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Abstract
Chytridiomycosis, caused by the pathogen Batrachochytrium dendrobatidis (Bd), has led to population declines and
extinctions of frog species around the world. While it is known that symbiotic skin bacteria can play a protective role against
pathogens, it is not known how these defensive bacteria are integrated into the bacterial community on amphibian skin. In
this study, we used 16S rRNA gene amplicon sequencing, culturing and Bd inhibition bioassays to characterize the
communities of skin bacteria on three Neotropical frog species that persist in a Bd-infected area in Panama and determined
the abundance and integration of anti-Bd bacteria into the community. We found that the two treefrog species had a similar
bacterial community structure, which differed from the more diverse community found on the terrestrial frog. Co-occurrence
networks also revealed differences between frog species such that the treefrogs had a significantly higher number of
culturable Bd-inhibitory OTUs with high centrality scores compared with the terrestrial frog. We found that culture-
dependent OTUs captured between 21 and 39% of the total relative abundance revealed in culture-independent communities.
Our results suggest different ecological strategies occurring within skin antifungal communities on host species that have not
succumbed to Bd infections in the wild.

Introduction

Fungal diseases of plants and animals are emerging at an
increasing rate [1] due to human-caused spread of patho-
gens to naive hosts and changing environmental conditions

that favor lethal infections. Specifically, the chytrid fungal
pathogen Batrachochytrium dendrobatidis (Bd), which
causes chytridiomycosis, has led to many amphibian
declines and extinctions [2, 3]. Chytridiomycosis has
mainly affected tropical amphibian populations at high
elevations and in cooler seasons [4, 5] since these condi-
tions coincide with the pathogen’s optimal growth range
[6]. For instance, in a tropical montane region of Panama,
over 53% of the amphibian species declined or went locally
extinct once Bd arrived [7, 8]. The effects of these losses
extended to the ecosystem level, for example, resulting in
increased algal biomass in streams [9]. Alternatively, some
amphibian species continue to survive in Bd-infected areas
at all elevations without apparent population declines [4,
10–12]. The study of amphibian species that are tolerant or
resistant to chytridiomycosis can provide insights into how
to protect species at risk around the world.

Amphibians have various defensive mechanisms that
include adaptive and innate immunity, such as the secretion
of antimicrobial peptides (AMPs) [13], and the presence of
skin bacteria that produce antifungal metabolites [14]. As
one example of the latter, the salamander Plethodon
cinereus houses the bacterial species Janthinobacterium
lividum, which produces anti-Bd secondary metabolites like
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violacein and indole-3-carboxaldehyde [15]. These anti-
fungal bacterial species can reach high population densities
on the skin and can protect amphibians from chy-
tridiomycosis caused by Bd [14, 16, 17]. Studies show that
removal of skin bacteria increased morbidity due to Bd [14,
18], whereas bacterial addition experiments can greatly
reduce morbidity and mortality in some amphibian species
[16, 17]. In addition, amphibian skin bacterial communities
vary depending on host-specific factors, including species
[19], habitat [20], and developmental stage [21], as well as
environmental factors like seasonality [22] and pathogen
presence [23].

To date, the antifungal capacity of skin bacteria in vitro
has been described for thousands of isolates obtained from
the skin of many different amphibian species [24]. How-
ever, little is known about the role these bacteria play within
the skin microbial community in vivo. Based on other host-
associated microbial systems, the protective role of sym-
biotic bacteria through the production of secondary meta-
bolites and toxins can be a consequence of bacteria–bacteria
interactions such as cooperation and competition within the
community [25, 26]. These interactions can be important in
structuring ecological communities [27, 28]. In addition, the
host can influence the structure of symbiotic communities
through several mechanisms including the production of
AMPs [26, 29]. In the case of amphibians, innate immunity
and skin microbiota can synergize and provide host
defense [30].

Our study focused on three frog species that are common
members of Neotropical amphibian communities: the tree-
frogs, Agalychnis callidryas and Dendropsophus ebracca-
tus, and the terrestrial frog, Craugastor fitzingeri. These
three species have survived epizootic events in the high-
lands [8, 31, 32] and have persisted with Bd in an enzootic
infection stage at high and low elevations [12, 31, 33, 34].
These frog species differ in their skin bacterial community
structure, but no clear differences have been found between
Bd-infected and -uninfected frogs in terms of bacterial
community structure and secondary metabolite profiles in
Bd-infected regions [34]. Thus, Belden et al. [34] suggested
that different bacterial communities might be producing
broadly similar sets of metabolites across frog hosts and
sites. In addition, the structure of C. fitzingeri skin com-
munities differed between Bd-infected and Bd-naive regions
[23]; however, functional redundancy was found with
respect to genes involved in bacterial communication and
defense functions [35].

