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Editorial on the Research Topic

Conference research topic: 16th international symposiumon schistosomiasis
NEW ('th') presented in superscript
The International Symposium on Schistosomiasis is the foremost scientific gathering

dedicated to this significant and neglected disease worldwide. Its 16th edition occurred in

Minas Gerais, 2022, a Brazilian endemic state for the disease. The theme of this edition was

“Schistosomiasis and Citizenship,” with topics that addressed initiatives for disease control

and elimination, the development of tools such as vaccines, medications, diagnostic tests,

strategies for controlling the intermediate host, health education, and sanitation actions. In

addition, epidemiological, clinical, and parasitological aspects, including the intermediate

hosts, were broadly discussed.

The 16th symposium saw a turnout of 329 registered participants from 11 countries and

20 Brazilian states. Five keynote speeches, 98 studies presented as posters, ten panel

discussions with 37 talks delivered by invited experts, and 24 selected from abstract

submissions. The proceedings of the symposium encompassed 135 abstracts.

This Research Topic aims to widely disseminate some of the studies presented during

the event and provide an opportunity for researchers who could not attend to share their

study results on the event’s theme. This Symposium edition includes 14 manuscripts, two

reviews, and 12 original research articles from 108 authors worldwide.
Initiative for the control and elimination of
schistosomiasis as a public health problem

The WHO’s Guideline on the Control and Elimination of Human Schistosomiasis

outlines six recommendations to assist national programs in endemic countries. These
frontiersin.org016
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recommendations focus on achieving morbidity control,

eliminating schistosomiasis as a public health issue, and

progressing towards interrupting transmission in line with the

2030 Agenda (1). Subsequently, members of the Oswaldo Cruz

Foundation’s Schistosomiasis Translational Program (Fio-schisto)

and other experts from Brazil discussed the feasibility of this

guideline for the Brazilian settings, published in the article of

Menezes et al. The Fio-schisto proposes, for Brazil, interventions

in basic sanitation as a priority measure envisioning eliminating

schistosomiasis transmission, associated with the Information,

Education, and Communication (IEC) strategy and other control

measures, actively involving the school community. A two-stage

immunological and molecular testing approach was recommended

to verify transmission interruption during and after the intervention.

The paper by Wang et al. highlights the importance of

education for transmission control. This study aimed to explore

the Protection Motivation Theory (PMT) in predicting the

likelihood of engaging in protective behavior against Schistosoma

infection. They showed that in China, behavior intention is a

complicated and indispensable part of changes in the population

conduct, influenced by professional knowledge, socio-economic

status, and personal characteristics. Effective dissemination of

knowledge about schistosomiasis should be strengthened to

ensure the effectiveness of protective measures against infection

and severe disease.

To improve the species-specific recognition of the genus

Biomphalaria, Araujo et al. used: 1) DNA barcoding methods,

Barcode of Life Data System (BOLD) identification criteria and

Best Close Match, 2) barcode gap, using the Kimura two-parameter

model to calculate intraspecific and interspecific distance, and 3)

sequences clustered/grouped into operational taxonomic units:

Generalized Mixed Yule-Coalescent, Poisson Tree Processes,

Automatic Barcode Gap Discovery, and Assemble Species by

Automatic Partitioning. This work generated partial sequences of

the coi gene and allowed the correct delimitation of most Brazilian

Biomphalaria species using DNA barcoding and clustering/

phylogenetic algorithms. This is a valuable work since there are

11 species of Biomphalaria sp. in Brazil, but only three species are of

epidemiological importance for schistosomiasis.
Diagnosis development
and evaluation

A new diagnostic test for schistosomiasis is essential for

achieving schistosomiasis elimination as a public health problem

by 2030 and certifying transmission interruption (1). Scientists

worldwide are making significant efforts to develop and evaluate

new diagnosis tools. During the symposium, several studies in the

diagnosis area were presented. Two of these studies were reported in

more detail in this Research Topic, and three other studies using

point-of-care diagnosis were published in this Research Topic.

In their manuscript, Mesquita et al. evaluated the accuracy of

eleven diagnostic tests for S. mansoni infection in a prospective

blind study conducted in a low-endemic setting in Brazil. They

evaluated point-of-care circulating cathodic antigen (POC-CCA) in
Frontiers in Immunology 027
the urine, PCR, qPCR, PCR-ELISA tests, and a loop-mediated

isothermal amplification (LAMP) test in feces and urine samples.

Additionally, they assessed three different ELISA tests without a

good index test, thus using a latent class model to determine

infection status. This study demonstrates the performance of all

tests using different biological samples and proposes three different

diagnostic strategies based on two tests: a sensitive ELISA-based test

to initially screen for infection, and a confirmatory test based on

molecular methods as a second step. This strategy proved more

accurate and less expensive than any molecular test alone.

Given the broad distribution of S. mansoni infection in endemic

countries, qPCR as a diagnostic test relies on infrastructure and

logistics. Therefore, isothermal amplification techniques such as the

Recombinase Polymerase Amplification (RPA) arise as an

alternative. Mesquita et al. developed two RPA assays based on

mitochondrial minisatellite DNA detection. The assays differed in

their strategies. In the Real-Time RPA, amplification is detected

based on the fluorescence emitted during amplification, while it is

captured on the test line in the lateral flow format. Both formats

performed well using full or half recommended volumes of

reagents, were species-specific, and detected one copy of the

target gene. No cross-amplification was observed.

To improve diagnosis, surveillance, and mapping of

schistosomiasis cases in resource-limiting settings, Zacharia et al.

provided a basis for the use of the dried urine spot method and

POC-CCA. Collection, storage, and transportation of urine samples

can be challenging in resource-limited settings. The authors

demonstrated that the filter paper-based dried urine spot method

could detect CCA antigens using the POC-CCA test without

compromising the integrity of the results and is, therefore, an

alternative to testing of fresh or stored samples.

Seeking a diagnostic assay to screen S. japonicum infection,

Mu et al. developed a gold-immunochromatography assay (GICA)

that detected antibodies against the S. japonicum saposin antigen

(SjSAP-4). This antigen has a low predicted potential for cross-

reactivity with antibodies against other parasite flukes and doesn’t

cross-react with antibodies against alveolar echinococcosis and

trichinellosis. An interesting strategy was applied in the design

and laboratory evaluation of the test suggesting its promise as a tool

for screening cases in endemic settings and detecting the disease in

non-endemic areas.

In the subsequent validation of the GICA test, Mu et al. assessed

its performance in 412 individuals from S. japonicum endemic areas

when compared with Kato-Katz (KK), POC-CCA, two in-house

ELISA tests, and the droplet digital PCR assay (ddPCR) performed

using feces, urine, serum, and saliva samples. Different sensibility

and specificity values were observed depending on the index test

used, highlighting the impact of the choice of index texts in

diagnosis evaluation.

In diseased diagnosis, Zhong and Jin highlighted the importance

of unisexual-schistosome exposure as a neglected phenomenon that

should be considered when choosing a diagnostic strategy since

unisexual-infected individuals lack the obvious clinical symptoms of

the disease and might be less sensitive to praziquantel. In their mini-

review, the authors summarized recent advances in our understanding

of unisexual schistosomes and host-parasite interactions.
frontiersin.org
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Host-parasite interaction and
functional characterization

Defining host-parasite interactions is crucial to identifying

novel strategies to help eliminate schistosomiasis. However, the

lack of appropriate tools to study such interactions can be

challenging, especially in the intermediate snail host. Duval et al.

provided a new tool to study Schistosoma-Biomphalaria interactions

usingfluorescentnon-transgenic cell trackers as anon-invasive tool for

monitoring different stages of S. mansoni within the host without

compromising viability and virulence. Combining this tool with

vibratome histological techniques allows the visualization of the

entire snail without damaging tissue structure. This novel protocol

will help to elucidate the nuances of host-parasite interactions in the

intermediate host.

The search for novel drugs against schistosomiasis is

essential since the treatment relies on a single drug, praziquantel.

Coelho et al. explored the functions and expression profile of

Protein Arginine Methyltransferases (PRMTs), which catalyze

posttranslational modifications, affecting both histone and non-

histone proteins. The authors analyzed single-cell RNA-seq

data and revealed that most S. mansoni (Sm) PRMTs are

evenly distributed across various cell clusters in schistosomes.

Functional interrogation using knockdown approaches decreased

oviposition in vitro and in vivo. Ex vivo analysis revealed structural

abnormalities in these worms. This study provides insights into

SmCARM1 in S. mansoni biology, suggesting its potential as a

drug target.

Schistosomes rely on the purine salvage pathway to secure their

puric bases, resulting in an energy economy, which could be a choke

point for parasite survival. Batista et al. interrogated the function of

a gene family regulated by the Smp38 MAP kinase pathway,

Hypoxanthine guanine phosphoribosyl transferases 1 and 3

(SmHGPRTases). It was shown that those proteins could be

parasite-specific druggable targets, and that all members of the

family participate in adenosine uptake. Ex vivo knocked-down in

females exhibited immature eggs and impaired ovary development.

Therefore, this study supports SmHGPRTases’ importance as target

candidates for schistosomiasis and parasite biology.

Continuing the theme of the search for new targets for drugs or

vaccine development, Patrick Skelly and Da’dara presented a

characterization of the gene encoding the schistosome tegumental

acetylcholinesterase (AChE) in three major schistosome species.

They demonstrated that schistosomes cleave exogenous

acetylthiocholine and detangled the previous annotation of AChE

enzymes. S. mansoni tegumental AChE (SmTAchE) is different from

its human counterpart at a moderate level, and exposure to

antibodies targeting SmTAChE impaired schistosomula viability.

Thus, they propose it as a vaccine or therapeutic target. Therefore,

this work aids in clarifying some of the questions regardingAChEs in

this pathogen and highlights new therapeutic targets.

Vaccine development for schistosomiasis remains challenging

despite intensive research. Understanding the natural mechanisms

of self-cure in animal models such as the rhesus macaque or mice
Frontiers in Immunology 038
after multiple exposures to a radiation-attenuated cercarial vaccine

may provide novel targets for vaccine development. Vance et al.

compared the reactivity of sera pools from rhesus macaques after

self-curing to four peptide arrays of secreted/exposed proteins from

the alimentary tract and tegument of S. mansoni. The titer was the

primary determinant for the rate of self-cure. Their screening

provides the community with a list of candidate epitopes that

could be combined to develop an effective vaccine.
Closing remarks

The 16th International Symposium on Schistosomiasis, held in

Brazil, focused on disease control and elimination. It brought

together participants from 11 countries to discuss various aspects,

including the development of disease control tools and health

education. The Research Topic dedicated to the symposium

aimed at disseminating selected studies presented during the

event to advance disease knowledge and control. Implementing

WHO guidelines and improving species-specific recognition of the

Biomphalaria genus was highlighted. Diagnostic tests for

schistosomiasis were evaluated, including the accuracy of different

tests and the development of new assays. Host-parasite interactions

were studied, leading to the development of a new tool for tracking

S. mansoni in the intermediate snail host. The functions of PRMTs

and SmHGPRTases were explored as potential drug targets, and the

gene encoding schistosome tegumental acetylcholinesterase was

characterized as a potential vaccine or therapeutic target.

Screening of self-cured macaques provided candidate epitopes for

vaccine development. The 16th International Symposium on

Schistosomiasis and the Pre-Symposium Research Topics (2) hold

48 manuscripts published in different sections of Frontiers,

enriching this area of knowledge covering all aspects of

schistosomiasis. These studies contribute to the search for new

strategies to combat schistosomiasis.
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for rapid detection of 
Schistosoma mansoni
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Background: Accurate diagnosis followed by timely treatment is an 

effective strategy for the prevention of complications together with reducing 

schistosomiasis transmission. Recombinase Polymerase Amplification (RPA) is a 

simple, rapid, sensitive, and specific isothermal method with low resource needs. 

This research aimed at the development and optimisation of a real-time (RT) and 

a lateral flow (LF) RPA assay for the detection of Schistosoma mansoni.

Methodology: Recombinase Polymerase Amplification reactions were 

performed at full- (as recommended) and half-volumes (to reduce costs), with 

RT or LF detection systems targeting the S. mansoni mitochondrial minisatellite 

region. The specificity was assessed using gDNA from other Schistosoma species, 

helminths co-endemic with S. mansoni, human stool, and urine, and Biomphalaria 

snail hosts. The analytical sensitivity was evaluated using serial dilutions of gDNA, 

synthetic copies of the target, and single eggs. The ability of both assays to detect 

the S. mansoni DNA in human urine and stool samples was also tested. The 

long-term stability of the RT-RPA reagents was evaluated by storing the reaction 

components in different temperature conditions for up to 3  weeks.

Results: The RT- and the LF-RPA (SmMIT- and SmMIT-LF-RPA, respectively) 

presented similar results when used full- and half-volumes, thus the latter 

was followed in all experiments. The SmMIT-RPA was 100% specific to S. 

mansoni, able to detect a single egg, with a limit of detection (LOD) of down 

to 1  fg of gDNA and one synthetic copy of the target. The assay was able 

to detect S. mansoni DNA from stool containing 1 egg/g and in spiked urine 

at a concentration of 10  fg/μl. SmMIT-RPA reagents were stable for up to 

3  weeks when kept at 19°C, and 2  weeks when stored at 27°C. The SmMIT-LF-

RPA cross-reacted with Clinostomidae, presented the LOD of 10  fg and one 

synthetic copy of the target, being able to detect a single egg and 1 egg/g in a 

stool sample. The LOD in spiked urine samples was 10  pg/μl.
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Conclusion: The half-volume SmMIT-RPA is a promising method to be used 

in the field. It is specific, sensitive, robust, and tolerant to inhibitors, with a 

long-term stability of the reaction components and the real-time visualisation 

of results.

KEYWORDS

Schistosomiasis, Schistosoma mansoni, Recombinase Polymerase Amplification, 
isothermal molecular diagnostics, mitochondrial minisatellite region,  
real-time RPA, lateral flow RPA

Introduction

Schistosomiasis is a neglected tropical disease associated with 
poverty and low sanitation conditions, causing more than 240 
million cases worldwide and 1.4 million disability-adjusted life 
years (DALYs). It is estimated that 779 million people currently 
live at risk of infection in tropical and subtropical regions (Kyu 
et al., 2018; Panzner, 2022; World Health Organization, 2022). The 
clinical manifestations of the disease can be urogenital or intestinal 
depending on the species that is causing the infection. Schistosoma 
mansoni is the species that causes intestinal disease in Africa and 
the Americas. The infection occurs when people have contact with 
watercourses contaminated with cercariae shed by Biomphalaria 
snails. The cercariae actively penetrate human skin, losing their 
tail, and migrating as schistosomula via blood vessels until 
establishing infection within the mesenteric veins as mature adult 
worms. After copulation, the female worm laid up to 300 eggs per 
day that can be released into the environment through the host’s 
faeces or become trapped in tissues, causing most of the chronic 
symptoms and complications of the disease (McManus et al., 2018; 
LoVerde, 2019; Nelwan, 2019). Nonspecific symptoms may occur 
in the early stage of the infection, such as fever, headache, fatigue, 
and myalgia and it is known as Katayama syndrome. Chronic 
schistosomiasis often produces gastrointestinal symptoms 
including diarrhea and abdominal pain, as well as hepatosplenic 
symptoms due to eggs lodged in the liver, e.g., fibrosis and portal 
hypertension (Colley et al., 2014). Less commonly, complications 
associated with ectopic migration of eggs can be observed in the 
brain and spinal cord (Vale et al., 2012).

The WHO Guidelines on Control and Elimination of Human 
Schistosomiasis were recently published. WASH (clean water, 
sanitation, and hygiene) and environmental interventions are 
highly recommended together with preventive chemotherapy 
(PC) by the mass drug administration (MDA) of Praziquantel 
targeting selected areas and groups (Lo et al., 2022; World Health 
Organization, 2022). MDA success is conditional to the precise 
assessment of schistosomiasis prevalence that will determine the 
appropriate strategy to be used (Utzinger et al., 2015). Therefore, 
estimating the true prevalence of schistosomiasis has a significant 
impact on the control and elimination measures (Turner 
et al., 2017).

The Kato-Katz (KK) technique is the method recommended 
by the WHO for the diagnosis of human intestinal schistosomiasis 
and it consists of the microscopic visualisation of eggs in the stool. 
This test is highly specific, cost-effective, and simple to perform, 
not needing much technological equipment other than the optic 
microscope (Katz et al., 1972). It has been extensively used for 
epidemiological surveys presenting a satisfactory performance in 
high prevalence settings. However, the KK’s sensitivity varies 
depending on the period of infection, daily fluctuation of egg 
excretion, uneven distribution of eggs in the stool, endemicity, 
and/or co-endemicity of the area (Bärenbold et  al., 2017; 
Cavalcanti et al., 2019; Diego et al., 2021; Ogongo et al., 2022). 
These limitations are mainly observed in moderate and low 
endemic areas, where 25–30% of positive cases can be missed 
(Berhe et  al., 2004; Enk et  al., 2008; McManus et  al., 2018). 
Schistosomiasis prevalence and intensity of infection has 
decreased in many endemic regions over the past years, especially 
due to MDA and WASH improvements (Katz, 2018; Brasil, 2021; 
Lo et  al., 2022). Since the occurrence of light infections is 
becoming more frequent, the development and implementation 
of new diagnostic tools are highly needed (Utzinger et al., 2015).

Antigen tests based on the detection of circulating anodic and 
cathodic antigens (CAA and CCA, respectively) can be used for 
the indirect detection of S. mansoni using urine and serum 
samples. The detection of antigens can be performed using two 
types of lateral flow assays named POC-CCA (commercially 
available) and UCP-LF-CAA. Both assays are more sensitive than 
KK, in particular, the UCP-LF-CAA, which is the most sensitive 
and specific antigen test currently available (Sousa et al., 2019; 
Assare et al., 2021). However, there are limitations related to these 
tests. CCA detection does not work for urogenital schistosomiasis. 
It has been shown to give false-positive results (Graeff-Teixeira 
et al., 2021) with performance issues recently reported related to 
different kit batches (Viana et al., 2019) and with complicated 
interpretation of trace results (Coelho et al., 2016). Although the 
UCP-LF-CAA assay is very promising and covers all Schistosoma 
species (Corstjens et  al., 2014), it currently needs bespoke 
laboratory based equipment with 24 h needed to obtain results 
(Sousa et al., 2019).

Molecular PCR-based methods have been extensively used for 
schistosomiasis detection due to the high sensitivity, specificity, and 
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accuracy when compared to the KK technique (Pontes et al., 2003; 
Gomes et  al., 2006, 2010; Cnops et  al., 2012; Meurs et  al., 2015; 
Frickmann et al., 2021; Siqueira et al., 2021). Despite having great 
advantages, the use of PCR-based methods is limited by the elevated 
cost and the need for advanced technological equipment and 
laboratory infrastructure, hampering large-scale implementation in 
endemic settings (Diego et al., 2021; Panzner, 2022).

Isothermal molecular methods stand out as promising 
alternatives to PCR for use at the point-of-care (POC)/point-of-
need (PON). The loop-mediated isothermal amplification 
(LAMP) and the recombinase polymerase amplification (RPA) 
are the most common approaches used, providing fast and 
sensitive diagnosis and feasible in the field as they have low 
resource needs (Lobato and O’Sullivan, 2018; Li et al., 2021). 
Several LAMP assays have been developed for the detection of 
S. mansoni in both human and snail hosts over the past years, 
with favorable results (Abbasi et al., 2010; Hamburger et al., 2013; 
Fernández-Soto et al., 2014; Gandasegui et al., 2016, 2018; 
Caldeira et al., 2017;  Mwangi et al., 2018;  García-Bernalt Diego 
et al., 2019;  Price et al., 2019; Mesquita et al., 2021). RPA was 
described in 2006 (Piepenburg et al., 2006) and since then it has 
been used mostly for the detection of Schistosoma haematobium 
(Rosser et al., 2015; Rostron et al., 2019; Archer et al., 2020, 2022; 
Frimpong et al., 2021) and Schistosoma japonicum (Sun et al., 
2016; Xing et al., 2017; Guo et al., 2021; Deng et al., 2022), with 
only one study focused on S. mansoni targeting the ribosomal 
DNA (rDNA) regions 28S and the internal transcribed spacer 
(ITS; Poulton and Webster, 2018). Although this work represented 
a first and important step for the use of RPA for S. mansoni 
diagnosis, the lateral flow approaches lacked specificity with 
cross-reactivity with S. haematobium and Schistosoma bovis 
observed. One of the benefits of molecular based approaches is 
that they can be designed for different DNA biomarkers, allowing 
assays to be optimised to achieve high levels of sensitivity and 
specificity (Wang and Hu, 2014; Blasco-Costa et al., 2016). Once 
the isothermal molecular platform, such as LAMP and RPA, has 
been established and proved to work in the required settings then 
the molecular assays can be tailored to the need and sample type. 
This versatility of molecular platforms presents many cross-
cutting opportunities and financial value.

Schistosoma mansoni molecular detection generally relies 
on stool samples, but urine, serum, and saliva can also 
be used for that purpose due to the presence of cell-free DNA 
(cfDNA; LoVerde, 2019). Each type of sample used as a source 
for DNA has its particularities. Stool samples are widely 
utilised as the source of both cfDNA and DNA from eggs, the 
latter often attached to a bead-beating and/or freezing step to 
facilitate egg disruption and DNA release (Pomari et al., 2019; 
Barda et al., 2020). Despite stool samples being non-invasive, 
they are inconvenient and require community sensitisation to 
ensure the collection of samples (Turner et  al., 2017). 
Conversely, cfDNA presents great advantages as some bodily 
fluids such as urine are non-invasive, convenient, and usually 
easier to process, not requiring additional steps for sample 

preparation (Weerakoon and McManus, 2016). Sample type 
and sample preparation also have an effect on the downstream 
molecular assay to be used/tested. For example, PCR based 
approaches typically need samples that have been processed 
to remove inhibitors while isothermal assays are more 
tolerant to such inhibitors (Lobato and O’Sullivan, 2018). 
However, sample preparation and DNA extraction are 
currently among the factors that limit the use of molecular-
based diagnostics in resource-poor settings and at the POC/
PON due to the equipment requirements, costs, and 
time needs.

Moving from morbidity control to elimination as a public 
health problem requires more sensitive and specific diagnostic 
tests, especially to verify interruption of transmission, by 
detecting the infection in humans and snails (World Health 
Organization, 2022). Generally, as the demand for the novel 
test increase, its cost tends to decrease. Also, the cost-
effectiveness of more accurate tests usually outweigh the 
actual cost of the test and the economic cost of the disease 
(Turner et al., 2017). For instance, it is estimated that in Brazil 
schistosomiasis generates annually a financial burden of 
nearly 41 million USD. More than 90% of that is related to 
indirect costs (e.g., loss of productivity and wages due to sick 
leave, hospitalisation, and premature deaths) that could 
be  avoided by accurate diagnosis of infected people and 
timely treatment (Nascimento et al., 2019).

In this research, we developed and evaluated the performance 
of a real-time and a lateral flow RPA assay targeting the 
mitochondrial minisatellite region of S. mansoni to evaluate the 
diagnosis of the infection in humans and snails, especially in 
endemic areas where resources are limited.

Materials and methods

Samples used for assay development and 
optimisation

For analytical sensitivity and specificity testing, genomic DNA 
(gDNA) from S. mansoni and other Schistosoma species (Schistosoma 
haematobium, Schistosoma curassoni, and Schistosoma bovis) were 
obtained from the Schistosomiasis Collection at The Natural History 
Museum (SCAN; Emery et al., 2012). Further analytical specificity 
was evaluated using gDNA from other non-Schistosoma samples 
including the intermediate hosts Biomphalaria glabrata, Biomphalaria 
tenagophila, Biomphalaria straminea, and trematodes commonly 
found infecting Biomphalaria snails belonging to the families 
Clinostomidae, Echinostomatidae, Notocotylidae, Spirorchiidae, and 
Strigeidae, all obtained from the Medical Malacology Collection at 
René Rachou Institute, Fiocruz Minas (Fiocruz-CMM) via the 
Trematodes Biology Laboratory from the Federal University of Minas 
Gerais (UFMG). The Helminthology and Medical Malacology 
Laboratory (HMM) from Fiocruz Minas provided gDNA from 
helminths co-endemic with S. mansoni including Ascaris 
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lumbricoides, Ancylostomidae, Enterobius vermicularis, Trichuris 
trichiura, and Fasciola hepatica. Clinical stool samples were obtained 
under the Ethical Committee of Calabria Region approval (#108, 27 
April 2017) and provided by the University “Magna Graecia” of 
Catanzaro. The data associated to all the specimens used in this study 
is provided on Supplementary material 1.

RPA primers and probe design

Recombinase Polymerase Amplification primers and the 
internal probe (TIB MolBio-Berlin, Germany) were designed 
targeting the S. mansoni mitochondrial minisatellite DNA region 
(GenBank accession number: L27240) following the guidelines 
from TwistDx™ (Cambridge, United Kingdom). To prevent the 
formation of primer-dimers, a phosphothioate backbone was 
added to the reverse primers for both the LF and RT assays (El 
Wahed et al., 2021) and the position of the 6-FAM and BHQ1 was 
reversed (compared to the design guidelines) within the RT probe. 
The primers were tested in-silico using BLAST (Altschul et al., 
1990) to check the possibility of cross-reactivity. All primers and 
probes are described in Table 1 and shown in Figure 1.

RPA reaction setup

Real-time fluorescence-based RPA 
(SmMIT-RPA)

The RT SmMIT-RPA was performed using the TwistAmp® 
Exo Kit (TwistDX, Cambridge, United Kingdom). RPA reactions 
were set up as recommended by the manufacturer. Reactions were 
run in volumes of 50 μl (as recommended) or 25 μl (half-reactions; 
Supplementary material 2A). For the 50 μl reaction, a master mix 
was prepared containing the RPA rehydration buffer, water (if 
needed), forward and reverse primers, and the RT probe. This was 
then added to the lyophilised RPA pellet and homogenised by 

pipetting. The magnesium acetate (MgAc) was added to the lid of 
the RPA tube. Lastly, the DNA was added to the reaction tube. For 
the 25 μl reaction, a master mix was prepared and added to the 
lyophilised RPA pellet as above, and once homogenised it was split 
into two new tubes. The MgAc was added to the lid of each tube 
and finally, the DNA was added to the reaction. A positive (1 ng of 
S. mansoni gDNA) and negative (water) controls were included in 
all the runs. For both protocols, after the DNA addition, the tubes 
were quickly (~2 s) centrifuged, mixed (by inversion), then quickly 
(~2 s) centrifuged again. The centrifugation step mixes the MgAc 
with the other components which starts the RPA reaction. The 
tubes were incubated at 42°C for 20 min using the portable 
fluorometer AmpliFire (Douglas Scientific, Alexandria, MN, 
United  States), with a manual mix after 4 min of incubation. 
Results could be seen in real-time via the device’s touchscreen and 
exported as an excel file for analysis of the raw data. Samples were 
considered positive if the amplification curve, normalised by the 
background level during the initial 4 min of the reaction, crossed 
the threshold of 346 relative fluorescence units (RFU). To 
determine the threshold value, we  calculated the mean RFU 
observed in the first 4 min of the reaction of all non-S. mansoni 
samples used during the standardisation phase. The threshold was 
then set by three standard deviations of the calculated means, 
which was 346 RFU. All the protocol steps and the amount of each 
reagent are detailed in Figure 2 and Supplementary material 2A.

Lateral flow RPA (SmMIT-LF-RPA)
The SmMIT-LF-RPA was performed using the TwistAmp® 

Nfo Kit (TwistDX, Cambridge, United Kingdom). The reaction 
was set up as described above and detailed in Figure  2 and 
Supplementary material 2B. A positive (1 ng of S. mansoni gDNA) 
and negative (water) controls were included in all the runs. After 
incubation, 5 μl of the amplification product were added to a 
0.5 ml tube together with 70 μl of the PCRD extraction buffer. The 
mixture was then added to PCRD lateral flow cassettes. Results 
were observed after 10 min and any changes in the results after 
that period were not acknowledged. Positive samples presented 
two lines (both test and control lines) while just the control line 
was present for negative samples.

RPA limit of detection

The LOD of the assays was evaluated using the samples as 
described below.

Genomic DNA and synthetic copies
Serial 10-fold dilutions from 1 ng to 1 fg of S. mansoni gDNA 

were prepared from an adult worm extracted using the  
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) at an 
original concentration of 3.8 ng/μl, measured by Nanodrop 
Spectrophotometer (ThermoFisher, Massachusetts, United States). 
Synthetic copies of the target region were obtained (gBlocks, IDT, 
Newark, New Jersey, United States) and diluted from 1 × 105 copies/

TABLE 1 Mitochondrial primer and probe sequences designed for the 
LF-and RT-RPA.

Name RPA 
method

Sequence (5′-3′)

SmMITnfo 

probe

LF (6-FAM)ACTTGAGAAATTTTTTGATAAATTAG

GTGTTC(THF)ACTGTGGTTGATTTTTTG(c3)

SmMITnfo 

reverse

LF (Btn)

TAACCCTATAAATCCTATTACCTTTCTACCAsC

SmMIT 

forward

LF/RT ACAGAATTTTCAAAATTTTCCTTTTATTGTCT

SmMIT 

probe

RT ACTTGAGAAATTTTTTGATAAATTAGGTGT 

(BHQ1)C(THF)AC(6-FAM)

GTGGTTGATTTTTTG(c3)

SmMIT 

reverse

RT TAACCCTATAAATCCTATTACCTTTCTACCAsC

6-FAM, 6-carboxyfluorescein; THF, tetrahydrofuran residue; BHQ1, black hole 
quencher; s, thiol group; c3, C3 Spacer; Btn, Biotin; LF, lateral flow; and RT, real time.
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μl down to 1 copy/μl. The analytical sensitivity of SmMIT-RPA was 
calculated by repeating 10 times the reaction using gDNA dilutions 
and three times using synthetic copies dilutions.

Schistosoma mansoni eggs
Single eggs of S. mansoni were provided by the Snail Schistosome 

Resource (SSR, Natural History Museum, United Kingdom-https://
www.nhm.ac.uk/our-science/our-work/sustainability/schistosome-
snail-resource.html) via the NIAID Schistosomiasis Resource Center 
(SRC, Biomedical Research Institute, United  States-https://www.
afbr-bri.org/schistosomiasis/). Individual eggs were isolated from a 

pool of eggs by capturing each one with a micropipette under a 
stereomicroscope. The DNA was then extracted using the SwiftX™ 
DNA kit (Xpedite Diagnostics, Germany) following protocol 1 from 
the manufacturer, with and without the heating step 
(Supplementary material 3). In brief, the protocol consists of the 
addition of buffer DL (50 μl) and magnetic beads (7.5 μl) to the tubes 
containing the single egg and incubate at room temperature (~19°C) 
or heated (95°C) for 5 min, followed by magnetic separation of the 
supernatant, which contains the extracted DNA. The direct addition 
of whole single eggs, with no DNA extraction procedure, in fresh (live 
eggs) and frozen conditions was also tested.

FIGURE 1

Position of the Recombinase Polymerase Amplification (RPA) primers and probe within the Mitochondrion Schistosoma mansoni minisatellite DNA 
region. Bold sequences represent the primer sites and sequence in italics represents the probe site.

FIGURE 2

Set up of each RPA protocol used in this study. Images used in this figure were obtained at Agdia, Bioicons, and Mind the Graph websites.
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RPA specificity

For both the LF and RT assays, the specificity was assessed 
against gDNA from other organisms that may be  present in 
clinical and field samples. This included host DNA (snail host 
DNA and DNA from human urine and stool). gDNA from the 
snail hosts B. glabrata, B. straminea, and B. tenagophila were tested 
together with other trematodes that are commonly found infecting 
Biomphalaria snails in the neotropical region (Clinostomidae, 
Echinostomatidae, Notocotylidae, Spirorchiidae, and Strigeidae). 
Helminths of medical importance that are often co-endemic with 
S. mansoni (A. lumbricoides, Ancylostomidae, E. vermicularis, 
F. hepatica, and T. trichiura) were tested together with other 
commonly occurring Schistosoma species (S. bovis, S. curassoni, 
S. haematobium).

RPA performance with urine and stool

Clinical stool samples
Stool samples that had been previously collected and 

characterised were used. One sample collected in Guinea Bissau, 
negative by both Kato-Katz and PCR methods, and one sample 
from Colombia, positive by Kato-Katz (1 egg/g) and by 
PCR. gDNA from these samples was extracted using the QIAamp 
DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the 
manufacturer’s protocol.

Spiked urine samples
Seven aliquots of 100 μl of urine from a non-infected donor were 

spiked with different concentrations of S. mansoni gDNA with final 
concentrations within the samples ranging between 1 ng/μl and 1 fg/
μl. Two aliquots of 100 μl of urine from the same donor were spiked 
with a pool of gDNA from medically important helminths 
(A. lumbricoides, Ancylostomidae, E. vermicularis, F. hepatica, and 
T. trichiura), with and without S. mansoni DNA. One aliquot of  
100 μl of urine without the addition of any DNA was also used. The 
urine samples were filtered using Whatman® qualitative filters paper 
grade 3:6 μm (Sigma-Aldrich, St. Louis, Missouri, United States). The 
filters were dried at room temperature and 6 mm holes were made 
using a hole puncher. The paper holes were used for the DNA 
extraction using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden,  
Germany) and following the protocol described by Lodh et al. (2017).

SmMIT-RPA storage conditions

Aiming to simulate point-of-need settings, we evaluated 
alternative storage conditions of the RT primers, probe, and kit 
reagents for up to 3 weeks. The reaction components were 
stored protected from light, at 19 and 27°C, mixed or separate. 
Reactions were conducted on days 0, 1, 2, and 3, and on weeks 
1, 2, and 3, so we could evaluate the efficiency of the reaction 
over time.

Results

Primers and probes

Primers and probes targeting 184 bp of the mitochondrial 
S. mansoni minisatellite DNA region were manually designed as 
detailed in Table 1. In-silico specificity, based on BLAST (Altschul 
et al., 1990), was 100% specific for S mansoni.

SmMIT-RPA and SmMIT-LF-RPA assay 
testing

Both real-time and lateral flow assays were successfully 
performed using full (50 μl) and half (25 μl) reaction volumes, 
keeping the final concentrations of each reaction component as in 
the original protocol (Table 2; Supplementary material 4). For that 

TABLE 2 The performance of SmMIT-and SmMIT-LF-RPA assays.

Tests SmMIT-RPA SmMIT-LF-
RPA

Volume Full Good 

performance

Good performance

Half Good 

performance

Good performance

Specificity Schistosoma 

species

No cross-

reactivity

No cross-reactivity

Trematodes No cross-

reactivity

Cross-reactivity 

with Clinostomidae

Helminths No cross-

reactivity

No cross-reactivity

Biomphalaria snail 

hosts

No cross-

reactivity

No cross-reactivity

Human urine and 

stool

No cross-

reactivity

No cross-reactivity

Analytical Limit 

of Detection

gDNA 1 fg 10 fg

Synthetic copies 1 copy 1 copy

Single Egg Positive Positive

Laboratory 

Validation

Stool 1egg/g 1 egg/g

Urine 10 fg/μl 10 pg./μl

Storage Primer mix+ 

Probe at 19°C

Stable until week 

3

Not evaluated

Primers separate + 

Probe at 19°C

Stable until week 

3

Kit at 19°C Stable until week 

3

Primer mix+ 

Probe at 27°C

Stable until week 

2

Primers separate + 

Probe at 27°C

Stable until week 

2

Kit at 27°C Stable until week 

3
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reason, the adapted protocol was followed in all experiments 
performed and the results presented from here on in were 
obtained by using half reaction volumes (25 μl), as detailed in 
Figure 2.

Real-time fluorescence-based RPA 
(SmMIT-RPA)

SmMIT-RPA limit of detection
The SmMIT-RPA presented a high limit of detection being 

able to detect down to 1 fg of S. mansoni gDNA, one synthetic 
copy of the target, and a single S. mansoni egg in all conditions 
evaluated being: (i) DNA extracted with heated incubation; (ii) 
DNA extracted without heated incubation; (iii) fresh 
non-extracted egg; and (iv) frozen non-extracted egg (Figure 3; 
Table 2).

SmMIT-RPA specificity
The SmMIT-RPA assay was specific to S. mansoni with no 

cross-reactivity observed with snail or human DNA, DNA from 
other trematodes (including other Schistosoma species), and other 
helminths of medical importance (Figure 4; Table 2).

SmMIT-RPA performance using spiked urine 
and stool samples

The SmMIT-RPA presented a good performance when used 
on biological samples. Schistosoma mansoni DNA was detected in 
the positive stool sample known to contain 1 egg/g of stool 
(previously detected by the KK technique), and urine samples 
spiked with S. mansoni DNA at a final concentration of 10 fg/μl 
(Table 2; Supplementary material 5A) indicating high tolerance to 
molecular assay inhibitors present in urine (e.g., urea).

SmMIT-RPA storage condition
Our results showed that storing the primers and probe mixed 

together affected the assay performance giving false positive 
results. Keeping just the two primers mixed together or separately 
did not affect the RPA performance. However, the storage 
temperature influenced the results. Storing the primers and probe 
at 27°C reduced their longevity to 2 weeks, 1 week less than when 
stored at 19°C. The lyophilised RPA pellet, rehydration buffer, and 
MgAc produced consistent results after being stored for 3 weeks at 
both temperature conditions (19 and 27°C; Table 2). These results 
indicate that the SmMIT-RPA is a promising method able to 
produce robust results without the need for consistent cold chain 
for up to 3 weeks.

Lateral flow RPA (SmMIT-LF-RPA)

SmMIT-LF-RPA limit of detection
The SmMIT-LF-RPA detected down to one synthetic copy of 

the target region and one single egg either crude (frozen) or 

extracted with the SwiftX™ DNA kit (original protocol, i.e., with 
the heating step). The limit of detection of the assay using serial 
dilutions of the gDNA was 10 fg, 10-fold less sensitive than the 
SmMIT-RPA (Figure 5; Table 2).

SmMIT-LF-RPA specificity
The SmMIT-LF-RPA assay showed high specificity for 

S. mansoni with no cross-reactivity against B. glabrata, 
B. straminea, B. tenagophila, human urine, and stool; nor was 
there cross-reactivity to other co-endemic human helminths and 
other trematodes belonging to the families Echinostomatidae, 
Notocotylidae, Spirorchiidae, Strigeidae, and three other 
Schistosoma species. However, cross-reactivity was observed with 
a trematode from the Clinostomidae family (Figure 6; Table 2).

SmMIT-LF-RPA performance using urine and 
stool samples

A loss in LF sensitivity was observed when spiked urine 
samples were analysed. SmMIT-LF-RPA was able to detect 10 pg/
μl of S. mansoni DNA, a 1,000-fold decrease when compared to 
the SmMIT-RPA. The assay was able to detect the presence of the 
S. mansoni DNA in the positive stool sample (1 egg/g by the KK 
technique; Table 2; Supplementary material 5B).

Discussion

Sensitive, specific, simple, and rapid diagnostic methods are 
essential to reach the World Health Organization (WHO) target 
of eliminating schistosomiasis as a public health problem 
(prevalence of heavy infections lower than 1%) by 2030 (WHO 
World Health Organization, 2022). To this end, Recombinase 
Polymerase Amplification (RPA) is an isothermal amplification 
method that presents great potential. It has been piloted for 
detection of urogenital schistosomiasis caused by Schistosoma 
haematobium (Rosser et al., 2015; Rostron et al., 2019; Archer 
et al., 2020; Frimpong et al., 2021) and intestinal schistosomiasis 
caused by Schistosoma japonicum (Sun et al., 2016; Xing et al., 
2017; Guo et al., 2021; Deng et al., 2022), with promising results 
for its use in the field at the point-of-need (PON). Only one 
study has explored the development of a RPA assay to detect 
Schistosoma mansoni DNA, and this was done using the lateral 
flow RPA. The assay’s molecular targets were the 28S and ITS 
rDNA regions and although analytical sensitivity was good, the 
assays were found to be non-specific to S. mansoni with cross-
reactivity observed with other Schistosoma species, namely 
S. haematobium and S. bovis (Poulton and Webster, 2018). The 
development of a RT-RPA targeting these ribosomal regions 
may be advantageous for a genus-specific assay. The genus or 
species level diagnostic specificity need for schistosomiasis, will 
depend on the diagnostic use case, with species level specificity 
detailed as a priority within the WHO schistosomiasis 
diagnostic target product profile (World Health Organization, 
2021). In the present study, real-time fluorescence-based (RT) 
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and lateral flow (LF) RPA assays were developed targeting the 
mitochondrial minisatellite region (termed here as SmMIT-and 
SmMIT-LF-RPA, respectively RPA) with higher sensitivity and 
specificity to S. mansoni, compared to the assays developed by 

Poulton and Webster (2018), with further potential for its use 
in endemic settings.

The developed SmMIT-RPA assay was 100% specific for 
S. mansoni in this study, proving to be a good alternative for the 

A

B

C

FIGURE 3

Limit of detection of the SmMIT-RPA. The assay was able to detect down to (A) 1  fg of the gDNA; (B) One synthetic copy of the target; (C) Single 
eggs extracted with the SwiftX™ DNA kit with or without the heating step, and single crude eggs, collected fresh and frozen (no DNA extraction 
procedure used). All graphs are displayed with the background baseline fluorescence subtracted. Legend: RFU-relative fluorescence units; ng-
nanogram; pg-picogram, fg-femtogram; −ve-negative control (water).
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detection of S. mansoni infections in both human and snail hosts, 
without any cross-reactivity with other Schistosoma species and 
trematodes tested. It will be  important to further test this 
specificity in terms of the genetic diversity of S. mansoni 
geographical strains, to make sure that specificity does not limit 
its ability to detect S. mansoni from all endemic areas (Webster 
et al., 2013). This is particularly relevant as the mitochondrial 
minisatellite target, used here, may be prone to high mutation 
rates due to its mitochondrial origins. It would also be relevant to 
check for specificity and cross-reactivity within co-infections, 
where inter-species interactions can lead to the production of 
hybrid offspring, e.g., S. mansoni/S. haematobium parthenogenic 
hybrids that have been observed to occur in co-endemic areas 
(Huyse et al., 2013). As the target used here is a mitochondrial 
target, only the maternal line of the interactions will be detected, 
however such hybrids are never found without the presence of the 
original species and so a specific diagnostic, such as the 
SmMIT-RPA, will still provide a diagnosis. The SmMIT-RPA assay 
should be further tested on Schistosoma rodhaini, the sister species 
to S. mansoni to check its ability to distinguish between S. mansoni, 
S. rodhaini and S. mansoni/S. rodhaini hybrids. This is particularly 
important for snail xenomonitoring of Biomphalaria snails, as 
S. rodhaini and S. mansoni/S. rodhaini are not implicated in 
human infections (Rey et al., 2021).

It was expected that the SmMIT-LF-RPA would show the same 
specificity as the primers and probes designed for both assays were 
very similar, except for the specific modifications required for each 
approach. However, cross-reactivity with cercariae belonging to the 
Clinostomidae family was observed only in the SmMIT-
LF-RPA. Trematodes in the family Clinostomidae belong to the 

superfamily Schistosomatoidea together with the family 
Schistosomatidae, to which S. mansoni belongs. The close 
phylogenetic relationship between both families may reflect 
genomic similarities. RPA is known to be highly specific, but it can 
also tolerate the presence of a few nucleotide mismatches within 
the primer and probe regions, which can lead to false-positive 
results (Lobato and O’Sullivan, 2018), hence the need for rigorous 
specificity testing. Currently, there is no data available in public 
databases for the mitochondrial minisatellite region of 
non-schistosome trematodes, limiting the in-silico evaluation of 
the primers’ specificity. Species belonging to the Clinostomidae 
family have been reported parasitising Biomphalaria snails in 
Brazil, including the hosts species (B. glabrata, B. straminea, and 
B. tenagophila; Mesquita et al, 2020; Sousa et  al., 2022). These 
trematodes are parasites of birds with fish being the second 
intermediate host. Human infections are rare and accidental due 
to the ingestion of raw fish. These infections have been reported in 
Asia and currently do not represent risks for human health in 
endemic areas for schistosomiasis (Lee et  al., 2017; Kim et al., 
2019). However, this cross-reactivity should be taken into account 
by the local malacological surveillance and schistosomiasis control 
program to measure the benefits and risks of using the SmMIT-
LF-RPA for snail xenomonitoring. Further modifications of the 
primers and probe could be  carried out to prevent the cross-
reactivity with this non-Schistosoma trematode.

The SmMIT-RPA assay presented a high limit of detection 
(LOD) being able to detect down to 1 fg of S. mansoni DNA, 
with an analytical sensitivity of 20% at this level, but 100% for 
1 ng. A reason for the low percentage of analytical sensitivity at 
low concentrations of S. mansoni DNA could be  due to 

A B

C D

FIGURE 4

Specificity of the SmMIT-RPA. The assay was specific to Schistosoma mansoni with no cross-reactivity against (A) The host species; 
(B) Trematodes; (C) Schistosoma species; (D) Helminths of medical importance. All graphs are displayed with the background baseline 
fluorescence subtracted. Legend: RFU-relative fluorescence units; +ve-positive control (1  ng of S. mansoni gDNA); −ve-negative control (water); 
Bg, B. glabrata; Bt, B. tenagophila; Bs, B. straminea; Cl, Clinostomidae; Ec, Echinostomatidae; Nt, Notocotylidae; Sp, Spirorchiidae; St, Strigeidae; 
Sh, S. haematobium; Sb, S. bovis; Sc, S. curassoni; Al, A. lumbricoides; Anc, Ancylostomidae; Ev, E. vermicularis; Fh, F. hepatica; and Tt, T. trichiura.
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crowding agents in the RPA assay components. The crowding 
agents have an important role acting in the formation of the 
primer-recombinase complex (Piepenburg et  al., 2006). 
However, they can also influence the reaction performance 
when there are low copies of the target due to its viscosity, 
which may be  the reason for inconsistent results when low 
amounts of DNA were added to the reaction (Lobato and 
O’Sullivan, 2018). Moreover, analytical sensitivity does not 
always correspond to diagnostic sensitivity due to the nature of 
the starting material. When synthetic copies of the target were 
used, the LOD was 1 copy with an analytical sensitivity of 
100%. This may be  due to the higher purity of commercial 
samples compared to the gDNA dilutions obtained from adult 
worms’ extracts. In comparison to the LOD of the SmMIT-RPA 
(down to 1 fg), the SmMIT-LF-RPA presented a 10-fold 
reduction (down to 10 fg) in the assay’s analytical sensitivity. 
The difference in sensitivity between LF- and RT-RPA 
approaches has previously been reported for the assays 
developed for S. haematobium, with the LF assay able to detect 
100 fg of the gDNA while the RT was able to detect down to 1 fg 
(Rosser et al., 2015; Rostron et al., 2019).

Both RPAs were able to detect the presence of DNA extracted 
using the SwiftX™ DNA kit from single S. mansoni eggs. This kit 
consists of the same components and steps as the discontinued 
Speed Xtract Nucleic Acid Kit (Qiagen, Hilden, Germany) and is a 

simple, fast, and efficient extraction method that requires few 
laboratory resources (e.g., pipettes and magnetic rack). A 
modification in the original protocol from the manufacturer was 
evaluated and the incubation of the sample was tested at both 95°C 
(as recommended) and at room temperature (~19°C), with the latter 
allowing to dispense with the requirement for a heating block that 
may rely on electricity. Both extraction conditions presented positive 
results. In addition, whole eggs (frozen and fresh) added directly to 
the reaction mix also produced positive results. This detection of 
S. mansoni DNA from single crude eggs reduces the requirements 
for sample preparation making both SmMIT-RPA and SmMIT-
LF-RPA assays even more field-friendly while also reducing costs. 
However, clinical samples may present additional complications 
related to processing, egg disruption, and removal of inhibitors 
particularly related to stool samples. This has been demonstrated for 
other molecular assays where bead-beating and/or freezing prior to 
DNA extraction has been shown to increase DNA yields, improving 
the performance of molecular diagnostics (Pomari et al., 2019; Barda 
et  al., 2020). The use of egg disruption strategies coupled with 
different DNA extraction methods needs to be further tested for 
RPA-based assays, particularly for clinical samples.

Recombinase Polymerase Amplification has been tested on 
multiple types of samples, e.g., urine, stool, blood, bodily fluids, and 
animal and plant products among others (Daher et al., 2016; Lobato 
and O’Sullivan, 2018). Moreover, the tolerance of the RPA reaction 
components to known PCR inhibitors found in clinical samples has 
been demonstrated in previous studies (Archer et  al., 2022), 
including the direct addition of crude urine into the reaction mix 
(Rosser et al., 2015). The present study showed that both the LF-and 
RT-RPA approaches were able to detect S. mansoni DNA in clinical 
and spiked samples (stool and urine, respectively). Stool samples are 
the most used biological material for the molecular detection of 
S. mansoni, as it is the source of eggs and cfDNA. Promisingly, both 
LF-and RT-RPAs developed in this study were able to detect the 
infection in a stool sample having 1 egg/g that has previously been 
characterised as positive sample by KK and PCR. Several authors 
have also reported that urine samples can be used as the source of 
cfDNA of S. mansoni (Lodh et al., 2017; Fernández-Soto et al., 2019; 
Diab et al., 2021; Allam, 2022). In this study, urine samples were 
spiked with different amounts of gDNA to simulate the detection of 
cfDNA in clinical samples. As with testing of the gDNA standards, 
a difference was observed in the sensitivity of the SmMIT-RPA and 
SmMIT-LF-RPA, with the LF assay being less sensitive when using 
spiked urine samples. A 10-fold decrease in analytical sensitivity was 
observed for the LF-versus the RT-RPA assays using gDNA, whereas 
when the DNA was incorporated into the urine, there was a further 
loss of sensitivity for the LF assay (1,000-fold decrease). This may 
result from the RT-RPA having a higher tolerance to the presence of 
the inhibitors than the LF-RPA. However, additional studies should 
be conducted with larger numbers of clinical samples to investigate 
the effect of inhibitors on RPA outcome and whether they need to 
be removed.

The long-term stability of the lyophilised RT-RPA pellet 
and reagents has been previously evaluated by Chandu et al. 

FIGURE 5

Limit of detection of the SmMIT-LF-RPA. The assay was able to 
detect down to 10  fg of the gDNA, one copy of the synthetic 
target DNA, and one single egg with or without DNA extraction. 
Legend: ng, nanogram; pg, picogram, fg, femtogram; +ve, 
positive control (1 ng of Schistosoma mansoni gDNA); and −ve, 
negative control (water).
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(2016), proving the robustness of the reagents kept at 
−15–8°C for 1 year, and at 22–28°C for up to 6 months. Our 
findings confirm the stability of the reagents plus the primers 
and probe for 3 weeks when stored at 19°C and up to 2 weeks 
when stored at 27°C, agreeing with results previously 
obtained by Lillis et al., (2016). Infra-structure limitations in 
endemic areas may hamper the use of molecular methods. For 
this reason, the ability to work without dependence of cold 
chain storage facilitates the use of the SmMIT-RPA in these 
contexts. The longevity of all reagents for a period longer 
than 3 weeks or at a temperature higher than 27°C, as well as 
the impact of humidity, should be evaluated in the future.

Even though RPA presents many advantages in terms of 
performance and accuracy, the costs of the assay might be a limiting 
factor considering its application in endemic settings, where usually 
there is limited availability of financial resources. In general, a 
qPCR reaction costs 1.5 USD per sample (not including the cost of 
DNA extraction and the thermocycler; Archer et al., 2022), whereas 
the KK technique, which is the recommended diagnostic test by 
WHO and local health authorities, costs approximately 0.1–0.3 
USD per sample (not including the cost of microscope and 
personnel; Speich et  al., 2010). The cost of a full-volume 
SmMIT-RPA per sample is 6.98 USD meanwhile the half-volume 
reaction cost is 3.49 USD. The SmMIT-LF-RPA has a higher cost 
per sample given the price of the cassettes, being 9.08 USD for each 
full-volume reaction, and 5.84 USD, for the half-volume reaction. 
The half-volume SmMIT-RPA is the most cost-effective protocol 
among the ones assessed in this study. Though it is 2.3 times more 
expensive than qPCR, the SmMIT-RPA is simpler and faster, the 
results are easier to interpret, and it is more field-friendly. The costs 
of each RPA assay are detailed in Supplementary material 6 and 
does not include the costs of DNA extractions as well as the cost of 

the fluorometer and other equipment needed (e.g., pipette, 
centrifuge, and vortex). The findings from this study represent 
important progress on price reduction by using half of the reaction 
volume without compromising good and consistent results for the 
detection of S. mansoni. The use of a smaller reaction volume, than 
that recommended by the manufacturer, has been tested before 
aiming at the elimination of the mixing step during incubation 
(Lillis et  al., 2016), and this should be  tested further with this 
SmMIT-RPA assay. Further optimisation of the assay and large-
scale use may reduce the cost per reaction. Moreover, the cost-
benefits of implementing a more sensitive and accurate diagnostic 
test should be  considered. Accurate diagnosis enables timely 
treatment, the prevention of long-term complications and financial 
losses due to lack of productivity and sick leaves, as well as reducing 
the potential of emergence of new transmission foci (Turner et al., 
2017). Thus, the impact of using a more expensive diagnostic test 
will be  smaller in the long run given the benefits of 
its implementation.

The SmMIT-RPA presented a better performance overall 
when compared to the SmMIT-LF-RPA. Besides being more 
specific and sensitive, the SmMIT-RPA is advantageous as real-
time visualisation of results does not require opening the reaction 
tubes after DNA amplification. RPA can amplify up to 104-fold the 
target in 10 min (Daher et al., 2016) and assays requiring end-point 
visualisation of the result can be prone to cross-contamination 
among the samples. Therefore, until a closed system is developed 
and available for the LF assay, there will be a risk of contamination 
when this approach is used.

Determining the precise prevalence of schistosomiasis in 
a specific area is conditional to a sensitive, specific, 
reproducible, and accessible diagnostic method. However, 
diagnostics improvements are very much needed for detection 

FIGURE 6

Specificity of the SmMIT-LF-RPA. The assay was specific to Schistosoma mansoni with no cross-reactivity with S. haematobium, S. bovis, S. 
curassoni, human stool, human urine B. glabrata, B. straminea, B. tenagophila, A. lumbricoides, Ancylostomidae, E. vermicularis, T. trichiura, F. 
hepatica, and trematodes belonging to the families, Echinostomatidae, Notocotylidae, Spirorchiidae, and Strigeidae. Cross-reactivity was observed 
for a Clinostomidae trematode (highlighted in red). Legend: +ve-positive control (1  ng of S. mansoni gDNA); −ve-negative control (water).
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of light infections in low prevalence settings, and for the 
verification of transmission interruption (Ogongo et al., 2022; 
World Health Organization, 2022). If good diagnostic tools 
are not available, the true prevalence of a specific area may 
be underestimated limiting the efficiency of schistosomiasis 
control programs (Panzner, 2022). The promising results 
obtained in this study suggest that the SmMIT-RPA may 
allow for a more accurate and rapid diagnosis of 
schistosomiasis and therefore may influence the decision-
making processes involved in determining appropriate 
destination of public funding aimed at the elimination of 
schistosomiasis as a public health problem by 2030. 
Additional analysis will be conducted in order to validate the 
use of this assay for the detection of S. mansoni in clinical and 
field samples from endemic areas.
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Introduction: Extracellular/environmental stimuli trigger cellular responses to 

allow Schistosoma sp. parasites adaptation and decide development and survival 

fate. In this context, signal transduction involving eukaryotic protein kinases (ePKs) 

has an essential role in regulatory mechanisms. Functional studies had shown 

the importance of MAPK pathway for Schistosoma mansoni development. In 

addition, early studies demonstrated that Smp38 MAPK regulates the expression 

of a large set of genes, among them the hypoxanthine-guanine phosphoribosyl 

transferase 1 (SmHGPRTase 1, Smp_103560), a key enzyme in the purine salvage 

pathway that is part of a family comprising five different proteins.

Methods: First, the regulation of this gene family by the MAPKs pathways 

was experimentally verified using Smp38-predicted specific inhibitors. In 

silico analysis showed significant differences in the predicted structure and 

the domain sequence among the schistosomal HGPRTase family and their 

orthologs in humans. In order to interrogate the HGPRTases (Smp_103560, 

Smp_148820, Smp_168500, Smp_312580 and Smp_332640, henceforth 

SmHGPRTase −1, −2, −3, −4, −5) functional roles, schistosomula, sporocysts, 

and adult worms were knocked-down using specific dsRNAs.

Results: Our results suggest that SmHGPRTases activity has an essential role 

in sporocysts and schistosomula development since significant differences 

in viability, size, and/ or shape were observed after the in vitro knockdown. 

Also, the knockdown of SmHGPRTases in schistosomula influenced the ovary 

development and egg maturation in female adult worms during mammalian 

infection. We also observed alterations in the movement of female adult 

worms knocked-down in vitro. Most of these results were shown when all 

gene family members were knocked-down simultaneously, suggesting a 

redundant function among them.

Discussion: Thus, this study helps to elucidate the functional roles of the 

SmHGPRTase gene family in the S. mansoni life cycle and provides knowledge 

for future studies required for schistosomiasis treatment and control.
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Schistosoma mansoni, HGPRTase, RNA interference, functional genomics, 
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Introduction

Schistosomiasis is a neglected tropical disease caused by 
trematode worms from the Schistosoma genus and is considered a 
major health and economic problem in developing countries. The 
transmission is related to precarious water treatment and 
sanitation conditions, combined with the presence of the snail 
vector (World Health Organization, 2018). Schistosoma mansoni 
is one of the main species causatives of schistosomiasis and can 
survive in the mammalian host for years or decades (Pearce and 
Sher, 1987). According to the World Health Organization, 78 
countries reported transmission of this disease, and at least 241.3 
million people required preventive chemotherapy with 
praziquantel (PZQ) in 2020 (World Health Organization, 2021).

To date, PZQ is the only treatment available for 
schistosomiasis. However, although this drug is effective against 
all species of Schistosoma, there are limitations to its use, including 
the development of resistance (Botros and Bennett, 2007; 
Doenhoff et al., 2008; Greenberg, 2013). Thereat, the search for 
new drug targets to support schistosomiasis treatment is 
extremely important.

The study of molecular interactions between hosts and 
parasite is essential to understanding this parasitic infection, its 
adaptation within the hosts, and pathogenesis (Cuesta-Astroz 
et  al., 2019). Extracellular stimuli trigger cellular responses to 
allow the development and survival of parasites of the genus 
Schistosoma. Protein Kinases (PKs) play a major role in mediating 
these signals, which involve integrated networks that interact 
mostly by switching proteins activity status, performing essential 
functions in cell control (Hanks et al., 1988; Andrade et al., 2011). 
Despite the availability of many options that would allow the 
employment of piggyback strategies, specific targets regulated by 
those kinases could also be handy in order to avoid side effects 
(Boyle and Koleske, 2007; Eglen and Reisine, 2009).

Recent studies showed that the Smp38 MAPK signaling 
pathway is essential for the development, reproduction, and 
survival of S. mansoni (Avelar et al., 2019). Thus, despite being a 
promising target against the parasite, inhibition of hosts enzymes 
could be a concern and a barrier to be circumvented during drug 
development. Previous functional studies of the Smp38 gene have 
shown that this pathway regulates the expression of a large set of 
genes in S. mansoni, including the hypoxanthine-guanine 
phosphoribosyltransferase (SmHGPRTase 1; Avelar et al., 2019; 
Gava et al., 2019), an important protein in parasite biology, that 
has been extensively interrogated as a drug target (Senft and 
Crabtree, 1983; Dovey et al., 1984; Pereira et al., 2008; Romanello 
et  al., 2019). This enzyme is included in a family of enzymes 
comprised by five different proteins whose role is to convert 
purine bases, hypoxanthine and guanine, to their respective 
nucleotides, inosine monophosphate (IMP) and guanosine 
monophosphate (GMP), in the presence of 5-phosphorylribose 
1-pyrophosphate (PRPP; Senft and Crabtree, 1983). Studies 
demonstrated that S. mansoni adult worms were unable to 
incorporate 14C-glycine into a purine ring, evidencing the 

dependence of an external supply of preformed bases for 
nucleotide synthesis and the absence of the de novo purine 
biosynthesis pathway (Miech et  al., 1975). Since S. mansoni 
depends entirely on the salvage pathway to generate purines, 
enzymes like the SmHGPRTase family, involved in this pathway, 
could be critical to the parasite’s life cycle and because of that 
many studies have shown that HGPRTases, regulated by PKs, are 
promising targets for the development of new drugs (Senft and 
Crabtree, 1983; Dovey et al., 1984). Example of that is the acyclic 
nucleoside phosphonates, which have previously been shown to 
be potent inhibitors of Plasmodium falciparum HGPRTase, while 
showing excellent selectivity for the parasite when compared with 
the human enzyme (Kaiser et  al., 2017; Keough et  al., 2018). 
Substructures of phosphoribosyl pyrophosphate (PRPP), an 
original substrate of HGPRT, are also being extensively studied for 
that and structure-based virtual screening and computational 
study had shown that these inhibitors can be potential drugs for 
Trypanosoma cruzi (Vidhya and Ponnuraj, 2021).

In the present report, we interrogate the functional roles of a 
gene family regulated by the MAP kinase pathway in S. mansoni, 
SmHGPRTases, in different stages of the parasite’s life cycle and 
suggest that those proteins could be  parasite-specific 
druggable targets.

Materials and methods

Target genes

In this study we have focused on the characterization of the 
hypoxanthine-guanine phosphoribosyl transferase (SmHGPRTase) 
gene family, regulated by Smp38 MAPK pathway. S. mansoni 
presents five different genes encoding SmHGPRTases, namely 
Smp_103560 (comprising two isoforms Smp_103560.1 and 
Smp_103560.2), Smp_148820, Smp_168500, Smp_312580 and 
Smp_332640; henceforth referred as SmHGPRTase 1, 
SmHGPRTase 2, SmHGPRTase 3, SmHGPRTase 4, and 
SmHGPRTase 5, respectively. According to the S. mansoni genome 
(v. 7) deposited in the WormBase Parasite database (Howe 
et al., 2017).

Parasites

All the experiments using animals were reviewed and 
approved by the Ethics Commission on Animal Use from 
Fundação Oswaldo Cruz under license numbers LW12/16 for 
hamsters and LM05/18 for mice.

The S. mansoni LE cercaria strain was acquired from the 
Mollusk rearing facility “Lobato Paraense” of René Rachou 
Institute – FIOCRUZ using Biomphalaria glabrata as the 
intermediate snail host.

To obtain S. mansoni adult worms and sporocysts, 
six-week-old female Golden hamsters (Mesocricetus auratus) were 
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infected subcutaneously with 400 cercariae each. Forty-two days 
after infection, animals were anesthetized with xylazine 
hydrochloride (10 mg/kg; Syntec) and ketamine hydrochloride 
(150 mg/kg; Syntec), followed by overdose euthanasia with 2.5% 
sodium thiopental (150 mg/kg; Cristália). Then, perfusion was 
performed (Pellegrino and Siqueira, 1956; Tavares and Mourão, 
2021) to recover adult worms, eggs were recovered from hamsters’ 
livers and sporocysts obtained as described by Mourão et  al. 
(2009). Schistosomula were obtained by mechanical 
transformation of the cercariae (Milligan and Jolly, 2011).

Analysis of SmHGPRTase regulation by 
Smp38

According to Gava et  al. (2019), the SmHGPRTase 1 
expression is down-regulated in Smp38 knocked-down 
schistosomula. To experimentally verify that regulation, an 
inhibitor previously identified by our group to bind in the ATP 
binding site of Smp38 was used (inhibitor NCC – 00001994 from 
the Managed Chemical Compound Collection – MCCC; Moreira 
et al., 2022) The inhibitor NCC – 00001994 was used at a final 
concentration of 10 μM in cultures containing 5,000 schistosomula 
in 1 ml of Glasgow Minimum Essential Medium (GMEM; Sigma-
Aldrich) supplemented with 20 mM HEPES (Sigma-Aldrich), 
0.1% lactalbumin hydrolysate (Vetec), 0.1% D-glucose (Sigma-
Aldrich), 0.5 μM hypoxanthine (Sigma-Aldrich), 1 μM 
hydrocortisone (Sigma-Aldrich), 0.5% MEM vitamin solution 
(Gibco), 5% Schneider (Gibco), 1% penicillin and streptomycin 
(Gibco), and 2% heat-inactivated fetal bovine serum (FBS; Gibco). 
Parasites cultured with 0.2% of dimethyl sulfoxide (DMSO; 
negative control) were used as controls. To verify morphological 
alterations and viability, parasites were incubated for 30 h at 37°C, 
5% CO2, and 95% humidity, prior to the phenotypic assessment 
by inverted microscope (ABO 100 – ZEISS). Viability assessment 
was performed by the addition of 5 μg/ml of propidium iodide and 
visualization under a fluorescent inverted microscope (ABO 100 - 
ZEISS) using a 544 nm wavelength. After inhibitor exposure, the 
RNA was extracted, the cDNA was synthesized and the gene 
expression was analyzed by qPCR, as further detailed.

Protein modeling and analysis

The sequences of S. mansoni proteins used in this study were 
obtained from their predicted coding sequences in the S. mansoni 
genome (v. 7) deposited in the WormBase Parasite database1 
(Howe et  al., 2017) and the sequence for human protein was 
obtained from the Uniprot database2 (PDB ID P00492; Bateman 
et  al., 2021). Protein domains (PF00156) coordinates were 

1 https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577

2 https://www.uniprot.org

retrieved from the Pfam3 (El-Gebali et al., 2019) and comparisons 
between S. mansoni and human sequences were performed using 
the MAFFT alignment program4 (Katoh et al., 2019). The identity 
percentage between domains’ sequences was calculated by 
pairwise comparisons using the Jalview software5 (Waterhouse 
et al., 2009).

SmHGPRTase 1, SmHGPRTase 2, SmHGPRTase 3, 
SmHGPRTase 4, and SmHGPRTase 5 tridimensional modeling 
were carried out to compare the structures of S. mansoni proteins 
and the corresponding human orthologs. As SmHGPRTases 4 and 
5 seems to be  a duplication in tandem and present the same 
sequence, the in silico analysis for these two proteins was 
performed only once (SmHGPRTases 4/5). The proteins were first 
modeled using the Phyre2 web portal6 (Kelley et al., 2015). After 
modeling, the predicted structures were aligned, and a subsequent 
comparison was carried out using the Chimera 1.13.1 program 
(Pettersen et al., 2004).

Single cell RNA-seq (scRNAseq) analysis

To verify the SmHGPRTases expression in the different cell 
types of adult S. mansoni worms, single-cell RNAseq (scRNAseq) 
data were obtained from the Gene Expression Omnibus database 
(GEO7, BioProject PRJNA611783, SRASRP252217; Wendt et al., 
2020). The RDS file containing the expression data in the different 
cell types was loaded in the R software (v4.1.2) (R Core Team, 
2021) using the Seurat package (v4.1.1) (Satija et al., 2015) and 
used to build a heatmap with the package ComplexHeatmap 
(v2.10.0) (Gu et al., 2016).

Double-stranded RNA (dsRNA) synthesis

To functionally assess the SmHGPRTases proteins, specific 
primers containing the T7 promoter sequence were designed 
based on their nucleotide sequences in the S. mansoni genome (v. 
7) available in the WormBase Parasite database and used in a PCR 
to amplify fragments ranging from 250 to 578 bp. The unspecific 
control, green fluorescent protein (GFP), was synthesized from a 
fragment cloned into a pCRII plasmid (AddGene). PCR products 
were analyzed in 1% agarose gel and purified using QIAquick Gel 
Extraction Kit (Qiagen), following the supplier’s protocol. PCR 
products were previously cloned into pGEM-T Easy vector 
(Promega) and sequenced by Sanger sequencing using specific 
primers (Supplementary Table S1). After sequence confirmation, 
PCR products were used for double-stranded RNA (dsRNA) 

3 https://pfam.xfam.org/

4 https://mafft.cbrc.jp/

5 http://www.jalview.org

6 http://www.sbg.bio.ic.ac.uk/phyre2

7 https://www.ncbi.nlm.nih.gov/geo/
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synthesis. The dsRNAs were synthesized using the T7 RiboMAX 
Express RNAi System kit (Promega) according to the 
manufacturer’s protocol. As the SmHGPRTase 2 sequence is 
similar to SmHGPRTases 4 and 5, we  used only one dsRNA 
targeting the three genes, thus, the results for these genes are 
represented as SmHGPRtase 2/4/5 hereafter.

Ds-RNA exposure and phenotypic 
assessment in different life stages of 
Schistosoma mansoni

Sporocysts
The sporocysts (20,000/well) were maintained in 6-well 

polystyrene tissue culture plates with Chernin’s balanced 
saline solution (CBSS) supplemented with 1 g/L glucose 
(Vetec), 1 g/L trehalose, and 1% penicillin/streptomycin 
(Gibco) at 28°C. In each well were added 50 nM of dsRNA 
(SmHGPRT 1, SmHGPRT 2/4/5, SmHGPRT 3, or GFP; Mourão 
et al., 2009). The parasites were also exposed to a combination 
of the dsRNAs targeting the five SmHGPRTases – termed as 
“combined group.” This group consisted of 50 nM of each 
dsRNA of the SmHGPRTases, and 150 nM of GFP-dsRNA was 
used for the respective nonspecific control. Parasites not 
exposed to dsRNAs were included as an “untreated control.” 
Parasite cultures were observed daily using an inverted 
microscope (ABO 100 – ZEISS) to verify phenotypic changes. 
The viability was assessed with the addition of 5 μg/ml of 
propidium iodide under a fluorescent inverted microscope 
(ABO 100 – ZEISS) using a 544 nm wavelength. Parasite 
images were recorded using the Axion Vision REL 4 software 
(ZEISS) for 10 days. The area (μm2) of each sporocyst was 
measured using AxioVision 4.8 software. The experiments 
were performed in three independent biological replicates.

Schistosomula
Schistosomula cultures (30,000/well) were maintained in 

6-well polystyrene tissue culture plates in 3 ml GMEM 
supplemented as previously mentioned in the inhibitor exposure 
section. After cercariae transformation, schistosomula were 
exposed to 100 nM of dsRNAs (SmHGPRT 1, SmHGPRT 2/4/5, 
SmHGPRT 3, or GFP; Andrade et al., 2011). DsRNAs at 200 nM 
(~70 nM of each dsRNA) were added to the “combined” and the 
unspecific controls. An untreated control was also included. 
Cultures were incubated at 37°C, 5% CO2, and 95% humidity and 
were daily observed under a fluorescent inverted microscope 
(ABO 100 – ZEISS) to verify the viability as described previously 
for sporocysts. The experiments were performed in three 
independent biological replicates.

Adult worms
Adult worms recovered by perfusion were washed three times 

with Roswell Park Memorial Institute medium 1640 (RPMI) 
supplemented with 1% penicillin and streptomycin (Gibco). 

