of MALDI--
TOF could also be tested to diagnose the diversity of hybrid genotypes at the population level
(i.e. from various transmission sites). Hybrids of other Schistosoma species, including S. hae-
matobium x S. guineensis and S. haematobium x S. mansoni, may also be added and tested.

As in our previous study, we noted a low ratio between acquired spectra and spectra reach-
ing LSV1 cut-off (~40%). However, the repetition of the number of acquisitions per well and
of the number of deposits allows one to obtain a satisfactory identification rate per snail. Sev-
eral factors affecting the quality of the spectra acquired and the probability of obtaining a valid
identification score were investigated. The univariate and multivariate analysis confirmed a
significant performance drop for samples fixed with ethanol. The influence of ethanol on the
MALDI-TOF spectra varies according to the studied micro-organism: for arthropods, freezing
seems to be a better conservation method than ethanol [49]. A “de-alcoholization” protocol for
analysing ticks preserved in ethanol was proposed [50]. Hamlili et al. reported that ethanol
storage of snails significantly modify spectra profiles and decrease the identification perfor-
mances despite the use of de-alcoholization protocol [29].

Concerning helminths, only one paper by Wendel et al. [51] has compared the different
storage media for the identification of Taenia saginata proglottid’s. No degradation of spectra
quality was observed for proglottids stored at -20°C in 70% ethanol for 24 weeks. However this
methodology needs to be reproduced with other species and life-stages of helminths. In our
previous study on the application of MALDI-TOF on identification of Trematoda’s cercariae
we already noticed a decrease of spectra intensity and identification success with ethanol fixa-
tion [28]. Nevertheless, identification remains possible for approximately 30% of the spectra,
which makes it worth trying to attempt the study of specimens preserved in alcohol. It would
be necessary to evaluate other means of preservation of cercariae in order to facilitate retro-
spective studies. Alternatively, the identification of specimens preserved in ethanol could be
improved by building a specific database as proposed by Hamlili et al. [29] or by using
machine learning to search for robust peaks allowing the identification of degraded spectra.

The number of cercariae deposited is a critical factor for the success of the identification,
with the best results obtained by depositing 2 to 5 cercariae per well. This study also demon-
strates the ability of obtaining a spectrum from a single cercaria. The quantity of biological
material brought by a cercaria is thus sufficient to obtain a spectrum, the lowest success rate
being probably linked to the random process of MALDI-TOF laser shots on the target spot,
ensuring the ionization. The use of smaller spots can potentially increase the success rate by
reducing the number of “missed” shots and would allow more specimens to be analysed in the
same target plate, thus increasing the speed of analysis and reducing the cost per sample. The
acquisition of the individual spectrum of cercaria is particularly interesting for studying coin-
fections within the same snail. Indeed, in a recent survey conducted in Senegal, 15/88 snails
were reported as shedding cercariae from two or more species of Schistosoma, suggesting a
high rate of co-infection [10].

The WHO strategy for the eradication of human schistosomiasis relies heavily on mass
anthelmintic drug administration campaigns. Although it could efficiently reduce the morbid-
ity linked to this infection, this strategy does not offer protection against reinfection and thus
remains problem-prone for long-term eradication of schistosomiasis, especially in areas of
high prevalence [52-54]. On the other hand, control of snails (by molluscicides, destruction of
habitat or biological control) is an highly effective way to durably reduce schistosomiasis
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prevalence [55-57]. In order to target and monitor snails-control programs, large malacologi-
cal surveys are needed. These surveys involve the screening of a large number of snails and
identification of released cercariae. Classic morphological assessment of both snails and cer-
cariae are a difficult and laborious task which is not suitable for large studies. Environmental
DNA has been developed to identify the presence of either Schistosoma single species using a
qPCR approach [13,58] or Trematoda communities using a metabarcoding approach [59]. To
date, these methods cannot discriminate hybrid Schistosomes. Indeed, the qPCR approach tar-
gets the Dral nuclear sequence which is present in both S. bovis and S. haematobium; and the
meta-barcoding approach targets a mitochondrial (16S) uni-parentally inherited marker.
Moreover, because these methods detect the parasite population and not single individuals it is
not possible to differentiate between the presence of hybrids and the simultaneous presence of
two species. Image analysis by conventional neural networks has also recently been proposed
for the identification of snails and cercariae from photos taken in the field [11]. This approach
is promising but currently limited by the number of species present in the model. Moreover, it
is not suitable for hybrid identification due to the absence of morphological differences. What-
ever the method used, eDNA, Image analysis, and MALDI-TOF, it is crucial to improve refer-
ence banks.

