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CAUSES PERSISTENT ALTERATION OF THE AMPHIBIAN GUT MICROBIOTA
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Abstract: Interactions between gut microbes and anthropogenic pollutants have been under study. The authors investigated the effects
of larval exposure to polychlorinated biphenyl 126 (PCB-126) on the gut microbial communities of tadpoles and frogs. Frogs treated
with PCBs exhibited increased species richness in the gut and harbored communities significantly enriched in Fusobacteria. These
results suggest that anthropogenic pollutants alter gut microbial populations, which may have health and fitness consequences for hosts.
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INTRODUCTION

As a group, amphibians are undergoing rapid extinctions
and serve as important environmental sentinels to monitor
ecosystem health [1]. Environmental pollutants may contribute
to amphibian extinctions by altering aspects of amphibian
physiology, such as decreasing the rate of development [2,3],
immune function [4,5], or proper reproductive development [6].
The gut microbiota is another important physiological system
that provides several services to the host [7]. However, the
effects of environmental pollutants on these symbiotic
communities are poorly understood. We recently conducted
the first culture-independent microbial inventory of the gut
microbiota of an amphibian and demonstrated that amphibians
undergo a large restructuring of the microbiota during
metamorphosis [8]. In the present study, we investigate the
effects of environmental pollutants on the amphibian gut
microbiota.

Polychlorinated biphenyls (PCBs) represent some of the
most widespread anthropogenic contaminants. These com-
pounds were used heavily as commercial flame retardants and
insulating fluids through the mid-20th century. Many of these
compounds persist in the environment and bioaccumulate in the
tissues of wild amphibians [9]. Polychlorinated biphenyls
compromise the immune function of a wide array of vertebrate
taxa [10–12] and have been shown to alter the gut microbial
community structure in mice [13]. Altering the gut microbial
community may impact the performance and fitness of the host
due to the numerous functions the microbiota perform.

In the present study, we used northern leopard frogs
(Lithobates pipiens, also known as Rana pipiens) as a model
ecological species to study the effects of PCBs on gut microbial
communities. We inventoried the communities of tadpoles and
frogs following larval exposure to PCB-126 to examine the
possibility that environmental pollutants alter gut microbial
ecology. Demonstrating these effects would provide evidence

that the gut microbiota may be susceptible to environmental
pollutants.

MATERIAL AND METHODS

Animals and sample collection

Samples for the present study were collected from a larger
study investigating the effects of PCB-126 on the performance
and survival of Northern leopard frogs (L. pipiens). Embryos
were purchased from a laboratory colony at Nasco, transferred
to the laboratory, and allowed to hatch without manipulation.
Six days post fertilization (dpf), tadpoles were free-swimming
(Gosner Stage 25) [14], and were distributed into 8 control glass
aquaria and 5 PCB-exposed aquaria. Aquaria were filled with
13 L of dechlorinated, filtered, ultraviolet-irradiated tap water.
Water changes were performed 4 times per week to provide
standard water quality (pH¼ 7.8–8.3, nitrite < 1.0mg/L, total
NH3 < 1mg/L, hardness �180mg/L). In addition, air stones in
each aquarium provided sufficient aeration throughout the
experiment (dissolved oxygen � 50% saturation). Conditions
of the animal facility were a 14:10-h light:dark:light cycle,
23� 1 8C water temperature, and humidity � 30%. Tadpoles
were fed ad libitum a diet of ground rabbit chow (Harlan Teklad;
Cat 2030; 250 g/L) mixed with agar (20 g/L), gelatin (14 g/L),
and 0.2mm filtered, dechlorinated water. The mixture was
brought to a boil for 1min and then cooled to room temperature.
Tadpoles were fed either diets containing 0 (control) or 7.3 ng
PCB-126/g wet mass (chemical analyses were performed using
US Environmental Protection Agency [USEPA] extraction
method 3541 and USEPA method 8082A; ALS Environmen-
tal). Tadpoles for the present study were a subset of the larger
study, and were collected from 4 control aquaria and 2 PCB-
exposed aquaria when they reached 91 dpf (85 d of PCB-126
exposure) and were at similar developmental points (Gosner
Stage¼ 36.1� 1.8). Tadpoles were euthanized in 1% buffered
tricaine methanesulfonate, and digesta was collected and frozen
(control fed tadpoles: n¼ 7; PCB-126 fed tadpoles: n¼ 7). For
analysis of frog gutmicrobiota, tadpoleswere allowed to develop
through metamorphosis and housed individually in 0.5-L
polypropylene jars. Twenty-five milliliters of dechlorinated,
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filtered water was added to the jars, and the jars were tilted to
provide both awet and dry surface for the frogs. Frogswere fed an
uncontaminated diet of crickets and mealworms 6 times per
week, supplementedwith calcium and vitamin powder for 16wk.
Thus, the frogswere not exposed to dietaryPCBs for 16wk.At 16
wk postmetamorphosis, frogs were euthanized in 1% buffered
tricaine methanesulfonate, and digesta was collected and frozen
(control diet as tadpoles: n¼ 8; PCB-126 diet as tadpoles: n¼ 8).
Frogs were, on average, 185.7� 2.4 d old at this point and had
been exposed to PCB-126 as tadpoles for an average duration of
61.3� 3.6 d. The University ofWisconsin’s Institutional Animal
Care and Use Committee approved all experimental procedures
involving tadpoles and juvenile frogs.

