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Abstract: Introduction: Schistosomiasis, a tropical disease affecting humans and animals, affected
251.4 million people in 2021. Schistosoma mansoni, S. haematobium, S. intercalatum, and S. japonicum
are primary human schistosomes, causing tissue damage, granulomas, ulceration, hemorrhage, and
opportunistic pathogen entry. The gut and urinary tract microbiota significantly impact a host’s
susceptibility to schistosomiasis, disrupting microbial balance; however, this relationship is not well
understood. This systematic review and meta-analysis explores the intricate relationship between
schistosomiasis and the host’s microbiota, providing crucial insights into disease pathogenesis and
management. Methods: This systematic review used PRISMA guidelines to identify peer-reviewed
articles on schistosomiasis and its interactions with the host microbiome, using multiple databases
and Google Scholar, providing a robust dataset for analysis. The study utilized Meta-Mar v3.5.1;
descriptive tests, random-effects models, and subgroups were analyzed for the interaction between
Schistosomiasis and the microbiome. Forest plots, Cochran’s Q test, and Higgins’ inconsistency
statistic (I2) were used to assess heterogeneity. Results: The human Schistosoma species were observed
to be associated with various bacterial species isolated from blood, stool, urine, sputum, skin, and
vaginal or cervical samples. A meta-analysis of the interaction between schistosomiasis and the host
microbiome, based on 31 studies, showed 29,784 observations and 5871 events. The pooled estimates
indicated a significant association between schistosomiasis and changes in the microbiome of infected
individuals. There was considerable heterogeneity with variance effect sizes (p < 0.0001). Subgroup
analysis of Schistosoma species demonstrated that S. haematobium was the most significant contributor
to the overall heterogeneity, accounting for 62.1% (p < 0.01). S. mansoni contributed 13.0% (p = 0.02),
and the coinfection of S. haematobium and S. mansoni accounted for 16.8% of the heterogeneity (p < 0.01),
contributing to the variability seen in the pooled analysis. Similarly, praziquantel treatment (RR = 1.68,
95% CI: 1.07-2.64) showed high heterogeneity (Chi? = 71.42, df = 11, p < 0.01) and also indicated that
Schistosoma infections in males (RR = 1.46, 95% CI: 0.00 to 551.30) and females (RR = 2.09, 95% CI: 0.24
to 18.31) have a higher risk of altering the host microbiome. Conclusions: Schistosomiasis significantly
disrupts the host microbiota across various bodily sites, leading to increased susceptibility to different
bacterial taxa such as E. coli, Klebsiella, Proteus, Pseudomonas, Salmonella, Staphylococcus, Streptococcus,
and Mycobacterium species (M. tuberculosis and M. leprae). This disruption enables these bacteria to
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produce toxic metabolites, which in turn cause inflammation and facilitate the progression of disease.
The impact of schistosomiasis on the vaginal microbiome underscores the necessity for gender-specific
approaches to treatment and prevention. Effective management of female genital schistosomiasis
(FGS) requires addressing both the parasitic infection and the resulting microbiome imbalances.
Additionally, praziquantel-treated individuals have different microbiome compositions compared to
individuals with no praziquantel treatment. This suggests that combining praziquantel treatment
with probiotics could potentially decrease the disease severity caused by an altered microbiome.

Keywords: schistosomiasis; microbiota; microbial diversity; immune modulation; dysbiosis

1. Introduction

Schistosomiasis, a tropical disease affecting both humans and animals, necessitated
preventive treatment for 251.4 million people in 2021, as reported by the World Health
Organization (WHO) [1]. The disease, primarily endemic in tropical and subtropical
regions, poses significant public health challenges and requires efforts to manage and
reduce its impact. Schistosoma mansoni Sambon, 1907, Schistosorma haematobium Bilharz, 1852,
Schistosoma intercalatum Fisher, 1934, and Schistosoma japonicum Katsurada, 1904 are the primary
schistosomes infecting humans, leading to intestinal, hepatic, and urinary schistosomiasis across
regions such as Africa, the Arabian Peninsula, South America, China, the Philippines, and
Indonesia [2]. Schistosomes, parasitic worms, infect humans through contact with contaminated
water, causing host damage at various life cycle stages [3,4]. Their secretions and excretions
elicit immune responses that can lead to a range of complications [5]. Adult worms of S.
japonicum, S. intercalatum, and S. mansoni typically inhabit the portal-mesenteric venous
system, where they lay eggs, contributing to intestinal and hepatic schistosomiasis [3,6].
In contrast, S. haematobium primarily resides in the bladder plexus to lay its eggs, causing
urinary schistosomiasis [7].

Schistosome infections cause significant tissue damage, particularly through the depo-
sition of eggs in the intestinal and urinary walls [8,9]. The eggs secrete antigenic mixtures
that attract immune cells and trigger the infiltration of inflammatory factors [9]. This
immune response leads to the formation of granulomas, which are clusters of immune
cells that form around the eggs [10,11]. The granulomas can cause tissue damage, lead-
ing to ulceration and hemorrhage [11]. These lesions disrupt the normal tissue barriers
and alter the local immune environment, which can facilitate the entry and growth of
opportunistic pathogens, thereby influencing the diversity of microbial infections [12,13].
The compromised tissue integrity and the immunomodulatory effects of schistosomiasis
create a conducive environment for the proliferation of various bacterial species, potentially
leading to coinfections and complicating the clinical management of schistosomiasis [8,14].

Female genital schistosomiasis (FGS) is caused by the entrapment of Schistosoma haema-
tobium eggs in genital tissues, which is associated with a range of adverse reproductive
outcomes, including ectopic pregnancy, infertility, low birth weight, preterm delivery, and
various other reproductive health abnormalities [15,16]. FGS is known to play a significant
role in sexually transmitted infections (STIs). It causes dysbiosis in the optimal lactic
acid-producing lactobacilli microbiota, leading to the harboring of nonoptimal microbiota,
such as those associated with bacterial vaginosis (BV) and vulvovaginal candidiasis [17].
High-intensity urinary S. haematobium infections can alter the diversity of the cervicovaginal
microbiota, which is crucial for maintaining reproductive health. FGS-associated BV infec-
tions can induce pelvic inflammatory disease, which has been linked to an increased risk of
STlIs, including syphilis, gonorrhea, chlamydia, and trichomoniasis, as well as incurable
viral infections such as herpes simplex virus (HSV), human immunodeficiency virus (HIV),
and human papillomavirus (HPV) [18]. The presence of S. haematobium eggs and the result-
ing inflammation may disrupt the mucosal barrier and immune response, facilitating the
invasion and persistence of pathogenic microorganisms. This disruption compromises the
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natural defense mechanisms of the genital tract, making it more susceptible to infections
and causes urinary tract infections (UTIs) and other reproductive health issues. Thus,
understanding FGS and its impact on the vaginal microbiome could improve diagnosis,
treatment, and prevention strategies, as well as broader public health initiatives to reduce
the prevalence of schistosomiasis and associated reproductive health complications.

The mammalian gut harbors a diverse community of microbiota that play crucial
roles in regulating host immunity and physiology [19]. These microorganisms are essential
for maintaining homeostasis and contribute significantly to the host’s defense mecha-
nisms against pathogens [20,21]. They help modulate the immune system, ensuring a
balanced response to infections and preventing excessive inflammation that could damage
tissues [22]. In the context of schistosome infections, the gut microbiota influence the host’s
susceptibility by regulating immune responses and maintaining the integrity of the gut
barrier [23]. A healthy microbiome supports a robust immune system capable of mounting
effective defenses against schistosome larvae, potentially limiting their establishment and
migration within the host [24,25]. Thus, the composition and diversity of both the gut and
urinary tract microbiota are critical in shaping the host’s susceptibility to schistosomiasis,
highlighting the intricate relationship between gut or urinary tract health and parasitic
infections [26,27].

Praziquantel, the primary treatment for schistosomiasis, is effective but can cause sev-
eral side effects and impact the gut microbiome [28]. Common side effects include dizziness,
headache, nausea, abdominal pain, and fatigue, while less common effects include allergic
reactions, fever, vomiting, diarrhea, and muscle pain [29]. Thus, praziquantel treatment
can disrupt the microbial diversity of the gut microbiome, reducing the populations of
beneficial bacteria like Lactobacillus acidophilus Moro, 1900 or Lactobacillus casei Orla-Jensen,
1916 and Bifidobacterium longum Reuter, 1963 or Bifidobacterium bifidum Tissier, 1900 and
potentially allowing pathogenic bacteria to thrive [27]. This disruption can alter the host’s
immune response and metabolic processes, affecting nutrient absorption and overall health.
Long-term alterations in gut flora due to praziquantel treatment can increase the risk of
gastrointestinal conditions such as irritable bowel syndrome (IBS) and inflammatory bowel
disease (IBD) [30].

Thus, the interplay between schistosome infections and the host’s microbial flora
is an intricate aspect of the disease’s pathogenesis [27]. Schistosome parasitic flatworm
and its treatment can induce changes in the host’s microbiota, potentially altering the
balance of microbial communities within the body [26,27]. Microbial diversity is crucial for
maintaining various physiological functions, including metabolic processes and immune
regulation [31]. When the diversity of microbial flora is high, it often indicates a healthier
state, as different species contribute to different functions, such as nutrient metabolism and
immune modulation [32]. This diverse microbial community helps to maintain homeostasis
and resist the colonization of pathogenic organisms [33]. However, schistosome infections
can disrupt this delicate balance [5]. The presence of the parasite in the host’s body
can trigger immune responses and inflammatory reactions, which may inadvertently
affect the composition and function of the microbiota [34]. This disruption can lead to
dysbiosis, where there is an imbalance in the microbial community, with potentially harmful
consequences [35,36].

Dysbiosis resulting from schistosome infections can have several detrimental effects on
the host [26]. It may compromise organ integrity, impair metabolic processes, and weaken
immune competence [37]. These effects can exacerbate the impact of schistosomiasis,
leading to more severe health outcomes and complications [38]. Thus, understanding the
relationship between schistosome infections and the host’s microbial flora is essential for
developing effective strategies for managing and treating schistosomiasis by targeting
the microbial imbalance induced by the parasite and may lead to the identification of
novel approaches to modulate the host’s immune response and mitigate the severity of the
disease. Additionally, interventions aimed at restoring microbial diversity could potentially
enhance the effectiveness of conventional treatments for schistosomiasis. This systematic
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review and meta-analysis aims to examine the interactions between schistosomiasis and the
host’s microbiota and will provide valuable insights into the complex relationship between
these factors and their implications for disease pathogenesis and management.

