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Abstract

Amphibians are declining worldwide due to emerging infectious disease and habitat
modification. Although these stressors overlap in time and space, we know little about their
interactions. For example, habitat fragmentation reduces genetic diversity in wildlife, and genetic
diversity is correlated with disease resistance according to theoretical and laboratory work.
However, little is known about the relationship between genetic diversity and disease incidence
in wild populations. In my dissertation, I evaluated the impacts of habitat fragmentation on
potential disease susceptibility in amphibians of the Brazilian Atlantic Forest (BAF), one of the
most biodiverse but heavily fragmented areas on the planet.

In Chapters 2-3, I sampled populations of a widespread coastal frog species
(Cycloramphidae: Thoropa taophora) across a set of land-bridge islands that represent 12,000-
20,000 year old habitat fragments, which I compared with mainland “control” populations. In
Chapter 2, I examined the impacts of overall genetic diversity loss due to long-term isolation on
islands on (1) immunogenetic (MHC IIB) diversity and (2) susceptibility to microeukaryote
infections in a single host frog species. Contrary to previous studies that found high
immunogenetic diversity in genetically impoverished populations, I found that inbred island
populations exhibited significantly lower MHC IIB diversity than mainland populations. My
results also showed that island populations and MHC IIB homozygotes were subject to more
infections by diverse potentially parasitic microbes. In Chapter 3 I examined the relationship
between immunogenetics and the assembly and diversity of the host-associated microbiome. I

found that microbiome diversity was dependent on MHC IIB genotype, with heterozygotes



hosting a higher diversity of potentially beneficial microbes. My results also strongly imply that
there are interactions between bacteria and eukaryote microbes in the microbiome which have
been overlooked by previous studies that focus only on the bacterial amphibian skin microbiome.

In Chapters 4-5, I compared the impacts of two different types of habitat modification in
the mainland BAF: (1) ~200 year old forest fragments set in a “’sea” of intensive cattle pasture,
and (2) shaded cacao plantations that serve as less aversive anthropogenic habitats. I compared
frog populations found in both habitat types with “control” populations in continuous preserved
forests. I sampled six frog host species to examine how the impacts of habitat modification vary
according to species ecology: half of the frogs were high-dispersing habitat generalists and half
were low-dispersing habitat specialists. In Chapter 4, I evaluated genetic diversity and isolation
across these habitats and species. I found that while only generalist species showed reduced
genetic diversity in forest fragments embedded in intensive agriculture, only specialists showed
genetic isolation. Populations in rustic agricultural areas exhibited similar genetic diversity as
those in preserved forests and relatively low genetic isolation, implying that rustic agriculture is
less aversive to sensitive animals. In Chapter 5, I examined immunogenetic diversity and
infections in a subset of these populations. I found that across all species, fragmented populations
exhibited reduced immunogenetic diversity and increased infections. Inmunogenotype
influenced infections by both the pathogenic fungus Batrachochytrium dendrobatidis and by
apicomplexan blood parasites.

Taken together, my results suggest that the impacts of habitat modification on amphibian
health are significant, and can include loss of overall genetic diversity, loss of immunogenetic
diversity, loss of microbiome diversity, and increased infections. This relationship may help

explain the recent rise of infectious diseases in amphibians and other wildlife species worldwide.
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Chapter 1: Introduction

Amphibians, bats, bees, and snakes are currently in decline due to recently emerged
infectious diseases. Perhaps the most puzzling are the disease-associated amphibian declines:
although we have a good understanding of the geographic distribution and effects of major
amphibian diseases, disease outcomes remain relatively unpredictable. In particular, a number of
questions about amphibian disease remain unanswered, including: (1) Why are some amphibian
species able to persist during epidemics while others decline or go extinct? (2) Why are some
individual amphibians within a single species able to survive epidemics while others die? In
other words, why is there variation in disease susceptibility among and within host species? |
hypothesize that the answers lie in the interactions between disease susceptibility and other
stressors to which amphibians are highly susceptible. In particular, habitat modification is a
globally widespread stressor of amphibians that can reduce community diversity, genetic
diversity, and immunocompetence, all of which may increase disease. In my dissertation
research, I test the hypothesis that changes in host genetics associated with habitat
modification increase potential disease susceptibility in amphibians. Understanding the
interactions between habitat modification and disease is critical to disease mitigation and
conservation efforts across the globe.

The amphibian pathogen Batrachochytrium dendrobatidis (Bd), the causal agent of the
disease chytridiomycosis, has been implicated in the global declines of at least 500 amphibian

species and the extinction of 90 amphibian species over the last four decades (Carvalho et al.



2017; Lips et al. 2006; Scheele et al. 2019). Bd occurs on every continent except Antarctica, with
the most infamous Bd-associated declines reported from Australia, Central America, and the
western US (Daszak et al. 1999). The loss of amphibians due to Bd has had large-scale and long-
lasting impacts on natural ecosystems (Whiles et al. 2006), making amphibian management and
Bd mitigation top conservation priorities.

However, to the detriment of conservation efforts, the basis for Bd susceptibility or
resistance is still poorly understood. While many populations have gone extinct following Bd
outbreaks, some rebound within a few years or months, while others appear to experience little to
no declines (Briggs et al. 2010; Savage et al. 2011). The mechanisms behind this variation in
susceptibility remain to be pinned down, but mounting evidence points to both environmental
(James et al. 2015; Scheele et al. 2019) and genetic factors (Savage and Zamudio 2011; Bataille
et al. 2015; Scheele et al. 2019). Moreover, Bd is not the only pathogen of concern in
amphibians. With their unprotected and physiologically active skin exposed to moist, microbe-
rich habitats, amphibians are subject to infection by a number of pathogens, including
Ranaviruses, pathogenic fungi, and protozoans (Gleason et al. 2014; Martel et al. 2013; Speare et
al. 1994; Desser et al. 1995). Much attention has been paid to Bd because of the worldwide scale
and severity of Bd-associated declines, and the majority of amphibian disease studies focus on
only Bd or only a single other pathogen or parasite species. However, coinfections can produce
more severe epidemics than single infections (Susi et al. 2015), and genetic and immune
mechanisms of disease susceptibility can be general (Bevan 1987; Richmond et al. 2009).
Therefore, only examining a single pathogen or parasite offers a limited view of the overall

health and susceptibility of amphibians. I designed my dissertation research to evaluate how



differences in host genetic diversity due to landscape modification impact variation in
susceptibility to infection by a diversity of parasitic species.

How might host genetic diversity impact disease susceptibility? Decades of research have
shown that genetic diversity on both the population-level and individual-level improves
resistance to stressors including disease (Reed and Frankham 2003; Sgro et al. 2011; Clark et al.
2011; Pearman and Garner 2005). Genes involved in the immune response, such as
immunogenes in the vertebrate-wide Major Histocompatibility Complex (MHC) gene family,
play central roles in the disease response. The MHC gene family occurs in all vertebrates and is
composed of two classes that present antigen peptides. Class I MHC genes are involved in the
response to viral pathogens, while Class I MHC genes are involved in the response to
extracellular pathogens such as bacteria and fungi (Bevan 1987). In amphibians, the MHC 11B
locus is associated with interspecific Bd susceptibility (Bataille et al. 2015). MHC IIB has also
been linked with intraspecific variation in population-level and individual-level disease outcomes
in correlational studies of natural populations (Kosch et al. 2016), and experimental infection
trials (Savage and Zamudio 2011; Kosch et al. 2018).

This relationship between MHC genotype and disease susceptibility is due to the
functional role of MHC genes in specific pathogen responses. MHC genes code for MHC
molecules that bind to antigen peptides and signal immune cells to mount the immune response
(Richmond et al. 2009). MHC genotype determines the shape of the peptide binding region
(PBR) and thus the repertoire of pathogens that can be bound (recognized) to stimulate an
immune response (Piertney and Oliver 2006). For these reasons, MHC diversity can be
maintained at very high levels due to balancing or diversifying selection to maximize organismal

disease resistance and fitness (Doherty and Zinkernagel 1975; McClelland et al. 2003;



Whitehorn et al. 2011). At the population level, negative frequency-dependent selection can
occur whereby rare MHC alleles provide an advantage as pathogens evolve to overcome
common resistance alleles (Takahata and Nei 1990). In previous studies of the amphibian MHC
IIB and Bd, there has been evidence for both heterozygote advantage and for specific alleles
conferring resistance (Savage and Zamudio 2011, 2016). Because landscape modification can
cause changes in the local parasite and pathogen community (Lafferty 2012) and also alter the
selective environment (Hernandez-Gomez et al. 2019), we may expect immunogenetic allele
frequencies to change with landscape modification. Results from a recent study suggest that
agricultural land use is associated with adaptive selection on amphibian immunogenes
(Hernandez-Gomez et al. 2019). Still, much remains to be understood about the relationships
between habitat fragmentation and immunogenetic diversity across amphibian taxa that vary in
ecology and disease susceptibility.

Aside from direct functional roles in the immune response, host genetics may also
indirectly influence disease susceptibility through influencing disease-relevant phenotypes, such
as the diversity of the host-associated microbiome. In amphibians, the skin microbiome serves as
the first line of defense against skin pathogens such as Bd (Harris et al. 2009; Muletz et al. 2012).
According to previous studies, amphibian skin microbiomes represent non-random subsets of the
microbes present in the local environment, and vary more among than within amphibian host
species (Kueneman et al. 2014; Walke et al. 2014), implying that the microbiome is adaptive and
species-specific. Although much remains to be understood regarding the relationship between
amphibian host genetics and microbiome assembly within species, a study on a laboratory model
frog species (Xenopus laevis) suggested that frogs with different immunogenotypes have

different microbiome composition (Barribeau et al. 2012). More research is available on the role



of genetics in human gut microbiomes, and there is evidence that genetic factors (including
immunogenes) and genetic diversity have impacts on microbiome diversity and assembly
(Benson et al. 2010; Blekhman et al. 2011; Marietta et al. 2015; Zoetendal et al. 2001; Goodrich
et al. 2016). These studies suggest that host genetics can influence the microbiome, which may
constitute another mechanism by which host genetics influences disease susceptibility.

Unfortunately, the genetic diversity of wildlife is being threatened worldwide by
landscape modification including anthropogenic habitat fragmentation, the process by which
natural continuous habitats are divided and reduced into isolated patches. Depending on the
sensitivity of the wildlife species surviving in fragmented landscapes, fragmentation may result
in complete isolation and consequent inbreeding within the remaining habitat patches. Combined
with the increased effects of random genetic drift in these small isolated populations, genetic
diversity can quickly erode (Newmark 1995; Zuidema et al. 2017). The majority of this
fragmentation occurs in tropical areas (Perfecto and Vandermeer 2010) which are also hotspots
of biodiversity, making habitat fragmentation one of the biggest threats to global species
conservation.

However, there are many factors that can impact the relationship between fragmentation
and genetic diversity, including time since fragmentation, the quality of the matrix between
habitat patches, and the ecology and sensitivity of wildlife species. First, a minimum amount of
time is required to observe the impacts of fragmentation. Similar to the “Extinction Debt,”
whereby extant species will be lost in the future due to current fragmentation (Tilman et al.
1994), the impacts of genetic drift and inbreeding are also subject to time lags and only become
apparent after a minimum number of generations (Mona et al. 2014). Therefore, the negative

impacts of fragmentation may be difficult to detect in very recently fragmented systems. Second,



matrix quality can mediate the impacts of landscape modification. For example, in landscapes
where rustic farming practices are employed, wildlife species dispersal and survival seem to be
little impacted relative to more intensively modified landscapes (Perfecto and Vandermeer
2010). Third, species ecology can influence the impacts of habitat fragmentation. Species with
generalist ecologies may experience fewer negative impacts of fragmentation (Harrison and
Bruna 2012), although species with high dispersal may be more impacted by fragmentation than
low-dispersing species that essentially already experience local isolation (Funk et al. 2005).
Therefore, it is important to consider a range of time, landscape, and species contexts to
understand the impacts of habitat fragmentation in complex and biodiverse tropical systems.

To evaluate the impacts of habitat fragmentation on genetic diversity and disease
susceptibility across a range of contexts, I sampled frogs in the Brazilian Atlantic Forest, one of
the most biodiverse and heavily fragmented tropical regions in the world. I collected samples
over three field seasons in three areas that exemplify different challenges to frog genetic
diversity: (1) a system of small islands (Sdo Paulo), inhabited by highly inbred frog populations
that have been isolated from mainland populations for 12,000-20,000 years; (2) ~200 year old
habitat fragments (Sao Paulo) alongside a preserved forested area; and (3) ~200 year old habitat
fragments (Bahia) alongside preserved areas that contain patches of native forest and patches of
rustic agroforest. In each region, I sampled frog populations found in fragmented areas (island or
forest fragment) as well as populations found in continuous areas (mainland or continuous forest
that has been preserved or modified). This parallel design allowed me to test the impacts of
fragmentation on host amphibian populations across a range of time, matrix type, and species

ecology contexts.



My first two data chapters (Chapters 2-3) focus on the island-mainland system and
address the effects of long-term island isolation on genetic diversity and potential disease
susceptibility. I sampled populations of the cycloramphid frog Thoropa taophora across seven
islands and four mainland sites in a small region of the Brazilian Atlantic Forest (SE Sao Paulo).
Focusing on a single species allowed me to control a number of factors (e.g., differences in
species ecology and/or evolutionary history) so that I could examine the effect of genetic
diversity on infection susceptibility. I collected frog tissue samples to examine genetics, and skin
swab samples to investigate parasites and other microbes on the frogs.

In Chapter 2, I analyzed a genetic region involved in disease susceptibility, the Major
Histocompatibility Complex (MHC) IIB locus. Based on previous findings that MHC diversity
can be extremely high even in inbred island populations (Aguilar et al. 2004), I hypothesized that
island populations would exhibit high MHC diversity despite long-term inbreeding. I also tested
the hypothesis that long-term habitat fragmentation increases infections by characterizing
parasites found in skin swab samples using DNA amplification and sequencing. Surprisingly,
MHC IIB diversity declined in the island populations of 7. taophora. Although none of my
populations harbored significant Bd infections, I found a broad diversity of eukaryotic pathogens
present in my study populations. I found that infection rates by these pathogens were higher in
inbred island populations and associated with MHC IIB genotype over all populations, such that
MHC IIB heterozygotes hosted fewer infections. I hypothesized that this effect could be
mediated through impacts of MHC IIB genotype on other microbes that interact with pathogens
on amphibian skin.

To address this hypothesis, in Chapter 3 I examined the host-associated microbiome as a

mechanism by which host genetics might alter potential disease susceptibility. The island-



mainland system provided a set of populations that differ in genetic background, both in terms of
overall diversity and MHC IIB diversity, allowing me to evaluate how these factors impact
microbiome diversity and assembly. Previous skin microbiome studies in amphibians have
largely focused on bacteria, but this likely provides an incomplete picture of the diverse
microbial community found on amphibian skin. Therefore, I simultaneously sequenced bacterial
and eukaryotic microbial DNA from frog skin swabs to examine the full range of effects that
fragmentation might have on the microbiome community. I found that microbiome structure was
correlated with geographic distance as well as fragmentation, and microbiome diversity was
lower in MHC IIB homozygotes. These results support the hypothesis that MHC genotype
influences infections by impacting the overall microbiome community, and provide a novel link
between immunogenetics and health in amphibians.

My first two data chapters examined the long-term impacts of habitat fragmentation on
frog health. However, the island-mainland system is limited in that it does not reflect the current
impacts of recent habitat fragmentation. In addition, very few host species occur across the
coastal region, with only 7. taophora found on many of the islands in the region. With a higher
diversity of potential hosts, host species ecology and variable effects of fragmentation across
species could significantly influence disease outcomes. Therefore, for my third and fourth data
chapters (Chapters 4-5), I sampled recently fragmented landscapes in the mainland Brazilian
Atlantic Forest (southeastern Sao Paulo and southern Bahia). The majority of the landscape in
these regions consists of tiny patches of forest (the majority 0-50 ha in area) in a sea of intensive
agriculture (cattle pasture), which prevents dispersal among forest patches by sensitive animals
such as amphibians. To determine the effects of this fragmentation on amphibian genetic

diversity and infections, I sampled frogs in forest fragments and nearby continuous preserved



forests in both regions. To evaluate how matrix quality alters the impacts of fragmentation on
amphibians and their parasites, I also sampled frogs from continuous modified habitats in
southern Bahia known as cabruca, which is a type of agroforestry in which cacao trees are grown
under forest canopy. Specifically, I sampled frogs in cabruca areas that varied from rustic (cacao
planted beneath natural forest trees) to managed (cacao planted beneath planted rubber tree
canopy). With these samples, I was able to test the effects of a range of fragmentation types
across a range of frog species.

I collected genetic and skin swab samples from six frog species that vary from
exceedingly hardy (habitat generalists) to highly sensitive to habitat fragmentation (forest
specialists). I sampled frogs from a range of ecologies to gain a more complete picture of the
effects of fragmentation on tropical amphibian communities, as these represent a diversity of
reproductive modes and dispersal abilities. Understanding the range of fragmentation effects
across species is also important for predicting disease outcomes for generalist pathogens like Bd,
because the effects of fragmentation on host species interactions (including disease transmission)
will change with different species communities and fragmentation contexts.

In Chapter 4, I tested the effects of fragmentation across the range of modified habitat
types (fragments in intensive cattle pasture vs. rustic cabruca vs. managed cabruca) on dispersal
and genetic diversity across six focal frog species. Half of these species were habitat generalists
and half were forest specialists. I hypothesized that all species would exhibit genetic diversity
loss due to fragmentation, but that this loss would be more severe in forest specialists. I also
hypothesized that forest specialists would show the highest level of genetic isolation in
fragments. I tested these hypotheses using a reduced representation library DNA sequencing

approach (double digest restriction site-associated DNA sequencing, ddRAD). Although my



hypotheses were somewhat supported, I found a somewhat paradoxical pattern. While specialists
on the whole did appear to exhibit genetic isolation due to fragmentation while generalists did
not, generalists showed genetic erosion with fragmentation but specialists exhibited increased
genetic diversity in fragments. My review of the literature suggests that this latter result may be
due to deeper historical population structure in forest specialists compared with habitat
generalists (Carnaval 2006; Rodriguez et al. 2015).

In Chapter 5, I built on this genetic data and examined the effects of fragmentation on
parasitism by looking at (1) MHC IIB diversity and (2) infection rates across fragmented and
continuous populations of the six study species in fragmented and continuous preserved habitats
in Sao Paulo and Bahia. I quantified Bd infections in both sampling areas, but because lowland
Bahia is not an ideal environment for Bd, I also quantified malaria-like parasite infections
(Apicomplexans) in both areas. Similar to my island study results, I found erosion in MHC IIB
diversity with fragmentation. As I hypothesized, apicomplexan infections were higher in Bahia
than in Sao Paulo. Both pathogens were associated with MHC IIB diversity and MHC IIB
genotypes, but showed opposite patterns: as MHC IIB diversity increased, Bd prevalence
decreased but Apicomplexan loads increased. Combined with the result that two MHC 11B
genotypes (Supertype 4 and Supertype 5) were associated with higher Bd prevalence but lower
Apicomplexan loads, my results suggest a potential tradeoff in resistance to these two pathogens
mediated by MHC IIB. Compared with the results from the island-mainland system, the results
of my final two chapters are more directly applicable to contemporary populations responding to
recent habitat fragmentation (<500 years before present). These provide important data on the

more nuanced effects of different types of landuse change on wildlife populations, and may
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provide support for adopting ecologically-sound agricultural practices in tropical centers of
biodiversity.

My dissertation research has integrated fields of study that are usually separate —
genetics, geography, epidemiology, and microbiology. By combining techniques and theoretical
concepts from disparate fields, I have performed innovative research of natural populations to
test hypotheses that have been primarily supported only through theoretical modeling or
laboratory experiments. Taken together, my four data chapters address the interplay of habitat
modification, host genetics, and disease susceptibility. The results are applicable to the
management and conservation of a diversity of wildlife taxa that are vulnerable to habitat

fragmentation and disease.

11



Chapter 2: Long-Term Habitat Fragmentation is Associated with Reduced MHC IIB Diversity
and Increased Infections in Amphibian Hosts!

Abstract

Habitat fragmentation and wildlife disease are two widespread drivers of biodiversity loss,
yet few empirical studies have explored their interactions. In this study, we utilized a naturally
fragmented island system to examine the impacts of fragmentation on genetic diversity and
amphibian infection dynamics. We determined the impacts of fragmentation on genetic diversity
at the immunity locus MHC IIB, a hypothesized predictor of disease susceptibility. Contrary to the
expectation that MHC diversity would remain high due to balancing selection, island populations
lost genetic diversity at this locus while simultaneously experiencing positive selection at MHC
IIB. We then used Next-Generation Sequencing to identify a variety of potential eukaryotic
parasites from amphibian skin swabs. Island populations exhibited higher potential parasite
richness (proportion of eukaryotic microbe operational taxonomic units or OTUs from parasitic
taxa) relative to mainland populations. MHC homozygotes hosted a lower diversity of potential
parasites, and population-level MHC diversity was negatively associated with parasite richness.
Our results show that genetic erosion can occur at the MHC IIB locus following fragmentation,

which may contribute to increased susceptibility to parasites.

! Published as: Belasen, A. M., Bletz, M.C., da Silva Leite, D., Toledo, L. F., James, T. Y. 2019. Long-term
fragmentation is associated with reduced immunogenetic diversity and increased infections in amphibian hosts.
Frontiers in Ecology and Evolution, 6, 1-2. doi: 10.3389/fev0.2018.00236
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Introduction

Habitat loss and fragmentation are arguably the most widespread drivers of biodiversity
loss (Perfecto and Vandermeer 2010). Habitat fragmentation can significantly impact population
resilience against stressors including emerging infectious diseases (Dobson and Foufopoulos
2001). These effects include the loss of genetic diversity over time due to genetic drift
compounded by inbreeding (Newmark 1995; Zuidema et al. 2017), which in turn may increase
disease susceptibility (Altizer et al. 2003). Fragmentation may also reduce host contact rates and
disease transmission, which could alter selection on disease resistance alleles. This could also
result in the loss of genetic diversity if there was strong selection for resistance to a few
remaining local pathogens.

Genetically eroded hosts have exhibited increased disease susceptibility both in
laboratory experiments (Arkush et al. 2002.; Ellison et al. 2012; Ilmonen et al. 2008; Spielman et
al. 2004) and in studies of natural populations (Ellison et al. 2011; Pearman and Garner 2005;
Roca et al. 2010). Low genetic diversity has also been associated with increased levels of
parasitism, which suggests that there is a relationship between immune function and genetic
diversity (Macdougall-Shackleton et al. 2005) and that genetically eroded individuals may be
more susceptible to opportunistic infections (Anaissie 1992). These associations between
inbreeding and disease may be related to loss of resistance alleles at immunogenetic loci—

genetic regions that are important in pathogen recognition and immune response.
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Immunogenetic studies in vertebrates often focus on the major histocompatibility
complex (MHC), a gene family composed of two major classes (Bernatchez and Landry 2003).
Molecules encoded by the MHC bind with antigenic peptides, which they present on the outside
of cells in infected tissue to signal T-cells to mount an immune response (Richmond et al. 2009).
MHC heterosis (heterozygote advantage) is believed to be common, as heterozygosity is
associated with a broader repertoire of MHC molecules and therefore enhanced immunity
(Doherty and Zinkernagel 1975; McClelland et al. 2003; Whitehorn et al. 2011). Indeed, MHC
heterozygosity can be exceedingly high relative to other loci (Gaudieri et al. 2000; Hambuch and
Lacey 2002; Landry et al. 2001), even in otherwise genetically impoverished populations
(Aguilar et al. 2004). In some cases, however, specific MHC genotypes have been more strongly
associated with disease resistance than heterozygosity (Deter et al. 2008; Schwensow et al.
2007).

MHC genotype determines the structure of the peptide binding region of MHC
molecules. This structure in turn determines the types of antigen peptides, and essentially the
types of pathogens, that can be recognized (Piertney and Oliver 2006). Alleles encoding MHC
molecules that can recognize endemic pathogens are most likely to be common in the local host
gene pool. For example, a human HLA (MHC analog) haplotype associated with malaria
resistance is common in West Africa, where malaria is endemic, but not elsewhere (Adrian V. S.
Hill et al. 1991). Introduced pathogens are more likely to cause severe outbreaks and declines,
which may be because in naive host populations, particular MHC alleles associated with an
effective pathogen-specific immune response are likely to be relatively uncommon. Indeed, long-
term parasite release has been hypothesized as a mechanism driving the susceptibility of island

endemics to introduced pathogens and parasites (reviewed in Wikelski et al., 2018).
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Amphibians serve as models for understanding the interactions of fragmentation,
genetics, and disease. Habitat fragmentation is considered one of the most important drivers of
amphibian declines globally (Cushman 2006; Kiesecker et al. 2001). While this may be due to
direct effects of fragmentation on amphibian dispersal, amphibians also experience indirect
effects including loss of genetic diversity. Many amphibians are especially sensitive to this
genetic impoverishment, in part due to naturally small effective population sizes (Allentoft and
O’Brien 2010). Reduced genetic diversity in amphibians has been correlated with decreased
growth, survival, and population resilience (Arens et al. 2007; Lesbarréres et al. 2005). Although
few studies have tested for correlations between genetic diversity and disease susceptibility (but
see Pearman and Garner, 2005), increased appreciation of the widely variable disease
susceptibility within and among amphibian species (Briggs et al. 2010; Gahl et al. 2012; Gervasi
et al. 2015; Bielby et al. 2015) has led to increased focus on the relationship between amphibian
genetics and disease. Notably, the MHC IIB locus has been shown to modulate susceptibility to
chytridiomycosis caused by the fungal skin pathogen Batrachochytrium dendrobatidis (Bd), with
studies suggesting both that specific alleles and heterozygosity can provide an advantage against
Bd (Bataille et al. 2015; Savage and Zamudio 2011; Kosch et al. 2016).

The majority of recent amphibian disease research focuses on only a few pathogens,
despite widespread evidence that amphibians are vulnerable to a diversity of pathogens
(Kiesecker et al. 2001; Briggs et al. 2010). Multiple pathogens and parasites have been
implicated in amphibian declines, notably the chytrid fungi Bd and B. salamandrivorans, the
zygomycete fungus Mucor amphibiorum, oomycete parasites including Saprolegnia spp.,
Ranaviruses, and metazoans including trematodes (Gleason et al. 2014; Martel et al. 2013;

Speare et al. 1994). Amphibians are also known to experience infection by alveolates including
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Perkinsea spp. (Chambouvet et al. 2015), the apicomplexan Hepatozoon (Desser et al. 1995), the
ichthyosporean Anurofeca richardsi (Rowley et al. 2013), the ectoparasitic ciliate Epistylus sp.
(Pritchett and Sanders 2007), and a variety of helminth parasites (Yildirimhan et al. 2006; Dyer
1991). Much attention has focused on the role of Bd as an important disease agent in amphibians
worldwide, while fewer disease surveys have explored other parasitic taxa.

In this study, we examined the effects of fragmentation on amphibian immunogenetic
diversity at the MHC IIB locus and potential susceptibility to a diversity of parasites. The effects
of fragmentation are often subject to time lags whereby the impacts of current anthropogenic
fragmentation may not be fully realized for several generations (Arenas et al., 2014; Mona et al.,
2014; Tilman et al., 1994). Therefore, to examine the long-term impacts of fragmentation on
immunogenetic diversity, we utilized a natural laboratory in the Brazilian Atlantic Forest as a
model system. The Atlantic Forest contains dozens of land-bridge islands, which were connected
to the mainland prior to the Pleistocene (Suguio et al. 2005). These islands are essentially forest
patches that were naturally isolated by marine incursions 12,000-20,000 years ago; thus they
represent very old habitat fragments. Remaining frog populations were once part of contiguous
mainland populations, and are now isolated to the islands (R. C. Bell et al. 2012; Duryea et al.
2015).

We sampled populations of a single frog species (Cycloramphidae: Thoropa taophora)
that is widespread across the Atlantic Forest coast. We collected tissue and skin swab samples to
respectively analyze frog MHC IIB diversity and parasite diversity using DNA sequencing.
These data allowed us to test the following predictions: (i) immunogenetic diversity at the MHC

IIB locus is maintained despite overall losses of neutral genetic diversity in fragmented (island)
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populations; (ii) genetically eroded populations exhibit higher parasitism; and (iii) MHC 1IB

genotype is associated with differences in parasite richness.