Microbial inventories

Whole DNAwas isolated from gut contents using a QIAamp
DNA Stool Mini Kit, which was then sent to Argonne National
Laboratory to undergo sequencing. Microbial inventories were
conducted by amplifying the V4 region of the 16 S rRNA gene
using primers 515F and 806R and paired end sequencing on an
Illumina MiSeq platform [15]. Sequences were analyzed using
the QIIME software package [16]. Sequences underwent
standard quality control and were split into libraries using
default parameters in QIIME. Sequences were grouped into
operational taxonomic units using UCLUST [17] with a
minimum sequence identity of 97%. The most abundant
sequences within each operational taxonomic unit were
designated as a “representative sequence,” and then aligned
against the Greengenes core set [18] using PyNAST [19], with
default parameters set by QIIME. A PH Lane mask (QIIME)
was used to remove hypervariable regions from aligned
sequences. FastTree [20] was used to create a phylogenetic
tree of all representative sequences. Operational taxonomic
units were classified using the Ribosomal Database Project
classifier with a standard minimum support threshold of
80% [21]. Sequences identified as chloroplasts or mitochondria
were removed from analysis.

We then compared the relative abundances of microbial taxa.
Relative abundances of microbial phyla and genera were
normalized using variance stabilizing transformation of arcsin-

(abundance0.5) [22,23]. Because the microbial community is
largely restructured between tadpoles and frogs [8], the present
study focuses on the effect of PCBs within a life stage.
Transformed abundances were compared using t-tests within
each life stage, using the False Discovery Rate correction for
multiple comparisons. For microbial phyla, we compared the
abundances of the 5 most abundant phyla, and for microbial
genera, we compared all genera that were present in at least 2
samples. We used a Pearson chi-square to test for differences in
prevalence or the proportion of amphibian individuals hosting a
certain taxa. For all statistical tests we used an a value of 0.05.

We calculated several measurements of diversity. First, we
calculated Faith’s phylogenetic diversity [24], which randomly
samples several operational taxonomic units from each sample
and measures the cumulative branch lengths from the
phylogenetic tree of all sequences. We also calculated an
estimate of species richness (Chao1). For these measurements,
we calculated the mean of 20 iterations for a subsampling of
9500 sequences from each sample. We compared diversity
metrics using a nested analysis of variance with life stage and
PCB exposure as variables and tanks nested within PCB
exposure treatments. In addition, we investigated potential
covariates of age and Gosner stage for tadpoles. Insignificant
covariates were removed from the final analysis.

We also calculated unweighted UniFrac distances, which are
the fractions of total branch lengths unshared between 2 samples
on the phylogenetic tree of all samples [25]. We visualized
similarities and differences in overall microbial community
composition across groups using Principal Coordinates Analy-
sis of unweighted UniFrac distances. Community membership
was statistically compared using adonis, a permutational multi-
variate analysis of variance that uses distancematrices to investi-
gate sources of variation [26]. All sequences were deposited in
the Sequence Read Archive under accession SRP019766.