2. Materials and Methods
2.1. Literature Search Strategy

The literature search strategy for this systematic review adhered to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines with the
PRISMA checklist (Table S1) [39] to ensure a comprehensive identification of peer-reviewed
articles examining schistosomiasis and its interactions with the host microbiome. The pro-
tocol for this review was registered in the International Prospective Register of Systematic
Reviews (PROSPERO), Centre for Reviews and Dissemination (CRD) at the University
of York (Registration Number CRD42024589163) on the 12th September 2024. The search
encompassed multiple electronic databases, including Scopus, PubMed, Medline, Science
Direct, and Cochrane, covering publications from January 1960 to May 2024. The search
terms were crafted using the Boolean operator “AND” to combine relevant keywords
such as “schistosomiasis AND microbiome”, “schistosomiasis AND bacteria”, “Schisto-
soma AND gut microbiota”, and “schistosomiasis AND host interaction”. Only articles
available in full text, published in English, and openly accessible were included to ensure
comprehensive data availability (Table S2). Additionally, a manual search was conducted
via Google Scholar to identify any pertinent studies not indexed in the primary databases.
The selection process involved an initial screening of titles and abstracts to ensure relevance,
followed by a detailed assessment of the full texts of qualifying articles. Furthermore, the
reference lists of selected studies were examined to identify additional relevant citations.
This rigorous and systematic approach facilitated the compilation of a robust dataset on
schistosomiasis and its interactions with the host microbiome, enabling a thorough analysis
of the relationship between schistosomiasis and the host microbiota.

2.2. Study Eligibility Criteria

The study employed a rigorous screening and selection process to identify relevant
articles on the interaction between schistosomiasis and the microbiome. The primary focus
was on original research articles that included human participants from various demo-
graphics and geographic regions. This approach was designed to gather comprehensive
and diverse data. The inclusion criteria mandated that studies must be original research ar-
ticles involving human subjects of any age, gender, race, or location, specifically examining
the interaction between schistosomiasis and the microbiome. To maintain the integrity of
the analysis, only articles published in English were considered, ensuring that the language
barrier did not impede the accurate interpretation of the data. This included experimental
studies on non-human subjects, review articles, letters to editors, and duplicate studies,
which do not contribute original data or analysis. Additionally, any articles lacking the rele-
vant keywords or deemed irrelevant to the study’s aims were excluded from consideration.
This methodical approach ensured that only high-quality, pertinent articles were selected,
thereby contributing to a meaningful and comprehensive understanding of the interaction
between schistosomiasis and the microbiome.

2.3. Study Selection and Data Extraction

The study employed a systematic and thorough methodology for selecting articles and
extracting data to investigate the interaction between schistosomiasis and the microbiome.
The process began with an exhaustive search across multiple databases to identify pertinent
articles, followed by the removal of duplicates to ensure a clean dataset. This initial step
aimed to streamline the review process and focus on unique and relevant studies. Subse-
quently, two of the authors served as independent reviewers and meticulously screened
the articles to assess their adherence to predefined inclusion criteria. This dual-review
approach minimized potential biases and ensured the rigorous selection of articles. During
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the full-text review phase, the reviewers extracted essential data points from each selected
article, including publication details, study settings, population characteristics, and key re-
sults about the interaction between schistosomiasis and the microbiome. By systematically
extracting relevant information, the study aimed to capture a comprehensive overview
of the topic. The involvement of two independent reviewers in the screening and data
extraction processes bolstered the study’s credibility and minimized the risk of errors or
subjective interpretations. Any discrepancies between the reviewers were resolved through
discussion or consultation with a third reviewer, further enhancing the study’s robustness.
Overall, this systematic and structured approach ensured the thorough collection and anal-
ysis of data, facilitating a reliable examination of the interaction between schistosomiasis
and the microbiome.

2.4. Assessment of Study Quality and Risk of Bias

The study employed the Joanna Briggs Institute (JBI) critical appraisal checklist guide-
lines (Table S3) to assess the quality of the selected articles, reflecting a commitment
to rigorously evaluating methodological soundness and risk of bias [40]. This checklist
(Table S3) offers a structured framework for evaluating various aspects of study quality,
encompassing methodology, sample representativeness, data analysis, and result interpreta-
tion. The involvement of two independent reviewers in conducting the quality assessment
aligns with best practices, aiming to reduce bias and enhance the reliability of the eval-
uation process. This approach ensures that diverse perspectives are considered, thereby
mitigating the influence of subjective judgment on the assessment outcome. Moreover, any
discrepancies or disagreements between the reviewers were resolved through consensus
discussions, underscoring the study’s dedication to maintaining consistency and rigor
in the evaluation process. By adhering to the JBI critical appraisal checklist guidelines
(Table S3) and incorporating the input of two independent reviewers, the study ensured
a standardized and systematic approach to evaluating study quality and the risk of bias.
The process involves applying nine criteria, with each rated as “YES” or “NO”. A scoring
system was then used to assign a numerical value to each study based on the number of
criteria met. Studies were categorized as low quality (scores 0—4), moderate quality (scores
5-7), or high quality (scores 8-9) (Table S4). This rigorous methodological framework not
only enhances the validity and reliability of the study findings but also instills confidence
in the robustness of the included literature and the conclusions drawn from the analysis.

2.5. Data Analysis

The study implemented a meticulous and comprehensive statistical approach to
analyze data collected from various sources regarding the interaction between schisto-
somiasis and the microbiome. Data management and organization were conducted us-
ing Microsoft Excel, ensuring a structured and systematic process. For statistical analy-
sis, Meta-Mar v3.5.1, a specialized tool tailored for meta-analysis calculations, was uti-
lized (https://meta-mar.shinyapps.io/meta-analysis-calculator/) (accessed on 17 March
2024) [41]. This software provides a range of statistical tests and procedures specifically
designed for meta-analytical studies. Descriptive statistical tests, including dichotomous
models for risks and ratios, as well as average effect size using log risk ratio and log risk dif-
ference, were applied to enable a comprehensive assessment of the data. A random-effects
model was employed to calculate pooled datasets, considering the anticipated variability
between studies. This model provides a more conservative estimate of the overall effect
size while acknowledging potential heterogeneity across studies. Subgroup analyses were
conducted based on Schistosoma species, praziquantel treatment, and gender, allowing for
the exploration of variations in the interaction between schistosomiasis and the microbiome.
This approach enhances the granularity of the analysis and provides insights into potential
geographical, treatment-, and gender-specific differences in disease epidemiology. To assess
heterogeneity among studies, various statistical methods were utilized, including visual
inspection of forest plots, Cochran’s Q test, and Higgins’ inconsistency statistic (I2). An
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12 value above 50% was considered indicative of substantial heterogeneity, prompting
further exploration of potential sources of variation between studies. Overall, this rigorous
statistical approach ensured a robust analysis of the interaction between schistosomiasis
and the microbiome, providing valuable insights into the epidemiology and interaction of
these infections.

2.6. Publication Bias

The study adopted proactive measures to address publication bias and heterogeneity,
crucial steps in ensuring the robustness and reliability of its findings. Publication bias,
the tendency for studies with significant results to be published more readily than those
with non-significant results, was rigorously evaluated through several methods. Firstly,
the study utilized the Fail-safe N calculation using the Rosenthal Approach. This method
estimates the number of unpublished or missing studies required to nullify the observed
effect, providing insight into the potential impact of publication bias on the results. Addi-
tionally, funnel plots were employed to visually assess the symmetry of the distribution
of effect sizes. Asymmetry in funnel plots can indicate publication bias, with Egger’s
test providing a statistical evaluation of this asymmetry [42]. Furthermore, Higgins’ I?
statistic was utilized to assess the degree of heterogeneity between studies. This statistic
quantifies the proportion of total variation across studies due to heterogeneity rather than
chance, with higher values indicating greater heterogeneity. Sensitivity analyses were also
conducted to examine the influence of the largest studies on the meta-analyses, allowing
for an exploration of potential sources of variation and bias. Overall, these comprehen-
sive approaches provided a thorough evaluation of potential biases and variations in the
data, strengthening the validity and credibility of the study’s conclusions regarding the
interaction between schistosomiasis and the microbiome.

3. Results
3.1. Study Characteristics

A comprehensive search of six electronic databases, including Scopus, PubMed, Med-
line, and ClinicalTrials.gov, resulted in the identification of 165 articles. After removing
duplicates and screening titles and abstracts, 14 full-text articles were deemed eligible for in-
clusion. Additionally, a manual search on Google Scholar yielded 17 more articles, resulting
in a total of 31 studies included in the quantitative synthesis (Figure 1) [43-73]. The Schisto-
soma species (S. haematobium, S. japonicum, S. mansoni, S. intercalatum, and S. haematobium—S.
mansoni coinfection) were observed to be associated with various bacterial species, includ-
ing Escherichia coli, Staphylococcus aureus, Klebsiella spp., Yersinia enterocolitica, Enterobacter
aerogenes, Salmonella enterica, Pseudomonas aeruginosa, Salmonella typhi, Helicobacter pylori, and
Citrobacter spp., among others. These bacterial species were isolated from blood, stool, urine,
sputum, skin, and vaginal or cervical samples. Interestingly, Escherichia was isolated from
12 of the included studies [43-45,47-51,55,56,70,71], Klebsiella from 11 studies [43-45,47—
51,55,70,71], Staphylococcus [43,47-49,51,56,70,71] and Salmonella [48,51,53,54,56,57,63,67]
both from eight studies each, Pseudomonas from six studies [43,44,48,49,55,70], Proteus from
five studies [43,48-50,70], and Streptococcus [44,49,56,70] and Mycobacterium [59,65,66,68]
from four studies each. The rest of the bacterial isolates were reported in one or two
studies. Most of the studies originated in Africa, where schistosomiasis remains endemic,
with fewer studies conducted in Brazil, China, and Saudi Arabia. (Table 1, Figure 2). The
geographical distribution of the included studies is shown in Figure 2, highlighting a
significant concentration of research in African countries, reflecting the endemic nature of
schistosomiasis in the region.
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Table 1. Demographic characteristics of the 31 eligible studies included in the quantitative meta-

analysis of schistosomiasis-microbiota interaction.

