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Abstract

Animals host a wide diversity of symbiotic microorganisms that contribute important functions to host health, and our knowledge
of what drives variation in the composition of these complex communities continues to grow. Microbiome studies at larger spatial
scales present opportunities to evaluate the contribution of large-scale factors to variation in the microbiome. We conducted a
large-scale field study to assess variation in the bacterial symbiont communities on adult frog skin (Pseudacris crucifer),
characterized using 16S rRNA gene amplicon sequencing. We found that skin bacterial communities on frogs were less diverse
than, and structurally distinct from, the surrounding habitat. Frog skin was typically dominated by one of two bacterial OTUs: at
western sites, a Proteobacteria dominated the community, whereas eastern sites were dominated by an Actinobacteria. Using a
metacommunity framework, we then sought to identify factors explaining small- and large-scale variation in community
structure—that is, among hosts within a pond, and among ponds spanning the study transect. We focused on the presence of a
fungal skin pathogen, Batrachochytrium dendrobatidis (Bd) as one potential driver of variation. We found no direct link between
skin bacterial community structure and Bd infection status of individual frog hosts. Differences in pond-level community
structure, however, were explained by Bd infection prevalence. Importantly, Bd infection prevalence itself was correlated with
numerous other environmental factors; thus, skin bacterial diversity may be influenced by a complex suite of extrinsic factors.
Our findings indicate that large-scale factors and processes merit consideration when seeking to understand microbiome
diversity.
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Introduction

Assembly of the host-associated microbiome is complex and
influenced by a multitude of extrinsic and intrinsic factors.
Broadly, the factors influencing host-associated microbiome
diversity may be divided into two categories: local factors re-
lated to the host itself and regional factors operating at spatial
scales beyond the host [1]. Host-associated factors can be mea-
sured on a per-host basis, and are typically regulated by host
genetics and immunity (e.g., [2, 3]). Many of the factors that
influence microbiome diversity, however, are not actually quan-
tified on a per-host basis. Rather, these factors reflect a larger
spatial or temporal scale experienced by a group of hosts, such
as the biotic and abiotic conditions of the habitat in which hosts
reside. These also include purely spatial factors, such as lati-
tude, that can indicate a role for stochastic processes, dispersal,
or historical factors on microbiome diversity [4—6]. As
microbiome studies continue to increase in scale, so too does
our ability to assess the contribution of these larger-scale factors
and processes to microbiome community structure.

One approach to better understanding the contribution of
large-scale factors to microbial symbiont diversity is to con-
sider these systems as metacommunities [7-9]: collections of
local communities interconnected by dispersal [10]. Key to
the metacommunity concept is the idea that diversity is influ-
enced by factors and processes that operate at different spatial
and temporal scales, ranging from species interactions within
a local community to dispersal across the landscape [10, 11].
Because metacommunity theory focuses on discerning the
relative contributions of large-scale processes versus the local
environment, it can lead to key insights about the factors driv-
ing local community structure. The theory has traditionally
been applied to communities of free-living organisms, includ-
ing microbes (e.g., [5]). However, it is proving amenable to
the study of host-symbiont systems as well, for example, in
determining the contribution of neutral processes to microbial
symbiont community assembly [12, 13].

Amphibian skin harbors a diverse bacterial community that
likely plays a role in protecting its hosts from pathogen infection
[14]. Currently, there is great interest in understanding the factors
influencing the diversity of the amphibian skin microbiome, in
part because effective implementation of bioaugmentation as a
conservation strategy may depend on it [15, 16]. Numerous stud-
ies have begun to investigate potential drivers of variation in the
amphibian skin microbiome. These studies indicate that both
host-associated factors, such as host genetics [2] or life stage
[17], and larger-scale spatial and temporal factors (e.g., land
use; [18, 19]; season; [17]; elevation [20, 21]) likely play an
important role in shaping microbiome diversity.

