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ABSTRACT
The pathogenic fungus Batrachochytrium dendrobatidus (Bd) is responsible for mass
disruption of amphibian species and causes the disease known as chytridiomycosis which
disrupts the amphibian skin resulting in high mortality rates (Pessier et al. 1999). There are
limited studies of the internal and immune functions of frogs during Bd exposure exist and
studies aimed at understanding the effects of Bd exposure combined with anthropogenic stressors
such as nitrate are limited as well. The aim of this study was to test treatment combinations
involving nitrate concentration (0, 40 and 80 mg/L) and pre- and post-metamorphic exposure to
Batrachochytrium dendrobatidis (Bd). Melanomacrophages (MMPs) were used as biomarkers
to understand how treatment combinations impact Xenopus laevis internally. Statistical analyses
were used to determine host survivability, mean MMP counts and to correlate frog performance
variables with MMP count. To assure Bd treatment was effective PCR was used to detect
presence of Bd in specimens. Results indicate negative impacts in groups exposed to 40mg/L
nitrate and individuals exposed to Bd after metamorphosis including decreased survivability,
indicating that interactions cause high mortality of individuals. Individuals exposed to Bd as
tadpoles in 40 mg/L nitrate survived longer, suggesting that early exposure to Bd can result in
longer survival time. Frogs with early exposure to Bd resulted in longer survival time. Higher
stress was associated with 40 mg/L nitrate and no exposure to Bd after metamorphosis,
implicating 40 mg/L nitrate as the cause for higher MMP numbers. High numbers of MMPs in
frogs exposed to Bd in the 0 mg/L nitrate groups suggests Bd does stress the frog internally.
Surprisingly, groups in the 80 mg/L concentration had fewer MMPs and typically longer
lifespans and proportion of individuals surviving, suggesting mitigating effects for frogs exposed
to Bd, likely through interaction between Bd and nitrate.
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The effects of Batrachochytrium dendrobatidis and sublethal nitrate
concentrations on Xenopus laevis
Introduction and Background
A number of scientists would agree that the earth could currently be facing its sixth mass
extinction (Barnosky et al. 2011). How accurate this statement is and regardless of how one
feels about such a proclamation, one fact is clear; many species are disappearing and many more
are undergoing rapid declines in population with major changes in population dynamics
occurring. One such group of organisms experiencing dramatic effects are anuran species
(Beebee & Griffiths 2005). Anuran population dynamics have been significantly disrupted by a
multitude of factors, both natural and anthropogenic (Blaustein et al. 2005). The rapid
population decline in anuran species is thus a multifaceted problem, but one pathogen is posited
to be one of the most significant causes of this population decline (James et al. 2009). This
emerging killer is not human-made, but rather, it is the naturally occurring fungus,
Batrachochytrium dendrobatidis (hereafter referred to as chytrid or Bd). This is not to say that
anthropogenic causes have not had their own impacts on amphibians or contributed to increases
in the pathogenicity and prevalence of this fungus in certain environments. In fact, mechanisms
that address how this fungal pathogenicity has recently increased and how Bd causes lethality in
amphibians is a matter of great research (e.g., Fites et al. 2013, Hanlon and Parris 2013, Peterson
2013, Rosenblum et al. 2013). The current and most accepted hypothesis as the main cause of
amphibian mortality is due to massive disruption of amphibian epidermal tissue (Jones 2011).
One undeniable anthropogenic cause of increased prevalence of Bd is the ease at which it has
been able to spread around the globe in a surprisingly expedient manner. Dissemination is, in
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part, a result of international animal trading and transferring of organisms outside of natural
habitats (Kielgast et al. 2010) (Allran & Karasov 2000).
Many questions surround Bd, including where it originated, whether it is a newly
emerging, novel organism, and how genetically diverse the pathogen strains may be (James et al.
2009, Kilpatrick et al. 2010, Morehouse et al. 2003). Genetic studies have recently begun to
elucidate some of these questions surrounding the pathogen. One such study has shown that
there is very little genetic difference between Bd strains occurring in North America, Australia,
Africa and Central America thus providing strength to the idea that this is a panzootic pathogen
(Fisher et al. 2009). Sequencing the genomic DNA of global Bd isolates indicated that there is
genetic homology and low levels of polymorphisms among the isolates sampled (Morehouse et
al. 2003). These results indicate that a common strain occurs across international boundaries and
is capable of efficiently contaminating a variety of environments and can easily disrupt
populations (Fisher et al. 2009). Some evidence confirms such lethality. For example, in some
areas such as Central America, approximately 70% of frog species located in mid- and high
elevation are reported to be susceptible to Bd. Evidence for this also shows that approximately
50% are now extirpated in these areas (Lips et al. 2006, Lips et al. 2003). There is, however,
recent evidence indicating that perhaps there are more genetic variations between Bd groups than
first thought. For example, a study recently aimed at genetic analysis, including multilocus
genotyping of Korean Bd samples, has discovered very strong divergence from samples taken in
Brazil of Brazilian Bd isolates (Peterson 2013). The results of this study indicate there is a high
degree of diversification between endemic strains of Bd in Asia associated with amphibian
infection. Sequencing of the complete Bd genome has also verified a high level of phylogenetic
diversity in Bd (Rosenblum et al. 2013). This study indicated that there is potentially much more
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evolutionary and genetic diversity within Bd groups than once presumed. These studies make
the argument that further studies are needed and also point to the fact that Bd must be examined
from various perspectives, including complex interactions between introduced and possible
endemic strains and interpretation of these interactions in an evolutionary context. It is possible
that Bd can show high diversity and increased virulence with the right set of environmental
stressors and conditions.
The diversity of Bd around the globe is being assessed and the past research has pointed
toward two popular hypotheses: the Endemic Pathogen Hypothesis (EPH) and the Novel
Pathogen Hypothesis (NPH) (Fisher et al. 2009). The EPH states that Bd is an endemic
commensal or symbiont that, throughout time has become more virulent through an as yet
unknown mechanism. Counter to this is the NPH which suggests that Bd is a novel pathogen
that has recently emerged. Most genetic evidence from recent studies add strength to the NPH,
suggesting that Bd originated from a single origin and that dispersal of the pathogen most likely
occurred through international trading (Fisher et al. 2009). Adding to the argument for the NPH
hypothesis is recent evidence that unambiguously shows the spatiotemporal disbursement of Bd
in different locations (Rosenblum et al. 2013). A hypothesis for the possible emergence of Bd
suggests that it is the product of reproduction between two non-identical but related,
heterothallic, parental fungal strains (James et al. 2009). Evidence for this comes from results
showing that Bd is diploid, highly heterozygous, and that it has very low diversity in genetic
sequences among strains (James et al. 2009). Emerging genetic data are aiding in the quest to
determine the many unknown facets of Bd, including where it originated and how Bd reproduces.
Origins of Bd have been fairly elusive to ascertain, but it has mostly been thought to originate
from Africa; this is based on genetic sampling of the oldest known preserved Xenopus laevis
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specimens, which date to the 1930’s (Kielgast et al. 2010, Weldon et al. 2004). There is also
evidence to support the ancestral lineage is from Brazil, where phylogenetic analysis of whole
genomes of 29 international isolates resulted in an isolate from Brazil as the basal lineage
(Rosenblum et al. 2013). Much more research is needed before this can be asserted (Rosenblum
et al. 2013). There is also the "out of North America" hypothesis, which is likely a result from
the bullfrog trade (Fisher & Garner 2007, Garner et al. 2006). Ultimately, it remains uncertain
where exactly Bd originated. Recent studies have observed higher allelic frequencies in Bd
isolates occurring in North America and reduced genetic diversity of isolates from Africa,
suggesting the possibility that Bd originated from North America and a strain of the pathogen
was transported internationally, causing the current spread of Bd (Fisher et al. 2009). The most
recent evidence further indicates a need for more genetic analysis (Rosenblum et al. 2013) to
determine mechanisms of rapid and expansive spread emerging diversity (Peterson 2013) and
also to investigate the historical dynamics of migration (Rosenblum et al. 2013).
The mechanism of Bd reproduction is also largely unknown and has proven difficult to
characterize. Current studies have made significant progress in determining genetic
characteristics of Bd. The observation that Bd is diploid could lead the way to the possibility of
sexual reproduction (Morgan et al. 2007). Studies undertaken in California suggest that there is
a possibility that Bd has the potential to sexually reproduce (Morgan et al. 2007), although sexual
reproduction has never been observed (Berger et al. 2005). The fact that Bd utilizes zoospores
suggests the primary method for reproduction is asexual. Due to the heterozygous nature of Bd
isolates, clonal reproduction is thought to be the chief mode of reproduction (Morgan et al.
2007), but more research is needed to fully understand the exact reproduction mechanism.
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Although the precise method in which Bd reproduces is still being investigated, the life
stages of Bd are better understood. Bd zoospores contain a flagellum, making them motile which
allow them to swim very short distances in still water (Rollins-Smith & Conlon 2005). It is
thought that water currents aid in zoospores motility and allows them to travel greater distances
(Rollins-Smith & Conlon 2005). Bd survives by growing and reproducing within amphibian
keratin-forming epithelial layers; more specifically, it begins by first attaching to the skin by
using zoospores that contact the skin surface either through direct contact in the water or through
animal behaviors, such as mating and feeding (Piotrowski et al. 2004). Zoospores then make
their way through the soft amphibian keratin (considered soft due to the fewer number of
cysteine amino acids, resulting in fewer disulfide crosslinks) (Berger et al. 2005). Development
begins by infecting a cell in the stratum granulosum layer of the epidermis and then growing
through epithelial layers to eventually disrupt the stratum corneum layer of the epidermis, which
lies superficial to the stratum granulosum (Berger et al. 2005). This movement through the
keratin layers indicates a form of keratinolytic activity needed to infect the organism, and it has
been shown that Bd possesses such proteolytic enzymes and esterases that aid in its ability to
infect the deeper epidermal layers of the organisms skin (Symonds et al. 2008). The zoospores
lack a cell wall, which makes them susceptible to desiccation and the reason why they survive
largely on regions of an amphibian that are in constant contact with water, such as the ventral
areas, limbs and toes (Parker 2002, Symonds et al. 2008). Once the zoospore encysts within the
epidermal cell, the flagellum is reabsorbed by the cell and a distinct cell wall forms; now it is
considered a germling sporangium (Berger et al. 2005). The sporangia are now free to grow in
keratinocytes and transform into a sporangium (Carey et al. 2006). As the sporangium develops,
a thallus forms which passes through the layers of keratinized epidermis to the outermost stratum
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corneum epidermal layer. The thalli continue to develop and become a complex, multinucleated
cell via mitotic divisions (Berger et al. 2005). Mature, rounded, flagellated zoospores then form
when the entire content of the cell cleaves, eventually resulting in the formation of a swollen
thallus known as a zoosporangium (Berger et al. 2005). Within the now swollen thallus, newly
developed zoospores are eventually released into the environment to start the process again. Due
to the inability of the zoospore to swim great distances, chytridiomycosis (chytrid infection of
amphibians) tends to occur in clusters on the skin (Rollins-Smith & Conlon 2005). It is also
thought that Bd forms in clusters because it supports further growth and colonization on the skin
that may result in increased spread of Bd (Piotrowski et al. 2004).
Chytridiomycosis tends to affect organisms more severely with cooler temperatures and
is less problematic at higher temperatures with some species of frogs even being able to clear the
infection at warm enough temperatures (Carey et al. 1999, Kilpatrick et al. 2010). The lethality
of chytridiomycosis is still not understood, but one of the most accepted ideas of why Bd results
in death is the possibility that toxins are released by the fungus. Other ideas include problems
with the skin including hyperplasia, hyper-keratosis and also possibly thickening of the skin, all
of which can ultimately lead to negative effects of the metabolic processes associated with
amphibian skin such as ion transport, resulting in a critical molecular imbalance within the
organism (Carey et al. 2006). Tadpoles are also affected by the pathogen; Bd tends to encyst in
the keratin cells, which make up the mouthparts of tadpoles. Infection has been shown to slow
metamorphosis, lower metamorphosis weight and also cause negative impacts on animal
behavior, such as foraging behaviors of tadpoles (Venesky et al. 2009). A more important factor
to consider when discussing tadpole infection is their ability to act as reservoir hosts for Bd. The
lower mortality makes them well suited to survive infection for a longer time period and pass on
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the infection to other animals (Blaustein et al. 2005). Host and pathogen interaction, like much
information surrounding Bd, is still in the early stages of research and complete understanding of
community dynamics between amphibians and Bd needs further development and insight.
A less studied phenomenon of chytridiomycosis that requires further characterization is
how the disease affects the organism in combination with other stressors already placed upon the
organism in its natural environment. Many studies focus solely on host-pathogen interactions,
with no introduction of other environmental factors, making it exceedingly important to focus
upon complex interactions between hosts and possible synergistic stress factors (Blaustein &
Kiesecker 2002). Amphibians do not often live in untouched, pristine environments and, in fact,
are often found in water contaminated by many chemicals and threats. Some notable stressors
include anthropogenic pollution, predation, disease, foraging behavior, UV-B exposure, habitat
destruction and invasive species competition, just to name a few (Blaustein & Kiesecker 2002).
It is unclear how exactly the myriads of different threats within the environment affect
amphibians with and without Bd, but studies have shown that chemicals released in the
environment contaminate aquatic systems and, as a result, induce stress and facilitate dynamic
changes within the aquatic population (Fleeger et al. 2003). Regardless of the mechanism by
which stress is produced, it has been shown that stress impacts the immune system and may
affect the organism’s ability to fight and clear diseases (Rouse et al. 1999). Stress may manifest
itself more severely during metamorphosis than at any other time during the frog’s life. This is
due to massive changes, especially in the immune system, which occur internally during
metamorphosis. Some changes include a decreased expression of lymphocyte cells, which are
decreased to prevent the attack of newly forming tissue, variable and differing expression of
