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Chapter 1: General Introduction
Amphibians are experiencing global population declines due in part to the emerging fungal
pathogen Batrachochytrium dendrobatidis (Bd), the etiological agent of cutaneous
chytridiomycosis1-3. Because Bd affects only the cells of keratinized epithelial tissue of its
amphibian hosts, the epidermis is a particularly important site of Bd resistance4. Specialized
glands in the skin secrete antimicrobial peptides that play an important role in resistance to Bd
by providing a chemical barrier to infection5-10. In addition, the unique and diverse bacterial
communities that colonize amphibian skin impact disease susceptibility in wild populations by
the secretion of antagonistic compounds, providing an additional chemical barrier to Bd11-14.
The complex relationship between amphibian skin bacteria and their host is mediated by host
skin peptides, which limit colonization by some microbes, but which act synergistically with
microbial secreted antifungal compounds. This synergism is hypothesized to result in
increased resistance to pathogens that infect the cutaneous surface15, 16. These close
interactions between metazoan innate immunity and microbial symbionts play an important
role in the health of metazoan hosts from diverse taxa. As such, the potential for applications
of microbes as preventative treatments against disease is gaining attention in fields ranging
from human medicine to agriculture and wildlife conservation17-21.
Batrachochytrium dendrobatidis (Bd)
First described in 199822, chytridiomycosis is found on all continents where amphibians live
and is a major driver of the catastrophic decline in amphibian diversity that began in the latter
half of the 20th century1, 23. Originally thought to be a non-endemic pathogen spread by
anthropogenic movement of Xenopus laevis out of Africa24, recent research suggests that
endemic Bd has been present for centuries in amphibian populations without producing
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epizootics. Panzootic Bd appears to be a distinct lineage, possibly originating in Africa and
spread globally by invasive American bullfrogs (Lithobates catesbeianus)25. Alternatively,
panzootic Bd may be the result of a hybridization event between African Bd and a strain
endemic to another unidentified region. Human trade in amphibians as pets, food, and research
animals is the most likely explanation for hybridization of Bd lineages and the emergence of
panzootic Bd 26, 27. Proposed endemic strains of Bd are hypovirulent, causing low infection
and mortality rates, whereas outbreaks of panzootic Bd coincide with mortality approaching
100% in highly susceptible populations28, 29. In North America, Bd is present in museum
samples of preserved frogs dating as early as 196130. In the western United States specifically,
amphibian die-offs occurring as early as 1992 that have contributed to changes in conservation
status for multiple amphibian species, including now-endangered Rana chiricahuensis, are
attributed to Bd 31.
Berger, et al. described the direct life cycle of Bd (Fig. 1.1)

32

. The infectious stage is

a motile, waterborne zoospore that infects keratinized epithelial tissue . Upon attachment and
host cell invasion, the zoospore resorbs its flagellum and encysts, developing a cell wall. The
new encysted thallus grows and develops into a reproductively active sporangium, multiplying
by mitotic division. Each newly divided cell matures into a flagellated zoospore. When the
zoosporangium is mature, a discharge tube extends to the distal surface of the epithelial cell
and zoospores emerge into the aquatic environment, continuing the infectious cycle. Bd
tolerates temperatures up to 30°C but grows fastest at temperatures between 17°C and 25°C 33.
The life cycle is completed more quickly in warmer temperatures, and higher temperatures are
associated with faster clearance of infections and higher rates of survival in diseased frogs 32,
34

. Death of the host occurs due to disruption of osmotic balance and leakage of electrolytes

from the bloodstream, leading to dehydration, decreasing vascular pH, and gradual heart

3
failure 35. In addition, Bd releases factors that cause host toxicity in the absence of infection,
including tissue-degrading proteases; however it is not known whether these factors are
ultimately responsible for morbidity and mortality in infected hosts36, 37. First thought to infect
only amphibian hosts, it has recently been discovered that Bd zoospores also infect keratinized
epithelial cells in the gastrointestinal tract of crayfish. Crayfish and resistant amphibian hosts
act as pathogen reservoirs and can promote the persistence of Bd in the environment as
amphibian host density falls below levels traditionally thought to preclude disease
transmission38.
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a
b

c

Figure 1.1: Batrachochytrium dendrobatidis life stages in liquid culture. (a) motile flagellated
zoospores, the infectious stage; (b) sessile sporangia, the encysted stage; and (c) reproductive
stage zoosporangia containing maturing zoospores. Photo by author.
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Cutaneous mechanisms of resistance
Antimicrobial peptides of amphibians
Bd is surprisingly vulnerable to the innate immune defenses of many amphibian
species, even those species that are susceptible to Bd infection. The skin of most amphibians is
protected by potent antimicrobial peptides (AMPs), an evolutionarily ancient first line of
defense against infection of plant and animal cells by microbial pathogens39. Amphibians are
prolific producers of unique AMPs that are structurally and functionally diverse and are
effective against bacteria, fungi, viruses, and mammalian cancer cells16. Almost all amphibian
species sampled to date secrete one or more peptides active against a broad range of targets
including Bd10, 40-43, although certain species appear not to synthesize dermal antimicrobial
peptides at all16. There is positive correlation between in vitro effectiveness of AMPs against
Bd and susceptibility to chytridiomycosis in wild populations of amphibians. However, the
mechanisms that lead to intraspecies variation in peptide production are not well studied, and
in vitro peptide effectiveness does not guarantee resistance in vivo5-7.
AMPs are diverse, with little conservation in peptide sequence between classes of
peptides produced by closely related species. This diversity is integral to the effectiveness of
amphibian AMPs, with some having broad spectrum activity and others targeting specific
pathogens 44, 45. β-pleated sheets and α-helices, two typical secondary structure motifs found in
most amphibian AMPs, are essential to the membrane-disruptive function of these short
peptide chains46, 47. AMPs are also amphipathic, containing both cationic hydrophilic moieties
and hydrophobic moieties. Hydrophobic peptide elements typically interface with lipid
moieties of phospholipid membrane bilayers while cationic hydrophilic portions remain
oriented to the aqueous extracellular or cytoplasmic space16, 39. Disruption of membrane
integrity thereby occurs either via the barrel-stave mechanism, wherein α-helical peptides
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insert into the membrane forming a pore and causing influx of ions; or via the carpet
mechanism, in which rafts of peptides attach in parallel orientation to the membrane surface,
interfering with membrane curvature and resulting in the dissolution of the bilayer into
micelles in a detergent-like fashion 44. Microbial resistance to AMP activity is low, likely due
to the diversity of AMP structure and the costly nature of the chemical modifications
necessary to overcome the mechanisms of AMP activity 39.
Quantities of AMP on most amphibians’ skin are sufficient to inhibit Bd. Skin
peptides are expressed constitutively in quantities that inhibit the attachment and invasion of
most pathogens, and in elevated quantity upon activation of the sympathetic nervous system
(for instance while escaping predation). AMPs are degraded by endogenous proteases after
less than an hour, possibly protecting symbiotic bacteria living in the mucus 48. Minimal
inhibitory concentrations (MIC) and the number of MIC equivalents secreted onto the skin at
any time vary by species, life stage, and environmental factors6, 43, 49. Quantity and quality of
secreted peptides can also vary due to environmental factors including chemical pollutants and
temperature. The foothill yellow-legged frog (Rana boylii) secretes decreased quantity of skin
peptides after exposure to sub lethal doses of carbaryl pesticides commonly applied to
agricultural locations upwind of breeding sites49. Temperatures higher and lower than host’s
the optimal range raised MIC and reduced MIC equivalents of peptides on the skin of tiger
salamander (Ambystoma tigrinum) salamanders respectively43, which might contribute to the
seasonal fluctuations in Bd susceptibility documented elsewhere 38, 50. Although more
favorable conservation status is positively correlated with effective in vitro AMP activity
against Bd, inhibitory peptides do not guarantee resistance to chytridiomycosis6. Further
exploration of intraspecies variation in peptide quantity and activity is needed in order to
understand and predict patterns of population declines in response to emergence of Bd.
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Symbiotic bacteria
Bd is also inhibited by secondary metabolites secreted by symbiotic bacteria that
colonize amphibian skin13, 18, 51-54. The discovery of dynamic, apparently coevolved
interactions between amphibians and their skin bacterial communities tied to disease
resistance represents a significant addition to the growing body of literature highlighting the
importance of microbial communities to metazoan health. Metazoan relationships with
microbial symbionts are well characterized for many vertebrate and invertebrate species.
Communities of bacterial symbionts have co-evolved with their respective hosts, resulting in
species-specific bacterial assemblages. Different metazoan lineages share related but distinct
lineages of bacterial colonizers, with more-related host taxa sharing more bacterial families
and genera 19. Between individual hosts, bacterial species- and strain-level variation results in
microbial communities nearly as unique as a fingerprint, and similarity is positively correlated
with closeness of physical interactions or geographic proximity 55, 56.
Normal, healthy microbiota are essential for normal host function57-59. For example,
eukaryotic organisms would be incapable of biological processes such as bioluminescence60, 61
or cellulose metabolism without highly evolved symbiotic relationships with bacteria62.
Disruption of microbial skin and gut communities is associated with disease, including
Crohn’s disease and fatal colitis due to Clostridium difficile infection in humans19, 57. Although
the bacteria colonizing amphibian skin are not as well understood compared with the bacterial
communities of some mammals and invertebrates, they likely share many of these same
traits63, 64.
Some commensal bacteria can protect their hosts by secreting antimicrobial peptides
that decrease the likelihood of acquiring an infection from pathogen-rich aquatic or moist
habitats65, 66. Embryos of the American lobster, Homarus americanus, and the estuarine
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shrimp Palaemon macrodactylus, are protected from a common crustacean disease caused by
the fungus Laginidium callininectes by a single species of gram negative, rod-shaped bacteria
that coat egg masses67. A highly evolved relationship between European beewolf wasps
Philanthus triangulum and Streptomyces bacteria protects larvae in brood cells from fungal
infection68. Commensal skin bacteria play a role in resistance to multiple fungal diseases in
amphibians. A hint of the importance of amphibian-microbe symbioses lies in the nesting
behavior of four toed salamanders (Hemidactylum scutatum). Group nesting behavior
increases the diversity of bacteria present on egg masses and their tenders, which increases the
likelihood that protective antifungal bacterial strains will be present. Higher diversity of
symbiotic bacteria on egg masses is associated with decreased loss of embryos to pathogenic
fungi of the genus Mariannaea13.
The presence of diverse bacterial communities is also associated with resistance to Bd.
Red-backed salamanders (Plethodon cinereus) are more resistant to experimental infection
with a lethal strain of Bd when their commensal skin bacteria have not been removed by
treatments with antibiotics and hydrogen peroxide69. Subtle differences in epibacterial
communities even between members of the same species can result in the survival of some
populations while others succumb to disease. The epibacterial communities from two separate
populations of mountain yellow legged frogs, Rana muscosa, have similar taxonomic profiles.
The two populations share most of their bacterial genera and at least 3 species, with 19 and 21
antifungal species identified from the Conness and Sixty lakes regions in the Sierra Nevada
mountains of California, respectively. However, fewer frogs at Sixty Lakes harbored
antifungal bacteria than frogs from the Conness population. This may have been a contributing
factor in the die-off that occurred directly after the emergence of Bd at the location one year
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after sampling. The Conness population may be protected from eradication by the higher
proportion of its constituents that carry antifungal bacterial species11, 70.
Factors with the potential to alter composition of epithelial microbiota include vertical
and horizontal transmission between individuals and interactions with environmental bacteria.
Host-associated bacterial communities are generally more similar in hosts that are more
closely associated physically, geographically, or taxonomically19, 55. The differences between
communities of commensal bacteria associated with the bark beetle Dendroctonus valens are
positively correlated with the physical distance between sampling locations55. Amphibian
associated microbial communities are more similar among members of the same species at
different locations than members of different species co-habiting the same location64.
Amphibian communities therefore seem to be closely co-evolved with their specific hosts,
implying the transmission of microbes either vertically or horizontally between conspecifics,
and possibly modulation of bacterial community structure on the part of the host. Activities
with the potential for transfer of bacterial communities include oviposition; brooding of
young, mating, and any other event where direct contact between external surfaces of
amphibians or amphibians and their eggs occurs13. Antimicrobial skin peptides and
competitive niche exclusion could both play a role in determining the final lineup of
community constituents.
Amphibian skin communities are likely subject to environmental influences as well.
Between species, diversity of skin communities might be affected by usage of different
components of a landscape including terrestrial, arboreal, or aquatic habitats. Most amphibians
utilize multiple habitat types due to complex life histories; for example, many Rana sp. require
three separate habitat types for breeding, foraging, and overwintering71, 72. Because of this,
these frogs encounter a variety of environmental bacterial communities. During larval stages
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and at the time of oviposition in breeding ponds, frogs are primarily in contact with freshwater
bacterial communities, which are very different from the bacterial communities present in
terrestrial environments where post-metamorphic adult frogs forage73, 74. The factors that
influence intraspecies variation in bacterial community composition are not well understood
and there is some conflicting evidence as to the importance of species over location. It is
possible that although bacterial species composition is largely conserved, small differences in
the presence of a few key constituents result in important functional differences between
populations of conspecifics at different locations11, 75.
There is some documented conservation of bacterial taxa between skin communities
on multiple amphibian host species52, 53, 70, 75. Two salamander species that live in Virginia
share four bacterial phyla with antifungal properties. Of these four phyla, the Bacteroidetes
make up the largest percentage of species, with 40% of antifungal isolates falling into this
group. In order of decreasing prevalence, the remaining commensal species fell into the
Proteobacteria, the Actinobacteria, and the Firmicutes 52, 53. These same four phyla are also
present on R. muscosa sampled from high-elevation lakes in California, with overlap at the
family and genus level; at the species level there is little overlap70. Within the Firmicutes, the
only family documented consistently on H. scutatum, P. cinereus, and R. muscosa is the
Bacillaceae52, 53, 70, 75. Of the Bacteroidetes, two families were observed in both frogs and
salamanders. Pedobacter sp. were found in H. scutatum, P. cinereus, and R. muscosa; there is
very little observed overlap at the bacterial species level. Also in the Bacteroidetes,
Flavobacteria of the genus Chryseobacteria were found in salamanders and frogs. Among the
Actinobacteria found are multiple species of Streptomyces, which are noted producers of
antimicrobial compounds. Of these four phyla, the Actinobacteria alone exhibited no overlap
between amphibian species: each isolate observed was unique to its host species52, 53, 70, 75.
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Among the bacteria observed on amphibian skin to date are many species with notable
antimicrobial or antifungal activity. Some of this activity is dependent on interactions between
bacterial species, adding another dimension to the factors hypothesized to affect amphibian
skin communities. Many of the observed bacterial taxa are known to co-exist in soil and water
communities, and certain members of these groups directly affect the growth and behavior of
other bacterial species. In the soy rhizosphere (communities in soil directly adjacent to roots),
Bacillus cereus (also observed on H. scutatum skin) stimulates growth of Bacteroidetes of the
Cytophaga-Flavobacterium group. B. cereus and Cytophaga-Flavobacterium sp. both act to
support healthy plant growth and prevent the establishment of pathogens. CytophagaFlavobacteria directly benefit from the presence of Bacillus sp. in the rhizosphere and
increase in number when Bacillus sp. are introduced76. In another example of interactions
between members of a microbial soil community, bacterial species that independently do not
suppress fungal growth can become strongly antifungal in co-culture. Wietse de Boer, et al.
found that Brevundimonas sp., Luteibacter sp., Pedobacter sp. and Pseudomonas sp. from a
natural soil community inhibit the growth of three pathogenic or saprophytic fungal species in
co-culture, but not in isolation. The observed increase in production of antimicrobial
compounds is likely due to competitive interactions between the bacterial species, which
benefit by not expending energy to defend their niche with production of costly metabolic
byproducts until such antagonistic tactics become advantageous77. It is notable that
Pedobacter and Pseudomonas are prevalent genera of amphibian skin communities58, 59, 76, 81.
The Proteobacteria found on frogs and salamanders are diverse compared with the
Firmicutes and the Bacteroidetes, though less abundant. Members of all five families of
Proteobacteria are found on H. scutatum, and members of multiple families were isolated
from P. cinereus and R. muscosa, with considerable species overlap52, 53, 70. Many constituents
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of these families, especially of the γ-proteobacteria, are strongly antifungal.
Janthinobacterium lividum was found on 16% of H. scutatum individuals and on 33% of P.
cinereus, making it the single most prevalent culturable bacteria found in these two amphibian
species 52. This member of the γ-proteobacteria produces the purple antimicrobial pigment
violacein, which has a broad range of additional inhibitory activity including antiviral,
antitumoral, and antibacterial 65. J. lividum has also been isolated from R. muscosa in the wild,
and has been used successfully to bioaugment the natural cutaneous flora of this frog species
in lab-based challenge studies investigating bacterial inhibition of Bd 17, 18, 69. Some Bdresistant R. muscosa are thought to carry higher densities of J. lividum than R. muscosa
populations that have been eradicated by chytridiomycosis11.
Species belonging to the family Pseudomonadaceae, also of the γ-proteobacteria, are
present on nearly every amphibian individual; although there is little overlap in of the
Pseudomonadaceae at the species level, there is considerable overlap at the genus level.
Pseudomonas fluorescens, a possible exception to this general rule, appears on some
individuals in most of the amphibian species sampled to date. P. fluorescens isolates were
found on H. scutatum, P. cinereus, R. muscosa, and R. catesbieana 58, 59, 76, 81. This common
soil and water bacterium is noted for its antimicrobial activity in multiple biological systems20,
21, 78

