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Abstract
Holistic approaches that simultaneously characterize responses of both microbial symbionts and their hosts to environmental
shifts are imperative to understanding the role of microbiotas on host health. Using the northern leopard frog (Lithobates pipiens)
as our model, we investigated the effects of a common trematode (family Echinostomatidae), a common agricultural antimicrobial (Sulfadimethoxine; SDM), and their interaction on amphibian skin microbiota and amphibian health (growth metrics and
susceptibility to parasites). In the trematode-exposed individuals, we noted an increase in alpha diversity and a shift in microbial
communities. In the SDM-treated individuals, we found a change in the composition of the skin microbiota similar to those
induced by the trematode treatment. Groups treated with SDM, echinostomes, or a combination of SDM and echinostomes, had
higher relative abundances of OTUs assigned to Flavobacterium and Acinetobacter. Both of these genera have been associated
with infectious disease in amphibians and the production of anti-pathogen metabolites. Similar changes in microbial community
composition between SDM and trematode exposed individuals may have resulted from stress-related disruption of host immunity. Despite changes in the microbiota, we found no effect of echinostomes and SDM on host health. Given the current diseaseand pollution-related threats facing amphibians, our study highlights the need to continue to evaluate the influence of natural and
anthropogenic stressors on host-associated microbial communities.
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Introduction
The contributions of host-associated microbial communities
(i.e., microbiotas) to physiological processes of multicellular
hosts have been well-documented, and include immune system activation, metabolism, energy uptake, and defense
against pathogens [1–4]. However, services provided by
microbiotas are associated with the structure and functional
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profiles of the commensal microbial community [5]. Indeed,
alterations to host-associated microbial assemblages (i.e.,
dysbiosis) can result from environmental stress, physiological
changes, or parasite invasion resulting in the loss of microbial
diversity, increased abundance of pathogenic species, and/or
loss of beneficial microbes [6–8]. However, given the tight
link between the host condition/environment, symbiont community structure, and host physiological processes, holistic
approaches that simultaneously characterize responses of both
microbiotas and their hosts to environmental shifts are imperative to understand the role of microbial commensal communities on host health and fitness [9].
Across host systems, the relationship between hostassociated microbiotas and pathogens/parasites has received
a lot of attention due to its effects on infectious disease outcomes [10–12]. Microbiotas may interfere with the successful
colonization and survival of parasites through exploitative or
interference competition [12]. In response, parasites can bypass the protective role of the host microbiome by secreting
metabolites that directly affect symbiont abundances, releasing virulent factors that alter host inflammatory responses
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causing indirect changes in the resident community, or by
introducing their own symbionts to the host microbiota [13,
14]. In addition, infection-induced changes to the microbiota
may also predispose the host to infection with opportunistic
pathogens. In Salmo salar, organismal stress caused by parasitism with salmon lice (Lepeophtheirus salmonis) can cause
changes in the mucosal microbiota and an increase in the
abundance of the pathogenic genera Vibrio, Flavobacterium,
Tenacibaculum, and Pseudomonas [15, 16]. With the impact
that microbiota shifts have on the outcome of infectious diseases, it is important to describe indirect sub-lethal effects that
parasites may have on microbiotas and ultimately overall host
health.
In addition to parasites, as human populations increase,
anthropogenic activities (i.e., chemical use) will continue to
alter the environments in which host-parasite interactions occur. For example, the influence of pesticides on host-parasite
interactions has been widely investigated in a number of systems [17–19]. Given the ubiquitous use of chemicals across
the landscape, research extending beyond pesticides is needed. For instance, antimicrobial compounds are commonly
used in agricultural livestock to treat and prevent bacterial
infections. Through run-off events, these antimicrobial compounds are commonly found across the landscape, including
in the soil and aquatic systems [20]. Using wildlife models,
some studies demonstrate that clinically relevant doses of antibiotics can alter the protective function of host-associated
microbiotas increasing the host’s susceptibility to pathogens
[21]. However, it is not well understood how environmental
concentrations of antimicrobials affect the vulnerability of
non-target organisms to parasites or how they alter the microbiota. Given the common co-occurrence of contaminants with
parasites in the environment, it is vital to consider how environmentally relevant concentrations of antimicrobials interact
with parasites to alter host health and their microbial
symbionts.
Amphibians provide a useful study system to holistically
explore how parasites and anthropogenic factors influence
skin microbiota and host health. The amphibian skin harbors
diverse communities of microbes that are highly interactive
with the environment, providing the initial defense against
external pathogens [22]. For example, chytrid fungus
Batrachochytrium dendrobatidis (Bd) is a pathogen that attacks keratinized tissue on amphibian skin [23]. Particularly,
some studies have shown that a more diverse skin bacterial
community can lead to increased survival and decreased Bd
loads in amphibians [6, 21, 24]. However, while there are
multiple studies that examine how skin microbiotas affect host
health in response to Bd, amphibians are also exposed to a
diversity of other non-cutaneous parasites. Non-cutaneous
parasites (e.g., trematodes) are among the most widespread
and abundant parasites in amphibian systems [25]. Internal
parasite infections have been associated with negative impacts