In this study, we analyze skin bacterial communities and
determine the presence of antifungal bacteria on these three
frog species that have co-existed with Bd for several years
in a well-studied region in the Panamanian lowlands [12,
32, 34]. We use culturing techniques and Bd inhibition
bioassays to identify and describe antifungal bacteria. In

addition, we determine their relative abundance in the
amphibian skin community by 16S ribosomal RNA (rRNA)
gene amplicon (16S amplicon here after) analysis. Previous
studies have shown that a surprisingly large fraction of the
bacterial species from amphibian skin communities can be
cultured [36–38], and Bd inhibition bioassays reveal which
species secrete products that inhibit Bd growth [39]. In this
project, the integration of culturing, Bd inhibition bioassays
and 16S amplicon sequencing allow us to describe the
antifungal capacity of the community without using purely
predictive methods as in previous studies [40–42]. In
addition, we use co-occurrence network analysis to deter-
mine if anti-Bd bacteria are key members of the bacterial
community as defined by Operational taxonomic units
(OTUs) having high centrality scores in the networks.
Hence, these data can help determine if taxa providing a
defensive function are well integrated into the skin micro-
bial community of amphibian species that coexist with Bd
in the wild.

We hypothesized that if skin bacteria are an important
part of these hosts’ defenses, anti-Bd bacteria would have a
high relative abundance, as seen in temperate amphibian
species [38], and play a role in structuring these commu-
nities. This would suggest that the skin microbiota of Bd-
tolerant or -resistant frogs could have important defensive
functions despite having differences in the antifungal bac-
terial taxonomic composition and in the overall bacterial
community structure. We also hypothesized that since the
microhabitats of the treefrogs and the terrestrial species
differed, and amphibians are known to house bacteria also
found in the environment [23, 43], the taxonomic compo-
sition of the treefrogs’ microbiota would be more similar to
each other than either was to C. fitzingeri [20, 34]. In
addition to testing our hypotheses, in this study we
emphasize the need to integrate different approaches such as
culturing, bioassays and 16S amplicon sequencing in order
to better explore the defensive function skin bacteria play
on amphibian hosts.

Materials and methods

Field collection

Frogs were captured by hand using new nitrile gloves for
each individual, and they were placed in individual sterile
bags. Once they were all collected separately, frogs were
swabbed and then released. Host study species details can
be found in Supplementary Materials. Before swabbing,
frogs were rinsed with approximately 50 ml of sterile
deionized water to remove transient bacteria [44]. To
sample the skin bacterial community, each individual was
swabbed twice: the first swab was used for 16S amplicon
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sequencing and the second swab was used for isolating
bacteria in culture. Skin swabs were collected according to
previously published procedures [34] using sterile rayon
swabs (MW113, Medical Wire Equipment & Co. Ltd,
Corsham, UK). The swabs used for 16S amplicon sequen-
cing were stored in dry, sterile 1.5 mL microcentrifuge
tubes. The swabs for culturing were stored in 1.5 mL
microcentrifuge tubes with 1 mL of trypticase soy broth and
40% glycerol (TSB:glycerol). Both types of swabs were
placed on ice during field work and then stored at −80 °C in
the laboratory until further processing. Bacterial isolation
and taxonomic identification methods can be found in Sup-
plementary Materials.

DNA extraction and 16S amplicon sequencing of
culture-independent communities

DNA was extracted from all dry swabs using the DNeasy
Blood and Tissue kit (Qiagen, Valencia, CA, USA) according
to the manufacturer´s instructions, including a pretreatment
with lysozyme. All methods were performed as in Rebollar
et al. [23]. Briefly, DNA was used as template to amplify the
V4 region of the 16S rRNA gene using barcoded primers
(F515/R806) and PCR conditions adapted from Caporaso
et al. [45]. Amplicons were quantified using the QuantiFluor®
dsDNA System (Promega, Madison, WI, USA). Composite
samples for sequencing were created by combining equimolar
ratios of amplicons from the individual samples, followed by
cleaning with the QIAquick PCR clean up kit (Qiagen).
Barcoded composite PCR products were sent to the Dana
Farber Cancer Institute’s Molecular Biology Core Facilities
(Boston, MA, USA) for 250PE MiSeq Illumina sequencing.

