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Abstract: Amphibian foam nests are unique microenvironments that play a crucial role in the devel-
opment of tadpoles. They contain high levels of proteins and carbohydrates, yet little is known about
the impact of their microbiomes on tadpole health. This study provides a first characterization of the
microbiome of foam nests from three species of Leptodactylids (Adenomera hylaedactyla, Leptodactylus
vastus, and Physalaemus cuvieri) by investigating the DNA extracted from foam nests, adult tissues,
soil, and water samples, analyzed via 16S rRNA gene amplicon sequencing to gain insight into the
factors driving its composition. The results showed that the dominant phyla were proteobacteria,
bacteroidetes, and firmicutes, with the most abundant genera being Pseudomonas, Sphingobacterium,
and Paenibacillus. The foam nest microbiomes of A. hylaedactyla and P. cuvieri were more similar to
each other than to that of L. vastus, despite their phylogenetic distance. The foam nests demonstrated
a distinct microbiome that clustered together and separated from the microbiomes of the environ-
ment and adult tissue samples. This suggests that the peculiar foam nest composition shapes its
microbiome, rather than vertical or horizontal transference forces. We expanded this knowledge into
amphibian foam nest microbiomes, highlighting the importance of preserving healthy foam nests for
amphibian conservation.

Keywords: leptodactylidae; reproductive modes; biosurfactants; bacteriome; frog defenses

1. Introduction

Many frogs have a peculiar mode of reproduction, such as laying eggs out of water in
foam nests. This foam is composed of biomolecules released by the female, and the nest is
built during amplexus with the aid of male frog’s leg movements [1–3]. Foam nests can be
constructed on puddles, directly on the ground, on leaves, or at the soil–water interface [4].
Regardless of the anuran species, foam nests are mainly composed of proteins known as
ranaspumins [5] and carbohydrates. Among these proteins are surfactants, uncommon
lectins, as well as carbohydrates, which are likely to be responsible for the architecture and
stability of the nest [3,5,6]. Although the functions of the chemical components of frog foam
nests remain in the hypothetical field, it is noteworthy that many proteins analyzed so far
have novel primary sequences and conformational structures, which make these biofoams
a reservoir of new molecules [5,6].

In particular, frogs of the Leptodactylidae family in the Brazilian Atlantic Forest
have the largest number of known reproductive modes (RM) (17 types), most of which
involve the deposition of eggs in foam nests (9 types) either built in water bodies or on
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the ground [7,8]. For this family, such a variety of reproductive modes seems to have
evolved as a strategy for the exploitation of microhabitats in the humid forests where they
occur [1,8]. Foam nests protect eggs and embryos from direct contact with water from small,
temporary, hot, and poorly oxygenated pools [1,9]; they provide defense against ultraviolet
radiation, predators, and desiccation [3,6]; they increase the chances of egg fertilization [10];
and they serve as food reserves for tadpoles, which complete their development within
the nests [11].

In addition to the chemical components, frog foam nests host a microbial community
that has only recently begun to be fully characterized with the help of next-generation
sequencing [12]. Studies have shown that in old-world rhacophorid frogs, the foam serves
as a medium for vertical transmission of microbes to tadpoles, potentially playing a role in
their healthy development [12]. The vital importance of foam nests for the reproduction,
development, and health of the anurans reinforces the urgent need for environmental pro-
tective action. This is especially important given the increasing impact of anthropogenically
driven environmental changes such as habitat destruction, chemical pollution, and climate
change [13,14]. Furthermore, amphibian populations have been suffering constant threats
due to epidermal infections caused by the fungus Batrachochytrium dendrobatidis (Bd), which
has led to the extinction of 90 species and the decline in 501 populations [15].

Frog skin microbiota is well known to play an important role in its host’s health, and
disturbances to its composition can increase the host’s susceptibility to pathogens [16]. This
is also true for chytridiomycosis, as bacterial isolates from frog skin have been shown to
inhibit the growth of B. dendrobatidis [17]. Despite the increasing focus on amphibian skin
microbiome research, the role of the foam nest microbiome in shaping skin microbiota in
species that develop entirely within foam nests remains unstudied.

In this study we characterize the foam nest microbiome of three neotropical frog
species from the family Leptodactylidae, each representing a distinct mode of reproduction,
as well as the microbiomes of associated environmental samples and host tissues. The goal
is to identify the key factors influencing microbial community structure and composition.
This knowledge is critical to understanding the impact of foam nest microbiomes on early
and late host colonization and pathogen defense.

2. Materials and Methods
2.1. Sample Collection

Sample collection was performed during the rainy season, between January and March
2018, in two localities of the state of Ceará in northeastern Brazil, with proper regards to
Brazilian regulations (license number 58036-2-SISBIO and AD025FF-SisGen released by
national environmental agencies).

Foam nests of the frogs Leptodactylus vastus (two foam nests) and Physalaemus cuvieri (three
foam nests), and samples of their associated water (two samples), were collected in RPPN
Monte Alegre, located in Serra da Aratanha between the municipalities of Maranguape and
Pacatuba (03◦57′10′′ S, 38◦36′48′′ W). Three foam nests of the frog Adenomera hylaedactyla,
and their respective samples of associated soil, were collected in Fazenda Maceió, located
in Taiba in the municipality of São Gonçalo do Amarante (03◦30′54.9′′ S, 38◦55′07.7′′ W)
(Figure 1). Figure S1 in the Supplementary Material shows photographs of the collected
foam nests.

All samples were collected aseptically using sterile material. Foam nests of L. vastus
and P. cuvieri were carefully collected from the water surface or from the edges of temporary
standing water and placed in sterile flasks. Nests from A. hylaedactyla were gently removed
from their soil cavities, avoiding cross contamination with plant debris and soil particles.
Samples of water and soil were also placed in sterile tubes, kept in a cool box, and brought
to the laboratory. Eggs, sand, leaves, and branches were manually removed from foam
nests under aseptic conditions, and the samples were subsequently stored at –20 ◦C until
further use.
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Taíba, and the triangle mark represents RPPN Monte Alegre.

This study also analyzed tissue samples of L. vastus, aiming to compare the origin
and composition of the microbiomes. For this task, a female specimen was also collected
in RPPN Monte Alegre and euthanized by intracephalic administration of 30 mg/kg of
lidocaine hydrochloride 2%, according to international animal ethics standards of the
American Veterinary Medical Association [18] with a permit from the Ethics Committee
on Animal Use of the Federal University of Ceara (CEUA, license number 6200160418).
Subsequently, three sections of intestine, three of cloaca, and two of skin were dissected,
freeze-dried using liquid nitrogen, and stored at −20 ◦C until further use. The specimen
used in this study was deposited in the herpetological collection of the Federal University
of Ceará (Voucher number: CHUFC A8618).

2.2. Biochemical Characterization of the Foam Nests
2.2.1. Protein and Carbohydrate Determination

Total protein levels were quantified using the Coomassie Blue method [19], using
bovine serum albumin (BSA) as a standard. Total carbohydrate concentrations were
determined using the sulfuric acid–UV method [20].

2.2.2. Surface Tension

The surface tension of the foam was measured at room temperature via the Du Noüy
ring method [21] using a Krüss K6 tensiometer (Kruss GmbH, Hamburg, Germany). As a
negative control, the surface tension of the water was evaluated, obtaining about 71 mN/m.
For statistical analysis, a one-way ANOVA with Tukey test was performed using GraphPad
Prism 8.0.1 software (San Diego, CA, USA) [22].

2.2.3. SDS-PAGE

The protein profile of the foam nests was revealed via tricine-SDS-PAGE [23]. The
final concentration of the separating gel was 16,5% T, 3% C acrylamide/bis-acrylamide.
A total of 5 µg of protein was applied in the gel. Molecular markers ranged from 10 to
225 kDa (Promega Corporation, São Paulo, Brazil). The gel was fixed in 50% ethanol/10%
acetic acid/40% distilled water (v/v/v) for 1 h and washed for 10 min twice with distilled
water. Next, it was stained using the colloidal Coomassie Brilliant Blue G-250 method [24].
Destaining was performed using acetic acid 1%.
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2.3. DNA Extraction and Sequencing

DNA extraction was performed on three 0.5 g subsamples of each foam nest and three
subsamples of the soil associated with the A. hylaedactyla foam nest using a DNeasy Power
Lyzer Power Soil Kit (Qiagen, CA, USA), according to the manufacturer’s instructions. For
the water samples associated with the nests of P. cuvieri and L. vastus, 50 mL of each sample
was centrifuged, and the total DNA was extracted from the resulting pellet using the same
protocol as for the foam nest and soil samples.

