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For parasites with complex multi-host life cycles, the facultative truncation of
the cycle represents an adaptation to challenging conditions for trans-
mission. However, why certain individuals are capable of abbreviating
their life cycle while other conspecifics are not remains poorly understood.
Here, we test whether conspecific trematodes that either follow the normal
three-host life cycle or skip their final host by reproducing precociously
(via progenesis) in an intermediate host differ in the composition of their
microbiomes. Characterization of bacterial communities based on sequen-
cing of the V4 hypervariable region of the 165 SSU rRNA gene revealed
that the same bacterial taxa occur in both normal and progenetic individuals,
independent of host identity and temporal variation. However, all bacterial
phyla recorded in our study, and two-thirds of bacterial families, differed in
abundance between the two morphs, with some achieving higher abun-
dance in the normal morph and others in the progenetic morph. Although
the evidence is purely correlative, our results reveal a weak association
between microbiome differences and intraspecific plasticity in life cycle path-
ways. Advances in functional genomics and experimental microbiome
manipulation will allow future tests of the significance of these findings.

The evolution of complex life cycles, requiring passage through two or more
hosts of different species in a particular order, has been a convergent trend
among multiple lineages of protozoan and metazoan parasites [1]. Although
their evolution has been driven by natural selection for the advantages they
offer [2-5], complex life cycles nevertheless pose challenges, by increasing the
number of separate transmission events required per generation. Among the
many adaptations to a complex cycle displayed by parasites, the ability to facul-
tatively abbreviate, and thus simplify, the life cycle is an extreme case. For
instance, low or unpredictable abundance of the next host species or unstable
environmental conditions impeding transmission to the next host can favour
individual trematodes capable of skipping that host and still completing their
life cycle [6-8].

In the trematode Coitocaecum parvum (Opecoelidae), many individuals
follow a three-host life cycle: after asexually multiplying in the snail first inter-
mediate host and exiting the snail, they penetrate an amphipod second
intermediate host, and encyst individually as ‘normal” metacercariae to await
ingestion by the fish definitive host, where they mature and reproduce sexually
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[9]. However, some individuals truncate the cycle to just
two hosts, developing within the amphipod as ‘progenetic’
metacercariae that achieve precocious sexual maturity and
reproduce through self-fertilization, producing eggs without
needing to reach a fish [9]. These eggs are released into
water upon the amphipod’s death. The alternative life
cycles are not genetically determined, as genetically identical
infective stages entering the same amphipod can develop into
either normal or progenetic metacercariae [10]. Instead, exter-
nal factors drive this developmental plasticity. Progenesis is
more likely to occur when amphipod hosts are reared in
water devoid of fish odours [11,12], when the metacercaria
shares the amphipod with conspecific or heterospecific para-
sites [13], or when it has been in the amphipod for many
weeks without reaching a fish [14]. However, these factors
combined fall short from explaining all the unpredictability
of life cycle pathways adopted by different individuals,
particularly when they share the same host.

Increasingly, microbiomes (microbes dwelling inside
animal bodies and all molecules they produce) are thought
to contribute to the phenotype of animals [15-17], and
the same applies to the phenotype of parasites and their inter-
actions with hosts [18-20]. Many parasites, such as C. parvum
[21], possess a core microbiome, distinct from that of their
hosts and from the environmental microbiome. This core
microbiome is maintained throughout the parasite’s life
cycle, implying vertical transmission and thus linking
microbial transmission with successful parasite transmission
[21]. Either through shared interests with the parasite or as
a side-effect, these microbes and their gene products may
exert influence on the parasite they inhabit. Indeed, microbes
of parasites can impact both parasite development [22] and
infectivity [23]. Yet there remains much to be understood
about the implications of microbes for parasite biology.

Here, we test the hypothesis that the microbiome of
C. parvum metacercariae is associated with the life cycle path-
way they adopt. We predict that normal and progenetic
metacercariae will harbour either distinct bacterial commu-
nities, or at least bacterial taxa unique to only one type of
metacercaria or achieving different abundance in the two
types. Our findings shed further light on the factors under-
pinning the plasticity of transmission routes followed by
parasites, revealing influences extending beyond a simple
host—parasite two-player interaction.