to the survivorship of individuals through morphological abnormalities and physiological stress [26]. In addition, these
parasites often co-occur with lethal fungal and viral pathogens
(i.e., Bd and Ranaviruses; [27]), and co-infections with trematodes and lethal pathogens can alter disease outcomes [28].
In teleost systems, non-cutaneous parasites have been shown
to alter skin microbiome [29]; yet, to date, no study has evaluated how non-cutaneous amphibian parasites influence the
amphibian skin microbiota [30]. Because non-cutaneous parasites co-occur with other lethal pathogens, microbiota shifts
caused by these parasites could indirectly influence hostmicrobiota-pathogen dynamics relevant to skin pathogens.
Given the wide distribution of non-cutaneous parasites, the
negative impacts their infections bestow on hosts, and their
co-occurrence with relevant cutaneous pathogens (e.g., Bd), it
is important to evaluate the effect that non-cutaneous parasite
infections bestow on the skin microbiota of amphibians.
In addition to infection with parasites, amphibians are exposed to a diversity of contaminants that have been shown to
modify the microbiota [31] and also affect host susceptibility
to parasites [32–35], but our understanding of how contaminants interact with parasites to influence the amphibian microbiota remains limited [30]. No study has evaluated whether
environmentally relevant concentrations of agricultural antibiotics influence microbial communities on the skin of amphibians [30]. In an avian system, ingestion of low doses of agricultural insecticides shifted the gut microbiota of Japanese
quail (Coturnix japonica) living in proximity to agricultural
environments [36]. Because life-threatening disease and anthropogenic influence are two of the major contributors to
amphibian decline across the globe [23, 37, 38], understanding the response of amphibians and their microbiotas to parasites and agricultural antibiotics also has broad conservation
implications.
Using the northern leopard frog (Lithobates pipiens) as our
amphibian model, we investigated the effects of a common
agricultural antimicrobial (Sulfadimethoxine; SDM; [39]) and
a common trematode parasite (Echinostome sp.; hereafter
echinostomes; [27]) on amphibian skin bacterial communities
and on host health. Specifically, we asked (1) How does SDM
alter the amphibian skin bacterial communities? (2) How do
echinostomes alter the amphibian skin bacterial communities?
(3) Is there an interaction between SDM and echinostome
exposure on skin bacterial communities? and (4) What is the
effect of SDM on amphibian health (e.g., growth metrics and
susceptibility to echinostomes)?
We predicted that SDM exposure would result in a loss of
the amphibian skin bacterial community diversity and a shift
in community composition [21]. While we did not expect a
direct effect of Echinostome infection on the skin bacterial
communities, we anticipated that physiological stress due to
parasitic infection may increase diversity of communities on
the skin of the amphibians, shift skin microbiota composition,
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and increase the abundance of potential pathogenic taxa [40].
Because we predict that SDM will decrease skin bacterial
community diversity but echinostomes will increase diversity,
we projected that echinostomes and SDM would interact antagonistically on the amphibian skin bacterial community diversity and composition. Finally, we predicted that exposure
to SDM would interfere with echinostome infection within the
amphibian host by increasing infection and reducing mass,
SVL, and development [41].

Materials and Methods

Amphibian Collection and Husbandry
On 29 March 2016, we collected ten partial northern leopard
frog (L. pipiens) egg masses from a pond located near the
Purdue Wildlife Area (PWA) in West Lafayette, IN
(40.4457°, − 87.0505°). All animals were collected as recently
laid egg masses to avoid using animals with prior infections to
parasites and to avoid exposure to contaminants. The egg
masses were immediately transported to the Ecological
Research Facility (ERF) at Binghamton University. Each
egg mass was split into two and divided into two outdoor
225-l pools filled with ~ 200 l of well water. Once leopard
frogs hatched and developed into the tadpole stage, we fed
them rabbit chow ad libitum until the start of the experiment.

Model Contaminant
SDM (4-amino-N-2,6- dimethoxy-4-pyrimidinyl), is a broadspectrum sulfonamide antimicrobial commonly used in animal agriculture (chickens, cattle, pigs). SDM inhibits the synthesis of folic acid by fungal and bacterial microorganisms;
thus, SDM targets organisms that do not produce their own
folic acid as opposed to organisms that obtain folic acid via the
environment [42, 43]. In cattle, SDM is egested in urine at
17.49% of the therapeutic dose and at least 58.4% has been
detected in excrement as a metabolite [44]. Given that manure
is routinely applied at the rate of at least 50,000 l per hectare,
many hundreds of grams of SDM can be applied to fields that
can run off into aquatic ecosystems [39, 45–49]. Indeed, concentrations up to 36 μg l−1 and 703 μg l−1 of SDM have been
detected in ponds and agricultural runoff, respectively, though
lower concentrations ranging 0.88 to 2 μg l−1 are more common [39, 45, 46, 49].

Model Non-Cutaneous Parasite
We chose to work with echinostomes, a family of digenetic trematodes. Echinostomes are common amphibian
parasites that have been widely detected across the globe
[27, 50]. Echinostomes have complex life cycles, with
snails and bivalves serving as the first intermediate hosts,
amphibian larvae as the second intermediate host, and
birds or mammals serving as definitive hosts [50]. In the
first intermediate host, snails are penetrated by miracidia
which develop into sporocysts [51]. Sporocysts then form
free-living cercariae, which leave the snail, infect amphibian tadpoles by entering through the cloaca, and then encyst in the kidneys of the tadpole [50, 52, 53]. Similar to
other macroparasitic infections, the effect of echinostomes
on amphibian host pathology (e.g., hemorrhaging, edema)
and mortality is dose- and age-dependent, with greater
mortality observed with high doses on younger tadpoles
[50, 54].

Experimental Design
To allow natural colonization of microbes on the amphibian
skin, we first reared tadpoles in semi-natural mesocosms for
10 days ([55]; mesoscosm set up protocol can be found in
Supplementary Material). We randomly assigned five
mesocosms to a 0 μg l −1 of SDM treatment and five
mesocosms to a 1 μg l−1 of SDM treatment. We chose
1 μg l−1 of SDM because it mimics an environmentally relevant concentration of SDM (stock SDM protocol and concentration validation can be found in Supplementary Material;
[39, 45, 46, 49]). Following the addition of either SDM or
well water, we size-selected and added 25 individual leopard
frog tadpoles to each mesocosm. Finally, we replicated the
same SDM dosing procedure twice more on the 5th and 9th
of July.
On July 11 (day 0), we randomly collected 40 tadpoles
from the 0 μg l−1 and 40 tadpoles from the 1 μg l−1 SDM
mesocosms and transferred them into the laboratory to initiate
the parasite exposure experiments (N = 80; Fig. 1). Once in the
lab, all tadpoles (average mass = 1.1 ± 0.1 g) were individually
held in 2-l tubs filled with 1 l of filtered, UV-irradiated aged
well water for 2 days. We then exposed 20 tadpoles from the
0 μg l−1 of SDM mesocosm group and 20 tadpoles from the
1 μg l−1 of SDM mesocosm group to 50 echinostome cercariae (parasite collection protocol can be found in
Supplementary Material). For the 20 remaining tadpoles from
the 0 μg l−1 of SDM mesocosms and 20 tadpoles from the
1 μg l−1 of SDM mesocosms not assigned echinostomes, we
repeated this procedure by adding the same volume of water
from an uninfected snail. Because this study focused only on
how host-exposure to SDM effects host health and
microbiome, all tadpoles were temporarily (48 h) held in
antimicrobial-free UV-filtered well water during the parasite
exposure procedure. This was done to avoid any potential
effects of SDM on the ability for echinostome cercariae to
infect tadpoles [34]. We chose 48 h because past studies
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Fig. 1 Movement of tadpoles throughout 2 × 2 factorial experiment using antimicrobial (SDM) and echinostome parasite exposure

