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ABSTRACT

Parasitic metazoans are increasingly recognised to form close associations with microbial taxa. Under the holobiont concept,

these associations are an eco-evolutionary unit under joint selection. However, for most parasitic helminth species and particu-

larly those associated with wildlife, these interactions and their effect on parasite evolution remain unknown. Investigating

the factors determining the composition of helminth microbiomes is the first step towards a better understanding of helminth

holobionts. Using the insectivorous bat Peropteryx kappleri and its parasitic helminths as a model system, we characterised the
microbiome of 41 helminth individuals of four trematode and one nematode species in various bat intestinal and biliary micro-
habitats, along with bat tissues and luminal fluids. Our results based on 16S rRNA metabarcoding revealed that the microbiome

composition of the different helminth species is partly influenced by their microhabitat (bat tissue), but ultimately each helminth

species exhibits a distinctive microbial signature. Microbiome composition among the four trematode species showed no phy-
logenetic signal (no correlation with genetic similarity). Compared to the bat host, each helminth species exhibited enriched
microbial taxa with putative symbiotic potential, some of which are commonly found in arthropods (potential intermediate hosts
of helminths) and may be conserved throughout the parasite's life cycle. We propose that helminth microbiomes are determined
by ecologically relevant factors and provide a basis for future functional research with implications for parasite establishment,

development, and transmission.

1 | Introduction

Animals do not live in isolation, and to survive and reproduce,
most have evolved interactions with other species (Rosenberg
and Zilber-Rosenberg 2013; Theis et al. 2016). Therefore, in-
terspecific interactions constitute one of the most important
processes influencing the patterns of adaptation and variation
in species. One such interaction is symbiosis, a universal phe-
nomenon that plays a key role in the maintenance of life (Gilbert

et al. 2012). For example, it is well known that multicellular
eukaryotes harbour a significant number of symbiotic microor-
ganisms that inhabit and specialise in different regions of their
bodies, collectively known as the microbiome (Theis et al. 2016;
Bik 2019; McFall-Ngai et al. 2013). This biotic community com-
prising the organism and its symbiotic microbiome is recognised
as a biological unit, the “holobiont,” that has been the subject
of intense study in recent years (Bordenstein and Theis 2015;
Moran and Sloan 2015).
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Parasitic metazoans are multicellular eukaryotes that har-
bour microorganisms nested within their bodies. Therefore,
they should not be considered autonomous individuals but
rather holobionts (Dheilly 2014; Dheilly et al. 2015, 2019).
However, their study has been limited because historically
research in parasitology has been conducted in host-parasite
pairs, excluding the microbiomes of the parasites, which in
turn are part of the host's microbiome (Dheilly 2014; Dheilly
et al. 2015). In general, studies have focused on the host's
response to parasitic infection or on the parasite's virulence
mechanisms, offering a simplistic view of the interaction be-
tween the two associates (Dheilly et al. 2015). However, the
holobiont-host and holobiont-parasite interaction could influ-
ence fitness among all associates (Dheilly et al. 2015; Simon
et al. 2019).

In the case of helminth parasites, there is a lag in research
on microbiome characterisation compared to the explosion of
knowledge in other research areas (Salloum, Jorge, Dheilly,
and Poulin 2023). Helminths are ubiquitous parasites with
complex life cycles, and are especially interesting from an
evolutionary perspective, with patterns of coevolution and co-
speciation with their hosts and phylogenetically diverse char-
acteristics that shape key host-parasite interactions, such as
immune responses. (Dheilly et al. 2015; Brealey et al. 2022;
Martinson et al. 2020) and phenotypic variation (Poulin
et al. 2023). There is still much to be investigated regarding
microbiome-helminth dynamics and their eco-evolutionary
implications for the parasite and for each component of the mi-
crobiome. Perhaps one of the most pressing questions to be ad-
dressed is what factors influence the microbiome composition
of helminths, as most microbiome studies in wild helminths
have reported high variability in microbial taxa (Salloum,
Jorge, Dheilly, and Poulin 2023; Brealey et al. 2022; Hasegawa
et al. 2025; Trejo-Meléndez and Contreras-Garduno 2025).
Helminth microbiomes have mostly been found to differ from
those of their hosts, sometimes with intraspecific and geo-
graphic variation (Jorge et al. 2022), although certain com-
ponents may be constant (core microbiome) throughout the
stages of their ontogenetic cycle (Jorge et al. 2020).

Bats (Chiroptera: Mammalia) are a key group for understanding
the processes that shape host-parasite-microbiome associations
in a multi-partite context because they harbour very diverse
macro and microsymbiotic communities (Ingala et al. 2021; Lutz
et al. 2019; Santos and Gibson 2015). In addition, bats present
a wide range of trophic guilds (Ingala et al. 2021; Fenton 1990;
Peixoto et al. 2018) and access wide geographical ranges by fly-
ing, which results in unique physiological adaptations (Peixoto
et al. 2018; Shen et al. 2010). To date, studies of the microbiome
associated with bats focus on understanding its diversity (Ingala
et al. 2021; Lutz et al. 2019, 2022), whereas knowledge of the
microbiome of their endoparasitic helminths is nil, representing
an important overlooked component in the eco-evolutionary
dynamics involving bats, helminths, and their microbiomes
(Dheilly et al. 2015, 2019).

Our study aims to identify the most influential determinants
of the microbiome composition of helminth parasites in bats.
We hypothesise that eukaryotic parasite species sharing the
same hosts and microhabitats (host organ), as well as being

closely phylogenetically related, will exhibit similar micro-
biome compositions. Conversely, helminth species that are
distantly related phylogenetically and inhabit different micro-
habitats within the same host are predicted to vary in their
microbiome composition and structure. With gastrointestinal
helminths associated with the insectivorous bat Peropteryx
kappleri as model organisms, we sought to answer the follow-
ing questions: (1) Does the microbiome of helminth species re-
semble that of their immediate environment (host tissue and
lumen fluid)? (2) Is there intra- and interspecific variation in
the microbiome composition of helminths infecting the same
bat? (3) Do different helminth species harbour a unique core
microbiome? and (4) Does the evolutionary history of hel-
minths influence the composition of their microbiome, i.e.,
do they show evidence of phylosymbiosis? Answering these
questions will reveal whether phylogenetic relatedness or
niche similarity (occupying the same or different host organ),
or other factors, play the greatest role in shaping the composi-
tion of helminth microbiomes.

