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Abstract

Parasite infections are increasingly reported to change the microbiome of the parasitized hosts, while parasites bring their own microbes to what
can be a multi-dimensional interaction. For instance, a recent hypothesis suggests that the microbial communities harboured by parasites may
play a role in the well-documented ability of many parasites to manipulate host phenotype, and explain why the degree to which host phenotype
is altered varies among conspecific parasites. Here, we explored whether the microbiomes of both hosts and parasites are associated with
variation in host manipulation by parasites. Using colour quantification methods applied to digital images, we investigated colour variation among
uninfected Transorchestia serrulata amphipods, as well as amphipods infected with Plagiorhynchus allisonae acanthocephalans and with a dilep-
idid cestode. We then characterized the bacteriota of amphipod hosts and of their parasites, looking for correlations between host phenotype
and the bacterial taxa associated with hosts and parasites. We found large variation in amphipod colours, and weak support for a direct impact
of parasites on the colour of their hosts. Conversely, and most interestingly, the parasite’s bacteriota was more strongly correlated with colour
variation among their amphipod hosts, with potential impact of amphipod-associated bacteria as well. Some bacterial taxa found associated
with amphipods and parasites may have the ability to synthesize pigments, and we propose they may interact with colour determination in the
amphipods. This study provides correlational support for an association between the parasite’s microbiome and the evolution of host manipula-
tion by parasites and host—parasite interactions more generally.

Keywords: parasite microbiome project, host—parasite interactions, parasite-induced host phenotype, microbiome, amphipod colour variation,
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Introduction behaviour/phenotypic change induced by the same species
of parasite in the same species of hosts, particularly within
the same environment and population. In fact, large varia-

late behaviours and phenotypes in their parasitized hosts, tion in the level of phenotypic manipulation was reported for

with potential impacts at the host population level (Barber parasites that benefit fr'om their }_IOSt’S behavioural.change
& Dingemanse, 2010; Herbison, 2017; Michalakis & (e.g., trophically transmitted parasites) and for parasites that
’ ’ ’ ; induce nonadaptive behavioural changes in their hosts (e.g.,

as a consequence of pathology), highlighting that parasite-
induced host behavioural manipulation does not result in
fixed host phenotypes.

Although overlooked in most ecological and evolution-
ary studies, parasites have long been known to modu-

Hochberg, 1994; Poulin, 2010). One example is hairworms
(Spinochordodes tellinii) that induce water attraction in their
grasshopper hosts (Meconema thalassinum), a remarkable

adaptation for a worm that reproduces in water (Biron et al.,

2005; Thomas et al., 2002). Mermithid nematodes also induce A hy?(’th_esw fecemly put for.th COHSIderS, the host’s and
water attraction in various host species, in addition to femi- parasite’s microbiomes as potentially responsible for some of

. , . . PO
nizing their male mayfly hosts’ secondary sexual characters the parasitized host’s behavioural/phenotypic modifications

(Herbison, Evans, Doherty & Poulin, 2019; Herbison, Evans, (Biron et al., 2015; Dheilly, Poulin, et al,, 2015 I.’oulm. et
Doherty, Algie, et al., 2019; Vance, 1996). Some mechanisms al., 2023).. Branchl'ng fr'om the holobiont context, in which
underlying such behavioural/phenotypic manipulation have an organism and 1ts mlcrob'lome are seen as an integrated
been attributed to parasite-induced differences in host gene whole (Bordenstein & Thels’. 2015, Roughgardep, 202(,);
expression and proteins that may interfere with the hosts’ Roughgarden et %l” 2917; Theis et al., 2016), parasites, their
immune, nervous, or endocrine systems, with the expression hosts, and the mlgroblome of both yvould b,e thg subject of
of manipulation depending on individual and environmen- co-evglutlon (Dhell!y, 2014)', Increasingly, mlc.roblomes have
tal circumstances (¢.g., host and parasite sex, age, number of been.mcorporated into studles of host—parasite interactions
parasites, temperature, and pollution, presence of other par- (Dhel'lly et al., 2017; Dhel}ly, Ewal'd, et al., 2019; Dheilly,
asite species; Poulin, 2010, Thomas et al., 2011). However, Marjanez, et al., 2019; Dheilly, Poulin, et %1" 2015; Hahn &
these factors fall short of explaining the wide variation of Dheilly, 2016), and found to modulate various aspects of the
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host-parasite dynamics, such as the parasite’s infection suc-
cess and the host’s susceptibility to infection (Brealey et al.,
2022; Dheilly et al., 2017; Dheilly, Poulin, et al., 2015; Hahn
et al.,2022; Reverter et al.,2020; Reynolds et al., 2014, 20135;
Salloum et al. 2023b; Tsagou et al., 2004). Microbiomes
have also been associated with phenotypic modifications, for
instance in the development of different castes of bees and
trematodes, among many other examples (Balakirev et al.,
2008; Carrier & Reitzel, 2018; Dheilly, Maure, et al., 2015;
Hahn et al., 2022; Jorge, Dheilly, Froissard & Poulin, 2022;
Lynch & Hsiao, 2019; Salloum et al. 2023a; Zoetendal et
al., 2015). Furthermore, the microbiome of the same species
of hosts differs when individuals are infected by different
parasites species, indicating that infection (or the organism’s
response to infection) has an impact on the microbiome.

Here, we explored whether microbiome differences (focus-
ing on bacteria) are associated with the phenotypic change
presumably induced by parasites in their intermediate hosts.
The rationale behind this idea is that, if the host microbiome
changes in response to parasitic infection, then this change
could also impact the phenotypic alterations they experience.
Furthermore, parasites have their own microbiomes, which
also interact with their surroundings, potentially impacting
the parasite-induced host phenotypic change. In general, par-
asites have short generation times and, as such, are subject to
fast evolution (Gandon & Michalakis, 2002). The microbial
community associated with parasites must, therefore, benefit
from the parasite’s success (Van Vliet & Doebeli, 2019), even
if this has a large cost for the microbiome (Roughgarden et
al., 2017). Thus, changes in the parasitized host’s behaviour/
phenotype that benefit the parasite will also represent an
advantage for the parasite-associated microbial taxa (Poulin
et al., 2023, Salloum et al. 2023b), which could, for exam-
ple, produce molecules that influence the parasitized host’s
phenotype/behaviour (Poulin et al., 2023). Given that micro-
biomes are largely variable even among conspecifics (Hahn
et al., 2022; Jorge et al., 2020; Jorge, Dheilly, Froissard,
Wainwright, et al., 2022; Jorge, Froissard, et al., 2022;
Salloum et al., 2023), the final phenotype of the host would
then result from the net effect of interactions among the par-
asite, the parasitized host, and their microbiomes (Dheilly et
al. 2015; Poulin et al., 2023).