Changes in skin microbiome structure have also been linked
to the presence of the chytrid fungus Batrachochytrium
dendrobatidis (Bd) [22-29], a pathogen that poses a critical
threat to many amphibian species worldwide [30, 31]. Bd

attacks amphibian skin, sometimes with lethal consequences
[32]. Because symbiotic skin bacteria can play a role in
protecting their hosts from the pathogen (e.g., [33]), it is not
altogether surprising that Bd would be a strong selective agent
on the structure of the amphibian skin microbiome. Bd infection
drives temporal changes in the skin bacterial communities of
the highly Bd-susceptible frog, Rana sierrae, that are apparent
at the level of both the host and the population [22, 26].
However, in the more Bd-resistant species, Craugastor
fitzingeri, historical effects of Bd exposure manifest at the pop-
ulation level in the absence of host-level responses to infection
[23, 25]. Specifically, the skin bacterial communities of popu-
lations of C. fitzingeri in sites where Bd is endemic show re-
duced diversity overall, relative to Bd-naive sites [25], even
though Bd-infected frogs within endemic sites do not necessar-
ily have less diverse bacterial communities compared to unin-
fected ones [23]. This indicates that it is possible for the influ-
ence of this pathogen to be uncoupled at the host and population
levels, and underscores the need for approaches focusing on the
effects of larger-scale factors on symbiont community structure.
In a previous study [34], we conducted a survey of spring
peepers (Pseudacris crucifer), and other amphibian species,
across a longitudinal transect in Virginia, U.S.A., and quantified
variation in Bd infection intensity and prevalence in relation to
pond water temperature. Here, we characterize the diversity of
the skin bacterial microbiota of a subset of those spring peepers
from nine ponds along the same transect. Using a
metacommunity framework, we assessed the contribution of
Bd infection parameters to differences in skin bacterial diversity
at two spatial scales, focusing on /ost infection status and inten-
sity, and pond prevalence. Furthermore, at three ponds spanning
the west-east gradient of our study transect, we determined the
composition of the free-living bacterial assemblages in the pond
habitat to evaluate the extent to which skin bacterial diversity
reflects the diversity of environmental bacterial source pools.

Materials and Methods
Sample Collection and Processing

We sampled the skin bacterial communities of 116 spring
peepers from nine ponds on a west-east gradient of 342 km
across Virginia, U.S.A., during March—April 2012 (N=7-19
individuals per pond; subset of individuals from the Bd survey
in Hughey et al. [34]). Spring peepers are abundant and wide-
spread throughout eastern North America. In early spring,
they congregate at ponds to breed. This species can become
infected with Bd, and both the probability of being infected
with Bd and individual infection loads tend to be greater at
warmer ponds [34]. However, as far as is known, spring
peepers do not develop chytridiomycosis, the disease caused
by Bd [35].
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Bacterial community diversity and Bd infection were
assessed using non-lethal skin swabs [23, 36, 37]. Frogs were
caught by hand between 2000 and 2300 h, using new nitrile
gloves for each one, placed in a sterile Whirl-Pak bag, and
swabbed within ~ 1 h of capture. Before swabbing, we rinsed
each frog with 50 ml of sterile, deionized water. To standard-
ize, we swabbed the ventral surface 20 times, each thigh 5
times, and each hind foot 5 times for a total of 40 strokes
per frog using sterile rayon swabs (MW113, Medical Wire
Equipment & Co. Ltd., Corsham, UK). After swabbing, all
animals were released at the site of capture.

To quantify the relationship between the diversity of free-
living environmental bacteria to that of the host-associated
bacterial communities, we sampled the bacterial community
of the habitat in which the frogs were breeding at three sites
across our study transect (Sylvatica Pond, Claytor Pond, and
James River Wetlands). We passed swabs through two
microhabitats—pond water and pond substrate—for approxi-
mately 5 s/swab (V=3 replicates/habitat type; as in [38]). All
swabs (frog and habitat) were placed in sterile 1.5-ml
microcentrifuge tubes on ice in the field and then transferred
to —20 or—80 °C for laboratory storage prior to DNA
extraction.

Pond water temperature was measured in three haphazardly
selected locations near calling frogs using a YSI meter (model
63). The average of these three measurements represented
pond environmental conditions. Additionally, we recorded
the latitude, longitude, and elevation of each site using a
hand-held GPS device. To determine each individual’s Bd
infection status (infected or not infected) and infection inten-
sity (measured as the number of zoospore equivalents), we
used a quantitative, real-time qPCR assay developed by
Boyle et al. [39], as described in Hughey et al. [34]. In brief,
we included a negative control and a series of five dilution
standards, using Bd strain JEL404 (isolated from Rana
catesbeiana in Maine, USA), in each run. Standards ranged
in concentration from 0.1 to 1000 zoospore equivalents. Bd
prevalence for each pond was defined as the proportion of Bd-
positive frogs.