2 | Materials and Methods

2.1 | Field Sampling, Bat and Helminth Collection
and Preservation

We conducted sampling in December 2021 at the beginning
of the winter season in Boca de Chajul, Chiapas, Mexico
(16°6'58" N; 90°55'25” W) (Figure 1A). All procedures were in
accordance with the American Society of Mammalogists cri-
teria for the capture, handling, and ethical euthanasia of bats
(Sikes et al. 2019), and the Food and Agriculture Organization
(El Masry et al. 2020), under the scientific collector's permit
DGVS/04214/19 issued to ORC by the Secretaria del Medio
Ambiente y Recursos Naturales de México (SEMARNAT).
Bats were captured with mist nets and placed in sterile cotton
bags prior to transferring them to the laboratory for processing.
Individuals were identified at the species level following the
field guide of Medellin et al. (2008) and the specialised keys of
Reid (1997). We recorded each bat's sex, reproductive condition,
forearm length, and body mass.

The bats were euthanised through an overdose of inhaled iso-
flurane. Following this, we conducted an in situ parasitological
assessment to identify endoparasites. The instruments used
for dissecting bats and collecting parasites were sterilised with
two applications of 10% sodium hypochlorite, followed by rins-
ing with 96% ethanol after each use. To retrieve endoparasites,
a ventral incision of the body (from mouth to anus) was made,
and the body cavity of each bat was inspected with the help of
a stereomicroscope. Then, we isolated each internal organ in a
sterile Petri dish containing a 0.85% sterile saline solution. We
thoroughly checked each organ for helminths using fine dissect-
ing needles and brushes.

For microbiome characterisation, each adult helminth mor-
photype was first individually washed and vortexed four times
with sterile phosphate-buffered solution (PBS) to remove visible
contamination from gut contents and loosely adherent microbes
from the tegument or cuticle. Washed parasitic worms were
placed individually in sterile cryotubes and preserved in liquid

20f 17

Molecular Ecology, 2026

85U80|7 SUOWLWIOD @A Fea1D 3|qed!|dde 8y} Aq pausenob afe ssjolie YO ‘8sN JO Se|nJ 10} AreiqIT8UlUO A8]1/M UO (SUORIPUCO-pUe-SWLR/0Y" A3 | 1M AfeIq 1 Ul UO//:SANY) SUORIPUOD PUe SIS | 8Y3 89S *[9202/50/02] UO Afeiq1Taulluo AB[IM ‘Seoincsay ojul Ariqi AQ 68€0. 98W/TTTT'OT/I0PAWO0D 8| 1M AJeiq 1 [puljuo//Sdhy Wou) pepeo|umod ‘0T ‘9202 ‘X6259ET



-
vvvvv 3 Mexico
Chiapas state
Boca de Chajul
[ | Midgut | [ Hindgut |
Sagitiatrema zutzi | [ Limatulum sp. Castroia sp. st ic
=l ] ETE
5 | | ] ] - III
50 g
BE
" ] i . Phylum
= ? H g Others
& | i M N1
Py [ e — — I Balneolota
O s .=:- - - H : Myxococcota
S . - @ | Acdobacteriota
kel ‘ © I spirochaetota
c = ‘ 1 [ Verrucomicrobiota
2. :
] |
© l= S i I Chloroflexota
g o | I3 Thermodesulfobacteriota
=, ® Cyanobacteriota
© Planctomycetota
[5] - .
o

| T
S8 [ Bacteroidota

5. = Bacillota

» I o . Pseudomonadota

9leg

|
|
|

!
m Hindgut

Allintoshius sp.
Class Chromadorea

Phylum Nematoda

[ I Midgut | [ Hindgut |

.. [Sagitatrema zutz| [ Limatulum sp. | [ Castroia sp. | [ Gastroia ampicava | [ Alintoshids sp-

= "

N [ I

» || il
ERE | | | [

Family
Others
I8 Rhizobiaceae

2 eg

B Yersiniaceae
|| Lysobacteraceae

Relative abundance (%)

. I B Corynebacteriaceae
- = Osclllosplvaceae
Prevotellaceae
I = Ruminococcaceae
1 s Moraxellaceae
= N
7 I Incertae_Sedis
50 = lin by Pseudomonadaceae
- . " § G| M Enterobacteriaceae
L HeS |
7
® £
i >
25
]
|

FIGURE1 | (A)Collection site of the insectivorous bat Peropteryx kappleri in Boca de Chajul, Chiapas, Mexico. (B) Conceptual diagram illustrat-
ing the microhabitat where each of the helminth species investigated in this study was located in situ. Relative abundance of the 15 most abundant

bacterial and archaeal taxa at the following taxonomic levels: (C) phylum and (D) family. Each bar per column represents an individual grouped by

helminth species. Each row represents an individual bat host.

nitrogen. Individual surface washes of helminths were defined
as the luminal fluid of the host. The four rinses per individual
helminth were pooled for analyses, stored in an individual cryo-
tube, and preserved in liquid nitrogen. The host tissue inhabited
by each parasite morphotype (gallbladder, midgut and hindgut)
was separated and individually preserved in sterile cryotubes
stored in liquid nitrogen until its storage. All samples were
kept at —20°C in the ultra-low temperature freezer until the ex-
traction of genomic DNA.

2.2 | Morphological Identification and Ecological
Descriptors of Helminths

A subsample of helminths (different from those used for DNA
extraction; see below) was used for species determination.
For morphological characterisation, trematodes were fixed in

warm 4% formalin and preserved in 70% ethanol following the
method described by Lamothe Argumedo (1997); they were sub-
sequently stained with Meyer's Paracarmine and mounted in
Canada Balsam for total preparations. Nematodes were fixed in
warm 70% ethanol and preserved in 70% ethanol, then cleared in
100% glycerine for observation of internal organs. Additionally,
some individuals were examined with scanning electron mi-
croscopy (SEM) at the Biodiversity Microscopy and Photography
Laboratory I, Institute of Biology, National Autonomous
University of Mexico (UNAM), Mexico City. Taxonomic deter-
mination for each group was based on specialised literature
(Bray et al. 2008; Fernandes et al. 2021; Ruiz-Torres et al. 2024).
Infections were characterised using prevalence (the percentage
of bat hosts infected), mean abundance (the average number
of parasites per host), and intensity range (the minimum and
maximum number of parasites per host), as described by Bush
et al. (1997).
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2.3 | Molecular Methodologies

Genomic DNA extraction from 91 samples including parasites,
host luminal fluid, and host tissue was performed using the
DNeasy Blood & Tissue extraction kit (Qiagen, Valencia, CA),
following the manufacturer's protocol after incubating samples
(parasites, luminal fluid and host tissue) overnight at 56°C at
1500rpm with proteinase K (10mg-mL~1). The DNA was eluted
with 300uL of AE buffer before being precipitated with 100%
ethanol, 0.1 volumes of 3M sodium acetate, and 2uL of glyco-
blue (15mg-mL~") (Gaona et al. 2020). The resulting DNA was
quantified by spectrophotometry, and its quality was deter-
mined by agarose gel electrophoresis.