indicate this is sufficient time for cercariae to successfully
encyst in the tadpole kidney [28, 33, 34].
After 48 h (day 2), individual tadpoles from the original
0 μg l−1 of SDM mesocosms were placed into 2-l of units
filled with 1 l of filtered, UV-irradiated aged well water while
tadpoles from the original 1 μg l−1 of SDM mesocosms were
placed into 2-l of units containing 1 l of 1 μg l−1 of SDM
(Fig. 1). A recent study demonstrated that pathogens can
significantly alter the microbial community structure on amphibians within 7 days [56]. Given this time frame, on July 21
(day 10), we randomly chose ten individuals from each treatment and swabbed their skin microbiota (total number of
tadpoles swabbed was 40). Prior to swabbing, each individual
was handled with new nitrile gloves and was rinsed with
100 ml of sterile water to ensure the sample included predominantly amphibian skin-associated microbes [57].
Immediately after rinsing, each tadpole was uniformly sampled using a cotton-tipped swab over the entire surface of the
body for 30 s [58]. Individuals were placed back into the
experimental units immediately after swabbing. Each swab
was placed in a sterile 1.5-ml microcentrifuge tube and stored
at − 80 °C until DNA extraction.
Past work demonstrates that some tadpoles infected with
echinostomes can clear the parasite within 14 days of exposure [59]. Therefore, to allow tadpoles time to mount these
responses, we held tadpoles for an additional 14 days after
swabbing for their microbiome. During this time, tadpoles
were monitored daily for signs of disease (e.g., edema and
hemorrhaging) and mortality. Tadpoles were fed a 1:1 ground
TetraMin mixed with water diet ad libitum every 2 days.
Water changes were conducted every 5 days at which point
we renewed the 0 μg l−1 or 1 μg l−1 SDM treatments. On day

24, all tadpoles were euthanized using MS-222 and preserved
in 70% ethanol. We weighed, staged, and dissected all preserved tadpoles and viewed the tissues under a dissecting
scope to quantify the number of encysted echinostomes [60].
We examined 10% of all control individuals to confirm the
absence of echinostome infection; all individuals were negative for the trematode [28]. To account for any potential effect
of the time lag between swabbing tadpole microbiota (day 10)
and measuring host health metrics (day 24), we compared day
24 parasite loads to a subset of tadpoles that were taken down
on day 10 and demonstrated that parasite loads did not significantly differ between these two time points (F1,58 = 1.4; p =
0.23; Supplementary Material).

Microbiota Laboratory Methods
We isolated DNA from skin swabs using the PowerSoil DNA
Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA) following the protocol described in Hernández-Gómez et al. [61].
We then implemented two sequential PCRs to prepare our
amplicon sequencing library using the methodology described
in Hernández-Gómez et al. [62]. In brief, we amplified the
bacterial 16S rRNA V2 region using primer pair 27F/338R
[63] with the attachment of connector sequences, multiplex
barcodes, and Illumina adaptors [62]. We quantified the
barcoded amplicons using a Qubit Fluorometer (Invitrogen
Corp, Carlsbad, CA), pooled samples in equimolar amounts,
and cleaned sample pools using the UltraClean PCR Clean-up
kit (MoBio Laboratories Inc., Carlsbad, CA). We overnighted
the barcoded sample pool on dry ice to the Cornell University
Biotechnology Resource Center. The sample pool was sequenced on a MiSeq machine (Illumina, Inc. San Diego,
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CA) using the reagent kit V2 to produce 250-bp paired-end
reads.

Amplicon Sequence Analysis
We processed raw sequencing reads using Trimmomatic [64]
to remove adapter sequences, bases below threshold quality of
phred-20 from both ends of reads, and any resulting reads
under 30 bp. We paired reads that passed initial quality control
using PANDAseq [65] and only retained reads that paired
successfully. Raw sequencing data was uploaded to the
NCBI Sequence Read Archive under the project accession
number PRJNA429454.
We implemented the Quantitative Insights Into Microbial
Ecology version 1.9.0 (QIIME) pipeline [66] to filter erroneous reads, cluster reads into operational taxonomic units
(OTUs), and generate abundance-based OTU tables. We clustered reads at the standard 97% similarity using the openreference protocol [67] and the Greengenes 13_5 reference
database [68] as in Hernández-Gómez et al. [61]. OTU taxonomy data was retrieved from Greengenes assignments performed in QIIME with an additional search of sequences in
the Ribosomal Database Project (RDP) to resolve unassigned
sequences [69]. To avoid including any OTUs generated by
sequencer error, such as base miscalls or chimeras, we performed additional quality filtration on the OTU table by removing OTUs that were represented by fewer than 0.005% of
the total read count [70]. To standardize sequencing depth
across all samples, we rarefied the OTU table to 17,490 sequences per sample.

Statistical Analysis
We transferred the rarefied OTU table and Newick phylogenetic tree to R (version 3.2.0). To evaluate alpha diversity, we calculated community richness (observed OTUs),
evenness (Shannon diversity), and phylogenetic diversity
(Faith’s phylogenetic diversity) using the packages vegan
[71] and picante [72]. In addition, we implemented the
packages GuniFrac [73] and vegan to calculate pairwise
unweighted/weighted UniFrac distances and Bray-Curtis
dissimilarities between samples. We chose to calculate
these three measures of beta diversity as they account for
phylogenetic presence/absence-based differences (unweighted UniFrac), phylogenetic abundance-based differences (weighted UniFrac), and non-phylogenetic abundance-based differences (Bray-Curtis) among samples.
We evaluated the effect of SDM and echinostome exposure
on richness, phylogenetic-based, and evenness measures of
alpha diversity (OTU richness, Faith’s phylogenetic diversity,
and Shannon index) using generalized linear models. We tested differences in alpha diversity based on SDM exposure,
echinostome exposure, and the combined effect of SDM and

