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Introduction: At one time thought to be extinct in the wild, the Wyoming toad

(Anaxyrus baxteri) is one of the most critically endangered North American

amphibian species. Despite approximately 20 years of ex situ breeding and

reintroduction programs, this species remains functionally extinct in the wild.

There is concern among those working in these programs that individuals bred in

captivity fail to develop a microbiome that withstands the stressors of their native

habitat following release. In related species, the skinmicrobiome has been shown to

have a defensive function against common pathogens affecting these animals.

However, the early-life microbiome of developing tadpoles in this species remains

unknown and, therefore, this defensive function is unexplored in theWyoming toad.

Methods: This study employed 16S rRNA amplicon sequencing to document the

baseline microbiome of tadpole and adult Wyoming toads bred for release at

Omaha’s Henry Doorly Zoo and Aquarium (Omaha, Nebraska, USA). We

characterized the development of the mucosal microbiome in tadpoles and

the mucosal and cloacal microbiome of adult toads.

Results: Our results revealed significant differences between tadpole and adult

microbiomes, as well as significant sex-dependent differences within the adult

Wyoming toads, in terms of richness and composition.

Discussion: These findings have identified the baseline microbiome of this

endangered species and variables significantly influencing its composition in

captivity. Ongoing studies of the only extant wild population are expected to

identify taxa not found in captive toads, and potentially help 100 design husbandry

modifications to maximize survivability following reintroduction to the wild.
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1 Introduction

Amphibian species serve critical roles in aquatic and terrestrial

ecosystems including their capacity in the food web, potential to

serve as biological indicators of environmental degradation, and

contributions to nutrient cycling (Vitt et al., 1990; Polasik et al.,

2016). Thus, special efforts to protect amphibian species and ensure

their survival are warranted. At one time thought to be extinct in the

wild, the Wyoming toad (Anaxyrus baxteri) is one of the most

critically endangered North America amphibian species (Vincent

and Abbott, 2015). The Wyoming toad was first listed as an

endangered species under the 1983 amendment to the

Endangered Species Act (Lewis et al., 1985) but was thought to be

extinct until a small population was discovered in Mortenson Lake

in Albany County, Wyoming in 1987. Ten Wyoming toads were

brought to the Cheyenne Mountain Zoo in 1989 before the species

was declared extinct in the wild in 1991, however, an ex situ

breeding program was established in 1993 and attempts at

reintroduction to their native range began in 1995 (Lewis et al.,

1985; Vincent and Abbott, 2015). These efforts to reintroduce the

Wyoming toad into the wild have been challenging. For example,

despite approximately 10,000 toads/tadpoles being released between

1995 and 2000, only 62 were observed in the wild (USGS, 2001).

A potential factor hinderingWyoming toad repopulation efforts

is Batrachochytrium dendrobatidis (Bd) infection, a dominant cause

of rapid amphibian decline worldwide (Polasik et al., 2016; Jiménez

et al., 2019). The amphibian skin microbiome may play a role in

resistance to Bd infection by modulating the host’s innate immune

system and promoting colonization resistance (Barnhart et al., 2017;

Jiménez et al., 2019). Additionally, the environment in which

individuals mature impacts the development of the host’s

microbiome in wild species (Comizzoli et al., 2021). Given that

Wyoming toads bred for reintroduction are raised in facilities with

high biosecurity standards, there is concern that captive-bred

individuals fail to develop the proper skin microbiota populations

required to withstand the context-specific stresses following release

into native Wyoming habitats. In other words, these individuals

may be “too sterile” to survive in the wild. The establishment of a

context-appropriate, beneficial skin microbiome for these toads to

develop may improve the success of captive-bred species

reintroduction conservation efforts (West et al., 2019; Dallas and

Warne, 2023).

