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Parasites harbour rich microbial communities that may play a role in host-parasite interactions, from
influencing the parasite’s infectivity to modulating its virulence. Experimental manipulation of a para-
site’s microbes would be essential, however, in order to establish their causal role. Here, we tested
whether indirect exposure of a trematode parasite within its snail intermediate host to a variety of antibi-
otics could alter its bacterial community. Based on sequencing the prokaryotic 16S ssTRNA gene, we char-
acterised and compared the bacterial community of the trematode Philophthalmus attenuatus before,
shortly after, and weeks after exposure to different antibiotics (penicillin, colistin, gentamicin) with dis-
tinct activity spectra. Our findings revealed that indirectly treating the parasites by exposing their snail
host to antibiotics resulted in changes to their bacterial communities, measured as their diversity, taxo-
nomic composition, and/or the relative abundance of certain taxa. However, alterations to the parasite’s
bacterial community were not always as predicted from the activity spectrum of the antibiotic used.
Furthermore, the bacterial communities of the parasites followed significantly divergent trajectories in
the days post-exposure to antibiotics, but later converged toward a new state, i.e. a new bacterial com-
munity structure different from that pre-exposure. Our results confirm that a trematode’s microbial com-
munity can be experimentally altered by antibiotic exposure while within its snail host, with the dynamic
nature of the bacterial assemblage driving it to a new state over time after the perturbation. This research
opens new possibilities for future experimental investigations of the functional roles of microbes in host-
parasite interactions.

© 2021 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The rich microbial communities, or microbiota, harboured by
animals are increasingly recognised as playing major roles in their
development, health and behaviour (Diaz Heijtz et al.,, 2011;
Feldhaar, 2011; Ezenwa et al., 2012; McFall-Ngai et al., 2013). In
the context of host-parasite interactions, symbiotic microbes of
the host can affect the expression of its immunity against parasites,
and the outcome of infection (Hooper et al., 2012; Koch and
Schmid-Hempel, 2012). Hosts are not alone in harbouring
microbes, however: parasites ranging from arthropods to hel-
minths also possess their own microbiota, distinct from those of
their hosts or the external environment (Wilkinson et al., 2016;
Ben-Yosef et al., 2017; Sinnathamby et al., 2018; Hahn et al.,,
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2020; Jorge et al., 2020, 2021). This has important implications;
for instance, parasite-associated microbes represent potential tar-
gets for the development of novel chemotherapeutics against par-
asitic diseases (Jenkins et al., 2019).

Microbial communities within parasites may also affect the par-
asite’s infectivity, virulence, or other aspects of its phenotype and
interaction with the host (Dheilly et al., 2015, 2019). However, to
demonstrate the causal roles of microbes in shaping the biology
of parasites and their interactions with their host, one would
require an experimental approach in which the microbial commu-
nity of a parasite is manipulated (e.g., experimental removal of cer-
tain microbial taxa) and the parasite’s performance is subsequently
monitored in comparison with a control group. For example, using
such an approach, Martinson et al. (2020) showed that treating a
parasitic nematode with antibiotics that eliminated certain bacte-
ria from its microbial community caused a severe reduction in the
parasite’s infection success. Experimental manipulation of parasite
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microbial communities can be logistically difficult, however. For
instance, exposure of parasites to antibiotics may be difficult to
achieve in-vitro outside of the host, such that the only way to
administer the treatment may also affect the microbial communi-
ties harboured by the host itself. Disruption of the microbial com-
munities in either the host or parasite from their “stable” state can
have implications for the host-parasite association, and distin-
guishing between effects originating from the two microbial com-
munities can be important. In this context, working with
trematodes presents some advantages. Most trematodes multiply
asexually within a snail intermediate host, to produce and release
cercariae, the infective stages that continue the life cycle in the
subsequent host (Galaktionov and Dobrovolskij, 2003). Therefore,
even if exposure of infected snails to antibiotics alters the snails’
microbial communities, as long as the antibiotics also induce
changes in the parasites’ microbial communities, their conse-
quences for the rest of the life cycle can still be quantified by track-
ing the performance of the parasites after they leave the snail.

Exposure of hosts and parasites to antibiotics can nevertheless
have unforeseen consequences. Microbial communities are notori-
ously dynamic, from their original assembly to their recovery fol-
lowing disturbances (Costello et al., 2012). Resilient microbial
communities can recover from a disturbance event at either taxo-
nomic and or functional levels, i.e. by returning to the same taxo-
nomic composition or by recruiting new taxa that perform
functions previously assumed by the original members of the com-
munity (Dogra et al., 2020). Furthermore, disruptions caused by
antibiotics may in fact kill the target microbes, but may also lead
to several other changes to the community by creating opportuni-
ties for the remaining members to increase in abundance or for
colonisation by new microbes (Costello et al., 2012). However,
lacking knowledge of microbe-microbe interactions, it is difficult
to predict whether the microbial community will be permanently
altered, or will return to its previous state. The stability and resili-
ence of microbial communities may depend on which specific
microbes are eliminated, as removal of some microbes may have
differential disruptive impacts on community structure (Gould
et al,, 2018). Thus, it is crucial to monitor microbial community
composition over time following treatment with antibiotics.

