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Abstract

Symbiotic interactions can determine the evolutionary trajectories of host species,
influencing genetic variation through selection and changes in demography. In the
context of strong selective pressures such as those imposed by infectious diseases,
symbionts providing defences could contribute to increase host fitness upon path-
ogen emergence. Here, we generated genome-wide data of an amphibian species
to find evidence of evolutionary pressures driven by two skin symbionts: a batra-

chochytrid fungal pathogen and an antifungal bacterium. Using demographic mod-

elling, we found evidence of decreased effective population size, probably due to
Handling Editor: Kayla King pathogen infections. Additionally, we investigated host genetic associations with
infection status, antifungal bacterium abundance and overall microbiome diversity
using structural equation models. We uncovered relatively lower nucleotide diver-
sity in infected frogs and potential heterozygote advantage to recruit the candidate
beneficial symbiont and fight infections. Our models indicate that environmental con-
ditions have indirect effects on symbiont abundance through both host body traits
and microbiome diversity. Likewise, we uncovered a potential offsetting effect among
host heterozygosity-fitness correlations, plausibly pointing to different ecological
and evolutionary processes among the three species due to dynamic interactions.
Our findings revealed that evolutionary pressures not only arise from the pathogen
but also from the candidate beneficial symbiont, and both interactions shape the ge-
netics of the host. Our results advance knowledge about multipartite symbiotic rela-
tionships and provide a framework to model ecological and evolutionary dynamics in
wild populations. Finally, our study approach can be applied to inform conservation
actions such as bioaugmentation strategies for other imperilled amphibians affected

by infectious diseases.

KEYWORDS
Acinetobacter rhizosphaerae, Batrachochytrium dendrobatidis, co-evolution, Eleutherodactylus
coqui, heterozygosity-fitness correlations, host genetic variation, symbiosis

1 | INTRODUCTION to propose that symbiotic interactions are one of the major drivers
of evolution (Margulis, 1998). Many characteristics of these asso-
Symbiosis, defined as living together in physical contact between ciations can vary, including direction of cost/benefit effects, de-
different species, greatly impacts many aspects of organismal biol- gree of dependence between partners and symbiont transmission

ogy. The pervasiveness of these systems in nature led Lynn Margulis traits. This variation profoundly affects ecological and evolutionary
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processes (Fisher et al., 2017; Hayward et al., 2021; Hurst, 2017;
McFall-Ngai et al., 2013). While some hosts and mutualists com-
monly show strong patterns of co-adaptation and co-diversification
(e.g., endosymbionts with vertical transmission), hosts and their par-
asites present more disparate evolutionary trajectories characterized
by phylogenetic incongruencies (Hayward et al., 2021). In the case
of parasitism, negative interactions impose selective forces in host
evolution, leaving genomic footprints and creating genetic suscepti-
bility landscapes (Weatherall et al., 1997). The relationships can be
extremely complex, as parasites co-evolve with their hosts, cascad-
ing effects can alter previously established interactions and these
symbionts (e.g., defensive symbionts) in turn can reshape parasite-
host interplay (Hopkins et al., 2017; Vorburger & Perlman, 2018).
A better understanding of these multipartite relationships will ad-
vance our knowledge and predictions about co-evolutionary dynam-
ics, ultimately improving disease control and mitigation strategies in
wildlife conservation (DeCandia et al., 2018).

One group of organisms that exhibits a wide variety of symbi-
otic associations is fungi (Naranjo-Ortiz & Gabaldén, 2019a, 2019b).
Fungal symbionts can perform different roles from essential mutual-
ists, such as mycorrhizal fungi (van der Heijden et al., 2015), to master
parasites, for example the ant-infecting Ophiocordyceps (Andersen
et al., 2009), or pathogens able to cause devastating infectious dis-
eases (Fisher et al., 2020, 2012). Human activities have contributed
to the spread of this group of organisms, and pathogenic fungi pose
an important threat to biodiversity (Fisher et al., 2020). For instance,
the infectious disease chytridiomycosis, caused by the skin-infecting
fungus Batrachochytrium dendrobatidis or Bd (Longcore et al., 1999),
has contributed to population declines, extirpations and extinctions
of many amphibian species worldwide, being considered the utmost
disease-driven loss of wildlife ever recorded (Fisher & Garner, 2020).
It is now increasingly rare to find regions where amphibian commu-
nities are Bd-free (Olson et al., 2021). Hence, amphibian populations
are plausibly in arms race dynamics evolving defence systems to
persist by limiting the negative consequences of infection. Selection
in components of the major histocompatibility complex (MHC) has
been documented for populations of many amphibian species under
differing disease regimes (Belasen et al., 2022; Fu & Waldman, 2017
Kosch et al., 2016; Savage & Zamudio, 2011). The risk for new
outbreaks after pathogen emergence is context-dependent fol-
lowing the conceptualized model known as the disease triangle:
host-pathogen-environment (Scholthof, 2007). Enzootic rather
than epizootic scenarios are commonly now being documented, not-
ing the importance of host immunity and amphibian skin microbi-
ome to the disease outcome (Bates et al., 2018; Briggs et al., 2010;
Jani et al., 2017). After the discovery of multiple amphibian skin
bacterial taxa with Bd inhibitory activity (Woodhams et al., 2015),
chytridiomycosis research efforts have focused largely on describ-
ing protective microbes and analysing interspecific differences in
skin microbiome diversity and structure. Whereas Bd-host and Bd-
microbiome studies have provided insights into infections dynamics
(Brannelly et al., 2021), the multipartite pathogen-microbiome-host
interaction remains unexplored to a great extent, specifically its