Material and Methods
Study system and field sampling

The study area spans seven land-bridge islands located off of the north coast of Sdo Paulo
state in Southeastern Brazil, and four sites found on the nearby coastal mainland (Fig. 2-1a). The
island and mainland sites are characterized by typical Atlantic rainforest vegetation bordered by
rocky coastal areas and exhibit similarly low levels of human perturbation. On the Atlantic
Forest land-bridge islands, a small number of amphibian species have maintained stable
populations since island formation (R. C. Bell et al. 2012). The best-studied of these is Thoropa
taophora, a Cycloramphid frog that inhabits wet rocks and is widespread along the Sao Paulo
coast (Bokermann 1974; Sazima 1971; Giaretta and Facure 2004). The island 7. taophora
populations were recently shown to possess reduced genetic diversity relative to mainland
populations (evaluated with microsatellite loci), with estimated divergence times approximately
consistent with island age estimates (ranging from 4,000-28,000 years for most island
populations), little significant migration among populations, and no effect of island size or
distance from mainland on migration or population genetic diversity (Duryea et al. 2015).

Adult T. taophora frogs (n = 4-30 per site, 179 total) were individually sampled from
each of the 10 study populations between January-March 2015 (IACUC protocols for humane
animal care and use PRO00005605 and PRO00007691; SISBio collection permit 27745-13).

Frogs were washed with sterile water and then swabbed using a standard sampling protocol
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(Hyatt et al. 2007). Toe tissue was collected from each individual with sterilized dissection
scissors for analysis of host genetics. DNA was extracted from swab and tissue samples using the

Qiagen DNeasy Blood and Tissue kit.

Immunogenetic analyses

A ~120bp fragment of the MHC IIB locus was PCR-amplified from tissue DNA extracts
(May and Beebee, 2009; Supplementary Material) and sequenced at the University of Michigan
Sequencing Core. Haplotypes were predicted using Phase (Version 2.1.1) (Stephens et al. 2001)
to obtain allele frequencies, which were used to calculate allelic richness (Na) and observed and
expected heterozygosity (H, and He). Segregating sites (S) and nucleotide diversity (n) were
calculated in DnaSP (Version 5; Librado and Rozas, 2009). T-tests were used to evaluate
differences in S and ® among populations, and simple linear regression was used to compare
MHC Ny and heterozygosity with microsatellite Na and heterozygosity (extracted from Duryea
et al., 2015) in R (Version 3.3.0; Lighten et al., 2014).

The ratio of non-synonymous to synonymous nucleotide changes (dN/dS) across the
MHC alignment and associated p-values for departure from the neutral expectation (dN/dS =1,
no selection) were calculated in MEGA (vrs. 6.06-mac; Tamura et al., 2013). dN/dS was
calculated across the entire dataset, and also for each population and for each habitat type (island
vs. mainland). Tajima’s D and the p-value associated with its departure from a neutral
expectation (D = 0, random evolutionary processes; Tajima, 1989) were calculated in DnaSP. To
examine evolutionary and geographic patterns across MHC IIB alleles, an MHC haplotype
network was visualized and the fixation index (Fst; a measure of population differentiation) was

calculated using the pegas package in R (Paradis 2010). Mean Fst was calculated for nine
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microsatellite markers from the same populations (extracted from Duryea et al., 2015). A partial
Mantel correlation was used to evaluate associations between MHC Fsr and geographic distance
among populations while accounting for neutral (microsatellite) Fst. MHC Fst was compared
with mean microsatellite Fst to determine whether similar evolutionary processes were
impacting the MHC.

MHC haplotypes were condensed into functionally different genotypes, known as
“supertypes.” Supertyping is used to partition haplotypes into groups based on amino acid
properties that are assumed to affect antigen binding capability (Reche and Reinherz 2003).
Supertype clusters were predicted using Discriminant Analysis of Principal Components (DAPC)

implemented with the adegenet package in R (vrs. 3.3.0; Jombart et al., 2010).

Detection of Potential Parasites

Swab samples were assayed for Bd using duplicate quantitative polymerase chain
reaction (QPCR; Boyle et al., 2004). To examine broader parasite diversity, DNA extracts were
PCR-amplified with dual-indexed, barcoded broad eukaryote primers, and then sequenced on the
[llumina MiSeq platform (Stoeck et al. 2010). Sequences were quality-filtered and processed
using Quantitative Insights into Microbial Ecology (QIIME; Caporaso et al., 2010) and
UCHIME?2 (Edgar 2016) and assigned taxonomy using Silva 97 and Genbank reference
databases (Supplementary Material). Briefly, sequences that passed quality filtering were
grouped into operational taxonomic unit (OTU) clusters at the standard microbial threshold of
97% similarity. Taxonomy was assigned to OTUs by comparing a representative sequence from
each sequence cluster against the Silva 97 reference database using the BLAST search algorithm

to find the closest match. Because this database has limited taxonomic resolution for certain
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groups (e.g., some Fungi contain few or no representative sequences in Silva 97), the
representative sequence set was then compared against GenBank sequence database using the
BLASTn search algorithm to confirm OTU identity.

OTUs were categorized as either potentially parasitic or non-parasitic using a
standardized Google Scholar search. The search was performed with the parameters “[taxon
name] AND parasite OR pathogen.” Resulting articles were examined manually to determine
whether published accounts of the taxon as a parasite in either amphibians or other animal hosts
existed.

Potential parasite OTUs (PP OTUs) were rarefied to 200 sequences (determined via
visual examination of the minimum asymptotic point of read/sample histograms). Datasets with
and without opportunistic pathogens/parasites were analyzed separately to provide liberal (i.e.,
all PP OTUs, including likely parasites and opportunistic PP OTUs) and conservative (i.e., only
likely parasites, excluding opportunistic PP OTUs) estimates of potential parasite richness. The
fraction of PP OTUs that were likely to be opportunistic OTUs (only opportunistic PP OTUs)
were also analyzed to test whether loss of genetic diversity is associated with increased
opportunistic infections. For all three PP OTU fractions, alpha diversity metrics (Observed
OTUs, Chao 1 index, and phylogenetic diversity) as well as beta diversity distance matrices were
computed in QIIME and analyzed across groups in R.

Independent samples t-tests were used to examine associations between alpha diversity
and site type (island vs. mainland) or MHC genotype (homozygous vs. heterozygous, supertype).
Associations between beta diversity and genetic or geographic distance of host populations were
tested with Mantel correlations to test the null hypothesis that parasite community structure is a

function of geography rather than host properties. Simple Linear Regressions were used to
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determine the relationship between population-level MHC genetic diversity and logio mean

parasite richness.

Results
Neutral genetic and MHC diversity

Twenty-seven MHC IIB haplotypes that condensed into three functionally divergent
supertypes were recovered from the 7. taophora study populations (Fig. 2-1b). At most two
alleles were recovered from each individual frog. MHC IIB diversity was significantly lower in
island populations in terms of nucleotide diversity (n, independent samples t-test, tg = 3.209, p <
0.012; Table 2-1). Island populations also showed trends toward lower MHC class IIB diversity
in terms of allelic richness (Na; Mann-Whitney Test, U = 2, p = 0.067) and segregating sites S (t-
test, ts = 1.926, p = 0.09; Table 2-1). MHC IIB allelic richness was positively associated with
microsatellite allelic richness across all populations (Linear Regression weighted by sample size,
one-tailed p = 0.04, R? = 0.42). There were no differences in observed or expected MHC I1B
heterozygosity between island and mainland populations (Ho and Hg, independent samples t-
tests, p > 0.05 for each metric).

When all data were pooled and analyzed, there was a statistically significant signature of
positive selection (dN/dS > 1) at the MHC IIB locus (dN/dS = 2.811, p = 0.003). In addition,
comparison of island vs. mainland populations also revealed signatures of positive selection for
all groups (all coastal populations: dN/dS = 2.292, p = 0.012; all island populations: dN/dS =
2.843, p = 0.003). However, when populations were analyzed individually, 2/3 mainland

populations showed signatures of positive selection while only 1/6 islands exhibited a dN/dS

21



significantly greater than 1 (Table 2-1). This is likely due to low allele number in island
populations (only sites with four or more alleles had dN/dS ratios significantly greater than 1).
Geographic distance showed no significant association with MHC IIB Fsr (partial Mantel
test, - r =-0.0179, p > 0.5). To further examine whether neutral processes or selection were more
likely influencing MHC class IIB diversity (see Radwan et al., 2009), we compared the MHC Fsr
across all the 7. taophora study populations with the overall Fsraveraged across all
microsatellite loci sequenced by Duryea et al. (2015). The overall MHC Fsr value was 0.729,

which falls above 2SE of the mean microsatellite Fst (0.496 & 0.082 SE).

Bd infection prevalence and load among study populations

All study populations exhibited low Bd loads (range 1-100 ZE with the majority ~10 ZE).
Mean Bd infection load and prevalence did not significantly differ among populations (ANOVA,
p = 0.2 for infection load among all Bd positive populations; t-test, p = 0.6 for prevalence
between pooled mainland and pooled island populations; Fig. 2-4S). There was also no
significant association between Bd load and neutral genetic diversity (p > 0.05 in Simple Linear

Regression for both Ho and Na of microsatellites).

Potential parasite identification

After quality and chimera filtering, there were 845 total eukaryotic OTUs found across all
samples. Eukaryotic OTUs that were determined through the standardized literature search to be
potentially parasitic made up ~11% (97/845) of the total OTUs. The prevalence of coinfections
was extremely high: 150/168 individuals with potential parasites hosted two or more potentially

parasitic OTUs (hereafter PP OTUs), and a maximum of 18 PP OTUs was recovered from one
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individual (Fig. 2-2a). PP OTUs were taxonomically diverse (Fig. 2-2b), with 37 likely parasites
and 60 likely opportunistic pathogens (Appendix 2-1).

Many of the potential parasites were identified as endoparasites, such as Apicomplexa
which are known to infect blood cells. Tissue and swab samples from eight individual frogs for
which apicomplexan sequences were recovered in our 18S dataset were further analyzed to
validate the amplification of internal parasites from skin swabs. In all eight of these samples,
PCR-amplification with apicomplexan primers resulted in bands in sample pairs (tissue and swab
samples from the same individual frog) for at least one of the two primer sets, with 4/8 sample
pairs showing strong amplification with both primer sets. Clean DNA sequences were obtained
from sample pairs from 6/8 individual frogs. When the sequences were searched against
GenBank using BLASTn, all six sample pairs matched the same apicomplexan identity: five of

the tissue/swab sample pairs matched Hepatozoon sp., and the remaining pair matched Adelina

sp.

Potential parasite diversity and distribution

Beta diversity of PP OTUs did not correlate with geographic or genetic distance (Mantel
correlation, p > 0.05). Overall, alpha diversity of PP OTUs did not vary by site type (t-tests for
observed OTUs, PD, and Chaol, p > 0.05). However, when opportunistic PP OTUs were
excluded from analyses, PP OTU alpha diversity was lower in island populations (observed
OTUs: 0.42 average PP OTUs in islands vs. 1.10 in mainland, Mann-Whitney test, U = 2,883.5,
p <0.01; PD: 0.25 island vs. 0.64 mainland, Mann-Whitney test, U =2,841, p <0.01; Chao 1:

0.42 island vs. 1.10 mainland, Mann-Whitney test, U = 2,883.5, p < 0.01). Site type did not
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contribute to differences in alpha diversity of opportunistic PP OTUs (t-tests for observed OTUs,
PD, and Chaol, p > 0.05).

Richness varied by MHC IIB genotype for the overall PP OTU dataset and for the PP
OTU dataset with opportunistics excluded, with fewer PP OTUs in MHC IIB homozygotes for
both fractions (all PP OTUs: observed OTUs: 4.05 mean PP OTUs in homozygotes vs. 5.59 in
heterozygotes, Mann-Whitney test, U = 3,889.5, p < 0.05; PD: 1.04 in homozygotes vs. 1.51 in
heterozygotes, Mann-Whitney test, U = 3,697.5, p < 0.001; Chao 1: n.s., t-test, p > 0.05; PP
OTUs with no opportunistics: observed OTUs: 0.45 mean PP OTUs in homozygotes vs. 1.3 in
heterozygotes, Mann-Whitney test, U =3,711.5, p < 0.001; PD: n.s., t-test, p > 0.05; Chao 1:
0.46 in homozygotes vs. 1.28 in heterozygotes, Mann-Whitney test, U = 3,500.5, p < 0.05).
When only opportunistic PP OTUs were analyzed, richness did not vary by MHC 1IB genotype
(t-tests, p > 0.05 for all alpha diversity metrics).

MHC IIB Supertype had no effect on alpha diversity in the total PP OTU dataset.
However, when opportunistics were excluded, PP OTU richness was significantly lower in frogs
possessing Supertype 3 (observed OTUs: n.s., t-test, p > 0.05; PD: 0.18 in ST3+ vs. 0.48 in ST3-,
Mann-Whitney test, U = 1485.5, p < 0.05; Chaol: 0.37 in ST3+ vs. 0.74 in ST3-, Mann-Whitney
test, U = 1,486, p < 0.05). When only opportunistic PP OTUs were analyzed, frogs possessing
MHC IIB Supertype 2 hosted a greater number of PP OTUs (observed OTUs: 5.04 in ST2+ vs.
3.33 in ST2-, Mann-Whitney test, U = 3,619.5, p < 0.01; PD: n.s., t-test, p > 0.05; Chaol: 5.26 in
ST2+ vs. 3.36 in ST2-, Mann-Whitney test, U = 3,653, p <0.01).

On average, fewer total eukaryotic OTUs were recovered from island frogs than
mainland frogs (Mann-Whitney test, U = 2,787, p < 0.01). To evaluate relative parasite pressure

among populations while accounting for differences in baseline eukaryotic diversity, the
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proportion of PP OTUs to total eukaryotic OTUs on each individual was calculated for further
statistical analyses. Relative to mainland frogs, island frogs hosted proportionately more PP
OTUs overall (0.29 mean proportion PP OTUs:total OTUs in islands vs. 0.20 in mainland,
Mann-Whitney test, U = 4,963, p < 0.001) and proportionally more opportunistic PP OTUs (0.26
mean opportunistic PP OTUs:total OTUs in islands vs. 0.17 in mainland, Mann-Whitney test, U
=5,072, p <0.001; Fig. 2-3a), but similar levels of only non-opportunistic PP OTUs (t-test, p >
0.05). On the population level, MHC class IIB diversity was negatively associated with a greater
proportion of PP OTUs for all three fractions of PP OTUs (all PP OTUs: SLR,  =-0.025, p <
0.001, R?=0.16 for Na, B =-0.247, p < 0.001, R? = 0.07 for Ho; only non-opportunistic PP
OTUs: SLR, B=-0.015, p < 0.05, R? = 0.08 for Na, B =-0.145 but n.s. with p > 0.05 for Ho;
only opportunistic PP OTUs: § =-0.031, p < 0.001, R2=0.21 for Na, p =-0.338, p<0.001, R? =
0.12 for Ho; Fig. 2-3b).

To distinguish between effects of site type and MHC IIB diversity on proportional
diversity of PP OTUs, these analyses were repeated for only mainland populations. The negative
association between proportion of PP OTUs remained present and significant for all PP OTUs
(SLR, B =-0.02, p <0.05, R?=0.10 for Na, B =-0.27, p<0.01, R = 0.11 for Ho) and for only
opportunistic PP OTUs (SLR, B =-0.026, p < 0.01, R>=0.15 for Na; B =-0.357,p <0.01, R? =
0.16 for Ho). While only non-opportunistic PP OTUs showed negative associations (negative
regression slopes) with the two metrics of MHC IIB population-level diversity, these
relationships were no longer significant when only mainland populations were analyzed (SLR, p

>0.05).

Discussion
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The ecological and evolutionary impacts of long-term fragmentation on land-bridge
island fauna has been studied in a number of systems (Karr 1982; Aguilar et al. 2004; Estrada-
Villegas et al. 2010; Belasen et al. 2016; Duryea et al. 2015; Hurston et al. 2009; Santonastaso et
al. 2017). In a previous study examining immunogenetic diversity in island vertebrates, MHC
diversity remained high while overall diversity dropped (Aguilar et al. 2004). This led us to
predict that island 7 taophora populations would display a similar pattern. Contrary to our
expectations, we found that MHC class IIB diversity is reduced in island populations relative to
their mainland counterparts (Table 1-1) and appears to have eroded at a rate similar to the loss of
neutral diversity. This suggests a relatively strong effect of genetic drift on the MHC IIB locus.
However, the larger overall dN/dS, the high level of MHC genetic differentiation (Fsr) relative to
neutral loci, as well as a lack of MHC geographic structure support the action of positive
selection. These patterns may have been generated by divergent selection, and suggest that the
divergence observed in MHC IIB is not solely a product of genetic isolation but rather that
selection may be leading to acceleration of differences among populations.

Although the idea that high MHC diversity is common remains prevalent in the literature,
MHC diversity has been shown to correlate with overall diversity in a number of species,
suggesting that demographic processes that affect neutral loci can extend to the MHC (reviewed
in Radwan et al., 2009). Low MHC diversity is not necessarily an indication of imminent
extinction; very low MHC diversity has been demonstrated in stable and viable wildlife
populations (Ellegren et al. 1993) and entire species (Slade 1992). Nevertheless, reduced
diversity at immunogenetic loci could reduce resistance to infections: hosts would be less likely

to possess matched resistance alleles to novel or invading pathogens, while pathogens could
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adapt more quickly or escape immune cell recognition in less immunogenetically variable hosts
(Radwan et al. 2009; Siddle et al. 2010).

To examine whether fragmentation and genetics influence infections in 7. taophora, we
first conducted a standard assay for the fungal amphibian pathogen, Bd. The presence of Bd in
almost all study populations but at very low loads (Fig. 2-4S) suggests Bd resistance in this
species, enzootic dynamics of Bd in the study area, and/or unsuitable environmental conditions.
T. taophora inhabits lowland coastal areas and can tolerate some contact with seawater. The
salinity of the habitat (Stockwell et al. 2015) as well as high and variable temperatures may
negatively impact the growth of Bd. Experimental studies are needed to distinguish between Bd
resistance in 7. taophora and low environmental suitability for Bd.

To gain a clearer picture of infections in 7. taophora, we screened for a diversity of
micro-eukaryotes in skin swab samples. Our Next-Generation Sequencing (NGS) analysis
combined with a standardized literature review recovered 97 potentially parasitic (PP) micro-
eukaryote OTUs, and up to 18 unique PP OTUs found on a single individual (Fig. 2-2a). These
results demonstrate a high frequency and diversity of coinfections, and underscore the limitations
of using targeted assays for only one or few known pathogens. Although there were no
differences among populations in Bd prevalence or load, there were significant patterns when we
examined the PP OTUs identified with NGS. As we hypothesized, island populations exhibited
higher parasitism, i.e., proportionately more PP OTUs than mainland populations (Fig. 2-3a;
Table 2-2), despite higher PP OTU diversity at mainland sites. This was only true for the total PP
OTU dataset and the dataset only including likely opportunistic PP OTUs, but not for the more
conservative PP OTU dataset that excluded opportunistics. This implies that opportunistic PP

OTUs are driving this trend, although this result could also be due to a lack of statistical power in
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the very small conservative PP OTU dataset (n = 37 OTUs). A higher diversity of PP OTUs on
islands could be attributed to higher contact between hosts and/or hosts and parasites in the
limited island geographic area. However, island frogs hosted significantly fewer total eukaryotic
OTUs than mainland frogs, implying that the microbiome of island frogs may be depauperate
despite potentially higher contact rates.

Our results also indicate significant associations between PP OTUs and MHC class I1B.
On the individual level, PP OTU alpha diversity was higher in MHC IIB heterozygotes both
when the entire PP OTU dataset was analyzed and when opportunistic PP OTUs were excluded
(Table 2-2). It remains unclear whether this relationship is driven by balancing selection on the
MHC in the presence of a higher diversity of pathogens and parasites, or whether heterozygotes
exhibit higher tolerance for pathogens and parasites, resulting in higher apparent infections.
MHC class 1IB supertype was also associated with differences in PP OTU richness. Supertype 3
was associated with fewer non-opportunistic PP OTUs, whereas Supertype 2 was associated with
greater numbers of opportunistic PP OTUs than those possessing either Supertype 1 or Supertype
3. These results suggest that MHC IIB genotype can influence infection dynamics, and
specifically that in 7. thoropa Supertype 3 may be associated with the greatest resistance against
likely parasites. More research is needed to determine the relationship between parasite richness
and disease outcomes, as well as the evolutionary consequences of elevated parasite diversity on
host immunogenes.

On the population level, reduced MHC class IIB diversity corresponded with
proportionally more PP OTUs (PP OTUs: total eukaryotic OTUs; Fig. 3b; Table 2-2). To address
the possibility that these relationships were confounded by genetic structure or other factors

covarying with site type (such as environmental differences between sites), we excluded island
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populations and re-analyzed the data, and recovered the same negative associations between
MHC IIB diversity and proportional richness PP OTUs. The largest negative slopes and highest
R? values were observed for the dataset only including opportunistic PP OTUs (across all
populations: B =-0.031, R? = 0.21 for Na, B =-0.338, R? = 0.12 for Ho). This relatively strong
negative relationship would be expected if population-level MHC IIB diversity reflects the
immunocompetence of individuals, as immunocompromised individuals tend to be more
susceptible to opportunistic infections (Anaissie 1992).

The negative associations of all three PP OTU fractions with MHC IIB diversity suggest
that populations that lose allelic diversity at the MHC class 1IB locus may be subject to increased
parasitism. Epidemics select for rare alleles in the surviving population, a mechanism known as
negative frequency-dependent selection (Lively and Dybdahl 2000). Loss of rare alleles through
the loss of immunogenetic diversity may thus increase population-level susceptibility to new
pathogen invaders (Berngruber et al. 2013). This dovetails with the finding that rare
immunogenetic types have been associated with increased disease resistance in natural
populations (Schwensow et al. 2007). Due to limited sample sizes, we did not possess the
statistical power to determine whether rare alleles (haplotypes) were associated with lower
parasite richness in 7. taophora. Nonetheless, the association of population-level MHC IIB
diversity with lower PP OTU richness suggests that populations with more rare alleles may
experience fewer infections.

Our approach for identifying a broad diversity of parasites does not come without
caveats. First, the specificity of the taxonomic match reported for each OTU is dependent upon
whether data from closely related taxa occur in the reference database. Approximately 40%

(39/97) of our potentially parasitic OTUs had a closest match from GenBank of < 97% (Table 1-

29



S1), which is the commonly accepted (and arguably conservative) sequence similarity cutoff
below which microbial organisms are considered distinct species. For example, one OTU in our
dataset (“New.CleanUp.ReferenceOTU912”) matched Perkinsus qugwadi, a species which is
known to parasitize mollusks (Blackbourn et al. 1998). However, this represents a match of low
identity (83%), indicating that our OTU is likely a related organism. Lower on the list of closest
GenBank matches for our OTU is an unidentified alveolate parasite of the frog Rana
sphenocephala (Davis et al. 2007). This further supports that our OTU represents an unidentified
but likely parasitic eukaryote.

A second caveat of our approach is that we categorized some OTUs as potentially
parasitic based on known parasitism in vertebrate taxa other than amphibians. We argue that it is
reasonable to treat these as potential parasites because (1) many of these OTUs are present on a
number of individuals from a number of populations (Table 1-S1), which reduces the likelihood
that these are incidental or transient; and (2) they represent poorly-studied taxa, particularly in
non-human animals. A number of the PP OTUs that are non-specifically listed as “animal
parasites” are classified within the Apicomplexa, which is an entirely parasitic phylum.

Third, the presence of these PP OTUs in a sample does not necessarily imply disease:
many parasitic microbes can be commensal in healthy individuals or at low loads. However, the
presence of parasite organisms is necessary for disease, implies a less than healthy microbiome
(Willing et al. 2010), and is likely to activate host immune responses even in the absence of
symptomatic disease. While interpretations of our dataset are limited by a lack of demonstrated
pathology, we present a preliminary study that advances understanding of the diversity and
distribution of potentially parasitic microbes inhabiting the skin of non-human animal hosts.

Complementary approaches including microscopy and/or experimental infections would be
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useful in future studies to confirm parasitism by PP OTUs identified with a similar NGS-based
parasite screening approach.

We note that we are unable to exclude other factors that may contribute to infection
susceptibility, including contributions by other genetic loci (including other immunogenetic
loci), effects of individual-level genome-wide diversity or heterozygosity (Acevedo-Whitehouse
and Cunningham 2006), aspects of innate immunity (Richmond et al. 2009), or environmental
influences on immunity and/or disease. In addition, because the MHC region we have amplified
is relatively short (~120 bp), our analysis may underestimate the number of haplotypes among
populations. However, despite some level of ascertainment bias, we have recovered a genetic
pattern that is significantly associated with variation in potential parasite diversity.

Lastly, we note that the remaining ~89% of eukaryotes that were amplified from the skin
samples could be ecologically important as well. Eukaryotes in the amphibian skin microbiome
have only recently come under study (Kueneman, Woodhams, Treuren, et al. 2016), though
bacteria found in the amphibian skin microbiome are known to play significant roles in
amphibian host health. In particular, some bacteria are known to inhibit Bd (Myers et al. 2012)
and may contribute to disease resistance (Harris et al. 2009). Preliminary research on eukaryotes
suggests that fungi isolated from frog skin may in reality contribute more to Bd resistance than
bacteria (Kearns et al. 2017). Symbiotic micro-eukaryotes have the potential to serve as
competitors or hyperparasites of harmful microbes in the host-associated microbiome. Our
method of combining NGS with a survey of available literature can be applied in future research
to tie host-associated microbiota data with demonstrated ecological functions of the microbiome.

The results of our study have several implications. First, the effects of fragmentation on

immunogenetics can be strong, although these may be dependent on the focal taxon and the
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conditions under study. Second, using targeted assays to study specific pathogens may
underestimate infections, to the extent that analyses may be completely blind to significant
ecological patterns. Third, fragmentation may increase disease susceptibility by altering host
genetics. Our results support prioritizing genetic diversity in vulnerable wildlife populations to
improve survival and resilience. Future studies of field infections should bear in mind that
diverse coinfections in amphibians may be highly prevalent, and thus should consider a broad

diversity of pathogens and parasites if infection status is a variable of interest.
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Tables

Table 2-1: Summary statistics for microsatellite data and MHC IIB data.

Microsatellite data were extracted from Duryea et al. (2015). Sites are coded as island (I) or coastal mainland (C), including allelic
richness (NA), expected heterozygosity (HE), observed heterozygosity (HO), segregating sites (S), and nucleotide diversity (pi).
dN/dS and associated p-values for the MHC IIB locus was calculated in MEGA and S, Pi, and Tajima’s D and associated p-values
were calculated in DnaSP. Bold dN/dS values and Tajima’s D values indicate a significant departure from zero. Coastal populations
had significantly higher MHC nucleotide diversity than island populations (t-test, p < 0.05), and also showed trends toward greater
allelic richness (Mann-Whitney Test, p = 0.07) and more segregating sites (t-test. p = 0.09).

ﬁ Microsatellite data MHC IIB data
i p . Tajima's
Population | 1I/C n Na He Ho n Na He Ho dN/dS (dN/ds) S Pi D p (D)
CouvesSul | T | 17 | 41| o060 | 055 | 30| 2 | 047 | 043 1.266 0.104 2 | 00032 | -06119 | >0.10
Prumirim | I | 26 | 38 | 046 | 051 | 22 | 4 | o017 | 009 | 2284 0.012 10 | 0.0097 | -2.0756 | <o0.05
Porcos 1 |37 35046 ] 043 | 20 1 0.00 | 0.00 | 0957 0.17 1 ] 00007 | -1.1575 | >o0.10
Pequena
Tamandua | I | 33 | 44 | 054 | 047 | 25 1 0.00 | 0.00 0 1 0 | 0.0000 - -
As Tlhas I - - y y 4 1 0.00 | 0.00 1 0.16 1 | 0.0043 0.5590 >0.10
Gatos I | 1223057 | 048 | 3 1 0.00 | 0.00 0 1 - - - -
Couves 1 |17 |41 060 | 055 7 2 0.50 | 0.43 - y . . - -
Norte
Sununga | C | 49 [ 84 [ 067 | 056 | 20 | 11 | 067 | 070 | 2.022 0.023 8 | 0.0204 | 0.1776 >0.10
Toque C - - . - 24 | 10 | 073 ] 051 1.854 0.033 9 | 00141 | -13337 | >o0.10
Toque
Ba[rjrr‘:ad" c |19 8 o7 | 059 |20 2 0.1 0 0.445 0.329 3 | 00055 | -0.8755 | >o0.10
AllCoastal | € | - . § . . § § . 2.292 0.012 . . - -
AllTsland | T . . . - - - - - 2.843 0.003 - - - -
Allsites | vC | - . § . . § § . 2.811 0.003 14 | 0.0361 1.2923 >0.10
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Table 2-2: Summary of predicted outcomes and observed study results.

