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Abstract: The gut microbiome is important for host health and can be influenced by environmental
and hormonal changes. We studied the interactions between anthropogenic land use, glucocorticoid
hormones, and gut bacterial communities in common toads (Bufo bufo). We sampled tadpoles from
ponds of three habitat types (natural, agricultural, and urban ponds), examined gut microbiome
composition using amplicon sequencing of the 16S rRNA gene, and measured the associated stress
physiology using water-borne hormones. Tadpoles from different habitat types significantly dif-
fered in bacterial composition. However, bacterial richness, Shannon diversity, and Firmicutes to
Bacteroidota ratio did not vary with habitat type. In contrast with other studies, we found a positive
correlation between baseline corticosterone release rate and bacterial diversity. Stress response and
negative feedback were not significantly correlated with bacterial diversity. These results suggest that,
despite alterations in the composition of intestinal bacterial communities due to land-use change,
common toad tadpoles in anthropogenic habitats may maintain their physiological health in terms of
the “gut-brain axis”.
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1. Introduction

Human-induced environmental change is occurring at an alarming rate and threatens
wildlife health. Populations unable to adapt to these changes may not persist in altered
environments. Commensal microbiota contributes to host health by maintaining immune
homeostasis, aiding in nutrient uptake and metabolic processes [1–4]. Habitat shifts can
change environmental microbial communities which in turn shape the host’s microbial
community [5–9]. On the one hand, environmental stressors alter the environmental
microbiome [10–14], but the gut microbiome can also mediate adaptation to environmental
stressors [15–17]. These two components shape the gut microbial community and affect
organismal health [18–20].

Agricultural and urban land use alter environments via an increase in chemical pol-
lutants and multiple other factors associated with anthropogenic areas including urban
heat island effects [21] and altered environmental and host microbiomes [9,22] Much of this
knowledge on wildlife microbiome comes from terrestrial animals [23] while aquatic organ-
isms are relatively under-studied in this regard. Anthropogenic influences on urban aquatic
habitats include introduction of sewage water, fecal matter from terrestrial mammals, and
pollutants from urban storm water run-off which lead to eutrophication [24–26]. In habitats
altered for crop production, organisms living in adjacent water bodies are exposed to
agrochemicals, nutrients, wastewater and even manure wastes associated with agricultural
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run-off [27–29]. These changes in land use alter the environmental microbial communi-
ties in soil and water [24–26]. In turn, anthropogenically altered environmental bacterial
communities create a potential health risk to aquatic organisms, likely associated with
the greater decline in biodiversity observed in freshwater environments than in terrestrial
environments [30].

In vertebrates, glucocorticoid stress hormones are released in response to environmen-
tal stressors via activation of the hypothalamic-pituitary-adrenal (HPA or interrenal HPI in
amphibians) axis [31]. Glucocorticoids are metabolic hormones that aid in energy regula-
tion [31]. Elevated glucocorticoids are associated with altered host microbial biodiversity
(reviewed in [32]). In turn, host gut microbiome can also modulate stress response of the
HPA/HPI axis and this bi-directional interaction is known as the ‘gut-brain axis’ [33–35].
The bi-directional interaction aids in host health and homeostasis [36]. In fish, the gut
microbiome affects the “gut-brain axis” such that when the main fish glucocorticoid stress
hormone, cortisol, is elevated, gut microbiome diversity is reduced [10]. Similar results
have been found for other species (red squirrel [32], fish [37]) whereas other studies have
found no relationship in unmanipulated populations [38–40]. Anthropogenic environments
can alter glucocorticoid physiology in wildlife including aquatic vertebrates [41,42], but
little is known about the relationship between land use change, associated shifts in host and
environmental microbial communities, and stress physiology in the host. Understanding
these interactions would provide additional insight into the mechanism associated with
tolerance to environmental change.

