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ABSTRACT

Background: Host responses to helminth infections, such as schistosomiasis, are
influenced by genetic factors and the microbiome, which play crucial roles in shaping
immune response. This study investigates the interplay between host genetics and the
gut microbiome during chronic schistosomiasis.

Results: Using two genetically different murine models (SPF1 C57BL/6 and SPF2
C57BL/6), with different susceptibility to chronic schistosomiasis, we found that the gut
microbial profile is vital for the host resistance. Fecal microbiota transfer from the resistant
SPF1 C57BL/6 strain to the susceptible SPF2 C57BL/6 strain reduced key pathological
features and extended survival. In humans, shotgun metagenomics sequencing and
gPCR analysis of stool DNA from school-aged children in S. mansoni-endemic areas
revealed significant and consensual alterations in gut microbiome composition of
schistosomiasis-affected individuals. Notably, we identified two gut bacterial species as
reliable biomarkers of schistosomiasis: Bacteroides ovatus negatively associated with S.
mansoni infection, and Turicibacter sanguinis correlated positively with liver fibrosis.
Multi-omics integration analysis links these bacterial species to distinct altered
metabolic pathways, especially the heavy solicitation by both of the purine metabolism
and signaling pathway, aligning with the known dependence on the salvage pathway of
the de novo synthesis of purines by schistosomes during the infection of human hosts.
Conclusion Overall, our findings position the gut microbiome as both determinant of
schistosomiasis outcomes and a promising source of biomarkers for the monitoring of

infection and morbidity.
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BACKGROUND

Schistosomiasis, caused by trematode worms known as Schistosoma [1], affects over
250 million people worldwide, 90% of whom in Africa [2, 3], and leads to more than 200
000 deaths annually [2, 3]. The disease caused by Schistosoma mansoni is, in majority
of cases, associated with hepato-intestinal inflammation and fibrosis [1]. In severe cases,
it can evolve to portal hypertension which can result in death if not treated [1]. A key
feature of the pathophysiology is the host immune-driven granulomatous inflammation
that develops around the parasite eggs lodged in host tissues. As the infection persists,
the inflammatory response becomes modulated, leading to the chronic phase
characterized by a state of hypo responsiveness as well as reduced granulomatous
immunopathology [4-6]. Inadequate regulation of immune responsiveness and
pathological cellular infiltration over time might exacerbate granulomatous inflammation
and cause tissue damage [4-7]. This poorly regulated process can further culminate in
tissue destruction and impaired organ function [4-7]. Although not necessarily sequential,
these pathological processes collectively lead to tissue destruction in infected hosts, a

progression that current control tools still fail to adequately monitor [8] and manage[9].

In recent years, host gut microbiota has been identified as an important factor influencing

the progression of numerous infectious diseases [10] such as schistosomiasis. A seminal
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study by Holzscheiter et al [11] demonstrated that administration of a broad-spectrum
antibiotic cocktail to reduce gut bacteria resulted in reduced intestinal granulomatous
inflammation during S. mansoni infection in mice. This suggested that the commensal
bacteria could act as regulators of the host pathological response during schistosomiasis.
In fact, Osakunor et al., [12] revealed specific gut microbiome changes in preschool-aged
children (1-5 years) infected with S. haematobium in Zimbabwe. S. japonicum infection
was reported to be associated with specific gut microbiota changes as well, that robustly
prevailed in infected individuals[13]. However, the specifics of the contribution of the
microbiome to the pathological processes of schistosomiasis are still superficially
appraised until date. We indeed noted that all current studies on the gut microbiota
signatures during human schistosomiasis are quite limited in the inclusion of true negative
controls (i.e. infection controls that do not excrete eggs and morbidity controls that do not
present with tissue fibrogranulomatous sequelae among individuals living in the same
parasite-endemic areas), conducted with poorly matched cases versus controls and
poorly functional in their designs[14-16]. Consequently, further evidence is required to
better define the role of the gut microbiota during schistosomiasis both at the infection

and disease levels [15].

In this study, we aimed to address such a role of the host gut microbiome during

schistosomiasis using:

i- experimental chronic infections of mice i.e. with different genetic make-ups and levels
of susceptibility to the disease to functionally assess, by fecal microbiota transfer by
cohousing, the role of the gut microbiota in the progression of chronic schistosomiasis-

associated fibrogranulomatous disease despite different genetic backgrounds, and
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ii- shotgun metagenomics screening of stool DNA from school-aged children from S.
mansoni endemic areas followed by validation of identified candidate microbial species
by qPCR and multi-omics integration to identify consensus microbial and metabolite
signatures that might associate, beyond host genetic differences, with S. mansoni-

infection and/or associated liver pathology.

METHODS
Ethics statement.

i) Mouse studies
Authorization to conduct experiments on animals was granted by the University of Cape
Town Animal Ethics Committee (AEC Protocols no. 016/027 and 018/029). All animal
experiments were performed to minimize animal suffering in accordance with the
guidelines of the Animal Research Ethics committee of the Faculty of Health Science of
the University of Cape Town, the South African Veterinary Council (SAVC) and the South
African National Standard (SANS 10386:2008).

ii) Human studies
Ethical approval for human studies was granted by the Cameroon National Ethics
committee for Human Health Research (Approval no. 2018/02/976/CE/CNERSH/SP).
Authorization to conduct the study was also granted by the Ministries of Basic Education
(Approval no. 3/105/L/MINEDUB/DREB-C/SDAG/IMS) and Public Health of Cameroon
(Approval no. 030-571/L/IMINSANTE/SG/DROS/CRC/NPN/TMC/ 631-12.18). The study
was conducted with authorization from local, regional and school authorities. Children and

parents’/legal guardians were informed of the objectives and the methodology of the study
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with assistance from schoolteachers. Participation was voluntary and all children and
parents/legal guardians gave informed written consent prior to the study. All collected
data were de-identified before downstream analyses to ensure the confidentiality of the
participating school children. All school children from the enrolled schools, participant or
not, were treated with PZQ as recommended by the Cameroon National program for the
control of Schistosomiasis and Soil-transmitted Helminthiasis, regardless of their

parasitological status.

Mouse husbandry and species.

The mice that were used in the study were housed and maintained in specific pathogen
free facility using ventilated cages containing sterile wood shavings for bedding, in Bio-
Safety level 2 (BSL2) facility of the University of Cape Town. Each cage was housing a
maximum of 8 mice. The experimental work was conducted according to the
recommendations from the University of Cape Town and South African national
guidelines for use of procedures for handling of laboratory animals. All efforts were
performed to reduce suffering on the animals. A total of 110 wildtype C57BL/6N mice and
110 wildtype C57BL/6J mice were maintained in BSL2 facility and used for the
experiments. A sample size of 10 mice per group was utilized in each experiment with a
percentage power of 95% and an effect size of 2.5 using a one tail t test. These were to
potentially detect with confidence a difference between two independent means that will
provide a significance level of p < 0.05 as calculated using a statistical tool called G.
power 3.0.10 (Franz Faul, Universitat Kiel, Germany). Each experiment included both

male and female mice aging between 7 and 10 weeks, and the animals were sex and age
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matched across each group of interest using an initial body weight of approximately 15
grams. Furthermore, the animals were subjected to the same food source containing a

similar diet with a decontaminated water source.

Maintenance of S. mansoni life cycle.
The S. mansoni parasites were maintained and grown using both Biomphalaria glabrata
snails and the BALB/c female mice which were monitored in a Bio-Safety level 2 facility,

University of Cape Town.

Co-housing protocol for FMT

Fecal microbiota transfer (FMT) was established by co-housing 10 wildtype C57BL/6N
mice with 10 wildtype C57BL/6J mice for a total number of 8 mice per cage at a 1:1 ratio.
The cohorts included 6- to 7-week-old male and female mice, with C57BL/6N mice
sourced from the SPF1 facility (referred to as SPF1 C57BL/6 mice) and age- and sex-
matched C57BL/6J mice from the SPF2 facility (referred to as SPF2 C57BL/6 mice). The
mice were co-housed for 7 days prior to S. mansoni infection to ensure effective
microbiota exchange via coprophagy, as previously established[17]. Chronic
schistosomiasis was then induced by infecting the mice percutaneously with a dose of 35

S. mansoni cercariae.

Chronic S. mansoni infection
In the first series of experimental chronic schistosomiasis tests, a total of 20 wildtype

C57BL/6N mice versus 20 wildtype C57BL/6J mice were used for chronic mortality study.
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These are two different rooms within the same animal unit where animals are bred prior
to transfer to the similar experimental room in BSL2 where acclimatization and infections
take place. Practically, for chronic mortality studies, the mice were infected
percutaneously with a low dose of 35 S. mansoni cercariae to establish a chronic infection
of Schistosomiasis which occurs from week 10 post infection. Mice were sex and age
matched in each independent experiment. The experimental endpoint was characterized
by mice showing body weight loss of up to 20% of the original body weight, or physical
impairments resulting in irreversible loss of grip force and motility. Each animal was
subcutaneously administered an anesthetic cocktail prior to infestation by live S. mansoni
infection. The cocktail comprised ketamine (100 mg/ml; 1.2 ml) and xylazine (10 mg/ml,;
0.8 ml), diluted in 1x PBS. All procedures were performed in accordance with approved
standard protocols under the supervision of a qualified veterinary specialist. Animals were
euthanized via halothane gas exposure in a closed chamber for 5 minutes. Death was

subsequently confirmed by cervical dislocation prior to downstream procedures.

Egg burden quantification in mice.