To confirm helminth identity, we performed PCRs of the nuclear
28S ribosomal RNA gene region (D1-D3) using the universal
forward primer 391 (5 AGCGGAGGAAAAAGAAACTAA-3";
Nadler and Hudspeth, 1998) and reverse primer 536
(5-CAGCTATCCTGAGGGAAAC-3’; Stock et al., 2001).
Additionally for nematodes, we amplified the COX1 region
using the LCO1490/HCO02198 primer set, (Medellin et al. 2008).
PCR and Sanger sequencing were carried out according to
methods by (Ruiz-Torres et al. 2024; Panti-May et al. 2025).
Consensus DNA sequences were assembled using Geneious Pro
4.8.4 (Biomatters; http://www.geneious.com/). To rule out con-
tamination or bat host amplification, sequences underwent a
BLAST search on the NCBI website (http://www.ncbi.nlm.nih.
gov), and any sequences matching the bat host or non-helminths
were excluded from the dataset. All DNA sequences generated
were submitted to GenBank under accession numbers: COX1
(PX637274-77) and 28S (PX649025-42).

The 28S rRNA gene sequences dataset generated in this study
was constructed in Mesquite 3.62 (http://www.mesquitepr
oject.org/) for Trematoda. The morphological characterisation
of trematodes was confirmed based on a phylogenetic analysis
following (Ruiz-Torres et al. 2024) and the phylogenetic position
of the trematode species is shown in Figure S1. For the nem-
atode taxon, COI sequences were used to support molecular
placement of Allinoshius sp. within Heligmonellidae (Figure S2).
Individuals that showed discrepancies between morphologi-
cal and molecular analyses were discarded as a precautionary
measure. This did not affect the conclusions of the microbiome
analysis.

The V4 hypervariable region of the 16S rRNA gene was
amplified through PCR targeting the V4 hypervariable re-
gion using the universal bacterial/archaeal primers F515
(5'-GTGCCAGCMGCCGCGGTAA-3") and R806 (5-GGAC
TACHACHVGGGGGTWTCTAAT-3’), in accordance with
(Caporaso et al. 2018; Carrillo-Araujo et al. 2015). Extraction
controls (which allow for the detection of contamination
during DNA extraction), no-template controls (which allow
for the detection of contaminating DNA introduced during
library preparation), and a standard positive control (which
ensures the reagents used during PCR are functional) were
included. The negative and positive controls were processed
and sequenced along with the biological samples. Four reac-
tions per sample were carried out with Takara Ex Tag DNA
Polymerase (Shiga, Japan), utilising the specified PCR proto-
col: initial denaturation at 94°C for 30s, followed by 35 cycles

consisting of 95°C for 30s, 52°C for 40s, and 72°C for 90s,
concluding with a final elongation step of 12min at 72°C,
and subsequently maintained at 4°C. The resulting PCR
products were purified with the Agencourt AMPure XP PCR
Purification System (Beckman Coulter, USA) according to
the manufacturer's instructions. Purified 16S rRNA ampl-
icons were quantified with a QUBIT fluorometer (Promega,
USA), and approximately 20ng per sample was used to con-
struct the library that was sequenced with the Illumina MiSeq
platform (Yale Center for Genome Analysis CT, USA), gener-
ating ~250bp pairwise reads. All samples in this study were
sequenced in a single run. Sequences generated are deposited
in the NCBI under BioProject ID: PRINA1381229.

2.4 | 16SrRNA Sequence Processing

Raw paired-end sequencing reads underwent quality con-
trol using fastp v0.23.2 (Chen et al. 2018) with the follow-
ing parameters: automatic adapter detection and trimming
(--detect_adapter_for_pe), base correction in overlapped regions
(--correction), and quality filtering with a minimum Phred
score threshold of Q30 (--qualified_quality_phred 30). Reads
with >40% of bases below Q30, length <175bp, or containing
> 5N bases were discarded. Filtered sequences were processed
using QIIME2 giime2-amplicon-2024.10.1 (Bolyen et al. 2019)
for downstream analysis. Sequence data were denoised with
DADAZ2 and clustered into amplicon sequence variants (ASVs)
using the q2-dada2 plugin (Callahan et al. 2016). All ASVs were
aligned with MAFF (Katoh et al. 2002) with the complement
g2-alignment, which was used to construct a phylogenetic tree
with fasttree2 (Price et al. 2010) and the g2-phylogeny plugin.
Taxonomy was assigned to ASVs using the SILVA 138.2 data-
base (Quast et al. 2013) and the MBDP pathogen database (Yang
et al. 2023). We compiled the ASVs, metadata, taxonomic infor-
mation, and phylogenetic tree into a single object for subsequent
analysis in R v. 4.5.0. We estimated accumulation curves to de-
termine and evaluate the abundance and ASV distributions by
sample type, using the specaccum function in the vegan package
of R.

The R package Phyloseq v1.22.3 (McMurdie and Holmes 2013)
was used for filtering the data as follows: (1) We removed unan-
alysed sequences (positive control); (2) We discarded ASVs
that were “Unassigned” as well as chloroplasts and mitochon-
dria; (3) We removed low-prevalence ASVs that did not appear
more than five times in more than 10% of the samples; and (4)
We removed taxa with zero sequences and negative control
taxa from the complete data subset. Ultimately, we eliminated
contaminants identified in the negative controls [luminal fluid
(PBS controls) and extraction blank] that may have resulted
from cross-contamination (0.5% of ASVs) using the decontam
R package function (Davis et al. 2018) and according to Jorge
et al. (2020).

2.5 | Microbiome Statistical Analysis
The dominant bacterial and archaeal taxa were visualised at

the phylum and genus levels by helminth species in each bat
host separately. The different dominant groups of bacteria and

40f 17

Molecular Ecology, 2026

85U80|7 SUOWLWIOD @A Fea1D 3|qed!|dde 8y} Aq pausenob afe ssjolie YO ‘8sN JO Se|nJ 10} AreiqIT8UlUO A8]1/M UO (SUORIPUCO-pUe-SWLR/0Y" A3 | 1M AfeIq 1 Ul UO//:SANY) SUORIPUOD PUe SIS | 8Y3 89S *[9202/50/02] UO Afeiq1Taulluo AB[IM ‘Seoincsay ojul Ariqi AQ 68€0. 98W/TTTT'OT/I0PAWO0D 8| 1M AJeiq 1 [puljuo//Sdhy Wou) pepeo|umod ‘0T ‘9202 ‘X6259ET


http://www.geneious.com/
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.mesquiteproject.org/
http://www.mesquiteproject.org/

archaea among the host tissue types (host lumen fluid, gallblad-
der, midgut and hindgut) were visualised separately.

We created family-level heat maps using tax_glom; that were
transformed to relative abundance per sample and, for con-
trast, to log,, with a pseudo-count of 10-%. For visualisation,
we curated the 40 families with the highest global abundance
using the function pheatmap in R. Shannon, Number of
Observed Features, Simpson, and Faith's phylogenetic diver-
sity indices were used as metrics to calculate alpha diversity
for helminth species and samples from the same microhabitat
at the ASV level.

