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Emerging infectious diseases are increasing globally and are a threat to human,
wildlife, and ecosystem health. The emerging fungal pathogen, Batrachochytrium
dendrobatidis (Bd), or amphibian chytrid fungus, is associated with worldwide
amphibian population declines and extinctions. Bd has been found on every continent
where amphibians exist and has been documented to infect hundreds of species. As
with other multi-host pathogens, the outcome of infection with Bd appears to vary
among individuals, species, and populations. Variation in host responses to infection
can lead to changes in the structure and composition of amphibian assemblages and
can affect disease dynamics including pathogen persistence or fadeouts in ecological
communities. Understanding the feedback between hosts and pathogens requires
disentangling the influence of multiple interacting biotic and abiotic factors, yet
fundamentally depends on characterizing intrinsic host responses to infection.
This thesis broadly examines variation in species-specific susceptibility to the
chytrid fungus among amphibians. I have characterized patterns of mortality,
quantitative infection load, feeding behavior, and pathogen avoidance behavior of

twenty different amphibian species exposed to the fungus or control conditions
(Chapter 2). We found a high degree of variation in pathogen-induced responses to
chytrid fungus, ranging from zero mortality to 100% mortality after only six days of
pathogen exposure. Variation in infection load was also significant at the species level
and there was not always a direct relationship between infection load and mortality.
Behavior of pathogen exposed animals was significantly different from that of control
animals, and reduced feeding behavior of pathogen-exposed animals is likely to be
related to the decline in health of pathogen-exposed animals. In Chapter 3, I examined
a special case of amphibian susceptibility to chytrid fungus in the American bullfrog
(Lithobates catesbeianus). Bullfrogs are widely reported to be a tolerant host and a
carrier of Bd that spreads the pathogen to less tolerant hosts. However, this hypothesis
has not been rigorously tested using an experimental approach. In Chapter 3, coauthors and I tested whether bullfrogs raised from eggs to metamorphosis in outdoor
mesocosms were susceptible to two different strains of Bd (one strain isolated from a
“non susceptible” species, the American bullfrog; the second strain isolated from a
highly susceptible species, the Western toad (Anaxyrus boreas)). Bullfrogs were
susceptible to strain JEL 274, and this is the first documented case of susceptibility to
chytrid fungus in this species. Bullfrogs were not susceptible to strain JEL 630,
indicating variation in virulence among chytrid fungus strains and important context
dependency when considering the effect of infection non individuals, species, and
populations of amphibians. In Chapter 4, I examined fine- scale variation in responses
of three key amphibian hosts, and examine the evidence for tolerance (the ability to

maintain health as infection severity increases) or resistance (the ability to reduce
pathogen infection load) of larval and post-metamorphic animals to Bd. I saw
pronounced variation in responses to chytrid fungus among species, between life
history stages, over time, and found that responses to the fungal inoculate were not
dose dependent in two out of the three species examined. In the final data chapter,
Chapter 5, I investigated immunological responses that underlie variation in speciesspecific responses to Bd. I looked at temporal patterns of functional immune responses
during a time-course of early and later stage exposure to Bd, spanning 24 hours after
experimental inoculation to 15 days post-inoculation. I uncovered patterns in immune
responses that were distinctly associated with susceptibility and temporal patterns in
infection load associated with susceptibility and immune response. This thesis
provides critical information about variation in host responses to a conservation
relevant pathogen. Differences in how host hosts acquire, transmit, and persist with
infection have important implications for spatiotemporal disease dynamics. Further,
understanding host sensitivity to infection allows for predictive risk management of
imperiled species.
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CHAPTER 1 – INTRODUCTION
Loss of biodiversity at the genetic, species, and community levels represents
one of the most urgent conservation issues of the 21st century. Some suggest that the
current rate of world-wide species extinctions exceeds any observed in the last
100,000 years (Wilson 1992), putting us in the midst of what has been described as the
sixth major extinction event (Wake & Vredenberg 2008). Global amphibian declines
are one of the most dramatic examples of the biodiversity crisis. According to the
International Union for the Conservation of Nature (IUCN) criteria, a higher
percentage of amphibians are threatened than birds or mammals. A worldwide
assessment has estimated that many as 1/3 of amphibian species are threatened by
extinction (Stuart et al. 2004). This figure is disturbing when one considers that
amphibians fill vital ecological niches within both aquatic and terrestrial communities
(Seale 1980; Semlitsch 2003) and represent a source of valuable medicalpharmaceutical agents (Clarke 1997). Compounds from amphibian skin have
important anti-inflammatory and analgesic properties and contain a variety of
antibacterial, antifungal, and antiviral substances that have been shown to be
effective in treating human diseases like cancer (Lu et al. 2008) and pathogens like the
human immunodeficiency virus (VanCompernolle et al. 2005). Amphibians also
serve as sensitive biological indicators of environmental quality (Vitt et al. 1990;
Blaustein 1994) and are widely-used model organisms for the study of cellular and
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developmental biology as well as immunology, genetics, and genomics (Klein et al.
2002).
The causes of amphibian population declines and species extinctions are many
and varied. However, habitat loss and degradation, introduction of invasive species,
pollution, overharvest for food and the pet trade industry, climate change, and
infectious disease have been recognized among the most pervasive threats to global
biodiversity (Wilcove et al. 1998), including amphibians (reviewed in Alford &
Richards 1999; Blaustein & Kiesecker 2002; Collins & Storfer 2003; Stuart et al.
2004; Lannoo 2005; McCallum 2007; Hayes et al. 2010; Blaustein et al. 2011).
Although habitat destruction is likely to be the most significant factor contributing to
amphibian population declines and extinctions (Blaustein et al. 2011), the relative
contribution of each of these factors to amphibian population declines is likely to be
context dependent (Blaustein & Kiesecker 2002; Blaustein et al. 2011; Blaustein et al.
2012). Moreover, multiple factors may interact in complex ways (Blaustein and
Kiesecker 2002; Blaustein et al. 2011). Ultimately, the causes of amphibian population
declines may differ regionally and vary spatially and/or temporally within regions
(Blaustein et al. 2011). However, one factor that appears to be strongly linked to
declines and extinctions across a wide range of amphibian species and geographical
locations is infectious disease (Daszak et al. 1999; 2000; 2003; Blaustein et al. 2011;
2012).
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Although amphibians are hosts for a variety of macro- and microparasites
(Whitaker & Wright 2001), the amphibian chytrid fungus Batrachochytrium
dendrobatidis (Bd), which causes the disease, chytridiomycosis , is perhaps the most
important pathogen affecting the class Amphibia (Skerratt et al. 2007; Fisher et al.
2012). Bd is found on every continent where amphibians exist (Fisher et al. 2009;
Olson et al. 2013) and is associated with population declines and extinctions of
amphibian species worldwide (Laurance et al. 1996; Berger et al. 1998; Bosch et al.
2001; Bosch et al. 2006; Lips 1998; McCallum 2007; Green et al. 2006; Crawford et
al. 2010; Olson et al. 2013). While many populations have been decimated by Bd,
predominantly in Central America (Berger et al. 1998; Lips 1998; Crawford et al.
2010), Australia (Laurence et al. 1996; Berger et al. 1998), and some regions of the
United States (Green et al. 2006) not all amphibian populations appear to decline
when Bd is present (Briggs et al. 2005; Briggs et al. 2010; Vredenburg et al. 2010;
Brannelly et al. 2012). Moreover, accumulating evidence suggests a high degree of
interspecific variation in responses to Bd (Blaustein et al. 2005; Searle et al. 2011,
Gahl et al. 2011, Gervasi et al. 2013).
BD AS AN EMERGING INFECTIOUS PATHOGEN
Chytridiomycosis, is considered an emerging infectious disease (EID) (Daszak
et al. 1999; 2000; 2001; Fisher et al. 2012). EIDs are defined as diseases that have
increased in incidence, impact, pathogenicity, geographical range or host range
(Lederberg et al. 1992; Morse 1993; Daszak et al. 2003). Bd has been identified in
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new host-species since its first association with mass mortalities in Australian and
Panamanian frogs in 1998 (Berger et al. 1998; Lips 1998). The pathogen has been
positively identified in over 500 amphibian species (Olson et al. 2013) and is
hypothesized to have caused the decline or extinction of up to 200 species (Skerratt et
al. 2007). Bd has expanded in its geographic range. Hypotheses regarding the origin
of Bd suggest that it may have originated in Africa (Weldon et al. 2004; Soto-Azat et
al. 2009) or that the pathogen may have persisted endemically at low levels in some
locations, including North America (Ouellet et al. 2005). In many locations,
emergence (versus endemism) of Bd has been validated by the lack of the pathogen in
archived tissue samples of amphibians (Daszak et al. 2003). However, genotypic
evidence (i.e. markers of genetic divergence) supports a hypothesis of novel
introduction of the pathogen followed by genetic recombination and thus increased
heterozygocity of some Bd strains in areas where amphibian populations are declining
(Morgan et al. 2007). Finally, the impact of Bd on amphibian populations appears to
be increasing. Bd has been directly implicated in at least 8 species extinctions since
its discovery (Daszak et al. 1999; 2003) and is increasingly associated with previously
described enigmatic declines of amphibian populations (Skerrat et al. 2007).
Emerging pathogens can have particularly severe population and even specieslevel effects when hosts are naïve. The lack of co-evolution between host and
pathogen may result in interactions characterized by high pathogen virulence and high
host susceptibility (Altizer et al. 2003). In the case of amphibian chytridiomycosis,
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infection in many but not all species appears to be highly lethal and characterized by
rapid rates of host mortality (e.g. Carey 1993; Berger et al. 1998; Lips et al. 1998;
Stuart et al. 2004; Skerrat et al. 2007; Blaustein et al. 2011; Searle et al. 2011; Gervasi
et al. 2013).
Emerging pathogens may have drastic effects on populations when hosts are
stressed or immunocompromised by existing environmental conditions (Carey et al.
1999; Dobson & Foufopoulos 2001). While environmental stressors may act on
individuals naturally, through biotic or abiotic forces, it is clear that a number of
anthropogenic activities could have substantially greater impacts on amphibian
immunity and disease susceptibility (reviewed in Blaustein et al. 2012). For example,
studies have shown that chemical contamination, even at very low exposure levels,
may suppress immune activity in amphibians (Gendron et al. 2003; Gilbertson et al.
2003; Christin et al. 2004; Hayes et al. 2006), and lead to increased susceptibility to
infection (Gendron et al. 2003). Other anthropogenic stressors may have combined
effects when they interact (Kiesecker et al. 2001). Stressors affect amphibians at the
molecular, physiological, individual, population and community levels (Hayes et al.
2010; reviewed in Blaustein et al. 2012).
The impact of emerging pathogens on populations may be further exacerbated
by external or anthropogenic factors that promote the pathogen transport and spread.
Pathogen pollution”, or the anthropogenic introduction and spread of pathogens in
new environments (Daszak 2000) is recognized as a major factor driving disease
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emergence globally. Continuous import and export of many amphibian species for
food, education, and as pets (Jensen & Camp 2003) may facilitate rapid and
unregulated dissemination of new pathogens, including Bd, into new environments
and the bullfrog trade alone is now credited for the spread and hybridization of novel
genotypes of Bd around the globe (Schloegel et al. 2012).
In summary, a complex array of factors seems to be promoting the introduction
and spread of Bd globally, while simultaneously putting amphibian hosts at high risk
of infection and infection-induced mortality. Because the link between amphibian
population declines and chytridiomycosis is truly multifaceted (Blaustein & Kiesecker
2002; Blaustein et al. 2011), it is essential to begin at a basic level and work upward to
gain the most comprehensive understanding of host-pathogen interaction. Past
research, which has largely focused on surveying Bd presence or absence in
amphibian populations, should now be complemented by careful experimental work,
aimed at characterizing susceptibility across species and populations and uncovering
the host and pathogen-specific traits that underlie variation in disease susceptibility in
the amphibian-Bd system.
UNDERSTANDING BATRACHOCHYTRIUM PATHOGEN TRAITS
Bd is a fungus in the Phylum Chytridiomycota, Class Chytridiomycetes, Order
Rhizophidiales (Longcore et al. 1999). Bd is the only species of fungus from the
phylum Chytridiomycota that infects a vertebrate host (Berger et al. 1998; Longcore et
al. 1999). Bd has a complex lifecycle consisting of a free-living and aquatic zoospore
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stage and a substrate-dependent, non-motile stage represented by the zoosporangia.
Zoospores, the infective stage of the pathogen, possess single flagella, lack a cell wall,
and are chemoattracted to keratinized epidermal cells of amphibian hosts (Moss et al.
2008). The mechanism by which host epidermal cells are invaded by the pathogen has
only recently been observed (Greenspan et al. 2012; Van Rooij et al. 2012). While it is
well known that host-pathogen contact begins when zoospores find, attach to, and
encyst on the surface of the epidermis (Berger et al. 2005), new evidence highlights
how cellular contents of the zoospore are transferred into deeper cell layers of the
epidermis though a zoospore-produced extension called the germination tube
(Greenspan et al. 2012). A zoosporangium eventually forms around the transferred
cellular contents, which ultimately become segregated from the germination tube by a
newly formed septum (Greenspan et al. 2012). Interestingly, the process of infection,
from pathogen exposure to germ tube formation occurs within only 12 h. The timecourse of infection is relevant with regard to experimental studies showing mortality
in Bd-exposed animals as soon as 24h post-exposure (Gahl et al. 2011; Searle et al.
2011). Reproduction within zoosporangia has generally been assumed to be
exclusively clonal (Longcore et al. 1999). However, sexual reproduction between
different Bd strains has been suggested due to observed heterozygosity in
geographically local and recently introduced strains (Morgan et al. 2007) and the
sexual reproduction hypothesis has been supported in recent studies. For example,
Schloegel et al. (2012) observed hybridized Bd strains between globally pandemic
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lineages of the fungus and a Brazilian Bd genotype found on live bullfrogs in US
markets and from native Brazilian anurans, suggesting that anthropogenic spread of
Bd throughout the is likely contribute to the emergence of novel hybrid Bd strains
(Schloegel et al. 2012). Following clonal or sexual reproduction in the zoosporangium,
the Bd lifecycle is completed by the discharge of new zoospores into the environment.
Zoospores can infect new individuals or re-infect the same individual. It is unknown
whether zoospores need to exit the host’s epidermis before re-infecting the same
individual .
Although there is little experimental evidence, it has been suggested that Bd
may be capable of persisting in a “resting” stage or in a saprobic form within the
abiotic environment during unfavorable conditions (Longcore et al. 1999; Di Rosa et
al. 2007). Zoospores can survive for up to 7 weeks in lake water, 3-4 weeks in
deionized water (Johnson & Speare 2003), and up to3 months in sterile moist river
sand without nutrients (Johnson & Speare 2005).
Bd has a “thermal optimum” for maximum growth rate, which occurs between
17-25 °C (Piotrowski et al. 2004). Exposure to temperatures exceeding 30 °C can kill
cultures (Longcore et al. 1999; Piotrowski et al. 2004) and cold temperatures (less than
17°C) slow growth rates and lengthen zoospores maturation time (Piotrowski et al.
2004). A study by Woodhams and colleagues (2008) showed that the pathogen might
compensate for these temperature effects by increasing the total number of zoospores
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produced in each zoosporangia at non-optimal (cooler) temperatures, when
development rate is slowed.
Bd also has an optimal pH of 6.5- 7(Johnson & Speare 2005). Growth is slower
at more acidic and more basic conditions (Johnson & Speare 2005). Bd is not killed by
ultraviolet light in vitro (270-320 nm), but a recent field experiment showed that
prevalence of Bd infection in tadpoles of two different amphibian species is negatively
correlated with intensity of UV-B radiation (Ortiz-Santaliestra et al. 2011). Bd is
easily killed by several disinfectants (Johnson et al. 2003; Webb et al. 2007) and is
highly sensitive to desiccation. Complete drying at room temperature kills Bd within 3
hours (Johnson & Speare 2005).
Historical classification based on phenotypic and biochemical properties of Bd
suggested that Bd strains might be similar, highly related and globally homogenous
(Longcore et al. 1999; Berger et al. 2005). However, recent molecular evidence
suggests a high degree of genotypic variation among individual Bd strains (Fisher et
al. 2009; Farrer et al. 2011; Scholegel et al. 2012, ) and ecological niche specificity
among some Bd haplotypes (Kaiser & Pollinger 2012). Schloegal et al. (2012) chose
36 loci to group strains of Bd into distinct clades and found both globally pandemic
lineages as well as locally specific clades, also classified by lower heterozygocity.
Globally pandemic lineages of Bd have been associated with introductions of Bd,
through the amphibian trade (Farrer et al. 2011). Farrer et al. (2011) suggest that
isolates of Bd belonging to a global panzootic lineage have emerged across at least 5

11
continents during the 20th century; this lineage has been implicated in epizootics in
North America, Central America, the Caribbean, Australia and Europe. Divergent
lineages from this globally pandemic Bd lineage were characterized by both genotypic
and morphological variation (Farrer et al. 2011). Several studies have experimentally
linked variation in Bd strain genotype with variation in pathogen virulence in
amphibians (Fisher et al. 2009b; Farrer et al. 2011; Gervasi et al. 2013b). Further,
there may be a relationship between pathogen phenotype (size of sproangia),
genotype, protein expression, and virulence; proteomic profiling has shown that as
genotypic distance increases (i.e. as Bd genotypes become more different/differently
related), protein expression profiles also diverge in a linear fashion (Fisher et al.
2009b). Thus, genotypic differences associated with different strains of Bd are likely
to play an important role in disease dynamics within amphibian populations globally
(Gervasi et al. 2013b).
UNDERSTANDING THE HOST-PATHOGEN INTERACTION
Bd appears to have little host-specificity within the group Amphibia, although
frogs, in general, have been most often surveyed for Bd infection globally
(Amphibiaweb 2009). Zoospores infect keratinized tissues of amphibians (Longcore
et al. 1999; Berger et al. 2005); in larvae keratin exists in mouthparts and therefore
infection is generally localized and often sublethal (Rachowicz and Vredenburg 2004;
Gervasi et al. 2013), although lethal infections in larvae of some species has been
observed (Blaustein et al. 2005; Garner et al. 2009). Keratin occurs in the superficial
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epidermal tissue of post-metamorphic amphibians and infection therefore occurs in the
skin (Longcore et al. 1999; Berger et al. 2005; Brutyn et al. 2012; Greenspan et al.
2012; Van Rooij et al. 2012). The highest infection loads in post-metamorphic
amphibians have been identified on the feet and in the inguinal region (i.e. the areas of
the body in most frequent direct contact with water, where zoospores are probably
most active) (Garner et al. 2009).
Pathological signs of infection in post-metamorphic animals exposed to Bd
include lethargy, anorexia, slumped appearance, and loss of the righting reflex (Pessier
et al 1999; Nichols et al. 2001; Parker et al. 2002; Berger et al. 2005). In severe
infections, skin may become inflamed and/or ulcerated (Pessier et al. 1999; Berger et
al. 2005). Infection can lead to disruption of the epidermal cell maturation cycle and
abnormal molting patterns in amphibians (Greenspan et al. 2012). Histological
examination reveals hyperkeratosis and hyperplasia of the skin cells, disordered
epidermal cell layers, and loss of cellular cytoplasm (Nichols et al. 2001; Berger et al.
2005). While the pattern of zoospore encystment, infection, and sproangia
development appears consistent among amphibian species (Greenspan et al. 2012),
interspecific variation in skin thickness of metamorphic amphibians could affect the
depth to which germ tube formation enters the deeper, vascular layers of the epidermis
and may subsequently affect severity of infection among hosts (Greenspan et al.
2012). Potentially, other aspects of skin architecture, including but not limited to
keratin abundance and distribution in the epidermis could similarly alter infectivity of
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Bd (Reeder et al. 2012). New evidence suggests that in some resistant species,
zoospore encystment, germ tube formation, and sporangia development is epibiotic;
epidermal cells are used as a nutrient source, but sproangia do not develop inside of
the host cells (Van Rooij et al. 2012) and infection is superficial and benign in these
tolerant hosts (Van Rooij et al. 2012). In contrast, other species that are susceptible to
intracellular epidermal infection and mortality within hours of host-pathogen contact
may also be negatively affected by zoospore secretions that have recently been shown
to disturb epidermal integrity and function (Brutyn et al. 2012). Brutyn and colleagues
(2012) observed disruption of intercellular junctions, necrosis, and apoptosis of
amphibian epidermal cells exposed to proteolytic secreted factors of Bd zoospores.
This work supports previous hypotheses that Bd secretes toxic factors that contribute
to pathogenicity and mortality in amphibian hosts (Blaustein et al. 2005; Berger et al.
2005; MacMahon et al. 2012). Taken together, new studies provide striking evidence
that Bd infection in metamorphic amphibians is an active process that has the potential
to disrupt host homeostasis. Bd infection in larval is less well-understood, but
observational studies have shown discoloration, damage and destruction of larval
mouthparts during Bd infection (Rachowicz and Vredenburg 2004; Parris & Cornelius
2004). The localized nature of keratin distribution in larval mouthparts (versus
distribution over the entire surface of the body as with metamorphic animals) suggests
that infection probably does not manifest to a disease state similarly in larval
amphibians and may be less likely to result in mortality as a direct result of infection
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(Gervasi et al. 2013 but see Blaustein et al. 2005 and Garner et al. 2009 for examples
of mortality in larvae exposed to Bd). However, pathologically-associated reductions
in growth and slower development have been observed in Bd-infected larvae (Parris &
Cornelius 2004). Studies have shown that pathogen-induced damage to larval
toothrows can result in reduced and less efficient foraging activity in tadpoles
(Venesky & Parris 2009; Venesky et al. 2010).
Physiological responses of amphibian hosts to Bd are just beginning to be
understood (Voyles et al. 2011; Blaustein et al. 2012). Voyles et al. (2009) show that
loss of osmoregulatory function and ionic imbalance may lead to cardiac arrest in
some amphibians after exposure to Bd. Interestingly, the negative effect of Bd
infection on osmotic balance can be at least partially reversed (animals regain righting
reflex) by treatment with oral electrolyte supplements (Voyles et al. 2009).
Interspecific differences in compensatory mechanisms to correct or tolerate such ionic
disruption are unknown. Other pathophysiological indicators including dehydration
and electrolyte depletion (but not acid-base imbalance) may be present during Bd
infection in some amphibian species (Voyles et al. 2012). Pathogenicity of Bd in
amphibian hosts may also be driven by damage to host tissues caused by proteolytic
enzymes secreted by Bd (Rosenblum et al. 2008). Bd gene expression files show a
high level of expression of secreted proteases, including metalloproteases,
serineproteases, and aspartylproteases – all which may allow invasion of host cells and
metabolism of host tissue during infection (Rosenblum et al. 2008; Joneson et al.
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2011; Rosenblum et al. 2012). Interestingly, these probable “pathogenicity genes”
which encode for proteolytic secreted zoospore factors are more highly expressed
when the pathogen is grown with amphibian skin in comparison to standard growth
media, emphasizing the importance of studying pathogens in the context of its host
(Rosenblum et al. 2012). Stage specific variation in expression of genes for
pathogenicity is also relevant in the Bd system; genes encoding proteases showed
higher expression sporangia (which are exclusively substrate dependent and highly
associated with intracellular infection in amphibians) compared to zoospores
(Rosenblum et al. 2008). A genomics approach to understanding the host aspect of
pathogenicity in the Bd system represents a complementary and exciting new avenue
of research. Rosenblum et al. (2009) observed rapid (within 3 d after exposure)
changes in gene expression in the liver, skin, and spleen of Xenopus tropicalis
following Bd exposure. For example, expression of cytochrome p450 superfamily
genes was significantly decreased and expression of heat shock protein genes were
elevated in Bd-infected frogs (Rosenblum et al. 2009).
Most investigations of host-pathogen interaction and pathology of infection,
thus far, have focused within a single species (i.e. commonly used laboratory species
such as the completely aquatic species Xenopus lavis and Xenopus tropicalis).
Comparative work is needed to confirm that mechanisms of pathogenicity are similar
across different amphibian hosts and identify other mechanisms by which Bd disrupts
homeostatic function in amphibians.
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UNDERSTANDING THE HOST: CHARACTERIZING AND EXPLAINING
PATTERNS OF SUSCEPTIBILITY AMONG AMPHIBIANS
Whereas many species die rapidly after exposure to Bd (Carey et al. 2006;
Searle et al. 2011; Gahl et al. 2011), others persist with infection (Daszak et al. 2004;
Garner et al. 2006; Brannelly et al. 2012; Woodhams et al. 2012; Gervasi et al. 2013
but see Gervasi et al. 2013b). Many species may fall within the middle of the “disease
susceptibility continuum”, displaying intermediate levels of mortality and infection
load (Searle et al. 2011; Gervasi et al. 2013). Such species may be heavily influenced
by abiotic factors such as temperature, season, resource availability (Berger et al.
2008; Raffel et al. 2012) and biotic conditions including predator-prey interactions,
density, and conspecific competition (Parris & Beaudoin 2004; Parris & Cornelius
2004; Warne et al. 2011; Han et al. 2011). Life history traits such as age, social or
breeding status, and behavior may also influence susceptibility to Bd (Lips et al. 2006;
Rowley & Alford 2007; Bancroft et al. 2010; Richards-Zawacki 2010). Variation in
pathogen prevalence, intensity, and virulence in amphibian hosts is also apparent at
the population level (Vredenburg et al. 2010; Walker et al. 2010). Many amphibian
populations and species are declining with Bd as a probable cause in Central America
(Berger et al. 1998; Lips 1998; Crawford et al. 2010), Australia (Laurence et al. 1996;
Berger et al. 1998), and some regions of the United States (Green et al. 2006).
However, not all amphibian populations appear to decline when Bd is present (Briggs
et al. 2005; Briggs et al. 2010; Vredenburg et al. 2010; Brannelly et al. 2012). In
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locations where there are both amphibian population declines and population
persistence, long-term observational work suggests that a threshold zoospore number
or infection level exists (Vredenburg et al. 2010). If this is true, pathological signs
associated with infection, including mortality, may only occur in individuals once an
infection load threshold is surpassed. The factors that drive host resistance to Bd (the
ability to fight infection and reduce infection load) are therefore likely to be critical
predictors of larger-scale population level effects.
Immunological responses during pathogen exposure may be a key correlate of
susceptibility in amphibians and differences in immune responses to Bd may drive
interspecific variation in responses to infection. Amphibians possess both innate and
adaptive immune responses and maintain a diverse repertoire of cellular and humoral
defenses, enabling them to respond to a broad range of pathogen types (Richmond et
al. 2009). Innate immune responses are rapid, non-specific, and include cellular and
humoral mechanisms for killing pathogens (Janeway 2005). Cellular components like
neutrophils and macrophages in blood and tissues release reactive oxygen and nitrogen
species to kill pathogens and monocytes in blood phagocytize antigens. Humoral
components of the innate immune system include blood complement, which can lyse
and kill pathogenic cells (Janeway 2005). Subsequent initiation of adaptive immune
responses is dependent on signals (cytokines) from innate effectors (Janeway 2005),
and proceeds with pathogen-specific responses that may be cellular (e.g. generation of
various subsets of T-lymphocytes) or humoral (e.g. generation of specific antibody
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types). Adaptive cellular responses (e.g. subsets of T-lymphocytes and Blymphocytes) may trigger inflammatory or anti-inflammatory pathways (Janeway
2005). Adaptive humoral responses involve neutralizing toxins or pathogens and
marking them for subsequent phagocytosis and are therefore rarely associated with
inflammation. The type of immune response that follows pathogen invasion of host
barriers depends on (1) identification of the pathogen itself (via specific pathogen
associated molecular patterns (2) recognition that the pathogen is “non-self” and in
some cases, (3) recognition of “danger signals” caused indirectly by pathogen-induced
damage to host cells and tissues (Matzinger 2002; Read et al. 2008). It is currently
unknown how Bd is recognized by the immune system (Richmond et al. 2009). The
invasion of epidermal layers by zoospores and exposure to proteolytic secreted factors
from zoospores (Brutyn et al. 2012; Rosenblum et al. 2008) suggests that there could
be pathogen cues that signal general, non-specific “pathogen invasion” or “damage” to
infected hosts.
Immunological responses of amphibians have been well-studied in several
model species such as Xenopus laevis and Xenopus tropicalis (e.g. reviewed in Robert
and Ohta 2009; Rollins-Smith et al. 2009) but are not particularly well-understood in a
comparative sense and across “ecologically relevant” species. Innate immune
responses have been the most thoroughly studied aspects of immunity against Bd in
amphibians (reviewed in Rollins-Smith et al. 2009; Ramsey et al. 2010; Rollins-Smith
et al. 2011). For example, antimicrobial peptides (AMPs) secreted from the glands of
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amphibian skin have been well-studied aspects of immunity against Bd (Rollins-Smith
et al. 2002a; 2002b; Rollins-Smith and Conlon 2005). AMPS may be critical in
preventing initial colonization of the skin by the fungal pathogen (Rollins-Smith 2009)
and some studies have shown that AMPs correlate strongly with susceptibility to Bd in
the field (Woodhams et al. 2006; 2007). Innate cellular responses during Bd infection
have been assumed to be minimal, with some inflammatory cells observed in infected
skin of amphibians (Nichols et al. 2001; Berger et al. 2005). However, more recent
studies suggest cellular responses are important (Rollins-Smith et al. 2009; Ramsey et
al. 2010; Rollins-Smith et al. 2011). Recent evidence suggests that the expression of
some immune genes (including those involved in the blood complement pathway) may
be down-regulated during infection of a susceptible amphibian species, Xenopus
tropicalis (Rosenblum et al. 2009). However, Rosenblum et al. (2009) also observed
elevation in some genes associated with innate immunity (phagocyte-associated genes)
during later stages of infection. Pathogen-induced immune responses that occur during
Bd infection are likely to include other innate, adaptive, and signaling (e.g. cytokine)
responses (Ramsey et al. 2010; Savage and Zamudio 2011). For example, Ramsey et
al. (2010) found that sublethal X-irradiation decreased leukocyte numbers in the
spleen of frogs and resulted in greater susceptibility to infection. There is little support
for a memory response to the pathogen (Woodhams et al., 2007; Rollins-Smith et al.,
2009; Ribas et al. 2009) but immunization with heat-killed Bd caused an upregulation
of some pathogen-specific antibodies in the mucus secretions of one Bd-resistant
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species, Xenopus laevis (Ramsey et al. 2010). We still have a great deal to learn about
the mechanisms that drive host responses to Bd, however, comparative studies provide
evidence that immunity is probably a key factor. In a recent study, Savage et al. (2011)
found that genetic variation in host immune genes (heterozygosity in MHC genotype)
was associated with susceptibility to Bd and represented a significant predictor of
survival across different amphibian populations of the same species (Savage et al.
2011).
Interacting with and perhaps enhancing immunological defenses, the skin
microbiota present on amphibian skin may also provide protection against Bd (Harris
et al. 2006; Lauer et al. 2007; Myers et al. 2012). Certain bacterial metabolites kill or
inhibit growth of Bd in vitro (Harris et al. 2006; Brucker et al. 2008). A synergistic
interaction between bacterial metabolites and antimicrobial peptides may enhance
protection against Bd (Myers et al. 2012). One study recently showed that reduction of
skin-peptides and microbiota caused frogs to gain less mass over experimental
exposure with Bd than frogs in non-immunologically-modified treatments (Woodhams
et al. 2012). However, this study (Woodhams et al. 2012) was conducted with a
species that is tolerant to Bd infection, and it is unclear what effect immuneinterference might have on more susceptible species. Because bacterial communities
on amphibians are species specific and are more similar among species than within the
same (pond) environment (McKenzie et al. 2012) there may be substantial variation in
the protective effects of skin microbiota at local and global scales.
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A variety of host-specific factors including but not limited to immunity are
likely to drive patterns of host susceptibility in the amphibian-Bd system. Bd is a
multi-host pathogen and there is considerable variation in how hosts respond during
pathogen infection (Blaustein et al. 2005; Searle et al. 2011, Gervasi et al. 2013).
Intrinsic host traits can determine the probability and rate of disease-induced mortality
and host recovery rate and alter transmission of the pathogen among individuals in a
population (Begon 2008; Keesing et al. 2006). These parameters are key factors in
driving pathogen emergence, spread, and persistence in ecological communities
(Keesing et al. 2006; Ezenwa & Jolles 2011). Therefore, species identity and
composition in amphibian assemblages has a deterministic effect on Bd dynamics over
space and time. The next chapters of this thesis are aimed at understanding how the
host-pathogen interaction differs among amphibian species, life history stages, and
over a time course of infection. Elucidating patterns in host responses may be key in
predicting and managing disease dynamics in this conservation-relevant system.