The parasite burden from each mouse was calculated by quantifying the number of eggs
present in liver tissue affected by the S. mansoni parasites as follows; each tissue sample
(liver) was first weighed and recorded prior to processing. The samples were then
transferred into 15 mL falcon tubes containing 5 mL of 5% potassium hydroxide (KOH)
and incubated at 37°C incubator overnight. The samples were then centrifuged for 10
minutes at 2000 rpm and 3 mL of the supernatant was discarded to ensure a total volume

of 2ml remained in each tube. The samples were then re-suspended by vortex. An aliquot
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of 50pl was used to calculate the number of S. mansoni eggs present in each sample
using an inverted microscope. The total number of eggs in each sample was then

calculated to determine the egg burden.

Histological analysis.

The liver samples were placed in neutral buffered formalin solution to fix them and were
then processed. About S5Suym sections were stained with hematoxylin and eosin (H&E) or
Chromotrope aniline blue (CAB) staining. The diameters of each granuloma that had a
single egg were quantified using a morphometry analysis program. The egg diameter was
subtracted from the diameter of the whole granuloma. A total of 100 granulomas per group

of mice were measured for analysis.

Human observational study design.

A cross-sectional study was conducted in five public schools in the vicinity of a S. mansoni
infested rivers in 5 different villages namely Yoro 1, Yoro 2, Bongando, Ediolomo and
Kedia in Bokito, a rural town located about 100 km from Yaoundé, the capital of
Cameroon. This study area and the surveyed Maquisard cohort have been previously
described [18]. A total of 1002 children were initially recruited in the Maquisard cohort and
thereafter selection was enforced based on the exclusion of those infected with malaria,
hepatitis B/C and other geohelminths. Parasitological and pathological features of S.
mansoni infection were determined by Kato Katz and ultrasonography, respectively, as
previously described [18]. Four clusters were defined based on the presence or absence

of S. mansoni infection and the presence/absence of liver fibrosis as a proxy for pathology
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i.e. SAC presenting with S. mansoni infection and liver fibrosis (KK+US-), SAC presenting
with S. mansoni infection but with no signs of liver fibrosis (KK+US-), SAC without S.
mansoni infection and presenting with liver fibrosis (KK-US+) and SAC without S.
mansoni infection and with no signs of liver fibrosis (KK-US-). A selection of 10 individuals
per cluster was done to ensure age and gender matching from whom stool sample were

collected and kept frozen dry in cryotube at -80°C until processing.

Human stool DNA shotgun metagenomics screening and bioinformatics.

A total of 40 stool samples i.e. 10 per cluster were used for DNA isolation as per the
manufacturer’s instructions (ZymoBIOMICS DNA Miniprep Kit, Zymo Research, CA,
USA). DNA samples were validated for quantity (Nanodrop) and integrity (Agarose Gel
electrophoresis) prior to shipment to a service provider (Beijing Genomics Institute,
HongKong) for library preparation with magnetic beads and shotgun metagenomics
sequencing on lllumina HiSeq PE150-Xten at a 30X depth. From the obtained sequences,
quality control was performed to filter out low quality sequences and adapter sequences
prior to downstream bioinformatics analyses. High quality reads obtained were
assembled by MEGAHIT prior to gene prediction and generation of high-quality gene
catalogs using MetaGeneMark and CD-hit. These analyses were conducted sequentially
at BGl and the University of Cape Town Computational Biology Hub (CBIO). These
catalogs are used for Venn analyses to depict the number of overlapping genes of
different groups of individuals. Public catalogues including eggNOG (v5.0, KEGG (89.1),
BacMet, Card, COG, CAZy, Swiss-Port and NR were used to annotate the gene

catalogues. Taxonomy annotation was then performed to define abundance from gene

10
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abundance table and further used for comparative studies on the four groups (difference
analyses, barplots, heatmaps, dimension reduction analyses...). Diversity Analysis was
then performed, i.e. with regards to richness for alpha and differences between groups
for the beta diversity and finally model prediction was performed on the data. Linear
Discriminant Analysis (LDA) was used for differential abundance testing (LEfSe
(https://huttenhower.sph.harvard.edu/lefse/)[19]. Additional analysis including diversity
analyses was performed in R using established microbiome analysis packages (phyloseq,
ggplot2). Specifically in the CBIO metagenomics pipeline: Metagenomics raw reads
(.fastq format) were quality checked, filtered, adapter-removed and decontaminated,
followed by taxonomic profiling with MetaPhlAn2 [20], using the Nextflow-based pipeline
https://github.com/kviljoen/YAMP, which was adapted [21] for implementation on the llifu
cloud computing facility (https://www.ilifu.ac.za/). Differential abundance testing was
performed on the Galaxy implementation of LEfSe [19]. All other downstream analyses
were performed in R, using the packages phyloseq [22, 23] and custom microbiome-
related functions available here:

https://gist.github.com/kviljoen/97d36¢c689¢c5c9b9c39939¢7a100720b9

Bacterial species-specific gPCR optimization.

Bacteria-specific primers and the bacterial housekeeping gene (conservative fragments
in bacterial 16S rRNA genes) were designed by PrimerQuest™ Tool. Briefly, genes
specific sequences of each bacterial were downloaded from online databases (NCBI
GeneBank, Ensembl bacteria, NBRC and RIKEN BCR) and aligned using the multiple

sequence alignment (MSA) tool (BioEdit) to obtain a consensus sequence. The latter was

11
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uploaded to PrimerQuest™ Tool to design specific primers. The PCR amplification
specificity of the designed primers (single band) was confirmed In Silico using BLASTN
form NCBI, followed by gradient PCR performed in a 25 pL reaction of OneTaq Quick-
Load 2X Master Mix with Standard Buffer (New England Biolabs) containing 0.5 pL of
each primer, 2 uL of the template DNA, 12.5 pyL of OneTaq Quick-Load 2X Master Mix
and 9.5 pL of Nuclease-free water. Thermal cycler parameters were 94°C for 30 seconds,
(94°C 15 seconds, 50-55°C 15 seconds and 68°C 15 seconds) x 30 cycles, and final
elongation 68°C 5 minutes. PCR product size were confirmed by agarose gel

electrophoresis to ensure a single band product per amplification.

Quantitative Polymerase chain reaction

Real-time qPCR was performed using Luna Universal gqPCR Master Mix (New England
Biolabs). The gPCR mixture consisted at 10ul of Luna Universal gPCR Master mix, 0.5yl
forward primer, 0.5ul reverse primer, 1ul of normalized stool DNA and 8ul of Nuclease-
free water in 96-well plates with adhesive sealing; a negative control (H20 as template)
was included within every experiment. The quantitative PCR(qPCR) was performed using
SYBR Green | on CFX-96 (Bio-Rad) and the amplification conditions were: (1) initial
denaturation at 95° for 60 sec; (2) 40 cycles of denaturation at 95° for 15 s, annealing at
53°C for 15s and extension at 68°C for 15s; and Melt Curve (default setting). Primer
efficiency was determined using serial dilutions of a template DNA sample. Ct values
(cycle threshold) obtained from each dilution were plotted against the logarithm of the
dilution factor to generate a standard curve. The slope of this curve was subsequently

used to calculate primer efficiency, the acceptable values was ranging from 85% to 110%.
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The abundance of each microbial species biomarker was determined and then
normalized by the concentration of the 16S reference gene (normalized abundance of
target = concentration of the target/concentration of 16S). Changes of relative abundance
of each microbial species between clusters were plotted on GraphPad Prism (8.0.1) and
statistical differences were determined by unpaired t-test, Kruskal-Wallis test or Mann-

Whitney test as relevant using R software.

Metabolomics extraction, detection and data processing

To identify initial candidate biomarkers of schistosomiasis infection and associated liver
morbidity, liquid chromatography combined to mass spectrometry (LC-MS) analyses
were performed. Firstly, sample were subjected to metabolite extraction by organic
reagent precipitation protein method, and quality control (QC) samples were prepared at
the same time (by mixing prepared experimental samples), and the extracted samples
were tested on the machine. The QC sample obtained was used for the monitoring of the
state of the instrument during liquid chromatography (LC 2777C UPLC system, Waters,
UK) and mass spectrometry (MS Xevo G2-XS QTOF, Waters UK) (interspersed per 10

test samples in general).

Metabolomics liquid chromatography phase

All chromatographic separations were performed using an ultra-performance liquid
chromatography (UPLC) system (Waters, UK). An ACQUITY UPLC HSS T3 column
(100mm*2.1mm, 1.8um, Waters, UK) was used for the reversed phase separation. The

column oven was maintained at 50°C. The flow rate was 0.4 ml/min and the mobile phase

13
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consisted of solvent A (water + 0.1% formic acid) and solvent B (methanol + 0.1% formic
acid). Gradient elution conditions were set as follows: 0~2 min, 100% phase A; 2~11 min,
0% to 100% B; 11~13 min, 100% B; 13~15 min, 0% to 100%. The injection volume for

each sample was 5 pL.

Metabolomics mass spectrometry phase

A high-resolution tandem mass spectrometer Xevo G2 XS QTOF (Waters, UK) was used
to detect metabolites eluted form the column. The Q-TOF was operated in both positive
and negative ion modes. For Positive ion mode, the capillary and sampling cone voltages
were set at 3.0 kV and 40.0 V, respectively. For Negative ion mode, the capillary and
sampling cone voltages were set at 2.0 kV and 40.0 V, respectively. The mass
spectrometry data were acquired in Centroid MSE mode. The TOF mass range was from
50 to 1200 Da and the scan time was 0.2 s. For the MS/MS detection, all precursors were
fragmented using 20-40 eV, and the scan time was 0.2 s. During the acquisition, the LE
signal was acquired every 3s to calibrate the mass accuracy. Furthermore, in order to
evaluate the stability of the LC-MS during the whole acquisition, a quality control sample

(pool of all samples) was acquired after every 10 samples.

