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Abstract

1. All animals host a microbial community within and on their reproductive organs,

known as the reproductive microbiome. In free-living birds, studies on the sexual
transmission of bacteria have typically focused on a few pathogens instead of the
bacterial community as a whole, despite a potential link to reproductive function.
Theory predicts higher sexual transmission of the reproductive microbiome in
females via the males' ejaculates and higher rates of transmission in promiscuous

systems.

. We studied the cloacal microbiome of breeding individuals of a socially poly-

androus, sex-role-reversed shorebird, the red phalarope (Phalaropus fulicarius).
We expected (i) higher microbial diversity in females compared to males; (i) low
compositional differentiation between sexes; (iii) lower variation in composi-
tion between individuals (i.e. microbiome dispersion) in females than in males;
(iv) convergence in composition as the breeding season progresses as a conse-
quence of sexual transmission and/or shared habitat use; and (v) higher similarity
in microbial composition between social pair members than between two random

opposite-sex individuals.

. We found no or small between-sex differences in cloacal microbiome diversity/

richness and composition. Dispersion of predicted functional pathways was lower
in females than in males. As predicted, microbiome dispersion decreased with
sampling date relative to clutch initiation of the social pair. Microbiome composi-
tion was significantly more similar among social pair members than among two
random opposite-sex individuals. Pair membership explained 21.5% of the varia-
tion in taxonomic composition and 10.1% of functional profiles, whereas temporal
and sex effects explained only 0.6%-1.6%. Consistent with evidence of functional
convergence of reproductive microbiomes within pairs, some select taxa and pre-
dicted functional pathways were less variable between social pair members than

between random opposite-sex individuals.
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1 | INTRODUCTION

All vertebrates harbour trillions of microbes on their outer surfaces
as well as inner mucous membranes, forming the so-called ‘microbi-
ome’ (Berg et al., 2020). Several studies have shown that host health
and behaviour depend on a well-balanced microbiome composition
(Ezenwa et al., 2012; Hird, 2017; Parfrey et al., 2018) and that its
function in metabolism and immune regulation is linked to host
fitness (Gould et al., 2018; Shin et al., 2011). Thus, understanding
mechanisms that drive community assembly of host microbiomes
has attracted recent attention of both microbial and evolutionary
ecologists (Costello et al., 2012; Coyte et al., 2021; DelLong, 2014;
Verster & Borenstein, 2018).

Vertebrate organs are analogous to oceanic islands, whereby
continuous events of microbial colonisation and extinction will shape
community assembly as modelled by classical McArthur-Wilson
island biogeography theory (Costello et al., 2012; Delong, 2014;
MacArthur & Wilson, 1967). These processes of colonisation and
extinction are highly dynamic within a host's lifetime, because host
microbial communities vary across space and time (e.g. Escallon
et al., 2019; Gillingham et al., 2019; Hernandez et al., 2020; Skeen
et al., 2021). Microbial colonisation success will depend on habi-
tat suitability (i.e. the environment on or in the host's organs) and
competition with already present taxa (known as priority effects;
Costello et al., 2012; Coyte et al., 2021; DelLong, 2014; Verster &
Borenstein, 2018). Social interactions that increase contact between
hosts, such as mating behaviour, will also increase the potential for
microbial transmission (i.e. colonisation; Sarkar et al., 2020).

An under-appreciated mechanism that may shift the micro-
bial community assembly is reproductive transmission (Rowe
et al., 2020). In many non-mammalian vertebrates, including birds,
reptiles and amphibians, the cloaca is involved both in excretion
(i.e. the distal part of the gut) and in gamete transfer. Thus, copula-
tion may allow microorganisms present within reproductive organs
(known as the ‘reproductive microbiome’) to colonise the reproduc-
tive and digestive tract, potentially impacting both reproductive
function and gut homeostasis. While the interaction of the reproduc-
tive microbiome with fitness has traditionally been viewed through

ecology and evolution.

4. As predicted if sexual transmission of the reproductive microbiome is high, sex
differences in microbiome composition were weak in a socially polyandrous
system with frequent copulations. Moreover, high within-pair similarity in mi-
crobiome composition, particularly for a few taxa spanning the spectrum of the
beneficial-pathogenic axis, demonstrates the link between mating behaviour and
the reproductive microbiome. Our study is consistent with the hypothesis that

sexual transmission plays an important role in driving reproductive microbiome

mating system, Phalaropus fulicarius, polyandrous, red phalarope, reproductive microbiome,
sexual transmission, shorebird, social pairs

the lens of sexually transmitted pathogens (Lockhart et al., 1996;
Price et al., 2010; Sheldon, 1993), which can have strong deleteri-
ous effects on fertility (van Dongen et al., 2019), considerably less
attention has been given to the transmission of beneficial taxa
(Rowe et al., 2020; Smith & Mueller, 2015). Yet, the transmission of
beneficial taxa may improve reproductive outcomes. For example,
in humans, vaginal eubiosis (a balanced microbiome) is associated
with a dominance of Lactobacillus, which limits the growth of bac-
terial species, including pathogens, through the production of lactic
acid (Tachedjian et al., 2017). Consequently, avoidance of mating
partners transmitting pathogens, as well as mating with individuals
transmitting beneficial microbes, will impact reproductive success
and may even function as a driver of mating behaviour and sexual
selection (Lombardo et al., 1999; Rowe et al., 2020; Sheldon, 1993;
Smith & Mueller, 2015).

The spread of the reproductive microbiome within a population
is likely driven by individuals with a high number of sexual partners
(Ashby & Gupta, 2013), as shown in natural populations of com-
mon lizards (Zootoca vivipara; White et al., 2011) and tree swallows
(Tachycineta bicolor; Dunn et al., 2009). The mating system is deter-
mined by the number of social and sexual partners of an individual.
It has therefore been proposed that the reproductive microbi-
ome's diversity and/or richness are linked to the mating system
of the hosts, with high individual host diversity but low similarity
between mating partners in the microbiome of non-monogamous
compared to monogamous species (Rowe et al., 2020). Moreover,
theory predicts that females will be more vulnerable to sexual
transmission because of insemination of the male's ejaculate
(Rowe et al., 2020). For instance, a study of socially monogamous
captive zebra finches (Taeniopygia guttata) in which individuals
were experimentally infected with Bacillus licheniformes showed
that transmission of this bacterium was significantly higher from
males to females than from females to males. This finding suggests
bacterial transmission via the ejaculate and thus a crucial role of
infected males in disease epidemiology in socially monogamous
species (Kulkarni & Heeb, 2007). Similarly, in the socially monog-
amous rufous-collared sparrow (Zonotrichia capensis), temporal
variation in cloacal microbiome composition was higher in males
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during the breeding season (Escallon et al., 2019). In contrast, a
study on socially monogamous, but highly promiscuous tree swal-
lows found that the cloacal microbiome did not differ between
the sexes and was not more similar for pair members than among
two randomly chosen individuals of the population (Hernandez
et al., 2020). However, sample sizes were relatively low (13 pairs)
and the partners were not sampled at the same breeding stage,
except for one pair, whose microbiomes were indeed more similar
than expected by chance. Thus, shorter term convergence of the
microbiome composition of social pairs during the stage of fre-
quent copulation may have been overlooked.