22
LITERATURE CITED
Alford, R.A. & S.J. Richards. (1999) Global amphibian declines: A problem in applied
ecology. Annual Review of Ecology and Systematics 30, 133-165.
Altizer, S., D.Harvell, & E.Friedle. (2003) Rapid evolutionary dynamics and disease
threats to biodiversity. Trends in Ecology and Evolution 18, 589-596
AmphibiaWeb: Information on amphibian biology and conservation. [web
application]. 2008. Berkeley, California: AmphibiaWeb. Available:
http://amphibiaweb.org/. (Accessed: Nov 7, 2009).
Bancroft, B., B.A. Han, C.L. Searle, L.M. Biga, D.H. Olson, L.B. Kats, J.J. Lawler, &
Blaustein, A.R. (2011) Species-level correlates of susceptibility to the pathogenic
amphibian fungus Batrachochytrium dendrobatidis in the United States. Biodiversity
and Conservation 20, 1911-1920.
Begon, M. (2008) Effects of host diversity on disease dynamics. In: Ostfeld RS,
Keesing, F, Eviner VT, editors. Infectious disease ecology: Effects of ecosystems on
disease and of disease on ecosystems. Princeton: Princeton University Press. p.p.1230.
Berger, L., R. Speare, P. Daszak, D.E. Green, A.A. Cunningham, C.L. Goggin, R.
Slocombe, M.A. Ragan, A.D. Hyatt, K.R. McDonald, H.B. Hines, K.R. Lips, G.
Marantelli, & H. Parkes, H. (1998). Chytridiomycosis causes amphibian mortality
associated with population declines in the rain forests of Australia and Central
America. Proceedings of the National Academy of Sciences of the United States of
America 95, 9031-9036.
Berger, L., A.D. Hyatt, R. Speare, & J.E. Longcore (2005) Life cycle stages of the
amphibian chytrid Batrachochytrium dendrobatidis. Diseases of Aquatic Organisms
68, 51-63.
Berger, L., R. Speare, H.B. Hines, G. Marantelli, A.D. Hyatt, K.R. McDonald, L.F.
Skerratt, V. Volsen, J.M. Clarke, G. Gillespie, M. Mahony, N. Sheppard, C. Williams,
& M.J. Tyler (2008) Effect of season and temperature on mortality in amphibians due
to chytridiomycosis. Australian Veterinary Journal 82, 434-439.
Blaustein, A.R. (1994) Chicken Little or Nero’s fiddle? A perspective on declining
amphibian populations. Herpetologica 50, 85-97.

23
Blaustein, A.R. & J.M. Kiesecker (2002) Complexity in conservation: lessons from
the global decline of amphibian populations. Ecology Letters 5, 597-608.
Blaustein, A.R., J.M. Romansic, E.A. Scheessele, B.A. Han, A.P. Pessier, & J.E.
Longcore (2005) Interspecific Variation in Susceptibility of Frog Tadpoles to the
Pathogenic Fungus Batrachochytrium dendrobatidis. Conservation Biology 19, 14601468.
Blaustein, A.R., B.A. Han, R.A. Relyea, P.T.J. Johnson, J.C. Buck, S.S. Gervasi, &
L.B. Kats (2011) The complexity of amphibian population declines: understanding the
role of cofactors in driving amphibian losses. Annals of the New York Academy of
Sciences 1223, 108-119.
Blaustein, A.R., S.S. Gervasi, P.T.J. Johnson, J.T. Hoverman, L.K. Belden, P.W.
Bradley, & G.Y. Xie (2012) Ecophysiology meets conservation: understanding the
role of disease in amphibian population declines Philosophical Transactions of the
Royal Society of London Part B: Biological Sciences 367, 1688-1707.
Bosch, J. I. Martinez-Solano, & M. Garcia-Paris (2001) Evidence of a chytrid fungus
infection involved in the decline of the common midwife toad (Alytes obstetricans) in
protected areas of central Spain. Biological Conservation 97, 331-337.
Bosch, J. & I. Martinez-Solano (2006) Chytrid fungus infection related to unusual
mortalities of Salamandra salamandra and Bufo bufo in the Penalara Natural Park,
Spain. Oryx 40, 84-89.
Brannelly, L.A., M.W.H. Chatfield, & C.L. Richards-Zawacki (2012) Field and
laboratory studies of the susceptibility of the green treefrog (Hyla cinerea) to
Batrachochytrium dendrobatidis infection. PLoS ONE 7, e38473.
Briggs, C.J., V.T. Vredenburg, R.A. Knapp, & L.J. Rachowicz (2005) Investigating
the population-level effects of chytridiomycosis: an emerging infectious disease of
amphibians. Ecology 86, 3149-3159.
Briggs, C.J., R.A. Knapp, & V.T. Vredenburg (2010) Enzootic and epizootic
dynamics of the chytrid fungal pathogen of amphibians. Proceedings of the National
Acadamy of Sciences 107, 9695-9700.
Brucker, R.M., R.N. Harris, C.R. Schwantes, T.N. Gallaher, D.C. Flaherty, B.A. Lam
& K.P.C. Minbiole (2008) Amphibian chemical defense: antifungal metabolites of the
microsymbiont Janthinobacterium lividum on the salamander Plethodon cinereus.
Journal of Chemical Ecology 34, 1422-1429.

24

Brutyn, M., K. D’Herde, M. Dhaenens, P. Van Rooij, E. Verbrugghe, A.D. Hyatt, S.
Croubels, D. Deforce, R. Ducatelle, F. Haesbrouck, A. Martel & F. Pasmans (2012)
Batrachochytrium dendrobatidis zoospore secretions rapidly disturb intercellular
junctions in frog skin. Fungal Genetics and Biology 49, 830-837.
Carey, C. (1993) A Hypothesis concerning the causes of the disappearance of boreal
toads from the mountains of Colorado. Conservation Biology 7, 355-362.
Carey, C.J., E. Bruzgul, E., L.J. Livo, M.L. Walling, K.A. Kuehl, B.F. Dixon, AP.
Pessier, R.A., Alford & K.B. Rogers (2006). Experimental exposures of boreal toads
(Bufo boreas) to a pathogenic chytrid fungus (Batrachochytrium dendrobatidis).
EcoHealth 3, 5-21.
Christin, M.S., L. Menard, A.D. Gendron, S.Ruby, D.Cyr, D.J. Marcogliese, L.
Rollins-Smith, & M.Fournier. (2004) Effects of agricultural pesticides on the immune
system of Xenopus laevis and Rana pipiens. Aquatic Toxicology 67, 33.43.
Clarke, B.T. (1997) The natural history of amphibian skin secretions, their normal
function and potential medical applications. Biological Reviews 72, 365-379.
Collins, J.P. & A. Storfer (2003) Global amphibian declines: Sorting the hypotheses.
Diversity and Distributions 9, 89-98.
Crawford, A.J., K.R. Lips & E. Bermingham (2010) Epidemic disease decimates
amphibian abundance, species diversity, and evolutionary history in the highlands of
central Panama. Proceedings of the National Acadamy of Science USA 107, 1377713782.
Daszak, P., L. Berger, A.A. Cunningham, A.D. Hyatt, E.Green, & R.Speare. (1999)
Emerging infectious diseases and amphibian population declines. Emerging Infectious
Diseases 5,735-748.
Daszak, P., A.A. Cunningham, & A.D. Hyatt. (2000) Emerging infectious diseases of
wildlife—threats to biodiversity and human health. Science 287, 443-449.
Daszak, P,, A.A. Cunningham, & A.D. Hyatt. (2001) Anthropogenic environmental
change and the emergence of infectious diseases in wildlife. Acta Tropica 78, 103116.
Daszak, P., A.A. Cunningham, & A.D. Hyatt. (2003) Infectious disease and
amphibian population declines. Diversity and Distributions 9, 141-150.

25

Daszak, P., Strieby, A., Cunningham, A.A., Longcore, J.E., Brown, C.C. & Porter, D.
(2004) Experimental evidence that the bullfrog (Rana catesbeiana) is a potential
carrier of chytridiomycosis, an emerging fungal disease of amphibians. Herpetological
Journal, 14, 201-207.
Di Rosa, I., F. Simoncelli, A. Fagotti, & R. Pascolini. (2007) Ecology: the proximate
casue of frog declines? Nature 447, E4-R5.
Dobson, A. & J. Foufopoulos. (2001) Emerging infectious pathogens of wildlife.
Philosophical Transactions of the Royal Society of London B 356, 1001-1012.
Ezenwa, V.O. & A.E. Jolles (2011) From host immunity to pathogen invasion: the
effects of helminth coinfection on the dynamics of microparasites. Integative and
Comparative Biology 51, 540-551.
Farrer, R.A., L.A. Weinert, J. Bielby, T.W.J. Garner, F. Balloux, F. Clare, J., Bosch,
A.A. Cunningham, C. Welcon, L.H. duPreez, L. Anderson, S.L. Kosakovsky Pond, R.
Shahar-Golan, D. Henk & M.C. Fisher (2011) Multiple emergences of genetically
diverse amphibian-infecting chytrids include a globally hypervirulent recombinant
lineage. Proceedings of the National Academy of Sciences USA 108, 18732-18736.
Fisher, M.C., T.W.J. Garner & S.F. Walker. (2009) Global emergence of
Batrachochytrium dendrobatidis and amphibian chytridiomycosis in psace, time and
host. Annual Review of Microbiology 63, 291-310.
Fisher, M.C., J. Bosch, Z. Yin, D.A. Stead, J. Walker, L. Selway, A.J.P. Brown, L.A.
Walker, N.A.R. Gow, J.E. Stajich & T.W.J. Garner (2009b) Proteomic and
phenotypica profiling of the amphibian pathogen Batrachochytrium dendrobatidis
shows that genotype is linked to virulence. Molecular Ecology 18, 415-429.
Fisher, M.C., D.A. Henk, C.J. Briggs, J.S. Brownstein, L.C. Madoff, S.L. McCraw &
S.J. Gurr (2012) Emerging fungal threats to animal, plant and ecosystem health.
Nature 481, 186-194.
Gahl, M.K., J.E. Longcore & J.E. Houlahan (2011) Varying responses of
Northesastern North American amphibians to the chytrid pathogen Batrachochytrium
dendrobatidis. Conservation Biology 26, 135-141.
Garner, T.W.J., M.W. Perkins, P. Govindarajulu, D. Seglie, S. Walker, A.A.
Cunningham & M.C. Fisher (2006) The emerging amphibian pathogen

26
Batrachochytrium dendrobatidis globally infects introduced populations of the North
American bullfrog, Rana catesbeiana. Biology Letters 2 ,455-459.
Garner, T.W.J., S. Walker, J. Bosch, S. Leech, J.M. Rowcliffe, J.M., et al. (2009) Life
history tradeoffs influence mortality associated with the amphibian pathogen
Batrachochytrium dendrobatidis. OIKOS 118, 783-791.
Gendron, A.D., D.J. Marcogliese, S. Barbeau, M.S. Christin, P. Brousseau, S. Ruby,
D. Cyr & M. Fournier. (2003) Exposure of leopard frogs to a pesticide mixture affects
life history characteristics of the lungworm Rhabdias ranae. Oecologia 135, 469-476.
Gervasi, S.S., C. Gondhalekar, D.H. Olson, & A.R. Blaustein (2013) Host identity
matters in the amphibian-Batrachochytrium dendrobatidis system: fine-scale patterns
of variation in responses to a multi-host pathogen. PLoS ONE 8, e54490.
Gervasi, S.S., J. Urbina, J. Hua, T. Chestnut, R.A. Relyea & A.R. Blaustein (2013b)
Experimental evidence for American bullfrog (Lithobates catesbeianus) susceptibility
to chytrid fungus (Batrachochytrium dendrobatidis). Ecohealth DOI: 10.1007/s10393013-0832-8.
Gilbertson, M.K., G. D. Haffner, K.G. Drouillard, A. Albert & B. Dixon. (2003)
Immunosuppression in the Northern leopard frog (Rana pipiens) induced by pesticide
exposure. Environmental Toxicology & Chemistry 22, 101-110.
Green, D.E., K.A. Converse & A.K. Schrader (2006) Epizootiology of Sixty-Four
Amphibian Morbidity and Mortality Events in the USA, 1996-2001. Annals of the
New York Academy of Sciences 969, 323-339.
Greenspan, S.E., J.E. Longcore & A.J.K. Calhoun (2012) Host invasion by
Batrachochytrium dencrobatidis: fungal and epidermal ultrastructure in model
anurans. Diseases of Aquatic Organisms 100, 201-210.
Han, B.A., C.L. Searle & A.R. Blaustein (2011) Effects of an infectious pathogen,
Batrachochytrium dendrobatidis, on amphibian predator-prey interactions. PLoS ONE
6, e16675.
Harris, R.N.,T.Y. James, A. Lauer, M.A. Simon & A. Patel (2006) Amphibian
pathogen Batrachochytrium dendrobatidis is inhibited by the cutaneous bacteria of
amphibian species. Ecohealth 3, 53-56.
Hayes, T.B., P.Case, S. Chui, D.Chung, C. Haeffele, K. Haston, M.Lee, V.P.Mai,
Y.Marjuoa, J. Parker, & M.Tsu. (2006) Pesticide mixtures, endocrine disruption, and

27
amphibian declines: are we underestimating the impact? Environmental Health
Perspectives 114, 40-50.
Hayes, T.B. (2010) The cause of global amphibian declines: a developmental
endocrinologist’s perspective. Journal of Experimental Biology 213, 921-933.
Janeway, C.A., P. Travers, M. Walport & M.J. Schlomchik (2005) Immunobiology:
the immune system in health and disease, 6th edition Garland Publishing, New York
Jensen, J.B. & C.D. Camp. (2003) Human exploitation of amphibians: direct and
indirect impacts. In Amphibian Conservation, R.D. Semlitsch, ed. Smithsonian Books,
Washington, D.C.
Johnson, M. L. & R. Speare. (2003) Survival of Batrachochytrium dendrobatidis in
water: quarantine and disease control implications. Emerging Infectious Diseases 9,
922-925.
Johnson, M. L., L. Berger, L. Philips & R. Speare. (2003) Fungicidal effects of
chemical disinfectants, UV light, dessication and heat on the amphibian chytrid
Batrachochytrium dendrobatidis. Diseases of Aquatic Organisms 57, 255-260.
Johnson, M. L. & R. Speare. (2005) Possible modes of dissemination of the amphibian
chytrid Batrachochytrium dendrobatidis in the environment. Diseases of aquatic
organisms 65, 181-186.
Joneson, S., J.E. Stajich, S. Shiu & E.B. Rosenblum (2012) Genomic transition to
pathogenicity in chytrid fungi. PLoS PATHOGENS 7, e1002338.
Kaiser, K. & J. Pollinger (2012) Batrachochytrium dendrobatidis shows high genetic
diversity and ecological niche specificity among haplotypes in the Maya mountains of
Belize. PLoS ONE 7, e32113.
Keesing F., R.D. Holt & R.S. Ostfeld (2006). Effects of species diversity on disease
risk. Ecology Letters 9, 485–498.
Kiesecker, J.M., A.R. Blaustein, & L.K. Belden. (2001) Complex causes of amphibian
population declines. Nature 410, 681-684.
Klein, S.L., R.L. Strausberg, L. Wagner, J. Pontius, S.W. Clifton & P. Richardson
(2002) Genetic and genomic tools for Xenopus research: the NIH Xenopus initiative.
Developmental Dynamics 225, 384-391.

28
Lannoo, M. (2005) Amphibian Declines: The Conservation Status of United States.
University of California Press. Berkeley, CA.
Lauer, A., M.A. Simon, J.L. Banning, E. Andre, K. Duncan & R.N. Harris (2007)
Common cutaneous bacteria from the eastern red-backed salamander can inhibit
pathogenic fungi. Copeia 2007, 630-640.
Laurance, W.F., K.R. McDonald & R. Speare (1996) Epidemic disease and the
catastrophic decline of Australian rain forest frogs. Conservation Biology 10, 406-413.
Lederberg, J., R.E. Shope & S.C. Oakes Jr. (1992) Emerging infections: microbial
threats to health in the United States. Institute of Medicine, National Academy Press:
Washington, D.C.
Lips, K.R. (1998) Decline of a tropical montane fauna. Conservation Biology 12,106117.
Lips, K.R.F. Brem, R. Brenes, J.D. Reeve, R.A. Alford, J. Voyles, C. Carey, L. Livo,
A.P. Pessier & J.P. Collins (2006) Emerging infectious disease and the loss of
biodiversity in a Neotropical amphibian community. Proceedings of the National
Academy of Sciences USA 102, 3165-3170.
Longcore, J.E., A.P. Pessier & D.K. Nichols (1999) Batrachochytrium dendrobatidis
gen. et sp. nov., a chytrid pathogenic to amphibians. Mycologia 91, 219-227.
Lu, C.X., K.J. Nan & Y. Lei (2008) Agents from amphibians with anticancer
properties. Anti-Cancer Drugs 19, 931-939.
Matzinger, P. (2002). The danger model: a renewed sense of self. Science 296, 301304.
McCallum, M.L. (2007) Amphibian decline or extinction? Current declines dwarf
background extinction rate. Journal of Herpetology 41, 483-491.
McKenzie, V.J., R.M. Bowers, N. Fierer, R. Knight & C.L. Lauber (2012) Co-habiting
amphibian species harbor unique skin bacterial communities in wild populations.
ISME Journal 6, 588-596.
McMahon, T.A, L.A. Brannelly, M.W.H. Chatfield, P.T.J. Johnson, M.B. Joseph, V.J.
McKenzie, C.L. Richards-Zawacki, M.D. Venesky, and J.R. Rohr. (2013) The chytrid
fungus, Batrachochytrium dendrobatidis, has non-amphibian hosts and releases

29
chemicals that cause pathology in the absence of infection. Proceedings of the
National Academy of Sciences of the United States of America 110, 210-215.
Morgan, J.A.T., V.T. Vredenburg, L.J. Rachowicz, R.A. Knapp, M.J. Stice, T.
Tunstall, R.E. Bingham, J.M. Parker, J.E. Longcore, C. Moritz, C.J. Briggs & J.W.
Taylor (2007) Population genetics of the frog-killing fungus Batrachochytrium
dendrobatidis. Proceedings of the National Academy of Sciences USA 104, 1384513850.
Morse, S.S. (1993) Emerging viruses. Oxford University Press: New York, NY.
Moss, A. S., N.S. Reddy, I.M. Dortaj. & M.J. Francisco. (2008) Chemotaxis of the
amphibian pathogen Batrachochytrium dendrobatidis and its response to a variety of
attractants. Mycologia 100, 1-5.
Myers, J.M., J.P. Ramsey, A.L. Blackman, A.E. Nichols, K.P.C. Minbiole & R. Harris
(2012) Synergistic inhibition of the lethal fungal pathogen Batrachochytrium
dendrobatidis: the combined effect of symbiotic bacterial metabolites and
antimicrobial peptides of the frog Rana muscosa. Journal of Chemical Ecology 38,
958-965.
Nichols, D.K., E.W. Lamirande, A.P. Pessier & J.E. Longcore, J.E. (2001)
Experimental transmission of cutaneous chytridiomycosis in dendrobatid frogs.
Journal of Wildlife Diseases 37, 1-11.
Olson, D.H., D.M. Aanensen, K.L. Ronnenberg, C.I. Powell, S.F. Walker, J. Bielby,
T.W.J. Garner, G. Weaver, The BD Mapping Group, and M.C. Fisher. (2013)
Mapping the global emergence of Batrachochytrium dendrobatidis, the amphibian
chytrid fungus. PLoS ONE 8, e56802.
Ortiz-Santaliestra, M.E., M.C. Fisher, S. Fernandez-Beaskoetxea, M.J. FernandezBeneitez & J. Bosch (2011) Ambient ultraviolet B radiation and prevalence of
infection by Batrachochytrium dendrobatidis in two amphibian species. Conservation
Biology 25, 975-982.
Ouellet, M., I. Mikaelian, B.D. Pauli, J. Rodrigues, & D.M. Green. (2005) Historical
evidence of widespread chytrid infection in North American amphibian populations.
Conservation Biology 19, 1431-1440.
Parker, J.M, I.Mikaelian, N.Hahn, & H.E. Diggs. (2002) Clinical diagnosis and
treatment of epidermal chytridiomycosis in African clawed frogs (Xenopus tropicalis).
Comparative Medicine 52, 265-268.

30

Parris, M.J. & J.C. Beaudoin. (2004) Chytridiomycosis impacts predator-prey
interactions in larval amphibian communities. Community Ecology 140, 626-632.
Parris, M.J. & T.O. Cornelius. (2004) Fungal pathogen causes competitive and
developmental stress in larval amphibian communities. Ecology 85, 3385-3395.
Pessier, A.P., D.K. Nichols, J.E. Longcore, & M.Fuller. (1999) Cutaneous
chytridiomycosis in poison dart frogs (Dendrobates spp.) and White’s tree frogs
(Litoria caerulea). Journal of Veterinary Diagnostic Investigation 11, 194-199.
Piotrowski, J. S., S.L. Annis & J.E. Longcore. (2004) Physiology of Batrachochytrium
dendrobatidis, a chytrid pathogen of amphibians. Mycologia 96, 9-15.
Rachowicz, L.J. & V.T. Vredenburg (2004) Transmission of Batrachochytrium
dendrobatidis within and between amphibian life stages. Diseases of Aquatic
Organisms 61, 75-83
Raffel, T.R., J.M. Romansic, N.T. Halstead, T.A. McMahon, M.D. Venesky & J.R.
Rohr (2012) Disease and thermal acclimation in a more variable and unpredictable
climate. Nature Climate Change DOI:10.1038/nclimate1659.
Ramsey, J.P., L.K. Reinert, L.K. Harper, D.C. Woodhams & L.A. Rollins-Smith
(2010) Immune defense against Batrachochytrium dendrobatidis, a fungus linked to
global amphibian declines, in the South African clawed frog, Xenopus laevis.
Infection and Immunity 78, 3981-3992.
Read, A.F., A.L. Graham & L. Raberg (2008) Animal defenses against infectious
agents: is damage control more important than pathogen control? PLoS Biology 6,
2638-2641.
Reeder, N.M.M., A.P. Pessier & V.T. Vredenburg (2012) A reservoir species for the
emerging amphibian pathogen Batrachochytrium dendrobatidis thrives in a landscape
decimated by disease. PLoS ONE 7, e33567.
Ribas, L., M. Li, B.J. Doddington, J. Robert, J.A. Seidel, J.S. Kroll, L.B. Zimmerman,
N.C. Grassly, T.W.J. Garner & M.C. Fisher (2009) Expression profiling the
temperature-dependent amphibian response to infection by Batrachochytrium
dendrobatidis. PLoS ONE 4, e8408.

31
Richards-Zawacki. (2010) Thermoregulatory behavior affects prevalence of chytrid
fungal infection in a wild population of Panamanian golden frogs. Proceedings of the
Royal Society B: Biological Sciences 277, 519-528.
Richmond, J.Q., A.E. Savage, K.R. Zamudio, & E.B. Rosenblum. (2009) Toward
immunogenetic studies of amphibian chytridiomycosis: linking innate and acquired
immunity. Bioscience 54, 311-320.
Robert, J. & Y. Ohta. (2009) Comparative and developmental study of the immune
system in Xenopus. Developmental Dynamics 238, 1249-1270.
Rollins-Smith, L.A. & Conlon, J.M. (2005) Antimicrobialpeptide defenses against
chytridiomycosis, an emerging infectious disease of amphibian populations.
Developmental and Comparative Immunology 29, 589-598.
Rollins-Smith, L. A.,C. Carey, J. Longcore, J.K. Doersam, A. Boutte, J.E. Bruzgal &
J.M. Conlon. (2002a) Activity of antimicrobial skin peptides from ranid frogs against
Batrachochytrium dendrobatidis, the chytrid fungus associated with global amphibian
declines. Developmental and Comparative Immunology 26, 471-479
Rollins-Smith, L.A., J.K. Doersam, J.E. Longcore, S.K. Taylor, J.C. Shamblin & C.
Carey. (2002b) Antimicrobial peptide defenses against pathogens associated with
global amphibian declines. Developmental and Comparative Immunology 26, 63-72.
Rollins-Smith, L.A., Ramsey, J.P., Reinert, L.K., Woodhams, D.C., Livo, L.J., &
Carey, C. (2009) Immune defenses of Xenopus laevis against Batrachochytrium
dendrobatidis. Frontiers in Bioscience S1, 68-91.
Rollins-Smith, L.A., J.P. Ramsey, J.D. Pask, L.K. Reinert & D.C. Woodhams (2011)
Amphibian immune defenses against chytridiomycosis: impacts of changing
environments. Integrative and Comparative Biology 51, 552-562.
Rosenblum E.B., J.E. Stajich, N. Maddox M.B. Eisen (2008) Global gene expression
profiles for life stages of the deadly amphibian pathogen Batrachochytrium
dendrobatidis. Proceedings of the National Academy of Sciences USA 105, 1703417039.
Rosenblum, E.B., T.J. Poorten, M. Settles, G.K. Murdoch, J. Robert, N. Maddox &
M.B. Eisen (2009) Genome-wide transcriptional response of Silurana (Xenopus)
tropicalis to infection with the deadly chytrid fungus. PLoS ONE 4, e6494.