Metabolite annotation and analysis

The KEGG database (https://www.genome.jp/kegg/pathway.html), HMDB database
(https://hmdb.ca/metabolites), and LIPIDMaps database (http://www.lipidmaps.org/) were
used for metabolite annotation. For multivariate analysis, metaX software was used to

perform data transformation and subsequently conducted principal component analysis

14
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(PCA) and Partial least squares discrimination analysis (PLS-DA) to classify distinct
groups and determine the variable importance in the projection (VIP) associated with
each metabolite. In univariate analysis, a t-test was used to determine the statistical
significance (P-value) of each metabolite between KK-US- and KK+US- (infection) and
between KK+US- and KK+US+ (S. mansoni-associated liver fibrosis), while fold change
(FC) of each metabolite was calculated. The conditions for screening differential
metabolites included Variable Importance in Projection (VIP) scores 21.5, Fold Change
(FC) 21.2 or FC< 0.83 and P-value< 0.05. This approach identified 82 significantly
expressed metabolites for non-morbid infections and 33 metabolites for S. mansoni-

associated liver fibrosis (Figure S1).

Bioinformatics Pipeline

Raw data were processed according to the bioinformatics pipeline step (Figure S1).

AMON tool

AMON tool was used to relate the stool microbiome assessed with shotgun
metagenomics sequencing to the plasma metabolome assessed with untargeted LC/MS,
in two cohorts namely S. mansoni infected school-aged children with liver morbidity
(KK+US+) compared to S. mansoni-infected SAC without liver morbidity (KK+US-) and
the later compared to S. mansoni-negative control (KK-US-). AMON tool determined the
degree to which annotated compounds in the plasma metabolome of our study cohorts
may have been produced by bacteria present in fecal samples, the host, either (i.e. both

are capable of production), or neither (i.e. neither the human or the fecal microbiome are
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363
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predicted to be capable of producing the observed metabolites)[24], as described herein

(Figure S1).

Raw data (KK-US-; KK+US-; Data preprocessing
KK+USH)

Data correction

PCA

Quality

control

Total ion current map

PuMP Statistical analysis
Uni-and Multivariate analysis
PCA PLS-DA
| |
FC=1.20r FC<0.83 VIP=1.5 P-value< 0.05

v

Differential ion screening

v

Differential metabolites identification

AMON tool | | Network analysis

L1sl‘r ofKEGG orthology (K_O) Listof KO presen‘f in the KEGG Compound IDs of

identifiers of S. mansoni host (Homo sapiens) differential metabolites
Metagenome biomarkers (Bacteria) metabolome

Venn Diagram of Compounds origins

g

Metabolic pathway analysis

MetaboAnalyst 6.0 Functional analysis

Figure S1. Workflow for cross-cohort integration analysis of fecal metagenomics and plasma
metabolomics in S. mansoni infected SAC. Figure represents a comprehensive analytical pipeline for
integrating metabolomics and metagenomics data to elucidate host-microbe metabolic interactions. The
process begins with raw mass spectrometry data (KK-US™-, KK*US~, KK*US*) that undergoes

preprocessing through xMSanalyzer, including format conversion, noise filtering, peak matching and
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extraction, followed by quality control via PCA and total ion current normalization. Statistical analysis is then
performed using Polyomics integrated Metabolomics Pipeline (PiMP), employing both PCA and PLS-DA to
identify differential metabolites based on stringent criteria (fold change 21.2 or <0.83, VIP=1.5, and P-
value<0.05). The identified differential metabolites are subsequently analyzed using the AMON tool, which
integrates three key data sources: KEGG orthology identifiers from identified Schistosoma mansoni
metagenome biomarkers (bacteria), KEGG orthology identifiers from the Homo sapiens metabolome (host),
and KEGG compound IDs of the differential metabolites obtained from LC/MS Untargeted metabolomics.
A Venn diagram analysis determines the origin of compounds by comparing metabolite presence across
bacterial and host metabolomes, distinguishing which metabolites are uniquely microbial, host-derived, or
potentially produced by either organism. Finally, MetaboAnalyst 6.0 performs metabolic pathway analysis
to provide functional interpretation, revealing which biological pathways are significantly affected. KEGG
organism identifiers:

T06584 tsg; T. sanguinis MOL361 (Scheme A- S. mansoni related fibrosis); T04113 boa; B. ovatus ATCC

8483; T01001 hsa; Homo sapiens (human) (Scheme C- S. mansoni asymptomatic infection).

RESULTS

Gut microbiota determines chronic schistosomiasis outcomes

To mechanistically explore how the gut microbiome might regulate schistosomiasis and
its associated immunopathological responses, mice from 2 genetically distinct breeds[25]
were used , i.e. SPF2 C57BL/6 and SPF1 C57BL/6. These animals were percutaneously
infected with a low dose of 35 S. mansoni cercaria and monitored until they reached
experimental endpoint as described in methods sections. An increased susceptibility of
the SPF2 C57BL/6 when compared to SPF1 C57BL/6 was observed to chronic
schistosomiasis (Figure 1). Specifically, our findings revealed premature mortality among
SPF2 C57BL/6 (P < 0.01) (Figure 1A), despite similar egg burdens in livers (Figure 1B)
and comparable hepatomegaly (Figure 1C). This higher susceptibility of SPF2 C57BL/6
was associated with augmented peri-ova granulomatous inflammation in the livers (P <

0.001) (Figures 1D-E).
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Fecal microbiota transfer (FMT) by transient co-housing of a group of susceptible strain
(SPF2-CH C57BL/6) with a group of resistant strain (SPF1-CH C57BL/6) prior to chronic
schistosomiasis infection (Figure 1F) rescued the susceptible group (SPF2-CH C57BL/6)
from premature mortality without increasing susceptibility in the formerly resistant SPF1-
CH C57BL/6 animals (Figure 1G). Liver histology revealed a significant reduction of the
peri-ova granulomatous inflammation in SPF2-CH C57BL/6 when compared to the non-
co-housing SPF2-C57BL/6 (Figure 1H). Notably, SPF1-CH C57BL/6 did not show
increased peri-ova inflammation in livers when compared to the resistant non-co-housing

SPF1-C57BL/6 (Figure 11).
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Figure 1. Transfer of the gut microbiome by transient co-housing with resistant mice rescues
susceptible mice from chronic schistosomiasis morbidity and mortality. (A) Survival curves of S.
mansoni-infected SPF1 C57BL/6 and SPF2 C57BL/6 mice. SPF1 C57BL/6, n = 10; SPF2 C57BL/6, n = 10.
(B) Quantification of egg burdens from livers from culled animals during the follow-up. (C) Liver weight
indexes after death during the 30 weeks follow up. The p-values were determined in B and C using Mann

Whitney U test. (D) Image scans of H&E-stained liver sections from chronic S. mansoni-infected mice (scale
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bar = 100 um). (E) Computed measurements of granulomas (mmz) surrounding trapped S. mansoni eggs
observed in the liver tissues of chronically infected SPF1 C57BL/6 (n = 10 mice for 100 granulomas
measured), and SPF2 C57BL/6 (n = 10 mice for 100 granulomas measured) mice. p-values were
determined using the Student’s t test. (F) Experimental layout for co-housing SPF1 C57BL/6N and SPF2
C57BL/6J mice for 7 days prior to S. mansoni infection. This was done by placing mice from each group at
a 1:1 ratio in the same cage i.e. 4 x SPF1 C57BL/6 + 4 x SPF2 C57BL/6 into a typical 8-mice cage. The
mice were housed together for 7 days to allow enough time for microbial reprograming/acclimatization in
each group. This was then followed by a low dose infection of 35 S. mansoni infection. (G) Survival curve
of S. mansoni-infected SPF1 C57BL/6, SPF2 C57BL/6, SPF1-CH C57BL/6 (SPF1 C57/BL6 mice co-
housed with SPF2 C57/BL6 mice) and SPF2-CH C57BL/6 mice (SPF2 C57/BL6 mice co-housed with SPF1
C57/BL6 mice). SPF1 C57BL/6, n = 10; SPF2 C57BL/6, n = 10; SPF1-CH C57BL/6, n = 10; SPF2-CH
C57BL/6J, n = 10. p-values were determined using log-rank test for G. (H) Image scans of H&E-stained

liver sections from chronic S. mansoni-infected mice after the co-housing experiment (scale bar = 100 uym).

(I) Computed measurements of granulomas (mm2) surrounding trapped S. mansoni eggs observed in the
liver tissues of chronically infected mice (n = 10 mice for 100 granulomas measured for each group). p-
values were determined using ANOVA followed by Bonferroni correction for multiple comparisons. All
figures are representatives from two or more independent experiments with two batches of distinct mouse

breeds. Data are presented as means + SEM. *, p<0.05; ***, p<0.01; ****, p<0.001. ns; non-significant.

S. mansoni-infection and associated liver pathology consensually alters the gut

microbiome of school-aged children living in endemic areas

To clinically translate the regulatory role of the gut microbiome in chronic schistosomiasis,
as suggested by our preclinical outcomes, we recruited school-aged children (SAC), aged
7 to 16 years old, from the S. mansoni-endemic rural areas of Bokito, Cameroon, to

undergo a staircase selection procedure of gut microbial typing (Figure 2).
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Figure 2: Experimental design of Human Study - the Maquisard cohort. 1002 school-aged children
were screened in a rural area of Cameroon centre region endemic for S. mansoni. Questionnaires were
administered for collection of basic socio-demographical data and stool samples were collected twice over
a 5 days period for colposcopy by Kato Katz technique to identify egg-positive participants (KK+) and egg-
negative participants (KK-). Abdominal ultrasonography was performed on consenting SAC and classified
as presenting with liver fibrosis traits (Image pattern score = 2, i.e. US+) or with no definitive signs of liver
fibrosis (Image Pattern score =0). Blood and stool samples from participants further consenting were
screened for additional infections such as hepatitis B virus (HBV), hepatitis C virus (HCV) and soil-
transmitted helminth (STH) and excluded from the study when found positive for any of these. From the
remaining SAC, clusters were classified as presenting with S. mansoni eggs in the stools (KK+) or not (KK-
) and/or presenting with traits of liver fibrosis (US = 2, i.e. US+) or with no signs of liver image pattern
alterations (US=0 i.e. US-) to define 4 clusters i.e. KK+US+, KK+US-, KK-US+ and KK-US-. Ten

representative SAC per cluster were selected with similar age and gender distribution across the 4 clusters
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and their stool samples were used for DNA isolation and shotgun metagenomics sequencing for

comparative assessment of the gut microbial profiles between clusters.