Hamlili et al. [29], have demonstrated that MALDI-TOF is a reliable tool for the rapid iden-
tification of frozen and ethanol-stored freshwater snails intermediate hosts of schistosomiasis,
permitting to distinguish intermediate hosts and non-intermediate hosts without any malaco-
logical expertise.

In the present study, we confirm the usefulness of MALDI-TOF for cercariae identification,
with a great potential for malacological surveys in Schistosoma-endemic areas, enabling the
rapid and reliable identification of emitted cercariae at species level and detection of hybrids.
Identification of the snails could also be obtain with MALDI-TOF using the database contain-
ing nine species published by Hamlili et al. [29], making it a tool able to identify both the host
and the parasite.

One of the limitations of MALDI-TOF is its inability to detect cercariae directly from snail’s
tissues, making it impossible to identify pre- or non-patent infection [29]. However, the major-
ity of pre-patent snails never realised their cercariae [60]. Their importance in transmission is
probably weak, and interpretation of their epidemiological role is difficult.

Another important limitation of this work is the low accessibility of MALDI-TOF in devel-
oping countries endemic for schistosomiasis. However MALDI-TOF has been proven particu-
larly useful for clinical diagnostic and epidemiology in the “Senegalese Network For The
Exploration Of Non-malarial Causes Of Fever” [61]. We hope that access to MALDI-TOF will
expand in tropical areas, but at the moment use of MALDI-TOF for a field malacological
investigation will raise logistical problems for the transport of specimens to a reference labora-
tory, in the endemic country or abroad. In this context, a robust, inexpensive preservation
technique that does not require refrigerated transport would be particularly useful.

Conclusion

MALDI-TOF is a reliable technique for high-throughput identification of Schistosome cercar-
iae of medical and veterinary importance, even in case of hybridization. The spectral base
remains to be completed to allow the identification of more human and animal species.

Supporting information

§1 Table. Composition of spectral database.
(DOCX)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010577 March 28, 2023 14/18


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010577.s001
https://doi.org/10.1371/journal.pntd.0010577

PLOS NEGLECTED TROPICAL DISEASES Identification of Schistosoma cercariae and detection of hybrids by MALDI-TOF

S1 Fig. ROC plot of LSV Value for specific identification of cercariae in the blind-test data-
set.
(PDF)

Acknowledgments

We thank Eva Nast for her technical support, Aline Cuénod for accepting reuse of her R script
and Matthieu Kaltenbach for proofreading the manuscript.

Author Contributions

Conceptualization: Antoine Huguenin, Jérome Depaquit, Jérome Boissier, Hubert Ferté.
Methodology: Antoine Huguenin, Jérome Boissier, Hubert Ferté.

Software: Antoine Huguenin.

Supervision: Jérome Depaquit, Hubert Ferté.

Validation: Antoine Huguenin, Julien Kincaid-Smith.

Visualization: Antoine Huguenin.

Writing - original draft: Antoine Huguenin.

Writing - review & editing: Antoine Huguenin, Julien Kincaid-Smith, Jér6me Depaquit,
Jérome Boissier, Hubert Ferté.

References

1. Colley DG, Bustinduy AL, Secor EW, King CH. Human schistosomiasis. The Lancet. 2014; 383: 2253—
2264. https://doi.org/10.1016/s0140-6736(13)61949-2 PMID: 24698483

2. McManus DP, Dunne DW, Sacko M, Utzinger J, Vennervald BJ, Zhou X-N. Schistosomiasis. Nat Rev
Dis Primers. 2018; 4: 13. https://doi.org/10.1038/s41572-018-0013-8 PMID: 30093684

3. Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J. Schistosomiasis and water resources develop-
ment: systematic review, meta-analysis, and estimates of people at risk. The Lancet Infectious Dis-
eases. 2006; 6: 411-425. https://doi.org/10.1016/S1473-3099(06)70521-7 PMID: 16790382