s 1 4 Samples Used
Schistosoma Number of amples Use for
. Type of Bacteria Present Country . Males Females Methodology for Bacteria . Reference
Species Participants . Schistosoma
Isolation e
Identification
Entem‘(occ'x’ts fnfmhs, Eschurxc!xzn coli, Kl’cbfwllu ) Microscopy, bacteria
S. haematobium F y AT, 2y Nigeria 509 263 246 culture and Gram Urine Urine [43]
aureus Staphylococcus saprophyticus Serratia, and s
” staining
Proteus
Microscopy, bacteria
Lo . . o culture, Gram staining,
S. haematobium Escherichia coli, Klebsiclla spp, Pseudomonas spp., Senegal 17,107 Not stated Not stated biochemical tests and Urine Urine [44]
Moraxella spp., and Streptococcus . .
antimicrobial
susceptibility testing
S. haematobium Escherichia coli and Klebsiella spp. Nigeria 443 Not stated Not stated Urine microscopy and Urine Urine [45]
bacteria culture
Sample culture, Gram
S. haematobium Not stated Nigeria 960 306 654 staining and biochemical Urine Urine [46]
tests, urinalysis
o . . . . i Urine filtration and
S. haematobium Escherichia coli, Sfﬂphy‘l;mgiccrf aureus, and Klebsiella Nigeria 842 416 426 microscopy, urinalysis, Urine Urine [47]
species urine culture
Kiebsiella pneumonia, Proteus vulgaris, Escherichia coli, Urine sedimentation and
S. haematobium Yersinia enterocolitica, Staphylococcus aureus, Nigeria 109 35 74 microscopy, urine Urine Urine 48]
Enterobacter aerogenes, Salmonella enterica, and culture, antimicrobial
Pseudomonas aeruginosa susceptibility testing
Staphylococcus aureus, hemolytic Staphylococcus albus, Urine filtration and
Proteus mirabilis, Klebsiella, Escherichia coli, microscopy, urine
S.h b Str faecelis, S. viridiens, S. haemolyticus, Egypt 82 Not stated Not stated analysis, Urine culture, Urine Urine [49]
various strains of staphylococci and Pseudomonas Gram staining, and
aeruginosa. biochemical tests.
5. haematobium Escherichia coli, Klebsxelllzz species, and Proteus Egypt 390 167 223 ‘Unne c‘ullure, Urine Urine 501
species. biochemical tests
Sedimentation and
microscopy, urine
S. haematobium Escherichia sp., Klebsiella sp., Staphylncoccus sp., and Nigeria 656 370 286 culture, mt_radermal tests, Urine Urine 1511
Salmonella typhi flocculation tests and
fluorescent antibody
tests
. . . Kato Katz and -
S. japonicum H. pylori China 150 79 71 microscopy, ELISA, Blood Stool [52]
Kato Katz and
Democratic mlclr;sc:)ipy, 1sltool and
S. mansoni Salmonella sp. Republic 1108 504 554 | blood cultures, Stool Stool 53]
of Congo biochemical tests and
antibiotic susceptibility
testing
Wet mount and stool
concentration
(formalin-ether
. N _— concentration technique), -
S. mansoni Salmonella sp. Ethiopia 271 165 106 Widal test, stool culture Stool Stool [54]
and biochemical tests
and antimicrobial
susceptibility test
. . . . Sedimentation and :
S. haematobium Citrobacter spp., E. coli, Klebsiclla spp., Acinetobacter Nigeria 505 254 251 microscopy, urine Urine and Urine [55]
spp., Providencia spp., Pseudomonas, Serratia culture, biochemical tests blood
Salmonella enterica, serovar Paratyphi, Citrobacter . .
- ‘ . Sedimentation and
freundii, Enterobacter aerogenes, Morganella morgani, : inalysi
Vibrio mirabilis, Escherichia coli, Neisseria species, TMICroscopy, \;tr inalysis,
S. h b tr iae, Corynebacterium xerosis, Nigeria 244 Not stated Not stated | urine culture, Urine Urine [56]
o It ; biochemical tests, PCR,
Bacillus cereus, Kurthia gibsoni, Enterococcus faecalis, PR o
Staphyl euis, Strept N 1 d antibiotic susceptibility
aphylococcus aureus, Streptococcus mitis an
test
Staphylococcus saprophyticus.
ELISA, Blood culture,
. antimicrobial . e
S. intercalatum Salmonella spp. Gabon 125 68 57 susceptibility test, Rectal Blood Rectal biopsy 571
biopsy
i Urine filtration and
Democratic microscopy, nucleic acid
S. haematobium Chlamydia trachomatis and Neisseria gonorrhoeae Republic 367 0 367 l}; - " Vaginal swab Urine [58]
of Congo amplification test
(NAAT),
Baermann, FLOTAC,
Kato—Katz, point-of-care
circulating cathodic
antigen urine cassette
S. haematobium . . test, urine filtration, Blood, stool -
and S, mansoni Mycobacterium tuberculosis Tanzania 972 585 387 bacterial culture, AFB Sputum and urine 591
sputum smear using
Ziehl-Nielsen methods
and d Gene Xpert
MTB/RIF
Hematuria check, clinical
examination, Maglumi
S. haematobium Upper Respiratory Tre?cl Infection (No specific Zimbabwe 415 Not stated Not stated 4,000 chemiluminescence Not stated Stool and urine [60]
bacteria stated) immunoassay analyzer
(CLIA) and urine
filtration.
¥ D I il M. haera i . icros . .
s G ’ L , and Sneathia, Tanzania 134 0 134 Microscopy and CAA, Cervical swab Stool and urine [61]

and S. mansoni

Peptostreptococcus bius, Prevotella timonesis

PCR and sequencing
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Table 1. Cont.

Schistosoma
Species

Number of

Type of Bacteria Present Country Participants

Males

Females

Methodology

Samples Used
for
Schistosoma
Identification

Samples Used
for Bacteria
Isolation

Reference

S. haematobium

No Salmonella sp. isolated Nigeria 306

118

188

Solid Rapid diagnostic
test kit, urine
sedimentation and
microscopy

Blood

(Serology) Urine

[62]

S. mansoni

S. paratyphi B and S. typhi Sudan 75

29

46

Kato-Katz, stool culture,
gram staining,
biochemical tests and
Widal test

Stool Stool

S. haematobium

Upper Respiratory Tract Infection (No specific

bacteria stated) Zimbabwe 235

129

108

Clinical examination,
hematuria examination
using Uristix reagent
strips, urine filtration
method, and microscopy
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Mycobacterium leprae Brazil 256

123

133

Kato-Katz and
Hoffman-Pons-Janer
methods

Blood and

Skin slit stool

[68]

S. haematobium
and S. mansoni

Not stated Kenya 345

345

Urine centrifugation and
microscopy, Kato—-Katz
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Figure 1. PRISMA flow chart for search and selection of included studies.
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Figure 2. The geographical distribution of the included studies. The red indicates the various studies
and the countries where they were conducted.

3.2. Schistosomiasis Interactions with the Host Microbiome

The interaction between schistosomiasis and the host microbiome was analyzed
through a meta-analysis of 31 studies, comprising 29,784 observations and 5871 events. The
pooled estimates indicated a significant association between schistosomiasis and changes
in the microbiome of infected individuals. The relative risk (RR) for this association was
found to be 1.42, with a 95% confidence interval (CI) of 1.04 to 1.96, yielding a statistically
significant result (z/t = 2.27, p = 0.0307) under the random-effects model. This result
suggests that individuals with schistosomiasis are 42% more likely to experience significant
changes in their microbiome compared to those without the infection (Figure 3). The analy-
sis revealed considerable heterogeneity in the interactions between schistosomiasis and
the host microbiome, as evidenced by several statistical measures: T2: 0.4279 (with a range
from 0.2907 to 1.6277), which is an indicator of variance among the effect sizes; T: 0.6541
(ranging from 0.5391 to 1.2758), representing the standard deviation of the true effect sizes;
12: 92.0% (with a range from 89.7% to 93.8%), indicating a high percentage of variability
due to between-study differences rather than chance; H: 3.54 (ranging from 3.11 to 4.02),
showing the ratio of total variability to within-study variability; and Cochran’s Q: 363.22,
with a p-value of less than 0.0001, highlighting significant heterogeneity among the studies
(Figure 3). This high level of heterogeneity indicates that the studies varied widely in their
findings, suggesting that factors such as geographic location, population characteristics,
Schistosoma species, praziquantel treatment, and gender or study methodologies could have
influenced the outcomes. Additionally, the risk difference (RD) analysis across the pooled
estimates did not show a significant change in the risk or proportion of interactions between
schistosomiasis and the microbiome across the studies. The RD for the random-effects
model was 0.0704 (95% CI, —0.0092 to 0.15), and the z/t value was 1.81 with a p-value of
0.0807, indicating that there was no statistically significant risk difference in the altered
microbiome across the studies (Figure 4). The heterogeneity in the risk difference analysis
was also significant, with t2: 0.0407 (ranging from 0.0234 to 0.0756), T: 0.2019 (ranging from
0.1531 to 0.2750), I?: 94.5% (ranging from 93.1% to 95.6%), H: 4.26 (ranging from 3.80 to
4.78), and Cochran’s Q: 526.66, with a p-value of less than 0.0001, further emphasizing the
significant heterogeneity (Figure 4). The substantial heterogeneity (I> = 94.5%) observed in
the risk difference suggests that a large portion of the variability in the interaction between
schistosomiasis and the microbiome cannot be solely attributed to sampling error but rather
to true differences across the studies. The high levels of heterogeneity identified in both the
relative risk and risk difference analyses imply that schistosomiasis and its impact on the
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microbiome are influenced by a variety of factors. These factors might include differences
in environmental conditions, and local microbiome compositions could significantly affect
how schistosomiasis interacts with the host microbiome; genetic diversity and differences
in health status among populations could lead to varied responses to schistosomiasis; and
differences in study design, data collection, and microbiome analysis techniques could
contribute to the observed heterogeneity. Overall, the analysis highlights the complex and
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Figure 3. Forest plot showing the risk ratio of schistosomiasis and bacterial infections from 31 studies.

3.3. Schistosoma Species and Their Interactions with the Host Microbiome

The pooled estimates of interactions between various Schistosoma species and the host
microbiome indicate substantial variance across different study groups. This variance
suggests that each Schistosoma species may uniquely interact with the host microbiome,
contributing to the significantly high heterogeneity observed in the pooled datasets. To
better understand these interactions, the datasets were subgrouped based on the specific
Schistosoma species: S. haematobium, S. japonicum, S. mansoni, S. intercalatum, and S. haema-
tobium-S. mansoni coinfection. This subgrouping allowed for a detailed assessment of the
associations between individual Schistosoma species and their interactions with the host
microbiome. A random-effects model was applied to analyze these subgroups, which
revealed significant heterogeneity between the groups (Q =12.91, df =4, p = 0.0117). The
RR and 95% CI for each subgroup were as follows: S. haematobium (k = 18, RR (95% CI)
= 1.4188 (0.9732-2.0683)), S. japonicum (k = 1, RR (95% CI) = 1.0763 (0.7844-1.4769)), S.
mansoni (k =5, RR (95% CI) = 1.6496 (0.7324-3.7156), S. intercalatum (k = 1, RR (95% CI)
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= 3.0170 (1.7758-5.1260), S. haematobium-S. mansoni coinfection ((k = 5, RR (95% CI) =
0.9421 (0.4257-2.0850)). The subgroup analysis demonstrated that S. haematobium was the
most significant contributor to the overall heterogeneity, accounting for 62.1% (12 = 0.4962,
Chi? = 29296, df = 17, p < 0.01; 1> = 94%), S. mansoni contributed 13.0% (> = 0,
Chi2 = 12.11, df = 4, p = 0.02; I2 = 94%), and the coinfection of S. haematobium and S.
mansoni accounted for 16.8% of the heterogeneity ("l,'2 =0.1094, Chi% = 21.98, df = 4, p <0.01;
12 = 82%). This indicates that S. haematobium and its coinfection with S. mansoni are major
factors contributing to the variability seen in the pooled analysis (Figure 5). Similarly, the
analysis of risk differences among subgroups also highlighted significant heterogeneity
between groups (Q = 30.94, df = 4, p < 0.0001). The risk difference (RD) and 95% con-
fidence intervals for each subgroup were S. haematobium (k = 18, RD (95% CI) = 0.0571
(—0.0485-0.1626)), S. japonicum (k = 1, RD (95% CI) = 0.0376 (—0.1232-0.1984)), S. mansoni
(k =5, RD (95% CI) = 0.1547 (—0.1432-0.4527)), S. intercalatum (k = 1, RD (95% CI) = 0.4931
(0.3347-0.6514)), and S. haematobium and S. mansoni coinfection (k = 5, RD (95% CI) =
—0.0263 (—0.1728-0.1202)) (Figure 6).
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Control Risk Difference
Total Weight IV, Random, 95% CI