16S amplicon data analysis of culture-independent
bacterial communities

Raw reads were filtered and processed with the Quantitative
Insights Into Microbial Ecology pipeline (QIIME 1.9.0)
[46] with assembly and filtering as in Rebollar et al. [23].
Sequences were demultiplexed and clustered into OTUs at a
sequence similarity threshold of 97% with the UCLUST
method [47]. Sequences were matched against the Green-
genes database (May 2013 release) [48], and those that did
not match the database were clustered as de novo OTUs.
Taxonomy was assigned using the RDP classifier [49].
Representative sequences were aligned to the Greengenes
database with PyNAST [50], and a maximum likelihood
phylogenetic tree was constructed with FastTree 2 [51]. The
OTU table was filtered using a minimum cluster size of
0.001% of the total reads [52], resulting in 34441 to 150379
reads per frog sample. The original OTU table was rarefied
according to the sample with the lowest number of reads.
The final rarefied OTU table included 2200 OTUs. The raw

data (paired end files) were deposited in the NCBI sequence
read archive with the BioProject accession number
PRJNA521543.

Comparing culture-independent communities with
culture-dependent communities

We determined the presence and relative abundance of
culture-dependent OTUs in the 16S amplicon community
(culture-independent approach) based on a procedure defined
by Walke et al. [36]. First, 16S rRNA sequences from the
bacterial isolates (N= 359) were clustered at 97% similarity
using the UCLUST method [47] in QIIME 1.9.0 [51],
obtaining a total of 250 culture-dependent OTUs. The
representative sequences of the culture-dependent OTUs were
then used as a reference database to cluster the culture-
independent 16S amplicon sequences at 97% sequence
similarity, using UCLUST [47]. The culture-independent
sequences that did not cluster with the 250 culture-dependent
OTU reference sequences were clustered as de novo OTUs.
All 250 culture-dependent OTUs were identified in the
combined OTU table. This table was then filtered using a
minimum cluster size of 0.001% of the total reads [52] and
samples were rarified according to the sample with the lowest
number of reads (35230). After removing OTUs with low
abundances [52], this combined analysis resulted in 1891
OTUs that included 78 OTUs present in both culture-
dependent and culture-independent sequences, and 1813
OTUs present only in culture-independent sequences. The
relative abundance of each culture-dependent OTU was
computed as the average across all individuals for each frog
species.

Bd inhibition bioassays

A Bd strain from the Global Pandemic Lineage isolated
from a Panamanian frog (GPL-JEL 423) was challenged
against all 359 bacterial isolates. Bd growth bioassays were
designed based on Bell et al. [39] and were performed
exactly as in Bletz et al. [53]. Briefly, in 96-well plates, Bd
zoospores (2 × 106) were grown in the presence of the cell-
free supernatant of each bacterial isolate. Bacteria were
previously grown in coculture with Bd zoospores for 3 days.
Triplicates of each sample were tested along with the fol-
lowing controls in each assay: (1) 1% tryptone+ Bd zoos-
pores (positive control); (2) sterile water+ Bd zoospores
(nutrient depleted); (3) heat-killed Bd zoospores+ 1%
tryptone (heat-killed control); and (4) 1% tryptone only
(negative control). Assay plates were incubated at 21 °C,
and growth was measured as optical density (OD) at 492 nm
on a spectrophotometer on days 0, 4, 7, and 10.

To calculate an inhibition score for each isolate, the slope
of a regression of OD readings over time was calculated,
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and triplicate values from each replicate were averaged to
generate a mean slope per isolate. The mean slope of each
isolate was then divided by the mean slope of the nutrient-
depleted control to determine the proportion of growth. The
growth proportion was subtracted from 1 to determine the
inhibition score so that positive values indicate inhibition
and negative values indicate facilitation. Isolates were
classified in five categories depending on the degree of Bd
growth inhibition or facilitation obtained from the bioas-
says: (1) strong inhibition when values were equal or
greater than 0.75, (2) moderate inhibition when values were
<0.75 but ≥0.50, (3) weak inhibition when values were
<0.50 but ≥0.25, (4) no inhibition when values were <0.25
but ≥−0.25 and (5) facilitation when values were <−0.25.
In the case of the culture-dependent OTUs, the inhibition
score associated with each culture-dependent OTU was
calculated as the average across the isolates belonging to
each OTU (from 1 to 12 isolates per OTU).

Co-occurrence networks

Co-occurrence networks were constructed with the software
CoNet v1.1.0 [54], using the combined OTU table obtained
from comparing the culture-independent communities with
culture-dependent OTUs. Three networks (one network for
each frog species) were constructed, so the combined OTU
table was split into three separate OTU tables that were used
as input for CoNet. Networks were constructed based on
pairwise correlations using Spearman correlations tests.
Only correlations >0.8 and with P-values < 0.05 were
considered as significant (after using the Benjamini–Hoch-
berg test for multiple comparisons). To identify OTUs that
likely have an important role in structuring the community,
we calculated three centrality indicators that rely on dif-
ferent properties of the networks: degree, closeness cen-
trality and betweenness centrality [55]. The degree of a
node in a network is the number of edges (connections) the
node has to other nodes. The closeness centrality of a node
is the average length of the shortest path between the node
and all other nodes in the network; the more central a node,
the closer it is to all other nodes. Betweenness centrality is
equal to the number of shortest paths from all nodes to all
others that pass through that node. Betweenness is a

measure of the influence a node has over the spread of
information through the network. Central or key OTUs were
defined as those that had at least one high centrality value:
higher than 20 for degree, 0.25 for closeness centrality, and
0.02 for betweenness centrality. The calculation of cen-
trality indices as well as the visualization and manipulation
of networks were completed with Cytoscape v3.3.0 [56].