2. Methods

(a) Sample collection and sequencing

Some samples included here were collected during the 2019
austral summer and used previously [21]. Additional sampling
of infected amphipods, Paracalliope fluviatilis (family Paracalliopii-
dae), was conducted at the same location in the 2021 summer (Lake
Waihola, South Island, New Zealand; latitude —46.01499, longi-
tude 170.10084). In both years, environmental samples (water
and sediment from the field site) and samples of the laboratory
environment (water in which amphipod hosts were maintained)
were collected. Sample collection, processing, library preparation
and microbiome sequencing protocols for both years are described
in [21]. In some instances, more than one metacercariae was iso-
lated from the same amphipod host (electronic supplementary
material, table S1). Sequencing was carried out separately for
each batch (2019 and 2021), targeting the V4 hypervariable
region of the bacterial 165 SSU rRNA gene, using an Illumina

MiSeq platform and v2 reagent cartridge (250 bp, paired-end), at n

the Otago Genomics & Bioinformatics Facility (New Zealand).

(b) Bioinformatics

De-multiplexed sequences were filtered separately for each batch,
to remove potential sequencing-specific artefacts. Sequencing
quality was checked with a FastQC report [24], following which
adaptors, primers and overrepresented sequences were removed
with the cufadapt plugin [25] implemented in QIIME 2 [26].
Sequences were trimmed and denoised using the dada2 plugin in
QIIME 2 [27]. To assign taxonomy, we trained the SILVA database
version 138.1 targeting the region SSURef NR09 [28] on our data-
set using the Naive Bayes classifier on QIIME 2. This version of the
SILVA database was updated in 2019, based on the DSMZ ‘Bac-
terial Nomenclature up to date (PNU). Data quality was
evaluated in QIIME 2 by comparing the observed composition
of ZymoBIOMICS microbial community standards (MCS) against
their expected composition. Feature tables were filtered to remove
contamination. Depth filters were defined based on rarefaction
curves (electronic supplementary material, figure S2), and two
datasets were generated: one with lower depth but larger sample
size (2615401 reads, N = 81), and another with greater depth but
lower sample size (2 541 894 reads, N = 61). Results from both data-
sets were largely similar, thus results from the dataset with larger
sample size are reported below; those for the other dataset are in
the electronic supplementary material.

The resulting filtered 2019 and 2021 datasets were analysed
separately and merged, and taxonomy was assigned based on
the trained SILVA database. Amplicon sequence variants (ASVs)
were aligned, rooted and unrooted phylogenetic trees were built,
and QIIME 2 resulting output files were analysed in R v.4.1.3
[29]. Phyloseq v.1.38.0 [30] was used to group ASVs into higher
taxonomic levels (family and phylum). All analyses were under-
taken in the R package microeco v. 0.11.0 [31], unless otherwise
specified.

(c) Statistical analyses of bacterial diversity, composition
and abundance

Significance was based on a p-value < 0.05 (accounting for multiple
testing based on the false discovery rate). o-Diversity (observed
diversity, Shannon diversity and Faith’s PD) and p-diversity
(Bray—Curtis, Jaccard distance, weighted and unweighted Unifrac)
were used to assess differences in bacterial richness and composition
at phylum and family levels between morphs, the environment and
the laboratory environment, between years (2019 and 2021), and
between C. parvum occurring alone in an amphipod and when
co-occurring with another trematode (Maritrema poulini). Statistical
significance was based on analyses of variance (ANOVAs) for
a-diversity and permutational multivariate ANOVAs (perMANO-
VAs) for p-diversity. To account for amphipod host identity and
year of collection on metacercariae microbiomes, generalized
linear mixed models based on kernel matrices calculated from
pB-diversity distances were fitted using GLMMMIiRKAT v1.2 [32].
Taxon abundance was calculated at phylum and family levels,
with a Venn diagram at ASV level summarizing the number of
unique and shared features between sample types. Tests of differen-
tial abundance were undertaken to look for taxa driving microbial
community differences between morphs, using three approaches:
metastat, which compares individual ASVs counts between two
groups using Fisher’s exact test to handle sparse samples (many
zeroes), identifying statistical significance employing the false dis-
covery rate [33]; LEfSe, which performs a class comparison that
estimates the sizes of the significant variations [34]; and the corncob
v.0.3.0 R package, which uses a B-binomial model to assess both
differential abundance and differential variability of microbial
taxon abundances across groups [35]. Differential abundance
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Figure 1. Microbiome richness and composition of normal and progenetic metacercariae, the environment and the laboratory environment. (a) Venn diagram at
the ASV level. Numbers represent unique or shared ASVs among groups, while percentages represent the ratio sequences:total sequences. (b) ow-Diversity at
the family level, based on Faith’s PD. (c) B-Diversity at the family level, based on weighted Unifrac (* significant result; n.s.: non-significant). (d) PCoA of
unweighted Unifrac distances at family level (2019 and 2021: year of sample collection).