As a first step towards understanding the role of the micro-
biome in phenotypic changes induced by parasites in their
hosts, we characterized the phenotype and bacterial commu-
nity (hereafter bacteriota) of uninfected and infected hosts,
as well as the bacteriota of the parasites infecting them. Our
model system consists of Transorchestia serrulata amphipods
(family Talitridae), which have high prevalence of infections
by the acanthocephalan Plagiorhynchus allisonae and by a
dilepidid cestode. These parasites have shore birds as their
definitive hosts and are trophically transmitted when birds
prey on infected amphipods (Figure 1, Lagrue et al., 2016).
Transorchestia serrulata amphipods have various colour
morphs, some of which have a higher prevalence of acan-
thocephalan (dark grey and blue) or cestode infections (dark
grey and green, Lagrue et al., 2016). Given these different
colours between infected and uninfected amphipods, it was
hypothesized that the parasites induce colour changes in their
amphipod hosts, making them more conspicuous to preda-
tors, increasing the chances that the parasite reaches its defin-
itive host. Colours are conferred by pigments, which are part
of metabolic processes that can be affected by subtle changes
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(Wigglesworth, 1949). These changes could result from the
parasitic infection and alterations in the microbiome. We
used quantified colours from digital images to test for an
association between amphipod colour and infection status
(uninfected, acanthocephalan-infected, and cestode-infected
amphipods). More importantly, we explored whether the bac-
teriota of hosts and parasites are associated with the amphi-
pod colours. As far as we know, this is the first test of the joint
effects of host and parasite microbiomes on parasite-induced
alterations in host phenotype.

Methods

Collection

Amphipods, sediment, and seawater were collected from the
supralittoral zone at Lower Portobello Bay, Dunedin, New
Zealand (45° 4,904,800 S, 170° 4,001,200 E) in March 2023.
Approximately 500 individuals of all sizes from an area of
~8m? were manually gathered, placed in sterile 1 L plastic
containers with sediment from the collection site (roughly 50
amphipods per container), and transported back to the lab-
oratory in the Department of Zoology, University of Otago.
Two environmental samples (substrate) were collected with
sterile swabs, and stored on ice until arrival in the laboratory,
where they were placed at =70 °C. Collected amphipods were
housed alive in the collection containers, with 200 mg of sed-
iment from the collection site which was kept moist with the
collected sea water. Of all amphipods, 100 individuals were
randomly sampled from the various containers and processed
as below.

Photos and colour analyses

Given that colour morph classifications are subjective, par-
ticularly when there is large colour variation, we character-
ized T. serrulata phenotypes using quantified colour in digital
images. To photograph the amphipods, animals were cold-
stunned by placing the whole container (with the sediment)
at—20°C for 20 min. Stunned amphipods (did not move once
touched) were placed in-between microscope slides, which
were held together by adhesive putty. The slides were sub-
merged in sea water from the collection site in a sterile petri
dish. Photos were taken under the dissecting microscope, using
an AMSCOPE Microscope Digital Camera MU1003B (10MP
aptina colour CMOS, ultra-fine colour engine) mounted on
an Olympus SZ61 model SZ2-ILST dissecting microscope,
with the same camera positioning, same (artificial) lighting
conditions, and the same scale for all amphipods. A grey card,
which is a standardized tone with two known colours (18
grey, 90 white) used in photography to obtain an accurate
metre reading, was submerged and photographed under the
same conditions.

The Image] v1.54d plug-in Mica Toolbox (Abramoff et al.,
2004; Troscianko & Stevens, 2015) was used to normalize
all photos based on a sequential method (i.e., a grey card and
the image are in separate photos), making colour comparable
across different images. Settings for the image normalization
can be found in the supplementary material. Normalized pho-
tos (saved as PNG files) were imported into Adobe Photoshop
2022 v25.5.2. In Photoshop, a standard black (RGB 0,0,0)
background file was created with A4 size in landscape orien-
tation, using RGB colour mode and selecting the option of
“no colour profile management.” Each normalized amphipod
image was then loaded, the amphipod selected with the “quick
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Figure 1. Life cycle of the acanthocephalan Plagiorhynchus allisonae. The same hosts are used by the dilepidid cestode. 1. P allisonae eggs are
released in the definitive hosts’ faeces; 2. The eggs contain a fully developed Acanthor larva when excreted in faeces; 3. The eggs are ingested by
an intermediate host, in this case Transorchestia serrulata amphipods; 4-5. The Acanthor is released from the egg and enters the haemocoel of

the amphipod; 6. It then enters its second larval phase, called the Acanthella; 7. After 6-12 weeks, the acanthocephalan reaches the infective stage
known as the Cystacanth; 8. The definitive host (gulls, oystercatchers, and rarely spoonbills) is infected when intermediate hosts containing infective
Cystacanths are ingested. In the definitive host, the released juveniles attach themselves to the wall of the small intestine, where they mature and

reproduce after about 8-12 weeks.

selection tool” (using a size of five pixels for the selection
tool) and pasted on the black background file. In the black
background, amphipods eyes and photography artefacts were
removed (noise masking) by turning eyes, eggs, dirt, air bub-
bles, and potential photography artefacts into black back-
ground. Masked images were saved as PNG files and loaded
into R v4.2.2 (R-Core-Team, 2022), with the packages PNG
v. 0.1-8 (Urbanek, 2022) and colordistance v.1.1.2, for colour
quantification and analyses.