Results

Skin bacterial diversity using culture-dependent
methods

We isolated a total of 359 bacterial isolates from 44 indi-
viduals across three frog species (Table 1). C. fitzingeri
(terrestrial frog) yielded the largest number of morpholo-
gically distinct bacterial isolates, with an average of 11
isolates per individual, whereas A. callidryas and D.
ebraccatus (both treefrogs) yielded an average of 7 isolates
per individual. Following culture-dependent OTU cluster-
ing (Supplementary Methods), C. fitzingeri maintained the
highest number of culture-dependent OTUs, followed by D.
ebraccatus and A. callidryas (Table 1). Two OTUs were
shared across the three species, between 8 and 10 OTUs
were shared between pairs of species, and the majority of
the OTUs were unique to each species (Fig. 1).

Culture-dependent OTUs belonged to three phyla (Fir-
micutes, Actinobacteria, and Proteobacteria) and five clas-
ses (Bacilli, Actinobacteria, Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria). At the class
level, these OTUs were differentially represented across the
three frog species: 100% of Betaproteobacteria, 87.5% of
Gammaproteobacteria, and 59.6% of Actinobacteria were
isolated from C. fitzingeri, whereas 51.5% of Alphapro-
teobacteria were isolated from A. callidryas and 61.5% of
Bacilli were isolated from D. ebraccatus (Fig. 2).

Host species differed in the proportion of anti-Bd
bacteria, which belonged to specific bacterial classes

In addition to having the largest number of isolates and
culture-dependent OTUs, C. fitzingeri was the species with

Table 1 Number of bacterial isolates and culturable OTUs obtained from three frog species

Host species Number of host
individuals

Number of bacterial
isolates

Number of culturable
OTUs

Percentage of inhibitory culturable
OTUs per species

Agalychnis callidryas 15 103 71 59.15%

Dendropsophus ebraccatus 14 88 84 14.28%

Craugastor fitzingeri 15 168 126 68.25%

Total 44 359 250 49.80%

The total number of OTUs does not match the sum of OTUs per species because 29 OTU are shared among species
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the highest percentage of culture-dependent Bd-inhibitory
OTUs (68.2%) followed by A. callidryas (59.1%) and D.
ebraccatus (14.3%) (Table 1). Furthermore, the greatest
proportion of strongly inhibitory OTUs, as calculated from
the total number of culture-dependent OTUs obtained per
species, was also observed in C. fitzingeri (37%), followed
by A. callidryas (9.9%) and D. ebraccatus (2.4%) (Fig. 1).

Different bacterial classes contained different proportions
of inhibitory OTUs: 100% (6/6) of Betaproteobacteria,
78.12% (25/32) of Gammaproteobacteria, 56.38% (53/94)
of Actinobacteria, 42.42% (28/66) of Alphaproteobacteria,
and 38.47% (20/52) of Bacilli inhibited Bd growth to some
extent. The rest of the OTUs from different bacterial classes
either did not affect or facilitated Bd growth (Fig. 2).

Inhibitory scores were significantly different among
bacterial classes (analysis of variance (ANOVA) F(4,211)=
10.64, P < 0.001). Tukey post hoc tests showed that Gam-
maproteobacteria had significantly higher inhibition scores
than Alphaproteobacteria, Actinobacteria, and Bacilli
(Fig. 3a, Table S1). Also, inhibitory scores of Actino-
bacteria and Betaproteobacteria were significantly higher
than Bacilli (Fig. 3a, Table S1). When we compared inhi-
bition scores of families that had at least three OTUs, we
also found significant differences among the 18 bacterial
families (ANOVA F(18,197)= 4.08, P < 0.001). Post hoc
tests revealed several significant differences between pairs
of bacterial families (Table S2). Specifically, the Enter-
obacteriaceae family had significantly higher inhibition
scores in comparison with the Acetobacteraceae and

Rhizobiaceae (Alphaproteobacteria), Gordoniae, Micro-
coccaceae and Mycobacteriaceae (Actinobacteria), and
Paenibacillaceae and Bacillaceae (Bacilli) (Fig. 3b,
Table S2). In contrast, the Bacillaceae family had sig-
nificantly lower inhibition scores in comparison with the
Microbacteriaceae and Streptomycetaceae (Actinobacteria),
Enterobacteriaceae and Moraxellaceae (Gammaproteo-
bacteria), and Comamonadaceae (Betaproteobacteria)
(Fig. 3b, Table S2).