. It is present in suppressive soils, where it associates with plants and supports healthy

growth despite the presence of pathogenic bacteria and fungi20. P. fluorescens produces
fluorescent siderophores which chelate available iron, rendering the surrounding environment
uninhabitable to other microorganisms78. P. fluorescens has been used to probiotically treat
fish in aquaculture to prevent saprolegnia, vibriosis, and furunculosis, caused by the fungus
Saprolegnia ferax and pathogenic bacteria Vibrio anguillarum and Aeromonas salmonicida
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respectively79-82. It is logical to speculate on the potential for this bacterial species to protect
amphibian hosts against cutaneous pathogens in a similar manner.
Bioaugmentation
Antifungal bacteria such as those described above have been applied as an
experimental anti-Bd treatment in a process termed ‘bioaugmentation’17, 18, 83.
Bioaugmentation as it is applied to amphibians in disease prevention is very similar to the use
of probiotics in agricultural to prevent soil borne diseases of plants and human health
applications to treat GI disorders84-86. Bioaugmentation is a term typically used to describe the
application of a microbial agent, sometimes genetically modified, for the purpose of
remediation or cleanup of environmental contaminants. This process is typically unpredictable
and unreliable in practice due to the complexity of microbial community interactions.
Predation, competition, temporal and spatial heterogeneity of target environments, and
insufficient density of applied bacterial cells often result in the failure of bioaugmentation
agents to persistently colonize or to perform their desired function87-89. For these same reasons,
bioaugmentation of amphibian skin communities is likely to be unpredictable and unreliable
and therefore will present major challenges to those wishing to utilize it in disease
management of wild amphibian populations. Despite these misgivings, bioaugmentation
represents the most promising option for the management of Bd. Poor acquired immune
response to Bd by many species may preclude the development of a vaccine90, and nonpreventative treatments such as costly pharmaceuticals or heat treatments are not an option for
wildlife management practices91. Bioaugmentation of amphibians in lab based experimental
infection trials has inspired optimism17, 18, 83; however this approach will require deep
exploration of factors that influence microbial colonization of amphibian skin, as well as the
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ecological factors at both the microbial and host community levels that affect secretion of
antimicrobial compounds.
It was the goal of this research to investigate sources of variation in cutaneous
mechanisms of Bd resistance for an assemblage of amphibians in Mt. Rainier National Park,
and to test the feasibility of bioaugmentation as a preventative treatment against
chytridiomycosis for endangered Rana chiricahuensis leopard frogs. In the second chapter of
this thesis, I assess variation in predicted disease resistance by investigating anti-Bd activity
and quantity of skin peptides, and anti-Bd activity of skin bacteria, for three species of
amphibian native in Mt. Rainier National Park. In the third chapter, I develop an experimental
bioaugmentation treatment for R. chiricahuensis by screening bacteria cultured from wild R.
chiricahuensis for anti-Bd activity. I tested a novel bioaugmentation treatment with
Pseudomonas fluorescens cultured from R. chiricahuensis alongside previously established
bioaugmentation agent Janthinobacterium Bd challenge studies.
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Chapter 2: Spatial and taxonomic variation in resistance to Batrachochytrium
dendrobatidis for pond breeding amphibians in Mount Rainier National Park.
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Abstract
Batrachochytrium dendrobatidis (Bd), the agent of chytridiomycosis, affects amphibian
species with varying severity. Multiple mechanisms are responsible for variation in amphibian
resistance to Bd, including interspecies differences in secretion of protective peptides from the
skin and colonization with antifungal bacteria. Both of these mechanisms are also subject to
intraspecies variation in some instances. Mt. Rainier National Park is home to six species of
native pond-breeding amphibians and is characterized by a high degree of landscape
heterogeneity and low connectivity. These characteristics indicate that variation in resistance
to Bd between species and locations is likely. We investigated variation in three measures of
predicted disease resistance, including quantity of skin peptides, Bd inhibitory activity of skin
peptides, and colonization by anti-Bd bacteria. We collected peptide and bacterial samples
from three amphibian species in Mt. Rainer National Park, and used lab-based inhibition
assays to identify individuals with Bd-inhibitory skin peptides or bacteria, and used an
information theoretic approach to rank models constructed to explain variation across species
and locations.
Introduction
Batrachochytrium dendrobatidis, the agent of chytridiomycosis, was first identified as
a chytrid fungus in 1998 22 and described in 1999 by Longcore et al.33. Chytridiomycosis is
now considered panzootic and is a major driver of the catastrophic decline in amphibian
diversity that began in the latter half of the 20th century1, 23, 92. Emergence of Bd is associated
with mass declines of some highly susceptible amphibian species29; however, many amphibian
species persist despite the detection of Bd93, 94. Resistance is complex and can stem from
environmental, behavioral, or genetic traits that reduce the likelihood of exposure to infectious
zoospores or the risk of infection and mortality following exposure49, 50, 95, 96. Although initially
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believed to be a highly lethal disease with the potential to cause extinction among amphibian
species worldwide, the understanding of Bd virulence and predictions of Bd effects on the
future of amphibians have become more nuanced25.
Bd virulence in amphibians is mediated by its direct effects on the skin of its host.
Flagellated zoospores invade keratinized epithelial cells where they mature into sporangia, and
can result in a multitude of symptoms including dermal hyperplasia, increased shedding of
skin, and disruption of osmotic balance culminating in dehydration, lethargy, and death by
cardiac arrest32, 35. Because Bd infects solely the epithelial tissue, innate immune mechanisms
at the surface of the skin play an important role in Bd resistance. Two such mechanisms
involved in amphibian Bd resistance are the secretion of antimicrobial peptides from
specialized glands in the epithelium, and colonization with bacteria that secrete antimicrobial
metabolites52-54. These two mechanisms are effective independently but together have
synergistic inhibitory activity: the minimum concentration of either skin peptides or bacterial
metabolites necessary to inhibit growth of pathogenic organisms (MIC, or minimal inhibitory
concentration) is lowered by the combined presence of both agents in comparison to the MIC
of either alone15. Each of these mechanisms may be influenced by a combination of genetic
and environmental factors, contributing to interspecies and sometimes intraspecies variation in
Bd susceptibility43, 49.
The small proteins secreted from amphibian granular glands are mainly cationic,
amphipathic peptides with pore-forming osmolytic activity against tumor cells, viruses,
bacteria, and fungi44, 45. Between species, extensive variation in structure and function of skin
peptides results from high rates of mutation in genes for specific protein moieties, while other
moieties are highly conserved for peptides belonging to the same class. Classes of amphibian
skin peptides such as the ranateurins and brevinins are functionally similar across species but
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contain subtle structural differences. Each species produces its own mix of unique peptides,
some effective against a broad spectrum of microbes and others highly specific to one type of
pathogen 97, 98. Intraspecies variation in peptide quantity and quality are not well studied but
may arise from differences in environmental parameters. For example, MICs of peptide
mixtures are lower and MIC equivalents higher for Ambystoma tigrinum salamander larvae
raised at 18°C than for larvae acclimated to 10°C or 26°C43. Environmental contaminants may
also influence peptide quantity. Skin peptides were less concentrated on foothill yellow-legged
frogs Rana boylii after exposure to commonly used carbaryl pesticides49. Structurally
nonsynonymous mutations in peptide genes can arise in different populations of the same
species, and sometimes these mutations result in functional differences that affect disease
susceptibility97, 99.
Amphibians harbor diverse, unique communities of bacteria on their skin, which play
a role in resistance to water-borne bacterial and fungal pathogens52, 53, 100. These communities
are highly species-specific, with less variation in bacterial skin communities between
populations of conspecifics inhabiting distant locations than between communities associated
with different species at the same geographic location64. Most amphibian species are colonized
by one or more strains of bacteria that secrete anti-fungal metabolites, which at sufficient
concentrations increase resistance to disease, especially diseases that infect the epithelium
such as chytridiomycosis17, 69. The prevalence (percentage of colonized hosts) or density (on
an individual host) of a particular bacterial strain can vary between populations and this
variation can influence the survival of a population after introduction of Bd11. The interactions
between constituents of amphibian associated bacterial communities are not well understood.
However, studies of the human skin microbiome indicate that skin community composition
can vary by gender, life stage, environmental parameters such as humidity and temperature,
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and even within the same person by body region59, 101-104. There is evidence that amphibian
skin communities may follow similar patterns of intraspecies variation. On a localized scale,
there may be small but functionally significant differences involving a few important bacterial
strains, such as those that inhibit pathogens like Bd11, 75.
The Pacific Northwest is home to a diverse assemblage of amphibians and although
susceptibility to infection and resulting disease has been reported or speculated for some of
these species in other locales105-107, variation in the mechanisms that shape resistance has not
been characterized on a local scale. Mt. Rainier National Park is home to six species of native
pond-breeding amphibians and is characterized by a high degree of landscape heterogeneity,
low connectivity, and varying degrees of human traffic. These characteristics indicate that
location and species-level variation in mechanisms that have elsewhere been shown to
influence Bd susceptibility is likely. Here we present evidence that location and species may
contribute to variation in three measures of predicted disease resistance for native amphibian
species: Bd-inhibitory activity of skin peptide secretions, quantity of skin peptide secretions,
and presence of anti-Bd bacteria associated with amphibian skin.
Methods
Specimen collection
Field sampling for skin peptides and bacteria took place between July 22 and August
8, 2012. Seven sampling locations in Mount Rainier National Park were selected based on
geographic distribution throughout the park and on likelihood of encountering three or more
pond-breeding amphibian species (Scott Anderson and Barbara Samora, National Park
Service, personal communication; Table 2.1). We sampled three pond-breeding amphibian
species that are common and widely distributed inside the park: northwestern salamanders
(Ambystoma gracile), long-toed salamanders (Ambystoma macrodactylum), and Cascades
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frogs (Rana cascadae). We attempted to sample 8-10 individuals per species at each location.
Animals were captured opportunistically with gloved hands or by dip-net, and held in a cooler
with water or snow for no more than 30 minutes before sampling. Funnel traps were set in the
late afternoon at Crystal Lake and High Lake and left overnight. A. gracile and R. cascadae
captured by the traps were removed and immediately. All fieldwork and protocols involving
animal handling were approved by the Oregon State University Institutional Animal Care and
Use Committee and the National Park Service.
Bacteria and pepdtide sample collection
Each animal was rinsed with filtered water and swabbed over the dorsal and ventral
body surface including legs and feet with a sterile BD CultureSwab (Becton, Dickinson and
Company, Franklin Lakes, New Jersey) before being weighed and photographed. Culture
swabs were stored in sterile PBS for transport out of the field and processed within six hours
(High Lakes, Tipsoo Lake, Crystal Lake, Lake Allen) or 24 hours (Northern Loop and Sunrise
Lake). Skin peptides were collected as previously described in Woodhams et al. 2006 and
Rollins-Smith et al. 20067, 108. We administered bilateral intralymphatic injections in the dorsal
or suprafemoral lymph sacs with 10 nM norepinephrine (bitartrate salt, Sigma, St. Louis, MO,
USA) per gram bodyweight (gbw), and then immediately placed the animal in a ventilated,
plastic screw-top container with 50 mL buffer solution containing 10 mL collection buffer (25
mM NaOAc and 50 mM NaCl). The animal was released after 10 minutes at the point of
capture. To deactivate proteases contained in skin secretions, the peptide collection buffer was
immediately acidified to 5% HCl and then passed over a C-18 Sep Pak cartridge (Waters
Corporation, Milford, MA, USA) for partial purification and storage. Sep Paks were stored in
0.5% HCl, transported out of the field in coolers, and refrigerated until further processing. All
gear that came into contact with water or animals including but not limited to shoes, coolers,

