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Symbiotic microbes can dramatically impact host health and fitness, and
recent research in a diversity of systems suggests that different symbiont com-
munity structures may result in distinct outcomes for the host. In amphibians,
some symbiotic skin bacteria produce metabolites that inhibit the growth of
Batrachochytrium dendrobatidis (Bd), a cutaneous fungal pathogen that has
caused many amphibian population declines and extinctions. Treatment
with beneficial bacteria (probiotics) prevents Bd infection in some amphibian
species and creates optimism for conservation of species that are highly
susceptible to chytridiomycosis, the disease caused by Bd. In a laboratory
experiment, we used Bd-inhibitory bacteria from Bd-tolerant Panamanian
amphibians in a probiotic development trial with Panamanian golden frogs,
Atelopus zeteki, a species currently surviving only in captive assurance colonies.
Approximately 30% of infected golden frogs survived Bd exposure by either
clearing infection or maintaining low Bd loads, but this was not associated
with probiotic treatment. Survival was instead related to initial composition
of the skin bacterial community and metabolites present on the skin. These
results suggest a strong link between the structure of these symbiotic microbial
communities and amphibian host health in the face of Bd exposure and also
suggest a new approach for developing amphibian probiotics.

1. Introduction

Animals host a diversity of symbiotic microorganisms, many of which are vital for
host fitness. These microbial communities are made of bacteria, fungi, archaea
and viruses that interact with each other and their host along a continuum from
mutualistic to parasitic [1-3]. Recent studies suggest that the structure of these
symbiotic microbial communities can have direct impacts on their function, and
ultimately on host phenotype. For example, in humans, gut communities with
high diversity and dominated by Bacteroidetes appear to contribute to lean
phenotypes, while gut communities with low diversity and dominated by Actino-
bacteria appear to contribute to obesity [4]. In marine invertebrates, such as corals
and sponges, specific community structures of symbiotic microbes have been
linked to healthy and diseased animals [5,6]. Some symbiotic microbes positively
impact host physiology and health by preventing pathogen colonization and
enhancing immune function (defensive symbiosis) [6,7]. For example, in mice,
immunity against the cutaneous parasite Leishmania major is improved through
skin microbiota-enhanced effector T-cell responses [8]. Amphibian skin is also
inhabited by diverse bacteria that produce a range of antimicrobial metabolites
that defend against cutaneous and embryonic pathogens, including the fungal
pathogen Batrachochytrium dendrobatidis (Bd) [9-13].
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Bd causes the disease chytridiomycosis and is responsible
for hundreds of amphibian declines and extinctions, including
extirpation of the emblematic Panamanian golden frog,
Atelopus zeteki [14,15]. This species was historically present in
central-western Panamd until Bd arrived. Fortunately, prior
to the arrival of Bd, a few A. zeteki individuals were captured
and placed in survival-assurance colonies [14]. Currently, suc-
cessful breeding colonies exist in both Panama and the USA
[16]. However, Bd still remains on amphibian species that are
less susceptible to chytridiomycosis in what was the natural
habitat of A. zeteki [17], preventing the reintroduction of
highly susceptible golden frogs.

One promising reintroduction strategy is the use of probiotics
(beneficial microbes) [18]. Probiotic therapies prevent disease, as
well as improve growth and survival, in many other systems
including agriculture, aquaculture and human medicine
[19-21]. For instance, an experimental study demonstrated that
the probiotic Lactobacillus sakei was effective at protecting its
mouse host against Corynebacterium tuberculostearicum, a bacter-
ium associated with chronic rhinosinusitis in humans [22]. In
some amphibian species, bacteria that inhibit Bd in vitro prevent
chytridiomycosis when incorporated into their existing skin
microbiota as probiotics [9,18], presumably through the pro-
duction of anti-Bd metabolites. Janthinobacterium lividum is a
bacterium commonly found on the skin of North American
amphibians [13,23,24] and has been effective as a probiotic treat-
ment to prevent chytridiomycosis in two North American
amphibian species [9,11]. Unfortunately, probiotic therapy
with . lividum did not prevent chytridiomycosis in captive
A. zeteki, as it failed to persist on the skin of experimental frogs
possibly owing to host defences or competition from other
resident microbes [25].