4. vander Werf MJ, de Vlas SJ, Brooker S, Looman CWN, Nagelkerke NJD, Habbema JDF, et al. Quanti-
fication of clinical morbidity associated with schistosome infection in sub-Saharan Africa. Acta Tropica.
2003; 86: 125—139. https://doi.org/10.1016/s0001-706x(03)00029-9 PMID: 12745133

5. VosT, Barber RM, Bell B, Bertozzi-Villa A, Biryukov S, Bolliger |, et al. Global, regional, and national
incidence, prevalence, and years lived with disability for 301 acute and chronic diseases and injuries in
188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013. The
Lancet. 2015; 386: 743-800. https://doi.org/10.1016/S0140-6736(15)60692-4 PMID: 26063472

6. World Health Organization. Ending the neglect to attain the sustainable development goals: a sustain-
ability framework for action against neglected tropical diseases 2021-2030. Geneva: World Health
Organization; 2021. Available: https://apps.who.int/iris/handle/10665/338886

7. World Health Organization = Organisation mondiale de la Santé. Schistosomiasis and soil-transmitted
helminthiases: progress report, 2020 —Schistosomiase et géohelminthiases: rapport de situation, 2020.
Weekly Epidemiological Record = Relevé épidémiologique hebdomadaire. 2021; 96: 585-595.

8. World Health Organization = Organisation mondiale de la Santé. Ending the neglect to attain the Sus-
tainable Development Goals: a road map for neglected tropical diseases 2021-2030. Geneva = Gen-
eve: World Health Organization = Organisation mondiale de la Santé; 2021. Available: https://apps.
who.int/iris’/handle/10665/349209

9. Tchuem Tchuenté L-A, Rollinson D, Stothard JR, Molyneux D. Moving from control to elimination of
schistosomiasis in sub-Saharan Africa: time to change and adapt strategies. Infect Dis Poverty. 2017;
6: 42. https://doi.org/10.1186/s40249-017-0256-8 PMID: 28219412

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010577 March 28, 2023 15/18


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010577.s002
https://doi.org/10.1016/s0140-6736%2813%2961949-2
http://www.ncbi.nlm.nih.gov/pubmed/24698483
https://doi.org/10.1038/s41572-018-0013-8
http://www.ncbi.nlm.nih.gov/pubmed/30093684
https://doi.org/10.1016/S1473-3099%2806%2970521-7
http://www.ncbi.nlm.nih.gov/pubmed/16790382
https://doi.org/10.1016/s0001-706x%2803%2900029-9
http://www.ncbi.nlm.nih.gov/pubmed/12745133
https://doi.org/10.1016/S0140-6736%2815%2960692-4
http://www.ncbi.nlm.nih.gov/pubmed/26063472
https://apps.who.int/iris/handle/10665/338886
https://apps.who.int/iris/handle/10665/349209
https://apps.who.int/iris/handle/10665/349209
https://doi.org/10.1186/s40249-017-0256-8
http://www.ncbi.nlm.nih.gov/pubmed/28219412
https://doi.org/10.1371/journal.pntd.0010577

PLOS NEGLECTED TROPICAL DISEASES Identification of Schistosoma cercariae and detection of hybrids by MALDI-TOF

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Léger E, Borlase A, Fall CB, Diouf ND, Diop SD, Yasenev L, et al. Prevalence and distribution of schis-
tosomiasis in human, livestock, and snail populations in northern Senegal: a One Health epidemiologi-
cal study of a multi-host system. The Lancet Planetary Health. 2020; 4: e330—-e342. https://doi.org/10.
1016/S2542-5196(20)30129-7 PMID: 32800151

Tallam K, Liu ZY-C, Chamberlin AJ, Jones |J, Shome P, Riveau G, et al. Identification of snails and
Schistosoma of medical importance via convolutional neural networks: A proof-of-concept application
for human schistosomiasis. Frontiers in Public Health. 2021; 9. https://doi.org/10/gn9nkd

Cabaret J, Bayssade-Dufour C, Albaret J-L, Ngendahayo LD, Chabaud AG. A technique for identifica-
tion of cercariae of Schistosoma haematobium, S. curassoni, S. bovis and S. intercalatum. Annales de
parasitologie humaine et comparée. 1990; 65: 61-63. https://doi.org/10.1051/parasite/1990652061
PMID: 2221757