Here, we report on a study of the role of sex and pair member-
ship on the cloacal microbiome during the breeding season in the red
phalarope (Phalaropus fulicarius), a socially polyandrous, sex-role-
reversed species. Red phalaropes are highly pelagic, spending their
entire life in marine habitats, except for a short time during breeding
in the Arctic (Tracy et al., 2020). Several behavioural traits specific
to the study species make this species particularly interesting to in-
vestigate the link between mating behaviour and the reproductive
microbiome. First, we observed that both male and female red phal-
aropes copulate frequently as part of courtship, implying that both
sexes might copulate with several potential partners before estab-
lishing a social pair bond. Second, both sexes engage in extra-pair
copulations before and after egg-laying (Krietsch et al., 2022). Third,
red phalaropes are non-territorial and can move large distances
to visit different foraging sites and they potentially reproduce at
several breeding sites within one season (‘breeding site sampling’,
our unpublished data), as has been demonstrated for males of the
polygynous pectoral sandpiper (Calidris melanotos; Kempenaers &
Valcu, 2017), potentially increasing exposure to heterogeneous bac-
terial communities.

The main aim of our study is (1) to describe sex-differences in
the taxonomic and in functional aspects of the cloacal microbiome
in a population of red phalaropes and (2) to investigate whether pair
members are more similar in their reproductive microbiome than
expected by chance. Partially following the hypotheses outlined by
Rowe et al. (2020) as well developing our own (Figure 1), we predict
that in a socially polyandrous species: (i) microbial cloacal species
diversity/richness will be higher in females than in males (Figure 1a,
prediction 1), because (a) females potentially sample multiple breed-
ing sites over a larger geographical area and (b) transfer of micro-
organisms from males to females (via ejaculates) is more likely than
vice versa; (i) as a consequence of sexual transmission of the mi-
crobiome, differentiation in cloacal microbiome composition be-
tween sexes will be low (Figure 1a, prediction 2); (iii) the variation
in microbial composition between individuals (hereafter referred to
as ‘microbiome dispersion’ but also known as ‘multivariate disper-
sion’, (Anderson, 2006; Anderson et al., 2006) and ‘beta diversity
dispersion’; see Zaneveld et al. (2017)) will be lower in females due
to higher rates of sexual transmission through the males' ejaculate
(Figure 1a, prediction 3); (iv) dispersion in microbial composition will
decrease over the season due to sexual transmission and shared hab-
itat use (Figure 1b); (v) the composition of the cloacal microbiome

will be more similar in individuals that are socially paired (Figure 1c).
Thus, for the latter, we tested whether beta diversity of social pairs
is lower than that of two non-paired individuals sampled on the same
day and around the same time (Figure 1c). We link taxonomic (am-
plicon sequencing variant; ASV) analyses with predicted MetaCyc
functional pathways using the PICRUSt2 algorithm, an open-source
database for metabolic pathways based on annotated genomes
(Caspi et al., 2020; Douglas et al., 2020). Although this approach has
its limitations, it does provide a powerful approach to infer hypo-

thetical functional diversity of the microbiome (Djemiel et al., 2022).

2 | MATERIALS AND METHODS
2.1 | Study site and species

We studied a population of red phalaropes during the breeding
season of 2019 in Utgiagvik (formerly Barrow), Alaska (71°18’ N,
156°44’ W). The first red phalaropes arrived when the tundra was
still largely snow-covered and they started interacting and forming
social pairs in small patches of open water. From the onset of pair
formation until the start of egg laying, pair members copulated fre-
quently. Typically, after the second egg was laid, the pair stopped
copulating and some females started copulating with potentially
new social partners (see Krietsch et al., 2022). Red phalaropes are
highly mobile and individuals of both sexes—with unknown breeding

history—arrived throughout the breeding season on the study site.

2.2 | Field procedures

Between 1 and 25 June, we captured 156 adult breeding red phala-
ropes (84 males, 72 females), using handheld mist nets. Individuals
were caught either immediately after they arrived at the study site
in feeding areas or near the nest. Each individual was banded with
a U.S. Geological Survey metal band and a unique combination of
colour bands (four colours), allowing individual identification during
observations in the field. The sex of each captured individual was
determined based on plumage characteristics (Tracy et al., 2020). In
all cases, the assigned sex was confirmed with molecular methods
(see Krietsch et al., 2022). We took a cloacal swab from all captured
individuals, using a sterile cotton swab (DELTALAB). Swabs were
immediately placed in an Eppendorf tube filled with RNAlater®
(Thermo Fisher). Within a few hours, samples were frozen at —20°C
until further processing.

The 156 individuals belonged to a total of 97 nests. For 59 nests,
we obtained cloacal microbiome samples from both partners, while
for the remaining 38 nests, we only obtained data from one pair
member (25 males, 13 females). A team of 2-10 people searched the
study area to find nests, either by following males, females or pairs,
or by flushing incubating males from the nest (accidentally or by rope
dragging). For more detail on the nest searching and behavioural ob-
servations, see Krietsch et al. (2022).
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FIGURE 1 Predictions of how alpha diversity of the cloacal microbiome of Red Phalaropes varies in relation to (a) sex, (b) breeding
season and (c) pair membership. (a) Sex differences in microbiome beta diversity. (1) If sexual transmission is higher in females via the males'
ejaculates, a higher microbial alpha diversity in females than in males is predicted. (2) If sexual transmission is high at the population level due
to promiscuity, weak differences in microbial composition between sexes are expected. PC1 and PC2 refer to the first and second principal
component of an ordination analysis of the microbial composition of individuals using a beta diversity matrix (see Section 2). (3) If sexual
transmission is higher in females than in males, microbiome dispersion (estimated as multivariate dispersion, Anderson, 2006; Anderson

et al., 2006 and also known as beta diversity dispersion, Zaneveld et al., 2017; see Section 2) should be lower in females than in males. (b)

A potential relationship between microbiome dispersion and time (in our case, sampling date relative to clutch initiation=0; see Section 2).
Microbiome dispersion should decrease over time (i.e. the population should become more homogeneous in microbiome composition) due
to sexual transmission and shared habitat use. (c) Pair similarity in microbiome beta diversity. As a consequence of sexual transmission,
microbiome composition should be more similar for social pairs than for random pairs (i.e. pairs of opposite sex individuals that do not breed
together, but are sampled on the same day). Thus, beta diversity of social pairs should be smaller than that of random pairs (This figure was
created with BioRender.com; the Red phalarope illustrations in this figure were made by Margherita Cragnolini).

We used the date of sampling relative to clutch initiation (clutch initiation respectively). We predicted that sexual transmission may
initiation date; zero is the day the first egg was laid, with negative be an important factor driving cloacal microbiome composition be-
and positive values indicating sampling dates before and after clutch tween pairs. Thus, we used this metric as a temporal variable that
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reflects the time since pair formation, assuming that date relative
to clutch initiation was a good proxy for the number of days since
pair formation. For example, we predict that a pair sampled 10days
before clutch initiation will have copulated much less with its mate
compared to a pair sampled during egg-laying. Moreover, we also
predicted that temporal effects on the cloacal microbiome will de-
pend on the length of time an individual is exposed to the local en-
vironment. Given that there is individual variation in arrival date at
the breeding site (Reynolds et al., 1986) and that birds that arrive
later typically also initiate a clutch later, date of sampling relative to
clutch initiation may better reflect the amount of time spent at the
breeding site than the actual sampling date. Because the latter is
rather uncertain, we repeated all analyses with the actual sampling
date. Results were qualitatively similar (see Section 3; Tables S2 and
S5). For nests that were found during laying (1-3 eggs), clutch initi-
ation was determined by subtracting 1day for each additional egg
laid, assuming that one egg was laid per day. In nests that were found
after clutch completion, we calculated clutch initiation date based on
the flotation method that allows for the estimation of egg develop-
mental stage (Liebezeit et al., 2007). For more details, see Krietsch
et al. (2022).