The aims of this study were to investigate the relationship
between disease outcome and the structure (relative abun-
dance) and function (metabolite profiles) of the cutaneous
bacterial community prior to and after pathogen exposure, as
well as to develop a probiotic treatment method for A. zeteki.
We hypothesized that antifungal bacterial species collected
from Panamanian amphibian species would be better able to
colonize and persist on the skin of A. zeteki and prevent chytri-
diomycosis. We isolated four candidate probiotic bacteria from
Panamanian amphibians that strongly inhibited Bd growth
in vitro and tested them experimentally to determine whether
they could prevent chytridiomycosis in captive A. zeteki.

2. Material and methods

(a) Probiotic candidate selection

Probiotic candidates were chosen from 484 bacteria isolated from
skin swabs of 11 Panamanian frog species (67 individuals)
sampled from January to April 2010 [26]. We tested each isolate’s
ability to inhibit Bd with a spectrophotometric assay (similar to
Bell et al. [27]). We identified each isolate taxonomically by sequen-
cing the 16S rRNA gene [24] and analysing the sequence with the
Ribosomal Database Project’s Sequence Match tool (http://rdp.
cme.msu.edu). We then identified four probiotic candidates that
we hypothesized would have the best success at colonizing and
persisting on the skin of A. zeteki and preventing chytridiomycosis
based on the following criteria: (i) high inhibition against Bd
in vitro, (ii) no previous reports of pathogenicity (determined by
a literature search), (iii) isolation from a host species that is closely
related to A. zeteki and /or a species that persists in the presence of
Bd, and (iv) detection on a high proportion of individuals in the

host community from which it was collected. The following
four bacterial isolates were selected for experimental tests
with A. zeteki (electronic supplementary material, table S1):
Chryseobacterium sp. (hereafter, Chryseo), Pseudomonas sp. 1 (here-
after, Pseudol), Pseudomonas sp. 2 (hereafter, Pseudo2) and
Stenotrophomonas sp. (hereafter, Steno).

(b) Study species and animal care

For our experiment, we obtained 47 adult captive-bred surplus
A. zeteki frogs from the Maryland Zoo (Baltimore, MD, USA),
which manages the Association of Zoos and Aquariums Panamanian
golden frog Species Survival Program (www.aza.org/species-
survival-plan-program). We placed frogs in individual plastic
enclosures and followed standard husbandry protocols through-
out the experiment as in Becker et al. [25]. Prior to any treatment,
frogs underwent a two-week acclimation and observation period.

() Experimental design

To initially ensure the probiotic candidates did not have detri-
mental effects on the frogs, we randomly assigned frogs to five
experimental groups; a control group (1 = 9) and four probiotic
groups (1 =8 each). We then treated all individuals with
chlorhexidine (0.05%) every other day for one week to reduce
existing cutaneous microbiota that may inhibit colonization
of the probiotics. We prepared cultures of each probiotic and
treated frogs with 4 x 10° cells of the same probiotic strain
(probiotic groups) or sterile water (control group) following pro-
cedures in Harris et al. [9]. Afterwards, each individual was
returned to its enclosure. Immediately prior to and every 14
days after probiotic treatment, we weighed each individual to
assess body condition. We monitored frogs twice a day (morning
and afternoon) to assess mortality and morbidity associated with
probiotic treatment for 84 days.