methods do not necessarily return the same results, given specific
features of the methods and the data, thus we employed three
approaches for a more thorough evaluation of the data. For details,
see electronic supplementary material.

In the lower depth dataset, filtering removed 1097 and 1046
ASVs and 69 and 13 samples (including blanks) from the
2019 and 2021 datasets, respectively. The final merged dataset
contains 8349 ASVs and 60 samples, including 38 metacercariae
(19 of each morph, 383 ASVs) and 22 environmental samples
(8017 ASVs). Final depth of the complete table ranged from
757 to 307 931; depth of metacercariae ranged from 757 to 52
389, and that of environmental samples from 1615 to 307 931.
Results at lower taxonomic ranks (family) are presented along
with results at higher ranks (phyla), since MCS analyses
show taxonomic classification is less accurate at lower ranks
(electronic supplementary material, figure S1; Results).
Metacercarial microbiomes clearly differed from the
environment and the laboratory environment (figure 1),
independent of year of collection (electronic supplementary
material, figure S5 and tables S11-S14). The environment
and the laboratory environment share many ASVs, but few

ASVs are common between normal and progenetic morphs,
and between each morph and the environment (figure 1a).
However, the proportion of higher taxa (phylum and
family) shared by normal and progenetic metacercariae is
large (figure 2a—c).

The taxonomic composition at the phylum level is mostly
similar between normal and progenetic morphs (figure 2a,b; elec-
tronic supplementary material, figure S6), with high relative
abundance of Proteobacteria, Actinobacteriota, Firmicutes
and Bacteroidota. Yet, the relative abundance of Firmicutes
is higher in progenetic metacercariae, while Bacteroidota
is more abundant in normal metacercariae. At the family
level, Burkholderiaceae, Hymenobacteraceae, Beijerinckiaceae,
Corynebacteriaceae, Nitrococcaceae, Microbacteriaceae and Cau-
lobacteraceae are more abundant in normal morphs, whereas
Moraxellaceae, Geodermatophilaceae, Bacillaceae, Pseudomona-
daceae and Oxalobacteraceae are more abundant in progenetic
morphs (figure 2a,b; electronic supplementary material, figure
S7). Some taxa were only detected in a single sample (e.g. Catel-
licoccaceae and Alcaligenaceae), or with high abundance in one
sample and very low abundance in another (figure 2c). In
these cases, sample size was potentially insufficient to detect
lower frequency taxa.

LEfSe and corncob tests of differential abundance
between morphs were not significant at the taxonomic



Downloaded from https://royal soci etypublishing.org/ on 06 June 2023

(a) phylum
normal progenetic normal
u e N

relative abundance (%)