antigen presenting proteins, and immune-suppressive effects also take place during
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metamorphosis (Flajnick et al. 1987, Flajnick et al. 1990). This clearly has an influence upon an
animal facing a disease such as chytridiomycosis, especially during very important and delicate
developmental periods, such as metamorphosis. When discussing immunity, it is important to
note that not all anurans are created equally as far as dealing with chytridiomycosis. It is
possible that resistance is innate, such as skin peptides within the amphibian (e.g., Litoria
caerulea) (Woodhams et al. 2007) or that resistance is an artifact of environmental factors such
as temperature, with some species faring better at higher temperatures but are more susceptible at
lower temperatures (Woodhams et al. 2003). This is particularly relevant if some amphibians
have had a period of exposure to the fungus that would allow for possible adaptive responses,
assuming genetic variation for such responses occurs in the gene pool.
Growing evidence is showing that some amphibians have an innate immune response to
Bd and certain species, such as Xenopus leavis, tend to tolerate Bd much better than many
species. The fact that a number of species can tolerate infection without mortality has been
investigated, and it is believed that antimicrobial peptides are key in determining susceptibility
(Woodhams et al. 2006). This has developed into the idea that some anurans such as Xenopus
may be resistant or immune to chytridiomycosis; however, the possession of these peptides does
not guarantee that infection will not occur and at strong enough doses, and in combination with
other stressors, lethality may be inevitable (Woodhams et al. 2006). Any type of innate immune
response is clearly important, and studies continue to address this important issue. However, it is
becoming clear that the innate immune response, while extremely important in reacting to Bd
quickly, is not the only factor in an immune response. It was first thought that adaptive
immunity played no or very little part in immunity towards chytridiomycosis due to bias of
knowledge related to host defenses of amphibian skin (Richmond et al. 2009), but this idea is
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being re-evaluated due to newly emerging studies investigating the linkage between innate and
adaptive immunity. It now appears that molecules related to adaptive immunity, such as Toll
Like Receptors (TLRs) and Major Histocompatibility Complex (MHC) proteins actively
participate in immunity and have potential implications on immune memory (McMahon et al.
2011, Richmond et al. 2009). More studies focused on developing a link between immune
responses and Bd have used gene expression analyses to monitor immune gene expression in
response to Bd infection in Silurana (Xenopus) tropicalis. Surprisingly, results showed a
decrease in the majority of immune gene expression, with an increase in MHC expression (Jones
2011, Rosenblum et al. 2009). These results could reflect a mechanism in which Bd is
responsible for immune suppression in its host. More research has also shown that, as a frog
undergoes metamorphosis there are numerous changes that occur with the immune system.
Some changes include differential expressions of antibodies, a reduction in tolerance to skin
grafts and differing expression of class 1 MHC proteins (Flajnik et al. 1987). It has been shown
that expression of class 2 MHC proteins is also affected at metamorphosis, with MHC protein
expression developing on T-cells and spreading throughout the frog’s skin on dendritic cells and
macrophages (Flajnik et al. 1987). There is also an increase in corticosteroid hormones and
thyroid hormones, which are responsible for orchestrating the complex tissue and organ
reorganization during metamorphosis (Rollins-Smith 1998). With increasing evidence that Bd
disrupts a host’s immune system, it becomes important to explore the consequences of pre- and
post-metamorphic exposure to Bd. The possibility that a pathogen such as Bd, which appears to
localize within the skin and affect the host in an exogenous manner, could impact intracellular
processes (such as adaptive immunity) leads to the hypothesis that Bd infection may result in
endogenous effects. Also, if toxins do disrupt host homeostasis, it is important to observe any
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endogenous disruptions that could potentially result. It should also be mentioned that skin
sloughing due to Bd infection might also play a role in harmful environmental xenobiotics
penetrating amphibian defenses more efficiently and gaining access to the host’s blood stream,
which may ultimately disrupt homeostasis.
As mentioned previously, many pollutants are pervasive in aquatic environments in
which amphibians inhabit. Xenobiotics have been clearly shown to negatively impact amphibian
survival in a number of different manners. Nitrogen containing groups are one such collection of
xenobiotics that have been experimentally shown to cause deleterious effects to many aquatic
organisms including both vertebrates and invertebrates (Allran & Karasov 2000, Sullivan &
Spence 2003). The three most common and abundant nitrogen groups (all forms of dissolved
ionic inorganic nitrogen) available in the environment are ammonium (NH4+), nitrite (NO2-) and
nitrate (NO3-) (Camargo & Alonso 2006). All three forms have been well documented to result
in aberrant ecosystems. Specifically there are three adverse effects associated with nitrogen
pollution. The first is that inorganic nitrogen can raise the acidity level in freshwater habitats,
increasing the concentration of hydrogen ions. Secondly, it can result in eutrophication of
aquatic ecosystems by enhancing development and maintenance of primary producers allowing
them to proliferate beyond natural means. And finally, nitrogen pollution can reach such toxic
levels that aquatic animals become impaired and their ability to survive, grow and reproduce can
become hindered (Camargo & Alonso 2006). Inorganic nitrogen pollution can come from a
variety of sources including natural and unnatural sources. This could include atmospheric
deposition, runoff, microbial fixation and a variety of anthropogenic sources, which especially
include nitrates from agricultural fertilization and feedlot runoff. Due to the abundance of
nitrogen pollution in the environment and the multitude of sources nitrogen pollution can
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originate from, it would be beneficial to study and research possible stresses placed upon
organisms in contact with inorganic nitrogen, especially those in an aquatic ecosystem.
Interaction effects between inorganic nitrogen pollution and amphibian species have been noted,
and these interactions have resulted in behavior modifications, alterations in metamorphosis
events, and size alterations. The same symptoms have also been documented in organisms
affected by chytridiomycosis (Griffis-Kyle & Ritchie 2007, Marco et al. 1999, Parker 2002).
Surprisingly, studies characterizing interactions with the combined stressors together with
amphibian species have not been widely explored. Some research has probed the consequences
of combining some secondary stressors with amphibians however (Parris et al. 2004). One such
experiment demonstrated that heavy metal exposure in addition to chytridiomycosis resulted in
lagging metamorphosis time, underdevelopment, and other interactions (Norrick 2011). Other
researchers have experimented with the interactive effects between UV-B radiation and chytrid
infection and how the combination of these two stressors affects Hyla regilla frogs (Blaustein &
Kiesecker 2002). These studies point to possible additive and synergistic effects of
environmental stressors, which cause aberrant changes in animal phenotypes and may result in
increased behavioral problems and cause higher mortality (Parris et al. 2004). Documented
developmental stress due to combined stressors demonstrate developmental perturbations, in
which many tadpoles are under weight, overweight or lag at metamorphosis compared to
controls (Parris et al. 2004). Another study performed showed deleterious results when foothill
yellow-legged frogs (Rana boylii) were subjected to carbaryl pesticide and Bd (Davidson et al.
2007). It was discovered that the immune system weakens significantly and leaves the animals
at the mercy of Bd and other amphibian related diseases (Davidson et al. 2007). Interestingly,
some combined treatment effects have led to increased resistance to Bd, such as when Round-up
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pesticide was added to Hyla versicolor tadpoles exposed to Bd (Hanlon & Parris 2013). It can be
easily deduced from a brief survey of these studies that there are complicating and serious
problems that may compound or help alleviate Bd infections when varying stressors are added.
This led the way for a recent study, developed by Dr. Karen Brown and Mr. Derek Norrick, in
which Xenopus laevis specimens were introduced to both Bd and nitrate to examine possible
synergisms between both agents and how multiple stressors affect aquatic organisms (Norrick
2011).
Summary and Primary Question
The above information constructs a compelling argument that further investigation must
be done in order to understand the relationships between Bd, its amphibian host and the
environment. Although this is a very challenging task, it is one that must be addressed to better
understand interactions n the natural environment and help determine if these negative impacts
can be mitigated. To better understand these interactions, an experiment was designed to
investigate the potential interaction effects of the chytrid fungus (Bd) in combination with sublethal concentrations of nitrate, as might be encountered in agricultural runoff (0 mg/L, 40 mg/L,
80 mg/L) (Norrick 2011). This experiment was aimed at answering what effects there may be
between nitrate, Bd and the model organism Xenopus laevis. Xenopus laevis was chosen in order
to investigate these potential effects because it has been reported to be much less susceptible to
the fungus, therefore allowing interaction effects to be noted. While most studies of chytrid
exposure have focused on assessing mortality rates in natural populations, fewer studies have
attempted to experimentally expose the critical life stages of amphibians to this fungus in order
to identify how larval and frog (adult) exposure may differ. This study incorporates a longerterm examination of exposure to the combination of nitrate and chytrid, which began with
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hatching of free-swimming tadpoles, continued through metamorphosis and well into the
development of frogs to the adult stage. This research focused on determining if, and possibly
how, the combination of nitrate and Bd affect frog development and health. It was also aimed at
improving the understanding of the endogenous effects that shed light on organismal health
through the use of liver histopathology. An important component of this research was to use
PCR to determine if experimental exposure of non-contaminated hatchlings actually manifested
as infection of the chytrid. Because the purpose of the study was not to look at genetics or fungal
load of Bd, it was decided that qualitative PCR was sufficient to determine presence of infection
(as opposed to quantitative PCR, qPCR). Qualitative PCR is able to detect Bd in treatment
groups, is faster and more economical, and therefore most appropriate for this study.
To determine internal stress impacts on the specimens it was decided that the liver would
be the biomarker of choice for preliminary investigation. Structures present within the liver,
called melanomacrophages (MMPs) were counted to gauge stress upon the specimens and
evaluate overall health. As the name suggests, MMPs are macrophages found in fish, reptile and
amphibian species. These specialized cells are responsible for immunological functions within
different organs of the animals’ body, such as the spleen and liver. Some functions include
sequestration of toxic or harmful material, free radical sequestration, destruction of bacteria and
possible antigen trapping and presentation (Agius 2003). MMP hyperplasia and hypertrophy is a
common response to toxicological or immunological stresses and due to this phenomenon,
obtaining MMP counts or volumes have become a standard procedure for preliminary studies
focused on animal health and stress detection (Agius 2003). A higher density of MMP produces
larger MMP centers and clusters, indicating that the animal is exposed to more stress.
Melanomacrophages are very easy to identify using basic light microscopy and standard
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hematoxylin and eosin (H&E) staining, adding to their usefulness. Countless experiments have
employed this technique to indicate environmental stress manifesting as an endogenous disease.
One such study verified MMP hyperplasia in Ambystoma tigrinum salamanders due to exposure
to 2,4,6-Trinitrotoluene, or TNT as it is commonly referred to, in soil around military facilities
(Johnson et al. 2000).
Because there is evidence to support the hypothesis that added stressors can and do
increase Bd virulence, either directly or indirectly, it was important to develop a study aimed at
increasing the understanding the relationship between the stressing agent and Bd. Choosing a
biomarker, such as MMP centers within amphibian livers, can provide important insight into
how stress from combined treatments can manifest itself endogenously. Knowing that
specimens were infected with Bd, through the use of PCR, provides strength to the final results
upon completion of the experiment. With this experimental framework, our hypothesis is that
exposure and timing of Bd and nitrate together and separately, at different life-stages of Xenopus
laevis, will have negative impacts on survivability, health, size, and will cause increased stress
resulting in higher melanomacrophage counts. This research aims to understand the relationship
between Bd and another stressor in the form of nitrate, and results may prove valuable to current
understandings of chytridiomycosis.
Materials and Methods
Experiment Design and Measures Taken on Animals
The study began by first obtaining breeder Xenopus laevis and clearing them of any
possible Bd infection (Norrick 2011). Frogs were then bred to create three tadpole clutches to be
used in the experiment (Figure 1). Resulting tadpoles were then randomly selected in equal
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numbers between clutches to be raised in six different treatments. Throughout the experiment,
tadpoles were assigned to three specific sub-lethal nitrate levels (NO3): 0, 40 and 80 mg/L or
ppm NO3-N. Animals were maintained at the same concentration of nitrate throughout the
course of the experiment. Each of the nitrate groups was further subdivided into Bd treatment
groups with half of a group receiving Bd and the other half remaining clear of the fungus. The
tadpoles were then allowed to persist in their assigned treatment until metamorphosis.
After metamorphosis, half of all individuals were euthanized and the other half continued
as froglets in the experiment. Nitrate conditions remained the same, but Bd treatments were
altered for approximately half of the post-metamorphic frogs. A number of specimens from the
treatment group that did not receive Bd before metamorphosis began being exposed to Bd, while
half of the specimens that did receive Bd before metamorphosis, ceased Bd exposure. A number
of specimens were kept as controls and continued on in the experiment without being exposed to
Bd and another group simply continued with Bd exposure throughout the entirety of the
experiment.
Throughout the experiment and within this work, each nitrate and Bd treatment
combination were given a truncated acronym (Table 1). Nitrate treatments were generally
referred to their concentration number; for example, 40mg/L nitrate concentration was shortened
to just 40. Bd treatment combinations were shortened also, with no exposure to Bd (n) being
shortened to just n for “no”, and exposure to Bd (y) being shortened to y for “yes”. The letters n
and y were arranged according to when the treatment occurred, for example; if a specimen was
in the 40 mg/L nitrate treatment and did not receive Bd as a tadpole, but did receive Bd after
metamorphosis, the treatment was referred to as 40 n/y.
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Table 1: Description of full experimental treatment combinations and the associated acronym.
Description of Treatment Combination