Little is known about the skin microbiome of adult Wyoming

toads, let alone during the early stages of development. To address

this gap in the field, the U.S. Fish andWildlife Service (USFWS) and

United States Geological Survey (USGS) support ongoing projects

assessing the in situ Wyoming toad microbiome (Walters and

Chalfoun, 2023). Here, we aimed to complement the ongoing

efforts by the USFWS and USGS by characterizing the

microbiome of the captive Wyoming toad breeding population

(both adults and tadpoles) at Omaha’s Henry Doorly Zoo and

Aquarium (OHDZA; Omaha, Nebraska). These data provide a

robust characterization of the host-associated microbiome of the

Wyoming toad throughout its development and will serve as the

basis for future microbiome-based efforts to improve the success of

future reintroduction efforts.
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2 Materials and methods

2.1 Toads

An Association of Zoos and Aquariums (AZA) Research

Proposal form and protocols were submitted and approved by the

OHDZA Animal Care and Use Committee in April 2022. As the

animals were owned by the USFWS, a Wyoming Toad Research

Proposal was also submitted to the Wyoming Toad Recovery Team

and approved by vote at their annual spring meeting (2022). Federal

Permitting held under OHDZA allowed for housing and research

on this species, in accordance with the Endangered Species Act.

Samples were collected from immature (tadpole) and adult

(approximately 1-4 years old) Wyoming toads maintained at

OHDZA. Toads are part of a captive colony housed in two isolation

rooms (Room 2 and Room 8) located in OHDZA’s Amphibian

Conservation Area. The room numbers are specific to the OHDZA,

thus we maintained these labels for posterity in future analyses. All

adult breeder toads were group-housed in condos (n = 2 toads/condo)

that allowed access to a constant filtered water bath as well as

terrestrial substrate located in Room 2. As sampling was performed

during the Wyoming toad breeding season, females received had

received subcutaneous gonadotropin-releasing hormone (2×1mg

doses). Tadpoles were also housed in condos connected to the same

filtered water system as in Room 2, which has never housed any other

amphibian species except for the Wyoming toad. Additional tadpoles

were housed in isolation Room 8, which was an empty isolation room

prior to the successful spawning events of the 2022 breeding season.

Tadpoles were house at a density of 20-2,225 tadpoles/enclosure. All

water was from a filtered system in accordance with species

regulations, to ensure 0ppm ammonia, <0.05ppm nitrite, <10ppm

nitrate, and 68-75°F temperature.

Tadpoles were allowed to mature in Rooms 2 and 8 before being

sent to various conservation sites in the Laramie Water Basin,

Wyoming for release later in the summer. A small portion of these

tadpoles were kept back from release to be used as new breeding

stock. Each room was kept in isolation and as a separate

environment as to best fit the needs of the species housed there,

with handlers changing personal protective equipment (PPE) before

entering each room and a work-flow order such that Wyoming

toads were handled first by keeper staff throughout the day due to

their conservation importance and susceptibility to disease as to not

contaminate them with other species housed within the Amphibian

Conservation Area. Protocol PPE includes lab coats, nitrile gloves,

and rubber boots within the bio secure isolation room.
2.2 Sample collection

Mucosal and cloacal swabs samples were collected from 24 adult

toads (n = 12 toads/sex) for a total of 48 samples. Samples were

collected from adults using sterile cotton-tipped swabs (Puritan

#25-3316-U, Guilford, Maine) using a protocol specific to these

animals. Each animal was maintained in a holding condo for the

duration of sampling. Prior to any swabbing, they were rinsed front
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and back with approximately 100 mL of sterile water. Applying

uniform pressure each time, the toad was swabbed while rotating

the swab back and forth for 10 complete back-and-forth strokes in

each of the following areas (in the order listed) for a total of 60

strokes per toad: along the right side of the abdomen, along the left

side of the abdomen, along the ventral surface of the right hind leg,

along the ventral surface of the left hind leg, along the spine (central

dorsal surface) and along the mouth. Swabs were then broken off

into sterile 1.5 mL Eppendorf tubes and stored on ice for

transportation from the zoo to the lab (approximately 6 hours).