Regarding the tissue samples, intestine and cloaca were divided into three subsamples,
and skin was divided into two subsamples. A total of 0.5 g of each subsample was
incubated at 65 ◦C for 2 h in 750 µL of 20 mM of Tris-HCl pH 7.5, 100 mM EDTA, and
50 µL of Proteinase K. Then, 750 µL cetyltrimethylammonium bromide (CTAB) solution
was added (2% CTAB 2%, 1,4 M NaCl, 20 mM EDTA, and 100 mM Tris-HCl pH 8.0) and
incubated at 60 ◦C for 16 h. The CTAB protocol was based on the method described by
Warner in 1996 [25]. The resulting DNA was resuspended in 50 µL Tris-HCl (10 mM;
pH 8.0) containing 20 µg/µL of RNAse.

Concentrations and quality of all DNA subsamples were evaluated through ab-
sorbance measurements at 260 nm, 280 nm, and 230 nm using a Nanodrop® ND-1000
spectrophotometer (NanoDrop, Wilmington, DE, USA).

The V4 region of the 16S bacterial rRNA gene was amplified by PCR using the primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVHHHTWTCTAAT-
3′) [26]. The PCR reaction was performed in a final volume of 25 µL containing 20 ng of
genomic DNA (template), 1X buffer solution containing 12 mM MgCl2, 0.3 mM of each
dNTP, 0.3 µM of each primer, and 1.0 unit of platinum Taq polymerase high fidelity. A
control reaction was performed by adding water instead of DNA. The PCR conditions were
94 ◦C for 4 min to denature the DNA, with 35 cycles at 94 ◦C for 45 s, 50 ◦C for 60 s, and
72 ◦C for 180 s, with a final extension at 72 ◦C for 10 min. After indexing, PCR products
were purified using Agencourt AMPure XP-PCR beads (Beckman Coulter, Brea, CA, USA),
following the manufacturer’s instructions. After quantification on a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, USA), different volumes of each library were pooled into a
single tube such that each amplicon was represented equally. The pool was diluted to
4 nM, denatured, and further diluted to a final concentration of 10.0 pM with 20% PhiX
(Illumina, San Diego, CA, USA). Sequencing was performed with the MiSeq Reagent Kit
v2 (300 cycles, paired-end sequencing 2 × 150 bp) on the Illumina MiSeq platform at the
Genomics and Bioinformatics Center (CEGENBIO/NPDM) of the Federal University of
Ceara (UFC), Brazil.

2.4. Data Processing

The 43 datasets obtained in the sequencing of the nests (9 subsamples of A. hylaedactyla,
6 of L. vastus, and 9 of P. cuvieri), soil (9 subsamples), water (two subsamples), and frog tis-
sues (3 subsamples of gut, 3 of cloaca, and two of skin) were analyzed using bioinformatics
tools as follows.

Illumina adapter sequences were trimmed from the already demultiplexed raw FASTQ
files using Cutadapt v1.8 in paired-end mode. Quality control of the reads was performed
using FastQC v.0.11.8 [27] and vsearch v2.10.4 [28]. Subsequent analyses were performed
within the R v3.5.3 environment [29], following the DADA2 v1.11.1 package [30] pipeline
suggested by the authors and adjusting parameters to our data. It resulted in a table of
non-chimeric amplicon sequence variants (ASVs) [31], which records the number of times
each ASV (sequence differing by as little as one nucleotide) is observed in each sample.
DADA2 identifies more real variants and outputs less spurious sequences than traditional
operational taxonomic unit (OTU) clustering methods [30]. Taxonomy assignment and
removal of non-bacterial sequences was performed against the SILVA database [32]. Sam-
ples were subsequently rarefied at 23,287 reads per sample to normalize read counts across
samples. Samples that were outside of the rarefaction curve were eliminated, resulting in
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20 foam nest datasets (8 subsamples of A. hylaedactyla, 5 of L. vastus, and 7 of P. cuvieri),
comprising a total of 39 datasets.

2.5. Statistical Analysis

After rarefaction, a total of 20 foam nest subsamples were analyzed: 8 subsamples of
A. hylaedactyla, 5 of L. vastus, and 7 of P. cuvieri. Alfa diversity estimators (Chao1, Shannon, and
Inverse Simpson) were calculated, and we used Kruskal–Wallis tests for differences across host
anuran species’ foam nests. To estimate how representative our foam nest samples were of
the bacterial community, Good’s coverage estimator was calculated for all samples, as well as
rarefaction curves. For beta diversity analysis, foam nest subsamples were clustered using an
unweighted pair group method with an arithmetic mean (UPGMA), to determine clustering
patterns across host species. UPGMA was used on Bray–Curtis distances of mean Hellinger-
transformed ASV-relative abundances at the genus level. A UPGMA Bray–Curtis cluster was
also made comparing the relative abundance of ASVs at the genus level of these foam nest
microbial communities and those found in subsamples of their deposition environment (water
and soil), parental tissues (L. vastus female gut, cloaca, and skin), and foam nests from three
species of Polypedates belonging to the Rhacophoridae family in Borneo that were studied
by McGrath-Blaser et al. [12]. Sequences were downloaded from the study by McGrath-
Blaser et al. [12] under the access numbers SAMN18106736, SAMN18106737, SAMN18106738,
SAMN18106756, SAMN18106757, SAMN18106758, SAMN18106776, SAMN18106775, and
SAMN18106774 via BioProject ID PRJNA705959.

The diversity estimators, rarefaction curves, UPGMA Bray–Curtis heatmap and all
statistics were completed using vegan package v2.5.4 [33] and an R statistical package [29].
All plots were generated using ggplot2 v3.2 [34].

3. Results
3.1. Biochemical Characterization of the Foam Nests

Protein and carbohydrate levels in foam nests varied among species, with P. cuvieri
exhibiting the highest concentrations. The surface tension activity of surfactant proteins in
the foam nests was found to be correlated with protein concentration, as demonstrated by
the lower tension obtained in the sample from P. cuvieri (Table 1).

Table 1. Concentration of proteins and carbohydrates and surface tension activity in foam nests of
neotropical frogs that have different modes of reproduction.

Species Protein
(mg/mL)

Carbohydrate
(mg/mL)

Surface
Tension (mN/m)

Reproductive
Mode †

P. cuvieri 2.27 ± 0.48 a 1.16 ± 0.06 a 39.66 ± 0.50 a RM 11
L. vastus 1.37 ± 0.24 b 0.23 ± 0.01 b 45.34 ± 0.70 b RM 13

A. hylaedactyla 0.75 ± 0.15 b N/A 50.73 ± 0.35 c RM 32
† Amphibian reproductive modes based on Haddad and Prado, 2005 [7]. N/A—Not analyzed. Different letters in
each column represent significant differences at p < 0.05.

The electrophoresis gel revealed distinct protein profiles for each foam nest (Figure 2),
with the foam nest of L. vastus exhibiting a greater apparent protein richness. The nests
displayed only a few bands with the same molecular mass, indicating that the foam com-
position is unique and characteristic of each species. The foam nest of L. vastus displayed
more distinctive protein bands, including an intense band at 23.5 kDa corresponding to Lv-
ranaspumin [35,36]. Furthermore, L. vastus showed more prominent bands above 50 kDa
compared to P. cuvieri and A. hylaedactyla.
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A. hylaedactyla (Ad). Molecular weight (MW) range of 10 to 225 kDa. The most intense band in
Lv, of 23.5 kDa, corresponds to Lv-ranaspumin as described in Hissa et al., 2014 [35].