Acronym of Treatment Combination
0 n/n

0 mg/L nitrate concentration, no premetamorphic Bd exposure and no postmetamorphic Bd exposure
0 mg/L nitrate concentration, no premetamorphic Bd exposure and they did receive
post-metamorphic Bd exposure

0 n/y

0 y/n

0 mg/L nitrate concentration, they did receive
pre-metamorphic Bd exposure and no postmetamorphic Bd exposure
0 mg/L nitrate concentration and received both
pre-metamorphic and post-metamorphic Bd
exposure

0 y/y

40 n/n

40 mg/L nitrate concentration, no premetamorphic Bd exposure and no postmetamorphic Bd exposure
40 mg/L nitrate concentration, no premetamorphic Bd exposure and they did receive
post-metamorphic Bd exposure
40 mg/L nitrate concentration, they did receive
pre-metamorphic Bd exposure and no postmetamorphic Bd exposure

40 n/y

40 y/n

40 y/y

40 mg/L nitrate concentration and received
both pre-metamorphic and post-metamorphic
Bd exposure
80 mg/L nitrate concentration, no premetamorphic Bd exposure and no postmetamorphic Bd exposure

80 n/n

80 mg/L nitrate concentration, no premetamorphic Bd exposure and they did receive
post-metamorphic Bd exposure

80 n/y

80 mg/L nitrate concentration, they did receive
pre-metamorphic Bd exposure and no postmetamorphic Bd exposure

80 y/n

80 mg/L nitrate concentration and received
both pre-metamorphic and post-metamorphic
Bd exposure

80 y/y
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For this experiment we used the Bd isolate JEL423, which was provided to us by Joyce
Longcore of the University of Maine. The specific methods for preparing water treatments,
including the methods for administering both nitrate and Bd, feeding for tadpolds and froglets,
and housing conditions are given in Norrick (2011).

Pre-metamorphosis Tadpoles

Bd
0 ppm NO3

40 ppm NO3

No Bd

80 ppm NO3

0 ppm NO3

40 ppm NO3

80 ppm NO3

Metamorphosis*
No Bd Bd

No Bd Bd

No Bd Bd

No Bd Bd

No Bd Bd

No Bd Bd

* Half of the organisms were sacrificed at metamorphosis while the other half were allowed
to continue with the experiment

Figure 1: Flowchart of the experimental design.
Timeline and procedures for measurements were as follows (Figure 2). Newly postmetamorphic animals that were to be used as froglets in the continuation of exposure were
individually housed and maintained as described in Norrick (2011). Metamorphosis (metaday)
occurred a minimum of 7 days to a maximum of 82 days prior to first measurements of frogs
because newly post-metamorphic froglets were quite small, so the possible stress of
anaesthetization and physical handling was avoided. At day 128 (January 13, named fday128
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indicating 128 days from fertilization) following fertilization (day 1 occurred on September 7),
these animals were anaesthetized using MS-222 (see below) following initial stages as froglets to
obtain measures of wet weight (wgt128) (in mg), snout vent lengths (svl128) and body condition
(c128) (wgt128/svl128). Two specific methods were used to generate two different data sets
from the measures taken. The first sets of data were gathered by using fday128 measures and
dividing each value by the total number of days (128 days). For instance, taking a fday128
weight value (wgt128) and dividing it by 128 (total number of days from the day 1 to day 128)
generated weight/day since fertilization (wfer1). Snout vent length/day (sfer1) and body
condition/day (cfer1) were calculated in this same manner. The second data set generated from
fday128 measures are based on the number of days from metamorphosis of the frog (mday) to
day128, thus giving weight gain during that specific period, for example. This data set again
used fday128 values, such as wgt128, and divided this number by the number of days the
specimen spent as a frog (called frogdays; the number of days between the day the frog
metamorphed and day 128). This calculation produced weight/day of the frog at day 128
(wmet1) along with snout vent length/day (smet1) and body condition/day (cmet1) of
metamorphed frogs at day 128. The difference in, for example, wfer1 and wmet1 would
describe the weight/day at day 128 from fertilization and the second measure is weight/day
gained (or lost) by day 128 from metamorphosis.
Following initial post-metamorphic measurements on day 128 of the experiment, animals
were maintained until the end of the experiment when final euthanization and second
measurements occurred (between June 13 – 15, 2012). Final day at euthanization was based on
the midpoint of these measures (day 280). At this stage in development, X. laevis is not yet
sexually mature (Kay et al. 1992). Some animals did die in this interval, between the first and
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second set of measurements; no measures were taken on specimens that died in that time interval
due to differing states of body swelling from death, but they were collected on a daily basis and
individually preserved in 70% ethanol (EtOH) for later examination and histological
preparation. For these frogs, the number of days the animals survived from fertilization and
from metamorphosis was counted (termed number of days an animal survived from fertilization
to death (surdaye) and the day the animal died (deathday), respectively). The ‘e’ (which
indicates ethanol) in surdaye reflects that these were animals that died before final euthanization
and were preserved in ethanol. All individuals that were euthanized on day 280 were measured a
second time. Every frog received a blotted wet weight (wgt280), snout vent length (svl280) and
body condition (c280) measurement. The measures taken at day 280 were also used to create
data sets by similar methods as stated above. For example, wgt280 was divided by total number
of days (280 days) to calculate weight/day at day 280 (wfer2). This was repeated for snout vent
length (sfer2) and body condition (cfer2) for day 280. A second data set was also generated
with day 280 measures stated previously by using, for example, wgt280 and dividing the value
by the number of days since the animal had metamorphosed (the number of days between
metamorphosis and death) to produce total weight the animal lost or gained by day 280 (wmet2).
Snout vent length (smet2) and body condition (cfer2) were also calculated using the above
method. The total number of days the animals spent alive was subtracted from mday (termed
surdayf). The ‘f’ stands for formalin, which was the fixative used for frogs that were
euthanized. A third data set was generated from the day 280 measurements of frogs by dividing
wgt280 by the days between measures (e.g., 280 – 128 = 152 days, in this case termed w1to2).
These data were created to compare values between first and second measurements. Data sets
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were also created for snout vent length (s1to2) and body condition (c1to2) using a similar
method.

Figure 2. Timeline and procedures for measurements.
Swabbing of Animals for Detection of Bd Infection
At the end of the experiment, euthanized frogs were swabbed for Bd detection and placed
in individual 20 ml mini-vial containing 10% formalin. Before swabbing for Bd detection, the
work area and lab equipment were cleaned thoroughly with 70% ethanol and allowed to dry;
clean nitrile gloves were used for handling of each individual to avoid possible crosscontamination during the swabbing process. All items used for swabbing, extraction and PCR
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were purchased as sterile items or autoclaved and sterilized. Only sterile equipment was used
throughout swabbing, extraction and PCR.
The frogs to be euthanized were prepared individually to avoid any possible crosscontamination of Bd spores between treatment groups. The control group was handled first,
followed by the 40mg/L nitrate group and lastly the 80 mg/l nitrate group. Tricaine
methanesulfonate (MS-222), a topical/external agent that anesthetizes and kills the amphibians
humanely was used to carry out euthanization. MS-222 was added to each container in sufficient
amounts (Norrick, 2011) and for an extended length of time to cause death. Following death,
each frog was individually swabbed and measured. Throughout this process, sterile gloves were
worn and changed after handling each animal. Workstations were also cleaned with 70% ethanol
after a frog had been swabbed and measured. The procedure began by laying the frog down on a
translucent plastic graph paper and orienting it so the limbs were lying flat and extended
laterally. Once in position, the dorsal and ventral views were imaged directly overhead for each
individual. After images of the frogs were captured, swabbing followed. A sterile swab was
taken out of its package and the tip was run along the animal’s lateral surfaces. To ensure
efficiency of swabbing the tip was also rubbed along the ventral surface, hind limbs and between
the digits of the hind limbs. Each surface swabbed was stroked approximately five times. Once
all surfaces had been swabbed, the swab was placed in a sterile 1.5 ml microcentrifuge tube and
allowed to sit for five minutes. After five minutes had passed the handle of the swab was broken
away and the tip was then sealed in the microcentrifuge tube. Once all swab samples were
collected they were stored in a 0°C freezer. Frogs chosen for swabbing were selected randomly,
so not every frog euthanized was swabbed. A hematocrit value (hemat) was also obtained by
collecting blood through the heart with a direct heart puncture using a heparinized blood tube.