There were no lethal or sublethal (weight loss) effects in
response to any initial treatment with any of the probiotic candi-
dates, thus we proceeded to assess the effectiveness of each
probiotic for preventing chytridiomycosis. Frogs were reassigned
at random to six experimental treatment groups. All indivi-
duals in each of the four probiotic groups received the identical
probiotic as in the initial trial, but were also exposed to Bd
(probiotic +- Bd; n =8 each). The nine frogs from the initial
trial control group and an additional six frogs were randomly
assigned to a control group (no probiotic, no Bd; n=7) and a
Bd only group (no probiotic +Bd; n=8). We treated frogs
within each probiotic + Bd group with the appropriate probiotic
strain as in the initial trial. Three days later, we exposed
probiotic + Bd and no probiotic + Bd frogs to 3000 zoospores
of Bd strain JEL 310 as in Harris ef al. [9]. This strain was isolated
from Smilisca phaeota from Fortuna, Panama and used in a pre-
vious A. zeteki probiotic experiment [25]. Control frogs were
exposed to sterile water. After these exposures, each frog was
returned to its enclosure.

Immediately prior to the second probiotic treatment and
approximately every 28 days after Bd exposure, we swabbed
each frog with a sterile rayon swab (MW113, Medical Wire &
Equipment Co., Corsham, Wiltshire, UK) 10 times on the ventral
surface, 10 times on each thigh and five times on each hind foot
to assess microbial community dynamics and Bd infection inten-
sity. On the same swabbing days, we weighed each individual to
assess body condition. We monitored frogs twice a day (morning
and afternoon) to assess mortality and morbidity. After death,
frogs were preserved by freezing at —20°C.

The experiment was terminated 241 days after A. zeteki were
exposed to Bd, and at that time 23 frogs had died of chytridiomy-
cosis, nine frogs remained alive with Bd infections, five frogs had
cleared infection with no Bd detection via qPCR for three consecu-
tive time-points and in histological examination after euthanasia,
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and all control frogs remained alive (electronic supplementary
material, table S2). All surviving frogs were swabbed and
then euthanized by subcutaneous injection with 1% tricaine
methanesulfonate [25]. We predicted the outcome (clear infection
or die) of the nine remaining frogs based on current infection
intensity, the change in infection intensity over time and the
relationship of those variables to the trajectories in the frogs that
actually did die or clear infection during the experiment. Six of
the nine remaining individuals were predicted to clear infection
because they had a low infection intensity at the end of the exper-
iment (less than 100 zoospore equivalents) and infection intensity
was decreasing on those individuals over the last 45 days of the
experiment. The other three individuals were predicted to die
because they had a high infection intensity at the end of the
experiment (more than 100 zoospore equivalents) and infection
intensity was increasing on those individuals over the last
45 days of the experiment.

(d) DNA extraction, gPCR and 16S rRNA amplicon

sequencing

We extracted DNA from each swab with a Qiagen DNeasy blood
and tissue kit (Valencia, CA, USA) following the manufacturer’s
protocol. To quantify Bd infection intensity, we amplified extracted
DNA of all samples in duplicate with TagMan qPCR following
procedures described by Boyle et al. [28]. We used Bd strain JEL
427 to make DNA standards [28]. Samples with greater than 0.1
zoospore genomic equivalents (hereafter, zoospore equivalent)
were considered positive for Bd infection. If the number of zoos-
pore equivalents from duplicates was inconsistent, a third gPCR
was conducted, and the majority result was retained (e.g. if two
of three replicates were positive, we considered the individual
Bd positive).