Experimental
Events Total Events

Kone et al.. 2022
Seynabou et al.. 2016
Eyong et al.. 2008

Usaini et al.. 2015

Ossai et al.. 2014

Dada et al.. 2021

Hicks et al.. 1982
Laughlin et al.. 1978

F. X. Pi-Sunyer et al.. 1965
Du et al.. 2006
Mbuyi-Kaloniji et al..2020
Marege et al.. 2021

Bishop et al.. 2016

Oyedeji et al.. 2022
Gendrel et al.. 1994
Gadoth et al.. 2019
Mhimbira et al.. 2017
Mduluza-Jokonya et al.. 2020
Bullington et al.. 2021

A Ologunde et al.. 2021
Mohamed et al.. 2020
Mduluza-Jokonya et al.. 2020
Range et al.. 2007

Abate et al..2012

Mohager et al.. 2014
Dennison et al.. 2021
Owino. 2022

Amoo et al.. 2017
Yohanna et al.. 2016
Yirenya-Tawiah et al.. 2013
Aniekwe et al.. 2024

Total (95% ClI)

Heterogeneity: Tau? = 0.0407; Chi? = 526.66, df = 29 (P < 0.01); 12 = 94%

36 121 104 388 3.6% 0.03[-0.06; 0.12]
15 261 2331 16846 3.8% -0.08 [-0.11; -0.05]
2 226 4 217 3.8% -0.01[-0.03; 0.01]
39 418 87 542 3.8% -0.07[-0.11;-0.03]
154 287 535 555 3.7% -0.43[-0.49;-0.37] =
32 42 49 67 3.2% 0.03[-0.14; 0.20]
20 4 19 41 29% 0.02[-0.19; 0.24]
17 260 3 130 3.8% 0.04[0.00; 0.08]
11 365 6 391 3.8% 0.01[-0.01; 0.04]
44 83 33 67 3.3% 0.04[-0.12; 0.20]
24 567 14 541 3.8% 0.02[-0.00; 0.04]
21 47 0 224 34% 0.45[0.31; 0.59] -
7 62 18 443 3.7% 0.07[-0.01; 0.15]
3 35 13 209 3.6% 0.02[-0.07; 0.12]
59 80 11 45 3.3% 0.49[0.33; 0.65] i
6 64 10 303 3.7% 0.06[-0.01; 0.13]
51 74 546 898 3.5% 0.08[-0.03; 0.19]
80 145 149 270 3.6% -0.00[-0.10; 0.10]
4 55 11 79  3.6% -0.07[-0.17; 0.04]
0 9 9 297 3.4% -0.03[-0.17; 0.11]
16 75 0 0 0.0%
35 69 18 166 3.5% 0.40[0.27; 0.53] .
197 233 335 422 3.7% 0.05[-0.01; 0.11] ——
6 12 106 285 25% 0.13[-0.16; 0.42] ——
64 207 41 81 3.5% -0.20 [-0.32; -0.07] |
8 16 71 240 2.7% 0.20[-0.05; 0.46] +——
0 1 4 344 1.2% -0.01[-0.61; 0.59] B
54 68 37 212 3.6% 0.62[0.51; 0.73] = 3
18 56 124 966 3.5% 0.19[0.07; 0.32] B
19 41 93 344 3.3% 0.19[0.03; 0.35] -
0 1 48 150 1.1% -0.32[-0.92; 0.28] = :
4021 25763 100.0% 0.07 [-0.01; 0.15] | > |
-0.5 0 0.5

Figure 4. Forest plot showing the risk difference of schistosomiasis and bacterial infections from 31 studies.
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Study or Experimental Control Risk Ratio Risk Ratio
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Figure 5. Forest plot showing the risk ratio of schistosomiasis and bacterial infection based on
Schistosoma species.

3.4. Influence of Praziquantel Treatment on Schistosomiasis Interactions with the Host Microbiome

One of the cardinal side effects of praziquantel treatment is stomach aches and vom-
iting, suggesting possible disturbances of the intestinal microbiome. The effect of praz-
iquantel treatment on schistosomiasis—host-microbiome interactions was assessed. The
subgroup analysis showed that there is a significant risk change in the microbiome among
Schistosoma-infected individuals in both praziquantel treatment (RR = 1.68, 95% CI = 1.07;
2.64) with high heterogeneity (Tau? = 0.2971, Chi? = 71.42, df = 11, p < 0.01); I? = 85%)
and non-praziquantel treatment (RR = 1.25, 95% CI = 0.78; 2.00) with high heterogeneity
(Tau? = 0.5011, Chi? = 246.14, df = 17, p < 0.01); I = 93%). However, there was no significant
difference among the subgroups (Chi? = 0.91, df = 1, p = 0.32) (Figure 7).
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Similarly, there was no difference between the risk difference (RD) for praziquantel
treatment (RD = 0.04, 95% CI = —0.06; 0.16) and non-praziquantel treatment (RD = 0.11,
95% CI = 0.01; 0.22) (Figure 8). This confirms that there is a significant risk of change in
the microbiome among Schistosoma-infected individuals in both praziquantel treatment
and non-praziquantel treatment. Interestingly, H. pylori, Acinetobacter spp., Providencia spp.,
Chlamydia, Lactobacillus, Gardnerella, Megasphaera, Sneathia, Peptostreptococcus, and Prevotella
were uniquely isolated from praziquantel-treated individuals, while individuals without
praziquantel treatment uniquely had Enterococcus, Staphylococcus, Proteus, Moraxella spp.,
Streptococcus, Yersinia, Enterobacter, Morganella, Vibrio, Corynebacterium, Bacillus, and Kurthia
infections (Table 2).

Study or Experimental
Subgroup Events Total
Kone et al.. 2022 36 121
Seynabou et al.. 2016 15 261
Eyong et al.. 2008 2 226
Usaini et al.. 2015 39 418
Ossai et al.. 2014 154 287
Dada et al.. 2021 32 42
Hicks et al.. 1982 20 41
Laughlin et al.. 1978 17 260
F. X. Pi-Sunyer et al.. 1965 11 365
Bishop et al.. 2016 7 62
Oyedeji et al.. 2022 3 35
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Figure 6. Forest plot showing the risk difference of schistosomiasis and bacterial infection based on

Schistosoma species.
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Study or Experimental Control Risk Ratio Risk Ratio
Subgroup Events Total Events Total Weight 1V, Random, 95% CI IV, Random, 95% CI
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Oyedeiji et al.. 2022 3 35 13 209 24% 1.38[0.41; 4.59] ——
A Ologunde et al.. 2021 0 9 9 297 08% 1.65[0.10; 26.29] —
Mohamed et al.. 2020 16 75 0 0 0.0% :
Abate et al..2012 6 12 106 285 3.7% 1.34[0.75; 241] 1o
Mohager et al.. 2014 64 207 41 81 43% 0.61[0.45; 0.82] -
Dennison et al.. 2021 8 16 71 240 39% 1.69[1.00; 2.86] -
Amoo et al.. 2017 54 68 37 212 42% 455[3.31; 6.25] L.
Yohanna et al.. 2016 18 56 124 966 4.1% 2.50[1.65; 3.79] .-
Aniekwe et al.. 2024 0 1 48 150 1.1% 1.08[0.11; 10.06] —t
2547 21841 57.3% 1.25[0.78; 2.00] »
Du et al.. 2006 44 83 33 67 42% 1.08[0.78; 1.48] g
Mbuyi-Kaloniji et al..2020 24 567 14 541 3.6% 1.64[0.86; 3.13] Fe—
Bishop et al.. 2016 7 62 18 443 32% 2.78[1.21; 6.38] —
Gendrel et al.. 1994 59 80 11 45 3.8% 3.02[1.78; 5.13] e
Gadoth et al.. 2019 6 64 10 303 29% 2.84[1.07; 7.54] —
Mhimbira et al.. 2017 51 74 546 898 4.4% 1.13[0.96; 1.33] r
Mduluza-Jokonya et al.. 2020 80 145 149 270 44% 1.00[0.83; 1.20] b
Bullington et al.. 2021 4 55 11 79 26% 0.52[0.18; 1.56] —
Mduluza-Jokonya et al.. 2020 35 69 18 166 3.9% 4.68[2.85; 7.67] P
Range et al.. 2007 197 233 335 422 45% 1.07[0.99; 1.15]
Owino. 2022 0 1 4 344 1.0% 25.52[2.22; 293.43] —
Yirenya-Tawiah et al.. 2013 19 41 93 344 42% 1.71[1.18; 249] -
1474 3922 42.7% 1.68[1.07; 2.64] -
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Figure 7. Forest plot showing the risk ratio of schistosomiasis and bacterial infection based on
praziquantel treatment.

Table 2. Composition of the microbiota among gender and Praziquantel treatment cases.

Treatment Specific Bacteria Species Bacteria Found in Both Categories
H. pylori [52], Acinetobacter spp. [55], Providencia
Praziquantel spp. [55], Chlamydia [58], Lactobacillus [61],

Gardnerella [61], Megasphaera [61], Sneathia [61],

Peptostreptococcus [61], and Prevotella [61]. Salmonella [48,51,53,54,56,57,63,67], Citrobacter spp.

[55,56], Escherichia coli [43-45,47-51,55,56,70,71],

Enterococcus [43,56], Staphylococcus
[43,44,47-49,51,56,70,71], Proteus [43,48-50,70],
Moraxella spp. [44], Streptococcus [44,49,56,70],

Yersinia [48], Enterobacter [48,56], Morganella [56],
Vibrio [56], Corynebacterium [56], Bacillus [56],
Kurthia [56].

No praziquantel

Klebsiella spp. [43-45,47-51,55,70,71], Pseudomonas
[43,44,48,49,55,70], Serratia [43,55], Neisseria [56,58],
Mycobacterium [59,65,66,68].
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Table 2. Cont.