Here, we investigate how the bacterial communities of a para-
sitic trematode react to different antibiotic treatments, and if and
how they recover in similar ways. We tested four different antibi-
otic treatments and assessed the changes they induced in the bac-
terial community composition of Philophthalmus attenuatus
exposed indirectly to each treatment. We focused on bacterial
communities within the cercariae-producing stages of the parasite,
i.e. rediae, exposed to antibiotics while inside their snail host
(Zeacumantus subcarinatus). We determined the degree of commu-
nity resilience of these communities among the different treat-
ments measured as the degree to which the post-disturbance
community returned to its former state in terms of community
composition. Finally, we compared the degree of bacterial commu-
nity disruptions incurred by both parasites and their respective
hosts. Overall, our study provides a proof of concept that exposure
of parasites within their host can induce alterations to the para-
sites’ bacterial communities.

2. Material and methods
2.1. Study design and sample preparation

Zeacumantus subcarinatus snails (shell length 14-21 mm) were
collected by hand from Portobello Bay near Dunedin, South Island,

New Zealand (45° 49’ 48" S, 170° 40’ 12" E), during the 2020 austral
summer. Two types of environmental samples (water, n = 2; sub-
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strate, n = 2) and a corresponding control (n = 2) were collected
with sterile cotton swabs, saved separately in a PowerBead Pro
Tube (QIAGEN Ltd, New Zealand), frozen in dry ice, and stored in
a —80 °C freezer once back in the laboratory. Sea water was also
collected in sterile containers for maintenance of snails during
the experiment. In the laboratory, within 1 day after collection,
snails were placed in individual sterile wells of tissue culture plates
with natural sea water, and incubated for 2 days at 25 °C under
light to identify P. attenuatus-infected individuals through cercarial
shedding. Only snails infected solely with P. attenuatus (i.e. not
those also infected by other trematode species) were used in this
study. Infected snails were then placed in a common sterile 5 L
plastic container with seawater and oxygen for 24 h.

The experimental design consisted of characterising the bacte-
rial communities of P. attenuatus rediae and of tissue from their
host snail at three different time points: pre-antibiotic treatment
(TO), post-antibiotic treatment (T3), and at 77 days after the begin-
ning of the experiment (T77; see Fig. 1A). Fifteen snails were ran-
domly selected for characterisation of bacterial communities at TO,
while a total of 180 infected snails (36 snails per treatment; see
below) were randomly selected for the antibiotic manipulation
experiment. Prior to antibiotic exposure, each snail was labelled
with a coloured numbered bee tag (Queen Numbering Kit, Ecotrek,
New Zealand). At the end of antibiotic exposure (T3), 10 snails
were randomly sampled from each treatment for bacterial commu-
nity characterisation. All remaining snails were placed in a com-
mon sterile 5 L plastic container with natural seawater and
oxygen until the end of the study. They were fed ad libitum with
thoroughly rinsed sea lettuce (Ulva spp.) obtained from the same
site where snails were collected. At the end of the experiment
(T77), 10 snails were randomly sampled from each treatment for
bacterial community characterisation. Samples of the sea water
from the communal tanks in which snails were kept at TO and
T77 (Fig. 1A) were taken with sterile cotton swabs. Metadata for
all samples including sample type, treatment and time point are
given in Supplementary Tables S1-S7.

2.2. Antibiotic treatment

Three different antibiotic solutions were used according to their
activity spectra: Penicillin G potassium salt (5 g L', Sigma P8721;
Sigma-Aldrich, New Zealand) targeting Gram-positive bacteria,
Colistin sulphate salt (25 mg L™!, Sigma C4461) targeting Gram-
negative bacteria, and Gentamicin (50 mg L™}, Sigma G3632) tar-
geting both Gram-positive and Gram-negative bacteria and myco-
plasma. The combination of Colistin and Penicillin (2.5 g L™! and
12.5 mg L', respectively) was used as a fourth treatment. Antibi-
otic doses were chosen based on recommendations from the man-
ufacturer of the antibiotic or based on other studies on other
organisms. For colistin, a preliminary experiment was conducted
prior to the main study because no reference for a dose was avail-
able in the literature. The highest concentration that would not kill
the tested snails was chosen. The antibiotic solutions were pre-
pared using natural seawater, and were sterilised by filtration with
a 0.2 um sterile filter. A fifth solution served as the control and con-
sisted of filtered natural seawater. Snails from the same treatment
were maintained in a common sterile 5 L plastic container, with
the antibiotic solutions and control seawater replaced every 24 h
for 3 days; afterward, snails were kept in natural seawater.