Dissimilarity (beta diversity) between microbiome assemblages
based on host microhabitat was calculated using the Bray-
Curtis dissimilarity index, weighted and unweighted UniFrac
at ASV level; multivariate analysis was visualised using non-
metric multidimensional scaling (NMDS). We created Venn
diagrams to visualise the number of ASVs shared between sam-
ples (bat tissues and helminths) per microhabitat (gallbladder,
midgut, and hindgut) and between helminth species. The above
analyses were performed with the microeco v0.15.0 package
(Liu et al. 2021).

To test for multivariate effects, the PERMANOVA test was
carried out using the adonis function with the vegan library
version 2.7-1 (Oksanen et al. 2025). PERMANOVA assesses
whether the Bray-Curtis (BC), weighted Unifrac (wUF) and
unweighted Unifrac (uwUF) dissimilarity distance differs
between the groups analysed; 9999 permutations were per-
formed to ensure a robust statistical evaluation. Beta disper-
sion was calculated using the betadisper function in the vegan
package.

The DESeq2 package version 1.44.0 (Love et al. 2014) was used
to identify bacterial taxa with differential abundance between
each parasite species and its surrounding bat tissue, using the
Wald statistical test. An NCBI BLAST search confirmed the
identity of all ASVs that were significantly differentially ex-
pressed between parasites and host tissue.

2.6 | Phylosymbiosis Analyses

To test the effect of phylogenetic distance between trematode
species on their microbiome similarity, pairwise phylogenetic
distances were calculated using the cophenetic.phylo func-
tion of the ape v5.0 package (Paradis and Schliep 2019), based
on the partial 285 RNA gene sequences for four parasite spe-
cies: Sagittatrema zutzi (Ruiz-Torres et al. 2024), and those we
generated for Limatulum sp., Castroia amplicava and Castroia
sp. Sequences were aligned using MAFFT v7.505 with default
settings (Katoh et al. 2002) and used to create an unrooted
neighbour-joining tree using the nj function of the ape package.
Pairwise dissimilarities in the microbiota composition of differ-
ent trematode species were calculated using the same metrics
as for beta diversity analyses (Bray-Curtis, weighted and un-
weighted Unifrac). The Mantel test (Spearman rank correlations
with 9999 permutations), a correlation test between phyloge-
netic distance and microbiota dissimilarity, was calculated in R
with the vegan package (Oksanen et al. 2025).

3 | Results

3.1 | Composition and Population Variation in
Helminths

Six Peropteryx kaplerix bats (3 females and 3 males) were exam-
ined, all parasitised by one or more helminth species. The 155
individual parasites collected belonged to five taxa of helminths,
including the four trematodes Sagittatrema zutzi, Limatulum
sp., Castroia amplicava, and Castroia sp., along with one nem-
atode taxon, Allintoshius sp. (Figure 1B, Figures S1 and S2).
Trematodes were most abundant, with a total of 133 individu-
als, representing 85.5% of the total. Trematodes infected five of
the six hosts, while nematodes were found in all hosts examined
(Table 1).

3.2 | Microbial Composition

Microbiome sequencing data from host tissues, host luminal
fluid, and helminths returned a total of 3,766,419 sequences
after quality filtering and chimera removal, with a total of
15,234 ASVs (196 min-1496 max ASVs per sample). Of these,
14,821 ASVs were bacterial, and 413 ASVs were archaeal. The
final dataset consisted of a total of 73 samples, comprising 11
bat tissue samples, 5 faecal samples, 16 bat lumen samples, and
41 helminth samples corresponding to Sagittatrema zutzi (n =9),
Limatulum sp. (n=11), Castroia amplicava (n =4), Castroia sp.
(n=7), and Allintoshius sp. (n=10).

Relative abundance graphs showed that the phylum
Pseudomonadota was the most abundant bacterial phylum in
all helminth samples, with a grouped relative abundance (RA)
of 39%. It was followed by Bacillota with 28% and Bacteroidota
with 8.92%. At the family level, Enterobacteriaceae had the high-
est RA with 10.35%, followed by Pseudomonadaceae (8.86%) and
Streptococcaceae (8.86%) (Figure 1C,D). Heatmaps at the family
level with hierarchical clustering showed that 0.5%-2.4% of the
most abundant bacterial groups contributing to the microbiome
composition are Incertae_sedis (taxonomic placement unre-
solved) in all helminth samples (Figure 2).

3.3 | Differences in Microbiome Diversity Among
Helminths and Microhabitats

The alpha diversity indices (Shannon, Observed Features
and Simpson) showed differences in microbial communities
among the helminth species. In all cases, Castroia amplicava
presented the highest microbial diversity. No significant asso-
ciation was observed between alpha diversity and microhab-
itat (i.e., bat tissue, Figure 3A). Finally, Faith's phylogenetic
diversity (PD) did not differ significantly among the hel-
minth species (Kruskal-Wallis test, y>=3.29, df=4, p=0.51),
suggesting similar levels of phylogenetic microbial diversity
across helminth species.

The ASV-level NMDS plot showed that microbial communities
of helminths inhabiting the gallbladder (Figure 3B.1) and mid-
gut (Figure 3B.2) partially overlap with the microbiota of the re-
spective bat organ tissue. In the hindgut, however, the nematode
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TABLE1 | Infection parameters of helminths parasitising Peropteryx kappleri in Boca de Chajul, Chiapas, Mexico.

Helminth species

Microhabitat of the parasitised host

Host Gallbladder Midgut Hindgut Total no. of
Sagittatrema Castroia Castroia Limatulum Allintoshius helminths

# Host ID Sex zutzi amplicava sp. sp. sp. per host

1 F 0 0 0 0 2 2

2 M 8 0 6 2 3 19

3 F 12 2 3 13 3 33

4 M 0 3 0 0 5 8

5 M 1 10 16 23 8 58

6 F 6 3 13 12 1 35

Individuals per species 27 18 38 50 22 155

of helminths

% 66.6 66.6 66.6 66.6 100

MA 4.5 3 6.33 8.33 3.5

IR 1-12 2-10 2-16 2-23 1-8

Abbreviations: %, Prevalence; F, Female; IR, Intensity range; M, Male; MA, Mean abundance.

Allintoshius sp. exhibits a different microbiota than the corre-
sponding bat host tissue (Figure 3B.3) and other trematode spe-
cies (Figure 3B.4). The results of the PERMANOVA analysis
(Table 2) support these findings, indicating that comparisons of
the midgut [p-value=BC (0.014) and wUF (0.032)] and hindgut
[p-value =BC (0.01) and wUF (0.005)] were statistically signif-
icant. The differences in microbiota between helminth species
were also statistically significant [p-value =BC (0.035) and wUF
(0.023)]. The paired PERMANOVA analysis showed a signifi-
cant difference only between the nematode Allintoshius sp. and
the trematode Limatulum sp. (p-values of BC=0.02) (Table 3).