We focused on two experimental time-points for assessing the
microbial communities: 3 days prior to Bd exposure and 28 days
post-exposure. We chose 28 days after exposure because by then
Bd had gone through approximately six generations of zoospore
production (based on Bd’s rate of development in vitro [29]) and
impacts of Bd on the microbial community should be detectable.
At those two time-points, we sequenced the microbial com-
munities of frogs that cleared infection (day —3, n =5; day 28,
n =15), those that died of chytridiomycosis (day —3, n = 10; day
28, n=19) and individuals in the control group (day —3, n=4;
day 28, n=4). We prepared extracted DNA for sequencing by
amplifying the V4 region of the 165 rRNA gene following
Caporaso et al. [30] with the exception that PCR reactions con-
tained 2 pl of template DNA. Controls without template were
run for each sample. DNA extracted from a sterile swab was also
included as a negative control. We purified PCR products with
the Qiagen QIAquik PCR Purification Kit (Qiagen, Valencia, CA,
USA) using the manufacturer’s protocol. An equimolar mixture
of all the samples was then sequenced on an Illumina MiSeq instru-
ment with a 250 bp paired-end strategy at the Dana-Farber Cancer
Institute, following methods similar to Caporaso et al. [31]. To com-
pensate for the low base diversity of the amplicon pool, the sample
was run with a 10% PhiX control.

16S amplicon sequence data were assembled with Fastq-jomv
(https://code.google.com/p/ea-utils/wiki/FastqJoin) and pro-
cessed with the Quantitative Insights Into Microbial Ecology
pipeline (QIIME v. 1.7.0) [32] according to methods in Becker
et al. [33]. Briefly, we clustered quality-filtered sequences into dis-
tinct bacterial operational taxonomic units (OTUs, approx.
bacterial ‘species’) at a sequence similarity threshold of 97% and
assigned taxonomy with RDP classifier and the Greengenes data-
base (v. 13_5). All samples were rarefied to 27 000 sequences to
standardize sampling effort. Details of the bioinformatics methods
are in the electronic supplementary material.

(e) Extraction of cutaneous metabolites and LCMS
Metabolites produced by amphibian cutaneous bacteria can inhi-
bit Bd in vitro [13,34,35] and in vivo [11] . Therefore, we excised
and extracted the skin of each frog to obtain cutaneous metab-
olites following procedures described by Brucker et al. [13];
briefly, excised skins were extracted three times by shaking in
HPLC-grade methanol (5 ml each extraction). The combined
crude extracts were filtered (0.45 pm PTFE membrane), concen-
trated and reconstituted in methanol. Samples were analysed
with high performance liquid chromatography-mass spec-
trometry (LCMS) following Umile et al. [36]. To detect inter-
sample contamination, we inserted methanol injections into the
LCMS queue after every five samples. Tricaine methanesulfonate
was detected in the LCMS results and was removed from data
analysis. Only frogs that could be processed within eight hours
of death were used for metabolite analysis to minimize the
chance of analysing compounds that were produced by microbes
after host death. Finally, we removed from all analyses metab-
olites known to be produced by Bd in culture (T. P. Umile
2014, unpublished data).

(f) Statistical analyses

One frog in Pseudol + Bd group and one frog in Pseudo2 + Bd
group did not become infected and one frog in the Chryseo + Bd
group died from causes other than chytridiomycosis (qPCR
analysis and histological examination showed no sign of Bd
infection, but mortality occurred). These individuals were
removed from all analyses. Unless noted, all data were normally
distributed and variances were equal among specific compari-
sons. Differences in survival among treatment groups were
tested with a Mantel-Cox log-rank test. Bd infection intensity
(number of zoospore equivalents) data were log-transformed to
achieve normality. Differences in infection intensity among
frogs infected with Bd were tested with ANOVA.

Measures of alpha diversity for the bacterial community on
each frog (OTU richness, phylogenetic diversity and Shannon
diversity index) were computed with QIIME. We analysed alpha
diversity measures of microbiota and the number of metabolites
on frogs among probiotic treatment groups with ANOVA. To
test for significant differences in alpha diversity measures of micro-
biota and the number of metabolites on frogs that died of
chytridiomycosis and those that cleared Bd infection, we used Stu-
dent’s t-tests. Frogs that were predicted to die or clear infection
were not included in this and subsequent analyses because we
were not positive of their final outcome. To compare the microbial
community structure between frogs (beta diversity), a Bray—Curtis
distance matrix [37] was generated with square-root transformed
data using PRIMER 6 (v. 6.1.15). We compared metabolite compo-
sition between samples with a Serensen distance matrix [38]
using PriVER 6. The Bray —Curtis distance metric considers relative
abundance of individual OTUs within a community, while the Ser-
ensen distance metric uses only presence/absence information. We
focused on metabolite presence/absence because the nature of the
metabolite LCMS analysis does not allow us to compare relative
abundances of different metabolites on the same frog. From the
distance matrices, differences in community structure between
frogs that died of chytridiomycosis versus those that cleared Bd
infection were statistically analysed with permutational multi-
variate analysis of variance (PERMANOVA) and visualized with
principal coordinates analysis (PCO) using PerMaNOvA+ (v. 1.0.5).