3.2. Estimation of Bacterial Richness and Diversity in Foam Nests

A total of 20 foam nest 16S rRNA libraries were sequenced from the studied frog
species: 8 from A. hylaedactyla, 5 from L. vastus, and 7 from P. cuvieri. After filtering out
low-quality and short-sequence reads, a total of 774,363 raw sequences were obtained, with
an average of 38,718 sequences/sample (ranging from a maximum of 86,865 to a minimum
of 26,711). The largest variation was observed in the samples of A. hylaedactyla, ranging
from a maximum of 86,865 to a minimum of 26,711, with an average of 42,209. The samples
from L. vastus showed less variation (ranging from a maximum of 67,934 to a minimum of
23,287, with an average of 45,246), as did the samples of P. cuvieri (ranging from a maximum
of 39,044 to a minimum of 23,433, with an average of 30,066). The rarefaction curves for the
observed amplicon sequence variants (ASVs) approached the asymptotes, indicating that
the sequencing and sampling efforts adequately captured the taxonomic diversity within
each sample (Figure 3).

The richness of A. hylaedactyla was found to be higher and more statistically signif-
icant as compared to the other two species, as determined by both the Kruskal–Wallis
test for observed richness (p = 0.001) and Chao1 (p = 0.001) (Table 2). No difference was
observed between L. vastus and P. cuvieri (Kruskal–Wallis, observed richness p = 0.372 and
Chao1 p = 0.371). The Shannon index was highest for A. hylaedactyla samples, followed by
P. cuvieri and L. vastus, with a significant difference among the three species (Kruskal–Wallis,
p = 0.019). However, the distinction did not occur between A. hylaedactyla and P. cuvieri
(Kruskal–Wallis, p = 0.418) or P. cuvieri and L. vastus (Kruskal–Wallis, p = 0.088), with a sig-
nificant difference only between the values of A. hylaedactyla and L. vastus (Kruskal–Wallis,
p = 0.003). For the inverse Simpson index, A. hylaedactyla and L. vastus showed similar val-
ues (Kruskal–Wallis, p = 0.29), indicating a higher dominance level compared to P. cuvieri,
which showed a value significantly higher than the other two species (Kruskal–Wallis, p = 0.05).
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Table 2. Richness and alpha diversity of amplicon sequence variants (ASVs) in the foam nests of
A. hylaedactyla, P. cuvieri, and L. vastus.

Richness/α-Diversity Index
Leptodactylidae Species

A. hylaedactyla P. cuvieri L. vastus

ASVs 3555.38 ± 167.89 1706.43 ± 307.93 1198.60 ± 159.07
Chao1 4631.60 ± 316.39 1977.25 ± 355.38 1544.21 ± 219.95

Shannon 6.21 ± 0.15 5.93 ± 0.31 4.95 ± 0.20
Inverse Simpson 57.83 ± 11.48 165.86 ± 56.58 40.89 6.89

3.3. Microbial Community Structure and Composition

High-resolution community profiles were generated by processing reads using a de-
noised pipeline to resolve 16S rRNA gene ASVs at the single-nucleotide level. Bacterial
sequences were predominant, accounting for 29.159 sequences, while only 116 sequences
were identified as archaea. Out of the 12 phyla identified in the samples, those with
an abundance above 1% were Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi,
Cyanobacteria, Epsilonbacteraeota, Firmicutes, Gemmatimonadetes, Planctomycetes, Pro-
teobacteria, Thaumarchaeota and Verrucomicrobia (Figure 4). Among these, Proteobacteria
were the most abundant, present in all samples at levels above 50%, followed by Bac-
teroidetes, Firmicutes and Actinobacteria. The other phyla comprised <5% of the total.

In A. hylaedactyla, the most frequent phyla were Proteobacteria (60.3%), with the
majority belonging to the class Gamma-proteobacteria (56.6%) and a small proportion be-
longing to Alpha-proteobacteria (3.7%). The next most abundant phyla were Bacteroidetes
(11%) and Actinobacteria (6.1%). In L. vastus, there was a predominance of Proteobacteria
(58.2%), including Gamma-proteobacteria (42.9%) and Alpha-proteobacteria (15.3%). The
next most abundant phyla were Bacteroidetes (26.9%) and Firmicutes (7.3%). The nests
of P. cuvieri were predominantly composed of Proteobacteria (72.8%), primarily from the
Gamma-proteobacteria class (71.2%) with a small contribution from Alpha-proteobacteria
(2.0%) and Bacteroidetes (8.5%).

It is noteworthy that some bacterial genera such as Pseudomonas, Vogesella, Chryseobac-
terium, Chininophaga, Paenibacillus, Comamonas, Paucibacter, Brevundimonas, and Sphingobac-
terium were the most abundant genera in the nests of the three frog species, comprising
more than 10% of all bacterial taxa observed (Figure 5).
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Among the Proteobacteria phylum, the genus Pseudomonas accounted for 49.2% of the
diversity in A. hylaedactyla, 41.7% in P. cuvieri, and only 7.0% in L. vastus. Likewise, the
genus Comamonas showed higher mean frequencies in A. hylaedactyla (24.9%) and P. cuvieri
(11.7%) compared to L. vastus (2.4%). The genus Vogesella was more prevalent in the nests
of P. cuvieri (24.3%) and L. vastus (11.0%) compared to A. hylaedactyla (<1.0%). Similarly, the
genus Paucibacter was more abundant in the nests of L. vastus (14.8%) and P. cuvieri (12.6%),
with minimal representation in A. hylaedactyla (<1%). The genus Brevundimonas was only
representative in L. vastus nests (12.5%).
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In the phylum Bacterioidetes, the genus Chitinophaga was predominantly present in the
nests of A. hylaedactyla, with a mean frequency of 23.2%, while it had minimal representation
in the other foam nests microbiomes (<1%). The genus Sphingobacterium was significant
only in the nests of L. vastus, with a mean frequency of 28.6%. The genus Chryseobacterium
presented low frequencies, with significant presence only in the nests of L. vastus (6.4%)
and P. cuvieri (3.6%). The phylum Firmicutes showed a significant presence of the genus
Paenibacillus only in the nests of L. vastus, with a mean frequency of 16.5%.

3.4. Beta Diversity of Foam Nest Bacterial Community

To assess the bacterial beta diversity, the unweighted pair-group method with arithmetic
mean (UPGMA) was carried out using the Bray–Curtis algorithm. The differences among
the samples were further confirmed via clustering analysis. The analysis showed that the
bacterial genus level ASVs were grouped into two main clusters (Figure 6). One cluster
subdivided into two clear subgroups, one containing all replicates of A. hylaedactyla and the
other containing most replicates of P. cuvieri. The second main cluster subdivided in two
subgroups, one consisting of three L. vastus replicates and two P. cuvieri replicates, indicating
similarity between them, while the other group only consisted of L. vastus replicates.
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Figure 6. Dendrogram generated via UPGMA clustering analysis using the amplicon sequence
variants (ASVs) at bacterial genus level, showing the relationship among the frog species.

The UPGMA dendrogram was used to access the differences between foam nests, nest
environments, and host tissues to understand their relationships. The analysis revealed
two main clusters, the first of which was divided into two subgroups, one containing
foam nests and the other containing environmental samples. The second major group
consisted solely of L. vastus tissue samples, with skin grouped separately from gut and
cloaca microbiomes (Figure 7).
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These results confirm the closer similarity between the foam nest microbiomes of
A. hylaedactyla and P. cuvieri, despite the former laying eggs on land and the latter in water.
Additionally, the closest species, L. vastus and A. hylaedactyla, were grouped separately,
suggesting that microbiome composition is not driven by phylogeny. Although host-
associated microbes are presumably acquired from the environment, the composition of
the foam nest microbiome is distinct from that of free-living microbial communities. We
performed an in-silico comparative analysis that included microbiome samples from three
old-world rhacophorid species, all of which build their foam nests in trees—RM33 [7]. This
analysis aimed to further investigate the influence of chemical composition on the structure
of the microbial community (Figure S2, Supplementary Material). The results showed
that, regardless of the reproductive mode (aquatic, terrestrial, riparian, and arboreal)
or phylogenetic relationship (Leptodactylidae versus Rhacophoridae), the foam nests
grouped together in a common cluster that was distinct from all other analyzed microbial
communities. The unique chemical composition of frog foam nests supports this hypothesis.