co-evolution and the study of the selective forces that both symbi-
onts exert on their hosts and between each other.

Among the amphibian species under an enzootic disease re-
gime with variable response to Bd infection outbreak is the com-
mon coqui (Eleutherodactylus coqui Thomas, 1966), a frog endemic
to Puerto Rico. This direct-developing frog exhibits infection cycles
modulated by different factors including seasonal environmental
conditions, ontogenetic stage, microhabitat use and skin microbial
community (Burrowes et al., 2017; Langhammer et al., 2014; Longo
et al.,, 2010; Longo & Zamudio, 2017). During the warm-wet sea-
son, frogs withstand Bd infection, whereas a high percentage of
Bd-infected frogs (50%-60%) die during the cool-dry season with
acute Bd infections (Longo et al., 2010). Frogs at the early stages
of their life have lower survival rates when infected (Langhammer
et al., 2014). Likewise, frogs found in bromeliads or on the forest
floor carry higher infection intensities than active frogs in high
branches or tree trunks (Burrowes et al., 2017). Over the environ-
mental conditions that provide a survival advantage to the hosts,
frogs may recruit candidate beneficial bacteria such as Acinetobacter
rhizosphaerae to fight infection (Longo & Zamudio, 2017). Several
isolates of this bacterial taxon from different amphibian hosts occur-
ring in many regions of the world inhibited Bd growth during culture
assays (Woodhams et al., 2015). Together, this variation points to the
potential co-evolution and adaptation of coqui frogs to coexist with
this pathogen, which was detected for the first time in El Yunque
National Forest, Puerto Rico, in a frog collected in 1976 (Burrowes
et al., 2004).

In this study, we examined three-species interactions: Bd, A.
rhizosphaerae, and E. coqui to assess role of symbionts in host evo-
lution (Figure 1). We characterized the genetic variation of a coqui
population consisting of frogs under different infection statuses to
uncover evidence of selection related to Bd. We also investigated
population admixture and demographic history to determine the ex-
tent of disease-driven declines in the genetic diversity of this frog
population. Finally, we defined a statistical framework to test frog
heterozygosity-fitness correlations among infection status, candi-
date protective microbe abundance and skin microbiome diversity
metrics. Our study contributes to the establishment of groundwork
to interrogate pathogen-microbiome-host interactions not only in
amphibians under enzootic chytridiomycosis, but also in different
symbiotic systems with multipartite relationships affecting species
ecology and evolution.

2 | MATERIALS AND METHODS
2.1 | Experiment, samples and genomic data set

We selected as a model system the common coqui frog from Palo
Colorado Forest at El Yunque. These frogs were part of a mesocosm
experiment to test the effect of seasonality and skin microbiome on
the Bd infection outcome (Longo & Zamudio, 2017). Animals were
randomly assigned to the different experimental categories (i.e., dry
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Amphibian host
Eleutherodactylus coqui

Microbiome-host
interaction

and wet season, inoculation of 10°Bd JEL427 zoospores [Bd+] and
controls [Bd-], reduction of skin microbiome by applying 1.5% hydro-
gen peroxide [HP+] and controls [HP-]; for more information about
the experimental design see Longo & Zamudio, 2017) and main-
tained in field enclosures for 15days. Frog measurements (weight
and snout-vent length [SVL]) and skin swab samples for both quan-
tifying Bd infection intensity and characterizing the skin microbiome
were taken initially (day 0) and every 3days during the experiment
(data time points: 3, 6, 9, 12 and 15days). The pathogen load was
measured as Bd gene fragment equivalents from quantitative poly-
merase chain reaction (QPCR) assays. Skin microbiome community
metrics (number of observed operational taxonomic units [OTUs],
phylogenetic distances, Shannon index and Dominance index) were
obtained from 16S rRNA amplicon sequencing data using the qime
pipeline (Caporaso et al., 2010). For a detailed explanation regard-
ing the methods of Bd quantification and the microbiome data see
Longo and Zamudio (2017). Swab data were obtained for the frogs
initially (upon capture) and during the experiment while document-
ing animal infection recovery. These data (frog weight, frog SVL, Bd
quantification, number of skin microbiome OTUs, skin microbiome
Shannon index, skin microbiome Dominance index, skin microbi-
ome phylogenetic distances and candidate antifungal bacterium
sequencing counts; see Appendix S1) were available from the sup-
plementary materials of the previously published study (Longo &
Zamudio, 2017).