—~
S
~
=]
=
=
(=
3

<
)
153
8
=]
S
=
=]
=
o
5
o
Z
=
E

(©)

normal progenetic normal

normal

. . Proteobacteria
family

Sphingomonadaceae*
Comamonadaceae |
Rhodobacteraceae *

Burkholderiaceae *
Moraxellaceae -|
Hymenobacteraceae
Xanthobacteraceae -
Corynebacteriaceae -
Beijerinckiaceae -
Geodermatophilaceae
Microbacteriaceae -
Nitrococcaceae |
Pseudomonadaceae
Bacillaceae -
Catellicoccaceae +
Family_XI -
Oxalobacteraceae -
Caulobacteraceae
Alcaligenaceae -|
Neisseriaceae *

family

rogenetic .
L8 phylum family
Cyanobacteria others
. Bdellovibrionota . .
Neisseriaceae
Myxococcota .
Alcaligenaceae
. Verrucomicrobiota
Caulobacteraceae
Chloroflexi
. . Oxalobacteraceae
. Acidobacteriota
Family_XI
Planctomycetota Y=
. Dei . Catellicoccaceae
einococcota
Patescibacteria Bacillaceae

. Gemmatimonadota . Pseudomonadaceae

Nitrococcaceae

. Microbacteriaceae

Bacteroidota

. Firmicutes

Actinobacteriota Geodermatophilaceae

. Beijerinckiaceae
Corynebacteriaceae
. Xanthobacteraceae
Hymenobacteraceae
. Moraxellaceae
Burkholderiaceae
. Rhodobacteraceae
Comamonadaceae

. Sphingomonadaceae

progenetic

progenetic

relative
abundance (%)

10.00
1.00

0.10

0.01

AlLAIL AITAI4AIS A16 A8 A8 A8 BI2B14 B14BI4 Bl Bl Bl B5S B8 B9 AllAlI3 A8 BIOBII1BI2BI3 B13 BI4BI4BIS BIS B2 B3 B4 B4 B6 B7 B9

Figure 2. Taxonomic composition of the microbiome of normal and progenetic metacercariae. (a) Bar plots of taxonomic composition including all phyla and the 20
most abundant families, for each individual metacercaria. (b) Pooled taxonomic composition at phylum and family level. (c) Heat map showing relative abundance of
the 20 most prevalent bacterial families in normal and progenetic morphs, matched by host identity (x-axis; each unique code is a different host individual).

levels tested, except corncob for the Cryomorphaceae family
in 2021 (electronic supplementary material, figure S8
and table S2). However, metastat results showed that all
14 phyla occurring in metacercariae differed significantly in
abundance between morphs (electronic supplementary
material, table S5, results per year in electronic supplemen-
tary material, tables S3, S6 and S7). At the family level,
67 out of 92 taxa present in metacercariae differed signifi-
cantly in abundance between normal and progenetic
morphs (electronic supplementary material, table S8,
results per year in the electronic supplementary material,
tables S4, S9 and S10).

Microbial community richness (a-diversity) was similar
between normal and progenetic morphs, even when consider-
ing different years or co-infection with M. poulini (figure 1b;
electronic supplementary material, figure S5, and tables S11
and 512). There are a-diversity differences between metacercar-
iae and environmental samples (electronic supplementary
material, tables S11 and S12), and differences in environmental
samples between years (electronic supplementary material,
table S11).

Microbial diversity comparisons at phylum and family
level (B-diversity) detected no significant difference between
metacercariae morphs (electronic supplementary material,
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tables S13 and S14), regardless of host identity and year of col-
lection (figure 2c; electronic supplementary material, figures S9
and S10, and table S15); however, both are significantly
different from the environment and laboratory environment
(figure 1cd, electronic supplementary material, tables S13
and S14). Temporal differences are stronger in environmental
samples (electronic supplementary material, table 513). Finally,
co-occurrence of M. poulini with C. paroum did not affect
the microbial diversity of C. parvum metacercariae (electronic
supplementary material, table 513).

The ability of many helminths to facultatively truncate and
simplify their life cycle is one of the most striking examples
of phenotypic plasticity among parasites [6-8]. Although this
phenomenon can be triggered by adverse conditions for trans-
mission, its unpredictable adoption by different conspecifics
exposed to the same conditions suggests that other determin-
ing factors play a role. Here, we show that individuals of the
trematode Coitocaecum parvum following the ‘normal’ three-
host life cycle ending in a fish host harbour a microbiome
with subtle differences from that of conspecifics adopting a
shorter two-host cycle with progenesis in the second inter-
mediate host. Following earlier evidence that an individual’s
microbiome can shape its phenotype [15-17,36], our findings
raise the question of whether symbiotic bacteria could
influence the transmission route followed by parasites.