21
containers, nets, and traps was disinfected between field locations according to NPS
guidelines. Fresh needles and gloves were used for each animal.
Bacterial inhibition of Bd
Our protocol for screening bacterial isolates for Bd inhibition was adapted from the
protocol developed by Sara Bell (James Cook University)109.Skin swabs were streaked on
TYES agar and cultures were incubated at room temperature (23°-25°C) for 3-5 days.
Morphologically distinct bacterial colonies were subcultured in 1 ml TYES broth and
incubated for 72 hours. The bacteria were pelleted in a microcentrifuge for three minutes at
6000 x G, and supernatant was filter-sterilized using a 0.22-micron Millepore GV Sterivex
syringe filter. Crude extracts were stored in 1.7 ml Epi-tubes and refrigerated at 4°C overnight
or frozen until use.
To collect Bd zoospores, 1-3 ml Bd liquid culture was inoculated onto 1% Tryptone
agar and incubated for 3-5 days. Zoospores were collected when maximum activity, identified
by peak numbers of active zoospores with relatively few late-stage zoosporangia present, was
observed on plate surfaces with an inverted microscope. Peak-activity agar cultures were
flooded with sterile 1% Tryptone broth at room temperature and allowed to rest for at least 10
minutes. The agar surface was gently scraped with a flamed metal spatula and loose fluid
collected using a sterile 3cc syringe. A Swinnex syringe filter with a UV-sterilized 18μm
nylon spectra mesh filter was used to separate sporangia from the zoospore suspension.
Zoospores were quantified using a hemacytometer and the suspension was diluted to
approximately 2 X 106 zoospores ml-1 using sterile 1% Tryptone broth. Half the resulting
zoospore suspension was heat-killed by 10-minutes in a 60°C water bath. Half the wells of a
sterile flat-bottom polystyrene 96 well plate were filled with 50 μl live zoospore suspension,
the other half of the wells received heat-killed zoospores. 50μl of either sterile 1% Tryptone
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broth or crude extract was added to the zoospore suspension in each well. A Tecan microplate
reader (Tecan Group, Ltd, Switzerland) was used to measure optical density (OD) (%
absorbance of light) of each well at time 0 and after 5 days of incubation at room temperature
(23-25°C). Bd growth was calculated as the average difference in OD of experimental
replicates after 5 days; ΔOD was calculated as “average change in live-zoospore replicates” –
“average change in heat-killed zoospore control replicates”. Wells in which ΔOD <0.02%
absorbance were considered negative for Bd growth.
Peptide quantification and inhibition of Bd
Peptide quantification and Bd inhibition screening was adapted from the protocols of
Woodhams et al. 2007. Using a Teledyne ISCO Tris peristaltic pump, C-18 Sep Paks
containing skin peptides were washed with 4 ml 1.2% trifluoroacetic acid at a rate of 2 ml per
minute and then eluted in 2 ml 70% acetonitrile, 0.1% trifluoroacetic acid solution at 1 ml per
minute. The resulting peptide suspensions were evaporated to dryness using a Speedvac and
re-suspended in 1.5 ml HPLC-grade H2O. Peptide concentration was determined with a microBCA protein quantitation kit (Pierce) on 96-well microplates, substituting bradykinin for
albumin in the construction of a standard curve because its small size more closely resembles
that of amphibian skin peptides. Peptide quantity was calculated as µg per gram bodyweight.
Peptide inhibitory activity was assessed using the inhibition screening assay applied for
screening bacterial isolates, with the following alterations to experimental parameters: 20 µg
peptide was added to 50 µl zoospore suspension, and the volume of each well was raised to
200 µl with HPLC H20. Controls were heat-killed zoospores, and live zoospores with sterile
water.
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Statistical analysis
Our objective was to assess the contributions of species and location to variation
within measures of predicted disease resistance for amphibians native to Mt. Rainier National
Park. Five generalized linear models were constructed using glm in R 110 to describe variation
in quantity of skin peptide in µg per gram bodyweight (log-transformed data with a normal
error structure, identity link function), inhibition of Bd by skin peptides (binomial error, logit
link function), and inhibition of Bd by bacteria associated with amphibian skin (binomial
error, logit link function). Models with each main effect (species and location), both main
effects, and the interaction were compared to the null model (intercept only) to find the most
parsimonious characterization of the data. Each model was ranked using Akaike’s
information criterion corrected for small sample size (AICc) 111, 112. We present ΔAICc and
model weights as measures of support for a model.
Results
Bacterial inhibition of Bd
Bacteria were cultured from skin swabs of 66 amphibians including 26 A. gracile, 30
R. cascadae, and 10 A. macrodactylum. 6 A. gracile and 5 R. cascadae skin swabs grew mold
colonies and were unable to be screened for Bd inhibitory bacteria. Therefore sample sizes for
bacterial inhibition are smaller than for skin peptide samples. Skin swabs from all species and
locations streaked on TYES agar grew 1-9 morphologically distinct colony types, with an
average of 4 colony types per animal for A. gracile, 3.2 colony types per animal for Rana
cascadae, and 2.6 colony types per animal for A. macrodactylum. Generally no more than one
inhibitory isolate was cultured from any individual. We observed two exceptions to this: one
A. macrodactylum for which 3 of 3 isolates were Bd inhibitory, and one A. gracile from
Crystal Lake, for which 2 of 2 isolates were Bd inhibitory. We observed variation in
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proportions of animals colonized by Bd-inhibitory bacterial isolates (prevalence) between
species, with a prevalence of 30% for A. macrodactylum, 41.4% for R. cascadae, and 42.3%
for A. gracile. We were able to sample both A. gracile and R. cascadae at only three locations.
At these locations, variation in the prevalence of anti-Bd bacteria was greater between
locations than between species (Figure 2.1), with 66% prevalence at Crystal Lake (n=9), 33%
at Sunrise Lake (n=15), and 10% at High Lakes (n=9). Further variation was noted within
species between locations, ranging from 66% to 0% prevalence of individuals colonized by
inhibitory bacteria (Table 2.2). Prevalence of anti-Bd bacteria was highest for both R.
cascadae and A. gracile at Crystal Lake compared with other locations, and we observed the
lowest prevalence of Bd-inhibitory bacteria for both these species at High Lakes (Figure 2.1;
Table 2.2).
Skin peptide quantities and Bd-inhibition screening
Visual observation of Bd growth was used to assess inhibitory activity of 72 skin
peptide samples including 29 A. gracile, 33 R. cascadae, and 10 A. macrodactylum. We
observed a higher proportion of R. cascadae individuals (66%) secreting Bd-inhibitory
peptides than A. macrodactylum or A. gracile (50% and 48.3% respectively) individuals.
Much higher variation was noted between locations for R. cascadae than for A. gracile:
among R. cascadae, higher prevalence of inhibitory skin peptides was noted for Northern
Loop, Sunrise Lake, and Crystal Lake, and lower proportions of anti-Bd skin peptides were
observed for R. cascadae at High Lakes (Table 2.2). Among A. gracile, lower prevalence of
inhibitory skin peptides were observed at Crystal Lake, and higher for Sunrise Lake. However,
this difference was smaller than differences observed for R. cascadae at different locations,
and overall locations were very similar for A. gracile with regard to Bd-inhibitory skin
peptides (Table 2.2). We observed variation in µg peptide per gram bodyweight between
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species: A. macrodactylum secreted an average of 56% higher concentrations of skin peptides
than R. cascadae and 15.8% higher concentrations than A. gracile. Although sample size was
smallest for A. macrodactylum (n=10), this species had the greatest variation in skin peptide
concentrations (52.2 to 1338.1 µg/gbw, 95% between 283.8 and 1006.9 µg/gbw). We
observed further variation in skin peptide quantity within species and between locations. For
instance, among both R. cascadae and A. gracile, highest concentrations of skin peptides were
secreted by animals from Crystal Lake and lowest at High Lakes and Tipsoo Lake (Table 2.2).
Variation in predicted disease resistance
For the response variable prevalence of Bd-inhibitory bacteria, model weight
increased with the independent term location, the interaction term location x site, and the
additive term location + site, compared with the null model. Independently, location
explained overwhelmingly more variation than species (Table 2.3a). The interaction and
additive models had similar support so we cannot rule out that the effect of species varied by
location (Table 2.3a).. Variation in skin peptide inhibition of Bd was not explained by location
(Table 2.3b). Species had a similar rank to the null model and could not be ruled out. For
models of the quantity of skin peptide secreted, there was moderately strong support for the
species model of variation in skin peptide quantity (Table 2.3c). The other models had a
similar rank to the null model and could not be ruled out. Despite weak support for the
location model compared with the null model, location appeared to be an important predictor
of peptide quantity in conjunction with species (Figure 2.1c).
Discussion
We investigated presence of Bd and variation in three measures of predicted Bd
resistance for pond-breeding amphibians native to Mt. Rainier National Park, including
quantity and Bd-inhibitory activity of skin peptide secretions, and presence of Bd-inhibitory
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skin bacteria. Anti-Bd bacteria were present on all species and at all locations, but not on all
individuals. Variable numbers of culturable isolates were recovered from all three species, but
in general, no more than one Bd-inhibitory isolate was cultured from each individual.
Identical colony types were observed to grow from many samples, and some inhibitory
bacteria isolated from different swabs were likely representatives of the same bacterial
species. We observed similar prevalence of Bd-inhibitory bacteria between species.
Ambystoma macrodactylum was characterized by lower prevalence but also had the smallest
sample size. Prevalence of inhibitory bacteria was different for three locations where we were
able to sample both R. cascadae and A. gracile, and further differences were noted between
locations within each species. Crystal Lake had the highest prevalence of anti-Bd bacteria for
both species, whereas High Lakes R. cascadae and A. gracile were less likely to carry
inhibitory bacteria. The additive effect of location and species together is implicated by our
models as the strongest contributor of variation in the presence of anti-Bd bacteria, with
overwhelmingly more support for location independently than for species (Table 2.3). This
demonstrates that there may be important functional differences in amphibian skin
communities between locations, mediated by one or a few key microbial constituents. Our
data for prevalence of bacterial inhibition reflects the findings of other studies that have
pointed out population-level variation in the presence of Bd-inhibitory bacteria11, and
intraspecies functional differences between locations in amphibian skin communities75.
A. macrodactylum secreted higher skin peptide concentrations than either A. gracile or
R. cascadae. However, A. macrodactylum skin peptides inhibited Bd less than R. cascadae at
100 ug/ml. Hence, our data do not predict that A. macrodactylum is more capable of skinpeptide driven Bd resistance than R. cascadae. The volume of peptides recovered from most
individuals was sufficient only for quantification and a small number of replicate inhibition
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assays, therefore we were unable to determine MIC for each sample. MIC’s for other urodelan
species are higher than those for Bd-resistant anurans, indicating that the copious skin peptides
produced by A. macrodactylum adults may contain many non-active peptides43. Rana
cascadae and A. gracile secreted similar concentrations of skin peptide, but R. cascadae
peptides were more inhibitory towards Bd. Therefore our data predicts greater peptide-driven
Bd resistance for R. cascadae than for A. gracile. Species was the leading contributor of
variation for quantity of skin peptide secreted but location, the interaction term species x
location, and the null model could not be ruled out. Although the two salamander species we
sampled are closely related members of the genus Ambystoma, all of the A. gracile we
encountered were larvae or neotenes, whereas all of the A. macrodactylum were
metamorphosed adults. Rana cascadae is only distantly related to the two ambytomatid
salamanders, thus interspecies differences in quantity of peptide are not surprising across such
a diverse assemblage of amphibian species and life stages. Previous studies show amphibian
peptide secretions are highly species-specific. Some amphibians secrete large quantities of
peptides whereas other species do not appear to synthesize dermal peptide secretions16.
Our study does not identify a strong effect of location on variation in peptide quantity
or on peptide inhibition of Bd, although this effect was not ruled out for either response.
Previous studies have demonstrated mechanisms by which peptide secretions could potentially
vary between locations but our sample sizes were small and could have underrepresented the
role of location at Mt. Rainier National Park. The effect of location might vary seasonally.
For example, during snowmelt in early summer, ponds at lower elevation thaw and warm
more quickly than those above 4,000 ft. A temperature-driven level effect on peptide
secretions between locations would be more exaggerated early or late in the season when
elevational differences in temperature are more extreme than during high summer when
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conditions closer to optimal at nearly every location. Our sampling efforts were conducted
post snow-melt, during the warmest weeks of the summer season, further increasing the
likelihood that an effect of location could have been missed by our study.
Locations in Mt. Rainier National Park differ in their species composition,
microclimate, nutrient availability, and isolation with respect to human traffic113-115. For
example, Lake Allen and Crystal Lake are both inhabited by dense populations of A. gracile
neotenes. Lake Allen, which sits at high elevation 4580 ft above sea level in the southwest
corner of the park, is eutrophic and characterized by dense blooms of phytoplankton during
the summer months, and is mostly isolated from human traffic due to the lack of an
established footpath leading from nearby roads or trails (Scott Anderson, NPS, personal
communication). In contrast, Upper Crystal Lake sits at 5,833 ft in the east side of the park,
which receives less annual rainfall due to the rain shadow generated by the Cascades. Crystal
Lake is oligotrophic and subject to frequent foot traffic from the Pacific Crest Trail and the
Crystal Lake Trail with its nearby designated campground. Although sample sizes and the
scope of this study preclude strong statistical statements on the effects of specific location
characteristics on susceptibility to disease, this example highlights contrasts that can be
hypothesized to underlie species and location specific variation in disease susceptibility. Other
studies have pointed out that resistance to chytridiomycosis is mediated by mechanisms that
fluctuate across landscapes and species6, 7, 11, 43, 49, 97. Our findings lend support to the
suggestion that assessments of Bd risk should adopt a nuanced approach that accounts for
location-specific variables affecting the susceptibility of populations of amphibian species, as
opposed to a generalized approach wherein species are categorized as broadly resistant or
susceptible to disease.
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Table 2.1 Field sites in Mt Rainier National park. The latitude/longitude and sample sizes at each location for the species Ambystoma
gracile, Rana cascadae, and Ambystoma macrodactylum are reported.
Location
Latitude, Longitude
A. gracile
R. cascadae A. macrodactylum
Crystal Lake