Worm pairs were manually separated, washed, and electroporated 
with 25 μg of each specific dsRNA (SmHGPRT 1, SmHGPRT 2/4/5, 
SmHGPRT 3, or GFP) using 4 mm cuvettes (Bio-Rad) at 125 V for 
20 ms (Gava et al., 2019). For the combined group, were added 
8.5 μg of each dsRNA (~25 μg total). An untreated control was also 
evaluated. Eight worm pairs were transferred to 6-well polystyrene 
tissue culture plates and maintained in RPMI 1640 medium 
supplemented with 2% penicillin and streptomycin (Gibco) and 
10% FBS (Gibco) and incubated at 37°C, 5% CO2, and 95% 
humidity in a CO2 incubator.

Worm motility was assessed using 24-well polystyrene culture 
plates containing eight male or eight female worms per well, 
maintained as mentioned above. The worm’s movement was 
recorded for 90 s using WormAssay software (Marcellino et al., 
2012) for 10 days. The experiments were performed in three 
biological replicates.

RNA extraction, cDNA synthesis, and 
real-time quantitative PCR (qPCR) 
analysis

After dsRNA exposure, RNA extractions using the TRIzol 
Reagent (Invitrogen) were performed using 5,000 parasites on 
days 2, 4, and 7, for sporocysts, and days 2, 3, and 7 for 
schistosomula (Tavares et  al., 2020). Differently, two pairs of 
worms on days 2, 4, and 7 were macerated with TRIzol Reagent 
(Invitrogen), and the RNA extractions were carried out associated 
with the SV Total RNA Isolation System (Promega), as described 
previously (Tavares et al., 2020). All RNA samples were treated 
with Turbo DNase (Ambion). The total RNA was quantified using 
Qubit RNA HS Assay Kit (Invitrogen) at a Qubit 2.0 Fluorometer 
(Invitrogen) and stored at −70°C.

To assess transcript knockdown on parasites exposed to 
dsRNAs, the cDNA was synthesized using ImProm-II™ Reverse 
Transcription System (Promega). Primers for qPCR were designed 
using the Primer 3 software8 to amplify fragments ranging from 
70 to 150 bp (Supplementary Table S1). qPCR was performed 
using GoTaq® qPCR Master Mix (Promega) on a ViiA 7 Real-
Time PCR System (Thermo Scientific). The samples were 
normalized using the Cytochrome C oxidase I  (SmcoxI, 
Smp_900000) and the actin-related protein 10 (Smarp10, 
Smp_093230) expression levels geometric mean and all samples 
were assessed in three technical replicates. The relative expression 
was analyzed by comparing the expression levels of each gene to 
those from unspecific and untreated control groups (Livak and 
Schmittgen, 2001).

To investigate the mRNA expression profile of each target 
gene throughout different parasite’s life stages, we also used the 
above protocol and relative qPCR analysis. In this evaluation, the 
transcription levels of each gene in miracidia, sporocysts, 

8 http://primer3.sourceforge.net
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cercariae, schistosomula, adult males, and adult females were 
normalized using the geometric mean transcription rate of three 
reference genes: SmcoxI, Smarp10, and SmFAD-dependent 
oxidoreductase (Smfad, Smp_089880).

High-performance liquid 
chromatography

To check whether adenosine levels were decreased after 
SmHGPRTases-knockdown, a High-Performance Liquid 
Chromatography (HPLC) method was performed to separate and 
quantify the adenosine content in the samples. First, a calibration 
curve of the adenosine at seven different concentrations (1,000, 
500, 250; 125; 62.5; 31.25; 15.625 ng/ml) was generated. To 
perform the experiment, 150 μl of methanol containing 100 ng/
ml of phenacetin (Sigma-Aldrich) were added to the reactions 
from the curve and samples. Following, parasites (four adult male 
worms, four adult female worms, ~3,000 sporocysts, and ~ 3,000 
schistosomula) from unspecific control, and parasites treated 
with SmHGPRTase 1, SmHGPRTase 2/4/5, and SmHGPRTase 3 
-dsRNAs, separately or in combination, were macerated and 
centrifuged at 13,000 rpm for 10 min. The supernatant was 
transferred to a tube containing C18 resins (Sigma-Aldrich) and 
centrifuged. Then, the supernatant recovered from the resin was 
lyophilized in a Vacuum Concentrator (Eppendorf) for 30 min, 
then resuspended in 50 μl of Milli-Q water and transferred to 
LC–MS tubes (Sigma-Aldrich). The HPLC was performed on a 
Nexera UHPLC (Shimadzu) hyphenated system on a maXis ETD 
high-resolution ESI-QTOF mass spectrometer (Bruker) 
controlled by the Compass 1.5 software (Bruker). The 20 μl 
volume of the metabolite extracts were injected into a column 
Shim-Pack XR-ODS-III (C18, 2.2 μm, 2.0 × 150 mm – Shimadzu) 
at 30°C in a flow of 400 μl/min. The adenosine detection was 
based on the exact mass and retention time obtained from the 
standard calibration curve. Individual variations in extraction 
efficiency were normalized using the internal phenacetin 
standard. Adenosine detection and quantification were 
performed using the QuantAnalysis program from the Compass 
software. The experiments were performed in three 
biological replicates.

In vivo experiments

Knocked-down schistosomula exposed to the three 
SmHGPRTases-dsRNAs, which included all five enzymes in 
combination, were used for in vivo experiments. As mentioned 
before, schistosomula were also exposed to an unspecific dsRNAs. 
After 3 days of dsRNA exposure and transcript levels confirmation 
by RT-qPCR, 350 parasites from each experimental group, were 
subcutaneously inoculated in six-week-old female Swiss mice 
(Mus musculus). Forty-two days after infection, animals were 
euthanized by overdose as described before. Six mice were infected 

in each experimental group and three independent biological 
replicates were performed.

After adult worms’ recovery by perfusion, they were counted, 
fixed in Alcohol-Formalin-Acetic Acid (AFA) and stained with 
chloride carmine (Machado-Silva et al., 1997). Then, confocal 
images were captured using an inverted microscope Eclipse Ti-E 
(Nikon) with Confocal C2 plus (Nikon) at 546 and 488 nm 
wavelengths. Confocal images of 12 to 15 female and 12 male 
worms from knocked-down parasites recovered from mice were 
analyzed. The ovary area and tubercles’ height were measured and 
analyzed using the NIS-Elements software (Nikon).

Additionally, mice’s livers and intestines were removed, 
weighed, and incubated with 10% KOH for egg recovery and 
quantification (Tavares and Mourão, 2021). The mice ileum was 
pressed with microscope slides to evaluate the egg maturation 
(stages 1, 2, 3, and 4; Mati and Melo, 2013).

Statistical analysis

First, a normality test using Shapiro–Wilk was performed for 
RT-qPCR data, adenosine levels assessment, egg maturation, and 
morphometric analyses. Then, the significant differences 
compared to control conditions were analyzed by t-test. For the 
parasite area, the normality test was performed using 
D’Agostino-Pearson, followed by t-test. For mortality rate and 
movement in adult worms, two-way analysis of variance 
(ANOVA) and Sidak as the post hoc test were used. Statistical 
significance was defined as p ≤ 0.05. All graphics and statistical 
analyses were performed using GraphPad Prism 8 (La Jolla, CA, 
United States).9

Results

Smp38 MAPK pathway regulates 
SmHGPRTases expression

After the in silico analysis, we  sought to confirm whether 
SmHGPRTases are regulated by the Smp38 MAPK pathway as 
previously described (Gava et al., 2019). Thus, schistosomula were 
exposed to Smp38 (NCC–00001994) predicted inhibitor (Moreira 
et al., 2022). After 30 h of culture, as described by Moreira et al. 
(2022) it was observed alterations in schistosomula phenotypes, 
like the presence of a dark middle-region and round bodies 
(Figures 1A,B). Additionally, the transcript levels of SmHGPRTase 
1, 2/4/5, and 3 were evaluated after the parasite exposure to the 
inhibitor. When the Smp38 predicted inhibitor was used, the 
SmHGPRTase 1 and 3 transcript levels were decreased by 37 and 
50% respectively, compared to parasites exposed to the vehicle 
control (DMSO 0.2%; Figure 1C). SmHGPRTases 2/4/5 transcript 

9 www.graphpad.com

28

https://doi.org/10.3389/fmicb.2022.1064218
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.graphpad.com


Batista et al. 10.3389/fmicb.2022.1064218

Frontiers in Microbiology 06 frontiersin.org

levels were not altered after exposure to the predicted 
Smp38 inhibitor.

SmHGPRTases are different from their 
human orthologs

First of all, we  aimed to comparing the S. mansoni 
SmHGPRTases target of this study to the human orthologs. Thus, 
an in silico analysis was performed comparing the five 
SmHGPRTases proteins identified in S. mansoni with their 
respective human counterparts.

The characteristic domain of an HGPRTase is the 
Phosphoribosyl transferase domain (Family Pribosyltran 

– PF00156), which catalyzes the substitution of the 5-phospho-a-
D-ribose-1-diphosphate group 1-pyrophosphate (PRPP) with a 
purine base (adenine, guanine, hypoxanthine, or xanthine) to 
form the corresponding nucleoside in the nucleoside-5-
monophosphate form (El-Gebali et al., 2019). The percentage of 
identity between the Phosphoribosyl transferase domain 
sequences from S. mansoni and their human ortholog counterpart 
is 50.61% for SmHGPRTase 1, 35.23% for SmHGPRTase 2, 40.49% 
for SmHGPRTase 3 and 36.87% for SmHGPRTases 4 and 5. The 
sequence position of each domain is represented in 
Supplementary Table S2.

By overlapping the predicted tridimensional structures of 
each HGPRTase protein, SmHGPRTase 1 presented the greatest 
identity with the human protein (39%; Figures  2A,B,F). 

A

C

B

FIGURE 1

Experimental corroboration of Smp38 MAP kinase pathway in the regulation of the expression of SmHGPRTase 1, 2/4/5, and 3. Representative 
images of schistosomula from the control (A) and schistosomula exposed to Smp38 predicted inhibitor NCC-00001994. (B) Arrows point to 
morphological changes in the parasites. (C) Bars representing the SmHGPRTase 1, 2/4/5, 3 transcript levels in schistosomula exposed to Smp38 
predicted inhibitor NCC-00001994. Data were normalized relative to the SmHGPRTases expression levels in parasites exposed to DMSO (dashed 
line).
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Considering the domain sequences, the proteins with lower 
identity, SmHGPRTase 2 and SmHGPRTase 4/5, also showed low 
similarity when comparing the tridimensional structures (around 
27%; Figures 2A,C,E,G,I), while SmHGPRTase 3 presented 36% 
identity with the human protein the tridimensional structures 
were compared (Figures 2A,D,H).

Expression profile of SmHGPRTases in 
different cell types of Schistosoma 
mansoni

First, an overall assessment of SmHGPRTases expression in 
the different cell lines was performed. The analysis of the 
scRNAseq data provided by Wendt et  al. (2020) allowed the 
verification of the S. mansoni SmHGPRTAses expression in 
different cell types of S. mansoni adult worms (Figure  3). 
SmHGPRtases 1 and 3 are highly expressed in almost all cell types, 
while SmHGPRtase 2 is less expressed although in diverse cell 
types, and SmHGPRtase 4 is more expressed in clusters of cells 
from the tegument (Supplementary Figure S1).

Expression profile of SmHGPRTases in 
different Schistosoma mansoni life stages

Once SmHGPRTases 1 and 3 were experimentally proven to 
be regulated by Smp38 MAPK pathways and are distinct from their 
human counterpart, we hypothesized they could be promising 
candidates for further functional characterization. First, we sought, 

to investigate the expression profiles of each target gene throughout 
different S. mansoni life stages, the SmHGPRTases transcript levels 
were assessed in miracidia, sporocysts, cercariae, schistosomula, 
and male and female adult worms.

SmHGPRTase 1 exhibited the highest expression levels in 
sporocysts, followed by female adult worms, and the lowest 
levels in schistosomula. Miracidia, male adult worms, and 
cercariae presented approximately half of the amount exhibited 
by sporocysts (Figure 4A). SmHGPRTases 2/4/5 also showed 
the highest expression levels in sporocysts and the second-
highest expression levels in the female adult worm, followed by 
cercariae. Schistosomula and male adult worms presented low 
expression levels and miracidia presented the lowest levels (33 
times less expressed than in sporocysts; Figure  4B). For 
SmHGPRTase 3, the highest expression levels were presented 
by female adult worms, which was twice the amount presented 
by miracidia which exhibited the second highest expression 
levels. Sporocysts presented the lowest expression levels 
(Figure 4C).

SmHGPRTase knockdown reduces 
adenosine levels in sporocysts and 
influences their viability

Once sporocysts presented the largest transcriptional levels of 
four SmHGPRTases (1 and 2/4/5) we  sought to evaluate the 
predicted functional roles of SmHGPRTases. The genes were 
knocked-down in sporocysts by exposure to specific dsRNAs for 
each gene or in combination by targeting the five SmHGPRTases.

A B C D E

F G H I

FIGURE 2

Predicted tridimensional structures for HGPRTases from Schistosoma mansoni and their human ortholog. Using the Phyre2 web portal the 
HGPRTase proteins from human (A) and S. mansoni (SmHGPRTase 1 – B, SmHGPRTase 2 – C, SmHGPRTase 3 – D, and SmHGPRTase 4/5 – E) 
were modeled and overlapped. Secondary structure elements are rainbow-colored from blue at the N-terminus to red at the C-terminus (A–E). 
The percentage identities were calculated using the predicted models and the overlaps between the respective structures are represented below 
(F–I). In gray, human protein; In blue, Schistosoma proteins.
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A B

C

FIGURE 4

Expression profile of SmHGPRTases throughout different parasite’s life stages. Bars showing the relative transcript levels of SmHGPRTase 1 (A), 
SmHGPRTase 2/4/5 (B), and SmHGPRTase 3 (C) in the different S. mansoni life stages: miracidium, sporocyst, cercaria, schistosomulum, male, and 
female adult worm. (A,B) Data were normalized relative to the sporocyst stage (dashed line). (C) Data were normalized relative to the female adult 
worm stage (dashed line).

After knockdown, SmHGPRTase 1 transcript levels were 
periodically evaluated in sporocysts (Figure  5A; 
Supplementary Figure S2) and we found that the lowest levels of 

transcript were achieved on the fourth day after dsRNA exposure, 
reducing by 71% regarding the untreated and unspecific controls. 
For SmHGPRTase 2/4/5, the highest transcript knockdown was 

FIGURE 3

SmHGPRTAses expression patterns in different cell types observed in Schistosoma mansoni adult worms. The columns indicate the different cell 
types identified in adult worms and the lines represent the different SmHGPRTAses analyzed. The color scale indicates higher (red) or lower (blue) 
expression of transcripts. The undetectable expression is represented in gray.
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achieved after 7 days of sporocysts exposure compared to the 
untreated and unspecific control groups, resulting in 77–89% 
reduction. In turn, SmHGPRTase 3 transcript levels did not 
reduce after 2 days of dsRNA exposure and presented a reduction 
of 22–35% after 7 days of dsRNA exposure when compared to the 
controls. Similar knockdown effects were observed when we used 
a dsRNA combination targeting the five SmHGPRTases, likewise 
the best knockdown effect was detected on the fourth day of 
dsRNA exposure 68% for SmHGPRTase 1, 88–41% for 
SmHGPRTase 2/4/5, and 25% for SmHGPRTase 3 in comparison 
to controls.

Once we determined the days when the transcript levels were 
lower after SmHGPRTases knockdown in sporocysts, biochemical 
tests were performed to check whether adenosine levels were also 
decreased, since these enzymes are supposed to be involved in the 
purine salvage pathway. We observed that the adenosine levels 
were 30% lower in the SmHGPRTase 1 knocked-down sporocysts 
compared with the unspecific control. For the SmHGPRTase 
combined group, a 50% decrease in adenosine levels was observed 
when compared with the unspecific control after 4 days of dsRNA 
exposure (Figure 5B).

To assess the role of SmHGPRTases in sporocysts viability, 
knockdown parasites were daily observed. After 4 days of exposure 
to SmHGPRTase 1-dsRNA, a mortality of 8% rate in sporocysts 
was observed, 62% higher than the rate shown by the untreated 
control. This value was maintained until the seventh day, when the 
sporocysts reached a mortality rate of 19%, a value 57% higher 
than those found in the untreated and unspecific control groups. 
For sporocysts exposed to SmHGPRTase 2/4/5-dsRNA, a 
mortality rate of 13% after 7 days of exposure presented a 
significant increase when compared with the nonspecific control. 
The combined group had the highest sporocysts mortality rate, 

showing a mortality rate of 12% at third day of exposure to 
dsRNAs, representing a 75% increase in mortality compared to the 
two control groups. On the seventh day, this group reached the 
mortality rate of 22%, being approximately 65% higher than both 
control groups (Figure 6A).

Assessment of parasite phenotypes after the knockdown of 
SmHGPRTase 1, 2/4/5, and 3 was also performed. The sporocysts 
area was delimited considering the day in which each gene 
presented the lowest transcript levels. A significant reduction 
(8–13%) in the area of sporocysts exposed to SmHGPRTase 1- and 
2/4/5-dsRNA was noted when compared to control groups after 
4 days of dsRNA exposure. SmHGPRTase 3 knocked-down 
sporocysts did not show a significant alteration in their size 
(Figure 6B). Figures 6C–E show representative images evidencing 
the higher number of dead sporocysts in each group.

SmHGPRTases knockdown can 
be involved in schistosomula growth

In the schistosomula stage, transcript levels were optimally 
reduced during all assessments, resulting in up to ~85% for 
SmHGPRTase 1 compared with both controls. Using 
SmHGPRTase 2/4/5-dsRNA the knockdown resulted in 40–71% 
after 3 days, and 62–78% after 7 days of exposure when compared 
with the untreated and unspecific controls. For SmHGPRTase 3, 
lower transcript levels were observed after 7 days of dsRNA 
exposure (50%). When in combination, the SmHGPRTases 
transcript levels only reduced after the third day of dsRNA 
exposure when reached its maximum knockdown for 
SmHGPRTase 2/4/5 (68%). However, for SmHGPRTase 1 and 
SmHGPRTase 3, the maximum knockdown was detected after 

A B

FIGURE 5

SmHGPRTases transcript levels after sporocysts exposure to dsRNAs and knockdown effects in adenosine levels. (A) Bars representing the 
transcript levels of SmHGPRTase 1, SmHGPRTase 2/4/5, and SmHGPRTase 3 in sporocysts after exposure to the specific dsRNAs separately or in 
combination (combined) relative to the untreated (gray) or unspecific control (black) after 4 days. Above the bars are represented the standard 
error of the mean of three replicates. The dashed line represents the normalized values in the controls. (B) Bars representing the adenosine levels 
in sporocysts in the respective groups: unspecific control, parasites treated with SmHGPRTase 1-dsRNA, SmHGPRTase 2/4/5-dsRNA, 
SmHGPRTase 3-dsRNA, and the combined group. Above the bars are represented the standard error of the mean of three replicates. After 
verifying the normality using the Shapiro–Wilk test, significant differences compared to control conditions were analyzed by unpaired t-test 
(*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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seven days, reaching ~63%, and approximately 49%, respectively 
(Figure 7A; Supplementary Figure S3).

Concerning the measurement of adenosine levels for the 
schistosomula life stage, no statistically significant difference was 
observed when the adenosine levels obtained for knocked-down 
parasites were compared with the unspecific control 
(Supplementary Figure S4A). On the other hand, when the 
schistosomula area was delimited considering the day in which 
each gene presented the lowest transcript levels, it was observed 
12% of area reduction for parasites treated with SmHGPRTase 
1-dsRNA compared to the untreated control group and 8% 
compared to the unspecific control group. For SmHGPRTase 
2/4/5-dsRNA, it was observed a reduction of 7% and for 
SmHGPRTase 3-dsRNA a reduction of 8% compared to the 
untreated control group. The combined group was also evaluated, 
and a significant reduction in the schistosomula area of 9% was 
observed when compared to the untreated control (Figures 7B,C). 
In addition to the size reduction, dark middle regions and round 
body in parasites from the combined group were noted 
(Supplementary Figure S5). The mortality rate in schistosomula 

did not present any significant differences among the groups (data 
not shown).

SmHGPRTase knockdown in female adult 
worms decreased adenosine levels and 
affect their motility in vitro

When adult worms were electroporated with the specific 
dsRNAs, SmHGPRTase 1 presented the highest knockdown on 
the seventh days after exposure 70%. On the other hand, 
SmHGPRTase 2/4/5 gene presented no transcript reduction on 
that day and reduced by 46% compared to untreated control 
group and 78% compared to nonspecific control group 2 days after 
electroporation. A decrease of 48–60% in the SmHGPRTase 3 
transcript levels was stable during all days the transcript levels 
were assessed. When the combined group was analyzed, similar 
results were seen for SmHGPRTase 1 and SmHGPRTase 3, 
however, for SmHGPRTase 2 lower transcript levels were detected. 
On the second, fourth, and seventh days after electroporation, a 

FIGURE 6

Viability of sporocysts exposed to SmHGPRTases-dsRNAs. (A) Bars representing the mortality percentage of sporocysts exposed to specific 
dsRNAs and control groups as described in the legend. Above the bars are represented the standard error of the mean of two biological replicates. 
As the statistical test, Two-way ANOVA with Sidak’s multiple comparisons was used. Black asterisks represent significant differences from 
untreated control and gray asterisks from unspecific controls. (B) Area (μm2) of sporocysts exposed to the SmHGPRTases-dsRNAs. Symbols 
represent a single parasite for each experimental group. Black circles, untreated control; White squares, unspecific control; Black square, parasites 
exposed to SmHGPRTase 1-dsRNA; White triangles, parasites exposed to SmHGPRTase 2/4/5-dsRNA; Black triangles, parasites exposed to 
SmHGPRTase 3-dsRNA; White rhombus, combined group. The horizontal black lines represent the median area of the sample population. After 
verifying the normality using the D’Agostino-Pearson test, significant differences compared to control conditions were analyzed by unpaired t-
test. (C–E) Representative images of the untreated control group (C), sporocysts exposed to SmHGPRTase 1-dsRNA (D), and sporocyst from the 
combined group (E) 7 days after dsRNA exposure. White arrows indicate changes in phenotype or dead sporocysts (*p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001; ****p < 0.0001).
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decrease of 59–72%, 66–74%, and 49–64%, respectively 
(Figure 8A).

After that, the adenosine levels were checked to certify if they 
had decreased in adult worms. In female adult worms, the 
adenosine levels were reduced by approximately 45% for all the 
SmHGPRTases knocked-down parasites compared with the 
unspecific control (Figure 8B). On the other hand, for adult male 
worms no statistically significant difference in the adenosine levels 
was observed (Supplementary Figure S4B).

To analyze changes in the adult worms’ viability after 
SmHGPRTase knockdown, the parasite’s movement was 
quantified. Female adult worms electroporated with the combined 
SmHGPRTases-dsRNAs showed a significant reduction in their 

movement on the eighth (34%) and tenth day (43%) compared to 
the untreated and unspecific controls (Figure 8C). In male adult 
worms, no significant difference in their movement was observed 
(Supplementary Figure S6).

SmHGPRTases knockdown interferes in 
the ovary development and egg 
maturation in female adult worms 
in vivo

To evaluate the function of SmHGPRTases in the infection 
establishment, schistosomula exposed to the combined 

A

B C

FIGURE 7

SmHGPRTases transcript levels and area of schistosomula after exposure to dsRNAs. (A) Bars representing the transcript levels of SmHGPRTase 1, 
SmHGPRTase 2/4/5, and SmHGPRTase 3 in schistosomula after exposure to the specific dsRNAs separately or in combination (combined) relative 
to the untreated (gray) or unspecific control (black) after 3 and 7 days. Above the bars are represented the standard error of the mean of three 
replicates. After verifying the normality using the Shapiro–Wilk test, significant differences compared to control conditions were analyzed by 
unpaired t-test. (B) Area (μm2) of schistosomula exposed to the SmHGPRTases-dsRNAs after 7 days. Symbols represent a single parasite for each 
experimental group. Black circles, untread control; White squares, unspecific control; Black square, parasites treated with SmHGPRTase 1-dsRNA; 
White triangles, parasites treated with SmHGPRTase 2/4/5-dsRNA; Black triangles, parasites treated with SmHGPRTase 3-dsRNA. (C) Area (μm2) of 
schistosomula exposed to the combined group after 3 days. Symbols represent a single parasite for each experimental group. Black circles, 
untread control; White squares, unspecific control; White triangles, combined group. The horizontal black lines represent the median area of the 
sample population. After verifying the normality using the D’Agostino-Pearson test, significant differences compared to control conditions were 
analyzed by unpaired t-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p < 0.0001).
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SmHGPRTases-dsRNAs were used for in vivo experiments using 
a murine model.

After perfusion, the number of recovered adult worms and 
eggs from the liver and intestine from the experimental groups did 
not show significant differences when compared to the controls 
(data not shown). However, the ileum of mice infected with 
schistosomula exposed to the combined SmHGPRTases-dsRNAs 
presented a significant increase in immature eggs. A significant 
increase of 8% of eggs in stage 3 was found in mice infected with 
knocked-down parasites when compared to the controls. Also, an 
increase (9%) in eggs on stage 2 when compared to the unspecific 
control was observed. Additionally, a significant reduction of 16% 
in mature eggs was observed in the combined group 

(Figures 9A–C). Representative images in Figures 9C–D highlight 
the differences among eggs found in the mice ileum.

Confocal microscopy was performed to verify if the parasite 
morphology was also altered in association with the high number 
of immature eggs noted after SmHGPRTases knockdown. A 
significant reduction of 36% in the ovary area was observed in 
female adult worms recovered from mice infected with 
schistosomula knocked-down for all SmHGPRTases when 
compared with controls (Figure  10A). Figures  10B–D 
demonstrates representative confocal images of the structural 
changes observed in female adult worms due to SmHGPRTases 
knockdown. No alterations were observed in male adult worms’ 
reproductive systems (data not shown).

A

B C

FIGURE 8

SmHGPRTases transcript levels after adult worm electroporation with dsRNAs and knockdown effects in adenosine levels and motility. (A) Bars 
representing the transcript levels of SmHGPRTase 1, SmHGPRTase 2/4/5, and SmHGPRTase 3 in adult worms after electroporation with specific 
dsRNAs separately or in combination (combined) relative to the untreated (gray) or unspecific control (GFP; black) after 2, 4, and 7 days. Above the 
bars are represented the standard error of the mean of three replicates. After verifying the normality using the Shapiro–Wilk test, significant 
differences compared to control conditions were analyzed by unpaired t-test. (B) Bars representing the adenosine levels in female adult worms in 
the respective groups: unspecific control, parasites exposed to SmHGPRTase 1-dsRNA, SmHGPRTase 2/4/5-dsRNA, SmHGPRTase 3-dsRNA, and 
the combined group. Above the bars are represented the standard error of the mean of three replicates. After verifying the normality using the 
Shapiro–Wilk test, significant differences compared to control conditions were analyzed by unpaired t-test. (C) Motility of female adult worms 
exposed to SmHGPRTases-dsRNAs. Dots represent the average of the movement units of female adult worms that were electroporated with 
SmHGPRTases-dsRNAs. Blue, parasites exposed to SmHGPRTase 1-dsRNA; Green, parasites exposed to SmHGPRTase 2/4/5-dsRNA; Red, parasites 
exposed to SmHGPRTase 3-dsRNA; Black, parasites exposed to the combination of the three SmHGPRTases-dsRNAs. The results were normalized 
according to the movement units of female adult worms from controls (dotted line). Standard errors of the mean of three biological replicates are 
represented above the dots. Statistical analysis was performed using Two-way ANOVA followed by the Sidak post-test (*p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001).
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Discussion

Functional studies have demonstrated that Smp38 is 
important for S. mansoni infection establishment in the 
mammalian host. This protein seems to be  involved in the 
development of reproductive structures, the antioxidant 
defense, and egg maturation in this parasite (Avelar et  al., 
2019). In addition, studies have shown that Smp38 is essential 
in the regulation of miracidia ciliary movement and the early 
post-embryonic parasite development (Ressurreição et  al., 
2011a,b). The transcriptome of Smp38 knocked-down 
schistosomula showed that Smp38 regulates essential processes 
for the establishment of parasite homeostasis, including genes 
coding for proteins related to the structural composition of 
ribosomes, spliceosomes, and cytoskeleton, besides genes 
involved in the purine and pyrimidine metabolism pathways 
(Gava et al., 2019).

Analysis of Smp38 protein structure (Kelley et al., 2015) shows 
approximately 60% similarity with their respective human 
orthologs. The identity is even greater when only the domain 
sequences are compared. Accordingly, it would be interesting to 
explore parasite genes regulated by Smp38 MAPK pathway, that 

differ from the human orthologs or are parasite-specific, since 
several studies have proved the essential roles of Smp38 for 
S. mansoni development (Ressurreição et al., 2011a,b; Avelar et al., 
2019; Gava et  al., 2019). Thus, we  sought to understand the 
biological functions of some genes that are regulated by this kinase 
in the parasite development, which may be responsible for the 
phenotypic alterations observed in Smp38 knocked-down 
parasites, among those genes are the hypoxanthine-guanine 
phosphoribosyl transferase 1 (SmHGPRTase 1) (Gava et al., 2019).

Different from their mammalian hosts, schistosomes lack the 
de novo purine biosynthesis pathway and depend on the salvage 
pathway for their purine requirements. One of the parasite’s 
advantages in using the salvage pathway is the fact that the de 
novo biosynthesis requires a large amount of energy to synthesize 
puric bases. However, it also implies that schistosomes present a 
great dependence on an external supply of preformed puric bases 
in order to develop (Miech et al., 1975; Senft and Crabtree, 1983). 
For this reason, the salvage pathway has been raised as an 
interesting target for the development of new specific drugs to 
support schistosomiasis treatment (Ross and Jaffe, 1972; Craig 
et al., 1988; Yuan et al., 1992), among them, purine analogs inhibit 
enzymes of S. mansoni salvage pathway (Ross and Jaffe, 1972; 

A B C

D E F

FIGURE 9

Egg maturation in the ileum of mice infected with schistosomula exposed to the dsRNAs of the five SmHGPRTases combined. The percentage of 
eggs in each maturation stage is represented in the circle section: mature (gray), stage 1 (white), stage 2 (black), stage 3 (beige), and stage 4 (light 
gray) for the untreated control group (A), GFP-dsRNA unspecific control (B), and the combined group (C). After verifying the normality using the 
Shapiro–Wilk test, significant differences compared to control conditions were analyzed by unpaired t-test (*p ≤ 0.05). (D–E) Representative 
images of the maturation pattern in each experimental group. Black arrow, eggs in stage 2; Red arrow, eggs in stage 3.
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Miech et al., 1975). Tubercidin is one of those and causes the 
separation of S. mansoni worm pairs, loss of suction capacity of 
the ventral suction cup, alteration of the muscular activity 
pattern, and egg-laying inhibition (Ross and Jaffe, 1972). 
Hypoxanthine-guanine phosphoribosyl transferases 
(HGPRTases), targets of this study, are essential enzymes in the 
purine salvage pathway.

Since transcriptomic data are a snapshot of transcription 
rates, generating an insight of general biological data that 
requires posterior refinement, thus, we aimed at corroborating 
previously data generated by transcriptomics approach, using 
molecules predicted to bind to the Smp38 ATP-binding site to 
confirm the regulation of SmHGPRTase expression. We observed 
significant changes in the parasite phenotype indicating that 
they can be promising protein inhibitors, even more by the fact 
that these kinases are unique members of their families in 
S. mansoni (Rask-Andersen et al., 2014; Moreira et al., 2022). 
Besides that, we confirmed that Smp38 seems to regulate the 
expression of SmHGPRTase 1. In addition, we  investigated 
whether Smp38 MAPK also regulates the expression of other 
SmHGPRTase family members. We  observed that, although 
SmHGPRTase 3 was not detected among the differentially 
expressed genes using the transcriptome data, the Smp38 
inhibition seems to negatively regulate the expression of this 
gene. Analyzing the parasite’s genome organization, we found 

that the five genes encoding SmHGPRTases are located on 
chromosome IV, in which SmHGPRTases 1 and 3 appear to 
be regulated by Smp38 MAPK, and are proximally located. On 
the other hand, the genes encoding SmHGPRTases 2, 4, and 5, 
which the expression does not appear to be regulated by this 
signaling pathway are also closely distributed evidencing in 
tandem duplications as already described by Wang et al. (2017). 
The gene duplication analysis revealed that genes derived from 
proximal duplications diverge less in gene structure and 
expression levels than the dispersed duplicated genes. The 
retention of duplicated genes is a mechanism described to 
contribute to the expansion of gene families associated with 
pathogenesis and consequent adaptations to parasitism for 
S. mansoni (Wang et al., 2017).

Previous studies showed that female adult worms recovered 
from mice infected with Smp38 knocked-down schistosomula 
showed a reduction in the ovary area and male adult worms 
presented a reduction in the tubercles’ height (Avelar et al., 2019). 
Our results demonstrated that female adult worms recovered from 
mice, after 42 days of infection with SmHGPRTases knocked-
down schistosomula, also presented similar phenotype reaffirming 
the fact that the Smp38 pathway may be related to the regulation 
of SmHGPRTase expression.

SmHGPRTases also show high expression in female adult 
worms. Previous studies suggest that these genes may be involved 

A

B DC

FIGURE 10

Phenotypic changes in female adult worms recovered from mice infected with SmHGPRTases knocked-down schistosomula. (A) Bars 
representing the ovary area of female adult worms from the untreated control (gray), unspecific control (black), and combined SmHGPRTases 
group (white). Above the bars are represented the standard error of the mean of three replicates. After verifying the normality using the Shapiro–
Wilk test, significant differences compared to controls were analyzed by unpaired t-test (**p ≤ 0.01). (B–D) Representative confocal images 
demonstrating female adult worms recovered from the untreated control (B), unspecific control (C), and the combined SmHGPRTases group (D). 
MO, mature oocyte; IO, immature oocyte; OV, ovary. Scale bars: 50 μm.
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in the parasite’s sexual maturation (Romanello et al., 2019). Also, 
whole-mount in situ hybridization experiments show that 
SmHGPRTase 2 is present along the body of male and female 
worms, possibly indicating a sexual specialization role for this 
enzyme (Romanello et  al., 2019). Genes that code for 
SmHGPRTases were also found up-regulated in parasites 28 days 
after infection in the mammalian host, suggesting a possible role 
for these enzymes in the synthesis of molecules necessary for egg 
production (Buddenborg et al., 2019). Our results corroborate 
these findings. Moreover, female adult worms knocked-down for 
all SmHGPRTases reduced their movement 8 days after dsRNA 
exposure in vitro.

Interestingly, when we  checked the available single-cell 
RNAseq data, we observed that SmHGPRTses 1 and 3 are more 
expressed in mature female worm’s reproductive organs, including 
the cells from early, mature, and late vitellocytes, late female germ 
cells, and germline stem cell, in comparison with immature 
females (Wendt et al., 2020). This may explain the fact that egg 
maturation was altered, and adult worms recovered from mice 
infected with SmHGPRTases knocked-down schistosomula 
display phenotypic changes in the female reproductive organs.

In silico analysis showed that SmHGPRTases present 
important differences in protein structures and domain sequences 
when compared to their respective human ortholog. This data 
reaffirms other studies whereupon schistosomal HGPRTase 
structure has been compared with the human HGPRTase by 
circular dichroism. Significant differences were observed in 
thermostability and in the amino-acid side chains. The 
schistosomal protein contains 27% α-helix and 30% β-sheet, 
whereas the human enzyme contains 21% α-helix and 53% β-sheet 
(Yuan et  al., 1993). In addition, the steady-state kinetics 
mechanism was determined and suggests that the design of a 
highly specific SmHGPRTase inhibitor, that binds exclusively to 
the enzyme-purine nucleotide binary complex, may be possible 
(Yuan et al., 1992). On the other hand, a study using isothermal 
titration calorimetry to determine kinetic parameters of 
SmHGPRTases 1, 2, and 3 observed that KM values for 
schistosomal HGPRTase are very similar to those determined for 
the human HGPRTase, indicating that SmHGPRTase alone is 
unlikely to be  an efficient therapeutic target (Romanello 
et al., 2019).

Additionally, our data also show that SmHGPRTase 1 and 
SmHGPRTase 2/4/5 genes exhibited the highest expression levels 
in the sporocyst stage. In fact, in the snail host, extensive parasite 
asexual reproduction takes place, and several generations of 
multiplying sporocysts develop (Maldonado and Acosta Matienzo, 
1947) which would demand energy and nucleotides for DNA 
synthesis, supporting the greater expression of SmHGPRTases in 
this stage. Corroborating these data, the analysis of the in vivo 
parasite transcriptome 3 days post-infection in Biomphalaria 
pfeifferi demonstrated an up-regulation of genes related to the 
purine salvage and nucleotide biosynthesis pathways (Buddenborg 
et al., 2019).

Small interfering RNAs (siRNAs) targeting SmHGPRTase 
1 have been used to interrogate this enzyme role in the parasite 
during the infection in mice. In the study, siRNAs were 
inoculated in the tail of S. mansoni infected mice, resulting in 
a 27% reduction in worm burden after a 60% reduction in the 
transcript levels (Pereira et al., 2008). This reduction could 
reflect the duplicity of functions among the HGPRTases 
present in the parasite and our results reinforce the importance 
of knocking down or inhibiting all genes of this family. This 
mechanism is evident by the higher mortality levels found in 
sporocysts when all the genes were knocked-down 
simultaneously. Our results also suggest that SmHGPRTase 1 
may be  a major player for the sporocyst viability in 
regardregard to the other members of the family, since the 
mortality rate is also high when we  knockdown this gene 
alone. However, it is important to point out that SmHGPRTase 
3 did not present a significant reduction in the transcript 
levels in sporocysts, consequently no significant phenotypic 
alterations can be attributed to the latter.

In summary, here we show that the Smp38 MAPK pathway 
regulates the expression of SmHGPRTase 1 and SmHGPRTase 3. All 
members of the SmHGPRTase family seem to have a functional  
role in the adenosine uptake. Our results also suggest that 
SmHGPRTases activity is important for schistosomula 
development and that SmHGPRTase 1 and SmHGPRTase 2/4/5 are 
essential for sporocysts viability and development. Phenotypic 
alterations, for instance: parasites with dark central-region and 
reduction in female movement in vitro; were more evident when 
all gene family were knocked-down simultaneously, implying an 
overlap on the SmHGPRTase functions. SmHGPRTases also play 
a role in the parasite reproduction, demonstrated by the reduced 
ovary area in female adult worms and the significant increase in the 
number of immature eggs in the mice ileum. In conclusion, this 
study is a step forward in the elucidation of parasite biology and 
the functional roles of SmHGPRTases in S. mansoni, reinforcing 
the importance of these enzymes as therapeutic targets candidates 
in the parasite.
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Background: Schistosomiasis is a parasitic disease associated with poverty. It 

is estimated that 7.1 million people are infected with Schistosoma mansoni in 

Latin America, with 95% of them living in Brazil. Accurate diagnosis and timely 

treatment are important measures to control and eliminate schistosomiasis, 

but diagnostic improvements are needed to detect infections, especially in 

areas of low endemicity.

Methodology: This research aimed to evaluate the performance of 11 

diagnostic tests using latent class analysis (LCA). A cross-sectional survey 

was undertaken in a low endemicity area of the municipality of Malacacheta, 

Minas Gerais, Brazil. Feces, urine, and blood samples were collected from 

400 residents older than 6  years of age, who had not been treated with 

praziquantel in the 12  months previous to the collection of their samples. The 

collected samples were examined using parasitological (Helm Test® kit Kato-

Katz), nucleic acid amplification tests -NAATs (PCR, qPCR and LAMP on urine; 

PCR-ELISA, qPCR and LAMP on stool), and immunological (POC-CCA, the 

commercial anti-Schistosoma mansoni IgG ELISA kit from Euroimmun, and 
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two in-house ELISA assays using either the recombinant antigen PPE or the 

synthetic peptide Smp150390.1) tests.

Results: The positivity rate of the 11 tests evaluated ranged from 5% (qPCR  

on urine) to 40.8% (commercial ELISA kit). The estimated prevalence of 

schistosomiasis was 12% (95% CI: 9–15%) according to the LCA. Among all 

tests assessed, the commercial ELISA kit had the highest estimated sensitivity 

(100%), while the Kato-Katz had the highest estimated specificity (99%). Based 

on the accuracy measures observed, we  proposed three 2-step diagnostic 

approaches for the active search of infected people in endemic settings. The 

approaches proposed consist of combinations of commercial ELISA kit and 

NAATs tests performed on stool. All the approaches had higher sensitivity and 

specificity than the mean values observed for the 11 tests (70.4 and 89.5%, 

respectively).

Conclusion: We showed that it is possible to achieve high specificity and 

sensitivity rates with lower costs by combining serological and NAATs 

tests, which would assist in the decision-making process for appropriate 

allocation of public funding aiming to achieve the WHO target of eliminating 

schistosomiasis as a public health problem by 2030.

KEYWORDS

schistosomiasis, Schistosoma mansoni, diagnostic tests, diagnosis, latent class 
analysis, clinical research, sensitivity, specificity

Introduction

Schistosomiasis is a debilitating neglected tropical disease 
(NTD) that currently affects about 240 million people in the 
tropical and subtropical regions. Schistosoma mansoni is the main 
species causing intestinal schistosomiasis in Africa and the 
Americas, where it is estimated that 25 million people are at risk 
of infection (PAHO, 2022). In Brazil, there are more than 1.5 
million people infected (Ministério da Saúde, 2019), especially in 
the Northeast and Southeast regions (Carvalho et al., 2018; Katz, 
2018). Data from the records of the Brazilian national 
schistosomiasis control programme-the Sistema de Informação 
do Programa de Controle da Esquistossomose (SISPCE), indicate 
that the prevalence of schistosomiasis in Brazil between the years 
2009 and 2019 ranged from 3.22 to 5.20%, with an average of 
4.29% (BRASIL M da S, 2021). Although these percentages may 
suggest that Brazil is due to meet the World Health Organization 
(WHO) target of eliminating schistosomiasis as a public health 
problem (defined as a prevalence of heavy infections lower than 
1%) by 2030 (WHO, 2021), it is likely that these data are 
underestimated because of the microscopy-based diagnostic 
method used, namely the Kato-Katz (KK) test (Siqueira et al., 
2011; Weerakoon et al., 2018; Ogongo et al., 2022). The KK test 
consists of the microscopic observation of eggs in fecal samples 
(Katz et al., 1972) and has a high analytical specificity, low cost, 
and relatively simple execution. For these reasons, this is the 
method recommended by both the WHO and the Brazilian 
Ministry of Health for the diagnosis of intestinal schistosomiasis 

and use in epidemiological surveys. However, the performance of 
the KK test is limited by the intensity of the host infection, the 
daily variation of parasite egg excretion and the uneven 
distribution of eggs within fecal samples (Ogongo et al., 2022). 
This is especially critical in low endemicity settings, where the KK 
test may overlook 25–30% of the infected people, underestimating 
the true prevalence of the disease (Berhe et al., 2004; Enk et al., 
2008; McManus et al., 2018).

The development of new diagnostic tests and tools has been 
extensively explored in the past years, and it is listed in the new 
WHO 2021–2030 road map for neglected tropical diseases (WHO, 
2021) as one of the actions required to control and eliminate 
NTDs, including schistosomiasis. Ideally, in order to properly 
evaluate the performance of a new diagnostic test, its sensitivity, 
specificity, and accuracy need to be  compared to a reference 
standard test (RST), where the latter is able to indicate the true-
positive and true-negative individuals (Alonzo and Pepe, 1999). 
Although recommended for use by health authorities in clinical 
settings, the KK test is not appropriate for use as a RST, because its 
lack of sensitivity would influence (i.e., bias) the assessment of the 
accuracy of any new test(s) under evaluation.

In this context, latent class analysis (LCA) is a useful analytical 
technique that can circumvent the problem of an absence of an 
appropriate RST. LCA is a statistical method described in Walter 
and Irwig (1988) that enables the evaluation of new diagnostic 
methods when an RST is not available by estimating the infection 
status of an individual based on the combined results of the tests 
conducted in a particular group. It is a promising tool for analyzing 
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new schistosomiasis diagnostic tests and many recent studies have 
relied on using this approach to assess the accuracy of new tests 
(Colley et al., 2013; Beltrame et al., 2017; Clements et al., 2017; Fuss 
et al., 2018; Koukounari et al., 2021). In order to address the need 
to improve schistosomiasis diagnosis, our study evaluated the 
sensitivity, specificity, and accuracy of 11 diagnostic tests using 
different samples (feces, urine, and blood) from 400 residents of a 
low endemicity area in Brazil (the municipality of Malacacheta) 
using the occurrence of infection estimated by LCA as a reference 
standard. Our findings allowed us to propose a 2-step diagnostic 
process, with an overall accuracy of 94%, involving the combination 
of serological and nucleic acid amplification tests (NAATs) for the 
active search for infected people in moderate and low 
prevalence settings.

Materials and methods

Ethics statement

This study followed the guidelines and regulations for clinical 
research—Resolution 196/1996 of the Brazilian National Health 
Council (CNS)—and is in line with the principles of the 
Declaration of Helsinki. The study was approved by both: (i) the 
Ethical Committee of the René Rachou Institute (IRR, Fiocruz 
Minas), CAAE 76273317.3.0000.5091, and approval numbers 
2.400.880, 2.803.752, 3.802.104 and 3.918.849; and (ii) the Ethical 
Committee of the Oswaldo Cruz Institute (IOC, Fiocruz), CAAE 
76273317.3.3001.5248, and approval number 2.426.395. For 
Ethical reasons, all participants of this study received the results 
of the parasitological diagnosis, and those with a positive KK 
result were treated using praziquantel tablets (Farmanguinhos/
Fiocruz, Rio de Janeiro, RJ, Brazil), with a 60 mg/kg single dose, as 
recommended by the Brazilian Health Ministry (Brasil, 2014). As 
the KK test also allows the detection of soil-transmitted helminths 
(STH), the participants who had STH eggs in their feces received 
two albendazole tablets (400 mg) to be taken with a 15-day interval.

Study area

The study was conducted in the borough of Santa Rita 
(17°50′33”S; 42°4′22″W), in the city of Malacacheta, in the 
state of Minas Gerais, Brazil, between the 16th of October 2018 
to the 16th of November 2018. The city of Malacacheta has a 
high percentage (17.3%) of extreme poverty and was considered 
by the Brazilian Ministry of Health as one of the 222 
municipalities requiring priority action for schistosomiasis 
control (Portaria Ministerial no 1.556 de 28 de outubro de 
2011). According to the data collected by the Brazilian national 
schistosomiasis control programme, the Programa de Controle 
da Esquistossomose (PCE), coordinated by the Brazilian 
Ministry of Health, 7,114 diagnostic tests were carried out in 
Malacacheta between 2010 and 2012, of which 1,646 (23.1%) 

were positive, among them 105 (6,4%) having high-intensity 
infection (http://tabnet.datasus.gov.br/cgi/tabcgi.exe?sinan/
pce/cnv/pcebr.def, accessed on 04/25/2022). A school survey 
performed in 2013, based on two KK slides per stool sample, 
indicated an estimated prevalence of infection of 24.3% among 
schoolchildren (6–15 years; Favre et al., 2021). Data provided 
by a Basic Health Unit (BHU) in Malacacheta (personal 
communication) indicated a rise in the number of 
schistosomiasis cases among the inhabitants of the borough of 
Santa Rita during 2017. This, together with the socio-economic 
and environmental vulnerability of the residents, determined 
the choice of Santa Rita as the study area.

Study design

The current cross-sectional study was designed to assess by 
LCA the accuracy of parasitological, NAATs, and immunological 
methods for schistosomiasis diagnosis employing different 
biological samples (feces, blood, and urine). The study followed 
the recommendations of STARD 2015 (Bossuyt et al., 2015), and 
all the procedures were blindly performed by experienced 
members of the team supervised by a senior researcher according 
to Good Clinical Practices. The STARD 2015 checklist is available 
on Supplementary material 1.

Inclusion criteria
The target population was the residents of the borough of 

Santa Rita who both expressed an interest in joining the study and 
met the following eligibility criteria: (i) being resident in Santa 
Rita, (ii) being older than 6 years of age, (iii) willing to voluntarily 
provide blood, urine, and fecal samples, (iv) to have not received 
treatment for schistosomiasis in the previous 12 months prior to 
sample collection, and (v) signing the Informed Consent Form 
(ICF) and/or the Informed Term of Consent (ITC).

A total of 410 residents of the borough of Santa Rita were 
included in the study after the recruitment step, which was 
conducted at the local BHU Waldemar José Pereira. All the 
participants received unique ID numbers (from 001 to 410) to 
preserve their confidentiality. Ten individuals were excluded 
from the study either due to: one person had a previous 
treatment with praziquantel, one participant did not agree to 
provide one of the biological samples during the recruitment 
process, eight individuals did not deliver one of the three types 
of biological sample during the collection or delivery process.

Sample size calculation
The sample size used was calculated using epiDisplay package 

in the R software considering the sensitivity of the test with the 
lowest sensitivity (i.e., the KK test) among all the tests used in the 
current study the script below:

a < −n.for.survey(p = sens,delta = 0.10).
a
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n < −ceiling(ceiling(a$n1)/p).
n

where, sens (sensitivity for the KK test) was 0.57; n.for survey 
(number of inhabitants of Santa Rita borough) was 1421; p 
(estimated prevalence of disease) was 0.281.

Thus, a sample size of 410 individuals was inferred as being 
required from a total population size of 1,421 residents, calculated 
assuming a 57% test sensitivity for Kato-Katz, a prevalence of 
infection of 28.1%, a 95% confidence level, a maximum marginal 
error of 10%, plus a 20% loss of enrolled participants during 
follow-up (Eldridge et al., 2006).

The sample size calculation described above, which was 
performed before the study was started, assumed a loss of 20% of 
the enrolled participants. However, the actual loss of enrolled 
participants was less than 2.4%. Therefore, our study was 
conducted with 400 participants, and its statistical power was not 
affected by loss of enrolled participants (Figure 1).

Sociodemographic questionnaire and history of 
schistosomiasis

At the BHU Waldemar José Pereira, after having a 10 ml 
sample of blood collected, the participants answered a 
questionnaire. The following information was obtained: age, 
gender and history of previous infection. The history of the 
schistosomiasis was assessed through questions concerning 
how many diagnostic tests had been previously performed 
prior to the current study (and, if any, what kind of biological 
material was used and what was the result of the test), and 
whether praziquantel was ever taken. The questionnaire was 
filled out by qualified research staff, based on the information 
provided by the participants. At the end of this phase of the 
study, the participants received containers for the collection of 
urine and feces together with the recommendations for the 
collection of the samples. Those samples were later handed to 
the Community Health Agents (CHAs) during home visits.

Sample collection

A temporary laboratory was set up at the Secretariat for 
Education building, which had four workstations, each exclusively 
used for one of the following: (i) stool sample preparation and 
slide reading for the KK test; (ii) blood sample preparation; (iii) 
urine sample preparation; (iv) POC-CCA execution. The blood 
samples were collected at the Basic Health Unit on the same day 
the questionnaire was conducted. Urine and stool samples were 
collected by the participant, preferably on the same day although 
a 7-day interval was allowed between the collection of each 
sample. Stool and urine samples were delivered by the participant 
to a team member that went house-to-house to get those samples. 
If the urine and stool samples were not provided within this 7-day 
period, the participant was subsequently removed from the 
study population.

Blood samples
Blood samples (10 ml) were collected from the participants 

using appropriately labelled BD vacutainer tubes. The tubes were 
transported to the temporary laboratory, where they were kept at 
room temperature for at least 1 h after obtaining the blood samples 
to allow complete clot formation and then centrifuged at 1000–
1300×g at room temperature for 10 min to obtain the serum, 
which was aliquoted into cryogenic tubes and stored in the freezer 
at-70°C until use.

Fecal samples
Fecal samples were collected in appropriately pre-labelled 

containers and were processed on the same day of collection for 
parasitological and NAATs. The samples were separated into two 
portions: (i) ~84 mg for the preparation of two KK slides (~42 mg 
each), and (ii) ~500 mg cryopreserved to be used later for DNA 
extraction and molecular tests. The 500 mg portion was separated 
using 3D-printed models provided by the 3D Print Facility of 
the IRR.

Urine samples
The participants collected at least 35 ml of their first-morning 

urine. At the workstation, the samples underwent a chemical 
analysis using Combur10 Test® M test strips (Roche, Basel, 
Switzerland) to check and record any alterations in pH value, and 
detect the presence of leucocytes, protein, hemoglobin, and/or 
nitrite. This step was conducted by two experienced researchers 
simultaneously. For that, a test strip was immersed into every 
urine sample for about 1 s and then, after 1 min, the color 
presented on each pad of the strip was compared to the reference 
scale. The interpretation was conducted according to the 
manufacturer’s instructions, and the Guidelines from the Brazilian 
Society for Clinical Pathology and Laboratory Medicine (SBPC/
ML; Andriolo et al., 2017). After that, two drops of each urine 
sample were used for the POC-CCA test. The remaining volume 
was filtered in a cone folded Whatman® qualitative filter paper, 
Grade 3:6 μm (diameter 185 mm), previously labelled with the 
participant ID. After the filtration, the paper filters were left 
exposed on a sterilized bench to completely dry. They were then 
individually stored in hermetically sealed plastic bags, together 
with desiccant silica gel, and then transported at room temperature 
from the field to the laboratory, where the DNA extraction and 
NAATs tests were conducted.

Kato–Katz test

Two slides were prepared, each with ~42 mg of feces, as 
recommended by the Brazilian Ministry of Health. In order to 
estimate the parasite load of each participant, the instructions of 
the Helm Test® Kit (Bio-Manguinhos/Fiocruz, Rio de Janeiro, RJ, 
Brazil) were followed, such that the total number of eggs found on 
each of the two slides were added together and divided by 12 to 
calculate the number of eggs per gram of stool (eggs/g). The slides 
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FIGURE 1

Flowchart detailing the study design. Legend: PCR-ELISA = polymerase chain reaction coupled with the enzyme-linked immunosorbent assay; 
qPCR = quantitative real-time PCR; LAMP = loop-mediated isothermal amplification; POC-CCA = point-of-care circulating cathodic antigens; 
Commercial kit = anti-Schistosoma-mansoni IgG commercial ELISA kit from Euroimmun; PPE = in-house anti-IgG ELISA test using the recombinant 
antigen PPE; EPI = in-house anti-IgG ELISA test using the Smp150390.1 peptide.

45

https://doi.org/10.3389/fmicb.2022.1048457
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Mesquita et al. 10.3389/fmicb.2022.1048457

Frontiers in Microbiology 06 frontiersin.org

were read 3 h after preparation. For quality control, 10% of the 
slides were read by two technicians, and a third technician read 
10% of the total slides of this study. In all instances, the technicians 
examined the slides “blind” and did not know the results when 
others had already read the same slides.

POC-CCA test

The POC-CCA (Urine CCA (Schisto) ECO test) was 
performed to detect the presence of the S. mansoni circulating 
cathodic antigen in fresh urine. When this was not possible, the 
samples were refrigerated until the next day. In this case, prior to 
testing, the urine was removed from the refrigerator and held at 
room temperature for up to 2 h before testing. The urine samples 
were tested by Urine CCA (Schisto) ECO test (Eco Diagnóstica, 
Nova Lima, MG, Brazil-product reference: TR.0301CA020, batch 
number: 201806011, expiration date: 01/31/2021), following Eco 
Diagnóstica’s instructions for transport, storage, and use. After 
preparing a panel of properly labelled urine samples, with 
respective cassettes labelled with each participant’s ID. Each 
sample was homogenized, and two drops of urine were transferred 
to the cassette. After the 21st minute, the result was interpreted by 
technicians who were unaware of the stool test results. At the time 
of reading, all tests were photographed, and these records were 
kept in the study files. According to the manufacturer, valid tests 
were categorized as negative, trace, or positive, with trace being 
considered as a positive result. Non-valid tests were repeated until 
a valid result was obtained.

Nucleic Acid Amplification tests

Source of samples used as positive controls for 
NAATs

Genomic DNA (gDNA) extracted from S. mansoni adult 
worms (LE strain) using the Wizard® Genomic DNA Purification 
Kit (Promega, Madison, WI, United  States), following the 
manufacturer’s protocol, was used as positive controls in all 
NAATs performed. The gDNA concentration was determined 
using Nanodrop Spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA) and diluted to working concentrations of 
either 1 ng/μl (for LAMP) or 5 ng/μl (for qPCR, PCR and PCR–
ELISA). A schematic demonstration of molecular tests is 
illustrated in Supplementary material 2.

DNA extraction

DNA extraction from fecal samples

The gDNA from 400 fecal samples was extracted using three 
different commercial nucleic acid extraction kits: (i) QIAamp 
DNA Stool Mini Kit (Qiagen GmbH, Hilden, Germany), 
according to the manufacturer’s protocol “DNA Isolation from 
Stool for Pathogen Detection and DNA Isolation from Large 

Amounts of Stool”; (ii) QIAamp Fast DNA Stool Mini Kit (Qiagen 
GmbH); and (iii) QIAamp PowerFecal Pro DNA Kit (Qiagen 
GmbH). Although the latter kit is designed to extract the DNA 
from 250 mg of stool, we used samples consisting of 500 mg of 
stool. However, the protocol was still effectively performed as 
recommended by the manufacturer by splitting each 500 mg fecal 
sample into two 250 mg halves and performing separately the 
“Experienced User Protocol” on each “half ” until step 7. The two 
“halves” were then added (one at a time) to the MB Spin Column, 
and the remaining steps of the protocol followed treating the two 
pooled halves as a single sample (Qiagen, personal communication).

DNA extraction from urine samples

The gDNA from 400 urine samples was extracted using the 
commercial QIAamp DNA Blood Mini Kit (Qiagen GmbH, 
Hilden, Germany). Twelve circular pieces of 6 mm each were 
punched from every paper filter using a hole puncher. In order to 
avoid cross-contamination, the hole puncher was sterilized with 
ethanol 75% after each use. For each sample, all pieces of filter 
paper were transferred to a single 1.5 ml tubes with 600 μl nuclease 
free water and heated at 95°C for 10 min. The tubes were then 
incubated for 16–18 h at 22–25°C (Lodh et al., 2017). Up to 400 μl 
were transferred to a new labelled 2 ml tube, which was used for 
the DNA extraction following the manufacturer’s protocol 
“Purification from Blood or Body Fluids (Spin Protocol).”

PCR-ELISA assay

A highly repetitive genome sequence of parasites from the 
genus Schistosoma (Gen Bank M61098) was amplified by PCR 
following the protocol described by Gomes et al. (2009, 2010) with 
a few modifications. Briefly, PCR was performed using a final 
volume of 20 μl, containing 2 μl of 10X PCR buffer, 2 μg of BSA 
(Sigma Aldrich, Saint Louis, MO, USA), 0.5 μM of each S. mansoni-
specific primer (Table 1), 1.5 mM MgCl2, 200 μM of each dNTPs 
(Promega, Madison, WI, USA), 2.0 U of Platinum™ Taq DNA 
Polymerase (Thermo Fisher Scientific), and 2 μl of gDNA purified 
from stool samples diluted 1:5 in linear acrylamide solution [30 μg/
ml (w/v)]. The cycling programs were preceded by 12 min at 95°C, 
and then:15 cycles of 95°C for 1 min, 63°C for 1 min and 72°C for 
30 s; 12 cycles of 80°C for 1 min, 63°C for 1 min and 72°C for 30 s; 
and 7 cycles of 80°C for 1 min, 65°C for 1 min and 72°C for 30 s; 
followed by a final elongation step at 72°C for 7 min. In each PCR 
assay, a negative control (PCR mix without DNA) and a positive 
control (gDNA from S. mansoni adult worms) were included. The 
presence of amplicons was detected in MaxiSorp® polystyrene 
microplates (Nunc™, Thermo Fisher Scientific) following the 
protocol described by Senra et al. (2018). The primers used are 
detailed in Table 1. The human β-actin (ACTB) gene was used as an 
internal control, and negative (PCR mix without DNA) and positive 
(using DNA extracted from adult S. mansoni worms as template) 
controls were both included. The cut-off of the PCR-ELISA used in 
this study was 0.136, as previously defined using a receiver 
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operating characteristic curve (ROC Curve) analysis (Senra et al., 
2018). This test was performed only on stool samples.

PCR

PCR assays were conducted as described above in Section 7.3 
using 2 μl of gDNA from urine samples diluted 1:2  in linear 
acrylamide solution [30 μg/ml (w/v)] as template for each reaction. 
The results were visualized by electrophoresis using 6% 
polyacrylamide gels and analyzed by silver staining.

qPCR assay

The quantitative PCR (qPCR) reaction was performed 
according to Siqueira et al. (2021). Briefly, the reaction was done 
in a final volume of 20 μl containing 10 μl of TaqMan® Universal 
PCR Master Mix (Life Technologies, Thermo Fisher Scientific), 
0.1 μM of each S. mansoni-specific primer, 0.25 μM of the 
S. mansoni-specific probe, 0.15 μM of each β-actin specific primer 
and 0.25 μM of the β-actin probe (Table 1), 2 μg of BSA, 2 μM 
MgCl2, and 4 μl of gDNA extracted from stools and diluted 1:5 in 
linear acrylamide solution [30 μg/ml (w/v)]. Two controls were 
used for each reaction: a positive control (PCR mix plus gDNA 
from adult worms) and a negative control consisting of PCR mix 
only (i.e., no template control). All primers and probes used are 

listed in Table 1. The assays were performed in duplicate using 
microplates (MicroAmp® Fast Optical-Applied Biosystems, Foster 
City, CA, United  States) sealed with adhesive film (Optical 
Adhesive Covers-Applied Biosystems, Foster City, CA, USA) on 
the StepOnePlus™ Real-Time PCR System (Thermo Fisher 
Scientific) under the universal cycling program with 45 cycles and 
annealing temperature of 60°C. Samples with observed Ct ≤ 42 
were classified as positive, according to Siqueira et  al. (2021). 
Samples that did not have amplification of the internal control 
(i.e., amplification of the β-actin gene) were retested, and a new 
DNA sample was extracted when necessary. For the urine samples, 
the reaction was done in a final reaction volume of 20 μl following 
the protocol described above, but with the follow modifications: 
2.0 mM MgCl2 and 4 μl of DNA diluted 1:3 in linear acrylamide 
solution [30 μg/ml (w/v)] were used. Additionally, for the urine 
sample, the Ct cut-off used was ≤ 44 defined through a standard 
curve analysis that showed amplification up to 0.38 fg of 
S. mansoni DNA. Samples that did not have amplification of the 
internal control gene were retested and a new DNA sample was 
re-extracted when necessary.

Lamp

The primers designed by Fernández-Soto et  al. (2014) 
targeting the mitochondrial S. mansoni minisatellite DNA 
region (GenBank: L27240) were used in this study (Table 1). 

TABLE 1 Primers and probes used in the molecular tests.

Type Amplicon Target Assay Sequence References

Forward Primer 121 bp S. mansoni repetitive region 

Sm1-7 (GenBank: M61098)

PCR and 

PCR-ELISA
5-Biosg/ GAT CTG AAT CCG ACC AAC CG-3′ Gomes et al. (2009)

Reverse Primer 5′- ATA TTA ACG CCC ACG CTC TC-3′

Probe 5-6[FAM]/ TGG TTT CGG AGA TAC AAC GA-3′

Forward Primer 120 bp Human β-actin gene 

(GenBank: AY582799.1)

PCR-ELISA 5-Biosg/ ACC TCA TGA AGA TCC TCA CC-3’ Musso et al. (1996)

Reverse Primer 5′- CCA TCT CTT GCT CGA AGT CC-3′

Probe 5-6[FAM]/ TCT CCT TAA TGC ACG CAC G-3′ Gomes et al. (2010)

Forward primer 90 bp S. mansoni repetitive region 

Sm1-7 (GenBank: M61098)

qPCR 5′-CCG ACC AAC CGT TCT ATG A-3′ Siqueira et al. (2021)

Reverse Primer 5′-CAC GCT CTC GCA AAT AAT CTA AA-3′

Probe 5′-6[FAM]/TCG TTG TAT CTC CGA AACCAC TGG 

ACG/[3BHQ1]

Forward Primer 92 bp Human β-actin gene 

(GenBank: AY582799.1)

5’-CCA TCT ACG AGG GGT ATG-3’

Reverse Primer 3′-GGT GAG GAT CTT CAT GAG GTA-5’

Probe 5′- 6[JOE]/CCT GCG TCT GGA CCT GGC TG/[3BHQ1]

Internal forward 

Primer- FIP

NA Mitochondrial S. mansoni 

minisatellite DNA region 

(GenBank: L27240)

LAMP 5′- GCC AAG TAG AGA CTA CAA ACA TCT TTG GGT 

AAG GTA GAA AAT GTT GT-3’

Fernández-Soto et al. 

(2014)

Internal Backward 

Primer- BIP

5′- AGA AGT GTT TAA CTT GAT GAA GGG GAA 

ACA AAA CCG AAA CCA CTA-3’

External Forward 

Primer- F3

203 bp 5′- TTA TCG TCT ATA GTA CGG TAG G-3’

External Backward 

Primer- B3

5′- ATA CTT TAA CCC CCA CCA A-3’

bp = base pair; FAM = 6-Carboxyfluorescein; BHQ1 = Black Hole Quencher 1; JOE = 6-carboxy-4′,5′-dichloro-2′,7′-dimethoxyfluorescein; NA = not applicable.
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The original protocol described by the authors was adapted to 
ensure the specificity of the reaction. The adapted protocol 
consisted of a final volume of 25 μl having: 1 × Isothermal 
Amplification Buffer (20 mM Tris–HCl, 10 mM (NH4)2SO4, 
50 mM KCl, 2 mM MgSO4, 0.1% Tween-20, pH 8.8 @ 25°C; 
New England Biolabs, Ipswich, MA, United  States), 6 mM 
MgSO4 (New England Biolabs), 1.4 mM of each dNTP 
(Invitrogen, Waltham, MA, United States), 40 pmol/μl of the 
internal primers FIP and BIP, 5 pmol/μl of the external primers 
F3 and B3, 1 M betaine (Sigma Aldrich), 8 U Bst 2.0 Warm-
Start DNA polymerase (New England Biolabs), 2 μl of the 
DNA extracted from fecal samples or 5 μl of the DNA extracted 
from urine samples. The reaction tubes were incubated at 
63°C for 50 min, followed by a 5-min incubation at 80°C to 
inactivate the polymerase. The result was visualized by naked 
eye after the addition of 2 μl of the DNA intercalating dye 
SYBR Green I  (1000X, Life Technologies, Thermo Fisher 
Scientific). When positive, the reaction changed color from 
orange to yellow. When negative, the reaction remained 
orange. The reaction tubes were also exposed to UV light 
(320 nm) and the samples were considered positive when the 
reaction tube showed fluorescent signal, whilst the absence of 
amplification was inferred when no fluorescence was apparent. 
As a quality control, 3 μl of the reaction product was visualized 
on silver-stained 6% polyacrylamide gel. If the result observed 
by adding the SYBR Green I dye and by electrophoresis did 
not match, the reaction was repeated just once. After 
repeating, any discordant results were resolved by considering 
visual inspection of any color changes.

Serological tests

Schistosoma mansoni antigens
A synthetic peptide (SLPSNAHNNDNNSSD-biotin) 

containing amino acids 216–230 from the S. mansoni protein 
Smp150390.1 (Carvalho et  al., 2017) was purchased from 
Biomatik (Ontario, Canada) and conjugated with biotin at the 
C-terminal end. The synthetic peptide had a purity of 96.22% and 
was resuspended in ultra-pure water to a final concentration of 
2.5 mg/ml and stored at-70°C until use. A S. mansoni recombinant 
protein, called by the name PPE (rPPE), and encoded by a 
sequence similar to the Smp_049300.3 gene, was expressed in 
E. coli ArcticExpress (DE3) cells (Agilent Technologies, Santa 
Clara, CA, United States) using the pET21a plasmid and purified 
by Ni2+ affinity chromatography using the Ni-NTA Fast Start Kit 
(Qiagen GmbH, Hilden, Germany). The resulting purified rPPE 
was stored at-70°C in PBS at 1 mg/ml until use.

ELISA tests
Three different ELISA tests were performed using sera from 

the participants of the study: the anti-Schistosoma mansoni IgG 
commercial ELISA Kit from Euroimmun (São Caetano do Sul, SP, 
Brazil), and two in-house ELISA tests using either the 

biotin-labelled synthetic Smp150390.1 (216–230) peptide or the 
recombinant PPE protein as antigens, respectively.

The anti-Schistosoma mansoni IgG ELISA test from 
Euroimmun (from here on in termed the commercial ELISA kit) 
was performed following the manufacturer’s instructions using 
the buffers provided in the Kit. Briefly, microtiter plates adsorbed 
with S. mansoni purified soluble egg antigens were incubated with 
serum samples diluted 1:101 in sample buffer for 1 h at 37°C. The 
plates were washed four times with a wash buffer and the detection 
antibody (anti-human IgG-HRP) was then added and incubated 
for 30 min at 37°C. After an additional washing step, color 
reactions were developed by incubating the substrate for 30 min 
at room temperature. The reaction was stopped using the stop 
solution and the absorbance was measured at 450 nm using an 
ELISA microplate reader (Thermo Fisher Scientific). Sample 
reactivity was determined by the ratio between sample and 
calibrator absorbances. Values below 0.8 were taken to indicate 
non-reactive sera, while values higher than or equal to 1.1 
indicated reactive sera. Values higher than or equal to 0.8, but 
lower than 1.1, were interpreted as indeterminate results.

Anti-IgG EPI (ELISA test to detect reactivity against the 
synthetic peptide) containing the epitope Smp150390.1 (216–230) 
and anti-IgG PPE ELISA tests (ELISA test to detect reactivity 
against the recombinant protein PPE), from here on in termed 
“ELISA EPI” and “ELISA PPE,” respectively, were performed as 
follows. MaxiSorp  96-well microtiter plates (Nunc™, Thermo 
Fisher Scientific) were coated with either 25 μg/ml (synthetic 
peptide) or 8 μg/ml (rPPE) diluted in carbonate–bicarbonate 
buffer 0.05 M, pH 9.6, for 16 h at 4°C. The plates were blocked for 
2 h at 37°C with 300 μl/well of PBS-T (phosphate-buffered saline, 
pH 7.2 with 0.05% Tween-20) with 10% FBS (fetal bovine serum; 
GIBCO, United States). One hundred microliters of each serum 
sample diluted either 1:40 (anti-IgG EPI test) or 1:100 (anti-IgG 
PPE test) in PBS-T was added per well and incubated for 2 h at 
37°C. Serum samples were analyzed in duplicate. Plate-bound 
antibody was detected using 100 μl/well of a peroxidase-
conjugated anti-human IgG (Sigma Aldrich) diluted 1:40,000 
(anti-IgG EPI test) or 1:60,000 (anti-IgG PPE test) in PBS-T. Plates 
containing the detection antibody were incubated for 2 h at 
37°C. Color reactions were developed by adding 100 μl of TMB 
(3,3′,5,5′-Tetramethylbenzidine) substrate (Sigma Aldrich) for 
30 min at room temperature. The reaction was stopped with 50 μl 
of 2 M sulfuric acid solution, giving 4 N (4 Normal), per well, and 
the absorbance was measured at 450 nm using an ELISA 
microplate reader (Thermo Fisher Scientific). Sample reactivity 
was determined by the ratio between the mean sample absorbance 
and the mean calibrator (pool of sera samples from 
non-Schistosoma mansoni infected individuals) absorbance. 
Values below 0.95 were taken to indicate non-reactive sera and 
values higher than 1.05 indicated reactive sera. Values higher than 
or equal to 0.95, but lower than or equal to 1.05, were interpreted 
as indeterminate results. The ranges for classification of the serum 
reactivity were determined based on the inter- and intra-test 
coefficient of variation observed during the standardization 
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process. A schematic demonstration of ELISA tests is illustrated 
in Supplementary material 2.