Our results indicate that C. parvum harbours a microbial
community distinct from that of the external environment, a
finding that supports an earlier study demonstrating that this
trematode has a core microbiome different from that of
its hosts or the environment [21]. The minor differences
in microbial community composition between individuals
sampled 2 years apart suggest the microbiome is resilient
to major temporal changes in climatic and environmental
conditions. There were nonetheless differences in the compo-
sition of microbial communities among individual parasites,
even within the same morph (normal or progenetic). This can
be explained by the imperfect vertical transmission of bacteria
to the infective stages (cercariae) during the asexual proliferation
stage within snail hosts, resulting in some cercariae inheriting
certain bacterial taxa and others missing out [37,38], or
by inter-individual variation in bacteria acquisition from
the environment.

There were subtle differences between normal and proge-
netic metacercariae, however, with respect to the relative
abundance of particular bacterial taxa, whether the metacercar-
iae shared the same individual host or not. These differences
likely arose prior to entry into the amphipod host, or shortly
after. Indeed, within days of infecting their second intermedi-
ate host, metacercariae produce a cyst surrounding their
body [39]. This consists of a thin and flexible envelope in
species like C. parvum, or a thicker, double-walled cyst as in
the frequently co-infecting Maritrema poulini. Regardless of
the nature of the cyst, it is likely impermeable to bacteria.
This means that bacterial communities develop in isolation
within the encysted parasite, also explaining why the co-occur-
rence of M. poulini had no effect on C. parvum’s microbial
community: exchanges of bacteria from host to parasite, or
among parasites, are not possible following encystment.

Differences in the abundance of certain bacterial taxa
between normal and progenetic metacercariae may be
explained by the larger body size (roughly 5-10-fold) of the
latter, as body size can modulate bacterial diversity and abun-
dance [40]. Metastat analyses revealed that all 14 bacterial
phyla detected in the metacercariae, and two-thirds of bac-
terial families, differed in relative abundance between the
two morphs. However, body size does not explain every-
thing: abundance was sometimes higher in progenetic
metacercariae, and sometimes in normal ones, depending
on the bacterial taxon (electronic supplementary material,
tables S1 and S2). The real question is whether or not these
differences in bacterial communities determine whether a
metacercaria follows the normal three-host pathway, or
achieves early maturity via progenesis and truncates its life
cycle to two hosts. Natural selection might favour symbiotic
microbes capable of influencing the trematode’s development
if their own transmission and fitness depend on what
the parasite does. For instance, opportunities for horizontal
transmission of bacteria (to fish) are only possible with the
normal three-host cycle. However, too little is known about
the functional genomics of these bacteria and their influence
on developmental processes to speculate on their effects on
trematode biology. Furthermore, the evidence we provide
here is correlative. Demonstrating a causal relationship
would require the experimental manipulation of microbiomes
followed by monitoring of metacercarial development. Anti-
biotics can be used to alter microbial communities within
trematodes [41]; however, this can only be achieved by target-
ing broad bacterial types, e.g. Gram-negative or Gram-positive
taxa. Precisely targeting specific taxa only, such as those
identified here, remains logistically impossible.

In summary, our findings reveal that alternative life cycle
pathways involve more than differences in the timing of
maturation: the two developmental morphs possess slightly
different microbiomes. Although the evidence is correlative
and the association with developmental pathways is weak,
subtle differences in symbiotic bacteria may be associated
with slightly different arrays of gene products that might
influence other aspects of the parasite’s biology and its
impact on hosts. These findings reinforce earlier calls [18,19]
for the inclusion of microbes into an integrated framework
for the study of host—parasite interactions.

Data and scripts used for the analyses are available as
part of the electronic supplementary material [42].
P.M.S.: data curation, formal analysis, investi-
gation, methodology, visualization and writing—original draft; F]J.:
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funding acquisition, project administration, supervision and
writing—original draft.
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