2.3 | DNA isolation, amplification and sequencing

DNA extraction, PCRs, sample preparation and Illumina NGS
Sequencing of the cloacal swabs were performed at Eurofins
Genomic laboratory. DNA was extracted from all cloacal swab sam-
ples using a commercial extraction kit (Macherey Nagel, Nucleospin
Food Kit). PCRs were carried out using primers that amplify a 443 bp
sequence within the V3-V4 region of the 16S rRNA of a bacterial
gene (357F-fw 5' TACGGGAGGCAGCAG 3’, 800R-rev 5' CCTAATCT
ATGGGACC 3’; Kisand et al., 2002; Turner et al., 1999). Due to low
sample amount and subsequent low DNA concentrations, PCRs were
run with 35 cycles. Amplicons were then sequenced using llumina
MiSegq. All collected samples as well as four negative controls from
the PCRs (blanks) were included. Sequences from the blanks were
used to exclude buffer contaminants from the data in downstream

analyses (see Section 2.4).

2.4 | Bioinformatics

To determine the microbiome composition, we used DADA2
(Callahan et al., 2016) in QIIME2 (Version 2019.7; Bolyen et al., 2019)
to denoise the data from artefacts (e.g. chimeras) and resolve as-
signed sequence variants (ASV). We assigned ASVs to taxonomy
using a classifier trained with our primers on the Silva database
(v132; Pruesse et al., 2007) as a reference in QIIME2. Sequences
not assigned to any bacterial phylum were filtered out within the
QIIME2 downstream analysis. We routed the tree using an Archean
sequence (accession number: KT433146.1) and aligned the fasta file
using MAFFT (Katoh & Standley, 2013). The taxonomic name and

branch of the route Archean sequence was removed before further
analysis. The data and rooted tree were imported to R Version 4.2.2
(R Core Team, 2022) using the R package ‘phyloseq’ (McMurdie &
Holmes, 2013). Four negative control samples were used to detect
contaminants which were removed from samples using the R pack-
age ‘decontam’ (Davis et al., 2018) with a threshold of 0.5.

To predict functional profiles of the sequencing data (16S
rRNA), we used the PICRUSt2 pipeline with the default parameters
(Douglas et al., 2020). Enzyme classification numbers (ECs) and path-
way abundances were assigned to the 16S rRNA sequences based
on enzyme data from the open-source MetaCyc database. This da-
tabase contains metabolic pathways as well as associated enzymes,
metabolites and reactions which are based on organismal annotated
genomes (Caspi et al., 2020). Information on the predicted func-
tional pathways, which are not cited in particular in the text, arise
from the MetaCyc website (Caspi et al., 2020).

2.5 | Statistical analysis

All analyses were run in R Version 4.2.2 (R Core Team, 2022). For all
models, we checked for violation of model assumptions as suggested
by Zuur et al. (2009) and Zuur and leno (2016). Additive models were
used to test for nonlinear relationships, but if none were found, we
reverted to linear models. We used the information-theoretic (IT)
approach for model selection (Burnham & Anderson, 2002). We as-
sessed all possible candidate models (i.e. possible hypotheses) by
ranking them based on the model's Akaike information criterion for
small sample sizes (AlICc), AlCc weight and adjusted-R? values using
the R package MuMlin (Barton, 2022). We estimated effect sizes
for linear continuous and categorical variables using Pearson r and
Cohen's D, respectively, with associated 95% confidence intervals
(Nakagawa & Cuthill, 2007).

2.5.1 | Alphadiversity

Alpha diversity describes the number of species within a certain
habitat, which in our case is the number of bacterial ASVs or the
number of predicted MetaCyc functional pathways in the cloaca. We
used two measures of alpha diversity: (1) the unweighted observed
species richness, which is the number of ASVs per sample (hereafter
‘ASV species richness’) and the number of predicted MetaCyc func-
tional pathways per sample (hereafter ‘pathway species richness’)
and (2) the Shannon index (hereafter ‘ASV Shannon’ and ‘pathway
Shannon’), which is species/pathway richness weighted for species/
pathway abundance (Shannon & Weaver, 1949). We calculated spe-
cies richness and Shannon diversity using the R package ‘phyloseq’
(McMurdie & Holmes, 2013).

First, we predicted that microbiome alpha diversity depends on
an individual's sex and sampling date relative to clutch initiation.
To model these effects, we fitted generalised linear mixed models
(GLMMs) using the R package ‘Ime4’ (Bates et al., 2015). For the
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response variables ASV species richness, we used a GLMM with a
Poisson distribution and added sex and sampling date relative to
clutch initiation as fixed effects and the identity of the pair (here-
after ‘pair ID’) as a random factor. In addition, we also added indi-
vidual sample ID as a random factor to control for overdispersion
(Harrison, 2014), and sequencing depth (log transformed) as a fixed
effect to control for the methodological fact that at higher sequenc-
ing depths, more ASVs will be detected. All continuous fixed effects
were scaled. For the pathway species richness response variable,
the same explanatory variables were used but the GLMM was fit-
ted with a negative binomial distribution and pair ID was entered as
the sole random factor. For the response variables ASV and path-
way Shannon, we adopted the identical model approach, but using
a GLMM with Gamma distribution and using pair ID as the sole ran-
dom factor instead.

Second, we predicted that individuals with a higher microbiome
diversity transmit more ASVs/pathways to their partner and vice
versa. If so, the variation in alpha diversity will be smaller within
social pairs than across pairs. To investigate this, we estimated the
within-pair repeatability of alpha diversity based on the top-ranked
GLMM models for both species richness and Shannon (Nakagawa
& Cuthill, 2007) using the R package ‘rpTR’ (Stoffel et al., 2017). For
this analysis, we used a dataset that only included nests where both
partners had been sampled (n=>56 pairs).

2.5.2 | Betadiversity

Microbiome beta diversity is a measure of similarity or dissimilarity
between two microbial communities (i.e. among-sample variation).
Here, beta diversity is estimated to compare the cloacal microbi-
ome composition (at the ASV and predicted MetaCyc functional
pathway level) between individuals. Generally, microbiome data
should be treated as compositional data because absolute bacterial
loads are unknown, meaning that they should be analysed based on
relative abundances (Gloor et al., 2017; Martino et al., 2019; Quinn
et al., 2018, 2019). To estimate beta diversity, we therefore applied
the Aitchinson's log-ratio approach (Aitchison, 1982), which is com-
monly used in microbiome studies (Gloor et al., 2017). The latter in-
volves transforming the taxa counts within each sample with centred
log ratios (clr) and using the Euclidean distance matrix across samples
for ordination analyses (Gloor et al., 2017). The clr transformation is
independent of absolute abundance and a clr value for a given taxon
in an individual represents the abundance relative to the geometric
mean of all taxa within a sample. Consequently, a sample with few
reads but with an identical community to a sample with many reads
will have an identical clr value. Thus, count normalisation is both un-
necessary and not advised when using clr (Gloor et al., 2017).