4. Discussion
4.1. Biochemical Characterization of the Foam Nests

Despite the biological relevance of foam nests for frog development and evolu-
tionary success, our understanding of their chemical composition is limited to a few
species [3,37,38]. However, we do know that foam nests are rich in novel surfactant
proteins [6,35], along with other proteins, lectins, and carbohydrates [3,5,38]. The mi-
crobiome of frog foam nests is even less well understood, and we are just beginning to
learn about their composition and role on early host colonization [12]. The effects of vari-
ation in nest size and foam consistency between species on microbiome composition are
still unknown.
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Biochemical analysis of fluid from foam nests of A. hylaedactyla, P. cuvieri, and L. vastus,
which spawn on land, water, and land–water interface (riparian), respectively, confirmed
the presence of carbohydrates and protein in varying proportions (Table 1). Electrophoresis
gel analysis revealed that each nest has its own set of proteins and that protein richness
varies among species, with L. vastus having the most protein bands and A. hylaedactyla the
fewest. A strong protein band stands out in each sample. In L. vastus, the apparent 23.5 kDa
band corresponds to Lv-Rsn-1, its main surfactant protein [35]. Although electrophoresis
is not robust enough to reveal the proteome of the foam nests, it did show that protein
composition is species-specific (Figure 2). Thus, we suggest that the proteome plays a role
not only in nest building and stability [6], but also in the selection and establishment of the
nest microbiome.

According to Fleming at al. [6], initial foam formation involves a specific surfactant
protein (Rsn-2) establishing hydrophobic interactions with lectins (Rsn-3 to Rsn-6), which
then bind to carbohydrates to give rise to the nest architecture. This model, established for
the fluid secreted by the túngara frog (Engystomops pustulosus), explains the stability of the
nest during the tadpole’s development until metamorphosis, when the nest disintegrates.
Whether this model applies to other species remains to be proven. So far, nine ranaspumins
have been isolated from frog foam nests, but only two of them, Rsn-2 from Engystomops
pustulosus [39] and Lv-Rsn-1 from L. vastus [35], have been studied due to their surfactant
activity. Despite this, these two proteins have different molecular weights, amino acid se-
quences, and 3D structures [35,39]. Furthermore, we have not yet been able to demonstrate
the occurrence of lectins in the foam nest of L. vastus (unpublished data) that supports a
similar model of foam nest stabilization.

4.2. A distinctive Frog foam Nest Community

Our study provides new insights into the composition and structure of the micro-
biome in frog foam nests. The results of our analyses showed that the richness and alpha
diversity of nests are not linked to frog phylogeny, since closer species presented signifi-
cantly different results (Table 2). Although the three species belong to the Leptodactylidae
family, L. vastus and A. hylaedactyla are closely related, belonging to the Leptodactylinae
subfamily, whereas P. cuvieri belongs to the Leiuperinae subfamily (sensu [40,41]). Our
findings also suggest that nest size and environment influence ASV richness and diversity.
The smaller foam nest of A. hylaedactyla, which is laid on land and measures about 2.5 cm,
had significantly higher bacterial richness and diversity compared to the larger aquatic and
riparian nests of P. cuvieri (5.0 cm) and L. vastus (15.0 cm). This could be because smaller
nests have a greater surface area in contact with the environment, and terrestrial environ-
ments in general have higher bacterial richness than non-marine aquatic environments [42].
Similarly, amphibian skin microbiomes tend to be richer in species with terrestrial habits,
whereas aquatic and arboreal species have lower richness values [43,44].

Our study showed that beta diversity in foam nests is clearly different from that found
in the other groups herein studied (Figure 8). The main driver of the clustering of the
foam nest assemblage was the dominance of Proteobacteria (between 58% for Gamma-
proteobacteria and 73% for Alpha-proteobacteria), while the water and soil also presented
a high amount of Proteobacteria (approximately 50% for water and 25% for soil) together
with Actinobacteria (approximately 11% for water and 17% for soil) and Acidobacteria
(approximately 6% for water and 14% for soil).

Leptodactylus vastus gut and cloaca presented higher amounts of Firmicutes (between
17 and 29%), followed by Bacteroidetes (between 12 and 24%). Skin samples, together with
foam nests, presented a higher abundance of Proteobacteria (between 46 and 59%), followed
by Bacteroidetes (between 4 and 10%) and Firmicutes (between 4 and 5%); however, other
phyla composed less than 2% in skin samples.
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to tadpoles in the early stages of development.

Members of Proteobacteria and Bacteroidetes taxa have been shown to dominate
the bacterial community of the rhacophorid frogs’ foam nests from Borneo and the skin
microbiomes from several anuran species [12]. They also influence the secretion of volatile
compounds of the South American tree frog Boana prasina [45], production of antifungal
molecules [43,46], and/or antimicrobial peptides [47]. The phylum Firmicutes has similarly
been reported as frequent in amphibian skin microbiomes [43,44,47,48].

The studied foam nests had low representation of the phyla Acidobacteria, Actinobac-
teria, Chloroflexi, Cyanobacteria, Epsilonbacteraeota, Gemmatimonadetes, Planctomycetes,
Thaumarchaeota, and Verrucomicrobia, which are also found at low frequencies in the
digestive tracts and skin microbiomes of other amphibian species [44,49]. Although not
very expressive in foam nest microbiomes, the phylum Actinobacteria was found with high
frequency in the skin of the frog Rhinella horribilis in Costa Rica [48] and is dominant in adult
Anaxyrus boreas, replacing Proteobacteria that is dominant in tadpoles [50]. Experiments
have also shown a significant increase in the frequency of Actinobacteria and Planctomyces
in the digestive tract microbiomes of tadpoles exposed to higher temperatures [51].

The bacterial genus Pseudomonas was found to be one of the most abundant in the
foam nests studied, being especially abundant in A. hylaedactyla. Pseudomonas species
are known as both environmental and host-specific symbionts and are commonly found
in the skin microbiome of amphibians, where they are reported to play an important
role [43–45,47,48,52–60]. Pseudomonas strains isolated from amphibians have demonstrated
great potential against pathogenic microorganisms, including the panzootic Batrachochytrium
dendrobatidis (Bd) and the human pathogen Aspergillus fumigatus [47,52,56,57]. This high-
lights the significance of Pseudomonas in amphibian defense and its potential for biotechno-
logical applications, such as the isolation of pharmacological molecules. Notably, as skin
symbionts, Pseudomonas strains were recently reported to be involved in the production of
volatile sex pheromones in the frog Boana prasina [45,61].

The genera Vogesella and Paucibacter most frequently found in the foam nests of
P. cuvieri and L. vastus, deposited in an aquatic environment, are mainly found in freshwater
sources in temperate climates [62–67], pointing out an environmental contribution to the
foam nest microbiome. Their ecological role is poorly studied, but it is known that Vogesella
mureinivorans is capable of degrading the polysaccharides chitin and peptidoglycan [63].
The presence of carbohydrates in foam nests may contribute to colonization by Vogesella [3].

The genera Chitinophaga, Chryseobacterium, and Sphingobacterium are common in several
environments or in symbiosis with several groups of organisms; however, Chryseobacterium
is also a pathogen associated with several diseases, being commonly found in anura skin
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related to infections in the group [68]. On the other hand, Chitinophaga and Sphingobacterium
are commonly found in environmental samples of soil and water, also related to fungi and
plants endosymbionts [69–73]. Loudon et al. [54] showed that a Chitinophaga arvensicola
isolate, together with a Bacillus sp., had a higher inhibitory effect against Bd compared to
the Bacillus sp. alone.

Paenibacillus was shown to colonize the intestine of Lithobates pipiens tadpoles [74]
and the salamander Plethodon cinereus [58]. This genus is noteworthy for its production of
antifungal molecules.