Variable Prediction Prediction supported?
All PP OTUs Likely PP OTUs Opportunistic PP OTUs
Yes: Island frogs No: Island populations ~ Yes: Island frogs hosted
Genetic | Greater parasitism | hosted proportionately  had lower PP OTU proportionately more
Diversity | in genetically more overall PP OTUs  alpha diversity; opportunistic PP OTUs
eroded than mainland frogs proportion of PP than mainland frogs
populations: island OTUs:Total OTUs
frogs should host was not different
more PP OTUs between islands and
mainland
Negative Yes: Population-level ~ Yes: Population-level ~ Yes: Population-level
association MHC IIB diversity MHC IIB diversity MHC IIB diversity (Ho and
between genetic (Hoand Na) was (Na) was negatively Na) was negatively
diversity and negatively associated associated with associated with proportion
parasitism: higher | with proportion of proportion of total of total OTUs that were
genetic diversity = | total OTUs that were OTUs that were PP opportunistic PP OTUs
lower parasite PP OTUs OTUs
diversity
MHC | Heterozygote No: Heterozygotes No: Heterozygotes No: There were no
Genotype | advantage: hosted a higher hosted a higher differences in opportunistic
heterozygotes diversity of PP OTUs  diversity of PP OTUs  OTU diversity between
should host fewer heterozygotes and
PP OTUs homozygotes
MHC 1IB No: No effects of Yes: Supertype 3 was  Yes: Supertype 2 was

Supertype affects
parasite diversity

MHC Supertype on PP
OTU diversity

associated with fewer
PP OTUs

associated with more
opportunistic PP OTUs
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Figures

Figure 2-1: Locations of Thoropa taophora frog populations and MHC IIB Haplotype network.

Sample sizes of adult frogs captured and sampled are listed in Table I-1. (a) Map of populations sampled in January-February 2015. Inset map shows the location
of the study area in southeastern Brazil. Mainland sites are represented with triangles and islands with circles. Colors of markers correspond to colors of populations
in haplotype network. (b) Haplotype network showing the MHC IIB locus amplified from Thoropa taophora. Black dots on branches indicate the number of
mutations between haplotypes. Circle size is proportional to haplotype frequency. Haplotypes are annotated with corresponding supertype designations (ST1, ST2,
or ST3).
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Figure 2-2: Frequency and diversity of potentially parasitic eukaryote OTUs identified from Thoropa taophora skin swab samples.

Sequences were recovered by NGS of the 18S v4 region from individual frog skin swab extracts. OTUs were clustered at 97% similarity and taxonomically
assigned via BLAST search of the Silva 97 database and GenBank. A standardized literature search was used to categorize all OTUs as potentially parasitic or
not. (a) Frequency distribution of potentially parasitic OTUs across individual swab samples. (b) Taxonomic distribution of the 97 potentially parasitic micro-
eukaryotic OTUs.
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Figure 2-3: Site type (mainland vs. island) and MHC IIB influence the proportion of OTUs that are potentially parasitic.

For analyses, potentially parasitic OTUs (PP OTUs) were divided into three fractions: (1) “All PP OTUs” includes all OTUs considered potentially parasitic; (2)
“No PPopy OTUs” excludes opportunistic parasites; and (3) “Only PPop, OTUs” includes only opportunistic parasites. Significant results with alpha = 0.05 are
denoted by an asterisk. (a) Proportion of PP OTUs (top/red) vs. non-parasites (bottom/blue) from Thoropa taophora skin swab extracts were significantly higher
(Mann-Whitney U tests, p < 0.05) in island (ISL) populations relative to mainland (ML) populations for PP OTUs fractions 1 and 3. (b) Relative parasite richness
decreases as population-level MHC IIB diversity decreases (SLRs, p < 0.05) for PP OTU fractions 1 and 3. PP OTU fraction 1 is shown in the top left and
bottom left panels, fraction 2 is shown in the middle two panels, and fraction 3 is shown in the top right and bottom right panels. Relative Parasite Richness was
calculated as the proportion of total eukaryotic OTUs that were considered potential parasites (i.e., PP OTUs/total OTUs) and is plotted on a logio scale. Two
measures of population-level MHC IIB diversity were analyzed: allelic richness (Na, top three panels), and observed heterozygosity (Ho, bottom three panels).
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SUPPLEMENTAL INFORMATION AND FIGURES

Figure 2-4S: Prevalence of Batrachochytrium dendrobatidis across island and mainland populations of
Thoropa taophora.

Prevalence is expressed as a percentage of the total individuals that tested positive for Bd (> 1 zoospore equivalent)
in a standard qPCR assay. There were no differences in prevalence between sites (ANOVA, p > 0.05) or site types
(island vs. mainland, t-test, p > 0.05).
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Supplemental Molecular and Analytical Methods
Immunogenetic analyses

MHC Class II genes were PCR-amplified from 7. taophora toeclip DNA extracts using
degenerate amphibian MHC primers BCF6 and BobomSR (May and Beebee 2009) and Sanger
sequenced (Applied Biosystems 3730x]l DNA Analyzer) at the University of Michigan
Sequencing Core. Chromatograms were visually examined to check quality and identify single
nucleotide polymorphisms (SNPs) in Sequencher (Version 5.3). NCBI BLASTp search of the
MHC IIB region was used to verify the correct amino acid reading frame. Haplotypes were
predicted using Phase (Version 2.1.1) (Stephens et al. 2001) to obtain allele frequencies, which
were used to calculate allelic diversity (Na) and observed and expected heterozygosity (Ho and
H.). Segregating sites (S) and nucleotide diversity () were calculated in DnaSP (Version 5;
Librado & Rozas, 2009). T-tests were used to evaluate differences in S and © among island and
coastal populations using t-tests, and simple linear regression was used to statistically compare
MHC Na and heterozygosity with microsatellite Na and heterozygosity extracted from Duryea et
al. (Duryea et al. 2015). All statistical analyses and verification of assumptions of parametric
statistics were conducted in R (Version 3.3.0; Lighten, Van Oosterhout, & Bentzen, 2014).

MHC IIB sequences were translated, aligned, and placed into a maximum-likelihood tree
with MHC IIB sequences from a diversity of amphibians (Bataille et al. 2015) in MEGA (vrs.
6.06-mac; Tamura et al. 2013). The ratio of non-synonymous to synonymous nucleotide changes
(dN/dS) ratios and associated p-values for departure from the neutral expectation (dN/dS = 1, no
selection) were calculated for each population and for island vs. mainland populations in MEGA.

Nucleotide sequences were used to calculate Tajima’s D and the p-value associated with its
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departure from a neutral expectation (D = 0, random evolutionary processes) (Tajima 1989) for
each population in DnaSP. To examine evolutionary and geographic patterns across
immunogenetic alleles in the study populations, an MHC haplotype network was produced and
visualized and the fixation index (Fst) was calculated using the pegas package in R (Paradis
2010). We also calculated Fsr using data from the same populations to obtain mean and standard
error estimates of genetic differentiation across all microsatellite alleles (data extracted from
Duryea et al., 2015).

MHC haplotypes were condensed into functionally different genotypes, known as
“supertypes.” Supertyping is used to partition haplotypes into groups based on amino acid (AA)
properties that are assumed to be affect antigen binding capability. The haplotype alignment was
tested for positively selected sites (PSS) using PAML (vrs. 4.8; Yang, 2004). Nine codon
positions that constituted PSS were extracted from the alignment and translated into a
concatenated AA sequence. A matrix of physicochemical AA properties (z1-z5) was then
constructed for each haplotype at each of the nine codon positions. This matrix was used to
predict supertype clusters using Discriminant Analysis of Principal Components (DAPC)

implemented with the adegenet package in R (vrs. 3.3.0; Jombart et al., 2010).

Detection of Potential Parasites

Swab samples were first assayed for Bd using duplicate quantitative polymerase chain
reaction (QPCR) (Boyle et al. 2004). qPCR standards (Brazilian Bd-GPL strain CLFT 023)
containing zoospore genomic equivalents (ZE) of 1-1,000,000 zoospores were concurrently run

in triplicate on each reaction plate to quantify experimental sample Bd loads. If only one sample
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replicate amplified, the sample was run a second time. Samples were considered positive if they
contained >1 ZE in at least two replicates.

To examine broader parasite diversity, DNA extracts were PCR-amplified with dual-
indexed, barcoded broad eukaryote primers TAReuk454FWD1 and TAReukREV3 (for the 18S
v4 region), and then pooled and sequenced on the Illumina MiSeq platform (Stoeck et al. 2010).
The resulting sequences were quality-filtered and processed using Quantitative Insights into
Microbial Ecology (QIIME; Caporaso et al., 2010). Sequences were clustered into operational
taxonomic units (OTUs) using a 97% similarity threshold. Taxonomy was assigned using the
BLAST search algorithm against the Silva 97 reference database. Chimeras were identified and
filtered out using UCHIME?2 (Edgar 2016). Sequences assigned to the host frog species or other
non-target non-microbial species (i.e., Streptophyta and Vertebrata) were removed from the
dataset. Because a large proportion of OTUs were identified only to high taxonomic levels using
the Silva database, all OTUs were compared against GenBank using BLASTn to confirm identity
or identify a more specific taxonomic match.

The potential parasite OTUs recovered included endoparasites. Molecular analysis of
skin swabs has been previously used to detect endoparasites (viruses) in amphibians (Gray et al.
2012). To further validate this approach for the detection of eukaryotic endoparasites, a subset of
both swab and tissue samples from the same individual frogs were PCR-amplified using primers
that amplify bloodborne apicomplexan parasites (Hep300/Hep900 (Ujvari et al. 2004) and
HEMO1/HEMO?2 (Perkins and Keller 2001)). PCR products obtained from swabs and tissues
from the same individual frogs were Sanger sequenced to determine whether the same

endoparasites detected in tissues were also detected in swabs.
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Chapter 3: Geography, Host Genetics, and Microbial Interactions Structure the Skin

Microbiome of Fragmented Brazilian Atlantic Forest Frog Populations?

Abstract

The skin microbiome plays a significant role in host health, but the importance of factors including
host genotype, immunity, and microbial interactions in microbiome diversity and assembly remain
unclear. We sampled naturally fragmented (island and mainland) frog populations to examine (1)
the effects of geography and host genetic diversity on skin microbiome diversity and structure; (2)
the structure of microbial eukaryotic and bacterial co-occurrence networks; and (3) the
associations of bacteria known to affect growth of the fungal amphibian pathogen
Batrachochytrium dendrobatidis (Bd) with other skin microeukaryotes. We performed an
amplicon-based study using 180 Thoropa taophora skin swabs collected from seven island and
three mainland populations in the southeastern Brazilian Atlantic Forest. Microbiome structure
was correlated with geographic distance, and microbiome diversity was lower in genetically
eroded island populations. Microbiome diversity was also associated with genotype at an
expressed immunity locus (MHC IIB). Our network analysis revealed higher connectivity when
both eukaryotes and bacteria were included, implying ecological interactions occur among
Domains. Lastly, bacteria previously shown to affect Bd growth did not show broad antifungal

properties, as there were not clear patterns with microbiome fungi. Our findings emphasize the

2 This chapter is in preparation for publication and includes coauthors Maria Riolo, Mariana Lyra, L. Felipe Toledo,
and Timothy Y. James.
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importance of considering both bacterial and microeukaryotic components of the microbiome, and
suggest that caution should be applied in utilizing probiotic strategies for disease management in

wild amphibians.

Introduction

The host-associated microbiome has recently captured the attention of wildlife disease
researchers seeking to understand and predict disease-associated wildlife population declines.
Research on the skin microbiome is burgeoning in the field of amphibian disease, in which a
majority of studies focus on the disease chytridiomycosis caused by the pathogenic chytrid
fungus Batrachochytrium dendrobatidis (Bd). Bd and other pathogens have been linked to severe
amphibian declines around the world since at least the 1970s (Lips et al. 2006; Olson et al. 2013;
Carvalho et al. 2017). However, in the Eastern United States, plethodontid salamander
populations showed no evidence of disease-associated declines despite the presence of Bd in the
environment (C. Muletz et al. 2014). In a series of foundational studies (many of which were
performed in vitro), bacteria cultured from salamander skin were correlated with reduced disease
risk (Harris et al. 2006, 2009; C. R. Muletz et al. 2012). Further studies pointed to antifungal
metabolite production by certain species of bacteria as the main mechanism of reduced disease
(Harris et al. 2009; Myers et al. 2012; Woodhams et al. 2014). These findings among others gave
rise to the concept of characterizing and potentially manipulating amphibian microbiome
bacteria as a means to determine Bd susceptibility and mitigate disease-associated amphibian
declines (Bletz et al. 2013; Woodhams et al. 2014; Piovia-Scott et al. 2017; Voyles et al. 2018).

Despite extensive research on specific Bd-inhibitory bacteria, much remains to be

understood about the diversity and assembly of the overall amphibian skin microbiome,
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including the roles of non-bacterial taxa (but see Kueneman et al. 2016; Kearns et al. 2017) and
interactions between bacteria and non-bacterial microbes other than Bd. A diversity of
microeukaryotes including fungi, microscopic metazoans, and protists have been previously
identified on amphibian skin using high-throughput sequencing (Kueneman et al. 2017; Belasen
et al. 2019). In studies examining microbial eukaryotes, fungi comprised the dominant
eukaryotic taxon on adult amphibians (Kueneman, Woodhams, Van Treuren, et al. 2016), and
explained more variation in Bd susceptibility than bacteria (Kearns et al. 2017). From studies in
other host-microbe systems, symbiotic fungi are known to serve important roles in protecting
host organisms against fungal pathogens (e.g., mycorrhizae and endophytes in plants; Gao et al.
2010; Newsham et al. 1995). Fungi also serve as hyperparasites, i.e., parasites of
pathogens/parasites. For example, the cryptomycete fungus Rozella allomycis parasitizes chytrid
fungi in the genus Allomyces (Gleason et al. 2012). Less is known about the symbiotic roles of
protists, although microeukaryotes have been shown to impact health (Hoffmann et al. 2014;
Holler et al. 2014) and immune function (Graham 2008) in mammals. Thus, eukaryotic members
of the microbiome could be equally important as bacteria in determining disease susceptibility in
vertebrates such as amphibians. Without an understanding of the interactions between
microbiome bacteria and microeukaryotes, it is impossible to predict the potential microbiome-
wide effects of proposed measures to manipulate bacteria to control Bd outbreaks.

In addition, few studies to date have examined the mechanisms that determine animal
microbiome assembly and diversity. From research on humans, it is known that microbiome
assembly and diversity can depend on many factors, including: (1) geography (Yatsunenko et al.
2012), although this may be confounded with both environmental and social context; (2) genetic

factors and genetic diversity (Benson et al. 2010); and (3) immunogenetics, i.e., genetic factors
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related to immune function (Blekhman et al. 2011; Marietta et al. 2015), hypothetically due to
interactions between immune cells and microbes including commensals and pathogens.
Amphibian skin microbiome communities have been shown to be non-randomly selected from
the environment, related to host species identity, and variable with host genotype (Kueneman et
al. 2014; Walke et al. 2014), but it remains unclear whether geography or host factors determine
the assembly of the amphibian skin microbiome. It also remains to be determined whether
intraspecific genetic variation in amphibians impacts microbiome diversity and assembly. Prior
studies on the model frog Xenopus laevis suggest that immunogenes in the major
histocompatibility complex (MHC) are associated with variation in microbiome composition
(Barribeau et al. 2012). Genetic control on microbial assembly suggests that related individuals
are more likely to harbor similar microbiomes. Indeed, associations between genetic and
microbiome similarity have been shown in humans through comparisons of monozygotic versus
dizygotic twins (Zoetendal et al. 2001; Goodrich et al. 2016). However, the specific genes
involved in assembly of the microbiome remain to be identified in humans or amphibians.

In a number of amphibian species, genetic diversity has been compromised due to
anthropogenic habitat fragmentation (Allentoft and O’Brien 2010). Habitat fragmentation results
in small, isolated host populations that undergo genetic erosion over time (Newmark 1995;
Zuidema et al. 2017). Genetic erosion in fragmented populations has been observed at neutral
loci as well as immunogenetic regions (Belasen et al. 2019) which may have important impacts
on microbiome structure (Blekhman et al. 2011). In addition, fragmentation may cause a decline
in microbial transmission, which in turn may alter microbial interactions and networks in host-
associated microbiomes. The effects of habitat fragmentation are subject to time lags (Tilman et

al. 1994) whereby genetic erosion resulting from inbreeding may not be detectable for several
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generations following a fragmentation event; thus the effects of fragmentation are difficult to
detect in recently fragmented populations. Historically fragmented populations offer an
opportunity to examine the effects of genetic erosion on the microbiome and broader animal
health.

We evaluated the effects of long-term habitat fragmentation on the amphibian skin
microbiome using a historically fragmented model system in the Brazilian Atlantic Forest. This
system consists of dozens of land-bridge islands, which were connected to the mainland prior to
the Pleistocene but were naturally separated from the mainland 12,000-20,000 years ago via sea
level rise (Suguio et al. 2005) and thus represent ancient forest fragments. Contemporary insular
frog populations were once part of contiguous coastal populations, and are now isolated to the
islands (R. C. Bell et al. 2012; Duryea et al. 2015). Using this geographic setting, we examined
the impacts of both geography and host genetics on skin microbiome diversity and structure. We
used amplicon-based high-throughput DNA sequencing to analyze skin swab samples collected
from a single frog species (Thoropa taophora [Cycloramphidae]) found across both coastal
mainland and island sites. The island populations of 7. faophora have experienced
fragmentation-induced genetic erosion at both neutral and immunogenetic loci (Duryea et al.
2015; Belasen et al. 2019). We also utilized a database of amphibian microbiome bacterial
isolates to test for ecological relationships between 7. faophora skin bacteria with known effects
on Bd growth and other microeukaryotes found in the 7. taophora microbiome including fungi
and protists. Our study was designed to address the following research questions: (1) Does
geography and/or host genetic diversity structure the microbiome community? (2) How is

bacterial diversity and community assembly related to microeukaryotic diversity and community
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assembly in the skin microbiome? (3) Do bacteria that affect Bd growth have predictable

associations with microbiome eukaryotes?

Methods
Study system and field sampling

The focal species for this study is Thoropa taophora, a cycloramphid frog with a unique
tolerance for coastal habitat that allows a wide distribution across the coastal Atlantic Forest of
Sao Paulo State (Duryea et al. 2008). Adult 7. taophora frogs were sampled from each of ten
study populations: seven island populations and three coastal mainland populations (Fig. 3-5,
Table 3-3). Genetic diversity is lower in island 7. taophora populations relative to coastal
mainland populations, both at neutral (microsatellite) loci (Duryea et al. 2015) as well as at the
MHC IIB immunogenetic locus (Belasen et al. 2019). To examine how host genetics impact the
skin microbiome diversity, skin swab samples were taken from the same individuals that were
previously genotyped at MHC IIB (see Belasen et al. 2019). Frogs were thoroughly washed with
sterile (autoclaved) distilled water and then swabbed on the ventral surface using standard
protocols that minimize cross-contamination (Hyatt et al. 2007). DNA was extracted from swabs

using a Qiagen DNeasy Blood and Tissue kit.

Microbiome sequencing and bioinformatic processing

Individual swab DNA extracts were barcoded, pooled and sequenced on the Illumina
MiSeq platform (250 bp paired-end reads) in two assays: (1) barcoded 16S primers (515F and
806R) (Vences et al. 2016) were used to examine bacterial diversity; and (2) barcoded 18S v4

primers (TAReuk454FWD1 and TAReukREV3) (Stoeck et al. 2010) were used to examine
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microeukaryote diversity. 16S libraries were constructed at the Universidade Estadual Paulista
(BR) and sequenced at the Tufts University Core facility (USA) while 18S library preparation
and sequencing was performed at the University of Michigan (USA). Negative (template-free)
controls were run simultaneously with each sequencing library to ensure there was no
contamination from PCR or sequencing reagents.

Sequences were quality-filtered and processed using the Quantitative Insights into
Microbial Ecology (QIIME) MiSeq pipeline using default settings (Caporaso et al. 2010). As no
mock community was included as a positive sequencing control, low abundance OTUs were
filtered from the dataset using a conservative abundance threshold (<0.005% of all reads)
(Bokulich et al. 2013). Sequences were clustered into operational taxonomic units (OTUs) using
a 97% similarity threshold and compared against reference databases (rdp GreenGenes for 16S,
Silva 97 for 18S) to assign taxonomy using the BLAST search algorithm. Chimeras were
identified and filtered using UCHIME?2 (Edgar 2016). For 18S data, sequences assigned to frog
or other non-target non-microbial species (e.g., Streptophyta) were filtered from the dataset.
Sequences were rarefied to 1000 per sample for 18S data and 2000 per sample for 16S data.
These values were selected based on visual examination of histograms and read accumulation
curves constructed for all samples.

To infer ecological effects of bacteria on fungi and protists, bacterial OTU representative
sequences from the 7. taophora samples were compared against a reference database containing
bacteria that were previously isolated from amphibian skin and evaluated for effects on Bd
growth in co-culture experiments (Woodhams et al. 2015). The BLAST algorithm was

implemented and an E-value threshold of E < 1e-20 was used for matches with the reference
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database to categorize matching 7. taophora skin bacteria as being Bd enhancing or inhibiting, or

having no effect on Bd growth.

Data analysis

To evaluate overall patterns of microbiome alpha diversity, t-tests and Mann-Whitney U
tests were performed to compare total observed eukaryotic or bacterial OTUs across site types
(island vs. mainland) or MHC genotypes (homozygote vs. heterozygote) in SPSS (vrs. 22).
Analyses of microbiome community structure (beta diversity) were conducted using Mantel tests
of community dissimilarity vs. geographic distance or genetic distance (Fst) implemented in the
ade4 package of R (vrs. 1.7-11) (Dray and Dufour 2007; Chessel et al. 2004; Dray et al. 2007; R
Core Team 2018).

To examine associations between microbial communities and geography or host frog
MHC IIB genotype, data were statistically analyzed and visualized using packages implemented
in Python (vrs. 2.7.13) and Matplotlib (Hunter 2007; van Rossum 1995). Associations between
microbial communities and geography or frog MHC IIB genotype were determined by
simulating an expected null distribution of host frog microbiomes. To create the null distribution,
a two-column data table was created with column 1 being the site type (island or coastal) or
MHC IIB genotype (heterozygous or homozygous) of a host frog and column 2 being one
microbial OTU found on that frog. After the data table was populated for all frogs and microbes
in the dataset, column 2 (microbial OTU) was held constant while column 1 (site type or frog

genotype) was shuffled randomly. This was repeated 1000 times to create two sets of random
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microbial occurrence distributions, one for analysis of microbial associations with site type and a
second for analysis of microbial associations with host frog genotype.

Co-occurrence between microbial OTUs within and among domains (Bacteria vs.
Eukaryotes) was analyzed with a third null distribution of microbial communities. Because of
potential site effects on microbial presence and community structure (e.g., some microbes only
co-occur on frogs because the microbes themselves solely occur at the same subset of sites) and
site-MHC IIB genotype interactions (as homozygotes and heterozygotes are not evenly
distributed across sites or site types; Table 4-4), an expected null distribution of microbes
accounting for site-specific presence/absence of each microbe was created. This null distribution
of microbes was achieved through within-site randomization using MCMC edge swapping
among frogs with the same MHC IIB genotype, a standard method for network datasets
(Petersen 1891; Besag and Clifford 1989; Fosdick et al. 2018). Two microbe-frog pairs were
randomly selected (each pair consisting of a single randomly selected microbial OTU found on a
single randomly selected frog). Microbial OTUs were swapped between the selected frogs when
three criteria were met: (1) the frogs were different individuals with the same MHC IIB genotype
(either both homozygous or both heterozygous); (2) the OTUs were different from one another;
and (3) neither frog already hosted the microbe it would receive via the swap. This method
allows any configuration to be reached from any starting point, and allows for even sampling
along all allowed states as forward and backward swaps are equally likely. Swapping was
performed with 1000 repetitions for each frog-microbe pair (for microbial OTU swapping).

To test whether hypothesized bacterial effects on Bd extend to diverse microeukaryotic
members of the microbiome, bacterial OTUs were binned according to their hypothesized

ecological significance with regard to Bd (Bd inhibitory, Bd enhancing, or no effect on Bd,
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Woodhams et al. 2015). Bacteria within each of these three categories were then compared with
the third null distribution of microbial OTUs.

For all microbial association/co-occurrence analyses, the probability of non-random
microbial association/co-occurrence (p) was calculated by comparing observed versus expected
counts of microbial association/co-occurrence. P-values were evaluated at a significance level of
a = 0.05. Using the results of the tests of co-occurrences within and among all microbial taxa,

network analyses were performed and visualized using SciPy (Hagberg and Schult 2008).

Results
Associations between geography, host genetics, and the skin microbiome

There were 845 microeukaryotic OTUs and 303 bacterial OTUs recovered across all
samples after filtering and rarefaction. Mantel tests revealed significant positive associations
between geographic distance and beta diversity in both eukaryotic and bacterial microbes, i.e.,
populations that were geographically closer had significantly more similar microbiome
community structure (eukaryotic taxa: r = 0.18, p < 0.05; bacterial taxa: r = 0.40, p < 0.01, Fig.
3-6). Neither MHC IIB genetic distance nor neutral genetic distance (from microsatellite data
published in Duryea et al. 2015) were associated with microbiome community structure (p > 0.1
for all Mantel tests between 18S or 16S beta diversity and Fst matrices for MHC IIB or
microsatellites). Microeukaryotic diversity was positively correlated with bacterial diversity
across all samples (number of OTUs; Spearman’s p = 0.25, p < 0.001).

In the 16S bacterial dataset, Proteobacteria were dominant across all samples, both by
number of OTUs and sequence reads (Fig. 3-7A&B). Proteobacteria also formed the core

bacterial microbiome across samples (Fig. 3-7C). Among the eukaryotic microbiota, fungi were
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dominant by both number of OTUs and sequence reads (Fig. 3-7D&E). No core group of
eukaryotic microbiome taxa was recovered, though members of the Fungi were found in
approximately 50% of samples (Fig. 3-7F). These common fungal OTUs included Ascomycota,
Basidiomycota, and unidentified fungi.

Island frogs had fewer eukaryotic OTUs than mainland frogs (85.5 OTUs on average on islands
vs. 110.5 on average on the mainland; Mann-Whitney test, U = 2,604, p = 0.001), but similar
bacterial microbiome diversity. However, the composition of both bacteria and microeukaryotes
varied by site type (Fig. 3-8A&B). Eight bacterial groups were significantly associated with site
type: Cyanobacteria and Proteobacteria were statistically associated with coastal mainland sites,
while six bacterial groups were statistically associated with island sites. Among the
microeukaryotes, Rhizaria, Nucleariids, Ichthyosporeans, and Apusozoans were statistically
associated with coastal sites while Fungi and Apicomplexans were statistically associated with
island sites.

The diversity of microeukaryotes was significantly associated with MHC IIB diversity on
the individual host level, with MHC IIB heterozygotes possessing a higher number of
microeukaryote OTUs than MHC IIB heterozygotes (29.7 on heterozygotes vs. 16.6 on average
on homozygotes; Mann-Whitney U, U = 3,729.5, p < 0.01). However, this result could be
confounded by differences across island and mainland sites because both microbial community
composition (Fig. 3-8A&B) and the number of MHC IIB heterozygotes and homozygotes vary
across site types (Table 3-3). Therefore, the analysis of microeukaryote diversity among MHC
genotypes was repeated on a subset of the data only including individuals from mainland sites.
MHC IIB homozygotes still possessed significantly fewer microeukaryote OTUs than

heterozygotes when only mainland frogs were included in the analysis (19.2 on average on
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homozygotes vs. 39.1 on heterozygotes; Mann-Whitney U, U = 681.5, p < 0.01). The number of
bacterial OTUs was not significantly different between MHC IIB homozygotes and
heterozygotes (t-test, p > 0.05).