Treatment Specific Bacteria Species Bacteria Found in Both Categories
Gender
. . Enterococcus [43], Escherichia [43,45,47,48,51,55,70,71],
Staphylococcus species [49], Profeus species. Klebsiella [43,45,47,48,51,55,70,71], Pseudomonas
Male only [49,50], Klebsiella [49,50], Escherichia coli [49,50],

Streptococcus species [49], and Pseudomonas [49].

Chlamydia [58], Neisseria [58], Lactobacillus [61],
Gardnerella [61], Megasphaera [61], Sneathia [61],
Peptostreptococcus [61], and Prevotella [61].

Female only

[43,48,55,70], Staphylococcus [43,47,48,51,70,71], Serratia
[43,55], Proteus [43,48,70], Yersinia [48], Salmonella
[48,51,53,54,57,63], H. pylori [52], Citrobacter [55],
Acinetobacter [55], Providencia [55], Mycobacterium
[59,65,66,68], Streptococcus [70], Enterobacter [48]

Salmonella [56,67], Citrobacter [56], Enterobacter
[44,56], Morganella [56], Vibrio [56], Escherichia
coli [44,56], Neisseria species [56], Streptococcus

Not Stated [44,56], Corynebacterium [56], Bacillus [56],
Kurthia [56], Enterococcus [56], Staphylococcus
[44,56], Klebsiella species [44], Pseudomonas spp.
[44], and Moraxella spp. [44].

Study or Experimental Control Risk Difference Risk Difference
Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Kone et al.. 2022 36 121 104 388 3.6% 0.03[-0.06; 0.12] -
Seynabou et al.. 2016 15 261 2331 16846 3.8% -0.08[-0.11;-0.05] -
Eyong et al.. 2008 2 226 4 217 3.8% -0.01[-0.03; 0.01] L
Usaini et al.. 2015 39 418 87 542 3.8% -0.07[-0.11;-0.03] -
Ossai et al.. 2014 154 287 535 555 3.7% -0.43[-0.49;-0.37] -
Dada et al.. 2021 32 42 49 67 3.2% 0.03[-0.14; 0.20] —p—
Hicks et al.. 1982 20 4 19 41 2.9% 0.02[-0.19; 0.24] ——
Laughlin et al.. 1978 17 260 3 130 3.8% 0.04[0.00; 0.08] [
F. X. Pi-Sunyer et al.. 1965 11 365 6 391 3.8% 0.01[-0.01; 0.04] &
Marege et al.. 2021 21 47 0 224 3.4% 045[0.31; 0.59] L
Oyedeji et al.. 2022 3 35 13 209 3.6% 0.02[-0.07; 0.12] -
A Ologunde et al.. 2021 0 9 9 297 34% -0.03[-0.17; 0.11] —r
Mohamed et al.. 2020 16 75 0 0 0.0% :
Abate et al..2012 6 12 106 285 2.5% 0.13[-0.16; 0.42] —f—
Mohager et al.. 2014 64 207 41 81 3.5% -0.20[-0.32; -0.07] —— |
Dennison et al.. 2021 8 16 71 240 2.7% 0.20[-0.05; 0.46] T
Amoo et al.. 2017 54 68 37 212 3.6% 0.62[0.51; 0.73] : ——
Yohanna et al.. 2016 18 56 124 966 3.5% 0.19[0.07; 0.32] ——
Aniekwe et al.. 2024 0 1 48 150 1.1% -0.32[-0.92; 0.28]

2547 21841 59.9% 0.04[-0.08; 0.16] -
Du et al.. 2006 44 83 33 67 3.3% 0.04[-0.12; 0.20] —qe—
Mbuyi-Kaloniji et al..2020 24 567 14 541 3.8% 0.02[-0.00; 0.04] &
Bishop et al.. 2016 7 62 18 443 3.7% 0.07 [-0.01; 0.15] e
Gendrel et al.. 1994 59 80 11 45 3.3% 0.49[0.33; 0.65] P
Gadoth et al.. 2019 6 64 10 303 3.7% 0.06[-0.01; 0.13] e
Mhimbira et al.. 2017 51 74 546 898 3.5% 0.08[-0.03; 0.19] +—
Mduluza-Jokonya et al.. 2020 80 145 149 270 3.6% -0.00[-0.10; 0.10] —
Bullington et al.. 2021 4 55 11 79 3.6% -0.07[-0.17; 0.04] —r
Mduluza-Jokonya et al.. 2020 35 69 18 166 3.5% 0.40[0.27; 0.53] Lo
Range et al.. 2007 197 233 335 422 3.7% 0.05[-0.01; 0.11] T
Owino. 2022 0 1 4 344 1.2% -0.01[-0.61; 0.59] :
Yirenya-Tawiah et al.. 2013 19 41 93 344 3.3% 0.19[0.03; 0.35] ——

1474 3922 40.1% 0.11[0.01; 0.22] -
Total (95% ClI) 4021 25763 100.0% 0.07 [-0.01; 0.15] >
Heterogeneity: Tau? = 0.0407; Chi? = 526.66, df = 29 (P < 0.01); I? = 94%
Test for subgroup differences: Chi? = 0.88, df = 1 (P = 0.35) -0.5 0 0.5

Figure 8. Forest plot showing the risk difference of schistosomiasis and bacterial infection based on

praziquantel treatment.
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3.5. Influence of Gender on Schistosomiasis Interactions with the Host Microbiome

Gender significantly impacts human microbiota diversity and composition due to
anatomical differences, hormonal influences, immune system differences, and behavioral
and lifestyle factors. Females typically have a vaginal microbiome dominated by Lactobacil-
lus species, while males have a urethral microbiome influenced by skin and gut-associated
bacteria. These gender-specific differences play an important role in schistosomiasis in-
teractions with the host microbiome, such as bacterial vaginosis and urogenital infections.
A gender subgroup analysis revealed that studies not differentiating between males and
females showed a higher risk of Schistosoma infections altering the microbiota (RR =1.57,
95% CI = 1.06; 2.34) with high heterogeneity (Tau? = 0.4265, Chi? = 316.57, df = 19, p <0.01,
I2 = 94%). Conversely, studies not reporting on gender recorded lower risks of schistosomia-
sis altering the host microbiota (RR = 0.71, 95% CI = 0.34; 1.49) with significant heterogeneity
(Tau? = 0.1491, Chi? = 16.39, df = 3, p < 0.01, I> = 82%). Further analysis showed that Schis-
tosoma infections in males have a higher risk of altering the host microbiome (RR = 1.46,
95% CI = 0.00; 551.30) with high heterogeneity (Tau? = 0.2730, Chi? =2.26,df =1, p = 0.13,
I? = 56%). In females, the risk is even higher (RR = 2.09, 95% CI = 0.24; 18.31) with high
heterogeneity (Tau? = 1.0486, Chi? = 10.28, df = 3, p = 0.02, I> = 71%) (Figure 9). The risk
difference (RD) for the random-effects model varied; studies not differentiating between
genders showed RD = 0.11 (95% CI = —0.01; 0.22), studies not reporting on gender showed
RD = —0.06 (95% CI = —0.21; 0.09), male-specific studies showed RD = 0.04 (95% CI = 0.00;
0.08), and female-specific studies showed RD = 0.05 (95% CI = —0.13; 0.23) (Figure 10). This
indicates gender differences in microbiome diversity are altered by schistosomiasis.

In studies that did not differentiate between genders, the most commonly isolated
microbes included Enterococcus, Escherichia, Klebsiella, Pseudomonas, Staphylococcus, Serratia,
Proteus, Yersinia, Salmonella, H. pylori, Citrobacter, Acinetobacter, Providencia, Mycobacterium,
and Streptococcus. In studies that did not report gender, the frequently isolated microbes
were Salmonella, Citrobacter, Enterobacter, Morganella, Vibrio, Escherichia coli, Neisseria species,
Streptococcus, Corynebacterium, Bacillus, Kurthia, Enterococcus, Staphylococcus, Klebsiella spp.,
Pseudomonas spp., and Moraxella spp. Male-specific studies reported Staphylococcus spp.,
Proteus spp., Klebsiella, Escherichia coli, Streptococcus spp., and Pseudomonas as frequently iso-
lated microbes. In female-specific studies, the commonly isolated microbes were Chlamydia,
Neisseria, Lactobacillus, Gardnerella, Megasphaera, Sneathia, Peptostreptococcus, and Prevotella
(Table 2). These findings underscore the significant influence of gender on the interac-
tions between schistosomiasis and the host microbiome, highlighting the necessity for
gender-specific considerations in research and treatment strategies.

3.6. Meta-Regression Analysis for Schistosomiasis—Host Microbiome Interactions

The meta-regression analysis, using a mixed-effects model with restricted maximum
likelihood (REML) applied to 30 out of 31 studies (k = 30), explored the residual heterogene-
ity in the context of schistosomiasis—host microbiome interactions. The analysis revealed
significant residual heterogeneity, with an estimated 2 of 0.4587 (SE = 0.1679) and T of
0.6773, indicating substantial unexplained variability in the interactions. The ratio of
residual heterogeneity to unaccounted variability (I?) was extremely high at 94.38%, sug-
gesting that the majority of variability among studies remains unexplained by the current
model. Furthermore, the unaccounted variability to sampling variability ratio (H?) was
17.8, reflecting significant between-study variability. The model’s percentage of accounted
heterogeneity (R?) was 0.00%, highlighting that the variability could not be adequately
explained by the existing model. The heterogeneity test (QE) yielded a highly significant
result (df = 25, QE = 327.0448, p < 0.0001), further underscoring the presence of considerable
heterogeneity. The test of moderators indicated no significant interaction effect (F (df1 = 4,
df2 = 25) = 0.5759, p = 0.6827), suggesting that specific interactions between schistosomiasis
and the microbiome, influenced by Schistosoma species, are complex and not sufficiently
explained by the model. The regression coefficient for the interaction between Schistosoma
species and the microbiome, compared to S. haematobium, was 0.3482 (SE = 0.2055), with a
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95% confidence interval of —0.0750 to 0.7714, indicating a 34.82% increase in the log relative
risk of Schistosoma infection affecting the host microbiome (t = 1.6944, df = 25, p = 0.1026)
(Figure 11a), although this increase was not statistically significant. Comparatively, S.
haematobium and S. mansoni coinfections and microbiome interactions showed a 33.01%
decrease relative to S. haematobium infections, while S. japonicum showed a 27.46% decrease.
In contrast, S. intercalatum and S. mansoni demonstrated increases of 75.61% and 36.10%,
respectively. The risk difference analysis indicated that only a small portion of the vari-
ability in interactions between schistosomiasis and the microbiome could be explained by
Schistosoma species, with an R? of 7.66%. The heterogeneity test (QE) again yielded a highly
significant result (df = 28, QE = 478.4625, p < 0.0001), suggesting that both microbiome
diversity and Schistosoma species contribute to variations in interactions. Additionally, the
regression coefficient for Schistosoma species infection affecting the host microbiome was
0.0566 (SE = 0.0468), with a 95% confidence interval of —0.0398 to 0.1531, indicating a 5.66%
increase in the log risk difference of Schistosoma species infection affecting the host microbiome
(Figure 11Db), highlighting the influence of Schistosoma species. This analysis underscores the
complexity and significant interactions between Schistosoma species and the host microbiome,
revealing high levels of residual heterogeneity and unaccounted variability.