First, we predicted that microbiome composition may differ ac-
cording to an individual's sex and sampling date relative to clutch
initiation. We applied redundancy analysis (RDA) with the Euclidean
distance matrix to study the total amount of variation explained by
sex and sampling date on beta diversity. For RDA analyses, we only

included ASVs which occurred in more than 20 individual samples
to avoid sparse and zero-inflated data due to rare ASVs, which can
bias interpretations (Martino et al., 2019; Quinn et al., 2018, 2019).
However, RDA analyses were repeated with prevalence thresh-
olds of <2 and <77 (i.e. 50%), which gave quantitatively identical
results (results not shown but see online script https://gillinghamlab.
gitlab.io/mpi/red-phalarope-microbiome/). The latter is consistent
with a previous study showing that varying prevalence thresholds
(between 0% and 70%) generated similar trends in standardised
alpha diversity and beta dissimilarity across eight gut and cloacal
microbiome datasets (Risely et al., 2021). p-Values were estimated
by permutation (n=9999) and were reported alongside associated
F-values and adjusted R? values.

Second, we hypothesised that after arrival at the breeding site,
the variation in microbiome composition between individuals (i.e.
microbiome dispersion, Zaneveld et al., 2017) first decreases and
then stabilises. Microbiome dispersion is presumably highest just
after arrival, because individuals likely differ in migration history
and in exposure to diverse marine and tundra habitats. Microbiome
dispersion should decrease as the breeding season progresses as
the result of increased homogenisation due to copulation activity
and similar environmental conditions, including foraging habitat. We
further predicted that the rate of such homogenisation may differ
between the sexes, because the females' cloacal microbiome is more
exposed to sexual transmission. To test these predictions, we used
the Aitchinson's log-ratio approach for compositional data on the full
dataset (i.e. no prevalence threshold). Microbiome dispersion (also
known as beta diversity dispersion, Zaneveld et al., 2017) was esti-
mated as the multivariate dispersion, which is the average distance
of each sample from the spatial median in a multivariate space (i.e.
the median after reducing the original pairwise Euclidean distances
to principal coordinates; Anderson, 2006; Anderson et al., 2006).
The latter was calculated using the ‘betadisper’ function of the vegan
package (Oksanen et al., 2022). We then tested the effect of sex,
sampling date relative to clutch initiation and their interaction on
microbiome dispersion using a linear mixed model (LMM) with pair
ID as random factor. This test is a multivariate analogue of Levene's
test for homogeneity of variances (Anderson et al., 2006).

Third, we predicted that microbiome composition will be more
similar within social pairs than across pairs. If so, beta diversity
should be smaller between social pair members than between two
random opposite-sex individuals in the population (see Figure 1c).
Almost all social pairs (44 of 59) were sampled on the same day and
within a short period (mean: 26 min, range: 0-313 min). For 15 social
pairs, the partners were captured on different days (median: 4 days
apart, range: 1-9days). To account for the effect of sampling date,
we estimated beta diversity between random opposite-sex individu-
als that were sampled on the same day with the smallest time inter-
val (h=104) or 2days apart (n=9). Because the data were normally
distributed, we used a paired t-test to assess whether beta diversity
differed between social pairs and two random opposite-sex individ-
uals sampled around the same time. Results were equivalent when
excluding the latter nine individuals from the analysis (results not
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shown but see online script https://gillinghamlab.gitlab.io/mpi/red-
phalarope-microbiome/).

If microbiome convergence (transmission) between social pairs
is gradual with time, we predict that social pairs that were sampled
on a different day to have more similar microbiomes relative to
opposite-sex individuals than social pairs that were sampled at the
same time. Alternatively if microbiome convergence occurs instantly
after copulation, then we predict that pairwise similarity in micro-
biome composition to be of a similar level of magnitude relative to
random individuals regardless of whether social pairs were sampled
on the same day or not. To test this, we repeated our analysis using
only the 15 social pairs sampled on a different day and compared
the effect size with an analysis using the remaining pairs that were
sampled on the same day (n=42).

If social pairing (copulations) drive pair microbiome composition,
then pair ID should be an important predictor of cloacal microbiome
composition. We therefore repeated the RDA analysis described
above on a dataset with the 59 pair IDs with both sexes sampled
(n=118 individuals), but with pair ID as an explanatory variable in
addition to the additive effect of sex and sampling date relative to
clutch initiation. As above, we repeated these RDA analyses with
two additional prevalence thresholds: <2 and <77 individuals (i.e.
50%).

2.5.3 | Relative abundance of specific ASVs and
predicted functional pathways

We analysed the relative abundance of ASVs and predicted func-
tional pathways using analysis of composition of microbiome
(ANCOM; Mandal et al., 2015) on the same dataset as used for the
RDA analyses of beta diversity (compositional data and only ASVs
included that occur in at least 20 individuals). ANCOM generates
a W score, which is the number of rejected null sub-hypotheses of
the log ratios of ASVi/ASVj for a given predictor. Higher W scores
indicate more support for an effect of the predictor on the abun-
dance of the specific ASV. Moreover, ANCOM analysis controls for
false discovery rates by applying a Benjamini-Hochberg procedure
(Mandal et al., 2015). To illustrate the results, we present volcano
plots of the ANCOM W score in relation to the LMM estimates con-
trolling for the other covariates and the random factor pair ID. For
this analysis, we used only those variables that showed a significant
effect in the RDA beta diversity analyses (sex, sampling date relative
to clutch initiation and nest ID). We first investigated differential
relative abundance according to sex and sampling date relative to
clutch initiation. We considered ASVs to be differentially abundant
according to a given predictor if at least 70% of the subhypotheses
were rejected (W>0.7) and if the 95% confidence interval of the
LMM estimates did not overlap O (differential logs (clr)). Second, if
sexual transmission of some cloacal bacteria is relevant in red phal-
aropes, the relative abundance of ASVs and predicted functional
pathways will harmonise between sexual partners. To investigate
whether variation in relative abundance of ASVs are more similar

within pairs than across pairs (while accounting for the effect of
sex and sampling date relative to clutch initiation), we also tested
for an effect of nest ID. Here, thresholds were a W score of 0.7 and
a significant F-value (p <0.05) for the random factor nest ID in the
LMM models.

3 | RESULTS

The 156 cloacal samples from 84 male and 72 female red phalaropes
contained a total of 6380 sequence variants (ASVs) belonging to seven
phyla. In order of descending relative abundances, these ASVs be-
longed to the phyla Bacillota (formerly Firmicutes), Actinomycetota
(formerly Actinobacteria), Fusobacteriota, Pseudomonadota (for-
merly Proteobacteria), Mycoplasmatota (formerly Tenericutes),
Epsilonbacteraeota and Bacteroidota (formerly Bacteroidetes), which
is a typical cloaca microbiome composition at the phylum level for
birds and in particular for shorebirds (Grond et al., 2018; Figure S1). As
reported in other avian microbiomes (Risely et al., 2021), most ASVs

(93.6%) occurred only in a single individual.

