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ABSTRACT: Schistosomiasis is an important vector-borne disease transmitted by an intermediate host: a freshwater mollusk. Control of
these snail vectors is one of the strategies of the World Health Organization against the disease. The present study was based on a systematic
review of published scientific papers concerning the biological control of snails (genus Biomphalaria), and identified the ongoing challenges
and propose future perspectives. The review methodology was based on the PRISMA statement, the international databases Web of Science
and Scopus for the period 1945-2021. In total, 47 papers were analyzed, published by authors from 14 different countries, the majority being
from: France, Brazil, the United States, and Egypt. The most widely used strategy for biological control was predation by fish (12 studies).
Fourteen papers were published in the most prolific decade 2010-2019; during which there was also a greater diversity of biological control
agents in studies. In this context, we believed that one of the principal challenges of this approach is the successful simultaneous use of
multiple types of biological control agent: predators, competitors, and/or microbial agents. This new approach may provide important insights
for the development of new biological control agents or microbial-based products, with the potential to reduce the parasite load carried by
schistosomiasis snail vector and control its transmission in a sustainable way.
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Controle biologico de Biomphalaria, hospedeiro intermediario do
Schistosoma spp.: uma revisdo sistematica

RESUMO: 4 esquistossomose é uma importante doenga transmitida por vetor, um hospedeiro intermediario: um molusco de dgua doce. O
controle desses caramujos vetores é uma das estratégias da Organizagdo Mundial da Satide para controle da doenga. O presente estudo foi
baseado em uma revisdo sistematica de artigos cientificos publicados sobre o controle bioldgico de caramujos (género Biomphalaria), e teve
como objetivo identificar os desafios atuais e propor perspectivas futuras. A metodologia de revisdo foi baseada na declara¢do PRISMA, nas
bases de dados internacionais, Web of Science e Scopus, entre 1945-2021. No total, foram analisados 47 artigos, publicados por autores de 14
paises diferentes, sendo a maioria: Franga, Brasil, Estados Unidos e Egito. A estratégia mais utilizada para controle biologico foi a predagdo
por peixes (12 estudos). Quatorze artigos foram publicados na década mais produtiva 2010-2019, durante a qual também houve uma maior
diversidade de agentes de controle biologico em estudos. Neste contexto, acreditamos que um dos principais desafios desta abordagem é a
utiliza¢do simultanea bem-sucedida de multiplos tipos de agentes de controle biologico: predadores, concorrentes e/ou agentes microbianos.
Esta nova abordagem fornece importantes subsidios para o desenvolvimento de novos agentes de controle biologico ou produtos de base
microbiana, com o potencial de reduzir a carga parasitaria transportada pelo vetor esquistossomose de caramujos e controlar sua transmissao
de forma sustentavel.

Palavras-chave: esquistossomose, doengas negligenciadas, predagdo, competi¢do e controle microbiano.

INTRODUCTION of the neglected tropical diseases. Globally, it is the
principal freshwater gastropod borne disease, and is

Schistosomiasis, caused by Schistosoma present in 78 countries, with an estimated 240 million

spp., has the second greatest socioeconomic impact infected individuals. A further 700 million are at risk
of any parasitic disease (after malaria) and is one worldwide in endemic areas (WHO, 2020). Overall,
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51 of the 78 countries apply preventive chemotherapy
annually, and 18 have reported the cessation of
transmission; although, this has yet to be confirmed
(WHO, 2021). The World Health Roadmap of
the World Health Organization (WHO) aimed the
eradication of schistosomiasis as a priority public
health target.

Species of Schistosoma are transmitted
through the establishment of interactions between the
definitive (human and non-human) and intermediate
(snails) hosts in a limnic environment. Transmission
to the vertebrate host occurs when the larvae of the
parasite (cercariae), arereleased by infected freshwater
snails and penetrate human skin, or in the case of
aquatic rodents enter via the interdigital membranes
(COLLEY etal., 2014). The snail intermediate host is
infected via contamination of the limnic ecosystem,
by human and animal feces that contain the parasite
eggs. Recently, viable hybridization and introgression
have been found under natural conditions in Europe
and Africa, both between and within human and
animal schistosomes (LEGER et al., 2016; LEGER
& WEBSTER, 2017; KINCAID-SMITH et al., 2017,
LEGER et al., 2020). This raises important questions
in relation to measures for the control of transmission
and the elimination of this disease, given its impact
on public health, and its potential for rapid adaptation
in areas in which it is endemic.

The main types of schistosomiasis control
interventions are preventive chemotherapy, individual
diagnostic tests, treatment with praziquantel, control
of snail populations and health education (WHO,
2021). However, the financial costs of diagnosis
and treatment should be considered alongside wider
social and environmental costs and benefits when
planning a truly integrated disease control strategy
(SALARI et al., 2020). However, in addition to the
costs of diagnosis and treatment, other social and
environmental measures of incalculable value should
also be considered when planning a true One Health-
based strategy for disease control (CDC, 2020).

Environmental measures for the control
of schistosomiasis include reducing environmental
contamination and preventing infection of human
and non-human hosts. To achieve this, STAUFFER
& MADSEN (2018) recommend controlling the snail
vector population through chemical or biological
means, eliminating cercariaec released by snail
intermediate hosts without killing the snails, and
reducing infection rates in areas of transmission. The
current recommendation for snail vector control is a
chemical product, niclosamide, but well-structured
biological control is also being encouraged, given that

chemical control causes problems such as the death of
non-target organisms and contamination, preventing
the use of the water resource for a period of time, and
high cost (WHO, 2017).

History of schistosomiasis control initiatives, focusing
on biological control

The control of vector snail populations
is one of the strategies recommended by the WHO
for the control of schistosomiasis (BARBOSA et
al., 2008). In its early reports (WHO, 1961, 1965,
1967), the WHO emphasized the need for the control
of snail populations as the most effective measure
against endemic schistosomiasis, given the lack of
efficacy of the therapeutic drugs available at the time.
The application of molluscicides is recommended
in combination with the establishment of adequate
public sanitation and drinking water supplies.

In the 1970s (WHO, 1973), schistosomiasis
control faced challenges worldwide because of a
major lack of both resources and qualified personnel
(BARBOSA et al., 2008). The most important goal
of this period was to reduce the spread of the disease
into intermediate areas based on the treatment of
infected individuals and the concomitant application
of chemical molluscicides, such as niclosamide, in
endemic areas. One of the most important aspects of
this report was that it discouraged the biological control
of snails, particularly where studies of environmental
impact were unavailable (WHO, 1973).

Two reports were published in the 1980s
(WHO, 1980, 1985). In the first, the emphasis was
still on the control of transmission, whereas in the
second, the focus shifted to the control of morbidity
through the diagnosis and treatment of infected
individuals. The 1980 report emphasized biological
control by means of predatory snails, such as
Marisa cornuarietis, which were used to reduce the
transmission of schistosomiasis on a large scale in
Puerto Rico. However, the committee recommended
that snails from endemic areas should not be
transferred or maintained in laboratories in other
endemic areas for any purpose, discouraging studies
on biological control (WHO, 1980).

In the 1990s and 2000s, chemotherapy
became the principal control measure for
schistosomiasis, in an integrated disease control
program that also targeted geohelminthiasis to reduce
costs (WHO, 1993). In the 1990s, school-children
with a prior diagnosis were the principal targets of
treatment, and in the 2000s, treatment focused on high-
risk groups (children and adults involved in activities
with a high risk of infection) without prior diagnosis.
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Over the last 20 years, WHO experts have
published three recommendations (2001, 2012, 2017,
2022). The first report broadened the focus on the
control of schistosomiasis morbidity (reduction of
75-100% in schoolchildren and women) and made no
mention of the control of snail populations. The 2012
resolution focused on public policies to eliminate
endemic schistosomiasis in affected countries.
It recommended strengthened epidemiological
monitoring, preventive chemotherapy, and sanitary
interventions, such as public sanitation systems,
supplies of clean drinking water, and elimination of
vector mollusks, but did not address the avoidance
of potential environmental impacts. In 2017 (WHO,
2017), the report recommended integrated vector
control, broad studies of vectors and their local
transmission patterns, and the development of
different biological and other control strategies to
assess their impact on the disease when combined
with other types of intervention, such as drugs and
vaccines. In 2022, the recommendation is directed
toward public health campaigns to ensure high
acceptance of snail control interventions. With
development of snail control programs for the larger
and less expensive global supply of molluscicides.
In addition, the development and evaluation of new
and environmentally friendly molluscicides are
encouraged (WHO, 2022).

Schistosomiasis control measures are
currently aligned with the One Health approach,
which involves integrated vector control measures.
There is a clear need for sustainable ecological
control measures that preserve the environment, other
animals, and local human populations, as mandated
by the systemic schistosomiasis control model of the
One Health concept (CDC, 2020). In this context,
the present study provided a systematic review of
the scientific papers published on the biological
control of Biomphalaria, the intermediate host of
schistosomiasis, and evaluates current challenges and
future perspectives.