Venn diagrams revealed many unique ASVs among helminths
that are not shared with bat tissues (Figure 3C.1-C.3), suggest-
ing that the bat's internal microenvironment does not entirely
determine the microbiome composition of these parasitic hel-
minth species. Similarly, when comparing all parasite species,
only 71 ASVs were shared (1.9%-5.6% of the total), and notably,
Limatulum sp. was the species that contained the most unique
ASVs (Figure 3C.4).

3.4 | Host and Helminth Microbiomes Are
Enriched With Different Bacterial Groups

Differential abundance analysis (DESeq2) was performed to
determine whether helminth species associated with the bat
Peropteryx kappleri exhibited lower or higher abundance of spe-
cific microorganisms relative to the host tissue they inhabited.
In every helminth species analysed, associated microorganisms
showed positive and high log,FoldChange (LFC) values when
compared to the bat tissue they parasitised. This pattern shows
a consistent difference between microbial taxa associated with
helminths and those found in the host microhabitat.

Sagittatrema zutzi worms inhabiting the gallbladder presented
36 ASVs (padj <0.01) with differential abundance compared
to the tissue; the genera with the highest LFC values (>22.46)
were Pseudomonas, Corynebacterium, and Stenotrophomonas
(Figure 4A). Limatulum sp., Castroia amplicava, and Castroia
sp. showed significantly different abundance from midgut tissue
in 7, 10, and 12 ASVs (padj <0.01), respectively. For Limatulum
sp., the genera Brucella, Streptococcus, Stenotrophomonas,
Pseudomonas, Corynebacterium, and Haemophilus showed
LFC>21.12 (Figure 4B); for Castroia amplicava, the genera
CAG-352, Xylanibacter, Streptococcus, UCG-005, Xylanibacter,
Brucella, Pseudomonas, Stenotrophomonas, and Haemophilus
had LFC values >22.55 (Figure 4C). In Castroia sp., the fol-
lowing genera Streptococcus, Stenotrophomonas, Brucella,
CAG-352, Pseudomonas, Corynebacterium, Haemophilus, and
Xylanibacter had LFC >21.10 (Figure 4D).

The nematode Allintoshius sp. presented the lowest number of
ASVs in differential abundance when compared to parasitised
tissue samples, with only 4 ASVs detected as significant (p.adj
<0.01). However, these ASVs showed LFC e values ranging
from 8.55 to 21.95, indicating a marked over-representation in
the helminth microbiome. Two of these ASVs were assigned to
the taxonomic order level (Actinomarinales and Bacteroidales),
while the remaining ones could be determined to the genuslevel,
Treponema (Spirochaetales) and Scytonema (Cyanobacteriales)
(Figure 4E).

3.5 | Lack of Detectable Phylosymbiosis Signal
In this study model, we found no evidence of phylosymbio-

sis, suggesting that helminth species that are phylogenetically
closely related do not share more similar microbiomes than
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FIGURE 2 | Heat map of relative abundances (log,, transformed) of bacterial taxa associated with each helminth species. Rows: Bacterial taxa

(e.g., families); columns: Grouped samples by helminth species and host tissue (microhabitat). Colour intensity represents relative abundance (log,,

transformed); rows are ordered by increasing similarity and columns are ordered by helminth species.

those that are more distantly related (Figure 5A). The Mantel
test showed a low positive correlation (r=0.072, p=0.153),
while the Spearman correlation was similar (p=0.072,
p=0.132). This lack of correlation between genetic-microbiota
distances is also visually reflected in Figure 5A. Additionally,
we assessed interspecies microbiome variability using the
beta_disper method. Each helminth species centroid position
showed marked differences (Figure 5B). Some helminth spe-
cies displayed highly variable microbiomes among individu-
als, while others were more homogeneous, ranging from 0.499
to 0.727.

4 | Discussion

Despite growing interest in investigating the composition and
structure of microbial communities associated with parasitic
metazoans, especially helminths, few studies have investi-
gated the factors driving compositional differences, i.e., the
determinants of microbial community assembly across dif-
ferent parasitic species, particularly across biological scales
(Hasegawa et al. 2025; Koellsch et al. 2024; Salloum, Jorge, and
Poulin 2023). In this study, we characterised the microbiome as-
sociated with different helminth species which share the same
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FIGURE 3 | (A) Alpha diversity, measured as the Observed richness, Shannon and Simpson index, for each helminth species. Each point rep-
resents an individual helminth, grouped by helminth species (x-axis), with different colours corresponding to different microhabitats within the host.
(B) NMDS plots of microbial diversity based on Weighted UniFrac dissimilarity: (B.1) distance between samples from the gallbladder microhabitat;
(B.2) distance between samples from the midgut microhabitat; and (B.3) distance between samples from the hindgut microhabitat and (B.4) among
helminth species. The colour scale represents the sample type per microhabitat; these metrics were calculated at the ASV level. (C) Venn diagrams
showing the number of unique and shared ASVs of the total microbiota per microhabitat: (C.1) Gallbladder, (C.2) Midgut and (C.3) Hindgut and
among the five-helminth species (C.4) Sagittatrema zutzi, Limatulum sp., Castroia amplicava, Castroia sp. Allintoshus sp.

TABLE 2 | Statistical comparison using PERMANOVA (Adonis) of microbiome variability between samples by microhabitat type and between
helminth species, using the 16s rRNA gene.

Variable Metrics Df SumOfSqs R? F p (Pr(>F))
Gallbladder Bray-Curtis 2 0.915 0.154 1.005 0.403
Weighted UniFrac 2 0.08 0.172 1.149 0.261
Unweighted UniFrac 2 0.809 0.156 1.019 0.382
Midgut Bray-Curtis 5 2.657 0.196 1.222 *0.014
Weighted UniFrac 5 0.01 0.091 0.505 0.988
Unweighted UniFrac 5 2.435 0.174 1.054 *0.032
Hindgut Bray-Curtis 2 1.279 0.135 1.487 *0.001
Weighted UniFrac 2 0.082 0.194 2.3 *0.01
Unweighted UniFrac 2 0.94 0.119 1.283 *0.005
Helminth species Bray-Curtis 4 2.007 0.111 1.125 *0.035
Weighted UniFrac 4 0.013 0.084 0.831 0.8
Unweighted UniFrac 4 1.979 0.106 1.076 *0.023

*Statistically significant results.
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TABLE 3 |

sequencing results.