RESULTS

At 16 wk postmetamorphosis, frogs fed the 7.3 ng PCB-126/
g diet had mean body burden residues of 3.38 ng PCB-126/g
body mass, whereas control animals had a body burden of
0.07 ng/g body mass.

Figure 1. Relative abundances of dominant microbial phyla in the guts of control and polychlorinated biphenyl-treated (PCB) tadpoles and frogs.
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Our sequencing effort resulted in a total of 462 947 high
quality microbial 16 S rRNA sequences (average of 13
930� 403 sequences per sample). These sequences were
classified into 7908 operational taxonomic units based on
97% sequence identity.

We observed modest differences in the gut microbial
community structure of tadpoles due to larval exposure to
PCB-126. As tadpoles, no bacterial phyla or genera that satisfied
the statistical requirements to test for differences exhibited
significantly different relative abundances between control
and PCB-treated tadpoles. Some bacteria genera exhibited
differences in prevalence, such that 6 of the 7 control tadpoles
harbored Aminobacter, whereas this genus was absent from
the guts of all PCB-treated tadpoles (x2(1, N¼ 14)¼ 10.5;
p¼ 0.0012). Similarly, Pseudomonas was only detected in 1 of
the 7 control tadpoles and was present in all 7 PCB-treated
tadpoles (x2(1, N¼ 14)¼ 10.5; p¼ 0.0012).

Interestingly, we observed a lasting effect of larval exposure
to PCB-126 on the relative abundances of microbes residing in

the guts of frogs. Frogs that were exposed to PCB-126 as
tadpoles maintained a higher abundance of Fusobacteria
(t¼ 2.95; df¼ 14; p¼ 0.01; Figure 1). The phylum Fusobacteria
comprised a very small portion of the tadpole (average of
control and PCB-treated: 0.008%) and control frog (0.3� 0.1%)
gut communities. However, frogs that underwent larval
exposure to PCB-126 harbored a community with 3.5� 1.4%
relative abundance of Fusobacteria, with some individuals
maintaining a community comprised of >10% Fusobacteria.
The operational taxonomic unit that drove this response is an
uncultured member of the genus Fusobacterium, as determined
by BLAST analysis. This difference represents a lasting effect
of larval PCB-126 exposure, as postmetamorphic frogs were not
subjected to dietary PCB-126. At the genus level, we did not
detect any bacteria with differential abundance or prevalence
between control and PCB-exposed frogs.

Diversity metrics differed as a result of larval PCB-126
exposure. Individuals treated with PCB exhibited increased
phylogenetic diversity harbored within the gut, as well as an

Figure 2. Estimated species richness and phylogenetic diversity of control and polychlorinated biphenyl-treated (PCB) tadpoles and frogs. Different letters
above the bars correspond to significant differences using Tukey’s Honest Significant Difference test.
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increase in estimated species richness (Figure 2, Table 1). The
difference in estimated species richness due to larval PCB-126
exposure wasmore pronounced in frogs, as shown by significant
differences between control and PCB-treated frogs (Figure 2).
Principal Coordinates Analysis plots exhibited little difference
between the microbial community composition of control and
PCB-treated tadpoles (Figure 3), and statistical analysis
demonstrated that these groups were not significantly different
(adonis: p¼ 0.09). However, there was obvious, differential
clustering of frogs that underwent larval exposure to PCB-126
compared with the control frogs, and these results were
statistically significant (adonis: p¼ 0.03; Figure 3).

DISCUSSION

We observed changes in the microbial community structure
due to larval exposure to PCB-126. Although the present study
only monitored changes in community structure, the results
raise several questions and hypotheses that should be addressed
to expand our understanding of the mutualisms between

vertebrate hosts and gut microbes and the impact of
anthropogenic pollutants on these relationships.

Control and PCB-treated tadpoles exhibited several signifi-
cant differences in gut microbial diversity. Tadpoles exposed to
PCB-126 lacked Aminobacter, a genus that was only hosted by
control tadpoles [8]. These tadpoles also exhibited a higher
prevalence of the genus Pseudomonas, some members of which
are known to be pathogenic to amphibians [27]. Overall
community diversity did not differ, however, between control
and PCB-treated tadpoles, as compared using unweighted
UniFrac distances and the adonis function.