Selected SAC were clustered in groups according to the selection protocol that separated
egg-excreting individuals i.e. infected (KK+) from non-excreting individuals i.e. non-
infected (KK-). Children were further separated based on liver texture (indicative of liver
fibrosis), using an image pattern score and following the WHO Niamey protocol [26] into
two sub-groups: (1) Those with altered liver texture (liver fibrosis) who had an image
pattern score of at least 2 (US+) or (2) Those without signs of liver fibrosis who had an
image pattern score of 0 (US-). Overall, a composite of 4 different clusters defined based
on the infectious status (KK+, KK-) and the pathology status (US+, US-) was obtained i.e.
KK+US+ (S. mansoni-infected and presenting with liver fibrosis), KK+US- (S. mansoni-
infected and with no signs of liver fibrosis), KK-US+ (S. mansoni-egg negative and
presenting with liver fibrosis) and KK-US- (S. mansoni-egg negative and with no signs of

liver fibrosis).

For the discovery phase, a subset of 40 age/gender-matched participants (10 participants
per cluster) was selected across the four clusters (Figure 2) and whole genome shotgun
metagenomics sequencing of the gut microbial populations was performed for discovery

of microbial signatures (Table S1and Supplementary Material 1).
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Table S1: Characteristics of the selected participants for the discovery phase by whole genome

shotgun metagenomics sequencing.

KK+US+ KK+ US- KK- US+ KK- US

-val
Factors =10 (n=10) (n=10) (n=10) p-values
Age (years) range: [7-16] [9-15] [7-14] [8-13]
0.35
Mean (SD) 11 (3.16) 11.9(2.33) 10(2.21)  10.3(1.41)
Sex ratio
5/5 4/6 7/3 5/5 0.97
(Male/Female)
BMI 16.47 16.81 15.11 16.21
0.19
Mean (SD) (1.55) (1.50) (1.50) (1.27)
Length of residence (years) 6.17 9.00 8.00 4.50
0.70
Mean (SD) (3.31) (1.41) (NA) (0.70)
Freq Contact with water/day:
2.5(1.50 1.7(1.70 2.2(1.61 1.2 (1.47 0.28
—— (1.50) (L70)  22(161)  12(147)
Eggs Burden 36 54 0 0
0.33
Median (range) (12 -4572) (12-312) (0) (0)
PPF grades
Possible PPF 06 00 00 00 NA
PPF 04 00 08 00 NA
Advanced PPF 00 00 02 00 NA

KK(+): Kato katz positive (S. mansoni eggs-positive); KK(-): Kato Katz negative (S. mansoni eggs-
negative); US(+): Positive for ultrasonography (clearly defined hepatic fibrosis); US(-): Negative for
ultrasonography (No hepatic fibrosis); BMI: Body Mass Index; PPF: Periportal fibrosis; SD: standard

deviation; Freq: Frequency; n: number; PPF: Periportal fibrosis; NA: Not applicable.

Metagenomics analyses identified a total of 3490 taxa spanning 4 kingdoms, 42 phyla,
64 classes, 118 orders, 238 families, 710 genera, and 2313 species. Among these,
Bacteria were the most represented kingdom across samples (Figure 3A), with Firmicutes
and Bacteroidetes emerging as the dominant phyla (Figure 3B). At the species level, the

top 10 taxa across the four clinical phenotypes included Prevotella copri,
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Faecalibacterium prausnitzii, Eubacterium rectale, Prevotella sp. CAG_520, Prevotella

sp. AM42 24, Prevotella sp. 885, Roseburia inulinivorans Prevotella stercorea,

Roseburia intestinalis and Phascolarctobacterium succinatutens (Figure 3C).
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Figure 3: Compositional analysis of the gut microbiome by clinical phenotype in SAC from S.
mansoni-endemic area. Relative abundance of gut microbial Kingdoms (A), Phyla (B), and Species level
(C) among the four clinical phenotypes. Colours of rectangles correspond to the taxa in the legend. (D)
Alpha diversity (Shannon diversity index) among the four clinical phenotypes at [shown as bar graphs]. (E)
Principal Coordinates Analysis (PCoA) based on Bray—Curtis distance. Data points in different shapes and
colours represent for individuals in different phenotypic clusters. (F, G) Linear Discriminant Analysis bar
plots showing biomarkers whose LDA scores are greater than pre-set value (default value: 2, P < 0.05)
between egg-positive cluster (KK+US-) and egg-negative cluster (KK-US-) as determinants of S. mansoni
infection for (F) and Egg-positive & liver fibrosis positive cluster (KK+US+) and Egg-positive & Liver fibrosis

negative cluster (KK+US-) as determinants of liver fibrosis during S. mansoni infection for (G).

Shannon diversity index revealed a modest decrease in microbial diversity at the species
level across the four cluster (median values: KK+US+, 2.782; KK+US-,2.884; KK-
US+,2.835; KK-US-, 2.893), although the differences were not statistically significant
(Figure 3D; P = 0.596). In contrast, principal coordinates analysis (PCoA) based on Bray-
Curtis distances (Figure 3E, P = 0.0005) demonstrated clear clustering of sample into
four distinct groups. The greatest divergence was observed between KK+US+ and KK-
US- clusters, highlighting pronounced differences in gut microbiome composition
between S. mansoni-infected individuals with liver fibrosis and uninfected controls.
KK+US- and KK-US+ clusters formed distinct yet partially overlapping profiles, potentially
reflecting transitional microbial states. Together, these findings support the presence of

phenotype-specific microbial signatures.

To deeply explore gut microbial community changes that might occur during infection
and/or at the onset of infection-related liver fibrosis, two distinct comparisons were
conducted: KK-US- vs KK+US- (Figure 3F) and KK+US- vs KK+US+ (Figure 3G). Linear

discriminant effect size analysis (LefSe, Figures 3F & 3G) revealed significant and
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biological relevant dissimilarities between clusters adj P < 0.05; logFC > 2). Infection-
enriched taxa included Ruminococcus sp., Lactococcus virus and Brachyspira sp., while
infection-depleted taxa comprised Bacteroides vulgatus, Candidatus Gastranaeorphilales
bacterium, Parabacteroides distasonis, Bacteroides ovatus, Bacteroides dorei and
Odoribacter splanchnicus (Figure 3F). In S. mansoni-infected individuals with liver
fibrosis, species such as Rothia mucilaginosa, Turicibacter sanguinis, Veillonella atypica,
Veillonella infantium, Lactococcus petaurid, and Holdemanella biformis were enriched,
whereas Roseburia hominis and Clostridium disporicum were depleted (Figure 3G).
These findings indicate that distinct abundances of 17 candidate gut microbial species
are associated with S. mansoni infection and the resulting liver fibrosis, demonstrating a

consistent pattern across genetically diverse individuals.

Two gut bacterial species as reliable biomarkers of S. mansoni infection and
associated liver fibrosis in Humans

We next evaluated the accuracy and stability of the 17 candidate microbial biomarkers
associated with S. mansoni infection and liver fibrosis (Figures 3F & 3G) by quantified the
abundance of these microbial candidate by targeted gPCR-based quantification in stool
DNA samples from an independent validation cohort of age- and gender-matched SAC

(KK+US+, n = 7; KK+US-, n=9; KK-US-, n=11; Table S2 and Supplementary Material 2).
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542 Table S2: Characteristics of the selected participants for the validation phase by species-specific

543 real-time quantitative PCR.

Factors

Age (years) range:
Mean (SD)
Sex ratio

(Male/Female)
BMI

Mean (SD)

Length of residence (years)
Mean (SD)

Freq Contact with water/day:

Mean (SD)

Eggs Burden

Median (range)
PPF grades

Possible PPF
PPF

Advanced PPF
544

KK+US+
(n=7)
[9-11]

10 (1.00)

1/6
15.75
(0.97)

2

(NA)

1.00
(1.00)
447 .4

(12-2496)

06
01

00

KK+US-
(n=9)
[8-15]

11.44 (2.24)

5/4
16.45
(1.83)

8

(NA)

1.66
(1.32)
84.00

(12-588)

00
00

00

KK-US-
(n=11)
[9-15]

12.45 (1.91)

5/6
17.11
(1.63)

8

(2.82)

1.27
(1.48)
0

()

00
00

00

p-values

0.04

0.97

0.17

0.83

0.57

0.08

NA
NA

NA

545 KK(+): Kato katz positive (S. mansoni eggs-positive); KK(-): Kato katz negative (S. mansoni eggs-negative);

546 US(+): Positive for ultrasonography (clearly defined hepatic fibrosis); US(-): Negative for ultrasonography
547 (No hepatic fibrosis); BMI: Body Mass Index; PPF: Periportal fibrosis; SD: standard deviation; Freq:
548 Frequency; n: number; PPF: Periportal fibrosis; NA: Not applicable.

549

550 Species-specific primers (Table S3) were designed and optimized for single-band

551 amplification with efficiencies of 87-105% and normalized to 16srRNA as a bacterial
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housekeeping gene to relatively quantify bacterial abundance in normalized amounts of

stool DNA between participants and groups (as reported [27]).