Hamburger J, Abbasi |, Ramzy RM, Jourdane J, Ruppel A. Polymerase chain reaction assay based on
a highly repeated sequence of Schistosoma haematobium: a potential tool for monitoring schistosome-
infested water. Am J Trop Med Hyg. 2001; 65: 907-911. https://doi.org/10/ghz8kd

Kane RA, Stothard JR, Rollinson D, Leclipteux T, Evraerts J, Standley CJ, et al. Detection and quantifi-
cation of schistosome DNA in freshwater snails using either fluorescent probes in real-time PCR or oli-
gochromatographic dipstick assays targeting the ribosomal intergenic spacer. Acta Tropica. 2013; 128:
241-249. https://doi.org/10.1016/j.actatropica.2011.10.019 PMID: 22100540

Thanchomnang T, Tantrawatpan C, Intapan PM, Sri-Aroon P, Limpanont Y, Lulitanond V, et al. Pyrose-
quencing for rapid molecular identification of Schistosoma japonicum and S. mekongi eggs and cercar-
iae. Exp Parasitol. 2013; 135: 148—152. https://doi.org/10.1016/j.exppara.2013.06.013 PMID:
23831037

Hammoud C, Mulero S, Van Bocxlaer B, Boissier J, Verschuren D, Albrecht C, et al. Simultaneous gen-
otyping of snails and infecting trematode parasites using high-throughput amplicon sequencing. Molec-
ular Ecology Resources. 2022; 22: 567-586. https://doi.org/10.1111/1755-0998.13492 PMID:
34435445

Léger E, Webster JP. Hybridizations within the Genus Schistosoma: implications for evolution, epidemi-
ology and control. Parasitology. 2017; 144: 65-80. https://doi.org/10.1017/S0031182016001190 PMID:
27572906

Savassi BAES, Mouahid G, Lasica C, Mahaman S-DK, Garcia A, Courtin D, et al. Cattle as natural host
for Schistosoma haematobium (Bilharz, 1852) Weinland, 1858 x Schistosoma bovis Sonsino, 1876
interactions, with new cercarial emergence and genetic patterns. Parasitol Res. 2020; 119: 2189-2205.
https://doi.org/10.1007/s00436-020-06709-0 PMID: 32468189

Savassi BAES, Dobigny G, Etougbétché JR, Avocegan TT, Quinsou FT, Gauthier P, et al. Mastomys
natalensis (Smith, 1834) as a natural host for Schistosoma haematobium (Bilharz, 1852) Weinland,
1858 x Schistosoma bovis Sonsino, 1876 introgressive hybrids. Parasitol Res. 2021; 120: 1755-1770.
https://doi.org/10.1007/s00436-021-07099-7 PMID: 33687566

Teukeng FFD, Blin M, Bech N, Gomez MR, Zein-Eddine R, Simo AMK, et al. Hybridization increases
genetic diversity in Schistosoma haematobium populations infecting humans in Cameroon. Infect Dis
Poverty. 2022; 11: 37. https://doi.org/10.1186/s40249-022-00958-0 PMID: 35346375

Onyekwere AM, Rey O, Allienne J-F, Nwanchor MC, Alo M, Uwa C, et al. Population Genetic Structure
and Hybridization of Schistosoma haematobiumin Nigeria. Pathogens. 2022; 11: 425. https://doi.org/
10.3390/pathogens 11040425 PMID: 35456103

Angora EK, Allienne J-F, Rey O, Menan H, Touré AO, Coulibaly JT, et al. High prevalence of Schisto-
soma haematobium x Schistosoma bovis hybrids in schoolchildren in Cote d’lvoire. Parasitology. 2020;
147: 287-294. https://doi.org/10.1017/S0031182019001549 PMID: 31727202

Webster BL, Southgate VR. Compatibility of Schistosoma haematobium, S. intercalatum and their
hybrids with Bulinus truncatus and B. forskalii. Parasitology. 2003; 127: 231-242. https://doi.org/10.
1017/S0031182003003597 PMID: 12964826

Torres-Sangiao E, Leal Rodriguez C, Garcia-Riestra C. Application and perspectives of MALDI-TOF
mass spectrometry in clinical microbiology laboratories. Microorganisms. 2021; 9: 1539. https://doi.org/
10.3390/microorganisms9071539 PMID: 34361974