Study or Experimental Control Risk Ratio Risk Ratio
Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Kone et al.. 2022 36 121 104 388 4.2% 1.11[0.81; 1.53] a
Eyong et al.. 2008 2 226 4 217 1.6% 0.48[0.09; 2.59] —
Usaini et al.. 2015 39 418 87 542 42% 0.58[0.41; 0.83] -
Ossai et al.. 2014 154 287 535 555 4.5% 0.56[0.50; 0.62] e
Dada et al.. 2021 32 42 49 67 4.4% 1.04[0.83; 1.30] 8
F. X. Pi-Sunyer et al.. 1965 11 365 6 391 28% 1.96[0.73; 5.26] T
Du et al.. 2006 44 83 33 67 42% 1.08[0.78; 1.48] +
Mbuyi-Kaloniji et al..2020 24 567 14 541 3.6% 1.64[0.86; 3.13] re—
Marege et al.. 2021 21 47 0 224 0.8% 203.23[12.53; 3296.68] P
Bishop et al.. 2016 7 62 18 443 32% 2.78[1.21; 6.38] ——
Gendrel et al.. 1994 59 80 11 45 3.8% 3.02[1.78; 5.13] .-
Mhimbira et al.. 2017 51 74 546 898 4.4% 1.13[0.96; 1.33] r
A Ologunde et al.. 2021 0 9 9 297 0.8% 1.65[0.10; 26.29] —_——
Mohamed et al.. 2020 16 75 0 0 0.0% :
Mduluza-Jokonya et al.. 2020 35 69 18 166 3.9% 4.68[2.85; 7.67] .-
Range et al.. 2007 197 233 335 422 45% 1.07[0.99; 1.15] i
Abate et al..2012 6 12 106 285 3.7% 1.34[0.75; 2.41] T
Dennison et al.. 2021 8 16 71 240 39% 1.69[1.00; 2.86] Fe-
Amoo et al.. 2017 54 68 37 212 42% 455[3.31; 6.25] d
Yohanna et al.. 2016 18 56 124 966 4.1% 2.50[1.65; 3.79] -
Aniekwe et al.. 2024 0 1 48 150 1.1% 1.03[0.11; 10.06] —t—
2911 7116 68.0% 1.57[1.06; 2.34] >

Seynabou et al.. 2016 15 261 2331 16846 3.9% 0.42[0.25; 0.68] -
Oyedeiji et al.. 2022 3 35 13 209 24% 1.38[0.41; 4.59] ——
Mduluza-Jokonya et al.. 2020 80 145 149 270 4.4% 1.00[0.83; 1.20] :
Mohager et al.. 2014 64 207 41 81 43% 0.61[0.45; 0.82] -l

648 17406 15.0% 0.71[0.34; 1.49] -
Hicks et al.. 1982 20 41 19 41 40% 1.05[0.67; 1.66] .
Laughlin et al.. 1978 17 260 3 130 24% 2.83[0.85 9.49] -

301 171 6.4% 1.46 [ 0.00; 551.30] -
Gadoth et al.. 2019 6 64 10 303 29% 2.84[1.07; 7.54] F——
Bullington et al.. 2021 4 55 11 79 26% 0.52[0.18; 1.56] —
Owino. 2022 0 1 4 344 1.0% 25.52[2.22; 293.43] e
Yirenya-Tawiah et al.. 2013 19 41 93 344 42% 1.71[1.18; 2.49] -

161 1070 10.6% 2.09[0.24; 18.31] —f—
Total (95% CI) 4021 25763 100.0% 1.42[1.04; 1.96] .
Heterogeneity: Tau? = 0.4279; Chi? = 363.22, df = 29 (P < 0.01); I = 92% T T I
Test for subgroup differences: Chi? = 7.91, df = 3 (P = 0.05) 01 1 10 1000

Figure 9. Forest plot showing the risk ratio of schistosomiasis and bacterial infection based on gender.
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Study or Experimental
Subgroup Events Total
Kone et al.. 2022 36 121
Eyong et al.. 2008 2 226
Usaini et al.. 2015 39 418
Ossai et al.. 2014 154 287
Dada et al.. 2021 32 42
F. X. Pi-Sunyer et al.. 1965 11 365
Du et al.. 2006 44 83
Mbuyi-Kalonji et al..2020 24 567
Marege et al.. 2021 21 47
Bishop et al.. 2016 7 62
Gendrel et al.. 1994 59 80
Mhimbira et al.. 2017 51 74
A Ologunde et al.. 2021 0 9
Mohamed et al.. 2020 16 75
Mduluza-Jokonya et al.. 2020 35 69
Range et al.. 2007 197 233
Abate et al..2012 6 12
Dennison et al.. 2021 8 16
Amoo et al.. 2017 54 68
Yohanna et al.. 2016 18 56
Aniekwe et al.. 2024 0 1
2911

Seynabou et al.. 2016 15 261
Oyedeji et al.. 2022 3 35
Mduluza-Jokonya et al.. 2020 80 145
Mohager et al.. 2014 64 207
648

Hicks et al.. 1982 20 41
Laughlin et al.. 1978 17 260
301

Gadoth et al.. 2019 6 64
Bullington et al.. 2021 4 55
Owino. 2022 0 1
Yirenya-Tawiah et al.. 2013 19 41
161

Total (95% Cl) 4021

Control Risk Difference
Events Total Weight IV, Random, 95% CI
104 388 3.6% 0.03[-0.06; 0.12]

4 217 3.8% -0.01[-0.03; 0.01]

87 542 3.8% -0.07[-0.11;-0.03]
535 555 3.7% -0.43[-0.49;-0.37]

49 67 3.2% 0.03[-0.14; 0.20]

6 391 3.8% 0.01[-0.01; 0.04]

33 67 3.3% 0.04[-0.12; 0.20]

14 541 3.8% 0.02[-0.00; 0.04]

0 224 3.4% 0.45[0.31; 0.59]

18 443 3.7% 0.07[-0.01; 0.15]

11 45 3.3% 0.49[0.33; 0.65]
546 898 3.5% 0.08[-0.03; 0.19]

9 297 3.4% -0.03[-0.17; 0.11]

0 0 0.0%

18 166 3.5% 0.40[0.27; 0.53]
335 422 3.7% 0.05[-0.01; 0.11]
106 285 2.5% 0.13[-0.16; 0.42]

71 240 2.7% 0.20[-0.05; 0.46]

37 212 3.6% 0.62[0.51; 0.73]
124 966 3.5% 0.19[0.07; 0.32]

48 150 1.1% -0.32[-0.92; 0.28]

7116 67.1% 0.11[-0.01; 0.22]
2331 16846  3.8% -0.08 [-0.11; -0.05]

13 209 3.6% 0.02[-0.07; 0.12]
149 270 3.6% -0.00[-0.10; 0.10]
41 81 3.5% -0.20[-0.32;-0.07]

17406 14.5% -0.06 [-0.21; 0.09]

19 41 2.9% 0.02[-0.19; 0.24]

3 130 3.8% 0.04[0.00; 0.08]

171 6.7% 0.04[0.00; 0.08]

10 303 3.7% 0.06[-0.01; 0.13]

11 79 3.6% -0.07[-0.17; 0.04]

4 344 1.2% -0.01[-0.61; 0.59]
93 344 3.3% 0.19[0.03; 0.35]

1070 11.7% 0.05[-0.13; 0.23]

25763 100.0% 0.07 [-0.01; 0.15]

Heterogeneity: Tau? = 0.0407; Chi? = 526.66, df = 29 (P < 0.01); I = 94%
Test for subgroup differences: Chi? = 6.34,df =3 (P =0.10)
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Figure 10. Forest plot showing the risk difference of schistosomiasis and bacterial infection based

on gender.
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bacterial coinfection; (a) effect size calculation from risk ratio, (b) effect size calculation from risk difference.
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3.7. Result of the Publication Bias Analysis

The assessment of publication bias in the study revealed significant findings through
multiple analytical approaches, including Fail-safe N calculation using the Rosenthal
Approach, funnel plot (Trim and Fill) analysis, and Egger’s regression analysis for funnel
plot asymmetry. The Fail-safe N calculation indicated a significant observed level of
p <0.0001, suggesting that it would require 271 additional unpublished studies with null
results to render the overall effect non-significant at p = 0.05, implying robustness against
publication bias. The funnel plot analysis (Trim and Fill) graphically displayed studies
without apparent publication bias, suggesting a symmetrical distribution around the mean
effect size. However, Egger’s regression analysis for funnel plot asymmetry showed mixed
results; for the log risk ratio, a significant publication bias was confirmed (t = 2.19, df = 28,
p = 0.0371), with a bias estimate (se. bias) of 1.8485 (0.8445) and a residual heterogeneity
variance (12 = 11.0770) (Figure 12a). In contrast, the analysis for the log risk difference
indicated no significant publication bias (t = 1.42, df = 28, p = 0.1654), with a bias estimate
(se. bias) of 1.6048 (1.1269) and a residual heterogeneity variance (t? =17.5387) (Figure 12b).
The observed high heterogeneity in the pooled datasets suggests that factors such as the
host-microbiome composition, host nutritional status, and environmental variables, rather
than just the Schistosoma species, may contribute to the variability in study outcomes.
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Figure 12. Funnel plot (Trim and Fill) showing asymmetrical distribution for schistosomiasis and
bacterial infection from the 31 studies; (a) assess publication bias based on risk ratio analysis,
(b) assess publication bias based on risk difference analysis.

The progression and severity of schistosomiasis are shaped by a complex interplay
between Schistosoma infection, alterations in the host immune system, and changes in
the host microbiome. When the parasite infects the host, it triggers an immune response
that evolves from an initial Th1-type (pro-inflammatory) response to a chronic Th2-type
response, which aims to limit tissue damage but can also cause fibrosis, especially in the
liver. Schistosoma further manipulates the immune system by inducing regulatory T cells
that suppress immune activity, aiding its persistence. Simultaneously, the infection alters
the composition of the host’s gut microbiome, leading to changes that can either amplify
or reduce inflammation through interactions between the microbiome and immune cells.
These shifts can worsen the immune-mediated damage caused by the parasite’s eggs, affect-
ing disease severity. This intricate relationship offers opportunities for targeted therapies,
such as microbiome modulation or immune regulation, to better manage schistosomiasis
(Figure 13).
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Figure 13. Interplay of schistosome infection, microbiome, and immune system.