32
Rosenblum, E.,B., T.J. Poorten,S. Joneson & M. Settles (2012) Substrate-specific gene
expression in Batrachochytrium dendrobatidis, the chytrid fungus of amphibians.PLoS
ONE 7, e49924.
Rowley, J.L. & R.A. Alford (2007) Behavior of Australian rainforest stream frogs may
affect the transmission of chytridiomycosis. Diseases of Aquatic Organisms 77, 1-9.
Savage, A.E. & K.R. Zamudio (2011) MHC genotypes associate with resistance to a
frog-killing fungus. Proceedings of the National Acadamy of Sciences USA 108,
16705-16710.
Schloegel LM, L.F. Toledo, J.E. Longcore, S.E. Greenspan, C.A. Vieira, M. Lee, S.
Zhao, C. Wangen, C.M. Ferreira, M. Hipolito, A.J. Davies, C.A. Cuomo, P. Daszak, &
T.Y. James (2012) Novel, panzootic and hybrid genotypes of amphibian
chytridiomycosis associated with the bullfrog trade. Molecular Ecology 21, 51625177.
Seale, D.B. (1980) Influence of amphibian larvae on primary production, nutrient flux,
and competition in a pond ecosystem. Ecology 61, 1531-1550.
Searle, C.L., S.S. Gervasi, J. Hua, J.I. Hammond, R.A. Relyea, D.H. Olson, A.R.
Blaustein (2011) Differential host susceptibility to Batrachochytrium dendrobatidis,
an emerging amphibian pathogen. Conservation Biology 25, 965-974.
Semlitsch, R.D. (2003) General threats to amphibians. In Amphibian Conservation,
Ed. R.D. Semlitsch. Smithsonian Books, Washington, D.C.
Skerratt, L.F., L.Berger, R.Speare, S.Cashins, K.R. McDonald, A.D. Phillott, H.B.
Hines, & N.Kenyon. (2007) Spread of chytridiomycosis has caused the rapid global
decline and extinction of frogs. Ecohealth 4,125-134.
Soto-Azat, C., B.T. Clarke, J.C. Poynton & A.A. Cunningham. (2009) Widespread
historical presence of Batrachochytrium dendrobatidis in African pipid frogs.
Diversity and Distributions 15, 1-6
Stuart, S.N., J.S. Chanson, N.A. Cox, B.E. Young, A.S.L. Rodrigues, D.L. Fischman
& R.W. Waller. (2004) Stauts and Trends of Amphibian Declines and Extinctions
Worldwide. Science 306, 1783-1786.
VanCompernolle, S.E., R.J. Taylor, K. Oswald-Richter, J. Jiang, B.E. Youree, J.H.
Bowie, M.J. Tyler, J.M. Conlon, D. Wade, C. Aiken, T.S. Dermody, V.N.
KewalRamani, L.A., Rollins-Smith & D. Unutmaz (2005) Antimicrobial peptides

33
from amphibian skin potentially inhibit human immunodeficiency virus infection and
transfer of virus from dendritic cells to t-cells. Journal of Virology 79, 11598-11606.
Van Rooij, P., A. Martel, K. D’Herde, M. Brutyn, S. Croubels, R. Ducatelle, F.
Haesebrouck & F. Pasmans (2012) Germ tube mediated invasion of Batrachochytrium
dendrobatidis in amphibian skin is host dependent. PLoS ONE 7, e41481.
Venesky, M.D. & M.J. Parris (2009) Effects of Batrachochytrium dendrobatidis
infection on larval foraging performance. Integrative and Comparative Biology 49,
E176-E176.
Venesky M.D., M.J. Parris & A. Storfer (2010) Impacts of Batrachochytrium
dendrobatidis infection on tadpole foraging performance. Ecohealth DOI:
10.1007/s10393-009-0272-7.
Voyles, J., S. Young, L. Berger, C. Campbell, W.F. Voyles, A. Dinudom, D. Cook, R.
Webb, R.A. Alford, L.F. Skerratt & R. Speare (2009) Pathogenesis of
chytridiomycosis, a cause of catastrophic amphibian declines. Science 326, 582-585.
Voyles, J., E.B. Rosenblum & L. Berger (2011) Interactions between
Batrachochytrium dendrobatidis and its amphibian hosts: a review of pathogenesis
and immunity. Microbes and Infection 13, 25-32.
Voyles, J., V.T. Vredenburg, T.S. Tunstall, J.M. Parker, C.J. Briggs & E.B.
Rosenblum (2012) Pathophysiology in mountain yellow-legged frogs (Rana muscosa)
during a chytridiomycosis outbreak. PLoS ONE 7, e35374.
Vitt, L.J., J.P. Caldwell, H.M. Wilbur, & D.C. Smith. (1990) Amphibians as
harbingers of decay. BioScience 40, 418.
Vredenburg, V.T., R.A. Knapp, T.S. Tunstall & C.J. Briggs (2010) Dynamics of an
emerging disease drive large-scale amphibian population extinctions. Proceedings of
the National Academy of Sciences USA 107, 9689-9694.
Walker, S.F., J. Bosch, V. Gomez, T.W.J. Garner, A.A. Cunningham, D.S. Schmeller,
M. Ninyerola, D.A. Henk, C. Ginestet, C.P. Arthur & M.C. Fisher (2010) Factors
driving pathogenicity vs. prevalence of amphibian panzootic chytridiomycosis in
Iberia. Ecology Letters 13, 372-382.
Wake, D.B. & V.T. Vredenburg. (2008) Are we in the midst of a sixth major
extinction? A view from the world of amphibians. Proceedings of the National
Academy of Sciences of the United States of America 105, 11466-11473.

34

Warne, R.W., E.J. Crespi & J.L. Brunner (2011) Escape from the pond: stress and
developmental responses to ranavirus infection in wood frog tadpoles. Functional
Ecology 25, 139-146.
Webb, R., D. Mendez, L. Berger & R. Speare. (2007) Additional disinfectants
effective against the amphibian chytrid fungus Batrachochytrium dendrobatidis
Diseases of aquatic organisms 74, 13-16.
Weldon, K.M, L.H.du Preez, A.D. Hyatt, R. Muller, & R. Speare. (2004) Origin of the
amphibian chytrid fungus. Emerging Infectious Diseases 10, 2100-2105.
Whitaker, B.R. & K.N. Wright (2001) Amphibian Medicine and Captive Husbandry.
Krieger Publishing Co., Malabar.
Wilcove, D.S., D. Rothstein, J. Dubow, A. Phillips, & E. Losos. (1998) Quantifying
threats to imperiled species in the United States. Bioscience 48, 607-617.
Wilson, E.O. (1992) The future of life. Harvard University Press: Cambridge, MA.
Woodhams, D. C., R.A. Alford, C.J. Briggs, M. Johnson, & L.A. Rollins-Smith.
(2008) Life-history trade-offs influence disease in changing climates: strategies of an
amphibian pathogen. Ecology 89, 1627-1639.
Woodhams, D.C., J. Voyles, K. Lips, C. Carey & L. Rollins-Smith. (2006b) Predicted
disease susceptibility in a Panamanian amphibian assemblage based on skin peptide
defenses. Journal of Wildlife Diseases 42, 207-218.
Woodhams, D.C., K. Ardipradja, R.A. Alford, G. Marantelli, L.K. Reinert & L.A.
Rollins-Smith. (2007) Resistance to chytridomycosis varies among amphibian species
and is correlated with skin peptide defense. Animal Conservation 10, 409-417.
Woodhams, D.C., L. Bigler & R. Marschang (2012) Tolerance of fungal infection in
European water frogs exposed to Batrachochytrium dendrobatidis after experimental
reduction of innate immune defenses. BMC Veterinary Research 8, 197.

35
CHAPTER 2 – A COMPARATIVE STUDY OF SUSCEPTIBILITY TO THE
EMERGING AMPHIBIAN FUNGAL PATHOGEN, BATRACHOCHYTRIUM
DENDROBATIDIS, IN TWENTY HOST SPECIES

Stephanie S. Gervasi, Jessica Hua, Catherine L. Searle, Gisselle Xie, Jenny Urbina,
John I. Hammond, Deanna H. Olson, Rick A. Relyea, and Andrew R. Blaustein

Currently in preparation for Conservation Biology
John Wiley & Sons, Inc. Hoboken, NJ

36
Abstract
Emerging infectious diseases are a threat to human and wildlife health and have
contributed to loss of biodiversity, globally. Many emerging pathogens can infect and
cause disease in multiple hosts. However, the outcome of infection may be highly
species-specific. Therefore, species composition in ecological assemblages can drive
spatio-temporal pathogen dynamics. Understanding the feedback between hosts and
pathogens requires characterizing variation in intrinsic host responses to infection.
Here, we employed a collaborative comparative experimental study to investigate
basic host-pathogen dynamics in the amphibian chytrid fungus system.
Batrachochytrium dendrobatidis (Bd) is a fungal pathogen that has been associated
with worldwide amphibian population declines and extinctions. The fungus infects
over 500 amphibian species but may have differential effects at the individual, species,
and population levels. We examined susceptibility to Bd in twenty species from the
United States. We observed significant variation in patterns of mortality ranging from
zero to 100% mortality in the Bd-exposed treatment and differences in average
infection load that spanned three orders of magnitude. Risk of pathogen-induced
mortality and quantitative infection load were not always positively correlated. In over
half of the species examined, mortality of pathogen-exposed animals exceeded 50%
by the end of the first week, suggesting a critical early window of susceptibility to Bd
in some species. Understanding variation in host responses to pathogens allows for the
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construction of predictive models for the emergence, spread, and persistence of
pathogens in ecological systems.

INTRODUCTION
Emerging infectious pathogens are increasing globally and threaten human,
wildlife, and ecosystem health (McCallum and Dobson 1995; Daszak et al. 2000;
Daszak et al. 2001; Anderson et al. 2004; Pedersen et al. 2007; Jones et al. 2008;
Cunningham et al. 2012 Fisher et al. 2012; McCallum 2012). While some emerging
pathogens specialize on infecting a single host species, many show a broad host range
(Daszak et al. 2000; Taylor et al. 2001; Anderson et al. 2004). Generalist pathogens
can drive susceptible populations to extinction (McCallum et al. 2012). For example,
non-susceptible reservoir hosts may carry and transmit infection to more susceptible
hosts and maintain pathogen loads in the environment (Best et al. 2012; McCallum et
al. 2012). Thus, variation in host competence (e.g. the capability of a host to acquire,
persist with, and transmit a pathogen) can modify pathogen abundance and probability
of pathogen persistence in ecological communities (Schmidt and Ostfeld 2001;
Keesing et al. 2006). Interspecific variation in responses to pathogens is therefore a
critical factor in determining how disease dynamics progress over space and time
(Keesing et al. 2006; Keesing et al. 2010). Likewise, differential responses of host
species to a generalist pathogen may result in altered species abundance and
distribution in ecological assemblages and subsequent changes in ecosystem structure
and function (Hudson et al. 1998; Kohler and Hoiland 2001; Keesing et al.2006).
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Understanding the feedbacks between hosts, pathogens, and the ecological
environment requires disentangling the influence of multiple interacting biotic and
abiotic factors, yet fundamentally depends on characterizing intrinsic host responses to
infection.
The emerging fungal pathogen, Batrachochytrium dendrobatidis (Bd), infects
more than 500 amphibian species (Olson et al. 2013) and has been associated with
population declines, range reductions, and species extinctions throughout the world
(e.g. Berger et al. 1998; Bosch et al. 2001; Lips et al. 2006; Mendelson et al. 2006;
Green et al. 2006; Skerrat et al. 2007; Crawford et al. 2010). The severe effect of Bd
on many amphibian populations may be driven by hypervirulence of some strains of
the fungus (Farrer et al. 2011; Fisher et al. 2009; Schloegel et al. 2012), the pathogen’s
broad host-range (Olsen et al. 2013), and/or the presence of biotic reservoirs and/or
non-susceptible carrier species in some systems (Daszak et al. 2004; Vredenburg et al.
2011; Reeder et al. 2012; Schloegel et al. 2012). However, not all amphibian
populations are in decline when Bd is present (Briggs et al. 2005; Briggs et al. 2010;
Vredenburg et al. 2010; Brannelly et al. 2012) and experimental studies show a high
degree of variation in species-level responses to Bd. Whereas some species die rapidly
after exposure to Bd (Blaustein et al. 2005; Carey et al. 2006; Searle et al. 2011; Gahl
et al. 2011; Gervasi et al. 2013), others persist with infection (Daszak et al. 2004;
Brannelly et al. 2012; Woodhams et al. 2012; Gervasi et al. 2013). Many species may
fall within the middle of the “disease susceptibility continuum”, displaying
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intermediate levels of mortality and infection load (Searle et al. 2011; Gervasi et al.
2013). The contribution species-level responses to disease dynamics ultimately
depends on how each host acquires, persists with, and transmits infection (reviewed in
Ostfeld and Keesing 2012; Huang et al. 2013).
Bd infects the keratinized skin of post-metamorphic amphibians and can
impair osmoregulatory function and ion transport in susceptible species (Voyles et al.
2009). Host susceptibility to the fungus may be influenced by interactions with abiotic
factors such as temperature, season, resource availability (Berger et al., 2008; Rohr
and Raffel 2010; Raffel et al. 2012; Venesky et al. 2012) or biotic conditions
(predator-prey interactions, density, conspecific competition) (Parris & Cornelius
2004; Parris & Beaudoin 2004; Han et al. 2011). Key ecological life history traits
including lifespan, association with water, body size at and time to maturity, social or
breeding status and thermoregulatory behavior may also affect susceptibility to Bd
(Lips et al. 2003; Bielby et al. 2006; Rowley and Alford 2007; Cooper et al. 2008;
Sodhi et al. 2008;; Richards-Zawacki 2010; Bancroft et al. 2011; Venesky et al. 2011).
Vulnerability to disease may be “clustered” within groups that are more closely
related, phylogenetically, and this may be critical in patterns of susceptibility to the
chytrid fungus (Purvis et al. 2000; Lockwood et al. 2002; Bielby et al. 2006; Corey
and Waite 2008). In addition, host physiology including immunity may drive hostpathogen dynamics especially the outcome of infection (Rollins-Smith and Conlon
2005; Woodhams et al. 2007; Rollins-Smith et al. 2009; Savage and Zamudio 2011;
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Rosenblum et al. 2012; Blaustein et al. 2012; Gervasi et al. accepted and in revision).
Because of the mode of infection, skin architecture including thickness and
distribution and abundance of keratin may also mediate species-specific variation in
susceptibility (Reeder et al. 2012; Greenspan et al. 2012). The key factors that drive
emergence, spread, and maintenance of Bd are just beginning to be understood (Lips
et al. 2003; Morgan et al. 2007; Briggs et al. 2010; Rohr and Raffel 2010; Vredenburg
et al. 2010; Bancroft et al. 2011; Farrer et al. 2011; Savage and Zamudio 2011).
Characterizing intrinsic host responses to Bd in the absence of environmental
covariates is a necessary precursor to more complex studies that consider multiple
interacting factors on host persistence and pathogen dynamics. Experimental studies
are particularly useful for disentangling the effect of multiple biotic and abiotic factors
from baseline susceptibility driven by intrinsic host traits.
Here we used standardized experimental trials to comparatively examine
susceptibility to Bd in twenty amphibian species from across the United States. We
examined patterns in mortality and infection load (determined by quantitative PCR) on
Bd-exposed versus unexposed (control) animals.

METHODS

Collection and Animal Husbandry
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Eggs of all species were collected from established field locations in the northeastern,
southeastern, southwestern, and northwestern United States (Fig. 2.1 and Appendix
Table 2.1) and transported to the Pymatuning Laboratory of Ecology in Crawford
County, Pennsylvania. Our rearing protocol was identical for all species across all
three years of the study. Briefly, amphibian eggs were hatched in 200L plastic pools
containing aged well water. Free swimming tadpoles (Gosner (1960) stage 27) were
moved to 100L plastic pools filled with 90 L of well water. After removing predators,
we combined approximately 1 L of the pond water and added equal aliquots to each
tank to provide a natural source of algae and zooplankton to all pools. We added 5 g of
rabbit chow and 100 g of dry oak leaves (primarily Quercus spp.) to provide a source
of nutrients and a substrate for the periphyton. Before we introduced tadpoles to the
pools, the mixture sat for at least 15 days to allow the algal community to develop/
Tadpole density was approximately 25 individuals per pool. All pools were covered
with cloth that provided 60% shade, excluded predators, and prevented animals from
escaping. When animals reached metamorphosis (Gosner (1960) stage 42-44), we
moved them from wading pools to 1L containers lined with sphagnum moss, where
they were kept until full tail absorption. We fed post-metamorphic animals pinhead
crickets (Acheta domestica) ad libitum fro 1-2 weeks before shipping them overnight
to the laboratory at Oregon State University, Corvallis, Oregon.
On arrival, we placed animals in glass terreria held at 21-5-23.3°C with
13h:11h light to dark photoperiod. Animals acclimated for 24h before initiation of the
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experiment. We randomly assigned individuals of each species to either Bd-exposed
or unexposed (control) treatments. We equally split total sample size (ranging from 20
to 50 individuals, depending on species) into control and Bd-exposed treatments. We
measured initial mass and snout-vent-length of all individuals and placed them in large
Petri dishes (140 X 30 mm) with holes in the lid and a thin film of water covering the
bottom. We kept animals in these dishes for the duration of the experiment (30 days)
and fed them twice a week with pinhead crickets (fed by body mass; 1 cricket per 0.1
g mass). Due to differences in breeding phenology and logistics, we did not test all 20
species simultaneously but instead examined species across seasons and across three
years. All species were treated with identical methods in the same laboratory with the
same researcher (S.S.Gervasi).
Experimental Procedure
We exposed animals to experimental treatments when they were transferred to
individual Petri dishes. Batrachochytrium dendrobatidis isolate, JEL 274 (originally
isolated from a Western toad in Colorado; Annis et al. 2004) was cultured on 100 mm
X 15 mm tryptone agar plates and allowed to grow for 6 days at 23°C before
inoculation of animals. Previous studies have shown that zoospore activity and
density with this particular strain of Bd are highest within 6-8 days after culturing the
pathogen on tryptone agar plates (Searle et al. 2011; Gervasi et al. 2013). Zoospores
were harvested by flooding agar plates with 10 ml of dechlorinated water and scraping
the surface of the agar before pooling the inoculums of several (5-10) plates.
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Experimental animals were exposed to 15 ml of 1.7 X 104zoospores/ml inoculate (2.6
X 105 zoospores, total). All zoospore counts were determined by hemocytometer from
pooled inoculation broth. Zoospores were transferred to individual petri dishes,
already containing 10 ml of dechlorinated water. Control animals were exposed to the
same volume of sham inoculation (created from pathogen-free tryptone-agar plates).
Thus, throughout the experiment, a thin layer of inoculated water was present at the
bottom of the petri dish. Animals resting on the bottom of petri dishes were exposed to
but not immersed in the diluted inoculate and could climb the walls and tops of Petri
dishes. This method standardized pathogen exposure regimes among amphibian
species, allowing us to assess baseline differences in species responses to the same
treatment regime as we have done previously (Searle et al. 2011; Gervasi et al. 2013;
Gervasi et al. 2013b).
The experimental trials lasted for 30 days. Animals were exposed to their
treatment (Bd or sham inoculate) once a week (every 7 d) with a water change
occurring concurrently with re-inoculation. Animals that died during the experiment
were immediately preserved in 95% ethanol. Animals remaining alive at the end of the
30 d experiment were humanely euthanized in accordance with institutional animal
care protocol in MS-222 and then preserved in 95% ethanol.
We used quantitative-PCR (qPCR) to assess infection load in postmetamorphic amphibians following the methods of Boyle et al. (2004), except that we
used 60 ul of Prepman Ultra (Applied Biosystems) instead of 40 ml in all DNA
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extractions. Extractions were diluted 1:10 and processed in an ABI PRISM 7500
(Applied Biosystems). Each sample was analyzed in triplicate and the average number
of genome equivalents of Bd per animal was calculated. Ventral abdominal skin and
inner thigh skin of preserved animals was swabbed using fine tipped sterile rayon
swabs (Medical Wire and Equipment MW&E 113) for Bd. We sampled all Bdexposed animals of each species and also randomly sampled at least 5 control animals
of each species to ensure no contamination across treatments. All control animals
tested negative for infection.
Statistical Analyses
We integrated initial body mass and initial body length (SVL) to obtain an index of
body condition for all individuals (i.e. body condition = residuals from a linear
regression of log mass against log SVL). Body condition was included as a possible
covariate in survival and infection load linear models.
We used Kaplan-Meier (or product-limit) analyses in S-plus version 8.0 for
Windows to generate “survival curves” for each species (control versus Bd-exposed
animals). This non-parametric method allows the analysis of survival data that is often
right skewed. In addition, Kaplan-Meier analyses take into account mortality as a
constant function of the remaining individuals (i.e. mortality rate is calculated based
on remaining individuals instead of total sample size at all time points). To statistically
compare survival curves (between treatments and among species), we used a Cox’s
proportional hazards model. The Cox proportional hazards model give an overall p-
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value (Likelihood ratio test) which assesses the validity of the model, as well as pvalues for each factor or explanatory variable and an associated “hazard ratio”. The
hazard ratio represents a comparative indicator of the risk or probability of mortality
associated with a given factor (a hazard ratio > 1 indicates an increase in the
probability of mortality and a hazard ratio = 1 indicates equal mortality between or
among 2 or more groups). Higher hazard ratios are associated with a greater
probability or risk of mortality due to association with that factor. A caveat with Cox
proportional hazards models for survival analysis is that mortality (at least 1
individual) must exist to make comparisons between groups. Thus, if zero mortality is
seen in a group, a comparison between that group and others is not possible. In this
case, a “relative” hazard ratio for treatment effects can be obtained by randomly
assigning one control animal to mortality on the last day of the experiment. This
provides a relative indicator of difference between the risks of mortality in the Bd
versus Control treatment. In addition the Cox model has several methods of
controlling for ties in data (e.g. large numbers of animals dying on the same day)
however, when excessive ties exist, an appropriate comparison cannot be made. For
proportional hazards models between treatments (within species) we included body
condition (the residuals from a regression of log body mass against log body length) as
a covariate in all models. In among species Cox regression models, body condition
was used as a potential factor in model selection. Because of the high number of
comparisons in the treatment-level Cox models (control versus Bd-exposed for twenty
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species) we made a Bonferroni adjustment to our alpha level (0.05/20 species
=0.0025). In the among species model, we examined all possible candidate Cox
regression models that included both species identify and treatment as main effects (i.e
we made the apriori decision that these two factors were biologically relevant in our
model selection). We only chose potential models that included interactions where the
main effects were also present in the model. We considered the model with the lowest
Akaike’s information criterion (AIC) score the best model. Cox proportional hazards
models and predictive models for survival were performed in R, statistical computing
environment (version 2.9.0, Institute for Statistics and Mathematics, Vienna) with the
“coxph” function and the Survival package for survival analyses within and among
species.
For infection load analyses, we transformed quantitative-PCR loads (logaverage genome equivalents per individual) to normalize data and used a one-way
analysis of variance to examine among species differences in infection load across all
20 species. We used a linear regression model for infection load to examine the
predictive power of species, days survived, and body condition. We considered the
model with the lowest Akaike’s information criterion (AIC) score the best model. The
relationships between body condition and days to death or infection load were
examined with general linear regression. A Bonferroni correction was made for
multiple comparisons (change in alpha level from 0.05 to 0.0025 to reject).
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RESULTS
Within-species (between treatment) comparisons
Risk of mortality was greater in the Bd treatments than in the control treatment within
16 of the 20 species examined (Cox Proportional Hazards models Bd-exposed versus
control treatment within species with a Bonferroni corrected alpha level of 0.0025;
Table 2.1, Fig. 2.2). Four species did not show differences in the risk of mortality
between the Bd-exposed and control treatment at the adjusted alpha level (Hyla
squirella, Hyla wrightorum, Rana cascadae, and Lithobates clamitans). For
Lithobates sphenocephalus and Hyla wrightorum, since no control mortality occurred,
we randomly selected one control animal and assigned them to mortality at the end of
the experiment, allowing us to get a “relative hazard ratio” to compare mortality in the
Bd-exposed versus the control group. We could not obtain a hazard ratio for one
species, Anaxyrus terrestris, because a high number of ties in day of death occurred
(21/25 animals died by day 3 of the experiment). However, we include A. terrestris as
a species for which risk of mortality was greater in the Bd treatment than the control
treatment because of the obvious steep decline in mortality observed after pathogen
exposure (Fig. 2.2).
There were no significant differences in initial body mass, snout-vent-length,
or body condition between Bd-exposed and control individuals in any species (p >
0.05). Body condition was not a significant predictor of days survived in any species,
but mass and body length (SVL) were significant predictors of days survived for one
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species of toad (Anaxyrus fowleri;mass and SVL p≤0.0001) and one species of frog
(Rana luteiventris; mass and SVL p≤0.0025).
In five species (Rana aurora, Rana luteiventris, Lithobates catesbeianus,
Pseudacris crucifer, and Pseudacris feriarum) the number of days survived after
pathogen inoculation was a significant predictor of infection load; in two additional
species, this relationship between days survived and infection load was marginally
significant (Lithobates sphenocephalus p=0.003 and Lithobates pipiens p=0.0027). In
all seven of these species, infection load was lower in animals that survived longer in
the experiment (alpha 0.0025). Body condition was not a significant predictor of
infection load within any species. However, when we looked separately at body mass
and body length (SVL), we observed that both of these body metrics were significant
predictors of infection load in the leopard frog, Lithobates pipiens (linear regression;
mass: p<0.0001, adjusted R2=0.56, F1,23=31.75; SVL: p=0.001, adjusted R2=0.32,
F1,23=12.54) and were marginally significant predictors of infection load in the wood
frog, Lithobates sylvaticus (mass: p=0.004, adjusted R2=0.3, F1,20=9.99; SVL:
p=0.003, adjusted R2=0.33, F1,20=11.19).

Species comparisons
Initial body mass, snout-vent-length, and body condition differed among species (one
way ANOVA mass: F1,870=32.69, p<0.0001, SVL: F1,870=18.54, p=0.004; body
condition: F1,870=247.99, p<0.0001). Lithobates catesbianus and Lithobates clamitans
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were the two largest species and Anaxyrus terrestris and Pseudacris crucifer were the
two smallest species (Table 2.1). The best Cox regression model showed that
treatment, species identity, body condition, and the interaction between treatment and
species and species and body condition were predictors of days until death across the
twenty species examined (AIC = 6538.12; Table 2.2). We constrained our model
choice apriori by choosing only those models that included both species identity and
treatment as main effects (since were specifically interested in examining treatment
and species-level variation in this study). However, the top 8 models in our selection
process also included a main effect and interaction with body condition. In12 out of
the 20 species examined, mortality of Bd-exposed animals was greater than 50% for
the first week of the experiment, alone. Additionally, the day at median death ranged
from day 2 to day 24 in species classified as susceptible (e.g. species that experienced
> 0 mortality in the Bd-exposed group). We did not detect a significant relationship
between days survived after inoculation and body condition within the Bd-exposed
group, across species.
Average infection load was significantly different among amphibian species
(one way ANOVA; F19,396=22.9; p<0.00001 Fig. 2. 3). The highest infection load was
observed in one tree frog species, Pseudacris ornate, and the lowest infection load was
seen in the spring peeper, Pseudacris crucifer, and the difference between the highest
and lowest average infection loads in these species spanned more than 3 orders of
magnitude (Table 2.3). Among all species (pooled), there was a significant linear
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relationship between average infection load and days survived after inoculation
(adjusted R2=0.066; F1,414=30.45; p<0.0001), with animals surviving longer having
lower infection loads. There was also a significant relationship between average
infection load and body condition among species (adjusted R2=0.041; F1,414=18.76;
p<0.0001), with higher infection loads detected in animals with higher body condition.
When we examined body mass and length (SVL) separately, neither of these body
metrics were significant predictors of infection load among species. An analysis of
week 1 versus post-week 1 infection load data among species (i.e. infection load after
a single inoculation versus after multiple inoculations) revealed that infection load
varied among species during the first week of pathogen exposure (d 1-7; ANOVA;
p<0.0001, F17,245=7.04) as well as after the second pathogen exposure (d 8=30;
ANOVA; p<0.0001, F14,104=33.39) (Fig. 2.4a-b).
The best linear regression model showed that species identity, days survived,
body condition and the interactions between species identity and body condition,
species identity and days survived, and days survived and body condition were
predictors of quantitative infection load among species (AIC = 1147.16; Table 2.2).
This model did not differ greatly from the next best model (ΔAIC = 0.13) which
included all main effects as well as the interaction between days and body condition
(Table 2). We constrained our model choice, apriori, to include “species identity” as
one of the predictors (since our question is about species-level differences). However,
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the top 5 models in our model selection process also included a body condition and the
top 7 models all included days survived as significant predictors of infection load.