Microbiome community composition varied between MHC IIB heterozygotes and
homozygotes for both bacteria and microeukaryotes when compared with null expectations
based on genotype randomizations, with heterozygotes hosting significantly more unidentified
Bacteria, Bacteroidetes, and Firmicutes, but fewer Actinobacteria and Proteobacteria OTUs than
homozygotes (Fig. 3-8C). In terms of microeukaryotes, MHC IIB heterozygotes hosted
significantly more OTUs belonging to the Ciliates, Rhizaria, and Stramenopiles, but significantly

fewer Fungi and Algae OTUs than homozygotes (Fig. 3-8D).

Microbial networks within and among domains

Networks were first constructed for bacteria only and microeukaryotes only based on
tests of co-occurrence between OTUs within and among taxonomic groups (Fig. 3-S11). A
dominant bacterial network assembled that consisted of Firmicutes and Bacteroidetes at the
center with connections to Fusobacteria, Spirochaetes, Verrumicrobia, Deferribacteres, and
unidentified bacteria (Fig. 3-S12). A second group was composed of Gemmatimonadetes and
Cyanobacteria. Actinobacteria and Proteobacteria did not form network connections with any
other groups, although strong connections were formed among OTUs within the Proteobacteria.
Only one small microeukaryotic network was formed that consisted of five taxonomic groups:
Alveolates were at the center of the network and formed connections with Apicomplexans,

Rhizaria, and unidentified microeukaryotes, which in turn connected with Nucleariids (Fig. 3-
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S13). The remaining 16 microeukaryote groups remained unconnected to the network, though
there were strong connections among OTUs within the Algae.

The construction of a network between bacteria and microeukaryotes revealed a greater
number of connections among groups than either the bacterial or microeukaryotic network (Fig.
3-9). A majority of taxa (12/18) that had formed no connections in the bacteria-only and
microeukaryote-only networks formed connections with other taxa in the overall microbial
network. Specifically, these newly connected taxa included the two previously unconnected
bacterial groups, Actinobacteria and Proteobacteria, and 10/16 previously unconnected

microeukaryote groups.

Associations between bacteria reported to inhibit, enhance, or have no effect on Bd growth with
microbiome eukaryotes

To determine whether bacteria previously reported to affect Bd growth had
corresponding associations with other fungi and protists in the skin microbiome, we compared
our set of bacterial OTU representative sequences against a published FASTA of bacterial OTUs
that were previously isolated from a diversity of live amphibians and tested against Bd in co-
culture inhibition experiments (Woodhams et al., 2015). The bacterial OTUs in the database that
matched OTUs we recovered included members of the phyla Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria (Fig. 3-S14).

Tests of co-occurrence between eukaryote groups and matched bacterial OTUs revealed
that enhancing, inhibitory, and no effect do not generally reflect the associations of these bacteria
with microeukaryotes, both when examining solely fungi and when examining other

microeukaryote taxa (Fig. 3-10). Bacteria previously found to enhance Bd growth were
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negatively associated with the Ascomycota and Basidiomycota fungi, and also showed strong but
marginally non-significant positive associations with the Chytridiomycota and
Choanoflagellates. Bd inhibitory bacteria showed significant positive associations with the
Cryptomycota fungi and Choanoflagellates, and significant negative associations with the
Basidiomycota fungi and other unidentified fungi. Finally, bacteria that were previously found to
have no effect on Bd were positively associated with the Ascomycota, Choanoflagellates, and
Rhizaria, and showed strongly but marginally non-significant positive associations with Algae,

Amoebae, Ciliates, and Ichthyosporeans.

Discussion
Amphibian skin microbiomes exhibited high microeukaryote diversity and were dominated by
Proteobacteria

In this study, we examined amphibian skin microbiome structure and diversity with
respect to geography and host genetics. We sequenced both bacteria and microeukaryotes to
compare associations between geographic and genetic factors and microbial diversity and to
evaluate patterns of microbial co-occurrence across domains. Microeukaryotes in T. taophora
skin microbiomes were apparently more diverse than bacteria, totaling 845 OTUs compared with
only 303 bacterial OTUs. The diversity of microeukaryotes we recovered is higher than that
previously reported from wild frogs (e.g., 255 OTUs following rarefaction on Rana cascadae;
Kueneman et al. 2017). In contrast, the level of bacterial diversity we recovered is lower than has
been previously reported (e.g., ~600 OTUs on Rana italica in Federici et al. 2015). However, our
recovery of bacteria from 11 phyla is within the range of taxonomic diversity previously

recovered from amphibian skin, with for example 10-18 bacterial phyla reported from three
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species (McKenzie et al. 2012). Our analysis showed that total microeukaryotic and bacterial
diversity were positively correlated across all samples, which is a novel finding to our
knowledge. It seems unlikely that this pattern is an artifact of sequencing: different MiSeq runs
(and different research facilities) were used to sequence microeukaryotes and bacteria.
Proteobacteria were the most dominant bacterial phylum on T. taophora skin across all
study populations, in terms of both percent of OTUs and percent of reads. This is similar to
findings from bacterial microbiome studies of other tropical post-metamorphic anurans (Abarca
et al. 2018; Belden et al. 2015; Bletz et al. 2017; Varela et al. 2018). One hypothesis for the
dominance of Proteobacteria on frog skin is that many members of the Proteobacteria produce
anti-Bd metabolites (M. H. Becker et al. 2015; Brucker et al. 2008). The presence of a high
number of Proteobacteria on T. taophora skin could hypothetically be a factor contributing to the
low apparent susceptibility to Bd we previously observed in this species (Belasen et al. 2019). It
is important to note however that the present study is correlative; without experimental
manipulations it is difficult to pinpoint which factors (e.g., the physiology of the skin, mucosal
biochemistry, host-microbial evolutionary processes, or interactions with the saline coastal
environment) are responsible for the overwhelming dominance of Proteobacteria on anuran skin.
Although bacteria were less diverse than microeukaryotes in our samples, bacteria could
nevertheless dominate the skin microbiome according to biomass, which we did not quantify in
our study. Sequence reads are sometimes used as a proxy for relative abundance, but this has
been shown to be an unreliable measure due to known sequencing biases among microbial taxa
(Amend et al. 2010). We acknowledge the likelihood that taxa representing fewer OTUs (i.e.,
bacteria) could represent a higher proportion of microbial biomass, and that this should be

considered in interpretations of our results. Future research to address the relationship between
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microbial diversity and abundance should utilize high-throughput sequencing alongside

quantitative analyses, for example quantitative PCR.

Microbiome structure varied with geography and host immunogenetics

Geography was a significant factor in microbiome structure (beta diversity) for both
bacterial and eukaryotic microbes. However, microbiome structure was not associated with
genetic structure of populations at either neutral genetic markers or the MHC IIB immunogenetic
locus. These results differ from a previous study on the frog Amietia hymenopus, which showed
opposite patterns: there were no geographic effects on amphibian skin microbiome structure, but
there was a significant association with population genetic structure (Griffiths et al. 2018). One
explanation for the discrepancy between our results and the results from A. hymenopus (barring
factors related to host identity) may be that geographic structure in the host-associated microbial
community may be scale-dependent: our study spans a larger geographic area (~100 km
compared with ~4 km in Griffiths et al. 2018). In addition, our study populations represent a set
of connected mainland populations contrasted with a set of island populations that have been
isolated for 12,000-20,000 years. The lack of association with genetic differentiation in our
populations may be due to this relatively long period of divergence, or to isolation between
island sites resulting in different environmental availability of microbes.

Microeukaryote diversity was associated with host genetic diversity, with genetically
impoverished island populations possessing lower microeukaryotic diversity (observed OTUs)
relative to coastal mainland populations (85.5 on average on islands vs. 110.5 on average in
costal sites). This difference in microbiome diversity could be due to a number of factors,

including less favorable environments or lower rates of host contact (i.e., microbial transmission)
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on islands compared with coastal sites. However, MHC IIB individual-level diversity
(heterozygosity) was positively associated with microeukaryotic diversity even when only
coastal populations were analyzed (19.2 on average on coastal homozygotes vs. 39.1 on coastal
heterozygotes). Taken together, these results imply that genetic diversity and/or MHC I1B
genotype plays a significant role in determining microbiome diversity.

In addition to microbiome diversity, microbiome structure also varied across site types
and MHC IIB genotypes. Variation in microbiome structure among site types could be
parsimoniously explained by variation in environmental filtering in coastal vs. island sites.
However, these differences may also be driven by island isolation favoring longer-dispersing
microbes, or alternatively by host genetic factors. The variation in microbiome structure across
MHC IIB genotypes, although weaker than the variation due to site type, may be a clearer
example of associations between endogenous host factors and the microbiome. Although MHC
genes are thought to be primarily involved in pathogen resistance, laboratory and field studies
have shown that MHC genotype and allelic composition can impact amphibian host-associated
microbial assemblages (Barribeau et al. 2012; Hernandez-Gomez et al. 2018). These studies
corroborate our finding that microbiome structure and diversity are influenced by MHC
genotype, and suggest that immune mechanisms conferred by MHC genes may influence the

assembly of the overall microbiome.

Cross-Domain co-occurrence in the amphibian skin microbiome network
Our network analyses revealed a number of notable patterns. The bacterial network
consisted of a major and minor group, and the majority of microeukaryote groups did not form

significant connections in the eukaryote-only microbial network. However, the overall microbial
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network revealed that a number of microbial groups exhibit cross-Domain co-occurrence (i.e.,
between bacteria and eukaryotes): a majority of previously unconnected microeukaryote groups
(10/16) and both previously unconnected bacterial groups became connected in the overall
microbiome network.

One important implication of this result is that ecological interactions exist between
microbiome bacteria and eukaryotes that may significantly impact microbiome assembly. An
alternative explanation is that bacteria and eukaryotes that co-occur experience co-filtering via
specific host, environmental, or other exogenous factors. It is unclear how widespread these
cross-Domain microbiome connections are across amphibian host species. Previous studies that
have examined both bacteria and microeukaryotes on amphibian skin have mainly focused on
taxon-specific associations, for example between Bd-inhibitory bacteria and fungi (Kueneman,
Woodhams, Van Treuren, et al. 2016), and between Bd and either bacteria or microeukaryotes
(Kueneman et al. 2017). To our knowledge, ours is the first study to demonstrate these cross-

Domain network connections in the amphibian skin microbiome.

Bd inhibitory and enhancing bacteria have variable effects on microbiome fungi and protists
Our dataset included a number of bacteria previously shown to inhibit Bd, which have
been generally termed “antifungal” in the literature (Vences et al. 2016) although empirical
support for this broad designation comes from only a single study (Kueneman, Woodhams, Van
Treuren, et al. 2016). Bacteria with previously demonstrated effects on Bd growth did not show
general patterns with T. taophora skin microbiome eukaryotes. Although bacteria previously
found to enhance Bd growth were positively associated with the Chytridiomycota (the phylum

containing Bd, although Bd was not present in our 18S dataset), these bacteria were negatively
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associated with Ascomycota and Basidiomycota fungi. Perhaps more critical are the relationships
with Bd inhibitory bacteria, as these bacteria have been proposed for use in probiotic treatments
for the management of Bd infections (Bletz et al. 2013; Walke and Belden 2016). Bd inhibitory
bacteria showed weak positive associations with Cryptomycota fungi and significant negative
associations with Basidiomycota fungi and other unidentified fungi in the T. taophora skin
microbiome. Bd-inhibitory bacteria were also positively associated with Choanoflagellates, and
showed strong though non-significant positive associations with the Zoopagomycota and
Ichthyosporea.

These results suggest that probiotic treatments in wild populations may have unintended
consequences for microbiome stability. According to our analyses, specific attempts to increase
Bd inhibiting bacteria and/or reduce Bd enhancing bacteria in wild frog populations could have
unwanted effects, such as potentially reducing beneficial fungi in the Dikarya (Ascomycota and
Basidiomycota; Kearns et al. 2017), and augmenting poorly studied parasites such as
Ichthyosporea protists (Rowley et al. 2013) and fungi including Ascomycota and
Zoopagomycota (Badali et al. 2010; Seyedmousavi et al. 2015). These hypothetical effects
warrant further study, for example through culture-based or in vivo challenges between proposed

probiotic bacteria and these parasitic microeukaryotes.

Limitations and future research priorities

Taken together with recent studies (Kearns et al. 2017; Kueneman et al. 2017), our results
suggest that focusing only on bacteria provides an incomplete picture of the host-associated
microbiome. Granted, as in many other amphibian microbiome studies (Vences et al. 2016;

Kueneman, Woodhams, Van Treuren, et al. 2016) our study presents microbes at a relatively
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coarse phylogenetic resolution (generally phylum level). Very large differences in ecology and
environmental requirements likely exist between OTUs within these higher-order classification
levels, thus the patterns we detected may change with higher-resolution taxonomic data. With
advancing technology allowing for increased sequence length (e.g., using third-generation
sequencing), more efficient microbiome analysis pipelines, and well-curated reference sequence
databases, future cross-Domain microbiome research at higher taxonomic resolution should be
prioritized.

Our results imply that host immunogenes play a role in structuring the amphibian skin
microbiome. Furthermore, our network analyses suggest that there may be important interactions
between bacteria and microeukaryotes that have been missed by previous microbiome studies
focusing on only one of these Domains. Given the widespread use of bacterial probiotic
treatments in humans as well as in domesticated and wild animals (Gram et al. 1999; Ghadban
2002; Cheng et al. 2017), future studies should prioritize advancing our understanding of

interactions between microbiome bacteria and eukaryotes.
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Tables

Table 3-3: Sampling site data.

Sample size is the number of frogs collected at each site. MHC IIB heterozygosity is the observed heterozygosity, or number of heterozygotes over the total

individuals genotyped from each population. Site locations are shown in Figure 2-1.

Site name | Site code | Site type | Latitude Longitude | Sample size MHC IIB heterozygosity (Ho)

4 0
As Ilhas Al Island -23.789276 | -45.711507

4
Couve Sul |CS Island -23.800899 | -45.721672 ’ 043
Couves
4

Norte CN Island -23.422075 | -44.854066 30 043

3 0
Gatos GA Island -23.805592 | -45.670011
Porcos 20 0
Pequena PP Island -23.377864 | -44.904266

22 .
Prumirim PR Island -23.384791 | -44.945678 0.09

25 0
Tamandua |TA Island -23.597168 | -45.288857

20 0
Barra do Una| BU Coastal -23.761536 | -45.770697

20 0.7
Sununga SU Coastal -23.508867 | -45.133827

24 0.51
Toque Toque| TT Coastal -23.835912 | -45.509922
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Figures

Figure 3-5: Locations of Thoropa taophora sampling sites on the coast and islands of Sdo Paulo, Brazil.
Red circles indicate islands and white triangles indicate coastal (mainland) sites. Site information including full site names, two-letter codes, latitude/longitude,
and frog sample size can be found in Table S1.

ATLANTIC
OCEAN

/\ Mainland
@ Island

0 10 20 40 km N

63



Figure 3-6: Microbiome dissimilarity and geographic distance.
Geographic distance is significantly associated with microbiome community dissimilarity (beta diversity) for Bacteria (right) and Eukaryotes (right) found in the
Thoropa taophora skin microbiome. Blue dashed lines indicate significant positive relationships supported by Mantel correlations (p < 0.05).
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Figure 3-7: Distribution of microbiome taxonomic diversity across study sites and individuals.
Bacteria are shown in A-C and eukaryotes in D-F. Stacked barplots show the relative abundance of microbial taxa by number of OTUs (A & D) and reads (B &
E). Frequency histograms (C & F) show the percent of OTUs across populations. Bolded site codes indicate island sites.
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Figure 3-8: Heat maps of microbes across sites and host MHC IIB genotype.

Bacteria are shown in A and C, eukaryotes are shown in B and D. Associations between microbial OTUs and site
type (coastal/mainland vs. island) are shown in A and B, and associations between microbial OTUs and frog MHC
IIB genotype (heterozygous vs. homozygous) are shown in C and D. The more saturated the red, the stronger the
positive association between taxa and site type or genotype, and the more saturated the blue, the stronger the
negative association. To determine associations, actual distribution of microbes was compared to 1000 randomly
generated microbiomes within each site. Black dots represent significant deviation from random expectations with p
< 0.05, and white stars represent p < 0.01.
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Figure 3-9: The bacterial-eukaryotic microbiome network and taxon co-occurrence associations.

Microbiome network showing associations between bacterial and microeukaryotic OTUs. Bacteria are triangles, Fungi are squares, and Protists are circles. The
size of the symbol shows the relative abundance of each taxon. Stronger associations are indicated by thicker/darker network branches between symbols
(associations of OTUs among taxa) or circles around symbols (associations of OTUs within a taxon). Branches and circles are significant at p <0.001.
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Figure 3-10: Heat map of microeukaryote co-occurrence with bacterial OTUs found in 7. taophora skin
swabs.
Bacteria are binned into groups corresponding to “Effects on Bd” based on matches to bacterial OTUs categorized
by Woodhams et al. (2015). The more saturated the red, the stronger the positive association between two taxa, and
the more saturated the blue, the stronger the negative association. Black dots represent a significant deviation from
random co-occurrence with p < 0.05, and white stars represent p < 0.01.
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Supplemental Figures

Figure 3-S11: Heat map depicting co-occurrence between bacteria and microeukaryotes.

The more intense the red, the stronger the positive association between two taxa, and the more intense the blue, the
stronger the negative association. Black dots represent a significant deviation from randomly generated microbiomes
(1000 repetitions per site) with p < 0.01, and white stars represent p < 0.001.
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Figure 3-S12: Microbiome network showing associations between bacterial OTUs.

Connections shown in network below are significantly different from randomly generated microbiomes (1000
repetitions per site) at a level of p < 0.001 . A circle around a symbol indicates strong associations between taxa
within the group. The size of the symbol shows the relative abundance of each taxon.
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Figure 3-S13: Microbiome network showing associations between microeukaryotic OTUs.
Connections shown in network below are significantly different from randomly generated microbiomes (1000
repetitions per site) at a level of p <0.001. A circle around a symbol indicates strong associations between taxa

within the group. Fungi are squares, and other eukaryotes are circles. The size of the symbol shows the relative
abundance of each taxon.
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Figure 3-S14: OTUs in bacterial phyla from 7. faophora skin swabs that matched representative sequences
from Woodhams et al. (2015).

In parentheses next to the bacterial phyla on the y-axis are the number that matched the database followed by the
ones that did not have a match. In parentheses on the x-axis are the numbers of OTUs in total found in each group.
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Chapter 4: The Effects of Habitat Modification in Frogs of the Brazilian Atlantic Forest Depend
On Land-Use Intensity and Frog Species Ecology?

Abstract

Habitat modification threatens global biodiversity. Habitat modification includes
fragmentation, degradation, and loss, all of which contribute to wildlife extinctions. Wildlife
populations that survive in fragmented and degraded habitats may go extinct in the future due to
genetic erosion that grows more severe over time due to generations of inbreeding and genetic
drift. However, it remains to be understood how the effects of habitat modifications on genetic
diversity vary across land-use types (forest fragments in a matrix of intensive agriculture vs.
continuous rustic agroforests) or divergent species ecologies (high dispersing vs. low dispersing,
habitat specialists vs. generalists). In this study, we examined the impacts of habitat
fragmentation on frog genetic diversity in the Brazilian Atlantic Forest across a range of land-use
types and species ecologies. We collected tissue samples from six frog species that vary in
ecology, and compared populations in forest fragments to those in continuous forests that were
either preserved forests or managed, rustic agroforests. From these tissue samples we produced
genomic datasets using a reduced representation library approach (double-digest restriction site-
associated DNA sequencing) to quantify genetic diversity and genetic isolation. We found that
while only habitat generalist frogs exhibited reduced genetic diversity with fragmentation,

habitat specialists showed signatures of genetic isolation due to fragmentation. Contrary to

3 This chapter will be submitted for publication with the following co-authors: C. Guilherme Becker, L. Felipe
Toledo, and Timothy Y. James.
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expectations, forest specialist frogs exhibited higher genetic diversity in fragments relative to
continuous forest. Frog genetic diversity in continuous modified agroforests was either
comparable or higher than frog genetic diversity in continuous preserved forests. Together our
results suggest that the impacts of landscape modification vary with both species ecology and
land-use context, and that forest fragments and modified agroforests constitute areas of high

conservation value.

Introduction

Biodiversity loss threatens human health and sustainability, and is largely attributed to
anthropogenic activities (Wake and Vredenburg 2008). Habitat fragmentation, the division and
isolation of natural areas, is arguably the most widespread anthropogenic driver of wildlife
declines. In particular, tropical ecosystems contain a large proportion of natural habitats
fragmented by intensive agriculture, which can pose a significant barrier to wildlife dispersal and
population integrity (Perfecto and Vandermeer 2010). Tropical areas contain the highest
proportion of biodiversity on earth and provision vital global-scale ecosystem services (Naidoo
et al. 2008). Therefore, among all anthropogenic contributors to biodiversity loss, habitat
fragmentation likely poses the greatest threat to global biodiversity and sustainability.

Habitat fragmentation leads to the loss of wildlife species (Almeida-Gomes et al. 2016)
due to habitat loss as well as changes to abiotic and biotic factors within habitat fragments.
Habitat fragments exhibit increased variability in temperature and humidity (Broadbent et al.
2008), altered habitat structure and habitat quality (Lobo et al. 2011; Marsh and Pearman 1997;
Hillers et al. 2008), and shifts in community assembly that alter biotic interactions (Boulinier et

al. 2001; Leal et al. 2012). When fragments are separated by an aversive matrix such as intensive
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agriculture, surviving animal taxa may experience reduced or total loss of dispersal (Watling and
Donnelly 2007; Johansson et al. 2005). Loss of dispersal compounded with reduced population
size in fragments leads to erosion of genetic diversity (Lesbarréres et al. 2002; Andersen et al.
2004) due to the combination of increased inbreeding and genetic drift (Johansson et al. 2007;
Frankham et al. 2002). This loss of diversity in turn can reduce wildlife fitness and resilience
against additional stressors (Johansson et al. 2007; Allentoft and O’Brien 2010).

However, the impacts of fragmentation on animal taxa can vary based on landscape
context (e.g., interfragment matrix quality) and species ecology (reviewed in Keyghobadi 2007
and Tabarelli et al. 2010). Wildlife species richness and genetic diversity can be maintained
when farmers adopt less intensive agricultural practices (Johansson et al. 2005) or use rustic
farming systems such as shade coffee (Pineda and Halffter 2004; Perfecto and Vandermeer
2010). The impacts of fragmentation can also vary according to the sensitivity of a given species’
ecology to environmental changes. Previous multi-species studies have shown that habitat
generalist species tend to survive and dominate in fragmented habitats, while habitat specialists
tend to experience population declines (Kolozsvary and Swihart 1999; Hillers et al. 2008; Leal et
al. 2012; Keyghobadi 2007; Tabarelli et al. 2010; Harrison and Bruna 2012). In some cases,
habitat generalists can experience increased abundance, species richness, and/or genetic diversity
following fragmentation (Gascon et al. 1999; Keyghobadi 2007). However, the variation in
genetic effects of fragmentation in habitat generalists versus specialists remains little explored.

Among vertebrates, amphibians are particularly sensitive to environmental changes and
habitat modification and have experienced global declines as a result of these processes
(Cushman 2006). Because amphibians occupy central positions in food-chains and serve critical

roles in nutrient cycling between aquatic and terrestrial habitats, the loss of amphibians can have
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ecosystem-wide, long-lasting, and irreversible consequences (Rantala et al. 2015). Anurans (i.e.,
frogs and toads) may be particularly susceptible to genetic diversity loss due to fragmentation.
Anurans with typical explosive breeding ecologies (where many individuals simultaneously
reproduce at the same breeding site) have naturally low effective population sizes relative to
census population size, because few individuals produce offspring that survive to reproductive
maturity (Allentoft and O’Brien 2010). A number of studies have shown the predicted negative
impacts of fragmentation on amphibian richness and abundance (Funk et al. 2005; Bell and
Donnelly 2006; Bickford et al. 2010; Hillers et al. 2008) and genetic diversity (Andersen et al.
2004; Angelone and Holderegger 2009; Crosby et al. 2009; Lesbarreres et al. 2002; Dixo et al.
2009). Yet, the effects of fragmentation on amphibian genetic diversity across different matrix
types and different amphibian species ecologies remain to be explored.

In this study, we examined the effects of habitat fragmentation on genetic diversity in
frogs of the central Brazilian Atlantic Forest (BAF). The BAF is one of the most fragmented
ecosystems in the world, with only ~8% of its original forested area remaining and distributed
across more than 200,000 fragments (Ribeiro et al. 2009). This fragmentation has altered
community structure and diversity in amphibians (Dixo and Martins 2008) and numerous other
taxa (Lobo et al. 2011; Chiarello 1999; Maldonado-Coelho and Marini 2004; Leal et al. 2012).
Despite this, the BAF remains strikingly diverse, and is home to approximately 660 described
amphibian species (L. F. Toledo, unpubl.). We focused our study on six BAF frog species: three
are considered habitat generalists based on their ability to inhabit forests as well as edge and
modified habitats (Hylidae: Boana bandeirantes, Dendropsophus minutus, and Dendropsophus
branneri), and three are considered habitat specialists based on their restriction to interior forest

habitat (Hylidae: Aplastodiscus leucopygius, and Boana semilineata; Brachycephalidae:
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Ischnocnema henselii). We collected genetic samples from these six focal species in continuous
and fragmented habitats in two geographic regions: (1) southeastern Sdo Paulo, where we
compared forest fragments within an intensive cattle pasture matrix to nearby continuous
preserved forest; and (2) southern Bahia, where we compared fragments within cattle pasture
matrix, continuous preserved forest, and rustic vs. more managed shade cacao (cabruca)
agroforests. Our study was designed to test the following hypotheses: (i) habitat fragmentation
causes genetic erosion and genetic isolation in frogs; (ii) genetic erosion and genetic isolation are
more severe in habitat specialists than in habitat generalists; and (iii) compared with natural
forest fragments in intensive agricultural matrix (cattle pasture), rustic agriculture (cabruca)

maintains higher levels of genetic diversity and population connectivity.

Methods
Study Areas

Continuous and fragmented forest habitats were sampled in two regions of the central
Brazilian Atlantic Forest (Fig. 4-15): southeastern Sao Paulo (January-February 2016, January
2017) and southern Bahia (January-February 2017). In Sao Paulo, the continuous forest was a
protected area of the Serra do Mar Atlantic Forest Reserve, which stretches across the states of
Sao Paulo and Rio de Janeiro. Our sampling was conducted in the Serra do Mar headquarters
known as Nucléo Santa Virginia in the vicinity of the Vargem Grande base station (23°25°S,
45°11°W, 740-1, 620 m above sea level), which is located in the municipality of Sdo Luiz do
Paraitinga. Santa Virginia is approximately 17,000 ha in total area and is dominated by typical
dense Atlantic rainforest. The fragmented area in Sdo Paulo was located in nearby in Sdo Luiz do

Paraitinga, approximately 30 km northwest of Santa Virginia. Three fragments (mean elevation
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840 m asl) were sampled that had been previously surveyed for frogs by Becker et al. (2010).
Fragments were selected that do not significantly differ in size and shape (C. G. Becker et al.
2010) to limit confounding effects on the amphibian community structure (Almeida-Gomes et al.
2016). The forest fragments contain Atlantic forest tree and understory plant species invaded by
densely vegetated edge habitat species, and the predominant matrix between fragments is open
cattle pasture.

In Bahia, frogs were sampled from continuous and fragmented forest habitats from two
localities in the southern part of the state, Igrapiina and Camaca. In Igrapitna (hereafter referred
to as the northern Bahia sampling region), continuous preserved natural forest (13° 50 S, 39°
14> W, 137m asl) and modified forest composed of more intensively managed cabruca cacao
(cacao trees planted under a cultivated rubber tree canopy; 13° 50° S, 39° 14° W, 63m asl) were
sampled from within the Reserva Ecoldgica Michelin forest reserve. The forest in the Michelin
reserve has been formally protected since 2005, and covers ~1,800 hectares of lowland primary
and secondary Atlantic forest, with a ~13,000 hectare forest just to the west of the preserve. The
remaining ~1,200 ha of the Michelin reserve consists of wetlands and plantations including
rubber tree cabruca (De Mira-Mendes et al. 2018). A single forest fragment was sampled in
Igrapitina northeast of the Michelin reserve (13°47° S, 39° 10 W, 44m asl) and separated from
the reserve by cattle pasture matrix. In Camaca (hereafter referred to as the southern Bahia
sampling region), continuous preserved natural forest (15°25” S, 39° 32 W, 185 m asl), as well
as a continuous modified forest composed of rustic cabruca (cacao trees planted under natural
forest canopy; 15° 25° S, 39° 32> W, 181 m asl) were sampled from within the Serra Bonita
forest reserve. The Serra Bonita reserve is composed of ~2,300 hectares of protected primary

Atlantic Forest interspersed with marginal areas of rustic cabruca cacao (Dias et al. 2014). As in
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the northern Bahia sampling region, a single forest fragment was sampled in Camaca, which was
located to the east of Serra Bonita (15° 25” S, 39° 27° W, 136 m asl) and separated from the

preserved Serra Bonita forest by cattle pasture matrix and rural human settlements.