Sera presenting indeterminate results in any of the ELISA tests 
were evaluated again, and the second result registered in the study 
database. For the construction of the latent class model, 
indeterminate results were considered as negative results.

Statistical analysis

Initially, samples were characterized based on the proportional 
distribution of individuals in relation to the history of infection 
with the parasite and any previous treatment. The latent class 
analysis (LCA) can be  used in situations where the reference 
standard is partially unavailable or imperfect. The LCA method 
combines multiple test results in order to construct a standard 
reference outcome. The probability of each individual being 
classified as ‘case’ (classified as positive for S. mansoni infection) 
based on the 11 tests described above was estimated from the fit 
of the latent class model (LCM), which may include a random 
effect (Beath, 2017). The best model in terms of the number of 
classes into which individuals are classified was chosen based on 
the lowest value of the Bayesian Information Criterion (BIC). The 
posterior class probabilities for each observed pattern and class 
were determined. These were returned as a data frame together 
with the patterns for each observation. Thus, the outcome of 
interest could be defined. Individuals who presented a posterior 
class probability above 80% in the best fit LCM were considered 
as belonging to the ‘case group’. Separate analyses of the individual 
accuracy of each of the 11 diagnosis tests were also performed. 
The 80% cut-off was defined based on the distribution of outcome 
probabilities (Supplementary material 3) in which there is a sharp 
decrease below the cut-off in the probability of being included in 
the ‘case group’ (from 81 to 68%).

Diagnostic test accuracy (DTA) is defined as the proportion 
of all the clinical diagnostic tests analyzed that give a correct 
result. The most common accuracy measures are: (i) 
sn = sensitivity, the probability of a positive test result in people 
with the infection; (ii) sp. = specificity, the probability of a 
negative test result in people without the infection; (iii) 
PPV = positive predictive value, the ratio of people with the 
infection to those who have a positive test result; (iv) 
NPV = negative predictive value, the ratio of people without the 
infection to those who have a negative test result; (v) 
LR+ = positive likelihood ratio, the ratio of the probability of a 
positive test result among those with the infection to that of a 
positive test result among those without the infection; (vi) 
LR- = negative likelihood ratio, the ratio of the probability of a 
negative test result among those with the infection to that of a 
negative test result among those without the infection; (vii) 
accuracy, the combined proportion of people who are true 
positives and true negatives among all the subjects tested. The LR 
is an overall measure of the discrimination of test result. The test 
is useless if LR = 1. The test is better the more LR differs from 1, 

that is, greater than 1 for LR+ and lower than 1 for LR-. The Epi 
package was used in the R software (epi.tests function) computes 
true and apparent prevalence, sensitivity, specificity, positive and 
negative predictive values, and positive and negative likelihood 
ratios from count data provided in a 2 by 2 table (Carstensen 
et al., 2022). The exact binomial confidence limits were calculated 
for test sensitivity, specificity, and positive and negative predictive 
values (Collett, 2002). Confidence intervals for positive and 
negative likelihood ratios were based on the formulae provided 
by Simel et al. (1991).

In order to calculate the summary statistics for the DTA, a 
pairwise meta-analysis model was selected. General pairwise 
meta-analysis calculates the effect size, such as relative risk and 
the odds ratio (OR) for binary data, and the mean difference for 
continuous data. DTA simultaneously combines two effect sizes, 
such as the sensitivity and specificity, or the positive predictive 
and negative predictive values. The bivariate model assumes a 
binomial distribution that directly models the sensitivity and 
specificity for within study variations, while assuming a 
bivariate normal distribution for between-study variation. 
“Different studies” were considered as different exclusive sets of 
tests grouped together according to the type of biological 
material they examined (i.e., urine, stool, or blood; Shim 
et al., 2019).

For calculating the confidence interval, the Clopper–Pearson 
method was used (Newcombe, 1998). In forest plots, the 
Higgins’ I2 of the heterogeneity was determined by subtracting 
the number of degrees of freedom from the Cochrane Q 
statistics, and then again dividing the resulting value by the 
Cochrane Q statistics. Thus, it quantifies the heterogeneity in a 
consistent manner. Heterogeneity may be  suspected if the 
between-study variation is greater than the within-study 
variation in the forest plot (sensitivity and specificity). Methods 
for meta-analysis of fixed effects and random effects of single 
proportions were used to calculate an overall proportion 
(Borenstein et al., 2010; Barendregt et al., 2013). The packages 
in R software used were random LCA, Epi, metaprop and metabin 
for sensitivity, specificity, and diagnostic odds ratio; and forest 
for the forest plot (Beath, 2017; Balduzzi et al., 2019; Carstensen 
et al., 2022).

Rationale for calculating the cost of tests

The cost of each test assessed in this study was calculated 
according to the current price quoted in Brazilian reais (BRL) 
between June and July 2022. The exchange rate for American 
dollars (USD) was obtained from the Central Bank of Brazil 
(https://www.bcb.gov.br/) on 27/07/2022, when 1 USD = 5.3068 
BRL. The costs of the 2-step protocols proposed in the present 
study were calculated using the following  
formulas:

 n X× =cost of comercial ELISA kit
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 nPOS cost of molecular test on stool× = Y

 ( )
cost per individual of the proposed two step protocol−
= + ÷X Y n

When n is the population size and nPOS is the number 
of individuals classified as positive by the commercial 
ELISA kit.

The cost for each sample does not include the price of 
equipment needed, personnel, and DNA extraction kits (for 
NAATs). The cost of DNA extraction kits is listed separately 
on Supplementary Material 4. The price of the discontinued 
QIAamp DNA Stool Mini Kit, the KK and POC-CCA kits 
were obtained previously (2017–18) and adjusted according 
to the General Market Price Index (IGP-M) from Getúlio 
Vargas Foundation (https://portal.fgv.br/). The calculation 
of the costs is described in detail in Supplementary 
Material 4.

Results

Demographic data

The participants answered a questionnaire enabling the 
determination of their demographic profile. The age of the 
study population ranged from 6 to 88 years, with 51.5% of 
participants with less than 30 years of age. The majority were 
female (65.5%). More than 56% of the participants had 
schistosomiasis at least once in their lives. All the demographic 
data collected by the questionnaire are detailed in Table 2. No 
adverse effects associated with either sample collection or 
treatment for worm infection were observed.

Kato-Katz technique

The KK technique enabled the detection of 22 individuals 
(5.5%) having S. mansoni eggs in their stools (Figure 2). Based 
on the egg count per gram of stool, the distribution of the 
intensity of S. mansoni infection was as follows: 81.8% of 
S. mansoni-infected participants had light infections (1–99 
eggs/g), 9.1% of moderate infections (100–399 eggs/g), and 
9.1% heavy infections (> 400 eggs/g; Gomes et  al., 2017). 
Besides the detection of S. mansoni infection, KK also enables 
the detection in stools of the eggs of soil-transmitted 
helminths (STH). In this study, the presence of the nematode 
Ascaris lumbricoides was detected in six individuals (1.5% of 
all participants), and unspecified hookworms in one individual 
(0.2%). The occurrence of multiple infections (i.e., 
simultaneous coinfection of the same individual with both 
S. mansoni and STH) was not detected.

Immunological tests

POC-CCA identified 122 (30.5%) individuals as positive for 
the presence of circulating cathodic antigen (when also including 
the trace outcome; Figure 2). Serological tests were conducted to 
detect the presence of IgG antibodies in the sera of the study 
population. The commercial ELISA kit classified 163 individuals 
as positive (40.8% of the total study population), while 53% 
(212/400) had a non-reactive serum, and the remaining 6.3% 
(25/400) had indeterminate results, with both of the latter groups 
being considered negative for the purposes of the current study. A 
positivity rate of 33% (132/400) was observed when the ELISA 
EPI was performed, with 65.8% (263/400) of samples non-reactive 
and 1.3% (5/400) indeterminate results. Similarly, a positivity rate 
of 33.8% (135/400) was observed when the ELISA PPE was used. 
When this latter test was performed 65% (260/400) of samples 
were non-reactive and 1.3% (5/400) showed indeterminate results. 
The ELISA EPI and PPE had highly concordant results according 
to McNemar’s test (p = 0.901; Figure 2).

Nucleic Acid Amplification Tests

NAATs applied to stool samples showed at least a three-fold 
increase in the schistosomiasis positivity rate compared to KK 
results. The LAMP assay had the highest positivity rate of the 
molecular methods of 30.8%, detecting the presence of the parasite 
DNA in 123 individuals. PCR-ELISA and qPCR also had notably 
higher positivity rates than KK of 18.5% (74/400) and 16.5% 
(66/400), respectively (Figure 2). There was evidence of agreement 
between the results of the PCR-ELISA and qPCR when applying 
McNemar’s test (p = 0.322).

The positivity rate observed using LAMP assay on urine 
samples was relatively high, although lower than that observed 
when POC-CCA was used, with positive results for 22% of the 
study population (89/400). In contrast, the positivity rates 
observed when either PCR or qPCR were used on the urine 
samples were much lower, although similar to one another, being 
6% (24/400) and 5.2% (21/400), respectively (Figure  2). 
Accordingly, McNemar’s test only indicated an agreement between 
the results of the PCR and qPCR tests (p = 0.728).

Chemical analysis of the urine

All urine samples were submitted to chemical analysis using 
the Combur10 Test® M test strips, enabling detection of leucocytes 
in the urine from 39 (9.8%), proteins in 36 (9%), hemoglobin in 
40 (10%), and nitrite in 19 (4.8%) individuals. For all of these 
parameters, their absence is the reference value (i.e., that expected 
in healthy individuals). Alterations in the pH of the urine was 
detected in 50.3% of the study population, with 36.8% (147/400) 
of them acidic (pH < 5.5) and 13.5% (54/400) alkaline (pH > 6.5). 
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Multiple separate Fisher’s Exact Tests were used to evaluate the 
existence of any individual (i.e., bivariate) associations between (i) 
each of the five urine parameters described above and (ii) the 
results of each of the four specific diagnostic tests for S. mansoni 
used on the urine samples (i.e., POC-CCA, LAMP, PCR, and 
qPCR). A significant association was observed only between the 
presence of protein in the urine and a negative result in POC-CCA 
(p = 0.028).

Diagnostic test accuracy

The LCA models with two-classes had a smaller BIC statistic 
compared to models with either one or three classes, therefore the 
two-classes LCA model was chosen. In this model, class 1 

presented higher outcome probabilities for the majority of the 
tests and was assigned as the ‘case group’ in this study. The 
outcome probabilities table is available in Supplementary material 3. 
The estimated prevalence of schistosomiasis using LCA was 13.4%.

In this study, to evaluate the accuracy of the diagnostic tests, 
only individuals who presented the combination of test outcomes 
corresponding to probability higher than 80% of being included 
in Class 1 were classified within the “case group.” As a result, 47 
people were considered true positives according to this LCM, with 
a schistosomiasis prevalence of 12% (95% CI: 9–15%).

LCA was used in this study as the reference standard. 
Based on this, KK had an estimated sensitivity of 38% and a 
specificity of 99%. Among all the NAATs methods evaluated 
in this study, PCR-ELISA, and qPCR, both using stool samples, 
had the highest estimated values of sensitivity and specificity, 
being 96 and 92% for PCR-ELISA, and 96 and 94% for qPCR, 
respectively. Among NAATs performed, the lowest sensitivity 
rates were observed when using urine samples (6% PCR, 13% 
qPCR and 19% LAMP). Serological tests had the lowest 
specificities (67% commercial ELISA kit, 67% ELISA EPI and 
69% ELISA PPE), although the commercial ELISA kit also had 
the highest sensitivity rate (100%). These and the remaining 
estimated parameters of each diagnostic test evaluated in the 
current study are listed in Table 3.

Based on the estimated sensitivity and specificity values of 
each test (Table  3), three different two-step diagnostic 
approaches are proposed for the active search of infected 
people in low and moderate endemicity settings (Figure 3). As 
the serological commercial ELISA kit had the highest 
sensitivity among all the tests evaluated, being 100% sensitive, 
this test is considered an excellent option when screening for 
true-negative individuals. However, considering the low 
specificity of this test (67%), it is advised to use a second test 
with high specificity in order to detect the true-positive 
among the positive results generated by the commercial ELISA 
kit. NAATs performed on stool had satisfactory specificity, 
especially PCR-ELISA and qPCR (92 and 94%, respectively), 
which are good candidates for the second step of the two-step 
protocol. Although LAMP had a lower specificity (75%) 
compared to these two latter tests, it is also considered a 
candidate for the second step due to its simplicity and 
feasibility of use in the field.

The estimated parameters for each proposition were 
calculated and are listed in Table 3. The mean value of sensitivity 
observed for the 11 tests was 70.4% whilst the specificity was 
89.5%, as illustrated in Figure  4. The sensitivity of all three 
propositions was higher than the general estimated value. 
Proposition 2 (commercial ELISA kit + LAMP_stool) showed the 
lowest sensitivity value of 72%, while Propositions 1 and 3 had 
higher, sensitivity values of 96%. With regard to specificity, all 
three proposed two-step approaches had similar values ranging 
from the lowest of 91% (Proposition 2) to the highest of 98% 
(Proposition 1) and were higher than the general estimated value 
(89.5%). Propositions 1 (commercial ELISA kit + qPCR_stool) 

TABLE 2 Summary of the demographic data of the study population 
(N = 400).

Population characteristics n (400) %

Age

6 - 8 35 8.8

9 - 11 40 10.0

12 - 14 38 9.5

15 – 29 93 23.2

30 – 47 95 23.8

48 - 88 99 24.8

Gender

Female 262 65.5

Male 138 34.5

Previously tested for 

schistosomiasis

Yes 258 64.5

No 130 32.5

Did not know 12 3.0

Among those previously tested n (258) %

Biological material used for 

previous testing

Faeces

Blood 252 97.7

Blood and Faeces 4 1.6

Did not know/ Did not answer 2 0.01

4 1.6

Previous test result

Positive 145 56.2

Negative 97 37.6

Did not know 16 6.2

Previous treatment with 

praziquantel

Yes 130 89.7

No 15 10.3

Time since previous treatment

> 1 year 6 4.6

> 3 years 124 95.4

51

https://doi.org/10.3389/fmicb.2022.1048457
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Mesquita et al. 10.3389/fmicb.2022.1048457

Frontiers in Microbiology 12 frontiersin.org

and 3 (commercial ELISA kit + PCR-ELISA_stool) are the most 
promising candidate methods, with Proposition 1 marginally 
preferable it has a higher accuracy compared to Proposition 3 (98 
and 96%, respectively).

Regarding the costs of each diagnostic test, Kato-Katz had 
the lower cost (US$ 0.97), followed by LAMP (US$ 2.39), 
PCR (US$ 2.73), ELISA tests (US$ 2.70–3.26), PCR-ELISA 
(US$ 4.61), qPCR (US$ 5.14) and POC-CCA (US$ 7.14; 
Table 3). The two-step diagnosis approach provided similar 
performance than molecular tests alone with lower costs 
(Table 3).

Discussion

There is an urgent need to eliminate schistosomiasis as a 
public health problem, and precisely diagnosing infected people 
is vital to achieve this goal. Given the current absence of a standard 
reference test, and the difficulties of diagnosing the infection in 
low endemicity areas, we sought to evaluate the performance of 
11 diagnostic tests for the detection of Schistosoma mansoni 
infection using the occurrence of infection estimated by latent 
class analysis (LCA) as the reference standard. LCA is a statistical 
approach that has been successfully used to assess the accuracy of 
diagnostic methods for a range of diseases, including 
schistosomiasis (Ibironke et al., 2012; Colley et al., 2013; Beltrame 
et al., 2017; Clements et al., 2017; Ferreira et al., 2017; Koukounari 
et al., 2021). The latent class model (LCM) developed here enabled 
the estimation of a 12% (95% CI: 9–15%) schistosomiasis 

prevalence in the borough of Santa Rita, in Malacacheta, Minas 
Gerais, Brazil. Our findings also enabled the proposition of three 
different two-step approaches for the accurate diagnosis of 
S. mansoni infection in moderate and low endemicity settings.

We aimed to include a heterogeneous population in our study, 
with regard to age and gender, in order to enable extrapolation 
and translation of our findings to other settings. More than 64% 
of participants reported a past examination for schistosomiasis, 
with a positive test result for most of them.

Kato-Katz (KK) test is recommended by both the WHO and 
the Brazilian Ministry of Health (Gomes et  al., 2017), for 
individual diagnosis and epidemiological surveys. In the present 
study, KK detected S. mansoni eggs in stool samples from 22 
individuals, with a positivity rate of 5.5%. More than 80% of the 
KK-positive individuals presented light infections (less than 99 
eggs/g). Due to the low sensitivity of KK in low endemicity 
settings, especially with regard to its ability to detect low intensity 
infections, it is expected that some infected people have been 
misdiagnosed as false-negative (McManus et al., 2018; Weerakoon 
et al., 2018).

In this study, the estimated parameters obtained confirmed 
that KK has a high specificity (99%) but insufficient sensitivity 
(38%). This lack of sensitivity is especially critical in regard to 
control and elimination strategies. According to the WHO, 
preventive chemotherapy (PC) through mass drug administration 
(MDA) of praziquantel remains the main strategy for 
schistosomiasis control and elimination, and to whom PC will 
be delivered depends on the prevalence of infection in the treated 
region (Lo et al., 2022). Therefore, timely treatment may be denied 

FIGURE 2

Detection of schistosomiasis infection according to different diagnostic tests and sample types. POC-CCA positive results include trace outcome 
and serologically negative results include indeterminate results.
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TABLE 3 Estimated parameters of the 11 individual diagnostic tests evaluated, and the three 2-step diagnostic approaches proposed for the active 
search of infected people in moderate and low endemicity areas, in the current study.

Tests
Case (LCA) Estimated Parameters Cost/

Sample 
(USD) **YES NO p* P sn sp PPV NPV LR+ LR- ac

POC-CCA

+

-

27

20

95

258

0.30

LI=0.26

LS=0.35

0.12

LI=0.09

LS=0.15

0.57

LI=0.42

LS=0.72

0.73

LI=0.68

LS=0.78

0.22

LI=0.15

LS=0.31

0.93

LI=0.89

LS=0.96

2.13

LI=1.58

LS=2.88

0.58

LI=0.42

LS=0.82

0.71

LI=0.67

LS=0.76

7.14

LAMP_urine

+

-

9

38

80

277

0.22

LI=0.18

LS=0.27

0.12

LI=0.09

LS=0.15

0.19

LI=0.09

LS=0.33

0.77

LI=0.73

LS=0.82

0.10

LI=0.05

LS=0.18

0.88

LI=0.84

LS=0.91

0.84

LI=0.46

LS=1.57

1.05

LI=0.90

LS=1.21

0.70

LI=0.66

LS=0.75

2.39

PCR_urine

+

-

3

44

21

332

0.06

LI=0.04

LS=0.09

0.12

LI=0.09

LS=0.15

0.06

LI=0.01

LS=0.18

0.94

LI=0.91

LS=0.96

0.12

LI=0.03

LS=0.32

0.88

LI=0.85

LS=0.91

1,07

LI=0.33

LS=3.46

1.00

LI=0.92

LS=1.08

0.84

LI=0.80

LS=0.87

2.73

qPCR_urine

+

-

6

41

15

338

0.05

LI=0.03

LS=0.08

0.12

LI=0.09

LS=0.15

0.13

LI=0.05

LS=0.26

0.96

LI=0.93

LS=0.98

0.29

LI=0.11

LS=0.52

0.89

LI=0.86

LS=0.92

3.00

LI=1.23

LS=7.36

0.91

LI=0.81

LS=1.02

0.86

LI=0.82

LS=0.89

5.14

Kato-Katz

+

-

18

29

4

349

0.06

LI=0.03

LS=0.08

0.12

LI=0.09

LS=0.15

0.38

LI=0.25

LS=0.54

0.99

LI=0.97

LS=1.00

0.82

LI=0.60

LS=0.95

0.92

LI=0.89

LS=0.95

33.80

LI=11.95

LS=95.60

0.62

LI=0.50

LS=0.78

0.92

LI=0.89

LS=0.94

0.97

LAMP_stool

+

-

34

13

89

264

0.31

LI=0.26

LS=0.36

0.12

LI=0.09

LS=0.15

0.72

LI=0.57

LS=0.84

0.75

LI=0.70

LS=0.79

0.28

LI=0.20

LS=0.36

0.95

LI=0.92

LS=0.97

2.87

LI=2.23

LS=3.69

0.37

LI=0.23

LS=0.59

0.74

LI=0.70

LS=0.79

2.39

PCR-ELISA_stool

+

-

45

2

29

324

0.18

LI=0.15

LS=0.23

0.12

LI=0.09

LS=0.15

0.96

LI=0.85

LS=0.99

0.92

LI=0.88

LS=0.94

0.61

LI=0.49

LS=0.72

0.99

LI=0.98

LS=1.00

11.65

LI=8.18

LS=16.60

0.05

LI=0.01

LS=0.18

0.92

LI=0.89

LS=0.95

4.61

qPCR_stool

+

-

45

2

21

332

0.16

LI=0.13

LS=0.21

0.12

LI=0.09

LS=0.15

0.96

LI=0.85

LS=0.99

0.94

LI=0.91

LS=0.96

0.68

LI=0.56

LS=0.79

0.99

LI=0.98

LS=1.00

16.09

LI=10.58

LS=24.47

0.05

LI=0.01

LS=0.18

0.94

LI=0.91

LS=0.96

5.14

ELISA-EPI

+

-

15

32

117

236

0.33

LI=0.28

LS=0.38

0.12

LI=0.09

LS=0.15

0.32

LI=0.19

LS=0.47

0.67

LI=0.62

LS=0.72

0.11

LI=0.07

LS=0.18

0.88

LI=0.84

LS=0.92

0.96

LI=0.62

LS=1.50

1.02

LI=0.83

LS=1.26

0.63

LI=0.58

LS=0.68

3.26

ELISA-PPE

+

-

25

22

110

243

0.34

LI=0.29

LS=0.39

0.12

LI=0.09

LS=0.15

0.53

LI=0.38

LS=0.68

0.69

LI=0.64

LS=0.74

0.19

LI=0.12

LS=0.26

0.92

LI=0.88

LS=0.95

1.71

LI=1.25

LS=2.33

0.68

LI=0.50

LS=0.93

0.67

LI=0.62

LS=0.72

2.70

commercial-ELISA

+

-

47

0

116

237

0.41

LI=0.36

LS=0.46

0.12

LI=0.09

LS=0.15

1.00

LI=0.92

LS=1.00

0.67

LI=0.62

LS=0.72

0.29

LI=0.22

LS=0.36

1.00

LI=0.98

LS=1.00

3.04

LI=2.62

LS=3.53

-

0.71

LI=0.66

LS=0.75

2.81

Proposition 1

+

-

45

2

7

346

0.13

LI=0.10

LS=0.17

0.12

LI=0.09

LS=0.15

0.96

LI=0.85

LS=0.99

0.98

LI=0.96

LS=0.99

0.87

LI=0.74

LS=0.94

0.99

LI=0.98

LS=1.00

48.28

LI=23.13

LS=100.78

0.04 

LI=0.01

LS=0.17

0.98

LI=0.96

LS=0.99

4.90

Proposition 2

+

-

34

13

32

321

0.16

LI=0.13

LS=0.21

0.12

LI=0.09

LS=0.15

0.72

LI=0.57

LS=0.84

0.91

LI=0.87

LS=0.94

0.52

LI=0.39

LS=0.64

0.96

LI=0.93

LS=0.98

7.98

LI=5.49

LS=11.61

0.30

LI=0.19

LS=0.48

0.89

LI=0.85

LS=0.92

3.78

Proposition 3

+

-

45

2

15

338

0.15

LI=0.12

LS=0.19

0.12

LI=0.09

LS=0.15

0.96

LI=0.85

LS=0.99

0.96

LI=0.93

LS=0.98

0.75

LI=0.62

LS=0.85

0.99

LI=0.98

LS=1.00

22.53

LI=13.68

LS=37.11

0.04

LI=0.01

LS=0.17

0.96

LI=0.93

LS=0.98

4.69

LI = limit inferior of the 95% confidence interval; LS = limit superior of the 95% confidence interval; prevalence; p* = positivity rate; p = prevalence; sn = sensitivity; sp. = specificity; 
PPV = positive predictive value; NPV = negative predictive value, LR+ = positive likelihood ratio; LR– = negative likelihood ratio; ac = accuracy; ** cost/sample column does not include 
the price of equipment needed, personnel, and DNA extraction kits. The cost of each test was calculated according to the US Dollar exchange rate for 27/07/2022 from the Central Bank 
of Brazil (https://www.bcb.gov.br/) when 1 USD = 5.3068 BRL.
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to those in need if the true prevalence is underestimated. It is 
important to reinforce that even low intensity infections are 
associated with morbidity (King, 2015), as well as parasite 
cycle maintenance.

Nucleic Acids Amplification Tests (NAATs) are highly 
sensitive alternatives to microscopic egg detection. Stool samples 
are usually used as the source of S. mansoni genetic material, and 
a pre-analytical phase is necessary to extract the DNA from eggs 
and remove inhibitors that can hamper the performance of 
NAATs. Nucleic acid extraction is an important process, which 
often requires additional steps to facilitate egg disruption (Pomari 
et  al., 2019). PCR-based methods are more influenced by the 
presence of inhibitors than isothermal methods (Panzner, 2022). 
In the present study, qPCR, PCR-ELISA and LAMP were 
performed using stool samples. PCR-ELISA and qPCR, both 
targeting the highly repetitive nuclear region termed as Sm1-7, 
had similar positivity rates of 18 and 16%. An agreement was 
observed between the results of these two methods, probably due 

to their shared target. The LAMP assay detects the S. mansoni 
mitochondrial minisatellite region (named here SmMIT) and had 
a positivity rate of 31%. Promisingly, PCR-ELISA and qPCR had 
high sensitivities (96%) and specificity estimates (92 and 94%, 
respectively). The increased sensitivity of PCR-based methods 
compared to parasitological diagnosis was expected, in accordance 
with the findings from previous studies (Espírito-Santo et  al., 
2014; Siqueira et al., 2015; Senra et al., 2018; do Magalhães et al., 
2020; Siqueira et  al., 2021; Panzner, 2022). Although highly 
accurate, qPCR and PCR-ELISA are less field-friendly due to the 
need for technological equipment, experienced personnel to 
perform and interpret the results, and the time and costs involved 
(Li et  al., 2021). Isothermal methods have recently become 
increasingly popular, as promising alternatives for the molecular 
detection of S. mansoni instead of PCR (Fernández-Soto et al., 
2014; Gandasegui et al., 2018; García-Bernalt Diego et al., 2019). 
LAMP is a fast, simple, accurate and field-friendly isothermal 
method, which can be used at the point-of-care (POC; Notomi 

FIGURE 3

Flowchart illustrating the three different two-step diagnostic approaches proposed for the active search of infected people in endemic areas.
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et al., 2000; Panzner, 2022). In contrast to previous reports, in this 
study, LAMP was less sensitive (72%) and specific (75%). Each 
NAAT assessed in this study has a different limit of detection, with 
LAMP being able to detect down to 100 fg (Fernández-Soto et al., 
2014), PCR-ELISA 1.3 fg (Gomes et al., 2010) and qPCR 0.37 fg 
(Siqueira et al., 2021). The analytical sensitivity of the assays surely 
affected the accuracy observed. Given the POC potential of 
LAMP, future optimization of this assay is advised.

Alternatively, urine samples can also be used for S. mansoni 
detection. A chemical analysis of the urine was conducted to 
investigate whether the alterations in the standard parameters of 
the urine influence the outcome of the tests performed using urine 
samples. Among all the alterations observed, only the presence of 
protein was associated with a negative outcome of POC-CCA 
(p = 0.028). A previous study assessed variation in urine 
parameters and their association with the results of POC-CCA, in 
urine samples where leucocytes were detected it was less expected 
to observe a positive POC-CCA outcome (Graeff-Teixeira 
et al., 2021).

The commercially available POC-CCA test detects by lateral 
flow assay the circulating cathodic antigen released by S. mansoni 
in urine samples. Previous studies have shown that POC-CCA has 
a higher accuracy when compared to KK in high and moderate 
endemicity regions (Kittur et al., 2016; Bezerra et al., 2018; Viana 
et al., 2019). Nevertheless, POC-CCA may give ambiguous results, 
referred to as ‘trace’, which consists of a weak test line, with no 
consensus of whether it should be considered as a positive or 
negative result. Although the manufacturer of this test 
recommends trace results to be considered positive, there is little 

evidence of an association between this outcome and the actual 
presence of infection (Coelho et al., 2016). It has been stated that 
some illness, use of medicines, and excessive alcohol intake may 
influence the test result, especially with regard to trace outcomes 
(Ferreira et  al., 2017). Here, 33 individuals were classified as 
positive by POC-CCA with a clear and strong signal, and 56 trace 
results. We  followed the manufacturer’s instructions and 
considered the trace results as positives, raising the positive rate 
from 8.2% (when traces considered negative) to 30% (when traces 
considered positive). When compared to KK, the POC-CCA test 
presented a 4-fold increase in positivity. POC-CCA presented a 
positivity rate of 30%, 3 times higher than the actual prevalence of 
12% estimated by LCA. As previously mentioned, the performance 
of POC-CCA may vary according to the schistosomiasis 
prevalence and intensity of infection. Besides this, the test is less 
accurate among people with light infections and in low endemicity 
areas (Viana et al., 2019; da Ramírez et al., 2020) and may present 
false-positive results in non-endemic areas (Graeff-Teixeira et al., 
2021). The outcome of POC-CCA from Eco Diagnóstica can also 
be influenced by the batch used (Viana et al., 2019). Furthermore, 
cross-reactivities have been reported previously due to pregnancy, 
neoplasia, autoimmune diseases, and other infections, including 
with soil transmitted helminths (STH; Coelho et al., 2016; Bezerra 
et al., 2018). However, in the present study, all the individuals 
positive for STH by KK were POC-CCA-negative.

Besides antigens, urine is also the source of S. mansoni cell-
free DNA (cfDNA), extracellular DNA fragments which can also 
be found in serum, and saliva. The origin of cfDNA is still unclear, 
but it is believed to be  released after cellular degradation, 

FIGURE 4

Forest plots illustrating the estimated sensitivity and specificity of the 11 individual diagnostic tests evaluated, and the three two-step diagnostic 
approaches proposed, in this study.

55

https://doi.org/10.3389/fmicb.2022.1048457
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Mesquita et al. 10.3389/fmicb.2022.1048457

Frontiers in Microbiology 16 frontiersin.org

apoptosis, or necrosis. The amount of cfDNA present in body 
fluids is associated with the intensity of parasite infection 
(Weerakoon and McManus, 2016). The performance of NAATs 
for cfDNA detection is dependent on accurate selection of the 
target (Ullah et al., 2021) which can be both the nuclear and/or 
mitochondrial DNA (Ullah et al., 2022). Several authors described 
the effective diagnosis of intestinal schistosomiasis by detecting 
cfDNA in urine and serum samples using different molecular 
methodologies (Ullah et al., 2022). The presence of S. japonicum 
cfDNA has been detected by PCR in mice as soon as the first week 
of infection, and by LAMP in rabbits 3 days-post-infection 
(Gomes et al., 2014; Xu et al., 2015). Schistosoma haematobium 
cfDNA becomes undetectable  2 weeks after treatment with 
praziquantel (Ibironke et al., 2012). Diagnostic tests based on the 
presence of eggs in stools are dependent on worm copulation and 
oviposition, which happens within 40 days-post-infection. 
Therefore, novel diagnostic methods based on cfDNA may enable 
the detection of the infection in the prepatent stage of 
schistosomiasis infection (Ullah et al., 2022). Three NAATs assays 
were conducted in this study to detect the presence of cfDNA in 
urine samples, two of them targeting the nuclear Sm1-7 region 
and one targeting the SmMIT region. In the present study, qPCR 
and PCR assays targeted the Sm1-7 region, and had positivity rates 
of 5 and 6%, respectively, whilst LAMP targeted the SmMIT 
region and had a positivity rate of 22.3%. As observed NAATs 
using stool samples, methods targeting the same region presented 
concordant results (i.e., PCR and qPCR; p = 0.728). The sensitivity 
estimates of the urine-based assays were very low, being 19% 
(LAMP), 13% (qPCR) and 6% (PCR). The unsatisfactory 
performances observed could be explained by the absence of the 
target regions in the urine. Nevertheless, previous studies have 
confirmed that Sm1-7 (Lodh et al., 2013) and SmMIT (Fernández-
Soto et  al., 2019) markers can be  detected in the urine from 
S. mansoni-infected people. Another possible explanation could 
be some aspect of the pre-analytical stage. However, the clinical 
urine samples collected here from the study population were 
processed according to the protocol described by Lodh et  al. 
(2017). Additionally, prior to the application of this protocol on 
clinical samples, we had successfully validated it in the laboratory 
using spiked urine samples (data not shown). Given the 
convenience of urine collection, and the promising results 
reported by several authors, further investigation should 
be conducted to optimize the use of cfDNA from urine samples, 
as a target of NAATs for schistosomiasis diagnosis.

ELISA assays are high throughput tests widely used for the 
detection of specific antigens and antibodies in blood samples. 
Immunodiagnostics using antibody detection is more sensitive 
than KK and particularly useful for monitoring areas of controlled 
transmission and for the diagnosis of travelers (Cavalcanti et al., 
2013). However, they often have low specificity, especially in 
endemic areas, as they may not be able to differentiate between 
past and current infection (Weerakoon et al., 2018; Ogongo et al., 
2022). It is believed that in endemic areas, all residents will 
eventually be infected with S. mansoni at some point during their 

lives, thus, it might influence the performance of serological tests 
in those settings (LoVerde, 2019). The appropriate choice of 
parasite antigens to be used in ELISA assays is challenging, but 
vital for the development of accurate tests (Carvalho et al., 2017). 
The use of recombinant antigens is a promising alternative to 
increase specificity (Gomes et al., 2014). In the present study, three 
anti-IgG ELISA tests were conducted, one being a commercially 
available test (anti-Schistosoma mansoni IgG ELISA kit from 
Euroimmun) and the other two in-house tests: the ELISA EPI 
using the Smp150390.1 (216–230) peptide, and the ELISA PPE 
using the recombinant PPE antigens). Carvalho et  al. (2017) 
reported the Smp150390.1 (216–230) peptide as capable of 
differentiating positive and negative individuals from endemic 
areas, and negative individuals from non-endemic areas, as well 
as being less reactive after treatment. Likewise, the recombinant 
PPE antigen was able to differentiate positive and negative sera 
(personal communication). The in-house tests employed in the 
present study provided similar positivity rates of 33% for the 
ELISA EPI assay and 33.8%, for ELISA PPE, with concordant 
results. The commercial ELISA kit presented the highest positivity 
rate of 40.8%. All the serological tests presented low and similar 
specificity estimates, with commercial ELISA and ELISA EPI kit 
presenting the lowest (67%), followed by ELISA PPE (69%). 
Regarding the estimated sensitivity, ELISA EPI was the least 
sensitive immunoassay (32%) followed by ELISA PPE (53%), 
while the commercial ELISA kit had a 100% sensitivity, the highest 
value among all 11 tests assessed. Our results demonstrate that as 
antigen complexity increases, sensitivity also increases. ELISA EPI 
test uses as an antigen one epitope from the parasite, ELISA PPE 
detects the immune response against several epitopes from one 
parasite protein, while the commercial ELISA kit detects antibody 
reactivity against epitopes from several proteins of the parasite 
egg. Therefore, the commercial ELISA kit may be a good candidate 
test for screening in the absence of the disease, but it will likely 
provide false-positive results due to either cross-reactivity or 
detection of past infections.

The recently launched WHO Guidelines on Control and 
Elimination of Human Schistosomiasis (World Health 
Organization, 2022) considered the use of a two-step diagnostic 
approach to detect S. mansoni infection, as a strategy for a more 
accurate diagnosis, especially in low endemicity areas. The 
combination of multiple tests has been previously evaluated by 
many authors to increase the accuracy of schistosomiasis detection 
(Alarcón de Noya et al., 2007; Carneiro et al., 2013; Gomes et al., 
2014). We propose in this study three different two-step diagnostic 
approaches based on the sensitivity and specificity estimates of the 
11 individual tests evaluated. The propositions combine the 
examination of serum samples using the commercial ELISA kit 
from Euroimmun for the accurate detection of all negative 
individuals, followed by the molecular detection of S. mansoni 
DNA in stool samples either by (i) qPCR, (ii) LAMP, or (iii) 
PCR-ELISA, for the accurate detection of true-positive individuals. 
Overall, the two-step approaches proposed provided similar 
sensitivity and specificity values observed when using the NAATs 
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alone but with lower costs. Therefore, the cost-effectiveness of the 
two-step approaches justify their use.

The implementation of novel diagnostic tests is often 
associated with increased cost. NAATs are usually more expensive 
than other tests due to the equipment requirement and sample 
preparation step. The costs associated with the DNA extraction 
increases substantially the price of each test. For instance, in the 
present study, the cost for DNA extraction ranged from 8.34 to 
16.94 USD for each stool sample. By combining different tests, as 
suggested in the Proposition 1 (Figure 3), an economy of up to 
4,100 USD could be made to examine the whole study population, 
keeping similar accuracy estimates. Schistosomiasis generates an 
estimated annual cost of nearly 41 million USD, which could 
be avoided by properly diagnosing infected people and providing 
timely treatment with praziquantel (Nascimento et  al., 2019). 
Through these means, besides the economic savings, the health 
and social burden would also be overcome. Additionally, in the 
long-term, as the demand for the new products increases the 
prices tend to decrease (Turner et al., 2017).

Currently, the WHO recommends MDA with praziquantel to 
every person with 2 or more years of age in areas where the 
schistosomiasis prevalence is higher than 10% (Lo et al., 2022; 
World Health Organization, 2022). If KK was the only test result 
considered, MDA would not be conducted in the study area. The 
three 2-step protocols proposed in this study have observed 
prevalence of (i) 13%, (ii) 16%, and (iii) 15%. Therefore, the 
application of any of these approaches would result in the delivery 
of PCs to the whole study population regardless of which of the 
three 2-step protocols were used. Nevertheless, there is evidence 
that in some low endemicity areas, a relevant hurdle to the MDA 
strategy is community compliance, and the uptake of praziquantel 
in the absence of a positive test. In this scenario, the test-and-treat 
strategy is more targeted and may therefore be more acceptable to 
the treated population, as well as even more economically justified 
(Parker et al., 2008; Parker and Allen, 2011; Dabo et al., 2013; 
Mazigo et al., 2018).

It is believed that the persistence of schistosomiasis 
transmission is related not only to lack of sanitation and limited 
access to health care, but also to misdiagnosis of infected 
individuals with light infections that lead to delayed or absence 
of timely treatment (da Silva et al., 2022). Thus, to meet the 
WHO goal of eliminating schistosomiasis as a public health 
problem by 2030, it is undeniable that diagnostic improvements 
are necessary and should be  prioritized, especially in low 
endemicity settings.

Study limitations

The absence of a standard reference test or absolute 
knowledge of the true positives is a significant limitation, but 
also the motivation for the research itself. We have overcome 
this inherent limitation by using LCA to evaluate the diagnostic 
tests, but the LCA estimated occurrence of infection is 

influenced by the particular outcome of each test conducted. In 
addition, this was a cross-sectional study. If a longitudinal study 
had been conducted, probably a higher prevalence of infection 
would have been observed given the known daily fluctuation of 
S. mansoni oviposition. Another limitation of our work is the 
use of three different kits for the DNA extraction from stool 
samples. The QIAamp DNA Stool Mini Kit has been previously 
used by members of our team and provided satisfactory results. 
As production of this kit has been discontinued, we had no 
choice but to utilize other methods, but this effect was 
minimized by using two different commercial kits from the 
same manufacturer. It is reported in the literature that 
co-infections could influence the outcome of some 
schistosomiasis diagnosis tests, for instance, HIV impact on the 
elimination of egg within the feces. However, in this study 
we did not collected information regarding co-infections other 
than the ones detected in the Kato-Katz method, therefore 
we could not address this issue.
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A novel, non-neuronal
acetylcholinesterase of
schistosome parasites is essential
for definitive host infection

Patrick J. Skelly and Akram A. Da’dara*

Molecular Helminthology Laboratory, Department of Infectious Disease and Global Health, Cummings
School of Veterinary Medicine, Tufts University, North Grafton, MA, United States
Schistosomes are long-lived parasitic worms that infect >200 million people

globally. The intravascular life stages are known to display acetylcholinesterase

(AChE) activity internally as well as, somewhat surprisingly, on external tegumental

membranes. Originally it was hypothesized that a single gene (SmAChE1 in

Schistosoma mansoni) encoded both forms of the enzyme. Here, we

demonstrate that a second gene, designated “S. mansoni tegumental

acetylcholinesterase, SmTAChE”, is responsible for surface, non-neuronal AChE

activity. The SmTAChE protein is GPI-anchored and contains all essential amino

acids necessary for function. AChE surface activity is significantly diminished

following SmTAChE gene suppression using RNAi, but not following SmAChE1

gene suppression. Suppressing SmTAChE significantly impairs the ability of

parasites to establish infection in mice, showing that SmTAChE performs an

essential function for the worms in vivo. Living S. haematobium and S.

japonicum parasites also display strong surface AChE activity, and we have

cloned SmTAChE homologs from these two species. This work helps to clarify

longstanding confusion regarding schistosome AChEs and paves the way for novel

therapeutics for schistosomiasis.

KEYWORDS

acetylcholinesterase, host-parasite interaction, non-neuronal, tegument, schistosoma
Introduction

Schistosomiasis is a parasitic disease caused by helminth parasites of the genus

Schistosoma (1, 2). Schistosomiasis ranks among the most important infectious diseases

globally, affecting more than 200 million people world-wide, and over 700 million people live

at risk of infection (2–6). In sub-Saharan Africa alone, mortality is put at ~280,000 deaths per

year, with tens of millions having chronic morbidity (4, 7, 8). Furthermore, extensive

pathological changes associated with schistosome infection can affect multiple organ systems,

including the liver, spleen and the gastro-intestinal tract, especially in individuals with

longstanding or heavy infections (9). Three major species cause schistosomiasis in humans: S.

mansoni, S. haematobium and S. japonicum. Schistosomes have complex life cycles. Larvae
frontiersin.org0161

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1056469/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1056469/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1056469/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1056469/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1056469&domain=pdf&date_stamp=2023-01-31
mailto:akram.da_darah@tufts.edu
https://doi.org/10.3389/fimmu.2023.1056469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1056469
https://www.frontiersin.org/journals/immunology


Skelly and Da’dara 10.3389/fimmu.2023.1056469
(cercariae) are released from infected intermediate, freshwater snail

hosts. Upon encountering a human (the definitive host), cercariae

penetrate the skin, transform into juvenile forms called schistosomula

that migrate through the bloodstream to the liver where they mature

into adult male or female parasites. The adults mate and females

produce hundreds of eggs each day, some of which are released into

the environment. In fresh water, the eggs hatch and give rise to free

swimming larvae (miracidia) that seek and enter the snails to

continue the life cycle.

In our laboratory, we study the molecular and cell biology of the

schistosome tegument (skin) (10–16). The tegument of the

intravascular life stages is a major site for host-parasite interaction,

and proteins that make up the tegument represent potential

therapeutic targets and vaccine candidates. Here we focus on

schistosome tegumental acetylcholinesterase (AChE; EC. 3.1.1.7).

AChE, a widely distributed enzyme in animals, is best known for

its ability to catalyze the breakdown of the neurotransmitter

acetylcholine. This limits the interaction of acetylcholine with its

receptors at cholinergic synapses. The immunolocalization of AChE

in the neuromusculature of schistosomes, and the ability of

anticholinesterase compounds to paralyze adult worms, are both

consistent with a role for this enzyme in controlling neuromuscular

activity in these parasites, as in other animals (17–20). Somewhat

surprisingly, AChE has additionally been localized in the tegument of

intravascular-stage schistosomes, and AChE activity has been

associated with isolated tegumental membranes (17, 20–22). Indeed,

more than 50% of total S. mansoni AChE activity can be detected at

the surface of 24-h cultured schistosomula (23). The precise

relationship between the tegumental and non-tegumental AChE in

schistosomes has been unclear for many years. Earlier biochemical

characterization suggested the existence of two different AChE

enzymes differing in their solubility characteristics and quaternary

structures (24, 25). One form, with a sedimentation coefficient of 6.5S,

did not bind to heparin (26). Since this AChE is released from intact

parasites by treating them with phosphatidylinositol-phospholipase C

(Pi-PLC), it is considered to be the tegumental, host-interactive AChE

(26, 27). A second AChE form had a sedimentation coefficient of 8S

and bound heparin (26). In addition, in experiments with live

parasites, the non-membrane permeable AChE inhibitor

echothiophate (phospholine) selectively blocked the 6.5S enzyme

but not the 8S form, suggesting that the 8S form is located

internally (26). However, heterologous anti-AChE antibodies could

not distinguish between two distinct schistosome AChE forms and a

single identified AChE gene was proposed to encode both the internal

(neuromuscular) and external (tegumental) enzymes (17). A gene

encoding AChE was identified not just in S. mansoni (now designated

SmAChE1) (28) but also in S. haematobium (17), S. bovis (28) and S.

japonicum (29). However, not one of the proteins encoded by these

genes is predicted to contain a GPI anchoring sequence, suggesting

that none encode the surface form of AChE. A second AChE gene has

been identified in S. mansoni (SmAChE2) but its reported sequence

also lacks both a predicted GPI anchoring motif and a leader sequence

(30). However, purified recombinant SmAChE1 and SmAChE2 do

both cleave acetylthiocholine, and suppression of either gene

diminishes the cholinesterase activity measured in extracts of gene-
Frontiers in Immunology 0262
suppressed schistosomula compared with controls (30). Antibodies

raised against recombinant fragments of SmAChE1 and SmAChE2

bind widely throughout the adult worms’ internal structures as well as

in the tegument. However, given that both AChEs share multiple

conserved motifs, it is likely that antibodies against one will cross

react with the other. Finally, while both SmAChE1 and SmAChE2 are

reported to immunolocalize on the tegument “surface” (30) the

resolution by immunofluorescence microscopy is not sufficient to

support this claim.

Here, we set out to identify and characterize the gene encoding the

surface AChE in the three major schistosome species that infect

humans and to determine if the previously characterized AChE genes

encode the enzymes responsible for surface activity.
Materials and methods

Mice and parasites

Female, 6–8 week-old Swiss-Webster CD1 mice were purchased

from Charles River and maintained under specific pathogen-free

conditions at the animal facility of Cummings School of Veterinary

Medicine, Tufts University. All experimental procedures involving

animals were carried out in accordance with approved guidelines of

the Institutional Animal Care and Use Committee (IACUC) of Tufts

University and all animal work was done in the vivarium at

Cummings School of Veterinary Medicine, Tufts University.

Biomphalaria glabrata snails, infected with Schistosoma mansoni

(Puerto Rican NMRI strain) were obtained from the NIAID

Schistosomiasis Resource Center of the Biomedical Research

Institute (BRI), Rockville, MD, USA, and maintained in our

laboratory. Cercariae, infectious larvae, were prepared by exposing

infected snails to light for 1-2 h to induce shedding. Cercarial

numbers and viability were determined using a light microscope.

Schistosomula were prepared from cercariae by mechanical

removal of the cercarial tails via vortexing and subsequent Percoll

purification, as previously described (31). Schistosomula were cultured

in complete DMEM/F12 medium (Invitrogen) supplemented with 10%

heat-inactivated fetal bovine serum (FBS), 200 U/ml penicillin and 200

mg/ml streptomycin (Invitrogen), 1 mM serotonin (Sigma), 8 mg/ml

human insulin (Sigma), 0.2 mM triiodothyronine at 37°C, in an

atmosphere of 5% CO2. Schistosomula numbers and viability were

determined using a light microscope and the trypan blue exclusion test.

Adult male and female parasites were recovered by perfusion from

Swiss Webster mice that were infected with 120 cercariae (S. mansoni) or

25 cercariae (S. japonicum) 7 weeks previously (32–34). Adult S.

haematobium were recovered by perfusion of Golden Syrian hamsters

that had been infected with 350 cercariae 12 weeks previously. In all cases,

the mesenteric veins and the liver vasculature were examined for the

presence of any parasites that were not washed out by perfusion. Both S.

japonicum infected mice and S. haematobium infected hamsters were

provided by BRI. Adult parasites were maintained in complete DMEM/

F12 medium supplemented as described above. Schistosome eggs were

isolated from livers of mice infected with S. mansoni, as previously

described (34, 35).
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Measuring acetylcholinesterase
(AChE) activity

AChE activity was measured at room temperature by the modified

Ellman method using acetylthiocholine iodide (ATCh) as substrate

(36). The reaction mixture contained 1 mM acetylthiocholine and 1

mM 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) in 100 mM sodium

phosphate, pH 7.2, in a total volume of 200 µl. DTNB is a membrane

impermeant reagent (37, 38). Total parasite lysates were prepared by

homogenizing a specific number of male or female parasites in ice-cold

100 mM phosphate buffer, Ph 7.2. Experiments were carried out on

parasite lysates or on live, individual male or female parasites, or groups

of cercariae, schistosomula or eggs, in PBS or in clear, serum-free

DMEM/F12 medium containing reaction mixture. There was no

significant difference in the activity between PBS and clear medium

and in all subsequent experiments clear medium was used with living

worms. Absorbance at 412 nm was monitored over time (mostly every

5 mins) using a Synergy HT spectrophotometer (Bio-Tek Instruments,

Winooski, VT, USA). Note that parasites remained in the wells during

this assay, and their presence did not impact readings. In some

experiments the acetylcholinesterase inhibitor BW284c51 (1,5-bis(4-

allyldimethylammoniumphenyl)pentan-3-onedibromide, Sigma-

Aldrich) was added at a final concentration of 100 µM. Some

experiments were conducted using butyrylthiocholine iodide (BuTCh,

Sigma-Aldrich, 2.5 mM), and not acetylthiocholine, as substrate.
Cloning and characterization of the
tegumental AChE (SmTAChE) of S. mansoni

Since initial studies showed that the surface AChE was not encoded

by the known AChE gene (now called AChE1), this led us to search for

another gene which could potentially encode the surface AChE. S.

mansoni data bases (http://schistodb.net/, https://parasite.wormbase.

org/index.html and http://www.genedb.org/Homepage/Smansoni)

were queried for the presence of potential AChE sequences. Based on

signature elements found in other acetylcholinesterases, several genes

were identified including a strong candidate (ID: Smp_136690). All

other early database hits displayed only modest sequence similarity

over short distances and were filtered out on this basis. The

Smp_136690 coding sequence was amplified using the following

primers: SmAC2-F: 5’-TGACTATTTGGATACACTTATG-3’, and

SmAC2-R: 5’-TCTATGAAGTCATTTTACAAGG-3’, designed from

database information, and using AccuPrime Taq DNA Polymerase

high fidelity (following 40 cycles at 95°C for 30 sec, 50°C for 30 sec and

68°C for 3 min), as per the manufacturer’s recommendations (Thermo

Fisher Scientific). cDNA synthesized from total RNA (obtained from a

mixture of adult male and female worms) was used as a template for the

PCR. The amplified product was purified and sequenced at Tufts

University Core Facility and the final clone was designated

SmTAChE. RNA isolation and cDNA synthesis is described below

under “SmTAChE gene expression analysis”. Sequence analysis using

multiple tools (described below) was used to characterize

potential AChEs.
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Cloning of the tegumental AChEs of S.
haematobium and S. japonicum

Analysis of the S. haematobium genome at schistoDB.net resulted

in the identification of a gene (KL250835) encoding a protein with a

high degree of sequence similarity to SmTAChE (now designated

MS3_0012973 at WormBase Parasite, https://parasite.wormbase.org/

index.html). The following oligonucleotides flanking the predicted

open reading frame (ORF) were used to amplify the cDNA using

RNA isolated from mixed adult stage parasites: ShAC2-F: 5’-AATAT

TCTTTCTTCCTATTGACAATG-3’, ShAC2-R: 5’-ACATTTTCA

TCAATATAAAAAC-3’. The amplified coding DNA was sequenced

and designated ShTAChE.

Analysis of the S. japonicum genome did not immediately reveal a

gene encoding a protein similar to SmTAChE. However, extensive

analysis revealed the presence of sequences encoding potential

fragments of a SmTAChE homolog on two different contigs:

Sjp_0045440 (now known to code for the first exon), and

Sjp_0070510 (now known to encode the remaining 3 exons)

(WormBase ParaSite: https://parasite.wormbase.org/index.html). To

isolate the full predicted coding sequence, a rapid amplification of

cDNA ends (RACE) experiment was performed using the 3’, 5’

SMARTer RACE kit, with mixed adult stage RNA and the

following gene-specific primers, (following the manufacturer’s

instructions, Clontech): SjAC2GSP-S1: CAGGCAGTGCTA

ATCTACAAGTATACAATGGTGC-3 ’ and SjAC2GSP-S2:

GCTGAACATGTTGCTAGATTACCAAATGC, (for the 3’end),

and SjAC2GSP-AS1: GCACCATTGTATACTTGTAGATTAGCAC

TGCCTG and SjAC2GSP-AS2: GCATTTGGTAATCTAGCAACAT

GTTCAGC-3’ (for the 5’end). Several fragments with the predicted

size were amplified and sequenced. In this manner the full ORF,

encoding what we now call SjTAChE, was identified, and this

confirmed that the two contigs abut.
In Silico analysis of the predicted
tegumental AChEs

Several online tools were used to analyze the deduced amino acid

sequence of the tegumental AChEs. For the prediction of GPI anchors

and omega residues, the GPI-SOM (http://gpi.unibe.ch/) and the

NetGPI (https://services.healthtech.dtu.dk/service.php?NetGPI)

tools were used. Analysis of the signal peptide was performed using

SignalP prediction software (https://services.healthtech.dtu.dk/

service.php?SignalP-5.0). Analysis of potential N-glycosylation sites

was performed using the NetNGlyc 1.0 Server (https://services.

healthtech.dtu.dk/service.php?NetNGlyc-1.0). Multiple alignment

analysis was conducted using CLUSTAL O (1.2.4) at http://www.

ebi.ac.uk/Tools/msa/clustalo/. Phylogenetic analysis was performed at

phylogeny.fr (http://www.phylogeny.fr/) (39–41) using default

settings (Alignment: Muscle; Maximum number of iterations: 16;

Curation: Gblocks; Phylogeny: PhyML; Statistical test for branch

support: approximate likelihood ratio test (SH-like); Number of

substitution rate categories: 4).
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Anti-SmTAChE antibody production

An SmTAChE-specific peptide, comprising amino acid residues

K328 – E346 (NH2-KHRYDAVRKYLLPRYHKQE-COOH), was

synthesized by Genemed Synthesis, Inc. (San Antonio, TX). Note

that this peptide represents a sequence unique to SmTAChE and is

not found in SmAChE1 (accession no. AAQ14321.1). A cysteine

residue was added at the peptide’s amino terminus, to facilitate

conjugation to bovine serum albumin (BSA). Approximately 500 µg

of peptide-BSA conjugate in Freund’s Complete Adjuvant was used to

immunize two New Zealand White rabbits subcutaneously. The

rabbits were boosted with 100 µg of peptide alone in Incomplete

Freund’s Adjuvant 20, 40, and 60 days later. Ten days following the

last immunization, serum was recovered from both rabbits, pooled

and anti-SmTAChE antibodies were affinity-purified using the same

peptide at Genemed Synthesis.
RNA interference

Schistosome parasites (adults and schistosomula) were treated

with a synthetic siRNA (from IDT DNA Technologies) targeting

either SmAChE1 (AF279461), or SmTAChE (OP018961) or no

sequence in the schistosome genome (Control). Sequences of all

siRNAs are provided in Table S1. siRNAs were delivered to

parasites by electroporation, as described previously (31). Gene

suppression was assessed post-treatment by comparing mRNA

levels using reverse transcription quantitative PCR (RT-qPCR) and

by comparative enzyme activity measurements in target versus

control groups.
SmTAChE gene expression analysis

The level of expression of both the SmAChE1 and the SmTAChE

gene in different life stages of the parasite, and in parasites treated with

gene-specific siRNAs, was measured by RT-qPCR, using custom

TaqMan gene expression systems (Applied Biosystems, CA). First,

RNA from different life stages was isolated using TRIzol Reagent

according to the manufacturer’s instructions (Invitrogen). RNA was

then treated with DNaseI to remove any genomic DNA, using a

Turbo-DNase I kit (Ambion). cDNA was synthesized using 0.5 µg

RNA, an oligo (dT)12-18 primer and Superscript III RT (Invitrogen).

For developmental expression, triose phosphate isomerase (TPI) was

used as a reference gene, as previously (31). Primer sets and reporter

probes labeled with 6-carboxyfluorescein (FAM) were obtained from

Applied Biosystems, CA (Table S2). All samples were run in triplicate

and underwent 40 amplification cycles on a StepOne Plus Real Time PCR

System. For relative quantification, the DDCt method was employed (31).

For RNAi experiments, the schistosome alpha-tubulin gene was used as

the “within-stage” endogenous control, as earlier (13, 31).
Pi-PLC treatment and western blot analysis

To monitor the expression of the SmTAChE protein, parasite

samples were first homogenized in ice-cold lysis buffer (20 mM Tris-
Frontiers in Immunology 0464
HCl, pH 8.0 containing 2% SDS). Protein concentration was

determined using the Pierce Micro BCA Protein Assay Kit

(ThermoFisher Scientific) according to the manufacturer’s

instructions. GPI-anchored proteins were recovered from live male

worms by in vitro incubation with phosphatidylinositol-

phospholipase C (Pi-PLC) (Sigma-Aldrich), as previously described

(42). Briefly, 20 freshly perfused male parasites were washed three

times in DMEM and were then incubated at 37°C for 1 h in the

presence of Pi-PLC (from Bacillus cereus) at 1.25 Units/ml. The

supernatant was removed and concentrated at 4°C using a 10-kDa

cut-off Pierce Protein Concentrators (ThermoFisher Scientific).

Proteins were resolved by SDS-PAGE under reducing conditions

and blotted to PVDF membrane. Membranes were blocked using

Tris-Buffered Saline (TBS) containing 0.05% Tween 20 (TBST) and

5% non-fat dry milk. The membrane was then probed overnight at 4°

C with affinity purified rabbit anti-SmTAChE antibody at 1:1000

dilution. After three washes in TBST, bound primary antibody was

detected using horseradish peroxidase-labeled anti-rabbit IgG

(1:5000, GE Healthcare). Signals were detected using ECL Western

Blotting Detection Reagents (GE Healthcare). Western blot images

were captured using a ChemiDoc Touch Imaging System (Bio-Rad).
Immunolocalization of SmTAChE

Freshly perfused parasites were embedded in OCT compound

and flash frozen in liquid nitrogen. Adult worm frozen sections (7 mm
thick) were obtained using a cryostat and fixed in ice-cold acetone for

30 min at -20°C. Cultured schistosomula (7 day) were fixed in 4%

paraformaldehyde for 20 min at room temp. Parasites/parasite

sections were washed three times in PBS before being incubated

with 1% BSA in PBS (blocking buffer) for 1h. The samples were

incubated with primary, purified anti-SmTAChE, antibody at 1:100

dilution for 1h. After washing with PBST (PBS containing 0.05%

Tween-20), parasites were then incubated with Alexa Fluor-488-anti-

rabbit IgG (H+L, Invitrogen) diluted 1:100 in blocking buffer for 1h,

as described (43). Samples were washed in PBS, mounted in

Fluoromount and viewed using an inverted fluorescent microscope

(TH4–100; Olympus, Tokyo, Japan) equipped with a Retiga 1300

camera (Q Imaging, BC, Canada).
Immunogold labeling and
electron microscopy

Freshly perfused adult parasites were fixed overnight with 2%

glutaraldehyde in 0.1M cacodylate buffer at 4°C. The samples were

then dehydrated in a graded series of ethanol, then infiltrated and

embedded in L.R. white acrylic resin. Ultramicrotomy was performed

using a Leica Ultracut R ultramicrotome and the sections collected on

gold grids. Grids were immunolabeled in a two-step method as

follows: the grids were conditioned in PBS for 5 min x 3 at room

temperature, followed by the blocking of non-specific labeling for

30 min at room temp using 5% non-fat dry milk in PBS. After rinsing,

the grids were exposed to primary antibody diluted 1:30 for 1h at

room temperature, followed by washing in PBS and then incubated

with secondary antibody diluted 1:30 (10 nm gold-labeled goat anti-
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rabbit IgG (H&L, GE Healthcare)) for 1h at room temperature, and

finally rinsed thoroughly in water. Control parasite preparations were

treated with secondary antibody alone. Grids were exposed to

osmium vapor and/or lightly stained with lead citrate to improve

contrast and were examined and photographed using a Philips CM 10

electron microscope at 80KV.
Infection of mice with SmTAChE gene
suppressed schistosomula

One-day-old cultured schistosomula were electroporated with

siRNA targeting SmTAChE, or with control siRNA, or with no

siRNA (Table S1). Parasites were maintained in culture for 4 days,

then counted and resuspended in phenol-red-free RPMI medium.

Approximately 1000 schistosomula were used to infect each mouse by

intramuscular injection (100 µl total volume) into the thigh muscles,

using a 1 ml tuberculin syringe and a 25G-1 needle (12, 44). Mice

were perfused 6 weeks later, and worm burdens were determined

(32–34).
Statistical analysis

Data were assessed for normality using Shapiro-Wilk tests with

GraphPad Prism 9.4. Bartlett’s test for homogeneity of variances

confirmed the assumption of equal variances. The student’s t-test,

one-way analysis of variance (ANOVA) with Tukey post hoc analysis

and two-way ANOVA were used to compare the means between a
Frontiers in Immunology 0565
target group and a control group using GraphPad Prism 9.4. P values

less than 0.05 were considered significant.
Results

Schistosome parasites exhibit surface
AChE activity

As shown in Figure 1A, intact, individual live male or female adult

S. mansoni cleave exogenous acetylthiocholine. The larger male

worms exhibit significantly higher (>2X) surface AChE activity

compared to females (p<0.001). When the AChE activity of total

lysates of individual male worms is set at 100%, the surface AChE

activity (i.e., that displayed by live individual worms) is approximately

70% of this value (Figure 1B). As shown in Figure 1C, live

schistosomula also display measurable AChE activity, and the

greater the number of schistosomula the greater the activity

recorded. In addition, essentially no AChE activity is detected in

clear, conditioned, serum-free culture medium where 500

schistosomula had been cultured for 24 hours (Conditioned Media,

Figure 1C), However, no AChE activity is detected using freshly shed

live cercariae (Figure 1C). Furthermore, no activity is observed when

butyrylthiocholine is incubated instead of acetylthiocholine with live

schistosomula, as indicated in Figure 1D. Similarly, no

butyrylcholinesterase activity was detected when live adult parasites

were used in similar experiments (data not shown). Schistosome eggs,

freshly isolated from the liver tissue of infected mice, exhibit

substantial AChE activity (Figure 1E). Once again, the greater the
A B

D E F

C

FIGURE 1

Acetylcholinesterase (AChE) activity (mean OD412 ± SD) in live S. mansoni parasites. (A) Acetylcholinesterase activity in individual live male (circles, n>10)
or female parasites (squares, n>10). Male parasites display significantly higher surface AChE than females (two-way ANOVA, p<0.0001). (B) Surface AChE
activity of individual live male parasites (at 60 min, black bar) compared to total AChE activity recorded in lysates of individual male parasites (white bar,
set at 100%). (C) AChE activity in groups of live, 7-day-old cultured schistosomula (black bars) or in 24 h conditioned media (from 500 cultured
schistosomula, hatched bar) or in groups of 500 cercariae (white bar), at 60 min (n≥3), (D) Cholinesterase (ChE) activity (mean OD412 ± SD) displayed by
live schistosomula (groups of 1000, n=4) in the presence of acetylthiocholine (ATCh, 2.5 mM, closed circles) or butyrylthiocholine (BuTCh, 2.5 mM, open
circles); no cholinesterase activity is detected when BuTCh is included as substrate. (E) AChE activity in groups of freshly recovered liver eggs at 60 min,
(n>5). (F) Surface AChE activity of different schistosome life stages at 60 min, (1 male, 1 female, 500 schistosomula, or 750 eggs per assay, n≥4) in the
presence (white bars) or absence (black bars) of the acetylcholinesterase inhibitor BW284c51 (100 µM final concentration; * t test, p<0.05).
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number of parasites in the assay, the greater the activity seen. As

shown in Figure 1F, the surface AChE activity of all life-stages is

significantly inhibited in the presence of the selective AChE inhibitor,

BW284c51 (p<0.05 in all cases).
Identifying the surface AChE enzyme

Figure 2A shows that treating adult male worms with siRNAs

targeting SmAChE1 results in the successful suppression of this gene

(by >75%, p<0.01 v either control). Three different siRNAs were

evaluated, and preliminary analysis showed that all 3 siRNAs

provided similar levels of gene suppression; therefore, SmAC1-

siRNA1 was chosen in all subsequent RNAi experiments (Table S1).

Figure 2B shows that this suppression had no significant impact on

the ability of live worms to cleave exogenous acetylthiocholine

(Figure 2B). There was no significant difference in the AChE

activity displayed by the SmAChE1gene-suppressed worms versus

controls. This result strongly suggests that a different gene, encoding a

surface AChE, is responsible for the live worm activity detected.

Therefore, as described in Methods, we performed an extensive in

silico analysis of schistosome DNA databases in order to identify

other potential acetylcholinesterase genes encoding proteins that

might be responsible. In this manner Smp_136690 was identified to

encode a strong candidate gene that we now designate SmTAChE

(https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577/

Info/Index/; database version WBPS17). This gene is 23,068 bp (from

the start to the stop codon) and, as depicted in Figure 3A (top),

consists of 4 exons and 3 introns, unlike the SmAChE1 gene

(Smp_154600) which contains 9 exons (Figure 3A, bottom). All

introns have the consensus splicing site sequence (5’-GT/AG-3’).

Both AChE genes are found on chromosome number 1, the largest

autosomal chromosome; they are ~300 kb apart. Several
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oligonucleotides were designed based on the SmTAChE genomic

sequence and used to amplify the complete 2,085 bp open reading

frame, using adult S. mansoni cDNA as template. The GenBank

accession number for the complete nucleotide sequence of the

SmTAChE cDNA is OP018961. The ORF codes for the SmTAChE

polypeptide of 694 amino acids. This is essentially a newly annotated

version of a previously reported shorter (489 amino acid) sequence

that was designated SmAChE2 (30). Due to substantial differences

between the predicted sequences of these proteins (as shown in Figure

S1), we elect to use the SmTAChE name for the new sequence

reported here.

As shown in Figure 3B, phylogenetic analysis shows that

SmTAChE (red text) is closely related to homologs from S.

haematobium and S. japonicum (described below) and these are

quite distinct from previously described schistosome AChE proteins

(SmAChE1 and its homologs). All trematode AChEs (from

schistosomes, liver flukes and cestodes) form a distinct clade,

distant from the AChEs of animals from other phyla, such as

nematodes and vertebrates. The multiple sequence alignment of all

the sequences used to generate the phylogenetic tree is presented in

Figure S2.

The SmTAChE sequence exhibits 36% amino acid sequence identity

with SmAChE1, and 35% identity with the human AChE enzyme
A B

FIGURE 2

Suppression of SmAChE1 gene expression. Adult male parasites were
treated either with an siRNA targeting SmAChE1, or with an irrelevant
siRNA (Control) or with no siRNA (None), as indicated. (A) Relative
expression of the SmAChE1 gene, measured by RT-qPCR seven days
later. Treating parasites with siRNA targeting SmAChE1 significantly
suppressed the expression of this gene (by ~ 70%; white bar, *p < 0.05
ANOVA) compared to controls. (B) AChE activity was measured in live
individual male parasites treated with siRNA, as indicated. Mean AChE
activity of the three groups of parasites did not differ significantly
when tested 7 days post siRNA treatment. Each point represents data
from an individual parasite, and the bars indicate the mean ( ± SD) for
the group.
A

B

FIGURE 3

(A) Schematic representations of the SmTAChE (top) and SmAChE1
(bottom) genes. Black boxes represent the numbered exons and thin
lines introns. The positions of the start (ATG) and stop (TGA) codons are
noted. (B) Phylogenetic analysis of the following AChEs: S. mansoni
SmTAChE, (Accession no: OP018961, red), S. haematobium ShTAChE,
(OP018962), S. japonicum SjTAChE, (OP018963), S. mansoni SmAChE1,
(AAQ14321.1), S. haematobium ShAChE1, (AAQ14322.1), S. bovis
SbAChE1, (AAQ14323.1), S. japonicum SjAChE1, (ANH56887.1),
Echinococcus granulosus EgAChE, (EUB57267.1) Echinococcus
multilocularis EmAChE, (CDS43027.1), Clonorchis sinensis CsAChE,
(GAA53463.1), Opisthorchis viverrini OvAChE, (XP_009168237.1),
Caenorhabditis briggsae CbAChE, (XP_002643631.1), Caenorhabditis
elegans CeAChE, (NP_510660.1), Trichuris trichiura TtAChE,
(CDW55373.1), Trichinella spiralis TsAChE, (XP_003374589.1),
Strongyloides ratti SrAChE, (CEF63281.1), Homo sapiens HsAChE,
(NP_000656) and the electric eel Torpedo californica TcAChE,
(P04058.2). Numbers on the branches reflect the branch support value,
and the scale bar indicates 30% amino acid sequence divergence.
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(HsAChE). As illustrated in Figure 4, SmTAChE contains all amino acids

considered essential for AChE activity: the catalytic triad (S239, E401,

H553), the choline-binding site (W115), six cysteines responsible for 3

intrachain disulfide bonding, the four charged residues involved in

forming two salt-bridges, nine amino acids out of 14 aromatic residues

that line the catalytic gorge in Torpedo californica AChE. In addition,

SmTAChE contains the essential residues that form the oxyanion hole

(G151, G152, and A240) which plays an important role in catalysis (45). The

SmTAChE sequence is predicted to contain three intrachain disulfide

bonds formed between six conserved cysteine residues (C97-C125, C293-

C306, C514-C647, indicated by blue dashed arrows in Figure 4) which are

considered essential for correct secondary structure formation.