Samples were then stored at -20°C until processing.

Cloacal swabs were collected from the adults following mucosal

swabbing. Excess skin was pulled away from the cloacal vent opening

with the handler’s free hand while the other hand introduced the

sterile cotton swab through the cloacal vent three times. The swab

tips were again broken off into sterile vials and the samples

transported back to the laboratory on ice and stored at -20°C

until processing.

Tadpole samples were collected from groups of five (time 1) or

three (time 2-3) animals due to their small surface area at three

different timepoints. Tadpoles at times 1, 2, and 3 were at Gosner

stages 25, 26-35, and 41-46, respectively. Samples were collected

from the same colony and living condo by swabbing the tadpoles

with the same sterile cotton-tipped swab so as to yield a readable

DNA sample while not stripping the animal of all their necessary

mucosa. Total sample sizes from each colony were n = 16 (Colony

A, Room 2), n = 6 (Colony F, Room 2), n = 8 (Colony O, Room 8),

and n = 16 (Colony P, Room 8). Animals were rinsed in a sterile

water bath in group sizes as stated above, then moved to a transfer

cup to have the water drained off as best as possible. Maintaining

even pressure, the animals in each group were sampled with 10

complete back-and-forth strokes using a sterile swab. The swab tips

were again broken off into sterile vials and the samples transported

back to the laboratory on ice and stored at -20°C until processing.

Longitudinal samples were collected from both tadpole and

adult samples. Time points 1 and 2 were collected 15 days apart and

time points 2 and 3 were collected 24 days apart from one another.

Biosecurity protocols put in place by the Wyoming Toad SSP

and OHDZA’s Amphibian Conservation Area were followed for all

Wyoming toad and tadpole handling, manipulating, and sampling.

Each round of samples taken from within the Wyoming toad room

required new PPE to be worn to ensure no/low pathogen transfer

from external sources. Toads were handled one at a time, PIT tags

verified for correct identities, and placed back into holding condos

as soon as the swabs were complete. Tadpoles were removed from

their main holding tanks to smaller volumes of water to facilitate

sample collection. While in these smaller volumes of water,

temperature remained constant and oxygen was provided from a

remote, filtered oxygen source. Tadpole isolation ceased after one

hour to ensure water quality parameters remained stable. Care was

taken to minimize animal stress by collecting swabs as quickly as

possible and closely monitoring the animals after swabbing to

ensure their overall welfare remained of the highest quality. Any

liquid or solid waste material was thoroughly disinfected with 70%

ethanol and/or oxygenated powder bleach mixtures for 12 hours of
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contact time. Biological samples were stored appropriately and kept

separate from any outside influences.
2.3 DNA extraction

DNA was extracted using QIAamp PowerFecal Pro DNA

extraction kits (Qiagen) according to the manufacturer

instructions with the exception that DNA was eluted in 60 µL of

EB buffer (Qiagen). DNA yields were quantified via fluorometry

(Qubit 2.0, Invitrogen, Carlsbad, CA) using quant-iT BR dsDNA

reagent kits (Invitrogen). Due to the low biomass, all DNA was used

for 16S rRNA library preparation.
2.4 16S rRNA library preparation
and sequencing

Library preparation and sequencing were performed at the

University of Missouri (MU) Genomics Technology Core.

Bacterial 16S rRNA amplicons were constructed via amplification

of the V4 region of the 16S rRNA gene with universal primers

(U515F/806R) previously developed against the V4 region, flanked

by Illumina standard adapter sequences (Caporaso et al., 2011;

Walters et al., 2011). PCR was performed as 50 µL reactions

containing 100 ng metagenomic DNA, dual-indexed forward and

reverse primers (0.2 µM each), dNTPs (200 µM each), and Phusion

high-fidelity DNA polymerase (1U, Thermo Fisher). Amplification

parameters were 98°C(3 min) + [98°C(15 sec) + 50°C(30 sec) + 72°

C(30 sec)] × 30 cycles + 72°C(7 min). Amplicon pools were

combined, mixed, and then purified by addition of Axygen

Axyprep MagPCR clean-up beads to an equal volume of 50 µL of

amplicons and incubated for 15 minutes at room temperature.