Colour quantifications and analyses were undertaken
based on two colour scales, the RGB (Red-Green-Blue) and
the CIELab (a colour scale defined by the International
Commission on Illumination, see below). The RGB scale is
widely used in digital images, with a value of red, green, and
blue in each pixel (Kendal et al., 2013). The RGB scale can be
transformed into standardized, nonlinear, device-independent

colour scales, of which an example is the International
Commission on Illumination (CIE) L*a*b scale (hereafter
CIELab, Kendal et al., 2013; McLaren, 2008). The “L” dimen-
sion represents luminance (dark to light), the “a” dimension
represents the green to red spectrum, and the “b” dimension
represents the blue to yellow spectrum (Kendal et al., 2013;
McLaren, 2008). To convert the images to CIELab, the func-
tion convert_colour of the package grDevices v4.2.2 (R Core
Team) was used, from sRGB to CIELab, specifying the illu-
minant as D65 (standard indirect day light). Summary sta-
tistics were then calculated for RGB and CIELab images,
and analyses were undertaken with the mean and the maxi-
mum of each colour channel in each scale. Firstly, a principal
component analysis was done with the prcomp base R func-
tion to check whether uninfected amphipods or amphipods
infected by different parasites (acanthocephalan-infected and
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cestode-infected) have different colours. Secondly, due to the
non-normal distribution of residuals resulting from ANOVAs
(Supplementary Tables S1 and S2), a Kruskal-Wallis test
(Kruskal.test base R function) was done to check whether
the different infection groups also differ in their RGB and
CIELab colour values. Finally, a multinomial logistic regres-
sion was undertaken separately for each colour scale (RGB
and CIELab) with the package Tidymodels v1.1.1 (Kuhn &
Wickham, 2020), using each colour channel (R, G and B, or L,
a and b) as independent variables and infection as the depen-
dent variable. Model fit was evaluated based on deviance and
AIC, and the false discovery rate was used to account for mul-
tiple testing.

To estimate colour distance among amphipods, the R pack-
age colordistance v.1.1.2 (Weller & Westneat, 2019) was used
to bin the average colour value of each pixel into histograms,
with each bin corresponding to a bar in the histogram and
the number of bins assigned by the user. Once a distribution
for each image was obtained (the histograms of each image),
we estimated colour distance based on the Earth Mover’s
Distance method (EMD, Rubner et al., 2000). In brief, the
EMD method compares colours among images by estimating
the cost of transforming one colour distribution into another,
so the larger the colour difference, the larger the cost (Rubner
et al., 2000; Weller & Westneat, 2019). These analyses were
performed in RGB scale. The black background was removed
(with lower and upper RGB thresholds of 0 and 0.1, respec-
tively). Two different settings were used: first a single bin per
colour channel was used (1*1*1 =1 bin in total); then, two
bins per colour channel were used (2¥2%2 = 8 bins in total).
The number of bins per colour channel represents how many
clusters are used to group pixels in a colour channel. For
example, for the eight-binned dataset, each image was sum-
marized by eight values of red, eight values of green, and eight
values of blue. Colour distance between samples was esti-
mated based on both the single-binned and the eight-binned
dataset; heatmaps were plotted using the colordistance pack-
age, and neighbour joining trees were constructed with ape
v 5.7-1 (Paradis & Schliep, 2019). The single-binned dataset
was used in a multidimensional scaling analysis undertaken
with vegan v 2.6-4, using the metaMDS function, Bray-
Curtis distances, and 999 permutations. For the eight-binned
dataset, multidimensional scaling analysis were undertaken
based on the earth mover’s (colour) distances and the follow-
ing settings: maxit = 999, trymax = 500, wascores = TRUE,
expand = TRUE.

Amphipod dissections, DNA extraction, PCR, and
sequencing

Dissections were done under a UV-sterilized laminar flow
hood. All material used was UV-sterilized, dissecting kits and
solutions were autoclaved, and petri dishes were sterilized by
soaking in 1:100 TriGene dilutions. Dissection instruments
were sterilized by sequential immersion in 1:100 TriGene,
70% ethanol, and distilled water.

Amphipods were euthanized by freezing. To reduce con-
tamination from the exterior of the amphipod’s body, dead
amphipods were stirred in 70% ethanol, dried with a paper
tissue, and placed in a petri dish for dissection. A scalpel was
used to remove the head, following which the dorsal part of the
body (around the third scale) was opened, and haemolymph
was collected with a sterile cotton swab and stored at—70
°C. Each amphipod was then carefully pulled apart and any
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endoparasites found were isolated. Parasites were counted,
washed by pipetting up and down in phosphate-buffered
saline (PBS) over a series of three wells of a culture plate (to
reduce external contamination from the host’s haemolymph
on the parasite) and stored at—70°C. If more than one par-
asite was found, different taxa were stored separately (e.g.,
one tube for cestodes and another for acanthocephalans) and
the same taxon was pooled (e.g., a single tube for more than
one acanthocephalan from the same individual amphipod). A
negative control for the PBS solution was taken (100 pL) and
stored at -70 °C.

DNA extraction from hosts haemolymph and parasites, as
well as for the PBS buffer negative control, was undertaken
with the Qiagen Power Soil Kit following the manufactur-
er’s recommendations, except that the bead-beating step was
increased to 20 min and that parasites were incubated over-
night at 60 °C with 20 pL of proteinase K (20 mg/mL) to
lysate the cells. Two DNA negative controls were included.
Library preparations were carried out as in Jorge et al. (2020),
but amplicons were purified using Mag-Bind TotalPure NGS
(Omega Bio-Tek) at a ratio of 0.8 bead solution to amplicon
(PCR product). Two PCR negative controls were included.
Amplicon concentrations were defined with a Qubit fluoro-
meter, normalized to the lowest concentration, multiplexed,
and sequenced, targeting the V4 hypervariable region of the
bacterial 16S SSU rRNA gene with the primers 515F- 806R
(Apprill et al., 2015; Parada et al., 2016) using an Illumina
MiSeq platform and v3 reagent cartridge (250 bp, paired-
end) at the Otago Genomics & Bioinformatics Facility.