Importantly, SmTAChE also contains a predicted signal peptide (M1 -

S25) and a strong predicted C-terminal GPI anchor sequence

(669GGIKPTGNYILILGSGLLLFIGIFYG694, dashed underline in

Figure 4) (30). The GPI-anchoring site (omega (w)-residue, S668) is

indicated by ‡ in Figure 4.
SmTAChE developmental expression

The developmental expression of both the SmAChE1 and

SmTAChE genes were examined in several schistosome life stages

by RT-qPCR. As shown in Figure 5, both genes have lowest relative
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expression in the cercarial stage and, in both cases, expression

increases greatly following infection – in schistosomula and in adult

males and females. Both genes are very well expressed in eggs,

strikingly so for SmTAChE. Based on available transcriptomic

datasets (https://v7test.schisto.xyz/), the expression of both genes is

high in adult male parasites.
Immunolocalization of SmTAChE

To localize SmTAChE, we first generated an anti-SmTAChE

antibody targeting a unique synthetic peptide (K329-E346,

underlined red text in Figure 4) found only in SmTAChE, and not

in SmAChE1. As shown in Figure 6A, the antibody detects a major

protein band of the expected size of SmTAChE (~75kDa, arrow) in

extracts of adult male parasites (arrow), both among the Pi-PLC

released proteins from live male parasites (Figure 6A, +Pi-PLC) and

in a total male worm lysate (-Pi-PLC). Immunolocalization of

SmTAChE was carried out using the anti-SmTAChE antibodies and

whole, fixed 7-day cultured schistosomula (Figure 6B) or fixed, frozen

sections of adult parasites (Figure 6C). Strong SmTAChE staining is

observed, very predominantly in the tegument; a clear “green ring” of

peripheral staining around the schistosomula is revealed (Figure 6B,

white arrows). Likewise in adult worms, clear tegumental staining is
FIGURE 4

Alignment of the amino acid sequences of selected AChE proteins. The amino acid sequence of SmTAChE (Accession number OP018961), SmAChE1
(AAQ14321.1), human AChE (HsAChE, GPI-modified H form; NP_000656) and the Electric eel, Torpedo californica (TcAChE; GPI-modified form,
P04058.2) were aligned using Clustal W. The catalytic triad residues (S239, E401, H553, where amino acid positions correspond to the numbering of the
SmTAChE sequence) are in red and indicated with and shaded in yellow. The 6 amino acid signature sequence (236FGESAG241) of cholinesterases
around the active serine residue (S239) is boxed. The choline-binding site (W115) is indicated with ▪. The three intrachain disulfide bonds formed using six
conserved cysteines (C97-C125, C293-C306, C514-C647) are indicated with dashed blue lines. The four conserved charged residues involved in forming two
salt-bridges are marked with ▴ and shaded in green. The positions of the 14 aromatic residues that line the catalytic gorge in T. californica AChE are
shaded in blue (9 are identical in SmTAChE). The oxyanion hole residues are indicated with ▾ and shaded in red. Five potential N-glycosylation sites (with
the consensus sequence NXS/T) are marked with ○. The amino acid sequence of the unique peptide (K329-E346) used to generate antibodies for
SmTAChE is in red and double underlined. The signal peptide of SmTAChE (M1-S25) is underlined. The GPI anchor sequence of SmTAChE (G669 - G694) is
indicated with a dashed underline, and the omega (w)-residue (S668) is indicated with . Identical residues in all sequences are marked with an asterisk (*);
strongly similar residues (conserved substitution) are indicated with a colon (): weakly similar residues (semi-conserved) indicated with a dot (.), and gaps,
introduced to allow maximum alignment, are marked with dashes (–). The numbers (right) tally the amino acid count per line for each sequence.
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revealed in both the male longitudinal section (Figure 6C, top white

arrows) and in the female cross section (Figure 6C, middle panel,

white arrows). Control parasites, exposed to secondary antibody

alone, do not display signal in the tegument or elsewhere, in either

adult parasites or schistosomula (Figure 6B, C, bottom panels).

Further analysis using e.g., confocal microscopy would help confirm

expression of SmTAChE in the tegument of schistosomula.

Localization of SmTAChE by immunogold electron microscopy

(Figure 6D) does confirm that the protein is distributed in adult

worm tegumental membranes. Immunogold particles are seen

scattered widely throughout the section, sometimes in small

clusters, including at the host interactive surface (red arrows). In

addition, immunogold particles are also seen lining tegumental pits

(green arrows). Very few immunogold particles are seen in control

sections incubated with gold-labeled secondary anti-rabbit antibody

alone (Figure S3).
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The SmTAChE gene encodes the
surface AChE

To evaluate whether the SmTAChE gene codes for the enzyme

responsible for surface AChE activity, we first knocked-down

expression of the gene using RNAi using 2 different siRNAs. Both

siRNAs gave similar levels of suppression, and for all subsequent

experiments SmAC2-siRNA1 was used. Figure 7A shows ~90%

SmTAChE gene suppression in parasites treated with an siRNA

targeting the gene compared to control parasites treated with a

control (irrelevant) siRNA or no siRNA (none), as determined by

RT-qPCR. To assess the impact of the knock-down on the surface

AChE, the ability of live worms to cleave exogenous acetylthiocholine

was compared between the groups, 7 days after RNAi treatment. As

shown in Figure 7B, mean surface AChE activity is significantly

reduced in live male parasites treated with siRNA specific for the

SmTAChE gene, versus controls (p < 0.0001). No visible changes were

observed to SmTAChE gene-suppressed parasites maintained in

culture for 14 days, as assessed by light microscopy.
SmTAChE is essential for parasite
survival in vivo

To investigate whether SmTAChE has an impact on parasite

survival in vivo, we first suppressed its expression in schistosomula

and, after 4 days in culture, these parasites were used to infect mice.

Control mice were infected either with schistosomula treated with an

irrelevant (control) siRNA or no siRNA, as previously described (12,

44). Mice were perfused six weeks later, and worm burdens were

analyzed. As shown in Figure 8, in two independent experiments,

almost no parasites were recovered from mice infected with

schistosomula whose SmTAChE gene was suppressed compared to

mice infected with schistosomula treated with no siRNA (Figure 8A)

or mice infected with schistosomula treated with control siRNA

(Figure 8B) (p < 0.05, for both experiments, Student’s t test). This
A B DC

FIGURE 6

Immunolocalization of SmTAChE. (A, left) Anti-SmTAChE antibodies bind to a protein of the expected size of SmTAChE (~75 kDa, arrow) as seen by
western blot analysis in a protein preparation obtained following Pi-PLC treatment of live adult males (+) and in a total male lysate (not treated with Pi-
PLC, -). Numbers to the left indicate molecular mass markers (kDa). (B) Immunostaining of SmTAChE in 7-day old cultured schistosomula.
(C) Immunostaining of SmTAChE in sections of adult male longitudinal section; (C, top panel) and adult female (cross section; C, middle panel) parasites.
Magnification level (10X or 20X) is indicated to the left. An Alexa-Fluor 488 conjugated secondary antibody was used for detection and was used as a
control. Both fluor (left panels) and bright (right panels) fields are shown for each section. Strong tegumental staining is seen in schistosomula and adults
(white arrows). (D) Electron micrograph of the adult tegument showing immunogold labeling of SmTAChE. Red arrows indicate localization of gold
particles on the external surface of the worm and green arrows indicate the presence of some gold particles lining tegumental pits.
A B

FIGURE 5

Developmental expression of acetylcholinesterase genes in different S.
mansoni life stages as determined by RT-qPCR. (A) SmAChE1 gene
expression. (B) SmTAChE Gene expression. All values are relative to
the gene expression level of male parasites, set at 1 (Mean ± SD, n=3).
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important result shows that SmTAChE performs a vital function that

is key for parasite survival.
Identification of SmTAChE homologs in S.
haematobium and S. japonicum

Analysis of the S. haematobium genome resulted in the

identification of a gene (MS3_0012973) encoding a potential
Frontiers in Immunology 0969
protein with 85% sequence identity to SmTAChE, which we

designate ShTAChE. The complete nucleotide sequence of

ShTAChE cDNA is deposited at the NCBI GenBank under the

accession number OP018962. In the case of S. japonicum, no single

contig or scaffold was identified that contained a complete SmTAChE

homolog. However, as detailed in Methods, two different contigs were

identified inWormBase ParaSite, each encoding part of an SmTAChE

homolog; based on these sequences and using the RACE technique,

we isolated the complete S. japonicum TAChE coding region. The

complete nucleotide sequence of SjTAChE cDNA is deposited at

NCBI GenBank under the accession number OP018963. The

predicted SjTAChE protein has 71% sequence identity with

SmTAChE and 69% identity with ShTAChE. Analysis of the gene

structures of the three schistosome TAChE genes shows them to be

very similar; as shown in Figure S4, all genes contain 4 exons and 3

introns (Figure S4) and with all exon-splicing sites being identical in

the three genes. Figure S5 shows the predicted amino acid sequences

of the three schistosome TAChE proteins. Similar to SmTAChE, both

ShTAChE and SjTAChE proteins are predicted to have a signal

peptide and a GPI anchoring signal with conserved w-site, as well

as all motifs conserved in other members of the AChE family.
Surface AChE activity of the three major
human schistosome species

Here we compare the surface AChE activity displayed by male

and female parasites of the three major human schistosome species.

As shown in Figure 9, individual live adult male (Figure 9A) and live

adult female (Figure 9B) schistosomes from all three species cleave

exogenous acetylthiocholine. S. haematobium parasites have the

highest AChE activity; individual male S. haematobium have

approximately twice the surface activity found in individual S.

mansoni or S. japonicum parasites, while individual female S.

haematobium parasites have almost 7 times the surface activity of

individual females of the other two schistosome species. (Quantitative

data reported in Table S3) It is noteworthy that individual female S.

haematobium display similar surface AChE activity to individual male

parasites (Table S3). For S. mansoni and S. japonicum, live individual

male AChE activity is about twice that of individual females.

The TAChE genes of all three schistosome species were targeted

for suppression by treating male worms with a universal siRNA that

targets the TAChEs of all three. In each case this treatment resulted in

significant reductions in surface AChE activity seven days post

treatment (white bars) compared to control parasites treated either

with control siRNA or with no siRNA (grey bars) (Figures 9C-E).
Discussion

We demonstrated here for the first time that live, intact,

intravascular-stage schistosomes can cleave exogenous

acetylthiocholine. Adult male and female S. mansoni, as well as

schistosomula, display this activity, as do freshly isolated parasite

eggs. All such activity is blocked in the presence of the selective AChE

inhibitor BW284c51. The majority of total adult male worm AChE

activity (~70%) can be attributed to the action of the surface AChE.
A B

FIGURE 8

SmTAChE is essential for parasite survival in vivo. Schistosome
recovery from mice 6 weeks after infection with SmTAChE-
suppressed or control parasites. Results from two independent
experiments are shown. (A) schistosomula were treated with siRNA
specific for SmTAChE, or with no siRNA, prior to infection and in
(B) schistosomula were treated with siRNA specific for SmTAChE or
with control siRNA prior to infection. Each point represents the worm
burden from one mouse, and the line represents the mean ( ± SD) for
the group. In both instances, treatment with SmTAChE siRNA
significantly reduced the number of recovered parasites (*P < 0.04,
Students’ t test).
A B

FIGURE 7

The SmTAChE gene encodes the surface AChE. Adult male parasites
were treated either with an siRNA targeting SmTAChE, or with an
irrelevant siRNA (Control) or with no siRNA (None), as indicated.
(A) Treating parasites with siRNA targeting SmTAChE significantly
suppressed the expression of this gene (by >90%; white bar, *p < 0.05
ANOVA) compared to controls, as revealed by RT-qPCR. (B) The AChE
activity of all three groups of live parasites, one week after treatment,
is shown, where each point represents the data from an individual
parasite, and the bars indicates the mean for the group ( ± SD). Mean
surface AChE activity is significantly lower in parasites treated with
siRNA specific for SmTAChE (white bar) compared to parasites treated
with control siRNA or with no siRNA (None) (grey bars, ***p < 0.0001,
ANOVA, n ≥10).
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While a tegumental butyrylcholinesterase (BuChE) has been

identified in S. mansoni (SmBuChE (30),), we find that intact, live

parasites display no evidence of host-interactive BuChE activity,

suggesting that SmBuChE is not expressed on the external surface

of the intravascular-stage worms. In addition, we were unable to

detect secreted AChE activity, showing that AChE remains attached

to the parasites surface and is not excreted or secreted by the worms to

any great extent. In agreement with this, previous work detected

AChE activity only in medium where live parasites had been treated

with Pi-PLC, but not in the medium of control parasites (46).

A gene encoding an AChE was previously identified in S.

mansoni, S. haematobium, S. bovis and S. japonicum (17, 21, 28,

29). The worms had been reported to display AChE activity both

internally as well as on their external tegumental membranes and it

was originally proposed that the identified gene encoded both internal

and tegumental enzymes (17). However, we show here that

suppression of this gene in S. mansoni (SmAChE1) using RNAi

failed to significantly impact the surface AChE activity of live adult

male parasites. In addition, neither SmAChE1 (and its homologs in

other schistosome species), nor a second AChE identified in S.

mansoni (SmAChE2 (30),), were predicted to contain a consensus

C-terminal GPI anchoring sequence. Therefore, we hypothesized that

another gene coded for the surface AChE. In silico analysis of the S.

mansoni genome revealed the presence of a gene potentially encoding

a 694 amino acid protein that has a high degree of identity with the

previously published 488 amino acid SmAChE2 (30). Despite the fact

that both sequences are encoded by the same gene (Smp_136690),
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substantial differences have emerged between the published

SmAChE2 protein (30) and the sequence we present here. Our

predicted AChE is essentially a newly annotated version of the

previous sequence, and we elect to use the name SmTAChE for this

enzyme. We cloned the complete coding sequence of this gene and, as

detailed in Results, identified all domains and essential amino acids

required for AChE activity in its predicted amino acid sequence. We

have sequenced and analyzed multiple PCR products generated using

adult parasite cDNA as template, but have never found a sequence

that matches the published SmAChE2 sequence (30). Importantly,

our SmTAChE sequence contains a leader sequence and a consensus

GPI anchoring domain, supporting the biochemical evidence that the

tegumental AChE is GPI linked (21, 27, 42). Indeed, we show here

that experimental treatment of live schistosomes with Pi-PLC releases

SmTAChE. Interestingly, it has been previously demonstrated that

treating parasites with Pi-PLC significantly upregulates the synthesis

of AChE (47).

Immunolocalization experiments reported here, using antibodies

that are specific for SmTAChE, showed that the protein is

prominently expressed in the tegument of the schistosomula and

adult parasite stages, as expected if this protein is responsible for

surface AChE activity. Most importantly, knocking down the

expression of the SmTAChE gene resulted in a significant reduction

in the surface AChE activity displayed by live parasites. These data

prove that the tegumental surface AChE of S. mansoni is encoded by

the SmTAChE gene and help to clarify longstanding confusion

regarding schistosome AChE activity. To our surprise, SmTAChE
A B
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FIGURE 9

Surface AChE activity (mean OD412 ± SD) in live individual adults of the three medically most important schistosome species S. mansoni, S. haematobium
and S. japonicum, as indicated (n≥5). (A) Live individual adult male parasites. (B) Live individual adult female parasites. S. haematobium parasites (both
male and female) exhibit significantly higher surface AChE activity versus S. mansoni or S. japonicum parasites (p < 0.001, Two-Way ANOVA). No
significant difference is observed between live S. mansoni and S. japonicum adult parasite AChE activity. (C–E) A universal siRNA targeting the
tegumental AChE gene of the three species was designed and used to knock-down the expression of this gene in adult male parasites. Seven days later
the surface AChE activity (mean OD412 ± SD) was measured in live, gene-suppressed versus control S. mansoni (C), S. haematobium (D) or S. japonicum
(E) adult males. Each point represents the data from one worm, and the line represents the mean ( ± SD) for the group. In all cases, gene suppression
resulted is significant reductions in surface AChE activity (C, S. mansoni; ***p < 0.001), (D, S. haematobium; ***p < 0.0001) and (E, S. japonicum; ***p <
0.008, all by ANOVA). Values obtained at 60 min are presented.
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expression is not seen to be especially enriched in tegumental cells

(neither cluster 1 nor cluster 2) in an S. mansoni single cell dataset (48,

49). Instead, expression is detected in many cell types with

enrichment noted in several distinct neuronal cell groups and in

flame cells (48, 49). More work is needed to better reconcile the

transcriptomic versus tegument proteomic data sets.

Presumably SmTAChE is the protein earlier characterized as

having a sedimentation coefficient of 6.5S that does not bind to

heparin but that can be released from intact parasites by Pi-PLC

treatment (26, 27). In support of this and as noted earlier, treatment of

live schistosomes with Pi-PLC releases SmTAChE. We infer that

SmAChE1 is the internal protein earlier characterized as having a

sedimentation coefficient of 8S that binds heparin (26). Genes

encoding both proteins are expressed in all intra-mammalian life

stages of the parasites, and both exhibit minimal relative expression in

the cercarial life stage.

In other animals, a key function of the AChE enzyme is to

terminate synaptic transmission at cholinergic synapses by

hydrolyzing the neurotransmitter acetylcholine, and we hypothesize

that SmAChE1 largely fulfills this function in schistosomes. However,

the function of the non-neuronal, tegumental enzyme SmTAChE is

unknown (50). To examine the importance of this tegumental AChE

enzyme for S. mansoni in vivo, SmTAChE gene-suppressed versus

control schistosomula were used to infect mice and, after 6 weeks,

worm burdens were compared between the groups. Almost no

parasites are recovered from mice infected with schistosomula

whose SmTAChE gene was suppressed compared to controls. This

important result shows that the function(s) performed by SmTAChE

are vital for parasite survival. The essential function fulfilled by

SmTAChE is unclear. The enzyme may influence host vascular

physiology, given that acetylcholine is a vasodilator (51–53).

Additionally, SmTAChE may have an immunoregulatory role since

several immune cells respond to acetylcholine (54, 55) and, due to

SmTAChE action, it seems likely that immune signaling via

acetylcholine would be impaired, at least in the vicinity of the

worms. Glucose uptake is reported to be enhanced in the presence

of acetylcholine in adult S. haematobium and S. bovis but not S.

mansoni (56) and it is possible that the action of tegumental AChEs

could impact this. Beyond schistosomes, AChEs are now reported to

be distributed in a variety of non-neuronal tissues including in

hematopoietic, osteogenic and various neoplastic cells, where the

enzymes are predicted to express non-classical (and possibly non-

enzymatic) activities (21, 57–59). Currently, there is substantial effort

to understand the physiological significance and the molecular

mechanisms of these non-neuronal cholinergic activities (60–65).

Since the suppression of SmTAChE gene expression severely

impaired the ability of the worms to establish a robust infection,

this validates SmTAChE as a therapeutic target for schistosomiasis.

Indeed, it has been shown that human schistosomiasis can be treated

using the drug metrifonate, an organophosphorus compound (13,

66). The active metabolite of metrifonate, dichlorvos (2,2-

dichlorovinyl dimethyl phosphate), acts by inhibiting AChEs. It was

suggested that tegumental AChE is the target for this therapy (20).

While metrifonate is no longer commercially available as an anti-

schistosome agent due to the need for multiple doses, reduced efficacy

compared to the newer drug praziquantel (PZQ), and higher

specificity to human AChE which can result in toxicity (66, 67), its
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earlier use in humans highlights the potential value of identifying

schistosome-specific AChE inhibitors (against SmTAChE and/or

SmAChE1) as novel therapies.

Since any new therapy for schistosomiasis should ideally target all

three medically important species, we looked for evidence of surface

AChE activity in S. japonicum and S. haematobium, in addition to S.

mansoni. Adult male and female worms of all three species were

observed to cleave exogenous acetylthiocholine with S. haematobium

parasites exhibiting the highest surface AChE activity, when

compared to the other two species. Both S. mansoni and S.

japonicum adult worms express very similar levels of surface AChE

activity. In contrast, individual adult male S. haematobium parasites

display about two-fold greater activity compared to individual males

of either S. japonicum or S. mansoni. Additionally, female S.

haematobium exhibits strikingly high relative AChE surface activity

- almost seven times that found in the other two species. These data

are in general agreement with reports that tegument extracts of adult

S. haematobium display substantially higher AChE activity compared

to equivalent tegument extracts of S. mansoni (20). The requirement

for such high surface AChE activity by S. haematobium, and whether

it is related to living in its distinct, preferred intravascular niche (the

vesicle plexus), is not known. Similarly, why S. mansoni eggs should

display such a very high relative SmTAChE expression level (>3 times

that of adult males) is unclear.

Finally, we investigated whether the surface AChEs of S.

haematobium and S. japonicum are encoded by SmTAChE

homologs. We first identified and cloned clear homologs from S.

haematobium (ShTAChE) and S. japonicum (SjTAChE) and we

identified that the genes encoding these proteins possess a very

similar structure across all three species, and all three proteins are

predicted to possess signal peptides and GPI anchoring sites. We next

targeted the surface AChE gene from each species for suppression by

RNAi. This yielded parasites with a significantly diminished ability to

cleave exogenous acetylthiocholine compared to controls, confirming

that the identified genes indeed encode the tegumental AChE in the

three schistosome species.

The two S. mansoni AChE gene structures are quite divergent;

SmAChE1 has 9 exons while SmTAChE has 4. In addition, the 687

amino acid SmAChE1 and the 694 amino acid SmTAChE display just

moderate (~35%) amino acid sequence identity and this is about the

same as that displayed by either of the schistosome AChEs versus

(evolutionarily distant) human AChE (614 amino acids). Given the

moderate level of amino acid sequence identity between the

schistosome AChEs versus the human enzyme, it is likely that

drugs preferentially inhibiting the schistosome enzymes could be

developed. Unlike schistosomes, the human genome encodes a single

AChE, and this makes any differential inhibitor screening (i.e., testing

for inhibition of schistosome vs. human AChE) very feasible.

Heterologous anti-AChE antibodies (raised by immunizing

rabbits with AChE from an electric eel, Eletrophorus electricus) bind

to live S. mansoni schistosomula (68). Incubating these parasites with

guinea pig serum (as a source of complement) results in ~ 50% killing

of the parasites (68). Similarly, incubating schistosomula with

antibodies raised against S. mansoni cercarial AChE (in the

presence of guinea pig serum) leads to ~80% parasite killing (69).

We infer that in these experiments the anti-AChE antibodies drive

this effect by binding to the SmTAChE that is exposed on the external
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surface of the worms; this provides a strong rationale for also

considering surface located SmTAChE as a novel anti schistosome

vaccine candidate. Blocking SmTAChE function using either new

drugs, or immunologically, offers a new therapeutic approach to

control schistosomiasis.
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SUPPLEMENTARY FIGURE 1

Sequence comparison of SmTAChE and SmAChE2. Both sequences derive from

the gene Smp_136690; however, the SmTAChE protein (accession number
OP018961) is substantially different from the published SmAChE2 sequence

(30). The SmAChE2 sequence lacks a signal peptide(M1-S25) underlined in the
SmTAChE sequence) and a GPI-anchoring signal (G669-G694 double underlined

in SmTAChE) and, likely due to differences in annotation, is missing many blocks
of amino acids compared to SmTAChE. Differences between the sequences are

depicted by red text highlighted in yellow.

SUPPLEMENTARY FIGURE 2

Alignment of multiple AChE sequences using Muscle (http://www.phylogeny.fr/).
These data were used to generate the phylogenetic tree shown in . All accession

numbers are indicated in the legend. Similar residues are highlighted in blue as
most conserved according to BLOSUM62. Average BLOSUM62 score: Max: 3.0,

Mid: 1.5, Low: 0.5.

SUPPLEMENTARY FIGURE 3

Control electron micrograph (EM) image. Very few immunogold particles are
seen in sections, such as that shown, that were incubated with gold-labeled

secondary anti-rabbit antibody alone.

SUPPLEMENTARY FIGURE 4

A schematic representation of the conserved tegumental AChE gene structure
of three schistosome species. The gene encoding the tegumental AChE of S.

mansoni (SmTAChE, topo) is compared to that of S. haematobium (ShTAChE,
middle) and S. japonicum (SjTAChE, bottom). The sizes of exons and introns are

indicated (numbers represent base pairs). The//indicates that the complete
intron 1 of SjTAChE has not yet been characterized.

SUPPLEMENTARY FIGURE 5

Alignment of the amino acid sequences of the tegumental acetylcholinesterases

(AChEs) of three schistosome species. The amino acid sequence of the
tegumental Schistosoma mansoni AChE (SmTAChE, accession number

OP018961), tegumental S. haematobium AChE (ShTAChE, accession number
OP018962) and tegumental S. japonicum AChE (SjTAChE, accession number

OP018963) were aligned using Clustal W. The catalytic triad residues (S239, E401,

H553, where amino acid positions correspond to the numbering of the SmTAChE
sequence) are in red and indicated with ●. The signature sequence (236FGESAG241)

of cholinesterases around the active serine residue (S239) is boxed. The choline-
binding site (W115) is indicated with ▪. The three intrachain disulfide bonds formed

using six conserved cysteines are indicated with dashed blue lines. The boxed
cysteine residue (C665) is predicted to be involved in dimer formation. Predicted

signal peptides are underlined and predicted GPI anchoring motifs are indicated

with a dashed underline. All three sequences have a conserved omega (w)-site
(indicated with ‡). All other domains are described in the legend to . Red arrows (↓)
depict amino acids encoded by DNA sequences at exon/exon junctions, further
highlighting their conservation.
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Introduction: The human blood fluke parasite Schistosoma mansoni relies on 
diverse mechanisms to adapt to its diverse environments and hosts. Epigenetic 
mechanisms play a central role in gene expression regulation, culminating 
in such adaptations. Protein arginine methyltransferases (PRMTs) promote 
posttranslational modifications, modulating the function of histones and non-
histone targets. The coactivator-associated arginine methyltransferase 1 (CARM1/
PRMT4) is one of the S. mansoni proteins with the PRMT core domain.

Methods: We carried out in silico analyses to verify the expression of SmPRMTs in 
public datasets from different infection stages, single-sex versus mixed-worms, 
and cell types. The SmCARM1 function was evaluated by RNA interference. Gene 
expression levels were assessed, and phenotypic alterations were analyzed in 
vitro, in vivo, and ex vivo.

Results: The scRNAseq data showed that SmPRMTs expression is not enriched in 
any cell cluster in adult worms or schistosomula, except for Smcarm1 expression 
which is enriched in clusters of ambiguous cells and Smprmt1 in NDF+ neurons and 
stem/germinal cells from schistosomula. Smprmt1 is also enriched in S1 and late 
female germ cells from adult worms. After dsRNA exposure in vitro, we observed a 
Smcarm1 knockdown in schistosomula and adult worms, 83 and 69%, respectively. 
Smcarm1-knockdown resulted in reduced oviposition and no significant changes in 
the schistosomula or adult worm phenotypes. In vivo analysis after murine infection 
with Smcarm1 knocked-down schistosomula, showed no significant change in the 
number of worms recovered from mice, however, a significant reduction in the 
number of eggs recovered was detected. The ex vivo worms presented a significant 
decrease in the ovary area with a lower degree of cell differentiation, vitelline glands 
cell disorganization, and a decrease in the testicular lobe area. The worm tegument 
presented a lower number of tubercles, and the ventral sucker of the parasites 
presented a damaged tegument and points of detachment from the parasite body.

Discussion: This work brings the first functional characterization of SmCARM1 
shedding light on its roles in S. mansoni biology and its potential as a drug target. 
Additional studies are necessary to investigate whether the reported effects of 
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Smcarm1 knockdown are a consequence of the SmCARM1-mediated methylation 
of histone tails involved in DNA packaging or other non-histone proteins.

KEYWORDS

Schistosoma mansoni, coactivator associated arginine methyltransferase 1, SmCARM1, 
epigenetics, reproduction

Introduction

Schistosomiasis is a neglected parasitic disease with high rates of 
morbidity and mortality, producing significant economic losses, 
especially occurring in developing countries (Adepoju, 2020; WHO, 
2022). The disease is caused by parasites of the genus Schistosoma, which 
have well-known and complex life cycles. Parasites require numerous 
and diverse mechanisms to change their anatomy and physiology and 
enable adaptation to different environments and hosts (Colley et al., 
2014). Such adaptations are orchestrated by intense regulation of gene 
expression in which epigenetics mechanisms play a central role.

Schistosomiasis treatment relies on a single drug, praziquantel. 
The drug is effective with low side effects, but resistance has been 
described (Botros and Bennett, 2007; Doenhoff et al., 2008; Coeli 
et  al., 2013). Since epigenetic proteins are promising targets for 
parasitic drug development, especially in helminths (Marek et al., 
2013; Melesina et  al., 2015) and a wide variety of epi-drugs are 
available; the piggy-back strategy might expedite the discovery of new 
specific leads and might allow the development of a new drug.

Eukaryotic chromatin remodeling promotes important parasite 
transcriptional changes and is mediated by nucleosome arrangements, 
DNA methylation, histone variants, non-coding RNAs, and 
posttranslational modifications (PTMs) of histones (Lee et al., 2010; 
Margueron and Reinberg, 2010). In this context, histone-modifying 
enzymes (HMEs) mediate the addition or removal of methyl, acetyl, 
or phosphate groups, among others, in the histone tails, remodeling 
the chromatin structure and altering the access to specific DNA 
segments (Jenuwein and Allis, 2001; Margueron and Reinberg, 2010). 
Histone methylation is an important PTM process that plays a crucial 
role in transcriptional control, splicing, DNA repair, and signaling 
(Dillon, 2004).

Protein arginine methyltransferases (PRMTs) promote the 
transference of methyl groups to the arginine residues of histones and 
other proteins (Lee et al., 1977). The eukaryotic PRMTs are classified 
into three different types. Type-I enzymes (PRMT1, PRMT3, PRMT4, 
PRMT6, and PRMT8) catalyze the formation of monomethyl arginine 
(MMA) and asymmetric dimethylarginine (aDMA), type-II enzymes 
(PRMT5 and PRMT9) form MMA and symmetric dimethylarginine 
(sDMA), while type-III enzymes (PRMT7) catalyze only MMA 
formation (Hartley and Lu, 2020). A type-IV enzyme catalyzes the 
monomethylation of the internal guanidino nitrogen atom and is 
reported only for yeast (RMT2; Bedford and Clarke, 2009). The 
posttranslational arginine methylation promoted by PRMTs 
modulates the function of histone proteins and non-histone targets, 
like transcription factors, coactivators, corepressors, and RNA-binding 
proteins. Accordingly, PRMTs regulate diverse cellular processes, 
including cell cycle, transcription, splicing, translation, signal 
transduction, and DNA damage and repair (Hwang et al., 2021).

Histone methylation processes play a role in S. mansoni 
development, as different life stages of the parasite present specific 
methylation profiles and the pharmacological inhibition of 
methyltransferases impacts the transition of miracidium to sporocyst 
(Roquis et al., 2018). Schistosoma mansoni possesses five proteins with 
the PRMT core domain (Smp_029240, Smp_025550, Smp_070340, 
Smp_171150, and Smp_337860; Padalino et al., 2018). The protein 
arginine methyltransferase 1 (SmPRMT1, Smp_029240) was the first 
and only characterized PRMT in S. mansoni. Mansure et  al. 
demonstrated that SmPRMT1 methylates histone H4, besides SMYB1 
and SmSmD3, proteins likely to be  involved in RNA metabolism; 
suggesting the involvement of SmPRMT1 in chromatin remodeling 
and RNA editing and transport (Mansure et al., 2005). Additionally, 
Diao and collaborators demonstrated the immunogenic role of 
PRMT1 from Schistosoma japonicum pointing out this enzyme as a 
promising molecule for vaccine development (Diao et al., 2014).

The coactivator-associated arginine methyltransferase 1 
(CARM1), also known as protein arginine methyltransferase 4 
(PRMT4), regulates the expression of genes related to cell cycle 
progression and autophagy (El Messaoudi et al., 2006; Shin et al., 
2016). CARM1 methylates the arginines 17 and 26 of histone H3 
(H3R17, H3R26) and also functions as a coactivator in non-nuclear 
receptor systems like NF-κB, p53, INF-γ, MEF2C, and β-Catenin 
reviewed in Yue et al. (2007). In mice, CARM1-knockout embryos 
present small size and perinatal death (Yadav et al., 2003). Due to the 
important roles attributed to CARM1 orthologs and the lack of 
functional information in the S. mansoni parasite, here we aim at 
contributing to the functional characterization of this enzyme with a 
focus on schistosomula and adult stages, to shed light on the roles of 
SmCARM1 (Smp_070340) in S. mansoni biology and its potential as 
a drug target.

Materials and methods

Ethics statement

All procedures for the scientific use of animals were reviewed 
according to the Brazilian ethical guidelines (Law 11,794/08) and 
approved by the Ethics Committee for Animal Use (CEUA) of the 
Oswaldo Cruz Foundation under license numbers LW13/13 and 
LW12/16.

Reagents

The following reagents were used for parasite culture, Glasgow 
Minimum Essential Medium (GMEM), triiodothyronine, lactalbumin, 

76

https://doi.org/10.3389/fmicb.2023.1079855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Coelho et al. 10.3389/fmicb.2023.1079855

Frontiers in Microbiology 03 frontiersin.org

HEPES, MEM vitamin solution, Schneider’s Insect Medium, 
hypoxanthine, and hydrocortisone were purchased from Sigma-
Aldrich. Penicillin/streptomycin, RPMI 1640 medium, and Fetal 
Bovine Serum (FBS) were from Gibco; glucose from VETEC; TRIzol 
Reagent from Invitrogen.

All primers were purchased from IDT, Smcarm1-dsRNA_F: 
taatacgactcactatagggCATGGCATGGATCTAACTGC, Smcarm1-
dsRNA_R: taatacgactcactatagggTGTTGTTGTTGCTGTTGTGC, 
Smcarm1-qPCR_F: TGCTGTTGAAGCATCTAATATGG, Smcarm1-
qPCR_R: ATAATGACATCCACTGGTTCG; SmcoxI (Smp_900000) 
SmcoxI-qPCR_F: TACGGTTGGTGGTGTCACAG, SmcoxI-qPCR_R: 
ACGGCCATCACCATACTAGC; GFP-dsRNA_F: taatacgactcactata 
gggTCTTCAAGTCCGCCATG, GFP-dsRNA_R: taatacgactcactataggg 
TGCTCAGGTAGTGGTTGTC. The sequences in lowercase 
correspond to the T7 promoter sequence added to the 5′-end in 
primers designed for dsRNA synthesis.

Parasites

The “Lobato Paraense” snail facility at the René Rachou Institute—
FIOCRUZ provided cercariae of S. mansoni (LE strain). The parasite 
cycle is maintained throughout passages between hamsters 
(Mesocricetus auratus) and snails (Biomphalaria glabrata).

As previously described, cercariae were mechanically transformed 
into schistosomula (Milligan and Jolly, 2011). Schistosomula were 
cultured in GMEM supplemented with 0.2 μM triiodothyronine; 0.1% 
glucose; 0.1% lactalbumin; 20 mM HEPES; 0.5% MEM vitamin 
solution; 5% Schneider’s Insect Medium; and 0.5 μM hypoxanthine, 
1 μM hydrocortisone, 1% penicillin/streptomycin, and 2% heat-
inactivated FBS.

Hamsters (M. auratus) were infected with cercariae and subjected 
to perfusion (Pellegrino and Siqueira, 1956) after 45 days for obtaining 
adult worms. Males and females were washed, separated manually, 
and cultured in Roswell Park Memorial Institute 1640 (RPMI 1640) 
medium supplemented with 2% penicillin/streptomycin and 10% 
heat-inactivated FBS.

In silico analyses

To verify the expression data of SmPRMTs in the different cell 
types of adult S. mansoni worms, single-cell RNAseq (scRNAseq) data 
were obtained from the Gene Expression Omnibus database (GEO, 
https://www.ncbi.nlm.nih.gov/geo/, BioProject PRJNA611783, SRA 
SRP252217; https://www.collinslab.org/schistocyte/; Wendt et  al., 
2020). We  also verified Smcarm1 expression in clusters of cells 
identified in schistosomula at the cellxgene platform1 (Diaz Soria et al., 
2020). The RDS file containing the expression data in the different cell 
types was loaded in the R software (v4.1.2; R Core Team, 2020) using 
the Seurat package (v4.1.1; Satija et  al., 2015) and used to build a 
heatmap with the package ComplexHeatmap (v2.10.0; Gu et al., 2016). 
Additionally, we  checked the SmPRMTs expression in a publicly 
available RNAseq dataset (Protasio et al., 2017) retrieved from 

1 www.schistosomulacellatlas.org

WormBase ParaSite as counts of aligned reads per run per gene. 
Differential expression analysis was carried out using DESeq2 (v. 
2_1.38.2; padj < 0.05; Love et al., 2014) and we used the pheatmap 
package (v1.0.12; Kolde, 2015) in R (v4.1.2; R Core Team, 2020) to 
construct a heatmap representing the log2 fold change for 18-, 28-, 35-, 
and 38-day post-infection (dpi) relative to 21 dpi.

Double-stranded RNA synthesis and 
parasite exposure

The Smcarm1 coding sequence was obtained from the 
GeneDB database.2 The T7 promoter sequence was added to the 
5′-end of primers designed to amplify a template of 569 bp for 
double-stranded RNAs (dsRNAs) synthesis. A fragment of 360 bp 
from the green fluorescent protein (GFP) cloned in the pCRII 
plasmid vector, was used as non-schistosome RNA interference 
(RNAi) control. The PCR amplified fragments were purified with 
the QIAquick Gel Extraction KIT (QIAGEN) and used for dsRNA 
synthesis using the T7 RiboMAX Express RNAi System kit 
(Promega) according to the supplier’s protocol; except for the 
time of reactions which was changed to 16 h. DsRNAs annealing 
and integrity were verified in 1% agarose gel electrophoresis, and 
the quantification was estimated in a Nanodrop Spectrometer 
ND-1000 (Thermo Fischer Scientific).

Approximately 2,000 schistosomula were exposed to 100 nM of 
dsRNAs (Smcarm1 or GFP), immediately after mechanical 
transformation, in 24-well plate and incubated for 7 days at 37°C, 5% 
CO2, and 95% humidity with 2 ml of GMEM supplemented as 
previously mentioned.

Eight adult worms (males and females, separately) were 
placed in 100 μl of RPMI 1640 medium with 25 μg of dsRNA. The 
worms were electroporated with specific Smcarm1-dsRNA or 
unspecific GFP-dsRNA into 4 mm cuvettes at 125 V for 20 ms and 
cultivated in 24-well plate with 1 ml RPMI 1640 medium 
supplemented with 10% heat-inactivated FBS and 2% penicillin/
streptomycin. Similarly, to count the number of eggs laid, eight 
worm pairs were electroporated and cultured in six-well plate and 
the medium was changed daily.

RNA extraction, cDNA synthesis, and qPCR 
analysis

Seven days after dsRNA exposure, 1,000 schistosomula were 
separated for RNA extraction and relative expression analysis by 
quantitative real-time PCR (RT-qPCR). Schistosoma mansoni 
cytochrome C oxidase I gene (SmcoxI—Smp_900000) was used as the 
internal control gene. RNA extractions were performed using the 
TRIzol Reagent method followed by purification with the RNeasy 
Mini Kit (Qiagen), according to the manufacturer’s guidelines. RNA 
samples were treated with the TURBO DNA-free kit (Ambion) to 
remove residual genomic DNA, quantified using the Nanodrop 
Spectrometer ND-1000, and stored at −70°C.

2 http://www.genedb.org/Homepage/Smansoni
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For adults, for 7 days, two worm pairs per day were removed and 
macerated with TRIzol Reagent for RNA extraction as described 
previously. Experiments were performed in four biological replicates.

The cDNAs were synthesized with equal amounts of the extracted 
RNAs using the SuperScript II Reverse Transcriptase (Invitrogen), 
with oligo(dT)18 following the manufacturer’s protocol. Primers for 
qPCR analysis were designed using the Primer 3 program.3 Primer 
efficiencies were estimated by titration analysis to be 100 ± 5% (data 
not shown), and the specificity was verified by the melting curve. 
qPCR reactions were performed on 7500 Real-Time PCR System 
(Applied Biosystems) with SYBR Green PCR Master Mix (Applied 
Biosystems) and 200 nM of each primer in a final volume of 25 μl. 
Internal controls to evaluate genomic DNA contaminations (RNA 
samples) and reagent purity (no cDNA) were included in all analyses. 
The 2−ΔΔCt method (Livak and Schmittgen, 2001) was used for relative 
quantification and normalized with SmcoxI. Transcript levels were 
expressed as a percentage of difference relative to the unspecific (GFP) 
or negative control.

Phenotypic evaluation of schistosomula 
and adult worms

Schistosomula cultures were daily observed by inverted light 
microscopy (ABO 100, ZEISS) to verify viability and phenotypic 
changes, such as movement, color, and tegument integrity.

To evaluate the motility of the worms, we  capture worm 
movement (eight males or females separately) for 1 min and 30 s for 
7 days using the WormAssay software (Marcellino et al., 2012), in six 
replicates. Additionally, to verify the influence of SmCARM1 on 
oviposition, eggs laid in the media were counted daily in the cultures 
containing worm pairs, in five replicates.

In vivo experiments

After schistosomula exposure to dsRNAs for 2 days, 300 
schistosomula were subcutaneously inoculated in Swiss mice (Mus 
musculus). Each experimental group consisted of at least six mice in 
three independent biological replicates. Before the infection, the 
Smcarm1 transcript levels in schistosomula were checked by qPCR, as 
described above. Schistosomula exposed to unspecific dsRNA-GFP and 
untreated parasites were used as controls. After 37 days adult worms 
were recovered by perfusion (Pellegrino and Siqueira, 1956). After 
perfusion, the worms recovered from the mice were separated into 
males and females and counted. Mouse livers were removed and 
individually weighed, crushed with a scalpel, and treated overnight with 
10% KOH, for subsequent egg counting (Tavares and Mourão, 2021).

Morphometric and confocal analysis

The adult worms recovered after 37 days of mouse infection were 
fixed and stored in Alcohol-Formalin-Acetic Acid (AFA, 95% ethanol, 

3 http://primer3.sourceforge.net

3% formaldehyde, and 2% glacial acetic acid), at room temperature, 
and stained with 2.5% chloride carmine, dehydrated in alcoholic series 
(70, 90%, and absolute), clarified in methyl salicylate with Canadian 
balsam (1:2), and prepared as whole-mounts (Neves et  al., 1998). 
We analyzed at least six males and six females recovered from mice 
infected with schistosomula previously exposed to Smcarm1-, 
GFP-dsRNA, or untreated, from the three biological replicates.

Computer images (Image Pro Plus, Media Cybernetics), from 
male and female worms captured by a camera (640/480 pixels, RGB) 
coupled to a light microscope (BX50, Olympus), were used for 
morphometric analyses. We  evaluated the number and area of 
testicular lobes, ovary area, presence of tubercles, presence of eggs and 
vitelline glands, and integrity of the tegument (Neves et al., 2004).

Whole mounts of male and female worms were also analyzed 
under confocal laser scanning microscopy (LSM-410, Zeiss) using a 
543 nm laser and a BP560-615 IR filter, in reflected mode. 
We examined male (testicular lobes, seminal vesicle) and female (yolk 
glands, ovary, uterus, and ootype) reproductive systems, as well as the 
integrity of the tegument and the shape of the oral and ventral suckers.

Statistical analysis

All statistical analyses were performed using GraphPad Prism, v. 
7 for Windows (GraphPad Software, www.graphpad.com). After 
verifying for outliers, using the ROUT method (Q = 1%; Motulsky and 
Brown, 2006), and applying normality test analysis to check if the data 
follows a Gaussian distribution, statistical analyses used the Mann–
Whitney test (Wilcoxon-Sum of Ranks, p < 0.05), Paired or Unpaired 
t-test (p < 0.05), as described in the respective figure legends.

Results

PRMTs expression in Schistosoma mansoni

At first, we aimed at analyzing existing RNAseq and single-cell 
RNAseq data available in the WormBase ParaSite, the Gene Expression 
Omnibus database, and cellxgene platform. All results for differential 
expression analysis retrieved for PRMTs (Smp_025550—SmPRMT7, 
Smp_029240—SmPRMT1, Smp_070340—SmCARM1, Smp_171150— 
SmPRMT6, and Smp_337860—SmPRMT3) are available in 
Supplementary Table S1. In this analysis, we  found that PRMTs 
identified in the S. mansoni genome present a significative decrease in 
the expression profiles for male adult worms from single-sex 
infections, from 18- to 21-dpi (Supplementary Figure S1), except for 
Smprmt6. Females from unisexual or mixed infections presented a 
similar expression profile of Smcarm1 from 21- to 35-dpi, with a 
significant reduction in expression. However, only females in the 
presence of male worms return to the transcript levels of those 
observed for 21 dpi, which is observed for all PRMTs, specially 
Smprmt6. Whereas, in males, single or mixed infections do not 
differently impact the Smcarm1 expression profile.

The analysis of the scRNAseq data provided by Wendt et al. (2020) 
and Diaz Soria et al. (2020) allowed the assessment of the expression 
of S. mansoni SmPRMTs in different cell types of S. mansoni adult 
worms and schistosomula, respectively, (Figure  1). Smprmt1 
(Smp_029240) expression is enriched in Supplementary Figure S1 and 
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late female germ cells, whereas expression of the other SmPRMTs, 
including Smcarm1, is not enriched in any cell cluster. In 
schistosomula, Smprmt1 expression is enriched in NDF+ neurons and 
stem/germinal cells, and Smcarm1 expression is enriched in clusters 
of ambiguous cells (Figure  1E), while expression of the other 
SmPRMTs is not enriched in any cell cluster.

In vitro Smcarm1 knockdown on 
schistosomula

There is a lack of functional characterization of PRMTs in the 
S. mansoni parasite. Since important roles have been attributed to 
CARM1  in other organisms, we  further investigated whether 
SmCARM1 had effects on worm biology, so to that end we knocked-
down the Smcarm1 transcripts by RNAi experiments. After 7 days of 
dsRNA exposure, schistosomula presented an average 83% reduction 
in Smcarm1 transcript levels (Figure 2) compared to the controls. No 
significant changes were observed in viability or evaluated phenotypes, 
such as movement, color, tegument integrity, or area in in vitro 
cultivated parasites (data not shown).

In vitro Smcarm1 knockdown on adult 
worms

Adult worms electroporated with Smcarm1-dsRNA showed up to 
a 69% reduction in Smcarm1 transcript levels on the first day after 

electroporation (Figure 3A). Smcarm1-dsRNA knockdown resulted 
in a significant reduction of 54.9% in egg laying compared to the 
negative control (Figure  3B), although no relevant changes were 
observed in the movement of females or males for 7 days 
(Figures 3C,D).

FIGURE 1

SmPRMTs expression in different cell types identified in Schistosoma mansoni adult worms. (A) SmPRMTs expression in different cell types identified in 
S. mansoni adult worms. The columns indicate the different cell types identified in adult worms and the lines represent the different SmPRMTs 
analyzed. The color scale indicates higher (red) or lower (blue) expression of transcripts. Smcarm1 (Smp_070340) is highlighted by a red box. (B–D) 
UMAP projections depicting the expression profiles of Smcarm1 in different cell clusters in (B) female, (C) immature female, and (D) male S. mansoni 
adult worms. Expression values are normalized and represented by colors (gray = not expressed, red = expressed). (E) UMAP projections depicting the 
expression profiles of Smcarm1 in 13 transcriptionally distinct cell types in schistosomula. Expression values are normalized and represented by colors 
ranging from light green (not expressed) to purple (highly expressed).

FIGURE 2

Smcarm1 transcript levels in schistosomula after dsRNA exposure. 
Bar graph depicting the Smcarm1 transcript levels in schistosomula 
after 7 days of exposure to Smcarm1-dsRNA relative to negative 
(black) or unspecific GFP-dsRNA (gray). Data are represented as 
mean fold-difference (±SE) relative to controls (dashed line). Mann–
Whitney test. ****p < 0.0001.
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Effect of Smcarm1 knockdown on worm 
development in a murine model

The conclusions drawn from in vitro experiments could be limited 
since parasites are not challenged by a real biological system. 
Therefore, we sought to investigate the role of SmCARM1 on in vivo 
infections. Before infection, the reduction of Smcarm1 transcript 
levels in schistosomula was confirmed by RT-qPCR 
(Supplementary Figure S2). After perfusion, there was no significant 
change in the number of worms, male or female, recovered from mice 
infected with Smcarm1 knocked-down schistosomula (Figure 4A). 
However, there was a significant reduction in the number of eggs 
recovered from the livers of these mice (Figure 4B).

Morphometric analyses showed that there was a significant 
decrease in the ovaries area in females recovered from mice 
infected with Smcarm1 knocked down schistosomula (Figure 5A). 
In addition to area reduction, it is possible to observe a lower 
degree of cell differentiation in the ovary (Figure  6) and 
disorganization of vitelline gland cells (immature cells without the 
characteristic cluster morphology when compared to the control, 
which, in turn, presents evident nucleus and characteristic 
organization of clusters; Figure 7).

Furthermore, there was a decrease in the area of the testicular 
lobes in male worms recovered from these mice (Figure 5B), however, 
without a variation in the number of lobes present in each group (data 

not shown). The testicular lobes were well-demarcated and without 
the presence of vacuoles (data not shown).

In the tegument of the adult worms recovered from mice infected 
with Smcarm1 knocked-down schistosomula, the presence of fewer 
tubercles is clearly observed (Figure  8). The ventral sucker of the 
parasites presented a damaged tegument and a few points of 
detachment to the parasite (Figure 9).

Discussion

The protein posttranslational modification (PTM) catalyzed 
by protein arginine methyltransferases (PRMTs) occurs in 
cytoplasmic and nuclear proteins. PRMTs can be  recruited to 
gene promoters by transcription factors to methylate arginine 
residues in the histone tails (Rezai-Zadeh et al., 2003; An et al., 
2004). Histone methylation can interfere with the binding of 
transcriptional effectors and plays diverse roles in regulating 
chromatin function. In addition, PRMTs can methylate 
coactivators (Xu et  al., 2001; Chevillard-Briet et  al., 2002), 
transcription elongation factors (Kwak et al., 2003; Boulanger 
et  al., 2004), and heterogeneous nuclear ribonucleoproteins 
(hnRNPs; Xu and Henry, 2004; Yu et al., 2004) also regulating 
transcriptional initiation and elongation processes and the 
packaging and export of messenger ribonucleoprotein particles 

FIGURE 3

Smcarm1 knockdown in adult worms in vitro. (A) Smcarm1 transcript levels in adult worms after dsRNA exposure. Bar graph depicting the Smcarm1 
transcript levels in adult worms during 7 days of exposure to Smcarm1-dsRNA relative to negative (black) or unspecific GFP-dsRNA (gray). Data are 
represented as mean fold-difference (±SE) relative to controls (dashed line). Mann–Whitney test, N = 4. (B) Bar graph depicting the number of eggs laid 
during 7 days for adult worms from the negative control (black) and after electroporation with GFP-dsRNA (dark gray) or Smcarm1-dsRNA (light gray). 
Paired t-test (*p < 0.05), N = 5. Movement units from (C) female and (D) male adult worms knocked-down for Smcarm1 normalized with negative (black) 
or unspecific control (gray). The dotted line represents normalized movement units in the control. Two-way ANOVA, N = 6.
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(mRNP; reviewed in Bedford and Richard, 2005). Despite its 
importance, the methylation of arginine residues catalyzed by 
PRMTs, whether in histone tails or other proteins, has so far been 
poorly studied in the schistosome research field.

Publicly available RNAseq data show that the five PRMTs 
identified in the S. mansoni genome are more expressed at the 
initial stages (18 and 21 days) of infection in male adult worms, 
despite of the female presence. The expression of Smcarm1 in 
these initial stages could reflect the importance of this protein in 
the development of male adult worms. Focusing on Smcarm1, its 
expression recovers to similar levels of the early stage (21 dpi) for 

FIGURE 4

Analysis of ex vivo adult worms and evaluation of egg recovery from mice liver. Adult worms recovered from mice infected with schistosomula from 
negative control (●), unspecific GFP-dsRNA (▲), and Smcarm1-dsRNA (■). Each symbol in the chart represents (A) worm counts per mouse or (B) egg 
counts per mouse liver. Dead mouse is represented (†) above the plotted data. The horizontal lines represent the median values per group. Data were 
generated from three independent experiments and statistically analyzed using the Mann–Whitney test. **p < 0.01.

FIGURE 5

Morphometric analysis of ex vivo Smcarm1 knocked down adult 
worms. Morphometric analysis of (A) ovary from female and 
(B) testicular lobes from male adult worms recovered from mice 
infected with schistosomula from negative control (black), unspecific 
GFP-dsRNA (dark gray), and Smcarm1-dsRNA (light gray). Data were 
generated from three independent experiments and statistically 
analyzed using the Unpaired t-test. ****p < 0.0001.

FIGURE 6

Morphology of the ovary of ex vivo Smcarm1 knocked-down adult 
worms. Morphological changes in the ovary of female adult worms 
recovered from mice infected with schistosomula from (A) negative 
control and (B) Smcarm1-dsRNA. The white bars indicate the scale 
20 μm.

FIGURE 7

Morphology of ex vivo Smcarm1 knocked-down female adult 
worms. Morphological changes in the vitelline glands of female adult 
worms recovered from mice infected with schistosomula from 
(A) negative control and (B) Smcarm1-dsRNA. Red arrows highlight 
the cell organization of the vitelline glands and white bars indicate 
the scale 20 μm.
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females from mixed, which is not true for females from  
single-sex infections. The same pattern of increase in expression 
is shared by all SmPRMTs, specially Smprmt6, which might 
indicate a possible role of SmPRMTs in the complete female 
maturation that could be  triggered by the presence of male  
worms.

Looking at the transcript expression at a single-cell resolution 
in adult worms (Wendt et al., 2020), we noticed that there is no 
enrichment in Smcarm1 expression at any specific cell clusters, 
with ubiquitous expressions in almost all cell types, including 
those related to the reproductive organs, like S1, vitellocytes, and 
germ cells. In the present work, the reduction of eggs recovered 
from mice after infection with Smcarm1-knockdown 
schistosomula strengthens the importance of this protein in the 
regulation of reproduction processes. Indeed, females recovered 
from mice infected with Smcarm1-knocked-down schistosomula 
presented a significant decrease in the area of the ovaries 
accompanied by a lower degree of cell differentiation and 
disorganization of vitelline gland cells. However, Smcarm1-
knockdown in vitro in mature adult worms did not impact egg 
laying, indicating that Smcarm1 is probably more involved in the 
development of the reproductive organs during worm maturation 

than in egg formation. The same phenotype was observed with 
the in vitro knockdown of vasa/PL10-like (Smvlg1), a gene related 
to germline development, in adult females. Mature knocked-
down females showed a reduction in the volume of the ovaries, 
but this did not affect the number of eggs laid (Skinner 
et al., 2020).

The role of CARM1  in spermiogenesis has already been 
demonstrated in mice. The carm1 knockdown led to low sperm 
counts and deformed sperm heads showing that the gene is 
essential for the late stages of germ cell development (Bao et al., 
2018). In male worms recovered from mice infected with 
Smcarm1-knockdown schistosomula, we observed a decrease in 
the area of testicular lobes, which might also influence the 
observed reduction in egg production.

The tegument of male worms recovered from mice infected 
with Smcarm1-knockdown schistosomula presented fewer 
tubercles and the ventral sucker presented a damaged tegument 
and points of detachment from the parasite body. Surprisingly, 
despite the possibility of a larger exposure of parasite antigens 
due to tegument damage and the loose ventral sucker adhesion 
to the worm body, which would impact the parasite adhesion to 
the host venules, no reduction in parasite numbers was detected. 
Smcarm1 expression is enriched in clusters of ambiguous cells in 
the schistosomula, for which no specific markers or particular 
processes could be determined, so the role of SmCARM1 in this 
cell population remains to be elucidated.

Additional studies are necessary to investigate whether the 
reported effects of Smcarm1 knockdown are a consequence of the 
epigenetic role of SmCARM1 in the methylation of histone tails 
involved in DNA packaging or other nonhistone proteins 
associated with transcriptional regulation, splicing mechanism, 
or mRNA stability.
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FIGURE 8

Tegument of ex vivo Smcarm1 knocked-down male adult worms. 
Morphological changes in the tegument of male adult worms 
recovered from mice infected with schistosomula from (A) negative 
control (De Andrade et al., 2014) and (B) Smcarm1-dsRNA. The 
arrows indicate the tubercles in the tegument and the white bars 
indicate the scale 20 μm.

FIGURE 9

Ventral sucker with irregular tegument in ex vivo Smcarm1 knocked 
down adult worms. Morphological changes in the ventral sucker of 
male adult worms recovered from mice infected with schistosomula 
from (A) negative control and (B) Smcarm1-dsRNA. The arrows 
highlight points of the detachment of the ventral sucker to the 
parasite and white bars indicate the scale 50 μm.
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A corrigendum on

Schistosoma mansoni coactivator associated arginine methyltransferase

1 (SmCARM1) e�ect on parasite reproduction

by Coelho, F. S., Gava, S. G., Andrade, L. F., Geraldo, J. A., Tavares, N. C., Lunkes, F. M. N., Neves,

R. H., Machado-Silva, J. R., Pierce, R. J., Oliveira, G., and Mourão, M. M. (2023). Front. Microbiol.

14:1079855. doi: 10.3389/fmicb.2023.1079855

In the published article, there was an error. In the section Materials and methods, “In

silico analyses,” paragraph 1, it was previously stated that:

“Additionally, we checked the SmPRMTs expression in a publicly available RNAseq

dataset (Protasio et al., 2017) retrieved fromWormBase ParaSite as the median of transcripts

per million units (TPMs) per gene.”

The corrected sentence appears below:

“Additionally, we checked the SmPRMTs expression in a publicly available RNAseq

dataset (Protasio et al., 2017) retrieved from WormBase ParaSite as counts of aligned reads

per run per gene.”

The authors apologize for this error and state that this does not change the scientific

conclusions of the article in any way. The original article has been updated.
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Background: The neglected zoonosis, schistosomiasis japonica, remains a

major public health problem in the Philippines. The current study aims to

develop a novel gold immunochromatographic assay (GICA) and evaluate its

performance in the detection of Schistosoma japonicum infection.

Methods: A GICA strip incorporating a S. japonicum saposin protein, SjSAP4 was

developed. For each GICA strip test, diluted serum sample (50 µl) was loaded and

strips were scanned after 10 min to convert the results into images. ImageJ was

used to calculate an R value, which was defined as the signal intensity of the test

line divided by the signal intensity of the control line within the cassette. After

determination of optimal serum dilution and diluent, the GICA assay was

evaluated with sera collected from non-endemic controls (n = 20) and

individuals living in schistosomiasis-endemic areas of the Philippines (n = 60),

including 40 Kato Katz (KK)-positive participants and 20 subjects confirmed as

KK-negative and faecal droplet digital PCR assay (F_ddPCR)-negative at a dilution

of 1:20. An ELISA assay evaluating IgG levels against SjSAP4 was also performed

on the same panel of sera.

Results: Phosphate-buffered saline (PBS) and 0.9% NaCl were determined as

optimal dilution buffer for the GICA assay. The strips tested with serial dilutions of

a pooled serum sample from KK-positive individuals (n = 3) suggested that a

relatively wide range of dilutions (from 1:10 to 1:320) can be applied for the test.

Using the non-endemic donors as controls, the GICA strip showed a sensitivity of

95.0% and absolute specificity; while using the KK-negative and F_ddPCR-

negative subjects as controls, the immunochromatographic assay had a

sensitivity of 85.0% and a specificity of 80.0%. The SjSAP4-incorperated GICA

displayed a high concordance with the SjSAP4-ELISA assay.

Conclusions: The developed GICA assay exhibited a similar diagnostic

performance with that of the SjSAP4-ELISA assay, yet the former can be
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performed by local personnel with minimal training with no requirement for

specialised equipment. The GICA assay established here represents a rapid, easy-

to-use, accurate and field-friendly diagnostic tool for the on-site surveillance/

screening of S. japonicum infection.
KEYWORDS

schistosomiasis, Schistosoma japonicum, GICA strip, lateral flow immunochromatographic
test, ELISA, rapid diagnosis, point-of-care (POC), surveillance
1 Introduction

In the recently released new WHO roadmap for neglected

tropical diseases (NTDs) 2021-2030, it has been emphasized that

effective diagnostics are key components of NTD programmes, from

confirmation of disease to mapping, screening, surveillance,

monitoring and evaluation, representing a prerequisite for reaching

the 2030 disease targets (1). Schistosomiasis, one of the major NTDs,

affects more than 250 million people worldwide (2). Six species of

schistosomes (trematode blood flukes) infect human beings, of which

Schistosoma mansoni, S. haematobium, and S. japonicum are the

major species. The control of the disease relies heavily on mass drug

administration (MDA) employing praziquantel (PDZ) (3). Recently,

both the prevalence and infection intensity of the disease have

declined in many endemic areas due to the implementation of

integrated control programs, including MDA, making conventional

parasitological diagnostics (e.g., the microscopy-based Kato Katz

(KK) and the miracidium hatching technique) less efficient in the

detection of schistosomiasis. These situations thus necessitate the

development and implementation of more cost-effective and accurate

diagnostics for rapid mapping and monitoring schistosomiasis in the

endemic areas.

In addition to conventional parasitological diagnostics, there are a

number of other diagnostic methods available for the detection of

schistosome infections (4–8). Improved coprological tests, such as the

saline gradient method (9), formalin-ethyl acetate sedimentation-

digestion (FEA-SD) (10) and Helmintex method (i.e., isolates eggs

from fecal samples with the use of paramagnetic particles in a magnetic

field) (11) showed an increased diagnostic sensitivity compared with

the traditional techniques; yet are usually labour-intensive and have a

lengthy processing time. In addition, polymerase chain reaction (PCR)

technology-based molecular diagnostics, including real time

quantitative (q)PCR- (12–15), droplet digital (dd) PCR-based assays

(16–18), loop-mediated isothermal amplification (LAMP) (19–21), and

recombinase polymerase amplification (RPA) (22–25) are alternative

tools for schistosomiasis diagnosis due to their outstanding accuracy;

however, these tests require experienced human resources and are

expensive (e.g. the relatively high cost of DNA extraction, qPCR

reagents and/or equipment), limiting their application in remote

areas with limited resources.

Point-of-care (POC) diagnostics are at the forefront of

government initiatives, non-government organisations, medical

diagnostics companies as well as fundamental research (26). For
0288
NTDs, accurate POC testing facilitates rapid results in situ, enabling

targeted intervention for drug treatment and providing insights into

dynamic transmission of pathogens and the burden of diseases. The

application of POC tests can increase acceptance of treatment and

minimise the risk of potential development of drug resistance.

Recently, the WHO called for expert consultation on diagnostics

with a particular focus on POC testing for schistosomiasis and

soil-transmitted helminths (27). As a powerful POC tool,

immumochromatographic assay (ICA) has been widely developed

with a particular application in epidemiological surveys in the field.

Recently, a number of colloidal gold immunochromatographic

assay (GICA) strips have been established and evaluated for the

rapid diagnosis of parasitic diseases, such as schistosomiasis (28–

31), toxoplasmosis (32), fascioliasis (33) and opisthorchiasis (34), as

an alternative screening tool.

Current antigen detection (AgD)-based POC tests schistosomiasis

are based on the probing proteoglycan components present in the gut

vomit of juvenile and adult worms known as circulating anodic

antigens (CAAs) or circulating cathodic antigens (CCAs) using

lateral flow assays (2). The POC-CCA is a commercially available

cassette assay that has been widely validated in the detection of active S.

mansoni infection in high and moderate endemic areas. However, the

assay showed lower potential in the diagnosis of other Schistosoma

species (35–37). In addition, the assay suffers some pitfalls, such as

cross-reactivity, underperformed specificity, and a ‘Trace’ reading

problem (36, 38). To date, the antibody detection (AbD)-based

GICA assays developed for schistosomiasis japonica diagnosis

typically use crude worm or egg antigen, which can result in cross-

reactions with other helminths during field clinical sample testing.

Previously we, and others, identified a schistosome saposin protein,

SjSAP4, which shows an unprecedented level of accuracy for

diagnosing infected cohort subjects from S. japonicum-endemic areas

in both China and the Philippines (39–41). In this study, we aimed to

develop and assess a novel SjSAP4-incorporated GICA strip for the

diagnosis of schistosomiasis japonica.
2 Methods

2.1 Ethics

The human research ethical approval for the study was obtained

from the Human Research Ethics Committee, QIMR Berghofer
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1165480
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mu et al. 10.3389/fimmu.2023.1165480
Medical Research Institute (QIMRB), Brisbane, Australia (Project

Approval: P524) and the Institutional Review Board (IRB) of the

Research Institute for Tropical Medicine (RITM), Manila,

Philippines (IRB Number 2015-12). Written consent was

obtained from all participants (for children aged 15 years or

under written consent was obtained from their legal guardians).
2.2 Study cohort, sample collection,
processing, and storage

The study recruited human subjects from 18 barangays

moderately endemic (27% prevalence) for schistosomiasis japonica

in the municipalities of Laoang and Palapag, Northern Samar,

Philippines, in 2015 (3, 18, 39, 42). Fecal and serum samples were

collected from the participating subjects. For each participant, two

fecal samples (10–15 g each) were sought on different days within a

week for the KK analysis. After fixing in 80% ethanol, the remainder

of the first fecal sample (~10 g) was stored at 4°C. A blood sample (10

ml) was collected from each individual using a 10 ml serum silica

vacutainer. The blood sample was set to clot at ambient temperature

for 30 min. After centrifugation at 1500 × g for 10 min, the serum

samples were aliquoted. All clinical samples were kept at 4°C and

transported on wet ice to the RITM, where the samples were stored at

-20°C. All samples were subsequently shipped to QIMRB, Brisbane,

Australia on dry ice. In this study, a subset of serum samples (n = 60)

collected from the endemic areas was tested with the GICA strips.

Serum samples collected from healthy human subjects (n = 20) living

in a non-endemic area (Qiqihar, Heilongjiang Province, China) for

schistosomiasis served as controls.
2.3 Parasitological detection (Kato-Katz)

Kato-Katz analysis on fecal samples was performed by

experienced technicians at RITM. For each fecal sample, three KK

slides were examined. Infection burden was presented as the

number of eggs per gram of feces (EPG). To increase the accuracy

of the KK test, 10% of slides were randomly selected for re-

examination by an experienced microscopist.
2.4 Cloning, expression and purification of
recombinant SjSAP4

A gene fragment of SjSAP4 (GenBank No: ON241030, nt 1-534)

with an addi t ional pET28a vector-der ived sequence

-CCATGGGCAGCAGCCATCATCATCATCATCAC- at N-

terminal was synthesized. The DNA fragment was amplified by

PCR from the synthet ic gene with forward pr imer :

AACCATGGGCAGCAGCCATCAT and reverse primer:

AACTCGAG-TAATGGACACA-ACTGTATTG. The PCR

product was purified and further digested with restriction

enzymes NcoI and XhoI, and the DNA fragment was then cloned

into the pET-28a vector. Recombinant plasmid was confirmed by

DNA sequencing and transformed into Rosetta (DE3) competent
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cells. Expression of the recombinant SjSAP4 (rSjSAP4) protein was

induced by 0.2 mM IPTG. The rSjSAP4 protein was purified under

native conditions using Ni-IDA Sepharose Cl-6B (Novagen, San

Diego, CA, USA) according to the manufacturer’s instructions. The

purified rSjSAP4 protein was analyzed by 12% (w/v) SDS-PAGE

and Western blot analysis (Supplementary Figure S1).
2.5 Preparation of the GICA strips

The GICA strips were developed by ZoonBio Biotechnology

(Nanjing, China). The design of the GICA strip was illustrated in

Figure 1. Briefly, rSjSAP4 protein was initially coated with colloidal

gold particle (70 nm) and the gold-rSjSAP4 conjugate (10 µg/ml)

was applied onto conjugate pad (glass fibre membrane) at a volume

of 35 ml/cm and dried in a biochemical incubator for 12 hours at 37

°C. The buffer used for conjugate pad preparation contains 20 mM

Tris, 5% (w/v) sucrose, and 2.5% (w/v) trehalose. By using an XYZ

Biostrip Dispenser (HM3030, Shanghai Kinbio Tech. Co., Ltd,

Shanghai, China), 1 mg/ml Protein G (Zoonbio Biotechnology,

Nanjing, China) and 0.7 mg/ml mouse anti-His tag mAb (Zoonbio

Biotechnology, Nanjing, China) were dispensed onto the

nitrocellulose (NC) membrane (CN140, Sartorius, Goettingen,

Germany) (porosity: 8 mm, wicking rate: 110-165s/4cm) at a

volume of 1 ml/cm to form the test and control lines, respectively.

The membrane was then dried at room temperature in a

biochemical incubator for 6 hours. The absorbent pad (filter

paper) coated membrane (NC membrane), conjugate pad (glass

fibre membrane), and sample pad (glass fibre membrane), were

laminated and pasted onto a plastic-backed support card with a 1–2

mm overlap as illustrated in Figure 1. The entire assembled scale

board was cut lengthwise and divided into strips measuring 3 × 60

mm using a guillotine cutter (ZQ2002, Shanghai Kinbio Tech. Co.,

Ltd, Shanghai, China). The resulting strips were assembled in a

plastic cassette, which was further placed into a silica gel desiccant-

containing aluminium foil bag, and stored at room temperature.
2.6 GICA assay measurement and analysis

For each test, 50 µl diluted serum sample was added to each

cassette. The strips were scanned at 10 min after sample loading.

The tests were determined as invalid when the control band did not

appear or when the tests were left to develop for more than 15 min.

All images were uploaded to a computer and analysed by a Java-

based image processing program, ImageJ to quantify the intensity of

the bands. In order to convert the results to fully quantitative

information, an R value, which was defined as the intensity of the

test band divided by that of corresponding control band,

was introduced.
2.7 ELISA

The ELISA assay was performed as described previously (39).

MaxiSorp high protein-binding capacity 96-well ELISA plates
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(Nunc, Roskilde, Denmark) were coated with 100 ng recombinant

SjSAP4 in coating buffer (100 ml/well) overnight at 4°C. The plates
were blocked with 1% (w/v) bovine serum albumin (BSA) in

phosphate-buffered saline with 0.05% Tween-20 (PBST pH 7.4)

for 1 h at 37°C. Serum samples diluted at 1:250 in blocking buffer

were added to the wells and the plates were incubated for 1 h at 37°

C. A mouse monoclonal anti-human IgG (Fc specific)-biotin

antibody (Sigma-Aldrich Co, MO, USA) was then added as

secondary antibody (1:20,000, 100 mL/well) for 1 h at 37°C. The

plates were further incubated with Streptavidin-HRP (BD

Pharmingen, CA, USA) (1:10,000, 100 ml/well) at 37°C for 0.5 h.