Methods

The present study was based on a systematic
literature review, following the PRISMA guidelines
(MOHER et al., 2009; PAGE et al., 2021), of the
Web of Science and Scopus international databases,
covering the 76-year period between 1945 and 2021.
The review consisted of three steps: (i) identification
of papers in the Web of Science and Scopus databases
that contained specific descriptors, in addition to
papers from other sources that were not detected
by the descriptors but were relevant to this review;

(i) screening (omitting duplicate, reviews, and
mathematical models, as well as unavailable papers
and those beyond the scope of the present study), of
papers in English, Portuguese, and French published
in indexed journals and available for download; and
(iii) the inclusion of eligible full-text papers that were
available online (Figure 1). The search phase looked
for the descriptors “schistosomiasis and biological
control” or “Biomphalaria and biological control”, in
the titles or keywords of the papers.

All the studies identified through this
search were read in full, classified as field or laboratory
research, by biological agent analyzed (bacterium,
fungus, invertebrate or vertebrate), and by the type of
control (predation, competition or microbial control).
The studies were analyzed quantitatively in terms of
the number of papers per type of biological agent, the
decade of publication, and country of origin.

Analysis of the papers included in the present study

In total, 98 papers were identified during
the search of the Scopus (46) and Web of Science (52)
databases in June 2021. A further 23 papers that were
not identified using the descriptors were also added
to the list of references. Twenty-one of these papers
were excluded due to duplication or failure to satisfy
the study’s inclusion criteria. Of these, only 47 were
available for download and were analyzed for the
present review (Figure 1).

Authors from 14 different countries
produced the 47 papers, with the majority (28) being
from four countries: France (8), Brazil (8), the United
States (6), and Egypt (6). Three of the papers selected
(RUIZ-TIBEN et al., 1969; JOBIN & BERRIOS-
DURAN, 1970; PAULINYI & PAULINI, 1972)
were published in the Bulletin of the World Health
Organization, and had been cited 16, 6 and 19 times,
respectively.

The biological strategy most commonly
used to control Biomphalaria populations throughout
the study period was predation using fish (12 papers),
with the first paper on this subject being published in
1946. Other types of biological control involved two
snail species, Marisa cornuarietis (Ampullariidae)
(six papers), and Melanoides tuberculata (Thiaridae)
(five papers). The Biomphalaria species most often
targeted in the studies was B. glabrata (23 papers),
followed by B. pfeifferi (12 papers). In the case of
microbiological and parasitic agents, 5 papers focused
on bacteria, four on fungi, and two on helminths.

The most prolific decades in the present
study were 2010-2019 (14 papers), 1990-1999
(10 papers), and 1980-1989 (eight papers). In the
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Figure 1: PRISMA 2020 flow diagram in this systematic review.

1980s and 1990s, predation was the biological
control strategy evaluated in most studies, i.e., four
and five papers, respectively. During this period,
six studies focused on snails as both predators
and competitors. We highlighted the research on
M. cornuarietis in Puerto Rico and the studies of
thiarids in the West Indian islands of Saint Lucia,
Martinique, and Guadeloupe (PRENTICE, 1983;
POINTIER, 1989; 1993; GIOVANELLI et al.,
2003). It is important to note here that the success
of the biological control program in Puerto Rico
using M. cornuarietis, which began in the 1950s
and generated key results in the 1970s and 1980s,
led the WHO to recommend the use of this snail as
a biological control agent in its reports published
in the 1980s. Even after the use of snails became
less popular, (POINTIER et al., 1991; SOKOLOW
et al., 2015), further research was conducted in the
1990s and early 2000s before being discontinued.
A greater diversity of biological agents,
reported in 14 papers, was studied for the control
of Biomphalaria between 2010 and 2019. The large
number of papers published in this most recent
period may reflect the WHO recommendations on
integrated vector management, which encourage

detailed local study of the problem in a given region
with the aim of identifying local solutions. Predation
was an ongoing theme (seven papers), but new agents
such as waterbugs, fly larvae, and prawns were also
included. The remaining seven papers discussed
microbiological and parasitological agents, including
fungi (three papers), bacteria, and helminths (two
papers each).

Agents of biological control

The concept of biological control has been
redefined many times in recent years; we adopted the
following definition, proposed by EILENBERG et
al. (2001): “The use of living organisms to suppress
the population density or impact of a specific pest
organism, making it less abundant or less damaging
than it would otherwise be.” Biomphalaria, it should
be noted, is an organism that acts as a transmitter
of a neglected disease, rather than as a pest itself.
Biological control in this case has the objective of
reducing the transmission of schistosomiasis through
the control of this intermediate host.

Over the years, control of Biomphalaria
snail populations has been attempted, using direct
(predation) or indirect (competition for food or
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habitat) mechanisms or ecological interactions
(AROSTEGUI et al., 2019); the various agents can be
classified as either microbial control (viruses, fungi,
protozoa, and bacteria), predators, or competitors
(POINTIER & JOURDANE, 2000) and are detailed
below, organized into these three types.

Predators

The earliest attempts at biological control
of Biomphalaria were based on predation (Tables 1,
2, and 3), by fish (OLIVER-GONZALEZ, 1946).
Laboratory studies have shown that Sarotherodon
mossambica, Tilapia rendalli, T. nilotica, Gambusia
affinis, Labeo niloticus, and Cyrinus carbio all prey
on the egg masses and neonates of Biomphalaria
(GRABER et al, 1981; ANDRADE, 1982;
SULIEMAN et al., 2015; AFIFI & AHMED, 2018).
Other species have been observed to prey on adult
snails,andtheseinclude: Sargochromis codringtoni, G.
affinis, L. niloticus, C. carbio, and Clarias gariepinus
(CHIMBARI et al., 1996; 1997, GASHAW et al.,
2008; SULIEMAN et al., 2015; AFIFI & AHMED,
2018). In the field, Serranochromis macrocephala
and Astatoreochromis alluadi were able to reduce
Biomphalaria populations (DE BONT & DE BONT,
1952; MCMAHON et al., 1977). Notably, Geophagus
brasiliensis was also tested under both laboratory
and semi-natural conditions and fed on snails in both
locations, even when a variety of other foods was also
available (WEINZETTL & JURBERG, 1990).

Two species of snail, Marisa cornuarietis
and Pomacea sp., have been tested as potential predators
of Biomphalaria. In the laboratory, CHERNIN et
al. (1956a) evaluated the conditions under which M.
cornuarietis could limit the growth of Biomphalaria
populations by preying on egg masses and newly
hatched snails. In 1956, owing to the high cost of the
chemicals used to control schistosomiasis, the Puerto
Rican government decided to implement a biological
control project that focused on irrigation ponds, using
M. cornuarietis as the control agent. It was possible
to confirm the effectiveness of M. cornuarietis as a
predator/competitor of B. glabrata in the field, and
obtain a 60-fold reduction in the cost of controlling B.
glabrata (RUIZ-TIBEN et al., 1969). Two decades later,
POINTIER et al. (1991) introduced M. cornuarietis to
the West Indian island of Guadeloupe; POINTIER &
DAVID (2004) monitored the effect of the subsequent
13 years and reported convincing evidence that
M. cornuarietis played an important role in the
disappearance of B. glabrata in the region.

Leeches of the genus Helobdella have also
been tested as potential predators of Biomphalaria.

CHERNIN et al. (1956b) found that H. fusca could
control the snail population. Other authors have
reported that H. triserialis is a predator of new
hatched, juvenile, as well as adult, B. glabrata, B.
straminea and B. tenagophila (GUIMARAES et al.,
1983; 1984). Crayfish (Procambarus clarkii) reduced
the abundance of B. pfeifferi (HOFKIN et al., 1991;
1992). The same was observed for B. alexandrina
both in field experiments and in the laboratory
(KHALIL & SLEEM, 2011).

Freshwater prawns of the genus
Macrobrachium have been studied in relation to their
potential for regulating Biomphalaria populations
in the field. SAVAYA et al. (2014) suggested
restocking male prawns as a means of controlling
local snail populations and reducing the prevalence
of schistosomiasis in a region affected by dam
construction. SOKOLOW et al. (2015) confirmed
that reintroduction of the prawn after its extirpation
resulted in a significant reduction in not only the
population of infected snails but also the prevalence
of schistosomiasis in the region; the prawns feed
on the eggs, newly hatched snails, and other small
individuals. Larvae of the fly Sepedon ruficeps have
been tested as biological control agents for B. pfeifferi.
The larvae have a high predation capacity, with one
larva consuming up to 40 snails (AGBOHO et al.,
2017). Waterbugs (Sphaerodema urinator) can find,
attack, and devour snails, preferring small individuals
of B. alexandrina (YOUNES et al., 2017).