3.1 | Effects of sex and sampling date relative to
clutch initiation on the cloacal microbiome

We found no support for the hypothesis that sex and sampling
date relative to clutch initiation predicted ASV species richness
or Shannon diversity of the cloaca microbiome (Table S1). We did
find an effect of the interaction between sex and sampling date on
Shannon diversity of predicted functional pathways (AAIC=2.772;
Table S4; Figure 2a). However, the effects of sex and sampling date
on Pathway Shannon diversity were weak. Pathway Shannon diver-
sity tended to decrease with sampling date relative to clutch initia-
tion in males (Pearson r=-0.177 [-0.377; 0.039]) but not in females
(Pearson r=0.134 [-0.101; 0.354]). Overall, males also had a higher
Shannon diversity of predicted functional pathways than females
(AAIC=8.466; Table S4; Figure 2b.; Cohen's D [+95% Cl]=0.187
[-0.131; 0.505]). When repeating the analysis using actual sampling
date instead of sampling date relative to clutch initiation, we found
roughly equivalent results (Tables S2 and S5). However, we addi-
tionally found weak support that ASV Shannon diversity decreased
with sampling date in males but not in females (AAIC=2.354;

Table S2; Figure S2; Pearsonr, =-0.123 [-0.329; 0.094]; Pearson

males
f temates = 0-003 [-0.229; 0.234]).
Sex was a significant predictor of cloacal microbiome beta diver-
sity, although again the effects were small (Figure 3a,c; Tables 1 and 2;
ASV RDA: F1, 152=2.929, p=0.002; Rgdj.=0.012; Pathway RDA:
F1, 15,=1.880,p=0.029; RﬁdJ.:O.OOé). ANCOM analysis revealed that
this effect was mainly driven by the higher relative abundance of an
ASV belonging to the Enterorhabdus genus in females (Figure 3b) and
by the higher relative abundance of the CMP-legionaminate biosyn-
thesis | predicted pathway in males (Figure 3d). Sampling date rela-
tive to clutch initiation had a stronger effect on cloacal microbiome
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beta diversity (Tables 1 and 2; ASV RDA: FL 152=3.542, p<0.001,
Ridj=0.016; Pathway RDA: F=3.533, p<0.001, R§d1=0.016), and this
effect was independent of sex (Tables 1 and 2).

We found equivalent results when repeating the RDA analyses
using a dataset with a single individual per nest to control for the
potential effects of nest sampling pseudoreplication (Table S3 and
S6). Using actual sampling date instead of date relative to clutch
initiation also gave equivalent results but with slightly lower ex-
planatory power (ASV RDA: F, ,;,=3.077, p=0.002; Rgdj=0.013;
Pathway RDA: F1, 152=2.155, p=0.017; Rgdj=0.007). ANCOM analy-
ses indicated that two ASVs, belonging to the genera Campylobacter
and Tyzzerella decreased in relative abundance over time of sam-
pling relative to clutch initiation, while one ASV belonging to the
Cetobacterium genus increased over time (Figure 4a). In total, 14
pathways increased in relative abundance over time of sampling rel-
ative to clutch initiation while three decreased (Figure 4b).

We found support for an effect of sampling date relative to
clutch initiation on ASV microbiome dispersion from the popula-
tion median (AAIC=8.197; Table 3; Figure 5a), but there was no
effect of sex (Table 3). Microbiome dispersion tended to decrease
with time (Pearson r=0.256 [0.103; 0.397]; Figure 5a). Pathway
microbiome dispersion decreased with sampling date relative to
clutch initiation in both sexes (AAIC=6.271; Figure 5c; Table 4;
Pearson r=-0.190 [-0.337; -0.034]) and was overall lower for fe-
males than for males (AAIC=2.814; Figure 5b; Table 4; Cohen's
D=0.349 [0.030; 0.669]). When repeating the analysis using
actual sampling date instead of sampling date relative to clutch

initiation, results were qualitatively similar, but models had a
weaker fit (Tables S7 and S8; Figure S3).

3.2 | Social pair similarity in cloacal microbiome
composition

The within-pair repeatability in ASV and pathway alpha diversity
was low (ASV species richness: R=0.166 [0; 0.396], p=0.176; ASV
Shannon diversity: R=0.204 [0; 0.445], p=0.052; Pathway species
richness: R=0.153 [0; 0.375], p=0.117; ASV Shannon diversity:
R=0.079 [0; 0.316], p=0.258), suggesting that social pairing had a
weak effect on individual microbial diversity.

ASV beta diversity was lower for social partners than across
other opposite-sex individuals, indicating a higher similarity in clo-
acal microbiome assemblage within social pairs (Figure 6a; Cohen's
D [+95% Cl]=-0.332 [-0.596; -0.068]; paired t-test: t,,,=-3.439;
p<0.001). When controlling for the effects of sex and time, we
found that pair ID was a strong predictor of ASV cloacal composi-
tion (ASV RDA: F58, 118=1.708, p<0.001; R§d1=0.261; Figure S4A).
Increasing the filtering threshold increased the amount of variation
explained by pair ID from 21.5% to 29.4% (ASV RDA; prevalence
threshold <2 individuals: Fss, 118=1.550, p<0.001; Rgdj:0.215;
prevalence threshold <50%: Fss, 118=1.708, p<0.001; Razdj:0.294).
This suggests that similarity in composition within pairs was higher
for core microbial communities (i.e. highly prevalent taxa) than for
rarer taxa (i.e. potentially transient).
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pathway (c) of cloacal microbiome beta diversity as a function of the sex of red phalaropes sampled during the breeding season (see

Section 2 for details). Ellipses depict 95% confidence intervals. The effect of sex on the relative abundance of particular ASVs (b) and of
predicted MetaCyc functional pathways (d) is shown by volcano plots, based on an analysis of composition of microbiomes (ANCOM; see
Section 2 for details) according to differential log estimates of centred logged ratios (clr) from linear mixed models. Dots represent individual
ASVs or predicted pathways. Those that are above the ANCOM W threshold of 0.7 are coloured green.

ANCOM analyses revealed that 10 ASVs had larger variation
across social pairs than within (Figure 6éb), suggesting higher trans-
mission between pairs for these taxa. The effect of social pairing
on the cloacal microbiome assemblage was weaker and marginally
not statistically supported for predicted pathway beta diversity
(Figure 6c; Cohen's D [+95% Cl]=-0.199 [-0.461; 0.064]; paired
t-test: t,,,=-1.779; p=0.078), suggesting that the effect of social
pairing on the assemblage of cloacal microbes may be dampened by

functional redundancy between different taxa. Nonetheless, pair ID
was a strong predictor of variation of predicted pathways' cloacal
composition (Pathway RDA: Fyg 1,4=1.231, p=0.002; Rgdj=0.104;
Figure S4B) and four predicted pathways showed larger variation
between random opposite-sex individuals than between social pair
members (Figure 6d). As for ASVs above, increasing the prevalence
filtering threshold of predicted pathways increased the amount of
variation explained by pair ID from 10.1% to 13.4% (Pathway RDA;
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TABLE 1 Analysis of variation in cloacal microbiome amplicon
sequence variant beta diversity in red phalaropes during the
breeding season. Shown are changes in fit if an explanatory variable
is dropped from the full redundancy analysis model. See Section 2
for further details. Date refer to the sampling date relative to clutch
initiation (=day 0).