Plates were washed 5 times with PBST after each step. Next, 100 ml
3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added to each

well to develop the colorimetric reaction, which was terminated

after 5 min by adding 50 ml 2 M sulfuric acid per well. The ELISA

plates were read at OD 450 nm with a microplate reader (BMG

LABTECH, VIC, Australia).
2.8 Statistical analysis

To analyse the differences in R values of GICA tests with serum

samples at different dilutions or with different dilution buffers,

Student’s t-test was used. Cut-off values for the GICA assay and

SjSAP4-ELISA assay were set with the maximization of Youden’s J-

index. Pearson’s correlation coefficient (r) was used for the assessment
Frontiers in Immunology
 0490
of the correlation between the R values of the GICA assay and OD

values of the SjSAP4-ELISA assay. Agreement between the GICA strip

and the SjSAP4-ELISA assay was determined using the Kappa statistic

(https://www.graphpad.com/quickcalcs/kappa1/). Statistical analyses

were performed using GraphPad Prism version 9.4.0 software

(GraphPad Software, Inc., San Diego, CA, USA). Statistics were

considered significant at a p-value less than 0.05.
3 Results

3.1 The detectable limit of the GICA assay

The developed GICA strips were tested with a pooled serum

sample collected from KK-positive (KK (+)) individuals (n = 3) at a

serial dilution (from 1:5 to 1:40960). The strips were scanned at 10 min

after sample loading (Figure 2A). Based on R value analysis with a cut-

off value of 0.076, the detectable limit of the GICA assay on testing the

diluted serum samples was 1:20480. The established GICA strip

showed the highest R value when the serum sample was tested at a

dilution of 1:40. Six dilution ratios (from 1:10 to 1:320) had an R value

higher than 1 (Figure 2B), indicating that a relatively wide range of

dilution ratios may be applicable for the strip test. The hook effect was

observed when serum samples diluted at 1:5 and 1:10 were tested

(Figure 2B). A significant decrease in R value was observed when the

sample was diluted to 1:640 and beyond (Figure 2B).
FIGURE 1

Schematic illustration of the rSjSAP4-incorporated GICA strip. The gold-rSjSAP4 conjugate is added to the conjugate pad. The recombinant protein
G and a monoclonal mouse anti-His tag antibody is immobilized on the test (T) and control (C) line, respectively, on the NC membrane. Once serum
samples containing specific anti-SjSAP4 antibodies or non-specific antibodies loaded onto the sample well, the conjugated anti-SjSAP4 antibody
complexes and non-specific antibodies are captured by the protein G immobilized on the ‘T’ line. The gold-rSjSAP4 conjugate and conjugated anti-
SjSAP4 antibody complexes are captured by the anti-His tag antibody on the ‘C’ line. A positive result is indicated by the appearance of pinkish red
bands on both the ‘T’ and ‘C’ lines. A negative result is indicated by the appearance of only a single pinkish red band on the ‘C’ line. A test is
determined as invalid if no bands appear on both ‘T’ and ‘C’ lines or if only one band appears on the ‘T’ line, and thus needs to be re-tested.
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3.2 Optimal dilution buffer for the
developed GICA assay

The S. japonicum-positive human serum samples were diluted

with PBS, 0.9% NaCl, PBST (1% Tween 20) and 2.5% sucrose

containing 1% Tween 20 in 1:40 to determine the best serum

dilution buffer solution (Figure 3A). As shown in Figure 3B, PBS

diluted sera showed a significant higher R value compared to sera

diluted with PBST (1% Tween 20) (p < 0.01) and 2.5% sucrose (1%

Tween 20) (p < 0.05); while there was no difference in R values when

using PBS and 0.9% NaCl as the dilution buffer. The assay was

performed in triplicate. PBS was then selected as serum diluent for

the subsequent GICA tests.
3.3 Assessment of diagnostic performance
of the GICA assay

Serum samples collected from 80 subjects, including 40 KK (+)

individuals, 20 endemic individuals confirmed as both KK-negative

(KK (-)) and faecal droplet digital PCR assay-negative (F_ddPCR
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(-)) (18), and 20 healthy donors from a non-endemic area, were

further tested with the GICA strips at a dilution of 1:20, given most

of the KK (+) subjects harboring an EPG less than 10. Meanwhile,

the SjSAP4-ELISA assay was performed on the same panel of serum

samples. As shown in Figures 4A, B, individuals from the endemic

areas had higher R values and OD values than non-endemic donors

(p < 0.0001 and p < 0.05 for the KK (+) group, and KK (-) and

F_ddPCR (-) group, respectively). Using the non-endemic group as

control, the developed GICA strip showed a sensitivity of 95.0% and

a specificity of 100% (Figure 4A), while the SjSAP4-ELISA assay had

a sensitivity of 97.5% and absolute specificity (Figure 4B). Using the

KK (-) and F_ddPCR (-) group as control, the GICA assay had a

sensitivity of 85.0% and a specificity of 80.0% (Figure 4A), while the

SjSAP4-ELISA assay displayed a sensitivity of 87.5% and a

specificity of 90.0% (Figure 4B). A significant positive correlation

between the developed GICA test and the SjSAP4-ELISA assay was

observed (Pearson’s correlation, r = 0.7231, p < 0.0001) (Figure 4C).

The Kappa statistics analysis indicated that there is an almost

perfect agreement between the GICA strip and SjSAP4-ELISA

assay (k value = 0.964 and 0.893 using the non-endemic donors,

and KK (-) and F_ddPCR (-) subjects as control, respectively).
A

B

FIGURE 2

Detection limit of the GICA assay on pooled sera. (A) The GICA strips were tested with a pooled serum sample from KK-positive individuals (n = 3)
with an EPG of 13, 14, and 20, respectively, at a series of dilutions (from 1:5 to 1:40960). C, Control line; T, Test line; S, Sample well; NC, a pooled
serum sample from non-endemic controls (n = 3) tested at a dilution of 1:5. (B) R values of the GICA assay testing a pooled serum sample from KK
(+) individuals (n = 3) at a series of dilutions. Dotted line: cut-off value determined as 2.1 times the mean R values of the pooled serum sample from
non-endemic controls. The test was repeated in triplicate. p values were calculated using the Student’s t-test (ns, no significant difference; *p < 0.05;
**p < 0.001; ***p < 0.001).
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3.4 Assessment of stability of the
GICA strips

To establish the stability of the developed GICA strips, sealed

cassettes were stored at room temperature and used at 12 months

using serum samples collected from eight subjects, including one

healthy control and seven KK (+) individuals (Figure 5A). R value

analysis revealed that there was no difference in result interpretation

between the freshly produced GICA strips and those sealed ones

stored at room temperature for 12 months (Figure 5B). These

results indicate that the GICA strips remain stable at least for 1

year when stored in the dark with desiccant at room temperature.
4 Discussion

In the Philippines, approximately 12 million Filipinos in 28

provinces across 12 geographical zones are potentially affected by

schistosomiasis japonica, with two and half million directly exposed

to the disease (43, 44). As of 2019, the national prevalence of the

disease was reported to be 4.0% based on focal surveys (45).

Nevertheless, the infection intensity of the disease is decreasing in

endemic barangays of the Philippines where MDA has been

implemented annually, and light infections with an EPG less than

99 are becoming more dominant (46). Development and

deployment of rapid, easy-to-use, cost-effective, and field-

deployable diagnostic tools represent an important component of

an integrated and innovative control approach to achieve disease

elimination. GICA is the most widely used POC diagnostic tool for

the detection/screening of a variety of disorders/diseases, including

infectious diseases (28, 47). In this study, we developed a novel

recombinant protein-based GICA assay and assessed its

performance in the diagnosis of human S. japonicum infection.
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It has been noted that the application of SEA of S. japonicum or

antigen purified from crude lysate of S. mansoni adult worms in

GICA strip development caused significant cross-reaction with the

antibodies to other parasitic flukes or soil-transmitted helminths,

although showing a high sensitivity (28, 29, 48). Rodpai et al.

recently developed an immunochromatographic test (Sj-ICT) for

the diagnosis of schistosomiasis japonica using somatic extract from

adult S. japonicum as target antigen (49). The diagnostic assay also

showed cross-reactions with cases of Opisthorchiasis viverrini,

Clonorchiasis sinensis, Paragonimiasis heterotremus, sparganosis,

cysticercosis, trichinellosis and trichuriasis (49). These studies

indicate that it is necessary to develop immunochromatographic

tests by incorporating optimised recombinant antigens, such as

tetraspanins, saposin family members and hepatic schistosomula

antigens (30, 39, 50, 51), to minimise the potential risk of cross-

reactions. In the current study, we used a S. japonicum saposin

protein, SjSAP4 as the target antigen, which previously showed no

cross-reaction with alveolar echinococcosis and trichinellosis in

ELISA assays (41), for the development of GICA assay. In

addition, a BLASTp search in the National Center Biotechnology

Information (NCBI) database confirmed that there exist only

homologous fragments sharing less than 30% sequence identity

with SjSAP4 in other parasitic flukes, such as C. sinensis and

Fasciola hepatica, making the potential cross-reactivity of SjSAP4

with these flukes less likely. Nevertheless, a further experimental

validation of the developed SjSAP4-incorapted GICA strip with sera

samples from patients infected with other helminths, particularly

other parasitic flukes, is still needed to test the potential

cross-reactivity.

Currently, there are mainly two types of design used for the

development of GICA assays for the diagnosis of schistosomiasis.

The first, as adopted by Xu et al. (10) and Shen et al. (29), the gold-

or fluorescent protein-conjugated recombinant streptococcal
A B

FIGURE 3

Determination of the optimal dilution buffer for the GICA assay. (A) Four dilution buffers, 1) PBS, 2) 0.9% NaCl, 3) 1% PBST, and 4) 2.5% sucrose
containing 1% Tween 20, were selected to determine the optimal serum diluents. For each buffer, a pooled serum sample from three KK (+) individuals
was tested in triplicate at a dilution of 1:40. (B) R value analysis revealed a significant impaired binding the gold-rSjSAP4 conjugate with antibodies in
pooled serum samples when using PBST and 2.5% sucrose containing 1% Tween 20 as the dilution buffer compared with PBS. Data are represented as
the mean ± SD from three different assays p values were calculated using the Student’s t-test (ns, no significance; *p < 0.05; **p < 0.01).
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protein G (rSPG) is added onto the conjugate pad, while the

schistosome antigen and rSPG are immobilized on the NC

membrane, as the T and C line, respectively. For the second

design as adopted by Rodpai et al. (49) and Pearson et al. (30),

the gold-conjugated mouse anti-human IgG was sprayed onto the

conjugate pad, while the schistosome antigen and goat anti-mouse

IgG were dispensed as the T and C line, respectively, on the NC

membrane. The two designs require high concentration of

schistosome-derived antigens to be sprayed on the NC

membrane. However, the recombinant SjSAP4 exhibits limited

solubility in non-denatured solution, restricting the feasibility to

adopt the above designs in developing GICA assay incorporating

SjSAP4. In addition, our previous study showed that there are

limited linear B-cell epitopes available on SjSAP4, suggesting its

antigenicity is predominantly dependent on conformational B-cell

epitopes (52), a finding that excludes the use of denatured rSjSAP4

in the development of the GICA assay. In this study, a novel GICA

format, as shown in Figure 1, was then adopted. Based on the

design, it is possible that the non-specific antibodies may compete

with the conjugated anti-SjSAP4 antibody complexes for binding to

the immobilized protein G on the ‘T’ line, which may partly explain

why serum samples at relatively high concentrations (such as those

diluted at 1:5 and 1:10) did not show a greater R value compared to

those at relatively low concentrations (such as those diluted at 1:20

and 1:40) when tested with the developed GICA strips (Figure 2B),

in addition to the hook effect.

As the results of immunochromatographic strips need to be

read within a limited time after sample loading, the result read must

be conducted by well-trained investigators to achieve an accurate

assessment if naked eye determination method is employed. There
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can, however, be variability in visual interpretation of trace results

due to individual differences in visual acuity and/or training (53). In

regarding of interpretation optimization, a reference colour card

(34) or lateral flow reader (54) was employed in previous studies to

increase accuracy in result reads. In this study, the results of the

established GICA assay were timely scanned and further analyzed

in silico to eliminate the inter-reader variability, a procedure similar

to that undertaken previously (35, 55). By introducing an R value,

we convert the results of the developed GICA assay into a fully

quantitative test, which can minimise the likelihood of potential

system errors caused by variations in the absorbance rate of samples

and/or color development time among different cassettes.

The current GICA assay is an AbD based assay. As antibodies can

persist in the host after parasite clearance, an inherent limitation of

AbD assays is their limited ability to differentiate between past and

current infection. In this regard, determination of antibody decay rates

post-infection could be a relevant subject to determine diagnostic value

for some applications. Previously, by employing a murine

schistosomiasis model, we found that the levels of SjSAP4-specific

IgG antibodies start to decline at 7 months post-chemotherapy in one

out of six mice (39). However, murine schistosomiasis usually

represents a high dosage of infection, which cannot fully reflect the

authentic situation of the disease in humans. Thus, a similar

investigation, i.e., exploring the decay of specific antibodies against

SjSAP4 in schistosomiasis patients after chemotherapy would be

expected in the future. Using non-endemic donors as controls, some

individuals in the KK (-) and F_ddPCR (-) group were positive for the

GICA assay (positivity rate: 35%) and SjSAP4-ELISA assay (positivity

rate: 40.0%). The antibody reaction observed in these subjects indicates

that they may have previously been infected with S. japonicum in the
A B C

FIGURE 4

The performance of the SjSAP4-incorpated GICA and SjSAP4-ELISA assay in the diagnosis human schistosomiasis japonica. (A, B) Scatter plot
showing the R values of the GICA assay (serum dilution 1:20) and OD values of the SjSPA4-ELISA assay (serum dilution 1:250) in testing serum
samples from KK (+) individuals (n = 40), KK (-) and F_ddPCR (-) individuals (n = 20), and the non-endemic controls (n =20). Significance was
analyzed by the Student’s t-test (****, p < 0.0001; *, p < 0.05). Gray dotted line: cut-off value determined using non-endemic group as control;
Magenta dashed line: cut-off value determined using the KK (-) and F_ddPCR (-) group as control. (C) Correlation between the R values of the GICA
strip and OD values determined by the SjSAP4-ELISA assay (n = 80) using Pearson’s correlation coefficient.
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past (such as 3-12 months). It is worth noting that, the ability to

discriminate between the current and previous infection can be

improved for both assays by setting stringent cut-off values as we did

in the case of individuals from endemic areas being used as controls, at

the cost of sacrificing the diagnostic sensitivity to some extent.

Nevertheless, the applications of such rapid and field-friendly POC

tests for accurate diagnosis of schistosomiasis include: 1) Used as a

screening tool for monitoring of transmission areas. For example, the

developed GICA assay thus can be used for rapid mapping of

schistosomiasis in the endemic zones in the Philippines, helping

identify high-priority areas for targeted interventions. As the

Department of Health (DOH) of the Philippines administers MDA

for schistosomiasis every January through the Schistosomiasis Control

and Elimination Program (56), the best time to carry out such rapid

mapping should be at the end of the year. 2) Used as a screening tool

for surveillance. In a limited prevalence or “post-elimination” situation,

such as that in China, the GICA assay can also be used to determine if

transmission blocking/elimination are actually achieved. 3) Testing

individuals from non-endemic areas returning home after visiting

schistosomiasis-endemic regions with suspicion of infection

(travellers, migrants and international labourers), thereby helping

prevent disease spread. 4) Determining the serological prevalence in

endemic areas before and after the implementation of integrated

interventions, thus monitoring the effect of these intervention

measures. 5) Used to define the affected area of an S. japonicum

infection focus, such as in Lindu, Napu, and Bada Highlands in Central

Sulawesi, Indonesia (57), and two new endemic foci, Gonzaga and

Calatrava, in the Philippines (58), by moving further away from the

center until blood samples from surrounding areas are no

longer positive.

As both are an indirect AbD based immunoassay, the SjSAP4-

incorperated GICA and the SjSAP4-ELISA assay showed a high

concordance. However, when the KK (-) and F_ddPCR (-)
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individuals were used as controls, the SjSAP4-incorperated

GICA assay is inferior to the SjSAP4-ELISA assay in both

sensitivity (85% vs 87.5%) and specificity (80% vs 90%),

indicating that further optimisation steps are required to

improve the performance of the immunochromatographic strip,

such as validating the assay with serum samples at a higher

dilution. Nevertheless, in contrast to GICA, the classic ELISA

assay is labor-intensive and equipment-dependent, and requires a

well-trained technician to perform. The stability assay of the

GICA strips indicated that the validity period of the GICA

strips was at least 12 months at room temperature, without loss

of performance in the detection of S. japonicum infection. The

GICA assay established here thus displays similar stability with

the Sj-ICT and GICA assays previously developed by other groups

(28, 49). In addition, due to high sensitivity of the established

GICA strip, diluted finger-prick blood with a brief centrifugation

to remove blood cells may also be suitable for the assay, which will

further reduce the cost of the test.
5 Conclusions

In this study, a novel recombinant antigen-incorporated GICA

assay was developed and assessed for the diagnosis of schistosomiasis

japonica in subjects recruited from endemic areas in the Philippines.

The application of the strip requires only a small serum volume and the

results can be read within 10 min. The GICA strip showed a sensitivity

of 95.0% and absolute specificity using the non-endemic individuals as

controls. In addition, when the subjects confirmed as KK (-) and

F_ddPCR (-) were employed as controls, the immunochromatographic

test exhibited a sensitivity of 85.0% and a specificity of 80.0%. The

GICA assay displayed a similar diagnostic ability with the conventional

indirect ELISA method detecting serum IgG against rSjSAP4. The
A

B

FIGURE 5

Stability assessment of the GICA strips. (A) Eight serum samples (one from healthy control (#1) and 7 from KK-positive subjects (#2 – #8)) diluted
with PBS at 1:20 were used to assess the stability of the GICA strips stored at 25 for 12 months; (B) R values and read results for the eight serum
samples tested with freshly produced GICA strips and those sealed and stored at 25°C for 12 months, respectively.
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developed immunochromatographic strips are stable for at least for 12

months stored at room temperature in sealed aluminium foil bag with

desiccant, without loss of performance. The GICA assay established

here represents a powerful tool for large-scale screening in rural

schistosomiasis japonica-endemic areas where access to facilities and

supplies is limited.
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SUPPLEMENTARY FIGURE 1

Recombinant SjSAP4 protein expression and identification. (A) SDS-PAGE gel

electrophoresis analysis of rSjSAP4 expression in E. coli. M, protein marker;
lane 1, empty vector; lane 2-3, bacterial extract before and after rSjSAP4

expression, respectively; lane 4-5, supernatant and precipitate of bacterial

extract expressing rSjSAP4, respectively. (B) SDS-PAGE analysis of purified
rSjSAP4. M, protein marker; lane 1, BSA; lane 2, purified rSjSAP4. (C) Western

blot analysis of rSjSAP4 using the Odyssey system. M, protein marker; lane 1,
purified rSjSAP4 probed with an anti-His-tag antibody.
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Schistosomiasis is a neglected tropical disease caused by dioecious blood flukes

of the genus Schistosoma and second to malaria as a parasitic disease with

significant socio-economic impacts. Mating is essential for maturation of male

and female schistosomes and for females to lay of eggs, which are responsible

for the pathogenesis and propagation of the life cycle beyond the mammalian

host. Single-sex schistosomes, which do not produce viable eggs without

mating, have been overlooked given the symptomatic paucity of the single-sex

schistosomiasis and limited diagnostic toolkit. Besides, single-sex schistosomes

are less sensitive to praziquantel. Therefore, these issues should be considered to

achieve the elimination of this infection disease. The aim of this review is to

summarize current progress in research of single-sex schistosomes and host-

parasite interactions.

KEYWORDS

schistosome, single-sex infection, omics, host-parasite interaction, immune regulation
Introduction

Schistosomiasis is a neglected tropical disease caused by parasitic flatworms (blood

flukes) of the genus Schistosoma that affects about 250 million people mainly in tropical

and subtropical regions and accounts for 1.4–3.3 million disability-adjusted life years

annually (1, 2). The World Health Organization (WHO) currently recommends mass

administration of praziquantel (PZQ) for the control, worm/egg burden reduction and

elimination of schistosomiasis (3). The increasing attention to schistosomiasis over the past

few decades has led to significant improvements in agricultural and irrigation practices, as

well as sanitation and hygiene (4, 5). Data from the national surveillance sites for

schistosomiasis in China show that there have been no cases of Schistosoma japonicum

infection of humans, bovines, or aquatic snails as the intermediate host in 2021 (6),

demonstrating remarkable achievements in the control of schistosomiasis. The

considerable expansion of preventive chemotherapy in tandem with scientific progress

have improved the global control of schistosomiasis (2, 7). A publication by the WHO,

titled “Ending the neglect to attain the Sustainable Development Goals: a road map for

neglected tropical diseases 2021–2030”, proposes more ambitious targets, including the
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elimination of schistosomiasis as a public health threat (8).

Nevertheless, as a highly complex multi-host parasite, many

questions remain unexplored.

Dioecious schistosomes mate and lay eggs within either the

mesenteric or venules of the plexus venous of urogenital organs

(depending on the species) (1). Most eggs are excreted in urine or

feces, thereby contributing to propagate the life cycle. The presence

of eggs in faecal or urine samples is considered the gold standard

diagnostic tool (9). However, this approach is insufficient for

detection of single-sex schistosomiasis (10). An opinion article

published in 2018 proposed that exposure to single-sex

schistosomes is an overlooked phenomenon, as no eggs are

produced within the final host and infection is asymptomatic

(11). Most importantly, a single-sex infection cannot be identified

by traditional egg-based parasitological tests, which undoubtedly

jeopardizes diagnostic accuracy of schistosomiasis (11). Other

methods to theoretically detect egg-free single-sex schistosome

infection include monitoring of schistosome gut-associated

circulating anodic and cathodic antigens in serum or urine (12),

and real-time polymerase chain reaction (PCR) analysis of

schistosome DNA (13). When considering cost and convenience

of rapid detection, circulating cathodic antigen is a direction worthy

of further study in the future (14).

Both field and laboratory studies have reported cases of single-

sex schistosome infections (15–18). Theoretically, single-sex

schistosomes only mate in the host after encountering a worm of

the opposite sex (17, 19). However, schistosomes produced by

single-sex infections can also mate with the opposite sex of

heterologous species and produce viable eggs (20–25). Another

recent study indicated that both male and female S. japonicum can

survive treatment with PZQ and retain normal reproductive

potential (26). Therefore, it is necessary to address infections of

single-sex schistosomes. Elucidation of the mechanisms underlying

reproductive development of schistosomes and host-parasite

interactions offers new perspectives for drug administration

and therapies.
Single-sex schistosome infection
occurs under natural conditions

Schistosomes mature only after mating and can subsequently

survive in human hosts for 3–10 years (27, 28). Initial studies

suggested that single-sex schistosome infections do not occur in

nature but they can be generated in laboratory animals with

cercariae produced from snails infected with single-sex miracidia

(29, 30). However, subsequent field studies have found that single-

sex schistosome infections do indeed occur in nature (15).

Single-sex miracidia can infect the tropical freshwater snail

Oncomelania hupensis as the intermediate host (31). A field study

conducted in the hilly areas of Anhui, China identified 67 (0.78%) of

8563 snails infected with schistosomes (32). Of the 46 snails selected

for further studies, 21 (45.7%) were infected with female

schistosomes, 23 (50.0%) with males, and only 2 (4.3%) with both

sexes (32). Other field studies have reported similar results for S.
Frontiers in Immunology 0299
mansoni and S. haematobium (31, 33). Besides, an ecological survey

of definitive hosts conducted in 1993 found that 43 (20.8%) of 207

wild rats were infected with single-sex schistosomes, which included

38 (88.4%) infected with males and 5 (11.6%) with females (18).

Another survey conducted along the Yangtze River (Hubei, China)

identified 22 (5.5%) of 400 sentinel mice infected with schistosomes,

of which 14 (63.6%) were infected with only males and 2 (9.1%)

with only females (15). However, there is a lack of data from field

investigations on how long single-sex schistosomes can survive in

the host. Besides, schistosomes have numerous naturally permissive

and non-adaptive hosts, thus surveillance is extremely difficult,

which can potentially limit control measures (1). Moreover,

single-sex schistosomes can remain “mating-ready” for up to 1

year in mice and still produce viable eggs (17, 34). These findings

provide compelling proof that schistosomes can exist unpaired in

natural environments.
Morphological differences between
single-sex and bisexual worms

Morphological observations after dissection are commonly used

to identify infections with single-sex schistosomes (35). Single-sex

female (SF) worms and bisexual mated female (MF) worms have

distinct morphological differences. In general, SF worms are about

one-third of the length of MF worms, which renders detection

relatively difficult (36). In S. japonicum, developed ovaries could be

observed in MF worms at 18 day post infection (dpi) (2–3 days after

mating) (37). From 21–25 dpi, MF worms continue to develop with

proliferation of vitelline cells, while the ovaries and vitelline glands

of SF worms were stunted which contains only stage I vitellocytes

(38). An in vitro study found that when separated from the male,

the female will lose the ability to produce viable eggs due to the loss

of mature oocytes (39). Unlike females, there is no significant

morphological difference between single-sex infected male worms

(SM) and bisexual infected mated male worms (MM) (40, 41),

although the testes of SM worms are slightly smaller (16).
Current omics studies of single-sex
schistosomes

Laboratory models for stable single-sex infections can be

established by infecting snails with single miracidia and

identifying the sex of the cercariae released by individual snails by

PCR (42). This model of single-sex infection has paved the way

towards a better understanding of single-sex schistosomiasis in the

mammalian host (42, 43).

Omics studies are useful to explore the reproductive

development of schistosomes. Recent developments of sequence

databases and improvements in proteomics and transcriptomics

technologies have facilitated high-throughput studies of single-sex

schistosomes and provided useful references for further studies of

the reproductive mechanisms (44, 45).
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Transcriptomics

Alexis et al. (29) identified differentially expressed genes (DEGs)

between 42-day S.mansoni SF and MF worms. The results of in situ

hybridization studies found that DEGs were mainly localized in the

vitellocytes and ovary of MF worms vs. the vitellocytes and

subtegumental cells of SF worms (29). The various predicted

functions of DEGs in MF worms include oocyte maturation,

apoptosis, protein degradation, and interactions between

vitellocytes (29). The predicted functions of the DEGs 6767

(GenBank no. CCD61090) and 15402 (GenBank no.

XP_002573676) of SF worms involve interactions that occur

during mating (46).

An in-depth study conducted by Lu et al. (47) applied RNA-

sequencing (RNA-seq) analyses for comparisons of isolated

complete ovaries and testes from paired (46-day) and unpaired

(67-day) S. mansoni and the adult worm. The results identified 96

genes comparatively enriched in testes of MMworms and 147 in the

testes of SM worms. However, the mating procedure resulted in

nearly 15-fold more differentially expressed genes (DEGs) in the

ovaries between SF and MF worms (47). This enormous

discrepancy in quantity is probably, as mentioned above, closely

related to the intuitive morphological differences (16). Reference to

the Kyoto Encyclopedia of Genes and Genomes classified the DEGs

to metabolic and regulatory pathways (48). The results revealed that

849 DEGs from the ovaries of MF worms were involved in the Akt-,

MAPK-, and Ras-signaling pathways, ribosome biogenesis, RNA

transport, and endocytosis, whereas 435 DEGs from the ovaries of

SF worms were involved in focal adhesion, lysosome function, and

the MAPK signaling pathway (47). The schistosome egg-shell

precursor gene p14 (Smp_131110), which was up-regulated in

MF worms, encodes a female-specific tyrosinase that plays a

pivotal role in egg shell synthesis (49). Notably, the transcript

profiles of SF worms were more similar to either SM or MM

worms than MF worms, which might be associated with the

evolutionary background (50).

A meta-analysis of RNA-seq studies offered valuable expression

data across all life stages of S. mansoni (51). In addition, an

interactive web portal was established (51) of not only RNA-seq

data, but also conserved structural domains and related pathways.

Combined with the WormBase ParaSite database (52), this web

portal allows researchers to visualize and analyze data for genomic

studies of schistosomes.

Single-cell RNA-seq has also been used to comprehensively

describe tissue types and physiology of schistosomes (53). A study

by Wendt et al. (53) classified 43642 cells from the adult S. mansoni

into 68 distinct cell populations. These data will help to further

clarify the development of various cellular lineages during the

schistosome life cycle to facilitate the development of

novel therapeutics.
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Proteomics

Proteomics has been used extensively in schistosomiasis

research and has facilitated the discovery of critical molecules

involved in reproductive development and as potential vaccine

targets (16, 37, 45, 54–58). Schistosomes are highly complex

organisms, thus dynamic analysis of the developmental stages is

warranted (59). Based on the life cycle of S. japonicum (mating at 15

or 16 dpi, eggshell formation at 22 dpi, and egg laying at 24 dpi) (1),

the proteomic profiles of SF and MF worms at 18, 21, 23, and 25 dpi

were elucidated by our group (37, 45). In total, 2835 differentially

expressed proteins (DEPs) were identified between SF and MF

worms at different developmental stages (37). Relative to SF worms,

402, 322, 415, and 505 DEPs were up-regulated, while 230, 267, 290,

and 404 DEPs were down-regulated in MF worms at 18, 21, 23, and

25 dpi, respectively (37). Gene ontology functional annotations

demonstrated that 34 DEPs down-regulated in MF worms at all

four time points were mainly involved in actin-related cell cycle-

related functions, whereas 44 DEPs up-regulated in MF worms were

involved in protein folding and hydrolysis, redox reactions,

translation, and calcium ion binding (37, 60, 61). Schistosoma

japonicum translationally controlled tumor protein (SjTCTP),

which was highly expressed in MF worms at 18, 21, 23, and 25

dpi, is essential to the development of S. japonicum and

recombinant SjTCTP was reported to stimulate partial protective

immunity against schistosome infection in BALB/c mice (37).

Similarly, our group conducted comparative analysis of the

proteomic profiles of SM and MM worms at 18, 21, 23, and 25 dpi

(16), which confirmed 674 DEPs at different developmental stages.

As compared to studies of female worms, there were significantly

fewer DEPs both overall and at single time points, similar to the

transcriptome changes described above (47). However, the

proteomics and transcriptomics profiles were not always

consistent, possibly because of differences in the timing and loci

of gene transcription and translation or posttranscriptional

regulation of proteins, suggesting that these differences were not

coincidental (62, 63). Interestingly, bioinformatics analysis

identified some DEPs closely associated with tumor proliferation

in mammals, suggesting that the biological function of a protein

might have similar functions in different tissues or organisms and

could possibly be involved in the growth and differentiation of some

cells in schistosomes (64, 65). S. haematobium is classified as a class

I carcinogen by the International Agency for Research on Cancer

that is associated with squamous cell carcinoma of the urinary

bladder. Proteomic studies that reveal the functional role of DEPs

during tumour development in the context of urogenital

schistosomiasis are critical to identify not only targets for control,

but biomarkers. Promising proteomic studies looking at S.

haematobium worm tegument and soluble egg proteins validate

this statement (66).
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miRNomics: MicroRNA biology and
computational analysis

MicroRNAs (miRNAs) are small non-coding RNAs that can

negatively regulate the expression of target genes at the post-

transcriptional level by binding to the 3’- and 5’-untranslated

regions and coding sequences in order to repress translation or

initiate degradation (67). Schistosome-derived miRNAs have been

implicated in schistosome development and host-parasite

interactions in schistosomiasis (68–70). The miRNA expression

profiles of SF and MF S. japonicum have been reported (71, 72). Sun

et al. (71) investigated differentially expressed miRNAs of 18- and

23-day SF and MF, and found similar miRNA profiles in 18-day SF

and MF worms, whereas in 23-day MF worms, sja-bantam was

significantly up-regulated, while sja-miR-1, sja-miR-7, sja-miR-7-

5p, and sja-miR-71 were significantly up-regulated in 23-day SF

worms (71). The predicted target genes of sja-bantam are reportedly

related to development of the embryo and primary sexual

characteristics, while the four up-regulated miRNAs in 23-day SF

worms are associated with ribonucleoprotein complex assembly

and microtubule-based processes (71, 73). A previous study by our

group identified differentially expressed miRNAs between 25-day
Frontiers in Immunology 04101
SF and MF worms (72), where sja-bantam and 19 other miRNAs

were up-regulated in 25-day MF worms, while sja-miR-1, sja-miR-

7-5p, and 14 other miRNAs were up-regulated in 25-day SF worms

(72). Furthermore, comparisons of the expression profiles of sma-

miR-277, sma-miR-4989, and related target genes in single-sex

infected schistosomes suggested that sma-miR-277 and sma-miR-

4989 have pivotal roles during juvenile-to-adult transition (74).

Collectively, these findings indicate that differentially expressed

miRNAs and related target genes might regulate the sexual status

of female worms.

Although omics has provided tremendous insights into the

mystery of single-sex schistosomes, relatively few studies have

investigated epigenetics and small non-coding RNAs, other than

miRNAs. A summary of recent studies of single-sex infected

schistosomes is provided in Table 1.
Single-sex schistosomes regulate
hepatic fibrosis in the host

Prolonged survival of schistosomes in the host can facilitate

regulation of the host immune response through intricate
TABLE 1 Studies involving schistosome single-sex infections in the last 30 years.

Year Natural/
Artificial

Species Main content Reference

1993 Natural S. mansoni Distribution of SF and SM within the host population (18)

1994 Artificial S. japonicum Circulating antigen detection of SF and SM infection (19)

1994 Artificial S. mansoni &
S. intercalatum

Single-sex schistosomes mated with the opposite sexes of heterologous species (21)

1995 Artificial S. mansoni &
S. haematobium

Single-sex schistosomes mated with the opposite sexes of heterologous species (20)

1995 Artificial S. mansoni &
S. intercalatum

Mating competition between males (22)

1999 Artificial S. mansoni &
S. haematobium

Single-sex schistosomes mated with the opposite sexes of heterologous species (25)

2001 Artificial S. mansoni PCR for sexing cercariae (43)

2002 Natural S. mansoni Single-sex infected snails found in the field (33)

2002 Artificial Schistosoma mansoni &
S. margrebowiei

Single-sex schistosomes mated with the opposite sexes of heterologous species (23)

2003 Artificial S. mansoni &
S. intercalatum

Single-sex schistosomes mated with the opposite sexes of heterologous species (24)

2004 Artificial S. mansoni Morphological observation of SF and MF (38)

2006 Artificial S. mansoni Transcriptional analysis of 49-day SF and SM (73)

2012 Artificial S. mansoni Transcriptional analysis of 49-day SF and MF (29)

2012 Natural S. japonicum Single-sex infected schistosomes found in surveillance (15)

2014 Natural S. japonicum Single-sex infected snails found in the field (32)

2014 Artificial S. japonicum MicroRNA profiles of 18- and 23-day SF and MF (71)

2016 Artificial S. mansoni Transcriptional analysis of 67-day SF and SM (47)

(Continued)
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mechanisms (81). Briefly, a T helper type 1 (Th1) response was

generated during the initial phase of infection, which could target

immature and mature migrating parasites (82). Schistosomes eggs

trigger a dominate Th2 response regulated by regulatory T-cells

(Tregs) (81). Granulomatous hypersensitivity to eggs trapped in the

liver and intestinal tissues trigger the fundamental pathological

causation of schistosomiasis, which could also be interpreted as a

strong repair response (83) to suppress inflammation during the

initial infection, but can also lead to tissue fibrosis (84). Mature

female S. japonicum and S. mansoni produce hundreds of eggs per

day, of which some become trapped in the liver, leading to hepatic

inflammation, granuloma formation and fibrosis, and portal

hypertension that leads to ascites (85). Without prompt

treatment, schistosome-induced hepatic fibrosis is often

irreversible (86). Therefore, targeting regulation of the host

immune response could be useful for treatment or even reversal

of schistosome-induced hepatic fibrosis.

Recent studies have investigated the immunomodulatory

mechanisms of single-sex schistosomes in schistosome-induced

hepatic fibrosis (75, 76, 78). Nicole et al. (75). demonstrated that

primary infection of female S. mansoni (week 0–11) in secondary

bisexually infected mice (week 12–19, then sacrificed) resulted in

suppression of Th2-mediated granuloma and hepatic fibrosis,

although no change in parasite load was observed. Mice with a
Frontiers in Immunology 05102
primary infection of male S. mansoni also showed signs of reduced

fibrosis, though not as evident as those initially infected with

females (75), possibly due to high expression of cytotoxic T-

lymphocyte-associated protein 4 (Ctla4) by Foxp3+ Tregs (87).

Besides, the lack of relatively high production of Th1 cells implies

that Th1 and Th2 responses might be regulated independently (75).

Subsequent experiments indicated that Ctla4 had a preventive effect

against schistosome-induced hepatic fibrosis (77).

When the timing of two infections were varied (primary

infection at week 0–6 and secondary infection at week 7–14),

protection against unisexual infection was not achieved when

reinfection occurred more than 6 weeks later, thereby revealing

the roles of male schistosomes in immune regulation (76). Male

schistosomes triggered strong Th2 innate immune reactions during

recurrent infection, which led to the strong recruitment of innate

inflammatory cells, especially neutrophils and eosinophils,

eventually resulting in reduced burdens of worms and eggs (76).

However, the reduction to the parasite load in mice with primary

infection of male schistosomes had a limited effect on granuloma

size and hepatic fibrosis, which might be related to the high level of

Th2 cytokines, such as interleukin-13, which promotes fibrosis (88).

A recent comparative transcriptomic analysis has helped to

clarify the differences in immune regulation between male and

female schistosomes (78). In this study, the number of DEGs in the
TABLE 1 Continued

Year Natural/
Artificial

Species Main content Reference

2017 Artificial S. mansoni Profiles of sma-mir-277/4989 and its target genes (74)

2017 Artificial S. mansoni SF mitigates liver fibrosis after secondary infection (75)

2018 Artificial S. mansoni Transcriptional analysis of all life stages of SF and SM (51)

2018 / / Opinion article regarding the importance of single-sex infection (11)

2018 Artificial S. mansoni Immunoregulation of SF and SM (76)

2019 Artificial S. mansoni SF mitigates liver fibrosis after secondary infection (77)

2020 Artificial S. japonicum Duplex RT-PCR for sexing cercariae (42)

2020 Artificial S. japonicum Proteomic profiles of 25-day SF and MF (45)

2020 Artificial S. japonicum MicroRNA profiles of 25-day SF and MF (72)

2020 Artificial S. mansoni Single-cell RNA-seq analysis of 6–7 weeks SF and MF (53)

2021 Artificial S. japonicum Survival and reproductive potential of SF and SM (17)

2022 Artificial S. mansoni CCA and CAA of SF and SM (12)

2022 Artificial S. japonicum Proteomic profiles of 18-, 21-, 23-, 25-day SF and MF (37)

2022 Artificial S. japonicum Proteomic profiles of 18-, 21-, 23-, 25-day SM and MM (16)

2022 Artificial S. japonicum PZQ treatment of SF and SM (26)

2022 Artificial S. mansoni Transcriptional analysis of host infected with SF and SM (78)

2022 Artificial S. mansoni BATT from male worms stimulate SF to develop (79)

2023 Artificial S. japonicum Functional analysis of DEPs coming from SF and MF (61)

2023 Artificial S. mansoni Single-sex infection boost immune response (80)
f

SF, single-sex female worms; SM, single-sex male worms; MF, bisexual mated female worms; MM, bisexual mated male worms; PCR, polymerase chain reaction; RT-PCR, real-time polymerase
chain reaction; CCA, circulating cathodic antigen; CAA, circulating anodic antigen; PZQ, praziquantel; BATT, b-alanyl-tryptamine; DEP, differentially expressed protein. /, not applicable.
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spleens of mice infected with male schistosomes was more than

two-fold greater than mice infected with females, suggesting greater

involvement of males (78). Further analysis found that male

schistosomes drove dendritic cell maturation and induced T cell

differentiation via up-regulation of the costimulatory molecule

CD86, whereas infection with unisexual female worms had little

effect on the host immune system (78).

Overall, infection by single-sex schistosomes (either sex) can

induce immune responses in the host, which subsequently causes a

Th1/Th2 imbalance, although further studies are needed to better

clarify the effects of female schistosomes. These findings provide

promising targets for new immune modulatory strategies against

schistosome-induced hepatic fibrosis and possibly other diseases.

The different outcomes of single-sex schistosome-induced hepatic

fibrosis are presented in Figure 1.
Challenges and future perspectives

Several unresolved challenges and problems remain due to

insufficient knowledge of single-sex schistosomes, including (i)

the application of traditional egg-based parasitological tests for

detection of single-sex infections; (ii) detection of antigens or

nucleic acids as diagnostic criteria, as positive results might be

due to past schistosome exposure or cross-reactions, rather than a

single-sex schistosome infection (89, 90), and the reliance on

morphological observations after dissection, which can create

logistical difficulties; (iii) greater resistance of long-lived single-sex

schistosomes to PZQ than paired worms (26); and (iv) the

application of Omics studies to identify potential diagnostic and

therapeutic targets. Extracellular vesicles (EVs) released from

schistosome eggs and worms at different developmental stages
Frontiers in Immunology 06103
were identified and considered to be important vectors in the

regulation of host-parasite interactions (70). Studies have reported

that the cargo of schistosome-derived EVs include sja-miR-1 (91),

sma-miR-10 (92), sja-miR-71a (69), sja-miR-125b (93), sja-miR-

2162 (94), sja-bantam (93) and novel sja-miRNA-33 (95), which

mediate cross-species host-parasite interactions. However, the

expression profiles of the EVs of single-sex schistosomes remain

unknown. Thus, further analysis is warranted to provide new

insights into immune regulation by single-sex schistosomes.

The development of in vitro culture methods for schistosomes

has helped to validate the reliability of targets screened from Omics

studies (96). In fact, a recent transcriptomic study indicated that

male schistosomes can stimulate synthesis of the pheromone b-
alanyl-tryptamine via nonribosomal peptide synthetase to facilitate

normal development and laying of eggs by female schistosomes

cultured in vitro (79). The results of this study suggest avenues for

therapeutic intervention and demonstrated the unlimited potential

of single-sex schistosome research.

The recently proposed “hygiene hypothesis” has made it

possible to apply the immunomodulatory effects of schistosomes

for the prevention and treatment of autoimmune disorders, other

than liver fibrosis (69, 94, 95, 97). Schistosome infection and

schistosome-derived proteins, peptides, miRNAs and EVs have

been reported for the treatment of human immune-related

disorders, including allergic asthma (98), arthritis (99), colitis

(100), diabetes (101), sepsis (102), cystitis (103), and cancers (104,

105). In addition, human models of male schistosome cercariae

infection, which produced no eggs or associated pathology, may

provide foundations for subsequent studies (12, 106, 107).

Nonetheless, further studies are needed to elucidate the distinct

immunomodulatory mechanisms of male and female schistosomes

and potential impacts on human diseases.
B CA

FIGURE 1

Different outcomes of single-sex schistosome-induced hepatic fibrosis. (A) Bisexual schistosome infection leads to severe liver fibrosis with large
granuloma size and massive parasite/egg burden; (B) Bisexual schistosome infection after female infection leads to regressed liver fibrosis with
smaller granuloma size, but no change in parasite/egg burden; (C) Bisexual schistosome infection after male infection leads to regressed liver fibrosis
with regressed parasite/egg burden, but no change in granuloma size. This figure was created with Biorender.com. Arrows indicate the result of the
next step.
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Conclusions

Current control measures to reduce the infection rate of snails

and definitive hosts could greatly increase the incidence of infection

with single-sex schistosomes. These measures target the egg load in

definitive hosts to reduce infection of snails, but also increase the

risk for snails becoming hosts to mono-miracidia and production of

only one sex of cercariae that can infect the definitive host (80).

Exposure to single-sex schistosomes is a neglected

phenomenon that may become a threat of the control and

elimination of schistosomiasis as a public health issue. The

continued development of diagnostic and treatment protocols is

imperative and further investigations of the reproductive

development of schistosomes, as well as single-sex schistosomes,

may provide essential references. In addition, future studies of the

interactions between single-sex schistosomes and the host are

warranted as a theoretical basis for autoimmune disorders, other

than schistosomiasis.
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DNA barcoding as a valuable
tool for delimiting mollusk
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Biomphalaria Preston, 1910
(Gastropoda: Planorbidae)
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Sandra Grossi Gava* and Roberta Lima Caldeira*

Helminthology and Medical Malacology Research Group, René Rachou Institute, Fiocruz Minas, Belo
Horizonte, Minas Gerais, Brazil
Introduction: The genus Biomphalaria in Brazil includes 11 species and one

subspecies, three of which are intermediate hosts of Schistosoma mansoni. Due

to the recent evolution of this group, some species are difficult to identify based

on morphological characters, making the use of genetic markers necessary for

species identification. This study aimed to evaluate the use of partial sequences

of the cytochrome c oxidase I (coi) gene for the identification of Biomphalaria

species using phylogenetic reconstruction and species delimitation algorithms.

The study tested the use of DNA barcoding technique for species delimitation

within the genus.

Methods: DNA barcoding was performed by sequencing a partial region of the

coi gene from specimens, and the sequences were analyzed using phylogenetic

reconstruction and algorithms to delimit Operational Taxonomic Units (OTUs).

Results: The study found that the use of the coi gene in the reconstruction of the

phylogeny of the genus might be an alternative for understanding the evolution

and dispersion of species. However, this marker alone is not enough to solve

complex taxonomic problems within the genus. A total of 223 sequences were

analyzed, 102 of which could be separated using the barcode gap, enabling the

correct identification of seven taxa.

Discussion: The study demonstrated that accurate mollusk identification is

necessary for effective schistosomiasis control. The DNA barcoding

methodology was found to be promising for accurate mollusk identification,

which is crucial for concentrating schistosomiasis control efforts in places where

it is needed.

KEYWORDS

DNA barcode, mollusks, Biomphalaria, medical malacology collection, molecular
idenlification, cytochrome c oxidase coi
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1 Introduction

Schistosoma mansoni Sambon, 1907 is the etiologic agent of

schistosomiasis mansoni, a disease that affects about 130 million

people in South America, the Caribbean, Africa, Madagascar, and

the Middle East (James et al., 2018; McManus et al., 2018).

Mollusks of the genus Biomphalaria (Preston, 1910) belong to

the family Planorbidae, which has approximately 300 species, of

which about 10% are within the Biomphalaria genus (Jarne et al.,

2010). There are 26 morphospecies and one subspecies of the latter

genus described in Latin America. In Brazil, in particular, there are

11 species and one subspecies, of which three are intermediate hosts

of S. mansoni under natural conditions – Biomphalaria glabrata

(Say, 1818), Biomphalaria tenagophila (d’Orbigny, 1835) and

Biomphalaria straminea (Dunker, 1835). 1848) – while another

three are considered potential hosts, as they can be infected under

laboratory conditions – Biomphalaria peregrina (d’Orbigny, 1835),

Biomphalaria amazonica Paraense, 1966 and Biomphalaria cousini

Paraense, 1966 (Corrêa, 1971; Paraense and Corrêa, 1973; Teodoro

et al., 2010).

In the genus Biomphalaria, there are two different species

complexes, whose members are practically indistinguishable by

the morphology of their shells and by most characters of the

genital system: (i) the Biomphalaria straminea complex,

containing the species B. straminea, Biomphalaria kuhniana

(Clessin, 1883) and Biomphalaria intermedia Paraense &

Deslandes, 1962; and (ii) the Biomphalaria tenagophila complex,

containing the species/subspecies B. tenagophila tenagophila,

Biomphalaria tenagophila guaibensis Paraense, 1984 and

Biomphalaria occidentalis Paraense, 1981 (Paraense, 1988;

Caldeira et al., 1998; Spatz et al., 1999). Distinguishing between

these taxa is one of the main challenges of research that aims to

elucidate the phylogeny of the genus Biomphalaria using molecular

techniques, such as the present work (Caldeira et al., 2000; Vidigal

et al., 2004).

The study of the Biomphalaria genus has always been motivated

by the epidemiological and ecological aspects of the relationship

between these planorbids and S. mansoni. Despite this, the amount

of research effort devoted to studies of the phylogeny and

systematics of these groups has always been relatively small, even

though elucidating the phylogenetic relationships of this group

could change our understanding of its host-parasite relationships,

which is fundamental for the development and planning of

schistosomiasis control programs (Jarne et al., 2011).

Little is known about the evolution of the genus Biomphalaria

due to the difficulty of placing fossils in the history of this species

group, mainly because the morphometry of the shell is not used as

an essential taxonomic characteristic, due to its simplicity and lack

of relevant attributes regarding phylogeny (Cabrera et al., 2016).

What can be said is that the evolution of mollusks of this genus is

very recent, with the ancestral taxa within this genus beginning to

split between the Pliocene and Pleistocene, around 1.8 million years

ago, a fact that is consistent with the fossil record (Kaesler and

Parodiz, 1970; Wanninger and Wollesen, 2019). Precisely for this

reason, the characteristics used to distinguish between the species is
Frontiers in Cellular and Infection Microbiology 02108
quite limited; especially among closely-related species such as those

of the B. straminea complex (Jarne et al., 2011). The morphological

differences between B. straminea and B. kuhniana are very subtle

and practically indistinguishable, with differences being limited to

the number of muscular layers in the penis wall (three in B.

straminea and two in B. kuhniana) (Paraense, 1988) and distal

segment of the spermiduct very winding in B. straminea and

straight or slighetly wavy in B. kuhniana (Paraense, 1988).

Additionally, the molecular technique used for species

differentiation within the genus (PCR/RFLP) generates a similar

banding pattern between the two species (Caldeira et al., 1998),

which creates several controversies in their differentiation.

The similarities between B. tenagophila and B. occidentalis are

also numerous, again confusing human differentiation between, and

identification of, the two species. For a long time, it was believed

that the rates of infection by S. mansoni in the state of São Paulo

were very low since infected mollusks were not found in the field.

However, in 1981, the researcher Lobato Paraense described a new

species, B. occidentalis, refractory to infection by the parasite, and

that was previously confused with B. tenagophila, as they were

almost indistinguishable by the shell morphology (Paraense, 1981).

As a result of this description, in a large area in western Brazil, the

distribution map of this last species has been undergoing constant

change and readjustment (Scholte et al., 2012; Fernandez et al.,

2014; Carvalho et al., 2020).

Traditionally, the DNA barcode technique consists of the

amplification and sequencing of a fragment of the cytochrome c

oxidase I (coi) gene, using pairs of universal primers – most often

those proposed by Folmer et al. in 1994 – and subsequent

comparison for specific identification with a universal database

(BOLD) (Ratnasingham and Hebert, 2007). Therefore, the main

objective of this work was to generate new DNA barcodes for the

species of Biomphalaria found in Brazil, and to evaluate the use of

the coi gene as a potential molecular marker for the identification of

species of the genus Biomphalaria.

One of the main advantages of DNA barcoding is its ability to

rapidly and accurately identify species, in the most variable life

stages and genders, as well as identifying organisms by parts or

pieces and discriminating individuals in a matrix with various

mixed species (Casiraghi et al., 2010; Leray and Knowlton, 2015).

It is also possible to identify species that are difficult to distinguish

based on traditional morphological characteristics (Hebert et al.,

2003; Casiraghi et al., 2010).

DNA barcoding is a useful tool for taxonomists, with good cost-

effectiveness and the ability to allow non-experts to have access to

quick and accurate identifications. This tool can be used in four

ways (McManus et al., 2018): screening in collections, based on

existing sequences in databases (James et al., 2018); identification of

specimens where morphological identification is not possible

(immature, partial, damaged or very small individuals), or even to

resolve inconsistencies (in dimorphic species where identification is

only possible in one sex) (Paéibo, 1990; Hebert et al., 2003;

Casiraghi et al., 2010) (Jarne et al., 2010); as a powerful

supplementary tool to other forms of identification and thus help

in delimiting closely related species phylogenetically (Schindel and
frontiersin.org
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Miller, 2005; Sun et al., 2016); and (Corrêa, 1971) the possibility of

discovering previously undescribed species (Hebert et al., 2004). In

addition, DNA barcoding is a relatively low-cost and scalable

technique, with the potential for high-throughput analysis of large

numbers of samples. This makes it particularly useful for large-scale

biodiversity surveys and monitoring programs (Hebert et al., 2003;

Leray and Knowlton, 2015).
2 Methods

2.1 Construction of the database and
illustrative maps

Nucleotide sequences of the partial region of the coi gene were

obtained from a search of the public GenBank database (https://

www.ncbi.nlm.nih.gov/genbank). Additional new sequences were

obtained by us through DNA Sanger sequencing of mollusks

deposited in the Medical Malacology Collection (Fiocruz-CMM)

located at the Instituto René Rachou (IRR – Fiocruz/Minas). These

specimens were selected according to the known geographic

distribution of each species that occurs within Brazilian territory,

prioritizing the type localities.

Data referring to the exact geographic coordinates of each

collection point were added to each specimen used from Fiocruz-

CMM and for sequences obtained from GenBank for which this

information was available. For sequences in the database without

any indication of the exact location of collection, the coordinates of

the city in which they were collected were assigned.

From the coordinates and cartographic data of the IBGE (2021),

a thematic map was constructed to illustrate the geographic

distribution of the specimens in this study using the free software

QGIS version 3.20 (QGIS, 2021).
2.2 Molecular studies

2.2.1 - DNA extraction, amplification, and
purification of the coi gene fragment

For specimens obtained from the Fiocruz-CMM collection, a

cryopreserved fragment of the cephalopodal region was treated with

proteinase K (0,1µg/µL) for at least 12 hours, precisely to degrade

the proteins present in the mucus of the mollusk. Next, extraction is

carried out with the commercial kit Wizard Genomic DNA

Purification according to the manufacturer’s instructions

For the amplification of an ~600 bp region of the coi gene, the

primers LCO1490 (5’-GGTCAACAAATCATAAAGATATTGG-

3’) and HCO2198 (5’-TAAACTTCAGGGTGACCAAAAAATCA-

3’) were used (Folmer et al., 1994). All PCR reactions were

performed using the Platinum® Taq DNA Polymerase kit

(Invitrogen) following the manufacturer’s instructions and

according to amplification conditions described by Folmer

(Folmer et al., 1994).

DNA purification was performed using the Wizard® SV Gel and

PCR Clean-Up System Kit (Promega), according to the manufacturer’s
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instructions, using the PCR product directly in the purification

columns. The purity and concentration of the purified PCR products

were verified on a NanoDrop™ 2000 spectrophotometer

(ThermoFisher Scientific).

2.2.2 - Sequencing
The samples were sequenced by the Sanger method on an ABI

3730xL automatic sequencer (Applied Biosystems), using the same

primers described above for amplification, at the Capillary

Electrophoresis DNA Sequencing Platform of the IRR.
2.3 Data analysis

2.3.1 Alignments
The reliability of the nucleotides obtained from sequencing was

visually checked and verified using MEGA X software (Kumar et al.,

2018) to obtain consensus sequences applying the MUSCLE

algorithm (Edgar, 2004). Additionally, CodonCode Aligner© v.

9.0.2 (CodonCode Corporation, 2019) was used to assign Phred

quality values to each base. The Phrap program was then used to

construct consensus sequences using the assigned quality values,

with a minimum quality value of 20. The resulting consensus

sequences were compared with those obtained by visual

inspection to eliminate ambiguous bases. The consensus

sequences were submitted to Nucleotide BLAST (BLASTn)

(Altschul et al., 1990), and the BOLD species identification

sys tem (Ratnas ingham and Heber t , 2007) (h t tps : / /

www.boldsystems.org/index.php/IDS_OpenIdEngine) to confirm

the species identification and detect contamination with

other organisms.

Sequences generated for Biomphalaria species in this study were

combined with previously published sequences obtained from the

GenBank database. MAFFT online version 7 (https://mafft.cbrc.jp/

alignment/server/ (Katoh et al., 2019),) was employed to align all

sequences. The resulting alignment was subsequently exported in

FASTA format and visually inspected and edited in MEGA X. After

trimming, the resulting sequences had sizes ranging from 517 to

655 bp.

2.3.2 Phylogenetic reconstruction of the partial
coi gene sequences

For the phylogenetic reconstruction, ModelFinder

(Kalyaanamoorthy et al., 2017) implemented in PhyloSuite

(Zhang et al., 2020) was used to find the evolutionary model that

best fit the sequence alignment, according to the Corrected Akaike

Information criterion (AICc).

Phylogenetic reconstruction was conducted using either

Maximum Likelihood (ML) estimation (Felsenstein, 1981) or

Bayesian Inference (BI) (Drummond et al., 2002). A coi sequence

of the genus Helisoma sp. (Swainson, 1840), which also belongs to

the Planorbidae family, was selected as an outgroup for tree rooting

(GenBank accession number: KM612179.1).

ML trees were inferred using the IQ-TREE software v. 1.6.8

(Nguyen et al., 2015), with the evolutionary model K81u+R3+F for
frontiersin.org
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5000 ultrafast bootstraps (Minh et al., 2013) and the Shimodaira-

Hasegawa approximate likelihood ratio test (SH-aLRT) (Guindon

et al., 2010) to determine the support values of the branches.

For BI theMrBayes software v. 3.2.6 (Ronquist et al., 2012) was

used, with the evolutionary model HKY+I+G+F previously

calculated by ModelFinder (Kalyaanamoorthy et al., 2017). Two

independent parallel searches (Markov chains) were performed

with 107 generations (sampled every 1000 generations) and 25%

of the initial data were discarded as burn-in.

The ML and BI trees were visualized and edited using the

software FigTree v. 1.4.4 (Rambaut, 2018), with final editing

performed using Inkscape v.1.1 (Inkscape Project, 2021).
2.3.3 Verification of polymorphic sites and
genetic divergence between populations

Genetic polymorphism indices were calculated for the partial

region of the coi gene using the software DnaSP v. 6 (Rozas et al.,

2017). The following indices of genetic diversity and their standard

deviation were calculated: the number and diversity of mitochondrial

haplotypes (h, Hd), nucleotide diversity (p) (Nei, 1987), both with and

without the Jukes-Cantor correction (Jukes and Cantor, 1969; Nei,

1987; Lynch and Crease, 1990), the average number of differences

between nucleotides between pairs of sequences (k) (Tajima, 1983; Nei,

1987). The number of singleton-type and parsimonious informative

polymorphic sites were also estimated, in addition to the fixed

divergence between populations (Hey, 1991) and nucleotide

divergence between populations.
2.3.4 Specimen identification and
species delimitation

In order to verify the accuracy of the partial coi sequences for

the identification of Biomphalaria specimens using DNA barcoding

methodology, BOLD Identification Criteria (thresh-ID) and Best

Close Match (BCM) analyses were carried out (Meier et al., 2006)

using the ape v. 5.5 (Paradis and Schliep, 2019) and spider v. 1.5.0

(Brown et al., 2012) packages of the R software v. 4.0.5 (R

Foundation for Statistical Computing, 2021).

In order to define the barcode gap, the Kimura two-parameter

(K2P) model (Tamura et al., 2004) was used to calculate the

intraspecific and interspecific distances (Meyer and Paulay, 2005)

between the species using the spider v. 1.5.0 (Brown et al., 2012)

package in the R software v. 4.0.5 (R Foundation for Statistical

Computing, 2021).

Additionally, the sequences were clustered/grouped into

Operational Taxonomic Units (OTUs), grouping organisms by

their similarity, in this case in relation to a genetic marker

(Blaxter et al., 2005), using the criteria of four algorithms;

Generalized Mixed Yule-Coalescent (GMYC) (Reid and Carstens,

2012; Fujisawa and Barraclough, 2013), Poisson Tree Processes

(bPTP) (Zhang et al., 2013), Automatic Barcode Gap Discovery

(ABGD) (Puillandre et al., 2012) and Assemble Species by Automatic

Partitioning (ASAP) (Puillandre et al., 2021).
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3 Results

3.1 coi sequence database and specimen
distribution map

Overall, the molecular data set analyzed consisted of 223

Biomphalaria nucleotide sequences, comprised of 83 previously

published sequences obtained from GenBank (Supplementary

Table 1) and 140 sequences newly-generated in this study

(Supplementary Table 2). In addition, a single sequence was

selected as an outgroup for phylogenetic analysis (Helisoma sp. -

KM612179.1). The 11 species and one subspecies from Brazil are

represented among the samples obtained, and all type localities are

represented among the samples (except for the species B.

kuhniana). The new sequences obtained in this study were

deposited in GenBank (under Accession Numbers MZ778865 -

MZ778963) and their IDs are listed in Supplementary Table 2.

Based on the geographic location associated with each sequence,

a map was constructed to illustrate the distribution in Central and

South America of the specimens used in this study, not including

those retrieved from GenBank databases located in Egypt and

China (Figure 1).
3.2 Phylogenetic reconstruction of
mollusks of the genus Biomphalaria using
the partial region of the coi gene

Phylogenetic inference produced well-supported clades that

corresponded to the species studied, except for: (i) B. cousini,

which formed two distantly-related lineages, one of which

clustered with B. amazonica; (ii) B. kuhniana and B. straminea,

whose sequences were polyphyletic, but together formed a single

well-delimited monophyletic clade, within which the sequences of

each of these two taxa were interspersed; (iii) The clades produced

with sequences from B. oligoza and B. peregrina and B. tenagophila

guaibensis were paraphyletic (Figure 2; Supplementary Figure 1).

Since the topology of the trees are very similar, as well as the support

values of the branches, we have provided only the representation of

the tree from Bayesian Inference (Drummond et al., 2002)

(Supplementary Figure 1).
3.3 Polymorphic sites and
genetic divergence between
Biomphalaria populations

Analysis of invariant and variable sites showed that most of the

sites are invariant and most of the variable sites are parsimony-

informative sites for most species (Table 1). The genetic

polymorphism indices were also obtained for partial sequences of

the coi gene from populations of Biomphalaria (Table 2).
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A B

FIGURE 2

Simplified representation of the phylogenetic trees generated by Bayesian Inference (BI) and Maximum Likelihood (ML) criteria. Species are
represented by different colors. Trees generated by MrBayes have posterior probability values represented on the branches (A). Trees generated by
IQ-TREE have two support values for comparison, ultrafast bootstraps (MINH et al., 2013) and the Shimodaira-Hasegawa test (SH-aLRT) (Guindon
et al., 2010) (B).
FIGURE 1

Map of Latin America showing the location of the specimens of the genus Biomphalaria used in this study. Each point represents the geographic
location of a specimen, and the colors represent the different species used in the current study.
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de Araújo et al. 10.3389/fcimb.2023.1167787
The calculated divergence of DNA sequences between

populations showed that: (i) there are no fixed differences

between the species B. amazonica and B. cousini, (ii) fixed

differences between the species within each of the different species

complexes are smaller than those between these species and the

other species which are not members of the species complex; and

(iii) B. schrammi has the greatest number of differences when

compared to most of the other species of the genus

(Supplementary Figure 2). Also, in order to measure the distance

between species, the average number of nucleotide divergences

between populations (k) was calculated (Supplementary Figure 3).

The greatest nucleotide divergences were observed for B. cousini

and B. schrammi, with the divergence between the two species being

the largest observed of the pairwise comparisons. The smallest

nucleotide divergences from the pairwise comparisons were

between the closest species already reported in the literature; that

is, B. kuhniana and B. straminea, B. t. guaibensis and B. occidentalis,

and B. peregrina and B. oligoza.
3.4 Biomphalaria species delimitation

BOLD Identification Criteria (thresh-ID) and Best Close Match

(BCM) analyses showed similar results, with B. tenagophila, B.

glabrata, B. t. guaibensis, B. occidentalis, and B. oligoza all showing

100% of the sequences correctly identified. In both analyses, B.

intermedia had 24 (96%) correctly identified sequences, and one
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sequence without identification. Biomphalaria peregrina, had ten

sequences correctly identified (71.4%), and four without

identification. For B. schrammi, the two analyzes were able to

correctly identify only two sequences (25%), and the other six

sequences could not be identified. The biggest differences found

between the two analyses were in the sequences of the two species B.

straminea and B. kuhniana (Figures 3A, B). For B. straminea, using

BCM analysis, 46 sequences were considered correct (65.7%), four

were considered incorrect (5.7%), 19 were ambiguous (27.1%) and

one sequence could not be identified. Using the BOLD analysis, 16

sequences were considered correct (22.9%), 53 were ambiguous

(75.7%) and one could not be identified. For B. kuhniana, using the

BCM analysis, 15 sequences were considered correct (60%), five

incorrect (20%), two ambiguous (8%) and three without

identification, while using the BOLD analysis, 15 sequences were

considered correct (60%), three incorrect (12%), four ambiguous

(16%) and three without identification.We calculated intra- and

interspecific distances in order to define the barcode gap using the

K2P model (Figure 4). The intraspecific distances calculated for all

sequences presented a bimodal distribution, while the interspecific

distances showed a trimodal distribution (Figure 4). The histograms

of pairwise distances of each species (Figure 5) indicated the

absence of a barcode gap for specific differentiation of B.

straminea B. kuhniana B. intermedia B. t. guaibensis B.

occidentalis B. peregrina and B. oligoza. Of the 223 analyzed

sequences, it was possible to calculate the barcode gap for only

102, which corresponds to 45.7% of the analyzed sequences. Thus,
TABLE 1 Polymorphic sites in the partial sequences of the coi gene from populations of Biomphalaria.

Species Number of sequences
analyzed

Invariant Sites (mono-
morphic)

Variable Sites
(polymorphic)

Singleton type
sites

Parsimonious
information

sites

All 223 312 193 25 168

B. amazonica 2 655 0 0 0

B. cousini 8 498 119 18 101

B. glabrata 22 502 44 12 32

B. intermedia 25 554 60 13 47

B. kuhniana 25 549 65 28 37

B. occidentalis 7 543 7 7 0

B. oligoza 3 586 2 2 0

B. peregrina 14 494 52 30 22

B. schrammi 8 541 60 36 24

B. straminea 70 481 56 15 41

B. t. guaibensis 8 504 13 0 13

B. tenagophila 31 527 22 6 16

B. straminea species
complex

120 426 111 28 83

B. tenagophila species
complex

46 469 48 7 41
Analysis of invariable and variable sites obtained using the DnaSP v. 6. The table describes the analyzed species, number of analyzed sequences, number of invariant (monomorphic) sites, number
of variable (polymorphic) sites, and the numbers of singleton-type and parsimonious informative sites.
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58.3% of the analyzed species have a barcode gap, which can be used

to delimit them from one another using this methodology.

In the formation of Operational Taxonomic Units (OTU),

different clusters/clades were generated for each algorithm used

(Table 3). The clusters/clades generated by ABGD, ASAP, and

sGMYC were the closest to the current delineation of the species

of the Biomphalaria genus. Despite the large number of groups

created by bPTP, and mGMYC, they were congruent with the

geographic locality of the specimens. The ABGD algorithm divided

B. cousini into three different groups, with one of them being shared

with the B. amazonica sequences, as inferred by phylogenetic

reconstruction. Biomphalaria schrammi and B. peregrina were

also divided into two groups, the latter sharing a cluster with the

B. oligoza sequences. The sequences of B. kuhniana and B.

straminea were pooled, as well as B. occidentalis, B. tenagophila,

and B. t. guaibensis. ASAP was the algorithm that generated the

least number of clusters. However, B. cousini was partitioned into

three different clusters by the ASAP method, with the same division

observed for the ABGD algorithm. These latter two methods,

therefore, generated groups, each comprised of multiple species,

as follows. ABGD: (i) B. amazonica and B. cousini, (ii) B. kuhniana

and B. straminea, (iii) B. oligoza and B. peregrina, and (iv) all three

species of the Biomphalaria tenagophila complex (B. occidentalis, B.

tenagophila, and B. t. guaibensis). ASAP: (i) B. amazonica, B.

cousini, B. intermedia, B. kuhniana, and B. straminea, (ii)

B. oligoza and B. peregrina, and (iii) all three species of the
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Biomphalaria tenagophila complex. Using the sGMYC algorithm,

14 groups were formed, as follows. Biomphalaria cousini was

divided into two groups, with one of them shared with B.

schrammi sequences, while the other group was shared with a

single large group comprised of B. amazonica, B. glabrata, B.

intermedia, B. occidentalis, B. tenagophila and B. t. guaibensis.

Biomphalaria kuhniana was divided into six different groups,

sharing four of them with B. straminea, which was itself divided

into eight groups (Supplementary Figure 1).
4 Discussion

The correct identification of mollusks that are the intermediate

hosts of Schistosoma is a fundamental prerequisite for understanding

the epidemiology of schistosomiasis and mobilizing efforts for disease

surveillance and control (Rollinson et al., 2009). The Fiocruz-CMM

combines both classical taxonomy through (i) comparison of

morphological characters of the shell, as well as male and female

reproductive organs (Lobato Paraense and Deslandes, 1958a; Lobato

Paraense and Deslandes, 1958b; Paraense, 1975; Paraense, 1981;

Paraense, 1984; Paraense, 1988; Paraense, 1990; Paraense et al.,

1992; Estrada et al., 2006), and (ii) use of molecular tools, such as

PCR-RFLP of the internal transcribed spacer (ITS) of the ribosomal

RNA gene, to distinguish Biomphalaria species (Vidigal et al., 2000;

Teodoro et al., 2010). Despite this, some inconsistencies between the
TABLE 2 Genetic polymorphism indices in partial sequences of the COI gene from populations of Biomphalaria.

Groups

Total
number of
mutations

(h)

Total
number of
haplotypes

(h)

Haplotype
diversity
(Hd)

Standard
Deviation of
Haplotype
Diversity

Nucleotide
diversity (p)

Nucleotide
diversity (Jukes-
Cantor), (p(JC))

Average
number in
nucleotide
diversity (k)

All 273 119 0.987 0.0029 0.07235 0.07707 36.536

B. amazonica 0 1 0 0 0 0 0

B. cousini 126 6 0.929 0.084 0.09609 0.10693 59.286

B. glabrata 45 14 0.948 0.029 0.02331 0.02377 12.727

B. intermedia 66 18 0.977 0.016 0.02635 0.02698 16.180

B. kuhniana 69 20 0.98 0.017 0.02391 0.02438 14.683

B. occidentalis 7 4 0.714 0.181 0.00364 0.00366 2.000

B. oligoza 2 2 0.667 0.314 0.00227 0.00227 1.333

B. peregrina 53 11 0.956 0.045 0.0254 0.02604 13.868

B. schrammi 62 7 0.964 0.077 0.03417 0.03523 20.536

B. straminea 58 31 0.937 0.019 0.01718 0.01748 9.227

B. t. guaibensis 13 3 0.679 0.122 0.0143 0.01454 7.393

B. tenagophila 22 16 0.912 0.033 0.01119 0.01131 6.142

B. straminea species
complex

124 58 0.969 0.008 0.03753 0.03896 20.156

B. tenagophila species
complex

50 23 0.946 0.016 0.02606 0.02674 13.472
The table describes analyses of the total number of mutations (h), total number of haplotypes (h), haplotype diversity (Hd) and its standard deviation, nucleotide diversity (p), nucleotide diversity
(Jukes-Cantor) (p(JC)), and the average number in nucleotide diversity (k) obtained using the software DnaSP v. 6.
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results of the identifications have already been reported (Aguiar-Silva

et al., 2014). This highlights the importance of combining

methodologies in the taxonomy of mollusks of the genus

Biomphalaria for species identification following the Iterative

taxonomy process, in order to refine and define the boundaries

between species using multiple different lines of evidence (Yeates

et al., 2011).
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This study confirmed that the species identification within the

genus Biomphalaria is not a simple task, a fact that had already been

mentioned by Doctor Lobato Paraense, in the 1960s (Paraense and

Deslandes, 1959). The anatomy of the reproductive tract has been

an effective tool in mollusk identification within the genus

(Paraense and Deslandes, 1959). However, a resolution limit is

reached for groups of closely related species (Paraense, 1981;
FIGURE 3

Number of sequences classified by the Best Close Match (BCM) and BOLD Identification Criteria. The bar graphs illustrate the absolute number of
sequences identified using two different criteria: (A) Best Close Match (Meier et al., 2006) and (B) BOLD Identification Criteria, using the R software
(version 4.0.5) and the package spider (version 1.5.0). The colors represent the four possible outcomes: correct (green), incorrect (red), ambiguous
(yellow), and no identification (blue).
FIGURE 4

Frequency distribution of intraspecific and interspecific distances of Biomphalaria partial coi sequences. Histogram of intraspecific (orange) and
interspecific (blue) distances based on the Biomphalaria partial coi sequences. Pairwise K2P distances were expressed as percentage dissimilarity
(K2P * 100).
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Paraense, 1988), such as the B. straminea complex, B. peregrina/B.

oligoza, and the B. tenagophila complex, as a consequence of

intraspecific variation or incomplete variation, incomplete

speciation, or the “gray zone of speciation” that exists between

species due to recent evolution (De Queiroz, 2007; Jarne

et al., 2011).