Microbiome analyses
Bioinformatics

Quality of the demultiplexed sequences was checked using
FastQC v0.11.9 and MultiQC v1.14. The cutadapt plugin
implemented in QIIME2 v2023.5 (Bolyen et al., 2019) was
used to remove primers and adaptors from raw sequences,
with 0 error rate and minimum length of 190 bp. Sequences
were forward- and reverse- trimmed by 13 bp, truncated at
170 bp (forward) and 190 bp (reverse), and denoized using
the dada2 plugin in QIIME2 (Callahan et al., 2016). The
SILVA database version 138.1 targeting the prokaryotic gene
region SSURef NR99 was trained on our dataset, using the
Naive Bayes classifier in QIIME2 and the same settings as
Salloum et al. (2023). The data was then filtered to remove
mitochondria, chloroplasts, eukaryotes, and sequence vari-
ants without a phylum assignment. Contamination was iden-
tified with the R package decontam v1.18.0 (Davis et al.,
2018), using the ‘either’ method with a frequency threshold of
0.1 and a prevalence threshold of 0.5 (Supplementary Figures
$10 and S11). This means that sequence variants were consid-
ered contaminants based on the distribution of the frequency
of each variant as a function of the DNA input concentration
(frequency method) and on whether prevalence of sequence
variants is higher in negative controls (five negative controls
in total) than in true samples (prevalence method with thresh-
old 0.5). Sequence variants identified as contaminants were
removed from the dataset. Rarefaction curves were done with
a maximum of 4000 sequence variants per sample (depth)
and various alpha diversity metrics (Faith’s PD, Shannon
Diversity, and number of observed sequence variants), using
the giime diversity alpha-rarefaction function in Qiime2. A
depth cut-off was defined as a mid-point between sample
size and the asymptote of the rarefaction curve (where the
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increase in diversity levelled off in relation to the number of
sequence variants, and not many amphipod samples were
lost, Supplementary Figure S9), which resulted in a minimum
total frequency of 500 sequence variants in a single sample
with a minimum occurrence of two samples (found at least
twice in the dataset). The filtered dataset has 71 amphipods
(21 infected by acanthocephalans and 11 by cestodes) and 32
parasites (23 acanthocephalans and 9 cestodes).

The observed and expected composition of the
ZymoBIOMICS microbial community standards were com-
pared in QIIME2 with the plugin “quality control” to eval-
uate data quality (before filtering, Supplementary Figure
S12). Taxonomy was assigned based on the trained SILVA
database using the feature-classifier plugin with sklearn
mode in QIIME2; amplicon sequence variants (ASVs) were
aligned with MAFFT using the phylogeny plugin in QIIME2
and rooted and unrooted phylogenetic trees were built with
FastTree2.

Statistical analyses

QIIME2 filtered output files were loaded into R v4.1.3
(R-Core-Team, 2022) using the packages giime2R v0.99.6
and file2meco v0.6.0. Phyloseq v1.42.0 was used to group
amplicon sequence variants (ASVs) into all higher taxonomic
ranks (phylum, class, order, family, and genus). All analyses
were undertaken with the package microeco v1.1.0 unless
otherwise stated. Tests were corrected for multiple testing
with the FDR method for a 0.05 significance level (standard
in the microeco and other R packages used). The two environ-
mental samples were excluded.

Beta diversity of amphipods’ microbiome was estimated at
all taxonomic ranks available (phylum, class, order, family,
genera,and ASV), using presence—absence metrics (Jaccard and
Unweighted Unifrac) and metrics that take taxa abundance
into account (Bray Curtis and Weighted Unifrac). Significance
was estimated using perMANOVAs. Comparisons were made
among amphipods subdivided by colour groups, which were
defined based on four clades in the colour neighbour join-
ing tree with larger than 0.25 Earth Mover’s Distance (EMD)
on the eight-binned dataset. Parasite microbiomes were also
subdivided by their hosts’ colour groups. In addition, to test
for differences in the bacteriota composition of amphipods
and parasites, a beta diversity comparison was made among
all amphipods, acanthocephalans, and cestodes. Shapiro tests
implemented in Stats v. 4_4.2.2 (R-Core-Team, 2022) were
used to test for normality of the distance matrices, includ-
ing the EMD colour matrix for the RGB colour scale with
eight bins, using untransformed and log-transformed data.
These matrices were used in Mantel tests implemented in the
R package vegan v. 2.6-4 (Oksanen et al., 2022) to test for
association of microbiome distance with the EMD colour dis-
tance (of masked, eight-binned images), using the Spearman
method and 9999 permutations to test significance. In addi-
tion, to check how much variance in colour EMD distances
is accounted for by the microbiome distance, effect sizes were
calculated for pairs of measurements (colour-microbiome dis-
tances) using the function eta_squared applied to ANOVAs
in the package effectsize v.0.8.6. Finally, redundancy analyses
(RDA) were undertaken to check how much of variance in
the microbiome community data matrix (response variable)
could be explained by the colour matrix (explanatory vari-
able). Analyses were done separately for the single-binned
RGB colour scale and mean CIELab colour scale, using the
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microeco function cal_ordination. Redundancy analyses were
done for hosts and parasites at all taxonomic ranks, and sig-
nificance of the RDA full model was assessed with ANOVA-
like permutation tests (999 permutations, returning pseudo-F
values). Multiple regressions of colour variables with ordi-
nation axes were done to check for correlation among them
(colour as dependent variable and the ordination axes as
explanatory variables), using the cal_ordination_envfit func-
tion in the microeco package. For these ANOVAs and multi-
ple regressions, the false discovery rate was used to account
for multiple testing.

Alpha diversity of amphipods’ microbiomes was estimated
at all taxonomic ranks using the following metrics: observed
richness, ACE (O’ Hara, 2005), Chaol (Chiu et al., 2014),
Simpson (Hill, 1973), InvSimpson (Hill, 1973), Shannon
(Hill, 1973), and Faith’s PD (Faith, 1992). Alpha diversity sig-
nificance was determined based on ANOVAs. Groups tested
were the same colour groups used for the beta diversity anal-
yses (at least 0.25 EMD colour distance among groups).