Culture-independent methods reveal differences
between the skin microbiota of the terrestrial frog
and the two treefrog species

The 16S amplicon sequencing yielded a total of 2200 OTUs
where 1998, 1855, and 1575 belonged to C. fitzingeri, A.
callidryas, and D. ebraccatus, respectively. In contrast to the
result obtained with culture-dependent methods, the majority
of the culture-independent OTUs were shared among all frog
species (62.27% of the total number of OTUs) (Fig. 4a).
However, C. fitzingeri had the most unique OTUs, followed
by A. callidryas and D. ebraccatus (Fig. 4a).

The Shannon index showed significant differences
among frog species in OTU alpha diversity (ANOVA
F(2, 41)= 7.03, P < 0.005). Tukey post hoc tests indicated
that C. fitzingeri individuals had a higher alpha diversity
than A. callidryas and D. ebraccatus (C. fitzingeri–A. cal-
lidryas P= 0.035, C. fitzingeri–D. ebraccatus P= 0.002, A.
callidryas–D. ebraccatus P= 0.516) (Fig. 4b).

Fig. 1 Venn diagram of shared
and unique culturable OTUs
from three frog species. Pie
charts indicate the proportions of
OTUs with distinct Bd-
inhibitory capacity on each frog
species

Integrating the role of antifungal bacteria into skin symbiotic communities of three Neotropical frog. . . 1767



Culture-independent OTUs across all frog species
belonged to 13 microbial phyla, with Actinobacteria and
Proteobacteria being the numerically dominant phyla (41.3
and 57.8%, respectively). These OTUs belonged to 28
classes, with Actinobacteria and Gammaproteobacteria
being the numerically dominant classes (41.3 and 50.8%,
respectively). Relative abundance of OTUs at the genus
level showed that skin bacterial communities of C. fitzingeri
were dominated by Pseudomonas (Gammaproteobacteria),
whereas A. callidryas and D. ebraccatus communities were
dominated by Cellulomonas (Actinobacteria) (Fig. 4c).

Bray–Curtis distances based on OTU relative abun-
dances showed significant differences in bacterial com-
munity structure among frog species Permutational
multivariate analysis of variance (PERMANOVA):
F(2,41)= 4.374, P= 0.001). Specifically, C. fitzingeri
were significantly different than A. callidryas (Analysis of
similarity (ANOSIM) R(2,30)= 0.212, Padj= 0.003) and D.
ebraccatus (ANOSIM R(2,29)= 0.267, Padj= 0.003),

whereas the two treefrog species, A. callidryas and
D. ebraccatus, did not significantly differ (ANOSIM
R(2,29)= 0.0007, Padj= 0.316).

To describe potential relationships occurring among
bacteria within the skin communities, we constructed co-
occurrence networks of OTUs from each frog species based
on significant Spearman correlations. These networks con-
tained 420, 440, and 367 nodes (culture-independent OTUs)
on C. fitzingeri, A. callidryas, and D. ebraccatus, respec-
tively. All networks show more positive correlations (co-
occurrences) than negative correlations (mutual exclusions)
(Table S3, Table S4), both of which are represented as
edges within the networks (Fig. 5). Consistent with the
most relatively abundant taxa on the skin communities,
co-occurrence networks were dominated by Gammapro-
teobacteria and Actinobacteria classes, followed by Beta-
proteobacteria and Alphaproteobacteria.

Some network properties differed among frog species:
on one hand, the D. ebraccatus network had a higher

Fig. 2 Maximum likelihood phylogenetic tree of the 250 culture-
dependent OTUs (clustered at 97% similarity) obtained from C. fit-
zingeri, A. callidryas, or D. ebraccatus. Colors at the inner part of the

phylogeny indicate bacterial classes. Inner circle indicates the average
inhibitory score for each OTU and outer circles represent the host
species of the OTU (color figure online)
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clustering coefficient, higher average number of neigh-
bors, and higher network density compared with the other
two species (Table S3). These three parameters are related
to how dense the network is and the tendency of the graph
to form clusters. Thus, the D. ebraccatus network has a
higher number of connections (correlations/edges) per
node and a higher tendency to form clusters. On the other
hand, the C. fitzingeri network has a higher network dia-
meter, higher characteristic path length, and higher net-
work heterogeneity compared with the other two species
(Table S3). These three parameters are related to the
extent or area of the network graph and the heterogeneity

of the number of connections associated with each OTU
in the network. Thus, C. fitzingeri had a more diffuse
network with higher variability in OTU individual con-
nections compared with the other two frog species. In
contrast, A. callidryas network had the lowest values for
network heterogeneity.