echinostome exposure. To test differences in OTU richness,
we applied a negative binomial linear model using the R package MASS [74]. We implemented a linear model using a normal error distribution to evaluate differences in Shannon diversity and Faith’s phylogenetic diversity.
We assessed differences in community composition among
samples based on SDM and echinostome exposure using multivariate tests. To characterize the strength and significance of
differentiation among control (no SDM/no echinostome exposure) and exposure (SDM, echinostome, and SDM +
echinostome exposure) groups, we implemented a two-way
PERMANOVA test with interaction term using all three beta
diversity metrics. We generated NMDS plots using weighted
UniFrac, unweighted UniFrac, and Bray-Curtis dissimilarities
to visualize clustering of samples by treatment group. We
performed an indicator species analysis using the R package
indicspecies [75] to evaluate which OTUs were responsible
for differences among groups and to quantify the strength of
associations between OTU relative abundances and treatment
groups.
Host health analyses were conducted using SPSS 22.0
(SPSS Inc., Chicago, IL). We used Pearson’s correlation to
determine whether there was an association between Gosner
stage, mass, snout-vent length (SVL), and total length (TL)
and found that all four response variables were highly correlated (p < 0.001) and all distributional assumptions were met.
Gosner stage refers to the tadpole’s development stage and is
quantified using a generalized morphological staging table
[76]. Therefore, we conducted a factor reduction analysis
using Principal Axis Factoring with an orthogonal Varimax
rotation (SPSS; factor reduction) to facilitate interpretations
between these variables. We reduced our four variables into
a single predictor (PC-1). We ran a univariate analysis of variance (ANOVA) to determine if echinostomes, SDM, and their
interaction had an effect on PC-1. Additionally, we used an
independent t test to examine the effects of SDM on
echinostome infection.

Results
From 40 northern leopard frog bacterial community samples,
16S rRNA V2 amplicon sequencing resulted in 1,718,076
reads. After filtering out reads by base pair length, we processed the remaining reads through QIIME using the open
reference clustering method to return 881 OTUs for all skin
samples after OTU abundance filtration and rarefaction.
SDM exposure alone was not associated with differences in
microbial community alpha diversity between control and
SDM-exposed individuals (richness, F1,36 = 0.39, p = 0.538;
Faith’s phylogenetic diversity, F 1,36 = 1.00, p = 0.323;
Shannon diversity, F1,36 = 0.25, p = 0.624; Fig. 2). However,
tadpoles exposed to echinostomes possessed more even
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Fig. 2 Dot plot of Shannon diversity (A), Phylogenetic diversity (B), and
richness (C) values from northern leopard frog skin microbial
communities. Control, Sulfadimethoxine, echinostome, and combined

echinostome and Sulfadimethoxine (SDM + Echino)-exposed groups
are represented. Mean values for each group are represented through
longer horizontal lines, and error values through the shorter lines

communities than the control (richness, F1,36 = 3.59, p =
0.066; Faith’s phylogenetic diversity, F1,36 = 1.04, p = 0.315;
Shannon diversity, F1,36 = 4.40, p = 0.043; Fig. 2). We did not
detect a significant interaction between SDM and
echinostome exposure (richness, F1,36 = 0.01, p = 0.922;
Faith’s phylogenetic diversity, F 1,36 = 0.78, p = 0.384;
Shannon diversity, F1,36 = 1.52, p = 0.648; Fig. 2).

We detected differences in community composition between
control and SDM groups for unweighted UniFrac and BrayCurtis beta diversity metrics (Table 1). Using all three metrics
(i.e., unweighted UniFrac, weighted UniFrac, and Bray-Curtis),
we also found a significant effect of echinostome exposure on
the composition of the skin microbial communities (Table 1).
We only found a near-significant interaction between SDM and
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Table 1 Two-way PERMANOVA test among microbial communities
from Sulfadimethoxine- (SDM) and echinostome-exposed northern leopard frogs. F-statistic and p value are presented for each comparison performed on weighted UniFrac, unweighted UniFrac, and Bray-Curtis distances. Significant results at p value < 0.05 are italicized

echinostome exposure on beta diversity using Bray-Curtis dissimilarities only (Table 1). We visualized clustering of samples
between control and treatment groups for NMDS plots generated using unweighted UniFrac and Bray-Curtis metrics (Fig. 3).
When comparing the effect of SDM on average beta diversity in

tadpoles exposed to echinostomes vs. tadpoles not exposed to
echinostomes, the effect of SDM on average beta diversity was
larger in the absence of echinostomes compared to in the presence of echinostomes (Fig. 4). Therefore, while both SDM and
echinostomes individually initiated a change on the composition
of the skin microbial communities in the tadpole, the presence of
the parasite may have dampened the effect of the antimicrobial
on the skin microbiota.
The indicator species analysis associated 56 OTUs with
SDM-exposed individuals (Table 2). The most abundant
OTUs (at an average relative abundance > 0.001%) included
those assigned to the genera Emticicia, Flavobacterium,
Acinetobacter, Prosthecobacter, Limnobacter, Pedobacter,
Leadbeterella, Flectobacillus, and Methyloptenera; the families Flavobacteriaceae, Aeromonadaceae, Enterobacteriaceae,
Sinobaceraceae, Verrucomicrobiaceae, Comamonadaceae,
and Sphingomonadaceae; and the class Betaproteobacteria.
Fifty-nine OTUs were associated with echinostome-exposed
individuals (Table 2). Similar to SDM-exposed individuals,
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Fig. 3 NMDS ordination plot of northern leopard frog skin microbiota samples using weighted UniFrac (A; stress = 0.15), unweighted UniFrac (B;
stress = 0.19), and Bray-Curtis (C; stress = 0.23) distances
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Enterobacteriaceae, Sinobaceraceae, Verrucomicrobiaceae;
and the class Betaproteobacteria. Other abundant OTUs associated with echinostome-exposed individuals include those
assigned to the genera Rheinheimera, Luteolibacter, and
Propionivibrio; the families Cytophagaceae and
Fusobacteriaceae; and the order Clostridiales. The indicator
species analysis associated 66 OTUs with echinostome +
SDM-exposed individuals (Table 2). Tadpoles exposed to
the SDM + echinostome treatment shared OTU associations
with tadpoles exposed to SDM and tadpoles exposed
to echinostomes. Shared OTUs include those assigned to
the genera Emticicia, Flavobacterium, Pedobacter,
L i m n o b a c t e r, P ro p i n i o v i b r i o , M e t h y l o p t e n e r a ,
Acinetobacter, Luteolibacter, and Prosthecobacter; the families Cytophagaceae, Comamonadaceae, Enterobacteriaceae,
Sinobaceraceae, and Verrucomicrobiaceae; the order
Clostridiales; and the class Betaproteobacteria. Abundant
OTUs exclusively assigned to the SDM + echinostomeexposed individuals include those assigned to the genus
Leadbeterella, the family Chitinophagaceae, and the order
Sphingobacteriales.
We found no significant effect of echinostome (F1,76 =
3.219, p = 0.077), SDM (F1,76 = 0.421, p = 0.516), or their
interaction (F1,76 = 0.235, p = 0.628) on tadpole size (PC-1;
average PC-1 ± SE, control = 0.33 ± 0.24, SDM = 0.07 ±
0.21, Echino = − 0.18 ± 0.20, SDM + Echino = − 0.24 ±
0.23). Additionally, there was no evidence that SDM influenced echinostome infection (average encysted echinostome
± SE, SDM = 6.65 ± 1.06, no SDM = 6.95 ± 1.13, F1,38 =
0.002, p = 0.847).