To check for differential abundance of microbial taxa
associated with amphipods and parasites of different colour
groups, three tests were used: Aldex2_kw (Fernandes et al.,
2014), with 999 bootstraps; LinDA, with a filter to remove
taxa with no statistical power (minimum relative abundance
of 0.005 at ASV level, and of 0.001 at all other taxonomic
ranks); and Corncob v. 0.3.2 (Martin et al. 2020), with the
“Wald” hypothesis testing procedure. Unique and shared
sequence variants among colour groups were represented in
Upset plots. Bar plots of relative abundance comparing colour
groups, as well as comparing the microbiota of all amphipods
with that of acanthocephalans and cestodes were done based
on group means.

Results

Amphipod host colours and parasitic infection

Ninety-three amphipods were included in the colour analyses,
27 infected by acanthocephalans and 15 by cestodes (7 amphi-
pods infected by both parasites were excluded). Amphipod
colour only showed a minor association with parasitic infec-
tion for the mean “a” colour channel (red-green axis) in the
CIELab scale, based on the Kruskal-Wallis test result (chi-
squared = 8.2919, df = 2, p-value = 0.01583, Supplementary
Table S3). The multinomial logistic regressions did not detect
association between infection status and any colour channel
(Supplementary Table S4), and the models had high AIC and
deviance. Amphipods were also well distributed in PCA space
regardless of infection status and colour scale used, with great
overlap (Supplementary Figures S1-S4 and Supplementary
Table S3).

Clusters of different colours were found based on the Earth
Mover’s Distances (EMDs), but clusters had uninfected and
infected amphipods with both parasites (Supplementary
Figures S5 and S6). These patterns were also recovered on
the neighbour joining trees based on colour distances of the
single-binned dataset (with all 93 amphipods, Supplementary
Figure S7) and of the eight-binned dataset (only including 71
amphipods with microbiome data, Figure 2, Supplementary
Figure S6), with both trees showing infected and uninfected
amphipods at various colour distances. The widespread
presence of parasites was also clear in the multidimensional
scaling analyses, although a cluster of uninfected and cestode-
infected amphipods was closer to the blue and green channels
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Figure 2. Neighbour joining tree based on Earth Mover's (EMD) colour distances (RGB scale, eight-bins dataset). G1 to G4 correspond to the colour
groups into which amphipods were subdivided (colour distance greater than 0.25). Only amphipods that have microbiome data were included.

of the RGB scale in the first multidimensional scaling axis
(Figure 3A and B). The multidimensional scaling stress for
the one-binned and the eight-binned dataset was 0.051 and
0.16 respectively, with an overall better fit in the former
(Supplementary Figure S8).

The four colour groups based on a colour distance larger
than 0.25 EMD all contained uninfected amphipods (RGB
scale, eight-bin dataset containing only 71 amphipods with
microbiome data). One of the groups (G2) did not have
acanthocephalan-infected amphipods, and another (G3) did
not have cestode-infected amphipods (Figure 2).

Overall amphipod hosts and parasites microbiome
results

The filtered dataset consisted of 71 amphipods and 32 par-
asites, ranging in depth from 553 to 950,911 (Table 1).
Subdividing the parasite microbiome data by host colour
group (with distances larger than 0.25 EMD) resulted in
one group missing (G2), one group with most samples (G4,
with 26 parasites), and two groups with small sample sizes
(G1 with 2 samples and G3 with 5). Thus, parasites micro-
biomes were not assessed using host colour group as a cate-
gorical variable (e.g., for alpha and beta diversity) but were
included when host colours were continuous variables (i.e.,
RGB colour scale, CIELab colour scale, and Earth Mover’s
Distance (EMD) colour distances). Mock community stan-
dard comparisons show high accuracy of taxonomic classifi-
cation up to class level, decreasing for lower levels, although
observed and expected abundances are highly correlated
at all taxonomic levels (Supplementary Figure S12). The

microbiome of amphipods, acanthocephalans and cestodes
has different patterns of relative abundances (Supplementary
Figure S13). In addition, beta diversity comparisons among
amphipod hosts’ bacteriota and that of acanthocephalans
and cestodes showed differences in community composition,
in particular between amphipods and acanthocephalan para-
sites, with more similarities between amphipods-cestodes and
acanthocephalan-cestodes (Supplementary Table S6).

Amphipod host microbiomes and colours

Amphipod microbiomes subdivided by colour groups showed
no differences in beta diversity (Supplementary Table S7,
Figure 4A and B). All distance matrices at ASV level were not
normally distributed (Supplementary Table S8). Mantel tests
showed no association between colour distance and host
microbiome distance (all p-values > 0.05, Supplementary
Table S9). Effect sizes were all extremely small (to the
order of 10e-3, Supplementary Table S10). All colour vari-
ables of amphipods (only including those with microbiome
data available) were autocorrelated in the mean RGB scale
(except for cestode-infected and acanthocephalan-infected
mean red and blue, Supplementary Figure S14) and in
the mean CIELab scale (except for acanthocephalan-infected
mean L and mean a, Supplementary Figure S15). The propor-
tion of the amphipod hosts’ microbiome variance explained
by colours in the RDA was from 1% to 5% (Supplementary
Table S11) and the RDA full models were not significant for
the colour matrices explaining variance in the constrained
RDA variables (i.e., microbiome distances, Supplementary
Table S12). However, multiple regression detected the
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Figure 3. Multidimensional scaling analysis scores (points) and species (Pct, r, g, and b); r = red, g = green, b = blue, Pct = proportion of pixels explained
by a bin. (A) Results of the one-binned dataset (Pct = 1 for all samples because this dataset contains a single bin); (B) Results of the eight-binned
dataset.

Table 1. Filtered microbiome dataset overview.

Sample type Sample size Min number of ASVs Max number of ASVs
Amphipods 71 553 923,631
Uninfected 39 662 923,631
Acanthocephalan-infected 21 553 90,852
Cestode-infected 11 1,017 28,182
Colour G1 9 588 165,151
Colour G2 8 900 56,287
Colour G3 10 1,814 90,852
Colour G4 44 553 923,631
Parasites 32 659 950,911
Acanthocephalans 23 659 45,065
Cestodes 9 3,919 950,911

Note. Group sample size and minimum (min) and maximum (max) number of ASVs in each group are presented.

mean red and mean L colour channels as potentially cor- Supplementary Table S13, Supplementary Figures S18 and
related with amphipod microbiome variance (p-values cor- $19). In the ordination space, of the 10 most abundant taxa,
rected for multiple testing (FDR) ranging from 0.009 to 0.1,  the most closely related with mean red were Spirosomaceae
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amphipod colour group, showing the 10 most abundant genera; (G) Upset plot comparing unique and shared amplicon sequence variants (ASVs) among
the microbiomes of the amphipods subdivided by colour groups. The vertical bars represent the number of shared ASVs among the colour groups
indicated with the filled (black) dots represented below them. The smaller horizontal bars on the left represent the number of ASVs found in each of the
colour groups individually.