Dropped

variable df F p R? dj
Date 1 3.542 <0.001 0.016
Sex 1 2.929 0.002 0.012
Date x sex 1 0.785 0.697 0.001

TABLE 2 Analysis of variation in cloacal microbiome predicted
functional pathway beta diversity in red phalaropes during the
breeding season. Shown are changes in fit if an explanatory variable
is dropped from the full redundancy analysis model. See Section 2
for further details. Date refer to the sampling date relative to clutch
initiation (=day 0).

Dropped

variable df F p Rgdj
Date 1 3.533 <0.001 0.016
Sex 1 1.880 0.029 0.006
Date x sex 1 0.897 0.522 <0.001

prevalence threshold <2 individuals: Fss, 118=1.224, p=0.002;
Razdj:O.lol; prevalence threshold <50%: Fss, 118=1.313, p=0.002;
Rgdj=0.134). This result is consistent with social pairing also affecting
common predicted functional pathways.

We found an equivalent effect size when repeating the analysis
using a subset of the data including only pairs that were sampled on
different days (ASVs: Cohen's D [+95% Cl]=-0.390 [-0.916; 0.136];
paired t-test: t,,=-1.813; p=0.081; Pathways: Cohen's D [+95%
Cl]=-0.217 [-0.742; 0.309]; paired t-test: t,;=-1.094; p=0.321)
and when including pairs that were sampled on the same day (ASVs:
Cohen's D [+95% Cl]=-0.315 [-0.620; -0.010]; paired t-test:
tg;=-2.907; p=0.005; Pathways: Cohen's D [+95% Cl]=-0.279
[-0.496; 0.287]; paired t-test: t ;g =-1.459; p=0.114).

4 | DISCUSSION

While theory predicts higher microbial transmission in promiscuous
species and from males to females (Rowe et al., 2020), evidence that
the reproductive microbiome is sexually transmitted in wild popula-
tions remains scarce. To address this issue, we studied the reproduc-
tive microbiome of a socially polyandrous shorebird species, the red
phalarope, during the breeding season. We found that differences in
the reproductive microbiome between breeding females and males
are small, but that females showed more homogeneous functional
profiles compared to males. Regardless of the sex, microbial com-
position became more similar among individuals as the season pro-
gressed. Finally, we found higher similarity in bacterial composition
in the reproductive microbiome of social pairs than in random pairs.

Social pair membership explained 21.5% of the variation of cloacal
ASV composition. This effect was driven by a few select taxa with
more similar relative abundance within pairs than across random
pairs. Combined, these results suggest sexual transmission of the
reproductive microbiome, particularly in females. We discuss the
implications of these findings in terms of reproductive transmission

and its interaction with mating behaviour below.

41 | Sexdifferences in the cloacal microbiome

Rowe et al. (2020) predicted that promiscuity should promote repro-
ductive microbial diversity. Thus, we predicted that in our socially
polyandrous system, females should have higher cloacal microbial
diversity and richness (Figure 1a; prediction 1). However, as reported
for monogamous birds (Kreisinger et al., 2015), males and females of
the red phalarope did not differ substantially in alpha diversity of the
cloacal microbiome, estimated as species richness and by Shannon
index. Consistent with our predictions, we found that the evenness
of predicted functional pathways (based on the MetaCyc database)
tended to increase as the season progressed in females, in contrast
to males for which it tended to decrease. Nonetheless, overall the
effects were weak and, contrary to predictions, females tended to
have lower pathway evenness than males. While repeated sampling
within a breeding season of both males and females could lead to
different conclusions, our current results are inconsistent with the
prediction that high promiscuity increased reproductive microbial
diversity. These results may be explained if most of the sampled
females did not (yet) copulate with multiple males. Almost all sam-
ples were taken before or at the start of laying with the first known
social partner (i.e. in the study site). Moreover, compared to many
other socially monogamous birds, the level of extra-pair paternity
is relatively low (11% of broods contained extra-pair sired offspring,
Krietsch et al., 2022). Another explanation for this result is that cloa-
cal microbiomes are already at full carrying capacity and that poten-
tial shifts in microbial composition that results from copulation do
not affect diversity.

We additionally predicted that in a polyandrous system with
frequent copulation during courtship, differences in microbiome
composition between sexes should be low as a consequence of high
sexual transmission of the reproductive microbiome. Overall, the
effect of sex on composition was weak and largely driven by a sin-
gle ASV belonging to the Enterorhabdus genus which was in higher
relative abundance in females. Nonetheless, the weak differences
between sexes did appear to have a knock-on effect on predicted
function, since the functional pathway CMP-legionaminate biosynthe-
sis | had a higher relative abundance in males compared to females.
This pathway describes the biosynthesis of 5,7-diacetamido-3,5,7,
9-tetradeoxy-D-glycero-D-galacto-nonulosonic acid, a sialic acid of
a-keto sugars. Sialic acids are important mediators for cellular in-
teractions in prokaryotes and eukaryotes. These molecules are in-
volved in immune evasion and host cell invasion of pathogens and

thus influence the virulence of pathogenic microorganisms. Indeed,
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FIGURE 4 Effect of sampling date relative to clutch initiation on the relative abundance of amplicon sequencing variants (ASVs) (a) and
of predicted MetaCyc functional pathways (b) is shown by volcano plots, based on an analysis of composition of microbiomes (ANCOM; see
Section 2 for details) according to differential log estimates of centred logged ratios (clr) from linear mixed models. Dots represent individual
ASVs or predicted pathways. Those that are above the ANCOM W threshold of 0.7 are coloured green.

the CMP-legionaminate biosynthesis | pathway has been shown to be
an important pathway for Campylobacter sp. such as the pathogenic
C. jejuni (Schoenhofen et al., 2009). An ASV of Campylobacter sp.
showed higher relative abundance in males, but the effect remained
just below the 0.7 threshold in the ANCOM analysis (Figure 3b).
The more abundant predicted CMP-legionaminate biosynthesis |
pathway in males could be linked to a higher abundance of virulent
Campylobacter taxa in males compared to females.

We predicted that microbiome dispersion will be lower in
females due to higher rates of sexual transmission (Figure 1a,

prediction 3). While we found no evidence for this at the taxo-
nomic level, at the functional level, microbiome dispersion was
lower in females than in males regardless of sampling date (rel-
ative to clutch initiation). This result is consistent with high sex-
ual transmission eroding among individual variation in microbial
composition and its associated predicted functional pathways in
females. Knock-on fitness implications remain unclear, but if sex-
ual transmission of detrimental taxa is more likely from males to
females and there are sex-specific reproductive costs, then sex
differences in the transmission of the reproductive microbiome
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TABLE 3 Candidate linear mixed model of the effect of sex, sampling date relative to clutch initiation (Date) and their interaction on
amplicon sequence variant microbiome dispersion from the population median. The inclusion of a term in a model is denoted as ‘+. Model
rank, degrees of freedom (df), log-likelihood (LogLik), Akaike information criterion for small sample sizes (AICc) and AlCc weight (w) are

shown. Effect sizes are given for variables in the top-ranked model.