2.3. Sample collection, processing and sequencing

Three different sets of samples corresponding to time points TO,
T3 and T77 were independently prepared for isolation, extraction
and sequencing. Prior to dissections, snails were brushed with a
sterile interdental brush in 70% EtOH, and rinsed thoroughly in
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Fig. 1. Laboratory conditions can affect bacterial community composition. (A) Design of the antibiotic experiment. Circles denote sampling points for parasites, hosts or water
for 16S amplicon data. Time points: -3 — sampling in natural habitat, 0 - pre-antibiotic treatment, 3 - post-antibiotic treatment, 77 - end of experiment. Type of samples:
brown circle - natural environment (water and substrate); white circle - host, parasite and water; yellow circle - host and parasite. Conditions: black - snails kept in
individual wells, grey - snails kept in a communal tank. (B) Relative abundance of phyla across parasite and water samples at the three sampling points. ‘Other’ represents all
taxa whose relative abundances are less than 1% of the total abundance. pen_col, penicillin and colistin. (C) Alpha diversity dynamics as estimated with Shannon diversity
index at phylum level along the duration of the experiment for both parasite and water samples. Error bars represent the 95% confidence interval for the estimated means. (D)
Differential abundance of phyla along the course of the experiment compared to first parasite and water samples. For water, the first sampling point represents water
sampled in the natural habitat. The magnitude of model coefficients is shown on a log-odds scale; error bars represent the 95% prediction interval.

sterile PBS under a sterile laminar flow cabinet. Parasite samples
consisted of individual rediae isolated from snail tissue (TO,
n = 28 rediae; each T3 treatment n = 9-10, T3 control n = 9; each
T77 treatment n = 10, T77 control n = 10); only large, cercariae-
producing rediae were used in this study, and not the smaller
morphs (see Leung and Poulin, 2011). Small sections of snail gonad
tissue adjacent to where parasite samples were collected were also
isolated (TO, n = 15; each T3 treatment n = 2-3, T3 control n = 2
each T77 treatment n = 3, T77 control n = 3). All samples were
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cleaned from surface microbiota by repeatedly pipetting up and
down in PBS in sterile wells. Samples of the surface microbiota
for each sample type were collected from the resulting 'washing’
(75 ul, two samples per parasite and host treatment group). At
the end of each isolation procedure a control sample of the PBS
solution was taken to account for any possible contamination.
DNA from parasite, snail host tissue and environmental swabs
was extracted using the DNeasy PowerSoil Pro Kit (QIAGEN), with
modifications recommended for cells difficult to lyse by the Earth
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Microbiome Project DNA Extraction Protocol (Marotz et al., 2017).
Together with the isolated biological samples, ZymoBIOMICS
microbial community standards samples (MCS and MCS DNA),
and reagent-only samples were also included at both extraction
and amplification steps. Metabarcoding libraries targeting the V4
hypervariable region of the prokaryotic bacterial 16S ssTRNA gene
were prepared as described in Jorge et al. (2020). Each barcoded
libraries pool was sequenced on an Illumina MiSeq platform using
the V2 reagent cartridge (250 bp, paired-end) through the Otago
Genomics & Bioinformatics Facility (New Zealand).

2.4. Bioinformatics

All bioinformatics procedures were performed using various
built-in plugins from the QIIME2 software package (qiime2-
2020.2-py36-linux, Bolyen et al., 2019). Paired-end reads from
each library pool were processed and quality filtered separately.
Adapters and primers were removed from raw sequences using
the plugin cutadapt (with O error-rate and minimum length of
240 bp; Martin, 2011), and quality filtered using the dada2 plugin
(Callahan et al., 2016). In order to be able to later combine different
sequencing runs, the quality profile plots were inspected for each
run separately and the required trimming parameters selected,
however the most stringent values of trimming parameters were
applied across the three sequencing runs. The resulting amplicon
sequence variant (ASV) tables were filtered to exclude non-
bacterial, mitochondrial, chloroplast, ASVs without a phylum
assignment, contaminants (i.e. ASVs found in blanks and exclusive
to the laboratory environment), ASVs found in the corresponding
cleaning PBS for each life stage, and samples with low sequencing
depth (i.e. frequency lower than 1000 and/or with less than eight
ASVs) using the feature-table plugin. The final dataset was assem-
bled by merging the three feature tables and representative ASVs.
Different taxonomic levels were assigned to the ASVs using the
plugin feature-classifier (Bokulich et al., 2018) against the Green-
genes 16S rRNA reference database (13_8 release) pre-trained on
the 515F/806R region (Pedregosa et al., 2011). We further esti-
mated closed-reference operational taxonomic units (OTUs) at a
97% similarity threshold against the 99% identity clustered Green-
genes database using the VSEARCH QIIME2 plugin to predict Gram
staining phenotype in BugBase (Ward, T., Larson, J., Meulemans, J.,
Hillmann, B., Lynch, ]., Sidiropoulos, D., Spear, ]., Caporaso, G.,
Blekhman, R, Knight, R, Fink, R., Knights, D. 2017. BugBase predicts
organism level microbiome phenotypes. bioRxiv https://doi.org/10.
1101/133462.).