To characterize the bacterial communities on amphibian
skin and in the habitat, we used 16S rRNA gene amplicon
sequencing [23]. DNA was extracted from swabs using
Qiagen’s DNeasy Blood & Tissue Kit (Qiagen, Inc.,
Valencia, CA, USA). We followed the manufacturer’s
Quick-Start protocol, except we incubated each sample with
180 wl lysis buffer solution (20 mg lysozyme/1 ml lysis buff-
er) at 37 °C for 1 h, and we added 25 ul proteinase K in
addition to 200 ul buffer AL and incubated at 70 °C for
30 min. Our final elution volume was 100 pl.

We amplified the V4 region of the 16S rRNA gene [40] to
maintain consistency with previous work on the amphibian
skin microbiome, although sampling this region may miss
certain taxa (e.g., Propionibacterium; [41]). PCRs were run
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in triplicate for each sample, which were combined after am-
plification. Each 25 ul reaction contained the following:
11.5 ul PCR water, 10 ul 5 PRIME Hot Master Mix, 0.5 ul
515f forward primer, 0.5 pl 806r reverse primer including a
12-base barcode sequence, and 2.5 pl genomic DNA.
Thermocycler conditions consisted of a denaturation step of
94 °C for 3 min, followed by 34 cycles at 94 °C for 45 s, 50 °C
for 60 s, and 72 °C for 90 s, and a final extension at 72 °C for
10 min.

Amplified DNA was quantitated using a Qubit® 2.0
Flourometer and dsDNA HS assay kit according the manufac-
turer’s guidelines (Life Technologies, Carlsbad, CA, USA).
Samples were pooled by combining 180 ng of each amplicon
into a single tube. The pooled sample was cleaned using the
QIAquick PCR purification kit according to the manufac-
turer’s instructions (Qiagen, Inc., Valencia, CA, USA). Fifty
microliters of the pooled sample were sent to the Molecular
Biology Core Facilities of the Dana Farber Cancer Institute at
Harvard University (Cambridge, MA, USA) for sequencing
on an [llumina MiSeq instrument using a 250 bp paired-end
strategy. To compensate for the low base diversity of the
amplicon pool, the sample was run with a 10% PhiX control.
Version 1.18.42 of the MiSeq Real-Time Analysis software
(Illumina) was used to perform base calling and quality scor-
ing. Sequence data is deposited in the NCBI database
(Bioproject accession number PRINA339746).

We produced a single OTU table, including all samples
(N=116 frog and 18 habitat samples). Forward and reverse
reads from the raw Illumina files were joined using Fastq-join
v. 0.1 [42]. Joined sequences were de-multiplexed and filtered
using the Quantitative Insights Into Microbial Ecology pipe-
line (MacQIIME, v. 1.8.0; [43]). We used the default settings
with the following exceptions: we allowed for no errors in the
barcode during demultiplexing; we set the minimum fraction
of consecutive high quality base calls required to include a
read at half the total read length; and we set the maximum
number of consecutive low-quality base calls allowed before
truncating a read at 10. Using Geneious v 8.0.4, any remaining
PhiX sequences were filtered out, and all sequences between
250 and 255 bp in length were extracted. In QIIME, sequences
were assigned to operational taxonomic units (OTUs) using
the UCLUST method at 97% sequence similarity [44]. The
most abundant sequence from each cluster was used to repre-
sent each OTU. Representative sequences were aligned to the
Greengenes v. 13.5 reference database [45] using PyNAST
[46], and assigned taxonomy using the RDP classifier [47].
OTUs assigned as chloroplast, mitochondria, and Archaea, as
well as OTUs with fewer than 0.01% of the total number of
reads (following the recommendations in [48]), were removed
from the dataset. OTU abundances were rarefied to a sequenc-
ing depth of 5000 sequences/sample (minimum sequencing
depth = 5378 sequences). The final dataset consisted of 134
samples and 663 OTUs.
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Influence of Bd Infection Parameters on Microbiome
Diversity

Statistical analyses were run in R v. 3.1.2 [49] using the package
vegan [50], unless specified otherwise. To visualize variation in
bacterial community diversity, we used non-metric multidimen-
sional scaling (NMDS) on a community dissimilarity matrix
based on Euclidean distances of Hellinger-transformed relative
abundance data. We tested for general separation of samples
based on pond of origin using permutational analysis of variance
(PERMANOVA; [51]). We repeated this analysis using Jaccard,
Bray-Curtis, and weighted and unweighted Unifrac dissimilarity
indices and obtained similar results (not shown).