Amphibians are an especially sensitive group of aquatic organisms and human-
induced environmental change is among the most likely causes of their global population
declines [43,44]. Amphibians inhabiting different environments have different skin and
gut microbiomes [45–47] and these changes can be due to environmental pollutants [39,48]
and pathogens [49] which can have negative health effects on amphibians (reviewed
by [48,50,51]). To better understand these interactions, here we aimed to investigate the
consequences of anthropogenic environmental change on amphibian gut bacterial com-
munities and explore the relationship of host gut bacterial communities with glucocor-
ticoid profile. We examined whether tadpole gut bacterial communities differ between
natural, agricultural and urban habitats. We also examined if there was a relationship
between gut bacterial communities and major components of the host glucocorticoid pro-
file, specifically the baseline levels of corticosterone (the main glucocorticoid hormone
of amphibians), the stress-induced change in corticosterone, and the rate of post-stress
recovery in corticosterone. These aspects of glucocorticoid regulation are related to fitness
in vertebrates [42,52,53] and differ between natural and anthropogenic habitats in our study
species, the common toad Bufo bufo [41]. This species is widespread in Europe, where it
breeds in standing water bodies. Breeding adults typically return to the pond in which
they developed as larvae, and they rarely migrate farther than 500 m from the pond [54,55].
Adults are predators of invertebrates whereas tadpoles graze on algae and detritus; the
re-organization of the digestive tract at metamorphosis likely comes with significant re-
structuring in gut microbiomes, as in other amphibians [56]. For these reasons, tadpole gut
bacterial communities are likely to be strongly influenced by local environmental factors.

2. Materials and Methods
2.1. Tadpole Collection and Processing

We collected tadpoles in developmental stages 27–31 [57] from 9 ponds (3 rural,
3 urban, and 3 agricultural) in Hungary from 9–17 May 2019 as part of a previously
published study [41]. These stages are the early stages before tadpoles show limb toe devel-
opment. Distances between our ponds vary between 650 m and 49 km; the ponds that are
closest to each other are separated by roads and built areas (for coordinates, see [41]). After
collection, we placed the tadpoles in 100 mL of spring water for 1h, 3 times sequentially to
measure water-borne corticosterone release rates [41]. The first hour of sampling quantifies
“baseline” corticosterone release rates, the second hour is a “stressed” phase where a stress
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response is elicited by agitation, and the third hour is a “recovery” phase for estimating
negative feedback [41]. Water-borne method for measuring corticosterone provides an
integrated measure from a longer time period than plasma measurements [58] making this
measure more appropriate to explore the relationship between corticosterone and bacterial
communities. Following water-borne hormone sampling we weighed each tadpole after
which they were euthanized and placed into 70% ethanol. Subsequently we aseptically
dissected the whole gut from a subsample of 41 tadpoles (14 natural, 14 agricultural, and
13 urban; n = 4−5/population) and placed them in 95% ethanol before storing them at
−20 ◦C for gut bacteria processing.

We performed all procedures in this study in accordance with animal ethics guidelines
and they were approved by the Ethics Committee of the Plant Protection Institute, Centre for
Agricultural Research. The Environment Protection and Nature Conservation Department
of the Pest County Bureau of the Hungarian Government issued the permit for this study
(PE-06/KTF/8060-3/2018, PE-06/KTF/8060-1/2018, PE/EA/295-7/2018).

2.2. Corticosterone Analysis

To measure corticosterone, we extracted hormones from the water samples using
single phase extraction columns (SPE, SepPak Vac3 cc/500 mg; Waters, Inc., Milford, MA,
USA), then used methanol to release the bound hormone into a test tube. We dried the
methanol with nitrogen gas and resuspended the residue in assay buffer (Cayman Chemical
Inc., Ann Arbor, MI, USA) and used 96 well ELISA plates to analyze corticosterone levels
(Cayman Chemical Inc.; (see [41] for details)).

We quantified corticosterone release rates as the amount of water-borne corticosterone
measured over one hour, divided by tadpole body mass (pg/g/h). To quantify the mag-
nitude of stress response, we calculated the relative change of corticosterone release rate
in response to stress (stress-induced change) as: 100 × (stressed − baseline)/baseline.
Similarly, we quantified negative feedback as the relative change from stressed to recovery
levels as: 100 × (stressed − recovery)/stressed [59].

