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Now the sixth mass extinction
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https://doi.org/10.1016/j.cell.2018.10.029 Vangay et al. 2018
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What about amphibian
microbiomes?
• Microbiome - All animals are home to microbes
(bacteria, archaea, fungi, microbial eukaryotes, and
arguably viruses), the collection of which is now often
referred to as the microbiome.

• What would be the consequence of losing microbial
diversity on amphibians?

Three examples
1) gut parasites in Cuban treefrogs

Aplectana hamatospicula

Osteopilus septentrionalis

We find that … adult frogs that had reduced
bacterial diversity as tadpoles have three times
more worms than adults without their microbiota
manipulated as tadpoles.

Three examples

2) Ranavirus in European common frogs
We provide evidence that environmental
complexity directly influences the diversity
and structure of the host skin microbiome,
and that more diverse microbiomes are
more resistant to perturbation associated
with exposure to Ranavirus.

Harrison et al. 2018, doi: http://dx.doi.org/10.1101/158428

Ranavirus

Rana temporaria
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Three examples
3) chytridiomycosis

Batrachochytrium dendrobatidis
(Bd)

What would be the consequence of losing
microbial diversity on amphibians?
• Disease

Future research directions
• Are amphibian microbiomes (or microbiomes of other
non-human hosts) becoming less diverse or abundant?
• What would be the cause of reduced microbial diversity
on amphibians?
• How can we fix it?
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Amphibians – great model systems
for host-microbiome biology

How do we study amphibian
microbiomes?
• Microbial culture
• Culture-independent analysis
• Experiments

Culture
Antifungal Isolates Database of
amphibian skin-associated bacteria that
have been cultured, isolated, and tested for
antifungal properties. At the start, this
database includes nearly 2000 cultured
bacterial isolates from 37 amphibian host
species across 18 studies on five continents
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Culture

Bletz et al. 2013 Ecology Letters

Culture
R. blairi

R. pipiens

R. sphenocephala

• 20 potential probiotic microbes were
isolated from Lithobates skin and
inhibit 2 Bd strains for future disease
mitigation trials

Figure 11. Relative Bd growth inhibition caused by secondary metabolites from fungal and bacterial
isolates from leopard frogs. Isolates were more effective against the Bd isolate from Vermont (VT
Rcla225) in this study, than against the highly virulent Section Line Bd isolate from California (CA).

© Allan Pessier
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What are we missing from culture?

What are we missing from culture?
Across all amphibian species,
179 of the 3,779 combined OTUs
(4.7%) were culturable from at
least one of the four species.

Of the 49 most abundant
(>1% by Illumina) bacteria,
26 were cultured = 53%

Of the most prevalent “core”
bacteria, they cultured
85% - from bullfrogs
75% - from newts
69% - from spring peepers
77% - from American toads

The most abundant bacteria tend to
have antifungal function (against Bd)

Walke et al. 2017 Enivron. Microb.
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The most abundant bacteria tend to
have antifungal function (against Bd)

* These species also
have high Bd infection
prevalence

Adaptive microbiomes?

Walke et al. 2017 Enivron. Microb.

Culture-Independent
Microbiome Processing Overview
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Most Abundant Bacterial Phyla on
Amphibian Skin
Global Meta-analysis of
2,349 individuals representing
205 amphibian species