After the experiment, we extracted DNA from the liver of eu-
thanized frogs using the QIAGEN DNeasy Blood and Tissue kit. A
total of 77 adult frogs were selected based on DNA quality and
quantity and completeness of both the skin microbiome and the Bd
infection data previously published (Longo & Zamudio, 2017). We
sent DNA aliquots to the Cornell Institute for Genomic Diversity to
perform genotyping by sequencing (GBS; Elshire et al., 2011), which
were digested using the methylation-sensitive restriction enzyme
EcoT22l (recognition sequence: ATGCAT, that might be affected
by ATG5mCAT and ATGC6mAT). We sequenced the samples using

Fungal pathogen
Batrachochytrium dendrobatidis

FIGURE 1 The multipartite pathogen-
microbiome-host interactions. The
trifecta of this study is represented by a
picture of a coqui frog (photo authorship
M.T.-S.) and icons of a chytrid fungal
zoosporangium and coccobacilli (icons
source BioRender) [Colour figure can be
viewed at wileyonlinelibrary.com]

Pathogen-microbiome
interaction

Facultative bacterial symbiont
Acinetobacter rhizosphaerae

a single-end 100-bp lllumina HiSeq 2000 lane. The raw sequence
reads, which comprised almost 250 million reads (247,949,836), were
converted into tag-SNP (single nucleotide polymorphism) genotypes
by using the uneak pipeline with default parameters as implemented
in TasseL 5.0 (Bradbury et al., 2007; Glaubitz et al., 2014). Filters were
applied to discard monomorphic loci, which could be potentially
paralogues, by removing any locus with a mean observed hetero-
zygosity <0.05 or >0.75. In the final variant calling file (vcf, initial
genomic data set or data set 1, see Appendix S2), only polymorphic
loci with <10% of missing genotypes across all the individuals were
considered to avoid technical and/or biological biases (e.g., different
methylation patterns per frog). To demonstrate the stringency of our
variant filtration method, we simulated EcoT22I| digestion and pre-
dict the number of expected loci for the common coqui frog genome
assembly (GCA_019857665.1) using siMraAD (Lepais & Weir, 2014).

2.2 | Calculating genomic diversity

We converted the initial genomic data set to flat files (map/ped)
using vcrroots 0.1.13 (Danecek et al., 2011) and, subsequently, to bi-
nary file (bed) and its associated files (bim/fam) using pLink 1.90b6.15
(Purcell et al., 2007). We computed several statistics and metrics
using the aforementioned programs to characterize the genomic
data set and also as a quality control procedure. We calculated miss-
ing rates, both missingness by variant position and by frog specimen,
using the --missing pLNk option. We created five data sets by filter-
ing variants out and increasing the genotyping rate from 0.95 to 1
(see Table S1 for detailed information about the filtered data sets).
Because downstream results may vary based on filtering processes
(Schmidt et al., 2021), we performed analyses for all data sets (initial
genomic data set: defined as data set 1; and filtered data sets with
increased genotyping rate: data sets 2 to 5) to evaluate the effect of
missing variants. For frog-based statistics, we computed inbreeding
coefficient, F, and heterozygosity ratios (heterozygous/homozygous
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ratio) using the --het parameter of vcrroots and vcfstats of r1G ToOLS
(https://github.com/Real TimeGenomics/rtg-tools), respectively.
We estimated and plotted the conditional densities of the frog in-
fection status over frog multilocus heterozygosity using r (R Core
Team, 2019). We performed subsequent genetic analyses in dupli-
cate using data set 1 (genotyping rate 0.95) and data set 5 (genotyp-
ing rate 1).

For variant-based statistics within the frog samples, we esti-
mated allelic frequencies using the --freq LNk option and tested de-
viation from Hardy-Weinberg equilibrium (HWE, deviated variants
p <.05) using the --hardy pLink option. To identify candidate variants
that do not fit the neutral theory model (Tajima, 1989), we computed
Tajima's D using the --TajimaD vcrrooLs option. We calculated nucle-
otide diversity from average pairwise differences between all frog
pairs using the --site-pi vcrrooLs option. We compared these variant
metrics for data sets 1 and 5 grouping separately initially Bd-infected
and uninfected individuals (43 and 34 frogs, respectively) and se-
lecting variants that deviate from HWE with loss of heterozygosity
(deviated variants with gain of heterozygosity were considered as
genotyping errors). We visualized the genetic metrics and tested
equality of Tajima's D values between Bd-infected and uninfected
using a Mann-Whitney-Wilcoxon test with r (R Core Team, 2019).