2.3. Bacterial Communities Analysis

We used a 16S rRNA gene (V4 region) amplicon sequencing approach. The V4 region
is one of the most commonly used in host microbiome studies and provides greater depth
and taxa coverage than other 16S rRNA hypervariable regions (compatible with Nextera
XT Library Prep, Illumina) across different sample types [60]. DNA was extracted from
the guts using Pure Link™ Microbiome DNA Purification Kit. Amplicon libraries were
constructed according to [61]. Briefly, we used tagged MiSeq primers targeting the V4
region of the 16S rRNA gene (primers: forward—GTGCCAGCMGCCGCGGTAA; reverse—
GGACTACHVGGGTWTCTAAT) [62,63] in polymerase chain reactions (PCR), using KAPA
HiFi HotStart ReadyMix (2X) (KAPA Biosystems, Boston, MA, USA). We ran all samples in
triplicate under the following conditions: initial denaturation at 95 ◦C for 3 min, 25 cycles
of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s, and a final elongation step at 72 ◦C for
5 min. We included a non-template control reaction and submitted this for sequencing. We
sequenced pooled amplicon libraries with the paired-end Illumina MiSeq platform in the
Department of Biology at Texas State University.

We filtered sequencing reads, trimmed, clustered into amplicon sequence variants
(ASVs) and taxonomically classified using the DADA 2 pipeline [64] in R and the SILVA
138.1 database [65]. We did not rarefy our data for the analyses presented in the main
text [66,67]; however, we repeated the analyses of microbial diversity after rarefaction,
which did not alter our conclusions (see Supplementary Material). The sequencing datasets
used in this study can be found in the Sequence Read Archive (SRA) repository of the Na-
tional Center for Biotechnology Information (NCBI) under the accession
number PRJNA883763.
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2.4. Statistical Analysis

We used the ‘microbiome’ package in R [68] to calculate relative abundance of each
phylum to characterize each tadpole’s microbiome per habitat type. To test if tadpole gut mi-
crobiome composition differed between the three habitat types, we applied permutational
multivariate analysis of variance (permANOVA) on Bray–Curtis dissimilarity matrices
with 10,000 permutations (function ‘adonis’ in R package ‘vegan’). We used Kruskal–Wallis
tests to identify ASVs with relative abundances significantly different across habitats, cor-
recting the significance levels for the number of comparisons by the false discovery rate
(FDR) method [69]. To visualize the among-habitat differences in bacterial composition,
we characterized the bacterial community of each tadpole along three nMDS (non-metric
multidimensional scaling) axes using the default settings in the R function ‘metaMDS’
(package ‘vegan’). We used 3 nMDS axes because that fitted the data better than nMDS
with 2 axes (based on the stress value which reflects how well the ordination summarizes
the observed distances). To test if similarities in tadpole gut microbial community com-
position are explained by spatial proximity between ponds, we used a partial Mantel test
(function ‘mantel.partial’ in ‘vegan’) to quantify the correlation between the Bray–Curtis
dissimilarity matrix of ASVs and the spatial distance matrix, conditioned on a third matrix
that encoded sameness of habitat type.

To test if tadpoles in different habitats differ in microbial diversity, we calculated the
following variables for each tadpole: (i) number of bacterial ASVs, reflecting “bacterial
richness”; (ii) Shannon diversity, characterized at the ASV level; and (iii) ratio of Firmicutes
to Bacteroidota (synonym to Bacteroidetes). In humans, the latter ratio of Firmicutes to
Bacteroidota (F/B ratio) influences intestinal homeostasis and changes in that ratio can
lead to pathologies [70]. To compare these three variables between habitats, we used each
microbial metric as dependent variable in a generalized estimation equations (GEE) model
(function ‘geeglm’ in the R package ‘geepack’), with habitat type as fixed factor and pond
identity as random factor. In these models, we allowed for the non-independence among
tadpoles captured from the same pond using the “exchangeable correlation” (or “compound
symmetry”) association structure [71]. For pairwise comparisons among the three habitat
types, we extracted linear contrasts (function ‘emmeans’ in the R package ‘emmeans’) from
the GEE models and corrected the significance levels with the FDR method.