20z 1snBny 2z uo 3senb Aq 9001 1. 2/S809B0A/GBI/EE0L "0 /10P/a[olE-80UBAPE/qBI/W0D dNOdlWapEoE//:SA)Y WO} POPEOJUMOQ



Journal of Evolutionary Biology, 2024, Vol. 37, No. 9

>

)
e

RDA2 [11.3%)]
o
«

Prev ticola
phingomBnas aerae
Pseudoxantho

I
N
(=]
s
2
Q.

w

N
e

ﬁ)rio

RDA2 [11.5%]
o

I
N
‘.3

@)

N
(&)

RDA2 [4.8%]

-50 25 0 25
RDA1 [93.7%]

1017

D
50+
2
225,
=, L
oY
< = a
E 01 Vibrio ; S iopatopjasma
—251 A
-50 ~25 0 25
E RDA1 [82.7%]
°
50+
3 0°
2,0 e
L 251 &) gc;\\\‘
=, ) ®
o~ L a oA
<D( 0l : Alphaplroteobacteria
¥ Gammaproteobacteria .A 5 ITucomicrobiae
° z. & o/or%/eo/’ﬁf//é
-25 N e 2 oy e
) ‘90,«@,.
A [ ?
%‘.
-75 -50 -25 0 25

RDA1 [94.6%]

E acanthocephalan

E cestode

Figure 5. RDA on parasite microbiomes and mean amphipod host colours, using mean RGB and bacterial species (A), mean RGB and bacterial

genus (B), mean RGB and bacterial class (C), mean CIELab and bacterial genus (D) and mean CIELab and bacterial class. Black arrows indicate the 10
most abundant taxa in the RDA space. Red arrows indicate the mean red (r), mean green (g), mean blue (b), mean L (L), mean a (a), and mean b (b)
colours in the RDA space for each amphipod host (only including the 32 for which parasite bacteriome data is available). All plots represent significant
results in the RDA1 axis. Note: In (A), Talitrus saltator is an incorrect species name in the Silva database v. 138.1, corresponding to sequences
GDUJ01044859.40.1504, GDUJ01044860.143.1046, and GDUJ01044858.143.1623 of Thiothrix bacterial genus representatives, referred to as Thiothrix

sp. in this study.

and Rickettsiales at family level (Supplementary Figure S18).
Those in an opposite orientation from mean red in the RDA
space were Rubritaleaceae at family level (Supplementary
Figure S18). Amphipod-associated bacterial taxa correlated
with the mean L colour variable in the RDA space were
Brumimicrobium glaciale, Clostridium perfringens and
Flavobacteriaceae bacterium at species level, Photobacterium
at genus level, and Weeksellaceae and Spirosomaceae at

family level (Supplementary Figure S19). Those in an oppo-
site orientation from mean L in the RDA space included five
taxa at species level (Flavobacterium jumunjinense, Thiothrix
sp. (see caption on Figure 5), Joostella marina, Bizionia hal-
leyonensis, and Vibrio tapetis), Pseudoalteromonas and
Candidatus_Hepatoplasma at genus level, and Vibrionaceae
and Pseudalteromonadaceae at family level (Supplementary
Figure S19).
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Alpha diversity was significantly different only at phylum
(Simpson metric, indicating a difference between G1 and
G4, Figure 4C, Supplementary Table S14) and genus taxo-
nomic ranks (Chaol, indicating a difference between G2
and G3, Figure 4D, Supplementary Table S14). Differential
abundance among amphipod colour groups was detected in
some bacterial taxa with corncob and LinDA, but not with
the Aldex2_kw approach (Supplementary Figures S20 and
S21, Supplementary Tables S15 and S16). Corncob results
indicated that the phylum Firmicutes was more abundant in
G3 amphipods and Patescibacteria (or ‘candidate phyla radi-
ation’) was less variable in this same colour group than in
amphipods of other colour groups; the order Chitinophagales
and the family NS9-marine-group (order Flavobacteriales,
phylum Bacteroidota) were less variable in G2 amphi-
pods than in amphipods of other colour groups; and the
family Moraxellaceae (order Pseudomonadales, phylum
Proteobacteria) was more abundant and more variable in G4
amphipods than in the others. In addition, there was differen-
tial abundance and variability in the class Gracilibacteria (phy-
lum Patescibacteria) and the family Thiotrichaceae of order
Thiotrichales (phylum Proteobacteria), but this was indepen-
dent of the amphipod colour groups (that is, only the inter-
cept was significant, Supplementary Table S15). The LinDA
method detected significant differential abundance only at the
ASV level (Supplementary Figure S21, Supplementary Table
$16). ASVs corresponding to the family Sphingomonadaceae
(phylum Proteobacteria) and to the genus Taeseokella (family
Spirosomaceae, phylum Bacteroidota) were less abundant in
G1 than G3 and G4 amphipods. Finally, an ASV correspond-
ing to the family Weeksellaceae (phylum Bacteroidota) was
less abundant in G1 than in G4 amphipods; Weeksellaceae
were also positively correlated with amphipod mean L in the
RDA.

The most abundant bacterial phyla were Proteobacteria
and Bacteroidota. At genus rank, Vibrio (which has a species
in an opposite orientation from mean L in the RDA) was fol-
lowed closely by Rubritalea (Figure 4E and F). Colour group
G4 had the largest number of samples (44 amphipods) and
unique ASVs, followed by ASVs shared among all amphi-
pods, and between any colour group with G4 (Figure 4G).
The number of unique ASVs within each of the smaller colour
groups (G1, G2, and G3) was larger than the number shared
among them (excluding G4).