Products were washed multiple times with 80% ethanol and the

pellet was resuspended in 32.5 µL EB buffer (Qiagen), incubated for

two minutes at room temperature, and then placed on the magnetic

stand for five minutes. The final amplicon pool was evaluated

using an Advanced Analytical Fragment Analyzer automated

electrophoresis system, quantified using quant-iT HS dsDNA

reagent kits, and diluted according to the Illumina standard

protocol for sequencing as 2×250 bp paired-end reads on the

MiSeq instrument.
2.5 Bioinformatics

16S rRNA sequences were processed using Quantitative

Insights Into Microbial Ecology 2 (QIIME2) v2021.8 (Bolyen

et al., 2019). Illumina adapters and primers were trimmed from

forward and reverse reads with cutadapt (Martin, 2011). Reads were

then truncated to 150 base pairs, then denoised into unique

amplicon sequence variants (ASVs) using DADA2 (Callahan

et al., 2016). Unique sequences were then assigned taxonomy

using an a sklearn algorithm and the QIIME2-provided 99% non-

redundant SILVA v138 reference database (Quast et al., 2013)
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trimmed to the 515F/806R (Caporaso et al., 2011) region of the 16S

rRNA gene.

Following sequence processing, further analyses were

performed using R v.4.2.2 (Team, 2022). Alpha diversity metrics

(Chao-1 and Simpson Indices) were determined using the

microbiome (Lahti and Shetty, 2017) and vegan (Oksanen et al.,

2014) libraries. Differences in beta diversity were visualized with

principal coordinate analysis (PCoA) using Bray-Curtis (weighted)

distances. Briefly, a distance matrix was generated with the vegdist

function from the vegan library using a quarter-root transformed

feature table. PCoAs were performed using the ape (Paradis and

Schliep, 2019) library with a Cailliez correction (Cailliez, 1983). The

cladogram was generated using Graphlan v1.1.4 (Asnicar

et al., 2015).
2.6 Statistics

Univariate data (reported as mean ± SE) were first tested for

normality using the Shapiro-Wilk method, followed by the

appropriate parametric or non-parametric test. Whenever

possible and practical, multi-factor tests (e.g., two-way analysis of

variance, ANOVA) were used. When applicable to data generated

tadpoles, nested two-factor analyses were performed using the

following modeling: response variable ~ room/colony. Differences

in multivariate data were tested using permutational multivariate

ANOVA (PERMANOVA) and visualized using PCoAs.

PERMANOVAs were performed with 9,999 permutations. Both

PERMANOVA and PCoA were performed using weighted (Bray-

Curtis) distances. Differential abundance testing was performed

using analysis of composition of microbiomes with bias correction 2

(ANCOM-BC2) with a significance threshold of a Benjamani-

Hochberg-corrected p < 0.05 (Benjamini and Hochberg, 1995; Lin

and Peddada, 2020). Structural zeroes (i.e., taxa present in ≥ 1 group

and absent in in ≥ 1 group) were also reported. Pairwise ANCOM-

BC2 was utilized as necessary. Microbial community analysis was

performed using the open-source R statistical software v4.2.2

(Team, 2022).
3 Results

3.1 Sequencing data pass quality control

All but two samples resulted in usable data, with a total of

8,945,498 high-quality sequence reads, and a mean of 95,165 ±

7,297 sequence reads per sample. Samples from adults returned

greater sequence read counts than samples from tadpoles (mean ±

SE = 129,198 ± 10,886 in adults, 59,652 ± 6,391 in tadpoles, p <

0.001, Mann-Whitney rank sum test). Testing for group differences

in sequencing depth separately within adults and tadpoles,

separately, failed to detect any significant differences, although

there was a trend toward greater sequence read counts in samples
Frontiers in Amphibian and Reptile Science 04
from male adults compared to female adults (Supplementary