Discussion

Fig. 4 Average beta diversity distances between Sulfadimethoxine and
non-Sulfadimethoxine-exposed individuals in no echinostome and
echinostome-exposed groups. Weighted UniFrac (A), unweighted
UniFrac (B), and Bray-Curtis (C) distances are presented

echinostome-exposed individuals were associated with OTUs
assigned to the genera Emticicia, Flavobacterium,
Acinetobacter, Prosthecobacter, and Methyloptenera;
the families Flavobacteriaceae, Comamonadaceae,

We demonstrated that SDM and echinostomes altered amphibian skin microbial communities. Specifically, while exposure to
SDM did not alter alpha diversity of skin bacterial communities
(richness or diversity), SDM did modify beta diversity (microbial community composition). In contrast, exposure to
echinostomes resulted in a slight increase in alpha diversity
(microbial community richness) and a change in beta diversity
(community composition). We did not find a significant interaction between SDM and echinostome exposure on alpha diversity or beta diversity. For all treatment groups (SDM-only,
echinostome only, and echinostome + SDM), we found similar
changes in the relative abundance of specific bacteria.
Notably, all treatment groups had an increased relative abundance in the genera Emticicia, Flavobacterium, Acinetobacter,
and Prosthecobacter; the families Enterobacteriaceae,
Sinobaceraceae, and Verrucomicrobiaceae; and the class
Betaproteobacteria. Finally, despite the effect of SDM and
echinostomes on the amphibian microbiome, these
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Table 2 Indicator operational taxonomic units (OTUs) among northern
leopard frog treatment groups. The OTU list is broken down by OTU
associations to sample group(s). The average relative abundance of each
OTU is displayed for each treatment group (C control, A sulfadimethoxine,

OTUs
N.R.1404
2692410
528336
N.C.R.161793
805098
N.R.221
4407152
4387422
N.R.1336
106732
530619
589946
N.R.714
N.R.935
N.C.R.273470
4426763
4430763
N.R.571
539852
932848
N.R.1009
N.R.695
243185
N.C.R.483200
548799
4463771
1054065
N.R.1184
N.R.1335
N.R.444
4456104

C

A

5.1E-05
8.0E-05
2.7E-04
1.3E-03
5.0E-04
9.1E-05
1.2E-04
5.0E-04
6.9E-05
1.7E-04
9.1E-05
6.9E-05
1.3E-04
2.9E-04
2.5E-04
1.6E-02
1.9E-04
6.4E-04
2.8E-03
2.2E-04
1.8E-03
4.5E-04
2.2E-03
2.7E-04
7.1E-04
3.9E-04
1.8E-03
1.1E-03
7.4E-05

0
0
5.7E-06
1.0E-04
0
5.7E-06
0
3.4E-05
0
0
1.1E-05
0
5.7E-06
4.0E-05
5.7E-06
2.3E-03
5.7E-06
1.1E-05
7.4E-05
1.1E-05
2.2E-04
9.7E-05
8.6E-05
1.1E-05
5.7E-06
0
5.7E-06
0
1.1E-05

0
0

7.9E-04
1.1E-03

P

P echinostome, and P/A echinostome and sulfadimethoxine). The relative
abundance cells are shaded based on their value with 0 in white and the
max value of 0.05 in black. For each OTU, the association statistic and
corresponding p value are presented as well as its taxonomy

P/A

Control Only
1.1E-05
0
1.7E-05 5.7E-06
2.3E-05 1.1E-05
2.3E-05 8.0E-05
0
5.7E-06
0
5.7E-06
0
0
5.7E-06 2.3E-05
1.1E-05
0
0
5.7E-06
0
5.7E-06
5.7E-06
0
0
5.7E-06
3.4E-05 1.7E-05
0
0
1.1E-04 5.4E-04
1.7E-05 2.9E-05
0
0
1.2E-04 1.7E-04
5.7E-06
0
1.4E-04 1.6E-04
5.7E-06 6.3E-05
0
3.5E-04
4.0E-05 1.1E-05
4.0E-05 1.7E-05
2.3E-05 5.7E-06
2.1E-04 1.7E-05
5.7E-06 2.9E-05
2.9E-05 5.7E-06
SDM Only
0
5.1E-05
3.4E-05 2.3E-05

Ass.

p-val

Genus

0.64
0.74
0.72
0.78
0.63
0.60
0.71
0.73
0.65
0.82
0.71
0.68
0.61
0.78
0.77
0.82
0.80
0.77
0.94
0.75
0.84
0.71
0.82
0.70
0.80
0.68
0.79
0.93
0.70

0.020
0.005
0.005
0.020
0.030
0.015
0.005
0.020
0.020
0.005
0.010
0.010
0.030
0.005
0.005
0.010
0.005
0.005
0.005
0.005
0.005
0.020
0.005
0.025
0.015
0.035
0.015
0.005
0.025

Acidimicrobiales (O)
Microbacterium
Chinophagaceae (F)
Chinophagaceae (F)
Saprospiraceae (F)
Gemmamonas
Planctomyces
Devosia
Rhodoplanes
Methylocystaceae (F)
Hyphomonadaceae (F)
Hyphomonadaceae (F)
Rhodococcus
Acetobacteraceae (F)

0.61
0.75

0.030
0.035

Flectobacillus
Comamonadaceae (F)