46° 54'17.35”N, 121°30'22.75”W

8

3

0

Hidden Lake

46° 56' 28.20”N, 121° 36' 5.90”W

0

0

10

High Lakes

46°46'27.64”N, 121°43'7.62”W

8

8

0

Lake Allen

46°45'55.90”N, 121°53'32.66”W

8

1

0

Northern Loop

46°57'31.11”N, 121°45'23.32”W

0

7

0

Sunrise Lake

46°55'10.41”N, 121°35'19.20”W

8

8

0

Tipsoo Lake

46°52'4.12”N, 121°31'2.95”W

0

8

0
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Table 2.2: Three measures of predicted disease resistance calculated for three species at different locations within Mt. Rainier National
Park. The percentage of animals carrying anti-Bd bacteria or secreting anti-Bd skin peptides is reported as prevalence (number of Bdinhibitory observations divided by total observations). Abbreviations: AMGR, Ambystoma gracile; RACA, Rana cascadae; AMMA,
Ambystoma macrodactylum; CL, Crystal Lake; HL, High Lakes; LA, Lake Allen; SL, Sunrise Lake; NL, Northern Loop; TL, Tipsoo Lake.
Average ug
Species Location
Prevalence inhibitory bacteria
Prevalence inhibitory peptides
peptide/gbw
AMGR
CL
282.4895 (n=8)
66.67 (n=6)
42.86 (n=7)
AMGR
HL
129.8563 (n=8)
20 (n=5)
60 (n=8)
AMGR
LA
223.3296 (n=8)
37.5 (n=8)
50 (n=8)
AMGR
SL
274.5778 (n=8)
42.86 (n=7)
50 (n=6)
RACA
CL
532.2739 (n=3)
66.67 (n=3)
100 (n=3)
RACA
HL
308.5212 (n=8)
0 (n=4)
37.5 (n=8)
RACA
LA
293.2935 (n=1)
0 (n=1)
RACA
NL
204.0362 (n=7)
50 (n=6)
80 (n=5)
RACA
SL
178.736 (n=8)
25 (n=8)
87.5 (n=8)
RACA
TL
321.1345 (n=8)
62.5 (n=8)
62.5 (n=8)
AMMA HIL
632.177 (n=10)
30 (n=10)
50 (n=10)
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Table 2.3a, b, c Models used to describe variation in presence on amphibian skin of bacteria
that inhibit the fungus Batrachochytrium dendrobatidis (a), variation in inhibition of the
fungus Batrachochytrium dendrobatidis by amphibian skin peptides (b), and variation in
quantity of skin peptides secreted by amphibians with respect to location and species (c).
Models are ranked according to AICc. All models include an intercept. K represents the
number of parameters; LL is log-likelihood.
a.
AICc ranked generalized linear models for proportions of
individuals carrying Bd inhibitory bacteria
Model formulae
K AICc
Δ AICc AICcWt LL
location + species
8 213.43 0
0.5
-98.37
location
7 214.02 0.6
0.37
-99.75
location x species
11 216.26 2.83
0.12
-96.5
null
1 233.33 19.9
0
-115.66
species
3 235.06 21.63
0
-114.47
b.
AICc ranked generalized linear models for proportions of
individuals with Bd inhibitory peptide skin secretions
Model formulae
species
null
location
location + species
location x species
c.

K
3
1
7
8
11

AICc
103.23
103.29
110.47
112.05
113.16

Δ AICc
0
0.05
7.24
8.82
9.93

AICcWt
0.5
0.48
0.01
0.01
0

LL
-48.44
-50.62
-47.38
-46.92
-43.45

AICc ranked generalized linear models for quantity
of skin peptide
Model formulae
species
location
null
location + species
location x species