Table S3: Microbial species-specific primers used for gPCR-based quantification of the candidate

microbes in stool DNA samples for validation. Amplification optimal annealing temperature and gPCR

efficiency values are provided.

N° Microbial species Primers Annealing qPCR
Temperature | Effiency (%)

1 Roseburia hominis GyA118F : CGTATTACCTCCGGTGTCAAG 104,10
GyA118R: CGGTCAGAAGCTCAGAAGTATC 53

2 Clostridium disporicum Cpn130F : GCTGGTGCAAACCCAATGTT 51 100,06
Cpn130R: ACCTATTTCATCATCAGCTGCTGA

3 Rothia mucilaginosa Cpnl43F: GAAGTTGAGACCGAGGAAGAG 54 99,77
Cpnl43R: AGACCGAAAGTGTTGGAGTC

4 Turicibacter sanguinis Gro143F : GCAGGTGCAAATCCAATGAC 53 104,78
Grol43R: TCCTCATCAGCTGCAGAAATAG

5 Veillonella atypica Rpol119F : CATGGAATATTTCGGCACTGAAG 51 101,67
Rpo119R: TAGCACGAGCTTCTTCGATATG

6 Veillonella infantium Rpo93F : TTCCGATGGTACTCCGTACA 51 87,12
Rpo93R : CCCAACCCAAGTGAGTTTCA

7 Lactococcus petauri Rpol128F: GCACCGATTCATGTGACTTTC 54 93,75
Rpo128R: CGTTCAGAACCGTTGTTGATG

8 Holdemanella biformis, sRNA138F: TCAGACTGCCGGTGATAAAC 53 107,71
sRNA138R: CTTTATGAGATTCGCTTGCCTTC

9 Bacteroides vulgatus, GyrA99F : AAAGCACCGGATTTCCCTAC 53 102,91
GyrA99R : CTTAGCACGCATCACTACTCTAC

10 Parabacteriodes distasonis GyrA97F: GTCATTGTTTCACGTGCTCTTC 53 105,35
GyrA97R: CGGATGTGTTACCCAGTTCAT

11 Bacteroides ovatus GyrAl101F : GACCAGATTGGTTCGGTATGT 52 104,78
GyrA101R: TCAGCATTCGGATCACTCAC

12 Bacteroides dorei recA111F: AGAAGTAATCGGCAACCAGAC 53 104,82
recAl111R: CCAGCTCTTGAGATACCTTCAC

13 Odoribacter splanchnicus, recA133F : GAGACAGTGTCATGGGCTTAC 53 101,33
recA133R : CCGAACATCACTCCGATCTTATC

14 Ruminococcus sp CAG 330 Rum120F: TGCCCTTCATGGTTTTAGGC 54 102,65
Rum120R: ACAAGGGTGTATTGCATCGC

15 Brachyspira sp CAG 700 SRNA121F : GAGATATGTCAGACCGCAAGG 54 100,92
sRNA121R: TCGGTAGCAACAAAGGGTAAG

16 Candidatus Gastranaerophilales Wg132F : ACCACGACCTGTTTCGTAAG 54 100,92

bacterium HUM 9 Wg132R : ATCGCCCTAATCGACAATCC
17 Housekeeping gene (Clifford et al., sRNA180F: TCCTACGGGAGGCAGCAGT 51,52, 103,09
2012) 53,54

sRNA1BOR: TATTACCGCGGCTGCTGGC
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Species-specific gPCR quantification was consistent with metagenomic sequencing for
two gut microbial species, which emerged as robust biomarkers of gut microbiome
alterations during schistosomiasis (Figure 4). B. ovatus maintained its infection-
associated profile, showing a significant reduction in infected SAC compared to
uninfected controls (P = 0.01; Figures 4A & 4B). Conversely, T. sanguinis exhibited a
fibrosis-associated profile, with significantly increased abundance in infected SAC with
liver fibrosis compared to those without liver fibrosis (P = 0.02) (Figures 4C & 4D, and
Supplementary Material 3). Species-specific QqPCR-based quantification did not confirm
significant abundance changes for 15 of the candidate microbes initially identified by
metagenomics sequencing at the discovery phase (Figure S2). Although some bacterial
taxa showed trends consistent with the discovery shotgun metagenomics dataset, these
did not reach statistical significance, likely reflecting reduced effect sizes in the validation

cohort.
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574

575 Figure S2: qPCR-based validation of candidate biomarking gut microbes on a second cohort of
576 SAC. Upper panels represent the relative abundance of the microbes previously identified by

577 metagenomics sequencing as differentially represented between healthy (KK-US-) and infected SAC
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(KK+US-) without liver fibrosis i.e. A. pro-infection candidate biomarkers: (Ruminococcus sp CAG 330;
Brachyspira sp CAG 700); B. Anti-infection candidate biomarkers: (Bacteroides vulgatus; Candidatus
gastranaerophilales Bacterium HUMS9; Parabacteroides distasonis; Bacteroides dorei; Odoribacter
splanchnicus). Lower panels represent the relative abundance of the microbes previously identified by
metagenomic sequencing as differentially represented between S. mansoni-infected (KK+US-) and infected
with liver fibrosis SAC (KK+US+) C. Pro-fibrosis candidate biomarkers: (Rothia mucilaginosa; Veillonella
atypica; Veillonella infantum; Lactococcus petauri; Holdemanella biformis); D. Anti-fibrosis candidate
biomarkers: (Roseburia hominis; Clostridium disporicum). Validation gPCR were done with species-specific

primers on a second subset of stool DNA from SAC termed validation cohort.

To exclude confounding effects of concomitant infections [28] we assessed B. ovatus and
T. sanguinis relative abundance of in stool DNA from SAC with malaria, hepatitis, or soil-
transmitted helminthiases (Figures 4E & 4F). Neither condition significantly altered B.
ovatus levels (P = 0.24; Figure 4E) as observed with S. mansoni infection. Likewise,
enrichment of T. sanguinis was observed only in S. mansoni-associated liver fibrosis, but
not in fibrosis linked to other infections. Taken together, these results suggested that the
two identified gut microbial changes are specific to S. mansoni infection (B. ovatus) and

S. mansoni-associated associated liver fibrosis (T. sanguinis).

Using the gPCR quantification data from validation cohort, we generated the Receiver
Operating Characteristic curve to assess the predictive accuracy of B. ovatus and T.
sanguinis. Both biomarkers showed strong performance, with AUC values of 0.78 for B.
ovatus (Figure 4G) and 0.82 for T. sanguinis (Figure 4H). These findings highlight their
clinical potential as robust biomarkers of schistosomiasis infection and associated

morbidity in SAC.
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Figure 4: Validation of Bacteroides ovatus and Turicibacter sanguinis as biomarkers of S. mansoni
infection and/or liver pathology by qPCR on a secondary SAC cohort. Relative abundance of B. ovatus
(A) and gel electrophoresis confirmation of single band product after g°PCR (B) amplification of the target
B. ovatus specific gene and housekeeping bacterial 16s rRNA gene. Relative abundance of T. sanguinis
(C) and gel electrophoresis confirmation of single band product after gPCR (D) amplification of the target
T. sanguinis specific gene and housekeeping bacterial 16s rRNA gene. (E) Assessment of disease
specificity of gut levels of B. ovatus as biomarker of S. mansoni infection in settings of other infections with
malaria, hepatitis and/or STH. (F) Assessment of disease specificity of gut levels of T. sanguinis as
biomarker of S. mansoni infection-associated liver fibrosis in settings of liver fibrosis associated with other
diseases i.e. malaria, hepatitis and/or STH infections. (G) Diagnostic performance of gut microbial levels of
B. ovatus for S. mansoniinfection in SAC. (H) Diagnostic performance of gut microbial levels of T. sanguinis
for S. mansoni-associated liver fibrosis among S. mansoni infected SAC. ROC: Receiver Operating
Characteristic; AUC: Area Under the Curve; Cl: Confidence Interval; SAC: School-aged Children; MWM:

Molecular Weight Marker; Bp: base pairs; ns= non-significant i.e. p<0.05

Comparable metabolomic profiles of S. mansoni-infected children and identified

gut signature microbes

To investigate gut microbiome regulation of schistosomiasis, we analysed the microbial
metabolome of identified reliable biomarkers in relation to host plasma metabolites.
Untargeted LC/MS metabolomics of SAC from the discovery cohort revealed distinct
metabolic signatures associated with S. mansoni infection and associated liver fibrosis
(Figure S3, and Supplementary Material 4 and 5). In the infection model (KK+US- vs KK-
US-), integration of volcano plot and VIP selections identified 82 high-confidence
biomarkers meeting both statistical and multivariate discrimination criteria (Figure S3A-
v). In the fibrosis model (KK+US+ vs KK+US-), volcano plot and VIP integration identified
33 high-confidence biomarkers (Figures S23-vii, viii). These high-confidence biomarkers
represent priority candidates for further investigation through network-based metabolic

source attribution.
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Figure S3. Plasma metabolite changes during schistosomiasis: (A) Infection model (KK+US- vs KK-
US-). (i) Volcano plot of plasma metabolite profiles comparing infected without liver fibrosis versus unifected
SAC. (ii) PCA - PERMANOVA showed no significant differences (P = 0.588) between infected without liver
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fibrosis (KK+US-) and healthy control group (KK-US-). (iii) PLS-DA distinguished infected SAC without liver
fibrosis from controls. (iv) VIP analysis highlighted 15 key metabolites (VIP scores >1.5) (v) Venn diagram
showed overlap between volcano and VIP-selected features (185 metabolites). (B) Fibrosis model
(KK+US+ vs KK+US-). (vi) Volcano plot of plasma metabolite profiles comparing SAC infected with liver
fibrosis (KK+US+) versus infected without liver fibrosis (KK+US-). (vii) PCA - PERMANOVA showed no
significant differences (P = 0.433) in plasma metabolite changes between the two groups (viii) PLS-DA
distinguished fibrosis cases from non-fibrosis infections. (ix) VIP analysis highlighted 15 key metabolites
(VIP scores >1.5). (x) Venn diagram showed overlap between volcano and VIP-selected features (169
metabolites). The intensity of the colored boxes on the right represents the relative abundance of the

corresponding metabolite in each group.