Lastly, we tested the relationships of microbial diversity measures with the three
aspects of the corticosterone profile. Because these relationships are expected to be bi-
directional, first we used simple correlation tests (Spearman’s rank correlation) for each
pair of variables. Then, to control these relationships for the potential effects of habitat
type, we used two sets of GEE models. In the first set of these analyses, the dependent
variable was either baseline corticosterone release rate or the stress response or the negative
feedback. The predictor variable was either one of the above 3 metrics of microbiome
species richness, Shannon diversity, and F/B ratio. Additionally, we included habitat
type as a fixed factor and pond identity as random factor as described above. In the
second set of GEE analyses, the dependent (hormonal) and predictor (microbial) variables
were swapped.

3. Results

We generated a microbial 16SrRNA data set consisting of a total of 209,741 filtered
high-quality reads for 41 tadpole intestinal samples. We found 436 unique ASVs, of which
431 could be classified representing 16 phyla, 28 classes, 67 orders, and 79 families of
bacteria (Table S1). The top three phyla with highest relative abundance were Bacteroidota,
Proteobacteria, and Firmicutes (Figure 1).
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Figure 1. Relative abundance of bacterial phyla found in the guts of tadpoles collected from 9 ponds
across three different habitat types. Sample names on the X-axis are individual tadpole identifiers.

ASV richness and Shannon diversity of the gut bacterial communities, and the F/B
ratio did not differ significantly between the 3 habitat types (p ≥ 0.124 for all pairwise
comparisons, Table S2). However, the bacterial composition did differ significantly between
the 3 habitat types (nested permANOVA: F2,32 = 5.38, p = 0.001), with all 3 pairwise
comparisons among natural, agricultural and urban habitat significant (FDR-corrected
p < 0.001; Figures 1 and 2). Spatial distance did not correlate with dissimilarity in gut
bacterial composition (partial Mantel test: r = 0.03, p = 0.223).
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Figure 2. Clustering of tadpoles from natural (green), agricultural (red), and urban (blue) ponds
along 3 non-metric multidimensional scaling (nMDS) axes representing the composition of the gut
bacterial communities. The two tadpoles in red on the far right stand out because they do not have
Bacteroidota, which was the most abundant phylum in the rest of the tadpoles.
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Out of the 436 ASVs, 20 had significantly different relative abundances across the
3 habitat types (Table S1). However, most of these differences were driven by a few non-zero
data points, as only two out of the 20 ASVs had a greater than zero median (Table S1). The
latter ASVs showed that tadpoles from natural habitats had the highest relative abundance
of a group from the Sutterellaceae family, whereas, urban tadpoles had the highest relative
abundance a Desulfovibrio genus (Figure 3). Additionally, there was a difference just above
the significance level (p = 0.059) showing that agricultural tadpoles had the highest relative
abundance of an Rs-E47 termite group (Figure 3).
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Figure 3. Relative abundance of the three most common ASVs that differed the most across habitat
type: (a) ASV 5 from the genus Desulfovibrio (phylum Desulfobacterota, class Desulfovibrionia, order
Desulfovibrionales, family Desulfovibrionaceae), (b) ASV 20 from family Sutterellaceae (phylum
Proteobacteria, class Gammaproteobacteria, order Burkholderiales), and (c) ASV 31 from Rs-E47
termite group (phylum Bacteroidota, class Bacteroidia, order Bacteroidales). Colored dots represent
individual tadpoles from each habitat type (natural: green, agricultural: red, urban: blue); boxplots
show the median (thick line), interquartile range (box), and data range (whiskers).
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Using bi-directional correlations, we found significant positive relationship for baseline
corticosterone release rate with both the ASV richness (rs = 0.386, p = 0.020) and the Shannon
diversity (rs = 0.327, p = 0.040) of the gut bacterial communities (Figure 4), whereas stress
response and negative feedback were not significantly correlated with these diversity
metrics (p > 0.6), nor with the F/B ratio (p > 0.5). Most of these relationships remained
qualitatively unchanged when habitat type was controlled for in GEE models (Table S3).
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Figure 4. The significantly positive relationships between natural log transformed baseline corticos-
terone release rates (pg/g/h) and (a) bacterial (ASV) richness and (b) Shannon diversity of the tadpole
gut bacterial communities. Regression lines were fitted from GEE models (Table S3) controlling for
habitat type (natural: green, agricultural: red, urban: blue).