21

The heart puncture was accomplished by making an incision along the medial ventral surface of
the frog, through the skin to access the organs. From there the heart was identified and the
heparinized blood tube was used to puncture the heart and obtain the blood sample. After the
tubes were collected they were centrifuged in order to separate blood cells from plasma.
Percentages of red blood cells to total blood volume were determined and recorded. All
measurement values were recorded, compiled and used in final statistical analysis.
DNA Extraction of Swabs
Once all of the swabs were collected, DNA extraction began. Before any extraction took
place the lab bench and materials were wiped down with 70% ethanol to mitigate the risk of
contamination. DNA extraction employed the procedure used by the San Diego Zoo amphibian
diseases lab. One significant difference between protocols was that the San Diego Zoo collected
three swabs per animal at two-week intervals whereas our protocol collected only one swab per
animal. Three swabs per animal at two-week intervals aids in observing more accurate results by
ensuring that if Bd is present, zoospores will be present in large enough numbers for PCR at one
or more of the swabbing time intervals. Due to the life cycle of Bd, swabbing at multiple
intervals can decrease the possibility of a false negative. For this reason, San Diego Zoo requires
two of three positive results to claim there is Bd infection. Due to limited time and materials
only one swab per animal was taken in this experiment at the time the animals were euthanized.
The extraction protocol required the use of Applied Biosystems Prepman® Ultra reagent. The
protocol required 50µl of the reagent to be pipetted into a sterile 1.5 ml microcentrifuge tube that
contained a single swab that had been used to swab the skin of a frog in the study. Next the tube
lid was securely shut and the sample was vortexed for 40 seconds using a vortex machine
(American Scientific Products, Deluxe Mixer) placed on a high setting. After vortexing, tubes
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were checked to determine if the reagent was still at the bottom of the tube. If any reagent had
collected on the sides of the tube the sample was quickly centrifuged using an Eppendorf 5415C
centrifuge to assure the reagent was at the bottom of the tube surrounding the swab. Once this
was done, the sample was incubated at 100° C using a Hach (Hach Company, COD Reactor) dry
heating block. After 10 minutes of incubation the sample was taken out of the heating block and
allowed to cool for 2 minutes. Once cool the sample was placed in the centrifuge and spun at
14000 RPM for 3 minutes. After centrifugation, the tube was taken out of the centrifuge and a
1:10 dilution took place. The dilution consisted of pipetting 10 µl of the concentrated DNA
swab extraction sample out of the tube and pipetting that into 90 µl of ultra pure water contained
within a 1.5 ml microcentrifuge tube. The rest of the concentrated DNA sample was pipetted out
of the tube containing the swab and placed in a new 1.5 ml microcentrifuge tube. Both the
concentrated DNA sample and the swab were placed in a -20° C freezer for storage. The diluted
DNA sample was stored in a freezer at 0° C. These steps were completed for each swab. Once
all diluted samples were collected PCR began.
PCR methods
All specimens that were part of the PCR study were surviving frogs that were ultimately
euthanized. It was impractical to use frogs that died in the experiment for PCR analysis because
immediately after death, the frogs were stored in ethanol (thus increasing the cost and time
needed to perform PCR due to an increase in reagents needed and protocols required to extract
DNA from the samples and would decrease the quality and reliability of results gathered).
Because PCR was only being utilized to determine whether Bd was detected, only the remaining
living frogs were tested before they were euthanized. Sample sizes remained relatively low, due
to cost and limited material, so no statistical diagnosis based on PCR results was possible.
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Specimens were chosen at random and a selection of an even distribution of specimens among
treatment combinations was attempted, but due to the fact that frog deaths were extremely
uneven among treatment groups, uneven numbers of frogs between treatment groups were
swabbed for PCR analysis. Samples of the preserved frogs that died in the experiment were
vouchered at WSU and these specimens can be used in further studies.
Analysis of the PCR results was straightforward with appearance of a band, faint or
strong, signifying presence of Bd and absence of a band suggesting absence of Bd. We assumed
that the stronger the appearance of the band, the higher the amount of DNA was present (or,
conversely, a faint band indicated a lower amount of DNA). High amounts of DNA indicate a
high Bd load, while more minimal amounts of DNA suggest a decreased load of Bd (Annis et al.
2004). Possible explanations for faint band production could be the results of human errors,
ineffective PCR ingredients or problems with lab equipment, but it is more likely faint band
production is a reflection of DNA quantity. Complicating results further is the fact that subclinically infected animals often have the potential to sway between positive and negative results
at different time intervals, which is due to the life stages of chytrid (Berger et al. 2005, Jones
2011). Possibilities of false positives or false negatives were present and these concerns were
addressed by using the non-temporal three-trial system much like that used in the San Diego Zoo
protocol (as explained in the previous section) (Jones 2011). This swabbing protocol entails
swabbing the amphibian’s ventral surface area. This method of swabbing is appropriate for most
amphibians since the majority of the time their ventral surface areas are exposed to water. This
increases the likelihood of swabbing an area that is heavily colonized by Bd. However, since
Xenopus laevis is primarily fully submerged in water, Bd has a much greater surface area to
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impact. Since there are larger areas to cover there could remain a possibility of missing an area
on the frog heavily infected by Bd, which could also help in explaining possible negative results.
Polymerase Chain Reaction (PCR) was conducted by amplifying the 5.8s rRNA gene,
which also included internal flanking regions (ITS) ITS1 and ITS2. To accomplish this, two Bd
specific primers, Bd1a and Bd2a, were used (Annis et al. 2004). First, a 100 µM stock solution
and a 10 µM working solution of both primers were produced to use throughout the experiment.
Each 50 µl PCR reaction volume was prepared by first pipetting 18 µl of ultra pure water into a
sterile 0.5 ml PCR vial. Next, 5 µl of a diluted DNA template, followed by 1µl of each primer
was added. Lastly, 25 µl of 2x concentrated Bioline MyTaq™ Mix was pipetted into the
reaction mixture. Each step was repeated for each swab sample. Once the reactions were ready,
each sample was inserted into a Bio-Rad Mycycler™ thermal cycler for amplification. The PCR
conditions were set to those used by Annis et al. (2004) with modifications, based on personal
trial and error, to initial start time (lowered from 10 minutes to 5 minutes) and an increase in the
number of cycles from 30 to 35. The PCR cycle began with an initial denaturation cycle at 93°C
for 5 minutes, 35 cycles at 93°C for 45 seconds, 35 cycles at 60°C for 45 seconds, 35 cycles at
72°C for 1 minute and lastly a final extension cycle at 72°C for 10 minutes. Positive and
negative controls were also included with experimental samples. The positive control contained
DNA extracted from the Bd strain JEL423 culture obtained from Joyce Longcore (University of
Maine). The negative control was prepared by replacing the template DNA with ultra pure
water. Once the PCR was finished the samples were taken out of the thermal cycler and the
amplicons were prepared for separation by using gel electrophoresis. The fragments of interest
were in 300 bp region. Because the fragments were small, 1.2% agarose gels were used for all
separations. To measure the base pair regions, Biolines HyperLadders™ were used. A Bio-Rad
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electrophoresis power supply was used and the settings for electrophoresis were 90V for
approximately 45-50 minutes. After electrophoresis, each gel was placed in an ethidium
bromide bath sitting on a shaker. The shaker was then turned on and set at a medium setting to
allow the ethidium bromide to soak into the gel and intercalate with the DNA. After
approximately 15-20 minutes the gel was carefully taken out of the bath and placed in
visualizing equipment connected to a computer. Using the visualizer’s software, completed gels
were imaged and the data were recorded. Once every swab had undergone these processes, each
step was repeated for every swab, resulting in a total of three rounds of dilution, PCR and
electrophoresis for each swab sample. This produced three results per swab sample, all of which
were recorded and examined for consistency.
Histopathology
After all frogs were collected, measured and preserved (either in ethanol for frogs that
perished mid-experiment or in formalin for those that were euthanized) histology preparation
was initiated. Via Cristi Medical Center Pathology Department (Wichita, Kansas) was
contracted to provide formalin preservative, lens paper and tissue cassettes (Leica Surgipath®
Cassettes) for excised organs and also to prepare hematoxylin and eosin (H&E) stained slides
from the livers that were extracted from the frogs. Materials used in the procedure of collecting
liver lobes included tweezers, dissecting scissors, paper towels and gloves. The instruments and
work area were sterilized with 70% ethanol before each use and every time a frog was processed.
Once all materials were in place, extraction of livers proceeded. All extractions took place under
a hood to prevent any negative health effects that could potentially be caused from inhalation of
ethanol or formalin fumes. The first frogs to be chosen were those that died during the course of
the experiment and had been preserved in ethanol. The process started by first choosing a frog at
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random and recording its data such as measurements, specimen ID, metamorphosis date and
death date. Next, skin samples and two toes were cut from the frog and placed in a sterile 1.5 ml
microcentrifuge tube containing ethanol from the same 20 ml mini-vial in which the frog had
been preserved. Skin and toe samples collected are to be used in a future PCR study. After skin
and toe samples were taken, an incision was placed on the ventral surface of the frog to expose
all organs. The liver was identified and the left lobe was taken from the frog. Once the liver had
been removed it was placed in lens paper and then placed in a cassette. Once the liver lobe was
secure in the lens paper and cassette, the cassette was closed and submerged in the formalin
provided by Via Cristi. The process was repeated for every frog until all frogs preserved in
ethanol had been examined. The process remained the same for the remaining subset of formalin
fixed frogs (those swabbed at euthanization) with the exception that no skin or toe samples were
collected. Once the liver lobes were extracted and in formalin, they were sent to Via Cristi.
There, they where embedded in wax and liver tissue sections were taken, stained with H&E and
fixed to a microscope slide. All prepared slides and remaining wax embedded liver lobes were
returned to WSU for examination. Random subsets of wax embedded liver lobes were also sent
to Dr. Brian Caserto (anatomic and diagnostic pathologist, Cornell University, New York) who
performed a variety of diagnostic pathological tests for a more quantitative measure of liver
conditions. Histological investigation primarily focused on determining the number of
melanomacrophages (MMP) within a tissue section. MMPs were chosen as a biomarker to
study because they are key indicators of stressors upon fish and amphibian species (Agius 2003,
McMahon et al. 2011). Random samples from liver sections were used to determine the number
of MMPs. A Nikon Eclipse e800 model microscope and visualizing software (NIS visualizer)
were used to complete the histological study. To investigate the MMPs, liver section slides were
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first arranged in sequential order according to the specimen number labeled on the slide. This, in
effect, created a blind screening because the treatments that each specimen received were
independent of the specific specimen identification number. Next, counting MMPs at 40x
magnification began by setting a slide on the microscope stage, then focusing and orienting the
image on the monitor so that the uppermost left portion of the liver section was displayed. The
microscope stage was then manipulated so that the monitor was filled with the image of the liver
section, leaving no blank or white space around the edges; this was considered one block. A
total of approximately 20 blocks per liver section was used. The number of blocks varied due to
liver sizes, with 20 blocks being the maximum number and 9 being the smallest amount of
blocks witnessed. MMPs in this study are defined as being dark brown objects within the liver
tissue among hepatocytes with a single, continuous border (Figure 3). Melanomacrophage
counts were based on this definition. Once all of the MMPs were counted in the initial block,
the stage was moved to the right far enough to view a completely new area of the liver section;
this would be the next block. MMP counting continued in the next block and once all were
counted, the stage was again moved so the liver section moved to the right on the monitor.
Progress continued in the same fashion from left to right until the end of the section was reached.
The image was then moved down and the blocks were counted from right to left (Figure 4). A
liver section from every slide was counted and the data was recorded. Because the number of
liver sections that could be used to count MMPs varied among animals of different sized liver
sections, the total number of MMPs for each animal was counted, an average value for MMP
(meanmac) was obtained for the individual based on the number of counts (nmac), and the
statistical variance (varmac) associated with each mean MMP value was also calculated as
major histological biomarkers to be analyzed for frogs in the different treatment groups. A

28

coefficient of variation (CV) for mean melanomacrophages (cvmac) for each individual was
calculated as the (square root (√) of the varmac/meanmac )*100.