The PERMANOVA suggested significant differences in com-
munity structure between frogs that died and those that cleared
infection. To then identify which OTUs were driving those differ-
ences, we used indicator species analysis [39] using the IndVal
function in the labdsv package (http://ecology.msu.montana.
edu/labdsv/R) in R (v. 3.0.1) [40]. Indicator species analysis cal-
culates an indicator value for each OTU in the dataset by
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Figure 1. Survival of Atelopus zeteki treated with probiotics and exposed to
Bd (‘probiotic’ + Bd), exposed only to Bd (Bd) and exposed to sterile water
(control).

computing the product of the relative abundance and frequency
of each OTU in our predefined groups (cleared infection versus
died of chytridiomycosis). Statistical significance was calculated
for the indicator value of each OTU with Monte Carlo simu-
lations. We considered an OTU as an indicator species if it had
a p<0.05 and an indicator value of more than 0.7 (as in
[41,42]). An indicator value of 1 indicates that all the sequences
of an OTU were observed in all the samples from one group
and completely absent from the other group, while an indicator
value of 0 indicates that the OTU was widely distributed across
both groups. We corrected all multiple comparisons with the
false discovery rate procedure [43].

3. Results

(a) Survival and infection intensity

Treating frogs with anti-Bd bacteria prior to Bd exposure did
not alter survival rates when compared with frogs without
probiotic treatment exposed to Bd (figure 1; Log-rank test,
=73, p = 0.119). However, five individuals (within the Bd
only and Chryseo + Bd treatment groups) became infected
with Bd and were able to clear the infection approximately
168 days after exposure (figure 2). By contrast, infection inten-
sities on frogs that died of chytridiomycosis (1 = 23) increased
throughout the experiment or until death. Infection intensity
was similar among all survival/infection outcome groups
that contained infected individuals (died, n = 23; predicted to
die, n=23; cleared, n=15; predicted to clear, n=6) at day
28 (figure 2; ANOVA, F = 0980, p = 0.415). This is the only
statistical analysis that included frogs with “predicted” outcomes.

(b) Cutaneous symbiotic microbiota

We sequenced the cutaneous bacterial communities of 37
golden frogs and detected an average of 758 OTUs (range =
542-900) on an individual frog. The microbial community
structure 3 days prior to Bd exposure was significantly different
on individuals that eventually cleared infection compared with
those that died (figure 3a; PERMANOVA, Pseudo-F = 1.586,
p=0.042). The community structures also varied among
these two groups 28 days after exposure to Bd (figure 3g;
PERMANOVA, Pseudo-F=1.671, p=0.014). While the

—a— died

------ 4 predicted to die
—=e— cleared
----- @ predicted to clear

log infection intensity (zoospore equivalents)

0 28 56 84 112 140 168 196 224 252
days since Bd exposure

Figure 2. Average infection intensity (zoospore equivalents) of Atelopus
zeteki that died of chytridiomycosis, were predicted to die of chytridiomycosis,
cleared Bd infections, or were predicted to clear Bd infection. Error bars
represent s.e.

ordinations of Bray—Curtis distances (beta diversity)
demonstrated differences in the composition of bacterial com-
munities between frogs that cleared infection and those that
died, we did not detect differences between these groups in
alpha diversity metrics (OTU richness, evenness or phyloge-
netic diversity) at either day 0 or day 28 (t-tests, p > 0.05). The
community structures of infected frogs were not significantly
different than those of control frogs prior to exposure to Bd
(PERMANOVA, Pseudo-F = 1.317, p = 0.104) or 28 days after
exposure (PERMANOVA, Pseudo-F = 1.161, p = 0.177).