In addition to the species-specific differences in net-
work properties, the correlation structure (edges) in the
network between OTUs (nodes) from different bacterial
classes also differed mainly between the terrestrial frog
(C. fitzingeri) and the treefrogs (A. callidryas and D.
ebraccatus). Specifically, negative correlations between

Fig. 3 Bd inhibition scores of culture-dependent OTUs by a class and
by b family. Significant differences using Tukey multiple comparison
of means are presented in Table S1 and Table S2. Right legend

indicates different colors by bacterial class and by Bd-inhibitory
capacity (color figure online)

Fig. 4 Skin bacterial communities obtained through 16S amplicon
sequencing. a Venn diagram of OTUs obtained from three frog spe-
cies. b Alpha diversity (Shannon index) of skin communities. Letters

signify significant differences obtained with post hoc Tukey tests. c
Relative abundance of OTUs at the genus level. The legend indicates
the six most relatively abundant bacterial taxa. (color figure online)
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Actinobacteria and Betaproteobacteria were 2.5- and 3.2-
fold higher in the C. fitzingeri network than in the
respective D. ebraccatus and A. callidryas networks.
Similarly, negative correlations between Alphaproteo-
bacteria and Betaproteobacteria were two- and threefold
higher (Table S5) in the C. fitzingeri network. This
increase explains the pattern shown in C. fitzingeri´s net-
work, in which the two main modules (or OTU clusters)
are one enriched in Alphaproteobacteria and Actino-
bacteria and the other one enriched in Betaproteobacteria
and Gammaproteobacteria, separated by negative correla-
tions (Fig. 5c). This pattern differs from the treefrog net-
works where the two main modules of the networks were
composed by all bacterial classes (Fig. 5a, b).

Culture-dependent OTUs represent a significant
proportion of skin microbial communities

We evaluated the number and relative abundance of culture-
dependent OTUs present in the bacterial community obtained
with culture-independent methods [36] (Supplementary
Methods). Of the 250 culture-dependent OTUs, 76, 63, and
78 OTUs were present in A. callidryas, D. ebraccatus, and C.
fitzingeri communities, respectively, representing 4.7, 4.6, and
4.5% of the total number of culture-independent OTUs
(Fig. 6a). The majority of the culture-dependent OTUs
represented in the culture-independent community were Bd
inhibitory: 64.5% in A. callidryas, 71.4% in D. ebraccatus,
and 64.1% in C. fitzingeri (Fig. 6a).

Fig. 5 Co-occurrence networks
of the skin communities per frog
species obtained with 16S
amplicon sequencing. Nodes
represent OTUs. Edges represent
significant correlations.
Networks on the left-hand side
(a, b, c) show all nodes colored
by bacterial class (see lower
legend on the left). Networks on
the right-hand side (d, e, f) show
only the nodes that represent
culture-dependent OTUs colored
and shaped depending on their
inhibitory capacity and their
centrality values (see lower
legend on the right) (color figure
online)
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Even though culture-dependent OTUs represented a low
percentage of OTUs present in the culture-independent
community, their total relative abundance ranged between
21.2 and 39.2% of the total community (Fig. 6b). In the case
of the two treefrog species, inhibitory culture-dependent
OTUs represented <4% of the relative abundance in the
community while in C. fitzingeri, these OTUs represented
10.6% of the total relative abundance. All percentages
represent the averages calculated across all individuals for
each frog species.

The relative abundance of individual culture-dependent
OTUs within the three communities was highly variable,
ranging between 1.8 × 10−6 – 3.2 × 10−1 for A. callidryas
(Fig. 7a), 2 × 10−6 – 3.5 × 10−1 for D. ebraccatus (Fig. 7b),
and 5.6 × 10−6 – 7.9 × 10−2 for C. fitzingeri (Fig. 7c). These
results indicate that culturable techniques are capturing
OTUs with low, medium, and high abundances within the
skin communities.

We evaluated the presence of culture-dependent OTUs in
the co-occurrence networks and determined their position in
the network according to three centrality indices: degree,
betweenness centrality, and closeness centrality [55]. These
indices are used to identify nodes (OTUs in this case) that are
fundamental for the network structure [55]. A total of 27, 24,
and 30 culture-dependent OTUs were present in the networks
of A. callidryas, D. ebraccatus and C. fitzingeri, respectively.
Most of the culture-dependent OTUs with the highest relative
abundances in the community were captured, but all networks
also captured some OTUs with low relative abundances
(Fig. 7).