2.3 | Population structure, molecular variance and
demographic analyses

To study relationships among the 77 coqui frogs, we used multidi-
mensional scaling (MDS) analysis with 10 dimensions on a computed
pairwise genetic distances matrix of identity by state (IBS), and es-
timated kinship coefficients using --cluster --mds-plot pLiNk options
(Purcell et al., 2007), and --relatedness2 vcrrooLs option (Danecek
et al,, 2011), respectively. We visualized the genetic distances clus-
tered by MDS dimensions in scatter plots and represented pairwise
kinship coefficients as an estimation of identity by descendent (IBD)
matrix on a heatmap using r (R Core Team, 2019). We also used the

(a) (b)

NANC

N BOT

NCUR

NANC

distance matrix obtained through the --distance square 1-ibs pLINK
option to analyse the molecular variance partitioning the samples
by initial infection status with the function AMOVA of the r package
PEGAS (Paradis, 2010). To further explore population stratification,
we estimated individual ancestries by maximum likelihood searches
using apmixTure 1.3.0 (Alexander et al., 2009) with cross-validation
procedure, --cv. We used five independent search seeds to find the
most likely number of ancestral populations, K, testing values from
1 to 10. We performed these population structure and molecular
variance analyses for data set 1 and 5, and for the same data sets
containing only variants that deviate from HWE with loss of het-
erozygosity. We visualized cross-validation errors and ancestry frac-
tions using scatter and stacked bar plots in r (R Core Team, 2019).
To estimate demographic parameters, we built a folded one-
dimension site frequency spectrum (SFS) file using easvsrs (https://
github.com/isaacovercast/easySFS). We computed the folded
SFS maximizing the number of samples (77 diploid individuals and
1102 variants). We explored two different evolutionary scenarios
or models (equilibrium and bottleneck; Figure 2) using coalescent
simulations with rastsimcoaL 2.6.0.3 (Excoffier et al., 2013) with a
conservative mutation rate of 1e-9 (Crawford, 2003). To fit the two
demographic models, we ran both models 100 independent times
or runs, each run with one million of coalescent simulations and 100
optimization cycles (ECM). To compare the demographic models, we
calculated likelihood distributions and nonparametric bootstraps
using the parameter files generated in the run with the smallest dif-
ference between the maximum observed likelihood (MaxObsLhood)

and the estimated likelihood (MaxEstLhood) under each model.

2.4 | Statistical analyses of symbiotic
interactions and disease outcome

To link pathogen-microbiome-host interactions, we performed

regression and association analyses. First, we grouped the vari-
ables into two trait data sets (initial and experimental data sets, see

(c)

592,336

TBOT

FIGURE 2 Demographic models. Hypothesized theoretical demographic models: Equilibrium (a) and bottleneck (b). Abbreviations
represent parameters to infer during the analyses. Equilibrium models test whether population size has been invariant and estimates
ancestral population size (N,,c) while bottleneck scenarios test for changes in population effective size and estimate the different sizes
during the population fluctuations (N, population size during bottleneck or Ny, and current population size or N,z) as well as the time
to the bottleneck (Tyq7). (c) the demographic model for our coqui population with the estimated parameters
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Appendix S1) to disentangle any possible effects due to Bd strain
interactions (Greenspan et al., 2018). Initial values included the
data acquired from frogs upon capture, whereas the experimental
values group responses from days 3 to 15 of the experiment. We
explored the distributions of these two trait data sets as well as
bivariate relationships, transforming values as required. To reduce
the dimensionality of the microbiome data, we combined microbi-
ome metrics previously published by Longo & Zamudio, 2017 (num-
ber of observed OTUs, phylogenetic distances, Shannon index and
Dominance index), which were highly correlated, by principal com-
ponents analyses (PCAs) using the r prcomp function with scaling
option (R Core Team, 2019). We created a new variable, defined here-
after as microbiome diversity index, using the PC1 loadings of which
positive values were related to a high number of observed OTUs,
phylogenetic distances, and Shannon indexes, whereas negative val-
ues were related to high Dominance index (Figure S1). To describe
the change of the skin microbiome through the experiment, we com-
puted linear models for each frog using the microbiome diversity index
as the response variable and data time points as the predictor with
the Im function in r (R Core Team, 2019). We visualized the values of
the skin microbiome index and its regression lines using r in scatter-
plots, grouping the data for each frog by experiment category (Bd-,
Bd+, HP-, HP+, dry season and wet season; see Figure S2). From the
slope estimates (f,) of these models, we added another new vari-
able, change in microbiome diversity, to the experimental data set.
Likewise, we followed the same procedure to describe the change in
Bd load and the abundances of A. rhizosphaerae (sequencing counts
of the candidate antifungal bacterium), deriving two variables from
the slopes of the linear regressions: change of Bd load and change
of A. rhizosphaerae abundance, respectively (see Figures S3 and S4).
We calculated body condition using the residuals of the linear model
between frog weight grouped by sex as the response variable and
SVL as the predictor using the Im function in r (see Figure S5).