Study Species and Sample Collection

We selected four species from Sao Paulo (SP) and two from Bahia (BA) to serve as focal
taxa for population genetic analyses. Three of these were habitat generalists, all of which are
members of the Hylidae: Boana bandeirantes (SP), which breeds in smaller bodies of standing
water with abundant reedy vegetation; and Dendropsophus minutus (SP) and D. branneri (BA),
which breed prolifically in disturbed areas such as agricultural ponds and roadside ditches
(Haddad et al. 2008). The remaining three focal species are forest habitat specialists: the hylid
Aplastodiscus leucopygius (SP), which breeds in bromeliads; the brachycephalid Ischnocnema
henselii, a direct-developing frog that spends its entire life cycle in forest leaf litter; and the hylid
Boana semilineata (BA), which breeds primarily in large lentic bodies of water surrounded by
forest (Haddad et al. 2008).

Visual and auditory surveys were used to locate frogs after nightfall in each study area.
Frogs were hand-captured using individual clean plastic collection bags. Frogs were either non-
lethally sampled with toeclipping or euthanized before liver tissue was removed (IACUC
protocols for humane animal care and use PRO00005605 and PRO00007691; see Fig. 4-15 for
sampling locations for each species). Euthanized frogs were deposited as vouchers in the
Museum of Zoology at University of Campinas (ZUEC). Tissue samples were stored in 95%

EtOH at -20C until laboratory processing.
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Population Genetics Analysis

Genomic DNA was isolated from tissue samples using Qiagen DNeasy kits (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocol. Double-digest restriction site-
associated DNA sequencing (ddRAD) was performed on tissue samples to produce a reduced
representation library (Peterson et al. 2012). Briefly, ~200-500 ng of DNA from each individual
was digested with restriction enzymes EcoRI and Msell and ligated to a unique 10 bp barcode
and Illumina HiSeq adapters. Samples were pooled by study region (n = 80 from SP, n = 90 from
BA) in equimolar quantities before each library was size-selected to 350-450 bp using a Pippin
prep. Each step was followed by a cleanup using AMPure magnetic beads (1.6x) to remove small
DNA fragments, and quantifications were conducted using a Qubit fluorometer assay. The two
pooled libraries were each sequenced in a single lane of Illumina HiSeq2500 (150bp single-end
reads) at the Centre for Applied Genomics (Hospital for Sick Children, Toronto, ON, Canada).

The resulting sequence data were demultiplexed and processed using the Stacks
bioinformatics pipeline (Catchen et al. 2011, 2013). Briefly, after dividing each library dataset by
frog species, sequences were demultiplexed by barcode and quality-filtered using a mean Phred
score threshold of 10 (process_radtags), then clustered into loci (ustacks) within individuals with
a minimum coverage (-m) of 4 reads per allele (8 reads per homozygous allele) and < 3
nucleotide differences between sequences (-M). Individuals were then compared against the full
catalog of species-specific loci (created with cstacks) within the library and genotyped at all loci
(sstacks). Because loci exhibited variable coverage across individual samples, loci were filtered
according to coverage across individuals until sequencing rates (% individuals sequenced at a

given locus) were achieved of > 80% for the Sao Paulo library and > 90% for the Bahia library.
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A single SNP was randomly selected from each retained locus for analysis. Individuals
were genotyped and summary statistics were calculated (populations) to compare genetic
diversity across populations (fragmented vs. continuous in SP, fragmented vs. continuous
preserved vs. continuous modified in BA). The mean and standard error of the mean were
calculated across all SNPs for four summary statistics that represent measures of genetic
diversity: expected heterozygosity (Hg) and observed heterozygosity (Ho), nucleotide diversity
(m), and inbreeding coefficient (Fis). These summary statistics were statistically evaluated among
populations within species in R (vrs. 3.5.1) using t-tests or one-way ANOVA tests after
confirming that the data met the assumptions of parametric tests. To assess genetic structure
among populations, the average and standard error of the mean fixation index (Fst) was
calculated method across all loci using an AMOVA and evaluated for departure from 0. Fst was
compared across Sao Paulo species using t-tests to analyze effects of species ecology (generalist
vs. specialist) and across Bahia species using Kruskal-Wallis tests to analyze effects of habitat
type (fragmented vs. continuous preserved vs. continuous modified) on genetic differentiation.
To assess genetic isolation among populations as a proxy of dispersal, Principle Coordinate
Analyses (PCAs) were conducted and visualized using the R packages ade4 (Dray and Dufour

2007) and factoextra (Kassambara et al. 2017).

Results
Impacts of landscape modification on genetic diversity

In Sao Paulo, genetic diversity was lower in fragmented relative to continuous
populations of the generalists D. minutus and B. bandeirantes by Hg (t-tests, D. minutus Hg:

t(7660) = 12.2329, p < 0.0001; B. bandeirantes Hg: t(8468)=9.2370, p <0.0001; Fig. 4-16A) but
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there were no significant differences in Ho (Table 4-4). However, genetic diversity was
significantly higher in fragmented populations relative to continuous populations by Hk in both
specialists 4. leucopygius and I. henselii (t-tests, A. leucopygius: t(7794)=2.1859, p <0.01; L
henselii: t(10791) = 22.4971, p < 0.0001 Fig. 4-16A), and by Ho in 1. henselii (t-test,
t(7794)=8.7180, p < 0.0001; Table 4-4). Nucleotide diversity, m, was lower in fragmented
relative to continuous populations in three of the four Sdo Paulo species (t-tests, A. leucopygius:
t(7794) = 8.8761, p < 0.0001; D. minutus: t(7660) = 7.6106, p < 0.0001; B. bandeirantes: t(8468)
=697.664, p <0.0001), but in . henselii, m was significantly higher in the fragmented population
(t-test, t(10791)=18.91, p < 0.0001; Table 4-4). Inbreeding, Fis, was significantly higher in the
fragmented population of 1. henselii relative to the continuous population (t-test, t(10791) =
756.5104, p < 0.0001) but Fis was significantly higher in continuous populations of the three
remaining species (t-tests, 4. leucopygius: t(7794) = 82.1582, p < 0.0001; D. minutus: t(7660) =
344.2218, p < 0.0001; B. bandeirantes: t(8468) = 351.1334, p < 0.0001; Table 4-4).

The two focal species of Bahia each showed distinct patterns of genetic diversity across
sampling regions and habitat types. In the generalist D. branneri, genetic diversity did not vary
across southern populations for any of the four measures (t-tests, p > 0.05; Fig. 4-16B; Table 4-
4). Among the northern Bahia populations, genetic diversity was significantly lower in the
fragmented population relative to the northern continuous preserved population according to Hg
(ANOVA, F(4,83421) = 38.35, p < 0.0001; Fig. 4-16B) but was not different among any of the
three northern Bahia habitats according to Ho (Table 4-4). Nucleotide diversity was significantly
different across all three northern Bahia habitats, with the highest © in the modified continuous
population, and the lowest © in the fragmented population (ANOVA, F(2, 50060) = 17.51, p <

0.0001; Table 4-4). Inbreeding followed the same pattern as nucleotide diversity, with Fis highest
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in the continuous modified population, and lowest in the fragmented population (ANOVA, F(4,
50060) = 10.9986, p < 0.0001; Table 4-4).

In the Bahia specialist B. semilineata, the southern populations were statistically different
for all four measures of genetic diversity. For Hg and w, genetic diversity was higher in the
continuous modified population (t-tests, Hg: t(71676) = 20.8122, p < 0.0001; =: t(71676) =
23.4881, p <0.0001; Fig. 4-16B). For Ho, genetic diversity was higher in the continuous
preserved population (t-tests, t(71676) = 3.1333, p < 0.01; Table 4-4). Fis was also significantly
higher in the continuous modified population relative to the continuous preserved population (t-
test, t(8993) = 25.2481, p < 0.0001; Table 4-4). In the northern populations of B. semilineata,
genetic diversity did not vary between the continuous modified and fragmented population in the
north, and was significantly lower in the continuous preserved population for both measures of
heterozygosity (He: ANOVA, F(2,107511) = 15.0655, p < 0.0001, Fig. 4-16B; Ho: ANOVA,
F(2,107511) =15.3548, p < 0.0001; Table 4-4). There were no differences in nucleotide diversity

or inbreeding among the northern B. semilineata populations.

Genetic differentiation and isolation across species and landscapes

Significant genetic differentiation was observed in all species, with nonzero within-
species pairwise Fsr values in all population comparisons. Pairwise Fsr values varied according
to species ecology in the Sao Paulo species, with the specialists A. leucopygius and 1. henselii
exhibiting significantly higher average Fsr across all loci in fragmented vs. continuous habitats
relative to the generalists D. minutus and B. bandeirantes (t-test, t(40296) = -24.66, p < 0.0001;

Fig. 4-16C). Fst also varied among the Bahia species, with the specialist B. semilineata
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exhibiting lower Fsr values on average than the generalist D. branneri (Mann-Whitney U test,
standardized U =-37.211, p <0.001; Table 4-5).

To test whether agroforests (modified continuous habitats) maintain frog dispersal, Fst
was compared across habitat type pairs within the northern sampling region. In both Bahia
species, Fst was significantly higher for fragmented-preserved habitat population pairs than for
modified-preserved continuous habitat population pairs (Kruskal-Wallis test for all 10 population
pairs followed by Dunn-Bonferroni post-hoc pairwise comparisons tests, D. branneri: 0.056 vs.
0.048, KW H(9) = 12254.636, p <0.001, DB p <0.01; B. semilineata: 0.054 vs. 0.049, KW H(9)
=22175.132,p < 0.001, DB p <0.01; Fig. 4-16D).

In Sao Paulo, genetic isolation also varied according to species ecology. Specialists
exhibited complete genetic isolation between fragmented and continuous habitats (Fig. 4-
17A&B). Of the two generalists, D. minutus showed genetic overlap between fragmented and
continuous habitats (Fig. 4-17D), while B. bandeirantes showed overall separation although
there was some overlap across populations, with one individual sampled from the continuous
forest clustering with the fragmented population on the PCA (Fig. 4-17E). For the two focal
Bahia species, there was a clear separation between the northern and southern sampling regions
(Fig. 4-17C&F) although there was one northern D. branneri individual that clustered with the
southern continuous preserved population. In the northern sampling region, in both species the
continuous modified population overlapped with the continuous preserved and fragmented
populations. In the southern sampling region, distinct genetic clusters formed in both species. In
D. branneri there was not complete separation between southern fragmented and continuous

preserved habitats although the populations formed clear clusters (Fig. 4-17F). In B. semilineata
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there was complete genetic isolation between the southern continuous preserved and modified

habitats (Fig. 4-17C).

Discussion
Effects of fragmentation on genetic diversity vary by species ecology

In this study, we evaluated the genetic effects of habitat modification in the Brazilian
Atlantic Forest across frog species with divergent ecologies. Our results partially support our
first hypothesis that habitat fragmentation reduces genetic diversity, but surprisingly we only
consistently recovered this pattern in habitat generalists. The overall patterns we observed for
generalist frogs are somewhat consistent with previous findings from the high dispersing habitat
generalist bufonid Rhinella ornata in the central Brazilian Atlantic Forest, which showed a
similar loss of genetic diversity due to fragmentation (Dixo et al. 2009).

Contrary to expectations, forest specialists exhibited significantly higher genetic diversity
in fragmented areas. Funk et al. (2005) posited that low dispersing species (such as the forest
specialists in this study) experience little to no impacts of fragmentation. This could explain a
lack of genetic erosion with fragmentation in forest specialists, but it does not explain genetic
diversity being higher in fragmented specialist populations relative to continuous ones. A
possible explanation for this seemingly paradoxical result is that contemporary fragment
populations originated from multiple source populations with historically high levels of
population structure. This hypothesis is supported by a previous large-scale phylogeographic
study of frogs across Atlantic Forest biomes, which showed that forest specialists possess
historical genetic structure that predates human deforestation in the Atlantic Forest, while

generalists show little to no structure (Carnaval 2006). This also holds true across a broader
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sample of tropical frogs from across the world (Rodriguez et al. 2015), indicating that this may
be a common characteristic of forest specialist frogs.

It is possible that due to a combination of historical population structure and life history
attributes such as relatively long generation times, there has been insufficient time for genetic
erosion to occur in the fragmented specialist populations. Theoretically, at least 10-100
generations are required for genetic erosion following isolation of a population (Mona et al.
2014). An alternative explanation for the pattern we recovered is that microevolutionary
pressures differ between continuous and fragmented environments: the stable environment of a
continuous forest may select for similar genotypes and provide a means for forest specialists to
inbreed in situ year to year, whereas a forest fragment environment would be subject to greater
fluctuation and select for different genotypes year to year. Further data on the focal species’ life
history as well as long-term field surveys and genetic studies would be needed to test these

alternative hypotheses.

Genetic isolation results from fragmentation in higher elevation forest specialists

We analyzed genetic structure to test our hypothesis that fragmentation more severely
isolates forest specialists than habitat generalists. Our analyses of genetic differentiation (Fsr)
and genetic isolation (PCA) aligned with our expectations in the S3o Paulo study region: we
observed greater genetic structure and greater isolation between fragmented and continuous
habitats in specialists relative to generalists, which implies that fragmentation leads to severely
reduced dispersal in forest specialists. While there have been no studies on the effects of
contemporary fragmentation on genetic structure and isolation in forest specialists in the Atlantic

Forest, the generalist R. ornata was found to exhibit low genetic isolation due to fragmentation
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(Dixo et al. 2009) much like our generalist focal species. Multi-species studies in other taxa have
shown this relationship between habitat specialization and isolation due to fragmentation,
including in mice (Mech and Hallett 2001), beetles (Brouat et al. 2003), and spiders (Vandergast
et al. 2004).

In Bahia, genetic isolation was more pronounced in the specialist B. semilineata, with the
southern populations exhibiting complete genetic isolation between modified and preserved
continuous populations, and the northern populations exhibiting discrete though incompletely
separated clusters in the continuous preserved vs. fragmented population. The B. semilineata
population in the northern modified forest (cacao under rubber trees) overlapped with both the
nearby preserved forest and fragment population, and Fsr values were relatively low though
nonzero across all pairs of these habitats (0.049-0.054). For the generalist D. branneri, there was
little evidence of complete genetic isolation in either the southern or northern Bahia sampling
region. Fsr values were substantially lower between fragmented and continuous populations
within sampling regions in Bahia relative to Sdo Paulo (~0.055 in both Bahia species compared
with an average of 0.07 in Sao Paulo species) suggesting that in general dispersal across habitats
is higher for the Bahia species. Hypothetically this may be due to the lowland Bahia species
having higher tolerances for the relatively high temperatures and low humidity found in cattle
pastures compared with the mid- to high-elevation Sao Paulo species.

The Fsrvalues that we recovered between fragmented and continuous habitats within
sampling regions are relatively low (< 0.1) compared with other studies of fragmented
amphibians. For example, Lesbarreres et al. (2002) report average Fsr value of 0.2 in fragmented
R. temporaria populations that had been isolated for only 20 years. This difference in results may

be attributed to geographic scale contributing to greater baseline genetic structure: Lesbarreres et
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al. compared populations more than 10 km apart, which may have originated from different
metapopulations, while our within-region population comparisons were conducted across < 10
km. However, even the Fst values between Bahia regions, over a distance of ~200 km, reached
only 1.5. The relatively low Fsr values we recovered may be due to the large number of genome-
wide markers used in this study relative to traditional studies of genetic structure based on
microsatellites. Alternatively, our results may reflect biased sampling of males relative to
females: in opportunistic amphibian surveys, males are more likely to be located and captured
because only males vocalize. Given that many frogs are matrilocal (i.e., exhibit greater dispersal
in males than females), males should show lower genetic differentiation than females (Henle et
al. 2014). Nonetheless, we recovered non-zero Fsr values between all population pairs in our
study, and thus were able to detect genetic structure reflecting habitat fragmentation and

modification.

Impacts of rustic vs. intensive landscape modification

Our results from the northern Bahia sampling region partially support our hypothesis that
continuous modified areas could maintain higher dispersal and genetic diversity relative to
fragmented areas. First, across all measures, genetic diversity was equally high or higher in
populations from continuous modified habitats (shade cacao) relative to continuous preserved
habitat populations of both focal species across both sampling regions in Bahia. In fact, the H.
semilineata population in the rustic cabruca agroforest in the southern Bahia sampling region had
the highest genetic diversity out of all Bahia populations. While neither the generalist D.
branneri nor the specialist B. semilineata exhibited genetic isolation across fragmented vs.

continuous modified vs. preserved habitats, Fst values were significantly higher in both species
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in fragmented-preserved habitat compared with modified-preserved continuous habitat.
However, in the southern region, the B. semilineata continuous modified population was
genetically isolated from the preserved continuous population, indicating that there is not
necessarily high connectivity between continuous and preserved habitats in all sampling regions.
Nonetheless, our results overall support the idea that rustic forms of agriculture maintain genetic
diversity and dispersal of sensitive amphibian species. This corroborates previous findings that
rustic agriculture maintains higher amphibian dispersal than cattle pasture (Pineda and Halffter

2004).

Conclusion

Taken together, our results suggest that frog genetic diversity has not eroded in specialists
found in these recently fragmented systems of the Brazilian Atlantic Forest. If genetic diversity
is taken as a proxy for population fitness and resilience, this implies that small forest patches can
support populations that are likely to survive into the future, and that these patches constitute
areas of high conservation value. In previous studies, relatively high herpetofaunal diversity was
maintained across a network of forest patches (Bell and Donnelly 2006). Our results also support
the conservation value of rustic agricultural practices that can maintain vertebrate genetic
diversity. As we detected genetic isolation in specialists, conservation efforts in this region may
be best focused on improving habitat connectivity to retain frog genetic diversity in this region,
such as stepping stone habitats which have proven effective at restoring migration and genetic
diversity in frogs (Angelone and Holderegger 2009). In conclusion, our findings indicate that

seemingly low-quality habitats such as intensively modified agroforests and small forest patches
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are potentially valuable components of the broader ecosystem and should be included in

conservation and management plans.
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TABLES

Table 4-4: Population genetic summary statistics for ddRAD loci.
Mean and standard error (SE) values are given across all SNPs within each population. Abbreviations are as follows: Ho = observed heterozygosity, =
nucleotide diversity, Fis = inbreeding coefficient. Bolded values indicate a significant difference in t-tests (Sdo Paulo) or ANOVA (Bahia). Values highlighted in
yellow indicate that these populations (continuous modified vs. continuous preserved B. semilineata) were not different in pairwise Tukey’s HSD post-hoc tests.

SAO PAULO Fragmented Continuous Fragmented Continuous Fragmented Continuous Fragmented Continuous

Species n ind |n SNPs |n ind [n SNPs |Ho mean |Ho SE |Ho mean [Ho SE |7 mean |7 SE nmean [n SE Fis mean |Fis SE |Fis mean [Fis SE

A. leucopygius 9| 4610 4 3186, 0.23[ 0.002 0.24 0.0021 0.26 0.0016 0.28] 0.0019 0.08[ 0.006 0.09] 0.005

I_henselii 6 7948 5 2845 0.18] 0.0013 0.16] 0.0016 0.24] 0.0013 0.19( 0.0016 0.15] 0.0055 0.07] 0.003

D._minutus 5 2911 7 4751 0.12] 0.0018 0.11] 0.0015 0.25] 0.0023 0.28( 0.0019 0.26] 0.0107 0.36] 0.013

B. bandeirantes 7 3657 8] 4813 0.17 0.0015 0.17{ 0.0014 0.22( 0.0015 0.24] 0.0014 0.12{ 0.0075 0.17( 0.007

BAHIA Continuous Continuous Continuous Continuous Continuous Continuous Continuous Continuous

NORTH Fragmented Modified Preserved Fragmented Modified Preserved Fragmented Modified Preserved Fragmented Modified Preserved

Species n ind [n SNPs [n ind [n SNPs |n ind n SNPs |Ho mean [Ho SE |Ho mean |Ho SE |Ho mean |Ho SE |t mean [7#SE |7 mean |7 SE |7 mean | SE |]Fis mean |Fis SE [Fis mean |Fis SE |Fis mean |Fis SE

B. semilineata 8| 35839 9] 35839 6| 35836 0.12( 0.0009 0.12( 0.0009 0.12| 0.001 0.14[ 0.001 0.14| 0.0009 0.14[ 0.001 0.05[ 0.0041 0.047] 0.0041 0.051] 0.005

D. branneri 5| 16685 7| 16689 9] 16689 0.10] 0.0014 0.10{ 0.0012 0.10| 0.0012 0.14 0.0015 0.15( 0.0014 0.14( 0.0014 0.076| 0.0065 0.13| 0.0069 0.11{ 0.009,

BAHIA Continuous Continuous Continuous Continuous Continuous Continuous Continuous Continuous

SOUTH Fragmented Modified Preserved Fragmented Modified Preserved Fragmented Modified Preserved Fragmented Modified Preserved

Species n ind [n SNPs [n ind [n SNPs |n ind n SNPs [Ho mean |Ho SE [Ho mean |Ho SE [Ho mean |Ho SE [t mean |7SE |amean |[7SE |7 mean [z SE |Fis mean |Fis SE [Fis mean |Fis SE [Fis mean |Fis SE

B. semilineata  INA |NA 8| 35839 12| 35839|NA NA 0.14{ 0.0009 0.14| 0.0012]NA NA 0.16( 0.0009 0.13[ 0.001]NA NA 0.07| 0.0052| -0.0162] 0.006

D. branneri 6 16679|NA NA 6| 16684] 0.096] 0.0013[NA NA 0.097] 0.0013 0.1337{ 0.0015|NA NA 0.13] 0.0015 0.0845] 0.0085[NA NA 0.0841{ 0.008
Table 4-5: Genetic differentiation (pairwise mean AMOVA Fsr) across all Bahia focal species populations.

B. semilineata

fragmented north

modified north

0.043813522

continuous north

0.054063473

modified north |continuous north modified south

0.048969797

modified south

0.087367592

0.084036627 0.088310267

continuous south

D. branneri

0.127412136

fragmented north

modified north

0.063849712

continuous north

0.056210969

0.122330239 0.131486956

0.078092359
modified north fragmented south

0.048151977

fragmented south

0.161162855

0.120784491 0.124385902

continuous south

0.162548683

0.122933772 0.126762884 0.069251791
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FIGURES

Figure 4-15: Map of sampling sites in Sao Paulo and Bahia.

White circles are continuous preserved forested areas, red triangles are small forest fragments, and orange
circles are continuous modified cacao agroforests. Sdo Paulo fragments contained subsets of the focal
species: FR1 = only D. minutus, FR2 = A. leucopygius and B. bandeirantes, and FR3 = only I. henselii.
Forest preserves are as follows: CO1 = Serra do Mar Nucléo Santa Virginia, CO2 = Serra Bonita, CO3 =
Reserva Ecologica Michelin. Cacao agroforests are as follows: MO1 = rustic cabruca cacao, MO2 =
managed cabruca cacao with rubber tree canopy. Sample sizes for individuals included in genetic analyses
from each study site can be found in Table 4-4.

/I8
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Figure 4-16: MHC IIB genetic diversity and genetic structure across the six focal frog species.

S&o Paulo focal species are shown in A and C, and Bahia focal species are shown in B and D. Error bars
represent 2 SE above and below the mean. Asterisks indicate a significant difference between bars in t-tests
(alpha = 0.05). (A) Relative to continuous populations, heterozgosity is higher in fragmented populations of
forest specialists Aplastodiscus leucopygius and Ischnocnema henselii, and lower in fragmented
populations habitat generalists Dendropsophus minutus and Boana bandeirantes. (B) Relative to the
continuous population in the northern Bahia sampling region, heterozygosity is similar in the fragmented
specialist B. semilineata population, but is lower in the habitat generalist D. branneri population.
Heterozygosity is similar in the modified continuous habitat (intensive/managed rubber tree cabruca)
relative and continuous preserved forest in the habitat generalist D. branneri in the northern sampling area.
Heterozygosity in continuous modified habitats exceeds heterozygosity in continuous preserved habitats in
the specialist B. semilineata in both sampling areas. (C) Genetic differentiation (nonzero Fsr) occurs in all
four Sao Paulo species between fragmented and continuous sites, but is higher in specialists than in
generalists. (D) Genetic differentiation (nonzero Fst) occurs across northern Bahia sampling regions in both
species. Genetic differentiation is higher between fragmented and continuous preserved habitats than
between continuous modified and continuous preserved habitats in both species.
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Figure 4-17: Principle Components Analysis plots for the six focal species based on ddRAD genetic markers.
For each species, the number of SNPs retained after filtering and included in the PCA is listed in parentheses. Ellipses represent population membership at 95%
confidence. Overlapping ellipses indicate gene flow between populations while non-overlapping ellipses indicate genetic isolation. Results for forest specialists
are shown in A-C, and results for habitat generalists are shown in D-F. Results from Sao Paulo species are shown in A, B, D, and E, while Bahia species are

shown in C and F.
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Chapter 5: Habitat Fragmentation in the Brazilian Atlantic Forest is Associated with Erosion of

Frog Immunogenetic Diversity and Increased Fungal and Apicomplexan Infections*
Abstract

Amphibians are globally threatened by habitat fragmentation and infectious disease, but
little is known about how these two threats interact. In this study, we examined the effects of
habitat fragmentation in the Brazilian Atlantic Forest on frog genetic diversity at an immune
locus known to affect disease susceptibility in amphibians, the MHC IIB locus. We also used
molecular analyses to quantify infections by the amphibian fungal pathogen Batrachochytrium
dendrobatidis (Bd) and apicomplexan blood parasites using molecular analysis of skin swab and
tissue samples, respectively. We compared fragmented and continuous forest sites in two regions
of the Atlantic Forest, southeast Sao Paulo and southern Bahia, and sampled six frog species
including forest specialists and habitat generalists. Our results indicate that habitat fragmentation
is associated with genetic erosion at the MHC IIB locus, and that this is more severe in forest
specialists. We recovered a pattern consistent with an MHC heterozygote advantage for Bd, but
higher MHC IIB heterozygosity was associated with higher apicomplexan infection loads across
populations. Finally, we found that three MHC IIB supertypes were associated with Bd
prevalence and apicomplexan loads. One of these supertypes was associated with decreased
susceptibility to both pathogens, and the remaining were associated with a tradeoff: frogs

possessing either of these supertypes exhibited increased risk of Bd infection but lower

4 This chapter will be submitted for publication with the following coauthors: Kevin R. Amses, Rebecca A.
Clemons, C. Guilherme Becker, Iris Holmes, L. Felipe Toledo, and Timothy Y. James.
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apicomplexan loads. Our results suggest that habitat fragmentation increases infection
susceptibility in amphibians, and that this is likely mediated in part through loss of diversity and

changes in allelic composition at the MHC IIB immunogenetic locus.

Introduction

Amphibians are in decline worldwide due to anthropogenic stressors including habitat
modification and emerging infectious disease (Stuart et al. 2007; C. G. Becker et al. 2010;
Scheele et al. 2019). The recent rise in amphibian disease worldwide has raised questions about
whether pathogen virulence and/or amphibian susceptibility has increased. One hypothetical
mechanism for a global rise in amphibian disease susceptibility could be related to habitat
modification: the negative impacts of habitat modification on amphibians may have surpassed a
threshold, tipping previously stable populations to a point of extreme disease susceptibility.
These negative impacts include (1) physiological stress due to altered abiotic and biotic
conditions in modified habitats, which can reduce immunocompetence in amphibians (Carey et
al. 1999), and (2) loss of genetic diversity in habitats modified through habitat fragmentation,
which can indirectly reduce population-level fitness and resilience (Allentoft and O’Brien 2010).