Competitors

The first studies focusing on the
competitors of Biomphalaria were published in the
1950s; although, papers on this topic are still scarce.
These competitors (Tables 4 and 5) consist of a number
of other snail species. Several studies have verified
the effects of the interspecific competition between
M. cornuarietis and Biomphalaria in the field.
FERGUSON et al. (1958) reported that Biomphalaria
had disappeared completely from ponds two years
after the introduction of M. cornuarietis. Similar
results were obtained by OLIVER-GONZALEZ
& FERGUSON (1959), who recorded the almost
complete elimination of Biomphalaria from streams
18 month after the introduction of M. cornuarietis and,
more importantly, the absence of new schistosomiasis
infections in a study group of preschool
children. RUIZ-TIBEN et al. (1969) reported the
implementation of a M. cornuarietis biological
control program for B. glabrata populations in natural
ponds on the island of Puerto Rico, as an alternative
to chemical controls. The 20-year follow-up showed
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Table 1 - Summary of the content of the peer-reviewed papers on biological control of Biomphalaria species using predators from 1946

to 1984.

Biological control
agent

Lebistes reticulatus
(guppy)

Serranochromis
macrocephala (fish)

Marisa cornuarietis

Biomphalaria
species

B. glabrata

Biomphalaria sp.

B. glabrata, B.

Target stage

Egg mass/
young

All stages

Egg masses/

Effect on
Schistosoma Main results Reference
assessed
No T bateh e sheddimg | OLIVER-
; € GONZALEZ (1946)
cercariae
No waAsf:ierraEE:iearlrllg rrllt(l)1 Ss’ntl};fl t:;i(ils LDLE O ¢ (D18
BONT (1952)

were found in it

M. cornuarietis devoured egg CHERNIN et al

. . No masses and young

(snail) pfeifferi young Biomphalaria (1956a)

Helobdella fusca Australorins Young and Al lpeches anchorA CHERNIN et al.

glabratus = B. No themselves in the shell until the

(leech) newly hatched [ (1956b)

glabrata snail is devoured
The disappearance of B.

M. cornuarietis (snail) B. glabrata Adults No glabrata coincided with the RUIZ-TIBEN et al.
. . . (1969)
introduction of Marisa

Pomacea sp. caused a reduction
. Egg mass/ in the number eggs and PAULINYI &
BepuccolCral) Blelabrs newly hatched No impeded the establishment of PAULINI (1972)
B. glabrata colonies

Astatoreochromis A. alluaudi reduced the number

alluandi, Tilapia of B. pfeifferi. T. zilliie and T.

leucosticta, T. Zillii, B. pfeifferi Adults No leucosticta did not appear to be MCM?]I;O;;I ctal

Gambusia affinis associated with reduction in the

(fishs) snail populations

T. rendalli and S. mossambica preyed on snails

Sarotherodon B. glabrata All stages No occasionally. 7. rendalli GRA(?;E;)et el

mossambica (fishs) reduced the snail population

The fish impeded hatching and
T. nilotica (fish) B. glabrata Adult No thus limited the growth of the ~ ANDRADE (1982)
four study populations
oo [ No predation of egg masses, x
H. triserialis lineata . GUIMARAES et al.
B. glabrata All stages No but young specimens preyed on
(leech) (1983)
more than adults
Velocity of predation inversely y
H. triserialis lineata B. straminea, All staces No proportional to the size of the =~ GUIMARAES et al.
(leech) tenagophila & snails, no predation of egg (1984)
masses
that B. glabrata populations declined gradually, and cornuarietis may eventually have led to ecological
were eventually replaced by M. cornuarietis. While disruptions due to the elimination of B. glabrata
this may have been beneficial in terms of disease populations. JOBINS & BERRIOS-DURAN (1970)

control, the authors felt that the introduction of M.

discussed the competitive relationship between
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Table 2 - Summary of the content of the peer-reviewed papers on biological control of Biomphalaria species using predators from 1990

to 2011.

Biological control Biomphalaria I o
g P Target stage Schistosoma Main results Reference
agent species assessed
The predator fed on the snails
Geophagus . . in both conditions, preying WEINZETTL &
brasiliensis (fish) B. tenagophila Juvenile/ adult No preferentially on snails of 5-11 ~ JURBERG (1990)
cm
P. clarkii reduced the
i abundance of snails by 5 days,
Z;Zc‘g:}?)a gl B. pfeifferi Adult No after 30 days there were no live H01211(9H9\11 ; oE5
y snails in the tanks containing 4
crayfish.
M cornuarietis and M. cornuarietis colonization
Ampullaria glauca B. glabrata All states Yes was raplq, qnd all B. glabrata POINTIER et al.
(snails) were e.hmlngtedz as was S.. (1991)
mansoni infection in local mice
) i Adult Crayﬁsh cgnsumed .adult HOFKIN et al.
P. clarkii (crayfish) No Biomphalaria, affecting the 1992
B. glabrata All stages survival of juveniles snails ( )
T. rendalli, T. rendalli was primarily
Sargochromis B. pfeifferi Adult No herbivorous and S. codringtoni CHIMBART et al.
¢ ! (1996)
codringtoni (fishes) was malacophagous
. Each fish consumed
Sargochromis . . . CHIMBARI et al.
o () B. pfeifferi Adult No approi)(vlirtrllle:;ellyvéggksnalls (1997)
) o . B. glabrata disappeared from POINTIER &
M. cornuarietis (snail) B. glabrata All stages No the ponds with M. cornuarietis DAVID (2004)
. o It took 32 days to consume all
(Cff:l:;as gariepinus B. pfeifferi Adrlill;/ssegg No the snails (with proper food) GASgggz)et el
and 16 days (with limited food)
Laboratory: all snails were
P. clarkii (crayfish) B. alexandrina Adult No consumed; Field: reduction/ KHALEO%SLEEM

absence of snail

of introducing the competitor and the simplicity of
this strategy of biological control. However, no other
studies of this species in different localities were
identified by our search strategy, nor were there any
current studies on the program implemented in Puerto
Rico using M. cornuarietis.

A relationship between Melanoides
(=Thiara) tuberculata and Biomphalaria has also
been observed in the field. POINTIER (1989; 1993)
reported a rapid spread of M. tuberculata, that resulted

PRENTICE (1983) and MKOIJI et al. (1992) have
suggested that Thiara granifera and B. glabrata
compete for both space and food, and that B. glabrata
in the field.

The relationship between Pomacea spp.
and Biomphalaria has also been studied. Initially,
Pomacea prevents the establishment of active
colonies of B. glabrata, causing mortality among the
newly hatched B. glabrata snails and reducing the
number of B. glabrata feeding on its own egg masses
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Table 3 - Summary of the content of the peer-reviewed papers on biological control of Biomphalaria species using predators from 2014

to 2018.

Biological control
agent

Macrobrachium
vollenhovenii
(prawn)

M. vollenhovenii
(prawn)

Gambusia affinis
(fish)

Sepedon ruficeps
(larva of Diptera)

Sphaerodema

Biomphalaria
species

Biomphalaria sp.

B. pfeifferi

B. pfeifferi

B. pfeifferi

B. alexandrina

Target stage

All stages

Not specified

All stages

Not specified

Not specified

urinator (water bug)

Labeo niloticus and
Cyrinus carbio
(fishes)

B. pfeifferi All stages

(PAULINYI & PAULINI, 1972). The accidental
introduction of Ampullaria glauca into a natural
lake led to a marked decline in the local B. glabrata
population, until only a small colony remained.
The presence of A. glauca may also have caused a
marked decline in the presence of Pistia stratiotes,
a floating plant that provides a favorable habitat for
B. glabrata. Another consequence was a decline of
S. mansoni in the local rat population (POINTIER,
1988; POINTIER et al., 1991).

COELHO et al. (2004) also proposed a
biological control model using the Taim strain of
B. tenagophila, which is resistant to S. mansoni
infection. However, the proposed model is based on
the introduction of a resistant strain following the
application of a chemical molluscicide. The authors
also generated transgenic B. glabrata harboring
the S. mansoni resistance gene. The use of genetic
techniques to manipulate schistosomiasis host snails
has been indicated as a potential complementary
tool to reduce or even interrupt transmission.

Effect on
Schistosoma Main results Reference
assessed
Yes Remtroductlor_l of male s‘hrlmp SAVAVA et al.
(theoretically) controlled snail, decreasing the (2014)
Y prevalence of schistosomiasis
80% reduction of infected
Yes snails, prevalence of human SOKOLOW et al.
schistosomiasis 50% lower (2015)
and egg load 50% lower
All egg masses and neonate SULIEMAN et al.
No snails were preyed, and (2015)
number of adult snails reduced
Yes Parasitized B. pfeifferi were AGBOHO et al.
attacked more frequently (2017)
_ The predator a_ttacked anfi YOUNES et al.
No ingested the snails, preferring
; (2017)
small snails
Both fish are efficient
No predators of the egg mass and ~ AFIFI & AHMED
neonates, and reduce the (2018)

number of adult snails

The CRISPR-Cas9 system is an alternative that
has been explored for schistosomiasis control,
although, mentioning Biomphalaria spp. is scarce
(FAMAKINDE, 2018; 2020).