DISCUSSION
Our experimental study of twenty amphibian species revealed a high degree of
variation in responses to Batrachochytrium dendrobatidis driven by intrinsic traits of
individual hosts. We observed variation in patterns of mortality as well as quantitative
infection load. Bd had a strong within-species effect on survival. In 16/20 species,
animals in the Bd-exposed treatment had a greater risk of mortality than animals in the
control treatment. In four species (R. cascadae, L. clamitans, H. wrightorum, and H.
squirella), we did not observe a significant effect of Bd exposure on mortality. In fact,
on tree frog, H. squirella, displayed zero mortality in the Bd-exposed treatment. These
findings support the hypothesis that interspecific variation in response to Bd can be
driven by characteristics linked to host identity. A “threshold” zoospore load has been
suggested (Vredenburg et al. 2010) above which amphibians infected with Bd
succumb to mortality. This study shows that if lethal zoospore thresholds do exist,
they are highly species-specific. We suggest that these potential thresholds may also
be highly sensitive to extrinsic conditions including but not limited to temperature and
seasonal effects (Rohr and Raffel 2010), and that the concept of pathogen threshold is
highly context dependent (Gervasi et al. 2013).
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For more than half of the species examined (12 out of 20) greater than 50% of
the Bd-exposed animals died during the first week of the experiment. Wihin these 12
species, the individuals who survived week one, went on to survive the enire duration
of the experiment (e.g. three additional pathogen re-inoculations). This indicates a
possible “critical window of susceptibility” during the first week of exposure to Bd.
Additionally, the day at median death ranged from day 2 to day 24 in susceptible
species (e.g. species that experienced > 0 mortality in the Bd-exposed group),
suggesting that exposure to Bd (not necessarily of infection) may be lethal to some
amphibian species (McMahon et al. 2013). Several studies have shown that
proteolytic enzymes and/or toxic compounds released from zoospores could contribute
substantially to pathogenicity of Bd (Blaustein et al. 2005; McMahon et al. 2013).
Secreted zoospore factors may contribute substantially to initial pathogen-induced
mortality and resistance against infection versus exposure may be an important
classification in terms of understanding host responses to Bd (Rohr et al. 2010).
The results of Bd-exposure on survival were not always correlated with
patterns in infection load. In other words, species with greater risk of mortality due to
Bd-exposure were not necessarily the species with the highest infection loads. For
example, Hyla squirella displayed the third highest infection load among species
(Table 2.2), even though mortality was zero in the Bd-exposed treatment for this
species. Similarly, Pseudacris ornata showed the highest infection loads (more than
three orders of magnitude higher than the lowest average infection loads) but was the
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sixth most susceptible species (based on their hazard ratio in the Cox
regression/survival analysis). The species with the lowest infection load, P. crucifer,
had a hazard ratio similar to four other species, which experienced rapid mortality
within the first week of exposure (e.g. P. feriarum, R. auora, and H. versicolor).
Notably, the greatest variation in infection load was seen after the first week of the
experimental trials (Fig. 2.4.a.-b.), indicating that individual hosts may have different
long-term trajectories of infection profiles over time. Potentially, these differences in
temporal dynamics of infection load could lead to highly-host specific zoospore
shedding rates into the environment and variation in patterns of pathogen abundance,
depending on which hosts are present in ecological assemblages.
Taken together, mortality and infection load trends suggest differences in
resistance (the ability to reduce infection) and tolerance (the ability to maintain health
during pathogen exposure and/or infection) among amphibian species exposed to Bd.
Costs of resistance to Bd may include immunopathology, energetic tradeoffs, and/or
metabolic stress and may cause a tradeoff between infection load and host health
(Read et al. 2008; Raberg et al. 2009). Species like P. crucifer, R. aurora, and H.
versicolor, which displayed comparatively low infection loads but a significant
reduction in survival in the Bd-exposed versus the control treatment could be
exhibiting resistance to Bd, at a cost. For seven out of twenty species, a subset of
individuals remained alive for the entire duration of the experimental trial and also
tested negative for infection at the end of the trial. These individuals may be resistant
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to Bd infection, indicating an ability to actively fight and reduce infection load in the
skin. Alternatively, individuals surviving to the end of the experiment may have been
physiologically, genetically, and/or immunologically distinct from the animals that
experienced mortality. That is, these individuals may not have reduced infection load
over time but may simply have kept infection at bay, maintaining low or no infection
load in comparison to conspecifics in the experiment. In addition to resistance, some
species seemed to display tolerance to Bd infection. For these species, infection loads
were comparatively high, but not correlated with a reduction in survival. This seems to
be the case for H. squirella and possibly L. clamitans, both species who had
comparatively high infection loads but no observable treatment differences in survival.
Also of note is the heterogeneous variation in infection load within different
amphibian species. For many species, we observed a high coefficient of variation in
infection load (Table 2.2). This could indicate that some species are characterized by
more homogeneous infection profiles, while others are characterized by higher
intraspecific variation in responses to infection. The trend in infection load was likely
to be driven primarily by the number of days individuals survived after infection, as
days survived was a significant predictor of infection load at the among and withinspecies levels. In our linear regression model, days survived and all interactions with
days survived ( :species, : mass, and :SVL) were in the best model, chosen based on
the lowest AIC score. For all twenty species examined (whether the regression was
significant or not), there was a linear trend for animals surviving longer to display
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lower infection loads than animals dying earlier in the experiment. This is striking
considering that animals were dosed weekly with Bd inoculate (not a single dose at the
beginning of the experiment). Thus, infection load may be directly related to how long
an individual is able to persist with infection over time and mechanisms for resisting
infection may be at work, especially after animals survive through the first week of
infection, which appears to be a critical window of susceptibility for many species.
Although body condition was a significant predictor of infection load among species,
neither body mass nor SVL were strong predictors of infection load within species
(except for one species, Lithobates pipiens).This indicates that body size (i.e. surface
area of potential pathogen colonization) may be related to, but not the only factor in
determining how much infection accrues on the skin of amphibians exposed to chytrid
fungus.
Although we have observed striking differences in patterns of host responses to
Bd in this experimental study, we stress that host responses to different strains of the
fungus may change patterns in susceptibility among species. For example, we found
that when American bullfrogs (Lithobates catesbianus) were exposed to a different
strain of chytrid fungus than the one used here (JEL 630 - a strain of Bd isolated from
an American bullfrog) they did not show signs of susceptibility (Gervasi et al. 2013b).
Although they did acquire infection load in the skin, bullfrogs exposed to JEL 630 did
not undergo mortality when exposed to the pathogen (Gervasi et al. 2013b). There are
important questions remaining, especially given the co-evolution of some amphibian
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hosts with Bd strains that may be endemic to the local environment. It is possible that
susceptibility to Bd may be driven by time-since introduction of the pathogen, or
simply, virulence of Bd strains, independent of co-evolutionary time (Farrer et al.
2011; Fisher et al. 2009; Schloegel et al. 2012). In addition, there is evidence that
susceptibility to Bd may change within amphibian species over developmental (life
history) stages and age (Gervasi et al. 2013; Searle et al. 2013). Therefore, individuallevel responses, even when considered outside of an environmental context, are likely
to be complex and context dependent (Blaustein et al. 2012).
Integrating ecological traits, evolutionary relationships, and physiological
responses will ultimately provide a powerful basis for identifying and prioritizing the
factors that underlie disease susceptibility in the amphibian-Bd system. Our future
work will consider correlations between these observed patterns in susceptibility and
infection with physiological responses of animals (i.e. immunity) as well as ecological
and life history characteristics. Uncovering patterns of susceptibility across
amphibians will improve our ability to predict which species are most vulnerable to
pathogen-induced extinctions and population declines.
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Table 2.1 Body metrics and survival summary for twenty amphibian species
examined in the susceptibility experiments. Species are listed in order of increasing
hazard ratio.

* For H. wrightorum and R. sphenocephala, zero mortality in the control group precluded a Cox
Proportional Hazards Ratio from being obtained. We randomly assigned 1 control individual for each
species to mortality at the end of the experiment, to obtain a relative hazard ratio for comparison of the
“Bd effect” or “rate of mortality in the Bd-exposed versus control group”. “NA” for B. terrestris
indicates no statistical test for this species since the high number of ties in the data broke assumptions
of the model (21/25 animals died by day 3 of the experiment).

Table 2.2 Candidate models of mortality and infection load among twenty species of amphibian. For survival models, we used
Cox regression and only selected models that included at least “treatment” (Bd versus Control) and “species” as factors. For
infection load models, we used linear regression and only selected models that included “species” as a factor. The best
Survival and Infection Load models were chosen based on Akaike’s Information Criterion (AIC) score.
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Table 2.3 Quantitative infection load (raw genome equivalents) values for twenty
species of amphibian exposed to standardize experimental conditions. Species are
listed in order of increasing average infection load values. Coefficient of variation
(CV) of infection load and percentage of infection negative animals detected are given
in columns three and four.
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Figure 2.1 Map showing amphibian egg collection sites in United States (created in
Google Maps) for the twenty species included in experimental susceptibility trials. In
total, we examined six northwest species, eight northest species, six southeast species,
and 1 species from the southwest United States. See Appendix Table 2.1 for more
specific (county-level) locations for egg collection.

69

Figure 2.2 Kaplain-meier survival curves for Batrachochytrium dendrobatidis (Bd)
exposed animals (dashed lines) versus control animals (solid lines) across twenty
amphibian species. Species are grouped by amphibian family (top eight figures =
Hylidae; bottom 4 figures = Bufonidae; middle eight figures Ranidae).
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Figure 2.3 Infection load among twenty amphibian species (listed by species names),
grouped from highest to lowest infection load within amphibian Family affiliation
(Hylidae, Ranidae, and Bufonidae). Lines in boxes represent the “mean” infection
load. Bars are 2 SE of the mean (+/−) and outliers are represented by black dots.

Fig. 2.4.a.-b.: Infection load among species broken into week 1 (a.) and post-week 1 (b.) for all species. Within week 1, Hyla
squirella and Pseudacris crucifer are removed since zero mortality occurred in these species during the first week. For postweek 1 infection load values, A. americanus and A. terrestris are removed since 100% mortality occurred within the first week
of pathogen exposure. Sample sizes are given after species names on the x-axis. Lines in boxes represent the “mean” infection
load. Bars are 2 SE of the mean (+/−) and outliers are represented by black dots.
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Abstract
The emerging fungal pathogen, Batrachochytrium dendrobatidis (Bd), has been
associated with global amphibian population declines and extinctions. American
bullfrogs (Lithobates catesbeianus) are widely reported to be a tolerant host and a
carrier of Bd that spreads the pathogen to less tolerant hosts. Here we examined
whether bullfrogs raised from eggs to metamorphosis in outdoor mesocosms were
susceptible to Bd. We experimentally exposed metamorphic juveniles to Bd in the
laboratory and compared mortality rates of pathogen-exposed animals to controls
(non-exposed) in two separate experiments; one using a Bd strain isolated from a
Western toad and another using a strain isolated from an American bullfrog. We
wanted to examine whether metamorphic bullfrogs were susceptible to either of these
strains. We show that bullfrogs were susceptible to one strain of Bd and not the other.
In both experiments, infection load detected in the skin decreased over time,
suggesting that metamorphic bullfrogs from some populations may be inefficient longterm carriers of Bd.
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Emerging diseases are increasing globally and are a threat to biodiversity (Jones et al.
2008; McCallum et al. 2012; Fisher et al., 2012). High virulence of some pathogens
combined with a broad host-range and the presence of biotic or abiotic pathogen
reservoirs (Fisher et al., 2012; McCallum et al., 2012) can lead to population-level
effects, including extinctions (Fisher et al., 2012; McCallum, 2012; Telfer and Brown,
2012; Best et al., 2012). Further, the presence of competent reservoir species may
facilitate the long-term maintenance and spread of pathogens in ecological
assemblages (Telfer and Brown, 2012; Keesing et al., 2006; Keesing et al., 2010) and
drive the extinction of less tolerant or less resistant species (McCallum, 2012; Telfer
and Brown, 2012, Best et al., 2012; Reeder et al., 2012). Disease-driven loss of
biodiversity is a global phenomenon, and is exemplified by the amphibian-chytrid
fungus system. Batrachochytrium dendrobatidis (Bd), which causes the disease
chytridiomycosis, infects keratinized tissues (epidermis) of metamorphic amphibians
(Brutyn et al., 2012; Greenspan et al., 2012) and impairs osmoregulation (Voyles et al.
2009). The fungus has decimated amphibian populations worldwide (Crawford et al.,
2010; Skerrat et al., 2007). Since its discovery in 1998 (Berger et al., 1998; Lips et al.,
1998), the number of studies on Bd has risen dramatically (Blaustein et al., 2011), yet,
the key factors that drive emergence, spread, and maintenance of Bd are just beginning
to be understood (Lips et al., 2003; Morgan et al. 2007;; Briggs et al. 2010; Rohr and
Raffel 2010; Vredenburg et al. 2010; Bancroft et al., 2011; Farrer et al. 2011; Savage
and Zamudio, 2011). Bullfrogs (Lithobates catesbeianus) have been widely suggested
as a tolerant carrier of Bd. That is, they may harbor the pathogen without signs of
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morbidity or mortality (Daszak et al., 2004; Garner et al., 2006), suggesting they may
be an important reservoir species. International trade in bullfrogs is implicated as a
major driver of the spread of Bd, both locally and globally (Schloegel et al., 2012; but
see Liu et al., 2013). If bullfrogs serve as infection-tolerant reservoir species for Bd in
native and non-native habitats, it could have profound effects on disease dynamics.
American bullfrogs are native to central and eastern parts of the United States
and were introduced west of their historic range for bullfrog farming in the late 1800s
(Kats and Ferrer, 2003) and to other regions of the world in the 1930s (Schloegel et
al., 2012). In the wild, bullfrogs have tested positive for Bd (Hanselmann et al., 2004;
Garner et al., 2006; Bai et al., 2012) although quantitative estimates of Bd infection
load in bullfrogs are largely unknown (but see Garner et al., 2006). Infection loads in
commercially farmed (and released/escaped) bullfrogs may be unusually high because
of housing at high densities, which could facilitate host-to-host transmission
(Rodriguez-Serna et al., 1996).
Here we experimentally examined whether newly metamorphic bullfrogs were
susceptible to Bd. We reared American bullfrogs from eggs to metamorphosis in
outdoor mesocosms to ensure no previous exposure to Bd (see Supplementary
Methods in Appendix A). In two separate experiments, we randomly assigned
bullfrogs to a control or a Bd-exposed treatment. In the first experiment, bullfrogs
were exposed to either Bd strain JEL 274, isolated from a Western toad (Anaxyrus
boreas) from Colorado or sham (control) inoculate. In a second experiment, bullfrogs
were exposed to Bd strain JEL 630, isolated from an American bullfrog in Oregon or
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sham (control) inoculate. We compared the rate of mortality between Bd-exposed and
control animals within each experiment. We did not compare the results between the
different experiments.
Experiments were run approximately 2 weeks apart in two different cohort
“waves” of animals from experimental mesocosms that were similar in age since
metamorphosis. Thus, we do not present or discuss comparisons of Bd exposed
animals between pathogen strains. Within both experiments, we exposed newly
metamorphic animals (2 to 4 weeks post-metamorphosis) to Bd at a concentration of
1.7 X 104 zoospores/ml in 15 ml of total inoculate. Control animals were exposed to
sham inoculate prepared identically except for the presence of the pathogen (see
Supplementary Methods in Appendix A). We monitored survival for 30 days and
quantified infection load of all Bd-exposed animals as well as a random sample of 10
control animals (5 controls within each strain experiment) using quantitative-PCR
methods of Boyle et al. 2004 (See Supplementary Methods in Appendix A). Animals
that died during the experiment were immediately preserved in 95% ethanol. Animals
surviving the full experimental duration were humanely euthanized in MS-222 in
accordance with approved institutional animal care and use protocol and then
immediately preserved in 95% ethanol. All experimental animals were swabbed for
infection just before qPCR extractions, which took place several weeks after the end
of the experiment. Preservation of animals in ethanol before swabbing for infection
load helped to ensure that we were sampling infection load in the skin, rather than
zoospores on the skin (from experimental Petri dishes). We sampled animals for Bd
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infection by firmly wiping fine tipped sterile rayon swabs (Medical Wire and
Equipment- MW&E 113) along the ventral surface of animals (10 full swipes down
the entire left side of each animal, from armpit to toes).
We used Kaplan-Meier (or product-limit) analyses in S-plus version 8.0 for
Windows to generate “survival curves” to compare animals in control versus
pathogen-exposed treatments for each strain experiment (JEL 274 and JEL 630). To
statistically compare survival curves, we used a Cox’s proportional hazards model
(which also controlled for body mass). The Cox proportional hazards model gives an
overall p-value (Likelihood ratio test) which assesses the validity of the model, as well
as p-values for each factor and an associated “hazard ratio”. The hazard ratio
represents a comparative indicator of the risk or probability of mortality associated
with a given factor (a hazard ratio > 1 indicates an increase in the probability of
mortality). Cox proportional hazards models were performed in R, statistical
computing environment (version 2.9.0, Institute for Statistics and Mathematics,
Vienna) with the “coxph” function and the Survival package for survival analyses. We
used a linear regression model to look at the relationship between the response
variable (infection load) and time (days survived) in each experiment.
We show for the first time that bullfrogs were susceptible to JEL 274; the rate
of mortality in Bd-exposed animals was significantly greater than the rate of mortality
in control animals (Fig. 3.1; Cox proportional hazards model p<0.001; hazard ratio =
12.1). 13 of 17 Bd-exposed animals died. In comparison, bullfrogs were not
susceptible to JEL 630; the rate of mortality in Bd-exposed animals was not different
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from the rate of mortality in control animals (Fig. 3.1; Cox proportional hazards model
p = 0.440; hazard ratio = 0.658).
Infection loads detected in the skin of bullfrogs within each experiment varied
over time. In both experiments, infection load of experimental animals decreased over
time (Fig.3. 2) and days survived was a significant predictor of infection load in
regression models for each strain experiment (strain JEL 274 adjusted R2=0.74,
p<0.0001; strain JEL 630 adjusted R2=0.29, p=0.016). We present the raw infection
load values in genome equivalents for all Bd-exposed animals for each experiment as
opposed to an average quantitative infection load value (Table 3.1). Several pathogenexposed animals (2 of the17 bullfrogs exposed to JEL 274 and 3 of the 16 bullfrogs
exposed to JEL 630) that survived the entire 30-day trial tested negative for infection
at the end of the experiment (Table 3.1). Given that bullfrogs were exposed to four,
weekly, inoculations of 1.7 X 104 zoospores, these results suggest that some bullfrogs
either lose their infection or that some animals are innately resistant to infection. That
is, some bullfrogs may actively decrease pathogen loads in epidermal tissue. Average
infection load in bullfrogs, regardless of strain, was considerably lower than infection
loads of other amphibian species reported from laboratory studies (e.g. Searle et al.,
2011; Gahl et al., 2012) and in the field (Garner et al. 2006; Vredenburg et al. 2010;
Reeder et al. 2012). The comparatively low infection load values in bullfrogs suggests
that, at least under laboratory conditions, there is a distinct “zoospore threshold” above
which mortality occurs in this species, which is lower than the threshold observed in
other amphibian species and populations exposed to Bd in field conditions
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(Vredenburg et al. 2010). Recent evidence shows that zoospore thresholds may be
highly species specific (Gervasi et al. 2013). Our results suggest that bullfrogs may be
resistant (they may be able to limit or reduce pathogen burden) but may still incur
morbidity and mortality during pathogen exposure (i.e. they may not tolerate
infection) (Reed et al., 2008; Raberg et al., 2009). Costs of pathogen resistance
including energetic investment and collateral damage via immunopathology could
contribute to the decline in host survival observed after bullfrog exposure to Bd, even
at low infection loads. Rohr et al. (2010) showed that costs of pathogen exposure (in
the absence of infection) may also have important fitness consequences for hosts.
This concept is especially relevant in the amphibian-Bd system given recent evidence
that Bd releases a compound that can cause rapid host mortality in the absence of
infection (McMahon et al. 2013), which likely explains similar phenomena reported
previously (Blaustein et al. 2005; Searle et al. 2010).
Our results show that American bullfrogs were susceptible to one strain of Bd
but not to another. Thus, in some populations, depending upon the Bd strain they are
exposed to, bullfrogs may be inefficient carriers or reservoir species for Bd. Since
bullfrogs were susceptible to at least one strain of Bd, they may be susceptible to
others. However, in other populations, bullfrogs may persist with infection that can be
disseminated to less tolerant amphibian species. Our data support these conclusions
for post-metamorphic bullfrogs, but further research is needed to determine if these
results hold for adult bullfrogs.
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Our results show that American bullfrog exhibit differential sensitivity to Bd.
Differences in host -pathogen co-evolution with certain strains of Bd could explain
consistently cited innocuous effects of pathogen exposure and infection in this species.
For example, genotypic differences among pathogen strains could account for
differences in virulence (Schloegal et al., 2012) and other pathogen characteristics
(e.g. reproductive rate and zoospore size) and thus, alter host-pathogen interactions
(Rosenblum et al., 2008; Fisher et al., 2009; Rosenblum et al., 2012). In addition to
mortality we observed during exposure to JEL 274, we also observed low infection
loads and a decrease in infection load, over time (Fig. 3.2). There is a lack of data on
quantitative infection load in bullfrogs across the globe. At least one study has
highlighted the vast differences in infection load in populations of bullfrogs in
different regions of the world (Garner et al., 2006). Our experimental results have
implications for the general belief that bullfrogs maintain high infection with Bd
without signs of morbidity or mortality. Across ecological systems there may be
variation in which species represent the most relevant reservoir species for this
pathogen (Reeder et al., 2012). While adult bullfrogs may be important carriers of Bd
in some systems, alternative hosts may be just as or more important for the
maintenance and spread of this pathogen (Reeder et al., 2012; Gervasi et al., 2013;
McMahon et al., 2013). Further, recent evidence suggests that there are important nonamphibian carriers of Bd including crayfish (McMahon et al. 2013) and that
international trade of both amphibian and non-amphibian carriers could drive the
global pathogen distribution (Liu et al. 2013). This study underscores how
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experimental studies may help us understand the often complex and context dependent
dynamics of host-pathogen systems.
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Table 3.1 Raw quantitative Batrachochytrium dendrobatidis (Bd) infection load
values (genome equivalents) for all Bd-exposed bullfrogs in the JEL 274 and JEL 630
experiments. Animals scoring with “number of days survived after inoculation” values
of 30 represent individuals that survived over the entire duration of the 30 day trial.

Bd strain
JEL 274

Number of days
survived
12
30
4
2
5
30
5
2
2
2
2
30
5
4
5
7
30

Bd strain
JEL 630

Number of days
survived
30
13
30
19
30
30
25
25
29
19
29
22
30
30
30
30

Quantitative-PCR load (raw genome
equivalents)
40.98
Negative (zero infection)
3.411
123.6
20.41
Negative (zero infection)
72.86
85.83
71.91
141.3
69.61
0.1293
53.62
15.46
26.42
5.932
1.257