MMP example

Figure 3. Melanomacrophage (MMP) in a liver section.
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Figure 4. Counting of MMPs in liver sections.

Statistical Analysis
All statistical analyses were conducted by use of SAS Version 9.2 for PC (SAS Institute,
Cary, NC, USA). The mean macrophage count (meanmac), variance of macrophage count
(varmac) and coefficient of variance of macrophage count (cvmac) of melanomacrophages for
each individual were examined using as dependent variables in a 3*2*2*2 full factorial analysis
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of variance (ANOVA), with nitrate (NO3 with 3 treatment levels 0 mg/L, 40 mg/L and 80 mg/L),
Bd before metamorphosis, Bd after metamorphosis and survivability (with the variables being
specimens that died during the experiment and specimens that lived to the end of the experiment
and were euthanized) as main treatments variables. All main treatments and possible interactions
among main treatments were included for F tests in this factorial ANOVA. Where a significant
interaction was noted, the interaction groups were treated as a single class treatment in a one-way
ANOVA to examine potential interaction effects and distinguish differences among mean
responses (Zar 2010). Depending on the outcome of statistical tests in the factorial ANOVA
tests, animals were examined for interactions based on full treatment combinations, nitrate
concentrations and pre-metamorphic Bd treatment combinations only or nitrate concentrations
and post-metamorphic Bd treatment combinations. Significant main effects among treatment and
interaction groups were examined by means contrasts test (most generally, Tukey’s HSD or, in
some cases, the less conservative Duncan’s test). The generalized linear model (GLM)
procedure in SAS was used for all ANOVA tests. In addition to examining potential differences
among treatments for the histological variables, correlations among the histological variables and
body measures (e.g., wgt128, sfer2, w1to2) and the various time periods (e.g., mday, deathday,
fday1) were examined by Pearson’s correlation analysis using the SAS procedure CORR for
both animals that died and were euthanized. Animals that died and or survived to the end of the
experiment were examined for the assumption of homogeneity (similar proportions) among main
treatment groups (based on both full treatment and post-metamorphic treatment group
combinations) by Chi-Square analysis using the SAS procedure FREQ. In all analyses, a test
was considered significant (thus rejecting the null hypothesis) if the probability value (p-value)
was equal to or less than 0.05.
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Results
PCR Outcome
Results for all gel images were determined qualitatively by looking at the output of bands
and determining whether there was a strongly visible band (+), a faintly visible or hard to detect
band (F), or no band present (-). Clearly visible and distinct bands are recorded as positive using
the ‘+’ symbol and the failure of band production (no bands visibly apparent at the 300 base pair
region) are recorded as negative, or Bd not detected using the ‘-’ symbol. On the left of the PCR
gel is the DNA ladder that indicates different base pair (bp) lengths (Figures 5-6). Also shown
with the figures are the manufacturers DNA ladder keys. The results below show specimens
from the PCR trial, and the final results are listed to the left of the gel (Figures 5-6).

Figure 5: The gel image above
shows typical results from the
PCR. To the right is the
manufacturers DNA ladder key
(see arrow). All sample
numbers are given to the left of
the gel with the designated well
number and result.

Figure 6: Much like Figure 5, all
results appear at the 300 bp region
(designated by the manufacturers
DNA ladder key to the left). All
sample numbers are given to the left
of the gel with the designated well
number and result.

If present, the ITS gene segment that was amplified, produced amplicons that appeared in
the 300 bp region of the gel. All amplicons, faint or strong, appeared in this region. There were
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very rare instances of extremely faint bands appearing in the 330 bp regions indicating that those
particular samples contained higher amounts of DNA and that non-specific reactions between
genomic DNA and the primers occurred (Annis et al. 2004). No other bands appeared in any
other base pair region. Each specimen was qualified in this manner. A strong positive band was
easy to qualify due to clear and unambiguous presence of a band in the 300 bp region. For
example, specimen 98 (Figure 6) produced a visible band indicating Bd was present on this
specimen. Faint bands were harder to delineate and were recorded qualitatively. For example,
specimen 38 (lane twelve, Figure 5) shows a faint, but visible band in the 300 bp region.
Because it was fainter than most bands in the gel, it was recorded as an “F” to show that, while
there was a small amount of Bd present, there was much less DNA amplified relative to other
samples. For the purposes of this experiment, if a specimen produced a faint band, then it was
taken to be a positive result. If a specimen received two or more positive results (any
combination of ‘+’ and ‘F’) from the three PCR trials, its overall outcome was designated as Bd
positive. Conversely, if a specimen had two or more negative results from the three PCR trials, it
was documented as being negative for Bd (Table 1). Although the San Diego Zoo uses temporal
swabbing, taking DNA samples via swabbing spaced two weeks apart for a total of three swabs,
the method of assigning presence of Bd is similar in that at least two out of three trials are
required for a definite outcome.
Experimental outcomes of the PCR trials are recorded in Table 1. Curiously, the
specimens that were not exposed to Bd before metamorphosis but were exposed to Bd after
metamorphosis (n/y) (Table 2) showed an increased rate of faint band production relative to the
other groups. In fact, the total percentage of faint bands was 39% of the trial results in this group
as opposed to 20% for controls and 17% (y/n) and 23% (y/y) for the rest of the experimental
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groups (see Tables 3 and 4). It is also important to note that there were five negative outcomes
in the y/y Bd treatment combination group. This is the only experimental treatment group that
resulted in any specimens (either before or after metamorphosis) producing negative results for
Bd presence. In the control group there appeared to be a small number of positive results. This
resulted in two specimens being recorded as Bd positive at the time of swabbing. All six
remaining controls were Bd negative. The rest of the experimental groups all produced mostly
positive results, which is expected as all experimental groups were exposed to Bd at some point
within the experiment.
Table 2: Results from PCR trials with treatments designation and overall outcome. All
specimens in the PCR trial are listed with their assigned treatment to the right being either 0
mg/L-NO3, 40 mg/L-NO3 or 80 mg/L-NO3 treatment group and Bd treatment, either being n/n,
n/y, y/n, y/y.
Specimen #

Treatment

PCR trial 1

PCR trial 2

PCR trial 3

Outcome

66

0 n/n

+

+

F

+

68

0 n/n

F

+

F

+

129

0 n/n

-

-

-

-

70

40 n/n

-

F

-

-

72

40 n/n

-

-

-

-

126

40 n/n

-

-

-

-

74

80 n/n

-

-

-

-

76

80 n/n

-

F

-

-
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Table 2 continued
Specimen #

Treatment

PCR trial 1

PCR trial 2

PCR trial 3

Outcome

38

0 n/y

F

F

F

+

40

0 n/y

F

F

+

+

41

0 n/y

F

F

-

+

42

0 n/y

F

F

+

+

96

0 n/y

F

+

+

+

98

0 n/y

+

+

+

+

99

0 n/y

-

+

+

+

45

40 n/y

F

F

+

+

47

80 n/y

F

F

+

+

50

80 n/y

+

+

-

+

52

80 n/y

+

+

+

+

103

80 n/y

+

-

+

+

106

80 n/y

F

-

+

+

Specimen #

Treatment

PCR trial 1

PCR trial 2

PCR trial 3

Outcome

80

0 y/n

+

+

+

+

82

0 y/n

+

+

+

+

84

40 y/n

+

F

+

+

88

40 y/n

F

+

+

+

136

40 y/n

+

+

-

+

139

40 y/n

+

+

F

+

94

80 y/n

+

+

+

+

143

80 y/n

+

+

F

+
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Table 2 continued
Specimen #

Treatment

PCR trial 1

PCR trial 2

PCR trial 3

Outcome

54

0 y/y

+

+

+

+

56

0 y/y

+

+

+

+

108

0 y/y

-

-

+

-

110

0 y/y

+

-

+

+

111

0 y/y

+

+

+

+

112

0 y/y

-

-

F

-

149

0 y/y

-

+

F

+

152

0 y/y

-

-

F

-

153

0 y/y

-

-

-

-

156

0 y/y

F

F

F

+

157

0 y/y

F

F

-

+

60

40 y/y

+

+

+

+

114

40 y/y

-

-

F

-

116

40 y/y

-

F

F

+

62

80 y/y

+

+

+

+

64

80 y/y

+

F

+

+

118

80 y/y

+

+

+

+

120

80 y/y

+

+

+

+

122

80 y/y

+

+

F

+

Tables 3 and 4 expand on the data mentioned in the previous paragraph. Table 3 features overall
data with nitrate treatments removed. This makes it easier to see the differences between Bd
treatment groups. Table 3 indicates that overall, specimens that were not treated with Bd as
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tadpoles but did receive Bd as froglets exhibited higher percentage of faint bands. In contrast,
tadpoles that received Bd both as tadpoles and frogs had the lowest percentage of faint bands and
none tested undetected. When nitrate treatments are added for comparison (Table 4) it becomes
clear that there are more possible differences between nitrate groups. The 80-nitrate treatment
group almost always had lower a percentage of faint bands, the 0 and the 40 groups with the y/n
Bd treatment combination groups being the only exception. Also, in the y/n and the n/y Bd
treatment combination groups, the percentage of faint bands was higher for the 0 nitrate
treatment. The group with the largest percentage of faint bands was the 40 n/y treatment
combination group with a total 66.7% faint bands. In general, the 40 nitrate treatment groups
had the higher percentage of faint bands value with the only exception occurring in the control
group, which interestingly had a much lower percentage of faint bands value than all other
groups. Unfortunately, statistics could not be performed on the PCR outcomes because of the
low sample size; sample sizes were necessarily low due to time and funding. Also, the PCR was
not intended to diagnose effects of treatment combinations, but rather to simply determine
whether Bd had caused infection and had grown on specimens in the experiment according to
experimental design.
Table 3: The sample sizes (N), test outcomes (+, -, or number of faint bands (F)) and percent of
F (%F) outcomes relative to total trials for each Bd treatment groups, pooling nitrate treatments.
Bd treatment
combination

N

Total
trials

Outcome
+

Outcome
-

Total F

%F Total

n/n

8

24

2

6

5

20.8%

n/y

13

39

13

0

15

38.5%

y/n

8

24

8

0

4

16.7%

y/y

19

57

14

5

13

22.8%
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Table 4: Comparison of nitrate treatment groups between Bd treatments. This expanded data set
between each nitrate group within Bd treatments allows for comparison within and between
groups. The table displays Bd treatment groups, total specimen number (N), nitrate treatment (0
mg/L-NO3, 40 mg/L-NO3 and 80 mg/L-NO3) along with total number of positive outcomes
(Outcomes +), total number of negative outcomes (Outcomes -), total faint bands produced
(Total F) and faint bands divided by total number of trials (%F)
Bd treatment
combination
n/n

n/y

y/n

y/y

Nitrate N

Total
trials

Outcome + Outcome -

Total F %F Total

0

3

9

2

1

3

33.3%

40

3

9

0

3

1

11.1%

80

2

6

0

2

1

16.7%

0

7

21

7

0

10

47.6%

40

1

3

1

0

2

66.7%

80

5

15

5

0

3

20.0%

0

2

6

2

0

0

00.0%

40

4

12

4

0

3

25.0%

80

2

6

2

0

1

16.7%

0

1
1

33

7

4

8

24.2%

40

3

9

2

1

3

33.3%

80

5

15

5

0

2

13.3%

Effects of Experimental Treatments on Specimens
Combinations of the nitrate concentration treatment and Bd treatments before and after
metamorphosis affected survival rates of frogs (Figure 7, χ211 = 42.314, p <0.0001). The groups
contributing the most to the Chi-Squared value include the 0 y/y group and the 40 n/y group.
For example, the 0 y/y treatment seemed to convey greater survival rates and the 40 n/y
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treatment had significantly higher rates of mortality than expected if death were independent of
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Figure 7: Chi-Squared analysis of the effects of nitrate, Bd exposure before and Bd exposure
after metamorphosis on proportions of frogs surviving or dead.