2.5. Statistical analyses

All analyses were conducted in the R environment (R Core
Team, 2021); unless otherwise specified, P values <0.05 are consid-
ered significant. We used ecological network regression models to
test the effect of the two experimental factors (treatment or time)
on estimates of Shannon diversity and Bray-Curtis distances using
the R packages DivNet and Breakaway (Willis et al., 2017; Willis
and Martin, 2020) at Family, Class and Phylum levels. Since many
taxa do not occur in all samples, a perturbation parameter value of
0.5 was included in all analyses using the function netdiv() (Cao
et al., 2019; Willis and Martin, 2020). To model differential abun-
dance of taxa between groups, two different methods were used:
Count Regression for Correlated Observations (corncob, Martin
et al., 2020), and the linear discriminant analysis effect size (LEfSe,
Segata et al. 2011). Corncob uses a beta-binomial model to assess
both differential abundance and differential variability of microbial
taxon abundances across groups. We tested all taxa using the func-
tion differentialTest(), while accounting for multiple comparisons.
LEfSe analysis is a class comparison method that estimates the
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sizes of the significant variations. LEfSe was run using the default
normalised abundance data method, with multiple testing correc-
tion options, as implemented in the package microbiomeMarker v.
0.0.1.9000 (Cao, Y. 2021. https://github.com/yiluheihei/
microbiomeMarker).

Group divergence was estimated as the average dissimilarity of
each sample from the corresponding group mean (by treatment or
time) with the function divergence() from the R package micro-
biome v.1.8.0 (Lahti, L., Shetty, S. 2017. http://microbiome.github.-
com/microbiome).

BugBase was used to determine differences in abundance (using
centred log-ratio transformation) of Gram-negative versus Gram-
positive bacteria among the different groups using a Kruskal-
Wallis test with Benjamini-Hochberg adjustment.

Using the methods described above, we started by investigating
the effect of the experimental conditions on bacterial community
compositions in rediae and snails by comparing estimates of taxo-
nomic community and Shannon diversity at TO with control groups
at T3 and T77. Variation in environmental conditions (i.e. water)
was also compared between water from the sampled site versus
water in the laboratory (TO and T77).

We then assessed whether the antibiotics modified the bacte-
rial communities according to their activity spectra, and the extent
of those changes, by comparing T3 treated samples with their
respective T3 controls, and making comparisons among
antibiotic-treated T3 samples. Specifically, the effect of the antibi-
otic gentamicin was evaluated mainly by comparing prevalence of
Mycoplasmataceae among treated groups, while variation in the
relative abundance of Gram staining phenotype was used to eval-
uate the effect of all antibiotics. Estimates of differentially abun-
dant taxa between the control and treatments were also
obtained using the corncob and LEfSe methods.

Finally, we estimated the degree of dissimilarity and variability
between the different time points and treatment groups to evalu-
ate the resilience of those modified bacterial communities based
on group divergence and Bray-Curtis distances, considering the
variance in diversity estimates.

2.6. Data accessibility

Data used in this study are available through the NCBI BioSam-
ple Submission Portal as Bioprojects ID: PRJNA707308 and
PRJNA786706, and their associated Sequence Read Archive data
(SRA, https://www.ncbi.nlm.nih.gov/sra/).

3. Results
3.1. Data

From the initial 178 samples collected and processed (not
including blank and control samples), 141 were retained after data
quality control. The analysed 16S rRNA gene fragment from the
three time points, TO, T3 and T77, yielded a combined average of
6134 reads (range: 1015 to 73,766, with the highest values from
environmental samples) per sample after quality control. The
resulting 5114 ASVs were classified into 824 genera, belonging to
449 taxonomic families. The parasite bacterial communities across
the sampling points (n = 102) were dominated by Proteobacteria
(55.6% + 14.8%; Fig. 1B).