Potential explanatory variables represented one of two spatial
scales: some factors corresponded directly to individual hosts
(e.g., Bd infection intensity), whereas others corresponded to a
population of hosts at a given pond (e.g., Bd infection preva-
lence). To understand if these factors were associated with bac-
terial community structure, we drew upon the concept of
metacommunities [10] to interpret diversity calculated for differ-
ent scales of ecological organization [52]. Thus, we defined the
“local community” at both the host scale and the pond scale, and
we conducted analyses on responses for each of these scales.

For host-level analyses, we used the skin community data
associated with each frog. We determined if Bd infection status
or Bd infection intensity explained variation in community rich-
ness (OTU richness) or evenness (Shannon index and Simpson
index calculated based on OTU relative abundances) using gen-
eralized linear mixed models. We included “pond” as a random
effect in each model to control for among-pond variation in alpha
diversity. OTU richness and Shannon Index were log-
transformed to better meet assumptions of normality. The
Simpson index was fit to beta regression models (package
glmmADMB; [53, 54]), which were developed to accommodate
data like the Simpson index that are limited to a range of 0 to 1.
Additionally, we determined if Bd infection status and/or inten-
sity explained variation in host community composition using
redundancy analysis (RDA; [55]). Redundancy analysis is a form
of multivariate linear regression that can be used with community
datasets to assess how much of the variation in community com-
position can be explained by one or more explanatory variables
[56, 57]. Because ponds varied in composition, and accounting
for among-pond differences using random effects is technically
not possible for permutation-based approaches such as RDA in
the vegan package, we analyzed each pond separately. Bacterial
community data were Hellinger-transformed prior to RDA be-
cause the dataset contained a high number of zeros that otherwise
would have been interpreted in the analysis as indicating similar-
ity between sites [58].

For pond-level analyses, we combined the data for all frogs
within a pond. Pond alpha diversity was calculated as the mean of
each diversity measure (OTU richness, Shannon index, Simpson
index) across all individuals at a given pond. For pond

community composition, we used a bootstrapping approach to
obtain an average frog skin community for each pond as follows:
We generated relative abundance distributions for each OTU
using the data for all frogs sampled at each pond, resampling
999 times with replacement. We selected the median value to
represent the relative abundance of each OTU at each pond.
OTUs whose median values were equal to zero at all sites were
removed from the dataset prior to analysis (N =150). R code for
this approach is available as Supplementary Material. We tested
for a relationship between Bd prevalence and each of the three
measures of alpha diversity (mean OTU richness, Shannon index,
and Simpson index) using linear models for OTU richness and
Shannon index, and beta regression models for Simpson index
(similar to above but with no random effects). Additionally, we
determined if Bd prevalence explained variation in pond commu-
nity composition using the boot-strapped community data, ac-
knowledging that Bd prevalence was highly correlated with sev-
eral other variables that also varied across the study transect: pond
water temperature, longitude, and elevation (Pearson’s correla-
tions: Bd prevalence and water temperature »=0.77, P=0.01;
and longitude »=0.84, P=0.005; and elevation r=—0.72, P=
0.03). We chose Bd prevalence as the representative variable to
maintain the focus on disease and its potential relationship to the
microbiome. As with the host-level analyses, pond-level commu-
nity data were Hellinger-transformed prior to RDA.

Because we detected significant relationships at the pond
level, we then tested for variation in the relative abundance of
specific OTUs in relation to Bd prevalence across ponds. We
focused on dominant OTUs, here defined as OTUs
representing, on average, 1% or more of the relative abun-
dance of the entire metacommunity ([59, 60]; N=12 OTUs).
For each OTU, we tested for a relationship between pond
means for relative abundance and Bd prevalence using beta
regression. P values were adjusted for false discovery rate
using the Benjamini Hochberg correction.