Indicator species analysis revealed a diverse array of OTUs
that contributed to the dissimilarity between the microbial
community composition on frogs that cleared infection and
those that died (figure 4; electronic supplementary material,
figure S1). Three days prior to Bd exposure, six OTUs were
associated with individuals that eventually cleared infection,
and 17 OTUs were associated with frogs that eventually died
(figure 4). These indicator OTUs accounted for an average of
2.3% of the total sequences per frog. Three days prior to Bd
exposure, indicator OTUs on individuals that eventually
cleared infection belonged to the families Flavobacteriaceae,
Sphingobacteriaceae, Comamonadaceae and Rhodocyclaceae.
OTUs on individuals that died belonged to the families
Micrococcineae, Rhizobiaceae, Rhodobacteraceae, Sphingomo-
nadaceae and Moraxellaceae. Twenty-eight days after Bd
exposure, 52 OTUs were associated with frogs that eventually
cleared infection, and 22 were associated with frogs that died
(electronic supplementary material, figure S1). Day 28 indi-
cator OTUs accounted for an average of 7.6% of the total
sequences per frog, however, many of the OTUs were rare
members of the community (less than 0.1%). Two OTUs, one
belonging to the family Micrococcineae and the other to the
family Sphingomonadaceae, were significant indicator taxa at
both time-points (figure 4; electronic supplementary material,
figure S1).

Day of sampling had no effect on the microbial community
structure of frogs (3 days prior to Bd exposure versus 28 days
afterwards; PERMANOVA, Pseudo-F=0.902, p=0.668).
In addition, treating frogs with probiotics had no effect on
the cutaneous microbial community structure 31 days after
treatment (PERMANOVA, Pseudo-F =0.999, p = 0.450). In
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Figure 3. Principal coordinates plots of (a) Bray—Curtis distances between microbial communities present on Atelopus zeteki 3 days prior to Bd exposure and
28 days after exposure that died of chytridiomycosis or cleared Bd infection, and (b) Serensen distances between metabolites present on frogs that died of
chytridiomycosis or cleared Bd infection.
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Figure 4. Heat map of the relative abundances of indicator OTUs from indicator species analysis associated with Atelopus zeteki 3 days prior to Bd exposure that
cleared Bd infection or died of chytridiomycosis. Rows indicate unique OTUs and columns indicate individual frogs. Family level taxonomic classification is shown for
each OTU. Arrows are indicator OTUs that were detected both 3 days prior to and 28 days after Bd exposure.
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addition, there were no differences in OTU richness, evenness
(Shannon diversity index) and phylogenetic diversity among
probiotic treatment groups at this time-point (ANOVAs, p >
0.05). Comparing the probiotic candidate sequences of the
Stenotrophomonas sp. and Chryseobacterium sp. isolates to the
Illumina sequences with a 99% similarity threshold revealed
that neither probiotic could be detected 28 days after exposure
to Bd (31 days after probiotic treatment). We were unable to
look for the two Pseudomonas sp. probiotic candidates because
the 165 rRNA gene is a poor region for distinguishing
Pseudomonas species and strains [44].

(c) Cutaneous metabolites

We analysed the skin of 28 golden frogs and detected 554
unique metabolites across all individuals. There was an aver-
age of 67 (range=>51-81) metabolites detected on an
individual frog. The number of metabolites per frog was
similar among all probiotic treatment groups (ANOVA, F =
1.380, p =0.270) and between frogs that cleared infection
and those that died of chytridiomycosis (f-test, t=1.031,
p = 0.327). However, the metabolite profiles were signifi-
cantly different between frogs that cleared infection and
died (figure 3b; PERMANOVA, Pseudo-F = 2.187, p = 0.002).