Model rank Date Sex Date x sex df LoglLik AlCc AAICc @
1 + 4 -533.523 1075.312 0.000 0.520
2 I 5 -532.857 1076.115 0.803 0.348
3 + + + 6 -532.857 1078.277 2.966 0.118
4 8 -538.676 1083.509 8.197 0.009
5 + 4 -538.029 1084.323 9.012 0.006
Effect size [95% Cl] r=-0.256
[-0.397;
-0.103]
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FIGURE 5 The effect of sex and sampling date relative to clutch initiation on amplicon sequencing variant (ASV) microbiome dispersion
(@) and on predicted pathway microbiome dispersion (b, c). Shown are the fits from linear mixed models along with 95% confidence intervals

(a, b) and boxplots (with raw data) as a function of sex (c).

may drive the evolution of sexually antagonistic strategies (Rowe
et al., 2020). Empirical evidence of the interaction between the
male's ejaculate and the female's reproductive microbiome comes
from studies demonstrating antimicrobial properties of semi-
nal fluid and immunity-related proteins (see Rowe et al., 2020;
Smith & Mueller, 2015 and references therein). Such antimicrobial
properties may protect male sperm from the harmful effects of

bacteria on motility, but may also be detrimental to beneficial taxa
in the female reproductive tract. In species with a cloaca, such as
birds, disruption of microbial communities from male ejaculates
may further extend into the female's digestive tract (i.e. the gut).
This would generate sexual conflict where males would be under
selective pressure to inseminate seminal fluid with protective

antimicrobial properties that counteract female mechanisms to

85U8017 SUOWILLOD 3A1Ie1D) 3|qeot[dde 8Ly Aq peusob afe Ssppiie YO ‘8N JO s3I 10j AeIq 1T 8UIUO 48]/ UO (SUONIPUOD-pUe-SWBILO" A3 1M ARIq 1 BUIUO//SdNL) SUORIPUOD pue sWwis | 84} 89S *[1Z0z/c0/2T] Uo Ariqi]auliuo A8|iM ‘(ouleAnde) aqnopesy Aq T96ET'9592-G9ET/TTTT 0T/I0p/W00" A8 1M Ake.q 1 pulUOS euIno kaq/:sdny wouy papeojumod ‘g ‘€202 9592598 T



PRUTER ET AL.

Journal of Animal Ecology 1651

TABLE 4 Candidate linear mixed model of the effect of sex, sampling date relative to clutch initiation (Date) and their interaction term on
predicted functional pathway microbiome dispersion from the population median. The inclusion of a term in a model is denoted as ‘+. Model
rank, degrees of freedom (df), log-likelihood (LogLik), Akaike information criterion for small sizes (AlCc) and AlICc weight (w) are shown.

Effect sizes are given for variables in the top-ranked model.

Model rank Date Sex Date x sex
1 + +
2 4 A I
3 +
4 1
5
Effect size r=-0.220 Cohen's D=0.349

[95% Cl] [-0.364; [0.030; 0.669]

-0.065]

maintain reproductive microbial homeostasis, while females will
be under selection to counteract the harmful effects of ejaculate
antimicrobial properties (Rowe et al., 2011, 2020). For instance,
upregulation of the female's immune system post-mating appears
to be widespread (Morrow & Innocenti, 2012) and one potential
mechanism may include the selective sculpting of protective taxa
against pathogens by the immune response (Hooper et al., 2012;
Montero et al., 2021; Stagaman et al., 2017). However, evidence
for such mechanisms in birds remains scarce and experimental
studies are needed to elucidate if sexual transmission of microbi-

omes results in sex-specific fithess outcomes.

4.2 | Temporal effects on the cloacal microbiome

The host-microbiome should be viewed as the outcome of a con-
stant interaction between host control and colonisation from the
environment. The effect of the environment is known to dominate
cloacal microbiome composition in early host development, but di-
minishes in adults because host control starts to play a greater role
in maintaining homeostasis (Carranco et al., 2022; Chen et al., 2020;
Grond et al., 2017; Teyssier et al., 2018; Videvall et al., 2019; White
et al., 2011). Nonetheless, the cloacal microbiome is known to be
temporarily dynamic in breeding adults within a season (Escallon
et al., 2019; Hernandez et al., 2021). We predicted that dispersion in
microbiome composition will decrease over the season due to sexual
transmission and shared habitat use driving microbiome homog-
enization (Figure 1b, scenario 2). We sampled individuals between
their arrival at the breeding site after migration and up to 10days
after clutch initiation. Microbiome dispersion in cloacal microbiome
composition should be at its highest immediately after arrival at the
breeding site, because individuals differ in migration history and in
exposure to diverse marine and tundra habitats. Variation should
then homogenise as the season progresses and individuals acclima-
tise to a similar environment (e.g. homogenization of bacteria associ-
ated with convergence in diet) and as a consequence of increased
transmission through copulation (Escalléon et al., 2019; Hernandez
etal,, 2021).

df LogLik AlCc AAICc [}

5 -555.428 1121.256 0.000 0.56
6 -554.953 1122.470 1.214 0.304
4 -558.140 1124.546 3.289 0.108
4 -559.631 1127.527 6.271 0.024
3 -562.213 1130.583 9.327 0.005

Our study adds to an increasing number of studies that demon-
strate temporal shifts in cloacal microbiome composition within a
breeding season (Escallon et al., 2019; Hernandez et al., 2021). As
predicted, we found that in both sexes, the composition of the clo-
acal microbiome became less dispersed as the season progressed
(both at the ASV level and at the level of predicted functional path-
ways), suggesting temporal convergence in the cloacal microbiome.
Moreover, regardless of the sex, 17 predicted functional pathways
but only three ASVs shifted in relative abundance over time, indi-
cating a general shift of function after migration which is driven by
a variety of bacterial groups. While the within-season effect in our
study was quite small and only explained 1.6% of the variation, the
comparatively large number of affected predicted functional path-
ways does suggest that these shifts may have important functional
consequences. The impact of these temporal shifts on host fitness

and adaptation remains unclear.

4.3 | Similarity within social pairs

Our final prediction was that the cloacal microbiome will be more
similar in individuals that are socially paired than among random
opposite-sex individuals in the population (Figure 1c). Here, we show
that social pair members of the polyandrous red phalarope were sig-
nificantly more similar in cloacal microbiome composition at the ASV
level than randomly chosen opposite-sex individuals sampled at the
same time. This finding contradicts the general expectation that so-
cially polyandrous species should show low microbiome similarity
between mating partners as a consequence of promiscuity driving
high transmission of reproductive microbiomes across social pairs
(Rowe et al., 2020), but fits with the idea that most of the sampled
females may only have copulated with their social mate (see above).
Comparing pair similarity between species of different mating sys-
tems is needed to put our results into a broader context.