Microbial control

Entomopathogenic agents, such as fungi,
bacteria and nematodes, have been successfully
used to control a number of arthropod pests,
including Mahanarva fimbriolata, Deois flavopicta,
Cornitermes cumulans, and Rhipicephalus microplus
(FERNANDES & ALVES, 1991; FERNANDES
& BITTENCOURT, 2008; PEREIRA et al., 2008;
LOUREIRO et al., 2012). Such agents have also been
used recently for the microbial control of Biomphalaria
snails (DUARTE et al., 2015; DUVAL et al., 2015;
OKONJO et al., 2015; SAAD et al., 2016; ABD
EL-GHANY & ABD EL-GHANY, 2017, ABDEL-
WARETH et al., 2019). Entomopathogenic fungi,
bacteria, and nematodes are environmentally friendly
and are thus considered a sustainable method for the
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Table 4 - Summary of the content of the peer-reviewed papers on biological control of Biomphalaria species using competitors from

1958 to 1989.

Biological control Biomphalaria iSO .
. Target stage Schistosoma Main results Reference
agent species
assessed
M. cornuarietis After 2 years, th.e ponds with FERGUSON et al.
. B. glabrata Young/adults No M. cornuarietis had no 4.
(snail) (1958)
glabratus
M. cornuarietis . gi"é’ raé::sdiiiggeai?goaﬁer (QILNAZS
(sﬁail) : Bletias flcincials e schiétoZomiaisis infections in CONZLEA
. FERGUSON (1959)
preschool children
L The disappearance of B.
M. cornuarietis B. glabrata Adults No glabrata coincided with the RUIZ-TIBEN et al.
(snail) . . . (1969)
introduction of Marisa
M. cornuarietis B. glabrata Adults No Thfossttu :r}llde:ilé)lh2llisclizt6dot§1 thOW U1 BERRIOS-
(snail) -8 phcity DURAN (1970)
method
Pomacea sp. caused a
. Egg mass/ reduction in the number eggs PAULINYI &
Pomacea sp. (snail) B. glabrata newly hatched No and impeded the establishment PAULINI (1972)
of B. glabrata colonies
B. glabrata was eliminated
T. granifera (snail) B. glabrata All stages No from 22 months after 7. PRENTICE (1983)
granifera was introduced
A. glauca decimated the plant
4 llaria ol Pistia stratiotes (habitat of B.
mpuiiaria glawca B. glabrata All stages Yes glabrata), reducing the POINTIER (1988)
(snail) . .
population snails and S.
mansoni
Thiara tuberculata  B. glabrata and B. All staces No oDsf;i?:ngfaﬁzlotﬁg i‘éﬁnfe to POINTIER et al.
(snail) straminea g pop P (1989)

control of agricultural insect pests, with a number of
commercial products already available (MASCARIN
& JARONSKI, 2016; MASCARIN et al., 2019).
DUARTE et al. (2015) reported the
action of two well-known entomopathogenic fungi
(Beauveria and Metarhizium) against B. glabrata egg
masses: the fungi penetrated the eggs and reached the
embryos, thus impairing egg maturation. OKONJO
et al. (2015) recorded up to 70% mortality in adult
B. pfeifferi exposed for 28 days to entomopathogenic

after two years

nematodes. Several bacteria have also been shown to
exhibit molluscicidal activities. DUVAL et al. (2015)
described a novel Paenibacillus strain that affects both
the adult and embryonic stages of B. glabrata, causing
significant mortality. These microbial control studies
reflect the considerable global momentum attained by
biopesticide research, in recent years, which has been
supported by both social and governmental demands
for more sustainable invertebrate pest control
methods (Table 6).
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Table 5 - Summary of the content of the peer-reviewed papers on biological control of Biomphalaria species using competitors from

1991 to 2004.
. . . . Effect on
ol comiol e hqlana Target stage Schistosoma Main results Reference
agent species
assessed
M. cornuarietis colonization
M. cornuarietis and was rapid, and all B. glabrata
Ampullaria glauca B. glabrata All states Yes were eliminated, as was S. POH\H;ISIIQ)et al.
(snails) mansoni infection in local
mice
Melanoides Both species persisted over the
(=Thiara) B. pfeifferi All stages No study period, with M. MKOIJT et al. (1992)
tuberculata (snail) tuberculata more abundant
Reduction of B. glabrata
M. tuberculata populations to very low levels,
. B. glabrata All stages No . C POINTIER (1993)
(snail) reducing/eliminating S.
mansoni
M. tuberculata B. glabrata population was POINTER et al.
(snail) el Al O reduced until it disappeared (1993)
M. tuberculata The population of B. glabrata 16\ ANEL LT et
. B. glabrata All stages No reached lower density in the
(snail) al. (2003)
4th year
B. tenagophila . . . .
Taim strain B. tenagophtla Yes Thg introduction of the Talm COELHO et al.
. susceptible to S. Adult 3 strain would produce resistant
(resistant to S. . (theoretically) (2004)
. mansoni descendants
mansoni)
M. cornuarietis B. glabrata disappeared from POINTIER &
(snail) B. glabrata All stages No the ponds with M. cornuarietis DAVID (2004)
Challenges this, developing sustainable biological controls

There is no single species capable of
controlling populations of Biomphalaria spp. in the
various local endemics settings, wherefore concurrent
use of a few species, depending on the ecosystem,
should be considered. The development of multi-agent
solutions is one of the challenges for the control of these
vectors and should reduce the population and have an
impact on the transmission of schistosomiasis. Each
location will require a solution that accommodates the
characteristics and unique diversity of that location,
that is, there is no single solution.

However, the introduction of an exotic
species into an ecosystem may threaten its
environmental integrity (WHO, 1980), and the
introduction of more than one species into the
same ecotope could be disastrous. In the face of

that can be used to impede disease transmission
will be difficult. Further clear challenges are
the need to compile a detailed database of the
organisms reported in the principal areas of disease
transmission and to enhance the application of
natural local biological agents affecting vector snails
in each region. SOKOLOW et al. (2015), who used
a local population of prawns that naturally consume
newly hatched snails, to develop a sustainable local
control strategy, adopted this approach. From this
perspective, biological control has the advantage
of not only controlling the host of S. mansoni, but
also improving the quality of life of the local human
population affected by schistosomiasis, using natural
predators, competitors, parasites, or established
biocontrol agents (SOKOLOW et al., 2017).
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Table 6 - Summary of the content of the peer-reviewed papers on biological control of Biomphalaria species using microbial control.

Biological control
agent

Bacillus TSB
(terminal spore
Bacillus)

B. thuringiensis
(bacterium)

Bacillus sp.
(bacterium)

Plagiorchis elegans
(trematode)

Metarhizium
anisopliae and
Beauveria bassiana
(fungi)

Paenibacillus
glabratella
(bacterium)

Phasmarhabditis
hermaphrodita
(nematode)

236 fungal isolates

B. thuringiensis
(bacteria)

B. bassiana, M.
anisopliae, and
Paecilomyces
lilacinus

Biomphalaria
species

B. glabrata

B. alexandrina
and B. truncatus

B. glabrata

B. glabrata

B. glabrata

B. glabrata

B. pfeifferi

B. alexandrina

B. alexandrina

B. alexandrina

As mentioned above, biocontrol agents,

particularly fungi

and Dbacteria,

have attracted

increasing attention over the past 10 years (DUARTE
et al., 2015; DUVAL et al., 2015; SAAD et al., 2016;
ABD EL-GHANY & ABD EL-GHANY, 2017).

effect on B. alexandrina, with P.
lilacinus being more toxic

Effect on
Target stage Schistosoma Main results Reference
assessed
Not Mortality of snails was more than
specified No 99% in the different trials DIAS (1954)
Adult No Molluscicidal activity observed in OSMAN &
both snail species MOHAMED (1991)
LC50 of the suspensions ranged SINGER et al.
Adult No from 2.6 t0 2.8 (1997)
_Young, Snail survivorship an_d reproductive DAOUST et al.
juvenile/ No reduced only at the higher exposure
(2010)
adult levels
Hyphal bodies of both fungi
Eoo mass No inhibited embryogenesis DUARTE et al.
&8 completely, with no juveniles (2015)
hatching whatsoever
The bacterium isolated from B.
glabrata is infectious, highly lethal
Juvenile No to the snail and reduces the number DU?;%%;? 2k
of offspring by impacting the
embryonic stages
. Mortality of up to 70%, B. pfeifferi OKONIJO et al.
Juvenile No susceptible to P. hermaphrodita (2015)
20 fungal species presented
. . o 5
Adult No molluscicidal a_ct1v1ty, l-<1-111¥1g 100% SAAD et al. (2016)
of the snails, Penicillium
Jjanthinellum had the lowest LC50
Four isolates presented a high level
of molluscicidal activity against B. = ABD EL-GHANY
Adult No alexandrina. Qalyubia was the & ABD EL-
most potent, with the lowest LCs GHANY (2017)
value
Acetone extracts of B. bassiana and
P. lilacinus had a molluscicidal ABDEL-WARETH
Adult No

et al. (2019)

These microorganisms, some of which are natural
to the microbiome of either the target animal or its
aquatic environment, may function as disruptors
of either physiological mechanisms or microbial
biodiversity. From this perspective, the microbiome
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of snails and other freshwater organisms may play
an important role in control, shaping the ability of
these organisms to transmit disease (CHEVALIER
et al., 2020). According to PORTET et al. (2021),
microorganisms influence and are influenced by S.
mansoni infection in B. glabrata.