McGrath-Blaser et al. have already demonstrated the presence of an exclusive bacterial
community that colonizes frog foam nests [12]. These foam nests, produced by rhacophorid
frogs, present a unique bacterial structure distinct from the environment, skin of tadpoles,
and skin and cloaca of adult frogs. Although the structure of the foam nests is unique,
some components of this community have already been reported as originating from the
environment or the skin and digestive tract of adult frogs, suggesting that foam nests
acquire their microbial communities from these sources.

The rhacophorid frogs are arboreal and lay their eggs in foam nests on tree leaves
close to water, where tadpoles can complete their development [1,11,12]. While this study
provides evidence of vertical transfer of the foam nest microbiome [12], these observations
are preliminary and may not account for the diversity of foam nest microbiomes in other
rhacophorid species or in other families that lay eggs in foam nests. This type of egg depo-
sition evolved independently (convergently) in different anuran families with distinctive
behaviors compared to arboreal rhacophorids [1,11,75].

Our findings indicate that the chemical composition of foam nests varies between
the studied frog species, with each nest having a unique protein profile. Foam nests
typically consist of 85–65% proteins and 35–15% sugars, many of which have been identified
as novel proteins [3,6]. Currently, we have only limited knowledge of the foam nest
chemical composition from two species of Leptodactylidae, Leptodactylus vastus [3] and
Egystomops pustulosus [6], and one species of Rhacophoridae (Polypedates leucomystax) [76].
The major known protein in each nest, Lv-RSN-1 (from L. vastus) [3,35,36], RSN-2 (from
E. pustulosus [39], and Ranasmurfin (from P. leucomystax [76], does not significantly share
amino acid sequence or conformational structure. These novel proteins likely play a
crucial role in nest architecture and stability [35,37] and, together with other well-known
defense proteins detected in foam nests, represent an efficient protection strategy for the
development of tadpoles (3, 36, 38]. We have recently analyzed the proteome of the foam
nests of L. vastus, L. macrosternum, P. cuvieri and P. albifrons, which revealed a high number
of unidentified protein spectra as well as a significant number of species-exclusive spectra,
ranging from 75% exclusive to L. vastus to 55% exclusive to P. cuvieri (unpublished data),
suggesting a diverse range of proteins across different species. However, many of these
unidentified proteins are due to the lack of annotated genomes of foam nest-producing
frogs, which is further highlighted by the fact that there are only 25 anuran genomes
available, none of which correspond to species from Brazil or foam nest-producing species
(www.ncbi.nlm.nih.gov, accessed on 25 November 2022). This underscores the need
for more research to fully understand the relationship between the foam nest proteome
and microbiome.

The exact relevance of the foam nest microbiome to host development, immunity, and
nutrition is yet to be determined, but our results suggest a key functional role, considering
that distinct frog species select their own microbiomes, despite sharing some common taxa
across different environments. However, due to the vulnerability of foam nests to anthropic
pressure, there is a pressing need for conservation efforts to protect amphibian species that
reproduce by depositing eggs in foam nests.

5. Conclusions

This study provides significant evidence that neotropical frogs of the Letptodactylidae
family acquire their foam nest microbiota from the environment, with the unique chemi-

www.ncbi.nlm.nih.gov
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cal composition of the foam nest being a more important driver of the microbiome than
phylogeny and the environment of nest deposition. Despite the diversity of reproductive
modes among Letptodactylidae, the foam nest microbiomes share a core of phyla including
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Epsilonbacter-
aeota, Firmicutes, Gemmatimonadetes, Planctomycetes, Proteobacteria, Thaumarchaeota,
and Verrucomicrobia, suggesting convergent evolution. The enrichment of certain taxa
in foam nests, such as Pseudomonas, which is a key player in the anura skin microbiome,
highlights the host’s early selection of beneficial microbes for defense against pathogens,
such as the fungus Batrachochytrium dendrobatidis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11040900/s1.

Author Contributions: Conceptualization, F.A.C.M., V.M.M.M. and D.C.H.; methodology, F.A.C.M.,
S.G.d.S.B. and F.A.d.S.O.; software, L.G.Z.d.C. and L.R.O.N.; validation, F.A.C.M. and L.G.Z.d.C.;
formal analysis, F.A.C.M., S.G.d.S.B., F.A.d.S.O. and L.R.O.N.; investigation, F.A.C.M., V.M.M.M. and
D.C.H.; resources, V.M.M.M. and D.C.H.; data curation, F.A.d.S.O. and L.R.O.N.; writing—original
draft preparation, F.A.C.M., F.A.d.S.O. and D.C.H.; writing—review and editing, V.M.M.M. and
D.C.H.; visualization, F.A.C.M. and L.R.O.N.; supervision, V.M.M.M. and D.C.H.; project administra-
tion, V.M.M.M.; funding acquisition, V.M.M.M. and D.C.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPQ, Process N. 407456/2018-0) and Serrapilheira Institute (grant number Serra-1709-16322).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of Federal University of Ceará (CEUA, license number 6200160418).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from corresponding authors under reasonable request.

Acknowledgments: The authors would like to thank the Genomics and Bioinformatics Center
(CEGENBIO/NPDM) of the Universidade Federal do Ceará (UFC) for their aid with the DNA
sequence. Thanks are also due to Giovanna Riello Barbosa Correia for the help with the amplicon
library preparation, Juliana Borges and Paulo Cascon for the help with foam nest collection, and
Marcos Vieira da Silva for the help with graphical illustrations. The authors also thanks to Lucia
Castro Cunha for permission to work in the RPPN Monte Alegre and André Antunes for revising
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wells, K.D. Chapter 10: The natural history of amphibian reproduction. In The Ecology and Behavior of Amphibians; Wells, K.D., Ed.;

University of Chicago Press: Chicago, IL, USA, 2007; pp. 451–515.
2. Vitt, L.J.; Caldwell, J.P. Herpetology: An Introductory Biology of Ampibians and Reptiles, 4th ed.; Academic Press: San Diego, CA,

USA, 2014.
3. Hissa, D.C.; Vasconcelos, I.M.; Carvalho, A.F.U.; Nogueira, V.L.R.; Cascon, P.; Antunes, A.S.L.; de Macedo, G.R.; Melo, V.M.M.

Novel surfactant proteins are involved in the structure and stability of foam nests from the frog Leptodactylus vastus. J. Exp. Biol.
2008, 211, 2707–2711. [CrossRef] [PubMed]

4. Heyer, R.W. The adaptative ecology of the species groups the genus Leptodactylus (Amphibians, Leptodactylidae). Evolution 1969,
23, 421–428. [CrossRef] [PubMed]

5. Cooper, A.; Kennedy, M.W.; Fleming, R.I.; Wilson, E.H.; Videler, H.; Wokosin, D.L.; Su, T.-J.; Green, R.J.; Lu, J.R. Adsorption of
frog foam nest proteins at the air–water interface. Biophys. J. 2004, 88, 2114–2125. [CrossRef] [PubMed]

6. Fleming, R.I.; Mackenzie, C.D.; Cooper, A.; Kennedy, M.W. Foam nest components of the tungara frog: A cocktail of proteins
conferring physical and biological resilience. Proc. Royal Soc. B Biol. Sci. 2009, 276, 1787–1795. [CrossRef] [PubMed]

7. Haddad, C.F.B.; Prado, C.P.A. Reproductive modes in frogs and their unexpected diversity in the Atlantic Forest of Brazil.
BioScience 2005, 55, 207–217. [CrossRef]

8. Pombal, J.P., Jr.; Haddad, C.F.B. Estratégias e modos reprodutivos em anuros. In Herpetologia no Brasil II; Nascimento, L.B.,
Oliveira, M.E., Eds.; Sociedade Brasileira de Herpetologia: Belo Horizonte, Brazil, 2007; pp. 101–116.

https://www.mdpi.com/article/10.3390/microorganisms11040900/s1
https://www.mdpi.com/article/10.3390/microorganisms11040900/s1
http://doi.org/10.1242/jeb.019315
http://www.ncbi.nlm.nih.gov/pubmed/18689424
http://doi.org/10.2307/2406697
http://www.ncbi.nlm.nih.gov/pubmed/28562917
http://doi.org/10.1529/biophysj.104.046268
http://www.ncbi.nlm.nih.gov/pubmed/15626715
http://doi.org/10.1098/rspb.2008.1939
http://www.ncbi.nlm.nih.gov/pubmed/19324764
http://doi.org/10.1641/0006-3568(2005)055[0207:RMIFAT]2.0.CO;2