Alphaproteobacteria (C)

Comamonadaceae (F)
Comamonadaceae (F)
Comamonadaceae (F)
Neisseriaceae (F)
Nitrosomonadaceae (F)

Methyloversalis
Myxococcales (O)
Aeromonadaceae (F)
Nevskia
Xanthomonadaceae (F)
Xanthomonadaceae (F)

Cerasicoccaceae (F)
Myxococcales (O)
Limnohabitans
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OTUs

C

N.R.67
0
N.R.726
0
N.R.1002
4.0E-05
N.C.R.542651
0

A
0
0
2.3E-05
0

N.C.R.415568 4.0E-05
589593
0
N.R.260
0
N.R.224
5.7E-06
N.R.43
1.1E-05

6.9E-05
5.7E-06
0
1.1E-05
0

336364
1115854
524203
N.R.408
N.R.587

1.5E-04
1.9E-04
4.6E-04
8.3E-03
1.4E-03

6.3E-05
6.9E-05
2.2E-03
1.2E-03
3.3E-04

N.R.437
156616
N.R.584
N.R.577
167760

1.2E-02
3.5E-04
4.5E-04
8.6E-05
1.1E-03

N.R.0

5.7E-05

N.R.776
N.R.1480
N.R.644
150430
140758
N.R.342
N.R.813

0
6.9E-05
1.1E-05
0
3.4E-05
3.4E-05
4.0E-05

N.R.1346
1.7E-05
539293
1.0E-02
N.R.214
0
N.C.R.509135
0

P

P/A

Ass.

p-val

Echinostome Only
4.0E-03 8.0E-05 0.77
1.7E-05
0
0.55
4.6E-04 2.9E-05 0.71
1.3E-03 2.8E-04 0.64

0.005
0.030
0.020
0.020

Flavobacterium
Rhodobacter
Prosthecobacter
Cytophagales (O)

0.005
0.010
0.035
0.015
0.045

Chinophagaceae (F)
Sphingobacteriales (O)
Ruminococcus
Clostridiales (O)
Bacillaceae (F)

0.015
0.010
0.005
0.005
0.015

Rhizobiaceae (F)

SDM/Echinostome only
6.3E-05 1.4E-03 0.84
2.9E-05 8.4E-04 0.76
5.7E-06 9.7E-05 0.53
4.0E-05 4.4E-04 0.67
0
8.6E-05 0.59
Control + SDM
1.1E-05 1.1E-05 0.74
1.1E-05
0
0.73
1.7E-04 9.1E-05 0.93
1.3E-04 6.5E-04 0.94
2.9E-05 1.8E-04 0.82

Control + Echinostome
1.1E-04 1.5E-02 1.5E-03 0.90 0.005
0
2.0E-04 5.7E-06 0.83 0.005
1.7E-05 1.6E-04 7.4E-05 0.86 0.005
0
4.6E-05 2.9E-05 0.67 0.025
1.1E-05 1.1E-04 5.5E-04 0.87 0.005
SDM + Echinostome
1.7E-03 4.9E-03 2.9E-04 0.90 0.015
SDM + SDM/Echinostome
1.5E-04 1.1E-05 1.4E-04 0.76 0.010
8.8E-04 4.6E-05 7.9E-04 0.81 0.010
1.1E-03 3.5E-04 9.1E-04 0.71 0.040
5.7E-05
0
1.3E-04 0.71 0.005
5.5E-04 6.3E-05 6.2E-04 0.74 0.020
3.9E-04 7.4E-05 1.4E-04 0.81 0.045
3.3E-03 2.2E-04 2.8E-03 0.82 0.025
Echinostome + SDM/Echinostome
0
1.3E-04 2.2E-04 0.76 0.005
6.0E-03 4.6E-02 3.3E-02 0.86 0.010
5.8E-04 3.0E-03 2.3E-03 0.82 0.005
0
3.2E-04 6.3E-04 0.71 0.010

Genus

Sphingomonadaceae (F)

Comamonadaceae (F)
Verrucomicrobia (P)
Unassigned Bacteria
Fusobacteriaceae (F)
Rhodobacter
Rhodobacter
Betaproteobacteria (C)
Aeromonadaceae (F)
Flavobacteriaceae(F)
Emcicia
Leadbeerella
Limnobacter
Burkholderiales (O)
Pseudomonadaceae (F)
Pseudomonadaceae (F)

Saprospiraceae (F)
Rikenellaceae (F)
Cytophagaceae (F)
Flavobacterium
Ruminococcaceae (F)

Amphibian Host and Skin Microbiota Response to a Common Agricultural Antimicrobial and Internal Parasite
Table 2

(Continued)

OTUs

C

A
P
P/A
Ass. p-val
Echinostome + SDM/Echinostome (continued)
N.R.854
1.2E-03 8.9E-04 8.0E-03 8.1E-03 0.89 0.005
N.C.R.175211
0
0
3.4E-05 3.4E-05 0.63 0.010
N.R.266
4.0E-05 2.3E-05 8.5E-03 1.2E-02 0.74 0.030
N.C.R.313149
0
1.7E-05 2.1E-04 1.7E-04 0.85 0.005
242252
1.1E-05 8.0E-05 2.5E-03 1.8E-03 0.83 0.015
738230
1.7E-05 5.7E-06 4.0E-05 1.4E-04 0.73 0.020
N.R.247
2.3E-05 1.7E-05 3.5E-04 1.0E-03 0.73 0.025
N.R.417
3.0E-04 3.7E-04 1.3E-02 7.0E-03 0.93 0.005
N.R.1390
6.3E-05 3.6E-04 3.7E-03 2.4E-03 0.78 0.015
N.R.1473
1.4E-04 2.5E-04 4.7E-04 3.9E-03 0.74 0.050
Control + SDM + Echinostome
239526
7.4E-04 9.7E-05 3.4E-04 1.5E-04 0.86 0.020
4343658

7.1E-04

672144
N.R.149

1.6E-04
1.2E-04

816960
N.R.1170
N.R.1345
N.C.R.233611

1.7E-04
3.7E-04
2.9E-04
1.4E-04

563957
2251859
N.R.232
258654
585221
324252
2194875
279948
295031

3.2E-04
5.3E-04
1.3E-03
1.0E-03
2.2E-04
1.5E-03
1.9E-03
2.2E-04
2.6E-04

4362005
N.R.983
N.R.892
140767
578911
695260

3.8E-03
2.2E-03
1.6E-04
1.2E-04
5.1E-05
2.3E-05

1.2E-04

9.1E-05

5.7E-05

0.81

Genus
Clostridiales (O)
Comamonadaceae (F)
Comamonadaceae (F)
Oxalobacteraceae (F)
Propionivibrio
Shewanella
Luteolibacter
Luteolibacter
Porphyromonadaceae (F)