After these analyses and variable transformations, we computed
two structural equation models (for the initial and the experimental
data sets) using the psem function of the r package piEcEwisEsEM ver-
sion 2.1.0 (Lefcheck, 2016) to explain endogenous variable variation
of: (i) initial Bd infection status (modelled as numerical using a bino-
mial distribution since categorical variables were not implemented in
PIECEWISESEM), initial A. rhizosphaerae abundance (this variable showed
skewed distributions, was log-transformed for visual representation
in Figure S6, and was modelled using negative binomial distribution),
microbiome diversity index (modelled using a gaussian distribution),
and frog body condition (modelled using a gaussian distribution) in
relation to the exogenous variables: Puerto Rican climatic seasons
and frog heterozygosity (values from heterozygous/homozygous ra-
tios of the genomic data set 1); and (ii) change in Bd (modelled using
a gamma distribution), change in A. rhizosphaerae (modelled using a
gamma distribution), change in microbiome diversity index (mod-
elled using a gaussian distribution), frog condition (modelled using
a gaussian distribution), and frog recovery (modelled using a bino-
mial distribution) related to the aforementioned exogenous variables
plus treatment variable (see variable exploratory relationships in the

Figures S6 and S7, and model equations with complete code for our
methodology in Appendix S3). We built path relationships and de-
signed directed acyclic graphs underlying model equations based on
both previous information regarding this particular biological system
and our hypothesis testing process.

3 | RESULTS

We obtained 8590 tag-SNPs with a proportion of missing loci less
that 10% from the 77 coqui frogs. The simulated number of restric-
tion sites was 103,717, which evidenced our stringent filter pro-
cesses. The highest missingness by locus in the initial genomic data
set was 9.091% for a total of 724 variant positions (see Table S1 for
information about genotyping rates and SNP numbers). Regarding
the proportion of missing information per frog in the initial data set,
we found that six individuals presented an SNP missingness propor-
tion higher than 10% (the individual with the highest missingness
proportion, 40%, was the frog with the identification code MD030,
followed by MD047, MD027, MD022, MWO045 and MDO037; see
Appendix S1). The genotyping rates of the five built data sets are
presented in Table S1, and filtering effects between the computed
inbreeding coefficient F and heterozygosity ratios per frog are shown
in Figure S8. In the initial genomic data set, or data set 1, these nega-
tively correlated metrics ranged from 0.72 to 0.04 and from 0.57 to
4.38, respectively. Conditional probabilities of the infection status
revealed that frogs with low heterozygosity ratios were more likely
to be Bd-infected (Figure 3). However, we still detected some un-
infected individuals with low heterozygous/homozygous ratio (the
two frogs with the highest missingness proportion, MD047 and
MDO030, had a heterozygosity ratio <1; see Appendix S1). Individuals
with the highest inbreeding coefficient (lower heterozygosity ratio)
were those with highest SNP missingness proportion of all the data
sets. These metrics were highly correlated between data set 1 and
the others including data set 5 (the data set with genotyping rate
of 1), showing little effect of the missing loci on the overall metric
values per frog (see Figure S9). The strength of the relationship be-
tween heterozygosity ratios from data set 1 and from data set 5 was
the weakest of these linear correlations (r = .76; see Figure S9D),
and therefore we further explored variant-based statistics of both
data sets (data sets 1 and 5). A high percentage of variant positions
showed a minor allele frequency (MAF) <0.1 (33.52% and 28.86%
of data set 1 and data set 5, respectively; see Table S2 and Figure
510 for the MAF distributions plot). Evolutionary forces affect allele
frequencies, and in consequence variant positions can deviate from
HWE. We found a total of 3806 variants in data set 1 and 304 in data
set 5 that deviated from HWE. The relationships among the other
metrics that pointed to different evolutionary processes (Tajima's
D and nucleotide diversity) in relation to frog infection status are
visualized in Figures S11 and S12. In general, variants in the Bd-
infected frog subsets showed higher values of nucleotide diversity
and Tajima's D. The mean Tajima's D in Bd-infected frogs was 0.59
(SD = 0.723), while the value was slightly lower in the uninfected
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Batrachochytrium dendrobatidis (Bd)
infection status related to individual
heterozygosity. Dark grey colour
distribution represents the probability

of frog being uninfected (0), while light
grey colour represents Bd-infected (1).
Probability is illustrated in the right y-axis

Infection status

1.0

individuals (mean = 0.525, SD = 0.745). The distribution of Tajima's
D values differed for these two groups of frogs (Mann-Whitney-
Wilcoxon test W = 1,858,827, p = .0178).