5 cultured Phyla:
•
•
•
•
•

Proteobacteria
Actinobacteria
Bacteroidetes
Firmicutes
Deinococcus-Thermus
Kueneman et al. 2019 Nat Ecol Evol
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The most abundant bacterial genera
on amphibian skin
Taxonomy
Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Pseudomonadaceae;g__Pseudomonas
Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Moraxellaceae;g__Acinetobacter
Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;g__Klebsiella
Bacteroidetes;c__Flavobacteriia;o__Flavobacteriales;f__[Weeksellaceae];g__Chryseobacterium
Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Alcaligenaceae;g__Pigmentiphaga
Proteobacteria;c__Gammaproteobacteria;o__Xanthomonadales;f__Xanthomonadaceae;g__Stenotrophomonas
Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Cellulomonadaceae;g__Cellulomonas
Bacteroidetes;c__Sphingobacteriia;o__Sphingobacteriales;f__Sphingobacteriaceae;g__Sphingobacterium
Bacteroidetes;c__Flavobacteriia;o__Flavobacteriales;f__Flavobacteriaceae;g__Flavobacterium
Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Sanguibacteraceae;g__Sanguibacter
Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Sphingomonas
Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Comamonadaceae;g__Methylibium
Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Microbacteriaceae;g__Microbacterium
Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Micrococcaceae;g__Arthrobacter
Bacteroidetes;c__Sphingobacteriia;o__Sphingobacteriales;f__Sphingobacteriaceae;g__Pedobacter
Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Comamonadaceae;g__Rhodoferax
Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;g__Pantoea
Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Nocardiaceae;g__Rhodococcus
Bacteroidetes;c__Flavobacteriia;o__Flavobacteriales;f__[Weeksellaceae];g__Elizabethkingia
Proteobacteria;c__Alphaproteobacteria;o__Rhodobacterales;f__Rhodobacteraceae;g__Rhodobacter
Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides
Bacteroidetes;c__Flavobacteriia;o__Flavobacteriales;f__[Weeksellaceae];g__Wautersiella
Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Methylobacteriaceae;g__Methylobacterium
Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Rhizobiaceae;g__Agrobacterium
Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Oxalobacteraceae;g__Janthinobacterium
Proteobacteria;c__Betaproteobacteria;o__Methylophilales;f__Methylophilaceae;g__Methylotenera
Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae;g__Luteolibacter

Total
10.20%
8.10%
3.70%
3.00%
1.30%
1.30%
1.10%
1.10%
1.00%
0.90%
0.90%
0.90%
0.80%
0.80%
0.70%
0.70%
0.70%
0.60%
0.60%
0.60%
0.50%
0.50%
0.50%
0.50%
0.50%
0.50%
0.50%

Pseudomonas and Acinetobacter
Pseudomonas
• Found in water and clouds
• Fluorescent siderophores
• Rod-shaped
• Gram-negative
• Flagellum one or more,
providing motility
• Aerobic
• Non-spore forming
• Catalase-positive
• Oxidase-positive
• Many antibiotic resistant, and
pathogens of animals and
plants
• More abundant on amphibian
skin toward tropics

Acinetobacter
• Found in soils and water
• Broad temperature and
moisture range
• Coccobacillary to Rod-shaped
• Gram-negative
• Twitching motility, occur in
pairs
• Aerobic
• Non-spore forming
• Catalase-positive
• Oxidase-negative
• Resistant to disinfectants and
many antibiotics
• More abundant on amphibian
skin in temperate zone

Verrucomicrobia
• Phylum of bacteria found in freshwater, soils, human
gut, and the skin of every red-backed salamander and
eastern newt (in two studies)
• Wart-like structure
• Unknown properties and function on amphibians
because they are uncultured and likely undescribed
species
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Oophila – symbiotic algae in egg masses

1.08% of amphibian-associated samples
(N=8225) have Oophila reads detected by
16S rRNA sequencing
Found in environmental and water samples
Found on bullfrogs and boreal toads

Mycobiome differentiates species

Dendrobates leucomelas

Dendrobates auratus
Kearns et al. 2018 Front Microbiol

Amphibian Viromes
• Basically undescribed

We report novel complete picornavirus and
retrovirus sequences that were genetically
similar to viruses infecting frogs, reptiles, and
fish. Using data generated in other studies, we
show that these viral sequences are present in
cane toads from distinct Australian locations.
Rhinella marina
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Culture-Independent
Microbiome Data
ACTAGCAGTACGACTAGCTAGTCAG
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• Microbial Taxonomy
• Alpha diversity (number of microbial species and
distribution of abundance)
• Beta diversity (community composition and similarity of
samples)
• Networks of species interactions, Functional analyses, etc.
• Note: not quantitative –> requires other methods

What drives global patterns of host
microbiome diversity?

Environmental variables and datasets: Worldclim,
MARspec, NDVI, host phylogeny, trophic diet, etc…

Amphibian skin microbiomes
explaining host microbiomes at the global scale
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Global Patterns of Microbiome
Diversity in Amphibians
Kueneman J, Bletz M, Becker CG, McKenzie V, et al. (2019) Bioclimate Explains
Community Richness of Amphibian Skin Bacteria at the Global Scale, Nature
Ecology & Evolution.

Higher amphibian skin bacterial diversity
towards temperate regions
What are the underlying mechanisms
driving this pattern?

Global Patterns of Microbiome
Diversity in Amphibians

PCo2 – 6.3%

Kueneman J, Bletz M, Becker CG, McKenzie V, et al. (2019) Bioclimate Explains Community Richness
of Amphibian Skin Bacteria at the Global Scale, Nature Ecology & Evolution.