Bacteroidales (O)
Rhodobacter

0.050

Alphaproteobacteria (C)

1.3E-04 7.4E-05 1.7E-05 0.78 0.025
4.6E-05 5.1E-05 1.1E-05 0.75 0.025
Control + Echinostome + SDM/Echinostome
1.1E-05 4.6E-05 1.6E-04 0.74 0.045
4.6E-05 1.4E-04 1.6E-04 0.83 0.045
1.7E-05 1.5E-04 1.3E-04 0.86 0.005
2.9E-05 1.5E-04 1.7E-04 0.83 0.020

Comamonadaceae (F)
Propionibacterium

Control + SDM + SDM/Echinostome
1.4E-04 2.9E-05 1.1E-04 0.84 0.015
1.4E-03 1.1E-05 2.8E-04 0.77 0.040
4.6E-04 1.1E-04 2.1E-04 0.91 0.035
2.9E-03 2.0E-04 1.5E-03 0.95 0.035
1.5E-04 4.6E-05 1.6E-04 0.91 0.005
6.9E-04 1.8E-04 4.4E-04 0.94 0.020
8.0E-04 1.3E-04 4.2E-04 0.93 0.015
3.4E-04 4.6E-05 1.9E-04 0.87 0.010
2.3E-04 4.0E-05 1.4E-04 0.89 0.020
SDM + Echinostome + SDM/Echinostome
2.4E-02 2.0E-02 1.4E-02 0.97 0.005
2.8E-02 9.7E-03 2.8E-02 0.97 0.005
1.2E-03 6.7E-04 1.2E-03 0.84 0.010
4.8E-04 5.8E-04 5.4E-04 0.91 0.005
2.7E-04 2.6E-04 1.4E-04 0.75 0.050
3.9E-04 2.2E-04 3.4E-04 0.88 0.005

Comamonadaceae (F)
Comamonadaceae (F)
Comamonadaceae (F)
Betaproteobacteria (C)
Rhizobiales (O)
Sphingomonadaceae (F)

Sphingobacteriales (O)
Comamonadaceae (F)
Comamonadaceae (F)
Rhodocyclaceae (F)
Rhodocyclaceae (F)
Pseudomonas
Pseudomonas
Emcicia
Flavobacterium
Pedobacter
Exiguobacterium
Exiguobacterium
Rhizobiaceae (F)
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OTUs

C

A
P
P/A
Ass. p-val
Genus
SDM + Echinostome + SDM/Echinostome (connued)
N.C.R.224290
0
4.7E-04 2.9E-04 3.9E-04 0.82 0.005 Rhodobacter
4405881
2.3E-04 7.4E-04 5.8E-04 1.2E-03 0.86 0.050 Limnobacter
570204
6.3E-05 1.3E-03 2.1E-04 5.2E-04 0.88 0.020 Comamonadaceae (C)
582007
0
1.5E-04 1.6E-04 6.1E-04 0.84 0.010 Comamonadaceae (C)
1634030
2.9E-05 3.0E-04 3.6E-04 1.7E-04 0.86 0.010 Comamonadaceae (C)
N.C.R.30123 1.7E-05 3.3E-04 3.6E-04 2.8E-04 0.81 0.030 Comamonadaceae (C)
N.R.1297
1.7E-05 3.4E-04 5.2E-04 2.8E-04 0.94 0.005 Comamonadaceae (C)
605409
8.0E-05 5.3E-04 6.8E-04 3.6E-04 0.91 0.015 Burkholderiales (O)
574862
6.2E-04 1.1E-03 6.2E-03 7.3E-03 0.91 0.015 Methylotenera
N.C.R.500944 4.0E-05 4.6E-04 2.1E-04 4.1E-04 0.82 0.020 Betaproteobacteria (C)
N.R.117
8.6E-05 3.1E-04 2.2E-04 2.9E-04 0.83 0.045 Betaproteobacteria (C)
N.R.967
4.8E-03 1.8E-02 1.1E-02 2.3E-02 0.96 0.035 Betaproteobacteria (C)
4312845
1.8E-04 2.8E-03 1.6E-03 6.7E-04 0.93 0.005 Rheinheimera
N.R.1499
2.9E-05 1.7E-04 1.1E-04 1.5E-04 0.81 0.040 HTCC
559204
2.0E-04 2.5E-03 2.8E-03 3.0E-03 0.99 0.005 Enterobacteriaceae (F)
N.C.R.31981 6.3E-05 1.5E-04 3.1E-04 3.0E-04 0.93 0.005 Enterobacteriaceae (F)
321584
3.5E-04 2.0E-03 3.3E-03 2.4E-03 0.98 0.005 Acinetobacter
N.R.433
0
2.6E-03 1.5E-03 6.2E-03 0.88 0.005 Sinobaceraceae (F)
N.R.1227
4.6E-05 1.7E-02 2.0E-03 1.1E-02 0.97 0.005 Prosthecobacter
541887

3.8E-04

6.0E-03

1.1E-03

3.9E-03

0.84

0.015

Verrucomicrobiaceae (F)

N.R.1438

5.9E-04

1.0E-02

1.2E-02

8.4E-03

0.92

0.005

Cyanobacteria (C)

treatments did not have a significant effect on overall host
health.
To our knowledge, our study is the first to evaluate the
effect of low environmentally relevant concentrations of an
agricultural antimicrobial on the skin microbiota of amphibians [30]. SDM alone did not influence the richness/diversity
of skin bacterial communities on northern leopard frogs but
did alter beta diversity. At least among amphibian studies,
previous antibiotic studies typically use higher concentrations
(e.g., nine times higher than used in our study) or a cocktail
spanning different pharmacodynamics with the intention to
drastically interfere with microbial function [21]. Thus, at
low concentrations, SDM may not eliminate members of the
microbial community [77]; but, as we show, can facilitate
certain bacteria and shift microbiota structure between the
control and treatment groups [78]. These results are consistent
with the taxonomic shift observed in previous studies on soil
microbial communities where relative abundances of bacteria
in the phyla Proteobacteria, Firmicutes, and Bacteroidetes increased following sulfonamide application [79, 80].