Habitat modification can reduce the genetic diversity of surviving wildlife populations
(Lesbarréres et al. 2002; Andersen et al. 2004; Johansson et al. 2007; Frankham et al. 2002) or
impact selection for immunogenes such as those in the vertebrate Major Histocompatibility
Complex (MHC) gene family that contribute to fitness and immune function (Hernandez-Gomez
et al. 2019; Gonzalez-Quevedo et al. 2016; Belasen et al. 2019). MHC genes are hypothesized to
exhibit heterozygote advantage because heterozygosity maximizes pathogen recognition (L

Bernatchez and Landry 2003). As a result, very high individual-level MHC diversity is common,

96



even in cases of highly inbred, historically fragmented populations that have lost diversity across
the rest of the genome (Aguilar et al. 2004). This relationship has yet to be explored in more
recently fragmented populations, although hypothetically it could hold true if genetic erosion has
already taken place. On the other hand, in a number of taxa MHC diversity is naturally low or
MHC diversity covaries with neutral genetic diversity and thus is driven by demographic factors
and drift (reviewed in Radwan et al. 2009). If inbreeding is prevalent and genetic drift is strong
enough to outweigh balancing selection, this may lead to genetic erosion even at MHC loci in
recently fragmented populations. This in turn may increase susceptibility to infections on both
the population- and individual-level because of the loss of rare alleles and decreased
heterozygosity.

The MHC gene family is composed of two classes, with Class II genes primarily
involved in the response to extracellular pathogens (Bevan 1987). In particular, the MHC class
IIB exon 2 is associated with conformation of the peptide-binding region of MHC class II
molecules (Tong et al. 2006), which present pathogen-derived antigen peptides to immune cells
to stimulate the adaptive immune response (Bevan 1987; Richmond et al. 2009). Previous studies
on amphibians have shown that MHC IIB genotype is associated with variability in susceptibility
to a variety of pathogens and parasites (Bataille et al. 2015; Savage and Zamudio 2011, 2016;
Mulder et al. 2017; Savage et al. 2019; Hernandez-Gomez et al. 2019; Belasen et al. 2019). In a
previous single-host study, we observed genetic erosion at the MHC IIB locus in a single
amphibian species that had been fragmented and isolated for 12,000-20,000 years on land-bridge
islands (Belasen et al. 2019). The relationship between amphibian MHC IIB diversity has yet to
be explored in more recently fragmented systems, although habitat modification has been shown

to alter selection dynamics on the amphibian MHC IIB (Herndndez-Goémez et al. 2019). It
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remains unclear whether recent fragmentation can erode MHC IIB genetic diversity through
either inbreeding and genetic drift, or altered selection.

The majority of our knowledge about the relationships between habitat modification and
amphibian disease susceptibility come from studies on the amphibian fungal pathogen
Batrachochytrium dendrobatidis (Bd), and the hypothesis that habitat modification increases
amphibian disease susceptibility has not been well-supported in these studies. In a meta-analysis,
Becker and Zamudio (2011) found that Bd prevalence was higher in populations living in pristine
(i.e., unfragmented) forested habitats around the world. A logical explanation for this pattern is
that Bd is a psychrophilic and aquatic fungus, meaning that Bd grows optimally in the cooler and
wetter environments found in pristine forests. Nonetheless, Bd distribution often does not match
habitat suitability model predictions (James et al. 2015). In addition, the majority of studies
supporting a negative relationship between Bd prevalence and habitat modification have only
focused on single amphibian host species that are locally abundant habitat generalists (Becker
and Zamudio 2011; Puschendorf et al. 2009; Kriger et al. 2007). These generalist species may
exhibit overall hardiness to environmental factors as well as to pathogens such as Bd, while
species that are sensitive to environmental changes or those with specialist ecologies may
experience increased negative effects due to habitat modification (reviewed in Harrison and
Bruna 2012). Thus, it is important to consider a diversity of species and habitat types to fully
understand the impacts of habitat fragmentation on disease susceptibility in diverse tropical
systems.

In addition, while the majority of previous research on amphibian disease has focused on
the fungal pathogen Batrachochytrium dendrobatidis (Bd), amphibians are susceptible to

numerous pathogens and parasites. In lowland tropical habitats, where the climate tends to be
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hotter and drier than in high elevation areas, Bd apparently poses a lower threat to amphibians
(James et al. 2015; Scheele et al. 2019; Rebollar et al. 2016). This does not mean that frogs in
lowland areas are protected from all infections, but rather that other parasites are likely to be
more important in these areas. As a significant proportion of fragmented areas in the Neotropics
are located at low- to mid- elevations, these less well-studied parasites may pose an overlooked
threat to fragmented amphibian populations. For example, apicomplexans including Hepatozoon
spp. are relatively common blood parasites of amphibians, which become infected either through
vector (ectoparasitism) or trophic (ingestion) transmission by infected blood-feeding
invertebrates (Harkness et al. 2010; Cotes-Perdomo et al. 2018). Little is known about the
distribution or level of threat imposed by amphibian apicomplexan parasites in the Neotropics,
although our previous work showed that apicomplexan infections were prevalent and associated
with MHC IIB genotype in a single amphibian host species in lowland habitats (Belasen et al.
2019). As coinfections can have large impacts on epidemic outcomes (Susi et al. 2015), single-
parasite studies likely give an incomplete picture of amphibian disease susceptibility.

In this study, we examined the effects of habitat fragmentation on MHC IIB diversity and
infection prevalence in frogs of the Brazilian Atlantic Forest. More than 500 years ago the
Atlantic forest stretched 1.2 million km? across the eastern coast of South America, but has been
reduced to around ~8% of this original area due to anthropogenic deforestation and
fragmentation (Ribeiro et al. 2009). The Brazilian Atlantic Forest is now distributed among
1000s of small patches of isolated forest, with the majority of patches (>80%) less than 50
hectares in area. Despite this extensive fragmentation, the Brazilian Atlantic Forest remains one
of the most biodiverse regions in the world, and is inhabited by 5% of vertebrate species

described on Earth and 60% of all of Brazil’s threatened animals. Amphibian diversity is
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extremely high in the Brazilian Atlantic Forest, which hosts ~660 described species with more
than half endemic to the region (L. F. Toledo, unpubl.). With this high level of diversity of
species and ecologies, the effects of fragmentation on amphibian genetics and disease may vary
widely.

We sampled six Atlantic Forest frog species that include habitat generalists and forest
specialists to examine the range of effects on immunogenetics and infections in this diverse
tropical amphibian fauna. These populations were previously genotyped at neutral loci using a
reduced-representation library approach (ddRAD; Belasen et al. unpubl.). We collected tissue
samples and skin swabs from our focal species in fragmented and continuous forested habitats in
two sampling regions (high vs. low elevation) to quantify immunogenetic diversity using the
MHC IIB locus and assess infection prevalence and load of Bd and apicomplexan parasites. Our
study was designed to test the following research questions: (i) How is MHC IIB diversity and
allelic composition affected by fragmentation in habitat generalists vs. habitat specialists? (ii)
Does fragmentation increase infection susceptibility across a range of species ecologies? (iii) Do
apicomplexan blood parasites pose a more significant threat than Bd in lower elevation habitats?

(iv) Does MHC IIB diversity or genotype correlate with infection susceptibility?

Methods
Study system and sample collection

Two regions in the Brazilian Atlantic Forest were sampled for this study that contained
continuous forests as well as isolated forest fragments: southeastern Sao Paulo state and southern
Bahia state (Fig. 5-18). In Sdo Paulo, forest fragments that are ~200 years old and located within

a cattle pasture matrix were sampled in the municipality of Sdo Luiz do Paraitinga (23°09’S
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45°15°W, 840 m asl). A section of the same original forest that has been preserved within a
protected area (Nucléo Santa Virginia, Serra do Mar; 23°25°S, 45°11°W, 620 m above sea level,
~17,000 ha total area of natural forest) was sampled ~30 km from the fragmented area. Similarly,
~200 year old forest fragments within a matrix of cattle pasture were sampled in the municipality
of Igrapitna (13° 50' S, 39° 13' W, 237m asl) in southern Bahia. A continuous forested site was
sampled within a nearby protected area, the Reserva Ecologica Michelin (13° 50' S, 39° 14' W,
137m asl, ~1,800 ha total area of natural forest).

Six focal species were sampled from fragmented and continuous habitats from the two
regions, including both habitat specialists (those that live and reproduce only in forested areas)
and generalists (those that can live and reproduce in a variety of habitats including low-quality
agricultural matrix). In S3o Paulo, this included two habitat specialists (Hylidae: Aplastodiscus
leucopygius and Brachycephalidae: Ischnocnema henselii) and two habitat generalists (Hylidae:
Dendropsophus minutus and Boana bandeirantes). In Bahia this included one habitat specialist
(Hylidae: Boana semilineata) and one habitat generalist (Hylidae: Dendropsophus branneri).

Frogs were individually captured at night using sterile plastic bags and were transported
back to a central field laboratory for sampling. Ventral skin swab samples were taken according
to a standard pathogen sampling protocol (Hyatt et al. 2007) and either lethal (liver, post-
euthanasia) or non-lethal (toe) tissue samples were taken for immunogenetic analysis (IACUC
protocols for humane animal care and use PRO00005605 and PRO00007691). Euthanized frogs
were formalin-fixed and deposited as voucher specimens in the Museum of Zoology at the
University of Campinas in Sdo Paulo (ZUEC) while non-lethally sampled frogs were released at

the same site they were captured. DNA was extracted using a Qiagen DNeasy kit (Valencia, CA,
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USA) using a modified protocol for swab samples and the standard manufacturer’s protocol for

tissues.

MHC IIB amplification and analysis

To analyze the MHC IIB immunogenetic locus, frog MHC primers were used to amplify
and sequence a 200-400bp fragment of MHC IIB Exon 2. Tissue DNA extracts were amplified
with amphibian MHC IIB primers BCF6 and BobomSR (May and Beebee 2009) and PCR
products were cloned and sequenced using a TOPO TA cloning kit and blue/white screening.
Successful clones were sequenced and compared against the NCBI Genbank database using
blastx to confirm homoloy to MHC IIB Exon 2.

Species-specific primers were developed for two species (D. minutus and A. leucopygius)
for which clean sequences could not be consistently produced using BCF6 and BobomSR, likely
due to spurious amplification of paralogs. Primers were designed using a genome walking
approach (Clontech Universal Genome Walker Kit 2.0) to amplify the exon and a portion of
flanking intronic region to ensure only orthologous regions would be amplified. Briefly, species-
specific nested MHC IIB Exon 2 primers were designed using a BCF6/BobomSR clone sequence
from each species. Tissue extracts were digested with four sets of restriction enzymes, then
adapters were ligated to cut ends of DNA strands. Two rounds of PCR were conducted with
nested gene specific primers and nested adapter primers to amplify DNA fragments overlapping
with the MHC IIB exon 2 locus. Final PCR products were then cloned and Sanger sequenced to
retrieve DNA sequences containing MHC IIB Exon 2 and flanking intronic regions. These
sequences were then used to design species-specific primers that would produce orthologous

amplicons.
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Either BCF6/BobomSR or species-specific primers were modified with an attached
indexing primer overhang (Table 5-6). These then were used to PCR-amplify a ~200-400bp
fragment of the MHCIIB Exon 2 from each DNA extract. After visualizing products on a 1%
agarose gel to confirm amplification, PCR products were diluted and reduced-cycle PCR was
used to anneal each product to Nextera oligos that contained [llumina flow cell adapters as well
as a unique 10bp index on each side. The resulting dual-indexed products were visualized on a
1% agarose gel before being quantified on a Qubit fluorometer. Samples were then pooled using
equimolar volumes and purified using 1.8x AMPure magnetic beads. The pooled and purified
library was sequenced on the [llumina MiSeq platform (250bp paired-end nano run) at the
University of Michigan Microbial Systems Molecular Biology Laboratory.

Sequences were bioinformatically processed using the Mothur MiSeq pipeline. Briefly,
MiSeq output data were split by frog species before paired reads were assembled, quality-filtered
to remove short sequences and ambiguous bases, aligned to a reference alignment of MHC 1IB
Exon 2 sequences from four frog species (downloaded from GenBank), and clustered into >99%
identical “OTUs” (operational taxonomic units) that represent MHC IIB Exon 2 alleles. A
threshold of 100 reads within a single individual was used to assign alleles to individual frogs.
The most abundant sequence for a given OTU was extracted as the allele sequence. Individuals
with >2 alleles recovered (n = 12/114) were filtered out of the dataset, as all target species are
assumed to be diploid and a single orthologous locus was being targeted. A neighbor-joining
phylogenetic tree was constructed using the BioNJ algorithm and HKY model in Seaview (vrs.
4.5.4; Gascuel 1997; Gouy et al. 2010) to confirm that the final set of haplotypes were
orthologous. To determine whether MHC haplotypes were genetically clustered according to

species relatedness or local habitat, a haplotype network was constructed and visualized using
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the pegas package in R (vrs. 3.5.1; R Team 2018; Paradis 2010) across four of the focal species:
D. minutus and B. bandeirantes from Sao Paulo, and their congeners D. branneri and B.
semilineata from Bahia.

To determine the impacts of fragmentation on MHC IIB diversity, allelic diversity (Na),
observed and expected heterozygosity (Ho and Hg), and nucleotide diversity (r) were calculated
in DnaSP (Librado and Rozas 2009). Mean Hr and mean & across individuals within populations
were analyzed across habitat types using t-tests in R after confirming that data conformed to the
assumptions of parametric statistics. MHC IIB genetic structure was evaluated among
fragmented and continuous populations within each species by calculating the fixation index
(Fst) in R. To compare MHC IIB diversity to neutral genetic diversity, MHC IIB diversity
summary statistics Ho, Hg, and m were treated as dependent variables in separate General Linear
Models that included analogous summary statistics from a reduced representation DNA
sequencing (ddRAD) library constructed from the same samples (Belasen et al., unpubl) as a
fixed effect independent variable. Additional models that included habitat type and species
ecology as factors were using a stepwise additive model building procedure, and adjusted R?
values were used to select the best model for each summary statistic.

To test for signatures of selection on the MHC IIB, the ratio of non-synonymous to
synonymous sites (dN/dS) was calculated for each population and the difference between dN and
dS was statistically analyzed using z-tests in MEGA (vrs. 7.0.26-mac). To further examine
whether neutral processes or selection were more likely to be influencing MHC 11B, MHC IIB
Fst was compared with mean and 95% CI AMOVA Fsr values from the ddRAD dataset

(Spurgin and Richardson 2010).
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Allele sequences were translated into amino acid sequences in MEGA (vrs. 7.0.26-mac).
Sequences were aligned with a previously published frog MHC IIB dataset (Bataille et al. 2015)
to identify residues hypothetically associated with antigen-binding site pocket conformation
based on analogous positions in human MHC class II alleles (antigen-binding groove pockets 4,
6, 7, and 9; Bataille et al. 2015; Mulder et al. 2017; Brown et al. 1993; Tong et al. 2006).

Positively selected sites (PSS) in the amino acid alignment were identified using a fixed
effects likelihood model of site selection (Weaver et al. 2018, Pond and Frost 2005). Alleles
were then clustered into functional “supertypes” based on PSS amino acid physicochemical
properties (z1-z5; Sandberg et al. 1998) using a BIC-based k-means clustering algorithm and
discriminant analysis of principle components (DAPC) implemented in the R package adegenet

(Jombart et al. 2010).

Detection and analysis of Bd and apicomplexan infections

Swabs were analyzed using a standard qPCR assay for Bd detection (Boyle et al. 2004).
Standard curves were produced using serial dilutions (10°-10° zoospore equivalents, hereafter
ZE) of BAF 2, a Bd-GPL culture isolated from a Brazilian Atlantic forest tadpole. Samples were
run in duplicate to ensure accurate quantification, and only those containing > 1 ZE were
considered positive for Bd.

Previously produced ddRAD data from tissue extracts (Belasen et al., unpubl.) were used
to determine the presence of Apicomplexan parasite OTUs using custom Linux and python batch
scripts. Briefly, sequences were truncated at 100bp, clustered into OTUs at 90% similarity, and
compared against the NCBI Genbank database using the megablast search algorithm. Within

those OTU clusters that had any matches in the database, the top <20 matches falling below the
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default minimum E-value of 1x10-'° were retained. For OTUs with at least one match to
Apicomplexa in the top retained hits, the OTU was assigned to Apicomplexa. This liberal
taxonomic assignment strategy was used because it is far more likely that parasite sequences
would inadvertently be assigned to host organism taxonomy rather than vice versa (Zhang et al.
1997). Within each sample, the proportion of sequences that were identified as Apicomplexa
relative to the total number of sequences that matched any sequence in the database was
calculated as a proxy for apicomplexan load.

Bd infection rates were compared across species ecologies (habitat generalist vs. forest
specialist) and habitat types (fragmented vs. continuous forest) using chi-square tests. Bd loads
were compared across species ecologies and habitats using a two-way ANOVA in R after
confirming that the data conformed to the assumptions of linear models. To test whether
apicomplexan parasites pose a greater threat in low elevation Bahia compared with Sdo Paulo,
apicomplexan loads were compared across regions using a Kruskal-Wallis test.

To examine the relationship between MHC IIB diversity and infections, General Linear
Models were constructed with Bd or apicomplexan load as the dependent variable and additive
stepwise combinations of the explanatory variables of MHC IIB diversity, species identity,
species ecology, and habitat type. Adjusted R? values were compared to select the best model for
each infection type. Chi-squared tests were used to compare Bd infection status across MHC 1IB
supertypes, and General Linear Models were used to determine associations between supertype

and Bd or Apicomplexan load.
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Results
Immunogenetic diversity

Across the six focal species, 72 unique haplotypes were recovered and predominantly
clustered by species on the neighbor-joining tree (Fig. 5-S24). Construction of a haplotype
network between congeneric species from Sdo Paulo and Bahia showed that haplotypes tend to
cluster by genus rather than by sampling area or habitat type (fragmented vs. continuous; Fig. 5-
19). While most haplotypes clustered within genera, one haplotype was shared between D.
branneri and B. semilineata (haplotype XL), and a second D. branneri-specific haplotype
(haplotype XLI) clustered within Boana spp. haplotypes on the network.

Five codon positions across the MHC IIB alignment were found to be under strong
positive selection (dN/dS > 10) and aligned with putative pocket residues of the peptide-binding
region (Fig. 5-S25). When amino acid physicochemical properties from these five codon
positions were evaluated, the 72 haplotypes condensed into seven unique MHC IIB supertypes
that tended to cluster on the tree (Fig. 5-S24). Two supertypes were found only in a single
species: ST1 was found only in D. branneri and ST6 was found only in D. minutus.

MHC IIB diversity was significantly lower in fragmented populations relative to
continuous populations according to expected heterozygosity (Hg) in three of four Sao Paulo
species and both Bahia species (t-tests, p < 0.05 for all species except B. bandeirantes, Fig. 5-
20A; see Table 5-7 for summary data and Table 5-8 for test statistics). MHC IIB nucleotide
diversity (m) was also lower in all three specialist species and in the generalist D. branneri, while
© was significantly higher in the fragmented population of the generalist B. bandeirantes relative

to the continuous population (t-tests, p<0.05 for all species except D. minutus; see Table 5-7 for
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summary data and Table 5-8 for test statistics). For both Hg and =, the largest declines in genetic
diversity were observed in the specialists A. leucopygius and I. henselii (Table 5-7).

According to dN/dS, significant signatures of positive selection were found only in the
Sao Paulo specialists A. leucopygius and 1. henselii (Table 5-7). No populations showed
significant signatures of population bottlenecks according to Tajima’s D (Table 5-7).

Relative to genetic differentiation (Fsrt) across ddRAD loci, MHC IIB showed greater
genetic differentiation in three species (4. leucopygius, B. bandeirantes, and D. branneri) and
lower genetic differentiation in the remaining three species (1. henselii, D. minutus, and B.
semilineata; Fig. 5-20C). When MHC IIB diversity summary statistics Hg, Ho, and & were
compared with summary statistics generated from ddRAD data from the same populations, only
MHC IIB Ho was significantly associated with ddRAD Ho, with a negative relationship across

all species and populations (SLR, B =-3.2, p <0.05, R = 0.37; Fig. 5-21A).

Incidence of Bd and apicomplexan infections

Bd infections were detected in all sites sampled in Sdo Paulo. After running a subset of
samples (~50) collected from the lowland sampling area in Bahia we found ~5% prevalence of
Bd with positive samples showing low loads (~1 ZE). As this is consistent with other findings of
very low prevalence and infections of Bd from lowland areas in the Atlantic Forest (Lambertini
et al., unpubl) we considered Bd to be functionally absent from the Bahia populations.

Within Sao Paulo, fragmented populations had significantly higher Bd infection rates
relative to continuous populations (X?(1) = 10.783, p < 0.01) and specialists showed a trend of
higher Bd infection rates relative to generalists although this was not statistically significant
(X?(1) =2.458, p = 0.1; Fig. 5-22A). Bd infection loads tended to be higher in fragmented

populations and in specialists in both habitat types, although these trends were also statistically
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non-significant (two-way ANOVA, p > 0.05; Fig. 5-22B). While Bd load increased with
fragmentation in specialists, loads were similar across site types in generalists.

ddRAD datasets from all samples contained DNA sequences from Apicomplexans. The
majority of these sequences (89%) matched GenBank OTUs classified within the family
Plasmodiidae (Fig. 5-S26). Apicomplexan parasite loads did not vary according to species
ecology, but were significantly higher in Bahia than Sdo Paulo (General Linear Model, p < 0.01
for region, p > 0.05 for site type and species ecology, R? = 0.10; Fig. 5-22C).

When infections were analyzed against MHC IIB diversity, within Sdo Paulo there was a
significant negative relationship between Bd prevalence and population-level MHC IIB diversity
for both measures of heterozygosity, and the best models included habitat type (fragmented vs.
continuous) as an explanatory variable (MHC IIB Hg: B =-84.61, p=0.0311, overall model p =
0.016, R? = 0.8752; MHC IIB Ho: B = -52.64, p= 0.0307, overall model p = 0.026, R? = 0.8395;
Fig. 5-21B). In contrast, apicomplexan load was positively associated with MHC IIB diversity by
He across all populations, and the best model included habitat type as a factor (General Linear
Model, beta = 0.911 for Hg, p = 0.01, overall model p = 0.03, R? = 0.54; Tukey’s HSD p < 0.05
for fragmented vs. continuous habitats, Fig. 5-21C). On the individual level, MHC I1B
heterozygotes were significantly less likely to be infected with Bd (X? (1)=9.5825, p <0.01).
There was no relationship between individual-level heterozygosity and Bd load or Apicomplexan
load (t-tests, p > 0.05).

Of the five supertypes that occurred across multiple species (excluding species-specific
supertypes ST1 and ST6), ST2, ST4, and ST5 were significantly associated with Bd infection
status and apicomplexan loads. Frogs possessing ST2 exhibited higher incidence of Bd infections

(X?(2)=25.203, p < 0.0001) and higher Apicomplexan loads (General Linear Model, p <
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0.0001, R? = 0.26), while frogs possessing ST4 or ST5 exhibited higher incidence of Bd
infections (ST4: X2(2)=7.0872, p = 0.07; ST5: X*(2)=6.1613, p < 0.05) and lower
Apicomplexan loads (General Linear Model, p < 0.0001 for ST4 and for ST5, R? = 0.26; Fig. 5-
23A). Bd load did not vary across supertypes (General Linear Model, p > 0.05). Supertype
heterozygotes were significantly less likely to be infected with Bd (X* (1)=9.1077, p <0.01), but

there was no effect of supertype heterozygosity on apicomplexan load (t-test, p > 0.05).

Discussion
Habitat fragmentation is associated with erosion of immunogenetic diversity

In this study, we quantified the effects of landscape modification on amphibian
immunogenetic diversity and infection susceptibility across host species ecologies and landscape
contexts. Overall, we found that habitat fragmentation was associated with reduced
immunogenetic diversity, with the most severe reductions in MHC IIB diversity in the forest
specialists 4. leucopygius and 1. henselii. We also found that across all species, MHC IIB
diversity was inversely related to overall diversity based on genome-wide markers from a
previously produced ddRAD dataset. Combined with the low Tajima’s D values we recovered as
well as MHC IIB Fsr values occurring outside of 95% confidence intervals of ddRAD marker
Fst values within each species, this suggests that the loss of MHC IIB diversity may not
exclusively be due to genetic drift or inbreeding. In half of our focal species, MHC IIB genetic
differentiation was significantly lower than expected based on genome-wide genetic
differentiation, suggesting that selection is maintaining similar MHC IIB alleles in different
populations. This is corroborated by the MHC IIB haplotype network, which does not show

clustering according to population.
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Transspecific polymorphism is thought to be common at MHC genes (Klein 1987).
However, among the 72 MHC IIB haplotypes we recovered, we recovered only one common
haplotype between focal species. This haplotype was found in both species from Bahia, which
implies that the local environment and/or local pathogens could be driving selection for this
allele. At the supertype level, however, there was evidence of transspecific polymorphism, with
5/7 supertypes shared among two or more focal species.

The positively selected codons that we detected across the MHC IIB alignment are
corroborated by previous studies as sites that impact PBR pocket shape and thus pathogen
recognition (Bataille et al. 2015; Mulder et al. 2017). However, the diversity of haplotypes and
supertypes that we recovered are relatively lower than might be expected based on previous
studies. For example, Savage et al. (2016) recovered 84 alleles and 4 supertypes across 8
populations of a single species (128 individuals). In our study, we sampled a similar number of
individuals (n=114), but included six focal species spanning two families and four genera. With
this level of species diversity it is somewhat surprising that only seven functional MHC
supertypes were recovered. As previous studies that have identified MHC IIB supertypes in
amphibians have focused on a single focal species, it is unknown how many supertypes exist
across diverse amphibian species. It is possible that supertypes show a high degree of
transspecific polymorphism if amphibians are subject to similar pathogens or other selective
pressures. Further comparative studies of the amphibian MHC IIB are needed to test this

hypothesis.
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Pathogen prevalence and load vary with elevation, habitat fragmentation, and immunogenetics

As we predicted, Bd prevalence and loads were extremely low in the lowland Bahia
sampling region. However, Bd was present in all Sdo Paulo populations, with the highest Bd
prevalence and loads in fragmented populations and in forest specialist host species. On the
population-level we observed an inverse relationship between MHC diversity and Bd prevalence
and load, and on the individual-level MHC IIB heterozygotes were less likely to be infected with
Bd. This corroborates a previous study in which MHC IIB heterozygotes were found to have
lower Bd susceptibility (Savage and Zamudio 2011, 2016). However, another study found
increased Bd risk in populations with higher heterozygosity, and attributed this pattern to
correlations between heterozygosity, dispersal, and Bd transmission in populations in more
diverse populations (Addis et al. 2015). In our study area, we did not observe evidence of
reduced Bd transmission due to reduced intraspecific dispersal with habitat fragmentation. One
possible explanation for this result is that generalist species transmit Bd across the matrix from
continuous habitats to isolated forest specialist populations. As habitat generalists show moderate
prevalence and relatively low Bd loads overall, they could be hypothetically serving as tolerant
“disease vectors” within this system.

Apicomplexan loads were higher in Bahia than in Sdo Paulo, implying that this pathogen
is more important in areas that are less suitable for Bd. This pattern may have arisen as a result of
release from competition with Bd, perhaps mediated through indirect immune-system mediated
effects (Graham 2008). Similar to Bd, apicomplexan loads were higher in fragmented
populations relative to continuous preserved forest populations. However, in contrast with Bd,
apicomplexan parasites exhibited a positive association with MHC IIB diversity. This suggests

that apicomplexan transmission could be more dependent on intraspecific host dispersal. Indeed,
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apicomplexan parasites have been shown to exhibit host-specificity in amphibians (Kim et al.
2006). Unfortunately, we were unable to identify Apicomplexans to species or strain with our
dataset, but host-specificity remains a possible explanation for the pattern we observed.

MHC IIB supertypes 2, 4, and 5 showed significant associations with Bd infections and
Apicomplexan loads. While all three supertypes were associated with increased Bd infection
rates, ST4 and ST5 were associated with decreased Apicomplexan loads. Therefore, it is possible
that ST4 and ST5 exhibit a tradeoff between higher Bd susceptibility and lower apicomplexan
susceptibility. In Bahia, where apicomplexan loads were higher on average, ST2 was relatively
common while ST4 and ST5 were relatively rare (Fig. 5-23B). This supports the hypothesis that
rare alleles provide an advantage against common pathogens. Although no supertypes were
associated with protection against Bd, supertype heterozygotes exhibited lower Bd infection risk.
Previous studies did not find an MHC IIB supertype heterozygote advantage against Bd despite
heterozygote advantage at the haplotype level (Savage and Zamudio 2016). This may be due to
higher concordance in functional complementarity between allelic heterozygotes and supertype
heterozygotes in our focal species, or due to a larger sample size of supertypes in this study
compared with previous studies.