Quantitative-PCR load (raw genome
equivalents)
Negative (zero infection)
3.124
Negative (zero)
23.42
0.7758
Negative (zero infection)
0.8976
5.738
3.330
71.74
0.9843
388.7
1.287
0.9988
2.991
4.622
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Figure 3.1 Survival of bullfrogs after exposure to amphibian chytrid fungus strains
JEL 274 (thin lines) and JEL 630 (thick lines). Survival was reduced in the pathogen
treatment for JEL 274. No differences in survival occurred between Control and
Pathogen-exposed animals in the JEL 630 treatment.
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Figure 3.2 Linear regression lines showing the relationship between infection load
and time. For both pathogen strains, time (number of days survived) was a significant
predictor of infection load. Animals that died earlier in the experiment had higher
infection loads than animals that died later or animals that survived to the end of the
experiment. Only infection positive animals were included in the analysis.
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Abstract
Species composition within ecological assemblages can drive disease
dynamics including pathogen invasion, spread, and persistence. In multi-host pathogen
systems, interspecific variation in responses to infection creates important context
dependency when predicting the outcome of disease. Here, we examine the responses
of three sympatric host species to a single fungal pathogen, Batrachochytrium
dendrobatidis, which is associated with worldwide amphibian population declines and
extinctions. Using an experimental approach, we show that amphibian species from
three different genera display significant differences in patterns of pathgen-induced
mortality as well as the magnitude and temporal dynamics of infection load. We
exposed amphibians to one of four inoculation dose treatments at both larval and postmetamorphic stages and quantified infection load on day 8 and day 15 postinoculation. Of the three species examined, only one (the Pacific treefrog; Pseudacris
regilla) displayed “dose-dependent” responses; survival was reduced and infection
load was elevated as inoculation dose was increased. We observed a reduction in
survival but no differences in infection load across pathogen treatments in Cascade’s
frogs (Rana cascadae). Western toads (Anaxyrus boreas) displayed differences in
infection load but no differences in survival across pathogen treatments. Within
species, responses to the pathogen varied with life history stage, and the most heavily
infected species at the larval stage was different from the most heavily infected species
at the post-metamorphic stage. Temporal changes in infection load were species and
life history stage-specific. We show that variation in susceptibility to this multi-host
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pathogen is complex when viewed at a fine-scale and may be mediated through
intrinsic host traits.
Introduction
Most pathogens can infect and be transmitted among multiple hosts, but there may be
considerable variation in responses to infection among species, individuals, or
between life stages [1, 2, 3, 4, 5]. Differences in host responses to pathogens can
influence disease dynamics by altering the probability and rate of pathogen
transmission, disease induced mortality, and recovery from infection [6, 7, 8].
Theoretical and empirical evidence suggests that variation in host competence (i.e. the
capacity of a host to acquire, persist with, and transmit a pathogen) can modify the
abundance and probability of persistence of pathogens in ecological communities [3,
9]. For example, reservoir hosts harbor and transmit a pathogen, often without
incurring morbidity or mortality as a result of infection [3]. Species that act as
reservoirs can facilitate long-term pathogen persistence in space and time and prevent
periodic pathogen fade-outs based on density of susceptible hosts [3, 7, 9]. Therefore,
species identity and composition in ecological assemblages can have a deterministic
effect on pathogen invasion, spread, and persistence.
Predicting disease dynamics has become an important priority as emerging
infectious diseases (EIDs) represent a major threat to global biodiversity [10, 11, 12,
13, 14] and EIDs are increasing in incidence and impact, worldwide [11, 13, 14].
Global amphibian population declines are a particularly illustrative example of the
impact of EIDs on wildlife [15, 16, 17]; the fungal pathogen, Batrachchytrium
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dendrobatidis (Bd), has decimated amphibian populations, worldwide [18, 19] and is
now found on every continent where amphibians exist [20, 21]. While many species
die after exposure to Bd [18], other species persist and may be carriers for the
pathogen [22]. On closer examination, there is likely a continuum of susceptibility to
Bd among amphibian hosts [23, 24]. Where an individual or species lies along this
susceptibility continuum is a product of environmental, pathogen-specific and hostspecific factors, and several reviews have attempted to tease apart the most important
factors driving Bd dynamics [25, 26, 27]. Intrinsic host traits may play a fundamental
role in determining responses to infection and disease outcomes among amphibian
populations [24, 27, 28, 29]. Species that share key life history traits, certain
behaviors, and/or geographical and microhabitat preference may exhibit similar
patterns of susceptibility [27, 29]. Physiological or immunological characteristics of
host species may also influence the probability of infection, degree and duration of
infection, infectiousness and the probability of disease-induced mortality [30, 31] and
genetic traits associated with immunity may allow some individuals or groups of
similar individuals to be more effective at fighting infection [32].
Bd infects keratinized structures of amphibians [33]. In larval amphibians,
keratin exists in mouthparts and infection can impair feeding [34] but also may
contribute to larval mortality [23, 35]. As development continues, keratin begins
forming on other parts of the body; by metamorphosis animals are covered with
keratinized epidermal tissue [35]. Pathogenicity of Bd results from damage to the
epidermal skin layers of post-metamorphic amphibians, but also impairment of
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osmoregulatory mechanisms of the skin and secondary electrolyte imbalance that may
lead directly to cardiac arrest in amphibians [36]. Variation in skin structure
(propensity to act as an effective pathogen “barrier”) as well as variation in the amount
of keratin and other proteins involved with the skin could alter host-pathogen
interactions in this system. Pathogenicity may also arise from fungal metabolites,
including toxic substances that cause morbidity and mortality in larval and postmetamorphic amphibians [23, 37, 38].
There is a paucity of data characterizing the individual and species-level
interactions between amphibian hosts and this fungal pathogen using an experimental
framework. Thus, using a comparative experimental approach, we examined responses
to Bd in three sympatric host species of three genera: tree frogs (Pseudacris regilla),
true frogs (Rana cascadae), and toads (Anaxyrus boreas). We exposed animals to one
of four different inoculation dose treatments and examined mortality and infection
load at both the larval and post-metamorphic stage. We sampled infection load at two
distinct time-points in both larvae and metmorphs of these three species.
Materials and methods
Animal Husbandry
Eggs of all species were collected with handheld dipnets from natural ponds in the
Oregon Cascade Range west of Bend, Oregon (R. cascadae and P. regilla: Linn
County, OR; elevation = 1140 m; A. boreas: Deschutes County, OR; elevation =
2300 m) during the summer of 2011 (R. cascadae and P. regilla collected in May and
A. boreas collected July). We collected 5-10 clutches of each species to increase
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genetic variability in our samples, and clutches were fully mixed. Eggs were brought
to a climate-controlled laboratory within 4 hours of collection and kept at 14.5-15.5 °C
on a natural light:dark photoperiod (regulated by an outdoor, light-sensitive receptor).
After hatching, we separated tadpoles to a density of approximately 100 tadpoles per
aquarium, and raised them to Gosner stage 27-30 (marked by early development of
hind-limb buds [39]). During development in the laboratory, tadpoles were fed a 3:1
mixture of rabbit chow and fish food ad libitum (during the experiment, we fed
tadpoles a pinch (approximately 0.05g) of the same mixture of food, every other day).
We changed water in larval aquaria weekly. Once the majority of larvae reached the
desired Gosner stage, we randomly selected tadpoles for experiments. Larvae were
housed in individual 1L containers for the duration of the experiment and were fed one
pinch of food every three days. All larvae not used in experiments were humanely
euthanized by immersion in MS-222 according to approved animal care and use
protocol (ACUP # 4184 Oregon State University).
For experiments with metamorphic animals, we removed free swimming stage
tadpoles from the same clutches in groups of 50 to outdoor semi-natural mesocosms.
These animals were kept in outdoor mesocosms for the duration of their larval and
early metamorphic development. We selected tadpoles for mesocosms that were of
approximately the same size and that were actively swimming in laboratory aquaria.
Aquatic mesocosms were 36 inch wide X 21 inch deep (~350L) cattle tanks, filled
with well water. We added 2 L aliquots of pond water to each mesocosm. Pond water
provided a natural source of algae and zooplankton to all mesocosms. We stocked
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each mesocosm with 100 g of dry oak leaves and 20 g of rabbit chow to provide
substrate for periphyton and a source of nutrients for larvae. Mesocosms were
covered with plastic screening to prevent colonization by insects and predators and
were allowed to develop for 15 days before adding larval amphibians. Because of
differences in breeding phenology, A. boreas tadpoles were raised in mescosms from
July to October, while R. cascadae and P. regilla tadpoles were raised in mesocosms
from May to August. As animals began to metamorphose (i.e., emergence of both
forelimbs), we removed them to semi-aquatic/semi-terrestrial mesocosms containing a
thin layer of water and oak leaves to prevent drowning. Animals were maintained at a
density of approximately 100 animals per mesocosm and were not maintained
separately by larval/aquatic mesocosm (i.e., individuals within the same species were
mixed as they entered semi-terrestrial mesocosms). Animals in terrestrial mesocosms
were allowed to complete metamorphosis (complete tail absorption) and remained in
these enclosures for 2-3 months after metamorphosis. After metamorphosis, animals
were fed pinhead crickets and wingless fruit flies weekly, ad libitum. After 2-3 months
of development, metamorphic amphibians were brought into the same laboratory
where larval experiments were run. Animals were allowed to acclimate for 48 hours
before they were weighed, measured, and assigned to their experimental treatment. All
metamorphic animals from terrestrial mesocosms were re-randomized for subsequent
experiments in the laboratory. Metamorphic amphibians were housed in individual
large-sized (140 X 30mm) petri dishes throughout the laboratory experiment and were
fed pinhead crickets by average body weight (1 cricket per 0.1 g body mass; same
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number of crickets for each animal) twice a week.
Inoculate Preparation
Batrachochytrium dendrobatidis isolate, JEL 274 originally isolated from A.
boreas from Colorado [40], was cultured on 100 mm X 15 mm tryptone agar plates
and allowed to grow for 6 days at 23°C before inoculation of animals. Previous studies
have shown that zoospore activity and density with this particular strain of Bd are
highest within 6-8 days after culturing the pathogen on tryptone agar plates [24].
Zoospores were harvested by flooding agar plates with 10 ml of dechlorinated water
and scraping the surface of the agar before pooling the inoculums of several (5-6)
plates [24]. Experimental animals were exposed to 10 ml of pooled inoculation broth
at a density of 100,000 zoospores total (“high” inoculation dose), 50,000 zoospores
total (“intermediate” inoculation dose), or 10,000 zoospores total (“low” inoculation
dose). All zoospore counts were determined by hemocytometer from pooled
inoculation broth. For larval amphibians, zoospores were transferred into individual
plastic cups, already containing 600 ml of dechlorinated water. In metamorphic
amphibians, zoospores were transferred to individual large petri dishes, already
containing 15 ml of dechlorinated water. Control animals were exposed to the same
volume of sham inoculation (created from pathogen-free tryptone-agar plates). Thus,
throughout the experiment, a thin layer of inoculated water was present at the bottom
of the petri dish. Animals resting on the bottom of petri dishes were exposed to but not
immersed in the diluted inoculate and could climb the walls and tops of Petri dishes.
This method standardized pathogen exposure regimes among amphibian species,
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allowing us to assess baseline differences in species responses to the same treatment
regime.
Experimental Pathogen Exposure
For both larval and post-metamorphic animals, the experimental duration was 15 days.
Animals were exposed to their treatments once, at the start of the experiment and then
observed daily. We did not to re-inoculate animals over the course of the infection
because we were specifically testing how infection load changes over the time-frame
of a single exposure event. We assessed infection loads in larval and postmetamorphic animals on day 8 and day 15. We only sampled live animals at each
time-point, since pathogen growth, and thus, infection load could change rapidly on
animals that have died and begin to immediately decompose. Thus, we established
how infection load differs on day 8 versus day 15 in living animals, exposed once to a
standardized inoculation dose of Bd.
Larval Pathogen Exposure
We staged all larvae immediately prior to initiation of the experiment, and then placed
Gosner stage 27-30 animals [39] in individual 1L plastic cups (the experimental unit),
containing 600 ml of water. Larvae were randomly assigned to one of four treatment
groups (n = 30): High Bd dose, Intermediate Bd dose, Low Bd dose, or Control (no
Bd). We checked for mortality daily, and preserved dead animals in 95% ethanol. On
day 5 of the experiment, we increased the water level to 900 ml to increase oxygen
content in the cups. On day 8 of the experiment, we randomly sampled 15 individual
tadpoles in each experimental treatment for quantitative PCR and changed all
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remaining (non-sampled) animals into clean water. At the end of the experiment on
day 15, the remaining animals were humanely euthanized in accordance with the
institutional animal care protocol and preserved in 95% ethanol. Post-experimental
snout-vent-length and mass were taken only for tadpoles that were sampled on day 8
and day 15 for quantitative PCR.
Post-metamorphic Pathogen Exposure
All animals from semi-terrestrial outdoor mesocosms went through 48 h of
acclimation in individual Petri dishes to laboratory conditions before initiation of the
experiment. At the start of the experiment, all animals were weighed, measured, and
randomly assigned to one of four treatment groups, identical to treatments for larvae.
For metamorphic R. cascadae and P. regilla, 30 animals were assigned to each
treatment. For metamorphic A. boreas, 20 animals were assigned to each treatment,
except in the high dose treatment (n = 21). As with larval amphibians, we checked for
mortality daily. On day 8 of the experiment, we sampled half of all remaining animals
for qPCR and changed the water in each petri dish (without re-inoculating animals).
At the end of the experiment on day 15, the remaining animals were humanely
euthanized in accordance with institutional animal care protocol and preserved in 95%
ethanol.
Quantification of Infection Load
For both larval and post-metamorphic amphibians, we used quantitative-PCR (qPCR)
to assess infection load in larval and post-metamorphic amphibians following the
methods of Boyle et al. [41], except that we used 60 ul of Prepman Ultra (Applied
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Biosystems) instead of 40 ml in all DNA extractions. Extractions were diluted 1:10
and processed in an ABI PRISM 7500 (Applied Biosystems). Whole mouthparts were
extracted for qPCR in larvae. For metamorphic amphibians, ventral abdominal skin
and inner thigh skin was swabbed using fine tipped sterile rayon swabs (Medical Wire
and Equipment- MW&E 113) for Bd. We sampled 15 larval amphibians for qPCR in
each pathogen-exposed treatment on day 8 of the experiment and 8 larval animals
from each pathogen-exposed treatment on day 15 of the experiment. In metamorphic
amphibians we sampled half of all surviving animals for qPCR on day 8 of the
experiment and the remaining animals were sampled on day 15. Each sample was
analyzed in triplicate and the average number of genome equivalents of Bd per animal
was calculated. For larval and post-metamorphic amphibians, we also randomly
sampled at least 3 control animals at each time-point and in each treatment. All control
animals (larval and post-metamorphic) tested negative for infection in all three
replicate DNA wells for quantitative PCR.
Statistical Analyses
Statistical comparisons were made among treatments (for each species, individually),
among species (at each treatment level, separately), and between time-points (day 8
versus day 15). Each of level of statistical comparison (treatment, species, time-point)
was carried out individually, as opposed to a single analysis with multi-level
comparisons. We used Kaplan-Meier (or product-limit) analyses in S-plus version 8.0
for Windows to generate “survival curves” among species and among treatments. This
non-parametric method allows the analysis of survival data that is often right skewed.
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In addition, Kaplan-Meier analyses allow for “censored data”, which accounts for subsampled individuals in our experiment that were “lost” or “removed” due to
destructive sampling (not to death). This was important in our dataset, since a subset
of live animals were sampled (i.e., removed from the experiment) on day 8 of the
experiment for a quantitative assessment of infection load. Thus, the survival curves
generated take into account mortality as a constant function of the remaining (but not
sub-sampled) individuals. To statistically compare survival curves, we used a Cox’s
proportional hazards model [42]. The Cox proportional hazards model give an overall
p-value (Likelihood ratio test) which assesses the validity of the model, as well as pvalues for each factor and an associated “hazard ratio”. The hazard ratio represents a
comparative indicator of the risk or probability of mortality associated with a given
factor (a hazard ratio > 1 indicates an increase in the probability of mortality). Higher
hazard ratios are associated with a greater probability or risk of mortality due to
association with that factor (e.g., treatment or species). One caveat with Cox
proportional hazards models for survival analysis is that some mortality (greater than 1
individual) must exist to make comparisons among groups. Thus, if zero mortality is
seen in a group, a comparison between that group and others is not possible. We only
experienced this problem in tadpoles where, for one species, no mortality existed
across all experimental treatments, and in one treatment for a single post-metamorphic
species (i.e., zero mortality in the control treatment for A. boreas metamorphs). For all
analyses with post-metamorphic amphibians, our proportional hazards models also
included initial body mass as a factor. Survival analyses of larval amphibians were
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performed only with main effects (treatment or species), as there was no initial metric
of body size or mass available; we only had post-experimental estimates of size and
mass on the subset of animals sampled for quantitative-PCR analysis). Cox
proportional hazards models were performed in R, statistical computing environment
(version 2.9.0, Institute for Statistics and Mathematics, Vienna) with the “coxph”
function and the Survival package for survival analyses within and among species.
For infection load analyses, we transformed quantitative-PCR loads (logaverage genome equivalents per individual +1) to normalize data and used a one-way
analysis of co-variance to examine within species (among-treatment) and among
species (within-treatment) differences in infection load in larval and post-metamorphic
animals. We used treatment or species as the main effect and included mass as a
covariate in all models (since infection load may depend on the amount of host-bodyarea or mouthpart areas that the pathogen can colonize). We used a Levene’s test to
check for homogeneity of variance among groups (treatments or species) before
running all ANCOVA’s (and in all cases, we met the requirements of the parametric
test). When we detected a significant overall effect of treatment or species, we carried
out individual pair-wise comparisons to control type I error using a Tukey’s honestly
significant difference test. In the case of low sample size (for larval or postmetamorphic amphibians some species/treatment combinations had only one
individual because of lack of Bd-positive animals or because of high mortality during
the experiment) we used Welch’s modified t-tests to make between group
comparisons. This t-test controls for non-equal variance between groups. We also
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examined temporal dynamics of infection by comparing quantitative-PCR loads on
day 8 of sampling versus day 15 of sampling within treatments and across species
using Welch’s modified t-tests.
Ethics Statement
This study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health.
Animals in the study were allowed to die directly as a result of infection and this is in
accordance with the approved Institutional Animal Care and Use Committee of
Oregon State University (ACUP # 4184). Criteria for euthanasia included display of
overt signs of morbidity associated with infection (loss of righting reflex and anorexia
in post-metamorphic animals and extreme weakness in larval amphibians). In our
study, we checked animals twice, daily, for these signs of morbidity and were
humanely euthanized if we observed signs (although we did not observe these extreme
signs of morbidity in our two week experiment). Any animals appearing to show any
signs of distress were immediately euthanized in MS-222 according to institutional
animal care protocol. Collection of amphibian eggs for all experiments was approved
by the Oregon Department of Fish and Wildlife (2011 Oregon Scientific Taking
Permit #006-12 issued to A.R. Blaustein).
Results
Larval Survival
There were no differences in rates of mortality across experimental treatments,
including the control treatment, for any larval species (Table 4.1). We also failed to
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detect species-level differences in survival (R. cascadae versus P. regilla only) within
pathogen treatments (Table 4.1). We did not include A. boreas in the among species
comparisons because we observed zero mortality across all treatments, including
control and pathogen exposures, for larval A. boreas and this precludes the ability to
use a Cox proportional hazards model.
Larval Infection Load
Pseudacris regilla
Although we did not detect an effect of the pathogen on survival, we did
observe significant differences in infection load in larval amphibians dependent on
treatment, species, and/or sampling time-point (Table 4.2; Table S1; Fig. 4.1.a.). For
P. regilla tadpoles there were significant differences in infection load among
experimental pathogen inoculation treatments, but only at the day 15 time-point
(ANCOVA F3,14 = 5.93;p = 0.013); individuals in the high pathogen inoculation
treatment had significantly greater infection loads than individuals in the low pathogen
inoculation treatment (Tukey HSD test p < 0.05). Infection loads were different on day
8 versus day 15 in P. regilla, but only at the high inoculation dose treatment; infection
load was higher on day 15 than day 8 of the experiment (Welch’s 2-sample t-test; t15=
-3.147; p = 0.011). Although infection load increased over time in P. regilla tadpoles
in the high inoculation dose treatment, the percentage of animals testing positive for
infection at this high treatment level went from 91% on day 8 to 87% on day 15.
Conversely, the percentage of animals testing positive for infection increased in the
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two other inoculation dose treatments, from 67% to 75% in the intermediate dose
treatment and from 28% to 62% in the low dose treatment from day 8 to day 15.
Rana cascadae
Larval R. cascadae showed no differences in infection load between
experimental treatments on day 8, and only one individual in the low treatment group
tested positive for infection (Fig.4.1.a.). On day 15, a single intermediate treatment
animal and a single low treatment animal tested positive for infection; thus, we could
not make statistical comparisons among treatments on day 15 for larval R. cascadae.
Examination of the high inoculation treatment, where sample size allowed statistical
comparisons between time-points, showed a change in infection load from day 8 to
day 15 of the experiment; infection load increased between the sampling time-points
(Welch’s 2 sample t-test; t5 = -3.423; p = 0.018). The percentage of animals sampled
that tested positive for infection from day 8 to day 15 went from 21% to 55% in the
high inoculation treatment.
Anaxyrus boreas
In larval A. boreas, infection load was significantly different among pathogen
inoculation treatments on day 8 of the experiment (Fig.4.1.a.; ANCOVA F3,27 = 6.47;p
= 0.005). A Tukey’s HSD test revealed that infection loads were significantly greater
in high inoculation treatment animals than low inoculation treatment animals (p <
0.05). Sampling of larval toads on day 15 also revealed a significant difference in
infection load among treatments (ANCOVA F3,12 = 5.18;p = 0.023); animals in the
high pathogen inoculation treatment had higher levels of infection than animals in the
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intermediate inoculation treatment (p < 0.05). Infection load in larval toads was higher
on day 15 compared to day 8, but only significantly so in the high inoculation
treatment (Welch’s 2-sample t-test: t18 = -2.82; p = 0.012). For A. boreas tadpoles, the
proportion of animals testing positive for infection in the high inoculation treatment
stayed at 87% from day 8 to day 15; in the intermediate inoculation dose treatment
went from73% on day 8 to 87% on day 15; and went from 46% on day 8 to 25% on
day 15 in the low inoculation dose treatment.
Among-Species
We detected a significant effect of larval species identify on infection load, but
only on day 8 of the experiment and at the high inoculation dose treatment (Table 4.2;
Table S1; ANCOVA F3,22 = 12.7; p = 0.0002); infection loads were significantly
higher in A. boreas than R. cascadae (p < 0.05) and significantly higher in A. boreas
than P. regilla (p < 0.05). Overall, on day 8, A. boreas had the highest infection loads
and R. cascadae had the lowest infection loads.
Post-Metamorphic amphibians
Pseudacris regilla
P. regilla had reduced survival as treatment level (i.e., inoculation dose)
increased (Fig. 4.2.a., Table 1; Cox Proportional Hazards Model likelihood ratio test =
76.3 on 4 df; p < 0.0001). Survival was significantly different among all pathogen
treatment levels (Table 4.1; intermediate versus low p = 0.0002; high versus
intermediate p = 0.0004; high versus low p < 0.0001). Survival in the low inoculation
treatment was not significantly different from survival in the control treatment (p =
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0.396), but survival in the intermediate and high treatments was reduced compared to
survival in the control treatment (p<0.0001 and p<0.0001 for the intermediate versus
control and high versus control treatments, respectively). The effect of mass on
survival was also significant in the Cox model (p<0.0001). Day 8 infection load on
live (i.e. sub-sampled) P. regilla varied with inoculation dose treatment (Fig. 4.1.b.;
Table 4.2; Table S2; ANCOVA; F3,19 = 14.4;p = 0.0001); infection load increased with
increasing inoculation treatment between the high and low (p < 0.05) and intermediate
and low treatments (p < 0.05). Mass was not a significant factor in the infection load
model (p = 0.78). By the second sampling time-point on day 15, only 1 postmetamorphic individual remained alive in the high inoculation dose treatment, so we
compared infection load between the intermediate and low treatments only. Infection
load was higher in the intermediate inoculation dose treatment than the low treatment
(Welch’s t-test t6 = 4.314; p = 0.029). Infection load in sub-sampled P. regilla
decreased within all treatments between day 8 and 15; this negative change in
infection load was significant in the intermediate treatment (Welch’s t-test t8 = 3.568;
p = 0.004) and was marginally significant in the low inoculation dose treatment
(Welch’s t-test t12 = 2.22; p = 0.09). It was not possible to make a statistical
comparison for the high treatment since only 1 individual was present on day 15. All
post-metamorphic P. regilla individuals sampled for infection tested positive for
infection on both day 8 and day 15.
Rana cascadae
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Rana cascadae displayed reduced survival across treatment levels (Fig.4. 2.b.;
Table 4.1; Cox Proportional Hazards Model likelihood ratio test = 40.9; 4df; p <
0.0001), but the only significant difference existed between individuals in the high
versus low treatment group (p = 0.011) and high versus control treatment (p = 0.041).
Mass was also a significant predictor of survival in this model (p < 0.0001). Although
inoculation treatments differed by an order of magnitude (100,000 versus 10,000
zoospores), infection load in R. cascadae metamorphs did not differ among
inoculation dose treatments on day 8 or day 15 (Figure 4.1.b.; Table 4.2; Table S2).
Further, there was no significant difference in infection load on day 8 versus day 15 in
the high and intermediate treatments, although there was a significant decrease in
infection over time in the low inoculation dose treatment (Figure 4.1.b.; Welch’s t-test
t5 = 3.568;p = 0.018). Rana cascadae was the only post-metamorphic species to show
less than 100% infection-positive sampled animals on day 8 and day 15. In R.
cascadae on day 8, 100% of the high inoculation dose treatment animals sampled for
infection were positive, while 87% of intermediate treatment animals were positive
and 85% of low treatment animals were positive. On day 15 these percentages
dropped; 67% of high dose treatment animals tested positive for infection, whereas
only 25% of animals tested were positive for infection in both the intermediate and
low treatment groups on day 15.
Anaxyrus boreas
Survival in A. boreas did not vary across pathogen inoculation treatments
(Fig.4.2.c., Table 4.1) and mass was not a significant factor in this model. In the
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within species analysis, we did not include a comparison of survival between the
control and pathogen exposed treatments because there was zero mortality in the
control treatment for this species, precluding this treatment from the Cox model.
Although there were no survival differences among the three pathogen treatments,
there was a significant effect of treatment on infection load in A. boreas on day 8 (Fig.
4.1.b; Table 4.2; Table S2; ANCOVA; F3,17 = 14.5; p = 0.0002); infection load in the
high inoculation dose treatment was greater than infection load in the low inoculation
dose treatment (p < 0.05) and infection load in the intermediate treatment was greater
than infection load in the low treatment (p < 0.05). There were no significant
differences in infection load among treatments on day 15. Further, infection load was
greater on day 15 than day 8 at all three treatment levels (Fig. 4.1.b.; Table4. 2; Table
S2). While a statistical comparison of day 8 versus day 15 infection load was not
possible in the high treatment (only one individual remained on day 15), infection load
was significantly greater in the intermediate (Welch’s t-test t11 = -2.48; p = 0.038) and
low inoculation treatment (Welch’s t-test t10 = -4.868; p = 0.0007) on day 15,
compared to day 8. All post-metamorphic A. boreas sampled for infection tested
positive for the Bd at both time-points.
Among-Species Comparisons
We observed significant differences in mortality rates between P. regilla and
R. cascadae and between P. regilla and A. boreas at all treatment levels (Table 4.1).
In the high (Cox Proportional Hazards Ratio likelihood ratio test = 29.35 on 3df, p <
0.0001) and intermediate (likelihood ratio test = 24 on 3df, p < 0.0001) inoculation
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dose treatments, all pair-wise comparisons between species p-values were < 0.05; see
Table 1 for p-values among species at each treatment level). At the low inoculation
dose level, there were among species differences in survival (likelihood ratio test =
12.2 on 3df, p = 0.006), but the only significant pair-wise difference was between R.
cascadae and A. boreas. Mass was a significant factor in the Cox model for the high
(p = 0.0007) and intermediate (p = 0.012) treatment level, but not at the low treatment
level (p = 0.521). Infection load also varied among species on day 8; each species
exhibited significantly different infection loads at the high inoculation dose treatment
(Fig. 4.1.b.; Table 4.2; Table S2; ANCOVA F3,18 = 61.1; p < 0.0001; all pair-wise
comparisons p < 0.05), the intermediate inoculation dose treatment (ANCOVA F3,18 =
58.5; p < 0.0001), and the low inoculation dose treatment (ANCOVA F3,17 = 17.2;p <
0.0001). On day 8, the highest infection loads were observed in P. regilla and the
lowest infection loads were observed in R. cascadae. There was almost a 100 fold
difference in average infection load between these two species (Table 4.2; average
infection load in the high treatment for P. regilla = 927 genome equivalents (SD +/657) versus average infection load in the high treatment for R. cascadae = 3.12
genome equivalents (SD +/- 4.98) (Table 4.2). Because of low sample sizes, we could
not make among species comparisons at the high treatment level on day 15. However,
there were significant differences in infection load among species at the intermediate
(ANCOVA F3,6 = 28.3; p = 0.0008) treatment level (p < 0.05 for A. boreas verus R.
cascadae and P. regilla versus R. cascadae) and low treatment levels (ANCOVA F3,9
= 59.3; p < 0.0001; p < 0.05 for A. boreas versus P. regilla and A. boreas versus R.
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cascadae). Overall, A. boreas showed the highest infection loads on day 15, followed
by P. regillla. Again, on day 15, infection loads were lowest in R. cascadae.
Larval versus Metamorphic Stage Comparisons
Although we did not examine the relationship statistically, as expected, there
was a qualitative difference in the effect of the pathogen on survival between
amphibian life history stages (Table 4.1); larval amphibians of all species had greater
survival than all post-metamorphic animals. There was no evidence for any significant
pathogen effect on survival in larval amphibians. Temporal dynamics of infection
varied between stages as well. While we detected greater infection loads in larvae on
day 15 than day 8, changes in infection load from day 8 to day 15 were different in
each post-metamorphic species we examined, dependent on species affiliation,. In
general, infection loads were lower in larval species than in post-metamorphic
amphibians (Table 4.2) but there were exceptions. For example, infection loads in
larval A. boreas and P. regilla, in particular by day 15 of the experiment, were greater
than infection loads in post-metamorphic R. cascadae (Table 4.2). Qualitatively, we
note that infection loads in larval and post-metamorphic R. cascadae were similar.
Thus, for at least one species, the zoospore load localized in tadpole mouthparts was
roughly equal to the amount of infectious particles found on the surface of the skin in
post-metamorphic animals (Table 4.2).
Discussion
Three co-occurring amphibian species exhibited very different responses during
experimental exposure to the fungal pathogen, Batrachochytrium dendrobatidis.
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Variation in responses was pronounced at the species level, treatment level, between
life history stages, and between sampling time-points. We show that intrinsic host
traits, alone, can be important mediators of pathogen dynamics in the amphibianchytrid fungus system. Similarly, temporal and dose-dependent responses of hosts
could affect species persistence in natural environments and alter species composition
in ecological assemblages.
Previous studies have shown that some species are very susceptible to Bd and
succumb to mortality soon after exposure, [24, 43] while other species show no signs
of morbidity or mortality in the presence of the pathogen [22]. However, increasing
evidence, including results from this study, show that many species fall within the
middle of this susceptibility continuum, with pronounced variation in morbidity,
mortality, and infection load [24, 44]. This study shows that the host pathogen
interaction is complex in the amphibian-Bd system. Among the three species
examined in this study, survival and infection load were not always correlated with the
magnitude of our pathogen exposure regimes (i.e., level of zoospore dosage at the low,
intermediate, or high level). In one species, although the rate of mortality increased
with the magnitude of pathogen exposure, the host infection load did not change with
increased pathogen exposure. Conversely, a treatment-level increase of infection load
in larval and post-metamorphic hosts was not always associated with greater mortality
over time. In our study, larval infection load differed among species and/or treatments,
yet an increase in infection did not translate into increased mortality in the larvae of
any species. This is in contrast to previous studies that have shown mortality at the
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larval stage for some species [e.g., 23, 35], although other studies have shown low, or
no mortality at the larval stage [45]). Direct comparisons to these studies are difficult
because of differences in methodology. Thus, at both the larval and post-metamorphic
stage, individual host responses play a central role in determining the outcome of this
host-pathogen interaction.
The possibility of a “threshold” zoospore load, above which mortality occurs
[46] was only evident in one species, P. regilla. In this species, average infection load
in the high treatment group was much higher than for any other species/treatment
combination; it was greater than an order of magnitude higher in this species than the
“least infected” species (R. cascadae). These results suggest that post-metamorphic P.
regilla may be an important source of or reservoir for Bd in their environments [47].
For example, we did not see a difference in mortality above background control
mortality levels in the low inoculation dose treatment for P. regilla, but infection loads
at this level of exposure were high compared to low dose infection loads for the other
species examined (Table 4.2, day 8 average genome equivalents for P. regilla = 73.22
SD = 71.13). Thus, P. regilla may be tolerant of low level infections, but not
necessarily resistant to the pathogen (i.e., not effective at preventing pathogen
replication in their skin). P. regilla has been cited as a potential “reservoir” species for
Bd in other geographic contexts [47] and our experimental results support this
hypothesis. This species is a ubiquitous generalist species in coastal, valley, and
montane sites across Western North America, where many amphibian assemblages
may be exposed to Bd via this species’ “reservoir”. Consequently, P. regilla may have
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a severe impact on the spread and maintenance of infection across a broad geographic
area.
Responses to infection in the other two species that we examined were not
dose dependent. For these species, there may be a much lower infection load above
which mortality occurs. Or, there may be environmental or physiological mechanisms
that prevent this threshold of infection from being reached. In R. cascadae, the rate of
mortality increased with the magnitude of pathogen exposure (i.e., treatment),
however, absolute mortality in R. cascadae was low compared to the two other species
examined (Fig. 4.2). Although there was a significant effect of the pathogen on rate of
survival in R. cascadae, infection load was not different among treatments at either
sampling time-point for this species. Rana cascadae always showed the lowest
infection loads (at both larval and post-metamorphic stages), the lowest percentage of
Bd-positive animals, and the least amount of change in infection load over time. The
reduced overall mortality and low infection loads suggest possible tolerance and
resistance mechanisms may be at play in post-metamorphic R. cascadae. That is,
individuals may be resisting infection, minimizing pathogen replication, or tolerating
infection by minimizing the damage caused by the pathogen (i.e., mortality) across
treatments [47, 48, 49]. Infection loads in larval R. cascadae on day 15 were
comparable to infection loads of post-metamorphic animals of the same species. We
did not observe this trend in the two other species, likely because infection is generally
much higher when the amount of area the pathogen can colonize (the metamorphic
skin versus larval mouthparts) was greater. The results for R. cascadae contrast to
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what we observed in A. boreas. For this species, the rate of mortality was the same
regardless of pathogen treatment; even though animals were exposed to 10,000 versus
100,000 zoospores in the low versus the high pathogen treatment group, mortality over
the course of the experiment was the same. That is, if A. boreas was exposed to the
pathogen, they appeared to suffer pathogen-induced mortality, regardless of infectious
dose (i.e., they were equally “intolerant” of the pathogen [48, 49]). However, this
same species showed significant differences in infection load accrued on the skin;
infection loads were greater in the higher pathogen inoculation treatments. We note
that survival trends in A. boreas, more than either of the other two species, appeared to
be temporally variable; mortality among pathogen treatments pre-day 10 of the 15 day
experiment was overlapping and similar (Figure 4.2.c.). However, post-day 10, there
was a clear separation of mortality trends between the more and less severe (high and
low) inoculation treatments. This trend may suggest latency to respond in this species,
and therefore, potential for the pathogen to get a foot-hold before the host has a chance
to respond or combat infection.
Of importance is the temporal response to infection in larval and postmetamorphic frogs. In larvae of all species tested, infection loads in the keratinized
mouthparts of tadpoles were greater on day 15 versus day 8. However, temporal
responses to infection varied among each species post-metamorphosis. For postmetamorphic P. regilla, infection load decreased over time. In A. boreas, infection
load increased from day 8 to day 15. In R. cascadae, infection load stayed the same
over time (with the exception of individuals in the low treatment group where
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infection decreased over time). These three different temporal responses have
implications for host-maintenance of the pathogen in their environment but also imply
possible differences in the mechanisms by which hosts respond to and deal with
infection. A decrease in infection load over time may simply be a consequence of
animals with the highest infection load being removed from sampling through death
(with the least heavily infected animals sampled on day 15). However, it is also
possible that behavioral or physiological defenses provided a way to respond to or
avoid the pathogen. Although not specifically quantified, we observed that P. regilla
spent most of the time out of direct contact with water and zoospores, instead,
climbing the sides and tops of their experimental containers. This behavioral response
may have limited their contact with infectious zoospores, and decreased infection load
on post metamorphic animals over time. One study suggests that the skin architecture
of P. regilla may allow it to spatially separate areas of infection across the skin, and
minimize the damage caused by infection [47]. The increasing infection load observed
in post-metamorphic A. boreas could be a result of the lack of physiological or
immunological mechanisms that impair or reduce infection load. Overall low
infection loads were observed in both larval and post-metamorphic R. cascadae.
Perhaps this species keeps infection “in check” with active cellular or humoral
responses that effectively kill the pathogen or render it unable to replicate.
As shown in previous studies [50], A. boreas, harbored the highest infection
load in larval mouthparts after initial pathogen inoculation (although, interestingly,
this was the smallest species in size as larvae and thus, had a smaller area for the
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pathogen to infect). This suggests stage specific or life history variation in the
potential for species to serve as pathogen reservoirs; amphibians have different effects
on pathogen dynamics, dependent on species and stage. In P. regilla, as in all species
examined at the larval stages, infection load increased over time. This was surprising
since no re-inoculation took place between the first and second sampling time-points.
In anuran larvae, infection is restricted to the keratinized mouthparts (toothrows) and
can cause sublethal effects, including reduced foraging capacity [34]. We did not
observe significant mortality among pathogen treatments at the larval stage in this or
any of the other amphibian species, and so, we hypothesize that a mortality effect may
be delayed until infection load reaches higher levels in the mouthparts, and begins to
interfere with growth and or development. Infection load may accrue, uninhibited in
tadpoles; perhaps the localized nature of infection precludes immunological responses
to diminish infection load and infection therefore increases unabated.
Scaling from the individual to the ecological level, we emphasize the need to
understand the relative contribution of species-level responses in shaping the
composition and persistence of ecological assemblages. In addition to the ability of
hosts to accumulate infection and persist over time with infection, there are important
life history traits (lifespan, aggregation behavior, breeding phenology, migratory
patterns, aquatic tendency, etc.) and density dependent factors that could interact to
affect how the pathogen is spread and maintained over space and time in any given
system [46, 51, 52]. For example, schooling of larval A. boreas in groups of thousands
of individuals and synchronous metamorphosis in both R. cascadae and A. boreas
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results in high densities of individuals that may facilitate transmission of pathogens
[53]. Furthermore, environmental factors may reduce or amplify the relative
contribution of each host to pathogen systems. For example, temperature may interact
with host responses to infection [54]; immunological changes occurring at warmer or
cooler temperatures could promote or reduce pathogen replication in mouthparts of
skin of larval or post-metamorphic amphibians or change patterns of host resistance
against infection [54]. Similarly, temperatures that promote host shedding of the
pathogen may speed up recovery time or allow persistence of the host with continuous
low level infection. We emphasize the need for “ground-truthing” the laboratory
results found here. Specifically, we encourage a quantitative assessment of infection
loads in individual species existing in different combinations with other species in
ecological assemblages across landscapes. Macro- and microhabitat variation
represent important sources of covariates in such analyses and important correlations
may exist between biotic and abiotic factors and disease dynamics in the amphibianchytrid fungus system [25, 26, 27]. Ultimately, models predicting population declines
and species extinctions must be parameterized with information about transmission,
mortality, and recovery of susceptible individual in populations. Fundamental to
understanding such complexity is a fine-scale and carefully standardized experimental
approach to examining individual, species, and population level differences in host
responses to infection.
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Table 4.1 Treatment and species level effects of Batrachochytrium dendrobatidis
exposure on larval and post-metamorphic stage survival of three amphibian species
(Cox Proportional Hazards models).
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Table 4.2 Batrachochytrium dendrobatidis infection load summary for larval and
post-metamorphic anurans of three species.