K
4
8
2
9
12

AICc
185.05
189.15
189.31
190.36
190.62

Δ AICc
0
4.1
4.26
5.3
5.57

AICcWt
0.72
0.09
0.09
0.05
0.04

LL
-88.25
-85.52
-92.58
-84.83
-80.87
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Figure 2.1a,b. Prevalence of Bd-inhibitory bacteria among amphibians in Mt. Rainier National
Park, by species (a) and by location (b) Bar height represents the number of animals sampled.
Proportion of animals with inhibitory bacteria are distinguished by bar color. Abbreviations:
amma, Ambystoma macrodactylum; amgr, Ambystoma gracile; raca, Rana cascadae; CL,
Crystal Lake; HIL, Hidden Lake; HL, High Lakes; LA, Lake Allen; NL, Northern Loop; SL,
Sunrise Lake; TL, Tipsoo Lake.
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Abstract
Amphibian biodiversity is in sharp global decline, due in part to the disease chytridiomycosis,
which is caused by the chytrid fungus Batrachochytrium dendrobatidis (Bd). Rana
chiricahuensis, an amphibian species native to the southwest United States, is threatened by
outbreaks of this disease. R. chiricahuensis is currently maintained by captive breeding
programs and recovery may depend on the development of a preventative treatment against
Bd. We screened bacteria isolated from R. chiricahuensis skin swabs for anti-Bd activity to
identify potential bioaugmentation candidates and identified inhibitory isolates by 16s rRNA
gene sequencing. We selected Pseudomonas fluorescens as a novel bioaugmentation agent and
conducted a challenge study testing P. fluorescens as well as a previously identified
bioaugmentation agent, Janthinobacterium lividum, against experimental Bd infection in wild
caught adult R. chiricahuensis. We observed initial colonization with both bacterial species 72
hours post inoculation, followed by complete loss of colonization at 8 weeks, and mortality of
Bd-infected frogs.
Introduction
Chytridiomycosis is one driver of the catastrophic global declines of amphibian
biodiversity2. In the southwest United States, chytridiomycosis outbreaks have been
documented as early as 199231. These outbreaks have contributed to severe declines in
populations of Chiricahua leopard frogs (Rana chiricahuensis), which inhabit high elevation
wetlands and streams in the Chiricahua mountains of New Mexico, Arizona, and northern
Mexico. Recovery of this species currently relies on captive breeding and reestablishment
programs, and a preventative anti-Bd treatment is needed if reestablishment is to succeed.
Treatment with pharmaceutical antifungals or elevated temperature is effective in clearing Bd
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infections from diseased frogs91, 116 but these methods are not practical for application to large
numbers of wild animals. Furthermore, management purposes require a preventative treatment
for wild amphibian populations that are at-risk due to Bd outbreaks. Development of a vaccine
may be precluded by the poor acquired immune response observed in many susceptible
amphibian species117. The most promising avenue for addressing the prevention of Bd in wild
amphibian populations is bioaugmentation of amphibian skin with antifungal bacteria17, 18.
Bioaugmentation can be defined broadly as the addition of specific microbes to an
environment as a strategy to achieve an intended biological effect. Bioaugmentation has been
used in aquaculture, where it is generally referred to as a ‘probiotic treatment’, to prevent
mortality from bacterial disease in finfish. Most of these studies use juvenile or larval fish and
apply bacterial cells in a water bath or combined with feed 80. This approach has had mixed
results, as selection of an appropriate bacterial strain for the target host species and disease is a
primary determinant of success. For example, P. fluorescens applied in a water bath was
effective against Vibrio anguillarum infection in 40 g rainbow trout (Oncorhyncus mykiss) but
was ineffective against furunculosis, caused by Aeromonas salmonicida in the same fish
species81, 82. However, bioaugmentation with Vibrio anginolyticus prevented both furunculosis
and vibriosis in Atlantic salmon (Salmo salar)118. Probiotics have also been used to prevent
saprolegniosis, caused by a family of pathogenic fungi that bear superficial similarity to Bd in
their preference (non-specific) for the epidermis, direct life cycle, and motile, infectious
zoospores. Studies of probiotic or bioaugmentation treatments with bacteria, including
Aeromonas media and Pseudomonas fluorescens, against Saprolegnia parasitica resulted in
mixed success. Aeromonas media may clear Saprolegnia infections in rainbow trout when
added to tank water, but there is no evidence that these bacteria can colonize fish79.
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Psuedomonas fluorescens, which is non-pathogenic, inhibits Saprolegnia by adhering to fish
mucus and displacing saprolegnia cysts in vitro. However, this interaction has not been
investigated in a challenge study119.
The aim of bioaugmentation is to supplement the natural bacterial community that
colonizes amphibian skin. These communities can be an important barrier to infection in
amphibians; removal of extant bacterial communities negatively affects disease outcome in
Plethodon cinereus salamanders12. The addition of the bioaugmentation agent
Janthinobacterium lividum, which produces the antifungal metabolites violacein and 2,4
diacetylphloroglucinol (2,4 DAPG), prevents morbidity and mortality in Plethodon cinereus
and in Rana muscosa17, 18, 52. Survival of amphibians infected with Bd is strongly correlated
with concentrations of violacein and 2,4 DAPG on the skin66, and population trends of Rana
muscosa in the Sierra Nevada Mountains of California reflect the prevalence of individuals
colonized by J. lividum11. However, not all bioaugmentation treatments attempted in the past
have been successful in preventing Bd (Reid Harris, personal communication). There appears
to be close coevolution between hosts and microbial symbionts, and it is possible that a
combination of regulation by host innate immune factors and competitive exclusion by extant
bacterial communities could prevent introduced bacteria from thriving on novel hosts16, 48, 120.
This research was intended to test the feasibility of a bioaugmentation treatment for
the endangered Chiricahua leopard frog Rana chiricahuensis, a species that is severely
affected by chytridiomycosis. We screened culturable skin bacteria for Bd inhibitory activity
and selected a single isolate of Pseudomonas fluorescens, which we tested alongside J.
lividum in experimental infection studies using wild caught adult R. chiricahuensis. Frogs
were inoculated with one of two bioaugmentation agents, and then infected with Bd
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zoospores. We made observations on time to morbidity as well as the persistence of the
bioaugmentation treatment on the frogs’ skin.
Methods
Batrachochytrium dendrobatidis culture
Bd isolate JEL230, isolated from Rana yavapaiensis (Yavapai leopard frog) was
supplied by Dr. Joyce Longcore, University of Maine. We chose JEL 230 because there was
no cataloged strain of Bd specific to R. chiricahuensis at the time this research was conducted.
R. yavapaiensis inhabits much of the same range as R. chiricahuensis and the two species are
closely related, therefore we consider it likely that these two species share Bd strains. Broth
cultures were maintained at room temperature for approximately 3 weeks or until copious
flocculent growth was observed, and then moved to 4°C. Stock cultures were maintained at
4°C and passaged every 2-3 months. To produce agar plate cultures, 1-3 ml Bd liquid culture
was inoculated onto 1% tryptone agar and incubated for 3-5 days; zoospores were collected
when maximum activity was observed on plate surfaces with an inverted microscope. To
collect Bd zoospores, peak-activity agar cultures were flooded with sterile 1% Tryptone broth
at room temperature and allowed to rest for at least 10 minutes. The agar surface was gently
scraped with a flamed metal spatula and fluid containing zoospores collected using a sterile 3cc syringe. Mature sporangia were removed by filtration through a UV-sterilized 18-μm nylon
spectra mesh filter and zoospores were quantified using a hemacytometer.
Screening for Bd-inhibitory bacteria
Swabbing kits containing BD Eswab environmental swabs (Becton Dickinson, New
Jersey, USA), gloves, and labels were provided to USGS, USFWS, and NM/AZ Game and
Fish department field crews working in Arizona and New Mexico. R. yavapaiensis and R.
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chiricahuensis were captured, rinsed with filtered water, and swabbed by a gloved handler.
Samples were kept in insulated coolers with ice packs for transport out of the field, and then
stored in the buffer solution provided with the Eswab kit, kept at 4°C, and transported to OSU
for culturing, generally between 3 days and 2 weeks after samples were taken. These skin
swabs were streaked on tryptone yeast extract salts (TYES) agar and incubated at room
temperature (23°C); morphologically distinct colonies were picked and sub-cultured into
TYES broth. Screening for bacterial inhibition of Bd followed a protocol developed by Sara
Bell (James Cook University)109. 72 hour liquid culture was filtered to remove cells using a
.22 µm Millipore GV Sterivex syringe filter. Crude extracts were refrigerated at 4°C
overnight or frozen until use.
Suspensions of Bd zoospores, collected and quantified as described above, were
diluted to approximately 2 X 106 zoospores m-1 using sterile 1% Tryptone broth. Cellgro
penicillin/streptomycin cocktail was added at 2X (200 I.U. /ml penicillin, 200 mg/ml
streptomycin) to prevent bacterial growth (Mediatech, Inc). The suspension was divided into
two equal volumes. One half of the volume was heated to 60°C to kill zoospores. Half of the
wells of a sterile flat-bottom polystyrene 96 well plate were filled with 50 μl live zoospore
suspension, the other half of the wells received heat-killed zoospores. 50 μl of either sterile
1% Tryptone broth or crude extract was added to the zoospore suspension in each well. The
filled plates were wrapped in parafilm to prevent evaporation and kept at room temperature
(between 23°C and 25°C). Optical density was measured every 24 hours using a Tecan
microplate reader and iControl software. Inhibitory isolates were identified by analyzing
growth curves generated from optical density data in Microsoft Excel on an individual basis.
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Isolates that inhibited Bd produced growth curves indicating no change in optical density (no
growth); these isolates were selected for sequencing.
DNA sequencing of inhibitory bacteria
DNA was extracted from Bd-inhibitory isolates using a Qiagen DNeasy kit per the
manufacturer’s instructions for bacterial cells. Amplification of bacterial 16S rDNA by PCR
followed the protocols of Lauer et al. 200753. Universal bacterial primers 8F (5’GAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’) were
used to amplify 1400 bp fragment of the 16S rDNA gene. PCR reactions were performed in 25
µl volumes containing 5 µl 5x Go-Taq clear buffer, 0.2 µM forward and reverse primer, 0.5
µg/ml bovine serum albumin (BSA), 0.2 µM dNTP, 2 mM MgCl2, 2.5 U Go-Taq Flexi
polymerase (Promega), 11 µl H2O, 1µl Rediload dye (Invitrogen), and 2 µl DNA template.
PCR program was 4 minutes at 94°C, followed by 35 cycles of 1 minute at 94°C, 1 minute at
48°C, and 1.5 minutes at 72°C, followed by a 10 minute final extension at 72°C, in a PTC-200
thermocycler (MJ Research). Amplicons were referenced against a 1kb standard DNA
fragment ladder using gel electrophoresis in a 1% agarose Tris-acetate EDTA gel precast with
SYBRsafe DNA stain (Life Technologies Corporation). DNA amplicons were prepared for
sequencing using ExoSAP-IT (Affymetrix, Inc.). Sanger sequencing was performed on an
ABI 3730 capillary sequencer (Life Technologies Corporation) by the Oregon State University
Center for Genome Research and Biotechnology (CGRB). Sequences were compared against
the Genbank database using NCBI’s BLAST for identification of species.
Selection of a candidate bioaugmentation agent
Using the criteria of non-pathogenicity, Bd inhibition, natural occurrence on R.
chiricahuensis, and previous documented use as an anti-pathogen bioaugmentation agent, we
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selected P. fluorescens as an experimental bioaugmentation agent for R. chiricahuensis. Shortterm effects of P. fluorescens supernatants on Bd were observed for varying concentration
gradients in order to select one strain from nine P. fluorescens isolates obtained from wild R.
chiricahuensis. Bd zoospores were collected from agar plates following the method for Bd
inhibition screening. 50 lL zoospore suspension was added to each well of a 96 well plate
without filtration or dilution. 1 ml 72 hour liquid culture of each P. fluorescens strain was
centrifuged to form a pellet; supernatant was drawn off and added to the Bd suspension in a
concentration gradient that decreased down plate columns from 50% to 0.1% by volume,
ending with one bacteria-free well at the bottom of each column. Sterile 1% Tryptone broth
was added to bring each well to a final volume of 100 μl. Controls were J. lividum supernatant
(positive control) for an inhibitory bacterial isolate, and sterile media (negative control).
Janthinobacterium lividum was not found on R. chiricahuensis. Plates were filled one row at a
time, and observations were made using an inverted microscope. Following initial
observations, zoospore activity was monitored every 60 minutes for 6 hours. Activity was
scored according to the number of zoospores that remained active in a single field of view: 0,
1-5, 5-25, or >25. A single P. fluorescens strain (henceforth referred to simply as P.
fluorescens) was selected based on minimal inhibitory concentration and time to effect.
Care and maintenance of R. chiricahuensis
Experiments were conducted in the isolation room at Oregon State University Salmon
Disease Laboratory (SDL). 62 adult, wild-caught Chiricahua leopard frogs (Rana
chiricahuensis) were shipped to OSU from New Mexico. Thirty frogs came from a healthy
population of R. chiricahuensis at Seco Creek; 32 frogs came from an isolated, crowded
population of R. chiricahuensis at High Lonesome well. High Lonesome well frogs belonged
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to the Mogollon Rim subtype of R. chiricahuensis. 15 frogs from each group were
immediately swabbed to test for Bd presence, then all frogs were placed in flow-through tanks
containing sterile river-rocks for shelter, and 2” constantly flowing well water (13°C). A
natural photoperiod was maintained in the isolation room by unhindered sunlight coming
through two windows at either end of the room. During experiments, frogs were moved to
individual containers containing approximately 200 ml specific pathogen-free well water at
room temperature; partial water changes were conducted weekly or as needed, and frogs were
fed crickets dusted with vitamin powder every third day.
Persistence and density of bacterial colonization
We ran a preliminary trial to optimize experimental parameters for infection studies.
20 frogs were inoculated with 1 ml bacterial culture: 10 frogs received J. lividum (supplied by
Dr. Reid Harris, James Madison University) and 10 received P. fluorescens. To test for the
effects of reducing extant skin flora, five frogs from each of these groups received a preinoculation rinse with 3% hydrogen peroxide for 30 seconds, immediately after which they
were rinsed with copious amounts of nanopure filtered water. Remaining frogs received a
mock rinse with nanopure filtered H2O. Each frog was swabbed with a sterile cotton-tipped
applicator prior to rinsing, immediately preceding bacterial inoculation, and every 24 hours
after inoculation for 72 hours to quantify temporal changes in colonization. Samples were
taken again at 1, 2, 4, and 8 weeks post-inoculation. Swabs were vortexed in 1mL sterile
phosphate buffered saline (PBS); 100 µl of undiluted inoculated PBS and 100 µl of 10-2 and
10-3 diluted PBS were spread on sterile TYES agar plates. Numbers of distinct colony types
and total numbers of colonies were counted for pre-rinse and pre-bioaugmentation swabs.
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Following bacterial inoculation/bioaugmentation, distinct colony types and the number of
colonies with morphology consistent with the bioaugmentation agent were counted.
Challenge study with R. chiricahuensis and two bioaugmentation agents
We conducted challenge studies with Bd after inoculating Rana chiricahuensis frogs
with one of the two bioaugmentation agents. Experimental infections were preceded with an
H2O2 rinse pre-treatment and a 72 hour resting period between bacterial inoculation and Bd
infection to optimize bioaugmentation agent cell density. 22 Seco Creek and 26 High
Lonesome well frogs were weighed and randomly assigned to one of 6 treatment groups: no
treatment, P. fluorescens only, J. lividum only, Bd only, Bd and P. fluorescens, or Bd and J.
lividum. As much as possible, equal numbers of each source population were assigned to each
group. On May 22, 2012, all frogs were weighed, swabbed with wooden applicators to test for
pre-existing Bd infections, and placed in individual containers with 100mL SDL well water.
Bioaugmentation treatments were applied after rinsing with H2O2 and sterile water.
Treatments consisted of 1 ml bacteria from 72 hour cultures of J. lividum (approximately 2.53
X 1010 cells) or P. fluorescens (5.83 x 1010 cells), pelleted in a microcentrifuge at 6,000 x G
and resuspended in sterile PBS, pipetted directly onto the back of the frog. Controls received
mock inoculations of 1mL sterile PBS. 24 hours after bioaugmentation, water changes were
performed for each frog. At 72 hours post-bioaugmentation, half the bioaugmented frogs and
half the untreated frogs were challenged with 300 Bd zoospores suspended in SDL well water.
To culture skin bacteria and detect Bd, each frog was swabbed with wooden applicators at 15,
30, 45, and 60 days post Bd-infection. To reduce the probability of cross-contamination, all
frogs from a single treatment group were removed to a separate room for swabbing and a fresh
pair of gloves was used for each frog. The workspace used for sampling frogs during the
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challenge study was cleaned with 70% ethanol between treatment groups. Swabbing and
feeding were conducted in order of least risk for cross contamination: NT, bacteria-only, Bd,
then bacteria + Bd. Swabs were streaked onto TYES agar as described for experiments on
persistence and colonization of bioaugmentation bacteria.
During the first 10 days of the challenge study temperatures outdoors ranged from
6.7°C to 26°C. Conditions inside the isolation room are only slightly stabilized compared with
ambient outdoor temperatures. To control and stabilize temperatures during the remainder of
the experiment, frogs were housed in individual containers (15.25 cm W x 15.25 cm L x 6.35
cm D) which were placed in a system of nested troughs with running well water at a consistent
13°C (Appendix C). A perforated Plexiglas floor held frog containers in individual open-top
chambers separated by 12.7 cm tall Plexiglas dividing walls. Flow between chambers was
prevented by a watertight seal around the dividing walls, and water flowed out of each
chamber to a waste-water collection trough. One-directional flow in the troughs was tested
with concentrated iodophor as a tracer dye. Twice weekly frogs were fed crickets. Partial
water changes were conducted at least once a week and as-needed when water became fouled
with feces or unconsumed crickets. Frogs were observed daily for signs of morbidity, which
include lethargy, anorexia, loss of righting reflex, increased shedding of skin, and
hemorrhaging of the limbs and feet. Upon observing signs of morbidity, frogs were euthanized
using 250 mg/l sodium bicarbonate buffered MS-222 (Tricaine methanosulfonate) followed by
pithing with an 18 gauge needle.
Taqman qPCR
We used real-time Taqman qPCR to detect the presence of Bd prior to inoculation and at 60
days post exposure or mortality. DNA was extracted from swabs using a Qiagen DNeasy
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DNA extraction kit following the manufacturer’s instructions for blood and tissue extraction
with overnight lysis at 37°C. DNA extractions were performed on blank and Bd-spiked swabs
as negative and positive extraction controls. Reactions followed the Boyle, 2004 PCR
concentrations, with the exception that volumes were 20 µl, including 10 µl Taqman qPCR
master mix, PCR primers at 900 nM, MGB probe at 250 nM, and 5 µl template 121. 100-, 50-,
10- and 1-genome equivalent (GE) standards were constructed using a capillary tube to
manually pick zoospores one at a time from a droplet under magnification on a glass
microscope slide. Zoospores were collected and filtered as described for inhibition assays,
and diluted 1:10 in sterile filtered water to ease locating and picking individual zoospores
(adapted from Hallet and Bartholomew 2006) 122. DNA was extracted from two standards of
each concentration with a Qiagen DNeasy extraction kit as previously described, and each
standard was run in triplicate (resulting in 6 reads per concentration) to generate a reference
curve of genomic equivalents (Fig.3.1). Additionally, each 96-well plate included one or more
standards as a control for consistency across plates. Amplification was conducted using an
ABI 7300 real-time PCR system with default amplification conditions.
Results
Screening and identification of Bd-inhibitory bacteria
34 wild Chiricahua leopard frogs were swabbed by multiple field crews, from multiple
locations in Arizona and New Mexico. After 3-5 days of incubation at room temperature, 1-5
morphologically distinct bacterial colony types were observed for each animal. Of 95 bacterial
isolates screened for Bd inhibition, 24 inhibited growth of Bd. Nine of these isolates, which
originated on five different frogs from four different locations (Alamosa Creek, Ash Canyon,
Cuchillo Negro Warm Springs, and a site in Arizona), were identified by 16S rDNA gene
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sequencing as Pseudomonas fluorescens. Because of the documented use of P. fluorescens as
a probiotic and because of its record of non-pathogenicity these isolates were selected as
candidates for bioaugmentation of R. chiricahuensis.
Selection of a P. fluorescens bioaugmentation strain
To select a single strain of P. fluorescens for use in infection experiments with R.
chiricahuensis, nine isolates were tested for the minimum inhibitory concentration of
supernatant necessary for inhibition of Bd and time to inhibitory effect. A single strain of P.
fluorescens, 3B3, inhibited Bd growth instantly at concentrations as low as 5% and rendered
all zoospores non-viable after 1 hour at concentrations as low as 5%; this activity occurred
more quickly and at lower concentrations than any other isolate (Fig. 3.2). This isolate was
obtained from a swab taken in April 2011 from Ash Canyon in New Mexico.
Bacterial colonization
Colony counts from cultures of skin swabs taken immediately after treatment show
that hydrogen peroxide (H2O2) rinsing reduced bacterial density on frog skin significantly
more than rinsing with nanopure filtered water. Colony counts from frogs rinsed with H2O2
were reduced an average of 95% whereas filtered water reduced colony counts of skin swab
cultures 69% (Wilcoxon rank-sum, p = 0.017) (Fig. 3.3). H2O2 rinsing reduced the number of
unique colony types recovered by an average of 1.7 colony types per frog, or 80%, compared
with 43.3% reduction in number of colony types on frogs rinsed with filtered water (Wilcoxon
rank sum, p = 0.07) (Fig. 3.4). There were fewer colony types (less diversity) associated with
P. fluorescens than with J. lividum bioaugmented frogs at 72 hours (P. fluorescens 1.8 colony
types, J. lividum 3 colony types, mean difference = 1.2 colony types, 95% confidence between