4. Discussion

Schistosome infection disrupts the gut microbiota, leading to the colonization of
pathogenic bacteria like Salmonella and Helicobacter pylori, causing severe disease out-
comes [74,75]. It also creates a conducive environment for these bacteria to thrive, causing
chronic UTIs and other organs’ pathogenesis [76]. Schistosome parasites manipulate the
host’s immune system, forming granulomas to neutralize their eggs [77]. The orchestrated
immune response promotes a Th2 immune profile while concurrently suppressing inflam-
matory reactions, resulting in severe disease outcomes and fostering conditions conducive
to the development of antibiotic resistance [78]. In the case of S. haematobium, there is a
disruption of the delicate balance of the urinary microbiota, heightening susceptibility to
infections and perpetuating chronic inflammatory states [79].

The schistosomes have evolved a remarkable ability to modulate the host immune
response to their advantage by triggering a distinctive T-helper 2 (Th2) immune response,
marked by heightened production of cytokines such as interleukin-4 (IL-4), IL-5, and IL-
13 [5,80]. Unlike the Th1 response, which is typically associated with directly attacking to
eliminate pathogens, the Th2 response orchestrated by schistosomes aids in tissue repair
and limits the extent of damage inflicted by the parasites [9,81]. Again, the schistosome
stimulates regulatory T cell (Treg) proliferation and activation, which suppresses immune
cell pro-inflammatory responses [82]. Understanding the interaction between schistoso-
miasis and the host’s microbiota and its implications for microbial dysbiosis, immune
regulation, bacterial coinfections, antibiotic resistance, and therapeutic interventions could
provide valuable insights. This systematic review and meta-analysis explore the relation-
ship between schistosomiasis and the host’s microbiota to provide insights into disease
pathogenesis and management.

The study found a high risk of Schistosoma infections disrupting the host’s microbiota,
with no significant risk difference across all species, indicating microbial dysbiosis. The
host microbiota alterations are significantly influenced by S. haematobium, S. mansoni, and
coinfection of the S. haematobium and S. mansoni. The high heterogeneity across subgroups
indicates significant variability in individual Schistosoma species and their interactions with
the host microbiome.

Studies have shown that S. haematobium and S. mansoni infections lead to more diverse
bacterial communities in the cervicovaginal area, urinary tract, and intestines due to im-
mune environment changes and tissue damage [61,83]. Urinary schistosomiasis is frequently
associated with bacteriuria, with E. coli being the most prevalent species [69,71,84].
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In this study, 12 out of 31 studies (38.7%) reported E. coli isolation from schistosomiasis
infections [43-45,47-51,55,56,70,71]. E. coli strains producing verotoxins (VT) are responsi-
ble for severe gastrointestinal diseases in humans, including hemolytic-uremic syndrome
(HUS) [85]. A study isolated seven out of ten toxic strains from diarrhea-infected infants [86].
Verotoxigenic E. coli strains, notably O157, are globally dominant and frequently linked
to severe outcomes like hemorrhagic colitis, characterized by bloody diarrhea, and HUS,
a condition that can lead to kidney failure and systemic complications [87]. The frequent
interaction between Schistosoma infections and E. coli can complicate the pathogenicity of
both infections, particularly in how Schistosoma parasites propagate through the environ-
ment via their eggs [88]. E. coli, particularly pathogenic strains like Verotoxigenic E. coli
(VTEC), can cause severe gastrointestinal illnesses such as diarrhea, often associated with
contaminated water and food sources [89]. The bacteria-induced diarrhea facilitates the
excretion of Schistosoma eggs, which subsequently hatch into larvae that infect intermediate
freshwater snails [3].

The Infectious Disease Society of America (IDSA) has identified Staphylococcus, Kleb-
siella, and Pseudomonas as pathogenic bacteria known for their rapid development of antibi-
otic resistance [90]. These bacteria are associated with a range of disease states affecting
organs such as the lungs, liver, and bloodstream, often initially colonizing the gastrointesti-
nal tract [91]. Similar to E. coli, Staphylococcus, Klebsiella, and Pseudomonas, H. pylori has been
implicated in the development of conditions like peptic ulcers, inflammatory bowel disease
(IBD), and colorectal cancer (CRC) [92]. While H. pylori is traditionally associated with gas-
tritis, peptic ulcer disease (PUD), gastric adenocarcinoma, and gastric mucosa-associated
lymphoid tissue (MALT) lymphoma, it can also lead to upper respiratory tract infections
(URTIs) [93]. Recent studies have highlighted the emergence of antibiotic-resistant strains
of Staphylococcus, Klebsiella, and Pseudomonas in the intestinal tract following treatment
for lung infections caused by these bacteria [94]. In Taiwan, China, research on genotoxic
Klebsiella pneumoniae has demonstrated an increased prevalence among patients with pyo-
genic liver abscess (PLA), which has been linked to the development of CRC [95]. Despite
these findings, the precise mechanisms by which Staphylococcus, Klebsiella, and Pseudomonas
contribute to gastrointestinal (GIT) disease initiation and progression remain unclear.

In this study, it was found that eleven out of thirty-one articles (35.5%) reported the
isolation of Klebsiella species [43-45,47-51,55,70,71], eight out of thirty-one articles (25.8%)
reported the isolation of Staphylococcus species [43,47-49,56,70,71], while six out of thirty-
one articles (19.4%) reported the isolation of Pseudomonas species [43,44,48,49,55,70] from
individuals infected with Schistosoma species. This suggests a significant interaction be-
tween Schistosoma parasites and these bacterial species, akin to mechanisms observed with
E. coli. Schistosoma species are known to interact with the host’s microbiota and immune
system in ways that can facilitate the colonization and growth of secondary bacterial in-
fections [30,96]. Similar to E. coli, these bacteria, including Klebsiella, Staphylococcus, and
Pseudomonas, may exploit the altered immune environment and tissue damage caused
by Schistosoma infections to establish themselves within the host [97]. The presence of
these bacteria in individuals infected with Schistosoma underscores the complexity of host—
parasite interactions and the potential for synergistic effects in disease pathogenesis and
Schistosoma transmission.

Proteus infections can lead to various clinical manifestations, such as urethritis, cystitis,
prostatitis, and pyelonephritis [98]. A persistent Proteus infection is often indicated by
recurrent nephrolithiasis (kidney stone formation), as the history of a stone formation
may suggest an ongoing or chronic infection [99,100]. Proteus mirabilis is known to insti-
gate UTIs and catheter-associated urinary tract infections (CAUTIs), which can exacerbate
conditions like urolithiasis (stone formation) in both the bladder and kidneys [101]. Coin-
fection with Proteus mirabilis and Schistosoma species can significantly complicate disease
management and exacerbate clinical outcomes. This bacterium, a common cause of UTIs
and pyelonephritis, thrives in environments altered by schistosomiasis, potentially leading
to recurrent infections and chronic conditions [102]. In this study, five out of thirty-one
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articles (16.1%) reported the isolation of Proteus species from infections caused by S. haema-
tobium [43,48-50,70]. This finding highlights the notable occurrence of Proteus bacteria,
particularly Proteus mirabilis, in individuals infected with S. haematobium. In a co-infected
scenario, the damage and inflammation from Schistosoma parasites can exacerbate the
formation of kidney stones, creating a cycle of infection and stone recurrence.

Streptococcus agalactiae, known as Group B Streptococcus (GBS), is a common cause of
2-3% of UTIs in the human gastrointestinal and genitourinary tracts [103]. Its pathogenic
mechanisms include surface-expressed protein adhesin molecules, immune-evasion factors,
and toxins [104]. The bacterium can bind to bladder urothelial cells, stimulate IL-1ox produc-
tion, and induce inflammation [105]. Coinfection with Streptococcus spp. and S. haematobium
complicates disease progression in the genitourinary system and treatment [106]. S. haema-
tobium causes inflammation and tissue damage, attracting secondary infections like S.
agalactige [107]. This combination leads to severe symptoms and an increased risk of
complications, and overlapping symptoms complicate diagnosis and treatment.

A hematogenous Salmonella UTI is a severe form of urinary tract infection that occurs
when Salmonella bacteria spread through the bloodstream to the urinary system, rather than
ascending directly from the lower urinary tract [108]. Salmonella infections colonize the gastroin-
testinal tract and enter the bloodstream, and colonization within macrophages facilitates the
spread to infect organs like the liver, spleen, kidneys, and urinary tract [109,110]. This type of
infection is less common but can occur in individuals with predisposing factors [111]. In
eight out of thirty-one articles (25.8%) used in this study, the isolation of Salmonella from
Schistosoma infections was reported; three out of the eight Salmonella spp. each were isolates
from S. haematobium infections and S. mansoni, and one out of eight was a mixed infection
of both S. haematobium and S. mansoni (12.5%) [48,51,53,56,57,63,67]. In a case of Schistosoma
intercalatum infection, Salmonella spp. was isolated from an individual hospitalized with
septicemic salmonellosis, suggesting a relapse of enteric fever triggered by S. intercala-
tum. [57]. The case of S. intercalatum infection concurrent with Salmonella spp. causing
septicemic salmonellosis illustrates a complex interaction between chronic parasitic infec-
tion and bacterial disease [56]. Schistosoma intercalatum, primarily affecting the intestines,
can induce chronic inflammation and immune modulation in infected individuals [112,113].
This immunological alteration may predispose patients to heightened susceptibility or
severity of bacteria and parasitic infections [88]. Additionally, the intestinal damage and
changes in gut microbiota caused by Schistosoma infection can create a conducive environ-
ment for the persistence and exacerbation of bacterial pathogens [114,115]. Hospitalization
for septicemic salmonellosis underscores the severity of the bacterial infection, often ex-
acerbated by underlying health conditions or immune compromise induced by chronic
schistosomiasis [57].

Several studies have reported intriguing associations between S. mansoni infection and
bacterial pathogens such as Mycobacterium tuberculosis [59,65,66] and Mycobacterium leprae [68].
Specifically, three studies documented a correlation between S. mansoni and M. tuberculosis,
suggesting that chronic schistosomiasis may alter immune responses in a manner that affects
susceptibility to tuberculosis or modifies its clinical course [59,65,66]. Concurrently, one study
noted an association between S. mansoni and M. leprae, although the link was indirectly
attributed to vitamin D deficiency, which can compromise immune function and potentially
exacerbate susceptibility to both parasitic and bacterial infections [67].