Frogs exposed to PCB-126 during the larval stage exhibited
several differences in microbial community structure. Frogs
exposed to PCB-126 harbored a higher abundance of Fusobac-
teria. In addition, PCB-exposed frogs housed a more diverse
microbial community in terms of estimated species richness. In
total, the microbial community of PCB-treated frogs differed
significantly from controls, as demonstrated by unweighted
UniFrac distances and the use of the adonis function. These
findings highlight the lasting effects of larval exposure to
environmental pollutants on the anuran gut microbiota.

Dietary PCBs may interact with microbes directly to alter
community structure, perhaps selecting for tolerant microbes.
The addition of PCBs to soil tends to cause enrichment in
community members that are capable of degrading PCBs [28].
Other xenobiotics, such as human pharmaceuticals, cause direct
shifts in gut microbial communities [29]. In addition, frogs had
accumulated PCB-126 in their tissues, which may have been
excreted through bile into the gut, potentially interacting with
the gut microbiota directly.

It is also likely that the effects of PCBs on the gut microbial
community are mediated through host physiology. For example,
we observed significantly higher estimated species richness in
the PCB-treated animals compared with controls. These
differences could be due to lowered immune function in
PCB-exposed individuals, which has been demonstrated with
other vertebrate taxa [10–12]. Altered gut immunity may allow

Table 1. Summary of analysis of variance results for alpha diversity
metricsa

Diversity index F P

Phylogenetic diversity
Life stage 12.24 0.003
Polychlorinated biphenyl exposure 4.26 0.05
Life stage� polychlorinated biphenyl exposure 2.65 0.12
Tank nested in polychlorinated biphenyl exposure 1.38 0.27

Estimated species richness
Life stage 0.56 0.46
Polychlorinated biphenyl exposure 11.88 0.003
Life stage � polychlorinated biphenyl exposure 1.76 0.20
Tank nested in polychlorinated biphenyl exposure 1.53 0.21

aAge and Gosner stage of tadpoles were not significant covariates and thus
were removed from the final model.

Figure 3. Principal Coordinate Analysis using unweighted UniFrac scores of the microbial communities from control and polychlorinated biphenyl-treated
(PCB) tadpoles and frogs.
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for opportunistic microbes to colonize the guts of toxin-exposed
animals, thus increasing species richness and altering microbial
community structure. For example, the genus Pseudomonas, a
potential pathogen of amphibians [27], was only detected in
PCB-treated tadpoles. Similarly, the genus Fusobacterium
comprised a significant proportion of the microbial community
of PCB-treated frogs, but not any other group studied. This
genus contains numerous opportunistic pathogens that produce
varied cytotoxic and necrotic virulence factors [30]. We cannot
confirm the pathogenicity of the bacterial operational taxonomic
units detected in the present study. Thus, the interactions
between environmental pollutants, the immune system, oppor-
tunistic pathogens, and other members of the gut microbiota
warrant further investigation.

Regardless of the mechanism, larval exposure to PCB-126
significantly altered the microbial community structure of the
amphibian gut, which could affect host performance and fitness.
The microbiota plays large roles in the energy balance [31],
immune function [32], and even the behavior [33] of the host.
Disrupting this community might impair the complex relation-
ship between host and microbes, negatively affecting host
fitness. In addition, if pollutants allow for increased colonization
by opportunistic microbes, this effect may increase the
probability of infection by pathogenic microbes. The field of
ecotoxicology often focuses on how environmental pollutants
impact various organs or physiological processes, and until
recently, the impact of pollutants on symbiotic microbes has
been largely overlooked. The present study highlights 2 areas of
potential future research. First, the gut microbiota can vary
between animals in both nature and captivity [34–36]; thus, it
would be interesting to see whether differences similar to the
present study are also found between pristine and contaminated
sites in the wild. Furthermore, although we document several
changes in microbial diversity and abundances of taxa, future
studies could investigate the mechanisms that underlie these
changes and the consequences for host health and fitness.
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