Frog-Environment Comparisons

To determine if the composition of the skin bacterial commu-
nities on frogs was similar to that of the habitat (which could
indicate high rates of dispersal between hosts and the local
environment), we used PERMANOVA with Hellinger-
transformed relative abundance data that were converted to
dissimilarity matrices based on Euclidean distances. Analyses
were limited to the three sites where both sample types were
collected: Sylvatica Pond, Claytor Pond, and James River
Wetlands. We tested if sample source (i.e., frog, pond water,
or pond substrate) was a significant predictor of bacterial com-
munity composition, restricting the permutations so that obser-
vations were permuted within pond. We repeated these analyses
using Jaccard, Bray-Curtis, and weighted and unweighted
Unifrac dissimilarity indices and obtained similar results (not
shown). To further evaluate how closely the structure of the
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frog skin bacterial community matched that of the environment,
we compared the mean relative abundance of OTUs shared
across sample types (frog to water or frog to substrate), sepa-
rately for each pond where both sample types were collected.

Results

Spring peepers harbored diverse skin bacterial communities. In
total, we identified 660 unique operational taxonomic units
(OTUs) from 13 phyla on spring peeper skin (Table 1). The phyla
Proteobacteria and Bacteroidetes accounted for the vast majority
of OTU diversity, whereas the phyla Proteobacteria and
Actinobacteria accounted for the vast majority of OTU relative
abundance (Table 1). The number of OTUs on individual frogs
ranged from 56 to 359 (mean + sd = 181 + 80 OTUs), and mean
values for Shannon and Simpson indices were 2.83 + 1.01 (range
0.81-4.89) and 0.80+0.16 (range 0.27-0.98), respectively.
Twelve OTUs dominated the spring peeper metacommunity
(Table 2). However, the relative abundance of these OTUs dif-
fered among individuals, contributing to among-pond variation
in community structure (PERMANOVA pseudoF = 9.08, R =
0.40, P=0.001; Fig. 1a—). Most notably, we observed a marked
shift in the structure of the skin bacterial communities on frogs

Table 1 Phylum-level diversity of the spring peeper skin bacterial
community. The proportion of OTUs in each phylum was calculated
out of the total number of OTUs identified (N =660). OTU mean
relative abundance is the average for all spring peepers at all ponds
(i.e., the metacommunity; N=116). Diversity of the Proteobacteria,
which accounted for over half of all OTUs, is further broken down by
class

Phylum Proportion Mean
OTUs relative
abundance
Proteobacteria—All 0.66 0.69
Alphaproteobacteria 0.26 0.08
Betaproteobacteria 0.44 0.30
Deltaproteobacteria 0.06 0.03
Gammaproteobacteria 0.24 0.29
Other Proteobacteria 0.002 0.00008
Bacteroidetes 0.18 0.07
Actinobacteria 0.08 0.21
Firmicutes 0.03 0.02
Verrucomicrobia 0.02 0.005
Acidobacteria 0.01 0.002
Cyanobacteria 0.01 0.0009
Planctomycetes 0.003 0.0002
Chloroflexi 0.002 0.0006
Fusobacteria 0.002 0.0004
Gemmatimonadetes 0.002 0.0001
Tenericutes 0.002 0.0009
Unclassified 0.005 0.0007
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between western and eastern sites (Fig. 1d). The skin bacterial
communities of individuals from Claytor, Food Lion, and James
River in the east were particularly enriched in a single OTU
classified as a Proteobacteria in the family Alcaligenaceae
(X820379, further classified to Bordetella at the genus level by
a BLAST search; Fig. 1d). By contrast, frogs from Kentland,
Kroger, Pandapas, and Glen Alton ponds in the west had a much
higher relative abundance of Actinobacteria, especially an OTU
in the genus Sanguibacter (X4378239; Fig. 1d). Frogs from
Heritage Park and Sylvatica ponds in the west were not enriched
in Sanguibacter (OTU X4378239); however, they also lacked
the higher relative abundances of the Proteobacteria (OTU
X820379) characteristic of eastern ponds (Fig. 1d).