3.2. Did the experimental procedure impact bacterial community
composition?

The laboratory conditions seem to have impacted the bacterial
community composition of the parasite. Rediae from snails in con-
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trol groups at T3 and T77 differed in mean microbial diversity from
those at TO as estimated with the Shannon index. After the 3 days
in individual wells (T3), rediae in the control group showed an
increased bacterial diversity relative to that estimated from the ini-
tial TO (at phylum, class, family and genus levels: P < 0.01, Fig. 1C,
Supplementary Tables S1-S7). However, at the end of the experi-
ment (T77) the average diversity per redia was lower than at TO
(at phylum and class level: P < 0.01, Supplementary Tables S1-
S7). The longer time spent in the laboratory led to greater dissim-
ilarity of the bacterial communities, as estimated with Bray-Curtis,
with rediae from T3 being more similar to those of TO than those at
T77 (Supplementary Tables S1-S7). According to corncob esti-
mates, no phylum showed differential abundance between TO
and T3, but T77 communities had a decrease in Bacteroidetes
and Actinobacteria and an increase in Proteobacteria compared
with TO communities (Fig. 1D). Bacteroidetes in both T3 and T77
communities were found to be differentially variable from those
at TO. Similar analyses conducted with LEfSe found many more
bacterial taxa showing statistically significant differences in abun-
dance among the three time points, however at a higher taxonomic
level the results were often consistent with corncob estimates.
LEfSe estimates also supported that rediae at TO had an enrichment
of Bacteroidetes compared with subsequent time periods, and that
those at T77 had an enrichment of Proteobacteria. Additionally,
LEfSe also indicated that rediae at T77 had increased abundance
of Tenericutes, while those at T3 had an increase in Cyanobacteria
and Actinobacteria.

Analyses of bacterial community composition in laboratory
water compared with that estimated from the natural environment
also showed differences in diversity and abundances (Fig. 1). The
highest diversity was found in the natural environment, while over
the course of the experiment the water in which infected snails
were kept had lower bacterial diversity (Fig. 1C). There were also
several taxa which decreased in abundance while others increased
compared with the bacterial community composition found in the
natural environment (Fig. 1D). The significant increase in taxa
belonging to the phylum Proteobacteria and the decrease in Acti-
nobacteria in water samples from the communal laboratory tank
at T77 parallel the corresponding increase and decrease also
observed in the parasite samples from the same time points, albeit
with a higher degree of differentiation.

3.3. Were the antibiotic treatments successful at eliminating their
targeted bacteria taxa?

To test whether indirect exposure to antibiotics had an effect on
the bacterial community composition of parasites within their
snail hosts, we analysed community differences among groups at
the end of the 3 day treatment (T3). Gentamicin was the broadest
spectrum antibiotic used targeting both Gram-positive and -
negative bacteria as well as Mycoplasma. All samples treated with
this antibiotic did not contain any ASV assigned to the family
Mycoplasmataceae, while in all other groups there were several
samples containing representatives of this family (Fig. 2A). How-
ever, when assessing impacts of antibiotics on bacterial commu-
nity composition based on Gram-staining classification, the
results were less clear. According to BugBase’s estimates based
on phenotypic predictions, there were no significant changes in
Gram-staining bacterial phenotype between treatment groups
and the control, but there were among treatment groups
(Fig. 2B). While generally penicillin mainly targets Gram-positive
bacteria, penicillin-treated rediae showed significantly higher
average abundance of Gram-positive bacteria than seen in
gentamicin- and colistin-treated parasites. This increase in Gram-
positive bacteria in penicillin-treated samples was estimated to
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be driven by a decrease in Proteobacteria (Gram-negative phylum),
and other taxa with relatively low abundances (Fig. 2B).

The antibiotic-induced perturbation led to different changes in
bacterial community diversity depending on the antibiotic used
(Fig. 2C), although the direction of change varied with the taxo-
nomic level evaluated. At both phylum and class levels, colistin-
treated rediae had a lower bacterial diversity compared with the
controls (phylum: estimate -0.164, P < 0.0001, class:
estimate = —0.148, P < 0.0001). At those two taxonomic levels,
there was a discrepancy regarding which treatment produced an
increase in diversity in comparison to that in rediae from the con-
trol group (penicillin-colistin for phylum: estimate 0.046,
P = 0.004, gentamicin for class: estimate = 0.043, P = 0.025). How-
ever, at the family level, rediae in all treatments showed a signifi-
cant increase in bacterial diversity compared with those in the
control group; similar findings were also obtained at the genus
level (Supplementary Tables S1-S7). It is worth mentioning that
when not considering treatment as a covariate (i.e. considering
all samples from the same treatment as in fact originating from a
different population) in the computations at the family level, the
estimate was of a significant decrease in bacterial diversity in
rediae from all treatments compared with the control group (data
not shown).