50
0.836 and 2.28, student’s t test on 14.3 df p < 0.001) (Fig. 3.5). Significantly more colonies
were cultured from both bioaugmentation treatments at 72 hours than at 24 hours post
inoculation (J. lividum 95% confidence between 6013 and 7.98, student’s t test on 9.28 df, p =
0.049; P. fluorescens 95% confidence between 1287.6 and 351.08, student’s t test on 55.75 df
p < 0.001), although for both bacterial treatments the H2O2 group lagged (Fig. 3.6a, b).
Density of colonization decreased after 72 hours and at 8 weeks post inoculation, no colonies
of the bioaugmentation agent were cultured from skin swabs (Fig. 3.7).
Challenge study with R. chiricahuensis and two bioaugmentation treatments
Bioaugmentation with either bacterial species had no effect on mortality or on time to
mortality following infection with Bd. Confidence intervals overlap for Kaplan-Meier survival
curves calculated for all Bd+ treatment groups, indicating no significant differences in
probability of survival at any time point based on bioaugmentation (Fig. 3.8). P. fluorescens
was not recovered from skin swabs in any treatment group at 15 and 30 days post infection. At
30 but not 15 days post exposure, J. lividum was recovered from frogs in the J. lividum/no Bd
treatment group, but not from frogs inoculated with Bd and J. lividum. qPCR detected no Bd
from skin swabs taken prior to Bd inoculation.
Three of the 24 Bd-inoculated frogs survived to the conclusion of the study: two BdP. fluorescens frogs HL15 and SC16, and one Bd-only frog SC5 (Fig. 3.89). SC5 was negative
for Bd at the conclusion of the experiment and may have cleared its infection (Fig. 3.8). HL15
was positive for Bd at time of euthanasia. SC16 was positive for Bd at 45 days post infection
however no final tissue sample was available due to misplacement of the frozen carcass
following euthanasia. Two other frogs were negative for Bd when they were tested after being
euthanized: Bd-P fluorescens frog SC7 (euthanized 27 days post infection) and Bd-J. lividum
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frog HL 9 (euthanized 37 days post infection). Both of these frogs displayed signs of severe
chytridiomycosis at the time of euthanasia and likely represent false qPCR negatives. Three
Bd-negative treatment group frogs that were weakly positive for Bd at the conclusion of the
study were no-treatment frogs HL5 (mortality at 26 dpe, GE = 3.1, toe-clip) and SC8 (GE =
7.4, skin swab), and P. fluorescens-only frog HL17 (GE = 9.0, skin swab).
Discussion
Results of a challenge study testing the effect of inoculation with P. fluorescens or J.
lividum on susceptibility to infection with Bd and subsequent chytridiomycosis in Rana
chiricahuensis do not indicate bioaugmentation with these bacterial species as an effective
preventative treatment for chytridiomycosis under our study conditions. qPCR and mortality
data indicate infection with Bd as the cause of death for nearly all frogs in Bd positive
treatment groups (Fig’s. 3.7, 3.8). Bioaugmentation of R. chiricahuensis with J. lividum or P.
fluorescens did not prevent mortality due to Bd infection. This result contrasts with those
obtained by previous bioaugmentation studies with J. lividum, and other studies testing closely
related albeit different bacterial agents and host life stages17, 18, 66. Cultures from skin swabs at
15 and 30 days post infection show no retention of J. lividum by Bd-infected frogs and no
retention of P. fluorescens by any frog, indicating complete loss of the bioaugmentation
treatment over the course of the experiment.
We hypothesized that a naturally occurring bacterial species would more readily
colonize R. chiricahuensis, thus a Bd-inhibitory isolate was sought among colonies cultured
from R. chiricahuensis skin swabs. Isolates of P. fluorescens were present on frogs from
multiple locations, indicating that this bacterial species is a frequent, but not necessarily
ubiquitous, colonizer of R. chiricahuensis. P. fluorescens has been applied previously as a
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probiotic treatment against bacterial and fungal infections in fish with mixed levels of
protective effect and no indication of pathogenic effect on the host79, 81, 82. P. fluorescens and
other Pseudomonas species appear to be frequent colonizers of amphibians in the wild and
many are strong inhibitors of Bd. J. lividum was not found on R. chiricahuensis during
screening of skin communities for anti-Bd bacteria in this study, and has not been documented
on R. chiricahuensis in the wild. In both a pre-challenge pilot study of bacterial colonization
and in our challenge study of bioaugmentation against Bd, neither J. lividum nor P.
fluorescens persistently colonized its host.
The pilot study was subject to cooler, more stable ambient temperatures, indicating
that temperature fluctuations did not have a large role in the results of bacterial colonization in
the challenge study. Both of our bacterial strains initially colonized R. chiricahuensis, and P.
fluorescens may have suppressed the growth of some other bacterial species, as evidenced by
reduced diversity of bacterial colony types grown from frogs in the P. fluorescens treatment
group compared with J. lividum treatment group. Due to the limited availability of frogs for
experiments and because the primary objective of the pilot study was a comparison of
bacterial colonization after rinsing with H2O2 vs. rinsing with filtered water, a no-treatment
control group was not included, and inference pertaining to the effects of bacterial inoculation
on skin community diversity is limited.
The dynamics of bacterial communities on frog skin are not well explored and the
complex interactions between the environment, host immune system, and microbial
community make predicting or controlling outcomes of bioaugmentation extremely difficult.
Bioaugmentation of environmental microbial communities, such as those inhabiting
contaminated soils, is unpredictable and unreliable. Predatory microbes, competitive exclusion
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by extant bacterial communities, and insufficient density of bioaugmentation strains have all
presented challenges in studies of bioaugmentation for soil remediation87-89. One or more of
these mechanisms may have contributed to the failure of bioaugmentation in our study to
prevent infection despite colonization with J. lividum or P. fluorescens at the time frogs were
challenged with zoospores. Production of extracellular substances by many bacteria, including
antifungal secondary metabolites, is linked with quorum sensing; for example violacein, an
anti-Bd compound secreted by J. lividum, is produced in a cell-density dependent manner123.
Failures of bioaugmentation in the past have been linked to the failure of introduced bacteria
to reach threshold population densities, preventing colonization or the degradation of
environmental contaminants. This may have been a contributing factor in the failure of
bioaugmentation to prevent disease in our study. Further research is needed to develop
methods to encourage quorum-level density to optimize bioaugmentation for use as a
preventative anti-Bd treatment. More careful selection of an appropriate bacterial strain or
effective management of extant bacterial communities are two potential approaches to this
problem 87, 88.
Adding to the complexity of bioaugmentation of amphibian skin are the potent
antimicrobial peptides secreted by specialized epithelial glands9, 16, 108, 124. Almost all
amphibian species secrete antimicrobial peptides capable of inhibiting bacterial and fungal
growth9, 16, 105, 106. It is suggested that these peptides can shape both the structure of bacterial
skin communities and susceptibility to Bd, though the secretion of Bd-inhibitory peptides does
not spell Bd-resistance in all cases15, 48, 108. Amphibians may manage bacterial community
structure by the secretion of peptides targeted towards a single species or class of microbial
organisms16, or increase the quantity of peptide secretions in response to activation of the
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sympathetic nervous system during stress events such as handling or predator evasion.
Consistent upregulation of peptide secretion due to chronic stress related to experimental
conditions could result in the exclusion or suppression of introduced bacteria, which might
have been an additional contributing factor in the failure of our two bioaugmentation agents to
colonize R. chiricahuensis.
Although the results of this experiment do not indicate bioaugmentation as a highly
feasible strategy for management of Bd in R. chiricahuensis, it is possible that a bacterial
species with anti-Bd activity exists that can colonize persistently and in sufficient densities to
prevent chytridiomycosis in R. chiricahuensis. Life-stage dependent variation in microbial
community structure and skin peptide secretions are not well documented, but other successful
bioaugmentation studies in Rana sp. used metamorphs, whereas our study tested adult frogs.
In non-amphibian systems such as mammalian gut and skin, bacterial community structure
stabilizes with maturity. A more stable skin community may be more resilient to alteration by
bioaugmentation, considering that early life events have greater impact on eventual
mammalian microbiome composition at maturity than later life events125. Our study was
limited by the difficulty of acquiring a representative sample of this endangered amphibian
host for research. A cohort of same-aged, lab-raised animals was not available due to poor
success raising larval R. chiricahuensis to metamorphosis in captivity. Instead, a limited
number of wild-caught adult frogs was supplied for the study, from two geographic sources
with healthy or overcrowded populations of R. chiricahuensis. Although all frogs tested
negative for Bd by qPCR prior to inoculation, results of qPCR at the conclusion of the
challenge study 60 days later indicate that some animals may have carried sub-detection level
infections (Figure 3.9). Aside from the choice of bacterial agent, effective bioaugmentation
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against Bd may depend on the successful management of host factors such as life stage, body
condition, and infection status at the time of treatment.
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Figure 3.1. Reference curve of Ct vs. log number of zoospores for determination of biological
variation and genomic equivalents in Taqman qPCR detection of Bd from skin swabs.
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Figure 3.2. Time series of observations of zoospore activity and viability on a single 96 well
plate. Plate at 0 hours (top), 3 hours (middle), and 6 hours (bottom) after adding supernatant
from liquid Pseudomonas fluorescens culture to wells in a concentration gradient decreasing
from 50% to 0% by volume down rows. Wells were classified by the number of active
zoospores counted in a single viewing plane.
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Figure 3.3: Bacterial colony forming units cultured from frogs before and after rinsing with
hydrogen peroxide or filtered water. Colony counts from frogs rinsed with H2O2 were reduced
an average of 95% whereas filtered water reduced colony counts of skin swab cultures 69%
(Wilcoxon rank-sum, p = 0.017, n = 10).
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Figure 3.4. Bacterial colony types recovered from frogs after rinsing with either H2O2 or
sterile H2O. There was a significant reduction in diversity of colony types following rinsing
with hydrogen peroxide (p < 0.01, student’s t test). Percent reduction of the number of colony
types by H2O2 was stronger than filtered water with weak significance (Wilcoxon rank-sum,
p = 0.07, n = 10).
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Figure 3.5: Diversity of bacterial colony types over time for two bioaugmentation treatments. Bacterial diversity was not different between
treatment groups prior to inoculation with bacteria. At 72 hours post inoculation, there were significantly fewer colony types present on P.
fluorescens treated frogs than on J. lividum treated frogs. 95% confidence difference is between .836 and 2.28, student’s t test on 14.3 df p
< 0.001.
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a)