Microorganisms 2023, 11, 900 15 of 17

9. Méndez-Narváez, J.; Flechas, S.V.; Amézquita, A. Foam nests provide context-dependent thermal insulation to embryos of three
leptodactylid frogs. Physiol. Biochem. Zool. 2015, 88, 246–253. [CrossRef]

10. Arzabe, C. Reproductive activity patterns of anurans in two different altitudinal sites within the Brazilian Caatinga. Rev. Bras.
Zool. 1999, 16, 851–864. [CrossRef]

11. Pereira, E.B.; Pinto-Ledezma, J.N.; de Freitas, C.G.; Villalobos, F.; Collevatti, R.G.; Maciel, N.M. Evolution of the anuran foam nest:
Trait conservatism and lineage diversification. Biol. J. Linn. Soc. 2017, 122, 814–823. [CrossRef]

12. McGrath-Blaser, S.; Steffen, M.; Grafe, T.U.; Torres-Sánchez, M.; McLeod, D.S.; Muletz-Wolz, C.R. Early life skin microbial
trajectory as a function of vertical and environmental transmission in Bornean foam-nesting frogs. Anim. Microbiome 2021, 3, 83.
[CrossRef]

13. Hopkins, W.A. Amphibians as models for studying environmental change. ILAR J. 2007, 48, 270–277. [CrossRef]
14. Relyea, R.A.; Schoeppner, N.M.; Hoverman, J.T. Pesticides and amphibians: The importance of community context. Ecol. Appl.

2005, 15, 1125–1134. [CrossRef]
15. Scheele, B.C.; Rebouças, R.; Toledo, L.F. Amphibian fungal panzootic causes catastrophic and ongoing loss of biodiversity. Science

2019, 363, 1459–1463. [CrossRef] [PubMed]
16. Knutie, S.A.; Wilkinson, C.L.; Kohl, K.D.; Rohr, J.R. Early-life disruption of amphibian microbiota decreases later-life resistance to

parasites. Nat. Commun. 2017, 8, 86. [CrossRef] [PubMed]
17. Lam, B.A. Proportion of individuals with anti–Batrachochytrium dendrobatidis skin bacteria is associated with population persistence

in the frog Rana Muscosa. Biol. Conserv. 2010, 143, 529–531. [CrossRef]
18. Leary, S.; Underwood, W.; Anthony, R.; Cartner, S.; Corey, D.; Grandin, T.; Greenacre, C.; Gwaltney-Brant, S.; McCrackin, M.A.; Meyer,

R.; et al. AVMA Guidelines for the Euthanasia of Animals; American Veterinary Medical Association: Schaumburg, IL, USA, 2013.
19. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
20. Albalasmeh, A.A.; Berhe, A.A.; Ghezzehei, T.A. A new method for rapid determination of carbohydrate and total carbon

concentrations using UV spectrophotometry. Carbohydr. Polym. 2013, 97, 253–261. [CrossRef]
21. Du Noüy, P.L. An interfacial tensiometer for universal use. J. Gen. Physiol. 1925, 7, 625. [CrossRef] [PubMed]
22. Swift, M.L. GraphPad prism, data analysis, and scientific graphing. J. Chem. Inf. Comput. Sci. 1997, 37, 411–412. [CrossRef]
23. Schägger, H.; Von Jagow, G. Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the separation of proteins in

the range from 1 to 100 kDa. Anal. Biochem. 1987, 166, 368–379. [CrossRef]
24. Neuhoff, V.; Arold, N.; Taube, D.; Ehrhardt, W. Improved staining of proteins in polyacrylamide gels including isoelectric focusing

gels with clear background at nanogram sensitivity using Coomassie Brilliant Blue G-250 and R-250. Electrophoresis 1988, 9,
255–262. [CrossRef]

25. Warner, S.A.J. Genomic DNA isolation and lambda library construction. In Plant Gene Isolation. Principles and Practice; Foster,
G.D., Twell, D., Eds.; John Wiley and Sons: Chichester, NH, USA, 1996; pp. 51–74.

26. Caporaso, J.G.; Lauber, C.L.; Costello, E.K.; Berg-Lyons, D.; Gonzalez, A.; Stombaugh, J.; Knights, D.; Gajer, P.; Ravel, J.; Fierer, N.;
et al. Moving pictures of the human microbiome. Genome Biol. 2011, 12, R50. [CrossRef]

27. Andrews, S.; Krueger, F.; Segonds-Pichon, A.; Biggins, L.; Krueger, C.; Wingett, S. FastQC: A Quality Control Tool for High
Throughput Sequence Data; Babraham Bioinformatics: Cambridge, UK, 2010. Available online: www.bioinformatics.babraham.ac.
uk/projects/fastqc/ (accessed on 16 February 2023).

28. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mah, E.F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016, 4, e2584.
[CrossRef] [PubMed]

29. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical: Vienna, Austria, 2020. Available
online: https://www.r-project.org/\T1\textgreater{} (accessed on 16 February 2023).

30. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

31. Callahan, B.J.; McMurdie, P.J.; Holmes, S.P. Exact sequence variants should replace operational taxonomic units in marker-gene
data analysis. ISME J. 2017, 11, 2639–2643. [CrossRef] [PubMed]

32. Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Peplies, J.; Glöckner, F.O. SILVA: A comprehensive online resource
for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acid. Res. 2007, 35, 7188–7196.
[CrossRef]

33. Oksanen, J.; Blanchet, F.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos,
P.; et al. Vegan: Community Ecology Package. R Package Version 2.5-7. 2013. Available online: https://CRAN.R-project.org/
package=vegan (accessed on 9 May 2022).

34. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
35. Hissa, D.C.; Bezerra, G.A.; Birner-Gruenberger, R.; Silva, L.P.; Usón, I.; Gruber, K.; Melo, V.M.M. Unique Crystal Structure of a

Novel Surfactant Protein from the Foam Nest of the Frog Leptodactylus vastus. ChemBioChem 2014, 15, 393–398. [CrossRef]
36. Hissa, D.C.; Bezerra, W.M.; Freitas CD, T.D.; Ramos, M.V.; Lopes JL, D.S.; Beltramini, L.M.; Cascon, I.J.R.P.; Melo, V.M.M. Frog

foam Nest protein diversity and synthesis. J. Exp. Zool. A Ecol. Genet. Physiol. 2016, 325, 425–433. [CrossRef]
37. Cooper, A.; Kennedy, M.W. Biofoams and natural protein surfactants. Biophys. Chem. 2010, 151, 96–104. [CrossRef]

http://doi.org/10.1086/680383
http://doi.org/10.1590/S0101-81751999000300022
http://doi.org/10.1093/biolinnean/blx110
http://doi.org/10.1186/s42523-021-00147-8
http://doi.org/10.1093/ilar.48.3.270
http://doi.org/10.1890/04-0559
http://doi.org/10.1126/science.aav0379
http://www.ncbi.nlm.nih.gov/pubmed/30923224
http://doi.org/10.1038/s41467-017-00119-0
http://www.ncbi.nlm.nih.gov/pubmed/28729558
http://doi.org/10.1016/j.biocon.2009.11.015
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/j.carbpol.2013.04.072
http://doi.org/10.1085/jgp.7.5.625
http://www.ncbi.nlm.nih.gov/pubmed/19872165
http://doi.org/10.1021/ci960402j
http://doi.org/10.1016/0003-2697(87)90587-2
http://doi.org/10.1002/elps.1150090603
http://doi.org/10.1186/gb-2011-12-5-r50
www.bioinformatics.babraham.ac.uk/projects/fastqc/
www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://doi.org/10.7717/peerj.2584
http://www.ncbi.nlm.nih.gov/pubmed/27781170
https://www.r-project.org/\T1\textgreater {}
http://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
http://doi.org/10.1038/ismej.2017.119
http://www.ncbi.nlm.nih.gov/pubmed/28731476
http://doi.org/10.1093/nar/gkm864
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://doi.org/10.1002/cbic.201300726
http://doi.org/10.1002/jez.2027
http://doi.org/10.1016/j.bpc.2010.06.006