It is interesting to note that various bacterial species, including H. pylori, Acinetobacter,
Bacillus, Chlamydia, Citrobacter, Corynebacterium, Enterobacter, Moraxella, Kurthia, Megasphaera,
and others, have been sporadically isolated from cases of Schistosoma infection [43-73]. The
presence of schistosomes can both contribute to the onset of certain bacterial infections and
exacerbate existing ones due to their impact on the host’s immune system. Schistosomiasis
can alter immune responses, leading to a state of chronic inflammation and immunosup-
pression, which can make the host more susceptible to secondary infections. Additionally,
the parasite-induced shifts in the gut microbiota can create an environment conducive to
the growth of pathogenic bacteria. Therefore, while some infections may directly result
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from the immune alterations caused by schistosome presence, others could pre-exist but
become more severe due to weakened immunity and changes in the microbial environment
caused by schistosomiasis. This diverse range of bacteria suggests that individuals afflicted
with schistosomiasis may harbor concurrent bacterial infections [116,117]. The presence of
these bacteria could stem from various factors, such as compromised immune responses
due to chronic parasitic infection, environmental exposures, or coinfections facilitated by
shared transmission routes or habitats [118,119].

Schistosomiasis, whether treated with praziquantel or not, is associated with altered
microbiota [26,120,121]. However, praziquantel-treated individuals have different micro-
biome compositions compared to individuals with no praziquantel treatment [122,123]. No-
tably, Helicobacter pylori, Providencia spp., Chlamydia spp., Gardnerella vaginalis., Megasphaera,
Sneathia, Prevotella, Peptostreptococcus, and Lactobacillus were the unique bacteria reported in
praziquantel treatment cases. Helicobacter pylori is linked to peptic ulcers, chronic gastritis,
and increased stomach cancer risk, while Acinetobacter spp. cause hospital-acquired infec-
tions like pneumonia, bacteremia, UTIs, and wound infections [124]. Providencia spp. leads
to UTIs and bacteremia; Chlamydia species cause STls, respiratory infections, and psittacosis;
and Gardnerella vaginalis, Megasphaera, Sneathia, and Prevotella are associated with bacterial
vaginosis and reproductive tract infections [125,126]. Peptostreptococcus causes anaerobic in-
fections and bacteremia, whereas Lactobacillus, though generally beneficial, can rarely cause
bacteremia or endocarditis in immunocompromised patients undergoing praziquantel treat-
ment for schistosomiasis [127]. In schistosomiasis cases without praziquantel treatment,
pathogens such as Enterococcus, Staphylococcus, Proteus, Moraxella, Streptococcus, Yersinia,
Enterobacter, Morganella, Vibrio, Corynebacterium, Bacillus, and Kurthia are isolated, causing a
range of infections, including urinary tract infections, respiratory infections, skin infections,
gastrointestinal diseases, and more severe conditions like endocarditis, bacteremia, and
diphtheria [128,129]. The severity of diseases caused by these pathogens varies depending
on the specific organism and the host’s health status. Praziquantel treatment for schistoso-
miasis has a unique impact on the host microbiota, helping restore balance by reducing
dysbiosis and inflammation compared to non-praziquantel treatments. Its effectiveness in
clearing adult worms directly reduces chronic immune activation, allowing beneficial gut
bacteria to recover. In contrast, non-praziquantel treatments may not target the parasites as
directly, leading to less pronounced changes in microbiota and immune recovery.

Infections with schistosomiasis significantly impact the host microbiome, with females
exhibiting a higher risk of microbiome alterations compared to males or combined gen-
ders [26,130,131]. Females typically have a vaginal microbiome dominated by Lactobacillus
species, while males possess a urethral microbiome influenced by skin and gut-associated
bacteria [132,133]. These gender-specific differences are crucial in understanding schis-
tosomiasis interactions with the microbiome, as schistosomiasis can disrupt the vaginal
microbiome in females, leading to bacterial vaginosis and other urogenital infections.

FGS represents a significant health issue that intricately interacts with the vaginal
microbiome [15]. Schistosomiasis, particularly caused by S. haematobium, affects various
aspects of the female reproductive system, including the vaginal microbiome [134]. Females
typically have a vaginal environment dominated by Lactobacillus species, which plays a
protective role against infections and maintains a healthy pH balance [132,135]. When
schistosomiasis infects females, it disrupts this delicate balance. The presence of S. haemato-
bium eggs in the vaginal and cervical regions can alter the normal microbiome composition,
leading to the proliferation of potentially pathogenic bacteria and the development of
conditions such as bacterial vaginosis [97,136,137]. This disruption is characterized by
a decrease in Lactobacillus species and an increase in other bacteria, such as Gardnerella,
Megasphaera, and Prevotella [138,139]. The presence of these bacteria is often associated
with increased inflammation, which can exacerbate symptoms and contribute to chronic
health issues [140,141]. Additionally, specific bacteria isolated from the vagina and cervix in
females with schistosomiasis include Chlamydia, Neisseria, Lactobacillus, Gardnerella, Megas-
phaera, Sneathia, Peptostreptococcus, and Prevotella. Each of these bacteria can influence the
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severity of FGS and may interact with schistosomiasis in complex ways, potentially leading
to increased susceptibility to secondary infections and complications [25,142]. Understand-
ing these interactions is crucial for several reasons. Firstly, the altered microbiome can
lead to a higher risk of bacterial vaginosis and other urogenital infections, complicating
the clinical management of FGS [25,143]. Secondly, the impact of schistosomiasis on the
vaginal microbiome highlights the need for gender-specific approaches to treatment and
prevention [144-146]. For effective management of FGS, it is essential to address both the
parasitic infection and the resulting microbiome imbalances.

The analysis of host microbiota—schistosomiasis interactions across different genders
identified variations in bacterial species composition, but it remains unclear whether these
differences correspond directly to variations in pathogenicity levels between genders.
While certain bacterial taxa may be more prevalent or abundant in males or females, the
study does not conclusively determine whether these compositional differences contribute
to differing levels of disease severity or immune response. Additional information is
needed to clarify whether the observed shifts in bacterial populations are merely reflective
of gender-specific microbiota profiles or if they actively influence the pathogenicity and
immune responses during schistosomiasis. Further research could provide insight into
whether these microbial shifts affect infection outcomes differently in males and females.

The interaction between schistosomiasis, the immune system, and the microbiome
involves intricate processes that significantly influence the progression and severity of
the disease, as shown in Figure 13. Upon infection, Schistosoma parasites (S. japonicum,
S. mansoni, S. intercalatum, and S. haematobium) penetrate the skin and mature within the
host, prompting the immune system to recognize these invaders and initiate a response
involving both the innate and adaptive immunity [9]. This immune response includes
the activation of macrophages, dendritic cells, and the production of antibodies by B cells,
which are critical for controlling the infection [147]. Schistosomiasis is characterized by a
robust Th2 (T-helper 2) immune response, marked by the production of cytokines such
as IL-4, IL-5, and IL-13 [81]. This Th2 response is crucial for forming granulomas around
parasite eggs, which helps to contain the infection. However, it also contributes to chronic
inflammation and tissue damage, particularly in the liver, intestines, and urinary tract, due
to granuloma formation and subsequent fibrosis [148].

The urinary tract and gut microbiomes, diverse communities of microorganisms
residing in these regions, play essential roles in regulating immune responses. A healthy
microbiome helps maintain immune homeostasis by interacting with immune cells in the
endometrium, vagina, and gut mucosa, influencing the balance between pro-inflammatory
cytokines (such as IFN-y and TGF-f3) and Th2 cytokines (IL-4, IL-5, and IL-13) [149]. A
balanced immune system can mitigate excessive inflammatory responses and promote
effective pathogen clearance [150,151]. However, the composition of the microbiome can
modulate the immune response to schistosomiasis, with certain microbial communities
enhancing or suppressing the Th2 response that is central to the disease’s pathology [152].
For example, anti-inflammatory bacteria in the gut or vagina may reduce the severity of
schistosomiasis by curbing excessive immune responses that lead to tissue damage [26].

Schistosomiasis itself can disrupt the balance of microbial communities, leading to
dysbiosis. The immune response to Schistosoma and the resulting inflammation can alter the
microbiome, often reducing the abundance of beneficial bacteria and allowing opportunistic
or pathogenic microbes to flourish [153]. For instance, specific bacterial species such as
Staphylococcus, Proteus, Klebsiella, Escherichia coli, Streptococcus, and Pseudomonas have been
observed in Schistosoma-infected males, while females often harbor Chlamydia, Neisseria,
Lactobacillus, Gardnerella, Megasphaera, Sneathia, Peptostreptococcus, and Prevotella [97,154].
Treatment with praziquantel, the only drug currently effective for schistosomiasis, can
also influence microbiota composition, with shifts in species like Acinetobacter, Providencia,
Chlamydia, Lactobacillus, and Gardnerella compared to untreated individuals, where different
species such as Enterococcus, Staphylococcus, Proteus, Moraxella, Streptococcus, and Yersinia
predominate [28].
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This dysbiosis can further influence immune regulation, potentially resulting in a
more pronounced inflammatory response or impaired immune function [155]. Changes in
the microbiome due to schistosomiasis can create a feedback loop with the immune system,
where each component continuously influences the other, exacerbating inflammation or
altering the efficacy of immune responses [96,156]. This complex relationship between the
immune system, microbiome, and schistosomiasis represents a challenge for treatment
strategies. By targeting the microbiome through approaches like probiotics, prebiotics, or
dietary interventions, it may be possible to modulate the immune response to schistoso-
miasis, potentially reducing disease severity and improving patient outcomes [157]. In
conclusion, this study underscores the profound impact of schistosomiasis on the host
microbiota across multiple bodily sites, including the urinary tract, vaginal tract, gut, skin,
and lungs, disrupting the delicate microbial balance. This dysregulation involves bacterial
species such as E. coli, Klebsiella, Proteus, Pseudomonas, Salmonella, Staphylococcus, Streptococ-
cus, and Mycobacterium species (M. tuberculosis and M. leprae), frequently associated with
schistosomiasis. The resultant dysbiosis contributes to the increased production of toxic
metabolites, fostering inflammatory damage, particularly in the liver, kidney, and lungs,
which exacerbates hepatic lesions and facilitates the progression of disease pathogenesis.

The impact of schistosomiasis on the vaginal microbiome underscores the necessity
for gender-specific approaches to control and prevent the disease induced by Schistosoma
infection. Effective management of FGS requires addressing both the parasitic infection
and the resulting microbiome imbalances [146]. Also, the schistosomiasis cases treated with
praziquantel had different bacteria compositions compared to the cases without praziquan-
tel treatment. This suggests that combining praziquantel treatment with probiotics could
potentially decrease the disease severity caused by an altered microbiome (Figure 13).

Moving forward, microbiota-based probiotic modulation emerges as a promising thera-
peutic approach. Probiotic supplementation has demonstrated significant antiapoptotic and
antioxidant effects, potentially ameliorating the inflammatory sequelae of schistosomiasis-
induced dysbiosis. Further research into the precise mechanisms of probiotic action and
their clinical efficacy is warranted to harness their full therapeutic potential in managing
the complex pathology of schistosomiasis.
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