When comparing abundance and variability of bacterial taxa
between rediae in the control group and those in different antibi-
otic treatment groups, only Gram-negative taxa seem to vary.
While according to BugBase penicillin seems to cause an overall
decrease in Proteobacteria when compared with all other groups,
estimates with corncob did not provide statistical support for that
decrease in Proteobacteria when compared with the control
(Fig. 2D). They did, however, for the penicillin-colistin treated par-
asites. On the other hand, a different Gram-negative phylum, Bac-
teroidetes, had statistically significant lower abundance in rediae
treated with penicillin, colistin or penicillin-colistin compared
with controls (Fig. 2D). No other taxon was found to significantly
differ in terms of abundance and/or variability between
gentamicin-treated rediae and control ones. These results are over-
all supported by LEfSe estimates, highlighting the overrepresenta-
tion of Bacteroidetes in the control rediae compared with those
treated with colistin, penicillin or penicillin-colistin (results not
shown). Based on this method, only for colistin- and penicillin-
treated rediae was there statistical support for an overall higher
abundance of taxa compared with controls (colistin: Oceanospiril-
laceae, penicillin: six taxonomic clades belonging to the phylum
Tenericutes).

When considering dissimilarities between the rediae in treated
groups and controls, penicillin-colistin was the treatment contain-
ing the most dissimilar bacterial community composition, while
gentamicin was the treatment showing the least dissimilarities
(Fig. 2E).

3.4. How resilient are the parasite’s bacterial communities?

After the antibiotics-induced disruption (T3), we investigated
the potential for recovery of the bacterial communities present in
the parasite. We observed that exposing parasites to antibiotics
led to an increased divergence among the different samples at
T3. However, while the different samples at T3 were significantly
more divergent than at TO and T77, this was only supported statis-
tically in analyses at the family level, but not at class and phylum
levels. These dissimilarities later decreased during the recovery
stage, and after more than 70 days post-treatment, we observed
that samples from the different treatments were less divergent,
with no statistically different divergence from the level estimated
among TO samples at family, class and phylum levels (Fig. 3A, Sup-
plementary Fig. S1). In contrast, within the different treatment
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Fig. 2. Antibiotic exposure alters parasite bacterial community composition. (A) Relative abundance (proportion of amplicon sequence variants, or ASVs) of

Mycoplasmataceae in samples of the different treated groups and sampling periods. Each dot represents one sample in which Mycoplasmataceae were found. (B) Relative
abundances of Gram-positive bacteria and corresponding phyla contribution for control and treated groups after the antibiotic exposure (T3). *P < 0.05, significant difference
in the relative abundance of Gram-positive bacteria between groups. ‘Other’ represents all taxa whose relative abundances are less than one-tenth of the most abundant
taxon. (C) Alpha diversity as estimated with Shannon diversity index at phylum level for the control and treated groups after the antibiotic exposure (T3). Error bars represent
the 95% confidence interval for the estimated means. (D) Differential abundance of phyla in antibiotic treated groups compared with the control after the antibiotic exposure
(T3). The magnitude of model coefficients is shown on a log-odds scale; error bars represent the 95% prediction interval. (E) Bray-Curtis dissimilarity estimates for treatment
group level comparisons at phylum level. Error bars represent the 95% confidence interval for the estimated means. pen_col, penicillin and colistin.

groups, gentamicin-exposed parasites had the highest microbial
community divergence among samples, being statistically higher
than that estimated for the baseline at TO (Fig. 3B, Supplementary
Tables S1-S7). While this higher divergence among gentamicin-
treated samples was also higher than in the control group, it was
only statistically supported at the family level, but not at class
and phylum levels (family: P < 0.0001, class: P = 0.231, phylum:
P =0.360).

Knowing that the diversity of bacterial communities in rediae
decreased with time post-exposure across all treatment groups
(Supplementary Fig. S2), we then tested whether the bacterial
communities returned to a taxonomic composition similar to the
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one estimated at TO. For this, we compared the three time points,
i.e. TO (communities before perturbation), T3 (communities imme-
diately after the impact of antibiotic exposure), and at T77 (com-
munities after a recovery period). Based on Bray-Curtis
dissimilarity distances at genus, class and phylum levels, the com-
munities at those three points increased in dissimilarity with
increasing time in the laboratory, with T3 being least dissimilar
to TO and T77 most dissimilar to TO (Fig. 3C). However, the oppo-
site was true when communities were compared at the family level
(Supplementary Tables S1-S7). When comparing T3 and T77 bac-
terial communities at both family and phylum levels, we estimated
a greater dissimilarity than when comparing either of those to TO
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Fig. 3. Parasite bacterial community shifting to an alternative state. Divergence of
bacterial communities at the phylum level as a measure of the average dissimilarity
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after the beginning of the experiment. pen_col, penicillin and colistin. (C) Bray-
Curtis dissimilarity estimates for time points-level comparisons at phylum level.
Error bars represent the 95% confidence interval for the estimated means.