Figure 1A, p = 0.086, F = 3.0, two-way ANOVA) as well as a

trend towards greater reads in mucosal samples compared to cloacal

samples (p = 0.095, F = 2.9, two-way ANOVA). No difference

in read counts were observed between tadpole colonies

(Supplementary Figure 1B).
3.2 Amplicon sequence variant coverage

Denoising paired-end sequences into amplicon sequence

variants (ASVs) recovered an average of 62,095 ± 5,824 features

per sample ranging from 140 to 229,727 features per sample. As

expected from the aforementioned increase in sequencing coverage,

more ASVs were detected in adult samples compared to tadpole

samples (mean ± SE; 90,908 ± 7,827 in adults, 32,030 ± 6,093 in

tadpoles, p < 0.001, Mann-Whitney rank sum test). No significant

differences in ASV counts were detected between groups within

each age. Given the nature of low biomass samples (i.e., swabs)

yielding low feature counts, we estimated the achieved sampling of

each community using Good’s coverage. Each sample yielded a

Good’s coverage of greater than 99.9%, thus the full, unrarefied

feature table (ASV counts per sample) was used in all

further analyses.
3.3 Adult and tadpole Wyoming toad
microbiomes differ in composition

An initial survey of the entire dataset revealed significant age-

associated differences in richness (Chao-1 Index, p < 0.001, Mann-

Whitney rank sum test), although these were difficult to interpret in

the context of the aforementioned difference in sequencing depth.

Within adults, mucosal samples exhibited increased community

richness relative to cloacal samples (Figure 1A, p = 0.011, F = 7.0,

two-way ANOVA). No sex-dependent effects on sample richness

were observed (p = 0.325, F = 0.99, two-way ANOVA). Samples

collected from adult males exhibited increased diversity (Simpson

Index) relative to females with no effect of sample type (Figure 1B,

Sex: p = 0.016, F = 6.3; Sample Type: p = 0.59, F = 0.29, two-

way ANOVA). Within tadpole samples, significant differences

in community richness were observed between colonies

(Room×Colony: p = 0.005, F = 6.1, nested two-factor ANOVA).

Within Room 2, samples collected from Colony F exhibited

increased richness compared to Colony A (Figure 1C, p = 0.033,

Tukey post hoc). No significant differences in alpha diversity were

detected between rooms or colonies (Figure 1D).

Visualization of beta diversity among the entire dataset using

principal coordinate analysis (PCoA) with weighted (Bray-Curtis)

distances showed complete separation of samples from adults and

tadpoles along the first principal coordinate (Figure 2). One-way

PERMANOVA comparing adult and tadpole samples using Bray-

Curtis distances confirmed a significant difference in community

composition between age groups (p < 0.001, F = 22.98). Five
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dominant (average relative abundance > 1%) bacterial phlya were

shared between adults and tadpoles including Actinobacteriota,

Bacillota, Bacteroidota, Cyanobacteria, and Pseudomonadota.

Verrucomicrobiota was also dominant in tadpole samples. We

then identified differentially abundant phyla between adults and

tadpoles using analysis of composition of microbiomes with bias

correction (ANCOM-BC2). Of the 35 detected phyla, 12 were

differentially abundant including Actinobacteriota and

Pate s c ibac t e r ia enr i ched in adu l t s and WPS-2 and

Bdellovibrionota enriched in tadpoles. The phyla Synergistota and

Fermentibacterota were only detected in adults whereas

Hydrogenedentes , Latescibacterota , Modulibacteria , and

Halanaerobiaeota were only detected in tadpoles (Supplementary

File 1). Collectively, these data demonstrate large age-dependent

differences in alpha and beta diversity as well as unique taxonomic

signatures within each group. We next stratified the data by age

group to better assess the influence of sex and sample site in the

adult toads, and room and colony in the tadpoles.
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3.4 Adult Wyoming toads harbor sex-
specific cloacal and mucosal microbiomes

In samples from adults, a sex- and sample type-dependent effect

on beta-diversity was observed (Sex: p < 0.001, F = 3.55; Sample

Type: p = 0.014, F = 1.92, two-way PERMANOVA). Visualizing

these communities using a PCoA revealed a sex-dependent

separation along the third principal coordinate (Figure 3).