Collectively, these results suggest that considering low environmentally relevant concentrations of antibiotics is important
as these concentrations can impose significant changes on
host-associated communities of natural flora/fauna.
Echinostome exposure had no effect on skin microbial
community richness; however, it resulted in an increase in
bacterial community evenness and differentiation between individuals exposed to the parasite and controls. The influence
of echinostome exposure on Shannon diversity indices corresponds with the observed increase in relative abundance of
certain OTUs (i.e., Flavobacterium and Acinetobacter). This
pattern has been observed in a salmonid-lice system, where
infection by cutaneous parasites benefitted the propagation of
opportunistic microbes in the skin [40]. However, this study is
the first to demonstrate that a non-cutaneous amphibian parasite can induce changes to the amphibian skin microbiome.
Interestingly, infection by the non-cutaneous parasite
(echinostome) stimulated changes in the northern leopard frog
skin microbiota composition in a similar degree to those observed when other ranids are infected with cutaneous parasites
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(i.e., Bd; [6, 81]). Commonalities between the community
disruption effect of Bd and echinostomes suggest that additional infection-related mechanisms, other than direct disturbance of the skin integrity, might influence the skin microbiota
of amphibians. Given the increasing evidence that amphibians
commonly experience co-infection with multiple types of
pathogens [82], future studies should investigate how other
cutaneous and non-cutaneous pathogens affect the skin microbiota of amphibians and whether these changes influence host
susceptibility/resistance to infection by multiple pathogens.
Contrary to our prediction, the combination of echinostome
and SDM exposure did not interact antagonistically on alpha
diversity. We anticipated an antagonistic response because
antimicrobials can deplete microbial richness and select for
resistant bacteria [83], while infection with a parasite can result in colonization with opportunistic microbes [6]. The low
levels of SDM used in our study did not reduce alpha diversity; thus, this is likely the reason why there was no antagonistic effect. Given that SDM has been recorded at concentrations of up to 36 μg l−1 in aquatic systems [39], antagonistic
responses of wild amphibian microbiotas to parasite and antibiotic exposure remain a possibility. Echinostome exposure
had a significant effect on weighted UniFrac distances; however, we found significant effects of these two treatments
based on unweighted UniFrac and Bray-Curtis distances.
This pattern suggests that the parasite and antimicrobial influenced the composition (e.g., presence/absence of OTUs) of
the microbial community as opposed to the structure (e.g.,
abundance of OTUs; [84]). Yet, when tadpoles were exposed
to the combination of echinostomes and SDM, we noted no
differences in beta diversity between SDM-exposed,
echinostome-exposed, and echinostome + SDM-exposed individuals. Thus, the effect of the parasite was similar to the
effect of the antimicrobial on the skin microbiota of the tadpoles, indicating that parasite infection likely bestows stressrelated effects on the microbiota [85]. Our results demonstrate
a complex response of the amphibian skin microbiota to a
common parasite and contaminant. Given the diversity of anthropogenic and natural stressors facing wildlife populations
and the recognition that these stressors commonly co-occur
[86], more studies considering effects of simultaneous
stressors on the microbiota in the laboratory and natural settings are necessary.
Exposure to SDM and echinostome certainly shifted the
composition of the skin microbiota of tadpoles, with consistent increases in the relative abundances of OTUs identified to
the genera Flavobacterium and Acinetobacter. While we cannot specifically address the mechanisms behind the shift observed, we can induce that SDM and echinostome might impose a degree of physiological stress. In human and animal
models, physiological stress generated by environmental stimuli (e.g., pathogen or pollutant exposure) can bestow an indirect effect on the resident microbiota [87]. In amphibians and

fish, cutaneous integrity and commensal community structure
is promoted in part through the secretion of antimicrobial proteins (AMP’s) by skin granular glands [88]. However, stressinduced increases in corticosteroids have been associated with
a decrease in secreted AMP’s [89], interrupting microbial regulatory mechanisms on the skin [90] that may regulate microbial communities in the tadpole [91]. Changes to physiology
might explain why Flavobacterium and Acinetobacter increase their relative abundance over other members of the
tadpole microbiota. Our methodology did not allow us to determine if Flavobacterium and Acinetobacter are pathogenic
or beneficial. However, both of these genera have been associated with infectious disease in amphibians and the production of anti-pathogen metabolites [24, 92–94]. Therefore, future investigations might benefit from incorporating functional characterization to determine the impact of microbiota disturbance on host health.
Finally, SDM did not affect overall host health or susceptibility to echinostome infection. Our results are congruent
with previous studies which have shown that infection rates
of 50 or fewer echinostomes have no effect on amphibian
survival and little to no effect on host traits, depending on
the species [19, 28]. Interestingly, though we did not see an
effect of SDM on host health or echinostome susceptibility,
amphibian skin microbial communities were altered. Notably,
given the time frame of our study, it remains unclear whether
the observed changes in the microbiota will affect the host
long-term, suggesting it may be necessary to extend the period
of observation in future studies [95]. These results suggest that
the use of traditional host-health metrics in toxicological and
disease research may not always sufficiently convey the overall effects of these potential stressors on the host. Importantly,
shifts in microbiota beta diversity could be used as an early
indicator of either chemical contamination or parasite exposure. Collectively, these findings underscore the importance of
utilizing a holistic approach that characterizes both
microbiome and host health.
Our results provide considerations for the study of hostassociated microbiotas in natural systems. Our study highlights the need to continue to evaluate the influence of natural
and anthropogenic factors that alter host-associated microbial
communities. We have shown that a parasite and contaminant
may impose changes on the microbiota despite an absence of
influence on host health. Given the link between the
microbiome and disease resistance in amphibians, it is important to evaluate how common pollutants and amphibian parasites alter the host immune system and microbiomes (gut and
skin; [30]). In addition, parasite-related changes to the microbiota suggest the need to further characterize how varying
infection intensities, co-infections, natural bacterial reservoirs,
and host life stages may alter the effects observed in the current study. Continuing to holistically characterize the response
of hosts and their microbial symbionts to common natural and
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anthropogenic stressors will allow further understanding of
the microbial ecology of host-associated microbiomes in our
changing world.
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