Reasoning that the identified high-confidence biomarkers could be produced by the
human host, commensal microbes or the both, we extended our framework to plasma
metabolites, partitioned by predicted origin using AMON analysis tool to refine organism-
specific metabolic interplay[24] (Figure S4). In the S. mansoni infection model, 82
metabolic peaks yielded 1,961 metabolic features (Figure S4A), of which 250 were
uniquely attributable to B. ovatus (gene set 1), 1,166 to the human host (gene set 2), and
499 shared between human host and B. ovatus. In S. mansoni-associated liver fibrosis,33
peaks corresponded to 1,867 metabolic features (Figure S4B), including 184 exclusives
to T. sanguinis, 1,274 human host-derived, and 391 shared. An additional 18 metabolic
features fell outside the predicted origin, suggesting alternative sources such as diet,
environment, or uncharacterized microbial activity. To investigate the metabolic interplay
between gut microbes and the host during S. mansoni infection and its associated liver
fibrosis, we performed KEGG-based pathways analysis on metabolites predicted to
originate exclusively from B. ovatus and T. sanguinis as well as those attributed solely to

host in each context (Figure S4, [24, 29]).
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Figure S4. Venn Diagram illustrating overlaps in compound sets following AMON analysis. (A) The
Venn diagram displays overlaps among compound sets potentially generated by Bacteroides ovatus (gene
set 1), Homo sapiens (gene set 2), both, and the measured metabolites in KK+US- and KK-US- plasma
groups. Totally, 1961 compounds were measured form plasma metabolomics analysis. Predicted partitions
include: 250 compounds uniquely attributable to B. ovatus, 1,166 to the host, 499 to both organisms
(indicative of shared metabolic pathways), and 46 compounds uniquely present among measured
metabolites but not predicted by either gene set, pointing to alternative origins. (B) The Venn diagram
depicts overlaps among compound sets potentially attributable to Turicibacter sanguinis (gene set 1), Homo
sapiens (gene set 2), both, and the total pool of metabolites actually measured in the plasma by untargeted
LC/MS with KEGG annotation (distinguishing KK+US+ from KK+US- samples). The analysis focuses on
compounds present in the measured metabolite list submitted, integrating gene set predictions to enable
pathway analysis. The segment labeled “Compounds measured” represents the full set of detected plasma
metabolites (n = 1,867), comprising those solely produced by gene set 1 (184), those overlapping with gene
set 1 and gene set 2 (391), those specific to gene set 2 (1,274), and those unique to the measured set but
not predicted by either gene set (18), the latter possibly indicating environmental, dietary, or unknown

microbial sources.
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678 In the infection model, B. ovatus contributed 250 exclusive metabolic features with broad
679  enrichment across core metabolic pathways (Figure 5A). The most enriched pathway was
680  purine metabolism, which remained dominant (52/70 matched, p = 1.18 x 10718, impact
681 = 0.95). Additional highly enriched pathways included glycolysis/gluconeogenesis (p =
682 2.38 x 107'°, impact = 0.89), and lipoic acid metabolism (p = 2.91 x 107'°, impact = 0.87).
683  Other pathways of significant enrichment encompassed arginine biosynthesis (p = 1.58 x
684 1077, impact = 1.0), glyoxylate and dicarboxylate metabolism (p = 2.12 x 1077, impact =

685 0.79), and the tricarboxylic acid (TCA) cycle (p = 3.70 x 1077, impact = 0.72).

686
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Figure 5: Comparative microbiome/host-specific metabolic pathway analyses. (A) B. ovatus pathway

analysis, (B) Host-Exclusive Metabolic Pathways During Asymptomatic S. mansoni Infection (Infection

Model), (A, B) The size and colour intensity of dots represent the magnitude of enrichment and statistical

significance, respectively. (C) Heatmaps showing the p-values associated with both corresponding pathway

enrichment analyses with KEGG pathways. The first column is respectively p-values for enrichment of

KEGG pathways in compounds that were detected via untargeted LC/MS of plasma and predicted

generated by members of the fecal microbiome (Bacteriodes ovatus) (left column) and the human host

(right column). (D) Individual metabolites analysis.
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Carbohydrate-related pathways such as starch and sucrose metabolism (p = 3.90 x 107¢,
impact = 0.99) and fructose and mannose metabolism (p = 3.73 x 107°, impact = 0.97)
were also significantly enriched (Table S4 and Supplementary Material 6). Individual
metabolites analysis from B. ovatus (Figure 5D) revealed significant decreases in
hypoxanthine (p = 0.049), L-arginine (p = 0.042) and pyruvaldehyde (p = 0.024),

alongside an increase in L-Dopa (p = 0.09).

Table S4. B. ovatus pathway analysis showing the top 10 enriched pathways

Pathway Name Match Status p -log(p) FDR Impact
Purine metabolism 52/70 1.48E-18 17.83 1.18E-16 0.95011
Glycolysis or Gluconeogenesis 22/26 2.38E-10 9.6234 7.76E-09 0.89048
Lipoic acid metabolism 23/28 2.91E-10 9.5361 7.76E-09 0.86629
Pyrimidine metabolism 26/39 4,10E-08 7.3867  8.21E-07 0.69969
Glycine, serine and threonine 23/33 7.34E-08 7.1341 1.18E-06 0.65446
metabolism

Arginine biosynthesis 13/14 1.58E-07 6.8008  2.11E-06 1
Glyoxylate and dicarboxylate 22/32 2.12E-07 6.6745 2.42E-06 0.79001
metabolism

Citrate cycle (TCA cycle) 16/20 3.70E-07 6.4315 3.70E-06  0.71705
Pentose phosphate pathway 17/23 1.12E-06 5.9521 9.93E-06 0.86978
Fructose and mannose 15/20 3.73E-06 5.4283 2.84E-05 0.96964
metabolism

Starch and sucrose 14/18 3.90E-06 5.4091 2.84E-05 0.99026
metabolism

Pyruvate metabolism 16/23 8.56E-06 5.0677 5.70E-05 0.74706
Alanine, aspartate and 18/28 1.24E-05 49063 7.11E-05 0.81731

glutamate metabolism

KEGG-based pathways analysis of the184 metabolic features attributed exclusively to T.
sanguinis revealed significant enrichment of nucleotide metabolism (Figure 6). Purine
metabolism emerged as the top enriched pathway, with 49 of 70 matched, a highly
significant P =1.6137E-21 and the highest impact score (0.96). Pyrimidine metabolism
was also strongly enriched (28/29 matches, P = 5.0636E-13, impact = 0.82).
Carbohydrate-related pathways showed marked enrichment. Galactose metabolism
(20/27 matches, P = 5.4967E-10, impact = 0.68) and glycolysis/gluconeogenesis (19/26

matches, P = 2.2544E-09, impact = 0.80) were significantly impacted. Starch and sucrose
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metabolism also reached significance (P = 1.1715E-06) with the highest possible impact

score (1.0).

Folate-associated pathways were consistently enriched. Both folate biosynthesis (18/27
matches, P = 6.0897E-08, impact = 0.85) and the one-carbon pool by folate (16/26
matches, P = 1.7348E-06) were significantly perturbed. Lipid metabolism was also
affected, with glycerolipid metabolism (13/16 matches, P = 1.1121E-07) showing strong

enrichment.
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Figure 6. Comparative microbiome/host-specific metabolic pathway analyses: (A) T. sanguinis
pathways analysis, (B) Host-exclusive metabolic pathways during S. mansoni-associated liver fibrosis
(Liver fibrosis Model). (A, B) The size and color intensity of dots represent the magnitude of enrichment
and statistical significance, respectively. (C) Heatmaps showing the p-values associated with both
corresponding pathway enrichment analyses with KEGG pathways. The first column is respectively p-
values for enrichment of KEGG pathways in compounds that were detected via untargeted LC/MS of
plasma and predicted generated by members of the fecal microbiome (T. sanguinis) (left column) and the

human host (right column).
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Finally, amino acid metabolism was represented by alanine, aspartate, and glutamate

metabolism (16/28 matches, P = 6.8279E-06) (Table S5 and Supplementary Material 7).

Table S5. T: sanguinis pathway analysis showing the top 10 enriched pathways

Pathway Name Match Status p -log(p) FDR Impact
Purine metabolism 49/70 1.6137E-21 20.792  1.2909E-19 0.95946
Pyrimidine metabolism 28/39 5.0636E-13 12,296 2.0254E-11 0.82017
Galactose metabolism 20/27 5.4967E-10 9.2599 1.4658E-08 0.68828
Glycolysis or Gluconeogenesis 19/26 2.2544E-09 8.647 4,5088E-08 0.8031
Pentose phosphate pathway 17/23 1.2708E-08 7.8959 2.0334E-07 0.82405
Folate biosynthesis 18/27 6.0897E-08 7.2154  8.1196E-07 0.84979
Glycerolipid metabolism 13/16 1.1121E-07 6.9538 1.271E-06 0.77569
Starch and sucrose 13/18 1.1715E-06 5.9312 1.1715E-05 1.0
metabolism

One carbon pool by folate 16/26 1.7348E-06 5.7608 1.542E-05 0.50588
Alanine, aspartate and 16/28 6.8279E-06 5.1657 5.4623E-05 0.79568

glutamate metabolism

Collectively, these findings demonstrate that Exclusive metabolic features from B. ovatus
and T. sanguinis span nucleotide, carbohydrate, folate, lipid, and amino acid pathways,
highlighting complementary microbial roles in reshaping host metabolism during S.

mansoni infection and associated liver pathology.