Biomphalaria straminea is a species that originated from the

northern region of South America and has been expanding its
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habitat throughout Brazil and surrounding countries, mainly due to

human activity and its high capacity to survive long periods of

drought combined with its high fertility (Wang et al., 2013; Attwood

et al., 2015). It is known that this species was recently introduced

into both China (Meier Brook, 1975; Dudgeon and Yipp, 1983;

Tang, 1983; Yipp, 1990; Yang et al., 2018), and the Caribbean

(Paraense et al., 1981; Pointier et al., 1993) from strains originating

from South America. The reconstructed phylogenies in this work
FIGURE 5

Frequency distribution of intraspecific and interspecific distances of Biomphalaria partial coi sequences according to species. Histogram of
intraspecific (orange) and interspecific (blue) distances based on the Biomphalaria coi partial sequences. Pairwise distances were expressed as
percentage dissimilarity for each species: B. amazonica, B. cousini, B. glabrata, B. straminea, B. kuhniana, B. intermedia, B. tenagophila, B. t. guaibensis,
B. occidentalis, B. schrammi, B. peregrina, and B. oligoza.
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de Araújo et al. 10.3389/fcimb.2023.1167787
reflect this introduction, with northeastern Brazilian specimens

grouped with specimens from China, and specimens from the

Caribbean grouped with specimens from northern Brazil,

Venezuela, and Colombia.

In the reconstructed phylogeny, the B. straminea complex

indicated a low resolution between B. kuhniana and B. straminea,

which formed a polyphyletic clade. The same was observed between

B. cousini and B. amazonica. This polyphyly may be the result of

clades with recent evolution or imperfect taxonomy, in which not

all the genus species diversity has been documented (Meyer and

Paulay, 2005). Furthermore, due to the proximity between the

species, there is a possibility that there is some level of

hybridization between them (DeJong et al., 2001; Teodoro et al.,

2011). Mitochondrial gene flow via hybridization has already been

reported for several groups of animals, including planorbid

mollusks (Mello-Silva et al., 1998), although it is not well

understood. Hybridization is one of the sources of non-

monophyly between clades of different groups of living beings,

causing introgression (Anderson and Hubricht, 1938).

The clade representing the B. glabrata species is monophyletic

and well supported (100%) in both the BI and ML analyses, with

subdivision into at least five different groups. This fact can be

explained by the Refuge Theory (Haffer, 1969), which suggests that

climatic oscillations in the Pleistocene period may have been

responsible for the habitat fragmentation and consequent

geographic separation of B. glabrata populations, forming

genetically-distinct clades (Dejong et al., 2003).

The phylogenetic trees inferred in this study corroborate what

was indicated by previous studies that: (i) the Greater Antilles –Cuba,

Hispaniola (Haiti and the Dominican Republic), Jamaica, and Puerto

Rico – were colonized very early in B. glabrata evolution; (ii)

specimens from southeastern Brazil were probably introduced into

northeastern Brazil; and (iii) the Lesser Antilles and Venezuela
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appear to have been colonized by B. glabrata more recently,

probably due to deforestation and human occupation (Mavárez

et al., 2002; Dejong et al., 2003). Furthermore, as reported in 1998,

our work also presents evidence of colonization of the South Region

of Brazil with lineages from the North Region, probably related to

recent human dispersal (Figure 6) (Carvalho O dos et al., 1998).

Of the 223 sequences used in this study, the barcode gap was

successfully calculated for 102 (45.7%). However, of the 12 taxa

studied, only seven (58.3%) can be differentiated from each other

using DNA barcoding methodology. Among the invertebrate host

species of S. mansoni in Brazil, only B. straminea could not be

differentiated using this methodology, due to its genetic proximity

to B. kuhniana. This result is promising regarding the use of DNA

barcoding for taxonomy by the schistosomiasis epidemiology

service in Brazil. In addition, due to the resolution observed using

the Best Close Match (BCM) and BOLD Identification Criteria

analyses, DNA barcoding methodology has a great potential to

provide greater objectivity for mollusk identification, and can be

used for the verification of identification performed by other

methods (Ohlweiler et al., 2020). For species of the B. tenagophila

complex, despite the proximity between the taxa, the DNA

sequences were correctly identified by DNA barcoding

methodology, with the analyses performed by BOLD

Identification Criteria and BCM. Other authors also successfully

separated the species of this complex, using DNA barcoding and

phylogenetics, with high support values associated with each of the

clades, and concluded that, for this species complex, molecular data

may be more informative for species discrimination than

morphology (Ohlweiler et al., 2020).

For some taxa, including B. kuhniana and B. straminea,

the intraspecific divergence of the coi gene often surpassed the

interspecific divergence, making coalescence methods for the

formation of Operational Taxonomic Units (OTUs) inadequate
TABLE 3 Number of Operational Taxonomic Units (OTUs) according to Biomphalaria species.

Species ABGD ASAP sGMYC mGMYC bPTP

B. amazonica 1 1 1 1 2

B. cousini 3 3 2 5 6

B. glabrata 1 1 1 15 10

B. intermedia 1 1 1 15 16

B. kuhniana 1 1 6 20 20

B. occidentalis 1 1 1 5 1

B. oligoza 1 1 1 2 2

B. peregrina 2 1 1 10 10

B. schrammi 2 1 1 4 7

B. straminea 1 1 8 50 26

B. tenagophila 1 1 1 24 17

B. t. guaibensis 1 1 1 6 3

TOTAL 11 7 14 153 118
frontie
Table with the number of clusters generated by the species delimitation algorithms used in this study. The table shows the absolute number of clusters by species and overall for the entire data set
of 223 sequences.
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for species delimitation. We observed the formation of many

clusters within each species, some of them with only one

sequence, others with sequences from different species within the

same cluster, an artifact of the high variability observed for the coi

gene. The use of nuclear markers with lower rates of evolution can

be an alternative for the delimitation of species using

these approaches.

The cluster analyses using species delimitation algorithms

showed that the genetic divergence within populations was

significant enough to generate substructuring within clades and

differentiated clusters, which was also observed by other authors

(Palasio et al., 2017). However, the genetic diversity observed

among the species was not reflected in the morphological

characters used in the classical taxonomy for distinguishing

between species. Thus, it is evident that these morphological traits

do not present enough characteristics to reflect the biodiversity of

Biomphalaria in nature. The origin of such biodiversity inside the

genus in South America may be a reflection of tropical forest

fragmentation, which can cause speciation by allopatry result of

the formation of distinct and isolated environments in recurrent
Frontiers in Cellular and Infection Microbiology 11117
episodes of vicariance (Colinvaux, 1987). This fragmentation of

habitats has been substantially exacerbated by human intervention,

particularly through the destruction of natural habitats through

deforestation. (Barnosky et al., 2011).

The analysis of the variable sites revealed that B. cousini is the

taxon with the highest number of polymorphic sites among the

evaluated sequences. The number of polymorphic sites within

the population indicates the intrapopulation genetic variability

(Caldeira et al., 2001), showing that among all the analyzed species,

B. cousini is the one that exhibits the greatest genetic diversity.

Comparison of K2P genetic distances (Tamura et al., 2004)

between the B. cousini sequences also showed values larger than

18%, values greater than the distance between this group and any

other taxon in this study. One of the possible reasons for the diversity

within this species may be the isolation of populations caused by the

geographic barrier imposed by the Amazon rainforest, which also

ends up preventing the dissemination of species from Venezuela, for

example, Biomphalaria prona (Dejong et al., 2003; Jarne et al., 2011).

Another relevant point for this discussion is that hybridization

between B. cousini and B. amazonica has already been observed

(Teodoro et al., 2011), which may have caused this high diversity

among specimens of B. cousini and the proximity to B. amazonica, a

fact already reported by Dr. Paraense in the description of the species,

in 1966 (Paraense, 1966). These data may encourage discussion about

the possibility of the existence of cryptic species within the currently

recognized taxon B. cousini.

The systematics of mollusks is very nebulous and undergoes

recurrent modifications (Wanninger and Wollesen, 2019). As

observed for mussels of the genus Pecten (Canapa et al., 2000),

this study showed that B. straminea and B. kuhniana are very

similar, with small genetic distances, a fact that may raise the

question of whether both may belong to the same species or are

undergoing a recent speciation event.
5 Conclusions

Although the use of molecular data does not guarantee correct

phylogenetic trees, and the study involving only one mitochondrial

molecular marker is far from ideal and may not reliably reflect the

evolution of the genus, this study demonstrated that the use of a

region of the coi gene in the reconstruction of the phylogeny of the

Biomphalaria genus can be an alternative to understanding the

evolution and dispersion of the species. Despite the relationships

established here, it must be considered that associating a single

mitochondrial gene to the taxonomic history of a species is

impossible, highlighting the need to expand studies with other

molecular markers. The usefulness of the DNA barcoding

methodology for mollusks of the genus Biomphalaria is well-suited

to providing a better representation of this genus in public databases

and the use of integrative methodologies for the correct identification

of mollusks. This work contributed significantly to the number of

partial sequences of the coi gene deposited in public databases, thus

allowing a greater number of possible comparisons in future studies.

Additionally, it was possible to obtain the correct delimitation of most
A

B

FIGURE 6

Distribution map and tree generated by Bayesian Inference of the
Biomphalaria glabrata specimens used in this study. (A) Map with the
geographical distribution of Biomphalaria specimens in Latin
America. (B) Simplified phylogenetic tree obtained by Bayesian
Inference (BI). The colors represent the large groups separated by
the phylogeny of the species.
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of the Biomphalaria species whose occurrence is reported in Brazil

using DNA barcoding and clustering/phylogenetic algorithms.

Despite the high intraspecific diversity observed, two of the three

species that act as intermediate hosts for S. mansoni in Brazil were

successfully distinguished using the DNA barcoding technique based

on the coi gene fragment. Further studies using both mitochondrial

and nuclear markers are essential to elucidate the relationships

between two of the most closely-related groups: B. kuhniana and B.

straminea, and B. cousini and B. amazonica.
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Comparative assessment of the 
SjSAP4-incorporated gold 
immunochromatographic assay 
for the diagnosis of human 
schistosomiasis japonica
Yi Mu 1, Jonas Rivera 1,2, Donald P. McManus 1‡, 
Kosala G. Weerakoon 1†, Allen G. Ross 3, Remigio M. Olveda 4‡, 
Catherine A. Gordon 1,5, Hong You 1,6, Malcolm K. Jones 1,6 and 
Pengfei Cai 1,2*
1 Molecular Parasitology Laboratory, QIMR Berghofer Medical Research Institute, Brisbane, QLD, 
Australia, 2 School of Biomedical Sciences, The University of Queensland, Brisbane, QLD, Australia, 
3 Rural Health and Medical Research Institute, Charles Sturt University, Orange, NSW, Australia, 
4 Department of Immunology, Research Institute for Tropical Medicine, Manila, Philippines, 5 School of 
Public Health, Faculty of Medicine, The University of Queensland, Brisbane, QLD, Australia, 6 School of 
Veterinary Science, The University of Queensland, Brisbane, QLD, Australia

Background: Schistosomiasis, a disease caused by parasites of the genus 
Schistosoma, remains a global public health threat. This study aimed to validate the 
diagnostic performance of a recently developed gold immunochromatographic 
assay (GICA) for the detection of S. japonicum infection in a rural endemic area 
of the Philippines.

Methods: Human clinical samples were collected from 412 subjects living in 
Laoang and Palapag municipalities, Northern Samar, the Philippines. The presence 
of Schistosoma-specific antibodies in serum samples was tested with the SjSAP4-
incorporated GICA strips and the results were converted to fully quantitative data 
by introducing an R value. The performance of the established GICA was further 
compared with other diagnostic tools, including the Kato-Katz (KK) technique, 
point-of-care circulating cathodic antigen (POC-CCA), droplet digital (dd) PCR, 
and enzyme-linked immunosorbent assays (ELISAs).

Results: The developed GICA strip was able to detect KK positive individuals with 
a sensitivity of 83.3% and absolute specificity. When calibrated with the highly 
sensitive faecal ddPCR assay, the immunochromatographic assay displayed an 
accuracy of 60.7%. Globally, the GICA assay showed a high concordance with the 
SjSAP4-ELISA assay. The schistosomiasis positivity rate determined by the GICA 
test was similar to those obtained with the SjSAP4-ELISA assay and the ddPCR 
assay performed on serum samples (SR_ddPCR), and was 2.3 times higher than 
obtained with the KK method.

Conclusion: The study further confirms that the developed GICA is a valuable 
diagnostic tool for detecting light S. japonicum infections and implies that this 
point-of-care assay is a viable solution for surveying endemic areas of low-
intensity schistosomiasis and identifying high-priority endemic areas for targeted 
interventions.
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1. Introduction

Schistosomiasis, a debilitating disease caused by parasites of the 
genus Schistosoma, severely affects the health and socio-economic 
well-being of more than 250 million people in 78 of the world’s poorest 
countries (1). In the past three decades, human mass drug 
administration (MDA), in which the effective oral drug praziquantel 
was delivered, has been the main strategy for the control of 
schistosomiasis globally (2). In Asia, hepatosplenic schistosomiasis 
caused by the zoonotic Schistosoma japonicum infection remains 
prevalent in China, the Philippines, and small foci in Central 
Indonesia (3). In the Philippines, the transmission of schistosomiasis 
is year-round due to high year-round precipitation. Added to this, the 
frequent flooding and strong typhoons, insufficient drug coverage and 
low compliance with MDA, and the presence of water buffaloes as a 
major reservoir animal host, meaning that the disease is still highly 
prevalent in the country. These issues necessitate multi-faceted 
interventions, such as bovine vaccination, development and 
implementation of cost-effective diagnostics for rapid mapping and 
monitoring of the disease in both humans and bovines, along with 
MDA to provide sustainable control, and beyond, elimination of the 
disease (4).

Currently, there are a diverse set of diagnostic tools available for 
the detection of schistosome infections (5–9). Parasitological detection 
techniques (e.g., the Kato-Katz (KK), urine filtration, and miracidia 
hatching technique (MHT)), while demonstrating a considerable 
specificity, had a compromised sensitivity when applied in endemic 
areas with low prevalence and/or reduced infection intensity of 
schistosomiasis (5). Improved coprological tests, such as the saline 
gradient method (10), and Helmintex method (11) showed a higher 
sensitivity compared with the traditional parasitological procedures; 
yet usually take longer time in sample processing and are labour-
intensive. A variety of immunologic tests such as the circumoval 
precipitin test (COPT), indirect hemagglutination assay (IHA), the 
enzyme linked immunosorbent assay (ELISA), and rapid diagnostic 
tests (RDTs), were cost-effective and widely used during infection 
control and transmission control stages (8), although may suffer from 
a relatively low specificity if the crude extracted antigens were 
incorporated and it is difficult to distinguish between past and current 
infections. In addition, molecular detection methods mainly based on 
using polymerase chain reaction (PCR) and its derivative techniques, 
including nested PCR, real-time quantitative (q)PCR (12–15), droplet 
digital (dd) PCR assays (16–18), loop-mediated isothermal 
amplification (LAMP) (19–21), recombinase polymerase amplification 
(RPA) (22–24), and recently clustered regularly interspaced short 
palindromic repeats (CRISPR)-assisted diagnostic tests (25, 26) are 
promising tools for the detection of schistosomes; however at present, 
the prospect of large scale application of these methods in field areas 
remains obscure due to their relatively high cost.

The new roadmap for NTDs 2021–2030 recently released by the 
WHO (27) and revised guidelines for schistosomiasis (28) emphasised 

the need to develop and evaluate diagnostic tools to facilitate 
surveillance, control and elimination strategies (29). The WHO is 
seeking expert consultation on diagnostics with a particular focus on 
Point-of-care (POC) tests (30). Current antigen detection (AgD)-
based POC tests for schistosomiasis are based on the probing of 
proteoglycan components present in the gut vomit of juvenile and 
adult worms known as circulating anodic antigens (CAAs) or 
circulating cathodic antigens (CCAs) using lateral flow assays (31–33). 
The POC-CCA assay is a commercially available cassette test that has 
been widely used for the detection of active S. mansoni infection in 
both Africa and South America (11, 34–36). However, the assay 
showed less potential for the diagnosis of other Schistosoma species 
(37–39). In addition, the assay suffers some pitfalls, such as cross-
reactivity, underperformed specificity, and a “trace” reading issue (34, 
38). The up-converting phosphor-lateral flow CAA (UCP-LF CAA) 
assay can detect all Schistosoma species quantitatively, exhibiting more 
accurate diagnostic performance than the POC-CCA assay. While the 
UCP-LF CAA assay has been suggested to be a promising tool for the 
diagnosis of low-intensity schistosome infections (40), it requires a 
large volume of samples, an additional filter device and concentration 
step and a special UCP-LF strip reader (41), and is, as of writing, not 
available as a commercial test currently.

To date, a number of antibody detection (AbD)-based lateral flow 
immunochromatographic assay (LFIA) strips have been developed for 
the rapid diagnosis of schistosomiasis japonica (42–45). However, 
these crude antigen-incorporated assays were found to be  cross-
reactive with other helminths. Recently, we developed a novel gold 
immunochromatographic assay (GICA) strip incorporating a 
recombinant saposin protein of S. japonicum, rSjSAP4, an 
unprecedented antigen for serological diagnosis of schistosomiasis 
(46–48). A preliminary assessment of the GICA cassette showed its 
potential in the rapid screening of schistosomiasis japonica (49). In 
this study, we  further assess and validate the performance of the 
developed GICA cassettes with a large sample size, and calibrate its 
performance with the KK technique, ddPCR, POC-CCA and in-house 
ELISA assays that have been employed for the detection of 
S. japonicum infection against the same human cohort as reference 
(18, 46).

2. Materials and methods

2.1. Ethics approval and consent to 
participate

The human research ethics approval for conducting this study was 
obtained from the Institutional Review Board of the Research Institute 
for Tropical Medicine (RITM), Manila, the Philippines (number 
2015–12) and the Human Research Ethics Committee, QIMR 
Berghofer Medical Research Institute (QIMRB), Brisbane, Australia 
(Ethics Approval: P524). Written informed consent was received from 
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each study participant (written informed consent was obtained from 
their legal guardians for those aged 15 years and under).

2.2. Sample collection, processing, and 
storage

Human clinical samples (faeces, serum, urine, and saliva) were 
collected from 412 subjects from 18 barangays in Palapag and Laoang, 
Northern Samar, the Philippines (18, 46, 47). Individual stool samples 
(10–15 g) were collected from each participant. Two faecal samples were 
sought from each individual on different days within a week for the KK 
analysis. The remainder of the first faecal sample (~10 g) was fixed in 80% 
ethanol. Blood sample (~10 mL) was collected from each individual with 
serum separation tubes. The blood samples were allowed to clot for 
30 min at ambient temperature, and serum samples were then collected 
after centrifugation at 1500 × g for 10 min. Spot urine samples (~30 mL) 
were collected into 50 mL Falcon tubes and stored at 4°C. Saliva (~2 mL) 
was collected into a 5 mL centrifuge tube using the passive drool method 
under the supervision of a well-trained medical technologist. All 
processed samples were stored at 4°C and transported on wet ice to the 
RITM, Manila, where the samples were stored at −20°C. Subsequently, all 
samples were shipped to QIMRB, Brisbane, Australia, on dry ice. Faecal 
samples were then stored at 4°C, while serum, urine and saliva samples 
were stored at −80°C, for further analysis. Serum samples collected from 
healthy donors (n = 23) residing in a non-endemic area for schistosomiasis 
japonica (Qiqihar, Heilongjiang Province, China), were used as controls.

2.3. Parasitological detection

The KK slides were examined by experienced technicians at the 
RITM. For each stool sample, three KK thick smear slides were 
prepared and examined under a light microscope. Infection intensity 
for S. japonicum was defined as the number of eggs per gram of faeces 
(EPG). In order to improve the accuracy of the KK analysis, 10% of 
slides were randomly selected and subjected to re-examination by an 
experienced microscopist.

2.4. Preparation and measurement of the 
GICA strips

The GICA strips were developed by Zoonbio Biotechnology 
(Nanjing, China) (49). Briefly, colloidal gold particles with a mean 
particle diameter of 70 nm were used to coat recombinant protein 
rSjSAP4. The gold-rSjSAP4 conjugate was suspended in the buffer 
containing 20 mM Tris, 5% (w/v) sucrose, and 2.5% (w/v) trehalose at 
a final concentration of 10 μg/mL, and dispensed onto conjugate pad 
(glass fibre membrane) at a volume of 35 μL/cm. The pad was dried in 
a biochemical incubator for 12 h at 37°C. By using an XYZ Biostrip 
Dispenser (HM3030, Shanghai Kinbio Tech. Co., Ltd., Shanghai, 
China), protein G (1 mg/mL) (Zoonbio Biotechnology, Nanjing, 
China) and mouse anti-His tag mAb (0.7 mg/mL) (Zoonbio 
Biotechnology, Nanjing, China) were dispensed onto the nitrocellulose 
(NC) membrane (CN140, Sartorius, Goettingen, Germany) at a 
volume of 1 μL/cm to form the test and control lines, respectively. The 
NC membrane was then dried at room temperature in a biochemical 

incubator for 6 h. The absorbent pad (filter paper), coated NC 
membrane, conjugate pad, and sample pad, were laminated and pasted 
onto a plastic-backed support card with a 1–2 mm overlap. The 
assembled scale board was cut lengthwise into strips measuring 
3 × 60 mm using a guillotine cutter (ZQ2002, Shanghai Kinbio Tech. 
Co., Ltd., Shanghai, China). The resulted strips were placed in a plastic 
cassette, which was further packaged into a silica gel desiccant-
containing aluminium foil bag, and stored at room temperature.

The GICA strips were initially tested on 40 KK-positive [KK (+)] 
subjects, 20 KK-negative [KK (−)] and 20 control individuals in a 
previous pilot study (49). For the current study, the GICA cassettes 
were further tested for comparison with the other diagnostics 
following our previous pilot study protocol (49). Briefly, for each test, 
50 μL diluted serum sample (1:20) was added to each cassette which 
was scanned at 10 min after sample loading. All images were further 
analysed by a Java-based image processing program, ImageJ to 
determine an R value, which was defined as the intensity of the test 
(T) line divided by that of the corresponding control (C) line, 
converting the results into fully quantitative data. The tests were 
determined as invalid when the control band did not appear or when 
the tests were left to develop for more than 15 min. GICA cassettes 
from the same batch were used for testing all the serum samples.

2.5. Comparative analysis using the KK, 
ddPCR, POC-CCA, and ELISA assays as 
references

The performance of the GICA was further calibrated using other 
diagnostic tests, including the KK, POC-CCA (37), two ELISA assays 
(Sj23-LHD-ELISA and SjSAP4-ELISA) (46), and four ddPCR assays 
performed on feces, serum, urine, and saliva, which were designated 
as F_ddPCR, SR_ddPCR, U_ddPCR, and SL_ddPCR, respectively 
(18), as references.

2.6. Statistical analysis

All statistical analyses were performed using GraphPad Prism 
version 9 software (GraphPad Software, Inc., California, United States). 
For analysis of differences in the R values between the control group 
and groups with variable S. japonicum egg burdens, one-way ANOVA 
followed by Holm-Sidak multiple comparison or the Mann–Whitney 
U test was used. A cut-off R value was set for the GICA assay with the 
maximization of Youden index (J) on testing of 108 KK (+) individuals 
and 23 healthy controls. McNemar’s test1 was used to determine the 
differences between the sensitivities determined by the GICA and the 
other diagnostic methods on testing 108 KK (+) individuals, and the 
differences between the positivity rates obtained with the GICA and 
other diagnostics across the different groups stratified by egg burdens. 
Calibrated by the different reference tests, sensitivity, specificity, 
positive predictive value (PPV), negative predictive value (NPV) and 
accuracy were analyzed for the developed GICA. Agreement between 
the GICA and the other diagnostics assays was determined using the 

1 https://www.graphpad.com/quickcalcs/McNemar1.cfm
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Kappa statistic,2 The strength of agreement was measured according 
to the κ value scores divided into: <0, no agreement; 0.00–0.20 slight 
agreement; 0.21–0.40 fair agreement; 0.41–0.60 moderate agreement; 
0.61–0.80 substantial agreement; and 0.81–1.00 perfect agreement 
(50). Pearson’s correlation coefficient (r) was used to assess the 
correlation between the immunochromatographic assay and the 
SjSAP4-ELISA assay for the KK (+) individuals and the entire cohort.

3. Results

3.1. Study population

The target population comprised 412 subjects [male: n = 218 
(52.9%), 39.2 ± 16.1 years; female, n = 194 (47.1%), 41.5 ± 15.1 years] 
from a rural schistosomiasis-endemic area, Northern Samar, the 
Philippines. The human cohort had a moderate schistosomiasis 
japonica prevalence (26.2%) but a low intensity of infection based on 
the KK analysis on faecal samples (6 slides on two stool samples), 
according to the categorization by WHO. Detailed information of the 
study cohort can be found in previous studies (18, 51, 52).

3.2. Transforming the GICA into a fully 
quantitative assay by introducing an 
R value

The GICA cassettes were tested using optimized conditions (i.e., 
PBS was used as the dilution buffer and serum samples were diluted 
at a dilution of 1:20) (49). For each GICA cassette, the result was 

2 https://www.graphpad.com/quickcalcs/kappa1/

converted into an R value, which was calculated by dividing the band 
intensity of the “T” line with that of the corresponding “C” line. 
Figure 1A shows GICA cassettes displaying different levels of R values. 
The difference in R values between the controls and the target cohort 
stratified by different infection intensities were further assessed. The 
R values were significantly higher in groups with 1–9 EPG (n = 78, 
p < 0.0001), 10–99 EPG (n = 26, p < 0.0001) and 100–399 EPG (n = 4, 
p < 0.01), as well as the KK (−) individuals (n = 304, p < 0.001) 
compared with the non-endemic controls (n = 23) (Figure 1B).

3.3. Diagnostic performance of the GICA 
cassettes in KK (+) individuals

We further analysed diagnostic performance of the GICA strips 
in the detection of KK (+) subjects (n = 108). The R values in KK (+) 
group were significantly higher than those of the healthy controls 
(p < 0.0001) (Figure 2A). When an R cut-off value was set at 0.0864, 
which maximised the Youden’s J-index, the GICA strip showed a 
sensitivity of 83.3% and absolute specificity. The ROC analysis 
revealed that the established GICA had an AUC level of 0.8945 
(p = 0.0001) (Figure 2B). The sensitivity of the GICA was significantly 
lower than these of the F_ddPCR and SR_ddPCR tests (98.1%, 
p = 0.0008 and 94.4%, p = 0.019, respectively), but higher than these 
of the U_ddPCR, SL_ddPCR, POC-CAA and Sj23-LHD-ELISA assays 
(59.3%, 38.9%, 29.6%, and 42.6%, respectively, p  < 0.0001  in all 
comparisons) (Figure 2C).

3.4. Positivity rate analysis

We then compared the positivity rate determined by the GICA 
with those obtained with other diagnostic tests in the detection of 
S. japonicum infection (Table 1). In the subgroup with moderate 

FIGURE 1

R value analysis for the developed GICA cassettes. (A) GICA strips showing different ranks of R values. Lanes 1–6, strips displaying an R value between 
0–0.1, 0.1–0.5, 0.5–1, 1–2, 2–3, and  >  3, respectively; (B) The distribution of R values in the controls, KK (−) individuals and different KK (+) groups. 
(Controls, n  =  23; KK (−), n  =  304; KK (+), n  =  108; EPG 1–9, n  =  78; EPG 10–99, n  =  26; EPG 100–399, n  =  4). Boxes represent the interquartile range of 
the data with lines across the boxes indicating the median values. The hash marks below and above the boxes indicate the 10th and 90th percentiles, 
respectively. p values were calculated using Kruskal-Wallis test (ns  =  no significant difference, **, p  <  0.01;***, p  <  0.001, ****, p  <  0.0001).
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infection (EPG: 100–399), all the diagnostics had absolute positivity 
rate. In the subgroup with EPGs between 10–99, the positivity rate 
assessed by the GICA (88.5%) was significantly higher than those 
provided by the Sj23-LHD-ELISA (53.8%, p = 0.0077) and the 
POC-CCA cassette (57.7%, p = 0.0433), yet no difference was 

observed when it was compared with those determined by the other 
diagnostics. In subjects with an extremely low infection intensity 
(EPG: 1–9), the positivity rate determined by the GICA strips 
(80.8%) was significantly lower than that obtained with the F_
ddPCR test (97.4%, p < 0.0001), but significantly higher than those 

FIGURE 2

The performance of the SjSAP4-incorporated GICA cassettes in diagnosing the KK (+) individuals. (A) Scatter plots showing the R values of the non-
endemic controls (n  =  23) and KK (+) subjects (n  =  108). Boxes represent the interquartile range of the data with lines across the boxes indicating the 
median values. The hash marks below and above the boxes indicate the 10th and 90th percentiles, respectively. Dashed line: R cut-off value. p value 
was determined using the Mann–Whitney U test (****, p  <  0.0001); (B) Receiver operating characteristic curve (ROC) analysis was performed to assess 
the capability of the GICA assay in discriminating the non-endemic controls (n  =  23) and KK (+) subjects (n  =  108); (C) Clustered results for the eight 
diagnostics on testing the KK (+) individuals (n  =  108). Samples are sorted from left to right in a decreased order of egg burden. The differences in 
sensitivity were compared between the GICA and other diagnostic methods. p values were determined by McNemar’s test.

TABLE 1 Positivity rates of schistosomiasis japonica determined by different diagnostics in the different subgroups and entire cohort, respectively.

Diagnostic 
test

KK (+) moderate KK (+) light§ KK (−) Entire cohort

(EPG: 100–399) (EPG: 10–99) (EPG: 1–9) (EPG: 0) (EPG: 0–399)

Positive, % (n/n) Positive, 
% (n/n)

p* Positive, 
% (n/n)

p* Positive, 
% (n/n)

p* Positive, 
% (n/n)

p*

GICA† 100 (4/4) 88.5 (23/26) 80.8 (63/78) 53.0 (161/304) 60.9 (251/412)

F_ddPCR 100 (4/4) 100 (26/26) >0.05 97.4 (76/78) 0.0036 66.1 (201/304) 0.0011 74.5 (307/412) <0.0001

SR_ddPCR 100 (4/4) 100 (26/26) >0.05 92.3 (72/78) >0.05 57.6 (175/304) >0.05 67.2 (277/412) >0.05

U_ddPCR 100 (4/4) 88.5 (23/26) >0.05 47.4 (37/78) <0.0001 43.4 (132/304) 0.0273 47.6 (196/412) 0.0001

SL_ddPCR 100 (4/4) 76.9 (20/26) >0.05 24.4 (19/78) <0.0001 20.4 (62/304) <0.0001 25.5 (105/412) <0.0001

POC-CCA† 100 (4/4) 57.7 (15/26) 0.0433 16.7 (13/78) <0.0001 6.3 (19/304) <0.0001 12.4 (51/412) <0.0001

Sj23-LHD-ELISA# 100 (4/4) 53.8 (14/26) 0.0077 35.9 (28/78) <0.0001 18.1 (55/304) <0.0001 24.5 (101/412) <0.0001

SjSAP4-ELISA# 100 (4/4) 92.3 (24/26) >0.05 80.8 (63/78) >0.05 56.3 (171/304) >0.05 63.6 (262/412) >0.05

§Individuals with a light infection were arbitrarily divided into two subgroups with EPG of 10–99 and 1–9, respectively. † R cut-off value for the developed GICA: 0.0864; R cut-off value for the 
POC-CAA assay: 0.1344 (37). #OD450nm cut-off values for ELISA assays: Sj23-LHD-ELISA, 0.2185; SjSAP4-ELISA, 0.1832 (46). *p values were determined by McNemar’s test.
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provided by the U_ddPCR, Sj23-LHD-ELISA, SL_ddPCR and 
POC-CCA assays (47.4%, 35.9%, 24.4%, and 16.7%, respectively, 
p < 0.0001 in all comparisons). In the KK (−) subjects, the positivity 
rate determined by the GICA (53.8%) was only significantly lower 
than that judged by the F_ddPCR test (66.1%, p < 0.0001) (Table 1). 
The clustered results for the eight molecular and immunological 
diagnostics on testing the KK (−) individuals (n  = 304) are  
shown in Supplementary Figure S1. The global positivity rate of the 
target cohort provided by the GICA (60.9%) was significantly lower 
than that obtained with the F_ddPCR test (74.5%, p < 0.0001), but 
higher than those deduced from the U_ddPCR (47.6%, p = 0.0001), 
SL_ddPCR (25.5%, p <  0.0001), Sj23-LHD-ELISA (24.5%, 
p < 0.0001), and POC-CCA (12.4%, p < 0.0001) assays. There were 
no differences in positivity rates obtained with the GICA test and 
the SjSAP4-ELISA assay in the different subgroups and the  
entire cohort, respectively. Similarly, no differences were  
found between the positivity rates determined by the 
immunochromatographic cassettes and the SR_ddPCR test in all 
different groups.

We further analysed the schistosomiasis positivity rates in the 
different age groups determined by the nine diagnostics (Figure 3). 
Positivity rates deduced from five diagnostics, the F_ddPCR, SR_
ddPCR, U_ddPCR, SjSAP4-ELISA, and GICA strips were higher than 
that determined by the KK in all age groups (Figure 3A). The positivity 
rate determined by the developed GICA for each age group was 
between 1.85 and 2.77 times higher than that assessed by the KK 
procedure (Figure 3B). The overall schistosomiasis positivity rate of 
the cohort determined by the established GICA was comparable with 
those assessed by the SjSAP4-ELISA and SR_ddPCR, and was about 
2.3 times higher than that obtained with the KK technique (Figure 3).

3.5. Performance of the developed GICA 
strip with the other diagnostics as 
references

By employing various diagnostic tools as reference, we further 
evaluated the diagnostic performance, including sensitivity, specificity, 

FIGURE 3

Schistosomiasis japonica positivity rates in the different age groups. (A) The schistosomiasis positivity rates determined by all nine diagnostic tests for 
the human cohort stratified by different age groups. R cut-off value for the developed GICA: 0.0864; R cut-off value for the POC-CAA assay: 0.1344 
(37); OD cut-off values for the ELISA assays: 0.2185 (Sj23-LHD-ELISA) and 0.1832 (SjSAP4-ELISA) (46). (B) Fold changes in schistosomiasis positivity 
rates obtained with the eight molecular and immunological diagnostics vs. that determined by the KK for the investigated cohort stratified by different 
age groups.
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PPV, NPV, and accuracy for the developed GICA strips (Table 2). The 
GICA test showed the highest sensitivity (92.0%) when the SjSAP4-
ELISA assay detecting the serum IgG against the same antigen, 
SjSAP4, was used as the reference. When the different ddPCR tests 
were employed as reference tests, the established GICA showed a 
similar sensitivity between 62.8–66.7%. The developed 
immunochromatographic assay showed the highest accuracy (92.5%) 
when the SjSAP4-ELISA assay was adopted as the reference. When 
calibrated with the F_ddPCR test, the SjSAP4-GICA showed an 
accuracy of 60.7%. The immunochromatographic GICA displayed a 
perfect agreement with the SjSAP4-ELISA assay (κ = 0.840), a fair 
agreement with the KK technique (κ = 0.213) and Sj23-LHD-ELISA 
assay (κ = 0.214), and a slight agreement with the other diagnostics 
(κ < 0.2) (Table 2).

3.6. Correlation analysis

The associations between the developed GICA test and SjSAP4-
ELISA assay were investigated in the KK (+) subjects (n = 108) and the 
entire study cohort (n = 412). Within the KK (+) subgroup, there was 

a significant positive correlation (r = 0.3249, p = 0.0006) between the 
GICA test and the SjSAP4-ELISA assay (Figure 4A). When analysing 
the entire cohort, a higher significant correlation (r = 0.5078, 
p < 0.0001) was observed between the two assays (Figure 4B).

4. Discussion

Schistosomiasis continues to be a major public health problem in 
the developing world. It is encouraging that it has been successfully 
controlled in a few of countries, such as China, which is steadily 
moving towards the goal of schistosomiasis japonica elimination (53). 
However, in the Philippines, a focal survey performed in 2017 showed 
that there were still 435 barangays having a high prevalence of human 
schistosomiasis of >5% (54). Currently, the Philippines government 
administers MDA in schistosomiasis endemic areas annually through 
the Schistosomiasis Control and Elimination Program (55). The 
currently used parasitological approaches, primarily the KK, are not 
sensitive enough for the diagnosis of schistosomiasis in endemic areas 
with reduced intensities due to MDA implementation (5). Thus, it is 
appropriate that the WHO’s 2021–2030 roadmap to eliminate NTDs 

TABLE 2 Performance of the GICA using different diagnostic tests as reference.

GICA† Reference 
test

% Sensitivity 
(95% CI)

% Specificity 
(95% CI)

% PPV 
(95% CI)

% NPV (95% 
CI)

% Accuracy 
(95% CI)

Kappa index 
(95% CI)

+ −
KK

+ 90 161
83.3 (74.9–89.8) 47.0 (41.3–52.8) 35.9 (29.9–42.1) 88.8 (82.9–93.2) 56.6 (51.6–61.4) 0.213 (0.143–0.283)

− 18 143

F_ddPCR

+ 198 53
64.5 (58.9–69.9) 49.5 (39.6–59.5) 78.9 (73.3–83.8) 32.3 (25.2–40.1) 60.7 (55.8–65.4) 0.119 (0.026–0.213)

− 109 52

SR_ddPCR

+ 177 74
64.0 (57.8–69.6) 45.2 (36.6–54.0) 70.5 (64.5–76.1) 37.9 (30.4–45.9) 57.8 (52.8–62.6) 0.087 (−0.010–0.183)

− 100 61

U_ddPCR

+ 123 128
62.8 (55.6–69.5) 40.7 (34.1–47.6) 49.0 (42.7–55.4) 54.7 (46.6–62.5) 51.2 (46.3–56.1) 0.035 (−0.058–0.128)

− 73 88

SL_ddPCR

+ 70 181
66.7 (56.8–75.6) 41.0 (35.5–46.8) 27.9 (22.4–33.9) 78.3 (71.1–84.4) 47.6 (42.7–52.5) 0.053 (−0.02–0.126)

− 35 126

POC-CCA†

+ 39 212
76.5 (62.5–97.2) 41.3 (36.2–46.6) 15.5 (11.3–20.6) 92.6 (87.3–96.1) 43.2 (38.4–48.1) 0.066 (0.016–0.116)

− 12 149

Sj23-LHD-ELISA#

+ 86 165
85.2 (76.7–91.4) 47.0 (41.3–52.7) 34.3 (28.4–40.5) 90.7 (85.1–94.7) 56.3 (51.4–61.2) 0.214 (0.147–0.281)

− 15 146

SjSAP4-ELISA#

+ 241 10
92.0 (88.0–95.0) 93.3 (88.1–96.8) 96.0 (92.8–98.1) 87.0 (80.8–91.7) 92.5 (89.5–94.8) 0.840 (0.786–0.894)

− 21 140

†R cut-off value for the GICA strip: 0.0864; R cut-off value for the POC-CCA assay: 0.1344 (37). #OD450nm cut-off values for the serum ELISA assays: Sj23-LHD-ELISA, 0.2185; SjSAP4-ELISA, 
0.1832 (46).
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includes a focus on the development of improved diagnostics for 
schistosomiasis (27). In this study, we assessed the performance of the 
recently developed SjSAP4-incorporated GICA test by probing 
samples collected from a well-defined Philippines cohort, using eight 
other diagnostics as references.

As stated previously, the sensitivity of the KK technique is 
compromised in areas with lower infection intensities (51). In the KK 
(−) individuals, high positivity rates were obtained with both 
molecular methods, the F_ddPCR (66.1%) and SR_ddPCR (57.6%), 
and immunodiagnostic tests, the GICA (53%) and SjSAP4-ELISA 
(56.3%), indicating the KK failed to detect many light infections. This 
corresponded with a total prevalence, determined by the above 
mentioned molecular and immunodiagnostic assays, that was 2.33 to 
2.84 times higher than that obtained with the KK (26.2%) (Figure 4B). 
Nevertheless, the KK is still useful for determining infection intensities 
and prevalence in moderate to high endemic areas, when combined 
with multiple slides across different days, can be used as a useful 
standard for comparing other diagnostics. In this study, when tested 
on the serum samples from KK (+) subjects (n = 108), the SjSAP4-
incorporated GICA elicited 83.3% sensitivity and absolute specificity, 
with an AUC value of 0.8945 (Figure 2), indicating a “very good” 
diagnostic accuracy (56). Although the sensitivity has been decreased 
from 95% in testing a small subset of these KK (+) subjects (n = 40) in 
a previous study (49), to 83.3% in the current study as the sample size 
increases, these results indicate that the newly developed GICA strip 
has strong diagnostic potential in identifying light S. japonicum 
infections, with its performance competitive with the recently 
developed point of care immunochromatographic test (POC-ICT) 
incorporated with MS3_01370 antigen for the diagnosis of urogenital 
schistosomiasis (44).

Molecular methods, such as PCR assays, have been widely used in 
the detection of schistosome infections and showed high diagnostic 
performance (5). Although the substantial costs of required reagents 
and equipment and the requirement of well-trained personnel limit 
their application in screening of schistosomiasis in resource-poor 
endemic areas (5), PCR assays can be used as reference tests, which 

could be more accurate than the traditional parasitological detection 
procedures, for the evaluation of other laboratory developed 
diagnostics. For instance, the F_ddPCR and SR_ddPCR assays showed 
a higher sensitivity compared with those of the POC-CCA, GICA and 
ELISA assays in identifying the KK (+) individuals (Figure 2C). The 
developed GICA had a sensitivity of 62.8–66.7% when calibrated with 
ddPCR tests (Table 2). This relatively low sensitivity could arise as no 
accurate cut-off values have been set for the ddPCR assays, which may 
incur some false positives. Furthermore, the relatively lower sensitivity 
of serological tests compared with PCR, can be also due to some 
individuals having an abnormally reduced humoral immune response, 
as seen in previous studies (57). The concordances between the GICA 
and ddPCR tests are also very poor (κ = 0.053–0.119) (Table 2). This 
is probably due to the differences in test targets, i.e., ddPCR analysis 
detects the parasite-derived DNA in samples while the GICA probes 
host antibodies against SjSAP4. Nevertheless, it is impressive that the 
SjSAP4-incorporated GICA strip showed 60.7% accuracy when the 
F_ddPCR assay was employed as a reference test (Table 2). PCR tests, 
unlike AbD based assays, can be  used to determine infection 
intensities. In our previous study, we found that the ddPCR results, 
presented as the target gene copy number index (CNI) showed a high 
degree of correlation with KK-determined EPGs (18), indicating 
ddPCR assays can measure the CNI as a direct quantitative measure 
of parasite burden. In contrast, either in field observation by an 
operator or converting to an R value, the AbD based GICA tests 
cannot reliably differentiate infection intensities. Falsely attributing 
past infections as active infections occurs for a much longer period of 
time for serological based techniques compared with molecular 
methods performed on faecal samples (58). This may contribute to the 
fact that the SjSAP4-GICA has a relatively low specificity when 
calibrated with the F_ddPCR test as standard.

Unsurprisingly, the SjSAP4-GICA recorded similar outcomes to 
the SjSAP4-ELISA. Overall, the developed GICA assay exhibited a 
diagnostic performance commensurate with that of the SjSAP4-
ELISA. There was no significant difference in the positivity rate for the 
GICA assay and the SjSAP4-ELISA in the group of individuals with 

FIGURE 4

Correlation analysis for the GICA and ELISA assays. Correlations between the GICA test and the SjSAP4-ELISA assay on testing the (A) KK (+) individuals 
(n  =  108) and (B) whole cohort (n  =  412) using Pearson’s correlation coefficient.
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an EPG of 10–99 (88.5% vs. 92.3%, p > 0.05), an EPG of 1–9 (80.8% vs. 
80.8%, p > 0.05) and in the KK (−) individuals (53.0% vs. 56.3%, 
p > 0.05) (Table 1); similarly, the prevalence of schistosomiasis japonica 
determined by the GICA assay and SjSAP4-ELISA assay was 
comparable (60.9% vs. 65.5%, p > 0.05), which was about 2.5-fold 
higher than that determined by the KK method (26.2%) (Figure 4B). 
Also, the SjSAP4-incorporated GICA strip recorded the highest 
sensitivity (92.0%) and accuracy (92.5%) and near-perfect agreement 
(κ = 0.840) when the SjSAP4-ELISA was used as the reference test 
(Table 2). When using the F_ddPCR as reference, the GICA assay and 
the SjSAP4-ELISA assay test displayed similar performance in 
sensitivity (64.5% vs. 67.4%), specificity (55.2% vs. 47.6%), accuracy 
(60.7% vs. 62.4%) and agreement (0.119 vs. 0.132) (Table  2; 
Supplementary Table S1). In this study, we converted the GICA test 
into a fully quantitative test, which enabled us to assess the correlation 
between the GICA and SjSAP4-ELISA. The two assays showed 
significant positive correlations in the KK (+) individuals and the 
entire human cohort. All these observations indicate that the two 
assays had a high concordance, which is logical as both are AbD based 
assay targeting the same antigen. Nevertheless, compared with the 
rapid GICA, the classic ELISA assay is tedious and labor-intensive, has 
stringent equipment requirements, and needs well-trained personal 
to perform.

The POC-CCA assay has been extensively evaluated for the 
diagnosis of schistosomiasis mansoni in different endemic areas (59–
62). In S. mansoni infections with a prevalence level of less than 50% 
(based on the KK procedure), the POC-CCA assay exhibits a 1.5–6 
fold higher prevalence than that determined by the KK (63). Of the 
diagnostics available, it has been suggested that the POC-CCA test 
best fulfils the ASSURED (A = affordable by the affected individuals; 
S = sensitive; S = specific; U = user-friendly; R = rapid turn-around time 
and robust performance (e.g., reagents tolerate tropical climate); 
E = equipment-free; and D = delivered to those in need) criteria for in 
resource-limited settings (41). However, the diagnostic performance 
of the assay is Schistosoma species-dependent. For instance, in the 
detection of S. mekongi in endemic areas of Lao PDR, the POC-CCA 
showed a low sensitivity (24.1%) (64). Also, the POC-CCA test had a 
moderate sensitivity of 63.3%, in the diagnosis of S. japonicum patients 
with infection intensities of EPGs ≥10 (37), while showed a poor 
sensitivity (29.6%) in identifying  S. japonicum infection in individuals 
with extremely low egg burdens (EPG: 1–9) (37). Furthermore, the 
prevalence determined by the POC-CCA was the lowest among all 
diagnostics investigated here (Table  1), and only half of that 
determined by the KK and one in fifth of that deduced by the GICA 
(Figure 4B). The poor diagnostic sensitivity of the POC-CCA for low 
intensity S. japonicum infections stems from a number of reasons, 
which has been discussed in a previous study, such as species septicity 
of capturing antibody incorporated in the POC-CCA cassette (37). 
Additionally, a relatively high R value has been set to retain a 
considerable specificity due to the concerned issues of low specificity 
(34) and cross-reactivity with other helminths (65), resulting in a 
reduced sensitivity for the assay. In all, it can be concluded that the 
POC-CCA is unsuitable for the diagnosis of schistosomiasis japonica 
in its current format. In contrast, the relatively high performance of 
the established GICA would, therefore, be  an upgrade for 
schistosomiasis japonica diagnosis.

In this study, all the tested GICA cassettes were scanned and 
analysed in silico, i.e., a Java-based image processing program, ImageJ, 

was used to convert results into quantitative R values. This would 
reduce variability from an operator’s training or visual acuity and, also, 
limit system errors from colour development times and sample 
absorbance rates (49). Essentially, the ImageJ R values would allow fair 
comparisons between multiple studies with different cassette batches/
types. In a rapid field screening, the images of tested GICA strips can 
be captured by smartphones on-site, and uploaded to a computer for 
real-time analysis using ImageJ software. However, in some 
applications where a conversion of an R value is inaccessible, the 
diagnostic performance exhibited here may not be well reflected in 
those scenarios. Accordingly, other readout methods, such as a semi-
quantitative visual scoring method using a color interpretive card as a 
reference, need to be  developed for the interpretation of the 
GICA. Alternatively, a chromogenic rapid test reader can also 
be employed to quantify the intensities of bands appearing on the “T” 
line of the GICA cassettes, providing a quantitative readout. In this 
regard, parallel studies that assess the agreement and/or correlation 
between the results determined by ImageJ and those obtained with 
other readout methods, would, therefore, be  of substantial value. 
Interestingly, Schary et al. recently develop an open-source, all-in-one 
smartphone-based system for quantitative analysis of lateral flow 
assays (LFAs) (66). The system includes an R Shiny software package 
with similar function to the Image J for image editing, analysis, data 
extraction, calibration and quantification of the assays (66). Further 
combining the smartphone-based R Shiny software will increase the 
potential of the GICA test in the field application.

The current study has the following limitations: (1) The Standards 
for Reporting Diagnostic accuracy studies (STARD) rules recommend 
using a “reference test” to evaluate the accuracy of a newly developed 
diagnostic test (67). However, none of the reference assays employed 
in this study can be  a gold standard test. The KK technique has 
previously been referred to as a gold standard for intestinal 
schistosomiasis testing; but the KK lacks sensitivity in low-intensity 
infections. Further, the Sj23-LHD-ELISA and POC-CCA displayed 
insufficient sensitivity in the diagnosis of schistosomiasis japonica. 
And the Sj23-LHD-ELISA and SjSAP4-ELISA have an inherent 
limitation in the discrimination of current versus previous infections. 
As regards ddPCR assay, studies have demonstrated the higher 
sensitivity of this technique compared to conventional qPCR assay 
(68, 69). The ddPCR assay developed for schistosomiasis diagnosis 
was able to detect as little as 0.05 fg of template genomic DNA, much 
less than that in conventional PCR using the same primers, i.e., 0.1 pg 
(16). The SR_ddPCR, U_ddPCR, and SL_ddPCR assays detect the 
parasite-derived cfDNA in body fluids, while the F_ddPCR targets 
schistosome DNA derived from viable and/or decayed eggs and 
possibly the cell-free DNA released from worms and eggs in faecal 
samples. The ultra-sensitive nature of ddPCR assay may cause the 
problem of false positives due to cross-contamination of the samples, 
assay specificity and/or the detection of a past infection (70). In 
addition, no stringent CNI cut-off values have been set for these 
ddPCR assays, a fact that may magnify the problem (18). (2) As a new 
diagnostic approach, the developed GICA was only tested with serum 
samples collected from one endemic region. Further evaluations of the 
assay in different S. japonicum-endemic areas with variable intensities 
of infection and with a much larger sample size will be important in 
verifying the generalization. (3) The SjSAP4-incorporatd GICA 
cassettes were tested with only one serum dilution, which means that 
an optimal serum dilution remains to be determined for the assay.
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5. Conclusion

The newly developed GICA was able to identify KK (+) subjects 
in a Philippine cohort with 83.3% sensitivity and 100% specificity. 
Targeting the whole cohort, a comparison of the GICA with other 
diagnostic methods further revealed the performance of this 
immunochromatographic test. In terms of diagnostic performance, 
the SjSAP4-GICA is comparable to the SjSAP4-ELISA assay but 
superior to U_ddPCR, SL_ddPCR, POC-CCA and Sj23-LHD-ELISA 
assays. While F_ddPCR and SR_ddPCR tests may perform better than 
the GICA strips, these PCR tests are time-consuming and labor-
intensive, and requires expensive reagents and equipment. Currently, 
the SjSAP4-GICA is between $1.5–4.0 per test, depending on the 
order volume. Overall, the developed GICA stands to meet the 
ASSURED criteria the best, but further optimization steps are still 
required. A potential application scenario of the SjSAP4-GICA is its 
use as the first approach of the two-step diagnostic process suggested 
by the WHO for schistosomiasis, i.e., started with a high sensitivity 
test for screening and followed with a second, high specificity test for 
confirmation (71). Integration of the developed GICA cassettes into 
the current surveillance strategies in S. japonicum endemic areas may 
help identify high-priority areas for targeted interventions.
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Dried urine spot method
for detection of Schistosoma
mansoni circulating cathodic
antigen in resource-limited
settings: a proof of
concept study

Abdallah Zacharia1*, Twilumba Makene1, Clemence Kinabo1,
George Ogweno2, Faraja Lyamuya3 and Billy Ngasala1

1Department of Parasitology and Medical Entomology, Muhimbili University of Health and Allied
Sciences, Dar es Salaam, Tanzania, 2National Institute for Medical Research, Mwanza, Tanzania,
3Neglected Tropical Diseases Control Program, Ministry of Health, Dodoma, Tanzania
Background: Among the challenges in schistosomiasis surveillance andmapping

surveys is the lack of a sensitive diagnostic method especially in low transmission

setting. Currently, the WHO recommends the use point-of-care circulating

cathodic antigen (Schisto POC-CCA) tests for surveillance and mapping of

intestinal schistosomiasis. However, Schisto POC-CCA test has its drawbacks,

one of which is the timely availability of test kits. One approach to overcoming

this challenge is to develop a low-cost sampling method that allows for the

collection and transport of urine specimens even in resource-limited settings.

Objective: To develop a simple and efficient method for the collection and

detection of Schistosoma mansoni (S. mansoni) CCA using urine spotted onto

filter paper.

Methodology: To develop a dried urine spot (DUS) method, various dried matrix

extraction parameters were tested and optimized using predesigned steps. The

parameters include the size of filter paper (determined by the number of

punches), volume of solvents, and type of solvent. Moreover, we optimized the

incubation conditions (time and temperature). Urine and stool specimens to

conduct the experiments were collected from volunteer fishermen in Mwanza

and this project staff. Data were entered into the Microsoft Excel spreadsheet and

IBM Statistical Package for the Social Sciences, version 20 for analysis.

Results: The optimal results were obtained when the procedure was run under

the following conditions: Five punches of filter paper containing DUS were

dissolved in 150 µl of distilled water and incubated at room temperature for 24

hours in an Eppendorf tube. More than 93% of the assays performed under these

conditions produced results that were either comparable to or significantly

better than the standard method.
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Conclusion: This study demonstrates the feasibility of collecting urine specimen

(DUS) using filter paper and detecting Schistosoma CCA from DUS specimen

using the Schisto POC-CCA cassette test.
KEYWORDS

dried matrix spot, dried urine spot, extraction, elution, Schistosoma mansoni,
circulating cathodic antigens, filter paper
1 Introduction

Schistosomiasis is a parasitic disease caused by a trematode that

belongs to the genus Schistosoma. Globally, approximately 240

million people are infected (about 90% live in sub-Saharan

Africa), causing about 70 million disability-adjusted life years lost

(1, 2). Widely used schistosomiasis diagnostic techniques include

the Kato-Katz thick-smear and urine filtration for intestinal

schistosomiasis and urogenital schistosomiasis respectively (3).

But these methods have several pitfalls. First, they are time-

consuming and require skilled laboratory technologists. In

addition, they need good-quality microscopes and light sources

(electricity), which makes them difficult to use in resource-limited

areas (4). Moreover, the procedures are less sensitive when used in

low-endemic settings (3). Hence, a highly sensitive and rapid

diagnostic test is of paramount importance for successful

schistosomiasis surveillance and mapping during the elimination

stage (5).

Recently, there has been the development of more sensitive

diagnostic tests based on the detection of Schistosoma antigens. The

most commonly developed tests utilize the circulating antigens

produced by adult worms. These antigens include circulating

cathodic antigens (CCA) and circulating anodic antigens (CAA)

(6). The CCA and CAA detection tests are useful for control

programs because they are more sensitive than microscopy and

hence provide more accurate information regarding the prevalence

of Schistosoma infections (7, 8). Currently, the WHO has

recommended the use of point-of-care CCA cassettes (Schisto

POC-CCA) for mapping the prevalence and surveillance of

Schistosoma mansoni by control programs (9). Despite its high

sensitivity and specificity, the CAA test could not be used in the field

as it involves steps that require laboratory equipment (8, 10). But

also, the Schisto POC-CCA cassettes are commercially available

from a single manufacture (Rapid Medical Diagnostics; Cape Town,

South Africa) (11). The presence of a single manufacture impedes

the timely availability of the tests (10). Additionally, schistosomiasis

control programs in most endemic countries rely on the support of

their implementing partners (donors), and the implementation of

their activities are heavily reliant on the availability of the support

from those partners (12). Furthermore, there are times when, as was

the case during the COVID-19 pandemic, industrial production is

reduced and transportation of materials within and across

continents is difficult. Therefore, if there is a delay in receiving
02134
Schisto POC-CCA cassettes from the supplier or the support from

the partners to purchase the cassettes, the program may require the

use of cost-effective sample collection and storage methods that

could be used even in a resource-limited setting where there is a

high burden of schistosomiasis, especially when time for data

(specimen) collection is a critical aspect of the particular work.

This demand for the development of a simple and cost-effective

sampling technique that will be used during sample collection,

transportation, and storage in resource-limited settings.

Schistosoma circulating antigens are stable and detectable in

urine, blood, and serum specimens. Urine specimens have several

advantages over blood and serum. First, a sample of urine can stay

for several days without a cold chain. Also, urine collection is

noninvasive and doesn’t require trained medical personnel.

Moreover, a large volume can easily be collected (11). However,

liquid urine has an increased risk of infection (leakage).

Furthermore, in resource-limited settings, the liquid urine is

difficult to transport (heavy load of urine containers) and store

(large space requirement). A dried urine spot (DUS) using filter

papers is considered simple and cost-effective compared to liquid

urine. DUS can be easily prepared in a field setting with less skills,

easily transported, and stored with a minimum risk of infection

(13). Studies have reported the use of filter papers for the detection

of Schistosoma eggs and nucleic acid amplification (13, 14).

However, no study was conducted to determine the use of DUS

for the detection of Schistosoma antigens.

We aimed to develop a simple, less expensive and efficient

method for collecting and detecting Schistosoma mansoni (S.

mansoni) CCA using filter paper-based DUS in resource-limited

settings. The method was developed by assessing and optimizing

the performance of various dried matrix spot (DMS) parameters in

order to find those that best fit for the filter paper-based DUS for

maximum detection of Schistosoma CCA using the Schisto POC-

CCA cassette test.
2 Methods

2.1 Type of the study

This laboratory-based experimental study was conducted to

devise a method for collecting DUS on filter paper and extracting S.

mansoni CCA from the collected DUS. The experimental study was
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carried out to test the feasibility of the predesigned steps for filter

paper-based DUS method, as well as optimization of the materials

and reagents to be used in the procedure and some parameters such

as incubation temperature, solvent type and volume, and incubation

time. The experiments were performed at parasitology laboratory of

the National Institute for Medical Research (Mwanza Centre).
2.2 Development of dried urine
spot method

2.2.1 Sample collection
Fourteen volunteer fishermen aged 18 and older, as well as one

volunteer study staff member with no history of exposure to S.

mansoni risk environments, provided urine and stool specimens.

Fishermen and volunteer staff member were given pre-labeled wide-

mouthed urine and stool containers after providing informed

consent for the collection of fresh urine and stool specimens.

They were asked to collect approximately 30 mL of fresh urine

and about 20 g of fresh stool specimens. Both urine and stool

specimens were immediately transported to the National Institute

for Medical Research (NIMR) Mwanza laboratory and processed

using the Schisto POC-CCA cassettes (Rapid Medical Diagnostics,

Cape Town, South Africa; batch number 220701075), and filtration

technique (Shenzhen combined biotech co., Ltd (15), Guangdong,

China) for direct urine tests, while stool samples were processed

using the formal-ether sedimentation method and Kato-Katz

techniques (Vestergaard Frandesen Group, Lausanne Switzerland)

(16). The results of all procedures were reported as positive in case

of the presence of Schistosoma eggs or CCA and negative in case of

the absence of Schistosoma eggs or CCA. Furthermore, positive

Schisto POC-CCA test results were further classified as trace, 1+, 2+,

and 3+ according to the visibility of colour reaction of the

particular test (17), whereas Kato-Katz results were further

classified as light (1-99 EPG), moderate (100-399 EPG), and

heavy (> 400 EPG) intensities (18). As with the direct urine test,

the Schisto POC-CCA cassette procedure was used to conduct

direct tests of the three solvents (normal saline, phosphate

buffered saline, and distilled water) as part of quality control.
2.2.2 Preparation of dried urine spots
Using a Pasteur pipette, urine was spotted on prelabeled 3x4-

inch Whatman No. 3 (GE Hea l thcare UK Limi ted ,

Buckinghamshire, UK; Lot number 16988762) filter papers. To

aid in the identification of the spots both immediately after

application and after drying, urine was spotted on four printed

circles. Five to 6 drops of urine were sufficient to saturate one

printed circle. Four types of DUS were prepared using three positive

urine specimens from fishermen with Kato-Katz (standard Schisto

POC CCA) results: one light (2+), one moderate (3+), and one

heavy (3+), as well as one urine sample from volunteer staff with

negative Kato-Katz and Schisto POC-CCA results. The spotted

filter papers were air dried for 24 hours in a fly-free box before being

stored at room temperature in a small ziplock bag with a desiccant.

The same procedure was used to prepare dried solvent spots using
Frontiers in Immunology 03135
the three extraction solvents tested during the experiments (normal

saline, phosphate buffered saline, and distilled water) as no

template controls.

2.2.3 Optimization of the number of punches and
solvent volume

A series of trial-and-error experiments were conducted to

determine the number of DUS punches that can be dissolved in a

solvent and yield a sufficient volume (2 drops of Schisto POC-CCA

pipette ≈ 100 µl) of eluate for Schisto POC-CCA cassette testing, as

well as having strong visual (colour) resemblance with original

urine sample. Briefly, using a single hole handheld punching

machine (6 mm diameter), filter paper with DUS was punched

into an Eppendorf tube (1.5 ml capacity) and a specific volume of

solvent (phosphate buffered saline, distilled water or normal saline)

was added. The Eppendorf tube was then incubated at room

temperature for approximately 2 hours. Following incubation, a

micropipette with a 100 µl marked tip was used to measure the

volume of the eluate before visual (colour) observation. The visual

observation was given a grade of weak if the elute just slightly

resembled the original urine, moderate if it did so somewhat, and

strong if it did so closely. The trial started with 3 punches into 120 µl

of solvent and ended with 5 punches into 150 µl of solvent.

2.2.4 Extraction of Schistosoma mansoni
circulating cathodic antigen

The maximum recovery of three different eluting solvents

(phosphate buffered saline pH 9, distilled water, and normal

saline) at different temperatures (40 C, room temperature, and

370 C) and time conditions (2 hours and 24 hours) were

determined 24 hours and 7 days after storing DUS in ziplock bags

at room temperature. Figure 1 depicts the step-by-step procedure. In

brief, the filter paper containing DUS as prepared in Section 2.2.2 was

transferred from the storage area to the punching bench. Then, the

precise location of the specimen spot on the filter paper was

pinpointed. This was followed by punching 5 DUS disks (punches

with 6 mm diameter each) in a prelabeled Eppendorf tube. The

Eppendorf tube containing the 5 punches was then filled with one of

the three solvents in the amount of 150 µl. The five DUS punches

were pressed to the bottom of the tube with the pointed end of an

unused micropipette tip to ensure that they were completely

dissolved in the solvent. The tube was then incubated at one of

three temperatures and one of the two incubation time. Therefore, 36

Eppendorf tubes were prepared on each of the four types of DUS

specimens (18 Eppendorf tubes after 24 hours and the other 18

Eppendorf tubes 7 days after storage). Each one of the 18 Eppendorf

tubes differed from the others in one of the following ways: the type of

solvent it contained, the temperature at which it was incubated, or the

time of incubation (Figure 2). As part of quality control, the same

procedure was performed for dried solvent spots.

2.2.5 Detection of Schistosoma mansoni
circulating cathodic antigens

The S. mansoni CCA detection was carried out in accordance

with the Schisto POC-CCA procedure manual, with minor
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modifications. To summarize, all assay materials including

Eppendorf tubes containing the mixture of filter paper-based

DUS punches and the extracting solvents were first brought to

room temperature. To separate the eluate from the punches and

allow the pipette to reach the bottom of the tube, the dissolved

punches were pressed on one side of the Eppendorf tube with the

pipette provided in the Schisto POC-CCA kit. The pipette was then

removed from the tube, squeezed, and reinserted with the tip

touching the bottom of the tube. By gently releasing the pipette,

the eluate was allowed to fill up. Two drops of eluate (equivalent to

90-100 µl) were transferred into the circular well of the prelabeled

Schisto POC-CCA test cassette by gently squeezing the pipette. The

eluate was allowed to completely absorb into the specimen pad

contained within the circular well. The time for reading the results

was then marked on the test cassette. Twenty minutes after the

sample was added to the circular well, the result was read and

recorded in the results form as negative or positive (trace, 1+, 2+, or

3+) (15).
2.3 Data analysis

The collected data was entered into Microsoft Excel spreadsheet

before being transferred to the Statistical Package for the Social

Sciences Version 20 for analysis. The prevalence of Schistosoma

infection among fishermen was calculated for each diagnostic

technique. For each DUS extraction condition, the visual Schisto

POC-CCA cassette score of the Schisto POC-CCA test was

compared to the score of its respective standard Schisto POC-

CCA test. The score was classified as below if it was below the

standard, same if it was similar to the standard, and high if it was

higher than the standard. Each DUS extraction condition’s
Frontiers in Immunology 04136
performance was evaluated by looking at the proportion of their

tests that scored below, similar, and higher than the standard.
2.4 Ethics statement

The study protocol was reviewed and approved by the

Muhimbili University of Health and Allied Sciences Ethical

Review Board (reference no. DA.282/298/01.C/1297). Permission

to conduct the study in the Mwanza region was requested from

the President’s Office - Regional Administration and Local

Government, and the Regional Administrative Secretary of the

Mwanza region. Specimens for the experiments were obtained

from 14 anonymised volunteer fishermen at a fishing camp along

Lake Victoria in the Mwanza region, as well as one volunteer project

staff member who had no history of S. mansoni exposure. The

participants were informed about the purpose of this study and gave

their written consent. All participants were informed of their

schistosomiasis testing results, and all Schistosoma-infected

participants were offered free treatment (single 40mg/kg dose

of Praziquantel).
3 Results

3.1 Schistosomiasis infection
among fishermen

According to the formal-ether, Kato-Katz, and Schisto POC-

CCA techniques, the number of S. mansoni positive fishermen were

7, 6, and 9, respectively. The average intensity of infection was 172

EPG, with a range of 24 to 528 EPG. Of the 6 positive fishermen by
FIGURE 1

Step-by-step procedure for Schistosoma mansoni circulating cathodic antigens extraction from dried urine spot.
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the Kato-Katz technique, 3 had light-intensity of infections, 2 had

moderate-intensity of infections and 1 had heavy-intensity of

infection. Out of 9 fishermen with Schisto POC-CCA positive

results, 5 had 2+ and 4 had 3+ visual score results. There was no

Schistosoma haematobium egg in any of the fishermen urine and

volunteer project staff. Furthermore, all direct solvent tests yielded

negative results.
3.2 Optimization of the number of punches
and solvent volume

Table 1 shows the results of each trial conducted to optimize the

number of DUS punches and solvent volume. The results show that

the trial using 5 punches in 150 µl of any of the three solvents

produced a sufficient volume of eluate for Schisto POC-CCA

cassette testing. Furthermore, the eluate colour from this trial (5

punches in 150 µl) strongly matched the original urine sample.
3.3 Performance of optimized dried urine
spot extraction conditions

A total of 144 assays were run to evaluate different conditions

for S. mansoni CCA extraction from DUS samples. These

conditions included the type of extraction solvent, incubation

time, and temperature (Figure 2). When 24-hour-old DUS

specimens were incubated for 24 hours at room temperature or

370 C, the same results as the standard were obtained for all

solvents. Similar results were obtained when DUS samples

dissolved in normal saline and distilled water were incubated for

2 hours at 40 C, 2 hours at room temperature, 2 hours at 370 C, and

24 hours at 40 C. It was found that, when a DUS sample with Kato-

Katz light intensity results was dissolved in phosphate buffered

saline and incubated for 2 hours at 40 C, 2 hours at room

temperature, 2 hours at 370 C, and 24 hours at 40 C, it had poor

CCA recovery when compared to the same urine sample tested

using the standard direct urine test (Figure 3). When 7 days-old

DUS specimens were incubated for 24 hours at any of the 3

temperatures, the same or better results than the standard were

obtained for all solvents. The DUS (with Kato-Katz light intensity

results) dissolved in normal saline incubated for 2 hours at 40 C,
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room temperature, and 370 C, and in distilled water and phosphate

buffered saline incubated for 2 hours at 37 0C, have lower CCA

recovery when compared to the standard direct urine test. The DUS

(with Kato-Katz heavy intensity results) dissolved in normal saline

incubated for 2 hours at 4 0C and 370 C, dissolved in distilled water

incubated for 2 hours at 40 C, and dissolved in phosphate buffered

saline incubated for 2 hours at 37 0C all showed low recovery

(Figure 4). Furthermore, all dried solvent spots yielded negative

results for both 24 hours-old and 7 days-old samples.

In general, distilled water outperformed other solvents across all

DUS assays when compared to the standard assays. A total of 47

(98.0%) out of 48 DUS assays that used distilled water produced the

same or high performance than their respective standard assays, while

43 (89.6%) DUS assays that used normal saline and 40 (83.3%) DUS

assays that used phosphate buffered saline produced the same or high

performance than their respective standard assays. Furthermore, 2

(4.2%) DUS assays that used distilled water outperformed their

respective standard assays, while only 1 (2.1%) DUS assay for each

of normal saline and phosphate buffered saline outperformed their

respective standard assays (Table 2).

In terms of incubation temperature, the DUS assays performed

better at room temperature than at other temperatures (40 C and

370 C). A total of 45 (93.7%) out of 48 DUS assays incubated at

room temperature yielded the same or higher performance than

their respective standard assays, while 43 (89.6%) DUS assays

incubated at 40 C and 42 (87.5%) DUS assays incubated at 37 0C

yielded the same or higher performance than their respective

standard assays. Furthermore, 3 (6.2%) DUS assays incubated at

room temperature outperformed their respective standard assays,

while 1 (2.1%) DUS assay incubated at 370 C outperformed its

respective standard assay. No DUS assay had performed better than

its respective standard assay when incubated at 40 C (Table 3).

Regarding incubation time, DUS assays incubated for 24 hours

performed better than those incubated for 2 hours when both are

compared to the standard assays. A total of 71 (98.7%) out of 72 DUS

assays incubated for 24 hours yielded the same or higher performance

than their respective standard tests, while 59 (81.9%) out of 72 DUS

assays incubated for 2 hours yielded the same or higher performance as

their respective standard assays. Furthermore, 4 (5.6%) DUS assays

incubated for 24 hours outperformed their respective standard assays.