Given this, one further challenge for
effective biological control is to use microorganisms
asthe active ingredient of a product that can be used for
the indirect control of schistosomiasis transmission.
This would be a natural product intended to provoke
a homeostatic imbalance in snails, particularly, those
infected with S. mansoni. This imbalance would
reduce the parasite load of the vector or provoke its
death, culminating in a selective control. However, it
is necessary to identify, test, and study in minute detail
the impact of different microorganisms, at different
concentrations, on the dynamics of the Biomphalaria/
Schistosoma interaction.

Future perspectives

Despite the effectiveness of schistosomiasis
control programs based on the large-scale treatment
of populations with drugs, the disease persists as
a major public health problem in most endemic
areas. Fundamental to success will be a holistic
understanding of the disease. Schistosomiasis is a
systemic disease that involves intermediate hosts
(snails) and definitive hosts, such as rodents, cattle,
and humans that can migrate and spread the disease to
new areas. The disease cycle also involves the limnic
environments inhabited by host snails, which are
also the final destination of domestic, medical, and
industrial effluents in many countries with endemic
diseases. While a holistic perspective, which relates
the links in the epidemiological chain systematically,
is essential to combat schistosomiasis effectively,
it has yet to be put into practice. Based on the One
Health concept, we suggested a differentiated
approach and the implementation of strategies that
protect not only public health, but also the integrity
of the environment. Integrated, effective, and
sustainable control should focus primarily on the
control of transmission rather than morbidity, and be
based on the application of local knowledge.

Based in the papers analyzed in this
study, biological control is a promising measure
for the control of schistosomiasis transmission,
in contrast to the use of chemical molluscicides,
which are expensive, environmentally unsafe, and
toxic to many non-target organisms. However, to
use this strategy we suggest ecological studies to
identify possible competing organisms, predators,

and/or microorganisms in the water or microbiota
of mollusks in the region. These studies could be
conducted in partnership with researchers from local
research institutions and the affected community. It
is important to maximize the avoidance of products,
substances, and biological control agents that could
in any way destabilize the local ecosystem or harm
the local population. In this scenario, biological
control constitutes an important complementary
measure to be integrated with systemic controls,
such as chemotherapy, large-scale environmental
and sanitation programs, and the implementation of
environmental and health education for populations
at higher risk of the disease.

CONCLUSION

Based on the findings of our review, we
encourage further research into the microbiota of the snail
vectors. This would involve not only the identification
of the microorganisms present in the normal microbiota,
but also those associated with the susceptibility of the
snails to Schistosoma infection We also encouraged
research into local free-living microorganisms or those
present in the microbiota of other aquatic organisms,
which may interact with the snail vectors. These
microbial agents may have potential as physiological
disruptors and reproductive and/or epigenetic agents
that could be used to alter the dynamics of the interaction
between Biomphalaria and Schistosoma. This approach
may reveal potential biological control agents or other
microbial products that can reduce the parasite load of
schistosomiasis vectors and control their transmission in
a sustainable manner.

ACKNOWLEDGEMENTS

This study was funded by Coordenagdo de
Aperfeigoamento de Pessoal de Ensino Superior — Brasil (CAPES)
- Finance code 001.

DECLARATION OF
INTERESTS

CONFLICT OF

We have no conflict of interest to declare.

AUTHORS’ CONTRIBUTIONS

GF conducted the research, collect data, analysed the
results and wrote the manuscript. AMRA collect datas, analysed
the results and wrote the manuscript. SQ analysed the results and
wrote the manuscript. PG analysed the results and designed and
wrote the manuscript. CMS designed and conducted the research,
analysed the results and wrote the manuscript. All authors revised
the manuscript and approved of the final version.

Ciéncia Rural, v.53, n.4, 2023.



Biological control of Biomphalaria, the intermediate host of Schistosoma spp.: a systematic review. 13

REFERENCES

ABD EL-GHANY,A. M. & ABD EL-GHANY, N. M. Molluscicidal
activity of Bacillus thuringiensis strains against Biomphalaria
alexandrina snails. Beni-Suef University Journal of Basic and
Applied Sciences, v. 6, p. 391-393, 2017. Available from: <https://
doi.org/10.1016/j.bjbas.2017.05.003>. Accessed: Jul. 14, 2021.
doi: 10.1016/j.bjbas.2017.05.003.

ABDEL-WARETH, M. T. A. et al. Biological activities of endozoic
fungi isolated from Biomphalaria alexandrina snails maintained
in different environmental conditions. International Journal of
Environmental Studies, v. 76, p. 780-799, 2019. Available from:
<https://doi.org/10.1080/00207233.2019.1620535>.  Accessed:
Jun. 17, 2021. doi: 10.1080/00207233.2019.1620535.

AFIFI, A. A & AHMED, A. A. The efficiency of two Nile fishes
as biocontrol agents against different stages of schistosomiasis
intermediate host. Journal of The Faculty of Science and
Technology, v. 5, 2018. Available from: <https://journal.oiu.edu.
sd/index.php/JFST/article/view/359>. Accessed: Jul. 14, 2021.
doi: <https://doi.org/10.52981/jfst.vi5.359>.

AGBOHO,A. P. etal. Potential of Sepedon ruficeps Becker (Diptera:
Sciomyzidae) larvae for biological control of intermediate snail
hosts of schistosomiasis in Benin (West Africa). International
Journal of Multidisciplinary and Current Research, v. 5, p.
1035-1040, 2017. Available from: <http://ijmcr.com/potential-
of-sepedon-ruficeps-becker-diptera-sciomyzidae-larvae-for-
biological-control-of-intermediate-snail-hosts-of-schistosomiasis-
in-benin-west-africa>. Accessed: Jun. 14, 2021.

ANDRADE, R. M. Controle bioloégico de Biomphalaria glabrata
(Say, 1818) através de Tilapia nilotica (Hasselquist, 1757),
em laboratorio (Pulmonata, Planorbidae. Pisces, Cichlidae).
Revista da Sociedade Brasileira de Medicina Tropical, v. 15,
p. 39-52, 1982. Available from: <https://doi.org/10.1590/S0037-
86821982000100004>. Accessed: Jun. 15, 2020. doi: 10.1590/
S0037-86821982000100004.

AROSTEGUI, M. C. et al. Potential biological control of
schistosomiasis by fishes in the lower Senegal river basin.
American Journal of Tropical Medicine and Hygiene, v. 100,
p. 117-126, 2019. Available from: <https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC6335894/>. Accessed: Jun. 5,2021. doi:10.4269/
ajtmh.18-0469.

BARBOSA, C.S.etal. Epidemiologiae controle daesquistossomose
mansoni. In. CARVALHO, O. S. et al. Schistosoma mansoni e
esquistossomose: uma visdo multidisciplinar. Rio de Janeiro:
Editora FIOCRUZ, 2008, p. 964-1008. Accessed: Jul. 07, 2021.

CDC (CENTERS FOR DISEASE CONTROL AND
PREVENTION). One Health Basics, 2020. Available from:
<https://cdc.gov/onehealth>. Accessed: Jul. 10, 2021.

CHERNIN, E. etal. Studies on the biological control of schistosome-
bearing snails. I. The control of Australorbis glabratus populations
by the snail, Marisa cornuarietis, under laboratory conditions.
American Journal of Tropical Medicine and Hygiene, v. 5, p.
297-307, 1956a. Available from: <https://www.ajtmh.org/view/
journals/tpmd/5/2/article-p297.xml>. Accessed: Jul. 15, 2021. doi:
10.4269/ajtmh.1956.5.297.

CHERNIN, E. et al. Studies on the biological control of
schistosome-bearing snails. II. The control of Australorbis

glabratus populations by the leech, Helobdella fusca, under
laboratory conditions. American Journal of Tropical Medicine
and Hygiene, v. 5, p. 308-314, 1956b. Available from: <https://
doi.org/10.4269/ajtmh.1956.5.308>. Accessed: Jul. 15, 2021. doi:
10.4269/ajtmh.1956.5.308

CHEVALIER, F. D. et al. The hemolymph of Biomphalaria
snail vectors of schistosomiasis supports a diverse microbiome.
Environmental microbiology, v. 22, p. 5450-5466, 2020.
Available from: <https:/www.ncbi.nlm.nih.gov/pmc/articles/
PMC8023393/>. Accessed: 10, Jan. 15, 2021. doi:10.1111/1462-
2920.15303.

CHIMBARI, M. J. et al. Food selection behaviour of potential
biological agents to control intermediate host snails of
schistosomiasis: Sargochromis codringtoni and Tilapia rendalli.
Acta Tropica, v. 61, p. 191-199, 1996. Available from: <www.
sciencedirect.com/science/article/pii/0001706X95001444>.
Accessed: Jun. 5, 2021. doi: 10.1016/0001-706X(95)00144-4.