Three non-mutually exclusive mechanisms may drive higher
within-pair similarity in the reproductive microbiome: (i) within-pair
convergence of diet-associated microbiota (e.g. convergence of hab-
itat use for feeding; Bodawatta et al., 2021; Dion-Phénix et al., 2021;
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FIGURE 6 Comparison of beta diversity of the cloacal microbiome between random pairs and social pairs (see Section 2 for details). For
the ‘random pairs’, two opposite-sex individuals were chosen that were sampled on the same day and at the closest possible time interval
(see Section 2). Beta diversity in amplicon sequence variants (ASVs) (a) and in predicted MetaCyc functional pathways (c) for both groups
are shown as individual data points and in boxplots (with raw data). The effect of social pair identity on relative abundance of ASVs (b)

and predicted MetaCyc functional pathways (d) is shown in volcano plots based on analysis of composition of microbiomes (ANCOM,; see
Section 2 for details) according to the F-values of centred logged ratios (clr) from linear mixed models. Dots represent individual ASVs or
predicted pathways. Those that are above the ANCOM W threshold of 0.7 are named.

Teyssier et al., 2020); (ii) assortative mate choice for similar micro-
biome composition or (iii) sexual transmission of cloacal microbes
(Lombardo et al., 1996; Stewart & Rambo, 2000; van Dongen
et al., 2019; White et al., 2010, 2011). Members of social pairs that
were sampled on different days showed comparable levels of micro-
biome similarity to social pairs that were sampled at the same time.

Moreover, the effect of social pair membership on cloacal bacterial
composition was much larger (21.5% of taxonomic cloacal variation
was explained by pair ID) than the overall temporal effects (only
1.6% of the variation explained). Combined, these results indicate
that social pair members were either already similar prior to pair-
ing or became more similar in their cloacal microbiome immediately
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after pairing, a scenario more consistent with rapid sexual transmis-
sion as a result of frequent copulations during pair formation than
with gradual diet convergence.

If reproductive transmission during copulation is an important
mechanism driving pair microbiome similarity, then we can expect
the potency of sexual transmission to vary among members of
the bacterial community (for instance higher for ejaculate-linked
bacteria than for bacteria from the upper gastrointestinal tract).
One strong line of evidence is that we observed that some spe-
cific strains (a total of 10 ASVs) had lower variation in abundance
in social pairs than in random pairs. One of these belongs to the
genus Corynebacterium (Actinomycetota) which includes several
pathogenic species that can be sexually transmitted and have been
linked to infertility in mammals and birds (Hartigan, 1980; Riegel
et al.,, 1995; van Dongen et al., 2019). In addition, we also identi-
fied higher repeatability in abundance within pairs of taxa associ-
ated with host metabolism, such as from the Lachnospiraceae family
(Gosalbes et al., 2011; Kittelmann et al., 2013). Increasing the prev-
alence filtering threshold of analysed ASVs from <2 individuals to
<50%, increased the amount of variation explained by pair ID from
21.5% to 29.4%. This suggests that sexual transmission may have
affected core microbial communities (i.e. highly prevalent taxa) more
than rarer and potentially transient taxa. Overall, our results are con-
sistent with sexual transmission being an important mechanism of
host microbial colonisation, whereby these taxa may span the spec-
trum of the beneficial-pathogenic axis.

The effect of within-pair similarity of predicted functional pro-
files of the reproductive microbiome was much weaker than the
effect observed at the taxonomic level, suggesting that high func-
tional redundancy between taxa dampens the functional effects of
sexual transmission. Nonetheless, we found that 10.1% of variation
in predicted functional profiles was explained by social pair mem-
bership. Four predicted functional pathways were significantly less
variable between social pair members than between random pairs
of opposite-sex individuals, consistent with some functional con-
vergence of the cloacal microbiome of mating partners as a conse-
quence of reproductive transmission. It remains unclear whether
and how these predicted functions would be linked to reproduc-
tive outcomes and fitness. Indeed, while predicted functional da-
tabases have greatly improved in the last decade, inferences based
on PICRUSt2 and metagenomics are limited by uncertain annota-
tions as well as unknown gene transcription or translation (Djemiel
etal., 2022). Moreover, annotation of reference genomes may not be
representative of the taxa in non-model host microbiomes (Djemiel
et al., 2022). Therefore, the predicted MetaCyc functional pathways
identified in this study should only be treated as hypotheses that
merit further investigation.

5 | CONCLUSION

Given that sexual transmission appears to shift reproductive
microbiomes, it seems highly likely that host mating behaviour will

influence the ecology and evolution of the reproductive microbiome,
with higher rates of sexual transmission (i.e. bacterial colonisation)
predicted in species with higher rates of promiscuity. However, evi-
dence that the reproductive microbiome influences sexual selection
is still lacking. Longitudinal and experimental studies which combine
microbiome sequencing with metabolome approaches, under con-
trolled conditions, are needed to further decipher the functional
consequences of microbial sexual transmission on reproductive out-
comes. Such studies could elucidate potential sex-specific effects,
which would give scope for the reproductive microbiome to act as a
driver for sexually antagonistic strategies (Rowe et al., 2011; Smith &
Mueller, 2015). Our study demonstrates the link between social pair-
ing and the reproductive microbiome, providing a baseline for future
research at the interface between the reproductive microbiome and

sexual selection.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Figure S1. Relative abundances of bacteria grouped by phylum from
the cloaca of 84 male and 72 female red phalaropes that nested in
the study area.

Figure S2. The effect of sex and sampling date on amplicon sequence
variant Shannon diversity.

Figure S3. Comparison of beta diversity of the cloacal microbiome
between random and social pairs.

Figure S4. Redundancy analysis ordination plot of amplicon sequence
variant (A) and predicted MetaCyc functional pathway (B) beta
diversity of the cloacal microbiome as a function of social pair ID.
Table S1. Candidate generalised linear mixed models of the effect of
sequencing depth, sex and sampling date relative to clutch initiation
(Date) on amplicon sequencing variant (ASV) species richness and on
ASV Shannon diversity.

Table S2. Candidate generalised linear mixed models of the effect
of sequencing depth, sex and sampling date (Date) on amplicon
sequencing variant (ASV) species richness and on ASV Shannon
diversity.

Table S3. Changes in fit if an explanatory variable is dropped from
the full redundancy analysis model of cloacal microbiome amplicon
sequence variant beta diversity of red phalaropes, based on a
reduced dataset with a single individual per pair.

Table S4. Candidate linear mixed models of the effect of sampling
date relative to clutch initiation date (Date) on amplicon sequence
variant beta diversity within a social pair (i.e. within social pair
microbiome similarity as a function of time).

Table S5. Candidate generalised linear mixed models of the effect of
sequencing depth, sex and sampling date relative to clutch initiation
date (Date) on the number of pathways and on pathway Shannon
diversity.

Table S6. Candidate generalised linear mixed models of the effect
of sequencing depth, sex and sampling date (Date) on the number of
pathways and on pathway Shannon diversity.

Table S7. Changes in fit if an explanatory variable is dropped from
the full redundancy analysis model of cloacal microbiome pathway
beta diversity of red phalaropes, based on a reduced dataset with a
single individual per pair.

Table S8. Candidate linear mixed models of the effect of sampling
date relative to clutch initiation (Date) on pathway beta diversity
within a social pair (i.e. within social pair microbiome similarity as a
function of time).

Table S9. Candidate linear mixed model of the effect of sex, sampling
date (Date) and their interaction on amplicon sequence variant beta
diversity divergence from the population median.

Table $10. Candidate linear mixed model of the effect of sex,
sampling date (Date) and their interaction term on functional

pathway beta diversity divergence from the population median.
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