Distance matrices and genetic relationships among frogs used
to identify clustering patterns mainly regarding animal infection
status are shown in Figure S13 for scatter plots representing first
dimensions of the MDS analyses of the IBS distance matrix, and
in Figure S14 for heatmaps representing IBD distance matrix.
We found no clear pattern of genetic differentiation among the
sequenced 77 coqui frogs either using data set 1 (Figures S13A
and S14A) and 5 (Figures S13B and S14B), or using the subset of
these data sets with only variants that deviated from HWE with
loss of heterozygosity (Figures S13C,D and S14C,D). We also as-
sessed population differentiation by analysing the molecular vari-
ance between initial infection status. We detected that most of
the variance in the genetic distance matrix arose from samples
within the same infection category (sigma and phi statistics zero
or slightly negative, see Table S3 for the components of variation).
These results pointed to random mating among Bd-infected and
uninfected frogs. Likewise, when we estimated population differ-
entiation and admixture, we found that the 77 frogs belong to the
same ancestral population (Figures S15 and S16). Our comparison
between the two demographic models supported the bottleneck
model as the best-fitting model for this coqui population. From the
bottleneck run with smaller likelihood difference, the estimates of
demographic parameters of this coqui population showed that the
ancestral population size (N, ) was 592,336 (values for the 100
analysis runs ranged from 592,336 to 2,623,435), while our cur-
rent population size estimate (N ) was 141 (values for the 100

0.8

1.5 2.0 25 3.0 3.5 4.0

Heterozygous/Homozygous ratio

analysis runs ranged from 141 to 61,493, see Table S4). Time to the
bottleneck (Tyo;) was 26 generations (values for the 100 analysis
runs ranged from 21 to 1029). Nevertheless, the bottleneck pop-
ulation size was greater than the current effective population size
estimation (Ngyor = 2954; values for the 100 analysis runs ranged
from 453 to 10,761) indicating that this population is probably still
in decline (Figure 2).

We described the relationships among pathogen-microbiome-
hosts in analytical frameworks (Figures 4, S17). The multivariate
statistical analysis results from the structural equation models are
shown in Table S5 for the initial data and Table Sé for the experi-
mental data. We confirmed hypothesized relationships such as the
correlation of climatic seasons with host body condition and micro-
biome diversity upon frog capture. In the warm-wet season frogs
were in better condition with a relatively low skin microbiome di-
versity index (Figure 4; Table S5). At the same time, season had
indirect effects on the abundance of Acinetobacter rhizosphaerae
through both animal body condition and microbiome diversity. The
abundance of this skin bacterium was also correlated with Bd infec-
tion status and frog heterozygosity (Figure 4; Table S5). We found
a potential offsetting effect of frog heterozygosity on Bd infection
status and the abundance of A. rhizosphaerae in the skin. While high
levels of heterozygosity were correlated with a higher abundance
of A. rhizosphaerae in the frog skin, we found a positive relationship
between Bd-infected frogs and the abundance of this bacterium. On
the other hand, for the experimental data, the treatment category
was the main cause of the change in both microbiome diversity and
Bd load, the latter variable, as expected, being negative correlated
with frog recovery (Figure S17 and Table S6).
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FIGURE 4 Direct acyclic graph of symbiotic interactions
representing the structural equation model of the initial data set.
Exogenous variables are represented in squares and endogenous
variables in circles. Correlations between variables are illustrated
with arrows and estimated coefficients are included in the

boxes. Arrow colour represents the direction of the relationship
(positive = violet and negative = orange), the width shows the effect
size (larger arrows describe higher magnitude effects), and the type
of line illustrates the significance of the relationship in the structural
equation models (solid lines = p <.05 and dashed lines = p = .05)
[Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

Symbiotic interactions can determine the evolution of host spe-
cies, influencing genetic variation through, for instance, selection
processes and changes in demography. We generated genome-
wide data of an amphibian species to find evidence of symbionts'
evolutionary pressures. The trifecta in the evolutionary race of our
study consisted of a globally distributed batrachochytrid pathogen
(Bd), an antifungal bacterium facultative resident of the amphibian
skin (Acinetobacter rhizosphaerae) and an anuran under Bd infec-
tion cycles (Eleutherodactylus coqui). We found that our focal frog
population had severely decreased its effective population size (N,)
plausibly due to Bd emergence. At the same time, we uncovered frog
genetic variation and potential heterozygote advantage to recruit A.
rhizosphaerae and fight Bd infections.