CHIMBARI, M. J. et al. Laboratory experiments on snail
predation by Sargochromis codringtoni, a candidate for
biological control of the snails that transmit schistosomiasis.
Annals of Tropical Medicine & Parasitology, v. 91, p. 95-
102, 1997. Available from: <www.sciencedirect.com/science/
article/pii/0001706X95001444>. Accessed: Jun. 5, 2021. doi:
0.1080/00034983.1997.11813116.

COELHO, P. M. Z. et al. Biomphalaria tenagophila/Schistosoma
mansoni interaction: Premises for a new approach to biological
control of schistosomiasis. Memérias do Instituto Oswaldo
Cruz, v. 99, p. 109-111, 2004. Available from: <https://pubmed.
ncbi.nlm.nih.gov/9093434/>. Accessed: Jun. 4, 2021. doi:
10.1080/00034983.1997.11813116.

COLLEY, D. G. et al. Human schistosomiasis. Lancet, v. 383,
2253-2264, 2014. Available from: <www.sciencedirect.com/
science/article/pii/S0140673613619492>. Accessed: Jul. 10, 2021.
doi: 10.1016/S0140-6736(13)61949-2.

DE BONT, A. & DE BONT HERS, M. Mollusc control and fish-
farming in Central Africa. Nature, v. 170, p. 323-324, 1952.
Available from: <https://www.nature.com/articles/170323a0>.
Accessed: Jun. 17, 2020. doi: 10.1038/170323a0.

DUARTE, G. F. et al. New insights into the amphibious life of
Biomphalaria glabrata and susceptibility of its egg masses to
fungal infection. Journal of Invertebrate Pathology, v. 125, p.
31-36, 2015. Available from: <https://www.sciencedirect.com/
science/article/abs/pii/S0022201114001918?via%3Dihub>.
Accessed: Jun. 17, 2021. doi: 10.1016/.jip.2014.12.013.

DUVAL, D. et al. A novel bacterial pathogen of Biomphalaria
glabrata: A potential weapon for schistosomiasis control? PLOS
Neglected Tropical Diseases, v. 9, ¢0003489, 2015. Available
from: <https://doi.org/10.1371/journal.pntd.0003489>. Accessed:
Jul. 14, 2021. doi: 10.1371/journal.pntd.0003489.

EILENBERG, J. et al. Suggestions for unifying the
terminology in biological control. BioControl, v. 46, p. 387—
400, 2001. Available from: <https://link.springer.com/article/
10.1023%2FA%3A1014193329979>. Accessed: Jun. 5, 2021.
doi: 10.1023/A:1014193329979.

FAMAKINDE, D. Treading the path towards genetic control of
snail resistance to schistosome infection. Trop Med Infect Dis,

Ciéncia Rural, v.53, n.4, 2023.



14 Friani et al.

v. 3, p. 86, 2018. Available from: <https://www.ncbi.nlm.nih.
gov/pmc/articles/ PMC6160955/>. Accessed: Jan. 5, 2022. doi:
10.3390/tropicalmed3030086.

FAMAKINDE, D. Public health concerns over gene-drive
mosquitoes: will future use of gene-drive snails for schistosomiasis
control gain increased level of community acceptance? Pathogens
and Global Health, v. 114, p. 55-63, 2020. Available from:
<https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7170313/>.
Accessed: Jan. 5, 2022. doi: 10.1080/20477724.2020.1731667.

FERGUSON, F. F. et al. Potential for biological control of
Australorbis glabratus, the intermediate host of Puerto Rican
schistosomiasis. American Journal of Tropical Medicine and
Hygiene, v. 7, p. 491-493, 1958. Available from: <https://www.
ajtmh.org/view/journals/tpmd/7/5/article-p491.xml>.  Accessed:
Jul. 15, 2021. doi: 10.4269/ajtmh.1958.7.491.

FERNANDES, E. K. K. & BITTENCOURT, V. R. E. P.
Entomopathogenic fungi against South American tick species.
Experimental and Applied Acarology, v. 46, p. 71-93, 2008.
Available from: <https://link.springer.com/article/10.1007/
$10493-008-9161-y>. Accessed: Jul. 15, 2021. doi: 10.1016/j.
vetpar.2007.03.030.

FERNANDES, P. M. & ALVES, S. B. Controle de Cornitermes
cumulans (Kollar, 1832) (Isoptera: Termitidae) com Beauveria
bassiana (Bals.) Vuill. e Metarhizium anisopliae (Metsch.) Sorok.
em condigdes de campo. Anais da Sociedade Entomolégica do
Brasil, v. 20, p. 46-49, 1991. Available from: <http://www.seb.
org.br/admin/files/anais2/AN0%201991%20VOLUME%2020-
NO01/1991 V20 N1_ASpdf>. Accessed: Jul. 15, 2021.

GASHAW, F. et al. Assessment of the potential of competitor
snails and African catfish (Clarias gariepinus) as biocontrol agents
against snail hosts transmitting schistosomiasis. Transactions of
the Royal Society of Tropical Medicine and Hygiene, v. 102,
p. 774—779, 2008. Available from: <https://academic.oup.com/
trstmh/article-abstract/102/8/774/1896026?redirectedFrom=fullte
xt>. Accessed: Jun. 27, 2021. doi: 10.1016/j.trstmh.2008.04.045.

GIOVANELLL A. et al. Apparent competition through facilitation
between Melanoides tuberculata and Biomphalaria glabrata and
the control of schistosomiasis. Memérias do Instituto Oswaldo
Cruz,v. 98, p.429-431,2003. Available from: <https://www.scielo.
br/j/mioc/a/szFBkIJkHzV ff6zgY Zxv9SRx/abstract/?lang=en>.
Accessed: Jul. 15,2021. doi: 10.1590/S0074-02762003000300025.

GRABER, M. et al. Lutte biologique contre les mollusques vecteurs
de Bilharziose. Action predatrice de Tilapia rendalli, Boulenger et
de Sarotherodon mossambica, Peters a 1’égard de Biomphalaria
glabrata, Say. Hydrobiologia, v. 78, p. 253-257, 1981. Available
from: <https://doi.org/10.1007/BF00008521>. Accessed: Jun. 10,
2021. doi: 10.1007/BF00008521.

GUIMARAES, C. T. et al. Biological control: Helobdella-
triserialis-lineata Blanchard, 1849 (Hirudinea, Glossiphonidae)
over  Biomphalaria  glabrata  Say, 1818  (Mollusca,
Planorbidae), in laboratory. Revista de Saude Publica, v. 17,
p- 481-492, 1983. Available from: <https://www.scielo.br/j/rsp/
a/78rdhnVYw8Mj3bgLDPrpsbh/abstract/?lang=pt>.  Accessed:
Jun. 3, 2021. doi: 10.1590/S0034-89101983000600005.

GUIMARAES, C. T. et al. Controle biolégico: Helobdella
triserialis Lineata (Hirudinea: Glossiphonidae) sobre Biomphalaria
straminea e Biomphalaria tenagophila (Mollusca: Planorbidae),

em laboratorio. Revista de Saude Publica, v. 18, p. 476-486,
1984. Available from: <https://www.scielo.br/j/rsp/a/LYNVNS
KQ3X3gNwxRkmfjvfx/?lang=pt>. Accessed: Jun. 3, 2021. doi:
10.1590/S0034-89101984000600006.

HOFKIN, B. V. et al. The North American crayfish Procambarus
clarkii and the biological control of schistosome-transmitting snails
in Kenya: Laboratory and field investigations. Biological Control,
v. 1, p. 183-187, 1991. Available from: <https://www.sciencedirect.
com/science/article/abs/pii/1049964491900658>. Accessed: Jun.
23,2021. doi: 10.1016/1049-9644(91)90065-8.

HOFKIN, B. V. et al. Predation of Biomphalaria and nontarget
mollusks by the crayfish Procambarus clarkii: Implications for
the biological control of schistosomiasis. Annals of Tropical
Medicine & Parasitology, v. 86, p. 663-670, 1992. Available
from: <https://www.tandfonline.com/doi/abs/10.1080/00034983.1
992.11812723?journalCode=ypgh19/>. Accessed: Jun. 4, 2021. do
1:10.1080/00034983.1992.11812723.

JOBIN, W. R. & BERRIOS-DURAN, L. A. Cost of harvesting and
spreading Marisa cornuarietis for biological control of Biomphalaria
glabrata in Aibonito, Puerto Rico. Bulletin World Health
Organization, v. 42, p. 177-979, 1970. Available from: <https://apps.
who.int/iris/handle/10665/262315>. Accessed: Jun. 3, 2021.

KHALIL, M. T. & SLEEM, S. H. Can the freshwater crayfish eradicate
schistosomiasis in Egypt and Africa? Journal of American Science, v.
7, p- 457-462,2011. Available from: <http://www.jofamericanscience.
org/journals/am-sci/am0707/068 6295am0707 457 462.pdf>.
Accessed: Jun. 27, 2021.