Parasite microbiomes and amphipod host colours

Mantel tests showed no association between host colour dis-
tance and parasite microbiome distance (all p-values > 0.035).
Effect sizes were all extremely small (to the order of 10e-3).
Some colour variables were autocorrelated for the 32 hosts
having parasites with microbiome data (mean red and mean
green in the mean RGB scale, and all colour variables in the
mean CIELab scale, Supplementary Figures S16 and S17).
However, an interesting result is that parasite microbiome
distances were significantly explained by the constrained
RDA axis 1 (Supplementary Tables S11 and S12). This axis
explained a cumulative proportion of variance of 82.5% at
species level, 82.3% at genus level, and 93.7% at class level
(Figure 5), of which 8-10% were explained by the constrain-
ing mean RGB colour matrix (Supplementary Table S11). In
addition, the RDA full model was significant at these three
taxonomic ranks (species, genera, and class, Supplementary
Table S11). The RDA of the mean RGB colour scale at

Koellsch et al.

species and genus level showed red and green colours in an
opposite direction from blue, and two groups of bacterial
taxa distributed more closely to either red-green or to blue.
The species closer to the red-green axis were Thiothrix sp.
(see caption in Figure 5), Flavobacterium jumunjinense and
Pistricoccus aurantiacus (the first two also in a negative cor-
relation with mean L in the host microbiome RDA); the gen-
era closer to the red-green axis were Salinirepens, Thiothrix,
Vibrio, Flavobacterium (also in a negative correlation with
mean L in the host microbiome RDA), Pseudoalteromonas
(also in a negative correlation with mean L in the host
microbiome RDA), Photobacterium (also correlated with
mean L in the parasite’s microbiome RDA), and Shewanella;
the species closer to the blue axis and in an opposite ori-
entation from red and green in the RDA space were
Flavobacteriaceae bacterium (also positively correlated with
mean L in the host microbiome RDA), Solirubrobacterales
bacterium, an unnamed species of Chitinophagales that is an
epibiont of crabs (Zwirglmaier et al., 2014) termed ‘bacte-
rium_episymbiont’ in the Silva v138.1 database, Prevotella
denticola,  Cellulophaga lytica, Pseudoxanthomonas
Mexicana, and Sphingomonas phyllosphaerae; and the
genera closer to the blue axis were Granulosicoccus,
Rubritalea, and Candidatus_Hepatoplasma. At class level,
red, green, and blue point towards a similar direction, closer
to Gammaproteobacteria. In addition, multiple regressions
detected the host mean green colour (RGB scale) signifi-
cantly correlated with the microbiome variance at ASV level
in the RDA space (Supplementary Table S13). Variance in
parasite microbiome distances were not correlated with the
constrained RDA axis 1 of the host mean CIELab colour
scale (Supplementary Table S12).

Discussion

The role of the microbiome in host—parasite interactions
is increasingly considered in ecological parasitology stud-
ies, but the potential for microbiomes to interfere with
parasite-induced host behavioural and phenotypic changes
is largely underexplored. Based on previous evidence that
acanthocephalan and cestode parasites change the colours
of their Transorchestia serrulata amphipod hosts, we char-
acterized the colour phenotype and bacteriota of uninfected,
acanthocephalan-infected, and cestode-infected amphipods,
as well as the bacteriota of their parasites. We found only a
minor indication of an association between amphipod infec-
tion status and colour on the red-green axis (channel “a” of the
CIELab scale), which could have been due to the amphipod’s
large colour variation and fewer than 100 amphipod individ-
uals analysed. Host and parasite microbiome distances were
not correlated with host colour distances. However, different
host colour groups had specific bacterial taxa with differential
abundance in each group, some of which were correlated with
specific colour axes in the host bacteriota-host colour RDA
(Weeksellaceae and the mean L colour channel). Finally, we
found that the parasites’ bacteriota correlated more strongly
with host colour variation (in the RDA 1 axis of the parasite
bacteriota-host colour RDA) than the amphipods’ bacteriota
(for which the RDA full model was not significant). It is worth
noting that our methods assume that variation on the RGB
and CIELab colour scales translates into some variation in
what the amphipods predators (birds) perceive, and that the
evidence we present, although suggestive of a link between
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the microbiome of the parasite and amphipod host colour, is
entirely correlational.

Acanthocephalans are known to modify the carotenoid con-
tent of other species of amphipods, resulting in colour differ-
ences (Drozdova et al., 2020; Hindsbo, 1972; Labaude et al.,
2015). The mechanisms underlying such changes have been
reported to involve carotenoid-binding proteins (Drozdova
et al., 2020), but the total carotenoid content may also play
a role. Some acanthocephalans can absorb carotenoid from
their amphipod hosts (Barrett & Butterworth, 1968). In the
case of cestodes, different crustacean species have certain
colour morphs associated with higher infection rates (Lagrue
et al., 2016; Sanchez et al., 2006). Bacteria are known to pro-
duce carotenoid pigments (e.g., Pseudoalteromonas species
(Kusmita et al., 2017), a genus occurring in the amphipods’
and the parasites’ bacteriota). Thus, changes in the infected
amphipod microbiome could be underlying differences in the
carotenoid content, which would be perceived as variations in
colour. Carotenoids have various roles in animals, including
enhancing immunity (Maoka, 2020). Recently, pigments and
immune regulation genes were found differentially expressed
between trematode-infected and uninfected amphipods (Rand
et al., 2023). Our results are only suggestive of potentially
carotenoid-synthesizing bacteria in the amphipods’ and par-
asites’ microbiome. However, given that animals cannot syn-
thesize carotenoids (Maoka, 2011), and carotenoids have an
impact on animal immune systems (Maoka, 2020), it is possible
that carotenoid-synthesizing bacteria interact with the amphi-
pod’s response to parasite infection. Furthermore, we found
Rickettsialles in the amphipod bacteriota as potentially cor-
related with the red colour axis in the RDA. Rickettsia bacteria
are known symbionts of aphids, and responsible for changing
aphid colour from red to green (Tsuchida et al., 2010), via
interference with the aphids’ metabolism (Nikoh et al., 2018).
Members of this bacterial family are also known pathogens of
birds (Park & Poulin, 2020), which indicates they are proba-
bly able to colonize the definitive hosts of the parasites here
studied (shore birds). Thus, these bacteria would not necessar-
ily meet a dead end if their amphipod host were predated by
a bird, and could even benefit from the amphipod’s role as a
vector of microorganisms to birds. Because of this, we cannot
exclude a potential role of amphipod-associated bacteria in
determining their colours, although our overall results pro-
vide weak support for a correlation between the amphipods’
colour and their own microbiome.