Since the detection of the first amphibian die-offs due to
Bd (Berger et al., 1998; Bosch et al., 2001), hundreds of popula-
tion declines have been reported (Fisher & Garner, 2020; Scheele
et al., 2019). Despite the importance of these losses for the declin-
ing species, their communities and ecosystems (Zipkin et al., 2020),
the evolutionary consequences of population size changes are
rarely evaluated. Reductions in N, exacerbate the intensity of ge-
netic drift and impact adaptation processes (Charlesworth, 2009;
Papkou et al., 2016). Declines in frog abundance at the locality of this
study, Palo Colorado Forest at El Yunque, have been documented
since 1989 (Burrowes et al., 2004). These losses were related to the

synergic effects between Bd infection and droughts, potentially ex-
acerbated by hurricane Hugo (Woolbright, 1991). We uncovered a
severe population bottleneck in this studied coqui frog population,
with a drastic collapse in several orders of magnitude of the contem-
porary N,. As a consequence, our findings suggest that the declines
over the last 30years have impacted the evolutionary trajectory of
this population, weakening the effectiveness of selection processes
through the reduction of N,. Although in situ monitoring showed pat-
terns of population recovery (Longo & Burrowes, 2010), our findings
point to stochastic processes limiting adaptation. Also, interactions
with environmental conditions can impose additional costs delaying
evolutionary processes. Potentially adapted and nonadapted frogs
survive Bd infection during the warm-wet season (Longo et al., 2010).
Our results suggested random mating in the population, supporting
our hypothesis that both adapted and nonadapted frogs can theo-
retically produce offspring and are contributing to recruitment in the
population. In other words, frogs possibly reproduce without assor-
tative mating due to infection status, which might be driven by low
infection intensities and high prevalence in the population. Hence,
alleles under selection might have not been fixed yet or presented
at high frequencies in the population. In the same mountainous
system, coqui population recoveries at higher elevations and an ab-
sence of declines at lower elevations have been observed (Burrowes
et al., 2004; Longo & Burrowes, 2010). Additional comparisons of
host genetics in localities with high variation in environmental condi-
tions and/or different responses to Bd infection could better unravel
this evolutionary process of co-adaptation (Savage et al., 2015).
Increased genetic diversity can lessen infectious disease risk in a
population (DeCandia et al., 2018; King & Lively, 2012). For example,
genetically depauperate populations have been compared to mono-
cultures in agriculture, where higher infection prevalence and trans-
mission occur across similar host genotypes (King & Lively, 2012).
During an experimental evolution study, a chytrid fungal parasite
(Rhizophydium megarrhizum Skuja, 1956) caused higher intensity
infections in monoclonal hosts, highlighting that genetic diversity
can limit the increase of the parasite fitness (Agha et al., 2018).
Consistent with these results, we detected a relatively lower nucleo-
tide diversity in the Bd-infected frogs. Other amphibian populations
impacted by Bd have shown dramatic decreases in genetic diversity,
such as the contemporary Panamanian populations of Atelopus var-
jus (Lichtenstein & Martens, 1856) (Byrne et al., 2021). This species
has been on the brink of extinction, but population recoveries sug-
gest the evolution of host defence mechanisms (Voyles et al., 2018).
Neutral genetic diversity, which lacks adaptive diversity information,
sometimes fails to identify associations with population health and
future disease risk (DeCandia et al., 2018; Teixeira & Huber, 2021).
Our nucleotide-based metrics were computed from variants identi-
fied through a restriction enzyme sequencing method and included
neutral markers, so even with an overall decrease of the genetic di-
versity, Bd-infected coqui frogs can still harbour variation in func-
tional genomic locations for adaptation to Bd infection. Targeting
defence (epi)genetic regions including the components of the MHC
(Fu & Waldman, 2017; Richmond et al., 2009) and genes involved
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in mechanisms that impede pathogen growth, such as nutritional
immune-related genes (Torres-Sanchez et al., 2022), could further
improve our understanding of population dynamics, especially to
generate better predictions of its evolutionary trajectory.