Differential abundance testing using ANCOM-BC2 found only

Armatimonadota to be significantly enriched in males

(Supplementary Figure 2). Additionally, Fermentibacterota and

Fibrobacterota were only detected in males whereas Nitrospirota

was only observed in females. Only one, unresolved bacterial taxa

was differentially abundant between mucosal and cloacal samples.

At the family level, 41 taxa were differentially abundant between

males and females (22 and 19 taxa, respectively). Many families

within the phylum Pseudomonadota including Alcaligenaceae,

Labraceae, and Aeromonadaceae were enriched in males.
B

C D

A

FIGURE 1

Dot plots depicting adult Wyoming toad (A) richness and (B) diversity and tadpole (C) richness and (D) diversity. Differences between adult samples
were assessed using a two-way ANOVA. Differing letters represent sex-dependent differences of p < 0.05. Differing symbols († and #) represent
sample type- dependent differences of p < 0.05. Differences between tadpole samples were assessed using a nested two-factor ANOVA. Pairwise
differences between tadpole colonies were assessed using a Tukey post hoc test. *p < 0.05. Error bars depict mean ± SE.
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Deinococcaceae (Phylum Deinococcota), Nitrospiraceae (Phylum

Nitrospirota), and multiple families within the phylum

Cyanobacteria were enriched in females (Supplementary

Figure 2). Only three families were differentially abundant

between mucosal and cloacal samples. Mycobacteriaceae and

Solirubrobacteraceae (phylum Actinobacteriota) and one

unresolved bacteria were enriched in mucosal samples.

Additionally, 53 bacterial families were unique to males while 63

were only in females. A full list of differentially abundant taxa at the

phylum and family levels in adults is provided in Supplementary

File 2. These data demonstrate large sex-dependent differences in

the adult Wyoming toad microbiome.
3.5 Room-specific husbandry subtly affects
the Wyoming toad tadpole microbiome

Focusing on the separate tadpole colonies, we identified

significant differences in the weighted microbial composition

between colonies but not between rooms (Figure 4, Room: p =

0.053, F = 1.68; Room×Colony: p = 0.021, F = 1.62, nested two-

factor PERMANOVA). Pairwise comparisons revealed significant,

albeit modest, differences in community composition between

Colony A-Colony F (p = 0.044, F = 1.83) and Colony F-Colony P

(p = 0.010, F = 2.13). We again applied ANCOM-BC2 at the phylum

and family levels to identify differentially abundant taxa within all
Frontiers in Amphibian and Reptile Science 06
four colonies. No significant differentially abundant taxa were

identified at the phylum or family levels. Twenty of the thirty-

three resolved phyla were observed in all four tadpole colonies.

Using pairwise ANCOM-BC2 comparisons, five families were

identified as enriched, predominantly in Colony F. These families

included an uncultured Rhodospirillales and uncultured

Alphaproteobacteria (phylum Pseudomonadota), uncultured RBG-

13-54-9 (phylum Chloroflexi), Sporichthyaceae (phylum

Ac t i n o b a c t e r i o t a ) , a n d P e d o s p h a e r a c e a e ( p h y l um

Verrucomicrobiota). A full list of differentially abundant taxa at

the phylum and family levels in each tadpole colony is provided in

Supplementary File 3.
3.6 Longitudinal analysis of adult and
tadpole Wyoming toads