Thirty-one out of 116 frogs were infected with Bd. Infection
intensity of these frogs ranged from 1 to 421 zoospore equiva-
lents (mean +sd =69 +119; [34]). Bd infection prevalence
ranged from 0 to 86% across ponds (Fig. 1d; [34]). Ponds in
western Virginia generally had low Bd prevalence, whereas
ponds to the east had higher prevalence. At the individual frog
level, neither Bd infection status (infected/not infected) nor in-
fection intensity were important predictors of skin bacterial di-
versity (GLMs, Richness, status: X2 =2.6, P=0.1, intensity:
X2 =0.4, P=0.5; Shannon, status: XZ =1.1, P=0.3, intensity:
Xz =0.2, P=0.6; Simpson, status: X2 =0.01, P=0.9, intensity:
X2 =0.3, P=0.6) nor community structure (RDA, status:
P>0.1 for all ponds; intensity: P> 0.1 for all ponds). At the
pond level, however, Bd infection prevalence explained varia-
tion in the Simpson index (i.e., dominance in the community;
X2= 7.3, P=0.007; Fig. 2a), although not in OTU richness
(F17=0.05, P=0.8) or evenness (Shannon index: F; ; =0.83,
P =0.4). In addition, prevalence of Bd infection explained var-
iation in pond-level community structure (RDA, Rzadj =29%,
F17=4.21, P=0.02). In particular, skin bacterial communities
from eastern ponds showed an increase in the dominance of
certain taxa—and thus reduced diversity—relative to those
from western ponds (Figs. 1 and 2). Eight out of the 12 domi-
nant OTUs exhibited changes in relative abundance in relation
to Bd prevalence (Table 2; Fig. 2b-m). One OTU, the
Proteobacteria X820379, increased dramatically in abundance,
whereas most of the other OTUs decreased in abundance as Bd
prevalence increased (Fig. 2b—m).

The bacterial communities associated with the skin of spring
peepers were distinct from that of their habitat—including both
water and substrate samples—and water and substrate samples
were also distinct from one another (adonis, overall model:
pseudoF = 6.68, R*=0.22, P=0.001; frog—water: pseudoF =
8.12, R?=0.17, P=0.001; frog—substrate: pseudoF =7.25,
R?>=0.15, P=0.001; water—substrate: pseudoF =1.90, R’=
0.11, P=0.001; Fig. 3a). However, most OTUs that were found
on spring peepers were also found in environmental samples
(Fig. 3b). At the three sites where we sampled both spring
peepers and habitat, 545 (84%) of the OTUs were shared across
frog and habitat samples (either water or substrate), 33 OTUs
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Table 2 OTUs (N=12) that were dominant in the skin bacterial
communities of Pseudacris crucifer. To be considered dominant, OTUs
had to account for, on average, at least 1% or more of the relative
abundance of the entire metacommunity. For each OTU, taxonomic
classification (Class, Family, Genus); the mean relative abundance of
the OTU; and the percentage of individuals harboring the OTU are

provided. Daggers () indicate OTUs whose genus-level classification
was assigned by performing a BLAST search on the sequence from the
representative set after QIIME processing. All OTUs were unclassified at
the species level. Chi-square and P values are results of generalized linear
models relating OTU abundance (pond means) to Bd prevalence
(presented in Fig. 2b)

OTU Class Family Genus Relative X Py Present
abundance on (%)
X820379 Betaproteobacteria Alcaligenaceae Bordetellat 0.15 10.8 0.005 84
X4378239 Actinobacteria Sanguibacteraceae Sanguibacter 0.14 11.1 0.005 90
X4419276 Gammaproteobacteria Pseudomonadaceae Pseudomonast 0.10 8.3 0.008 84
X537062 Gammaproteobacteria Xanthomonadaceae Stenotrophomonas 0.03 7.9 0.008 73
X4468125 Actinobacteria Nocardiaceae Rhodococcus 0.03 10.6 0.005 80
X4406967 Gammaproteobacteria Pseudoalteromonadaceae Pseudoalteromonas 0.03 2.7 0.134 96
X4473756 Actinobacteria Cellulomonadaceae Cellulomonast 0.02 8.1 0.008 55
X845178 Gammaproteobacteria Pseudomonadaceae Pseudomonast 0.02 52 0.033 84
X4388545 Betaproteobacteria Comamonadaceae Rhodoferax 0.02 2.3 0.153 83
denovol4524 Deltaproteobacteria Unclassified Unclassified 0.01 0.004 0.948 13
X4308371 Alphaproteobacteria Brucellaceae Ochrobactrum 0.01 8.3 0.008 53
X274365 Gammaproteobacteria Enterobacteriaceae Unclassified 0.01 0.11 0.803 47