4. Discussion

Anthropogenic habitat modification alters the associated terrestrial and aquatic mi-
crobial communities and in turn the host microbiome [45,46,72,73]. Our results support
these findings as the gut bacterial composition differed for Bufo bufo tadpoles across the
three habitat types, with unique microbial profiles characterizing natural, agricultural and
urban populations (Figures 1, 2 and S3). Similarly to many species of vertebrates including
amphibians, we found that the most abundant phyla of intestinal bacteria were Firmicutes,
Proteobacteria and Bacteroidota (amphibians: [39,45,74,75], review of vertebrates: [37]. Bac-
teroidota and Firmicutes are considered more pathogenic bacteria and are associated with
the breakdown of organic matter; an earlier study found that these taxa are more abundant
in urban lakes [24]. Similar differences may account for the distinct gut bacterial commu-
nities we found here, although we have no data on the aquatic microbial communities
inhabiting our study sites. Compared to natural ponds in our study, the ponds in anthro-
pogenic habitats tended to have higher pH, temperature, salinity, conductivity and total
dissolved solids, and also had higher concentrations of several chemical pollutants [41,76].
These environmental differences might select for different microbes colonizing the water
and thereby the tadpoles’ guts, although the environmental changes may also affect the
animals’ physiology and thereby exert selective pressures on the gut microbiome as has
been found in fish [9]. Separating the effects mediated by the environmental microbiome
versus the host is a worthwhile next step for understanding how differences between
habitats emerge.

The habitat differences in gut bacterial composition were driven by several ASVs,
belonging to different phyla. Urban tadpoles had the highest abundance of Desulfovibri-
onaceae (genus Desulfovibrio); similarly, this taxon is found in high numbers in the gut of
adult Bufo raddei collected from areas with environmental heavy-metal pollution [77]. We
also found that one group of bacteria of the order Burkholderiales (family Sutterellaceae)
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was most common in tadpole guts in natural environments. Methylmercury exposure
decreased the relative abundance of Sutterellaceae in rat gut microbiome [78]. So, pollution
might explain why we found more Sutterellaceae in tadpoles from natural habitats. In
another paper, community structure variability was negatively correlated with bacterial
order Burkholderiales on the skin of frogs. This order inhibits growth of the disease causing
fungus, Batrachochytrium dendrobatidis (Bd) in the lab, but the exact role this bacterial group
plays in nature is not clear [79]. Our results could indicate tadpoles could have a better
ability to fight Bd infection when they are found in natural ponds where this bacterial group
is more abundant. We also found that a group of bacteria from the order Bacteroidales
(belonging to Rs-E47 termite group) was slightly more abundant in the gut of tadpoles
found in agricultural ponds, in contrast to a study on Fejervarya limnocharis [45] which
found Bacteroidales to be more abundant in the gut of frogs in natural habitats over farm-
land frogs. Bacteroidales may provide essential digestive activity as indicated from other
species such as fish [80]. However, we do not know much more about the specific roles
these specific bacteria play in tadpoles across these environments.