To characterize the stability of the Wyoming toad microbiome,

samples were collected at three separate time points for all adults

and 2-3 separate time points for tadpole colonies (Supplementary

Figure 3). Given the modest difference in beta diversity between

sample types in adults, we combined cloacal and mucosal samples

for longitudinal analysis in adults. Two-way PERMANOVA

analysis of adult samples revealed no significant effect of time on

microbial composition (Sex: p < 0.001, F = 3.6; Time Point: p =

0.123, F = 1.3). Pairwise comparison of every adult sample across
FIGURE 2

Principal coordinate analysis matrix using weighted Bray-Curtis distances depicting significant differences in community composition between all
samples from adult and tadpole Wyoming toads along the first (22.75%) and second (9.06%) principal coordinates. Density plots show distribution of
samples along single (diagonal) or multiple axes (lower half). F = 23.0, p < 0.001. One-way PERMANOVA.
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time using Bray-Curtis distances supported this as no patterns of

dissimilarity were revealed (Figure 5A). When assessing tadpoles,

two-way PERMANOVA analysis revealed significant differences in

community composition between colonies (p < 0.001, F = 2.1),

across time (p < 0.001, F = 5.0), and an interaction of the two (p =

0.001, F = 1.7), however, visualization of the pairwise Bray-Curtis

distances revealed high dissimilarity between all samples with no

discernable patterns (Figure 5B).

4 Discussion

Here we have provided a thorough characterization of the host-

associated microbiome of the critically endangered Wyoming toad

across stages of development ranging from tadpole to adult. These

animals were a part of breeding colonies included in OHDZA’s

ongoing efforts to repopulate theWyoming toad in its native habitat

- the Laramie Basin. The microbiomes of adult breeding animals

differed in richness, alpha-diversity, and composition from that of

tadpole colonies, suggesting a dynamic development of the mucosal

microbiome in this amphibian species. Interestingly, we observed

novel sex-specific differences in the mucosal and cloacal

microbiome of the adult breeding toads. These sex-specific

differences may be attributable to the fact that animals were

sampled during the Wyoming toad breeding season and females

had been receiving an artificial hormone therapy – two factors
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known to influence the cloacal microbiome of avians (Escallón

et al., 2019). While this hormone therapy was administered

subcutaneously, future investigations to determine the biological

relevance of this therapy on the female mucosal and cloacal

microbiome of captive Wyoming toad populations are required.

The utility of our data from captive Wyoming toads is twofold:

1) the conservation of this critically endangered species, and 2) the

characterization of the microbial diversity of amphibian host-

associated microbiomes throughout development. The immediate

use for these data will be their comparison to the microbiome of

wild toads surviving at the Laramie Basin release sites. This

approach of comparing captive-bred toads to their wild

counterparts may support the hypothesis that captive-bred toads

do not have a comparable microbiome (e.g., lower richness/

diversity, absent taxa) to wild animals leaving them vulnerable to

the context-specific challenges of the wild including the

environment and temperature (Kueneman et al., 2019). If such

differences between captive and wild populations are identified,

then these data will guide husbandry practices to maximize the

potential for toads to develop a dynamic, complex microbiome

ultimately increasing the odds of survival in the wild. Such practices

may include the introduction of relevant probiotics or

environmental exposures acquired directly from the Laramie Basin.

The timing of such interventions may also be of relevance when

considering the developmental stage at which the toads are
FIGURE 3

Principal coordinate analysis matrix using weighted Bray-Curtis distances depicting differences in community composition between sex and sample
type in adult Wyoming toads along the first (16.31%), second (13.45%), and third (9.85%) principal coordinates. Sex- (p < 0.001, F = 3.6) and sample
type-dependent (p = 0.014, F = 1.9) effects on community composition were observed. Density plots show distribution of samples along single
(diagonal) or multiple axes (lower half). Two-way PERMANOVA.
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reintroduced into the wild. Determining at which point in the