Yssouf A, Aimeras L, Raoult D, Parola P. Emerging tools for identification of arthropod vectors. Future
Microbiology. 2016; 11: 549-566. https://doi.org/10.2217/fmb.16.5 PMID: 27070074

Singhal N, Kumar M, Virdi JS. MALDI-TOF MS in clinical parasitology: applications, constraints and
prospects. Parasitology. 2016; 143: 1491-1500. https://doi.org/10.1017/S0031182016001189 PMID:
27387025

Feucherolles M, Poppert S, Utzinger J, Becker SL. MALDI-TOF mass spectrometry as a diagnostic tool
in human and veterinary helminthology: a systematic review. Parasit Vectors. 2019; 12: 245. https://doi.
org/10.1186/s13071-019-3493-9 PMID: 31101120

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010577 March 28, 2023 16/18


https://doi.org/10.1016/S2542-5196%2820%2930129-7
https://doi.org/10.1016/S2542-5196%2820%2930129-7
http://www.ncbi.nlm.nih.gov/pubmed/32800151
https://doi.org/10/gn9nkd
https://doi.org/10.1051/parasite/1990652061
http://www.ncbi.nlm.nih.gov/pubmed/2221757
https://doi.org/10/ghz8kd
https://doi.org/10.1016/j.actatropica.2011.10.019
http://www.ncbi.nlm.nih.gov/pubmed/22100540
https://doi.org/10.1016/j.exppara.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23831037
https://doi.org/10.1111/1755-0998.13492
http://www.ncbi.nlm.nih.gov/pubmed/34435445
https://doi.org/10.1017/S0031182016001190
http://www.ncbi.nlm.nih.gov/pubmed/27572906
https://doi.org/10.1007/s00436-020-06709-0
http://www.ncbi.nlm.nih.gov/pubmed/32468189
https://doi.org/10.1007/s00436-021-07099-7
http://www.ncbi.nlm.nih.gov/pubmed/33687566
https://doi.org/10.1186/s40249-022-00958-0
http://www.ncbi.nlm.nih.gov/pubmed/35346375
https://doi.org/10.3390/pathogens11040425
https://doi.org/10.3390/pathogens11040425
http://www.ncbi.nlm.nih.gov/pubmed/35456103
https://doi.org/10.1017/S0031182019001549
http://www.ncbi.nlm.nih.gov/pubmed/31727202
https://doi.org/10.1017/S0031182003003597
https://doi.org/10.1017/S0031182003003597
http://www.ncbi.nlm.nih.gov/pubmed/12964826
https://doi.org/10.3390/microorganisms9071539
https://doi.org/10.3390/microorganisms9071539
http://www.ncbi.nlm.nih.gov/pubmed/34361974
https://doi.org/10.2217/fmb.16.5
http://www.ncbi.nlm.nih.gov/pubmed/27070074
https://doi.org/10.1017/S0031182016001189
http://www.ncbi.nlm.nih.gov/pubmed/27387025
https://doi.org/10.1186/s13071-019-3493-9
https://doi.org/10.1186/s13071-019-3493-9
http://www.ncbi.nlm.nih.gov/pubmed/31101120
https://doi.org/10.1371/journal.pntd.0010577

PLOS NEGLECTED TROPICAL DISEASES Identification of Schistosoma cercariae and detection of hybrids by MALDI-TOF

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

Huguenin A, Depaquit J, Villena |, Ferté H. MALDI-TOF mass spectrometry: a new tool for rapid identifi-
cation of cercariae (Trematoda, Digenea). Parasite. 2019; 26: 11-13. https://doi.org/10.1051/parasite/
2019011 PMID: 30838972

Hamlili FZ, Thiam F, Laroche M, Diarra AZ, Doucouré S, Gaye PM, et al. MALDI-TOF mass spectrome-
try for the identification of freshwater snails from Senegal, including intermediate hosts of schistosomes.
PLOS Neglected Tropical Diseases. 2021; 15: e€0009725. https://doi.org/10.1371/journal.pntd.0009725
PMID: 34516582

Huang Y, Yang G, Kurian D, Xu M, Dai Y, Zhou Y, et al. Proteomic patterns as biomarkers for the early
detection of schistosomiasis japonica in a rabbit model. International Journal of Mass Spectrometry.
2011;299: 191-195. https://doi.org/10.1016/}.ijms.2010.10.013