4. Discussion

We found that treatment of captive A. zeteki with bacteria that
are highly inhibitory against Bd in vitro was not successful
in preventing the colonization and growth of Bd in vivo. How-
ever, although there were no statistically significant differences
in survival among probiotic treatments, some A. zeteki frogs
acquired a Bd infection and were able to clear this infection.
This was unexpected as A. zeteki is highly susceptible to Bd,
as demonstrated by three independent studies [25,45,46]. In
these prior infection studies, only one of 228 golden frogs
infected with Bd was documented as having acquired and
then cleared infection. In this study, approximately 30% of
golden frogs either cleared infection (14%) or were predicted
to clear infection (16%).

Susceptibility to Bd can differ among amphibian species
and populations [47], probably due to variation in defence
mechanisms of the host [18,48,49], the virulence of Bd [46]
and properties of the environment where the host and patho-
gen interact [50]. The environment and Bd strain in this study
were constant across all frogs and were therefore not factors
in the variation in Bd susceptibility. Of the known host
defence mechanisms (antimicrobial peptides [48], diversity
in major histocompatibility complex genes [49], acquired
immune response [51] and skin microbial communities
[18]), our results suggest that the community composition
of skin bacteria probably plays a role in the ability of
golden frogs to clear Bd and survive exposure. However,
we were only able to examine the latter in this study.

Both 3 days prior to Bd exposure and 28 days after
exposure, frogs that eventually cleared Bd had a significantly
different bacterial skin community structure than those that
died. This was also true for the metabolite profiles of frogs
that died and cleared infection. These results suggest that bac-
teria and metabolites present on the skin of golden frogs may
be responsible for the ability of some frogs to clear infection.
Additionally, the fact that the bacterial community structure
on frogs that eventually cleared infection and those that died

of chytridiomycosis was significantly different prior to Bd
exposure suggests the community was not responding to
Bd and therefore is responsible for the clearance of Bd. This
conclusion is consistent with results from other studies demon-
strating the importance of cutaneous symbiotic bacteria and
their antifungal metabolites in protecting amphibians from
fungal pathogens, including Bd [10-12]. Predicting disease
susceptibility with microbial community data has also been
done for human intestinal pathogens [52,53].

In our study, the resident microbiota appeared to influence
the interactions between Bd and A. zeteki. Inhibition of Bd
could occur via direct interaction between particular resident
microbes and Bd through competition and the production of
antifungal metabolites [11,13]. In addition, the resident micro-
biota may indirectly prevent Bd growth by stimulating the host
immune system (immunomodulation) [21]. These interactions
are commonly seen in others systems [54]. For example, com-
mensal bacteria that reside in the human gut competitively
exclude pathogenic bacteria by producing antibiotics, prevent-
ing attachment to epithelial cells, competing for resources and
stimulating the host’s immune system [21,55]. In this study,
many indicator OTUs which were associated with frogs
that cleared infection belong to bacterial families that inhibit
Bd in vitro and have been isolated from non-susceptible Pana-
manian amphibians (Flavobacteriaceae, Comamonadaceae,
Pseudomonadaceae; [26]). For example, a Comamonadaceae
indicator OTU (figure 4) had a 98% sequence similarity (16S
rRNA gene) to four cultured isolates that inhibit Bd growth
[26]. Bacteria belonging to these families have also been detected
from skin swabs collected from a captive population of A. zeteki
housed at the National Zoo and from a wild population of
A. zetekiin Panama [33]. However, the ability of bacteria to inhibit
Bd in vitro is dependent on environmental conditions [56] and
varies greatly at the genus and even the strain level [26].