immature toad’s development a microbiome-based intervention is

most effective at improving the odds of adult survival in the wild is

critical for future repopulation efforts. This is particularly relevant

when considering the development of the host immune system as

establishing robust mucosal immunity may improve resistance

against many amphibian pathogens including Bd. A recent study
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evaluating the genetic diversity of Toll-like receptors (TLR) and

major histocompatibility complex (MHC) loci in three captive male

Wyoming toads found reduced diversity in various TLR and

MHCII loci (Carlson et al., 2022). This limited genetic diversity is

expected given the small size of breeding colonies of this

endangered species; however, it raises concern for susceptibility to

various infections for those reintroduced into the wild. Boosting the
BA

FIGURE 5

Heatmaps depicting longitudinal Bray-Curtis distances within (A) adult and (B) tadpole samples. Metadata describing sample type and timepoint are
displayed as colored bars along the left and top of each heatmap.
FIGURE 4

Principal coordinate analysis matrix using weighted Bray-Curtis distances depicting differences in community composition between Wyoming
tadpole colonies along the first (19.41%), second (13.43%), and third (7.89%) principal coordinates. Significant colony-dependent differences were
observed. Room: p = 0.053, F = 1.7; Room×Colony: p = 0.021, F = 1.6. Density plots show distribution of samples along single (diagonal) or multiple
axes (lower half). Nested two-factor PERMANOVA.
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mucosal immunity (e.g., secreted immunoglobulins) via the

microbiome may provide the enhanced immunity required to

overcome the lack of genetic diversity in certain immune-

related genes.

A limitation of the current study was that the size of developing

Wyoming toad tadpoles prevented us from sampling individual

subjects without stripping them of their necessary mucosa. Pooling

multiple tadpoles allowed us to achieve a necessary sample for DNA

extraction and sequencing but prevented us from tracking the

development of the skin-associated microbiome at the individual

level. Our data, however, provide novel insight into the

development of the Wyoming toad tadpole microbiome at a

colony and population level. The dynamic morphological changes

a toad undergoes between the tadpole and adulthood were

complemented by equally dynamic shifts in host-associated

microbial composition (Figure 5, Supplementary Figure 3). Our

data reveal that, at population level, the microbiome of Wyoming

toad tadpoles is distinct from their adult counterparts.

Our goal was to document the host-associated microbiome

development of the captive Wyoming toad, and we have provided a

comprehensive characterization of this species from the tadpole

stage through adulthood. These efforts complement similar ongoing

investigations of wild populations in Laramie Basin area. The novel

comparison of datasets generated from captive-bred amphibians

and their wild counterparts will be of great value to the field as the

awareness of microbiome-based efforts to improve repopulation

success of the Wyoming toad in the wild is increasing. Ultimately,

the goal is to increase the indigenous population of the Wyoming

toad in its native land, however, the data presented here will

advance repopulation efforts of other amphibian species serving

critical roles in their native ecosystems.
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SUPPLEMENTARY FIGURE 1

Forward read counts recovered from 16S rRNA sequencing of (A) adult and
(B) tadpole Wyoming toad samples. Differences between adult samples were
assessed using a two-way ANOVA. Sex: p = 0.086, F = 3.1; Sample Type: p =

0.095, F = 2.9. Differences between tadpole samples were assessed using a
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nested two-factor ANOVA. Room: p = 0.364, F = 0.84; Room×Colony:
p = 0.172, F = 1.8.

SUPPLEMENTARY FIGURE 2

Family-level cladogram of taxa resolved in adult samples. Rings represent

(from innermost out) Phylum-level classification, differentially abundant
phyla, and differently abundant families between sexes. DA: Differentially
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abundant by significance (Benjamini-Hochberg corrected p < 0.05). SZ:
Structural zero determined by presence/absence. ANCOM-BC2.

SUPPLEMENTARY FIGURE 3

Representative images of Wyoming toad tadpoles at the three collection

timepoints. (A) Time Point 1: 1-5 days post hatch. (B) Time Point 2: Midpoint
Evaluation (C) Time Point 3: 2 days post metamorphosis.
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