We found a significant difference in the proportion of Bd-
inhibitory OTUs among the three species networks (χ2 =
6.51, df= 2, P= 0.03). Specifically, C. fitzingeri’s network
had a lower proportion of Bd-inhibitory OTUs (53.3%),
whereas A. callidryas and D. ebraccatus had a higher pro-
portion (63 and 70.8%, respectively). This difference is more

evident when comparing the proportions of the culturable
OTUs that had high centrality values (χ2 = 59.97, df= 2,
P < 0.001). In this case, the C. fitzingeri network only had one
Bd-inhibitory OTU with a high centrality value (25%), and
this OTU was not present in A. callidryas and D. ebraccatus
networks (Fig. 5f, Table S6), while A. callidryas and D.
ebraccatus networks had 11 and 12 inhibitory OTUs
with high centrality values (73.3 and 70.3%), respectively
(Fig. 5d, e, Table S6).

Discussion

Studies on host–bacterial symbiotic systems have identi-
fied bacterial communities with protective functions
against pathogens [25, 57, 58]. In the case of amphibians,
skin bacteria can be protective against chytridiomycosis
caused by Bd [14, 16, 17]. In this study, we used culturing
and culture-independent methods to characterize the
cutaneous bacterial community of one terrestrial frog
species and two treefrog species from a Neotropical
lowland site in Panama. Results from both culturing and
culture-independent methods showed that the terrestrial
frog C. fitzingeri had a higher bacterial diversity and more
unique OTUs than did the two treefrog species. Also, C.
fitzingeri had a higher number of culture-dependent OTUs
that inhibited the growth of the pathogen Bd, than did the
treefrog species. In addition, these OTUs represented a
higher proportion of bacteria within the culture-
independent bacterial community in contrast to the pro-
portions detected in the treefrog species. Co-occurrence
network analyses also showed that relationships among
culture-independent OTUs differed between C. fitzingeri
and the two treefrog species.

Using culturing techniques, we found that Bd-inhibitory
culture-dependent OTUs were mainly from the Proteobacteria

Fig. 6 Presence and proportion
of Bd inhibitory and not
inhibitory culture-dependent
OTUs in the skin communities
obtained with 16S amplicon
sequencing. a Culture-
dependent OTUs present in the
culture-independent
communities. b Percentage
(relative abundance) of culture-
dependent OTUs present in the
culture-independent
communities
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phylum and in particular from the Betaproteobacteria and
Gammaproteobacteria classes. Members of the Gammapro-
teobacteria had the highest inhibition scores among the
culture-dependent OTUs. These results are consistent with

previous similar approaches studying the skin bacterial
diversity in temperate amphibian species [38]. In contrast, our
results differ from a study on Panamanian frogs that found
that inhibitory bacteria were found evenly distributed across
the phyla Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria phyla [59]. However, Becker et al. [59] ana-
lyzed 11 frog species with variable susceptibility including
highly susceptible species (e.g., species Atelopus limosus and
Strabomantis bufoniformis), while we analyzed three Bd non-
susceptible (tolerant or resistant) species, which could explain
the differences in the phylogenetic profile of inhibitory iso-
lates. Our results suggest that a defensive microbiota can be
achieved via a limited number of community structures that
are likely influenced by the surrounding environmental pool
of bacteria and host-specific factors [60].

Our finding that bacterial communities differed between
the terrestrial and the treefrog species suggests that, in
addition to host-specific effects, aspects of the microhabitat
(perhaps working as a microbial diversity reservoir) could
be driving these differences. Previous studies have shown
that the skin microbiota differs from the environmental
bacterial communities [23, 43, 61]. However, the presence
of environmental reservoirs is fundamental to the main-
tenance of the diversity of skin microbiota in amphibians
[40]. In addition, large-scale analyses have shown that host
microhabitat (terrestrial, aquatic, or arboreal) can influence
amphibian skin microbial diversity [20].

We found that the terrestrial species C. fitzingeri yiel-
ded the highest proportion of Bd-inhibitory OTUs in
contrast with the treefrogs. However, node centrality
scores from the co-occurrence networks suggest that
treefrogs have more inhibitory OTUs that could be play-
ing a central role in structuring the community than on the
terrestrial frog. Thus, some bacterial species may play key
roles in the community and as a result be more connected
to other members of the community as reflected by higher
centrality values in a co-occurrence network. This situa-
tion appears to be the case with the anti-Bd culturable
OTUs of the treefrog bacterial communities, while in C.
fitzingeri antifungal bacteria appear to not be as well
integrated in the community.