Indicator species analysis also revealed OTUs 3 days prior
to Bd exposure and 28 days after exposure that were associ-
ated with frogs that died. These OTUs may have facilitated
the colonization and growth of Bd or may have been oppor-
tunistic pathogens. In addition, the relative abundance of
these OTUs may have increased because Bd was able to nega-
tively affect the abundance of other OTUs [57]. Facilitation of
Bd growth and colonization could occur either when symbio-
tic bacteria shift their metabolite profiles in a way that favours
Bd [35] or by reducing the capability of other microbes to
inhibit Bd. In a recent study, bacteria isolated from cyclamen
and tomato plants, including a Novosphingobium sp. and a
Sphingomonas sp., suppressed production of antimicrobial
compounds produced by symbiotic bacteria that inhibit phyto-
pathogens [58]. Interestingly, in our study, several indicator
OTUs in the genera Novosphingobium or Sphingomonas were
associated with dying frogs (3 days prior to Bd, 8 out of 17
OTUs; day 28, 2 out of 10 OTUs), suggesting that the same mech-
anism could operate in this system. Indicator taxa that were
associated with dying frogs at day 28 may also be opportunistic
pathogens that caused secondary infections. Opportunistic sec-
ondary infections involving bacteria are common in
amphibians [59]. In particular, secondary or co-infections of the
bacteria Aeromonas hydrophila and the fungus Saprolegnia sp.
have been documented in amphibians with chytridiomycosis
[60,61] and these may occur through microbial invasion of the
damaged epidermis [59].

The finding that the cutaneous metabolite profiles of frogs
that died were significantly different from those that cleared
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infection further supports the hypothesis that either microbial
or host-produced metabolites influenced infection dynamics.
Our methods for chemical analysis (reverse-phase LCMS)
have been optimized for observation of bacterial metabolites
[36]. Many known metabolites of amphibian origin that inhi-
bit pathogens and provide defence against predators, such as
antimicrobial peptides [62] and zetekitoxin [63], respectively,
are too polar to be observed in our conditions. Antimicrobial
peptides have not been detected in captive A. zeteki
(B. Sheafor 2014, personal communication). Thus, while
select metabolites of amphibian origin may be present in
our dataset, it is highly likely that the bulk of the features
assessed are of bacterial origin. Bacterially produced metab-
olites are capable of inhibiting Bd in vitro [13,34] and their
concentrations on the skin are correlated with survival in
Bd-infected salamanders (Plethodon cinereus) [11].

Although the bacterial isolates used as probiotics in our
experiment were highly inhibitory against Bd in in vitro
assays, they were not successful at preventing infection and
subsequent death when applied to the skin of A. zefeki.
Thirty-one days after treating the frogs with probiotic candi-
dates, we were unable to detect the presence of two probiotic
isolates, Chryseobacterium sp. and Stenotrophomonas sp., that
we looked for in the 165 rRNA sequence data. This suggests
that the isolates simply may not have been able to colonize
and grow on A. zeteki skin. Even if they were there at low
abundance, the probiotic isolates may not have been able to
produce anti-Bd compounds on A. zeteki skin. The lack of
an in vivo probiotic effect, despite compelling in vitro results,
has been documented in fish [64]. The probiotic candidates
could have been inhibited by compounds produced by
either resident microbiota or the host [65], or a constant
environmental inoculum may be needed for the isolates to
persist on the skin [66]. In many cases, probiotics designed
to prevent and treat human intestinal diseases rely on contin-
ual administration to be effective [67]. Furthermore, Bd
exposure and probiotic treatment had no effect on the
cutaneous bacterial community 28 and 31 days post treat-
ment, respectively. This suggests that A. zeteki microbial
communities are at least somewhat resistant and/or resilient
to invasion. This is contrary to a recent study that found the
cutaneous bacterial community structure of Rana sierrae was
affected by the presence of Bd and its density on the frog [57].

Defensive symbioses are commonly found in many sys-
tems including mammals, insects, marine invertebrates, algae
and plants [7,54,68]. For example, some species of fungus-
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