KINCAID-SMITH, J. et al. Emerging schistosomiasis in Europe: A
need to quantify the risks. Trends Parasitology, v. 33, p. 600-609,
2017. Available from: <https://pubmed.ncbi.nlm.nih.gov/28539255/>.
Accessed: Jul. 10, 2021. doi: 0.1016/j.pt.2017.04.0091.

LEGER, E. et al. Introgressed animal schistosomes Schistosoma
curassoni and S. bovis. Emerging Infectious Diseases Journal, v.
22, p. 2212-2215, 2016. Available from: <https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC5189150/>. Accessed: Jul. 10, 2021.
doi: 10.3201/eid2212.160644.

LEGER, E. & WEBSTER, J. P. Hybridizations within
the Genus Schistosoma: Implications for  evolution,
epidemiology and control. Parasitology, V. 144, P. 65-80,
2017.  Available from:  <https://www.cambridge.org/core/
journals/parasitology/article/hybridizations-within-the-genus-
schistosoma-implications-for-evolution-epidemiology-and-
control/4AD6AODBEAE46E1C96042019C07711910>.  Accessed:
Jul. 09, 2021. doi: 10.1017/S0031182016001190.

LEGER, E. et al. Prevalence and distribution of schistosomiasis
in human, livestock, and snail populations in northern Senegal: a
One Health epidemiological study of a multi-host system. Lancet
Planet Health, v. 4, p. €330-¢342, 2020. Available from: <https://
www.sciencedirect.com/science/article/pii/S2542519620301297>.
Accessed: Jul. 10, 2021. doi: 10.1016/S2542-5196(20)30129-7.

LOUREIRO, E. S. et al. Eficiéncia de isolados de Metarhizium
anisopliae (Metsch.) Sorok. no controle da cigarrinha-da-
raiz da cana-de-agucar, Mahanarva fimbriolata (stal, 1854)
(Hemiptera: Cercopidae), em condigdes de campo. Arquivos
do Instituto Bioldgico, v. 79, p.47-53, 2012. Available from:
<https://www.scielo.br/j/aib/a/GBA6MRkwFpP4yRVmIsKDMTt/
abstract/?lang=pt>. Accessed: Jul. 10, 2021.

Ciéncia Rural, v.53, n.4, 2023.


https://dx.doi.org/10.3390%2Ftropicalmed3030086
https://dx.doi.org/10.1080%2F20477724.2020.1731667

Biological control of Biomphalaria, the intermediate host of Schistosoma spp.: a systematic review. 15

MASCARIN, G. M. JARONSKI, S. T. The production and uses
of Beauveria bassiana as a microbial insecticide. World Journal
of Microbiology and Biotechnology, v. 32, 2016. Available from:
<https://doi.org/10.1007/s11274-016-2131-3>. Accessed: Jul. 14,
2021. doi: 10.1007/s11274-016-2131-3.

MASCARIN, G. M. et al. Current status and perspectives of fungal
entomopathogens used for microbial control of arthropod pests
in Brazil. Journal of Invertebrate Pathology, v. 165, p. 46-53,
2019. Available from: <https://www.sciencedirect.com/science/
article/abs/pii/S0022201117303658?via%3Dihub>. Accessed: Jul.
14, 2021. doi:10.1016/j.jip.2018.01.001.

MCMAHON, J. P. et al. Studies on biological-control of intermediate
hosts of schistosomiasis in Western Kenya. Environmental
Conservation, v. 4, p. 285-289, 1977. Available from: <https:/www.
cambridge.org/core/journals/environmental-conservation/article/abs/
studies-on-biological-control-of-intermediate-hosts-of-schistosomiasis-
in-western-kenya/0D878737CB643BAF8B114B51F2DD4050>.
Accessed: Jun. 5,2021. doi: 10.1017/S0376892900026205.

MKOIJIL, G. M. et al. Does the snail Melanoides tuberculata have arole
in biological control of Biomphalaria pfeifferi and other medically
important african pulmonates. Annals of Tropical Medicine &
Parasitology, v. 86, p. 201-204, 1992. Available from: <https://
www.tandfonline.com/doi/abs/10.1080/00034983.1992.11812654>.
Accessed: Jun. 04, 2021. doi: 10.1080/00034983.1992.11812654.

MOHER, D. et al. Preferred reporting items for systematic reviews
and meta-analyses: The PRISMA statement. PLOS Medicine,
v. 6, €1000097, 2009. Available from: <https://journals.plos.org/
plosmedicine/article/citation?id=10.1371/journal.pmed.1000097>.
Accessed: Mar. 08, 2021. doi: 10.1371/journal.pmed.1000097.

OKONIJO, E. et al. Evaluation of the beneficial nematode
Phasmarhabditis hermaphrodita in the control of Biomphalaria
pfeifferi. African Journal of Health Sciences, v. 28, p. 168-170,
2015. Available from: <http:/research.tukenya.ac.ke/images/
abstracts/2015/okonjo_edward 2015.pdf>. Accessed: Jul. 14, 2021.

OLIVER-GONZALEZ, J. The possible role of the guppy, Lebistes-
Reticulatus, on the biological control of schistosomiasis-mansoni.
Science, v. 104, p. 605-605, 1946. Available from: <https://science.
sciencemag.org/content/104/2712/605.3>. Accessed: Jun. 4, 2021.
doi: 10.1126/science.104.2712.605-b.

OLIVER-GONZALEZ,J. & FERGUSON, F. F. Probable biological
control of schistosomiasis mansoni in a Puerto-Rican watershed.
American Journal of Tropical Medicine and Hygiene, v. 8,
p. 56-59, 1959. Available from: <https://www.ajtmh.org/view/
journals/tpmd/8/1/article-p56.xml>. Accessed: Jul. 18, 2021. doi:
10.4269/ajtmh.1959.8.56.

PAGE, M. J. et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BJM, v. 372, 2021.
Available from: <https://www.bmj.com/content/372/bmj.n71>.
Accessed: Mar. 3, 2021. doi: 10.1136/bmj.n71.

PAULINYI, H. M. & PAULINI, E. Laboratory observations
on biological-control of Biomphalaria-glabrata by a species of
Pomacea (Ampullariidae). Bulletin World Health Organization,
v. 46, p. 243-247, 1972. Available from: <https://pubmed.ncbi.nlm.
nih.gov/4537485/>. Accessed: Jun. 3, 2021.

PEREIRA, M. F. A. et al. Eficiéncia de Metarhizium anisopliae
(Metsch.) Sorokin no controle de Deois Flavopicta (Stal., 1854), em

pastagem de capim-braquiaria (Brachiaria Decumbens). Arquivos
do Instituto Bioldgico, v. 75, p. 465-469, 2008. Available from:
<http://www.biologico.sp.gov.br/uploads/docs/arq/v75_4/pereira.
pdf>. Accessed: Jun. 3, 2021.

POINTIER, J. P. Decline of a sylvatic focus of Schistosoma
mansoni in Guadeloupe (French West Indies) following the
competitive displacement of the snail host Biomphalaria glabrata
by Ampullaria glauca. Oecologia, v. 75, p. 38-43, 1988. Available
from: <https://pubmed.ncbi.nlm.nih.gov/28311831/>. Accessed:
Jul. 16, 2021. doi: 10.1007/BF00378811.

POINTIER, J. P. et al. Biological control of Biomphalaria
glabrata and Biomphalaria straminea by the competitor snail
Thiara tuberculata in a transmission site of schistosomiasis in
Martinique, French-West-Indies. Annals of Tropical Medicine
and Parasitology, v. 83, p. 363-369, 1989. Available from: <http://
dx.doi.org/10.1080/00034983.1989.11812342>. Accessed: Jul. 25,
2021. doi: 10.1080/00034983.1989.11812342.

POINTIER, J. P. et al. Eradication of a sylvatic focus of Schistosoma
mansoni using biological control by competitor snails. Biological
Control, v. 1, p. 244-247, 1991. Available from: <https://www.
sciencedirect.com/science/article/abs/pii/1049964491900739>.
Accessed: May. 03, 2021. doi: 10.1016/1049-9644(91)90073-9.

POINTIER, J. P. The introduction of Melanoides tuberculata
(Mollusca: Thiaridae) to the island of Saint Lucia (West Indies)
and its role in the decline of Biomphalaria glabrata, the snail
intermediate host of Schistosoma mansoni. Acta Tropica, v.
54, p. 13-18, 1993. Available from: <https://www.sciencedirect.
com/science/article/abs/pii/0001706X93900641?via%3Dihub>.
Accessed: Jun. 12, 2021. doi: 10.1016/0001-706x(93)90064-i.