(5%) were present in habitat samples but were not recovered
from spring peepers, and 72 OTUs (11%) were associated only
with spring peepers. The mean relative abundance of most
OTUs that were shared by frogs and the surrounding water or
substrate was low in each sample type (i.e., mean relative abun-
dance on frogs and in water or substrate, both < 0.05; Fig. 3c-h).
For those OTUs that were more abundant, they were usually
abundant in habitat samples (water or substrate) or on frogs,
but not both. For example, X820379 (Proteobacteria:
Alcaligenaceae) displayed low relative abundance in all habitat
samples (mean relative abundance < 0.00007 for habitat samples
at all sites), even though it was the most abundant OTU (on
average, 0.33 +0.17) on frogs at all three sites. Just two OTUs,
at two different ponds, demonstrated a near 1:1 match in mean
relative abundance between the frogs and the surrounding hab-
itat (specifically, the substrate; Fig. 3d): X4378239
(Actinobacteria: Sanguibacter) at Sylvatica Pond and
X3219861 (Proteobacteria: Crenothrix) at James River (Fig. 3h).

Discussion

As evidence of spatial variation in the diversity of host-
associated microbial communities continues to grow—in am-
phibian systems and others—this underscores the need for
understanding causes of microbiome turnover at spatial scales
beyond that of individual hosts. Here, we investigate how both
host- and pond-scale Bd infection parameters potentially in-
fluence the diversity of the bacterial communities inhabiting
spring peeper skin. Because Bd invades the skin where the
bacterial symbionts live, we predicted that the presence of

Bd would be associated with variation in bacterial community
structure among hosts. We found no relationship between Bd
infection and individual hosts’ microbiomes. However, we did
find that the prevalence of Bd infection across ponds ex-
plained regional variation in the spring peeper skin
microbiome. This observation of emergent patterns of
microbiome diversity at a scale beyond the level of the host
is compelling, and we hope it inspires thinking about novel
ways in which pathogens may interact with host populations.

One of the most striking patterns we observed was between
western and eastern ponds. At four out of six ponds that we
sampled in the west, many individuals harbored high relative
abundances of OTUs that were essentially absent from eastern
ponds. In the east, the bacterial communities shifted to favor
high relative abundances of a specific Proteobacteria in the
family Alcaligenaceae, likely in the genus Bordetella.
Several other studies have documented changes in amphibian
microbiome diversity and/or composition in relation to Bd
under both natural and experimental settings [22-29]. From
these studies, which encompass a phylogenetically diverse
and geographically widespread set of amphibian hosts, it ap-
pears that responses of alpha diversity to Bd may be quite
variable. Bd infection has been associated with increases
[28], reductions [25, 29], or little change in alpha diversity
[22, 24, 26]. In all of these studies, however, compositional
changes in the microbiota resulting from Bd exposure have
been observed. Responses to the pathogen are consistent
across populations within a host species (this study; [22, 25,
29]); however, the identity of the bacterial taxa that respond
most strongly to the presence of Bd seems to vary consider-
ably among amphibian species. Ultimately, these patterns
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Fig. 1 Variation in the structure of the bacterial communities on the skin
of spring peepers (Pseudacris crucifer) from nine sites across the state of
Virginia. a—c¢ Ordination was constructed using non-metric
multidimensional scaling based on Euclidean distances of Hellinger-
transformed relative abundance data (stress =0.16). Data are colored
according to pond of origin. Points represent the community of a single
individual. Polygons enclose all points for a given pond. Polygons for
ponds from b western and ¢ eastern sites are presented separately for
comparison, but the underlying data are exactly the same in all three

suggest that interactions between Bd and the microbiome are
host species specific, and any attempts to develop bioaugmen-
tation strategies to protect vulnerable species of amphibians
will likely need to be tailored to specific hosts.

Another important consideration for assessing results of
Bd-driven correlations in field surveys is that many other en-
vironmental factors often vary along essentially the same gra-
dient as Bd prevalence. Thus, Bd prevalence may be represen-
tative of some other factor that is actually driving the large-
scale patterns we observed. For example, the three eastern-
most ponds along our longitudinal gradient were substantially
lower in elevation than the remainder of our study sites. These
sites generally experience milder winters and an earlier spring,
and so, at the time of our sampling, were warmer than western
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plots. d Pond-level variation in the spring peeper (Pseudacris crucifer)
skin microbiome. Ponds are ordered longitudinally from west to east
along the X axis. Colored bars represent the boot-strapped mean relative
abundance of the ten most abundant families on spring peeper skin. Hatch
marked regions (within their respective families) indicate the mean
relative abundance of the two most relatively abundant OTUs
(X4378239 and X820379) in the spring peeper microbiome. Numbers
listed in bold above each bar indicate the proportion of individuals that
were infected with Bd (data from [34])

ponds. Furthermore, spring peepers at eastern sites were
nearing the end of their breeding season (J.R. Vonesh and
G.K. Eaton, pers. comm.), whereas those in western sites were
just beginning. Because breeding activity is energetically de-
manding, the general condition of hosts from western and
eastern sites at the time of sampling were likely very different.