Somewhat surprisingly, the prevalence of apicomplexan infections across our study
populations was 100%. Although Hemogregarinids and Hepatozoids are more commonly
reported from amphibians (Kim et al. 2006; Desser et al. 1995), 89% of Apicomplexans we
recovered matched OTUs classified within the family Plasmodiidae when compared against
GenBank. A caveat of our method of diagnosing infections is that the presence of apicomplexan
DNA in an amphibian host does not necessarily equate to disease. Although all apicomplexans

are considered parasitic, they may also inhabit amphibians as commensals. However, when
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amphibians become immunocompromised, apicomplexans present in the organism can
proliferate to clinical levels and become a health concern (Whitaker 2017). For this reason, we
argue that apicomplexan load can be used as a proxy of relative health across individuals and
populations.

In addition, as our study is correlative, it is not possible to discern whether the
associations we observed between infections and the MHC IIB locus are attributed to causal
relationships between immune function and infection load, or to both factors being
independently associated with fragmentation. For example, MHC IIB selection dynamics may be
related to agricultural factors (Hernandez-Gomez et al. 2019) rather than parasites in the
fragmented landscape. Likewise, parasite loads may be increased by fragmentation due to
physiological stress rather than impacts on genetic diversity. The mechanistic relationship
between the MHC IIB locus and Bd susceptibility has been demonstrated through experimental
studies (Savage and Zamudio 2011), supporting a mechanistic link between immunogenotype
and Bd risk. Although little is known about the relationship between the amphibian MHC 11B
and susceptibility to plasmodiid Apicomplexans, research on humans has shown strong
coevolutionary relationships between a human HLA (MHC analog) locus and the plasmodiid
parasites responsible for malaria (Plasmodium spp.; Hill 1998). Further research is needed to
confirm a similar relationship in amphibians.

Taken together, our results suggest that habitat fragmentation is associated with increased
infections and decreased immunogenetic diversity in amphibians. Immunogenetic diversity may
have eroded in fragmented populations through inbreeding and genetic drift, although it is likely
experiencing selection as well according to our analyses of Fst. Second, we have shown that

fragmentation does not reduce pathogen transmission in the case of Bd, a generalist pathogen,
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which has access to high-dispersing habitat generalist hosts that may be functionally serving as
disease vectors in this system. Lastly, disease agents other than Bd including Apicomplexans are
likely important stressors in amphibian populations in lowland areas that experience a large
proportion of habitat modification. Future studies of amphibian disease should examine multiple

disease agents to gain a more complete picture of susceptibility.
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Tables

Table 5-6: Custom sequencing primers used to amplify the MHC IIB Exon 2 from the six focal species.

Primer name Overhang + Gene specific primer sequence

BCF6_OH TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATTGTACAATCAGGAGGAG

BobomSR_OH GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCATAGTTGTGTTTACAGACTGTTTCCAC

Dmin MHCIIB_F OH | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGATTACTTTGCTGCATGG

Dmin MHCIIB_R OH | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCAGGGTCTCACCTTTTCTTC

Aleu MHCIIB_F_ OH | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACTCAGCACGTGCGGTTACT

Aleu MHCIIB_R OH | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGGCAGCCATTTCTAGTTA
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Table 5-7: Population-level sample sizes and summary statistics for MHC IIB and ddRAD loci.

Abbreviations are as follows: Ecology: Spec. = forest specialist, Gen. = forest generalist; Pop = population, Frag. = fragmented forest, Cont. = continuous forest;
n = number of individuals that were genotyped for MHC IIB; Ho = observed heterozygosity; He = expected heterozygosity; SD = standard deviation; Na = allelic
richness; dN/dS = the ratio of non-synonymous to synonymous changes; z-stat is the test statistic from the dN-dS z-test (significant results with p <0.05 are in
bold); © = nucleotide diversity; D = Tajima’s D; Fsr = fixation index; n loci = the number of ddRAD loci sequenced from each population. Site codes correspond
to sites in Fig. 5-18.

1] MHC 1B data ddRAD data

Site dN-dS
Species Ecology [Region |Pop |code |n |Ho [Hg |SDHg [Na |dN/dS [z-stat |m SDn |D Fsr nloci |Ho |[He |=n Fsr Fst95% CI
Aplastodiscus Spec. sp Frag. [FR2Z 110] 020]0.70] o0.a1]| 7] 224| 1.80[0.06[0.012] -0.67] 0.152] 4610]0.23]0.25]0.26] 0.094 0.0019
leucopygius Cont. | COl 7] 043]089] 0.06] 8] 192] 2.15]0.09]0.009] 1.16 3186] 0.24] 0.24] 0.28
IschnOﬁnem Spec. Sp Frag. |FR3 7] 0.14]0.39] 0.15[ 3| 085 2.24]|0.03]0.011] -055[ 0.020] 7948[0.18{0.22{0.24{0.086 0.0015
henselii Cont. [cO1 ] 10] 0.60]0.85] 0.06] 8] 2.18| 2.34[0.07[0.009] 0.50 2845/ 0.16/0.17[ 0.19
Dendropsophus { Sp Frag. |[FRI 110] 0.60]0.72] 0.09] 6] 035 -088]0.01]0.002] -144[ 0.027] 2911]0.12{0.21]0.25[0.041 0.0017
minutus Cont. [COl 10| 0.60/0.83] 0.06] 8| 0.39] -0.89]0.01]0.002] -0.92 47511 0.11]0.24] 0.28
Boana Gen. Sp Frag. |FR2 8] 0.75[0.89f 0.05] 8 094] -0.12]0.09]0.007[ 027] o0.110] 3657]0.17]0.20]0.22]0.070 0.0012
bandeirantes Cont. |COl 7] 0.86]0.88] 0.08] 9| 2.14] 1.98/0.08]0.009] 0.21 4813]0.17{0.22] 0.24
Boa.na spec.  |BA Frag. |FR4 6] 1.00]0.82] 0.08[10] 1.67] 1.24]0.04]0.004] 1.16[-0.0049]35839[0.12{0.13[0.14
semilineata Cont. [CO2 8] 075[093] 004] 6] 204] 148]0.06]0.003[ 064 35836]0.12] 0.13] 0.14] 0.054 0.0009
Dendropsophus | . BA Frag. |FR4 8] 0.63]089] 0.05] 8 136] 0.99]0.06[0.006] 0.58] 0.064] 16685]0.10]0.12]0.14
branneri Cont. [CO2 9] 0.78]0.95] 0.03[ 12| 094 -0.12]0.09] 0.008] -0.04 16689 0.10] 0.13] 0.14] 0.056 0.0014
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Table 5-8: Test statistics for comparisons of MHC IIB genetic diversity (HE and 7) across populations.
Independent samples t-test test statistics are report along with degrees of freedom in parentheses as well as

corresponding p-values. Statistics in bold represent a significant result. All comparisons were among fragmented

and continuous populations of each species.

Species He t-test statistic (df) | He p value | = t-test statistic (df) | = p value
A. leucopygius 4.34 (15) <0.0001 4.7802 (15) <0.001
1. henselii 8.9512 (15) <0.0001 9.1397 (15) <0.001
D. minutus 3.2738 (18) <0.01 0.3859 (18) >0.05

B. bandeirantes | 0.3913 (13) >0.05 2.3287 (13) <0.05

B. semilineata 3.4215 (12) <0.01 7.0792 (12) <0.0001
D. branneri 2.832 (15) <0.05 10.1281 (15) <0.0001

Figures

Figure 5-18: Map of sampling locations.
Preserved continuous forests (CO1 and CO2) are denoted with white circles, and forest fragments (FR1-FR4) are
denoted with red triangles. See Table 5-7 for sample sizes and species associated with each site.
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Figure 5-19: MHC IIB haplotype network for four focal species.
Circle size is proportional to haplotype frequency, colors correspond to the populations in which each haplotype is
found, and the length of the links between haplotype circles correspond to the genetic distance between haplotypes.
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Figure 5-20: MHC IIB summary statistics across all focal species.

Sampling region (SP = Sdo Paulo, BA = Bahia) is specified in parentheses after each species’ name. (A, B) MHC
IIB immunogenetic diversity erodes in fragmented populations by both expected heterozgosity (A) and nucleotide
diversity (B). Dark green bars represent populations from continuous forests and light green bars represent
populations from fragmented forests. Asterisks represent a significant difference according to t-tests (alpha = 0.05).
(C) MHC 1IB Fsr does not fall within the 95% Confidence Interval of any focal species. ddRAD Fsr mean values
are shown by red circles with error bars and MHC IIB Fsr values are shown by blue squares.
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Figure 5-21: Relationships between MHC IIB Heterozygosity, overall genetic diversity, and infections.

(A) MHC IIB observed heterozygosity is negatively associated with overall observed heterozygosity estimated from ddRAD loci. (B) Bd prevalence (% of

individuals infected with Bd in a population) is negatively associated with MHC IIB immunogene diversity (expected heterozygosity). (C) Apicomplexan load
(% of ddRAD reads from Apicomplexa OTUs) is positively associated with MHC IIB immunogene diversity (expected heterozygosity).
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Figure 5-22: Pathogen incidence across populations.
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(A) Bd prevalence in Sao Paulo was significantly higher in in fragmented than continuous forests and prevalence tended to be higher in specialists in both habitat
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Figure 5-23: Relationships between MHC IIB Supertypes, pathogen incidence, and sampling regions.

(A) Change in pathogen incidence (number infected with Bd or Apicomplexan load) in the presence of three MHC IIB supertypes, ST2, ST4, and STS. Frogs
possessing ST2 were more likely to be infected with Bd and had higher Apicomplexan loads relative to those without ST2. Frogs possessing ST4 or ST5 were
more likely to be infected with Bd but had lower Apicomplexan loads relative to those without these supertypes. (B) Distribution of the seven MHC 1IB
supertypes across the two sampling regions. ST1 was only found in D. branneri and ST6 was only found in D. minutus. ST4 and ST5 were relatively rare in
Bahia, where Apicomplexan loads were higher.
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Supplemental Figures

Figure 5-S24: Neighbor-joining tree of MHC IIB haplotypes across all species.

Tree was imputed using the BioNJ algorithm and HKY model. Nodes are labeled with abbreviations representing

the species in which the haplotype is found (Aleu = A. leucopygius, Thens = I. henselii, Dmin = D. minutus, Bban =

B. bandeirantes, Bsem = B. semilineata, Dbra = D. branneri, Shared = shared between B. semilineata and D.

branneri) followed by the haplotype name, and the supertype to which the haplotype belongs.
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Figure 5-S25: Alignment of MHC IIB amino acid sequence showing pocket folding sites and positively selected sites.

Codon position numbers are listed for the current study, Bataille et al. 2015, and Mulder et al. 2017 alignments. Two amino acid sequence per species and the

one shared haplotype (Otu22) are included from the current study, and two previously published sequences from Bataille et al. 2015 are included from each of
four species (Litoria verreauxii, Bombina bombina, Rana yavapaiensis, and Xenopus laevis). Colors indicate positions corresponding with putative P9 (orange),
P6/P7 (yellow), P4/P7 (green) and P4 (blue) pocket residues that correspond with pockets of the MHC II molecule peptide-binding groove. Sites that were found

to be under positive selection and that were extracted to condense haplotypes into supertypes are bolded and enclosed in black boxes.
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Figure 5-S26: Taxonomic diversity of Apicomplexan OTUs found in ddRAD sequences from the six focal species.
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Chapter 6: Conclusion

In the four data chapters of my dissertation, I evaluated the effects of habitat
fragmentation on genetic diversity and potential disease susceptibility in frogs of the Brazilian
Atlantic Forest. I used three systems to examine factors that are rarely considered simultaneously
in studies of fragmentation and disease: time (long-term vs. short-term), species ecology (habitat
generalist vs. specialist), and landscape context (intensive vs. rustic land-use). By comparing
these systems and a variety of focal species, my research deepens our understanding of the range
of expected impacts due to habitat fragmentation, and provides baseline data for further studies.

In Chapter 2, I compared inbred island populations to mainland populations of a single
frog species, Thoropa taophora. 1 found that contrary to our expectations, immunogenetic
diversity at the MHC IIB locus has sharply declined with overall genetic diversity in fragmented
island populations. Although the focal species I selected across the study area did not harbor
significant infections of my original target pathogen Batrachochytrium dendrobatidis (Bd), 1 was
able to assess infections by a variety of eukaryotic microbes found on frog skin using high-
throughput sequencing of skin swabs. I found that inbred populations hosted proportionally more
potential eukaryotic parasites, and across all populations I detected an MHC heterozygote
advantage, whereby heterozygotes hosted proportionally fewer potential eukaryotic parasites.
When only mainland frogs were analyzed to remove confounding effects of environmental
differences between mainland and island sites contributing to this pattern, I found that

immunogenotype still explained the proportion of skin microbes that were potentially parasitic.
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In Chapter 3, I explored the overall skin microbiome across these Thoropa taophora
populations to examine how microbiome diversity and assembly is related to both long-term
fragmentation and host genetic diversity and immunogenotype. While previous studies have
largely focused on the bacterial component of the amphibian skin microbiome, I simultaneously
analyzed bacteria and microeukaryotes inhabiting frog skin. I found that microbiome diversity
was directly related to host genetic diversity and host immunogenotype. I also recovered two
novel patterns when I compared the bacterial and eukaryotic communities in the skin
microbiome: (1) bacterial and eukaryotic diversity were positively correlated; and (2) the
microbiome network is composed of cross-Domain connections (between bacteria and
eukaryotes). Currently one of the most compelling and widely discussed treatments for
amphibian disease is probiotic treatment — manipulating the skin microbiome with bacteria that
fight pathogens. However, my results suggest that altering the bacterial community may
significantly alter the eukaryote community found on frog skin. We know very little of the
ecological roles these eukaryotes play in frog health and in biotic interactions between frogs and
other species. My results imply that more thorough research is needed before these probiotic
strategies should be widely employed in wild populations.

Although the patterns I recovered from the island-mainland system are intriguing and
provide insights into time-lagged effects of contemporary fragmentation, the results from this
system may have limited relevance to current conservation strategies to deal with
anthropogenically fragmented wildlife populations. Therefore, I moved to the Brazilian Atlantic
Forest mainland for the remainder of my research. On the mainland I was able to sample a larger
number of focal species relative to the species-poor island and coastal environments, allowing

me to examine how frog species ecology influences the impacts of fragmentation. The mainland
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also has fragmented and modified habitats across a range of land-use types, from intensive (open
managed pasture) to rustic (agroforest). This allowed me to examine how the impacts of
fragmentation vary according to land-use context.

In Chapter 4, I examined the impacts on overall genetic diversity in frog species that vary
in ecology (high-dispersing habitat generalists vs. low-dispersing habitat specialists) and that
inhabit modified landscapes that vary in their land-use (intensive cattle pasture vs. rustic cacao
agroforests). I hypothesized that all frog species would be impacted by fragmentation but to
different extents. Specifically, I predicted that all frogs would lose genetic diversity and exhibit
genetic isolation due to fragmentation, but that these effects would be more pronounced in
specialists. This hypothesis was partly supported: I found that while generalists lost genetic
diversity with fragmentation, specialists showed signatures of genetic isolation. The most
surprising result was that specialists actually exhibited higher genetic diversity in fragmented
habitats. However, after I researched the phylogeography of frogs in this region, I found that this
result is consistent with high levels of genetic structure in forest specialists compared with
habitat generalists. This means that specialists in fragmented populations are likely the result of a
mixture of source populations that show relict genetic diversity due to historical population
structure, whereas continuous habitat specialist populations likely represent a single population
that has been stable for a long time. Generalists show very little historical structure, and thus it
makes sense that genetic differentiation would be lower across the landscape.

The second hypothesis I tested in Chapter 4 was that rustic forms of agriculture could
buffer populations against loss of genetic diversity and dispersal. Again, this hypothesis was
partly supported — in terms of genetic diversity, | saw equal or higher genetic diversity in rustic

modified landscapes relative to continuous preserved forest. However, I observed genetic
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isolation between a forest and a rustic landscape in the specialist focal species from this region.
This suggests that there may be barriers to dispersal or local adaptation in rustic landscapes, but
that these landscapes can nonetheless support genetically diverse frog populations.

Finally, in Chapter 5, I examined the effects of habitat fragmentation on frog
immunogenetics and infections across the ecologically diverse focal species. I found that
immunogenetic diversity is eroded in fragmented populations, and more severely in forest
specialists than in habitat generalists. After comparing immunogenetic data with genome-wide
genetic data, I concluded that selection is likely contributing to the loss of immunogenetic
diversity in fragmented populations rather than solely inbreeding and drift.

I also tested these populations for infections by Bd and apicomplexan parasites. I
hypothesized that higher elevation Sao Paulo populations would exhibit higher Bd infections
while apicomplexan infections would be more significant in lowland Bahia, where habitat
suitability for Bd is lower. My findings supported this hypothesis. I also used pathogen data to
test whether fragmentation increases infection susceptibility, and indeed I found that both Bd
prevalence and apicomplexan loads were higher in fragmented populations. Finally, I evaluated
the relationships between the MHC IIB locus and infections. I recovered an MHC 11B
heterozygote advantage for Bd but not for Apicomplexans. In fact, both Bd and Apicomplexans
were associated with MHC heterozygosity, but in opposite directions: higher heterozygosity was
associated with higher Bd prevalence but lower apicomplexan loads. It is unclear whether this is
a direct result of heterozygote advantage in Bd only, or competitive release for Apicomplexans
when Bd is lower or absent.

When I evaluated the relationships between these pathogens and MHC IIB supertype, |

found that three MHC supertypes were significantly associated with infections. One Supertype
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showed a tradeoff where Bd prevalence is higher but apicomplexan loads are lower. As this is a
correlative study, it is not certain that MHC is associated with differences in Apicomplexan
diversity. It could be that Bd and Apicomplexans “compete” in a sense for host resources or
interact indirectly through the host immune system, rather than that both are impacted by MHC
molecules in the same way. Regardless, my study shows that fragmentation can shift
immunogenetic diversity in ways that impact infections.

Taken together, my results imply that habitat fragmentation increases disease
susceptibility in amphibians. The value of my research lies in the focus on natural populations,
however this also its limitation: all of the research I have presented in my dissertation is based on
correlative studies of wild populations. Further studies are needed to provide evidence of causal
relationships, to demonstrate e.g., pathology of the potential parasites I identified in Chapter 2,
causal relationships between MHC IIB genotype and the assembly of the microbiome that my
results implied in Chapter 3, and mechanistic interactions between MHC IIB genotype and
Apicomplexan parasites that are suggested by my results from Chapter 5. In addition, my results
from Chapter 4 suggest that genetic diversity may not be compromised by fragmentation in
sensitive forest specialist frogs, however it remains unknown how the absolute level of genetic
diversity impacts population resilience in these species. Nonetheless, my dissertation research
provides evidence that habitat fragmentation impacts genetics and potential disease susceptibility
in frogs. Future research and conservation efforts should consider a range of species, pathogens,
and landscape contexts to gain a holistic picture of land-use impacts on health in wildlife

populations.

130



Literature Cited

Abarca, Juan G., Gabriel Vargas, Ibrahim Zuniga, Steven M. Whitfield, Douglas C. Woodhams,
Jacob Kerby, Valerie J. McKenzie, Catalina Murillo-Cruz, and Adrian A. Pinto-Tomas.
2018. Assessment of Bacterial Communities Associated with the Skin of Costa Rican
Amphibians at La Selva Biological Station. Frontiers in Microbiology 9: 1-12.
https://doi.org/10.3389/fmicb.2018.02001.

Abedkhojasteh H, Niyyati M, Rahimi F, Heidari M, Farnia S, Rezaeian M. 2013 First Report of
Hartmannella keratitis in a Cosmetic Soft Contact Lens Wearer in Iran. Iran. J. Parasitol.
8, 481-485.

Acevedo-Whitehouse, Karina, and Andrew A. Cunningham. 2006. Is MHC Enough for
Understanding Wildlife Immunogenetics? Trends in Ecology and Evolution 21 (8): 433-38.
https://doi.org/10.1016/j.tree.2006.05.010.

Addis, Brett R., Winsor H. Lowe, Blake R. Hossack, and Fred W. Allendorf. 2015. Population
Genetic Structure and Disease in Montane Boreal Toads: More Heterozygous Individuals
Are More Likely to Be Infected with Amphibian Chytrid. Conservation Genetics 16 (4):
833—44. https://doi.org/10.1007/s10592-015-0704-6.

Aguilar, Andres, Gary Roemer, Sally Debenham, Matthew Binns, David Garcelon, and Robert K
Wayne. 2004. High MHC Diversity Maintained by Balancing Selection in an Otherwise
Genetically Monomorphic Mammal. Proceedings of the National Academy of Sciences of
the United States of America 101 (10): 3490-94. https://doi.org/10.1073/pnas.0306582101.

Allentoft, Morten E., and John O’Brien. 2010. Global Amphibian Declines, Loss of Genetic
Diversity and Fitness: A Review. Diversity 2 (1): 47-71. https://doi.org/10.3390/d2010047.

Almeida-Gomes, Mauricio, Marcus Vinicius Vieira, Carlos Frederico Duarte Rocha, Jean Paul
Metzger, and Greet De Coster. 2016. Patch Size Matters for Amphibians in Tropical
Fragmented Landscapes. Biological Conservation 195: 89-96.
https://doi.org/10.1016/j.biocon.2015.12.025.

Altizer, S, D Harvell, and E Friedle. 2003. Rapid Evolutionary Dynamics and Disease Threats to
Biodiversity. Trends Ecol Evol 18.

Amend, Anthony S., Keith A. Seifert, and Thomas D. Bruns. 2010. Quantifying Microbial
Communities with 454 Pyrosequencing: Does Read Abundance Count? Molecular Ecology
19 (24): 5555-65. https://doi.org/10.1111/5.1365-294X.2010.04898.x.

132



Anaissie, E J. 1992. Opportunistic Mycosis in the Immunocompromissed Host: Experience at a
Cancer Center and Review. Clinical Infectious Diseases 14 (Sup. 1): 43-53.

Andersen, Liselotte W., Kare Fog, and Christian Damgaard. 2004. Habitat Fragmentation Causes
Bottlenecks and Inbreeding in the European Tree Frog (Hyla Arborea). Proceedings of the
Royal Society B: Biological Sciences 271 (1545): 1293—1302.
https://doi.org/10.1098/rspb.2004.2720.

Angelone, Sonia, and Rolf Holderegger. 2009. Population Genetics Suggests Effectiveness of
Habitat Connectivity Measures for the European Tree Frog in Switzerland. Journal of
Applied Ecology 46 (4): 879-87. https://doi.org/10.1111/j.1365-2664.2009.01670.x.

Arens, Paul, Theo Van Der Sluis, Wendy P C Van’t Westende, Ben Vosman, Claire C Vos, and
Marinus J M Smulders. 2007. Genetic Population Differentiation and Connectivity among
Fragmented Moor Frog (Rana Arvalis) Populations in the Netherlands. Landscape Ecology
22 (10): 1489-1500. https://doi.org/10.1007/s10980-007-9132-4.

Arkush, Kristen D, Alan R Giese, Holly L Mendonca, Anne M Mcbride, Gary D Marty, and
Philip W Hedrick. 2002. Resistance to Three Pathogens in the Endangered Winter-Run
Chinook Salmon (Oncorhynchus Tshawytscha): Effects of Inbreeding and Major
Histocompatibility Complex Genotypes. Accessed April 21, 2017.
https://doi.org/10.1139/F02-066.

Badali, H, A Bonifaz, T Barron-Tapia, D Vazquez-Gonzalez, L Estrada-Aguilar, N M
Cavalcante Oliveira, J F Sobral Filho, J Guarro, J F G M Meis, and G S De Hoog. 2010.
Rhinocladiella Aquaspersa, Proven Agent of Verrucous Skin Infection and a Novel Type of
Chromoblastomycosis. Medical Mycology : Official Publication of the International Society
for Human and Animal Mycology 48 (5): 696-703.
https://doi.org/10.3109/13693780903471073.

Barribeau, S M, J Villinger, and B Waldman. 2012. Ecological Immunogenetics of Life-History
Traits in a Model Amphibian. Biology Letters 8 (3): 405-7. https://doi.org/Doi
10.1098/Rsbl.2011.0845.

Bataille, A., S. D. Cashins, L. Grogan, Lee F. Skerratt, D. Hunter, M. McFadden, B. Scheele, et
al. 2015. Susceptibility of Amphibians to Chytridiomycosis Is Associated with MHC Class
IT Conformation. Proceedings of the Royal Society B: Biological Sciences 282 (1805):
20143127-20143127. https://doi.org/10.1098/rspb.2014.3127.

Becker, C. Guilherme, Carlos R. Fonseca, Célio F.B. Haddad, and Paulo I. Prado. 2010. Habitat
Split as a Cause of Local Population Declines of Amphibians with Aquatic Larvae.
Conservation Biology 24 (1): 287-94. https://doi.org/10.1111/j.1523-1739.2009.01324 .x.

Becker, C. Guilherme, and Kelly R Zamudio. 2011. Tropical Amphibian Populations Experience
Higher Disease Risk in Natural Habitats. Proceedings of the National Academy of Sciences
of the United States of America 2011 (24): 1-6. https://doi.org/10.1073/pnas.1014497108.

Becker, Matthew H., Jenifer B. Walke, Lindsey Murrill, Douglas C. Woodhams, Laura K.

133



Reinert, Louise A. Rollins-Smith, Elizabeth A. Burzynski, Thomas P. Umile, Kevin P.C.
Minbiole, and Lisa K. Belden. 2015. Phylogenetic Distribution of Symbiotic Bacteria from
Panamanian Amphibians That Inhibit Growth of the Lethal Fungal Pathogen
Batrachochytrium Dendrobatidis. Molecular Ecology 24 (7): 1628—41.
https://doi.org/10.1111/mec.13135.

Belasen, Anat M., Molly C. Bletz, Domingos da Silva Leite, Luis Felipe Toledo, and Timothy Y.
James. 2019. Long-Term Habitat Fragmentation Is Associated With Reduced MHC 11B
Diversity and Increased Infections in Amphibian Hosts. Frontiers in Ecology and Evolution
6 (January): 1-12. https://doi.org/10.3389/fevo0.2018.00236.

Belasen, Anat M., Kinsey Brock, Binbin Li, Dimitra Chremou, Efstratios Valakos, Panayiotis
Pafilis, Barry Sinervo, and Johannes Foufopoulos. 2016. Fine with Heat, Problems with
Water: Microclimate Alters Water Loss in a Thermally Adapted Insular Lizard. Oikos, no.
August 2016: 447-57. https://doi.org/10.1111/01k.03712.

Belden, Lisa K, Myra C Hughey, Eria A Rebollar, Thomas P Umile, Stephen C Loftus, Elizabeth
A Burzynski, Kevin P C Minbiole, et al. 2015. Panamanian Frog Species Host Unique Skin
Bacterial Communities. Frontiers in Microbiology 6: 1-21.
https://doi.org/10.3389/fmicb.2015.01171.

Bell, Kristen E., and Maureen A. Donnelly. 2006. Influence of Forest Fragmentation on
Community Structure of Frogs and Lizards in Northeastern Costa Rica. Conservation
Biology 20 (6): 1750—60. https://doi.org/10.1111/5.1523-1739.2006.00522.x.

Bell, Rayna C., Cinthia A. Brasileiro, Célio F B Haddad, and Kelly R. Zamudio. 2012.
Evolutionary History of Scinax Treefrogs on Land-Bridge Islands in South-Eastern Brazil.
Journal of Biogeography 39 (9): 1733—42. https://doi.org/10.1111/j.1365-
2699.2012.02708.x.

Benson, Andrew K, Scott A Kelly, Ryan Legge, Fangrui Ma, Soo Jen Low, Jachyoung Kim, Min
Zhang, et al. 2010. Individuality in Gut Microbiota Composition Is a Complex Polygenic
Trait Shaped by Multiple Environmental and Host Genetic Factors. Proceedings of the
National Academy of Sciences 107 (44): 18933-38.
https://doi.org/10.1073/pnas.1007028107.