Huang VY, Li W, Liu K, Xiong C, Cao P, Tao J. New detection method in experimental mice for schistoso-
miasis: ClinProTool and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
Parasitol Res. 2016; 115: 1-9. https://doi.org/10.1007/s00436-016-5193-0 PMID: 27469535

Huang Y, Xu Y, Huang Y, Sun F, Tian H, Hu N, et al. Identification of newly developed advanced schis-
tosomiasis with MALDI-TOF mass spectrometry and ClinProTools analysis. Parasite. 2019; 26: 33.
https://doi.org/10.1051/parasite/2019032 PMID: 31166908

Young ND, Jex AR, Li B, Liu S, Yang L, Xiong Z, et al. Whole-genome sequence of Schistosoma hae-
matobium. Nat Genet. 2012; 44: 221-225. https://doi.org/10.1038/ng.1065 PMID: 22246508

Oey H, Zakrzewski M, Narain K, Devi KR, Agatsuma T, Nawaratna S, et al. Whole-genome sequence
of the oriental lung fluke Paragonimus westermani. Gigascience. 2018; 8. https://doi.org/10/gfwb5b

Kincaid-Smith J, Tracey A, Augusto R de C, Bulla |, Holroyd N, Rognon A, et al. Morphological and
genomic characterisation of the Schistosoma hybrid infecting humans in Europe reveals admixture
between Schistosoma haematobium and Schistosoma bovis. PLOS Neglected Tropical Diseases.
2021; 15: e0010062. https://doi.org/10.1371/journal.pntd.0010062 PMID: 34941866

Kincaid-Smith J, Mathieu-Bégné E, Chaparro C, Reguera-Gomez M, Mulero S, Allienne J-F, et al. No
pre-zygotic isolation mechanisms between Schistosoma haematobium and Schistosoma bovis para-
sites: From mating interactions to differential gene expression. PLOS Neglected Tropical Diseases.
2021; 15: e0009363. https://doi.org/10.1371/journal.pntd.0009363 PMID: 33945524

Kincaid-Smith J, Boissier J, Allienne J-F, Oleaga A, Djuikwo-Teukeng F, Toulza E. A Genome Wide
Comparison to Identify Markers to Differentiate the Sex of Larval Stages of Schistosoma haematobium,
Schistosoma bovis and their Respective Hybrids. PLOS Neglected Tropical Diseases. 2016; 10:
€0005138. https://doi.org/10/gmx2d3

Cuénod A, Foucault F, Pflliger V, Egli A. Factors associated with MALDI-TOF mass spectral quality of
species identification in clinical routine diagnostics. Frontiers in Cellular and Infection Microbiology.
2021; 11. https://doi.org/10.3389/fcimb.2021.646648 PMID: 33796488

Lé S, Josse J, Husson F. FactoMineR: An R package for multivariate analysis. Journal of Statistical
Software. 2008; 25: 1-18. https://doi.org/10.18637/jss.v025.i01

Kuhn M. caret: Classification and Regression Training. 2020. Available: https://CRAN.R-project.org/
package=caret

Kassambara A. rstatix: Pipe-friendly framework for basic statistical tests. 2021. Available: https://
CRAN.R-project.org/package=rstatix

Kennedy N. forestmodel: Forest plots from regression models. 2020. Available: https://CRAN.R-
project.org/package=forestmodel

Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C, et al. pPROC: an open-source package
for R and S+ to analyze and compare ROC curves. BMC Bioinformatics. 2011; 12: 77. https://doi.org/
10.1186/1471-2105-12-77 PMID: 21414208

Palarea-Albaladejo J, Mclean K, Wright F, Smith DGE. MALDIrppa: quality control and robust analysis
for mass spectrometry data. Bioinformatics. 2018; 34: 522—523. https://doi.org/10.1093/bioinformatics/
btx628 PMID: 29028890

Gibb S, Strimmer K. MALDIquant: a versatile R package for the analysis of mass spectrometry data.
Bioinformatics. 2012; 28: 2270-2271. https://doi.org/10.1093/bioinformatics/bts447 PMID: 22796955

Costa C, Maraschin M, Rocha M, Cardoso S, Afonso T, Pereira B, et al. specmine: Metabolomics and
spectral data analysis and mining. 2021. Available: https://CRAN.R-project.org/package=specmine