Figure 4.1 (a-b) Box plots showing pathogen infection load (log genome equivalents +1) of larval and post-metamorphic
amphibians across species, treatments, and sampling time-points. We examined infection load of larval (a.) and postmetamorphic (b.) amphibians of three species (Pseudacris regilla, Rana cascadae, and Anaxyrus boreas) exposed to a High
(H), Intermediate (I), or Low (L), inoculation dose treatment and sampled either on day 8 or day 15 of the experiment. Only
live animals were sampled at each time-point. Low sample sizes (1 individual) are indicated with a bar and represent a low
number of Bd-positive animals or low sample size due to mortality. Lines in the boxes represent the “mean” infection load.
Bars are 2 SE of the mean (+/−) and outliers are represented by black dots.
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Figure 4.2 (a-c) Kaplan-meier survival curves for among treatment responses of post-metamorphic animals to
Batrachochytrium dendrobatidis treatments. For P. regilla (a.) the rate of mortality was significantly different among all
three pathogen treatments (low, intermediate, and high inoculation dose). There were no significant differences between rates
of mortality in the control versus the low inoculation dose treatment. For R. cascadae (b.) the rate of mortality was
significantly greater in the high inoculation dose treatment compared to the low inoculation dose and control treatments. All
other between treatment comparisons were non-significant. For A. boreas (c.) there were no significant differences in rate of
mortality among the three pathogen treatments. Absolute mortality out the total number animals in each treatment is given in
the in the figure legend boxes.
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Abstract
1. Many pathogens infect a wide range of host species. However, variation in the
outcome of infection often exists among hosts and is shaped by intrinsic host traits.
For example, contact with pathogens may trigger changes in hosts directed toward
preventing, fighting, or tolerating infection. Host responses to infection are dynamic;
they change over time and vary depending on health, condition, and within the context
of the environment.
2. Immunological defenses are an important class of responses that mediate hostpathogen dynamics and are likely to vary in a context dependent manner. Here, we
examined temporal patterns of immunity in two amphibian species, Pacific tree frogs,
(Pseudacris regilla) and Cascades frogs (Rana cascadae), exposed to control
conditions or experimental inoculation with the emerging infectious fungal pathogen,
Batrachochytrium dendrobatidis (Bd) . For each species, we compared bacterial
killing ability of blood and differential white blood cell counts in circulating blood
across four different time-points (24h, 48h, 5d, and 15d post-pathogen inoculation).
We also quantified infection load over time and monitored survival.
3. Pseudacris regilla exhibited an increase in infection load over time and 16% of Bdexposed animals died during the experiment. Tree frogs also lacked robust treatment
differences in immune responses, but Bd-exposed P. regilla tended to display weaker
bacterial killing responses than unexposed control animals. Neutrophil counts did not
vary consistently with treatment, but lymphocytes were more abundant in control
animals at a single time-point.
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4. In contrast, Bd-exposed R. cascadae exhibited a decrease in infection load over
time and no mortality occurred in the Bd treatment. Bd-exposed Cascades frogs
showed rapid and stronger bacterial killing responses than controls and an elevation in
number of neutrophils in blood was associated with the Bd-treatment in this species.
5. Elevated neutrophil:lymphocyte ratios were observed in Bd-exposed animals of
both species and are indicative of pathogen-induced physiological stress.
5. Our results are among the first to show the striking species, treatment, and temporal
differences in patterns of susceptibility , infection load, and several functional
immunological measures taken at multiple time-points during pathogen exposure and
infection. Species variation in immunological responses as soon as 24h and 48h after
pathogen exposure suggest that initial host-pathogen interactions are important and
may set the stage for subsequent infection outcome and disease progression. In multihost pathogen systems, variation in host responses to infection can drive disease
dynamics. Understanding host-specific responses to pathogens is critical for
predicting pathogen emergence, spread, and persistence in ecological assemblages.
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Introduction
Understanding host-pathogen dynamics has become an urgent priority as
emerging infectious diseases increase in abundance and impact (Harvell et al. 1999;
Daszak et al. 2000; Fisher et al. 2012; Cunningham et al. 2012). The spread of
pathogens into new geographic ranges and novel hosts has contributed to worldwide
losses in biodiversity (Keesing et al. 2010; Cunningham et al. 2012; McCallum 2012).
For example, global amphibian population declines have been linked to the emerging
infectious pathogen Batrachochytrium dendrobatidis (Bd) which causes the disease
chytridiomycosis (Stuart et al. 2004; Skerratt et al. 2007; Fisher et al. 2009). While
not all amphibian populations are in decline when Bd is present (Briggs et al. 2005;
Briggs et al. 2010; Vredenburg et al. 2010; Brannelly et al. 2012), the pathogen has
been associated with mass mortality of amphibians throughout the world (e.g. Berger
et al. 1998; Bosch et al. 2001; Lips et al. 2006; Green et al. 2006; Skerrat et al. 2007;
Crawford et al. 2010). Extinctions of populations and whole species have been
attributed to Bd (Mendelson et al. 2006) Accumulating evidence suggests the
likelihood of species-specific variation in responses to Bd. Whereas some species die
rapidly after exposure to Bd (Blaustein et al. 2005; Carey et al. 2006; Searle et al.
2011; Gahl et al. 2011; McMahon et al. 2012), others persist with infection (Daszak et
al. 2004; Brannelly et al. 2012; Woodhams et al. 2012; Gervasi et al. 2013). Many
species may fall within the middle of the “disease susceptibility continuum”,
displaying intermediate levels of mortality and infection load (Searle et al. 2011;
Gervasi et al. 2013). Susceptibility to Bd may be influenced by abiotic factors such as
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temperature, season, resource availability or biotic conditions (predator-prey
interactions, density, conspecific competition) (Berger et al., 2004; Bielby et al. 2009;
Smith et al. 2009; Murray et al. 2011; Warne et al. 2011; Murray & Skerrat 2012;
Raffel et al. 2012). Life history traits such as lifespan, social or breeding status and
behavior may also influence susceptibility to Bd (Bancroft et al. 2010; Rowley and
Alford 2007; Richards-Zawacki 2010). Although Bd occurs on every continent where
amphibians exist (Fisher et al. 2009) we know little about what drives interspecific
variation in susceptibility and how this variation affects the spread and persistence of
Bd (Blaustein et al. 2011; Blaustein et al. 2012) . A recent synthesis showed that
macro-ecological factors such as elevation, latitude, and temperature range as well as
phylogenetic affiliation and amphibian community complexity are associated with
patterns in Bd-infection at the regional and global scale (Olson et al. 2013).
Differences in host susceptibility to Bd may be associated with variation in the
progression of infection and determined by subsequent host-pathogen interactions. Bd
zoospores infect keratinized tissues of amphibians (Longcore et al. 1999; Berger et al.
2005); in larvae keratin exists in mouthparts and infection may be sublethal
(Rachowicz and Vredenburg 2004; Gervasi et al. 2013) or lethal (Blaustein et al. 2005;
Garner et al. 2009). Keratin occurs in the epidermal tissue covering post-metamorphic
amphibians (Longcore et al. 1999). Host-pathogen contact begin when zoospores find,
attach to, and encyst on the surface of the epidermis (Berger et al. 2005) and new
evidence highlights how cellular contents of the zoospore are transferred into deeper
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cell layers of the epidermis though a zoospore-produced extension called the
germination tube (Greenspan et al. 2012). The process of infection can lead to
disruption of the epidermal cell cycle and molting, hyperkeratosis and hyperplasia of
skin cells, loss of cellular cytoplasm, and erosions and ulcerations of the skin (Nichols
et al. 2001; Berger et al. 2005; Greenspan et al. 2012). Remarkably, the process of
infection from zoospore exposure to germ tube formation can occur within 12 h. The
time-course of infection is relevant with regard to experimental studies showing
mortality in Bd-exposed animals as soon as 24h post-exposure (Gahl et al. 2011;
Searle et al. 2011). Interspecific variation in skin thickness could affect the depth to
which germ tube formation enters the deeper layers of the epidermis and may
subsequently affect severity of infection among hosts (Greenspan et al. 2012).
Potentially, other aspects of skin architecture, including but not limited to keratin
abundance and distribution could alter infectivity of Bd (Reeder et al. 2012). In
addition to zoospore invasion of host cells, Brutyn et al. (2012) observed disruption of
intercellular junctions, necrosis, and apoptosis of amphibian epidermal cells exposed
to proteolytic secreted factors of Bd zoospores. Taken together, new studies provide
evidence that Bd infection is an active process that has the potential to disrupt host
homeostasis and trigger host responses aimed at preventing, fighting, or tolerating the
pathogen.
Physiological responses of amphibian hosts during Bd infection are just
beginning to be understood (Voyles et al. 2011; Blaustein et al. 2012). Voyles et al.
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(2009) showed that loss of osmoregulatory function and ionic imbalance may lead to
cardiac arrest in some hosts exposed to Bd. Interspecific differences in compensatory
mechanisms to correct or tolerate such ionic disruption are unknown.
Pathophysiological indicators of disease including dehydration and electrolyte
depletion may occur during Bd infection in some species (Voyles et al. 2012; Peterson
et al. 2013). Elevation in glucocorticoid stress hormone levels in Bd-infected tadpoles
(Gabor et al. 2013) and adult amphibians (Peterson et al. 2013) has also been
implicated in mediating the outcome of disease progression. The hormonal stress
response may occur as a cause or consequence of infection pathology (Peterson et al.
2013) and likely relates to mortality and infection load in a species-specific context
(Gabor et al. 2013). Similarly, in some amphibian species, the signs and consequences
associated with chytridiomycosis include excessive skin shedding (Berget et al. 1998;
Rosenblum et al. 2009; Peterson et al. 2013) , appetite suppression (Searle et al. 2011;
Peterson et al. 2013) and associated weight loss, and changes to metabolic rate of
diseased frogs (Peterson et al. 2013).
Interspecific variation in immunological responses during pathogen exposure
may drive in responses to infection. Amphibians possess both innate and adaptive
immune responses and maintain a diverse repertoire of cellular and humoral defenses,
enabling them to respond to a broad range of pathogens (Richmond et al., 2009).
Innate immune responses are rapid, non-specific, and include cellular and humoral
mechanisms for killing pathogens (Janeway, 2005). Cellular effectors, such as
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neutrophils kill pathogens by releasing toxic and reactive compounds either
extracellularly or during the process of phagocytosis in which pathogens are
internalized and destroyed. Humoral effectors, such as the blood complement system,
coat pathogens and enhance phagocytosis and in addition can destroy some pathogens
directly by lysis (Janeway, 2005). It is currently unknown how Bd is directly or
indirectly recognized by the immune system (Richmond et al. 2009; Cashins et al
2013). The invasion of epidermal layers by zoospores and exposure to proteolytic
secreted factors from zoospores (Brutyn et al. 2012; Rosenblum et al. 2008) suggests
that there are pathogen cues that could signal general, non-specific “pathogen
invasion” or “damage” to infected hosts.
Innate immune responses have been the most studied aspects of immunity
against Bd in amphibians (reviewed in Rollins-Smith et al. 2009 and Rollins-Smith et
al. 2011). For example, antimicrobial peptides (AMPs) secreted from the glands of
amphibian skin may be critical in preventing initial colonization of the skin by the
fungal pathogen (Rollins-Smith 2009). There is little support for a memory response to
the pathogen (Woodhams et al., 2007; Davis et al., 2009; Rollins-Smith et al., 2009,
Ribas et al. 2009; Cashins et al. 2013). In a recent study, Savage et al. (2011) found
that genetic variation in host immune genes (heterozygosity in MHC genotype) was
associated with susceptibility to Bd and represented a significant predictor of survival
across different amphibian populations of the same species (Savage et al. 2011).
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The microbiota on amphibian skin may also provide protection against Bd
(Harris et al. 2006; Lauer et al. 2007; Myers et al. 2012). Some bacterial metabolites
kill or inhibit growth of Bd in vitro (Harris et al. 2006; Brucker et al. 2008). A
synergistic interaction between bacterial metabolites and antimicrobial peptides may
enhance protection against Bd (Myers et al. 2012). One study recently showed that
reduction of skin-peptides and microbiota caused frogs to gain less mass over
experimental exposure with Bd than frogs in non-immunologically-modified
treatments (Woodhams et al. 2012).
We experimentally examined mortality, quantitative infection load, and
immunological responses in two amphibian species exposed to Bd or control
conditions. Our study is unique in comparing changes in immune factors in circulating
blood (versus skin responses) across multiple time-points during pathogen exposure
and infection. In particular, this study addresses early host-pathogen contact, as soon
as 24 h and 48 h after experimental inoculation, which may set the stage for patterns in
infection and disease progression, in addition to later time-points (5 d and 15 d postinoculation). Changes in response over time provide relevant insight that might be
missed if we were to take a single snapshot of host-response at a single time-point. We
employed a bacterial killing ability assay and examined differences in leukocyte
profiles in Bd-exposed compared to non-exposed control animals. The bacterial killing
assay represents a functional immune challenge that depends on multiple humoral and
cellular innate mechanisms for killing microbes, including complement, antimicrobial
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peptides, lysozyme, soluble acute phase proteins, neutrophils, monocytes, and natural
killer cells (Tizard 2004). This assay has been used in birds (Matson et al. 2006, Liebl
& Martin 2009) mammals (Martin et al. 2007, Allen et al. 2009) and some ecotherms
(Sparkman & Palacios 2009) including amphibians (Venesky et al. 2012). Leukocyte
numbers (e.g. neutrohil and lymphocyte counts) give an indication of the
concentration of cells recruited toward innate and adaptive immunity. We also
examined the ratio of neutrophils to lymphocytes per 2000 counted red blood cells.
The ratio of neutrophils to lymphocytes gets larger with elevated glucocorticoid stress
hormones, and is useful as a proxy for physiological “stress” (Davis et al. 2008). Our
measures of immunity were examined in conjunction with mortality and quantitative
infection load for a more complete look at the interaction between infection and
immunity within a comparative interspecific context.
Methods
Species
We chose to compare Pacific tree frogs (Pseudacris regilla) and Cascades
frogs (Rana cascadae) because previous work showed variation in susceptibility and
infection load for these species (Gervasi et al. 2013) and because these two species are
syntopic in the Oregon Cascades range. Limited information is available about
susceptibility and quantitative infection status of these two species in the wild,
although both species have tested positive for Bd in the wild (www.bd-maps.net/).
Prevalence estimates are the most frequent type of information available for both
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species. However, quantitative infection load data on Pacific tree frogs from California
suggests that this species is an important reservoir host for chytrid fungus (Reeder et
al. 2012). In contrast, at least one field study in Oregon did not detect any positive
samples in populations of Pacific tree frogs (Pearl et al. 2007). Information on
naturally occurring prevalence and infection load in Cascades frogs is also variable. A
study in northwest California found high prevalence of infection positive Cascades
frogs (Piovia-Scott et al. 2011) while another study in Oregon detected zero Bdpositive samples for Cascades frogs (Pearl et al. 2007). Cascades frog populations
have declined in some areas of California but not others (Davidson et al. 2012).
Seasonal, annual, and site specific factors (e.g. elevation, connectivity, pond type) as
well as stage-specific characteristics of these amphibian species in their natural
environments may also influence field estimates of Bd prevalence and load (Fellers et
al. 2011; Piovia-Scott et al. 2011).
Animal Husbandry
Because of the complexities associated with immune function and infection in
the natural environment, we collected amphibian eggs and raised them through the
larval stage to metamorphosis in semi-natural mesocosm environments (to preclude
previous Bd-infection). Animals were approximately 10-11 months postmetamorphosis when they were used in experiments. We used controlled laboratory
experiments to rule out the effect of external factors and examine intrinsic host
responses to infection.
Eggs of both species were collected from natural ponds in the Oregon Cascade
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Range west of Bend, Oregon (Linn County, OR; elevation = 1140 m) in May 2011.
We collected 5-10 clutches of each species to increase genetic variability in our
samples, and clutches were fully mixed in 38 L aquaria. Eggs were brought to a
climate-controlled laboratory within 4 hours of collection and kept at 14.5-15.5C on a
natural light:dark photoperiod (regulated by an outdoor, light-sensitive receptor).
After hatching, we separated tadpoles to a density of approximately 100 tadpoles per
aquarium, and raised them to an active, free-swimming stage marked by absorption of
the ventral yolk sac and absorption of external gills (Gosner 1960). After tadpoles
reached the free-swimming stage, we moved them to outdoor semi-natural mesocosm
environments for the duration of their larval development. Aquatic mesocosms were
94 cm L x 70 cm W x 33 cm H cattle tanks, filled with well water. We added 2 L
aliquots of pond water to each mesocosm. Pond water provided a natural source of
algae and zooplankton to all mesocosms. We stocked each mesocosm with 100 g of
dry oak leaves and 20 g of rabbit chow to provide substrate for periphyton and a
source of nutrients for larvae. Mesocosms were covered with plastic screening to
prevent colonization by insects and predators and were allowed to develop for 14 days
before adding larval amphibians. Both species of amphibians were raised in
mesocosms from May to August 2011. As animals began to metamorphose in JulyAugust (i.e., emergence of forelimbs), we moved them semi-terrestrial mesocosms
containing a thin layer of water and oak leaves to prevent drowning. Individuals
within the same species were mixed as they entered semi-terrestrial mesocosms.
Animals in terrestrial mesocosms were allowed to complete metamorphosis (complete
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tail absorption) and remained in these enclosures for 2-3 months after metamorphosis.
After metamorphosis, animals were fed pinhead crickets and wingless fruit
flies weekly, ad libitum. Following their 2-3 months of development outdoors,
metamorphic amphibians were brought into the laboratory to “overwinter”. Juvenile
animals were haphazardly mixed and maintained at a density of ~15 animals per tank
(38 L glass terraria) for the next 8 months and were fed pinhead crickets ad libitum.
To reduce “tank effects” animals were haphazardly mixed among tanks during
bedding changes (which occurred approximately once per month). During initiation of
the experiment after approximately 1 year of development, all animals were weighed,
measured, and assigned to their experimental treatment. Animals were randomized
and drawn haphazardly from among terrestrial holding tanks for assignment to
experimental treatments. For the duration of the 15d experiment, metamorphic
amphibians were housed in individual petri dishes (140 X 30mm) and fed pinhead
crickets by average body weight (1 cricket per 0.1 g body mass; same number of
crickets for each animal) twice a week. All experiments were carried out in the same
room (under identical conditions) as was used to rear animals.
Pathogen Preparation, Exposure, and Quantification
We controlled for the context of infection (inoculation dose, timing, duration
of exposure) and standardized protocols between species, so that we could focus on
variation in the progression of infection and responses to infection as a function of
intrinsic host traits, only.
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Batrachochytrium dendrobatidis isolate, JEL 274 was cultured on 100 mm X 15 mm
tryptone agar plates and allowed to grow for 6 days at 23°C before inoculation of
animals. Previous studies have shown that zoospore activity and density with this
particular strain of Bd are highest within 6-8 days after culturing the pathogen on
tryptone agar plates (Searle et al. 2011; Gervasi et al. 2013). Zoospores were harvested
by flooding agar plates with 10 ml of dechlorinated water and scraping the surface of
the agar before pooling the inoculums of several (5-6) plates. Experimental animals
were exposed to 50,000 zoospores, total. All zoospore counts were determined by
hemocytometer from pooled inoculation broth. Zoospores were transferred to
individual petri dishes, already containing 15 ml of dechlorinated water. Control
animals were exposed to the same volume of sham inoculation (created from
pathogen-free tryptone-agar plates). Thus, throughout the experiment, a thin layer of
inoculated water was present at the bottom of the petri dish. Animals resting on the
bottom of petri dishes were exposed to but not immersed in the diluted inoculate and
could climb the walls and tops of Petri dishes. This method standardized pathogen
exposure regimes among amphibian species, allowing us to assess baseline differences
in species responses to the same treatment regime (Searle et al. 2011; Gervasi et al.
2013).
The experiment took place over 15 days, with immunological and infection
sampling time-points at 24 h, 48 h, 5 d and 15 d after exposure to the pathogen.
Animals were exposed to their treatment (Bd or sham inoculate) once, at the start of
the experiment, and were observed twice daily for mortality. On day 8 of the
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experiment, we changed the water in each petri dish (without re-inoculating animals).
Animals that died during the experiment or those that were sampled for immunity
were euthanized in MS-222 in accordance with institutional animal care protocol and
immediately preserved in 95% ethanol. We inoculated enough animals for
experiments so that 12 control and 12 Bd animals could likely be sampled at each
time-point. Thus, mortality could occur over the experiment, without greatly affecting
sample size for immune assays. This explains why mortality on one species (P.
regilla) did not affect sample size for our assays.
We used quantitative-PCR (qPCR) to assess infection load in postmetamorphic amphibians following the methods of Boyle et al. (2004), except that we
used 60 ul of Prepman Ultra (Applied Biosystems) instead of 40 ml in all DNA
extractions. Extractions were diluted 1:10 and processed in an ABI PRISM 7500
(Applied Biosystems). Each sample was analyzed in triplicate and the average number
of genome equivalents of Bd per animal was calculated. Ventral abdominal skin and
inner thigh skin was swabbed using fine tipped sterile rayon swabs (Medical Wire and
Equipment MW&E 113) for Bd. We randomly sampled 6-7 Bd-exposed animals of
each species at each time-point (6 x 4 = 24 animals/species) for estimates of infection
load. We also randomly sampled at least 3 control animals of each species at each
time-point to ensure no contamination across treatments. All control animals tested
negative for infection.
Bacterial Killing Assay
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We used gentamicin-resistant Escherichia coli strain Dh5a for our bacterial killing
assays. E. coli was maintained long-term with gentamicin in glycerol and kept at -80C
until needed for assays. We streaked sterile Luria-Bertani-agar + gentamicin plates
(15g/L agar; 25 g/L LB + 1000 ul gentamicin/L(10mg/ml gentamicin reagent solution
Invitrogen #15710064) added once broth had cooled to <50°C) with E. coli and
incubated plates at 37°C for 24 h. After 24h, we created a liquid bacterial broth by
picking 3-5 colonies from LB-agar plates and adding them to 3 ml sterile LB broth and
3 ul gentamicin. This liquid broth was vortexed, centrifuged, and maintained overnight
(for 12-24h) at 37°C on a rotating incubator table. The following day, the bacterial
assay was carried out with amphibian blood. We aliquotted 500 ul of the bacterial
broth into 500 ul sterile amphibian ringer solution (Nasco). The bacterial dilution was
centrifuged to obtain a solid pellet and this pellet was washed twice in 1000 ul of
sterile amphibian ringer solution. Our “washed” bacterial pellet was re-suspended and
diluted to a concentration of 105 with a spectrophotometer. After the desired
concentration was obtained, we immediately stored the bacterial mixture on ice, in the
refrigerator, until all blood was collected from experimental animals.
We randomly euthanized 12 control and 12 Bd-exposed experimental animals
at each time-point (24 h, 48 h, 5 d or 15 d post-pathogen exposure) for immunological
assays. Immediately after euthanasia (by emersion in MS-222), we dissected
amphibians to collect blood directly from the ventricle of the heart. We used sterile,
heparinized capillary tubes to collect blood and stored blood immediately on ice after
collection (in sterile 0.5 ml microcentrifuge tubes that contained 10 ul of heparin to
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prevent blood clotting). We did not standardize the amount of blood collected from
each animal (and the amount of blood collected varied between ~ 25 ul and 75 ul for
all animals). After blood was collected, we combined 10 ul of amphibian blood with 4
ul of our bacterial dilution and 50 ul of additional sterile frog ringer. When possible (if
enough blood was obtained) we prepared sample tubes (whole blood + bacteria +
ringer) in triplicate for each animal. We also prepared 6 control sample tubes for each
time-point assay, which contained 4ul bacteria and 60ul of amphibian ringer, only. All
sample mixtures were incubated at 16-18°C (the room and same temperature at which
animals were housed) for 2 h. After incubation, we added another 50 ul of sterile
amphibian ringer to all tubes to stop bacterial killing, and immediately plated the
contents of the control and sample tubes on sterile LB-agar plates (prepared with
gentamicin). Plates were incubated at 37°C for 20-24 h after which time bacterial
colonies growing on control and sample plates were quantified by a single investigator
(S. Gervasi). Bacterial killing ability was calculated as “proportion of colonies killed”
= average number of colonies on control plates – average number of colonies killed on
experimental plates / average number of colonies on control plates. Plates showing
contamination were rare and were not included in analyses.
During blood collection, we also prepared a hematological smear for each
individual animal we sampled. Slides were stained with a Diff-Quick stain (Fisher
Scientific # 47733150) and read under 40X magnification with a compound
microscope by the same investigator (E. Hunt) according to cell descriptions of
Campbell & Ellis (2007) and Davis et al. (2008). We counted the number of
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neutrophils, lymphocytes, eosinophils, monocytes, basophils and thrombocytes in
2000 red blood cells and compared leukocyte counts among treatments, over time, and
between species. We sampled 8 animals in each treatment and for each time-point for
both species (8 x 2 x 4 = 64 slides/species).
Statistics
We examined differences in initial mass among time-points with a one-way ANOVA,
and compared initial body mass between treatments (all Bd-exposed animals versus
control animals) and between species with two sample t-tests. Because we observed no
mortality in the pathogen-exposed treatment for one species, we did not examine
survival statistically. We log-transformed infection load (q-PCR) data and compared
genome equivalents among time-points within each species with a one-way ANOVA.
We examined differences in infection load between the two species with two sample ttests for each time-point, or Mann-Whitney Rank Sum tests, if assumptions of
normality were not met. We examined the relationship between mass and infection
load (by species and within the Bd treatment), bacterial killing ability and mass (by
species and within both control and Bd-exposed treatments), and bacterial killing
ability and infection load (by species and within the Bd treatment) with a general
linear regression models (i.e. correlations). For our immune parameters of interest
(bacterial killing ability, neutrophil counts, lymphocyte counts, and neutrophil to
lymphocyte ratios) we used a full linear regression model to examine whether species
identity, time-point (as a continuous variable), treatment (control or Bd-exposed), or
the interaction between these factors predicted immunity. We were interested in
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whether immune responses of animals differed between the control and Bd-exposed
treatments at each time-point. Since each time-point represented a different cohort of
animals and because our sampling time-points were unequally spread over 15 days, we
compared killing ability, leukocyte counts, and neutrophil:lymphocyte ratios between
animals in the control and Bd-exposed treatments within each sampling time-point
using 2 sample t-tests or non-parametric Mann-Whitney/Rank Sum tests, if our
assumptions of normality were not met. We also calculated effect sizes for treatment
differences at each time-point for each species using Cohen’s d (Cohen 1988), which
provides a standard measure of the magnitude of the treatment effect between the two
groups. Cohen’s d is calculated as the difference in the means of the two groups
(experimental-control) over the pooled standard deviation and gives an indication of
how many standard deviations separate the two groups. By convention, a Cohen’s d
value above 0.8 indicates a strong effect of the treatment, a d value of 0.5-0.8 indicates
a medium effect, and a value equal to or lower than 0.2 indictes a weak effect (Cohen
1988). All statistical analyses were run in S-plus version 8.0 for Windows and figures
were created in S+ and Sigma Plot version 12.0.
Results
Mass, Survival, & Infection Load
There were no differences in initial mass among time-points or treatment in R.
cascadae (F7,88=0.812; p=0.579 and t94=0.614; p=0.541) or in P. regilla (F7,100=0.708;
p=0.665 and t106=0.954; p=0.342) although R. cascadae metamorphs were, on
average, larger than P. regilla metamorphs (t202=18.05; p<0.0001). No mortality
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occurred in Bd-exposed Rana cascadae and a single control individual died over the
duration of the experiment. Conversely, 16% of Bd-exposed Pseudacris regilla
metamorphs died during the experiment and all mortality occurred between days 7 and
15. No control P. regilla experienced mortality. Infection load in R. cascadae tended
to decrease over time. Although the difference in quantitative infection load among
24h, 48h, and 5d was not significant (one-way ANOVA p=0.571), it is noteworthy
that all R. cascadae sampled for infection (n=7) on day 15 tested negative for infection
in all three replicate wells (Fig. 1.b.). In comparison, infection loads in P. regilla
increased significantly over time (p=0.023); infection load was significantly greater on
day 15 than at the 48h time-point (Tukey HSD p<0.05). (Fig. 1.a.). Differences in
infection load between species were marginally significant at the 24h and 48h timepoints (2-sample t-tests; p= 0.054; p=0.061). We did not compare infection load
between species on day 15 since no R. cascadae tested positive for infection at this
time-point. Mass significantly predicted infection load in P. regilla (smaller animals
tended to have higher infection loads p=0.026, R2=0.160), and mass was a marginally
significant predictor of infection load for R. cascadae (p=0.062, R2=0.150), although
in an opposite direction for this specie (Fig. 2.a.-b.); in R. cascadae, heavier animals
tended to have higher infection loads.
Immunity
Bacterial killing ability of whole blood was greater in Bd-exposed R. cascadae
compared to controls (Fig. 3.a.). Differences in killing responses between the control
and Bd-exposed treatments were significantly different at 48h (t22 = 2.5; p=0.020), 5d
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(Mann Whitney U = 41; p=0.043) and 15d (t21=2.19; p=0.040). Effect sizes for Bdexposed verus Controls at the 48h, 5d, and 15d time-points were also large ( all >0.8;
Table 1). Killing ability of blood also changed in control (p=0.0001) and Bd-exposed
(0.0001) animals sampled at different time-points. In P. regilla control animals tended
to show slightly greater bacterial killing ability than Bd exposed animals (Fig. 3.b.).
However, treatment differences were less pronounced in this species and were
significant only on day 5 (t22=2.90; p=0.008). Differences in killing ability also
changed over time in the control treatment (p=0.001) and Bd-exposed treatment
(p=0.001) for P. regilla. All full regression models included an immunological
response variable and all main explanatory variable effects (species identity,
treatment, time-point) and the interactions between all of these factors. In our full
regression model for bacterial killing response, we found that treatment (p=0.0009),
species identity (p=0.0205), and the interaction between treatment and species identity
(p=0.0002) were significant explanatory predictors. There was no relationship
between bacterial killing ability and mass within the control or Bd-exposed treatments
in either species. Further, there was no relationship between bacterial killing ability
and infection load in Bd-exposed animals for either species.
Number of neutrophils per 2000 counted red blood cells varied across timepoints for each species (Fig. 4.a.-b.). In R. cascadae, neutrophil numbers tended to be
greater in blood of Bd-exposed animals, compared to control animals, and this
difference was significant at the 48 h (p=0.010) and 5 d (p=0.011) time-points (Fig.
4.a-b.; Table 1). Neutrophil numbers were greatest in Bd-exposed animals after 48h of
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exposure to the pathogen and then, declined. In P. regilla, neutrophil numbers stayed
relatively constant over time and regardless of treatment. Although treatment-level
differences were not significantly different at any of the time-points, effect size for the
treatment differences were large (~0.8 or above) for the 48h and 15d time-points
(Table 1). P. regilla tended to have greater neutrophil counts when they were in the
Bd-exposed treatment at the 48 h markbut lower neutrophil counts in the Bd-exposed
group compared to controls at the 15 d sampling time-point. In our full model for
neutrophil counts, there were no significant main effects; however, there was a
significant interaction between treatment and time (p=0.053). The number of
lymphocytes per 2000 red blood cells did not vary between treatments in R. cascadae
at any of the time-points (Fig. 5.a.). However, lymphocyte counts were higher in
control P. regilla compared to Bd-exposed animals (Fig. 5.b.), but only significantly at
the 5 d sampling point (p=0.050). The effect size for treatment differences in
lymphocytes was large at both 5d and 15d for P. regilla (Table 1). In our full
regression model for lymphocyte counts, we did not find any significant main effects
or interaction terms between explanatory variables. Numbers of eosinophils,
monocytes, basophils, and thrombocytes were not analyzed statistically because of
low counts. Neutrophil to lymphocyte ratios were generally greater in Bd-exposed
compared to control animals, across species and especially at the earlier sampling
time-points, however, differences were only significant in R. cascadae at the 48 h
(0.015) and 5 d (0.007) time-points. Effect sizes for treatment differences in N:L ratios
were large for both species (Table 1). In R. cascadae, Cohen’s d was >0.8 for all time-
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points except 24h post-exposure. In P. regilla, Cohen’s d was >0.5 at the 48h timepoint and >0.8 at the 5d time-point. In a full regression model with
neutrophil:lymphocyte ratios as the response variable we found that both treatment
(p=0.052) and species (p=0.036) were significant explanatory predictors.
Discussion
We observed temporal and treatment level differences in patterns of
susceptibility (e.g. mortality) infection load, and several measures of immunity in the
two amphibian species we examined. In R. cascadae, we observed no mortality, and
decreasing infection loads in Bd-exposed animals. These responses were associated
with elevated immune responses (bacterial killing ability and neutrophil counts) in
pathogen-exposed animals at several time-points. In P. regilla, we observed pathogeninduced mortality, increasing quantitative infection loads, and modest treatment-level
differences in immunological responses. There was also an apparent trend for the ratio
of neutrphils:lymphocytes to be elevated in circulating blood of pathogen-exposed
amphibians of both species, indicating that pathogen exposure was a “stressful”
condition (Davis et al. 2008).
Responses of R. cascadae to infection (low and diminishing pathogen load)
were consistent with what we have observed before in this species (Gervasi et al.
2013). In P. regilla, we observed an increase in infection load over time. However, we
question whether animals were “infected” with the pathogen at the earliest time-point.
A recent study showed that the process of zoospore encystment and germ tube
formation can occur within 12h (Gahl et al. 2001). However, we are cautious about
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inferring infection at the earliest, 24 h time-point, since we may have been largely
detecting zoospores adhering to or beginning to penetrate the surface of the skin
versus zoospores or sporangia inside the skin cells. Most notable are the species
differences in infection load at the later time-points of our study. In P. regilla infection
load was highest on day 15, while in R. cascadae, all animals tested for infection were
Bd-negative.
The temporal trend in immunity in R. cascadae implies that activation of
general, non-specific, host responses to Bd-exposure may start to occur soon after 24h
after exposure and significantly so after 48 h of pathogen exposure. This rapid
initiation of innate responses in the blood may correspond to pathogen-induced
disruption of skin structure and function (Greenspan et al. 2012), and rapid innate
responses shortly after host-pathogen contact has also been known to occur in the skin
(e.g. antimicrobial peptides; (Rollins-Smith et al. 2009)) and other organs (Rosenblum
et al. 2009). Rosenblum et al. (2009) found that some genes associated with cellmediated innate immunity (phagocytes) were rapidly upregulated in a susceptible
amphibian host, Xenopus tropicalis (Rosenblum et al. 2009). The relationship between
robust treatment differences in bacterial killing ability and neutrophil counts in R.
cascadae and a trend for infection load to decrease in Bd-exposed animals suggests
that pathogen contact may trigger resistance mechanisms that allow R. cascadae to
fight and maybe even clear infection (Raberg et al. 2007; Read et al. 2008). Innate
effectors like complement, antimicrobial peptides, as well as neutrophils and
macrophages (and their associated toxic products) – all likely to be functioning in our
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pathogen challenge assay - are highly efficient mechanisms for killing invading
pathogens quickly, but have the potential to lead to tissue and cell damage when they
are chronically upregulated (Janeway 2005). We did not observe differences in
lymphocyte responses in R. cascadae. Lympocytes are an important component of the
adaptive immune system, and are comparatively slow to respond (e.g. proliferate and
infiltrate tissue) during infection (Janeway 2005). Since lymphocyte responses may be
slower to occur, we suggest that the 5d and 15d time-points might be most relevant in
this experiment. At both of these time-points, R. cascadae showed a trend of increased
lymphocytes in pathogen-exposed animals compared to controls. Interestingly, the
effect size of treatment on lymphocyte numbers at 24h was high (Cohen’s d = 0.815;
Table 1) but low (<0.4) at all other time-points for this species. Although R. cascadae
show elevated bacterial killing and neutrophil responses in the Bd-exposed treatment
and associated lower infection loads, and 100% survival, the patterns in neutrophil:
lymphocyte ratios we observed indicate increased physiological “stress” in pathogenexposed animals (Fig. 6.a; Table 1). This cellular ratio has been shown to change with
glucocorticoid levels; as stress hormones increase in circulating blood, the number of
neutrophils generally increases and the number of lymphocytes decreases (Davis et al.
2008). If this is the case, then R. cascadae may be experiencing a physiological “cost”
of resistance. We suggest longer-term studies to shed light onto host responses,
especially in this species, after infection is diminished or cleared.
In P. regilla, the relationship between infection load and immunity differed
from R. cascadae. In P. regilla infection load increased over time, and bacterial killing
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ability was generally, though not always significantly, lower in Bd-exposed animals
compared to controls. This is consistent with the observed downregulation of immune
genes, including those for blood complement, shown for Bd-exposed Xenopus
tropicalis (Rosenblum et al. 2009). Blood complement plays an important role in the
bacterial killing assay we employed, and failure of this pathway to become “activated”
during host-pathogen interaction could have contributed to the functional responses
we saw in our immunological challenge assay. Further, the lack of a robust elevation
in innate responses in blood, in particular blood complement response and cellular
response (i.e. neutrophil numbers), might directly relate to infection load by allowing
the pathogen to get a foothold and replicate, unchecked, in the skin. Secondary or
opportunistic infections could be particularly damaging in P. regilla if immunity is
actually being down-regulated or non-activated during infection with Bd.
Downregulation, dampening, or lack of activation of innate inflammatory immune
responses (or dampening of potentially self-damaging inflammatory responses
(Matzinger 2002) might allow P. regilla to tolerate initial infection or signals of
infection such as intercellular damage to epidermal tissue by zoospore metabolites,
zoospore encystment, or germ tube formation into deeper layers of the skin. One study
found that skin architecture of P. regilla, specifically, the patchy nature of keratin
distribution, might play a role in maintaining pathogen tolerance in this species in the
wild (Reeder et al. 2012). Alternatively, this species may simply be unable to respond
with resistance mechanisms to limit pathogen growth in the skin (Harris et al. 2006;
Rollins-Smith et al. 2009). Perhaps P. regilla undergoes physiological changes during
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pathogen contact, different from those measured here. We cannot rule out the
possibility that other mechanisms (i.e. those in the skin and other organs) were not
activated by host-pathogen contact. Although not significant, it is noteworthy that the
effect size for the treatment difference in N:L ratios was medium-high at the 48h and
5d time-points in tree frogs (Table 1). So, although innate inflammatory responses
were minimal, there does appear to be signs that exposure to Bd may be “stressful” in
this species.We saw a significant decrease in lymphocyte numbers in P. regilla at the
5 d time-point (the same time-point associated with lower bacterial killing ability in
this species), and a large effect size of treatment at both 5d and 15d for this species
(Table 1), indicating the potential influence of Bd infection on other (i.e. adaptive)
components of the immune system. At both “later” time-points, lymphocytes tended to
be reduced in pathogen exposed animals, compared to controls and this response is the
opposite of what was observed in R. cascadae. Recently one study showed that a
different species of tree frog (the Australian Green Tree frog, Litoria caerulea)
exhibited patterns in leukocyte profiles not seen in either of our species (Peterson et al.
2013). Peterson et al. found that animals showing clinical signs of disease had higher
neutrophil counts, but also, lower lymphocyte numbers in circulating blood than
animals who were potentially exposed to, but did not show signs of disease (Peterson
et al. 2013). Combined with our findings, this highlights that the species-specific
nature of host responses to this single pathogen.
We emphasize the novelty of this comparative study in measuring immune
responses that occur in Bd-exposed versus control animals and in the blood of
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amphibians. Responses in the circulating blood underscore the high degree of
integration and crosstalk in the vertebrate immune system (Janeway, 2005). Both
humoral and cell mediated factors in the blood can be initiated during infection that
occurs first in the skin. For example, disruption of cell junctions (Greenspan et al.
2012; Brutyn et al. 2012) and skin function (Voyles et al. 2009; Voyles et al. 2012)
may serve as a “danger” signal (Matzinger 2002), and cause the recruitment of cellular
components of the innate arm of the immune system. Due to highly synchronized
cytokine signaling in response to pathogen cues, a continuous feedback may occur
between disruption of normal function in the skin and systemic-wide responses
(Janeway, 2005). Initial skin responses are likely to activate other components of the
immune system, especially pro-inflammatory and anti-inflammatory mediators (e.g.
cytokines) which could determine the level of pathology, progression to and severity
of infection, and the outcome of disease on host health and persistance. As infection
progresses, further disruption to homeostasis, including a decrease in blood
electrolytes (Voyles et al. 2011; Voyles et al. 2012) could potentially compromise
other basic functions and interact with immunity in complex and context dependent
ways.
The relationship between infection load and body mass varied between species.
We tended to see heavier animals with higher infection loads in R. cascadae but this
trend was not significant (Fig. 2.a.).This could be explained by heavier animals also
being longer, resulting in a greater surface area for fungal colonization of the skin
(Kuris et al. 1980). However, the trend may have also resulted if heavier animals were
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in better condition, overall, and tolerated higher infection loads. In P. regilla, mass
was a significant predictor of infection load (Fig. 2.b.).
Body mass had no association with bacterial killing ability in control or Bdexposed animals of either species. We predicted that increased mass, when viewed as
a proxy for health or condition, might allow greater energetic partitioning of resources
toward stronger immune responses. However, mounting theoretical and empirical
evidence suggests that “stronger” immune responses may not always be optimal
within the context of infection type and other host-specific and environmental
conditions (Martin et al. 2006). The costs of immunopathology, caused by cell and
tissue damage as an incidental cost of inflammatory mediators play an important role
in modulating immunity (Martin et al. 2006; Read et al. 2008).
Although we predicted that temporal differences in bacterial killing ability of
Bd-exposed animals would change over time, we also observed temporal variation in
bacterial killing ability of control animals. We saw a temporal effect on killing ability
for both amphibian species. Laboratory conditions including our experimental feeding
regime may have contributed to this observation. For example, animals were fed
crickets on days 4, 8, and 12 of the experiment. Almost every animal, regardless of
treatment, was observed to eat all crickets in their enclosures within minutes after
feeding. Metabolic and energetic changes associated with digestion could have
influenced immunity and could potentially affect host pathogen dynamics, especially
at the 5 d sampling time-point.
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Comparative studies with additional species across a broad range of
susceptibility to Bd would provide useful information to further test the hypothesis
that changes in immunity are associated with patterns of infection and mortality
among amphibian species. It remains to be seen whether species like P.regilla
eventually undergo changes in physiology and immunity, perhaps induced when
infection load reaches some critical threshold (Vredenburg et al. 2010). Studies with
different Bd strains might reveal important information on virulence and host
immunity. Similarly, given the known effects of temperature on immunity (Raffel et
al. 2012) it would be useful to examine the interaction between infection, mortality,
immunity, and temperature on host-pathogen dynamics. Finally, co-infection
dynamics are likely to modify host responses including immunity, since infection with
different pathogen types (e.g. macroparasites verus microparasites) may trigger
different components of the immune system, and facilitate tradeoffs between
inflammatory and anti-inflammatory responses (Ezenwa & Jolles 2011).
This study provides information about fundamental differences in intrinsic host
responses, but should be placed back into the context of multiple, interacting, biotic
and abiotic environmental factors and anthropogenic stressors (Martin et al. 2010).
Thus, there is great potential for field studies that combine functional assays to
measure immunity and infection among amphibian species, populations,
developmental stages, and across geographical locations. Understanding the
contribution of individual host species to multi-host pathogen dynamics is critical;
predictions of pathogen emergence, spread, and persistence must be based on realistic