No DUS assay had performed better than its respective standard assay

when incubated for 2 hours (Table 4).
TABLE 1 Summarizes the results of optimization of DUS punches and solvent volume.

Trial
no.

Number of
punches

Volume of solvent
(µl)

Resulted eluate
volume (µl)

Visual (colour) resemblance with original
urine sample

1st 3 120 < 100 Strong

2nd 3 135 ≥ 100 Week

3rd 4 135 < 100 Strong

4th 4 150 ≥ 100 Moderate

5th 5 150 ≥ 100 Strong
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4 Discussion

DMS is a sample collection strategy that involves soaking and

drying a small volume of a fluid, such as blood, urine, saliva or sweat,

onto filter paper (19). DMS is increasingly being used to collect

specimens for various purposes ranging from quantitative

approaches like therapeutic drug monitoring to qualitative

approaches like disease diagnosis or doping testing (19). The method

has had a significant impact on several fields of study, including

newborn screening, epidemiology (field testing), infectious diseases,

environmental research, forensics, therapeutic drug monitoring, illicit

drug analysis, toxicology, and toxico- and pharmacokinetic studies of

drugs and candidate drugs (20). DUS is a DMS method that has

recently gained a lot of attention. DUS sampling is a filter paper

method that has been used to collect urine to test for by-products of

adrenal and sex steroid hormones and their respective metabolic

pathways, providing a gauge for understanding the body’s hormone

metabolism (21, 22). Furthermore, DUS sampling has been used to test

drugs (19), neurotransmitters, and elements such as iodine andmetals

such as arsenic (21, 22). Barry and colleagues were the first to develop

procedures for DUS sampling method during procedures for the

detection of phenylketonuria and the Lactobacillus arabinosus

microbiological assay (23, 24).

TheWHOrecommends the use of SchistoPOC-CCA formapping

of schistosomiasis of Schistosoma mansoni in endemic countries (25).

This study developed methods for preparation of DUS on filter papers

and detecting Schistosoma CCA in the DUS eluate using the Schisto

POC-CCA cassette test. Many parameters influence assay

performance and must be assessed and optimized, as in most assay

development studies, to produce a standardized protocol that gives

maximum recovery (maximum results) of the analyte of interest. The

efficiency of the assay parameters must be assessed and optimized in

order to produce a standardized protocol before an assay can be

provisionally accepted and moved on to the validation stage (26). In

this study, parameters assessment and optimization included trial and
Frontiers in Immunology 06138
error experiments with extensive reagents (solvents) and filter paper

measurements and evaluation of critical components (volume of urine

to saturate on filter paper, volume of solvent, solvent type, and number

of filter paper punches to dissolve) as well as assay conditions

(incubation times and incubation temperatures), and result

interpretation (definition of negative and positive results, further

classification of positive results, and their meaning).

Several methods for preparing DUS have been tested and used.

Themethods include directly soaking filter paper in client urine. In this

method, the client is instructed to saturate the provided filter paper

with his or her urine by urinating directly on it. The othermethod is for

a client to collect his or her urine in a container and then dip the

provided filter paper in the urine. After saturating the filter paper, the

client is instructed to hang it on a towel rack or other object to dry for 2

to 24 hours at room temperature without allowing the filter paper to

touch anything.After drying, the client should place thefilter paper in a

ziploc bag with desiccant and bring it to the laboratory in person or by

mail. These methods are commonly used for clients who require 24-

hour urine collection and are typically performed at the client’s home

(27, 28). The third method involves providing a client with a urine

container inwhich the urine is collected and delivered to the laboratory

or expert personnel in the field. The personnel then complete all of the

remaining procedures for preparing DUS. Personnel may prepare the

DUS in this procedure by either dipping the filter paper in the urine

container or transferring (spotting) urine onto the filter paper using

pipette (29, 30). In our study, we opted for the third method of DUS

preparation; transferring (spotting) urine onto the filter paper by using

pipette. This is becausemost of the clients in schistosomiasis studies are

children or people with very low knowledge of handling urine as

potentially hazardous specimen. In addition, the use of expert

personnel is ideal because it ensure that appropriate volume of urine

(5-6 drops for the case of our study) is saturated and evenly distributed

on the required area of the filter paper as it is usually assumed that the

analytes (including Schistosoma CCA) are distributed uniformly in

the urine.

Analyte extraction is the most important stage of DMS

(including DUS) sample preparation before analyte detection.

Elution is the commonly used method for extracting analytes from

DUS. Through this method, analytes are extracted from DUS by

washing the spots with a suitable solvent (19, 31, 32). In this study, we

also employed elution to extract Schistosoma CCA from DUS on

filter paper. Because the amount of urine specimen spotted onto filter

paper is limited, the elusion process is critical for obtaining sufficient

analytes concentrations for accurate test results. Therefore, the

analyte concentration in the eluate from a DUS must quantitatively

reflect the original liquid urine sample concentration. Researchers

have tried to identify things that must be considered during the

elution process in order to achieve maximum dissociation of analyte

from filter paper. The first things to consider are DUS size and

solvent volume. Before using DUS specimens in a specific test,

appropriate-sized pieces of filter paper specimens must be sampled

by punching from the large DUS paper and dissolving them in an

appropriate volume of solvent. To ensure that we achieve maximum

extraction of Schistosoma CCA, we considered DUS size by

optimizing the various number of DUS punches and dissolving

them in different solvent volumes (Table 1). We assumed that by
FIGURE 2

Flow chart illustrating the conditions that have been included in
each experiment. Note: a red line depicts an assay experiment
performed on the DUS sample with light intensity of infection that
has been stored for 24 hours. The assay has been done using
normal saline as extraction solvent, incubated at 37 0C for 24 hours.
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elutingDUS in such away that the eluate resembled the original urine

sample, most of the analytes (including Schistosoma CCA) would be

dissociated from the filter paper in greater quantities. In this study,

this assumption was met by dissolving five punches (6 mm diameter

each) of DUSmade onWhatman 3 filter paper in 150 µl of each of the

three solvents (distilled water, phosphate buffered saline, and

normal saline).

The other parameter that should be taken into consideration

during DUS elution is the type of solvent used. The effects of

different elution solvents on the DMS analytes concentrations in

eluate have been extensively evaluated and need to be taken into

consideration when developing a DMS method (33). For example, a

urine sample may contain multiple excreted analytes; failing to
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adequately select the appropriate elution solvent may result in

increased extraction of non-target analytes, increasing the

possibility of cross-reactivity and, ultimately, a decreased ability

to detect the analyte of interest by a specific diagnostic test method.

Furthermore, some elution solvents may react and denature the

analyte of interest, reducing its detection. We did not look into the

chemical reactions that take place between the solvents we assessed

and Schistosoma CCA. However, because the Schistosoma CCA is a

glycoprotein, we attempted to use the most common solvents used

for protein extraction (distilled water, phosphate buffered saline and

normal saline). Our findings showed that, among these solvents,

distilled water performed better than the other two solvents. When

compared to phosphate buffered saline and normal saline, aqueous
B

C D

E F

A

FIGURE 3

Results of assays performed on DUS samples 24 hours after preparation at the following extraction conditions; (A) 4 0C incubation for 24 hours,
(B) 4 0C incubation for 2 hours, (C) room temperature incubation for 24 hours, (D) room temperature incubation for 2 hours, (E) 37 0C incubation
for 24 hours, and (F) 37 0C incubation for 2 hours. Note: PBS stands for phosphate buffered saline, NS stands for normal saline, DW stands for
distilled water, and STD stands for standard diagnostic test.
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FIGURE 4

Results of assays performed on DUS samples 7 days after preparation at the following extraction conditions; (A) 4 0C incubation for 24 hours, (B) 4
0C incubation for 2 hours, (C) room temperature incubation for 24 hours, (D) room temperature incubation for 2 hours, (E) 37 0C incubation for 24
hours, and (F) 37 0C incubation for 2 hours. PBS stands for phosphate buffered saline, NS stands for normal saline, DW stands for distilled water, and
STD stands for standard diagnostic test.
TABLE 2 Shows the overall performance of DUS Schisto POC-CCA assays for each solvent when compared to their respective standard Schisto POC-
CCA assays.

Solvent Performance n (%) Total number of tests

Below Same Higher

Phosphate buffered saline 8 (16.7) 39 (81.2) 1 (2.1) 48

Normal saline 5 (10.4) 42 (87.5) 1 (2.1) 48

Distilled water 1 (2.1) 45 (93.8) 2 (4.2) 48

Total 14 (9.7) 126 (87.5) 4 (2.8) 144
F
rontiers in Immunology
 08140
n, number of tests.
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solutions are commonly used as protein analyte elution solvents. In

general, an aqueous solvent is used for protein analytes extraction as

it promotes analyte stability hence increasing its detection (34).

The temperature and time of elution are also important things

to consider. Elution methods frequently require DUS to be

dissolved in tubes containing the elution solution at specific

temperature and time. Most procedures have method-specific

incubation temperatures that range from 4 0C to room

temperature (25 0C) for an hour to 24-hours (33). Schistosoma

CCA is a very temperature-stable glycoprotein that is not easily

distracted by minor temperature changes (35); however,

temperature may have indirect effects by causing other analytes in

DUS or elution solvents to affect the dissociation or nature of CCA

and thus its concentration in the eluate. In our study, we included

the core internal human body temperature (37 0C) in addition to

the two common temperatures (4 0C and room temperature).

However, after these temperatures were optimized, many assays

incubated at room temperature performed better. In contrast, other

studies found that 37 0C was the optimal temperature for extracting

urine analytes from DUS on filter papers (31, 32). In terms of

incubation time, we discovered that incubating the elution solution

for 24 hours yielded the best results when compared to 2 hours. The

same results were reported in methods that used elution to extract

urine analytes from DUS on filter papers (32).
5 Conclusion

This study provides proof of the feasibility of collecting urine

samples (DUS) using filter paper and detecting Schistosoma CCA
Frontiers in Immunology 09141
from DUS samples using the Schisto POC-CCA cassette test.

Because DMS methods are cost-effective, the use of filter paper-

based DUS for urine collection and detection of Schistosoma CCA

will ease the schistosomiasis work for control programs and

researchers in resource-limited settings by allowing them to test

both recent samples for clinical care and older samples, regardless of

transportation and storage issues.
6 Study limitations

One of the important limitations of this study was the lack of

technique to actually quantify the concentration of SchistosomaCCA

in the DUS eluates and their original urine samples. However, to

mitigate this we carefully compared the visual appearance of the

eluate with its original urine sample. Another constraint was the use

of filter paper from a single manufacturer. The qualities of filter

papers produced by various companies vary. The difference could be

attributed to the materials used or the manufacturing process. The

materials used to manufacture the filter paper were also suggested to

have effects on the analytes in the DUS. For example, it has been

proposed that hydroxyl and carboxylic groups on the hydrophilic

surface of cellulose interact with the Schistosoma circulating anodic

antigen, resulting in low antigen recovery. Moreover, filter paper

from different manufacturers may have different pore sizes and fiber

densities. These variations may influence the quality of the filter

paper to maintain the Schistosoma CCA. Another limitation of the

study is that it was a proof-of-concept study with limited sample

sizes. To validate the results of this study, we recommend a larger

study with a larger sample size to be conducted.
TABLE 3 Shows the overall performance of DUS Schisto POC-CCA assays for each incubation temperature condition when compared to their
respective standard Schisto POC-CCA assays.

Temperature Performance n (%) Total number of tests

Below Same Higher

4 0C 5 (10.4) 43 (89.6) 0 (0.0) 48

Room temperature 3 (6.2) 42 (87.5) 3 (6.2) 48

37 0C 6 (12.5) 41 (85.4) 1 (2.1) 48

Total 14 (9.7) 126 (87.5( 4 (2.8) 144
n, number of tests.
TABLE 4 Shows the overall performance of DUS Schisto POC-CCA assays for each incubation time condition when compared to their respective
standard Schisto POC-CCA assays.

Incubation time Performance n (%) Total number of tests

Below Same Higher

2 hours 13 (18.1) 59 (81.9) 0 (0.0) 72

24 hours 1 (1.4) 67 (93.1) 4 (5.6) 72

Total 14 (9.7) 126 (87.5) 4 (2.8) 144
n, number of tests.
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27. Mei JV, Zobel SD, Hall EM, De Jesús VR, Adam BW, HannonWH. Performance
properties of filter paper devices for whole blood collection. Bioanalysis (2010) 2
(8):1397–403. doi: 10.4155/bio.10.73

28. Newman M, Curran DA. Reliability of a dried urine test for comprehensive
assessment of urine hormones and metabolites. BMC Chem (2021) 15(1):1–13. doi:
10.1186/s13065-021-00744-3
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Fluorescent non transgenic
schistosoma to decipher host-
parasite phenotype compatibility
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Anne Rognon and Ronaldo De Carvalho Augusto*
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Schistosomiasis is considered as a significant public health problem, imposing a

deeper understanding of the intricate interplay between parasites and their hosts.

Unfortunately, current invasive methodologies employed to study the

compatibility and the parasite development impose limitations on exploring

diverse strains under various environmental conditions, thereby impeding

progress in the field. In this study, we demonstrate the usefulness for the

trematode parasite Schistosma mansoni, leveranging a fluorescence-imaging-

based approach that employs fluorescein 5-chloromethylfluorescein diacetate

(CMFDA) and 5-chloromethylfluorescein diacetate (CMAC) as organism tracker

for intramolluscan studies involving the host snail Biomphalaria glabrata. These

probes represent key tools for qualitatively assessing snail infections with

unmatched accuracy and precision. By monitoring the fluorescence of

parasites within the snail vector, our method exposes an unprecedented

glimpse into the host-parasite compatibility landscape. The simplicity and

sensitivity of our approach render it an ideal choice for evolutionary studies, as

it sheds light on the intricate mechanisms governing host-parasite interactions.

Fluorescent probe-based methods play a pivotal role in characterizing factors

influencing parasite development and phenotype of compatibility, paving the

way for innovative, effective, and sustainable solutions to enhance our

understanding host-parasite immunobiological interaction and compatibility.

KEYWORDS

biomphalaria, host/parasite interaction, fluorescent vital probe, Schistosoma,
vibratome section, 3D histochemistry
Introduction

Schistosomiasis is considered as a neglected human parasitic disease that however

affects more than 240 million people worldwide, predominantly in developing countries

(1). The disease is caused by a flatworm parasite of the schistosoma genus, which has a

complex life cycle that involves freshwater snails as intermediate hosts and mammals as

definitive hosts. Currently, the sole chemotherapy employed in the treatment of

schistosomiasis, the Praziquantel, is limited in its effectiveness as it targets exclusively
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adult worms and does not prevent reinfection (2). To address these

challenges, a growing number of studies are seeking to expand the

current approach through novel strategies, specifically by advancing

our understanding of the interplay between the intermediate snail

host and the parasite (3, 4). In contact with freshwater, Schistosoma

sp. eggs release ciliated larvae called miracidia, which seek to invade

a compatible snail host and developed in the first intramolluscan

parasite stage called the mother sporocysts (or primary sporocysts).

Each mother sporocyst can give rise to hundreds of daughters

sporocysts (or secondary sporocysts), which can eventually

transform into thousands of cercariae, the third intra-molluscan

stage of the parasite that are dedicated to infect the definitive

mammalian host by being released in the fresh water

environment. Sporocysts are sac-like bodies enriched in stem cells

with a phase of rapid asexual proliferation before undergoing

embryogenesis to generate hundreds of new generations of either

daughter sporocysts or cercariae. Indeed, from a single miracidium

an virtually unlimited number of clonal sporocysts can be generated

and even transplanted between snails for many generations (5–7).

In the Biomphalaria glabrata-Schistosoma mansoni model, the

concept of compatibility has been described as a complex

molecular dialog between both protagonists involving multiple

molecules with distinct roles (8–19). The parasite antigens S.

mansoni polymorphic mucins (SmPoMucs) and the B. glabrata

immune receptors fibrinogen-related proteins (FREPs), two

repertoires of polymorphic interacting molecules were proposed

as the major components for defining the compatible/incompatible

status of a specific snail/schistosome combination (18, 20, 21).

Hence sporocyst developmental trajectory is not exclusively

dependent on the parasite genomic background, subsequently, it

is also impacted by intrinsic factors from snail host, coinfections,

or environmental stressors (22, 23–25). Individual parasites that

enter the same snail can exhibit different fates; some may

develop, and others may become encapsulated and killed by

humoral factors. This suggests that infectivity is not a general

characteristic of the parasite, but rather, it depends on the

genotype of the specific host it enters. Similarly, susceptibility

to infection is not a general characteristic of the host; instead, it

is influenced by the genotype of the parasite it harbors.

Moreover, environmental cues, such as coinfections to

different parasite species, can modify the host phenotype by

activating or inhibiting cellular and immune functions. Overall,

the multifactorial nature of compatibility and the specificity of

host-parasite interactions are crucial aspects when investigating

B.glabrata-S.mansoni model. Understanding the mechanisms

that govern the interaction between schistosomes and their

intermediate snail hosts is a fundamental requirement for

developing efficacious control strategies, as the exponential

escalation of parasite numbers heightens the risk of

disease propagation.

We theorize the use of fluorescent cell trackers as a non-

invasive method in B. glabrata-S. mansoni compatibility studies.

Fluorescent probes are valuable tools to understand cell-to-cell

interaction which enable visualization and tracking in vivo and
Frontiers in Immunology 02145
in vitro systems. These assays are instrumental in elucidating the

behavior of specific pathogens within a heterogeneous milieu,

providing insights into cell proliferation, viability, cytotoxicity,

and motility. Fluorescent probes have been successfully used for

unicellular parasites such as Trypanosoma, Leishmania, and

Entamoeba sp. (26–28) and on multicellular parasites such as

cestodes and nematodes to follow migration through hosts

tissues, on studies of competition between different parasite

species or to measure physiological stress (29–33). In these

aspects, different vital stains offer the potential for labeling and

monitoring cells in vivo and also being able to distinguish live

parasites from dead ones (31). It is desirable to have tracking

agents which have long-term stability, are non-toxic, and do not

affect cell function. Here, we selected two different labels:

CellTracker™ Green CMFDA (5-chloromethylfluorescein

diacetate) and CMAC (5-chloromethylfluorescein diacetate)

and performed an extensive analysis of their influence on the

free-swimming parasite stage of S. mansoni, miracidium, as well

as trackers sporocyst development into B. glabrata snail host.

Our results demonstrated that the fluorescent non-transgenic

schistosome technique may have broad applications in the field of

parasitology, as it provides a non-invasive, sensitive, and specific

tool for tracking free-swimming parasites, parasite stages within

snail-host. Moreover, even with the recent progress in the Crispr

method, a single study managed to exhibit the feasibility of

knocking along with GFP insertion in developing schistosome

eggs (34). While this approach offers the advantage of visualizing

fluorescence within the parasite, it demands cutting-edge molecular

biology skills and comes with a substantial cost, rendering its

implementation impractical in regions pivotal to the

schistosomiasis eradication efforts. Our findings have the

potential to provide valuable insights into the mechanisms

underlying the compatibility of Biomphalaria glabrata-

Schistosoma mansoni model.
Materials and methods

Ethics statement

Our laboratory holds permit #39910-2022121915564694

(APAFIS number) for experiments on animals from both the

French Ministry of Agriculture and Fisheries, and the French

Ministry of National Education, Research, and Technology. The

housing, breeding, and animal care of the utilized animals followed

the ethical requirements of our country. The researchers also

possess an official certificate for animal experimentation from

both French ministries (Decree # 87–848, October 19, 1987).

Animal experimentation followed the guidelines of the French

CNRS. The different protocols used in this study had been

approved by the French veterinary agency from the DDPP

Languedoc-Roussillon (Direction Départementale de Protection

des Populations), Montpellier, France (authorization # 007083)

and the Ethic committee CEEA-LR (# C66-136-01).
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Parasite recovery procedure

Golden hamsters (Mesocricetus auratus) were infested with 700

cercariae of Schistosoma mansoni NMRI strain. Seven weeks post-

infection, hamsters’ livers were recovered in saline solution (150

mM NaCl), and ground and eggs were filtered using sieves. Eggs

were hatched in sterile fresh water and miracidia were manually

collected by pipetting and transferred to a 1.5mL Eppendorf tube

for down stream analysis. Biomphalaria glabrata (BgBre2 strain)

snails were exposed to artificial light (60 W) to enable the snails to

shed cercariae which were manually collected by pipetting and

transferred to a 1.5mL Eppendorf tube for labeling.
Optimizing labeling assays

Florescent probes 5-chloromethylfluorescein diacetate

(Cel lTracker™ Green CMFDA, 492/516 nm, C7025 ,

ThermoFisher), 7-amino-4-chloromethylcoumarin (CMAC,

DAPI, C2110, 353/466 nm, ThermoFisher) and CellTracker™ red

CMTPX (C34552, 577/602nm ThermoFisher) were prepared by

dissolving it on DMSO (10 mM stock). On the day of use, a labeling

medium was prepared by diluting stock solution to final

concentrations: 1µM, 5µM, 10µM, and 100µM. Control labeling

was set by exposure to DMSO following the same dye protocol,

fixed in 1 to 4% paraformaldehyde for 5 to 10 minutes, and washed

twice with phosphate buffered saline (PBS) at room temperature

before being placed over the slide and covered with a fluorescence

mounting medium (Dako Omnis, GM304). In this study, results

and pic tures obtained with the green label ing were

mainly presented.
Toxicity assays

Miracidia were exposed for one hour to several concentrations

(1µM, 5µM, 10µM, 100µM) of both DMSO-solubilized fluorescent

CellTracker™. Control miracidia was either unexposed or exposed

to DMSO following the same procedure as that carried out with the

different dyes. Non-swimming larvae were counted, viability

percentages were calculated and were compared to a control

condition (unexposed or DMSO-exposed concentration). Three

replicates were performed and at least 20 larvae were counted for

each exposure condition.
Parasites, snails, and compatibility

Compatibility trials between miracidia and B. glabrata strains

were conducted as previously described (35). For all experimental

trials, 20 to 30 snails were infected per condition with 10 miracidia

prelabeled with 5µM of fluorescence dye. Two control groups were

considered – a negative control, for which snails were infected with

unlabeled miracidia in aquarium water and a DMSO control group,

for which snails were infected with miracidia exposed to DMSO.

Two weeks later, we assessed the prevalence (percentage of infected
Frontiers in Immunology 03146
snails) and intensity (number of developed mother sporocysts per

infected snail) of infection for each experimental group. Three

independent experiments were performed. Prevalence and

intensity were first measured by direct observation of snails after

4 to 5 days of exposure to parasites under fluorescence stereo-

microscope (Nikon, SMZ18) or inverted microscope (Nikon,

TS100). Then, at 15 days post-exposure, the snail bodies were

removed and fixed in modified Raillet-Henry solution to

determine the occurrence and the exact number of mother

sporocysts established in snail tissue.
Vibratome section preparation
and histolabeling

B. glabrata snails are fixed overnight in 4% paraformaldehyde

(PAF) after shell removal. Then, fixed snails are washed twice in

PBS. Thick sections of snail tissues from foot to digestive glands are

cut on the Leica VT1000S vibratome with 0.7 mm/s sectioning

speed and 300 to 400-mm thickness in PBS. Thick sections

generated by vibratome were observed under fluorescence stereo-

microscope and/or confocal microscopy using a Zeiss LSM 700

microscope (Bioenvironment platform from UPVD). For

histolabeling analysis, sections are incubated with DAPI

(reference 5748, Biotechne) to stain nuclei during 1 min. After 2

washes in PBS, some sections are incubated during 5 to 10 min with

Texas Red™-X Phalloidin (591/608 nm, T7471, ThermoFischer) to

detect F-actin. After rinsing, tissue sections are mounted on slides

with Dako mounting medium to be stored at 4°C. Images obtained

with stereo and confocal microscopes are performed with NIS-

Elements BR (Nikon) and Zen (Zeiss) softwares, respectively. For

confocal microscopy observation, pictures were imported into

ImageJ software.
Statistical analysis

A non-parametric Kruskal-Wallis test (36) was performed

followed by a post-hoc Dunn test (37) to unveil the potential

significant differences occurring between the survival rate of

CMAC or CMFDA-exposed and control conditions (unexposed

or DMSO-exposed miracidia). A significant difference was

considered following a p-value<0.05 for the Kruskal-Wallis test

and following p-value<0.025 for the Dunn posthoc test.
Results

Free-swimming miracidia toxicity assays

The toxicological effects of CMAC and CMFDA labeling on

miracidia of S. mansoni were studied by assessing their swimming

behavior. For those experiments, the CMAC and CMFDA labeling

was performed for 1hr with 1mM, 5mM, 10mM, and 100mM
concentrations. For CMAC- and CMFDA-labeled free swimming

parasite stages, no significant changes in the survival rate were
frontiersin.org
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noticed following both Kruskal-Wallis and Dunn test statistical

analysis for miracidia (p>0.05 for all analyzed groups; Figure 1A, B).
Nontoxic fluorescent cell tracker tools are
efficient for schistosoma larvae staining

To first determine whether different concentrations of CMAC

and CMFDA can be used individually to detect live parasites by

fluorescence microscopy, we repeated the same concentrations as in

the initial toxicity assay while varied the exposure time from 5 to 60

minutes (data not shown). Furthermore, all live parasites fluoresced

when visualized after CMAC or CMFDA uptake with

corresponding microscopy imaging of the same miracidia samples

providing visual confirmation of a physiological normal phenotype

(Figure 2, Video S01, S02, S03, S04). An optimal concentration of

10µM for 10 minutes was set to obtain maximal efficient dye

retention for combining: i) minimum manipulation, ii) sort

exposition, and iii) survival rate. These labeling parameters

enabled us to archive live labeling without compromising

miracidia survival rates for downstream approaches. For example,

fluorescent-labeled parasites have the ability to penetrate into snails

demonstrating that the labeling time do not seem to reduce their

virulence (Video S05).

Briefly, both fluorescent dyes can cross the plasma membrane

and remains internalized in some specific cells. For CMFDA probe,

it can be metabolized by intracellular esterase into a fluorescent

compound that is unable to pass through cell membranes again.

Fluorescent labeling is thus sequestered exclusively in cells

exhibiting esterase activity. In confocal microscopy, cellular-scale

labeling can be explored. Herewith labeled cells related to neural

mass can be noticed and with close to greater fluorescence intensity,

perikaryon of neurons linked to multiciliated papilla in the median

area of the organism (38–40); (Figure 3). Also, another perikaryon

can be noticeably observed by the 3D reconstitution of a confocal
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series of pictures with a very strong fluorescence level: neurons

related to lateral papillae, and, more precisely, to multiciliated

receptors associated with lateral papillae and terebratorial

multiciliated receptors (Video S06, S07) (38, 41).

There is a relatively close correlation of labeled tissues with cells

exhibiting acetylcholine esterase activity in miracidia (42) especially

neural mass, multiciliated receptors and lateral sides of the

terebratorium (strong assumption for multiciliated receptors, that

are side orientated) (39, 41). Indeed, this enzyme appeared

particularly associated with neural tissues, multiciliated receptors

extensions of neuronal cells. The activation of CMFDA could also

occur potentially thanks to the presence of acetylcholine esterase in

neurons of S. mansonimiracidium. This information could also give

tools for the study of neural system of this organism and especially

its esterase-related activity.
Fluorescent probes do not affect
the miracidia infection and
sporocyst development

To further assess the suitability of fluorescent probes for

compatibility studies, the prevalence and intensity of live labeled

miracidia to B. glabrata snails was investigated. S. mansoni

miracidia were exposed to 10 µM of CMAC and CMFDA or to

the respective controls (DMSO or freshwater). Two weeks after

infection, the mean prevalence observed in each treated group was

higher than 95% (Figure 4A). Both labeling probe approaches, along

with their respective controls, exhibited no discernible trend in the

intensity of infection. Specifically, the intensity of infection,

measured as the mean number of sporocysts per infected snail,

demonstrated consistency for both the CMAC-labeled group (mean

of sporocysts per snail = 5) and the CMFDA-labeled group (mean of

sporocysts per snail = 4.6) at a concentration of 10 µM for 10

minutes (Figure 4B). Notably, no statistically significant differences
A B

FIGURE 1

Toxicity assay of CMAC and CMFDA cell trackers. The viability of labeled and unlabeled miracidia populations was assessed in this study. (A) The
survival rate of CMAC-labeled miracidia slightly decreased when they were exposed to 100 µM for 1 hour. (B) The survival rate of CMFDA-labeled
miracidia faintly varies between all conditions after 1 hour of exposure. No significant differences were observed between the control and exposed
conditions following statistical analysis (p>0.05).
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emerged in either the prevalence or the intensity of infection across

all analyzed groups when compared to their respective controls

(p>0.05; Figures 4A, B). We performed ANOVA by using the

labeling approach as factor, prevalence, and infection intensity as

the dependent variables. These findings revealed that the labeling

process did not have any statistically significant impact on these

variables (p > 0.05). Sporoscyst derived from CMFDA-labeled

miracidia showed detectable fluorescence throughout B. glabrata

snail host infection within the snail body (Video S08).

By demonstrating that CMFDA-labeled probes could effectively

be used to stain live miracidia and newly developed sporocyst, a

further experiment was conducted to determine how long CMFDA-

labeled miracidia and sporocysts could be detected in vivo within B.

glabrata snail tissue. Here, we demonstrated that fluorescent

CMFDA-labeled sporocyst could be easily detected in live snails

at least 15 days after infection (Figure 5). However, differential

staining of individual was supported by observations offluorescence

dilution effect over sporocyst development starting 5 days post-
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infection (Figure S1). At this stage, mother sporocysts, which

appeared to developed normally, have a vermiform shape. After

15 days of sporocyst development inside the snails, the fluorescence

level of mother sporocyst decreases revealing blisters that seem

empty. Consistently, this reduction is associated with the

development of daughter sporocysts inside the mother sporocysts.

Interestingly, the shape and the fluorescence level in each mother

sporocyst differ from one parasite to another showing an

asynchronized development and different abilities to differentiate

and grow inside the host.
Other life cycle stages of the parasite are
not affected by CMFDA labeling

30 days after infection, direct observations through the

translucent shell of living snail demonstrate the presence of
FIGURE 2

Live labeling of free-swimming miracidia with fluorescent probes CMAC and CMFDA. Fluorescent labeled miracidia were fixed and mounted on
slides. Fluorescent labeling was done separately and put together for observation. (A) Blue and green fluorescent miracidia after labeling and rinsing.
(B) Phase contrast microscopy of (A, C) High magnification of labeled miracidia. Live miracidia labeled by CMAC (blue) and CMFDA (green). All scale
bars indicate 50 µm.
FIGURE 3

Z-stack of CMFDA-labeled miracidium of Schistosoma mansoni. LP, Lateral Papilla; MP, Multiciliated Papilla; MR, Multiciliated Receptor; NM, Neural
Mass; pMP, perikaryon of Multiciliated Papilla; pnLP, perikaryon of the neuron to Lateral Papilla; sC, stem Cells; tMR, terebratorial Multiciliated
Receptors. Scale bars are 25 µm long.
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daughter sporocysts but unlabeled. Likewise, we no longer observe

any fluorescence on the 3-week-old daughter sporocysts collected

during their migration to the hepatopancreas and ovotestis area.

However, parasites are able to achieve their development cycle. All

the parasite-Cell tracker combinations were able to produce

cercariae (data not shown, n=16 snails per dye). In addition,

these cercariae are also infective and the adult stage are fertile

since parasite eggs have been obtained (data not shown,

n=3 mice).
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Combination of vital fluorescent dyes and
vibratome histological procedure to
evaluate in vivo host/parasite interactions

Snail/parasite compatibility is characterized by the presence of

parasites that are able to develop into mother sporocysts and others

that are recognized and killed by the immune system of the host

mainly following cellular encapsulation by the hemocytes (snail

innate immune cells). Both phenotypes are observed within the
A B

FIGURE 4

Prevalence (A) and intensity (B) of Biomphalaria glabrata infected by 10 labeled CMAC, CMFDA, and their respective controls with unlabeled
miracidia in aquarium water and a DMSO control group. No significant differences were observed between the control and exposed conditions
following statistical analysis (p>0.05).
FIGURE 5

Fluorescence time series monitoring of CMFDA-labeled sporocysts inside Biomphalaria glabrata 24 h, 5 days, 7d ays, 9 days, 12 days, and 15 days
post-infection. Parasite location is mainly observed in the head-foot region. All scare bars indicate 500 µm.
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same snail exposed to several parasites, some of those miracidia can

develop in sporoscyts while others can be immediately recognized

and killed by hemocytes or plasmatic factors. No tool exists to

separate infected from uninfected BgBAR snails in a exposed

population with 20 miradicia of S. mansoni venezualian strain for

which the prevalence of infection is around 60% (35). The use of

dye-labeled parasite make feasible the selection of infected snails

within the same population to carry out comparative omic

experiments on the first hours of the host/parasite interaction.

Infection intensity can vary from 5 to 50% depending on snail-

parasite strain combinations used. As vibrating microtome is an

effective procedure for generating thick sections that can be used for

immunohistochemistry, we employed a robust methodology

involving vibratome sectioning and combination with laser

scanning confocal microscopy, to observe in 3D the relationships

between parasite and snail and thus provide finely comprehensive

insights into the studied system. Indeed, after 12h post-infection,

encapsulated and damaged parasite forms can be discriminate from

developing sporocysts by observing clusters of well-single

fluorescent cells (Figures 6A, B). The presence of many snail cells

probably hemocytes around the parasite reinforces this conclusion

(Figures 6C, D, Video S09, S10). Some other immune-cytological

labels can also be coupled easily (Figure 7, Video S11, S12). Simple

and combined implementation of these different approaches can

save time compared to conventional immunohistology techniques
Frontiers in Immunology 07150
requiring paraffin-embedded samples and thin sections (21).

Finally, multiple infections with parasites labeled with different

fluorescent dyes can be performed in order to study interstrain

competition within the same individual snail (Figure 8, Video

S13, S14).
Discussion

The intricate interplay between parasites and their hosts,

especial ly in diseases l ike schistosomiasis , requires a

comprehensive understanding of intermediate host-parasite

compatibility that govern their interaction. Understanding the

mechanisms that govern the interaction between schistosomes

and their intermediate snail hosts is a fundamental requirement

for developing efficacious control strategies, as the exponential

escalation of parasite numbers heightens the risk of disease

propagation. This depth of understanding is essential to develop

effective control strategies that can target specific vulnerabilities in

the parasite’s life cycle and the host’s immune response. Current

methodologies for studying host-parasite compatibility t face strong

limitations, hindering a holistic exploration of various strains under

diverse environmental conditions. This study introduces a

groundbreaking approach that harnesses the potential of

fluorescent probes, providing a non-invasive tool for tracking
FIGURE 6

Green fluorescent parasites encapsulated or living inside snail. (A, B) are two adjacent focal planes selected from image stack (C, D). which are 2
independent pictures from 2 infected snails obtained by z-stack scanning. Blue stain (DAPI) represents nuclei of snail and parasite cells. All scare
bares indicates 10 µm.
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infections and shedding new insights about host-parasite

interactions. Besides the notorious rewards of cell trackers for in-

vitro cell applications, live-labelling have been successfully used as

valuable tools for monitoring intracellular parasites for which no

genetic tools exist (43). The sensitivity of CMAC and CMFDA are

being used in a wide range of context thanks to the property that

this fluorescent dye can, i) easily pass through cell membranes, ii) it

is well retained in cells, and iii) it passed to daughter cells through

several generations but it is not transferred to adjacent cells in a

tissue or cell populations.

In this study, we employed fluorescent cell tracker probes to

investigate the early stages of sporocyst development within their
Frontiers in Immunology 08151
snail host, by tracking freshwater schistosome larvae stage, the

miracidia. Our toxicity assays on free-swimming miracidia,

essential for evaluating the viability of our method, underscored

the non-toxic nature of fluorescent labeling using CMAC and

CMFDA. These probes, whatever the concentrations used,

exhibited no significant adverse effects on miracidia survival rates

and behavior. This critical finding not only demonstrates the safety

of our approach but also lays the foundation for its broad

applicability on snail host-parasite studies.

In the past fluorescent probes have yet been used in studies with

S. mansoni adult worms, but it is the first time that live-labelling was

used to evaluate the developmental dynamic from one parasite stage
FIGURE 7

Confocal imaging of Biomphalaria glabrata and Schistosoma mansoni through vibratome sections. (A, B) CMFDA-labeled sporocysts were highlighted in
green, snail actin filaments were stained with phalloidin in red, and snail cell nuclei were counterstained with DAPI in blue. Scare bares indicates 20 mm.
FIGURE 8

Multiple combinations of parasite labeling. Miracidia were labeled separately with CMFDA, CMTPX or CMAC dye. Then, multi-infestation were
performed with differently labeled parasite. Depending on the type of the fluorescent dye, supplementary staining on snail tissue section was carried
with DAPI or phalloidin. Scale bar is 50 µm.
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to another as this is the case herein in the transition from freshwater

stages, the miracidia to sporocysts in the intermediate snail hosts of

S. mansoni parasites. Previous studies have used the fluorescent

probe resorufin, a substrate for P-glycoprotein (PgP), to evaluate the

activity of the excretory system of S. mansoni in drug-screening

studies (44, 45). Moreover, the fluorescent Hoechst 33258

(bisbenzimide) probe was proposed as a marker of membrane

integrity of adult S. mansoni worms, due to its affinity for DNA

in a context of tegumental lesions (45). Indeed, the evaluation of the

presence of tegumental damages and excretory activity in adult

worms, were currently under deep investigations in the context of S.

mansoni resistance to praziquantel, the only available drug to cure

schistosomiasis (7, 46–48).

A notable achievement of our method is the extended

detectability of fluorescent labeled sporocysts within the snail

host. Our results revealed that CMFDA-labeled sporocysts

remained detectable for up to 15 days post-infection, significantly

advancing the temporal scope of parasite tracking. This temporal

resolution is invaluable for unraveling the intricate and evolving

nature of schistosoma-snail relationships.

We further deepened our exploration of snail-parasite

interactions through vibratome sectioning and histochemistry.

This methodology facilitated the visualization of the entire snail

body with minimal tissue disruption.

Our research findings have the potential to significantly

advance compatibility studies between the snail vector B. glabrata

and the parasite S. mansoni, thereby contributing to the

development of novel disease control strategies aimed at reducing

the presence of infective parasite forms in freshwater. Furthermore,

non-toxic in vivo labeling approach introduces an accessible and

cost-effective tool that can democratize research in laboratories

located in endemic countries. In practical terms, the present work

empowers researchers to undertake detailed examinations of first

steps of S. mansoni development within snail host by employing

specific in vivo labelling. Besides B. glabrata-S.mansoni model

compatibility studies, the proposed approach aims to shed light

on scenarios that mirror the realities of epidemiologically active

sites, where vector snails may encounter, and potentially host,

multiple parasite strains and/or species. While studies of

coinfection in vector snails are scarce in the literature (49, 50), in

vivo labelling by fluorescente probes addresses this gap by offering a

means to tackle the first steps of parasite infection and development

reducing the complexities of studying multiple cycles in laboratory

conditions and analyzing the resultant outcomes effectively. In

conclusion, this innovative approach holds the potential to unveil

valuable insights of compatibility of B. glabrata-S.mansoni model

and into the intricate dynamics of coinfection, contributing to a

deeper understanding of disease transmission and potentially

informing more targeted control interventions.
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SUPPLEMENTARY FIGURE 1

High magnification of a green sporocyst 5 days after parasite exposure. The
observed sporocyst appears as a misshapen sac characterized by an extremity

where fluorescence seems to accumulate. In detail boxes, scare bars are 100 µm.

SUPPLEMENTARY VIDEO 1

Swimming behavior ofmiracidia after CMFDA labeling and rinsing in Volvicwater.

Observationwas done under stereo-microscope using NIS Element BR software

taking an image every 100msec. Livingmiracidia can be examined in their natural
state without previously being killed by chemical fixation.

SUPPLEMENTARY VIDEO 2

Swimming behavior of miracidia after CMAC labeling and rinsing in Volvic
water. Observation was done under stereo-microscope using NIS Element

BR software taking an image every 100 msec.

SUPPLEMENTARY VIDEO 3

Miracidia exposure to CMFDA CellTracker in a 1.5ml tube. Observation was
done under stereo-microscope using NIS Element BR software.

SUPPLEMENTARY VIDEO 4

Miracidia exposure to CMAC CellTracker in a 1.5ml tube. Observation was

done under stereo-microscope using NIS Element BR software.

SUPPLEMENTARY VIDEO 5

Behavior of the CMFDA-labeled live miracidia of Schistosoma mansoni

penetration Biomphalaria glabratra tissue. Note that at the end of the
Frontiers in Immunology 10153
penetration when the parasite is entirely in snail, a lighter region around the
parasite is visible suggesting an immediate cellular reaction induced by a

changing local environment due to the entry parasite process.

SUPPLEMENTARY VIDEO 6

3-D reconstitution of multiple series confocal pictures from one CMFDA-
labeled miracidium. Scale bar: 25µm.

SUPPLEMENTARY VIDEO 7

Unfolding of the different focal plans of a CMFDA-labeled miracidium. Scale

bar: 25µm.

SUPPLEMENTARY VIDEO 8

Live green sporocyst of Schistosoma mansoni derived from with CMFDA-

labeled miracidia into a living snail Biomphalaria glabrata 3 days after
exposition. An image was taken every 0.7 sec.

SUPPLEMENTARY VIDEO 9

Unfolding of the different focal plans of a vibratome cut containing two

CMFDA-labeled parasites in host tissues. One is encapsulated (bottom left),
the other one is intact (top right). Scale bar: 10 µm.

SUPPLEMENTARY VIDEO 10

Unfolding of the different focal plans of a vibratome cut containing two

CMFDA-labeled parasites in host tissues. One is encapsulated (bottom left),
the other one is intact (top right). Scale bar: 10 µm.

SUPPLEMENTARY VIDEO 11

3D reconstitution of multiple series confocal pictures from CMFDA-labeled
parasite in host tissues. Actin is labeled in red (phalloidin) and nuclei in blue

(DAPI). Scale bar: 20µm.

SUPPLEMENTARY VIDEO 12

Unfolding of the different focal plans of a vibratome cut containing one
CMFDA-labeled parasite in host tissues. Actin is labelled in red (phalloidin) and

nuclei in blue (DAPI). Scale bar: 20 µm.

SUPPLEMENTARY VIDEO 13

Unfolding of the different focal plans of a vibratome cut containing one
CMFDA-labeled parasite and one CMTPX-labeled parasite in host tissues.

Scale bar: 50µm.

SUPPLEMENTARY VIDEO 14

Unfolding of the different focal plans of a vibratome cut containing one

CMFDA-labeled parasite and several CMAC-labeled parasites in host tissues.

Actin is labelled in red (phalloidin). Scale bar: 50µm.
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30. Trejo-Chávez H, Garcıá-Vilchis D, Reynoso-Ducoing O, Ambrosio JR. In vitro
evaluation of the effects of cysticidal drugs in the Taenia crassiceps cysticerci ORF strain
using the fluorescent CellTracker CMFDA. Exp Parasitol (2011) 127:294–9.
doi: 10.1016/j.exppara.2010.06.025

31. Grego M, Stachowitsch M, De Troch M, Riedel B. CellTracker Green labelling vs.
rose bengal staining: CTG wins by points in distinguishing living from dead anoxia-
impacted copepods and nematodes. Biogeosciences (2013) 10:4565–75. doi: 10.5194/bg-
10-4565-2013

32. Kilarski WW, Martin C, Pisano M, Bain O, Babayan SA, Swartz MA.
Inherent biomechanical traits enable infective filariae to disseminate through
Frontiers in Immunology 11154
collecting lymphatic vessels. Nat Commun (2019) 10:2895. doi: 10.1038/s41467-
019-10675-2

33. Renahan T, Sommer RJ. Nematode interactions on beetle hosts indicate a role of
mouth-form plasticity in resource competition. Front Ecol Evol (2021) 9:752695.
doi: 10.3389/fevo.2021.752695

34. Ittiprasert W, Moescheid MF, Chaparro C, Mann VH, Quack T, Rodpai R, et al.
Targeted insertion and reporter transgene activity at a gene safe harbor of the human
blood fluke, Schistosoma mansoni. Cell Rep Methods (2023) 3:100535. doi: 10.1016/
j.crmeth.2023.100535

35. Theron A, Rognon A, Gourbal B, Mitta G. Multi-parasite host susceptibility and
multi-host parasite infectivity: a new approach of the Biomphalaria glabrata/
Schistosoma mansoni compatibility polymorphism. Infect Genet Evol J Mol
Epidemiol Evol Genet Infect Dis (2014) 26:80–8. doi: 10.1016/j.meegid.2014.04.025

36. Kruskal WH, Wallis WA. Use of ranks in one-criterion variance analysis. J Am
Stat Assoc (1952) 47:583–621. doi: 10.1080/01621459.1952.10483441

37. Dunn OJ. Multiple comparisons using rank sums. Technometrics (1964) 6:241–
52. doi: 10.1080/00401706.1964.10490181

38. Pan SC. The fine structure of the miracidium of Schistosoma mansoni. J
Invertebr Pathol (1980) 36:307–72. doi: 10.1016/0022-2011(80)90040-3

39. Eklu-Natey DT, Wüest J, Swiderski Z, Striebel HP, Huggel H. Comparative
scanning electron microscope (SEM) study of miracidia of four human schistosome
species. Int J Parasitol (1985) 15:33–42. doi: 10.1016/0020-7519(85)90098-0

40. Samuelson JC, Caulfield JP. Role of pleated septate junctions in the epithelium of
miracidia of Schistosoma mansoni during transformation to sporocysts in vitro. Tissue
Cell (1985) 17:667–82. doi: 10.1016/0040-8166(85)90003-5

41. Poteaux P, Gourbal B, Duval D. Time series analysis of tegument ultrastructure
of in vitro transformed miracidium to mother sporocyst of the human parasite
Schis tosoma mansoni . Acta Trop (2023) 240 :106840. doi : 10 .1016/
j.actatropica.2023.106840

42. Bruckner DA, Voge M. The nervous system of larval schistosoma mansoni as
revealed by acetylcholinesterase staining. J Parasitol (1974) 60:437–46. doi: 10.2307/
3278359

43. Boleti H, Ojcius DM, Dautry-Varsat A. Fluorescent labelling of intracellular
bacteria in living host cells. J Microbiol Methods (2000) 40:265–74. doi: 10.1016/S0167-
7012(00)00132-9

44. Sato H, Kusel JR, Thornhill J. Functional visualization of the excretory system of
adult Schistosoma mansoni by the fluorescent marker resorufin. Parasitology (2002)
125:527–35. doi: 10.1017/s0031182002002536
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Edward José de Oliveira2, Elainne Christine de Souza Gomes5,
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Rachou, Fundação Oswaldo Cruz - FIOCRUZ, Belo Horizonte, Brazil, 3Instituto Oswaldo Cruz,
Fundação Oswaldo Cruz - FIOCRUZ, Rio de Janeiro, Brazil, 4Centro de Ciências da Saúde,
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The World Health Organization (WHO) recognizes schistosomiasis as one of the

Neglected Tropical Diseases targeted for global elimination in the 2030 Agenda

of the Sustainable Development Goals. In Brazil, schistosomiasis mansoni is

considered a public health problem, particularly prevalent among vulnerable
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populations living in areas with poor environmental and sanitary conditions. In

2022, the WHO published a Guideline encompassing recommendations to assist

national programs in endemic countries in achieving morbidity control,

eliminating schistosomiasis as a public health problem, and advancing towards

interrupting transmission. The perspectives presented here, collectively prepared

by members of the Oswaldo Cruz Foundation’s (Fiocruz) Schistosomiasis

Translational Program (FioSchisto), along with invited experts, examine the

feasibility of the WHO recommendations for the Brazilian settings, providing

appropriate recommendations for public health policies applicable to the

epidemiological reality of Brazil, and suggests future research to address

relevant issues. In Brazil, the provision of safe water and sanitation should be

the key action to achieve schistosomiasis elimination goals. The agencies

involved in measures implementation should act together with the Primary

Care teams for planning, executing, monitoring, and evaluating actions in

priority municipalities based on their epidemiological indicators. Host snails

control should prioritize judicious ecological interventions at breeding sites.

The Information, Education, and Communication (IEC) strategy should be

associated with water and sanitation and other control actions, actively

involving school community. To identify infected carriers, FioSchisto

recommends a two-stage approach of immunological and molecular tests to

verify transmission interruption during the intervention and beyond. Praziquantel

administration should be done under medical supervision at the Primary Care

level. MDA should be considered in exceptional settings, as a measure of initial

attack strategy in locations presenting high endemicity, always integrated with

water and sanitation, IEC, and snail control. To assist decision-making, as well as

the monitoring and evaluation of strategic actions, there is a need for an

Information System. FioSchisto considers this systematization essential to

make investments in strategic research to support the improvement of

schistosomiasis control actions. Efforts toward schistosomiasis elimination in

Brazil will succeed with a paradigm shift from the vertical prescriptive framework

to a community-centered approach involv ing intersectoral and

interdisciplinary collaboration.
KEYWORDS

Schistosoma mansoni, schistosomiasis, neglected tropical diseases, control and
elimination, Brazil
1 Introduction

Schistosomiasis, one of the oldest parasitic infections in humans,

has co-evolved with humanity over centuries. Currently, an estimated

250 million people worldwide are infected with the disease, while

approximately 700 million people are at risk of infection.

Schistosomiasis has been recognized as one of the Neglected Tropical

Diseases (NTDs), caused by blood flukes such as Schistosoma mansoni,

S. haematobium, and S. japonicum. The disease primarily affects

impoverished regions and individuals, remaining endemic in 78

countries (1). It is acquired through the skin and mucous membrane

contact with water containing the infective forms of the parasite and is

more prevalent in areas lacking adequate water and sanitation (2).

The transmission of schistosomiasis relies on infected

individuals excreting helminth eggs within their feces and urine
02156
and aquatic snails acting as intermediate hosts that release infective

cercariae into water sources used by humans in their daily activities.

Schistosomiasis transmission is a complex process influenced by

numerous complexes contributing factors. As a result, controlling

the disease requires implementing multiple preventive measures.

These measures include early diagnosis and timely treatment, the

monitoring and control of intermediate hosts, health educational

initiatives, and sanitation efforts to modify the environmental

conditions that facilitate Schistosoma spp. transmission. These

actions must be implemented in a coordinated and integrated

manner as part of a comprehensive control program (2).

Align with the United Nations’ 2030 agenda established in 2015,

the World Health Organization (WHO) has set a goal of

eliminating schistosomiasis as a public health issue worldwide.

The aim is to reduce the prevalence of severe infections (≥ 400
frontiersin.org
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eggs per gram of feces) to less than 1% by 2030 and halt

transmission in at least 25 out of the 78 endemic countries during

the same period. To achieve these goals, the WHO published in

2022 guidelines for the control and elimination of human

sch i s to somias i s . These gu ide l ine s prov ide a se t o f

recommendations to guide national schistosomiasis programs in

endemic countries to achieve morbidity control, elimination of the

disease as a public health issue, and to make progress toward

interrupting transmission. WHO guidelines prioritize mass drug

administration (MDA) while also advocating for sustainable

preventive measures such as water and sanitation (1).

Research conducted in Brazil, where schistosomiasis mansoni is

a significant public health concern, has shown that periodic mass

treatment of people living in endemic communities if implemented

without concurrent improvements in water supply and sanitation

infrastructure resulted in temporary impact in the reduction of

disease prevalence (3). In light of this, the present discussion,

collaboratively conducted by members of the Oswaldo Cruz

Foundation’s Schistosomiasis Translational Program (FioSchisto)

and invited experts, explores the feasibility of implementing WHO

recommendations for Brazilian settings. The outcome is a set of

recommendations for public health policies that apply to the

country’s epidemiological context and suggests pertinent research

topics to be addressed.
2 Analysis of WHO recommendations
for schistosomiasis control and
transmission elimination

This section will discuss the six WHO recommendations for the

control and elimination of schistosomiasis by 2030 (1), as shown in

Table 1, from the perspective of the Brazilian context, where low

endemicity areas are widespread and S. mansoni is the only

species occurring.
2.1 Analysis of recommendations 1, 2,
and 3

2.1.1 Background
The first three WHO’s recommendations for the control and

elimination of schistosomiasis emphasize the strategy of MDA using

praziquantel in different epidemiological scenarios. Some challenges

and criticisms need to be considered regarding these

recommendations. The first challenge relates to the possibility of an

insufficient stock of medication available to meet global demand. As for

the criticisms, there is scientific evidence suggesting that praziquantel

mass administration may only provide temporary benefits.

Studies conducted in Brazil have demonstrated that periodic

treatment of endemic communities without adequate water supply

and sanitation has a transient effect. Examples of this scenario

occurred in some locations in the municipalities of Ipojuca in

Pernambuco and Conde in Bahia, which maintains the
Frontiers in Immunology 03157
TABLE 1 WHO recommendations for schistosomiasis control
and elimination.

Recommendation 1

In endemic communities with a prevalence of Schistosoma spp. infection ≥ 10%,
WHO recommends annual preventive chemotherapy with a single dose of
praziquantel at ≥ 75% treatment coverage in all age groups from 2 years old,
including adults, pregnant women after the first trimester, and lactating women,
to control schistosomiasis morbidity and advance towards eliminating the disease
as a public health problem.

Strong recommendation Certainty of evidence: moderate

Recommendation 2

In endemic communities with a prevalence of Schistosoma spp. infection < 10%,
WHO suggests one of two approaches based on programmatic objectives and
resources: (i) where there has been a program of regular preventive
chemotherapy, to continue the intervention at the same or reduced frequency
towards interruption of transmission; or (ii) where there has not been a program
of regular preventive chemotherapy, to use a clinical approach of test-and-treat,
instead of preventive chemotherapy targeting a population.

Conditional recommendation Certainty of evidence: very low

Recommendation 3

In endemic communities with a prevalence of Schistosoma spp. infection ≥ 10%
that demonstrate a lack of an appropriate response to annual preventive
chemotherapy, despite adequate treatment coverage (≥ 75%), WHO suggests
consideration of biannual (twice yearly) instead of annual
preventive chemotherapy.

Conditional recommendation Certainty of evidence: very low

Recommendation 4

WHO recommends that health facilities provide access to treatment with
praziquantel to control morbidity due to schistosomiasis in all infected
individuals regardless of age, including infected pregnant excluding the first
trimester, lactating women, and pre-SAC aged < 2 years. The decision to
administer treatment in children under 2 years of age should be based on testing
and clinical judgment.

Strong recommendation Certainty of evidence: moderate

Recommendation 5

WHO recommends WASH interventions, environmental interventions (water
engineering and focal snail control with molluscicides), and behavioral change
interventions as essential measures to help reduce transmission of Schistosoma
spp. in endemic areas.

Strong recommendation Certainty of evidence: low

Recommendation 6

In communities approaching the interruption of transmission (defined as having
no autochthonous human cases reported for 5 consecutive years), WHO suggests
a verification framework that consists of:
1. Testing for Schistosoma infection in humans with a diagnostic that has high
sensitivity and specificity. This may require the use of a two-step diagnostic
process starting with a high-sensitivity test confirmed with a second, high-
specificity test.
2. Testing for Schistosoma infection in snails with a diagnostic that has high
sensitivity and specificity. This may require the use of a two-step diagnostic
process starting with a high-sensitivity test confirmed with a second, high-
specificity test.
3. Testing for Schistosoma infection in non-human mammalian hosts, as
applicable, with a diagnostic that has high sensitivity and specificity. This may
require the use of a two-step diagnostic process starting with a high-sensitivity
test confirmed with a second, high-specificity test.

Conditional recommendation Certainty of evidence: low
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endemicity of the disease after successive mass treatments over two

decades (4–8).

In 2009, the Executive Council of the Pan American Health

Organization (PAHO) reiterated the WHO recommendation to

implement an annual MDA scheme targeting school-age children in

endemic areas of the Americas. At that time, the Brazilian Ministry

of Health argued that schistosomiasis control measures should

focus on strengthening the diagnosis and treatment capabilities at

the primary healthcare level, as well as improving sanitation

conditions (9). According to the Ministry of Health’s latest

Health Surveillance Guide (10), several crucial measures need to

be taken to attain the required health standards for safeguarding

and enhancing the living conditions of at-risk populations

vulnerable to schistosomiasis and other infectious diseases that

aggravate poverty. These measures include ensuring access to safe

drinking water and sanitation, managing solid waste disposal,

adopting appropriate practices for the use of land, improving

drainage, controlling vectors, and managing non-human reservoirs.

Since 2014, the Ministry of Health has limited its

recommendation of MDA to communities where the Kato-Katz

positivity rates are ≥ 25%, which are a small minority, and always in

conjunction with the aforementioned genuinely preventive

measures (2). In Brazil, MDA has been implemented only once in

communities where Kato-Katz positivity rates were 10% or higher.

This initiative took place in different locations considered a priority

by the Pernambuco State Health Department, in the four-year

periods of 2011-2014 (11), 2015-2018 (12) e 2019-2022 (13).

Despite the implementation of MDA, the failure to improve

environmental sanitation and provide clean water to the

communities left the population at a persistent risk of reinfection

(14, 15).

A recent publication considers that the Americas and Asia may

have had already achieved the elimination of schistosomiasis as a

public health problem and are heading toward the interruption of

transmission (16). This consideration should be viewed with

caution regarding Brazil, as it has not yet been validated that the

proportion of exams with severe infections (≥ 400 epg by Kato-

Katz) in the country is lower than 1%, which is a prerequisite

stipulated by the WHO (1). According to data from the Surveillance

and Control Program for Schistosomiasis (SISPCE) (2), in 2016, 9%

of the 53 localities that underwent MDA in the state of Pernambuco

sustained percentages of severe infections equal to or higher

than 1%.

In 2018, the Brazilian Ministry of Health formulated an Action

Plan to tackle schistosomiasis for the period 2019-2021. For this,

472 municipalities across 11 states were chosen based on

epidemiological data from official information systems over the

previous five years, as well as results from the National Survey of

Schistosomiasis and Soil-transmitted Helminthiasis (INPEG)

conducted between 2011 and 2015. Factors such as population

data, Municipal Human Development Index, and water and

sanitation conditions of the municipalities in the period 2017-

2018 were also considered. However, the original plan was not

implemented due to the COVID-19 pandemic. The Ministry of

Health is developing a new version, taking into account the goal of

eliminating schistosomiasis as a public health problem by 2030 (1)
Frontiers in Immunology 04158
and incorporating the latest recommendations provided by the

WHO (17).

It is expected that the goal of eliminating schistosomiasis as a

public health problem in Brazil will be achieved in the coming years,

leading to an official recommendation by the WHO to proceed

towards control and elimination of transmission. This new stage

will require the implementation of a test-and-treat scheme

dependent on highly sensitive and specific diagnostic tests.

Consequently, both MDA and the identification of infected

individuals based on Kato-Katz (18) will no longer be applicable.

To achieve the goal of interrupting transmission, it will be crucial to

prioritize the preventive measures emphasized in the Ministry of

Health’s Health Surveillance Guide (10).
2.1.2 Recommendations from FioSchisto
FioSchisto understands that the WHO recommendations

regarding the mass administration of praziquantel do not apply to

the current eco-epidemiological context of Brazil. Instead,

interventions should genuinely prioritize preventive measures in

both localities that have not yet achieved the goal of eliminating

schistosomiasis as a public health problem and those moving

towards interrupting transmission. Furthermore, municipalities

interested in validating the goal of eliminating schistosomiasis as

a public health problem should first identify the target

communities, as these are the operational units of actions for

schistosomiasis control (1, 2, 17), not the municipalities.

The FioSchisto highlights the need for improved information

systems to assist in the decision-making process regarding the

recommended strategic actions for the elimination of

schistosomiasis as a public health problem and the interruption of

transmission, as well as the monitoring and evaluation of these

actions. The existing system (SISPCE) is deemed inadequate in

terms of its ability to register, consolidate, and provide the required

information. A robust information system should encompass data

at both the individual and target population levels throughout the

baseline, intervention, and follow-up stages.

Although FioSchisto acknowledges that MDA may not

universally apply to the current Brazilian epidemiological settings,

we recognize that there are still areas with a high frequency of

positive parasitological tests. For such areas, the local health system

and respective health authorities must mobilize attention to

establish an effective strategy for local action, prioritizing actions

based at water supply, sanitation, and health education, and may

consider MDA as an initial attack strategy.
2.1.3 Investment in research
The FioSchisto recognizes that the 10% positivity threshold

established by WHO for Kato-Katz testing applies specifically to

different MDA schemes and not to other interventions. These

interventions are indicated regardless of the level of positivity

observed in the communities. It is worth noting that the

threshold defined by WHO for MDA is based on studies

conducted in Sub-Saharan Africa, where the epidemiological

conditions differ from those in Brazil. Thus, the determination of

appropriate cut-off points for different intervention schemes
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depends on adequate studies of the country’s reality. The FioSchisto

emphasizes the need for investment in research to better

understand the epidemiological context and to guide the

development of appropriate interventions for the Brazilian context.
2.2 Analysis of recommendation 4

2.2.1 Background
The fourth WHO recommendation emphasizes that the use of

praziquantel is indicated for all infected individuals, with exceptions

for pregnant women in the first trimester, breastfeeding women,

and children under two years of age. It also states that access to

treatment should be provided by healthcare services in

adequate facilities.

The praziquantel leaflet, approved by the Brazilian National

Health Surveillance Agency (ANVISA), states that the treatment is

not recommended for children under four years of age. Similarly,

praziquantel treatment is contraindicated in the first trimester of

pregnancy. However, due to the lack of scientific evidence on the

safety of praziquantel use during pregnancy, treatment for pregnant

women from the second trimester onwards should only be carried

out after rigorous medical evaluation. In this case, praziquantel

administration is classified as a category B risk.

According to ANVISA, during lactation, the prescribing

physician should also carefully evaluate the administration of

praziquantel since the medication can reach breast milk in

concentrations equivalent to up to 20% of plasma concentration.

In case of indication and use of praziquantel during lactation,

breastfeeding should be interrupted on the day of treatment and

during the three following days after administration.
2.2.2 Recommendations from FioSchisto
FioSchisto considers that praziquantel can be administered to

patients under the mentioned conditions, but it should be done

under careful medical evaluation and supervision. However, the

indication and administration of praziquantel for children under

four years of age, pregnant women, or lactating women should be

implemented on an individual basis and in appropriate medical

facilities, which does not apply at the population or large-scale level.

Additionally, FioSchisto recommends that primary healthcare

teams in each municipality should be in charge of the

schistosomiasis treatment using praziquantel. Thus, it is

recommended that this team is properly trained and capacitated

in the treatment of schistosomiasis. It is the responsibility of each

municipality to provide the necessary support and resources to

enable the implementation of this training.
2.2.3 Investment in research
Considering that praziquantel is currently the only available

medication for treating schistosomiasis, investment in research for

the development of new drugs is necessary. In addition to that, the

well-known low efficacy against immature forms of Schistosoma sp.,

the continuous use of the medication for over four decades, and the

parasite’s ability to develop resistance to praziquantel make it
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necessary to develop new therapeutic approaches. Furthermore, it

should be noted that the current formulation of praziquantel is not

recommended for children under four years of age, according to the

medication’s package insert.

The pediatric praziquantel, which is being produced by

Farmanguinhos-Fiocruz through a Pediatric Praziquantel

consortium initiative led by Merck, will be available in the short

term. This will be an important advancement in the treatment of

schistosomiasis for children under four years of age, who have been

historically excluded from therapeutic interventions. However,

since the clinical trial for this new drug has not been conducted

in Brazil and considering the large variation among human and

parasite populations, it is recommended that its safety and efficacy

should be also demonstrated in the Brazilian settings.
2.3 Analysis of recommendation 5

2.3.1 Background
The fifth WHO recommendation focuses on WASH

interventions and chemical control of snails. The term WASH

stands for Water, Sanitation, and Hygiene. However, the

document introduces these interventions as of low certainty of

evidence and states that “WASH interventions are expected to

provide modest benefits in limiting Schistosoma transmission”.

For WHO, WASH interventions should be a “complementary

measure” to reduce the prevalence of schistosomiasis.

As there is no exact translation of this term in the technical

language used in Brazil, the expression “basic sanitation” is

considered for this purpose. According to Brazilian legislation

(19), basic sanitation comprises actions related to water supply,

sanitation, solid waste management, and drainage of rainwater.

Therefore, the concept of “basic sanitation” is more comprehensive

than the actions covered by theWASH expression. In this study, the

term “basic sanitation” is used from this point on, considering the

above-mentioned conceptual difference.

While the inequality in access to sanitation infrastructure poses

a hindrance to achieving universalization, there have been notable

advances in this field in Brazil. Since the first national prevalence

surveys in the 1950s, the country has gone from 15.5% to 86%

coverage of households with water supply in 2019. For sanitation

services, Brazil went from 9% of households served to 68% during

the period (20). This increase represents significant additions in

access to sanitary infrastructure over the decades, which may be

compatible with efforts toward fulfilling Human Rights in Water

and Sanitation (21).

Brazil has been consistently developing models to control

schistosomiasis that can substantially reduce the prevalence and

incidence indicators of the disease. The strategies include drug

treatment, provision of water, sanitation and hygiene facilities, and

actions that involve community participation and primary

healthcare within the Unified Health System (SUS).

Studies conducted in Brazil have shown the effectiveness of

basic sanitation interventions in reducing infection rates. For

example, in the 1960s, in a locality in the municipality of Cabo,

in Pernambuco, infection rates were progressively reduced in areas
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with basic sanitation interventions compared to areas without

intervention (22). Also in Pernambuco, in the municipality of São

Lourenço da Mata, sanitary facilities such as septic tanks (OR 0.60;

95% CI 0.44-0.84) and general sewage systems (OR 0.20; 95% CI

0.14-0.29) were significantly associated with a decrease in the

probability of infection (23). Another study, conducted in 482

municipalities in the state of Minas Gerais, showed that the

variable “percentage of households with general sewage systems”

contributed as an explanatory factor for infection rates, along with

other social, demographic, and health conditions evaluated in the

population. Additionally, the variable “percentage of households

with sewage discharged into rivers, lakes, or seas” provided

indicative evidence for the occurrence of the disease (24).

Similarly, an experience in municipalities of the states of

Espıŕito Santo and Minas Gerais demonstrated that providing dry

toilets and water, as well as facilities that encourage hygiene

practices by the population, such as community laundries,

domestic washing tanks, drinking fountains, faucets, and showers,

constituted relevant alternatives to individualized drug treatment

(25, 26). A district in the municipality of Sabará, Minas Gerais,

showed a positive response to the implementation of a treated water

system between 1980 and 2007, with a reduction in the prevalence

of schistosomiasis from 36.7% to 2.5% (27, 28). In this state, studies

in an endemic area over 25 years showed that severe forms of the

disease were strongly associated with the absence of piped water

(OR 7.7; 95% CI 2.6-23.1) and the habit of bathing in water

collections (OR 5.7; 95% CI 1.3-25.5), the latter being a

consequence of the former. In the observed periods (1981, 1992,

and 2005), water supply coverage increased from 33.7% to 96%, safe

sanitation increased from 71.7% to 97.6%, and the prevalence of the

disease decreased from 70.4% to 1.7% (29–31).

The effectiveness of interventions in the school environment,

compared to actions in the community, has been reported and

should be considered. An ecological study using prevalence data

from the INPEG (32) and national household and public and

private school sanitation data showed that access to safe drinking

water in schools was a protective factor for the disease (PRR 0.982;

95% CI 0.970 - 0.995) (33). This reinforces that water contact

patterns are influenced by the availability of safe water supply,

sanitation, and health education (34–36).

From a historical perspective, an ecological study analyzed data

from three national surveys of schistosomiasis (1947-1953, 1975-

1979, and 2010-2015), with a sample of 1,721 municipalities and

1,182,339 schoolchildren aged 7-14. The study found a protective

effect of access to sanitary sewerage (RR 0.996; 95% CI 0.994 -

0.998), that increased from a mean coverage of 2.6% to 30.6% in the

studied municipalities over 70 years. This result suggests that

interventions in sanitation at the collective level have the

potential to insert an effective barrier in the transmission cycle of

schistosomiasis (37).

The local and nationwide findings reaffirm international studies

that emphasize the increase in access to clean water, sanitation, and

hygiene practices as important measures to reduce the chances of

infection by the parasite (38). A meta-analysis published in 2014

supports that safe water supply (OR 0.53; 95% CI 0.47 - 0.61) and

sanitation (OR 0.59; 95% CI 0.47 - 0.73) are associated with
Frontiers in Immunology 06160
significantly lower chances of occurrence of schistosomiasis (39).

It is important to highlight that this publication included 44

relevant studies, with Brazil contributing with 15 studies for water

data and 11 studies for sanitation, reinforcing the country’s

leadership in research on the topic.

Regarding the chemical control of snails, during the 20th

century, the use of molluscicides was among the strategies most

advocated by governments and health agents (40–42). Since the

1960s, the most commonly used molluscicide has been niclosamide

(40). In theory, the lethal concentration for snails, considered low, is

non-toxic for vertebrates, including fish and humans. However, due

to the technical complexity of the process of applying molluscicides

in the environment, their irregular dispersion can lead to a higher

accumulation in some areas, which can cause fish mortality and

health problems in humans (43). Moreover, Biomphalaria sp. is

known to undergo natural dormancy in certain periods, resulting in

the inefficacy of niclosamide application.

Some countries, such as Brazil, have imposed restrictions on the

use of niclosamide in the environment due to concerns regarding its

harmful effects on non-target organisms (44). Niclosamide was

approved many decades ago for anticestodal treatment in humans

and has recently been evaluated in anticancer therapy and the

treatment of the Zika virus (45, 46). This demonstrates its action on

various signaling pathways in humans and other organisms,

underscoring the need for a comprehensive risk evaluation of its

environmental use. Furthermore, the decrease in the cost of

praziquantel, after the end of its patent in the early 1990s, has

made the use of niclosamide less cost-effective and potentially

obsolete for schistosomiasis control.

Considering the evidence on the importance of long-lasting

measures for snail control in the management of schistosomiasis,

the promotion of environmental modifications that contribute to

the reduction of snail populations, such as the modification of

natural habitats, has been encouraged. Countries such as Japan,

Morocco, Saudi Arabia, and Venezuela have achieved success with

strategies such as the removal of aquatic vegetation, drainage of

flooded areas, the lining of irrigation canals, and modification of

watercourses, with careful attention to minimizing undesirable

environmental impacts (47–50). In contrast, in areas with

schistosomiasis transmission, environmental modifications that

potentially contribute to the increase and expansion of snail

populations, such as dam construction and expansion of

irrigation, should be avoided (51, 52).
2.3.2 Recommendations from FioSchisto
In contrast to the WHO, FioSchisto proposes that genuinely

preventive and long-lasting interventions against schistosomiasis

should be prioritized in Brazil. It includes basic sanitation, health

education, and interventions in snail breeding sites. The group

recommends that a more appropriate approach should consider the

following key aspects: the current public policy in Brazil based on

decentralized control of endemic diseases; the autonomy of primary

health care in addressing local health issues; the One Health

concept; and environmental control measures of the disease,

including interventions in basic sanitation.
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The main basic sanitation measures that should be considered

for schistosomiasis control in the country, after a thorough

evaluation of the socio-environmental conditions of the affected

locality, are described in Table 2.