DISCUSSION

Schistosomiasis remains a major cause of morbidity, with increasing evidence indicating

that its regulation may be influenced by the gut microbiome.[15, 30]. The gut microbiome
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is composed of a complex and dynamic community of microorganisms that significantly
impacts the host's health both during homeostasis and disease such as
schistosomiasis[31]. However, the depth of schistosomiasis regulation by the gut
microbiome is still poorly and inconclusively known. The comprehensive assessment of
all reports, making use of fragmented and mutually exclusive pieces of either
experimental animal studies [30] or field surveys on humans [15, 30], only agreed, until
date, to the fact that schistosomiasis presents with a significant alteration of the structure

and composition of the host gut microbiome leading to dysbiosis[15].

To build on this foundational knowledge, we explored the interrelationship between the
commensal microbiota, the host, and the parasitic helminth S. mansoni during chronic
schistosomiasis through animal and human investigations. First, we demonstrated that a
transferable gut microbiota plays a causal role in regulating the pathogenesis of S.
mansoni in mouse breeds with varying susceptibility to chronic schistosomiasis. We then
found that SAC, despite genetic differences, exhibit gut microbial profiles that are
characteristic of either S. mansoni infection or the development of liver fibrosis following

the infection.

The combination of animal model with human data, effectively addressing several
challenges faced by previous research on schistosome-microbiome interactions. [15, 30]
[30]. Past studies were confounded by the fact that in the laboratory, animal models,
although mechanistically flexible, cannot offer a direct reflection of the human gut
microbiome dynamics [16]; and in the field, most human studies do usually rely on non-
validated high-throughput sequencing-based investigations on highly variable and

superficially phenotyped individuals (age, gender, BMI etc.) [30, 32] that are too unstable

44



769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

to ensure careful inferences and reproducibility. Our approach combines the use of well-
controlled mouse breeds with carefully phenotyped age- gender-matched carefully
phenotyped human cohorts (repeated stool microscope-based examinations for S.
mansoni infection status and abdomen ultrasonography for liver pathology), which
mitigates of most of the above limitations, enabling a robust appraisal of the gut
microbiome’s role during schistosomiasis. Building on this methodological strategy, we
have taken existing knowledge a step further by testing 3 postulates to unequivocally

address the role of the host gut microbiome during schistosomiasis.

Postulate 1: Gut microbiome plays a causal role in requlating schistosomiasis

pathophysiology, as inspired by literature [33]. We made use of the known

coprophagic nature of mice [34] to test how FMT, through co-housing [25, 35] of
genetically different breeds of mice with differential susceptibility to schistosomiasis,
would affect the course of experimental chronic schistosomiasis. Our findings show that
susceptible SPF2 C57BL/6 mice became more resistant to S. mansoni infection, after co-
housing with resistant SPF1 C57BL/6 mice, confirming the gut microbiome’s causal role
in reducing schistosomiasis morbidity. Notably, resistant SPF1 C57BL/6 mice did not
become more susceptible, indicating that resistance is mediated by transferable gut
microbes, while susceptibility arises from their absence. This unidirectional pheno-
conversion strongly argues for resistance to schistosomiasis as being mediated by the
presence of (a) specific gut microbe(s) that can be transferred to a recipient host whereas
susceptibility, that does not appear to be transferable, to occur as a result of the absence

of this(ese) protective microbe(s). These results support the development of microbiome-
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based therapeutics [30] for schistosomiasis and highlight the importance of interpreting
discrepancies in experimental studies, where genetic identicality may not guarantee
consistent susceptibility due to varying husbandry conditions [36, 37]. Establishing a gut
microbiome normalization framework is essential for comparability across studies. Future
research involving diverse mouse breeds with humanized microbiomes or large human
datasets could identify microbes that control schistosomiasis morbidity. Such studies
should assess gut microbial changes and correlated them with specific microbial profiles,
[38, 39]. While environmental factors could explain the increased resistance observed,
the controlled husbandry conditions (BSL2 units for small animal experimentation
whereby diet, husbandry, light cycles, temperature are all similar for hosted animals kept
under individually ventilated cages at the same animal density i.e. 8/cage in our settings)
strongly suggest that fecal microbiota transfer (FMT) from coprophagy drives the changes
in disease course. Follow-up studied on gut microbial profile changes before and after co-

housing would certainly help identify specific microbes responsible for resistance transfer.

The differential genetic backgrounds of the tested mouse breeds indicate that FMT can
override genetic susceptibility, aligning with findings in other conditions such as type 1
diabetes [40-42], autism spectrum disorder[43-45], which further support microbiome-

based therapeutics against schistosomiasis.

The associated pathognomonic feature of microbiome regulation was peri-ova
granulomatous inflammation, consistent with previous reports that the gut microbiome
depletion by antibiotics and anti-mycotics reduced intestinal granuloma development[11].
In fact, the exacerbated liver peri-ova granulomatous inflammation observed in

susceptible animals, which improve after co-housing with resistant mice, suggests an
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immunomodulatory role of the transferable gut microbe(s) on the granulomatous
response(s). This is consistent with the established fact that hosts that immunoregulate
schistosomiasis-induced inflammatory responses cope better with the disease [4-7].
Identifying these microbes and their produced metabolites and immune pathways will

enhance our understanding of microbiome-based strategies against schistosomiasis.

To translate these findings into clinical applications, validating results in outbred mice
or humanized mice is crucial, as they better resemble human genetic and microbiota
diversity more closely mimicking the elevated diversity in the human population [46] than
inbred mice. Additionally, using human samples with similar disease phenotype
alterations will provide a robust platform for exploring commensals linked to host
resistance against infection and pathology. This warranted our next series of

investigations in this study and the second postulate.

Postulate 2: Specific qut microbe(s) associate significantly and robustly with

schistosomiasis in_ humans. To address, through this postulate, our quest to uncover

the role of the gut microbiome during human schistosomiasis, we analyzed gut microbial
communities in school-aged children from an endemic area. Study participants were
strictly phenotyped and clustered by S. mansoni infection, co-occurring diseases (malaria,
hepatitis, STH), and liver fibrosis grade. Age- gender-matching of the clustered
individuals uniquely enabled here the circumvention of hitherto overlooked confounding
factors. Altogether, these measures also resulted in a relative cultural compactness of the
enrolled participants to ensure comparable feeding habits[47]. Screening involved

shotgun metagenomics sequencing of a subset of participants’ DNA samples (discovery
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cohort), further validated in a second subset (validation cohort) by gPCR and finally
confirmed for specificity of candidate gut microbe profiles in participants harboring other
concomitant infections (malaria, hepatitis, STH). This is an unprecedentedly stringent
staircase approach that does ensure only the most robust and reliable biomarkers
consistently appear as significantly different between the clustered participants’ groups

of interest.

Notably, our study revealed for the first time the depletion of B. ovatus in the gut of S.
mansoni-infected SAC and an enrichment of T. sanguinis in the gut of S. mansoni-
infected SAC that developed liver fibrosis. The uniqueness of our findings likely stems
from the stringent enrolment, testing and validation processes compared to previous
human studies[15, 30]. Our validation approach excludes biases from age/gender
variability, erroneous significant differences from strictly sequencing-based studies and
lack of specificity by inclusion of changes due to other infections likely to occur in the
studied sites. By ruling out such caveats, gut microbial signature of schistosomiasis and
its associated liver fibrosis in SAC is robust, though not necessarily exhaustive. In fact,
as the present results are from a limited sampling through a cross-sectional study, it is
difficult to completely rule out false negative cases. A larger longitudinal study with similar
levels of selection, tracking changes in S. mansoni infection status and liver fibrosis

grades change over time, would better address this limitation.

Our findings identify B. ovatus as a gut microbe biomarker negatively associated with S.
mansoni (depletion in S. mansoni-infected SACs). Consistent with that is the fact that the
gut health is usually compromised during S. mansoni infections [2, 48], and B. ovatus is

known to have a beneficial role in maintaining a healthy gut ecosystem[49]. It helps digest
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complex carbohydrates, produces short-chain fatty acids (SCFAs) like butyrate, interacts
with the immune system while regulating the release of intestinal neurotransmitters[49]
such as the elevation of the schistosomicidal neurotransmitter GABA[50]. The reduced
abundance of such a gut protective bacterium, with schistosomicidal potential therefore
stands to reason as a pathognomonic feature of S. mansoni-infected individuals. Yet,
whether depletion of B. ovatus promotes susceptibility of S. mansoni or is actively

suppressed by parasites remains unclear.