Pairwise statistical comparison of microbiome composition of Peropteryx kappleri associated helminth species using 16s rRNA gene

Bray Curtis UniFrac WuniFrac
Groupl Group2 R? p p_adjusted  R? p p_adjusted  R? p p_adjusted
Allintoshius Castroia Sp. 0.069 0.115 0.286 0.061 0.446 0.974 0.067 0.073 0.146
Sp.
Allintoshius Castroia 0.088  0.045 0.225 0.054 0.903 0.974 0.086 0.015 0.1333
Sp. amplicava
Allintoshius Sagittatrema  0.063  0.124 0.286 0.062  0.138 0.974 0.066  0.027 0.133
Sp. ZUutzi
Allintoshius Limatulum 0.073  0.002 *0.02 0.049 0.395 0.974 0.054  0.065 0.146
Sp. Sp.
Castroia sp. Castroia 0.092  0.722 0.722 0.081 0.66 0.974 0.104 0.17 0.283
amplicava
Castroia sp. Sagittatrema  0.064  0.455 0.568 0.056 0.784 0.974 0.071  0.326 0.362
ULzl
Castroia sp. Limatulum 0.056 0.568 0.631 0.029 0.918 0.974 0.056  0.755 0.755
Sp.
Castroia Sagittatrema  0.081  0.431 0.568 0.042 0974 0.974 0.088 0.319 0.362
amplicava zutzi
Castroia Limatulum 0.079 0.193 0.321 0.027  0.957 0.974 0.079  0.04 0.133
amplicava sp.
Sagittatrema Limatulum 0.060 0.143 0.286 0.064 0.312 0.974 0.056  0.269 0.362
Zutzi sp.
*Statistically significant results.
A B [
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FIGURE 4 | ASVs (including all samples) showing significant differences in abundance (between bat host tissue and helminth species): (A)
Gallbladder vs. Sagittatrema zutzi, (B) Midgut vs. Limatulum sp., (C) Midgut vs. Castroia ampliclava, (D) Midgut vs. Castroia sp., and (E) Hindgut
vs. Allintoshus sp. The orders (vertical axis) and corresponding phyla (colours) are shown. Positive values indicate higher ASV abundance in hel-
minth samples, while negative values indicate lower ASV abundance in bat host tissue samples. Only statistically significant values (padj <0.05) are
included.
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FIGURE 5 | (A) The figure shows Bray-Curtis results. Correlation between helminths' genetic distance (based on 28S) and microbiome dis-
similarity (Bray-Curtis) for trematodes only. (B) Beta dispersal of microbiome composition for each helminth species, measured as the distance
of the microbiota in each helminth individual to the centroid for that species (betadisper). Figure S1. Phylogenetic hypothesis of the superfamily
Microphalloidea. Tree inferred using Bayesian consensus inference (BI), based on 28S rRNA gene sequences. Numbers next to internal nodes show
the percentage values of Bayesian posterior probabilities (BPP). Highlighted clades indicate the position of the species studied in this work. Scale bars
represent the branch length Figure S2. Bayesian inference phylogeny based on mitochondrial DNA sequences (COI). Numbers on branches indicate
posterior (Bayesian) probability values for the main nodes. Tips are labelled with species names, followed by their corresponding GenBank accession
numbers, as applicable. The clade highlighted in blue indicates the position of the nematode Allintoshius sp. (Heligmonellidae) studied in this work.
Scale bars represent the branch length.
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bat hosts. Furthermore, we compared helminth microbiomes
with that of their immediate environment, the host microhab-
itat (tissue and luminal fluid) of the bat Peropteryx kappleri.
Results indicate that the microbiome associated with helminth
species exhibits a distinct composition compared to the host
bat microbiome. Each helminth species exhibited a strong af-
finity for specific microbial groups, indicating a microbial sig-
nature, even when they coexist in the same microhabitat and
belong to the same bat-specific trematode taxonomic lineage
(Lecithodendridae: Microphalloidea). We also observed nota-
ble differences in microbial community composition between
the two main helminth taxonomic groups studied: trematodes
(phylum Platyhelminthes) and nematodes (phylum Nematoda),
which may be derived from the anatomical, dietary, physiologi-
cal, and life cycle differences between these parasitic taxa.

4.1 | Microbial Composition: Nesting in
Trematodes (Moderate Environmental Filtering)
Versus Dissimilarity in Nematodes

Given the careful protocol applied to avoid external contam-
ination of the parasites with host tissue (washing the parasite
and filtering out low-abundance and low-prevalence ASVs), it
was expected that the majority of the parasite microbiota char-
acterised was internal to the parasite specimens. Therefore,
the partial overlap between trematode-associated and host-
associated microbial communities observed in the NMDS and
PERMANOVA analyses suggests that the host may act as a
microbial source from which the helminths acquire part of
their microbiota. This pattern indicates that the assembly of
the trematode-associated microbiome could result from the in-
teraction between deterministic and stochastic processes. The
latter could favour the exchange of nonspecific, low-abundance
microbes with the bat tissues and luminal fluid, suggesting the
presence of a possible transient microbiome acquired through
horizontal transfer from the host microbiome. Similar findings
have been documented in adult flatworms, in which microbial
communities nested within the host microbiome have been
identified, thus suggesting a hierarchical system of microbial
colonisation (Brealey et al. 2022; Jorge et al. 2020; Kashinskaya
et al. 2020). The functional role of this transient microbiome
in helminth biology is still unknown (Dheilly et al. 2019, 2017;
Salloum, Jorge, Dheilly, and Poulin 2023; Formenti et al. 2020;
Hodzi¢ et al. 2023; Rinaldi et al. 2024).

The observed partial overlap is also consistent with environ-
mental filtering processes; a deterministic community assem-
bly mechanism whereby intestinal environmental conditions
restrict which microbial taxa can colonise the parasites’ mi-
crohabitats (Jovel et al. 2016; Zhou and Ning 2017; Kohl 2020;
Nemergut et al. 2013). In this context, the “helminth holobi-
ont” perspective suggests that helminths, their microbiota, and
the host constitute a nested unit in which microorganisms can
maintain or favour the parasites’ ecology (Poulin et al. 2023;
Hodzi¢ et al. 2023; Rinaldi et al. 2024).

These patterns must be interpreted with caution due to the lim-
ited sample size, as parasite samples were collected from six
bats, and multiple helminth individuals were derived from the
same host. Consequently, the individual identity of the host was

not explicitly modelled, and potential non-independence among
parasites from the same bat could not be addressed. Some of
the observed variation within and between species may indi-
cate host-specific effects, rather than solely reflecting stochas-
tic assembly processes (Jovel et al. 2016; Zhou and Ning 2017;
Kohl 2020; Nemergut et al. 2013). The current sample design
makes it difficult to distinguish host individual effects from eco-
logical drift, priority effects, or random colonisation of the host
microbial reservoir.