What does this mean with respect to the protective role
these communities play on their hosts? Additional studies
are required to evaluate the degree of protection these
microbial communities provide to their host species.
However, in a recent experiment where lowland frogs
were exposed to Bd at a temperature that favored Bd
growth (19 °C), it was found that A. callidryas individuals
were infected to a lesser degree (average zoospore gen-
ome equivalents (ZGE)= 27, SE= 23) than C. fitzingeri
(average ZGE = 102,998, SE= 57,652) individuals after
41 days of being exposed to high Bd doses [62]. In fact,
some of the A. callidryas individuals were able to clear the

Fig. 7 Relative abundance (proportion) of culture-dependent OTUs
within the skin community obtained from 16S amplicon sequencing.
Red circles indicate culture-dependent Bd-inhibitory OTUs, green
circles indicate culture-dependent non-inhibitory OTUs and stars
indicate OTUs that were captured in the co-occurrence networks. a A.
callidryas, b D. ebraccatus, and c C. fitzingeri (color figure online)
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infection by the end of the experiment. In addition to
having higher infection intensities, transcriptomic ana-
lyses of C. fitzingeri showed that its genes associated with
inflammatory response were overexpressed, whereas
genes involved in epithelium and skeletal development
were downregulated, which did not occur in A. callidryas
expression pattern [62]. These data indicate that A. calli-
dryas and C. fitzingeri have different expression patterns
in response to Bd infection. Thus, we hypothesize that the
differences we found in skin bacterial community struc-
ture are associated with differences in expression patterns
of genes that code for factors, such as AMPs and cyto-
kines, which favor some bacterial species and community
structures over others.

Network analyses allow us to identify patterns in large,
complex datasets that are not evident through the use of
standard diversity metrics widely used in microbial ecology
[63]. Co-occurrence and mutual exclusion patterns can help
identify potential biotic interactions (competition or coop-
eration), but they can also reflect habitat affinities (shared or
distinct niches) [64]. In essence, co-occurrence patterns and
centrality indices may be helpful to identify bacterial spe-
cies that are functionally or ecologically important in a
community. However, it is important to consider these
patterns as hypotheses that can be further tested experi-
mentally. While understanding these limitations, we hypo-
thesize that having anti-Bd bacteria as key members in a
community network (i.e., high centrality scores) may lead to
resistance to fungal infection and explain, at least in part,
why these three species have co-existed with the pathogen
and could thus be consider tolerant to Bd infection. This
hypothesis could be further tested in vitro with simplified
bacterial communities that vary by network centrality
values and Bd-inhibitory capacity.

Patterns from the host species in this study suggest two
possible mechanisms by which skin bacteria are able to
protect their hosts against pathogens: having fewer anti-Bd
bacteria that are central to the community network as seen
in the treefrog species, or having a greater number of
inhibitory bacteria that are less central to the network as
seen in the terrestrial frog species. Our results are in
agreement with a previous study in which differences in the
dominance of skin antifungal bacteria were found among
temperate amphibian species [38]. Walke et al. [38] also
suggested that different community structures (core vs.
peripheral antifungal OTUs) could be maintaining strong
disease resistance within these communities. However, it is
important to consider that both of these studies were lim-
ited to the culturable proportion of anti-Bd bacterial isolates
obtained with our specific culturing methods. Thus, our
interpretations of the data need to be taken with caution
with respect to the underlying mechanisms of host patho-
gen protection.

While culture-independent characterization of bacterial
communities has led to a rapid expansion of our under-
standing of microbial ecology, culturing continues to play
an important role in terms of understanding the biological
attributes of bacterial species. Moreover, information from
culturing could be more central to our understanding of
microbiome ecology if these OTUs represent a high pro-
portion of bacteria from these communities. Previous stu-
dies of amphibian skin bacteria found that the relative
abundance of culturable OTUs can represent up to 36% of
the culture-independent community and most of the domi-
nant OTUs, families, and phyla were represented in culture
[36, 38]. In our study, we obtained ~4.6% of OTUs in
culture, but these OTUs represented between 21.2 and
39.1% of the total relative abundance of the culture-
independent community. We also found that culturing with
low nutrient media (under our specific culturing conditions)
was successful in capturing OTUs with low, medium, and
high relative abundance. In addition, we found that most of
the Bd-inhibitory OTUs with the highest relative abun-
dances were captured. Based on our work and the previous
studies, it appears that culturing with low nutrient media is
capturing many of the numerically dominant and function-
ally important (i.e., Bd inhibitory) OTUs in the amphibian
skin system. It is likely that a greater sampling effort using
more than one media would yield an even larger proportion
of culturable OTUs.

Overall, in this study we identified antifungal bacteria
that likely play an important role within skin microbial
communities of three tropical host species. The differences
found between the terrestrial frog and the treefrog species
suggest that skin communities are structured differently in
distinct hosts, and so antifungal bacteria may play different
roles within each community. Moreover, our study stresses
the importance of integrating several laboratory and
molecular techniques (culture-dependent and -independent
methods), as well as analytical methods (co-
occurrence networks and standard diversity analyses) in
order to better describe the dynamics of microbial
communities.
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