In diploid organisms, theoretical frameworks based on Fisher's
geometric model predict that adaptive mutations increase the fitness
of heterozygotes, a phenomenon known as heterozygote advantage
(Fisher, 1930; Sellis et al., 2011). Heterozygosity correlations with
fitness-related traits have been explored to investigate the evolu-
tionary consequences of genetic diversity at the individual level
(Chapman et al., 2009; Turelli, 1983). Genome-wide heterozygosity
is interpreted under the “general effect” hypothesis: loci through the
whole genome covary, being in identity disequilibrium (David, 1998).
Our study revealed that coqui frogs with low genome-wide hetero-
zygosity were more likely to be Bd-infected. A genome-wide analy-
sis of another anuran, Litoria verreauxii alpina (Fry, 1915), also shows
that greater individual heterozygosity was associated with a reduced
probability of Bd infection (Banks et al., 2020). Other studies have
found the opposite heterozygosity-Bd infection relationship in other
amphibian species when analysing the genetic diversity of a small
number of genetic markers, 11 and seven nuclear microsatellites, re-
spectively (Addis et al., 2015; Horner et al., 2017), which might not
be representative of their whole genomes. Immunogenetic research
focusing on the class Il MHC has presented both relationships, where
heterozygous individuals through balancing selection and homozy-
gous individuals with alleles under strong directional selection have
a low Bd infection risk (Belasen et al., 2022; Fu & Waldman, 2017;
Kosch et al., 2016; Savage & Zamudio, 2011). In our evolutionary
scenario, Bd infection status might not be the best proxy of frog
fitness, because infected coqui frogs can survive even during the
cool-dry season (Longo et al., 2010). Alternatively, through our
structural equation model, we found that the abundance of the pu-
tative defence symbiont A. rhizosphaerae was positively correlated
with frog heterozygosity. We propose this variable as a more ade-
quate fitness trait, which should be further examined to assess the
potential protection mechanism through, for instance, challenge
trials. Interestingly, in this multipartite interaction, we discovered a
potential offsetting effect of this heterozygosity-fitness correlation
(Laughlin & Grace, 2019), which might reflect different ecological
and evolutionary processes in the interaction among the three spe-
cies (Hopkins et al., 2017). Heterozygosity ratios tended to be higher
in uninfected frogs and were also correlated with higher abundance
of the candidate beneficial bacterium. At the same time, Bd-infected
frogs carried a high abundance of A. rhizosphaerae. Different studies
have shown that A. rhizosphaerae can inhibit but also can enhance Bd
growth or even has no detectable effect (Muletz-Wolz et al., 2017;
Woodhams et al., 2015). We hypothesized that the interactions
among Bd, A. rhizosphaerae and E. coqui reflect the dynamics of the
infection process. At first, during Bd colonization of amphibian skin,
a positive association of the pathogen and the candidate antifun-
gal bacterium might occur, plausibly reflecting attraction mediated
through secondary metabolites. The increase of A. rhizosphaerae
in the amphibian skin could contribute to fighting Bd infection. As

a consequence, uninfected frogs that have removed the pathogen
could present a high abundance of A. rhizosphaerae, and potentially
frogs with higher heterozygosity levels could maintain this candi-
date beneficial bacterium to avoid reinfection by Bd, which is con-
sistently present in this coqui frog population. Amphibian skin is a
unique ecosystem with complex communities of microorganisms,
whose diversity has been globally related to the host environmental
conditions (Kueneman et al., 2019). We expected to find a strong
signal between frog individual heterozygosity and the microbiome
diversity index, yet we failed to detect this correlation. The role of
the amphibian host in shaping the diversity and structure of their
skin microbiome could be indirect through the interaction with spe-
cific members (Bletz et al., 2017). This scenario has been defined as
“ecosystem on a leash” (Foster et al., 2017). We hypothesize that
coqui frogs, their candidate beneficial bacterium and their pathogen
are under this eco-evolutionary model of interactions, which could
improve host health by preserving skin microbiome functional diver-
sity (Longo, 2022). Considering that coqui frogs are invasive in many
parts of the world, independent colonization events could provide
the ideal system to further examine eco-evolutionary interactions
using modelling, field observations and experimental approaches.

Symbiotic interactions are ubiquitous, impacting the ecology
and evolution of their host species. To better understand the spe-
cies dynamics, multipartite interactions need to be examined more
often, especially when symbionts use a common resource. Here, we
defined an interaction model that can be theoretically evaluated
to gain further insights into the evolutionary trajectories of coqui
frogs. Future research directions should assess the intergenerational
transmission, measure the heritability of the symbionts, and, ulti-
mately, characterize correlations between symbiont genotypes and
host genetic diversity (Parker et al., 2017). Integrating the genetic
data of all the partners will enhance our understanding of symbiotic
systems. Regarding the global amphibian decline crisis, knowledge of
codiversification dynamics is essential to improve the efficiency of
conservation actions, especially those considering bioaugmentation
strategies (Bletz et al., 2013).
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