In selecting the localities to prioritize basic sanitation

interventions, it is important to adopt a watershed perspective. So

it may be necessary to implement actions not only in endemic areas

but also in contiguous areas that share the same watershed and are

epidemiologically significant. In situations where there are

increased migratory flows, due to development projects such as

irrigation, dams, and mining works, basic sanitation actions must be

properly planned and simultaneously implemented. In these cases,

the risk of the introduction of schistosomiasis should be evaluated,

and the necessary preventive environmental measures should

be implemented.

It is recommended to establish effective and permanent

communication between federal agencies and municipal health

and environment departments to discuss, evaluate, plan, and

implement sanitary interventions. Structural implementations

should consider the sanitary reality of each region, given that the

country has highly heterogeneous environmental, epidemiological,

and socioeconomic conditions. The primary criterion for

priori t iz ing interventions must be the prevalence of

schistosomiasis and other sanitation-reducible diseases.

Health promotion, disease prevention, and control actions

should be developed at the municipal level, taking into account

local peculiarities. It is important to recognize that behavioral

changes cannot be imposed through top-down interventions

alone. Instead, it should be adapted through the understanding of

risk factors and cultural patterns and in association with structural

changes in the living environment.

Health professionals, including trained Community Health

Agents, are essential and should be always included in the

development of activities to inform and promote discussions

about the disease, and the factors involved in transmission,

prevention, and control. These actions should occur in the

community and the school environment, as children and young

people, are particularly important in the parasite transmission cycle.

These discussions provide an opportunity to address that access to

water and sanitation is a fundamental human right and a

responsibility of public services, transcending beyond the scope of

the disease itself.
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Regarding intervention in snail breeding sites, FioSchisto does

not recommend the use of molluscicides, such as niclosamide, for

snail control in Brazil due to its toxicity. Whenever possible, it is

recommended to use snail control alternatives that are more

appropriate and aligned with the One Health concept, particularly

in low-endemicity areas, which are predominant in Brazil.

The FioSchisto suggests maintaining the recommendations

outlined in the Technical Guidelines of the Ministry of Health

(53) for snail control, with some updates and adjustments. As

physical control methods in snail breeding sites, environmental

management is considered, based on measures such as the

rectification, coating, or channeling of watercourses, aimed at

increasing the speed of water and making it difficult for

intermediate hosts to attach. These measures should be planned

and implemented in a way to minimize environmental impacts.

Periodic cleaning and removal of aquatic vegetation on the banks of

watercourses should be considered as a form of maintenance.

Another recommended measure is the filling or drainage of places

where water accumulates and creates an environment favorable to

snail proliferation. In situations where contact with watercourses is

necessary for crossing, the construction of bridges should

be considered.
2.3.3 Investment in research

Investments in research are essential, especially in the areas of

environmental, biological, and chemical control of intermediate hosts.

Regarding environmental control, there is still a need for a

better understanding of the effects of implementing basic sanitation

on the control of schistosomiasis and other parasitic diseases. From

one side, basic sanitation encompasses a set of possible technologies

and interventions (among other variations, collective vs individual

systems for water; onsite vs offsite solutions for sanitation). On the

other, the epidemiological, environmental, and socioeconomic

context influences the possible effects of these interventions. This

poses the need for fine-tuning in the research of the effects of

different solutions for basic sanitation in different contexts, about

the control of schistosomiasis.

Regarding biological control, there is a need to investigate the use

of other native species within the same hydrographic basin proving it

is sustainable and free of undesirable environmental effects. This

approach can reduce or eliminate populations of schistosomiasis-

transmitting snails. Another alternative is the release of snail

populations resistant to S. mansoni infection in transmission foci.

So, through crossbreeding with susceptible local populations, the

trait of resistance or reduced susceptibility can be disseminated. It is

strongly encouraged that these studies be carried out on populations

of Biomphalaria glabrata, the main intermediate host of S. mansoni

in Brazil. Also, the use of post-genomic methodologies for genetic

modification of intermediate hosts to promote castration or

resistance to S. mansoni infection shows promise.

Regarding chemical control, the focus should be on the

development of solutions with high specificity and low

environmental impact. It is suggested to search for new chemical

products with molluscicidal or schistosomicidal action that are
TABLE 2 Main sanitation measures to be considered for schistosomiasis
control in Brazil.

Basic sanitation measures

Supply of water for human consumption, with sufficient quantity and quality
that meets potability standards.

Sanitary sewage disposal, with static or dynamic solutions, providing adequate
sewage treatment to control pathogens and whose operation and maintenance
are within reach of the community and service providers

Improvement of intra-household sanitary conditions.

Collection and proper disposal of solid waste, when relevant.

Drainage of rainwater, when applicable.
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specific and target essential molecular targets for the survival and

development of the snail and/or the parasite.
2.4 Analysis of recommendation 6

2.4.1 Background
The sixth and finalWHO’s recommendation addresses a strategy

for confirming the interruption of schistosomiasis transmission in

communities, defined as the absence of autochthonous cases

reported in humans in a specific community for five consecutive

years. This recommendation suggests testing for schistosomiasis

infection in humans, snails, and other mammalian hosts.

Regarding the verification of the interruption of transmission,

in the absence of sensitive monitoring tools, there is a risk of

premature interruption of the controlling measurement, which can

lead to a significant increase in the number of cases in a short period

of time. Therefore, the use of an accurate test for the diagnosis of

schistosomiasis is important not only for the certification of disease

elimination, but throughout the intervention period, especially

when the control actions are guided by diagnosis performed at

individual level and guides control actions. It is worth mentioning

that the quantification of the parasitic load is necessary to indicate

the elimination of the disease as a public health problem. But,

considering the reality of the Brazilian health systems, except Kato-

Katz, no other diagnostic methods are currently available for

quantification of the parasitic load.

For the diagnosis of S. mansoni infection in the intermediate

hosts, the main limitation is related to the transportation of the

mollusks. Brazilian legislation is restrictive for the transport of

biological material, turning the sample transport difficult and the

mollusk-monitoring unfeasible. In addition to the high shipping

fees, the time elapsed between collection and shipment of biological

material is too long, resulting in the death of snails and in the waste

of human and financial resources used in the process, making

monitoring efforts unviable.

2.4.2 Recommendations from FioSchisto
FioSchisto considers that population surveys seeking the

identification of infected individuals should use diagnostic

methods with sensitivity greater than that achieved by the

analysis of two slides of Kato-Katz. Thus, for areas that have not

achieved the status of interrupting transmission, the group

recommends the use of commercial serological tests. It is known

that the currently available serological tests registered at ANVISA

have limitations in terms of specificity. This limitation can be

compensated by the epidemiological profile of the endemic areas,

resulting in a high positive predictive value of the test in areas with

high infection prevalence. Additionally, it should be noted that

ELISA tests for other infections are routinely performed, and the

operational capacity for conducting these tests already exists.

For localities in the process of eliminating transmission, where

the predictive values of serological tests are compromised given the

low incidence of the disease, and since no single diagnostic test is

capable of accurately detect schistosomiasis in this epidemiological
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scenario, FioSchisto endorses the two-step diagnostic strategy

recommended by WHO. It is suggested that the first screening

stage should be performed using commercial serological tests with

high sensitivity and the second stage should use a molecular test,

such as quantitative Polymerase Chain Reaction (qPCR) (54),

which, despite being more complex, have higher sensitivity

compared to Kato-Katz method and a higher level of specificity.

It is worth noting that the COVID-19 pandemic has shown that

Brazil has the infrastructure needed to perform molecular tests,

improving diagnosis and reducing costs if implemented on a

larger scale.

Thus, by implementing the test-and-treat strategy, all

individuals with schistosomiasis positivity are identified and

treated. To make it possible, it is necessary to determine a new

testing workflow so that samples are concluded as negative with the

highest possible accuracy after multiple stages of analysis. The

flowchart described in Figure 1 demonstrates the action plan

proposed by FioSchisto for verifying the interruption of

transmission in eligible locations.

Regarding testing in snails, in each monitoring cycle specific

identification of the snails should be performed, in addition to

detecting S. mansoni. The sampling strategy must consider local

weather conditions and snail biology. Monitoring should be carried

out annually during the dry season when breeding sites typically

harbor a larger number of snails. The collection should be performed

by trained teams so that a significant number of snails are collected

(at least 20 per point), to increase the chances of detecting the

parasite. In areas of low endemicity, where the probability of

collecting snails positive for the parasite is low, it is necessary to

increase the number of snails collected (100 specimens per point, of

varying sizes). It is important to mention that these numbers may

vary depending on the snail species. In intermittent watercourses, the

collection should be performed when there is still enough water to

harbor a dense population of snails. The transmission sites in areas

considered epidemiologically important should be periodically

monitored. The collection sites should be georeferenced, and the

maximum amount of information should be recorded.

For the collection, transport, and processing of mollusks,

FioSchisto recommends following the instructions in the

“Guidelines for Surveillance and Control of Mollusks of

Epidemiological Importance: Technical Guidelines” from the

Schistosomiasis Surveillance and Control Program (SISPCE) (53).

The identification of mollusks should be done using morphological

taxonomy (55) and, when necessary, in association with molecular

taxonomy (56, 57). Considering the difficulties described above,

FioSchisto recommends that specific legislation be developed for the

transportation of biological material that is of public health

importance, thus facilitating access to reference laboratories. For

the detection of S. mansoni in snails in areas of high and medium

endemicity, where B. glabrata is the transmitting species, the

classical parasitological methods of light exposure and crushing

the snails between glass plates (58) should be prioritized due to their

low cost. Considering trematodes diversity in Brazil, morphological

identification of cercaria can provide robust results, particularly in

endemic areas (59). In areas where B. straminea and B. tenagophila
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are the transmitting species, as well as in low-endemicity areas,

regardless of the transmitting species, molecular methods are

indicated due to the inefficiency of parasitological methods under

such epidemiological conditions. In this case, a pool of at least 10 to

20 snails from the same collection point should be used. DNA

extraction should follow the literature recommendations (60) and

extraction methods should be performed according to the

standardized protocols of each laboratory. It is suggested to use

the extracted DNA to identify the snail species and to detect the

presence of S. mansoni (56). Associated with the monitoring of

infected snails, it is recommended to investigate the occurrence of

naturally infected wild rodents and other mammalians, and their

function as maintainer of transmission of S. mansoni.

The WHO criterion for interruption of transmission should be

used, i.e., no autochthonous cases reported for five consecutive

years. The main operational indicators for mollusk control are the

percentage of breeding sites surveyed, which indicates whether

monitoring actions are being carried out according to the agreed

plan; the percentage of positive snails; and the percentage of active

transmission foci. These indicators demonstrate whether sanitation,

environmental control, and mollusk control actions are effective in

eliminating schistosomiasis transmission foci.
2.4.3 Investment in research
In the case of human testing, it is necessary to perform a

laboratory and clinical validation of the serological diagnostic tests

for schistosomiasis registered by ANVISA. There is also a need for

studies that evaluate the effectiveness of the two-step diagnosis

strategy and also of the test-and-treat strategy in reducing the

number of infection cases in endemic areas. To drive future

research efforts, an action plan was outlined:
Fron
- It is suggested to create a multicenter sample biobank of

serum, urine, feces, and genetic material to be used in the
tiers in Immunology 09163
validation of currently available tests and development of

point-of-care tests.

- It is also suggested that in the case of fecal samples, unfixed

frozen samples and samples processed via Helmintex

should be stored.

- The case-finding strategy should also be validated because the

higher the surveillance, the lower the prevalence tends to be.

- Equally important is the development of a point-of-care test

to be used as the first test in diagnosis. For the production of

this test, FioSchisto suggests the prioritization of antigens

already used in ELISA assays. In the Brazilian states not yet

equipped and capable to perform serological tests for

schistosomiasis, it is recommended training and

implementation of the required measures.
In the case of testing mollusks, it is necessary to provide

financial support for biological material collection and

transportation. New alternatives for sending preserved mollusks

without the use of liquid fixatives, fixed in alcohol, or previously

processed by regional teams, can aid increase the efficiency of

monitoring methods.

Among promising monitoring techniques, environmental DNA

(eDNA) appears to be of great relevance, as it allows the detection of

cercariae without the need for mollusks collection. However, this

technique still needs better standardization, and its reliability and

reproducibility must be evaluated. Another promising method is

near-infrared vibrational spectroscopy (NIR), already used for the

detection of Zika virus and other arboviruses. NIR is a rapid method

that does not require reagents and has good cost-benefit. An

estimate regarding the diagnosis of Zika virus showed that NIR

was 18 times faster and 110 times cheaper than RT-qPCR (61).

However, the equipment is still not widely available, and the

standardization of its use for S. mansoni detection and

Biomphalaria spp. identification should be investigated (62).
FIGURE 1

Action plan suggested by FioSchisto to verify interruption of schistosomiasis transmission in eligible locations.
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3 Discussion

The successive WHO guidelines from 1953, 1961, 1965, 1967,

1973, and 1980 for the evaluation and control of schistosomiasis

focused on the chemical control of snails until the early 1980s. This

focus was gradually replaced by collective treatment until the end of

the 1990s. Recently, targeted chemotherapeutic control for the most

vulnerable groups has gained prominence. Other control measures,

although recommended, did not have as much priority over

the decades.

Brazil conducted national prevalence surveys of schistosomiasis

since the 1940s and, faced with the expansion of the disease, control

programs were created, such as the Special Schistosomiasis Control

Program (PECE) in 1975, and the SISPCE (current program), which

allowed disease mapping and implementation of control measures

nationwide. These measures included coproscopic surveys,

epidemiological surveillance of cases, environmental surveillance

of intermediate hosts, and measures that precede and accompany all

control activities, such as education, health, and community

mobilization (2). However, since the beginning of Brazilian

control programs, preventive chemotherapy as an isolated

measure had already proven to be ineffective in reducing the

prevalence of the disease (63), especially in areas that remained

refractory to treatment (64).

The great diversity of ecological, socioeconomic, and cultural

situations has an impact on the epidemiology of schistosomiasis and

the dynamics of S. mansoni transmission in Brazil. The disease is

not evenly distributed and low endemic areas are predominant,

where it is very likely that the proportion of severe infections (≥ 400

epg by Kato-Katz) is less than 1% (32). The reduction in

schistosomiasis prevalence and parasite load in infected

individuals is the result of control programs that historically have

used a combination of approaches, such as mass treatment,

molluscicide application, and increased coverage of safe water

supply and sanitation (65–67).

Studies conducted in Brazil have shown that periodic mass

treatment of people living in endemic communities without

improvements in water supply and sanitation infrastructure has a

transient effect (3). Regarding molluscicides, although studies have

shown that the use of niclosamide is capable of reducing snail

populations and producing a substantial short-term impact on the

prevalence and incidence of human infection, it has the

disadvantage of low cost-effectiveness (27), toxic action on non-

target organisms (68) and the need for frequent applications (65,

67). The literature has shown that niclosamide interferes with the

development of zebrafish (Danio rerio) through various

mechanisms (69). Considering that these studies were conducted

at environmentally realistic concentrations, the adverse and toxic

effects observed in zebrafish, an animal model universally used for

toxicological and genetic testing due to its 70% genetic homology

with humans, may also affect wildlife and humans (70).

The FioSchisto, as Fiocruz, and the WHO converge on a

common premise: diseases are now recognized as resulting from

dysfunction within ecosystems, characterized by their complex

interactions. Human health is intimately linked to animal and
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environmental health. With that being said, the position

established by FioSchisto in this document presents itself as a

collaborative partner in a directed effort towards a comprehensive

understanding of the mechanisms that can lead to the control and

elimination of these infectious agents. Within this framework,

which encompasses diverse and complementary approaches,

research on schistosomiasis in Brazil aims to contribute to the

development of strategies and affirmative actions, opening dialogue

and a different perspective for collective consideration on the

elimination of schistosomiasis.

According to this statement, FioSchisto firmly believes in the

inappropriateness ofWHO recommendations to the Brazilian reality

and the need for their adaptation to the Brazilian context. The

emphasis on mass administration of praziquantel and chemical

control of snails does not apply to Brazil, given the eco-

epidemiological context, socioeconomic particularities, public

health policies, and history of disease control. In this scenario, it is

necessary to identify infection carriers, provide selective treatment,

and improve basic sanitation and surveillance, which is considered

the main measure to meet the goal of eliminating schistosomiasis.

To identify infection carriers, FioSchisto recommends two-stage

immunological and molecular testing (screening and confirmation)

to assess the interruption of transmission throughout the

intervention period. It is crucial for the Brazilian government to

invest in research for the diagnosis of schistosomiasis and, once

appropriate methods are developed, to ensure their prompt

availability to all healthcare facilities. Furthermore, it is crucial

that the healthcare system is adequately prepared to diagnose

possible cases imported by travelers from other countries,

involving other species of Schistosoma, and to identify associated

clinical forms that are not observed in Brazil, such as urinary tract

disorder and female genital schistosomiasis.

Praziquantel administration should be conducted under

medical supervision within primary health care. The WHO

recommendation for mass treatment should only be considered as

an initial attack strategy in areas with high endemicity, and it should

always be integrated with health education, snail control, and

sanitation actions. Additionally, would be highly important to test

the new pediatric formulation in the Brazilian population to

expedite its use.

Comprehensive health and environmental education should be

associated with basic sanitation interventions and other control

actions, involving the school community, the general population,

and health teams. Snail control should prioritize interventions in

breeding sites, with modification of habitats through vegetation

removal, drainage offlooded areas, lining of irrigation channels, and

careful alteration of water flow.

All agencies involved in basic sanitation should work together

with primary health care teams for effective planning, execution,

monitoring, and evaluation of actions in municipalities considered

a priority from an epidemiological perspective. It is also necessary to

promote continuing education programs to keep primary

healthcare teams up to date on disease surveillance and control

strategies, following the current guidelines of the Ministry of

Health. To assist decision-making, as well as monitoring and
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evaluation of strategic actions, there is a need for an information

system that allows for the recording, consolidation, and sharing of

relevant data.

The main actions of basic sanitation include the supply of safe

drinking water, safe sanitation by sewerage or onsite solutions, and

hygiene measures, which may also include solid waste management

and drainage of rainwater. Adequate interventions in sewage

disposal can contribute to introducing a barrier in the disease

transmission cycle by eliminating contact between the eggs

present in feces and the intermediate host. It is important to

highlight that the design of these interventions must consider the

local context and measures for sewage treatment and disposal that

effectively remove eggs and miracidia, and ensure sustainability in

the system operation.

Access to safe sanitation systems helps prevent wastewater from

flowing into ditches or stormwater drainage systems. Localities with

poor sanitation conditions may have higher transmission rates

because they provide ideal conditions for the breeding of snails

(71, 72). Countries that have successfully eliminated the infection,

such as Japan (50) and Puerto Rico (73), have done so through

intense economic development, government-funded projects,

effective community participation, and primarily, increased access

to basic sanitation interventions, resulting in a reduction in

transmission sites (74, 75).

The FioSchisto considers that the recommendations regarding

interventions in basic sanitation, which are part of the guidelines of

the Ministry of Health (2) remain valid as a priority measure

envisioning the elimination of schistosomiasis transmission.

Therefore, it is reiterated that interventions in basic sanitation,

when reaching levels of salubrity to protect and improve the living

conditions of populations, can have a lasting and effective effect on

the control of schistosomiasis, even in areas with low prevalence.

There is undeniable evidence of its effect also in the control of other

water and sewage-related diseases, such as diarrheal diseases,

hepatitis A and E, arboviruses (dengue, Zika, and chikungunya),

giardiasis, and different helminthiases. Furthermore, efforts to

eliminate schistosomiasis in Brazil will only succeed with a shift

in paradigm from the vertical, prescriptive framework to a

community-centered approach involving strong intersectoral and

interdisciplinary collaboration.
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Laboratório de Engenharia Genética e
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Antigenic epitope targets of
rhesus macaques self-curing
from Schistosoma
mansoni infection

Gillian M. Vance1, Mariana I. Khouri2,
Almiro Pires da Silva Neto2†, Sally James1, Luciana C. C. Leite3*,
Leonardo Paiva Farias3*† and R. Alan Wilson1,4*

1Department of Biology, University of York, York, United Kingdom, 2Laboratório de Inflamação e
Biomarcadores, Instituto Gonçalo Moniz, Fundação Oswaldo Cruz, Salvador, BA, Brazil, 3Laboratório
de Desenvolvimento de Vacinas, Instituto Butantan, São Paulo, SP, Brazil, 4Biomedical Research
Institute, University of York, York, United Kingdom
The self-cure of rhesus macaques from a schistosome infection and their

subsequent strong immunity to a cercarial challenge should provide novel

insights into the way these parasites can be eliminated by immunological

attack. High-density arrays comprising overlapping 15-mer peptides from

target proteins printed on glass slides can be used to screen sera from host

species to determine antibody reactivity at the single epitope level. Careful

selection of proteins, based on compositional studies, is crucial to encompass

only those exposed on or secreted from the intra-mammalian stages and is

intended to focus the analysis solely on targets mediating protection. We report

the results of this approach using two pools of sera from hi- and lo-responder

macaques undergoing self-cure, to screen arrays comprising tegument,

esophageal gland, and gastrodermis proteins. We show that, overall, the target

epitopes are the same in both groups, but the intensity of response is twice as

strong in the high responders. In addition, apart from Sm25, tegument proteins

elicit much weaker responses than those originating in the alimentary tract, as

was apparent in IFNgR KO mice. We also highlight the most reactive epitopes in

key proteins. Armed with this knowledge, we intend to use multi-epitope

constructs in vaccination experiments, which seek to emulate the self-cure

process in experimental animals and potentially in humans.

KEYWORDS

epitope mapping, tegument proteins, alimentary tract proteins, antigenic targets,
esophageal glands, peptide array
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1 Introduction

Despite the introduction of Praziquantel 45 years ago as a safe

and effective drug (1) and, more recently, its use in mass

chemotherapy, schistosomiasis stubbornly remains a public health

problem in many countries where the disease is endemic. In

2019, the World Health Organization estimated in that at least

236.6 million people required preventive treatment for

schistosomiasis (https://www.who.int/news-room/fact-sheets/

detail/schistosomiasis), and given the increasing sensitivity of

diagnostic techniques, that figure could be significantly higher (2,

3). Inevitably, this has led to calls for the development of vaccines as

additional components in the toolbox of control measures (4).

However, progress towards an effective schistosome vaccine has

been slow, not least because of the difficulty in demonstrating

specific acquired immunity following infection. The animal and

human trials with single recombinant antigens have at best yielded

only partial protection of uncertain duration (5, 6).

Nevertheless, work with animal models does indicate that

substantial levels of protection can be induced. The radiation-

attenuated (RA) cercarial vaccine delivered to both rodents and non-

human primates is the most intensively researched (7, 8). Multiple

exposures are required to achieve high levels of protection, the

underlying immunological mechanisms are complex, and in the

baboon, host immunity declines in parallel with antibody titer in the

months after the last vaccination (8). The RA vaccine, with its shelf-life

of hours, is best viewed as an experimental model to dissect the

mechanism of protection, rather than a practical proposition. A

second model, the rhesus macaque, was favored in early studies of

protective immunity (43 papers cited on PubMed in the 1960s) before

being replaced by cheaper rodent models. The principal attraction was

the animal’s ability to clear an established infection in a self-cure

process, after which it was resistant to a cercarial challenge (9, 10).

Given the slow progress with recombinant antigens, the model has

been revisited in short-term (18–22 weeks) experiments with both S.

mansoni (11) and S. japonicum (12) in the hope that it would provide

pointers to the immune mechanisms, which can eliminate both

established and challenge populations. Most recently, this work has

been extended to a single large cohort of rhesus macaques given a

primary infection followed by a cercarial challenge at 42 weeks, with

protection determined at 60 weeks (13). In summary, the self-cure

process begins approximately 10 weeks post-exposure but proceeds at

different rates in individual animals. The animals that self-cured the

most rapidly were the ones that showed the greatest degree of

protection, some with virtually sterile immunity; no challenge worms

achieved egg excretion, even in the slowest responders. Although the

above models demonstrate acquired protection against a schistosome

infection, it is no simple task to identify the antigens mediating that

process in a macroscopic pathogen with a genome comprising ~12,000

protein coding genes, expressed in multiple organ systems. For this

reason, array technologies have been developed for screening of sera

from protected animals to assess their immune reactivity. Arrays

comprising fractionated glycans have been used to identify the

reactive epitopes in sera from rhesus macaques self-curing from S.
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japonicum (14) and baboons after multiple exposures to the RA S.

mansoni vaccine (15). It remains unclear if these glycan antigens are

involved in the protective response or provide a smokescreen to divert

attention away from protective epitopes (16).

The rhesus macaque serum taken at weeks 12 and 20 has also

been used to screen a large-scale array comprising in vitro translated

proteins of S. mansoni (45) and S. japonicum (172) printed onto

glass slides (17). Eight proteins were detected by the 22-week rhesus

serum pool, but the only plausible candidate was an extracellular

superoxide dismutase of unknown localization. The reactivity of

target proteins can now be evaluated at the level of individual

epitopes by printing of overlapping 15mer peptides onto glass slides

for screening with immune sera. The technique was first applied to

three such arrays encompassing 33 esophageal proteins from S.

japonicum screened with serum from self-curing macaques,

infected rabbits, and mice (18). While some reactivities were

common to the three hosts (e.g., MEGs 4.1, 4.2, 11, 12, and an

aspartyl protease), those to MEG-8.1 and 8.2 were largely confined

to the macaques. Expanding on this epitope mapping approach, we

have screened four peptide arrays comprising 55 secreted or

exposed proteins from the alimentary tract and tegument of S.

mansoni with sera from C57Bl/6 and IFNgR KO mice after multiple

exposures to the RA vaccine. A list of priority peptides from 44 of

the proteins was obtained for further investigation in multiepitope

vaccine constructs and as targets of monoclonal antibodies (19). We

now describe the reactivity of two pools of serum from rhesus

macaques self-curing from S. mansoni (11) against the same four

peptide arrays. We show that titer, not target, appears to determine

the rate of self-cure, and we highlight the principal reactive epitopes

of alimentary tract and tegument proteins for inclusion in a multi-

epitope construct for vaccine experiments.

2 Methods

2.1 Source of self-curing sera
and ethics statement

The high- and low-responder pools of rhesus sera used in the

array screen came from the schistosomiasis serum archive at the

University of York, acquired in the previously published study of

self-cure undertaken at the Biomedical Primate Research Centre

(BPRC), Rijswijk, The Netherlands (11). The experimental protocol

was approved by the Institutional Animal Care and Use Committee

at BPRC and the Biology Department Ethics Committee, University

of York. The animals were exposed to 1,000 S. mansoni cercariae via

the shaved abdominal skin for 30 min and the serum obtained by

intravenous sampling at perfusion (week 18). The hi-responder

pool combined serum from rhesus macaque R1 (12) and R6 (31)

and the lo-responder pool from R2 (708) and R5 (249); numbers in

parentheses are worms recovered. We also made computational

comparisons with two of our previously published array studies: 1.

IFNgR KO mice, which were capable of conferring ~50% passive

protection on naive recipient mice (19) and 2. rhesus macaques self-

curing from S. japonicum infection (18).
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2.2 Array design and screening

The four previously described array designs (19) consisting of

overlapping 15mer peptides, with a one, two, or three amino acid

offset, were printed by PEPperPRINT (Heidelberg, Germany;

https://www.pepperprint.com). The array slides were screened

exactly as previously described (18, 19). These are the same arrays

that were first reacted with mouse primary serum samples, with

binding detected by Cy3-labeled goat anti-mouse IgG (19). A total

of 55 alimentary tract and tegument proteins, exposed at or secreted

from the intra-mammalian stages, were investigated, primarily

selected by the presence of a signal peptide (which was excised

from the sequence printed). Rhesus primary antibodies were

applied at a 1:200 dilution for alimentary tract proteins and 1:100

for the tegument. Their binding was detected using Cy5-labeled

goat anti-human IgG (H+L), pre-adsorbed using bovine, chicken,

horse, mouse, pig, rabbit, and rat immunosorbents to remove cross-

reactive antibodies (Abcam #97172), at 1:300 dilution. The two-

color detection allowed the direct comparison of previously

identified murine responses with the rhesus macaque reactivities.

Detection specificity was confirmed by a pre-stain of each array

with Cy5-labeled secondary antibody and a preliminary scan.

Blocking, secondary antibody, and control antibody solutions

were each incubated at room temperature for 30 min; primary

antibody solutions were incubated overnight at 4°C. Arrays were

scanned at 5 µm resolution using an Agilent Array scanner with

High-Resolution SureScan Technology (Agilent Technologies LDA

UK Limited, Stockport, Cheshire; model G2565CA). The

instrument has a dynamic range > four orders of magnitude; by

optimizing antibody dilutions, the arrays were never saturated,

while weaker reactivities were still captured. A screengrab of the

Agilent image was taken for orientation and editing purposes.
2.3 Data analysis

The Agilent.tif file output for each array was analyzed using the

PepSlide® Analyzer (PSA) software as previously described (18).

Heatmaps were then made from the cell scores for each array to

facilitate visual interpretations. As the same aliquot of Cy5-Goat anti-

human detection reagent was used throughout, the mean PSA scores

for each position on the array allow comparisons of the intensity of

reactive regions between individual samples. PSA scores were color-

coded on a linear scale using the Conditional Formatting function in

Excel to highlight reactive regions and facilitate comparisons between

samples. An aggregate score for each reactive region was determined by

summing adjacent peptide means above a predetermined threshold,

down the array. In turn, these aggregates were combined to give a

reactivity score for each of the 55 proteins under investigation.

Additionally, we generated a reactivity-normalized score by dividing

this last score by the total number of peptides for each protein. The

sequence identity between the epitopes from S. mansoni and S.

japonicum was calculated using the biostrings R package (https://

bioconductor.org/packages/Biostrings). The two corresponding

epitopes were aligned using the “pairwise Alignment” function with

the global alignment option.
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3 Results

3.1 Overview: proteins from the alimentary
tract are generally more reactive than
those from the tegument

The full data set obtained from screening the four arrays using

high- and low-responder pools is provided in Supplementary Table

S1 and presented in Figure 1 as a series of color-coded heatmaps to

indicate the intensity of IgG binding against each 15mer peptide. The

highest tegument array cell score was 44,974 units (Sm25) and for the

alimentary tract, 55,163 units (ferritin heavy chain) (Supplementary

Table S1). The number of neighboring reactive 15mer peptides

ranged up to 20–23 (Sm25, calumenin), but was mostly smaller, in

many cases likely representing a single epitope (Supplementary Table

S1). Inspection of the heatmaps (Figure 1) reveals that, with one

exception, the intensity of reactivity of the proteins printed on Array

1 (gastrodermal carrier proteins and esophageal secreted MEGs) and

Array 2 (largely gastrodermal enzymes) showed the strongest

reactivity. The striking exception is the short tegumental protein,

Sm25 on Array 3, which shows the strongest overall visual signal. It is

also apparent that the pool of hi-responder serum is more reactive

against all the arrays, than the lo-responder pool, reacting weakly or

not at all with the same targets. Only in MEG-8.2 does there appears

to be a reactivity unique to the lo-responders.
3.2 Esophageal MEG and
gastrodermal targets

The complexity of data presented in the heatmaps can be further

reduced by summing the reactive regions within each protein

(Supplementary Table S2) and plotting them in a bar chart

(Figure 2). Viewed together, the heatmap (Figure 1) and bar chart

(Figure 2) permit the proteins in each tissue of origin (Figure 1) to be

graded by their overall reactivity. MEG-8.2 and MEG-4.2 were the

most reactive esophageal secreted proteins followed by MEG-4.1 N

and C termini and MEG-12. The MEG-8.1, MEG-9, VAL-7, and

MEG-15 proteins reacted in descending order, while MEG-8.3 and

MEG-22 were the weakest of all. However, four of these proteins

reacted primarily at a single region: MEG-8.3 centrally, MEG-12 and

MEG-22 at the extreme N-terminus, and VAL-7 at the C-terminus

(Figure 1; Supplementary Table S2).

Among the gastrodermal secreted proteases, asparaginyl

endopeptidase was the most reactive followed by cathepsins B1 and

S (Figure 2B). Cathepsins B2 and L, plus beta xylosidase and DNAse,

weremoderately reactive overmultiple regions of sequence. In contrast,

Cathepsin D plus the N- and C-terminus of lysosomal-associated

membrane protein, LAMP-1, were only weakly reactive. Among the

lipid-transporting proteins secreted from the gastrodermis, only

saposin-5 was moderately reactive, the others weakly so (Figure 2A),

and the cholesterol-transporting Niemann-Pick 2 (NPC2) was barely

detected (Figure 2B). In light of the single-cell sequencing results

reported by Wendt et al. (2020), the strong reactivity of calcium

binding calumenin and iron binding ferritin heavy chain may

possibly originate in non-gastrodermal tissues.
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3.3 Few tegument proteins show
marked reactivity

Sm25 of unknown function was by far the most reactive tegument

protein, more so in the hi- than lo-responder pool (Figure 2C). Among

potential membranocalyx constituents, only Sm200 showed moderate

reactivity (Figure 2D), but equally so in hi- and lo- responder pools.

The vaccine candidate Sm-p80 calpain was similarly reactive with both

pools (Figure 2D). The GPI-anchored tegument enzymes, ADP-ribosyl
Frontiers in Immunology 04171
cyclase (Arc) and Carbonic anhydrase, on the outer leaflet of the

plasma membrane, showed moderate reactivity with the hi-responder

pool (Figure 2C). Finally, the three tegument annexins came next in

rank order, two of them detected more strongly by the low responder

pool. In contrast, GPI-anchored alkaline phosphatase and membrane-

spanning apyrase (ATP-diphosphohydrolase), with a large extracellular

domain, showed weak reactivity (Figures 2C, D). The N-terminus of

Sm13 was weakly reactive with the hi-responder pool (Figure 1;

Supplementary Table S2).
FIGURE 1

Heatmaps showing the reactivities of hi- and lo-responder rhesus macaque serum pools against the four peptide arrays: 1) short alimentary tract, 2)
long alimentary tract, 3) short tegument surface, and 4) long tegument surface. The intense reactivity of tegument Sm25 is very evident.
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3.4 Normalizing by number of peptides
printed allows ranking of protein reactivity

The proteins printed on the four arrays differ in size from 8 to

200 kDa, and the amino acid offsets of the 15mer peptides vary
Frontiers in Immunology 05172
between one and three, to accommodate the larger ones. This

divergence was normalized to create a reactivity index by dividing

the mean score (Supplementary Table S3) by the total number of

peptides printed for each protein. The esophageal MEGs plus VAL-

7 are the smallest targets ( �x 100 amino acids (AA). The 17
B

C

D

A

FIGURE 2

Bar chart summarizing the reactivity of all proteins on the four arrays, based on the data in Supplementary Table S2. The y-axis is the cumulative
Agilent peptide score above zero for each protein, ignoring protein length. The proteins in each array have been rearranged along the x-axis
according to functional group by reactivity. Three transporters with high reactivity on Array 2 were segregated on the basis of SchistoCyte
predictions of their tissue localization. Note that the tegument arrays were hybridized with double the concentration of serum used for the
alimentary tract arrays (1:100 versus 1:200).
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tegument proteins range between 44 and 1,630 AAs ( �x 262, skewed

by Sm200; median = 129). The gastrodermal carriers plus LAMP are

somewhat larger ( �x 166 AA), while, overall, the secreted hydrolases

are the bulkiest targets ( �x 414 AA). The indexes, sorted by tissue of

origin and displayed as a scatter plot (Figure 3), segregate into four

distinct but overlapping groups. The esophageal MEGs cluster at

the top left ( �x 1569 +/− S.E. 344). The gastrodermal carriers ( �x

1143+/− S.E. 255) and enzymes ( �x 1153 +/− S.E. 250) form a

superimposed cluster in the center. Finally, the tegument proteins (
�x 898 +/− S.E. 286) spread across the whole plot with the lowest

score. It is notable that no group mean is statistically significantly

different from any other (all p-values > 0.05, NS). However, there

are two outliers, Sm25 highly reactive for the tegument and MEG-

15 under-reactive for the esophageal gland. If these are removed

before analysis, then the mean tegument score ( �x 621 +/− S.E. 74) is

significantly lower than the MEGs ( �x 1717 +/− S.E. 331,***),

carriers ( �x as above,**) and enzymes ( �x as above,**) of

alimentary tract origin (Supplementary Figure S1).
FIGURE 4

The reactivity of hi- and lo-responder pools compared for each array, based on the data in Supplementary Table S2. The linear relationship between
the two variables was determined using Pearson’s correlation coefficient, r. The offset from the diagonal midline provides a visual indication of the
extent to which each protein reacts more with the hi-responder pool.
FIGURE 3

The mean reactivity of array proteins based on the data in
Supplementary Table S3, normalized for number of peptides printed.
This compensates for one, two, or three amino acid offsets. The
proteins are color coded by function as esophageal MEGs,
gastrodermal carriers, enzymes, and tegument. The differences in
group reactivity were tested for significance using a t-test. Note the
log x- and y-axis scales.
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3.5 Hi-responders react more strongly with
array peptides than lo-responders

It is clear from visual inspection of the bar charts (Figure 2) and

the grand total aggregate scores for each array (Supplementary

Table S3) that the hi-responder pool generally reacts more strongly

with the 55 proteins printed on the arrays than the lo-responder

pool. This is an important consideration when selecting target
Frontiers in Immunology 07174
epitopes or proteins and can be visualized using an LN transform

scatter plot of the aggregate scores for all proteins on the four arrays

(Figure 4; Supplementary Table S3). The hi and lo scores for

individual proteins on the long alimentary tract array 2 are

strongly correlated (r = 0.95), but all hi-responder values are

displaced from the median line by a factor of 2.4 times. The

second highest correlation is between the six long tegument

proteins (r = 0.74), but five of these lie along the median line,
B

C D

E

A

FIGURE 5

Scatter plots comparing the reactivity of hi-responder rhesus macaque sera with previously published data from IFNgR KO mice (19, Farias et al.,
2021), screened on the same arrays, based on data in Supplementary Table S3, Sheet 3. The proteins were segregated by tissue of origin and
function into: (A) tegument; (B) esophageal glands; (C) carriers; (D) enzymes. A strong relationship between the two data sets was revealed using
Pearson’s correlation coefficient, r. (E) shows the relationship between esophageal gland proteins from hi-responder macaques and previously
published data from rhesus macaques recovering from S. japonicum (18, Li et al., 2020), presented in Supplementary Table S4. The correlation r,
between the two data sets was weaker.
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suggesting that responses to them are not a dominant component of

self-cure. Only apyrase is an outlier, skewed towards the hi-

responder pool, but the weakest of the six. The reactivity of short

tegument proteins is moderately correlated (r = 0.72), twice as

reactive with the hi-responder pool. Based on intensity and

differential reactivity, Sm25, carbonic anhydrase, Sm13, and ADP-

ribosyl cyclase are the most highly reactive tegument targets. The

short alimentary tract proteins (MEGs, saposins) have the lowest

correlation coefficient (r = 0.52), but almost all are more reactive

with the hi-responder pool, by a factor of 2.21 times. However, the

most reactive MEG-8.2 sits on the midline, while MEG-15 is an

outlier, more reactive with the low-responder pool but at weak

intensity (Figure 4).
3.6 There is a similarity in targets
detected among IFNgR KO mice vaccinated
with irradiated cercariae and rhesus
macaques self-curing from S. mansoni
and S. japonicum

Using all positive cell values, we compared the reactivity of the

hi-responder macaques, which had eliminated most of their adult

worms at 18 weeks, with already published data on the reactivity of

the IFNgR KO mice (Figure 5). There was a good degree of

concordance across the four arrays, with Pearson correlation

coefficients between the two data sets of tegument (0.8),

esophageal gland (0.85), carriers (0.72), and gut enzymes (0.85)

(Figures 5A–D). It is apparent that the proteins highly reactive in

the macaques self-curing from S. mansoni are similar to those

eliciting a strong response in IFNgR KO mice. Assuming that the

commonalities in macaque and mouse hosts represent potential

protein targets of antibody-mediated protection, then for the

tegument, Sm25, calpain, Sm200, ADP-ribosyl cyclase, and

carbonic anhydrase are the most important. For the esophageal

glands, the targets are the MEGs 4.1, 4.2, 8.1, 8.2, and 12. For the

gastrodermal carriers, calumenin, ferritin heavy chain, apoferritin,

and three saposins, and for the enzymes, cathepsins S and B1,

asparaginyl endopeptidase, and beta xylosidase are the most shared.

These data sets also indicate that proteins like MEGs 5, 15 and 22,

Lamp, NPC-2, and cathepsin D show overall poor reactivity

(Figure 5). Fortuitously, the hi-responder pool (Cy5) was reacted

with short and long alimentary tract arrays previously used with the

IFNgR KOmouse serum (Cy3), so a direct visual comparison can be

made (Supplementary Figure S2). Although adjustment of the Cy3/

Cy5 color balance needs care, visual inspection reveals that many

identical runs of peptides are recognized by both sera. Good

examples are the N-terminus of MEG-12 on the Array 1 and the

C-terminus of VAL-7 on Array 2, both with “yellow” cells.

However, other regions have discrete reactivity or greater

intensity with one of the two sera. The N-terminus of MEG-4.1

on Array 1 is a good example (columns 41 and 42), where the

reactive cells in descending order are three with mouse, four shared,

and eight with rhesus macaque. On Array 2 (columns 21 and 22),

there is a central region of cathepsin S with reactive cells: two

mouse, one shared, five rhesus macaque, and two mouse. The
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previously mentioned poor reactivity of MEG-15 on Array 1

(columns 33–38) and cathepsin D on Array 2 (columns 27–34) is

also very evident.

We were also able to compare the reactivity of the hi-responder

macaques with an esophageal gland data subset, previously

published (18) for macaques self-curing from S. japonicum

(Figure 5E). The concordance between the two macaque groups

responding to different schistosome species was lower, with a

correlation coefficient of 0.45. MEG-12 was clearly more reactive

in animals exposed to S. japonicum. The discrepancies are

illustrated in a heatmap (Supplementary Figure S3) and in

Supplementary Table S4. However, we highlight three regions

within MEG-8.1, 8.2, and 8.3 proteins that had high sequence

identity (>80%) between S. mansoni and S. japonicum and were

strongly recognized by both macaque sera (labeled as regions 3, 4,

and 5 in Supplementary Figure S3). Additionally, regions 1 and 2

with moderate sequence identity (40%–50%), in MEG-4.1 and 4.2,

were strongly recognized by both macaque sera (Supplementary

Figure S3). Our analysis suggests that these regions may exhibit a

similar degree of spatial exposure in the native proteins of the two

schistosome species. Although the N-terminus of MEG-12 (region

6) showed low sequence identity (~26%) in the two schistosomes, it

was also strongly recognized by both macaque sera, again
TABLE 1 Principal reactive epitopes.

Tegument P# Epitope

Sm13 1 EPEPEPEPVPVSRNS

Sm25 3 PDGFPEYEFLNETSI

Sm25 2 QEAFHRNSDPDGFPE

Sm25 1 SNSIITDEDYDHYNS

ADP Ribosyl cyclase 1 NISCSEIWNSFESIL

Esophageal gland P# Epitope

MEG-4.1 1 SPLDDRFNDVNTINK

MEG-4.1 2 INKKQFTEEEFSRLI

MEG-4.2 1 DIEPRIQKEYYYNLH

MEG-4.2 2 RIQKEYYYNLHENNS

MEG-8.1 1 FFDLFSEQEFHPINH

MEG-8.2 3 SMFGSSDSSSGTNNK

MEG-8.2 1 VSKPTATVKPQPVNK

MEG-12 1 SGENYEQQLQQPKAY

VAL-7 1 PYDPIYPEDPYYLPG

Gastrodermis P# Epitope

Asparaginyl 4 TESSYGTFCDDPTIT

endopeptidase 1 YDDIAYNLMNPFPGK

Cathepsin B1.2 2 SKENHTGCEPYPFPK

Cathepsin B1.2 3 KCEHHTKGKYPPCGS
The amino acids in red indicate the reactivity center of the epitope.
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suggesting that these N-termini must be exposed and accessible to

B-cell antigen receptors.
3.7 Specific epitope targets of rhesus
macaque serum in array proteins

The most reactive regions in the proteins printed on the four

arrays are presented as putative epitopes, together with their

aggregate scores, in Table 1 and Supplementary Table S5. This is

equivalent to treating each replicate pair of cells on the array as a

mini-ELISA, and then adding the adjacent cells to provide the score.

In general, these scores are higher for the hi- than the lo-responder

pool. On Array 1, short alimentary tract, peptide (P) 3 of MEG-8.2

stands out as more reactive with the lo-responder pool, but the rest

are either equivalent or mostly much less reactive with the lo-

responder serum. The most reactive peptides with scores >90,000

are P2 of saposin 5, P1 and P2 of MEG-4.2, P1 of MEG-8.2, P1 at

the N-terminus of MEG-4.1, and P1 on MEG-12. On Array 2, long

alimentary tract, all peptides with scores >75,000 are most reactive

with the hi-responder serum, the most notable being P2 and P3 of

the ferritin heavy chain, P4 of asparaginyl endopeptidase, P1 and P4

of cathepsin S, and P2 of cathepsin B1.2. Among the short tegument

proteins (Array 3), only three stand out, the remainder having

aggregate scores of<40,000. These are the very strongly reacting P1,

P2, and P3 of Sm25; P1 of ADP-ribosyl cyclase; and the N-terminal

P1 of Sm13. The long tegument proteins on Array 4 were weakly

reactive, with only calpain and Sm200 surface protein having scores

>30,000. It is notable that while P2–P5 of calpain reacted with the

hi-responder pool, P2, P4, and P5 also reacted with the lo-responder

pool. The same is true of P5 and P6 of Sm200, with lo responder

scores very similar to hi responders. This appears to argue that host

IgG responses against these long tegument proteins are not

associated with protection in this model.
4 Discussion

We first consider the choice of proteins for printing on the four

arrays. The axiom for selection was that proteins involved in

protective immunity must be exposed on or secreted from

external surfaces of the intra-mammalian parasite to be accessible

to immune effector mechanisms. Internal proteins may be highly

immunogenic but that is of no value if, in the live parasite, they are

inaccessible to immune effectors. The proteins analyzed in this

study were selected based on our extensive proteomic and

transcriptomic analyses (listed in Farias et al., 2021 (19)). These

studies were underpinned by bioinformatic analysis of transcripts,

largely by the late Dr. Ricardo DeMarco. Localization of gene

expression was performed by whole mount in situ hybridization

(WISH) (20) and of protein by immunocytochemistry and high-

resolution confocal microscopy, using monospecific antibodies (for

the tegument, see (21)).

The arrays were designed and experiments executed before

publication of the results of single-cell sequencing from
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disaggregated adult worms (22) and the creation of SchistoCyte

atlas, a database searchable for the pattern of expression of

schistosome gene transcripts by tissue (23). The database has

already been interrogated using the tegument proteins on Arrays

3 and 4 (21); all were found in one or more of the eight tegument

clusters, apart from LMWP (potentially parenchymal), which has

been removed from the molecular model of the tegument apical

surface. The alimentary tract proteins have now similarly been

searched against SchistoCyte (Supplementary Table S6). Eight of

the nine esophageal gland MEG proteins and VAL-7 are confirmed

as exclusively expressed in the esophageal gland cluster. The

exception is MEG-12, which was present diffusely at very low

levels throughout. However, in situ hybridization has revealed

that MEG-12 is expressed in the small anterior esophageal gland

(24), which is not mentioned byWendt et al. (22), so this tissue may

not have been captured by their study. All six saposins, asparaginyl

endopeptidase, and several of the cathepsins are located exclusively

in the gastrodermis (gut cluster). Other enzymes, plus NPC-2 and

LAMP (lysosomal-associated membrane protein) are present not

only in the gastrodermis but also in other tissues. A recent

comparative proteomic profile of microdissected male esophageal

gland (ESO) versus extreme body posterior (BE) revealed that some

proteins previously thought exclusive to the gastrodermal

compartment do function in other worm tissues (25). Apoferritin

may fall into this category since SchistoCyte atlas locates it not only

in the gastrodermis but also in the internal parenchyma cluster/

tissue. The Ferritin h chain is located in the tegument clusters,

barely detected in the gut, and lacks a signal sequence (but then so

does calpain from the tegument surface). SchistoCyte places

calumenin in muscle cells, which lie beneath the tegument;

indeed, it may derive from the sarcoplasmic reticulum of those

cells. Thus, it is possible that the high reactivity scores of ferritin h

chain and calumenin occur, since, due to their internal location,

they had not been subject to selection pressure from the immune

system in the live worm. Our stated axiom thus excludes them as

vaccine candidates.

A clear message from the comparison of hi- versus lo-responder

pools is that the dominant factor in the self-cure process is antibody

titer, not a failure of lo responders to identify specific targets. The

experimental animals were outbred, so diversity of MHC haplotypes

might be expected to cause variation in antigen presentation. Using

pools of two animals would have smoothed out some variation, but

the single unique epitope detected by lo-responder animals in MEG-

8.2 was the exception. This argues for a universality of protein

epitopes mediating protection. The arrayed proteins were

approximately twice as reactive with the hi-responder pool, the

exceptions being five of the long tegument proteins (Sm200,

calpain, two annexins and alkaline phosphatase). Does this mean

that they are not involved in protection in the self-cure model?

Another important conclusion is that, except for Sm25, tegument

proteins were significantly less reactive than alimentary tract proteins

(despite being screened with a higher antibody concentration). This

could simply be a function of the degree of immunostimulation. Very

probably, the release of alimentary tract proteins into the bloodstream

is much greater than the release of tegument membranocalyx, so the
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former are more likely to stimulate antibody production. Worms in

vivo do not bind leukocytes (26), and we have argued that exposed

tegument proteins must have been under selection pressure for

“immunological silencing” (27).

The tegument exception, Sm25 (annotated as Smp_346910 on

WormBase Parasite) deserves more detailed scrutiny. It was

characterized before the genomic era as a tegument glycoprotein

(28) and localized by immunocytochemistry (29) but does not

appear to have been tested for protective potential. Direct

evidence for its surface accessibility comes from proteomic

analysis of culture supernatants from trypsinized live worms,

where it was identified among a select group of host and worm

proteins. The host proteins included immunoglobulins,

complement factors, and CD44, clearly in the most external

location. The other worm proteins were calpain, Sm200, three

annexins, and two endophilins. Our best guess is that this group

of proteins is involved in membranocalyx secretion deep at the base

of tegument pits (21). They are accessible to trypsin (Mr ~ 20kDa)

in the live worm. Would Sm25 be accessible to IgG (Mr ~ 150,000

kDa)? The protective potential of calpain (5) argues that it would.

Esophageal gland products were also preferentially detected by

the hi-responder pool, namely, MEGs 4.1, 4.2, 8.1, 8.2, and 12. They

are released into the anterior and posterior compartments of the

esophageal lumen where initial processing of ingested blood takes

place (20). Their precise roles in the uncoating of erythrocytes and

disabling of leukocytes has not been established. However, co-

detection of parasite protein and host IgG has been reported for

MEGs 4.1, 4.2, 8.2, 9, 11, and VAL-7 in the esophageal lumen of S.

japonicum worms from rhesus macaques (12). Additionally in the

context of MEG-12 secreted from the anterior gland (24), there is

strong morphological evidence in S. japonicum for blocking

(constipation) of the secretory process. There is also much IgG

deposition on the luminal surface, leading to a build-up of giant

vesicles in the esophageal lining tissues (12). If this could be ascribed

to antibody directed against the strongly reactive N-terminus of

MEG-12, it would be an ideal vaccine candidate. A group of

gastrodermal proteases are also more strongly recognized by the hi-

responder pool. Antibody blocking of their activity by immune

complex formation or neutralization is an attractive way to starve

the worms of nutrients. Indeed, cathepsin B1 has been put forward as

a vaccine candidate (30). A potential downside is the strong acidic

environment in the gut lumen; the effect of a low pH on antibody

activity does not appear to have been tested. Among the proteases,

asparaginyl endopeptidase may be an attractive target, since it

activates the other cathepsins in the hemoglobin hydrolysis cascade

(31). Its neutralization could thus block the cascade.

The similarities in reactivity between the hi responder and IFNgR
KO mouse sera reinforce the identities of the proteins mediating

protection in the two models. For the tegument, Sm25 stands out,

with Sm13, ADP ribosyl cyclase, and carbonic anhydrase as weaker

but positive targets. Among esophageal gland products, the MEG-4

and 8 families are the most reactive, while MEG-12 is seen more

strongly by the hi-responder pool. For the carriers, calumenin and

ferritin are strongly detected by both sera but appear to be excluded

by SchistoCyte. Apoferritin may be worth consideration, and saposin

5 is strongly detected by both sera. The problem with saposins as
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vaccine targets is that their multiplicity suggests a considerable

overlap in uptake capabilities. We surmise a need to target all of

them to achieve a biological effect, and they have for the moment

been set aside. Asparaginyl endopeptidase and cathepsins B1 and S

are prominent in both sera. The much lower correlation in the

reactivities of rhesus macaques undergoing self-cure of S. mansoni

and S. japonicum infections is striking. This could reflect the

evolutionary distance, variously estimated as between 10 and 70

million years, between “basal” S. japonicum and S. mansoni, very

much a parasite of Homo sapiens emerging in the last 0.3–0.4 million

years (32). MEG-12, the N-terminus of MEG-4.1, and MEG-8.3 are

the proteins with the stronger reaction in S. japonicum.

The foregoing appraisals are based on aggregate scores for the

entire printed protein. A particular advantage of the peptide array

approach is that it facilitates analysis at the level of a single antigenic

epitope. The superimposed images of reactions to the two alimentary

tract arrays highlight not only the existence of reactivities unique to

macaque or mouse but also regions of overlap that may represent

common epitopes, or even universal epitopes. As observed here and

in unpublished work from other host species, the two N-terminal

regions of Sm25 appear to be in this last category. Detailed analysis

can also highlight “hot spots” within an otherwise poorly reactive

subject. A region adjacent to the C-terminus of VAL-7 comes into

this category in the IFNgR KO mouse.

How can we use the information generated in this study? It

seems unlikely, but not impossible, that a single “magic bullet”

antigen administered as a vaccine could replicate features of self-

cure. Given the reported characteristics of the process (11–13), we

have argued that sustained immunological pressure against multiple

targets is needed over an extended period to eliminate established

adults or challenge larvae in a self-cured macaque. This cannot be

the whole explanation because self-cure proceeds at widely different

rates in individual macaques (t1/2 2.8–8.7 weeks; 13). This is equally

true of the elimination of a challenge of self-cured animals where

fast-responder animals showed virtually complete immunity,

whereas in slow-responders, blood feeding, judged by circulating

antigen (CAA) levels, started before the infection was controlled but

not completely eliminated. Proteomic and metabolomic analyses of

rhesus plasma over this prolonged time course should provide

pointers to the missing dimensions in the self-cure process,

additional to the identity of target antigens.

In a proof of principle experiment, we have shown the feasibility

of joining several short epitopes in a single construct that will elicit

multiple antibody specificities in experimental animals (18). This is

the approach we now propose to take with the principal reactive

regions of tegument and alimentary tract proteins that we have

identified. We will combine them in a single synthetic construct to

assess their protective capacity in animal models and fine tune the

composition of the construct to optimize its vaccine potential.
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Protection motivation theory in 
predicting intentional behaviors 
regards schistosomiasis: a 
WeChat-based qualitative study
Yi Wang , Chengyuan Li , Jianfeng Zhang , Yuanchun Mao * and 
Wei Li *

National Health Commission Key Laboratory of Parasitic Disease Control and Prevention, Jiangsu 
Provincial Key Laboratory on Parasite and Vector Control Technology, Jiangsu Provincial Medical Key 
LaboratoryJiangsu Institute of Parasitic Diseases, Wuxi, China

Background: Modifications of behavior can help reduce the risk of transmission 
by disrupting the parasite life cycle. Behavior intension is a necessary 
intermediate step in behavior change. This study aimed to explore protection 
motivation theory (PMT) in predicting likelihood of engagement in protective 
behavior against infection with Schistosoma.

Methods: In China, a questionnaire for data collection was sent to users who 
followed the WeChat public account from June 2 to 6, 2023. Factors affecting 
intentional behavior of participants were analyzed using stepwise regression 
analysis and structural equation modeling.

Results: A total of 2,243 valid questionnaires were collected, with a mean age of 
30  ±  8.4  years. Approximately 1,395 (62.2%) participants reported that they had 
been exposed to wild waters in daily work and life. About 51.0 and 50.7% of 
respondents reported never having been exposed to wild water in the last 3 and 
6  months, respectively. Results indicated that prior knowledge of schistosomiasis 
was associated with the 7 PMT subconstructs, which then influenced future 
preventative behaviors.

Conclusion: Behavior intentionis a complicated and indispensable part of 
behavior change that is influenced by professional knowledge, socio-economic 
status, and personal characteristics. The effective dissemination of knowledge 
regards schistosomiasis should be strengthened to emphasize the effectiveness 
of protective measures against infection and severe disease.

KEYWORDS

behavior modification, schistosomiasis, education, protection motivation theory, 
behavior change

Introduction

Schistosomiasis, caused by Schistosoma japonicum (S. japonicum), was highly prevalent 
in China before the initiation of the national schistosomiasis control program in the 
mid-1950s (1). The symptoms of schistosomiasis include abdominal pain, diarrhea, bloody 
stools, fever, enlarged spleen or liver, liver fibrosis, portal hypertension, and fluid 
accumulation in the peritoneal cavity (2). Remarkable progress in schistosomiasis control 
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has been achieved in China since the launch of the national 
program. Only 30,000 prevalent schistosomiasis patients were 
estimated across the country, with only five new infections detected 
in 2019 (3). However, a total of 53,254 existing habitats for the 
vector were identified, with three clusters in the Sichuan Basin, 
Dongting Lake, and Poyang Lake. These snail habitats are spread 
across 12 provinces covering an area of 3.58 billion m2, where 
Oncomelania hupensis (O. hupensis) was identified through a 
nationwide survey in 2016 (4). Schistosomiasis can be acquired after 
exposure to freshwater cercariae released from O. hupensis (5). 
Consequently, these widespread intermediate hosts remain an 
important source of infection, particularly as the World Health 
Organization (WHO) aims to eliminate the disease in all endemic 
countries by 2030 (6). Thus, schistosomiasis remains a serious 
public health issue in China.

Various control measures have been developed and 
utilized over.

the past few decades, including snail control, personal hygiene 
attention, drug administration, improved sanitation, access to safe 
water, and health education (7). In February 2022, the WHO launched 
a new guideline for action against human schistosomiasis. This 
guideline suggests that strategies should include preventive 
chemotherapy, focal snail control, case management, health education, 
and behavior change (BC) interventions (8). Changing people’s 
behavior can disrupt the life cycle of parasites and reduce the risk of 
transmission. Health education is a common strategy for BC, 
particularly focusing on individual-level improvements in knowledge 
of schistosomiasis. A previous study involved an assessment of 32 BC 
schistosomiasis interventions for shcistosomiasis (9), reporting a 
significant reduction in risky practices and a large increase in 
preventive measures after implementing such interventions. Although 
BC was not the primary objective, it played an important and ongoing 
role in schistosomiasis control (10). Another study suggested that 
knowledge activates a belief system, affecting emotions, and 
subsequently leading to an intention to perform a specific behavior 
(11). Therefore, behavior intention is a necessary intermediate step in 
BC initiatives.

The protection motivation theory (PMT) is a classical framework 
aimed at explaining and predicting behavior intention through threat 
and coping appraisal. Threat appraisal involves an individual’s belief 
about the negative consequences of health threat (perceived severity), 
their vulnerability to these consequences (perceived vulnerability), 
and the benefits of the performance of the maladaptive behavior 
(intrinsic and extrinsic rewards). Coping appraisal is determined by 
beliefs about the effectiveness of preventative behavior (response 
efficacy), confidence in one’s ability to perform the behavior (self-
efficacy), and barriers to performing the behavior (response costs). 
Motivation, an important determinant of protective behavior, is often 
correlated with intention (12). Therefore, cognitive predictors such as 
severity, vulnerability, response efficacy, and self-efficacy are associated 
with intentions, serving as mediators of BC. PMT has shown moderate 
success in predicting health-related intentions and behaviors across 
contexts, including COVID-19 vaccination (13), diabetes mellitus 
type 2 (14), cervical cancer (15), schistosomiasis (16), and others. 
According to the most recent WHO program guidelines, effective BC 
is crucial for achieving the 2030 NTD roadmap goals (17). Our study 
aimed to explore PMT’s role in predicting intention to engage in 
protective behaviors against schistosomiasis.

Materials and methods

Study design

This activity was conducted using a free online survey tool, the 
Jiangsu Institute of Parasite Disease’s official WeChat account. Health 
information on parasitic diseases was available to followers on the 
account by JIPD since 2016. A questionnaire for data collection was 
sent via the official WeChat account from June 2 to 6, 2023 (Figure 1).

Questionnaire development

The questionnaire was entitled “Questionnaire on knowledge of 
schistosomiasis” and comprised 31 questions including demographics, 
schistosomiasis knowledge, awareness of schistosomiasis and 
exposure to wild water, previous protective behaviors and future 
behavior, and the schistosomiasis PMT scale (Supplementary file 1).
The questionnaire was developed based on the constructs of the PMT 
model (Rogers, 1983) and related schistosomiasis topics such as 
schistosomiasis spread, schistosomiasis pathology, and prevention of 
schistosomiasis. Seven single-choice questions were used to assess 
participant knowledge of schistosomiasis. Participants earned one 
point for each correct response. Participants were asked for their 
awareness of schistosomiasis and exposure frequency to wild water 
through 5 questions, using 4 choices coded as follows:(0 = never, 
1 = occasionally,2 = of tenor monthly, 3 = always or weekly). To 
measure past protective behaviors and future protective behaviors, 
four questions were asked using a 4-levelresponse scale: (0 = never, 
1 = occasionally, 2 = often, 3 = always) and a 5-levelresponse scale 
(1 = very unlikely to 5 = very likely). The PMT scale consisted of 15 
items assessing the7 PMT subconstructs using a 5-point Likert scale 
(1 = completely agree to 5 = completely disagree).

Statistical analysis

Data including demographics and scores were collected when the 
questionnaires were submitted. The factors affecting participant 
behavior intention were analyzed using stepwise regression analysis. 
Structural equation modeling (SEM) was performed to analyze the 
relationships of the questionnaire variables. SEM was assessed using 
4 indices: goodness-of-fit index (GFI) >0.9, comparative-fit-index 
(CFI) >0.9, root mean square error of approximation (RMSEA) <0.05, 
and χ2/df < 3 [17]. Ap value <0.05 was considered statistically 
significant. Statistical analysis was completed using IBM SPSS, version 
25.0 (Chicago, United States). An online statistics tool named SPSSAU 
(https://spssau.com/index.html) was used for structural equation 
modeling (SEM) and mediation analysis.

Results

Participant characteristics

A total of 2,243 valid questionnaires were collected from the 
network.1302 (58%) were male and 941 (42%) were female, with a 
mean age of 30 ± 8.4 years. Participants in the survey had a high 
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educational level, and more than half received an education beyond 
school level. Migrant workers, civil servants, and enterprise personnel 
comprised the main population at 80.8%. 35%participants said that 
they had suffered from schistosomiasis.Approximately1395 (62.2%) 
of participants reported that they had been exposed to recreational or 
wild waters through daily work and life (Table 1).

Descriptive statistics of the questionnaire

The reliability of PMT scale was 0.738 (Cronbach’s α) and 
construct validity was 0.926 (KMO). The reliability of two 

subconstructs named threat and coping appraisal of PMT scale were 
0.828, 0.739 (Cronbach’s α) and construct validity were 0.901, 0.718 
(KMO). The mean score for schistosomiasis knowledge was 3.0 ± 1.7 
(the total score possible was 8 points). Only 20.7% of participants 
reported that they were always aware of schistosomiasis before 
exposure to recreational water and 34.8% said they had never been 
aware of it before exposure.51.0 and 50.7%respondents reported that 
they had never been exposed to wild water in the last 3 and 6 months, 
respectively. Approximately 38.1 and 42.0%ofparticipants reported 
that they were likely to avoid contact with wild water in the next3  
and 12 months, respectively. The descriptive statistics from the 
questionnaire are presented in Figure 2.

FIGURE 1

The activity interface. (A) Frontpage of the WeChat public account; (B) entry to the survey; (C) questionnaire interface.

TABLE 1 Participants characteristics.

Total n (%) Total n (%)

Gender Career

Male 1,302 (58.0) Farmer 290 (12.9)

Female 941 (42.0) Migrant workers 487 (21.7)

Education Civil servant 769 (34.3)

Primary school 112 (5.0) Enterprise personnel 557 (24.8)

High school 510 (22.7) Student 141 (6.3)

Bachelor’s degree 1,321 (58.9)

Master’s degree or above 300 (13.4)
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Association between questionnaire 
variables and behavior intention

The stepwise regression analysis was used to analyze participant 
behavior intention. The main factors were gender, schistosomiasis 
knowledge, prior exposure, and prior protective behavior (Table 2). 
The hypothesized model analysis of this study showed a relatively 
good fit (χ2/df = 3.0, GFI = 0.86, RMSEA =0.07, CFI =0.87). Results 
indicated that schistosomiasis knowledge was associated with the 7 
PMT subconstructs, which then significantly influenced future 
protective behaviors (behavior intention). All parameters of SEM are 
illustrated in Figure 3.

Discussion

People can become infected with schistosomiasis by contact with 
freshwater harboring cercariae released from intermediate host snails. 
Therefore, schistosome infection is closely related to human behavior 
(18). Behavior change can improve schistosomiasis control by 
modifying risky practices (19). PMT is a theory that analyzes the 
cognitive process of behavior intention from the perspective of 
motivation. Behavior intentionis a decision made through a 
comprehensive assessment of both the threat of risk factors and the 

ability to coping with these and has been predicted widely using 
PMT. A pilot study of WeChat-based using PMT was conducted to 
predict behavior intentions against schistosomiasis.

Interventions combining information provision was an important 
part of BC. Despite adequate knowledge and positive attitudes, this 
did not translate to effective behavior changes, mainly due to the 
socio-cultural factors and participant environment. It is crucial to 
understand the social, cultural, and behavioral determinants that can 
bridge the knowledge-practice gap (20). According to our study, 
participant behavior intention was strongly associated with female 
gender, schistosomiasis knowledge, prior exposure, and prior 
protective behavior. Women were more likely than men to take 
protective measures. People who had been exposed to wild or 
recreational waters in the past were less likely to take protective 
measures in the future. One reason for this phenomenon may 
be survivorship bias (21). Even if these participants were exposed to 
wild waters, they were not infected with schistosomiasis. Therefore, 
they would not choose to take protective measures in the future. 
People who had taken protective measures in the past and achieved a 
high score on schistosomiasis knowledge were more likely to do so in 
the future. These finding showed that behavioral determinants should 
not only focus on knowledge transmission but also on early and 
acquired living habits.

As a result of the gaps observed between knowledge, attitude, and 
practices, more effective methods and considerable effort should 
be invested to better analyze the reasons for what motivates behavior 
change (22). The PMT framework for systematic behavior involved 
three phases: (1) assessing the risks; (2) benefiting from take protective 
measures; (3) making a decision. The result of the structural equation 
modeling analysis indicated that schistosomiasis knowledge was 
associated with all PMT subconstructs. Five of the seven subconstructs 
(severity, vulnerability, intrinsic reward, extrinsic reward, and 
response cost) were significantly associated with intention to engage 
in protective behavior. These results accentuated the necessity of 
schistosomiasis knowledge for subsequent behavior intention.

FIGURE 2

(A) Characteristics of engaging in protective behavior, last 3 and 6  months. (B) Frequency of exposure to wild water, last 3 and 6  months. 
(C) Characteristics of future protective behaviors. (D) Awareness of schistosomiasis before exposure to wild water.

TABLE 2 Results of the stepwise regression analysis.

Factors B S.E T P

Constant 14.757 0.245 60.336 0.000

Prior exposure 0.427 0.037 11.711 0.000

Prior protective behavior −0.568 0.043 −13.340 0.001

Gender −2.994 1.316 −2.276 0.012

schistosomiasis knowledge 0.109 0.049 2.219 0.027

*B, unstandardized regression coefficient; SE, standard error; p < 0.05.
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Focusing more on the emerging model, results indicated that 
schistosomiasis knowledge was significantly associated with four 
subconstructs including severity, vulnerability, self-efficacy, and 
response efficacy. Meanwhile, weaker associations were observed with 
intrinsic reward, extrinsic reward, and response cost. Severity and 
vulnerability were recognized as important clinical features of the 
disease. Response efficacy referred to the understanding of disease 
prevention and information concerning control. In most of these 
studies, the knowledge, attitudes, and practices (KAP) questionnaire 
on schistosomiasis control also included cause of infection, symptoms, 
prevention, and risky behaviors (23–25). Furthermore, not all the four 
substructures were closely associated with knowledge, which was 
associated with behavior intention. For example, self-efficacy 
represented confidence in one’s ability to take protective behaviors. 
Moreover, three dimensions including intrinsic reward, extrinsic 
reward, and response cost were a comprehensive embodiment of 
personal cognition, social status, and culture. The three dimensions 
were weakly correlated with knowledge and strongly associated with 
behavior intention. So, for behavior intention, severity and 
vulnerability were the most important factors, which in turn were 
associated with knowledge of disease. However, another study 
suggested that severity, intrinsic reward and self-efficacy should 
be targeted (26, 27). It is possible that because this study focused on 
participants whose mean age was 30 years old, while the previous 
study focused on students whose mean age was 13 years old.

By and large, in combining BC approaches for schistosomiasis 
intervention programs, the content of behavior intention should 
be  carefully considered. First, the characteristics of the target 
population should include age, gender, and early living habits. These 

appear to be important considerations for health education campaigns 
as part of disease control interventions. Second, the effective 
dissemination of information regarding schistosomiasis should 
be  strengthened to consolidate knowledge on disease severity, 
vulnerability, and emphasis on the effectiveness of protective 
measures. Third, there is a high correlation between response costs 
and behavior intention, and this accentuates the need to develop 
economic and convenient protection to foster behavior intention.

Our study has some limitations. First, all participants may have 
had a higher socioeconomic background than the general public and 
thus are not representative of the entire population. To be able to 
generalize the results, participants who do not have access to 
smartphones should be included in the future. Second, response bias 
might be present because participant self-reporting of responses to 
questions about their capacity for healthy behaviors and skills might 
have been biased toward their responses and what the study 
investigators thought of these. Third, one individual may possess 
multiple phone lines connected to the WeChat platform, enabling 
them to provide duplicate responses in order to intentionally skew the 
data when contacted without their knowledge.

Conclusion

Behavior intentionis a complicated and indispensable component 
of behavior change that is influenced by professional knowledge, 
socio-economic status and personal characteristics. PMT highlighted 
that behavior intention and knowledge were inextricably linked in 
numerous ways and can mitigate against schistosomiasis infection.

FIGURE 3

Structural equation modeling of schistosomiasis knowledge, schistosomiasis PMT constructs and behavior intention. *p  <  0.05.
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