The Chi-Squared test that examined effects of nitrate concentration and only the postmetamorphosis treatments of Bd indicated that the proportion of frogs that survived or died
depended on the specific treatment combination the specimen received (Figure 8, χ25 = 23.739, p
= 0.0002). Frogs in the 40 mg/L nitrate concentration and only the post-metamorphic Bd
treatment group that did not receive Bd (40 -/n) experimental treatment combination died at a
higher number than in the other treatment combination.
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Figure 8: Chi-Squared analysis of effects of nitrate concentrations (mg/L) and post-metamorphic
Bd treatments on proportion of frogs surviving or dead.

The ANOVA that examined effects of nitrate concentrations and Bd treatments before
and after metamorphosis on total lifespan of frogs (surday) indicated that experimental
treatments had an effect on number of days that a frog survived (Figure 9, F11,48 = 2.03, p =
0.0454). Duncan’s test indicated that specimens in the 80 n/n, 0 n/n and 40 y/n treatments
survived significantly more days than specimens in the 80 y/y treatment of the experiment by an
average of 54 days.
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Figure 9: ANOVA of effects of nitrate, Bd exposure before metamorphosis and Bd exposure
after metamorphosis treatments on number days that frogs survived. Means with one standard
error above and below mean are shown. Deathday represents the number of days frogs survived
after metamorphosis and Surday represents the number of days frogs survived from fertilization
to death.

The ANOVA for the treatment combination based on nitrate concentrations and Bd
treatments after metamorphosis indicated that experimental treatments had significant impacts on
total number of days that a frog lived (Figure 10, F5,54 = 3.33, p = 0.0109), lengthening survival
by an average of 30 days. Tukey’s test showed that specimens exposed to Bd after
metamorphosis had significantly shorter lifespans when the nitrate concentration was 0mg/L than
they did in all other treatment combinations, shortening lifespan by an average of 31 days.
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Figure 10: ANOVA of Bd post-treatment and nitrate concentration combination effects on
number of days frogs survived. Means with one standard error above and below mean are
shown. Deathday represents the number of days frogs survived after metamorphosis and Surday
represents the number of days frogs survived from fertilization to death.

Treatment Effects on Macrophage Counts
There were significant primary effects and interaction effects between the nitrate and Bd
exposure before metamorphosis as well as Bd exposure after metamorphosis treatments on mean
macrophage counts per frog. The first significant outcome was the main treatment effect of
survivability (Figure 11, F1,95 = 30.15, p < 0.0001). A Tukey’s test showed that frogs that lived
to euthanization had significantly higher mean macrophage counts than frogs that died during the
experiment.
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Figure 11: ANOVA of mean macrophage count between euthanized frogs and frogs that died
early. Means with one standard error above and below mean are shown.

Several two-way interaction effects were significant. First, there is a significant
interaction between nitrate concentrations and Bd treatment groups after metamorphosis (Figure
12, F2,95 3.73, p = 0.0275). Duncan’s test indicates that the interaction arises because the
specimens in the 40n group had significantly more macrophages than specimens in the other
treatment combinations. Second, a significant two-way interaction between the nitrate levels and
survivability was shown (Figure 13, F2,95 4.26, p = 0.0169). Tukey’s test indicated that
specimens in the nitrate treatments of 40 mg/L NO3 and 0 mg/L NO3 that survived to
euthanization had significantly higher macrophage counts than specimens that died in all levels
of nitrate. Only at 80 mg/L NO3 was no difference indicated in mean macrophage counts
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between specimens that lived and died. Further, specimens that died at 40 mg/L NO3 had much
lower melanomacrophage counts than individuals that died at 80 mg/L NO3.
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Figure 12: ANOVA of mean macrophage count between nitrate concentrations (mg/L) and postmetamorphic Bd treatment combinations. Means with one standard error above and below mean
are shown.
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Figure 13: ANOVA for mean macrophage counts of nitrate concentrations (mg/L). Means with
one standard error above and below mean are shown.

Two three-way interactions significantly affected mean macrophage count in the
experimental frogs. The first significant three-way interaction was between Bd before
metamorphosis treatment groups, Bd treatments after metamorphosis groups, and survivability
(Figure 14, F1,95 = 5.25, p = 0.0242). A Duncan’s test performed to explain the three-way
interaction shows that those individuals that survived to euthanization had higher macrophage
counts than those that died, except for frogs that were only exposed to Bd after metamorphosis
but not before metamorphosis.
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Figure 14: ANOVA for mean macrophage count of Bd exposure and survivability treatment
combinations. Means with one standard error above and below mean are shown.

A second, significant three-way interaction occurred between nitrate treatments, Bd
treatment groups after metamorphosis and survivability (Figure 15, F2, 95 = 3.32, p = 0.0402). A
Duncan’s test showed that the 40 -/n Bd post-treatment groups of individuals that lived to the end
of the experiment and the 0 -/y Bd post-treatment groups of individuals that lived to the end of
the experiment resulted in much higher macrophage counts than other treatment groups.
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Figure 15: ANOVA for mean macrophage counts for nitrate concentrations (mg/L) postmetamorphic Bd treatment combinations and survivability. Means with one standard error above
and below mean are shown.

Significant Treatment Effects on Variance in Macrophage Counts
An ANOVA to characterize significant treatment effects on the variance of macrophage
counts within individual frogs revealed that specimen survival in the experiment significantly
impacted the variance in macrophage counts (Fig. 16, F1,95 = 9.54, p = 0.0026). Specimens that
survived to the end of the experiment had significantly greater variances in macrophage counts
than specimens that died before the experiment ended.

46

Mean	
  Variance	
  of	
  Macrophage	
  
Count	
  

500	
  
450	
  
400	
  
350	
  
300	
  
250	
  

Survived	
  

200	
  

Died	
  

150	
  
100	
  
50	
  
0	
  

Frogs	
  Survived	
  vs	
  Died	
  

Figure 16: Variance of mean macrophage count for survivability. Means with one standard
error above and below mean are shown.

Correlations between Macrophage Counts and Frog Performance Variables
Statistical correlations, using Pearson product-moment correlations, were analyzed
between each of the three variables that were related to mean macrophage counts in frogs from
the treatment combinations along with a wide range of variables related to performance of the
experimental frogs. The three variables related to macrophage counts specifically were mean
macrophage count (meanmac), variance of macrophage count (varmac) and coefficient of
variance of macrophage count (cvmac). The wider range of frog performance variables included
those that were related to frog size, life span and physiology. Correlations were analyzed for
frogs that lived until the end of the experiment and also for frogs that died early in the
experiment.
Several significant correlations were found. First, when all surviving frogs were
considered there was a positive correlation between melanomacrophage count (cvmac) and the

47

number of days a specimen survived as a post-metamorphic frog up to day 128 of the experiment
(frogdays1). Also, melanomacrophage count (meanmac, varmac and cvmac) were all
significantly, negatively correlated with hematocrit (hemat), the volume percentage of red blood
cells in blood, for specimens in the 40 mg/L nitrate group. Meanmac and varmac were also
significantly, negatively correlated with hematocrit in specimens that were not exposed to Bd
after metamorphosis. Three more significant correlations were found between macrophage
numbers (cvmac) and frog performance variables. First, cvmac showed a significant negative
correlation with the metamorphosis day (mday) for frogs that were not exposed to Bd after
metamorphosis. Second, a significant, negative correlation existed between macrophage
numbers cvmac and specimen weight at metamorphosis (wmet1) for individuals in groups that
were not exposed to Bd after metamorphosis. Third, macrophage numbers (cvmac) were
significantly, positively correlated with the number of days a specimen survived as a postmetamorphic frog up to day 128 of the experiment for all frogs that survived to day 128
(frogdays1).
Frogs that died early in the experiment showed more significant correlations of
macrophages (meanmac, varmac and cvmac) with frog performance variables than did frogs
that survived. There were five significant correlations involving mean macrophage numbers
(meanmac). There was a significant positive correlation between mean numbers (meanmac)
and the number of days a specimen survived as a post-metamorphic frog up to day 128 of the
experiment for all frogs hat survived to day 128 (frogdays1) for specimens that were not
exposed to Bd after metamorphosis. For specimens in the 40 mg/L nitrate groups there were two
significant correlations. First was a positive correlation between mean macrophage numbers
(meanmac) and body condition (a ratio of weight/snout vent length) at metamorphosis (cmet1).