Despite the above differences in microbial composition, the Shannon diversity and
ASV richness of gut bacteria did not differ among the three habitat types. The lack of
relationship between bacterial diversity and land use is unexpected as it contrasts earlier
studies on other species of frogs. For example, a study on adult F. limnocharis [45] found that
gut bacterial diversity was higher in agricultural environments than forest environments.
Another study [81] replicated this finding and further found that the gut microbiota of
Babina adenopleura frogs from farmlands consisted of more functional bacterial diversity.
In contrast, a study on ornate chorus frogs (Pseudacris ornata) [82] found that tadpole skin
bacterial richness was positively associated with ponds surrounded by forest while Shan-
non diversity was higher in ponds with more developed land and with less canopy cover.
These studies suggest that higher microbial diversity may help cope with anthropogenic
environmental change in several species. However, in other vertebrate species, the compo-
sition of the gut microbiome is more important for fitness than its diversity, as individuals
hosting increased abundances of opportunistic pathogens are more likely to die [83]. The
latter might also explain the altered composition but similar diversity of toad bacterial
communities in anthropogenic habitats.

In humans, the F/B ratio plays an important role in regular intestinal homeostasis and
increased or decreased ratios indicate dysbiosis [70]. Another study of gut microbiome
across habitats [45] found that Firmicutes was more dominant in farmland frogs than
in those from natural environments, where Bacteroidota was more numerous. Similarly,
tadpoles of B. raddei had a lower F/B ratio in heavy metal polluted areas than in unpolluted
areas [39]. In contrast, we found no difference in the F/B ratio across natural, agricultural,
and urban tadpoles of the common toad in the present study. This fits with our finding that
toad tadpoles in anthropogenic habitats had similar bacterial diversity as tadpoles in natural
habitats. These results correspond with our earlier findings that common toad populations
in anthropogenic habitats may maintain their health in terms of reproduction [76] and
pathogenic infections [41] and may even upregulate certain aspects of immunity [84],
suggesting high tolerance by this species to human-induced environmental stressors.

The bi-directional gut-brain axis likely works together adaptively and helps cope with
environmental change [32,33]. We found a positive correlation between baseline corticos-
terone release rate and two measures of diversity in host gut bacterial communities (ASV
richness and Shannon diversity). These results are in contrast with studies on other species
that either found a negative relationship between glucocorticoids and oral microbiome
diversity in squirrels and fish [10,32,85] or no relationship in squirrels and gorillas [38,86].
While some studies consider elevated glucocorticoid levels to be costly, these hormones can
also enhance fitness as they are important in metamorphosis in amphibians [87] and aid
in maintaining homeostasis in response to changing environmental conditions [88]. Toad
tadpoles in our urban sites have elevated baseline corticosterone release rates [41], which
might be an adaptation to cope with the metabolic demands and stressors associated with
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urbanization. Combining this with our present finding that elevated baseline corticosterone
release rates correlated with increased microbial diversity, one would expect higher micro-
bial diversity in urban habitats, yet we did not detect the latter difference. This suggests
that the correlation between corticosterone and bacterial diversity might not be due to a
direct effect of one on the other but, instead, may arise because both are influenced by other
factor(s) that are not associated with anthropogenic land use in common toad tadpoles.

Earlier we showed that toad tadpoles differ in several aspects of their glucocorticoid
stress physiology across different habitats [41]. Tadpoles from both urban and agricultural
habitats had stronger stress response as well as more efficient negative feedback than
those in natural habitats. These facets of glucocorticoid regulation are related to fitness
in birds and fish [42,52,53], and so is the microbiome in some mammals [83,89]. Yet,
here we found no correlation between the corticosterone stress response and negative
feedback on the one hand, and bacterial diversity and F/B ratio on the other hand. As a
potential explanation, it is possible that the more efficient negative feedback of tadpoles in
anthropogenic habitats [41], combined with a higher incidence of stressors in such habitats
may result in an overall similar level of physiological stress (allostatic load) compared
to natural habitats, and this might lead to similar “healthiness” of their gut microbiome
across habitats.

When interpreting our results, it must be kept in mind that our sample sizes were
not large. Thus, we urge further research on the relationship between host bacterial
composition and endocrine flexibility (especially the glucocorticoid stress response and
negative feedback), given the great importance of both for wildlife fitness and conservation.
Further study is also required to fully understand the bidirectional role of the gut-brain-axis
in organismal health in response to anthropogenic changes.
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in Hungary, Table S2. Pairwise comparisons (linear contrast estimates with standard error, SE) of
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in Supplementary Materials.
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