158
estimates of host responses. Species that lose infection or maintain low levels of
infection may contribute to pathogen fade-outs, while species that survive with high
levels of infection for long periods of time (e.g. reservoir hosts) may facilitate
pathogen dispersal, maintenance in the environment (Keesing et al. 2006) and
contribute to the extinction or population declines of more susceptible species
(McCallum et al. 2012). Amphibians exist in assemblages and can widely range in
species composition. While the context for understanding and predicting disease
dynamics is multidimensional and complex, it fundamentally depends on
understanding basic host-pathogen interactions at the individual, species, and
population levels.
Acknowledgements
We would like to thank the Schuster lab at Oregon State University for providing us
with the gentamicin-resistant E. coli strain used in this study and the Weis lab for
providing laboratory space for immunological assays. We thank Patrick Cunningham
and Deanna Olson for statistical advice. This project was funded in part through a
National Graduate Women in Science Hartley Corporation Fellowship and the Robert
and Clarice MacVicar Animal Health Scholar award to S. Gervasi.

159
Literature Cited
Allen, L.C., Turmelle, A.S., Mendonca, M.T., Navara, K.J., Kunz, T.H. & McCracken
G.F. (2009) Roosting ecology and variation in adaptive and innate immune system
function in the Brazilian free-tailed bat (Tadarida brasiliensis). Journal of
Comparative Physiology B-Biochemical systemic and environmental physiology, 179,
315-323
Bancroft, B., Han B.A., Searle, C.L., Biga, L.M., Olson, D.H., Kats, L.B., Lawler, J.J.
& Blaustein, A.R. (2011) Species-level correlates of susceptibility to the pathogenic
amphibian fungus Batrachochytrium dendrobatidis in the United States. Biodiversity
and Conservation, 20, 1911-1920.
Berger, L., Hyatt, A.D., Speare, R. & Longcore, J.E. (2005) Life cycle stages of the
amphibian chytrid Batrachochytrium dendrobatidis. Diseases of Aquatic Organisms,
68, 51-63.
Berger, L., Speare, R., Daszak, P., Green, D.E., Cunningham, A.A., Goggin, C.L.,
Slocombe, R., Ragan, M.A., Hyatt, A.D., McDonald, K.R., Hines, H.B., Lips, K.R.,
Marantelli, G., Parkes, H. (1998). Chytridiomycosis causes amphibian mortality
associated with population declines in the rain forests of Australia and Central
America. Proceedings of the National Academy of Sciences of the United States of
America, 95, 9031-9036.
Blaustein, A.R., Romansic, J.M., Scheessele, E.A., Han, B.A., Pessier, A.P.,
Longcore, J.E. (2005) Interspecific Variation in Susceptibility of Frog Tadpoles to the
Pathogenic Fungus Batrachochytrium dendrobatidis. Conservation Biology, 19, 14601468.
Blaustein, A.R., Han, B.A., Relyea, R.A., Johnson, P.T.J., Buck, J.C., Gervasi, S.S. &
Kats, L.B. (2011) The complexity of amphibian population declines: understanding
the role of cofactors in driving amphibian losses. Annals of the New York Academy of
Sciences, 1223, 108-119.
Blaustein, A.R., Gervasi, S.S., Johnson, P.T.J., Hoverman, J.T., Belden, L.K., Bradley,
P.W. & Xie, G.Y. (2012) Ecophysiology meets conservation: understanding the role
of disease in amphibian population declines Philosophical Transactions of the Royal
Society of London Part B: Biological Sciences, 367, 1688-1707.
Boyle, D.G., Boyle, D.B., Olsen, V., Morgan, J.A.T. & Hyatt, A.D. (2004). Rapid
quantitative detection of chytridiomycosis (Batrachochytrium dendrobatidis) in

160
amphibian samples using real-time Taqman PCR assay. Diseases of Aquatic
Organisms, 60, 141-148.
Brannelly, L.A., Chatfield, M.W.H. & Richards-Zawacki, C.L. (2012) Field and
laboratory studies of the susceptibility of the green treefrog (Hyla cinerea) to
Batrachochytrium dendrobatidis infection. PLoS ONE, 7, e38473.
Briggs, C.J., Vredenburg, V.T., Knapp, R.A. & Rachowicz, L.J. (2005) Investigating
the population-level effects of chytridiomycosis: an emerging infectious disease of
amphibians. Ecology, 86, 3149-3159.
Briggs, C.J., Knapp, R.A. & Vredenburg, V.T. (2010) Enzootic and epizootic
dynamics of the chytrid fungal pathogen of amphibians. Proceedings of the National
Acadamy of Sciences, 107, 9695-9700.
Brucker, R.M., Harris, R.N., Schwantes, C.R., Gallaher, T.N., Flaherty, D.C., Lam,
B.A. & Minbiole, K.P.C. (2008) Amphibian chemical defense: antifungal metabolites
of the microsymbiont Janthinobacterium lividum on the salamander Plethodon
cinereus. Journal of Chemical Ecology, 34, 1422-1429.
Brutyn, M., D’Herde, K., Dhaenens, M., Van Rooij, P., Verbrugghe, E., Hyatt, A.D.,
Croubels, S., Deforce, D., Ducatelle, R., Haesbrouck, F., Martel, A. & Pasmans, F.
(2012) Batrachochytrium dendrobatidis zoospore secretions rapidly disturb
intercellular junctions in frog skin. Fungal Genetics and Biology, 49, 830-837.
Campbell, T.W. & Ellis, C. (2007) Avian & Exotic Animal Hematology & cytology.
Blackwell Publishing, Oxford, UK.
Carey, C.J., Bruzgul, E., Livo, L.J., Walling, M.L., Kuehl, K.A., Dixon, B.F., Pessier,
A.P., Alford, R.A. & Rogers, K.B. (2006). Experimental exposures of boreal toads
(Bufo boreas) to a pathogenic chytrid fungus (Batrachochytrium dendrobatidis).
EcoHealth, 3, 5-21.
Cashins, S.D., Grogan, L.F., McFAdden, M., Hunter, D., Harlow, P.S., Berger, L. &
Skerratt, L.F. (2013) Prior infection does not improve survival against the amphibian
disease chytridiomycosis. PLoS ONE, 8, e56747.
Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.).
Hillsdale, NJ: Lawrence Earlbaum Associates.
Crawford, A.J., Lips, K.R. & Bermingham, E. (2010) Epidemic disease decimates
amphibian abundance, species diversity, and evolutionary history in the highlands of

161
central Panama. Proceedings of the National Acadamy of Science USA, 107, 1377713782.
Cunningham, A.A., Dobson, A.P. & Hudson, P.J. (2012) Disease invasion: impacts on
biodiversity and human health. Philosophical Transactions of the Royal Society B:
Biological Sciences, 367, 2804-2806.
Daszak, P., Cunningham, A.A. & Hyatt, A.D. (2000) Emerging infectious diseases of
wildlife—threats to biodiversity and human health. Science, 287, 443-449.
Daszak, P., Strieby, A., Cunningham, A.A., Longcore, J.E., Brown, C.C. & Porter, D.
(2004) Experimental evidence that the bullfrog (Rana catesbeiana) is a potential
carrier of chytridiomycosis, an emerging fungal disease of amphibians. Herpetological
Journal, 14, 201-207.
Davidson, C. Stanley, K. & Simonich, S.M. (2012) Contaminant residues and declines
of the Cascade frog (Rana cascadae) in the California Cascades, USA. Environmental
Toxicology and Chemistry, 31, 1895-1902.
Davis, A.K., Maney, D.L. & Maerz, J.C. (2008) The use of leukocyte profiles to
measure stess in vertebrates: a review for ecologists.
Fellers, G.M., Cole, R.A., Reinitz, D.M. & Kleenman, P.M. (2011) Amphibian chytrid
fungus (Batrachochytrium dendrobatidis) in coastal and montane California, USA
anurans. Herpetological Conservation and Biology, 6, 383-394.
Fisher, M.C., Garner, T.W.J. & Walker, S.F. (2009) Global emergence of
Batrachochytrium dendrobatidis and amphibian chytridiomycosis in space, time and
host. Annual Reviews of Microbiology, 63, 291-310.
Fisher, M.C., Henk, D.A., Briggs, C.J., Brownstein, J.S., Madoff, L.C., McCraw, S.L.
& Gurr, S.J. (2012) Emerging fungal threats to animal, plant and ecosystem health.
Nature, 484, 186-194.
Gahl, M.K., Longcore, J.E. & Houlahan, J.E. (2011) Varying responses of
Northesastern North American amphibians to the chytrid pathogen Batrachochytrium
dendrobatidis. Conservation Biology, 26, 135-141.
Garner, T.W.J., Perkins, M.W., Govindarajulu, P., Seglie, D., Walker, S.,
Cunningham, A.A. & Fisher, M.C. (2006) The emerging amphibian pathogen
Batrachochytrium dendrobatidis globally infects introduced populations of the North
American bullfrog, Rana catesbeiana. Biology Letters, 2,455-459

162
Gervasi, S.S., Gondhalekar, C., Olson, D.H. & Blaustein, A.R. (2013) Host identity
matters in the amphibian-Batrachochytrium dendrobatidis system: fine-scale patterns
of variation in responses to a multi-host pathogen. PLoS ONE, 8, e54490.
Gosner, K.L. (1960) A simplified table for staging anuran embryos and larvae with
noteson identification. Herpetologica,16,183-190.
Green, D.E., Converse, K.A. & Schrader, A.K. (2006) Epizootiology of Sixty-Four
Amphibian Morbidity and Mortality Events in the USA, 1996-2001. Annals of the
New York Academy of Sciences, 969, 323-339.
Greenspan, S.E., Longcore, J.E. & Calhoun, A.J.K. (2012) Host invasion by
Batrachochytrium dencrobatidis: fungal and epidermal ultrastructure in model
anurans. Diseases of Aquatic Organisms, 100, 201-210.
Harris, R.N., James, T.Y., Lauer, A., Simon, M.A. & Patel, A. (2006) Amphibian
pathogen Batrachochytrium dendrobatidis is inhibited by the cutaneous bacteria of
amphibian species. Ecohealth, 3, 53-56.
Harvell, C.D., Kim, K., Burkholder, J.M., Colwell, R.R., Epstein, P.R., Grimes, D.J.,
Hofmann, E.E., Lipp, E.K., Osterhaus, A.D.M.E., Overstreet, R.M. et al. (1999)
Emerging marine diseases—Climate links and anthropogenic factors. Science, 285,
1505-1510.
Hawley, D.M. & Altizer, S.M. (2011) Disease ecology meets immunological
immunity: understanding the links between organismal immunity and infection
dynamics in natural populations. Functional Ecology, 25, 48-60.
Janeway, C.A., Travers, P., Walport, M. & Schlomchik, M.J. (2005) Immunobiology:
the immune system in health and disease, 6th edition Garland Publishing, New York
Keesing, F., Belden, L.K., Daszak, P., Dobson, A., Harvel, C.D., Holt, R.D., Hudson,
P., Jolles, A., Jones, K.E., Mitchell, C.E., Myers, S.S., Bogich, T., Ostfeld, R.S. (2010)
Impacts of biodiversity on the emergence and transmission of infectious diseases.
Nature, 468, 647-652.
Kilpatrick, A.M., Briggs, C.J., Daszak, P. (2010) The ecology and impact of
chytridiomycosis: an emerging disease of amphibians. Trends in Ecology and
Evolution, 25, 109-118.
Kuris, A.M., Blaustein, A.R., Alio J.J. (1980) Hosts as islands. The American
Naturalist, 116, 570-586.

163
Laurance, W.F., McDonald, K.R. & Speare, R. (1996) Epidemic disease and the
catastrophic decline of Australian rain forest frogs. Conservation Biology, 10, 406413.
Liebl, A.L. & Martin, L.B. (2009) Simple quantification of blood and plasma
antimicrobial capacity using spectrophotometry. Functional Ecology, 23, 1091-1096.
Lips, K.R.Brem, F., Brenes, R., Reeve, J.D., Alford, R.A., Voyles, J., Carey, C., Livo,
L., Pessier, A.P. and Collins, J.P. (2006) Emerging infectious disease and the loss of
biodiversity in a Neotropical amphibian community. Proceedings of the National
Academy of Sciences USA, 102, 3165-3170.
Longcore, J.E., Pessier, A.P. & Nichols, D.K. (1999) Batrachochytrium dendrobatidis
gen. et sp. nov., a chytrid pathogenic to amphibians. Mycologia, 91, 219-227.
Maniero, G.D. & Carey, C. (1997). Changes in selected aspects of immune function in
the leopard frog, Rana pipiens, associated with exposure to cold. Journal of
Comparative Physiology B: Biochemical, Systemic, and Evolutionary Physiology,
167, 256-263.
Martin, L.B., Weil, Z.M. & Nelson, R.J. (2006) Refining approaches and diversifying
directions in ecoimmunology. Integrative and Comparative Biology, 46, 1030-1039.
Martin, L.B., Weil, Z.M., & Nelson, R.J. (2007) Immune defenses and reproductive
pace of life in Peromyscus mice. Ecology, 88, 2516-2528.
Martin, L.B., Hopkins, W.A., Mydlarz, L.D. & Rohr, J.R. (2010) The effects of
anthropogenic global changes on immune functions and disease resistance. Annals of
the New York Academy of Sciences, 1195, 129-148.
Martin, L.B., Hawley, D.M. & Ardia D.R. (2011) An introduction to ecological
immunity. Functional Ecology, 25, 1-4.
Matson K.D., Tieleman, B.I., Klasing, K.C. (2006) Capture stress and the bactericidal
competence of blood and plasma in five species of tropical birds. Physiological and
Biochemical Zoology, 79, 556-564.
Matzinger, P. (2002). The danger model: a renewed sense of self. Science, 296, 301304.
McCallum, M.L. (2007) Amphibian decline or extinction? Current declines dwarf
background extinction rate. Journal of Herpetology, 41, 483-491

164
McCallum, M.L. (2012) Disease and the dynamics of extinction. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367, 2828-2839.
McKenzie, V.J., Bowers, R.M., Fierer, N., Knight R. & Lauber C.L. (2012) Cohabiting amphibian species harbor unique skin bacterial communities in wild
populations. ISME Journal, 6, 588-596.
McMahon, T.A., Brannelly, L.A., Chatfield, M.W.H., Johnson, P.T.J., Joseph, M.B.,
McKenzie, V.J., Richards-Zawacki, C.L. & Rohr, J.R. (in press) The chytrid fungus,
Batrachochytrium dendrobatidis, has non-amphibian hosts and releases chemicals that
cause pathology in the absence of infection. Proceedings of the National Academy of
the United States USA.
Mendelson III, J.R., Lips, K.R., Gagliardo, R.W., Rabb, G.B., Collins, J.P.,
Diffendorfer, JE., Daszak, P., Ibanez D., R., Zippel, K.C., Lawson, D.P., et al. (2006)
Confronting amphibian declines and extinctions. Science, 313, 48.
Myers, J.M., Ramsey, J.P., Blackman, A.L., Nichols, A.E., Minbiole K.P.C. & Harris,
R. (2012) Synergistic inhibition of the lethal fungal pathogen Batrachochytrium
dendrobatidis: the combined effect of symbiotic bacterial metabolites and
antimicrobial peptides of the frog Rana muscosa. Journal of Chemical Ecology, 38,
958-965.
Nichols, D.K., Lamirande, E.W., Pessier, A.P. & Longcore, J.E. (2001) Experimental
transmission of cutaneous chytridiomycosis in dendrobatid frogs. Journal of Wildlife
Diseases, 37, 1-11.
Pearl, C.A., Bull, E.L., Green, D.E., Bowerman, J., Adams, M.J., Hyatt, A. & Wente,
W.H. (2007) Occurrence of the amphibian pathogen Batrachochytrium dendrobatidis
in the Pacific Northwest. Journal of Herpetology, 41, 145-149.
Peterson, J.D., Steffen, J.E., Reinert, L.K., Cobine, P.A., Appel, A., Rollins-Smith,
L.A. & Mendonca, M.T. (2013) Host stress response is important for the pathogenesis
of the deadly amphibian disease, chytridomycosis, in Litoria caerulea. PLoS ONE, 8,
e62146.
Piovia-Scott, J., Pope, K.L., Lawler, S.P., Cole, E.M. & Foley, J.E. (2011) Factors
related to the distribution and prevalence of the fungal pathogen Batrachochytrium
dendrobatidis in Rana cascadae and other amphibians in the Klamath mountains.
Biological Conservation, 144, 2913-2921.