Microorganisms 2023, 11, 900 16 of 17

38. Shigeri, Y.; Nakata, M.; Kubota, H.Y.; Tomari, N.; Yamamoto, Y.; Uegaki, K.; Haramoto, Y.; Bumb, C.; Tanaka, Y.; Kinumi, T.; et al.
Identification of novel proteins in foam nests of the Japanese Forest Green Tree Frog, Rhacophorus arboreus. Zool. Sci. 2020, 38,
8–19. [CrossRef]

39. Mackenzie, C.D.; Smith, B.O.; Meister, A.; Blume, A.; Zhao, X.; Lu, J.R.; Kennedy, M.W.; Cooper, A. Ranaspumin-2: Structure and
function of a surfactant protein from the foam nests of a tropical frog. Biophys. J. 2009, 96, 4984–4992. [CrossRef]

40. Pyron, R.A.; Wiens, J.J. A large-scale phylogeny of Amphibia including over 2800 species, and a revised classification of extant
frogs, salamanders, and caecilians. Mol. Phylogenet. Evol. 2011, 61, 543–583. [CrossRef]

41. Frost, D.R. Amphibian Species of the World: An Online Reference; Version 6.0; American Museum of Natural History: New York, NY,
USA, 2019; Available online: http://research.amnh.org/herpetology/amphibia/index.html/ (accessed on 10 August 2019).

42. Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.; Gibbons, S.M.; Ackermann,
G.; et al. A communal catalogue reveals Earth’s multiscale microbial diversity. Nature 2017, 551, 457–463. [CrossRef] [PubMed]

43. Bletz, M.C.; Archer, H.; Harris, R.N.; McKenzie, V.J.; Rabemananjara, F.C.; Rakotoarison, A.; Vences, M. Host ecology rather than
host phylogeny drives amphibian skin microbial community structure in the biodiversity hotspot of Madagascar. Front. Microbiol.
2017, 8, 1530. [CrossRef]

44. Kueneman, J.G.; Bletz, M.C.; McKenzie, V.J.; Becker, C.G.; Joseph, M.B.; Abarca, J.G.; Archer, H.; Arellano, A.L.; Bataille, A.;
Becker, M.; et al. Community richness of amphibian skin bacteria correlates with bioclimate at the global scale. Nat. Ecol. Evol.
2019, 3, 381–389. [CrossRef]

45. Brunetti, A.E.; Lyra, M.L.; Melo, W.G.; Andrade, L.E.; Palacios-Rodríguez, P.; Prado, B.M.; Haddad, C.F.B.; Pupo, M.T.; Lopes, N.P.
Symbiotic skin bacteria as a source for sex-specific scents in frogs. Proc. Natl. Acad. Sci. USA 2019, 116, 2124–2129. [CrossRef]

46. Becker, M.H.; Walke, J.B.; Murrill, L.; Woodhams, D.C.; Reinert, L.K.; Rollins-Smith, L.A.; Burzynski, E.A.; Umile, T.P.; Minbiole,
K.P.C.; Belden, L.K. Phylogenetic distribution of symbiotic bacteria from Panamanian amphibians that inhibit growth of the lethal
fungal pathogen Batrachochytrium dendrobatidis. Mol. Ecol. 2015, 24, 1628–1641. [CrossRef]

47. Martin, H.C.; Ibáñez, R.; Nothias, L.F.; Boya, P.C.A.; Reinert, L.K.; Rollins-Smith, L.A.; Dorrestein, P.C.; Gutiérrez, M. Viscosin-like
lipopeptides from frog skin bacteria inhibit Aspergillus fumigatus and Batrachochytrium dendrobatidis detected by imaging mass
spectrometry and molecular networking. Sci. Rep. 2019, 9, 3091. [CrossRef] [PubMed]

48. Abarca, J.G.; Vargas, G.; Zuniga, I.; Whitfield, S.M.; Woodhams, D.C.; Kerby, J.; McKenzie, V.J.; Murillo-Cruz, C.; Pinto-Tomas,
A.A. Assessment of bacterial communities associated with the skin of costa rican amphibians at la selva biological station. Front.
Microbiol. 2018, 9, 2001. [CrossRef]

49. Kueneman, J.; Woodhams, D.; Van Treuren, W.; Archer, H.M.; Knight, R.; McKenzie, V.J. Inhibitory bacteria reduce fungi on early
life stages of endangered Colorado boreal toads (Anaxyrus boreas). ISME J. 2016, 10, 934–944. [CrossRef]

50. Kohl, K.D.; Yahn, J. Effects of environmental temperature on the gut microbial communities of tadpoles. Environ. Microbiol. 2016,
18, 1561–1565. [CrossRef]

51. Harris, R.N.; James, T.Y.; Lauer, A.; Simon, M.A.; Patel, A. Amphibian Pathogen Batrachochytrium dendrobatidis Is Inhibited by the
Cutaneous Bacteria of Amphibian Species. EcoHealth 2006, 3, 53. [CrossRef]

52. Kueneman, J.G.; Parfrey, L.W.; Woodhams, D.C.; Archer, H.M.; Knight, R.; McKenzie, V.J. The amphibian skin-associated
microbiome across species, space and life history stages. Mol. Ecol. 2014, 23, 1238–1250. [CrossRef]

53. Loudon, A.H.; Woodhams, D.C.; Parfrey, L.W.; Archer, H.; Knight, R.; McKenzie, V.; Harris, R.N. Microbial community dynamics
and effect of environmental microbial reservoirs on red-backed salamanders (Plethodon cinereus). ISME J. 2014, 8, 830–840.
[CrossRef]

54. Walke, J.B.; Becker, M.H.; Hughey, M.C.; Swartwout, M.C.; Jensen, R.V.; Belden, L.K. Most of the dominant members of amphibian
skin bacterial communities can be readily cultured. Appl. Environ. Microbiol. 2015, 81, 6589–6600. [CrossRef]

55. De Assis, A.B.; Barreto, C.C.; Navas, C.A. Skin microbiota in frogs from the Brazilian Atlantic Forest: Species, forest type, and
potential against pathogens. PLoS ONE 2017, 12, e0179628. [CrossRef]

56. Catenazzi, A.; Flechas, S.V.; Burkart, D.; Hooven, N.D.; Townsend, J.; Vredenburg, V.T. Widespread elevational occurrence
of antifungal bacteria in Andean amphibians decimated by disease: A complex role for skin symbionts in defense against
chytridiomycosis. Front. Microbiol. 2018, 9, 465. [CrossRef]

57. Fontaine, S.S.; Novarro, A.J.; Kohl, K.D. Environmental temperature alters the digestive performance and gut microbiota of a
terrestrial amphibian. J. Exp. Biol. 2018, 221, jeb187559. [CrossRef]

58. Griffiths, S.M.; Harrison, X.A.; Weldon, C.; Wood, M.D.; Pretorius, A.; Hopkins, K.; Fox, G.; Preziosi, R.F.; Antwis, R.E. Genetic
variability and ontogeny predict microbiome structure in a disease-challenged montane amphibian. ISME J. 2018, 12, 2506–2517.
[CrossRef]

59. Passos, L.F.; Garcia, G.; Young, R.J. Comparing the bacterial communities of wild and captive golden mantella frogs: Implications
for amphibian conservation. PLoS ONE 2018, 13, e0205652. [CrossRef]

60. Brunetti, A.E.; Bunk, B.; Lyra, M.L.; Fuzo, C.A.; Marani, M.M.; Spröer, C.; Haddad, C.F.B.; Lopez, N.P.; Overmann, J. Molecular
basis of a bacterial-amphibian symbiosis revealed by comparative genomics, modeling, and functional testing. ISME J. 2022, 16,
788–800. [CrossRef]