b)

Figure 3.6a, b. Bacterial colony forming units (CFU) counted from plates inoculated with
skin swabs from Rana chiricahuensis treated with (a) Pseudomonas fluorescens or (b)
Janthinobacterium lividum . In both treatments CFU increased significantly over 72 hours: J.
lividum, 95% confidence between 6013.73 and 7.98 CFU, student’s t test on 9.28 p = 0.0495;
P. fluorescens, 95% confidence between 1287.6 and 351.08, student’s t test on 55.75 p <
0.001. There was no significant difference at 72 hours between H2O2 and filtered water
groups, for either bioaugmentation agent.
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Figure 3.7: Persistence of bioaugmentation treatment on the skin of Rana chiricahuensis
inoculated with either Janthinobacterium lividum or Pseudomonas fluorescens. Density of
colonization is classified as either weak (0-100 colonies), strong (more than 100 colonies), or
absent, based on colonies counted on agar plates inoculated from skin swabs. Abbreviations:
NT, no-treatment control frogs used in a previous challenge study; SC, Seco-creek R.
chiricahuensis; HL, High Lonesome Well R. chiricahuensis.
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Figure 3.8: Kaplan-Meier survival curves showing probability of survival by time in days for
each treatment group in a challenge study of bioaugmentation against Bd infection in Rana
chiricahuensis. 95% confidence intervals are represented by dashed lines. There was no effect
of bioaugmentation on mortality or time to mortality.
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Figure 3.9: Log genomic equivalents from qPCR for Rana chiricahuensis tissue samples at
mortality or skin swabs from 60 days post infection. Overlapping data are represented by a
single point. Results above log GE of 0 are considered Bd-positive. Abbreviations: Bd, Bdonly; BdJ, Bd + Janthinobacterium lividum; BdP, Bd + Pseudomonas fluorescens; J, J.
lividum only; NT, no treatment; P, P. fluorescens only. N=8 for each treatment with the
exception of BdP; one carcass, SC16, was lost following euthanasia. This frog did not die
during the course of the study but was positive for Bd at 45dpe
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Chapter 4: Conclusion
The goals of this thesis were to assess the scale at which variation in mechanisms of
Bd resistance occurs, and to develop and test a preventative bioaugmentation treatment against
chytridiomycosis for endangered Rana chiricahuensis leopard frogs. I assessed Bd-inhibitory
activity and quantity of skin peptides, and Bd-inhibitory activity of skin bacteria for three
amphibian speices native to Mt. Rainier National Park. I screened bacterial communities of
wild R. chiricahuensis for isolates that inhibit Bd in vitro, and chose an isolate of P.
fluorescens as an experimental bioaugmentation agent against chytridiomycosis. I tested that
isolate as well as estabished bioaugentation agent, J. lividum, in Bd challenge studies with
captive R. chiricahuensis.
In Chapter 2 I found that species and location are alternately the most important
contributors of variation in the quantitiy of skin peptides and in the prevalence of Bdinhibitory bacteria on amphibian skin, respectively. This supports the findings of Culp et al
2007 that physiological profiles of bacterial communities are more similar for hosts inhabiting
the same location regardless of species, and the findings of Lam et al. 201011 that colonization
with J. lividum varies for populations of Rana muscosa in the Sierra Nevada mountains. Lam
et al additionally showed that prevalence of J. lividum was associated with higher survival
following emergence of Bd, indicating that location level differences in prevalence of anti-Bd
bacteria on amphibian skin can have a direct effect on rates of mortality following emergence
of a disease. Additional evidence for an effect of species on prevalence of anti-Bd bacteria
supports the recent findings of Mckenzie et al. 201164, who show a strong effect of host
species over location on bacterial community structure, but do not investigate functional
similarities between the same groups.
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Sample size constrained my conclusions concerning the effects of location and species
on proportion of amphibians that secrete anti-Bd skin peptides; there was only weak support
for an effect of species, and no support for an effect of location. Additional time spent in the
field would be necessary to collect larger numbers of samples. More field time would also
allow for sampling at additional locations where amphibian species we did not encounter
could be found. Our sampling efforts were hampered by missing the snowmelt, as many of the
breeding adults had already dispersed away from ponds into nearby terrestrial and arboreal
habitat. In particular, we were not able to locate a single adult Hyla regilla or Ambystoma
gracile, despite finding numerous juveniles. A single Anaxyrus boreas adult was encountered
at nighttime on the Pacific Crest Trail near Upper Crystal Lake; otherwise our observations of
this species were limited to sightings of egg masses and later of larvae at Tipsoo Lake. In the
future, it should be noted that peptides can be collected from juvenile or larval amphibians by
bathing them in a bath of norepinephrine suspended in collection buffer. Although this
precludes comparisons of peptide quantitiy, anti-Bd activity could be assessed for additional
species for which adults were not encountered. Previous studies have shown little difference in
the peptide secretions of larval and adult Amybstoma tigrinum salamanders; however peptide
secretions are diverse across amphibian taxa and the effects of life stage on peptide quantity
and activity are not well explored. The findings communicated in Chapter 2 present evidence
for potential location and species level variation in Bd resistance for amphibians in Mt.
Rainier National Park, and also demonstrate the complex nature of resistance to Bd.
Two attempted bioaugmentation treatments failed to prevent mortality due to
chytridiomycosis in Rana chiricahuensis and Rana yavapaiensis (see Appendices A and B).
Although previously published bioaugmentation studies indicate success with both J. lividum
and Pseudomonas species, and P. fluorescens inhibits Bd strongly in vitro, neither of these
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bacteria was effective in our study. This further highlights the complexity of cutaneous
mechanisms of Bd resistance. Microbial communities on amphibian skin are unique and
diverse, and appear subject both to regulation by the host and to environmental factors. My
findings on the persistence of bioaugmentation treatments on the skin of R. chiricahuensis
indicated complete loss of the bioaugmentation treatment before the end of the study despite
initial growth in the first 3 days following inoculation. We were not able to discern whether
the life stage at which bioaugmentation occurs affects persistence of colonization. Previous,
successful studies used metamorphs. Should there be life stage differences in bacterial
community composition or skin peptide secretion for R. chiricahuensis, bioaugmentation of
juveniles or metamorphs might result in more persistent colonization, and prevention of
chytridiomycosis. The infectious dose used in this study, 300 zoospores per animal
administered in 1mL water, reflect the dose used in previous bioaugmentation studies17. This
dose may, however, be far higher than zoospore loads encountered by wild frogs. One study in
a temperate, high elevation region of Spain identified the range of Bd densities in water bodies
to fall between .5 and 262 zoospores per liter. Wild frogs experience an extended duration of
contact with zoospores in comparison to a single infectious dose, theoretically leading to
levels of exposure relevant to those used in laboratory experiments. However the high
infectious doses used in our bioaugmentation studies may have overwhelmed the protective
benefits of naturally occurring or bioaugmented microbiota. A better approach may have been
to apply a single large bioaugmentation treatment followed by daily or bi-weekly application
of lower numbers of zoospores for the duration of the experiment. This would have captured
both the effectiveness and longevity of a single-dose bioaugmentation treatment, and created
experimental conditions more similar to those encountered by wild frogs.
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APPENDIX
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Appendix A: Detection of Bd in Mt. Rainer National Park
Introduction
The presence or absence of Bd in Mt. Rainier National Park is not established. To
determine whether this pathogen is present on amphibians in the park, we collected samples
across 2 seasons from two species: Cascades frogs (Rana cascadae) and Northwestern
salamanders (Ambystoma gracile). Although we detected Bd in our samples, our study was
limited by sample contamination which led to background detection of Bd on all samples, and
by PCR inhibitors that may have been present on swabs.
Methods
In 2011, samples were collected from R. cascadae juveniles and adults by the Mt.
Rainier lakes monitoring team. Samples were preserved in 70% EtOH and shipped to OSU for
processing. Samples in 2012 were collected from Ambystoma gracile neotenes and R.
cascadae adults. Skin swab samples were transported out of the field in sterile PBS, used to
inoculate a small area of sterile agar for bacterial culture, and then stored in 70% EtOH until
further processing.
We used real-time Taqman qPCR to detect the presence of Bd infection on all
amphibians we sampled. DNA was extracted from 2011 and 2012 swabs preserved in 70%
EtOH using a Qiagen DNeasy DNA extraction kit following the manufacturer’s instructions
for blood and tissue extraction with overnight lysis at 37°C. DNA extractions were performed
on blank and Bd-spiked swabs as negative and positive extraction controls.