165
Raberg, L, Sim, D. & Read, A.F. (2007) Disentangling genetic variation for resistance
and tolerance to infectious diseases in animals. Science, 318, 812-814.
Rachowicz, L.J. & Vredenburg, V.T. (2004) Transmission of Batrachochytrium
dendrobatidis within and between amphibian life stages. Diseases of Aquatic
Organisms, 61, 75-83
Raffel, T.R., Romansic, J.M., Halstead, N.T., McMahon, T.A., Venesky, M.D. &
Rohr, J.R. (2012) Disease and thermal acclimation in a more variable and
unpredictable climate. Nature Climate Change doi:10.1038/nclimate1659.
Ramsey, J.P., Reinert, L.K., Harper, L.K., Woodhams, D.C. & Rollins-Smith, L.A.
(2010) Immune defense against Batrachochytrium dendrobatidis, a fungus linked to
global amphibian declines, in the South African clawed frog, Xenopus laevis.
Infection and Immunity, 78, 3981-3992.
Read, A.F., Graham, A.L. & Raberg, L. (2008) Animal defenses against infectious
agents: is damage control more important than pathogen control? PLoS Biology, 6,
2638-2641
Reeder, N.M.M., Pessier, A.P., & Vredenburg, V.T. (2012) A reservoir species for the
emerging amphibian pathogen Batrachochytrium dendrobatidis thrives in a landscape
decimated by disease. PLoS ONE, 7, e33567.
Ribas, L., Li, M., Doddington, B.J., Robert, J., Seidel, J.A., Kroll, J.S., Zimmerman,
L.B., Grassly, N.C., Garner, T.W.J. & Fisher, M.C. (2009). Expression profiling the
temperature-dependent amphibian response to infection by Batrachochytrium
dendrobatidis. PLoS One, 4, e8408.
Richmond, J.Q., Savage, A.E., Zamudio, K.R. & Rosenblum, E.B. (2009) Toward
immunogenetic studies of amphibian chytridiomycosis: linking innate and acquired
immunity. Bioscience 54, 311-320.
Robert, J. & Ohata, Y. (2009) Comparative and developmental study of the immune
system in Xenopus. Dev Dyn, 238, 1249-1270.
Rollins-Smith, L.A. & Conlon, J.M. (2005) Antimicrobialpeptide defenses against
chytridiomycosis, an emerging infectious disease of amphibian populations.
Developmental and Comparative Immunology, 29, 589-598.

166
Rollins-Smith, L.A., Ramsey, J.P., Reinert, L.K., Woodhams, D.C., Livo, L.J., &
Carey, C. (2009). Immune defenses of Xenopus laevis against Batrachochytrium
dendrobatidis. Frontiers in Bioscience, S1, 68-91.
Rollins-Smith, L.A., Ramsey, J.P., Pask, J.D., Reinert, L.K. & Woodhams, D.C.
(2011) Amphibian immune defenses against chytridiomycosis: impacts of changing
environments. Integrative and Comparative Biology, 51, 552-562.
Rosenblum, E.B., Stajich, J.E., Maddox, N. & Eisen, M.B. (2008) Global gene
expression profiles for life stages of the deadly amphibian pathogen Batrachochytrium
dendrobatidis. Proceedings of the National Acadamy of Sciences, 105, 17034-17039.
Rosenblum, E.B., Poorten, T.J., Settles, M., Murdoch, G.K., Robert, J., Maddox, N. &
Eisen, M.B. (2009) Genome-wide transcriptional response of Silurana (Xenopus)
tropicalis to infection with the deadly chytrid fungus. PLoS ONE, 4, e6494.
Savage, A.E. & Zamudio, K.R. (2011) MHC genotypes associate with resistance to a
frog-killing fungus. Proceedings of the National Acadamy of Sciences, 108, 1670516710.
Schloegel, L.M., Toledo, L.F., Longcore, J.E., Greenspan, S.E., Vieira, C.A., Lee, M.,
Zhao, S., Wangen, C., Ferreira, C.M., Hipolito, M., Davies, A.J., Cuomo, C.A.,
Daszak, P. & James, T.Y. (2012) Novel, panzootic and hybrid genotypes of amphibian
chytridiomycosis associated with the bullfrog trade. Molecular Ecology, 21, 51625177.
Searle, C.L., Gervasi, S.S., Hua, J., Hammond, J.I., Relyea, R.A., Olson, D.H.,
Blaustein, A.R. (2011) Differential host susceptibility to Batrachochytrium
dendrobatidis, an emerging amphibian pathogen. Conservation Biology, 25, 965-974.
Skerratt, L., Berger, L., Speare, R., Cashins, S., McDonald, K., Phillott, A., Hines,
H.B. & Kenyon, N. (2007) Spread of chytridiomycosis has caused the rapid global
decline and extinction of frogs. EcoHealth, 4, 125-134.
Sparkmann, A.M. &Palacio, M.G. (2009) A test of life-history theories of immune
defence in two ecotypes of the garter snake, Thamnophis elegans. Journal of Animal
Ecology, 78, 1242-1248.
Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S.L., Fischman,
D.L. & Waller, R.W. (2004) Status and trends of amphibian declines and extinctions
worldwide. Science, 306, 1783-1786.

167
Tizard, I.R. (2004) Veterinary Immunology: An Introduction, 8th Edition. Saunders
946
Elsevier, St. Louis, MO.
Van Rooij, P., Martel, A., D’Herde, K., Brutyn, M., Croubels, S., Ducatelle, R.,
Haesebrouck, F. & Pasmans, F. (2012) Germ tube mediated invasion of
Batrachochytrium dendrobatidis in amphibian skin is host dependent. PLoS ONE, 7,
e41481.
Venesky, M.D., Wilcoxen, T.E., Rensel, M.A., Rollins-Smith, L. Kerby, J.L. & Parris,
M.J. (2012) Dietary protein restriction impairs growth, immunity, and disease
resistance in southern leopard frog tadpoles. Oecologia, 169, 23-31.
Voyles, J., Young, S., Berger, L., Campbell, C., Voyles, W.F., Dinudom, A., Cook,
D., Webb, R., Alford, R.A., Skerratt, L.F. &, Speare, R. (2009) Pathogenesis of
chytridiomycosis, a cause of catastrophic amphibian declines. Science, 326, 582-585
Voyles, J., Rosenblum, E.B. & Berger L. (2011) Interactions between
Batrachochytrium dendrobatidis and its amphibian hosts: a review of pathogenesis and
immunity. Microbes and Infection, 13, 25-32.
Voyles, J., Vredenburg, V.T., Tunstall, T.S., Parker, J.M., Briggs, C.J. & Rosenblum,
E.B. (2012) Pathophysiology in mountain yellow-legged frogs (Rana muscosa) during
a chytridiomycosis outbreak. PLoS ONE, 7, e35374.
Vredenburg, V.T., Knapp, R.A., Tunstall, T.S. & Briggs, C.J. (2010) Dynamics of an
emerging disease drive large-scale amphibian population extinctions. Proceedings of
the National Academy of Sciences USA, 107, 9689-9694.
Warne, R.W., Crespi, E.J. & Brunner, J.L. (2011) Escape from the pond: stress and
developmental responses to ranavirus infection in wood frog tadpoles. Functional
Ecology, 25, 139-146.
Woodhams, D.C., Rollins-Smith, L.A., Carey, C., Reinert, L., Tyler, M.J. & Alford,
R.A. (2006) Population trends associated with skin peptide defenses against
chytridiomycosis in Australian frogs. Oecologia, 146, 531-540.
Woodhams, D.C., Bigler L. & Marschang R. (2012) Tolerance of fungal infection in
European water frogs exposed to Batrachochytrium dendrobatidis after experimental
reduction of innate immune defenses. BMC Veterinary Research, 8, 197.

168
Table 5.1: Effect sizes for immunological measures. For each species a Cohen’s d
value is given for each treatment (Bd-exposed versus Control) comparison at each
time-point (24h, 48h, 5d and 15d). Effect size is given in bold and the time-point is
starred if a large effect size (>0.8) was detected.

Species

Pseudacris regilla

Response

Bacterial killing
ability

Rana cascadae

Pseudacris regilla

Neutrophils

Rana cascadae

Rana cascadae

Pseudacris regilla

Rana cascadae

N:L ratio

Timepoint

Effect Size

24h
48h
5d*
15d
24h
48h*
5d
15d*
24h
48h*
5d
15d
24h
48h*
5d*
15d

(Cohen’s d for Bdexposed versus
Control)
0.334
0.195
1.195
0.221
0.237
1.020
0.710
0.956
0.131
0.836
0.019
0.762
0.177
1.208
1.525
0.200

48h
5d*
15d*
24h*
48h
5d
15d
24h
48h
5d*
15d
24h
48h*
5d*
15d

0.287
1.101
0.886
0.815
0.311
0.367
0.390
0.073
0.630
1.131
0.414
0.604
1.385
1.627
0.714

Figure 5.1.a.-b.: Infection load (log genome equivalents) over time for R. cascadae and P. regilla. In R. cascadae,
infection load decreased over time, but there was no significant difference in infection load among time-points (p=0.571). In P.
regilla, infection load increased over time (p=0.034). Differences in infection load were marginal between species at the 24h
sampling point (p=0.054) and 48h time-point (p=0.061). No R. cascadae tested positive for infection on day 15 (n=7).
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Figure 5.2.a.-b. Relationship between initial mass and infection load in Rana cascadae and Pseudacris regilla. Linear
regression indicates that mass is a signficant predictor of infection load in R. cascadae (heavier animals also had higher
infection loads; p=0.026; R2=0.160), and a marginally significant predictor of infection load in P. regilla (heavier animals
tended to have lower infection loads (p=0.062; R2=0.150).
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Fig. 5.3.a.-b.: Bacterial killing ability % of colonies killed) for Rana cascadae and Pseudacris regilla in Bd-exposed or
control treatments. In R. cascadae, bacterial killing abilitytended to be elevated in Bd-exposed animals. The difference in
killing ability between Bd-exposed and control animals was siginficant at all timepoints (p<0.05) except 24h. For P. regilla,
killing ability of blood tended to be reduced in Bd-exposed animals but was only significant on day 5 of the challenge
(p<0.05). We sampled 12 animals in each treatment and at each time-point for each species. Dots represent average killing
ability and bars represent standard error.
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Fig. 5.4.a.-b. Neutrophil counts for Rana cascadae and Pseudacris regilla in control versus Bd-exposed treatments.
Neutrophil counts varied between treatments in R. cascadae at the 48h (p=0.010) and 5 d (p=0.011) time-points. However,
there were no signficant treatment differences in total neutrophils for P. regilla at any of the sampling time-point. We sampled
8 animals in each treatment and at each time-point for each species. Dots represent average neutrophil counts and bars
represent standard error.
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Fig. 5.5.a.-b. Lymphocyte counts (total lymphocytes in 2000 red blood cells) for Rana cascadae and Pseudacris regilla in
control versus Bd-exposed treatments. There were no treatment differences in total lymphocyte counts in R. cascadae at any
of the sampling timepoints. Lymphocyte counts varied for P. regilla at the 5 d time-point; control animals had signiifcantly
greater numbers of lymphocytes in circulating blood than Bd-exposed animals (p=0.050). We sampled 8 animals in each
treatment and at each time-point for each species. Dots represent average lymphocyte counts and bars represent standard error.
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Fig. 5.6.a.-b. Neutrophil : Lymphocyte counts (an indicator of physiologcial “stress”) for Rana cascadae and Pseudacris
regilla in control versus Bd-exposed treatments. N: L ratio generally tended to be greater in Bd-exposed animals compared
to control animals of both species indicating potentially greater “physiological stress” in pathogen-exposed animals in the
study. However, differences in the ratio were only signifciant different in R. cascadae at the 48 h (p=0.015) and 5 d (p=0.007)
time-points.We sampled 8 animals in each treatment and at each time-point for each species. Dots represent average N:L ratios
and bars represent standard error.
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CHAPTER 6 – CONCLUSION
Emerging infectious diseases are a growing ecological concern (Daszak et al.
2000; Fisher et al. 2012; McCallum 2012). The number of fungal pathogens
implicated in the loss of biodiversity has risen over the last two decades (Fisher et al.
2012) and includes notable examples such as Geomyces destructans, which causes the
fatal disease white-nose syndrome in North American bats (Lorch et al. 2011),
Aspergillus syndowii, which infects and has lead to the decline of coral species (Kim
and Harvell 2004), and the microsporidian fungus, Nosema, which has been linked to
declining bumble bee populations in North America (Cameron et al. 2010). The fungal
pathogen, Batrachochytrium dendrobatidis (Bd), or amphibian chytrid fungus, has
similarly gained notoriety for its effect on amphibian populations worldwide
(Blaustein et al. 2011; Olson et al. 2013). Bd has been found on every continent
where amphibians exist (Fisher et al. 2009) and can infect hundreds of different
amphibian species (Olson et al. 2013). Once thought to be only opportunistic
pathogens, fungi are now becoming recognized as potentially virulent disease-causing
agents, especially when biotic and abiotic conditions favor pathogen emergence,
spread, and maintenance in new host species and across new geographic ranges
(Daszak et al. 2000; Fisher et al. 2012; McCallum et al. 2012). It is therefore critical to
understand host-pathogen interactions in emerging fungal disease systems, in order to
make accurate predictions about the persistence or fadeout of pathogen or hosts and
the potential cascading effects on ecosystem structure and function.
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In this thesis, I explored variation in host responses to amphibian chytrid
fungus. Very few studies have taken a comparative approach to studying the effect of
this pathogen and Chapter 2 of this thesis represents the largest comparative
experimental study done of disease susceptibility to Batracochytrium dendrobatidis in
amphibians. In addition to this broad-scale view of susceptibility, my thesis also
investigates finer level responses to the pathogen across specific doses, at different
time points during host-pathogen contact (spanning 24 hours to 30 days), and at
different developmental stages. The results of these combined broad and fine-scale
approaches have provided critical insight into the complextity of the amphibian
chytrid fungus system. In addition to the experimental assays for susceptibility, this
thesis has also explored mechanisms that drive variation in patterns of host-pathogen
interactions. Specifically, I have used functional immunological asssays and profiles
of immune responses to explore activation of resistance responses against chytrid
fungus in susceptible verus non-susceptible hosts. This research shows informative
trends that are associated with susceptibility; namely immune activation associated
with more resistant hosts.
In summary, this thesis provides robust evidence for interspecific variation in
amphibian responses to the fungal pathogen, Bd. It is clear that the emerging fungal
disease, chytridiomycosis, does not affect all amphibian species in the same way.
Rather, intrinsic host responses appear to play a critical role in determining the
ultimate outcome of infection, including but not limited to mortality. Sublethal effects
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of the disease also manifest differently across species. Mechanisms that explain
variation in how hosts aquire, respond to, and maintain infection in their skin and how
effectively they transmit infection to other individuals may be related to immunity and
immunological responses that occur shortly after host-pathogen contact. Ultimately,
predictive models of amphibian susceptibility to Bd should be built with information
about host-specific responses. Conservation of amphibians will depend largely on
effectively managing for the effect of emerging infectious diseases including
amphibian chytrid fungus.
Future Directions
Understanding and predicting disease dynamics in the amphibian-chytrid fungus
system will require layering additional complexity onto the patterns in responses
uncovered in this thesis. A wide range of factors may affect pathogen growth,
development, and/or virulence and separate factors may influence host physiology,
immunity, and behavior. For example, biotic factors like competitive and predatory
interactions may change how amphibians respond to pathogens (reviewed in Blaustein
and Kieseker 2002), and abiotic factors like temperature and precipitation may have
non-intititve effects on host-pathgoen dynamics (Kiesecker et al. 2001; Rohr and
Raffel 2010). Similarly, multiple infections with additional pathogens are likely in
nature, and the effect of chytrid fungus on individuals, species, and populations of
amphibians may also be highly dependent on the spatial abundance and distriubiton of
other pathogen types. Adding additional components to experimental systems where
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host and pathogen can be studied together and in isolation will provide useful insights.
Similarly, validating the results observed in this compilation of work may be
extremely useful in identifying biotic and abiotic factors that change the basic hostpathogen interaction. For example, in the Oregon Cascades, populations of species
studied here coexist and overlap seasonally. If patterns of infection in the wild match
patterns observed in the lab, we may be able to predict more sensitive locations, where
susceptible amphibian species may experience morality or transmit high infection
loads to the rest of the community.
Ultimately, understanding this single host-pathogen system offers insight and
approaches for disentangling disease dynamics in other systems, including zoonotic
diseases of relevance to human health. Predicting the invasion and spread of epidemics
and how pathogen maintenance is affected by reservoir hosts and environmnental
factors is critical given the accelerated rate of new emerging infectious diseases (Jones
et al. 2008). Humans, wildlife, and ecosystems are tightly coupled. Therefore, the
maintenance of global health will necessitate an approach to understanding disease
that is both multidisciplinary and integrated.
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Appendix A – Supplementary Material to Chapter 3
Collection and Animal Husbandry
Bullfrog eggs (10 clutches) were collected from Fish hatchery pond (41.64° N 80.43°
W) and Geneva pond (41.59° N 80.25° W) near Pymatuning Laboratory of Ecology in
Pittsburgh, Pennsylvania in August 2011. After hatching, size selected bullfrog
tadpoles (Gosner stage 27) were added to mesocosms. Bullfrog tadpoles overwintered
in 1200-L plastic cattle watering tanks filled with ~900 L of water containing leaf
litter (primarily Quercus), a suite of micro-invertebrates (zooplankton, amphipods,
isopods, snails), phytoplankton and periphyton. On 30 May 2012, we drained the
cattle tanks and randomly distributed bullfrog tadpoles into 100-L pools that were set
up on 16 May 2012. These pools were filled with 90 L of well water and we added
pond water from four nearby ponds and visually screened for invertebrate predators.
After removing predators, we combined the pond water and added equal aliquots to
each tank to provide a natural source of algae and zooplankton to all pools. We added
5 g of rabbit chow and 100 g of dry oak leaves (primarily Quercus spp.) to provide a
source of nutrients and a substrate for the periphyton. To ensure that the bullfrog
tadpoles had enough periphyton resources, we set up new pools every two weeks
using the same procedures described above. Once the periphyton algae had established
in these new pools, we randomly transferred bullfrog tadpoles to these new resource
rich pools. All tanks and pools were covered using 60% shade cloth to prevent
organisms from entering or leaving. We collected bullfrog metamorphs from 8 June
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until 4 September 2012. Animals were randomized into holding containers before
overnight shipment to Oregon State University (OSU). All animals were between 2
and 4 weeks old before the start of experiments at OSU.
Upon arrival to OSU, bullfrogs were placed in glass terraria held at 20°C with
a 13h: 11h light to dark photoperiod. Animals acclimated for at least 24h before
initiation of the experiment. We randomly assigned individuals to either Bd-exposed
or unexposed (control treatments) for each separate strain experiment. All animals
were weighed to the nearest 0.001g and measured to the nearest 0.1 mm before the
start of the experiment. Animals were placed in Petri dishes (140 X 30 mm) with holes
in the lid and a thin film of water covering the bottom for the duration of the
experiment. Animals were changed (fresh water) and re-inoculated once a week for 4
weeks and were fed 2-week crickets (5 crickets per feeding) twice per week. We
monitored animals for signs of mortality, daily. We ran the first group of 33 bullfrogs
in the first experimental trial with Bd strain JEL 274 and ran the next group of 31
bullfrogs at the same developmental time-point (several weeks after metamorphosis)
for the second experimental trail with Bd strain JEL 630. Thus, we ensured that
animals in both trials were the same age after metamorphosis.
Inoculation
We used Bd strain JEL 274 (originally isolated from a Western toad in Colorado,
USA) and JEL 630 (originally isolated from an American bullfrog in Oregon, USA).
The collection history of each strain differs (JEL 274 was originally isolated in 1999
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and JEL 630 was isolated in 2009, Joyce Longcore, personal communication). We
obtained both strains from J. Longcore in May 2011. Strains that had been
cryogenically preserved at -80°C were thawed, streaked onto tryptone agar plates, and
express mailed to Oregon (JEL 630 to Portland State University and JEL 274 to
Oregon State University). After approximately 1 week of growth, we sterilely
removed Bd colonies from original plates into sterile 1% tryptone broth. Both JEL 274
and JEL 630 went through approximately 3-5 passages (into new liquid culture) before
they were used in our bullfrog strain experiments. Bd strains were maintained for a
period of early growth after transfer to new liquid culture at room temperature
(approximately 2 weeks), and then stored at 4°C until the next serial passage
(approximately once per month). We grew Bd from liquid cultures on 1% tryptoneagar plates for use in our experiments and for both strains our methods were identical.
Plates were inoculated 7 days prior to inoculation of animals and held at
approximately 20 °C. To harvest Bd from agar, we flooded plates with 15 mL
dechlorinated water for 5 minutes. To standardize inoculation dose among exposed
animals, we pooled water from at least 10 Bd-inoculated plates for each inoculation
and quantified the number of zoospores in the inoculums with a hemocytometer. After
quantifying zoospores, we diluted inoculum to a concentration of 1.7 × 104
zoospores/mL inoculum. Then, we added 15 mL inoculums to each Petri dish. Thus,
Bd-exposed animals were exposed to 15 ml of 1.7 × 104 zoospores/ml inoculate broth.
Control animals were exposed to 15 mL inoculum without Bd culture created using
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sterile agar plates. We exposed all species to the same Bd dose at each inoculation,
and we conducted each inoculation during the experiment in the same manner. Water
in Petri dishes was changed every 7 days, with re-inoculation occurring
simultaneously. We placed an additional 10 mL of water into each Petri dish at each
water change, which combined with the inoculate was sufficient to completely cover
the bottom of the dish with a thin film of water. Animals therefore remained in direct
contact with water on their ventral side, but could not submerge themselves. We
monitored mortality twice daily and removed dead animals from their dishes
immediately and preserved them in 95% ethanol.
We did not observe any qualitative differences in zoospore activity or density
on 7d old Bd plates prepared from JEL 274 or JEL 630, although we did not quantify
zoospore size or other phenotypic differences in strains. For both strains, we observed
primarily active zoospores (versus full or empty sporangia) on 7 d old plates. Because
of our standardization of zoospore concentration, we controlled for the amount of
zoospores that animals were initially exposed to. However, innate differences of each
strain (e.g. differences in temporal patterns of zoospore growth and reproduction in
each Bd strain while in contact with animals and in the water within the Petri dishes)
are likely to have acted after initial inoculation. Because all other aspects were
controlled, differences in host responses to Bd were a function of both host and strainspecific characteristics.
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At the end of the 30 day trial, all surviving animals were euthanized by
immersion in MS-222 and preserved in 95% ethanol. We then determined Bdinfection levels with quantitative polymerase chain reaction (qPCR) using methods of
Boyle et al. 2004 for all Bd-exposed animals and 5 randomly selected control
individuals from each experimental trial. We analyzed each sample in triplicate and
calculated the average number of genome equivalents per individual.

206
Table S.1.: Species common names, scientific names, family affiliation and specific
egg collection location for Chapter 2.
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Table S.2. Batrachochytrium dendrobatidis infection load comparisons (ANCOVA or
Welch’s t-test) in larval amphibians by species, treatment, and sampling time-point.
Level
Among
treatment

Between
timepoints

Overall
comparison
PR – d8

Overall effect
ANCOVA F3,18-2.68;p=0.09

Pair-wise
comparison
NA

Pairwise
p-value
NS

PR – d15
RC – d8
RC – d15

ANCOVA F3,14=5.93;p=0.01
Welch’s t-test*(NS)
NA**

H vs L
NS
NA

<0.05
NS
NA

AB – d8
AB – d15
PR - High

ANCOVAF3,27=6.47;p=0.005
ANCOVAF3,12=5.18;p=0.023
Welch’s t-test t15= 3.15;p=0.01

H vs L
H vs I
NA

<0.05
<0.05
0.01

PR Intermediate
PR -Low
RC - High

Welch’s t-test (NS)

NA

NS

Welch’s t-test (NS)
Welch’s t-test t5=3.42;p=0.02
Welch’s t-test (NS)

NA
d8 vs d15

NS
0.02

NS

NS

Welch’s t-test (NS)
Welch’s t-test t18=2.82;p=0.01
Welch’s t-test (NS)

NS
d8 vs d15

NS
0.01

NS

NS

Welch’s t-test (NS)
ANCOVAF3,22=12.7;p=0.0002

NS
PR vs RC

NS
NS

ANCOVA (NS)
ANCOVA (NS)

PR vs AB
AB vs RC
All NS
All NS

<0.05
<0.05
NS
NS

Welch’s t-test***

NS

NS

Welch’s t-test***
Welch’s t-test***

NS
NS

NS
NS

RC Intermediate
RC - Low
AB – High

Among
species

AB –
Intermediate
AB – Low
Day 8 High

Day 15 High
Day 8
Intermediate
Day 15
Intermediate
Day 8 Low
Day 15 Low

Abbreviations are used for species: PR = Pseudacris regilla; RC=Rana cascadae; AB=Anaxyrus boreas.
Abbreviations for treatments: H=high dose; I=intermediate dose; L=low dose; d=day. NS=non-significant
comparisons; MS=marginally significant result (p<0.1). NA indicates that the comparison is not applicable because
of low sample size (due to mortality or Bd-negative animals that could not be included in analyses). *Only 1
individual tested positive for infection in the low treatment group so the comparison of interest is high versus
intermediate treatment on day 8 of the experiment made with a Welch’s t-test. **Only 1 individual in the low and
the intermediate treatment tested positive for infection so no statistical comparisons among treatments were made.
***Rana cascadae was not included in species comparisons because only 1 individual tested positive for infection
at this time-point/treatment combination.
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Table S.3. Batrachochytrium dendrobatidis infection load comparisons (ANCOVA or
Welch’s t-test) in post-metamorphic amphibians by species, treatment, and sampling
time-point.
Level

Overall
comparison

Overall effect

Pair-wise
comparis
on

Pairwise pvalue

Among
treatment

PR – d8

ANCOVAF3,19=14.4;p=0.0
001

H vs L

<0.05

I vs L
H vs I
I vs L

<0.05
NS
0.03

NS
NS
H vs L

NS
NS
<0.05

I vs L
H vs I
NA
NA

<0.05
NS
NS
NA

PR – d15
RC – d8
RC – d15
AB – d8

Between
time-points

AB – d15
PR - High

Welch’s t-test (NS)
NA*

PR Intermediate

Welch’s ttest;t8=3.57;p=0.004

d8 vs d15

0.004

PR - Low

Welch’s ttest;t12=2.22;p=0.09
Welch’s t-test (NS)
Welch’s t-test (NS)

d8 vs d15

MS

NA
NA

NS
NS

d8 vs d15

0.020

NA
NA

NA
0.040

NA

0.0007

PR vs
RC
PR vs AB
AB vs RC
NA
PR vs
RC
PR vs AB
AB vs RC
PR vs
RC
PR vs AB
AB vs RC
PR vs

<0.05

RC - High
RC Intermediate
RC - Low
AB – High
AB –
Intermediate
AB – Low
Among
species

Welch’s t-test*;
t6=4.314;p=0.03
ANCOVA (NS)
ANCOVA (NS)
ANCOVA
F3,17=14.5;p=0.0002

Day 8 High

Day 15 High
Day 8
Intermediate

Day 15
Intermediate

Day 8 Low

Welch’s t-test
t5=3.568;p=0.020
NA**
Welch’s t-test t11=2.48;p=0.040
Welch’s t-test t10=4.87;p<0.0007
ANCOVA
F3,18=61.1;p<0.0001
NA***
ANCOVA
F3,18=58.5;p<0.0001
ANCOVA
F3,6=28.3;p<0.0008
ANCOVA

<0.05
<0.05
NA
<0.05
<0.05
<0.05
<0.05
NS
<0.05
<0.05
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F3,17=17.2;p<0.0001
Day 15 Low

ANCOVA
F3,9=59.3;p<0.0001

RC
PR vs AB
AB vs RC
PR vs
RC
PR vs AB
AB vs RC

<0.05
<0.05
NS
<0.05
<0.05

Abbreviations are used for species: PR = Pseudacris regilla; RC=Rana cascadae; AB=Anaxyrus boreas.
Abbreviations for treatments: H=high dose; I=intermediate dose; L=low dose. NS=non-significant comparisons;
MS=marginally significant comparison (p<0.1). NA indicates that the comparison is not applicable because of low
sample size (due to mortality or Bd-negative animals that could not be included in analyses). *Only 1PR remained
alive by day 15 of the experiment and so was excluded from statistical analyses. **Only 1 AB remained alive by
day 15 of the experiment and so was excluded from statistical analyses. ***No among species comparison on day
15 possible because only 1individual alive in PR and AB.