48

Second, a negative correlation was found between macrophage numbers (meanmac) and snout
vent length measures of frogs between fertilization and day 128 (sfer1). The last two significant
correlations for macrophage numbers (meanmac) were in the 80 mg/L nitrate groups. The first
was a negative correlation between macrophage numbers (meanmac) and snout vent length
measures on day 128 (svl128). The last was a negative correlation between macrophage numbers
(meanmac) and snout vent length measures of frogs between fertilization and day 128 (sfer1).
Three correlations involving variation in macrophage numbers (varmac) were
significant. The first significant correlation existed between macrophage numbers (varmac) and
the number of days a specimen survived as a post-metamorphic frog up to day 128 of the
experiment for all frogs hat survived to day 128 (frogdays1) for specimens in the 0mg/L nitrate
concentration. Secondly, a negative correlation was found between macrophage numbers
(varmac) and svl128 for specimens in the 80mg/L nitrate concentration. Lastly, there was a
positive correlation between macrophage numbers (varmac) and frogdays1, when all frogs that
died early were considered as a group.
The last macrophage variable, cvmac, is significantly correlated with five frog
performance variables. First, there was a positive correlation between coefficient of variation in
macrophage numbers (cvmac) and the total number of days a frog survived from fertilization
until its death in the experiment (surday) for specimens in the 0mg/L nitrate group. The last set
of correlations all belonged to individuals in the 40 mg/L group. Here, there was a negative
correlation between macrophage numbers (cvmac) and weight measured of frogs at day 128
(wgt128). Macrophage numbers (cvmac) were also negatively correlated with cmet1, sfer1,
weight measure between fertilization and day 128 of the experiment (wfer1) and body condition
between fertilization and day 128 of the experiment (cfer1).
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Discussion
PCR Analysis
PCR results (Table 2) confirm that the protocol used to infect specimens with Bd justifies
the experimental design of this research project and the investigation of possible associations
between survivorship, growth, Bd infection and nitrate exposure. Some results suggest the
presence of false positives, such as the faint bands and positive bands produced by specimens 66
and 68 in the control samples (Table 2). If these control specimens did experience a form of
cross contamination, it would have most likely occurred when specimens were tadpoles and were
communally reared in jars with tadpoles of the same treatment combination. It remains unlikely
that this occurred since Bd exposed groups were physically separated by a plastic curtain from
non-Bd exposed groups at the opposite side of the laboratory. It seems that if contamination had
occurred at this stage, it would be more widespread. After metamorphosis all specimens were
transferred to separate plastic containers, so it is most likely that if contamination occurred it
would have happened at this time. These results could also be a product of contamination
between samples or during handling of the samples. It is difficult to say precisely why faint
bands were seen in the control group but it is encouraging that they were faint and not extremely
strong bands, which would suggest a very minimal amount of DNA was present. Among the
treatment groups, negative results were seen regularly (Table 2). Some negative results could be
argued to be false negatives, such as those negative results that were observed only one time in
three trials. This again could potentially stem from mishandling or equipment and reagent
problems. Other negative results seen (specifically, the negative results in three out of three
trials), such as many of the specimens in the Bd treatment combinations that were exposed to Bd
before and after metamorphosis, are more likely to be due to an extremely low or non-existent
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Bd load at time of swabbing. A possible scenario that could explain faint or non-existent bands
could be that the Bd zoospore life cycle was at a stage where too few zoospores were present on
the frog or in the water to be analyzed by the PCR methods used in this experiment. It could
equally be argued that specimens that consistently had very faint, or no bands at all throughout
all three trials were more resistant to Bd infection as opposed to some of their counterparts, with
the idea being that more resistant frogs would be able to mount an effective immune response to
the growing Bd in their skin and ultimately reduce the amount of zoospores released in the water
and thereby reduce the possibility for detecting a strong presence of Bd in the PCR reaction.
This ability to resist Bd could impart greater survivability and increase the specimen’s lifetime.
Abilities of a host to better defend against the pathogenic threat of Bd could be due to inborn
factors including the innate immune system, antimicrobial skin peptides or the host’s natural
microflora (Woodhams et al. 2007). Any ability an organism may have to resist or minimize
infection of Bd should be further investigated as important genetic, immunological or
physiological data can be gathered to better characterize organismal adaptability to Bd
pathogenicity. Important to note is that faint or negative bands could be the result of decreased
Bd load due to little or no Bd being added to the specimens water during changing. This
however, is extremely unlikely because extensive caution and awareness was used to insure all
frogs received stringent and equal care.
Survivorship Data
Very apparent significant interactions were found for specimens in the 40 mg/L NO3
concentration that were not exposed to Bd before metamorphosis but were exposed to Bd after
metamorphosis (40 n/y) (Figure 7) and in the specimens in the 0 mg/L NO3 concentration that
were exposed to Bd before metamorphosis and were also exposed to Bd after metamorphosis (0
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y/y) (Figure 7). The analysis of the data show that specimens in the 40 mg/L NO3 concentration
that were not exposed to Bd before metamorphosis but were exposed to Bd after metamorphosis
(40 n/y) died at much higher numbers compared to all other groups and when compared to
specimens in the 0 mg/L NO3 concentration that were exposed to Bd before metamorphosis and
were also exposed to Bd after metamorphosis (0 y/y), which had a larger proportion of
individuals surviving. The significance in the 40 mg/L NO3 concentration that were not exposed
to Bd before metamorphosis but were exposed to Bd after metamorphosis (40 n/y) group may be
derived from the nature of nitrate itself, exhibiting negative impacts upon the specimens as there
are documented associations between decreased survivorship of amphibian species exposed to
nitrates (LeBlanc & Bain 1997). Along with survivorship, nitrate exposure has been shown to
negatively impact weight, activity and overall performance in many frog species, thus explaining
why specimens in the in the 0 mg/L NO3 concentration that were exposed to Bd before
metamorphosis and were also exposed to Bd after metamorphosis (0 y/y) survived better than
those in the 40 mg/L NO3 concentration that were not exposed to Bd before metamorphosis but
were exposed to Bd after metamorphosis (40 n/y) (Hecnar 1995, Peterson 2013). However, the
results seen in specimens treated with 40 mg/L NO3 that were not exposed to Bd before
metamorphosis but were exposed to Bd after metamorphosis (40 n/y) are more likely caused by
an interaction between nitrate, Bd and the specimen. A condition may exist where nitrate confers
a benefit to Bd (Boisvert 2011) while at the same time constraining organismal health (Hecnar
1995, Rouse et al. 1999). An association between time of Bd exposure and survivability in the
40 mg/L NO3 concentration with no exposure to Bd before metamorphosis but with exposure to
Bd after metamorphosis (40 n/y) may also exist. Amphibian immunity is very complex and at the
time of metamorphosis it has been found to be very delicate. There is an elegant balance of
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hormonal and immune biochemistry during this phase with some lymphocytes being targeted for
destruction via apoptosis and others being left to defend the growing amphibian (Rollins-Smith
1998). Because there was no exposure to Bd as tadpoles and subsequently no immune response
in place to help defend the tadpole, perhaps at the times of metamorphosis and post-metamorphic
Bd exposure the immune system lacked a necessary immune function and could not mount an
effective immune response. This may explain why specimens in the 0 mg/L NO3 concentration
that were exposed to Bd before metamorphosis and were also exposed to Bd after metamorphosis
(0 y/y) survived better than specimens in the 40 mg/L NO3 concentration that were not exposed
to Bd before metamorphosis but were exposed to Bd after metamorphosis (40 n/y) group. Such
immune deficiencies during metamorphosis, for example an impairment in clonal expansion of
T-lymphocyte cells, have been witnessed in Xenopus laevis (Ruben et al. 1992). Interactions
between Bd exposure and immune system functions throughout a frog’s life span requires more
research to fully explain the results observed. An equally plausible hypothesis is that the
concentration of nitrate interfered with, or decreased the number or function of defensive skin
peptides (Davidson et al. 2007). It is likely that nitrate will act to further reduce immunogenic
activity and upon addition of a new stressor such as Bd, which has been shown to grow better in
nitrate rich conditions, an ideal set of pathogenic conditions are met and act in a lethal manner
like what was observed in the experiment. This, of course, would imply a very narrow range of
conditions to cause such lethality, and further experimentation must occur to sufficiently answer
these hypotheses.
Survivorship data analyzed from a one-way ANOVA show that the specimens in the 80
mg/L NO3 and 0 mg/L NO3 concentrations (80 n/n and 0 n/n) that were not exposed to Bd before
metamorphosis and were not exposed to Bd after metamorphosis as well as specimens in the 40
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mg/L NO3 concentration that were exposed to Bd before metamorphosis but were not exposed to
Bd after metamorphosis (40 y/n) survived longer than other treatment combinations (when
comparing days survived, from fertilization to death (surday), Figure 9). When examining the
effect of post-treatment combinations only (Figure 10), specimens in the 40 NO3 concentration
group that were not exposed to Bd after metamorphosis (40 -/y) had significantly shorter
lifespans than any of the other specimens in the post-treatment combinations. As mentioned
previously, the treatment combination that experienced the highest numbers of death was the 40
mg/L NO3 concentration that were not exposed to Bd before metamorphosis but were exposed to
Bd after metamorphosis (40 n/y) group (Figure 7). When examining the survivorship data of all
treatment combinations it appears that groups that survived the longest did not receive Bd at all,
or were exposed to Bd early (before metamorphosis), but then discontinued Bd exposure after
metamorphosis (Figure 9). It is not surprising that groups not exposed to Bd survived longer
because there was subsequently less stress placed upon these specimens. Also, it has been
demonstrated that tadpoles do not suffer from high mortality, unlike adult frogs (Kevin et al.
2007). This is because the only keratin containing cells on the tadpoles are around the tadpoles’
mouth, and in previous studies it has been experimentally shown that tadpoles are healthier
compared to adult frogs when exposed to Bd (Fellers et al. 2001, Rachowicz Lara J. 2004).
What is not effectively known is whether exposure to Bd as tadpoles confers greater immune
resistance later in life as adult frogs. Evidence does show that Bd can interfere with the frog
immune system, and it has been recently determined that Bd can impair the proliferation of
lymphocytes and cause apoptosis to occur and can effectively evade a host immune response
(Fites et al. 2013). It then becomes important to identify how much of an impact Bd has on the
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specimen both “inside and out”. Much is known about the exogenous effects Bd imparts onto its
host, but knowing what is occurring endogenously is not known.
Impacts on the specimens from the nitrate treatments had a variable effect on specimen
survivability. There was a range of significant outcomes for the three nitrate concentrations.
Groups that had the most significant mortalities came from the 40 and 80 nitrate concentration
groups. The added stress from the nitrate concentrations is most likely a contributor to the
decreased ability to survive. What is not known is the exact influence the nitrate has on the
specimens, or Bd for that matter. To help determine which treatment groups potentially cause
the most stress on the specimens, melanomacrophages from specimens’ livers were counted. As
mentioned before, melanomacrophages have been used as biomarkers to indicate stress placed on
an amphibians’ health (Agius 2003). Importantly, melanomacrophages have been shown to
display macrophage-like behavior and ingest free radicals, bacteria and even fungi, which makes
them a good biomarker for this study (Johnson et al. 1999).
Macrophage Data
Mean macrophage counts show that frogs that lived to the end of the experiment had
significantly higher mean macrophage counts (meanmac) (Figure 11). Mean variance in
melanomacrophages (varmac) among treatment groups of frogs that survived to euthanization
was also significantly higher (Figure 16). It would be logical to think that frogs that lived longer
were impacted by treatment combinations longer and had more time to encounter stress. This
longer time period living with stress due to Bd and nitrate would lead to the development of
higher melanomacrophage counts and also a higher mean variance of macrophages in these
individuals.
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Further analysis of the data indicated a significant two-way interaction between the
nitrate concentration and post-treatment combination groups (Figure 12). The significant
interaction in this outcome seems to be between the nitrate concentration 40 mg/L and no Bd
exposure before metamorphosis. This result appears to indicate that nitrate alone would be
responsible for the higher melanomacrophage count observed. It cannot be verified, necessarily,
that this is true since the data only accounts for Bd treatments after metamorphosis. Fortunately
a second significant interaction between nitrate concentration and survivability was found in the
data (Figure 13), which was found to exist between the 40mg/L nitrate concentration, and the
specimens that lived to euthanization. This interaction would further bolster the argument that
this particular nitrate group is, in part, responsible for the experimental outcomes that were
observed. Evidence has shown that when paired with other stressors, such as UV-B, nitrate can
cause increased stress and can negatively impact a frog’s performance (Hatch & Blaustein 2003).
What remains unknown is how exactly nitrate works to increase the melanomacrophage numbers
and to what extent the impact is deleterious. Another significant interaction was found to exist
between the 0 mg/L groups and individuals that survived to the end of the experiment.
Individuals in this treatment also had higher melanomacrophage counts compared to other
groups, indicating that the length of survival of an individual reflects the number of