Reactions

followed the Boyle, 2004 PCR concentrations, with the exception that volumes were 20 µl,
including 10 µl Taqman qPCR master mix, PCR primers at 900nm, MGB probe at 250 nm,
and 5 µl template121. 100-, 50-, 10-, and 1-genome equivalent standards were constructed
using a capillary tube to manually pick zoospores one at a time from a droplet under
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magnification on a glass microscope slide. Zoospores were collected and filtered as described
for inhibition assays, and diluted 1:10 in sterile filtered water to ease locating and picking
individual zoospores (adapted from Hallet and Bartholomew 2006)122. DNA was extracted
from two standards of each concentration with a Qiagen DNeasy extraction kit as previously
described, and each standard was run in triplicate (resulting in 6 reads per concentration) to
generate a reference curve of genomic equivalents (see Fig. 3.1). Additionally, each 96-well
plate included one or more standards as a control for consistency across plates. Amplification
was conducted using an ABI 7300 real-time PCR system with default amplification
conditions. A subset of samples was re-run with the addition of 250 ng/µl bovine serum
albumin (BSA) per reaction in an attempt to address PCR inhibition and improve sensitivity
and accuracy of qPCR.
Results
All qPCR results including negative extraction controls show a weak level of
background Bd detection representing approximately 0.5 genomic equivalents per sample. Bd
detection was higher than background detection levels for 22 skin swabs, including 17 of 76 R.
cascadae and 4 of 33 A. gracile (Fig. A1, Table A1). Detection levels for many skin swab
samples were lower than background Bd detection, indicating the presence of PCR inhibitors
in skin swab samples. Detection was not improved in a subset of samples re-run with BSA
(95% confidence between -.1 and 2.45 quantitation cycles, results not shown.
Discussion
Our data indicate that Bd is present in Mt. Rainier National Park. Concentrations of
Bd DNA were higher than background detection levels in 17 of 76 R. cascadae and 4 of 33 A.
gracile. Many of our samples had detection levels below the consistent background detection
we observed, indicating that PCR inhibitors were present on skin swabs. PCR inhibitors such
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as humic acid are present in soil and may enter samples through detritus that often clings to
environmental swabs, and may inhibit PCR by interfering with enzymatic activity or with
template binding. This inhibition was not cleared by BSA, and further work is needed to
report prevalence (defined as the percentage of hosts infected with Bd) and density (defined as
the number of pathogen units per individual host) of Bd. Higher concentrations of BSA and
sample purification using a pre-PCR sample cleanup kit, as well as the use of an internal
positive control (IPC) would both improve assay sensitivity and distinguish between true Bdnegative results and negatives resulting from PCR inhibitors such as humic acid, tannic acid,
and other phenolic compounds present in soil particles and detritus that can cling to swabs.
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Figure A1: Batrachochytrium dendrobatidis detection in Mt. Rainier National Park. Samples
positive for Bd above, at, and below background detection levels Negative control
(“background detection”, n=5) and skin swab samples from two amphibian species
Ambystoma gracile (n=33) and Rana cascadae (n=76).
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Table A1: Samples positive for Bd in Mt. Rainier National Park. Abbreviations: RACA, R.
cascadae; AMGR, A. gracile.
Season
Species
Life stage
Location
Number of samples positive for Bd
2011
RACA
adult
unk
1
2011
RACA
adult
LW29
1
2011
RACA
adult
LW32
2
2011
RACA
juvenile
LZ25
2
2011
RACA
larvae
LW 3-L
1
2012
AMGR
neotene
Crystal Lake
2
2012
RACA
adult
High Lakes
3
2012
AMGR
neotene
High Lakes
2
2012
RACA
adult
Northern Loop
1
2012
RACA
adult
Sunrise Lake
3
2012
RACA
adult
Tipsoo Lake
2
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Appendix B: A pilot study of Janthinobacterium lividum as a bioaugmentation agent
against chytridiomycosis in Rana yavapaiensis
Janthinobacterium lividum has been used as a bioaugmentation agent to prevent
chytridiomycosis in Rana muscosa leopard frogs17. In preparation for a study of
bioaugmentation against Bd in endangered Rana chiricahuensis and to test the effectiveness of
J. lividum treatment in other Rana sp., we conducted a challenge study with Rana
yavapaiensis from Arizona. R. yavapaiensis is designated a species of concern native to the
southwest United States.

This species is less susceptible to Bd than R. chiricahuensis,

generally becoming more vulnerable during the winter months, during which time Bd-related
die-offs have been documented50. In a challenge study using 16 wild-caught R. yavapaiensis,
we found no effect of bioaugmentation on mortality or time to mortality, suggesting that J.
lividum is not a universally effective strategy against Bd.
Methods
40 wild adult Rana yavapaiensis were captured in Arizona in June 2011, from areas at
risk of destruction by wildfire. Frogs were shipped overnight to the Salmon Disease Lab
(SDL) where they were housed in flow-through tanks with SDL specific pathogen-free well
water (13°C) and a natural photoperiod. Frogs were fed with crickets ad-libidum twice a week.
Tanks were cleaned of feces and unconsumed crickets once a week or as needed. During
challenge studies, frogs were moved to individual 15.25 cm x 15.25 cm x 6.35 cm containers
with a paper towel and approximately 50 ml SDL well water at ambient temperature. Frogs
were moved to clean containers once a week.
Methods for culture of J. lividum and Bd, and collection of Bd zoospores, were as
described in Chapter 3. On November 18, 2011, 16 frogs were rinsed with H2O2 for 30
seconds, then rinsed with water and placed into a clean individual container. 8 frogs were
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given 100 µl 72 hr J. lividum culture suspended in 100 ml SDL well water; mock inoculations
of 100 µl 1% Tryptone broth were administered to the remaining 8 frogs. 24 hours later, 4 J.
lividum-positive frogs and 4 J. lividum-negative frogs were inoculated with 300 Bd JEL 230
zoospores suspended in 1mL well water by pipetting inoculum over the back of each frog.
Frogs were observed for signs of morbidity and euthanized with MS-222 (Tricaine
methanosulfonate) as described in Chapter 3 after losing their righting reflex. After
euthanasia, all frogs were shipped to the National Wildlife Health Center in Madison,
Wisconsin.
Results
Bioaugmentation had no effect on mortality or time to mortality after infection with Bd. All
Bd-infected, non-bioaugmented frogs displayed signs of severe morbidity and were euthanized
at 40 days post infection. Bioaugmented, Bd-infected frogs showed signs of severe morbidity
and were euthanized between 33 and 43 days post infection. No morbidity or mortality was
observed in no-treatment or J. lividum only frogs (Table B1).
Conclusion
This pilot study established that infection of frogs with Bd was possible by the methods
employed in our lab. Although histology results were not received from the National Wildlife
Health Center, classic external signs of Bd including hemorrhaging, excess shedding of skin,
lethargy, and loss of righting reflex were observed on all frogs infected with Bd. Our results
indicate that J. lividum is unlikely to be an effective bioaugmentation treatment when applied
to adult R. yavapaiensis during winter months, when this species is most susceptible to
chytridiomycosis. These findings are an important step in building an understanding of the
feasibility of bioaugmentation as a strategy for management of Bd in wild amphibians.
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Table B1: Days post infection to mortality for R. yavapaiensis leopard frogs in a challenge
study testing J. lividum as a treatment against Bd. n=4 for all treatment groups. No mortalities
occurred in J. lividum and no-treatment groups.
No Treatment
-

J. lividum
-

Bd

J. lividum + Bd

40

40

-

-

40

33

-

-

40

43

-

-

40

43
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Appendix C: A pilot study of Pseudomonas fluorescens as a bioaugmentation agent against
chytridiomycosis in Rana chiricahuensis
In Chapter 3, we identified Bd-inhibitory Pseudomonas fluorescens isolates from
Rana chiricahuensis skin swab cultures, and selected one that was particularly inhibitory to
Bd, based on minimal inhibitory concentration and time to effect. To test bioaugmentation
with this isolate of P. fluorescens as a treatment against Bd for R. chiricahuensis, we
conducted an initial challenge study using a small number of wild-caught adult frogs. We
found that although bioaugmentation with P. fluorescens significantly increased time to
mortality, it did not prevent mortality from chytridiomycosis.
Methods
Selection of P. fluorescens as a bioaugmentation agent and culture methods are as
described in Chapter 3. Twenty four wild adult R. chiricahuensis were captured at High
Lonesome well in New Mexico and shipped to the SDL on October 5, 2011. These frogs were
held in quarantine in the isolation room at the SDL, housed in flow through tanks with specific
pathogen-free well water and river rocks for shelter. Frogs were fed crickets dusted with
vitamin powder twice per week, and tanks were cleaned once per week or as needed to remove
feces and unconsumed crickets. During challenge studies, frogs were housed in individual
containers with 200mL SDL well water. Feeding and cleaning schedules were conserved.
On January 16, 2012, all frogs were moved to individual 15.25 cm x 15.25 cm x 6.35
cm containers with approximately 200 ml SDL well water. Twelve frogs received
bioaugmentation with P. fluorescens, and 12 frogs received mock inoculations of sterile PBS.
Bacterial treatments were 1mL 72hr P. fluorescens culture containing 2.53 x 1010 CFU,
pelleted in a microcentrifuge and resuspended in phosphate buffered saline. After 24 hours,
200 ml SDL well water was added to each container. 6 bacterial treatment frogs and six non-
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bioaugmented frogs received 300 Bd JEL 230 zoospores, collected as described in Chapter 3,
pipetted in a volume of 1 ml directly into the container. Frogs were observed for signs of
morbidity and euthanized with MS-222 (Tricaine methanosulfonate) as described in Chapter
3, after losing their righting reflex. All carcasses were shipped fresh with refrigeration to the
National Wildlife Health Center in Madison, Wisconsin as soon as possible following
euthanasia.
Results
All frogs infected with Bd developed signs of severe chytridiomycosis and were euthanized
(Fig. C1). P. fluorescens-bioaugmented frogs lived an average of 60.5 days, 14.4% longer than
Bd-only frogs (95% confidence 55.47 – 63.53, students t-test, df = 5, p < 0.01) (Table C1).
Conclusion
Our findings in this study indicated that bioaugmentation with P. fluorescens may increase the
time that R. chiricahuensis survives following infection with Bd. R. chiricahuensis treated
with P. fluorescens survived an average of 14.4% longer than frogs that did not receive
bioaugmentation treatment prior to infection. All Bd infected frogs eventually displayed signs
of severe chytridiomycosis and were euthanized. Although histology results were not received
from the National Wildlife Health Center, classic signs of chytridiomycosis were observed,
including shedding of skin, lethargy, and loss of righting reflex.
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Table C1: Days post infection to mortality for R. chiricahuensis in a challenge study of
bioaugmentation with P. fluorescens against Bd. No mortality was observed in no treatment or
P. fluorescens groups. P. fluorescens-bioaugmented frogs survived significantly longer than
non-bioaugmented frogs (students t-test, df = 5, p < 0.01).
No Treatment
P. fluorescens
Bd
Bd + P. fluorescens
48
52
50
60
50
60
51
61
53
61
53
63
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Figure C1: A Rana chiricahuensis leopard frog displaying classic signs of chytridiomycosis
following experimental infection with Bd, including lethargy, excess shedding of skin,
hemorrhaging of the limbs and feet, and loss of righting reflex.
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Appendix D: A prototype containment device for housing frogs during a challenge study
I designed and constructed a prototype containment device that maintained biosecurity and
allowed control over temperatures at which frogs were held, as well as randomization of
treatment groups, for a fully factorial challenge study involving one pathogenic organism and
two bioaugmentation strains (Chapter 3). The system was installed on an existing pressuretreated wooden frame and used existing plumbing in the isolation room at the SDL. Two 3 m
sections of 20.3 cm diameter PVC half-pipe fitted with a perforated Plexiglas floor held frog
containers in individual open-top chambers separated by 12.7 cm tall Plexiglas dividing walls.
Well water was pumped in from existing plumbing to a continuous chamber underneath the
floor upon which the frog containers sat. Under slight positive pressure flow was encouraged
upwards through the perforations in the floor to bathe the base of each frog container in
approximately an inch of water. Flow between chambers was prevented by a watertight seal
around the dividing walls, and water flowed out of each chamber through holes in the sides of
the half-pipe, which was nested inside a continuous trough of .3 m diameter PVC halfpipe
used collect waste water. One-directional flow in the troughs was tested with concentrated
iodophor as a tracer dye.
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Figure D1: Flow-through system used to stabilize temperatures to which frogs were exposed
during the course of challenge studies. Sterilized river-rocks prevented containers from
drifting.
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