The large-scale spatial turnover observed in this study
could also indicate that historical or biogeographical processes
shape spring peeper bacterial microbiome diversity. Spring
peepers are genetically diverse, clustering into four distinct
lineages across their range, two of which occur on either side
of the Appalachian Mountains [61]. Furthermore, populations
along the coast of Virginia represent a distinct subclade of the
lineage east of the Appalachians [61]. Given that our study
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Fig.2 Changes in alpha diversity and OTU relative abundance in relation
to Bd prevalence across ponds. All data are pond means. a Changes in
Simpson index. b—m Changes in the relative abundance of the 12 most
dominant OTUs, defined as OTUs representing at least 1% of the mean

transect began in the Appalachians in the west and continued
eastward down onto the Coastal Plain, it is possible that we
sampled distinct spring peeper lineages with uniquely adapted
microbiomes, although the findings of Griffiths et al. [2] indi-
cate that factors other than host population genetic structure
may play a stronger role in influencing regional microbiome
variation.

Turnover in skin bacterial communities along a broad lon-
gitudinal gradient can also indicate that dispersal and trans-
mission dynamics influence microbiome diversity. However,
the existence of a common set of dominant OTUs suggests a
relatively consistent regional source pool throughout the study
area. Furthermore, we identified only ten bacterial OTUs on
frogs that were specific to a single pond, indicating that most
of the bacteria present on spring peeper skin are likely not
dispersal-limited at the regional scale. However, it is possible
that dispersal contributes to changes in relative abundance
(more so than turnover in composition) at the spatial scales
we examined. Metacommunity theory has enormous potential
to enhance our understanding of the role that dispersal plays in
generating patterns of among-host and among-pond diversity
such as observed in this study. However, use of a
metacommunity framework has thus far been underutilized
for host-symbiont systems despite being emphasized in

Bd Prevalence

relative abundance of the entire metacommunity. OTUs are presented in
the same order as in Table 2. Asterisks (*) indicate OTUs that
significantly increased or decreased in relative abundance with
increasing Bd prevalence (see Table 2 for results of statistical tests)

several recent reviews [1, 7-9, 62]. Future research could
use a combination of modeling and experimental approaches
to evaluate the relative roles of dispersal versus host charac-
teristics in generating the patterns in symbiont diversity ob-
served in this study (e.g., [63]).

Given the large number of OTUs that were shared between
frog and habitat samples, it is likely that many members of the
spring peeper skin microbiota are sourced from the environ-
ment [25, 38, 64]. Yet based on our comparison of free-living
and host-associated communities across sites, we do not think
that among-pond variation simply reflects variation in the
bacterial pool of potential colonists. Were that the case, we
would have expected to see greater clustering of frog and
habitat samples by pond of origin; instead, frogs from all three
ponds clustered distinctly from water and substrate samples.
Furthermore, we found very little evidence of matching, in
terms of mean relative abundance, between OTUs on frogs
and in the habitat. Indeed, one of the most abundant members
of the skin bacterial community, the Proteobacteria (OTU
X820379), was nearly absent from our environmental sam-
ples. Its low relative abundance in the environment could in-
dicate mass effects from the frog skin habitat. Alternatively,
some skin bacteria may be derived from other sources not
sampled as part of this study, such as other microhabitats
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and offers one starting point for assessing the contribution of

large-scale factors to microbial symbiont diversity.

This study demonstrates the potential for large-scale factors
and processes to structure bacterial symbiont diversity, but it is
still just the first step in identifying and disentangling the
specific factors that interact to shape the amphibian skin bac-
terial community. Much among-host and among-pond varia-
tion remains to be explained. For amphibians and other organ-
isms whose microbial symbionts support immune function, a
better understanding of how different factors affect microbial
community structure could be key to predicting pathogen dy-
namics in the host or the success of bioaugmentation efforts.
Although unraveling all of the factors structuring amphibian
skin bacterial communities will require many more empirical
tests, this research highlights the importance of large-scale
influences on the structure of host-symbiont assemblages
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