POINTIER, J. P. & DAVID, P. Biological control of Biomphalaria
glabrata, the intermediate host of schistosomes, by Marisa
cornuarietis in ponds of Guadeloupe: long-term impact on the
local snail fauna and aquatic flora. Biolegical Control, v. 29, p.
81-89, 2004. Available from: <https://www.sciencedirect.com/
science/article/abs/pii/S1049964403001373>. Accessed: Jun. 4,
2021. doi: 10.1016/S1049-9644(03)00137-3.

POINTIER, J. P. & JOURDANE, J. Biological control of the snail
hosts of schistosomiasis in areas of low transmission: the example
of the Caribbean éarea. Acta Tropica, v. 77, p. 53-60, 2000.
Available from: <https://www.sciencedirect.com/science/article/
abs/pii/S0001706X00001236?via%3Dihub>. Accessed: Jun. 5,
2021. doi: 10.1016/S0001-706X(00)00123-6.

PORTET, A. et al. Experimental infection of the Biomphalaria
glabrata vector snail by Schistosoma mansoni parasites
drives snail microbiota dysbiosis. Microorganisms, v. 9, p.
1-20, 2021. Available from: <https://www.mdpi.com/2076-
2607/9/5/1084/pdf>. Accessed: Jul. 30, 2021. doi: 10.3390/
microorganisms9051084.

PRENTICE, M. A. Displacement of Biomphalaria glabrata by the
snail Thiara granifera in field habitats in St. Lucia, West Indies.
Annals of Tropical Medicine & Parasitology, v. 77, p. 51-59,
1983. Available from: <https://www.tandfonline.com/doi/abs/10
.1080/00034983.1983.11811672>. Accessed: Jun. 10, 2021. doi:
10.1080/00034983.1983.11811672.

RUIZ-TIBEN, E. et al. Biological control of Biomphalaria-

glabrata by Marisa cornuarietis in irrigation ponds in Puerto-Rico.
Bulletin World Health Organization, v. 41, p. 329-333, 1969.

Ciéncia Rural, v.53, n.4, 2023.



16 Friani et al.

Available from: <https://apps.who.int/iris/handle/10665/262234>.
Accessed: Jun. 18, 2021.

SAAD, A. E. A. et al. Separation of a compound effective against
Biomphalaria alexandrina snails from the filtrate of Penicillium
Jjanthinellum. International Journal of Environmental Studies,
v. 13, p. 1-17, 2016. Available from: <https://www.tandfonline.
com/doi/full/10.1080/00207233.2015.1082246>. Accessed: Jul.
14, 2021. doi: 10.1080/00207233.2015.1082246.

SALARI, P. et al. Cost of interventions to control schistosomiasis:
A systematic review of the literature. PLoS Neglected Tropical
Diseases, v. 14, ¢0008098, 2020. Available from: <https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC7145200/>. Accessed: Jul. 8,
2020. doi: 10.1371/journal.pntd.0008098.

SAVAYA, A. A.M. 1. T. et al. The prawn Macrobrachium vollenhovenii
in the Senegal river basin: Towards sustainable restocking of all-male
populations for biological control of schistosomiasis. Plos Neglected
Tropical Diseases, v. 8, ¢3060, 2014. Available from: <https:/
journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0003060>.
Accessed: Jun. 5,2021. doi: 10.1371/journal.pntd.0003060.

SOKOLOW, S. H. et al. 2015. Reduced transmission of human
schistosomiasis after restoration of a native river prawn that preys
on the snail intermediate host. Proceedings of the National
Academy of Sciences, v. 112, p. 9650-9655, 2015. Available from:
<https://www.pnas.org/content/114/33/E7028>. Accessed: Jun. 17,
2021. doi: 10.1073/pnas.1712011114.

SOKOLOW, S. H. et al.To Reduce the Global Burden of Human
Schistosomiasis, Use ‘Old Fashioned’ Snail Control. Trends
in Parasitology, v. 34, p. 23-40, 2017. Available from: <https://
www.cell.com/trends/parasitology/fulltext/S1471-4922(17)30258-
1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2F
retrieve%2Fpii%2FS1471492217302581%3Fshowall%3Dtrue>.
Accessed: Jul, 30, 2021. doi: 10.1016/j.pt.2017.10.002.

STAUFFER, Jr J. R. & MADSEN, H. A one health approach
to reducing schistosomiasis transmission in Lake Malawi.
Preventive Medicine and Community Health, v. 1, p. 1-4. 2018.
Available from: <https://www.oatext.com/a-one-health-approach-
to-reducing-schistosomiasis-transmission-in-lake-malawi.php>.
Accessed: Jun. 17, 2021. doi: 10.15761/PMCH.1000115.

SULIEMAN, Y. et al. Laboratory evaluation of the biological control of
the snail, Biomphalaria pfeifferi, the intermediate host of Schistosoma
mansoni, using the fish, Gambusia affinis. Egyptian Journal of
Biological Pest Control, v. 25, p. 351-354, 2015. Available from:
<https://ejbpc.springeropen.com/>. Accessed: Jun. 7, 2021.

WEINZETTL, M. & JURBERG, P. Biological control of
Biomphalaria tenagophila(Mollusca, Planorbidae), a schistosomiasis
vector, using the fish Geophagus brasiliensis (Pisces, Cichlidae) in
the laboratory or in a seminatural environment. Memorias Instituto
Oswaldo Cruz, v. 85, p. 35-38, 1990. Available from: <https:/
www.scielo.br/j/mioc/a/7Zrf69d8N6GmDdLwnRn9ypf/?lang=en>.
Accessed: Jun. 14, 2021. doi: 10.1590/S0074-02761990000100005.

WORLD HEALTH ORGANIZATION (WHO). Molluscicides.
Second Report of the Expert Committee on Bilharziasis: first
report. Geneva: WHO, 1961. Available from: <https://apps.who.
int/iris/handle/10665/40484>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). Expert
Committee on Bilharziasis: third report. Geneva:

WHO, 1965. Available from: <https://apps.who.int/iris/
handle/10665/40617?1ocale-attribute=pt&>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). Epidemiology
and Control of Schistosomiasis: report of a WHO Expert
Committee. Geneva: WHO, 1967. Available from: <https://apps.
who.int/iris/handle/10665/40667>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). Schistosomiasis
Control. Geneva: WHO, 1973. Available from: <https://apps.who.
int/iris/handle/10665/41029>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). Epidemiology
and Control of schistosomiasis: report of a WHO Expert
Committee. Geneva: WHO, 1980. Available from: <https://apps.
who.int/iris/handle/10665/41394>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). The Control
of Schistosomiasis: report of a WHO Expert Committee.
Geneva: WHO, 1985. Available from: <https://apps.who.int/iris/
handle/10665/39529>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). The Control of
Schistosomiasis: second report of a WHO Expert Committee.
Geneva: WHO, 1993. Available from: <https://apps.who.int/iris/
handle/10665/37115>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). Schistosomiasis:
progress report 2001 - 2011, strategic plan 2012 - 2020.
Geneva: WHO, 2001. Available from: <https://apps.who.int/iris/
handle/10665/78074>. Accessed: Jul. 08, 2021.

WORLD HEALTH ORGANIZATION (WHO). Accelerating
Work to Overcome the Global Impact of Neglected Tropical
Diseases: A Roadmap for Implementation. Geneva: WHO, 2012.
Available from: <http://whqlibdoc.who.int/hq/2012/WHO_HTM _
NTD_2012.1_eng.pdf?ua=1>. Accessed: Jul. 09, 2021.

WORLD HEALTH ORGANIZATION (WHO). Global vector
control response: an integrated approach for the control of
vector-borne diseases. Geneva: WHO, 2017. Available from:
<https://apps.who.int/iris/bitstream/handle/10665/275708/A70
R16-en.pdf>. Accessed: Jul. 09, 2021.

WORLD HEALTH ORGANIZATION (WHO). Schistosomiasis.
2020. Available from: <https://www.who.int/news-room/fact-
sheets/detail/schistosomiasis>. Accessed: Jul. 09, 2021.

WORLD HEALTH ORGANIZATION (WHO). Ending the
neglect to attain the sustainable development goals: a road map
for neglected tropical diseases 2021-2030. Geneva, Switzerland:
World Health Organization (WHO), 2021. Available from:
<https://www.who.int/neglected_diseases/Ending-the-neglect-to-
attain-the-SDGs--NTD-Roadmap.pdf>. Accessed: Jul. 09, 2021.

WORLD HEALTH ORGANIZATION (WHO). WHO guideline
on control and elimination of human schistosomiasis. Geneva,
Switzerland: World Health Organization (WHO), 2022. Available
from: <https://www.who.int/publications/i/item/9789240041608>.
Accessed: Mar. 10, 2022.

YOUNES, A. et al. Biological control of snail hosts transmitting
schistosomiasis by the water bug, Sphaerodema urinator.
Parasitology Research, v. 116, p. 1257-1264, 2017. Available from:
<https://link.springer.comv/article/10.1007%2Fs00436-017-5402-5>.
Accessed: Jun. 5,2021. doi: 10.1007/s00436-017-5402-5.

Ciéncia Rural, v.53, n.4, 2023.



	_GoBack
	_gjdgxs
	_30j0zll