melanomacrophages in an organism. The results also showed that macrophage counts did not
differ between animals that were euthanized versus animals that died when nitrate concentration
was 80 mg/L (Figure 15). It appears that individuals in the 80 mg/L nitrate groups had lower
macrophage counts indicating that individuals in this nitrate treatment were under less stress.
Why these individuals would be under less stress at higher nitrate concentrations is unknown, but
this could indicate an interaction between higher nitrate concentrations and Bd. There have been
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recent studies that show certain pesticides when mixed in Bd infected water can ameliorate the
effects of Bd on its host, which help the host cope with the stressors of Bd (Allran & Karasov
2000). The higher nitrate level may be exerting such a negative impact on Bd, enough to
decrease melanomacrophage counts. Exactly what this interaction entails requires further
research.
Analysis of statistical data revealed that a significant three-way interaction occurred and
this showed that specimens that lived to euthanization had higher melanomacrophage counts than
individuals that died in all Bd treatments except for the specimens that did not receive Bd as
tadpoles, but were exposed to Bd after metamorphosis (Figure 14). Individuals in this particular
group had fewer macrophages and this would be an indicator that stress was minimized by this
treatment combination. It is hard to determine why this result was seen, especially when
comparing results for survivability, where specimens that did not receive Bd as tadpoles, but
were exposed to Bd after metamorphosis generally experienced higher mortality. What can be
posited is that since mortality was higher in this group, especially in the 40 mg/L NO3
concentration not exposed to Bd before metamorphosis but were exposed to Bd after
metamorphosis (40 n/y) group, melanomacrophages had little or no time to form in great
numbers like those witnessed in other groups. So perhaps stress in these treatment groups was
high enough to kill specimens before the melanomacrophage biomarker had time to develop
significantly. A second three-way interaction was also discovered between nitrate
concentrations, post-treatment combination groups that did not receive Bd after metamorphosis
and individuals that lived or died early in the experiment. The significant interactions showed
that individuals that lived to euthanization and were a part of the post-treatment groups 40 mg/L
NO3 that did not receive Bd after metamorphosis (40 -/n) and the post-treatment group 0 mg/L
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NO3 that did receive Bd after metamorphosis (0 -/y) had significantly higher mean
melanomacrophage counts in comparison with the other treatment combinations (Figure 15).
Again, longevity certainly influences melanomacrophage numbers, but the interactions between
Bd and nitrate are subtler. It is clear that, for the post-treatment group 0 mg/L NO3 that did
receive Bd after metamorphosis (0 -/y), Bd is the stressor causing inflated melanomacrophage
counts. It could equally be argued that the nitrate in the post-treatment group 40 mg/L NO3 that
did not receive Bd after metamorphosis (40 -/n) was the sole stressor, however evidence for this
is more ambiguous since Bd exposure after metamorphosis was the only Bd treatment looked at
when performing the statistical test, meaning specimens that were part of the Bd treatment
combinations that did not receive Bd before or after metamorphosis (n/n), and specimens that
were part of the Bd treatment combinations that did receive Bd before metamorphosis but were
not exposed to Bd after metamorphosis (y/n) would both be incorporated into the results. Since
pre-metamorphic Bd exposure may contribute to the results seen in the post-treatment group 40
mg/L NO3 that did not receive Bd after metamorphosis (40 -/n) group, it is harder to determine
an exact cause for the elevated melanomacrophage counts beyond just contributing the
observations to nitrate, although the most likely scenario that both nitrate and Bd is causing this
result.
Correlation Data
A number of significant correlations were revealed as a result of the treatments. First,
there were significant negative correlations between mean macrophage counts (meanmac),
variance in mean macrophage counts (varmac), coefficient in mean macrophage counts (cvmac)
and hematocrit in the 40mg/L nitrate concentration. It is interesting that this was observed in
only the 40mg/L nitrate concentration. This would certainly imply that this nitrate level crates
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endogenous physiological stresses. It was also determined that hematocrit and two macrophage
counts (mean macrophage counts and variance in mean macrophage counts ) were also
negatively correlated in the treatment combination groups that did not receive Bd after
metamorphosis of frogs that lived. Referring back to previous results shows that individuals in
the post-treatment combination exposed to 40 mg/L nitrate and were also exposed to Bd after
metamorphosis (40 -/n) did have higher mean macrophage counts (Figure 12) and these negative
correlations could play a role in what was observed. What is interesting is that previous studies
have not been able to identify a link between nitrate and hematocrit (Allran & Karasov 2000,
Sullivan & Spence 2003). Why these results were observed in this study is unknown, but it is
most likely caused by exposure to Bd in some capacity. There is evidence to suggest Bd would
be the cause, as it has been known to affect blood coagulation factors among a variety of other
important physiological properties, such as a reduction in cytochrome P450 gene expression
(Rosenblum et al. 2009). This evidence suggests that there are important endogenous effects that
cause an effect on hematocrit and stress. It could also be posited that dehydration due to skin
disruption could lead to a change in hematocrit (Voyles J. 2007), which would certainly lead to
an increase in stress. What is not known explicitly is how treatment combinations affect
hematocrit and melanomacrophages whereas previous studies (Sullivan & Spence 2003)
indicated that nitrate had no effect. Three more significant correlations were exposed by analysis
and all were related to co-variance in mean macrophage count (cvmac). First, coefficient in
mean macrophage count (cvmac) and the day the frog metamorphosed (mday) were
significantly negatively correlated for frogs that were not exposed to Bd after metamorphosis that
survived. This links coefficient in mean macrophage count (cvmac) values to the day that a frog
metamorphosed. Because this group was not exposed to Bd after metamorphosis it is difficult to
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determine what treatment may have caused this outcome. Second, a negative correlation was
found between coefficient in mean macrophage count (cvmac) and a frogs measured weight at
metamorphosis (wmet1) for specimens that did not receive Bd after metamorphosis. The reason
for this interaction is difficult to determine. Lastly, a positive correlation was found between
coefficient in mean macrophage count (cvmac) and the number of days a specimen survived as a
post-metamorphic frog up to day 128 of the experiment for all frogs hat survived to day 128
(frogdays1) for all frogs that survived to the end of the experiment. Overall these correlations
make it appear that longer survival, nitrate concentration of 40 mg/L and post-metamorphic nonexposure to Bd have consequences relating to macrophage counts and frog performance.
The correlations for frogs that died early had five significant outcomes related to
melanomacrophages. These outcomes included a positive correlation with the number of days a
specimen survived as a post-metamorphic frog up to day 128 of the experiment for all frogs hat
survived to day 128 (frogdays1) for specimens in the treatment groups that were not exposed to
Bd after metamorphosis, a positive correlation with body condition (a ratio of weight/snout vent
length) at metamorphosis (cmet1) and a negative correlation with snout vent length measures of
frogs between fertilization and day 128 (sfer1) for frogs in the 40mg/L nitrate concentration
treatment. Specimens in the treatment groups that were not exposed to Bd after metamorphosis
plus 40mg/L nitrate suffer physiological and anatomical consequences of these treatment
combinations. These consequences appear to be a significant deviation, with higher numbers of
melanomacrophages compared with other groups, shorter/longer time to metamorphosis, and
shorter survival. Lastly, there were two significant correlations for specimens in the 80 mg/L
nitrate concentration. First was a significant negative correlation between mean macrophage
count and snout vent length measures on day 128 (svl128) and there was a negative correlation
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between mean macrophage count and snout vent length measures of frogs between fertilization
and day 128 (sfer1). The significant correlations in the 80 mg/L nitrate concentration also seem
to imply that treatment combination can impact the mean macrophage count count and how it is
affected by size of the animal during early development or how it affects size.
Analysis of variance of mean macrophage count results also showed that there were
significant correlations with frog performance variables. There were two positive correlations
that were found between variance of mean macrophage count and the number of days a specimen
survived as a post-metamorphic frog up to day 128 of the experiment for all frogs hat survived to
day 128 (frogdays1). One of the correlations was found for specimens in the 0mg/L treatment
groups and the other was found to be significant for all specimens that died early. There was
also a negative correlation between variance of mean macrophage count and snout vent length
measures on day 128 (svl128) for specimens in 80mg/L nitrate. These results indicate that
treatments affected frog performance variables when correlated with variance of mean
macrophage count. How these variables affect each other is unknown but it is important to note
that treatment combinations affected specimens.
The last sets of significant correlations related to the coefficient in mean macrophage
count (cvmac). One significant correlation was found in the 0mg/L nitrate concentration. This
was a positive correlation between coefficient in mean macrophage count (cvmac) and number
of days a frog survived (surday). There were also four correlations, all within the 40mg/L
nitrate concentration. These correlations were all significantly negative and were between
coefficient in mean macrophage count (cvmav) and snout vent length measures of frogs between
fertilization and day 128 (sfer1), coefficient in mean macrophage count (cvmac) and body
condition (a ratio of weight/snout vent length) at metamorphosis (cmet1), coefficient in mean
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macrophage count (cvmac) and weight measure between fertilization and day 128 of the
experiment (wfer1) and lastly coefficient in mean macrophage count (cvmac) and body
condition between fertilization and day 128 of the experiment (cfer1). It is not surprising that
coefficient in mean macrophage count (cvmac) would be negatively correlated with the
fertilization body measures since they are all interrelated. It is interesting that the 40mg/L nitrate
treatment has such a wide impact on both frogs that survived and died. The groups belonging to
the 80mg/L treatment also seem to suffer from a negative correlation between macrophages and
developmental body size. Overall, the correlations appear to show that treatment combinations
that most affected specimens were the in the treatment groups that were not exposed to Bd after
metamorphosis and 40mg/L treatments. What is ultimately undetermined is how exactly nitrate,
Bd exposure and these interactions cause the effects seen. This would require a tour de force of
research aimed at understanding how nitrate interacts with Bd at a biochemical level and how
this impacts frog health. What is apparent from the results is that there are clear consequences
for frogs treated with nitrate and Bd in various combinations.
Conclusions
Overall the data reveal that certain treatment combinations do cause harm to specimens
and, surprisingly, that certain treatment combinations have an ameliorating effect. First,
treatment combinations did show a distinct negative impact on specimen health, both
endogenously and physiologically. The most detrimental treatment combination, in terms of
numbers of individuals that died, was the 40 mg/L NO3 nitrate concentration that were not
exposed to Bd before metamorphosis but were exposed to Bd after metamorphosis (40 n/y). This
group experienced high mortality numbers, with 91 individuals dying before day 280 of the
experiment (termination of the experiment). It appears that exposure to Bd after metamorphosis
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at this nitrate concentration creates a hostile environment for the specimens. This is most likely
due to Bd immunologically weakening the frog to a point where it cannot cope with nitrate
exposure. This was not observed in other groups in 40 mg/L nitrate however, and individuals
exposed to Bd before metamorphosis survived longer than other groups. This may imply that
there is some sort of acquired immunity if the frog is exposed to Bd during pre-metamorphosis.
The 40 mg/L NO3 nitrate concentration also had significantly high numbers of
melanomacrophages and importantly, specimens in this nitrate group also experienced a negative
correlation between hematocrit and melanomacrophages. This may indicate that stress resulting
from treatment combinations is manifested internally. In fact, this is further supported by the
post-metamorphosis treatment groups in 0 mg/L NO3 that did receive Bd after metamorphosis
and which had a significantly higher number of melanomacrophages. Because there was no
nitrate administered to this group, exposure to Bd is implicated as the cause of increased
macrophage numbers. The high numbers of macrophages in this group is not be attributed to
length of time specimens survived because this group experienced shorter survival times. More
negative impacts were seen in negative correlations between macrophage counts and frog
performance variables when specimens were treated with either 40 mg/L or 80 mg/L nitrate.
This may result from increased stress from the nitrate treatments. One of the more important
results was that individuals survived fewer days (approximately 7-20 fewer days) if exposed to
Bd after metamorphosis. Conversely, individuals survived longer if exposed to Bd before
metamorphosis, indicating the possibility that an organism is able adapt if exposed to Bd as a
tadpole. The 80 mg/L groups also showed signs of possible ameliorating effects. Individuals in
this nitrate treatment group typically experienced significantly lower melanomacrophage counts
while also experiencing longer days survived, especially if frogs were only treated with Bd
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before metamorphosis. Another interesting result was observed in the 0 mg/L nitrate group that
was exposed to Bd before and after metamorphosis. This combination resulted in a higher
proportion of individuals surviving, again this may be due to pre-metamorphic Bd exposure
causing an immune response that confers better immunity in the host and allows better resistance
to infection as an adult. In summary, there were significant interactions, which both harm and
seemingly aid the specimens and the totality of results gives sufficient evidence to reject the null
hypothesis.
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