Woodhams D., Bletz M, Becker CG, Bender H, et al. (2019)
Submitted to Genome Biology
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Boreal Toad, Anaxyrus boreas

Jordan Kueneman at the Native Aquatic Species Restoration Facility, Alamosa, Colorado

What have we learned about
microbiomes from boreal toads?

•

The amphibian microbiome shifts through development

Micro-eukaryotes

•
•

Amphibians host diverse micro-eukaryotes;
communities shift through development

Kueneman et al. 2015 ISME J.
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•

Bacteria and Fungi
compete on the skin

•

Some bacteria are
strongly antifungal

e.g., Janthinobacterium
lividum

Kueneman et al. 2015 ISME J.

We found that toad skin
communities changed predictably
across development and that two
developmental disturbance events
(egg hatching and metamorphosis)
dictated major changes. Toad skin
communities assembled to
alternative stable states following
each of these developmental
disturbances.
skin bacterial communities undergo a
successional pattern whereby “fastgrowing” (copiotroph) generalist bacteria
dominate first before “slow-growing”
(oligotroph) specialized bacteria take
over.

•

Microbiomes go through succession on hosts, like other
We found that toad skin
ecological systems
communities changed predictably
across development and that two
developmental disturbance events
(egg hatching and metamorphosis)
dictated major changes. Toad skin
communities assembled to
alternative stable states following
each of these developmental
disturbances.
skin bacterial communities undergo a
successional pattern whereby “fastgrowing” (copiotroph) generalist bacteria
dominate first before “slow-growing”
(oligotroph) specialized bacteria take
over.
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Oral
Fecal
Skin

•
•

Microbiomes differ across body regions,
and microbiomes are altered by captivity

Diversity on salamander skin
decreases in captivity
Loudon et al. 2013,
ISME J
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Amphibian gut microbiomes
• Depends on diet
and habitat

Salamandra salamandra

Bletz et al. 2016 Nat Comm

Tadpole gut microbiome and diet
affects disease resistance in adults

Osteopilus septentrionalis

in tadpoles
Knutie et al. 2018 J Animal Ecol
Knutie et al. 2017 Int Comp Biol

Gut microbiomes shift through
metamorphosis
Compared to aquatic larvae, terrestrial
juveniles showed major shifts in microbial
composition, including reduction in
Proteobacteria and Actinobacteria, increases in
Bacteroidetes and Fusobacteria, and the
appearance of Verrucomicrobia.
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Taiwan’s paddyfield frogs and highdiversity dysbiosis in farmland?
Although the first three dominant
microbial phyla Bacteroidetes, Firmicutes,
and Proteobacteria found in the intestines
of frogs were classified as generalists
among habitats, the most dominant gut
bacterial phylum Bacteroidetes in natural
environments was replaced by the
microbial phylum Firmicutes in farmland
frogs.

Dysbiosis – an imbalance in microbial communities

Fejervarya limnocharis

Can the microbiome adapt to
environmental conditions or
pathogens?

51
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Can the microbiome adapt to
environmental conditions or pathogens?
• Yes to changes in diet/habitat.
• To pathogens?
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Adaptive microbiomes
• Competitive microbial interactions may result in
microbiomes enriched with anti-pathogen members
• Shift to new stable state that is disease-protective
• Primed for a secondary exposure
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Adaptive microbiomes
Dysbiosis

Infection intensity

Disease threshold

Adaptive microbiome

Time
54

18

2/5/19

Uninfected hosts have greater
predicted anti-Bd microbes
Predicted anti-Bd function
(% of community with SE)

70

***

60
50
40
30
20
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0

Uninfected
1
(n=68)

Infected
2
(n=59)

Brandon LaBumbard, unpublished

Spring samples only
Scaled by predicted
anti-Bd function
Circles – uninfected
Diamonds - infected

Larval Spotted salamanders, day 35
Pathogen
Batrachochytrim salamandrivorans
Probiotic
Lysinibacillus sphaericus
Control
Scaled by Predicted AntiBatrachochytrium function

Barnhart (2018) Master’s thesis
UMass Boston
Song et al. 2019 Exp. Biol. Med.

Probiotic baths
Vredenburg et al.

Rescuing the Yellow-legged Frog - New York Times
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Promising field results
Vredenburg et al.

Skin bacteria à anti-Bd metabolites à kill Bd and protect frogs

Rescuing the Yellow-legged Frog - New York Times

© Anand Varma

www.WoodhamsLab.com
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