The exciting observation that another gut microbe, T. sanguinis, can reliably help
differentiate S. mansoni-infected SAC from S. mansoni-infected SAC presenting with
morbidity in the form of liver fibrosis is intriguing and unprecedented in its reach. In fact,
T. sanguinis is responsible for several key processes but importantly lipid metabolism[51].
Of note, T. sanguinis fosters bile acid metabolism to release their unconjugated forms[51]
which, when accumulating, can contribute to liver damage and fibrosis[52, 53]. This
supports its role as a liver fibrosis biomarking bacterium during S. mansoni infection and
provides ground to assess the needed steps for its longitudinal / causal validation. Such
a confirmation could set the stage for the development thereafter of a novel non-invasive
morbidity gut microbial biomarker to reliably monitor the onset/disappearance of liver
fibrosis in S. mansoni cases and in so doing help the unequivocal appraisal of elimination
of the disease as a public health problem. This bears the prospect of a unique
programmatic value as a possible alternative to the sole use of the limited indicator that
is the excreted egg burden to reliably monitor the level of schistosomiasis pathology in

the field[8].
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Postulate 3: Gut microbiome drives schistosomiasis via systemic metabolic shifts

B. ovatus-derived metabolites, including hypoxanthine, L-arginine, and pyruvaldehyde
appear to be associated with S. mansoni infection. Hypoxanthine, is a substrate for
efficient purine nucleotide biogenesis[54] and a source of energy for intestinal epithelial
cells and enhance the ability of intestinal barrier recovery by decreasing oxygen
consumption[55]. During S. mansoni infection, intestinal depletion of B. ovatus lead to
significant drop of plasma hypoxanthine levels. This disrupts the energy supply for
epithelial cell and weakens the intestinal barrier, driving the intestinal inflammation seen
in active S. mansoni infection[56]. L-arginine, a semi-essential amino acid, plays a critical
role in immune system through its involvement in polyamine metabolism, T-cell activity
and the production nitric oxide (NO). NO has been associated with the defense against
Schistosoma: in S. mansoni, it disrupts mitochondrial ultrastructure and aerobic energy
metabolism[57], while in S. japonicum, it inhibits mitochondrial respiration, reducing worm
survival and egg production[58]. During S. mansoni infection, intestinal depletion of B.
ovatus and the resulting drop in plasma L-arginine compromise host immunity, increasing
susceptibility and promoting parasite persistence. Pyruvaldehyde (methylglyoxal/2-
oxopropanal) is a byproduct of cellular metabolism implicated in chronic diseases such
as diabetes, neurodegenerative disorders (Alzheimer and Parkinson diseases), and
cardiovascular diseases. In S. mansoni, elevated pyruvaldehyde impairs parasite viability
by disrupting protein function, damaging DNA, and compromising essential processes
like replication, protein synthesis and energy production. Consistent with intestinal B.
ovatus depletion, plasma pyruvaldehyde levels drop significantly during S. mansoni

infection.
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Conversely, T. sanguinis displays a focused, high-impact metabolic profile, with
significantly enrichment in purine and pyrimidine metabolism. Consistently elevated
pathway impact scores highlight profound disruption of specific metabolic networks. Such
robust profiles likely drive metabolic competition and stress that exacerbates fibrotic
responses[59], whereas broader metabolic versatility with extensive host integration
supports complementation that maintains commensal homeostasis during parasitic

infection[60-62].

In S mansoni infection-associated liver fibrosis, reduced L-cysteine links T. sanguinis
activity to fibrotic progression via disrupted bile acid-taurine fuels bile acid conjugation in
hepatocytes[63]. However, T. sanguinis strains possess bile salt hydrolase activity that
deconjugates taurine-conjugated bile acids[51], liberating free taurine and unconjugated
bile acids in the intestinal lumen[64], and creating a futile cycle: hepatic L-cysteine is
repeatedly consumed for taurine resynthesis, depleting hepatic L-cysteine reserves. This
depletion cascades into disturbing liver fibrosis by bile acids homeostasis and
cysteine/glutathione metabolism through FXR-mediated suppression of cysteine
dioxygenase 1 (CDO1)[65, 66]. Indeed, schistosomiasis infection disrupts FXR signaling
and bile acid homeostasis, with FXR deficiency exacerbating liver damage in S.
Japonicum-infected mice[67]. L-cysteine is the rate-limiting substrate for glutathione
(GSH) synthesis[68], and its depletion impairs antioxidant defenses against oxidative
stress in chronic schistosomiasis[69]. Glutathione deficiency further disrupts hepatic lipid
metabolism, lowering the expression of lipogenic regulators such as SREBP-1c¢ and
triglyceride synthesis[70], contributing to the lipid metabolic alterations documented in

schistosomal liver fibrosis. The observed L-cysteine reduction in S. mansoni infection -
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associated liver fibrosis emerges as a convergent metabolic signature linking T. sanguinis
activity with bile acid modification, impaired antioxidant capacity, dysregulated lipid

metabolism, and fibrogenic progression.

Significant enrichment of purine and pyrimidine metabolism in T. sanguinis-specific
metabolites positions nucleotide metabolism as a central axis linking gut microbiome
composition to liver fibrosis in schistosomiasis. Near-maximal pathway impact scores
highlight profound disruption of nucleotide homeostasis with direct relevance to
fibrogenesis. Hepatic stellate cell activation and transdifferentiation into myofibroblasts
requires abundant nucleotide precursors for DNA synthesis, creating competition
between bacterial replication and host tissue repair[59, 71, 72]. Likewise,, immune
responses to S. mansoni infection-including granuloma formation and Th2 polarization -
depend on lymphocyte clonal expansion, which may be impaired by bacterial
consumption of nucleotide precursors[4, 59, 73-75]. Extracellular purines also act as
signalling molecules via purinergic receptors (P2X, P2Y, adenosine receptors), with ATP
driving pro-inflammatory responses and adenosine exerting context-dependent pro- or
anti-fibrotic effects[76, 77]. Perturbation of this network by T. sanguinis may shift the
ATP/adenosine balance toward pro-fibrotic signalling[78], consistent with elevated
expression of Purine/pyrimidine in plasma metabolome and prior evidence linking
nucleotide metabolism disturbances to fibrosis[79]. Furthermore, the L-cysteine—taurine—
bile acid axis and nucleotide metabolism are interlinked: glutathione, synthesized from
L-cysteine, protects DNA integrity during stellate cell proliferation. Thus, concurrent

L-cysteine depletion and nucleotide metabolism perturbation by T. sanguinis represent
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synergistic metabolic stress that amplifies fibrogenic progression in chronic

schistosomiasis.

Analysis of host-specific metabolites revealed consistent enrichment in primary bile acid
biosynthesis, glycosphingolipid biosynthesis, arachidonic acid metabolism, and
cytochrome P450-mediated xenobiotic metabolism across both comparison schemes,
validating AMON's accuracy in distinguishing eukaryotic metabolic capabilities. The
enrichment of bile acid and arachidonic acid metabolism has direct mechanistic relevance
to fibrosis, as disrupted bile acid homeostasis promotes hepatic stellate cell activation
through FXR and TGR5 signaling[80, 81], while arachidonic acid-derived eicosanoids
orchestrate inflammatory responses that can either promote or resolve fibrosis[80]. These
findings have translational implications: targeting T. sanguinis through selective
antimicrobials or promoting B. ovatus through prebiotics/probiotics could prevent fibrosis
progression, while modulating nucleotide metabolism (adenosine receptor
agonists/antagonists, inhibitors of bacterial purine biosynthesis) or one-carbon
metabolism (folate supplementation to reduce metabolic competition) represents
pathway-targeted therapeutic strategies. Critically, our findings suggest effective
interventions must address metabolic functionality rather than taxonomic composition
alone, as functional redundancy among bacteria means eliminating one species may
simply allow another with similar metabolic characteristics to fill the niche. Several
limitations warrant acknowledgment: AMON predictions reflect genetic capacity rather
than actual enzyme expression or metabolic flux, requiring future validation through
isotope tracing or metatranscriptomics; our focus on two specific bacteria necessarily

excludes contributions from other microbiome members; plasma metabolomics captures
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975 only metabolites that cross intestinal barriers and survive hepatic metabolism, potentially
976  missing important gut-localized metabolites; and cross-sectional design precludes causal
977 inference, as we cannot distinguish whether T. sanguinis's metabolic profile drives fibrosis
978  or whether fibrotic environments select for this metabolic phenotype. Longitudinal studies
979 tracking metabolic changes during disease progression and experimental interventions

980 using gnotobiotic models are needed to establish causality.

981  Thus, multi-cohort probing of candidate biosignatures, through integrated analyses of
982  multi-omics profiles provide superior insights for potential biomarker development and
983 targeted therapies, specifically for gut microbial determinants of schistosomiasis in our

984  present study (Figure S5).
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986  Figure S5: Overview of the human study workflow. (1) School-aged children were recruited, screened,
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and clustered based on S. mansoni infection and liver pathology. (2) Stool DNA was extracted for
metagenomic analysis and plasma sample for metabolomics profiling. (3) Shotgun metagenomic
sequencing and bioinformatics analysis identified gut microbial candidates, which were validated by
species-specific qPCR quantification in independent cohort and tested for specificity against other
infections. (4) Multi-omics integration refined organism-specific metabolic interactions between host and

microbiome.

Taken together, a conclusive case, through validation of the above 3 canonical postulates
on preclinical causality, further tested through association and mechanistic studies in
clinical settings, is therefore provided in this study, to unprecedentedly demonstrate the

core regulation of schistosomiasis by the host gut microbiome.

CONCLUSION

This study establishes the gut microbiome as a functional regulator of host susceptibility
and morbidity during chronic schistosomiasis. Using genetically distinct murine models,
we show that fecal microbiota transfer from resistant to susceptible hosts mitigates
pathological features and prolongs survival, underscoring the functional role of microbial
communities in shaping host responses. In humans, shotgun metagenomics and targeted
gPCR analyses identified consistent microbiome alterations associated with Schistosoma
mansoni infection and morbidity. Notably, Bacteroides ovatus emerged as a negative
biomarker of infection, while Turicibacter sanguinis was positively associated with liver

fibrosis. Multi-omics integration linked these taxa to altered purine metabolism and
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signaling pathways, highlighting mechanistic connections between microbial activity and

parasite biology. These findings highlight the translational potential of microbiome-based

biomarkers for monitoring schistosomiasis outcomes in endemic populations.
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source code supporting the findings of this study is openly accessible at GitHub
(https://gist.github.com/kviljoen/97d36¢c689¢c5¢c9b9c39939¢c7a100720b9).

All R scripts employed for downstream statistical analyses are openly accessible at

https://gist.github.com/kviljoen/97d36c689c5¢c9b9¢c39939¢7a100720b9.
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