61. Grimes, D.J.; Woese, C.R.; MacDonell, M.T.; Colwell, R.R. Systematic study of the genus Vogesella gen. nov. and its type species,
Vogesella indigofera comb. nov. Int. J. Syst. Evol. Microbiol. 1997, 47, 19–27. [CrossRef]

http://doi.org/10.2108/zs200113
http://doi.org/10.1016/j.bpj.2009.03.044
http://doi.org/10.1016/j.ympev.2011.06.012
http://research.amnh.org/herpetology/amphibia/index.html/
http://doi.org/10.1038/nature24621
http://www.ncbi.nlm.nih.gov/pubmed/29088705
http://doi.org/10.3389/fmicb.2017.01530
http://doi.org/10.1038/s41559-019-0798-1
http://doi.org/10.1073/pnas.1806834116
http://doi.org/10.1111/mec.13135
http://doi.org/10.1038/s41598-019-39583-7
http://www.ncbi.nlm.nih.gov/pubmed/30816229
http://doi.org/10.3389/fmicb.2018.02001
http://doi.org/10.1038/ismej.2015.168
http://doi.org/10.1111/1462-2920.13255
http://doi.org/10.1007/s10393-005-0009-1
http://doi.org/10.1111/mec.12510
http://doi.org/10.1038/ismej.2013.200
http://doi.org/10.1128/AEM.01486-15
http://doi.org/10.1371/journal.pone.0179628
http://doi.org/10.3389/fmicb.2018.00465
http://doi.org/10.1242/jeb.187559
http://doi.org/10.1038/s41396-018-0167-0
http://doi.org/10.1371/journal.pone.0205652
http://doi.org/10.1038/s41396-021-01121-7
http://doi.org/10.1099/00207713-47-1-19


Microorganisms 2023, 11, 900 17 of 17

62. Jørgensen, N.O.; Brandt, K.K.; Nybroe, O.; Hansen, M. Vogesella mureinivorans sp. nov., a peptidoglycan-degrading bacterium
from lake water. Int. J. Syst. Evol. Microbiol. 2010, 60, 2467–2472. [CrossRef] [PubMed]

63. Sheu, S.Y.; Chen, J.C.; Young, C.C.; Chen, W.M. Vogesella fluminis sp. nov., isolated from a freshwater river, and emended
description of the genus Vogesella. Int. J. Syst. Evol. Microbiol. 2013, 63, 3043–3049. [CrossRef] [PubMed]

64. Rapala, J.; Berg, K.A.; Lyra, C.; Niemi, R.M.; Manz, W.; Suomalainen, S.; Paulin, L.; Lahti, K. Paucibacter toxinivorans gen. nov., sp.
nov., a bacterium that degrades cyclic cyanobacterial hepatotoxins microcystins and nodularin. Int. J. Syst. Evol. Microbiol. 2005,
55, 1563–1568. [CrossRef] [PubMed]

65. Pheng, S.; Lee, J.J.; Eom, M.K.; Lee, K.H.; Kim, S.G. Paucibacter oligotrophus sp. nov., isolated from fresh water, and emended
description of the genus Paucibacter. Int. J. Syst. Evol. Microbiol. 2017, 67, 2231–2235. [CrossRef]

66. Nam, Y.H.; Choi, A.; Hwang, J.M.; Yim, K.J.; Kim, J.H.; Choi, G.G.; Chung, E.J. Paucibacter aquatile sp. nov. isolated from
freshwater of the Nakdong River, Republic of Korea. Arch. Microbiol. 2018, 200, 877–882. [CrossRef]

67. Thomas, F.; Hehemann, J.H.; Rebuffet, E.; Czjzek, M.; Michel, G. Environmental and gut bacteroidetes: The food connection.
Front. Microbiol. 2011, 2, 93. [CrossRef]

68. Proença, D.N.; Nobre, M.F.; Morais, P.V. Chitinophaga costaii sp. nov., an endophyte of Pinus pinaster, and emended description of
Chitinophaga niabensis. Int. J. Syst. Evol. Microbiol. 2014, 64, 1237–1243. [CrossRef]

69. Kämpfer, P.; Busse, H.J.; Kleinhagauer, T.; McInroy, J.A.; Glaeser, S.P. Sphingobacterium zeae sp. nov., an endophyte of maize. Int. J.
Syst. Evol. Microbiol. 2016, 66, 2643–2649. [CrossRef]

70. Lee, Y.; Jin, H.M.; Jung, H.S.; Jeon, C.O. Sphingobacterium humi sp. nov., isolated from soil. Int. J. Syst. Evol. Microbiol. 2017, 67,
4632–4638. [CrossRef]

71. Shaffer, J.P.; U’Ren, J.M.; Gallery, R.E.; Baltrus, D.A.; Arnold, A.E. An endohyphal bacterium (Chitinophaga, Bacteroidetes) alters
carbon source use by Fusarium keratoplasticum (F. solani species complex, Nectriaceae). Front. Microbiol. 2017, 8, 350. [CrossRef]

72. Xu, L.; Sun, J.Q.; Wang, L.J.; Gao, Z.W.; Sun, L.Z.; Wu, X.L. Sphingobacterium alkalisoli sp. nov., isolated from a saline-alkaline soil.
Int. J. Syst. Evol. Microbiol. 2017, 67, 1943–1948. [CrossRef] [PubMed]

73. Kohl, K.D.; Cary, T.L.; Karasov, W.H.; Dearing, M.D. Restructuring of the amphibian gut microbiota through metamorphosis.
Environ. Microbiol. Rep. 2013, 5, 899–903. [CrossRef] [PubMed]

74. Pereira, E.B.; Collevatti, R.G.; Kokubum, M.N.D.C.; Miranda, N.E.D.O.; Maciel, N.M. Ancestral reconstruction of reproductive
traits shows no tendency toward terrestriality in leptodactyline frogs. BMC Evol. Biol. 2015, 15, 91. [CrossRef] [PubMed]

75. Duellman, W.E.; Trueb, L. Chapter 2: Reproductive Strategies. In Biology of Amphibians; The Johns Hopkins University Press:
Baltimore, MD, USA, 1994.

76. Oke, M.; Ching, R.T.Y.; Carter, L.G.; Johnson, K.A.; Liu, H.; McMahon, S.A.; White, M.F.; Bloch, C., Jr.; Botting, C.H.; Walsh, M.A.;
et al. Unusual chromophore and cross-links in ranasmurfin: A blue protein from the foam nests of a tropical frog. Angew. Chem.
2008, 47, 7853–7856. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1099/ijs.0.018630-0
http://www.ncbi.nlm.nih.gov/pubmed/19946047
http://doi.org/10.1099/ijs.0.048629-0
http://www.ncbi.nlm.nih.gov/pubmed/23396722
http://doi.org/10.1099/ijs.0.63599-0
http://www.ncbi.nlm.nih.gov/pubmed/16014482
http://doi.org/10.1099/ijsem.0.001931
http://doi.org/10.1007/s00203-018-1494-2
http://doi.org/10.3389/fmicb.2011.00093
http://doi.org/10.1099/ijs.0.053454-0
http://doi.org/10.1099/ijsem.0.001100
http://doi.org/10.1099/ijsem.0.002345
http://doi.org/10.3389/fmicb.2017.00350
http://doi.org/10.1099/ijsem.0.001895
http://www.ncbi.nlm.nih.gov/pubmed/28629491
http://doi.org/10.1111/1758-2229.12092
http://www.ncbi.nlm.nih.gov/pubmed/24249298
http://doi.org/10.1186/s12862-015-0365-6
http://www.ncbi.nlm.nih.gov/pubmed/25987435
http://doi.org/10.1002/anie.200802901

	Introduction 
	Materials and Methods 
	Sample Collection 
	Biochemical Characterization of the Foam Nests 
	Protein and Carbohydrate Determination 
	Surface Tension 
	SDS-PAGE 

	DNA Extraction and Sequencing 
	Data Processing 
	Statistical Analysis 

	Results 
	Biochemical Characterization of the Foam Nests 
	Estimation of Bacterial Richness and Diversity in Foam Nests 
	Microbial Community Structure and Composition 
	Beta Diversity of Foam Nest Bacterial Community 

	Discussion 
	Biochemical Characterization of the Foam Nests 
	A distinctive Frog foam Nest Community 

	Conclusions 
	References