(Supplementary Tables S1-S7). At genus and class levels, differ-
ences between bacterial communities at T77 and T3 were less pro-
nounced than between T77 and TO.

3.5. Can we detect similar bacterial community dynamics in snail
hosts?

Due to sequencing deficiencies, our data included a low number
of samples from the snail host (TO = 9, T3 = 8, T77 = 12), limiting
our power to infer changes in community composition among
treatments. We did, however, conduct analyses among the differ-
ent time points to determine whether, as observed in the parasites,
bacterial communities found in the snail host tissue were also
affected by the antibiotic treatments. Similar to what was found
for the parasite, antibiotic exposure led to an increase in diver-
gence among the different samples, but only when evaluated at
family level and not at class and phylum levels, where no differ-
ence was found. Samples from post-antibiotic treatment presented
the highest bacterial community divergence (Fig. 4, T3 versus TO:
P < 0.0001, T3 versus T77: P < 0.0001). For the snail host tissue,
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we also found marginal support for an increase in bacterial com-
munity divergence at T77 when compared with TO (P = 0.049).

Comparisons of bacterial community composition among the
three time points supported the fact that communities were most
dissimilar at T77 when compared with TO (Fig. 4, Supplementary
Tables S1-S7), in line with the fact that the communities changed
from the initial baseline status as observed for the parasite.

4. Discussion

The growing recognition that microbes harboured by both hosts
and parasites are associated with multiple facets of the host-
parasite interaction (Hooper et al., 2012; Koch and Schmid-
Hempel, 2012; Dheilly et al., 2015, 2019; Martinson et al., 2020)
is driving the need to develop approaches to experimentally
manipulate their microbiota to establish its causal role. Here, we
have shown that exposure of P. attenuatus-infected snails to
antibiotics results in changes in the microbiota of the trematode,
thus validating indirect, within-host antibacterial treatment as a
means to alter the parasite’s microbial communities. However, as
we discuss below, the impact of antibiotic treatment is not easily
predictable, and the altered microbiota is subject to dynamic
changes in the weeks following treatment.

One of the main aims of this study was to determine whether
we could manipulate the bacterial community of the parasite by
exposing it indirectly to antibiotics solutions while it was still
inside its living snail host. To achieve that, we targeted the success-
ful elimination of specific components of the microbiota. Antibi-
otics have different activity spectra; they have been widely used
in therapeutic treatment of infections, and more recently to inves-
tigate the role of healthy microbiomes versus disrupted ones (e.g.,
Cox et al., 2014; Dogra et al., 2020; Strati et al., 2021). In the con-
text of microbial dynamics, antibiotics can in fact lead to unfore-
seen changes in bacterial community composition by directly
killing the target bacteria, thereby indirectly providing both oppor-
tunities for remaining community members to increase in abun-
dance, and empty niches for new colonisers (Costello et al.,
2012). As a result of antibiotic treatment, the microbiota can shift
to a different state depending on the community’s ability to resist
the antibiotics, and its ability to return to its previous baseline
composition.

In our study, indirect exposure to antibiotics resulted in
changes in the microbiota of the parasitic trematode within its
snail host (Fig. 2). For instance, the diversity of bacterial taxa in
parasites exposed to antibiotic treatments differed from those in
the control group, although the direction and significance of these
effects depended on the taxonomic level considered in estimates of
diversity. Furthermore, the abundance of certain bacterial taxa was
changed by the treatments; for example, the abundance of Bac-
teroidetes was lower in parasites exposed to most antibiotics than
in control parasites. Interestingly, the treatment combining two
antibiotics, penicillin and colistin, resulted in parasite microbiota
that generally showed the greatest dissimilarity from those of
other treatments or the control group. Therefore, antibiotic expo-
sure of parasites within snails succeeded in modifying their
microbiota.

We were able to successfully eliminate fractions of the para-
site’s bacterial communities that were targeted by antibiotics.
Namely, parasites exposed to the gentamicin solution, which has
an activity spectrum against both Gram-positive and Gram-
negative bacteria as well as Mycoplasma, were found to harbour
no bacteria belonging to the family Mycoplasmataceae after the
3 day experimental exposure, while parasites in all other treat-
ments and the control did. However, we have also detected more
complex dynamics of antibiotic susceptibility. While penicillin
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experiment. pen_col, penicillin and colistin. (B) Divergence of bacterial communities at family level as a measure of the average dissimilarity of each sample from the group
mean for the three time points. (C) Bray-Curtis dissimilarity estimates for time points-level comparisons at family level. Error bars represent the 95% confidence interval for

the estimated means.