Rey O, Toulza E, Chaparro C, Allienne J-F, Kincaid-Smith J, Mathieu-Begné E, et al. Diverging patterns
of introgression from Schistosoma bovis across S. haematobium African lineages. PLOS Pathogens.
2021; 17: e1009313. https://doi.org/10/gmx2hv

Kincaid-Smith J, Tracey A, Augusto R, Bulla I, Holroyd N, Rognon A, et al. Morphological and genomic
characterisation of the hybrid schistosome infecting humans in Europe reveals a complex admixture

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010577 March 28, 2023 17/18


https://doi.org/10.1051/parasite/2019011
https://doi.org/10.1051/parasite/2019011
http://www.ncbi.nlm.nih.gov/pubmed/30838972
https://doi.org/10.1371/journal.pntd.0009725
http://www.ncbi.nlm.nih.gov/pubmed/34516582
https://doi.org/10.1016/j.ijms.2010.10.013
https://doi.org/10.1007/s00436-016-5193-0
http://www.ncbi.nlm.nih.gov/pubmed/27469535
https://doi.org/10.1051/parasite/2019032
http://www.ncbi.nlm.nih.gov/pubmed/31166908
https://doi.org/10.1038/ng.1065
http://www.ncbi.nlm.nih.gov/pubmed/22246508
https://doi.org/10/gfwb5b
https://doi.org/10.1371/journal.pntd.0010062
http://www.ncbi.nlm.nih.gov/pubmed/34941866
https://doi.org/10.1371/journal.pntd.0009363
http://www.ncbi.nlm.nih.gov/pubmed/33945524
https://doi.org/10/gmx2d3
https://doi.org/10.3389/fcimb.2021.646648
http://www.ncbi.nlm.nih.gov/pubmed/33796488
https://doi.org/10.18637/jss.v025.i01
https://CRAN.R-project.org/package=caret
https://CRAN.R-project.org/package=caret
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=forestmodel
https://CRAN.R-project.org/package=forestmodel
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1186/1471-2105-12-77
http://www.ncbi.nlm.nih.gov/pubmed/21414208
https://doi.org/10.1093/bioinformatics/btx628
https://doi.org/10.1093/bioinformatics/btx628
http://www.ncbi.nlm.nih.gov/pubmed/29028890
https://doi.org/10.1093/bioinformatics/bts447
http://www.ncbi.nlm.nih.gov/pubmed/22796955
https://CRAN.R-project.org/package=specmine
https://doi.org/10/gmx2hv
https://doi.org/10.1371/journal.pntd.0010577

PLOS NEGLECTED TROPICAL DISEASES Identification of Schistosoma cercariae and detection of hybrids by MALDI-TOF

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

between Schistosoma haematobium and Schistosoma bovis parasites. bioRxiv. 2019; 387969. https:/
doi.org/10.1101/387969

Sevestre J, Diarra AZ, Laroche M, Almeras L, Parola P. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry: an emerging tool for studying the vectors of human infectious dis-
eases. Future Microbiology. 2021; 16: 323-340. https://doi.org/10.2217/fmb-2020-0145 PMID:
33733821

Diarra AZ, Almeras L, Laroche M, Berenger J-M, Koné AK, Bocoum Z, et al. Molecular and MALDI-TOF
identification of ticks and tick-associated bacteria in Mali. Coburn J, editor. PLoS Negl Trop Dis. 2017;
11: e0005762—25. https://doi.org/10.1371/journal.pntd.0005762 PMID: 28742123

Wendel TP, Feucherolles M, Rehner J, Poppert S, Utzinger J, Becker SL, et al. Evaluating Different
Storage Media for Identification of Taenia saginata Proglottids Using MALDI-TOF Mass Spectrometry.
Microorganisms. 2021; 9: 2006. https://doi.org/10/gn9z2b

Gray DJ, McManus DP, Li Y, Williams GM, Bergquist R, Ross AG. Schistosomiasis elimination: lessons
from the past guide the future. The Lancet Infectious Diseases. 2010; 10: 733—736. https://doi.org/10.
1016/S1473-3099(10)70099-2 PMID: 20705513

Evan Secor W. Water-based interventions for schistosomiasis control. Pathog Glob Health. 2014; 108:
246-254. https://doi.org/10.1179/2047773214Y.0000000149 PMID: 25175875