Given that the only significant RDA result was from
comparisons among parasites’ microbiome distances with
the amphipod host RGB colours, bacteria associated with
the parasites could be involved in host colour determina-
tion. In this analysis, although the coefficient of correlation
between the amphipod colour and the RDA1 axis was only
between 0.08 and 0.1, this axis explained a large proportion
of variation in the parasites’ bacteriota. Furthermore, some
bacteria associated with the parasites are closely related to
pigment-producing taxa. For example, melanin production
was identified in Shewanella colwelliana and in Vibrio chol-
erae (Nosanchuk et al., 2003). These two species belong to
genera matching components of the parasites’ bacteriota
correlated with the amphipod red-green colour axis. If the
bacterial sequences here identified belong to melanin pro-
ducing taxa, and such melanin was found extracellularly, it
could explain (at least partly) amphipod colour differences.
Among its various functions, melanin has been correlated
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with bacterial pathogenicity and reported to help bacteria
to avoid host immune response (Nosanchuk et al., 2003). In
insects, melanin in haemolymph has antimicrobial activity
(Nosanchuk et al., 2003), something that could be true for
the amphipods as well. In the parasites, we also detected bac-
terial groups that were previously reported to produce carot-
enoids, such as Pseudoalteromonas (Kusmita et al., 2017) and
Rubritalea (Yoon et al., 2007). Pseudalteromonas from the
parasites were associated with the direction of the “a’ (red-
green) axis (also the L axis from hosts bacteriota), which
represent colours conferred by carotenoids (yellow, orange,
red and purple colours, Maoka, 2020). Taxa assigned to
Pseudoaltermonoas were also found in negative correlation
with the red-green axis, and more closely oriented towards
the blue axis (Pseudoalteromonas mexicana in the parasites”
bacteriota). Among other reasons, this apparent contradic-
tion highlights the uncertainty of taxonomic classifications
based on a small fragment of the 16S gene when finer taxo-
nomic resolution would be more informative, as well as the
fact that not all species and strains in a prokaryotic genus
will have the same traits (Martiny et al., 2015; Oliver et al.,
2023). However, given the known pigment production ability
of closely related bacterial taxa to those here detected in asso-
ciation with parasites, further investigations of the potential
of these taxa to interact with the parasites and modify amphi-
pod host colours is warranted.

Rickettsia, Rubritalea, and Vibrio bacterial genera associ-
ated with parasites, in addition to Candidatus_Hepatoplasma
(a known symbiont of amphipods, isopods and crabs, Chan
et al., 2021; Leclercq et al., 2014; Sun et al., 2020), were
the most abundant genera in all amphipods (Figure 4F), but
the relative abundance of these genera differed among the
amphipod colour groups. Even though the colour groups
were arbitrarily categorized and may not be biologically
meaningful, they represent larger colour distances than those
between amphipods within each of those groups. Beta diver-
sity showed no differences in host microbiome composition
among these arbitrary colour groups, and the two significant
alpha diversity results are also confounded with other vari-
ables (G1 and G4 are confounded by the larger number of
amphipods in G4; G2 and G3 are missing acanthocephalan-
and cestode-infected amphipods respectively). Similarly, the
differential abundance tests were also based on the arbitrary
colour groups, and results could have been confounded by
these other factors. However, an interesting class recovered
in differential abundance is the uncultured Gracilibacteria,
which only contains bacteria of reduced metabolic capacities
that have been suggested to be both symbionts and parasites.
Gracillibacteria could be an obligate symbiont/parasite of
amphipods, and differences in its abundance could have bio-
logical implications for the amphipods, and may or may not
interfere with parasitic infections.

If the impact of parasite-induced behavioural and pheno-
typic change on the ecology and evolution of populations
has been overlooked, that of the microbiome in such inter-
actions has been almost completely ignored. This study has
found correlative evidence for an association between colour
variation among amphipod hosts and the bacteriota of both
amphipods and their parasites, with weaker indication for an
impact of the amphipods own bacteriota than that of their
parasites on amphipod colour determination. Some bacteria
here associated with colour differences were closely related
or belong to taxa known to izesynthesize pigments. These
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correlations align with the hypothesis that the bacterial com-
munities of hosts and parasites may influence the phenotypic
manipulation of parasitized hosts, something that has long
been considered a unique adaptation of parasites (see Poulin
et al., 2023). There is increasing evidence that microbiomes
modulate their hosts phenotypes and are a factor driving phe-
notypic plasticity, which in turn may impact hosts communi-
ties and ecosystems as the object of evolution (Decaestecker
et al., 2024). Our study expands on this context by showing
potential for microbiomes to drive plasticity in phenotypes of
organisms other than those of their associated hosts (i.e., para-
sites’ microbiomes interacting with the parasitized hosts’ phe-
notypes). Furthermore, if these changes in colour translate into
a change in predation rate by birds, as shown in other systems
(Hernandez-Agiiero et al., 2020; Nokelainen et al., 2014),
there is potential for an impact of parasites microbiome at the
macro-organismal community level. We believe amphipods of
various species are great models to help further understand
such complex interactions, given a wealth of parasitological
knowledge on phenotypic and behavioural changes in parasit-
ized amphipods, as well as the diversity of parasites that use
them as intermediate hosts. Further studies characterizing the
microbiomes of parasitized amphipods and of their parasites,
as well as experimental infections and manipulations (e.g., with
different antibiotics) will help shed light on the specific micro-
bial players involved in such multi-dimensional interactions.
Furthermore, colours are important traits in various systems,
underlying many predator-prey interactions (aposematism,
mimicry, crypsis) and driving evolution via sexual selection.
Future research must consider the influence of the microbiome
in shaping colour differences, which could, in fact, have an
impact on our understanding of colour evolution.
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