has an activity spectrum targeting mainly Gram-positive bacteria,
and has a limited activity against Gram-negative bacteria due to
differences in structures of their respective cells, we observed an
increase in the relative abundance of Gram-positive bacteria fol-
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lowing exposure to penicillin, mainly due to a decrease in Gram-
negative abundance. This may have resulted from differences in
susceptibility to the antibiotics among the existing bacterial taxa,
as the exact composition of the community is likely a greater
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determinant of bacterial succession than the antibiotic’s spectrum.
The disturbance due to penicillin exposure created an opportunity
for other members of the community to increase in abundance and
for new bacterial colonists to occupy the available niche. Other
studies have shown that bacterial taxa recover differently from
an initial disturbance induced by antibiotic treatments, or may
not even recover, depending on an animal’s age (Laubitz et al.,
2021), and on the type of antibiotic administered (Strati et al.,
2021). The bottom line is that although antibiotic treatment
altered the microbiota of parasites, the nature of these changes
could not be predicted in a straightforward manner based on the
activity spectra of the antibiotics used.

Although we observed shifts in bacterial community composi-
tion which can be attributed to the antibiotic exposure, we also
observed shifts in community composition of the parasites’ micro-
biota over time in our controls compared with what we defined as
the baseline state at TO. And we observed temporal changes too, in
the bacterial communities of water samples compared with water
from the natural environment. Previous studies investigating the
sources of the bacterial taxa making up trematodes’ microbiota
did not find that the environment was the main contributor of
community composition (Jorge et al., 2020, 2021). Thus, while
we observed a decrease in bacterial diversity in water samples over
the course of the experiment, as well as several bacterial phyla
with differential abundances over time, we do not believe that this
was the main factor explaining the shifts in bacterial community
composition observed in the parasites. One exception, however,
might be the increase in Proteobacteria, which was in fact detected
in both parasite and water samples (Fig. 1). These bacteria may
have proliferated in the water over time, and subsequently colo-
nised the parasite after niches were left vacant due to the action
of antibiotics.

The sampling design followed in our study allowed us to assess
the temporal stability of the bacterial community composition fol-
lowing the antibiotic treatments, but also whether it recovered,
and how it did so. The timing of the last sampling point
(T > 70 days) following treatment fits with recommendations from
the microbiome quantitative stability landscape framework to
investigate transition in bacterial community states (Shaw et al.,
2019). Our results suggest that the bacterial communities within
the parasites experienced dysbiosis, i.e. a disruption in their com-
position following the perturbation associated with antibiotic
exposure, but subsequently continued to change and ended up in
a new state (Fig. 5). Two results support this conclusion. First,
although divergence in composition among replicate communities
increased 3 days post-exposure compared with pre-exposure (TO),
it then decreased over the following weeks until T77 (Fig. 3). Some
antibiotics had a greater impact, for instance gentamicin caused
the greatest post-exposure divergence among replicate communi-
ties. Regardless of these differences among treatments, different
bacterial communities subjected to the same antibiotic treatment
followed multiple trajectories afterwards in the short term, thus
diverging in composition, but thereafter converged again toward
a similar new state. Second, across treatments, bacterial communi-
ties in parasites at the end of the experiment were clearly different
from those at the beginning, based on Bray-Curtis dissimilarity
estimates. It seems that all communities have undergone a long-
term transition to an alternative community state dominated by
Proteobacteria. The latter may have been recruited from the snail
host or external water environment, where this bacterial taxon
was also highly abundant.

Overall, our findings indicate that the indirect exposure of
trematodes to antibiotics, while they are infecting their snail host,
can result in changes in their microbiota. This opens the door to
experimental manipulation of trematode microbiota, allowing
the use of cercariae inheriting the altered microbial communities
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Fig. 5. Antibiotic-induced perturbation leads to an altered bacterial community
state. Conceptual illustration depicting the impact of antibiotics on the parasite
bacterial community composition, where the solid line represents the temporal
transitions of the community through periods of stability (troughs) and challenges
(peaks). Beginning with the bacterial community within a parasite at an initial
baseline state, it passes across a transitional state after the antibiotic-induced
perturbation, and then moves toward a new “stable” state. TO, pre-antibiotic
treatment; T3, after antibiotic exposure; T77, 77 days after the beginning of the
experiment.

of their parent rediae to be used for further studies. However,
our results also indicate that the actual changes in the composition
of trematode microbial communities achieved this way are vari-
able and difficult to anticipate, and also that they are dynamic,
with the community unlikely to revert to its original state but
instead progressing toward a new community state over time.
We conclude that this approach allows for perturbation of the
microbiota at a coarse level, providing a hit-and-miss strategy
rather than a precise deletion of selected taxa. Nevertheless, it
can prove useful to quantify the impact of bacterial dysbiosis in
helminths on their interactions with the host, and paves the way
for further experimental research on parasite microbiomes.
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