The nematode Allintoshius sp. is an exception, exhibiting com-
positional differences relative to its immediate environment
(host tissue and luminal fluid) in the bat hindgut, quantified by
beta diversity. These results are similar to those observed in pre-
vious studies on nematode microbiomes (Bhat et al. 2025; Midha
et al. 2022; San Juan et al. 2025; Wang et al. 2025). However,
in terms of alpha diversity, the nematodes (Allintoshius sp.)
presented higher values compared to their bat host with an
insect-dominated diet, in contrast to other studies on nema-
todes that parasitise hosts with a plant diet (Bhat et al. 2025;
Midha et al. 2022; San Juan et al. 2025; Wang et al. 2025; Cain
et al. 2022, 2023; Castafieda et al. 2025; Muslim et al. 2024; Paz
et al. 2024). The diet of bats may therefore affect the microbiome
of their worms. Insectivorous bats have been reported to have
higher microbial diversity and function compared to frugivores
and nectarivores (Ingala et al. 2021; Carrillo-Araujo et al. 2015).
Their high insect consumption, between 61% and 80% of their
body mass (Bateman and Vaughan 1974; Kalka and Kalko 2006)
due to the high metabolic demand of flight, promotes an envi-
ronment rich in proteins, fats, and nutrients ideal for bacterial
growth, thus contributing to the high microbial diversity ob-
served (Kalka and Kalko 2006; Morni et al. 2025) and conse-
quently partially reflected in the nematodes investigated here.
Additionally, species in the nematode family Heligmosomidae,
to which the genus Allintoshius sp. belongs, have been reported
to have mixed feeding habits: hematophagous and/or mucoph-
agous (blood and intestinal secretions), which would contribute
to greater microbial diversity. Parasites with specific diets tend
to harbour microbiomes with lower diversity, as is the case with
hematophagous animals (e.g., leeches, isopods, and copepods),
versus those with trophic plasticity (Goffredi et al. 2023; Marden
et al. 2016; McClure et al. 2021).

4.2 | Absence of Phylosymbiotic Signal in
Trematodes

Recently, the term phylosymbiosis has been proposed to de-
scribe the eco-evolutionary relationship linking microbial
communities with the evolutionary history of their hosts. This
phenomenon has been suggested as the driver of microbial
structure among various host clades within the evolution-
ary tree of metazoans, particularly mammals and arthropods
(Brooks et al. 2016; Lim and Bordenstein 2020). Essentially,
phylosymbiosis is understood as the congruence between the
phylogeny of the hosts and the structure of their associated mi-
crobial communities; that is, it emerges as a correlation between
the phylogenetic distances among host taxa and the dissimilar-
ity in the composition of their associated communities of micro-
organisms (Brooks et al. 2016; Lim and Bordenstein 2020; Mazel
et al. 2018).
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In our data focusing on a monophyletic group of bat-restricted
trematodes of the superfamily Microphalloidea (Bray et al. 2008;
Ruiz-Torres et al. 2024), phylosymbiotic analysis indicated a lack
of phylogenetic signal in microbiome composition. This lack of
phylogenetic signal may be due to the interaction of multiple pro-
cesses underlying the assembly of microbial communities (Zhou
and Ning 2017; Kohl 2020; Nemergut et al. 2013). In particu-
lar, microbial dispersal (horizontal transmission) between co-
existing trematode species might lead to a convergence of their
microbiomes, regardless of their taxonomic identity (Hasegawa
et al. 2025; Chai et al. 2025). This result is supported by the
partial overlap of microbiomes among helminth species in the
NMDS and PERMANOVA analyses, especially among species
that cohabit in the midgut, including Limatulum sp., Castroia
amplicava, and Castroia sp. In this context, physical proximity
and high microbial connectivity between species could favour
the homogenisation of their microbiomes (Sprockett et al. 2018;
Maritan et al. 2024).

In addition to these factors, the intraspecific microbiome hetero-
geneity observed in each of the investigated species, supported
by betadisper analysis, could be masking any phylogenetic
signal, thus contributing to the absence of a phylosymbiotic
pattern. This high variability suggests a significant role for
stochastic processes in microbiome assembly, particularly for
low-abundance microorganisms. In this regard, ecological drift,
along with colonisation priority effects and random colonisation
from a shared microbial reservoir in the host, can generate sub-
stantial differences between individuals of the same species and
between species (Zhou and Ning 2017; Kohl 2020). Intraspecific
variability in microbiome composition within helminth spe-
cies has been previously documented (Dheilly et al. 2015; Jorge
et al. 2022; Chai et al. 2025), although the factors that determine
it remain unclear. One potentially determining factor is the im-
mediate environment of the endoparasites, especially when the
host exhibits high variability in its own microbiome, as occurs
in bats (Ingala et al. 2021; Perofsky et al. 2017; Tung et al. 2015).
Due to their high metabolic rate and fast intestinal transit asso-
ciated with flight, bats show rapid microbial turnover (Phillips
et al. 2012; Song et al. 2020; Brun et al. 2019), which could di-
rectly influence the variability of the parasites’ microbiome.

Moreover, in parasites with complex life cycles, such as trem-
atodes, transitions between intermediate hosts and free-living
stages can involve losses and gains of microorganisms, con-
tributing to the recurrent reconfiguration of their microbiome
(Jorge et al. 2020; Hahn et al. 2022). Furthermore, the absence
of an adaptive immune system in trematodes (Loker et al. 2004;
Schulenburg et al. 2007) suggests that the host's capacity for
targeted selection of its microbiome is limited, which could
favour more open and dynamic communities. In contrast, in
vertebrates, adaptive immunity allows for the specific recogni-
tion and regulation of a more stable microbiome, contributing
to more consistent patterns over evolutionary time (Figueiredo
and Kramer 2020; Lee and Mazmanian 2010; Mallott and
Amato 2021; Miiller et al. 2018). Finally, the lack of microbi-
ome characterisation in specific body regions in our trematodes,
resulting from the complexity of small organisms and the con-
sequent analysis of the total microbiome, may dilute phylosym-
biotic signals. This absence of phylogenetic signals is consistent
with other studies in small-bodied invertebrates (Colston and

Jackson 2016). Research in free-living macroscopic metazoans
has focused on highly differentiated tissue samples (e.g., the di-
gestive system), which harbour more stable microbiomes over
evolutionary time (Groussin et al. 2017; Sharpton 2018; Zilber-
Rosenberg and Rosenberg 2021). Therefore, further studies of
the helminth associated microbiome focusing on specific organs
and microbial symbiotic associations (e.g., the core microbiome)
throughout the larval stages, and comparisons with the microbi-
omes of intermediate and definitive hosts, may provide a better
understanding of the eco-evolutionary dynamics of phylosymbi-
osis in these systems.