Olkeba BK, Boets P, Mereta ST, Mandefro B, Debesa G, Ahmednur M, et al. Malacological and parasi-
tological surveys on ethiopian Rift Valley lakes: implications for control and elimination of snail-borne
diseases. International Journal of Environmental Research and Public Health. 2022; 19: 142. https://
doi.org/10/gpcjvb

Sokolow SH, Wood CL, Jones IJ, Swartz SJ, Lopez M, Hsieh MH, et al. Global assessment of schisto-
somiasis control over the past century shows targeting the snail intermediate host works best. Caffrey
CR, editor. PLoS Negl Trop Dis. 2016; 10: €0004794-19. https://doi.org/10.1371/journal.pntd.0004794
PMID: 27441556

King CH, Bertsch D. Historical perspective: snail control to prevent Schistosomiasis. PLOS Neglected
Tropical Diseases. 2015; 9: e0003657. https://doi.org/10.1371/journal.pntd.0003657 PMID: 25905621

King CH, Sutherland LJ, Bertsch D. Systematic review and meta-analysis of the impact of chemical-
based mollusciciding for control of Schistosoma mansoniand S. haematobium transmission. PLOS
Neglected Tropical Diseases. 2015; 9: e0004290. https://doi.org/10/f77mh9

Sengupta ME, Hellstrdm M, Kariuki HC, Olsen A, Thomsen PF, Mejer H, et al. Environmental DNA for
improved detection and environmental surveillance of schistosomiasis. Proc Natl Acad Sci USA. 2019;
116: 8931-8940. https://doi.org/10.1073/pnas.1815046116 PMID: 30975758

Douchet P, Boissier J, Mulero S, Ferté H, Doberva M, Allienne J-F, et al. Make visible the invisible: Opti-
mized development of an environmental DNA metabarcoding tool for the characterization of trematode
parasitic communities. Environmental DNA. 2021; 0: 1-15. https://doi.org/10.1002/edn3.273

Hamburger J, Hoffman O, Kariuki HC, Muchiri EM, King CH, Ouma JH, et al. Large-scale, polymerase
chain reaction-based surveillance of Schistosoma haematobium DNA in snails from transmission sites
in coastal Kenya: a new tool for studying the dynamics of snail infection. The American Journal of Tropi-
cal Medicine and Hygiene. 2004; 71: 765—773. https://doi.org/10/gn9nn5

Sokhna C, Gaye O, Doumbo O. Developing Research in Infectious and Tropical Diseases in Africa: The
Paradigm of Senegal. Clinical Infectious Diseases. 2017; 65: S64—S69. https://doi.org/10.1093/cid/
cix347 PMID: 28859342

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010577 March 28, 2023 18/18


https://doi.org/10.1101/387969
https://doi.org/10.1101/387969
https://doi.org/10.2217/fmb-2020-0145
http://www.ncbi.nlm.nih.gov/pubmed/33733821
https://doi.org/10.1371/journal.pntd.0005762
http://www.ncbi.nlm.nih.gov/pubmed/28742123
https://doi.org/10/gn9z2b
https://doi.org/10.1016/S1473-3099%2810%2970099-2
https://doi.org/10.1016/S1473-3099%2810%2970099-2
http://www.ncbi.nlm.nih.gov/pubmed/20705513
https://doi.org/10.1179/2047773214Y.0000000149
http://www.ncbi.nlm.nih.gov/pubmed/25175875
https://doi.org/10/gpcjvb
https://doi.org/10/gpcjvb
https://doi.org/10.1371/journal.pntd.0004794
http://www.ncbi.nlm.nih.gov/pubmed/27441556
https://doi.org/10.1371/journal.pntd.0003657
http://www.ncbi.nlm.nih.gov/pubmed/25905621
https://doi.org/10/f77mh9
https://doi.org/10.1073/pnas.1815046116
http://www.ncbi.nlm.nih.gov/pubmed/30975758
https://doi.org/10.1002/edn3.273
https://doi.org/10/gn9nn5
https://doi.org/10.1093/cid/cix347
https://doi.org/10.1093/cid/cix347
http://www.ncbi.nlm.nih.gov/pubmed/28859342
https://doi.org/10.1371/journal.pntd.0010577