4.3 | Microbial Signature by Helminth Species

It is now recognised that helminths possess a phylogenetically
diverse and species-specific microbiome, distinct from that
of their host or the external environment (Salloum, Jorge, and
Poulin 2023). This supports the idea that animals, including hel-
minth parasites, form integrated entities or holobionts (Moran
and Sloan 2015; Dheilly 2014; HodzZi¢ et al. 2023; Bottone and
Zhang 1995). Results presented here are consistent with this idea;
for each helminth species, we identified significantly enriched
bacterial and archaeal ASVs (pad < 107%) with minimal overlap
(as shown in the Venn diagram) when compared to bat tissue and
luminal fluid, as well as among the studied helminth species.
This suggests that the parasite does not merely passively sample
the host's microhabitat; its microbiome consists of both a core mi-
crobiome and a component acquired horizontally from the host,
supporting the existence of a microbiome fingerprint for each
helminth species. We observed a pattern of coexistence between
bacterial families and genera, despite differences in their micro-
habitats. Recurrent taxonomic groups include Pseudomonadota
(e.g., Pseudomonas, Stenotrophomonas), Pasteurellaceae
(Haemophilus), Corynebacteriaceae, and common intestinal fam-
ilies such as Oscillospirales/Ruminococcaceae, Prevotellaceae,
and Streptococcaceae.

Given that the four trematode species belong to a bat-associated
lineage and occupy the digestive tract, we propose that these
results reflect two mechanisms: (1) ecological, involving the
construction of microniches by manipulation of the host mi-
crobiome (Poulin et al. 2023), and (2) the local physicochemi-
cal conditions imposed by bile and oxygen availability (Flynn
et al. 2019; Gipson et al. 2020; Dohet et al. 2016).

However, this should not be interpreted as evidence of phylo-
symbiosis, since we found no association between phylogenetic
distance and microbiome dissimilarity. Instead, common an-
cestry may shape traits relevant to microbiome assembly with-
out producing a detectable phylogenetic signal in microbiome
composition. To further support these ideas, validation of these
mechanisms will require metagenomic and metatranscriptomic
studies, cophylogenetic studies, and ontogenetic comparisons
with studies of the helminths’ microbiomes in their intermedi-
ate hosts.

Building on this, the life cycle of Microphalloidea (Bray
et al. 2008) is known to include insects as intermediate hosts;
thus, it is plausible that some of the microbial taxa observed
in trematodes reflect the persistence or retention of bacterial
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lineages from earlier life stages. For example, Pantoea (recorded
in Sagittarema zutzi in our study) is a recurrent genus that forms
part of the bacterial core of several bark beetles (Dendroctonus)
(Hernandez-Garcia et al. 2017; Briones-Roblero et al. 2017), with
a high capacity for persistence between generations (Gémez-
Govea et al. 2024). Similarly, in trematodes, the transmission of
bacterial endosymbionts through the different phases of their on-
togenetic cycle has been demonstrated, indicating that this reten-
tion is biologically possible in these parasites (Jorge et al. 2022,
2020; Chai et al. 2025). In addition to Pantoea, several groups of
Proteobacteria (Pseudomonas, Stenotrophomonas, Acinetobacter,
and Rhodococcus), as well as Methylobacterium/Massilia (Sieng
et al. 2023), have been described in the insect microbiome;
this further corroborates the idea of retention from intermedi-
ate hosts.

The nematode Allinthoshius sp. exhibits only three enriched
ASVs: Enterococcus, Treponema, and Scytonema. Enterococcus
(Enterococcaceae) is the most prevalent Bacillus group in the
nematode microbiome, suggesting that its presence could be a
key factor in these worms (Nemergut et al. 2013; Bhat et al. 2025;
Wang et al. 2025). It has been documented that infection of
nematodes with a high abundance of Enterococcus (Bacillota)
decreases butyrate-producing bacteria (e.g., Pseudomonadota)
in the digestive tract of their vertebrate host; this effect is as-
sociated with greater infection success and increased long-term
survival (Ghareeb et al. 2022). In the case of cyanobacteria, they
have only been recorded in free-living nematodes from the sea-
bed (McQueen et al. 2023) and Antarctic streams (Li et al. 2018),
with their function being unknown. However, in tests in which
the nematode Caenorhabditis elegans were exposed to cyano-
bacteria of the genus Nostoc (Nostocaceae), the high production
of polysaccharides resulted in a higher survival rate of the nem-
atodes, due to the bacteria's effects on stress, longevity, and age-
related symptoms (Zhong et al. 2021; Noda et al. 2018).

Finally, this study reports for the first time the genus Treponema
in nematodes, whether free-living or parasitic in vertebrates.
This genus has been identified primarily in the gut of ter-
mites (Noda et al. 2018), but also in pigs (Pringle et al. 2009).
Some species are implicated in infectious diseases such as
syphilis, gingivitis, and periodontitis in humans (LaFond and
Lukehart 2006; Zeng et al. 2021). Treponema exhibits virulence
characteristics, such as high mortality and the ability to adhere
to and invade the host; however, given the characteristics of the
genomic region studied (16S rRNA), its biological function in the
system is unknown. In addition to Treponema, taxa previously
reported as potentially zoonotic were detected. Their presence
in helminths suggests a possible use of helminths as vectors or a
symbiotic relationship, though this study did not aim to evaluate
such links. Consequently, metagenomic studies are necessary to
clarify their ecological relevance in helminths.

5 | Conclusions

The microbiome associated with the five coexisting helminth
species of the insectivorous bat Peropteryx kappleri exhibited
differences from one another, despite the fact that the parasites
inhabited the same host and, in certain instances, the same

microhabitat. We demonstrate that microbial selection is not
entirely random, but rather that multiple parallel pathways are
involved in the formation of their microbiota. We suggest that a
small portion of their microbiome is influenced by their immedi-
ate environment, the host, through environmental filters specific
to each trematode species. In contrast, we found no evidence of
phylosymbiosis among the examined trematode species, suggest-
ing that phylogenetic relatedness did not serve as a predictor for
microbiome similarity in this system. On the other hand, the mi-
crobiome of the nematode Allintoshius sp. shows independence
from the host; this phenomenon could be due to morphological
and physiological characteristics specific to this group.

The findings indicate that helminths possess unique microbial
signatures, rather than merely mirroring the microbiota of the
host tissue in which they reside. Simultaneously, our sampling
design restricts our capacity to separate the individual effects of
hosts from stochastic assembly processes, as multiple parasites
were collected from only six bats and host identity was not ex-
plicitly modelled.

This study enhances the existing understanding of helminth-
associated microbiomes in wildlife and proposes testable hy-
potheses regarding microbial acquisition, persistence, and
function, ultimately advancing our understanding of host-par-
asite interactions. Future research that incorporates functional
approaches and sampling across both intermediate and defin-
itive hosts will be essential for assessing the ecological signifi-
cance of these microbial associations.
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