Bergman AG, Kauffman CA. 1984 Dermatitis due to Sporobolomyces infection. Arch.
Dermatol. 120, 1059-1060. (doi:10.1001/archderm.1984.01650440089026)

Bernatchez, L, and C Landry. 2003. MHC Studies in Nonmodel Vertebrates: What Have We
Learned about Natural Selection in 15 Years? J Evol Biol 16.

Bernatchez, Louis, and C. Landry. 2003. MHC Studies in Nonmodel Vertebrates: What Have
We Learned about Natural Selection in 15 Years? Journal of Evolutionary Biology 16 (3):
363—77. https://doi.org/10.1046/j.1420-9101.2003.0053 1 .x.

Berngruber, Thomas W., Rémy Froissart, Marc Choisy, and Sylvain Gandon. 2013. Evolution of
Virulence in Emerging Epidemics. PLoS Pathogens 9 (3): 1-8.

134



https://doi.org/10.1371/journal.ppat.1003209.

Besag, Julian, and Peter Clifford. 1989. Generalized Monte Carlo Significance Tests. Biometrika
76 (4): 633-42. https://doi.org/10.1093/biomet/76.4.633.

Bevan, Michael J. 1987. Class Discrimination in the World of Immunology. Nature 325 (6101):
192-93. https://doi.org/10.1038/325192b0.

Bickford, D., T.H. Ng, L. Qie, E.P. Kudavidanage, and C.J.A. Bradshaw. 2010. Forest Fragment
and Breeding Habitat Characteristics Explain Frog Diversity and Abundance in Singapore.
Biotropica 42 (1): 119-25. https://doi.org/10.1111/j.1744-7429.2009.00542.x.

Bielby, Jon, Matthew C Fisher, Frances C Clare, Gongalo M Rosa, and Trenton W.J. Garner.
2015. Host Species Vary in Infection Probability, Sub-Lethal Effects, and Costs of Immune
Response When Exposed to an Amphibian Parasite. Scientific Reports 5.
https://doi.org/10.1038/srep10828.

Blackbourn, J, S M Bower, and G R Meyer. 1998. Perkinsus Qugwadi Sp.Nov. (Incertae Sedis),
a Pathogenic Protozoan Parasite of Japanese Scallops, Patinopecten Yessoensis, Cultured in
British Columbia, Canada. Canadian Journal of Zoology 76: 942-53.

Blekhman, Ran, Julia K Goodrich, Katherine Huang, Qi Sun, Robert Bukowski, Jordana T Bell,
Timothy D Spector, et al. 2011. Targeted Analysis of Nucleotide and Copy Number
Variation by Exon Capture in Allotetraploid Wheat Genome.
https://doi.org/10.1186/s13059-015-0759-1.

Bletz, Molly C., Holly Archer, Reid N. Harris, Valerie J. McKenzie, Falitiana C.E.
Rabemananjara, Andolalao Rakotoarison, and Miguel Vences. 2017. Host Ecology Rather
than Host Phylogeny Drives Amphibian Skin Microbial Community Structure in the
Biodiversity Hotspot of Madagascar. Frontiers in Microbiology 8: 1-14.
https://doi.org/10.3389/fmicb.2017.01530.

Bletz, Molly C., Andrew H. Loudon, Matthew H. Becker, Sara C. Bell, Douglas C. Woodhams,
Kevin P C Minbiole, and Reid N. Harris. 2013. Mitigating Amphibian Chytridiomycosis
with Bioaugmentation: Characteristics of Effective Probiotics and Strategies for Their
Selection and Use. Ecology Letters 16 (6): 807-20. https://doi.org/10.1111/ele.12099.

Bokermann, WCA. 1974. Notas Sobre as Especies de Thoropa Fitinger (Amphibia,
Leptodactylidae). Anais Da Academia Brasileira de Ciencias 37 (3/4): 525-37.
https://doi.org/10.2307/302397.

Bokulich, Nicholas A., Sathish Subramanian, Jeremiah J. Faith, Dirk Gevers, Jeffrey 1. Gordon,
Rob Knight, David A. Mills, and J. Gregory Caporaso. 2013. Quality-Filtering Vastly
Improves Diversity Estimates from Illumina Amplicon Sequencing. Nature Methods 10 (1):
57-59. https://doi.org/10.1038/nmeth.2276.

Boulinier, T., J.D. Nichols, J.E. Hines, J.R. Sauer, C.H. Flather, and K.H. Pollock. 2001. Forest
Fragmentation and Bird Community Dynamics: Inference at Regional Scales. Ecology 82

135



(4): 1159-69.

Boyle, D G, D B Boyle, V Olsen, J a T Morgan, and a D Hyatt. 2004. Rapid Quantitative
Detection of Chytridiomycosis (Batrachochytrium Dendrobatidis) in Amphibian Samples
Using Real-Time Tagman PCR Assay. Diseases of Aquatic Organisms 60 (2): 141-48.
https://doi.org/10.3354/dao060141.

Briggs, Cheryl J, Roland A Knapp, and Vance T Vredenburg. 2010. Enzootic and Epizootic
Dynamics of the Chytrid Fungal Pathogen of Amphibians. Proceedings of the National
Academy of Sciences of the United States of America 107 (21): 9695-9700.
https://doi.org/10.1073/pnas.0912886107.

Broadbent, Eben N., Gregory P. Asner, Michael Keller, David E. Knapp, Paulo J.C. Oliveira,
and Jose N. Silva. 2008. Forest Fragmentation and Edge Effects from Deforestation and
Selective Logging in the Brazilian Amazon. Biological Conservation 141 (7): 1745-57.
https://doi.org/10.1016/j.biocon.2008.04.024.

Brouat, C., F. Sennedot, P. Audiot, R. Leblois, and J. Y. Rasplus. 2003. Fine-Scale Genetic
Structure of Two Carabid Species with Contrasted Levels of Habitat Specialization.
Molecular Ecology 12 (7): 1731-45. https://doi.org/10.1046/j.1365-294X.2003.01861.x.

Brown, J H, T S Jardetzky, J C Gorga, L J Stern, R G Urban, J L Strominger, and D C Wiley.
1993. Three-Dimensional Structure of the Human Class II Histocompatibility Antigen
HLA-DRI. Nature 364.

Brucker, Robert M., Cambria M. Baylor, Robert L. Walters, Antje Lauer, Reid N. Harris, and
Kevin P C Minbiole. 2008. The Identification of 2,4-Diacetylphloroglucinol as an
Antifungal Metabolite Produced by Cutaneous Bacteria of the Salamander Plethodon
Cinereus. Journal of Chemical Ecology 34 (1): 39—43. https://doi.org/10.1007/s10886-007-
9352-8.

Bursey CR, Goldberg SR. 2006 New Species of Raillietnema (Nematoda: Cosmocercidae) and
Other Helminths in Rana vibicaria (Ranidae) from Costa Rica. Comp. Parasitol. 73, 193—
200. (doi:10.1654/4181.1)

Caporaso, J Gregory, Justin Kuczynski, Jesse Stombaugh, Kyle Bittinger, Frederic D Bushman,
Elizabeth K Costello, Noah Fierer, et al. 2010. QIIME Allows Analysis of High-Throughput
Community Sequencing Data. Nature Methods 7 (510). https://doi.org/10.1038/nmeth.f.303.

Carey, Cynthia, Nicholas Cohen, and Louise Rollins-Smith. 1999. Amphibian Declines: An
Immunological Perspective. Developmental and Comparative Immunology 23 (6): 459-72.
https://doi.org/10.1016/S0145-305X(99)00028-2.

Carnaval, A. C. O. Q. 2006. Phylogeography of Four Frog Species in Forest Fragments of
Northeastern Brazil--A Preliminary Study. Integrative and Comparative Biology 42 (5):
913-21. https://doi.org/10.1093/icb/42.5.913.

Carvalho, Tamilie, C. Guilherme Becker, and Luis Felipe Toledo. 2017. Historical Amphibian

136



Declines and Extinctions in Brazil Linked to Chytridiomycosis. Proceedings of the Royal
Society B: Biological Sciences 284 (1848). https://doi.org/10.1098/rspb.2016.2254.

Catchen, Julian M., Angel Amores, Paul Hohenlohe, William Cresko, and John H. Postlethwait.
2011. Stacks : Building and Genotyping Loci De Novo From Short-Read Sequences. G3:
Genes Genomes GeneticsGenes|Genomes|Genetics 1 (3): 171-82.
https://doi.org/10.1534/g3.111.000240.

Catchen, Julian M., Paul A. Hohenlohe, Susan Bassham, Angel Amores, and William A. Cresko.
2013. Stacks: An Analysis Tool Set for Population Genomics. Molecular Ecology 22 (11):
3124-40. https://doi.org/10.1111/mec.12354.

Chambouvet, A., David J] Gower, Miloslav Jirkii, Michael J Yabsley, Andrew K Davis, Guy
Leonard, Finlay Maguire, et al. 2015. Cryptic Infection of a Broad Taxonomic and
Geographic Diversity of Tadpoles by Perkinsea Protists. Proceedings of the National
Academy of Sciences of the United States of America 112 (34): E4743-51.
https://doi.org/10.1073/pnas.1500163112.

Cheng, Tina L., Heather Mayberry, Liam P. McGuire, Joseph R. Hoyt, Kate E. Langwig, Hung
Nguyen, Katy L. Parise, et al. 2017. Efficacy of a Probiotic Bacterium to Treat Bats
Affected by the Disease White-Nose Syndrome. Journal of Applied Ecology 54 (3): 701-8.
https://doi.org/10.1111/1365-2664.12757.

Chessel, D., A.B. Dufour, and J. Thioulouse. 2004. The Ade4 Package-I- One-Table Methods. R
News 4: 5-10.

Chiarello, Adriano G. 1999. Effects of Fragmentation of the Atlantic Forest on Mammal
Communities in South-Eastern Brazil. Biological Conservation 89: 71-82.
https://doi.org/10.1088/0953-4075/32/20/103.

Clark, Rulon W., Michael N. Marchand, Brendan J. Clifford, Randy Stechert, and Sierra
Stephens. 2011. Decline of an Isolated Timber Rattlesnake (Crotalus Horridus) Population:
Interactions between Climate Change, Disease, and Loss of Genetic Diversity. Biological
Conservation 144 (2): 886-91. https://doi.org/10.1016/j.biocon.2010.12.001.

Cotes-Perdomo, Andrea, Adriana Santodomingo, and Lyda R. Castro. 2018. Hemogregarine and
Rickettsial Infection in Ticks of Toads from Northeastern Colombia. International Journal
for Parasitology: Parasites and Wildlife 7 (2): 237-42.
https://doi.org/10.1016/J.1IJPPAW.2018.06.003.

Crosby, M. Kathrine A., Lawrence E. Licht, and Jinzhong Fu. 2009. The Effect of Habitat
Fragmentation on Finescale Population Structure of Wood Frogs (Rana Sylvatica).
Conservation Genetics 10 (6): 1707-18. https://doi.org/10.1007/s10592-008-9772-1.

Cushman, Samuel A. 2006. Effects of Habitat Loss and Fragmentation on Amphibians: A
Review and Prospectus. Biological Conservation 128 (2): 231-40.
https://doi.org/10.1016/j.biocon.2005.09.031.

137



Daszak, Peter, Lee Berger, Andrew A Cunningham, A D Hyatt, D E Green, and R Speare. 1999.
Emerging Infectious Diseases and Amphibian Population Declines. Emerging Infectious
Diseases 5 (6): 735—48. https://doi.org/10.3201/eid0506.990601.

Davis, Andrew K., Michael J. Yabsley, M. Kevin Keel, and John C. Maerz. 2007. Discovery of a
Novel Alveolate Pathogen Affecting Southern Leopard Frogs in Georgia: Description of the
Disease and Host Effects. EcoHealth 4 (3): 310-17. https://doi.org/10.1007/s10393-007-
0115-3.

Densmore CL, Green DE. 2007. Diseases of Amphibians. [LAR J. 48, 235-54.

Deorukhkar SC, Saini S, Mathew S. 2014 Non-albicans Candida Infection: An Emerging Threat.
Interdiscip. Perspect. Infect. Dis. 2014, 615958. (doi:10.1155/2014/615958)

Desser, Sherwin S., Henry Hong, and Donald S. Martin. 1995. The Life History, Ultrastructure,
and Experimental Transmission of Hepatozoon Catesbianae n. Comb., an Apicomplexan

Parasite of the Bullfrog, Rana Catesbeiana and the Mosquito, Culex Territans in Algonquin
Park, Ontario. The Journal of Parasitology 81 (2): 212. https://doi.org/10.2307/3283922.

Deter, Julie, Josef Bryja, Yannick Chaval, Maxime Galan, Heikki Henttonen, Juha Laakkonen,
Liina Voutilainen, et al. 2008. Association between the DQA MHC Class II Gene and
Puumala Virus Infection in Myodes Glareolus, the Bank Vole. Infection, Genetics and
Evolution 8 (4): 450-58. https://doi.org/10.1016/j.meegid.2007.07.003.

Dias, Iuri Ribeiro, Tadeu Teixeira Medeiros, Marcos Ferreira Vila Nova, and Mirco Solé. 2014.
Amphibians of Serra Bonita, Southern Bahia: A New Hotpoint within Brazil’s Atlantic
Forest Hotspot. ZooKeys 130 (449): 105-30. https://doi.org/10.3897/zookeys.449.7494.

Dixo, Marianna, and Marcio Martins. 2008. Are Leaf-Litter Frogs and Lizards Affected by Edge
Effects Due to Forest Fragmentation in Brazilian Atlantic Forest? 24 (5): 551-54.
https://doi.org/10.1017/S0266467408005282.

Dixo, Marianna, Jean Paul Metzger, Jodao S. Morgante, and Kelly R. Zamudio. 2009. Habitat
Fragmentation Reduces Genetic Diversity and Connectivity among Toad Populations in the
Brazilian Atlantic Coastal Forest. Biological Conservation 142 (8): 1560-69.
https://doi.org/10.1016/j.biocon.2008.11.016.

Dobson, A, and J Foufopoulos. 2001. Emerging Infectious Pathogens of Wildlife. Philosophical
Transactions of the Royal Society B: Biological Sciences 356 (1411): 1001-12.
https://doi.org/10.1098/rstb.2001.0900.

Dobherty, P C, and R M Zinkernagel. 1975. Enhanced Immunological Surveillance in Mice
Heterozygous at the H-2 Gene Complex. Nature 256.

Dray, S., and A.B. Dufour. 2007. The Ade4 Package: Implementing the Duality Diagram for
Ecologists. Journal of Statistical Software 22 (4): 1-20.

Dray, S., A.B. Dufour, and D. Chessel. 2007. The Ade4 Package-II: Two-Table and K-Table

138



Methods. R News 7 (2): 47-52.

Duryea, M. C., K. R. Zamudio, and C. A. Brasileiro. 2008. Characterization of Microsatellite
Markers for Thoropa Taophora (Anura, Cycloramphidae), a Frog Endemic to the Brazilian
Atlantic Rain Forest. Molecular Ecology Resources 8 (3): 663—65.
https://doi.org/10.1111/5.1471-8286.2007.02039.x.

Duryea, M C, K R Zamudio, and C A Brasileiro. 2015. Vicariance and Marine Migration in
Continental Island Populations of a Frog Endemic to the Atlantic Coastal Forest. Heredity
115 (3): 225-34. https://doi.org/10.1038/hdy.2015.31.

Dyer, William G. 1991. Helminth Parasites of Amphibians from Illinois and Adjacent
Midwestern States. Transactions of the Illinois State Academy of Science 84 (3—4): 125-43.

Dyer WG, Williams EH, Bunkley-Williams L. 1995 Nematode Parasites of a Puerto Rican Tree
Frog, Eleutherodactylus coqui. Trans. lllinois State Acad. Sci. 88, 39—41.

Edgar, Robert C. 2016. UCHIME2: Improved Chimera Prediction for Amplicon Sequencing.
https://doi.org/10.1101/074252.

Ellegren, Hans, G. Hartman, Maria Johansson, and Leif Andersson. 1993. Major
Histocompatibility Complex Monomorphism and Low Levels of DNA Fingerprinting
Variability in a Reintroduced and Rapidly Expanding Population of Beavers. Proceedings
of the National Academy of Sciences 90 (17): 8150-53.
https://doi.org/10.1073/pnas.90.17.8150.

Ellison, A., J. Allainguillaume, S. Girdwood, J. Pachebat, K. M. Peat, P. Wright, and S.
Consuegra. 2012. Maintaining Functional Major Histocompatibility Complex Diversity
under Inbreeding: The Case of a Selfing Vertebrate. Proceedings of the Royal Society B:
Biological Sciences 279 (1749): 5004—13. https://doi.org/10.1098/rspb.2012.1929.

Ellison, Amy, Jo Cable, and Sofia Consuegra. 2011. Best of Both Worlds? Association between
Outcrossing and Parasite Loads in a Selfing Fish. Evolution 65 (10): 3021-26.
http://www.jstor.org/stable/41240887.

Enache-Angoulvant A, Hennequin C. 2005 Invasive Saccharomyces Infection: A
Comprehensive Review. Clin. Infect. Dis. 41, 1559—1568. (d0i:10.1086/497832)

Ersoz G, Otag F, Erturan Z, Aslan G, Kaya A, Emekdas G, Sugita T. 2004 An Outbreak of
Dipodascus capitatus Infection in the ICU : Three Case Reports and Review of the
Literature. Jpn. J. Infect. Dis. 57, 248-252.

Estrada-Villegas, Sergio, Christoph F.J. Meyer, and Elisabeth K.V. Kalko. 2010. Effects of
Tropical Forest Fragmentation on Aerial Insectivorous Bats in a Land-Bridge Island
System. Biological Conservation 143 (3): 597-608.
https://doi.org/10.1016/j.biocon.2009.11.009.

Federici, Ermanno, Roberta Rossi, Laura Fidati, Romina Paracucchi, Silvia Scargetta, Elena

139



Montalbani, Andrea Franzetti, et al. 2015. Characterization of the Skin Microbiota in Italian
Stream Frogs (&It;1&gt;Rana Italica&lt;/I1&gt;) Infected and Uninfected by a Cutaneous
Parasitic Disease. Microbes and Environments 30 (3): 262—69.
https://doi.org/10.1264/jsme2. ME15041.

Fosdick, Bailey K., Daniel B. Larremore, Joel Nishimura, and Johan Ugander. 2018. Configuring
Random Graph Models with Fixed Degree Sequences. SIAM Review 60 (2): 315-55.
https://doi.org/10.1137/16M1087175.

Frankham, R, J D Ballou, and D A Briscoe. 2002. Introduction to Conservation Genetics.
Cambrige University Press: Cambridge.

Funk, W. Chris, Allison E. Greene, Paul Stephen Corn, and Fred W. Allendorf. 2005. High
Dispersal in a Frog Species Suggests That It Is Vulnerable to Habitat Fragmentation.
Biology Letters 1 (1): 13—16. https://doi.org/10.1098/rsbl.2004.0270.

Gahl, Megan K, Joyce E Longcore, and Jeff E Houlahan. 2012. Varying Responses of
Northeastern North American Amphibians to the Chytrid PathogenBatrachochytrium
Dendrobatidis. Conservation Biology 26 (1): 135—41. https://doi.org/10.1111/1.1523-
1739.2011.01801.x.

Gao, Fu-Kang, Chuan-Chao Dai, and Xiao-Zhen Liu. 2010. Mechanisms of Fungal Endophytes
in Plant Protection against Pathogens. African Journal of Microbiology Research 4 (13):
1346-51. http://www.academicjournals.org/ajmr.

Gascon, Claude, Thomas E Lovejoy, Richard O Bierregaard Jr, Jay R Malcolm, Phillip C
Stouffer, Heraldo L Vasconcelos, William F Laurance, Barbara Zimmerman, Mandy
Tocher, and Sergio Borges. 1999. Matrix Habitat and Species Richness in Tropical Forest
Remnants Claude. Biological Conservation 91: 223-29. papers://773e1414-d1d9-45al-
893d-011089442455/Paper/p647.

Gascuel, Olivier. 1997. BIONJ: An Improved Version of the NJ Algorithm Based on a Simple
Model of Sequence Data. Molecular Biology and Evolution 14: 685-95.

Gaudieri, S, R L Dawkins, K Habara, J K Kulski, and T Gojobori. 2000. SNP Profile within the
Human Major Histocompatibility Complex Reveals an Extreme and Interrupted Level of
Nucleotide Diversity. Genome Res 10 (10): 1579-86.
https://doi.org/10.1101/gr.127200.hiking.

Gervasi, Stephanie S., David J. Civitello, Holly J. Kilvitis, and Lynn B. Martin. 2015. The
Context of Host Competence: A Role for Plasticity in Host-Parasite Dynamics. Trends in
Parasitology 31 (9): 419-25. https://doi.org/10.1016/j.pt.2015.05.002.

Ghadban, G. S. 2002. Probiotics in Broiler Production - A Review. Archiv Fur Geflugelkunde 66
(2): 49-58.

Giaretta, Ariovaldo Antonio, and Katia Gomes Facure. 2004. Reproductive Ecology and
Behavior of Thoropa Miliaris (Spix, 1824) (Anura, Leptodactyidae, Telmatobiinae). Biota

140



Neotropica 4 (2): 1-10.

Gleason, Frank H., Laura T. Carney, Osu Lilje, and Sally L. Glockling. 2012. Ecological
Potentials of Species of Rozella (Cryptomycota). Fungal Ecology 5 (6): 651-56.
https://doi.org/10.1016/j.funeco.2012.05.003.

Gleason, Frank H., Aurelie Chambouvet, Brooke K. Sullivan, Osu Lilje, and Jodi J L Rowley.
2014. Multiple Zoosporic Parasites Pose a Significant Threat to Amphibian Populations.
Fungal Ecology 11: 181-92. https://doi.org/10.1016/j.funeco.2014.04.001.

Gonzalez-Quevedo, Catalina, Richard G. Davies, Karl P. Phillips, Lewis G Spurgin, and David S
Richardson. 2016. Landscape-Scale Variation in an Anthropogenic Factor Shapes Immune
Gene Variation within a Wild Population. Molecular Ecology 25 (17): 4234-46.
https://doi.org/10.1111/mec.13759.

Goodrich, Julia K, Emily R Davenport, Michelle Beaumont, Matthew A. Jackson, Rob Knight,
Carole Ober, Tim D. Spector, Jordana T Bell, Andrew G Clark, and Ruth E Ley. 2016.
Genetic Determinants of the Gut Microbiome in UK Twins. Cell Host and Microbe 19 (5):
731-43. https://doi.org/10.1016/j.chom.2016.04.017.

Gouy, Manolo, Stéphane Guindon, and Olivier Gascuel. 2010. Sea View Version 4: A
Multiplatform Graphical User Interface for Sequence Alignment and Phylogenetic Tree
Building. Molecular Biology and Evolution 27 (2): 221-24.
https://doi.org/10.1093/molbev/msp259.

Graham, A. L. 2008. Ecological Rules Governing Helminth Microparasite Coinfection.
Proceedings of the National Academy of Sciences 105 (2): 566—70.
https://doi.org/10.1073/pnas.0707221105.

Gram, Lone, Jette Melchiorsen, Bettina Spanggaard, Ingrid Huber, Gram E T AL, and APPLE
Nviron M Icrobiol. 1999. AH2 , a Possible Probiotic Treatment of Fish 65 (3): 969-73.

Gray, Matthew J., Debra L. Miller, and Jason T. Hoverman. 2012. Reliability of Non-Lethal
Surveillance Methods for Detecting Ranavirus Infection. Diseases of Aquatic Organisms 99
(1): 1-6. https://doi.org/10.3354/dao02436.

Griffiths, Sarah M., Xavier A. Harrison, Ch¢ Weldon, Michael D. Wood, Abigail Pretorius,
Kevin Hopkins, Graeme Fox, Richard F. Preziosi, and Rachael E. Antwis. 2018. Genetic
Variability and Ontogeny Predict Microbiome Structure in a Disease-Challenged Montane
Amphibian. ISME Journal, 1-12. https://doi.org/10.1038/s41396-018-0167-0.

Gugnani HC. 1992 Entomophthoromycosis due to Conidiobolus. Eur. J. Epidemiol. 392, 391—
396.

Haddad, C., L. Toledo, C. Prado, D. Loebmann, J. Gasparini, and I. Sazima. 2008. Guia Dos
Anfibios Da Mata Atlantica. Sao Paulo: Editora Neotropica.

Hagberg, A. A., and D. A. Schult. 2008. Exploring Network Structure, Dynamics, and Function

141



Using NetworkX. In Proceedings of the 7th Python in Science Conference (SciPy2008), 11—
15.

Hambuch, Tina M, and Eileen A Lacey. 2002. Enhanced Selection for MHC Diversity in Social
Tuco-Tucos. Evolution 56 (4): 841-45. https://doi.org/10.1111/1.0014-3820.2002.tb01395.x.

Han XY, Tarrand JJ, Escudero E. 2004 Infections by the yeast Kodomaea (Pichia) ohmeri: Two
cases and literature review. Eur. J. Clin. Microbiol. Infect. Dis. 23, 127-130.
(doi:10.1007/s10096-003-1067-3)

Harkness, Lisa M., Ashley E. Drohan, Cory M. Dickson, and Todd G. Smith. 2010.
Experimental Transmission of Hepatozoon Clamatae (Apicomplexa: Adeleida) to the Wood
Frog, Rana Sylvatica, and to the Mosquito Culex Pipiens. Journal of Parasitology 96 (2):
434-36. https://doi.org/10.1645/ge-2317.1.

Harris, Reid N., Timothy Y. James, Antje Lauer, Mary Alice Simon, and Amit Patel. 2006.
Amphibian Pathogen Batrachochytrium Dendrobatidis Is Inhibited by the Cutaneous
Bacteria of Amphibian Species. EcoHealth 3 (1): 53-56. https://doi.org/10.1007/s10393-
005-0009-1.

Harris, Reid N., Antje Lauer, Mary Alice Simon, Jenifer L. Banning, and Ross A. Alford. 2009.
Addition of Antifungal Skin Bacteria to Salamanders Ameliorates the Effects of
Chytridiomycosis. Diseases of Aquatic Organisms 83 (1): 11-16.
https://doi.org/10.3354/dao02004.

Harrison, Susan, and Emilio Bruna. 2012. Habitat Fragmentation and Large-Scale Conservation:
What Do We Know for Sure ? Ecography 22 (3): 225-32. http://brunalab.org/wp-
content/uploads/2012/12/Harrison-and-Bruna-1999-Ecography.pdf.

Henle, K., V. Grobelnik, S. G. Potts, A. V. Scott, W. E. Kunin, R. M. Gunton, Y. G. Matsinos, et
al. 2014. The Scaling of Genetic Diversity in a Changing and Fragmented World. In Scaling
in Ecology and Biodiversity Conservation, edited by K. Henle, S. G. Potts, W. E. Kunin, Y.
G. Matsinos, J. Simila, J. D. Pantis, V. Grobelnik, L. Penev, and J. Settele, 55-60.

Hernandez-Goémez, Obed, Jeffrey T. Briggler, and Rod N. Williams. 2018. Influence of
Immunogenetics, Sex and Body Condition on the Cutaneous Microbial Communities of
Two Giant Salamanders. Molecular Ecology 27 (8): 1915-29.
https://doi.org/10.1111/mec.14500.

Hernandez-Gomez, Obed, Jessica Hua, Devin K Jones, and Brian Mattes. 2019. Local
Adaptation of the MHC Class II Gene in Populations of Wood Frogs (Lithobates
Sylvaticus) Correlates with Proximity to Agriculture.
https://doi.org/10.1016/j.meegid.2019.04.032.

Hernandez-Gémez, Obed, Steven J.A. Kimble, Jessica Hua, Vanessa P. Wuerthner, Devin K.
Jones, Brian M. Mattes, Rickey D. Cothran, Rick A. Relyea, George A. Meindl, and Jason
T. Hoverman. 2019. Local Adaptation of the MHC Class IIf§ Gene in Populations of Wood
Frogs (Lithobates Sylvaticus) Correlates with Proximity to Agriculture. Infection, Genetics

142



and Evolution 73 (September): 197-204. https://doi.org/10.1016/j.meegid.2019.04.032.
Hill, A V S. 1998. The Immunogenetics of Human Infectious Diseases. Ann Rev Immunol 16.

Hill, Adrian V. S., Catherine E. M. Allsopp, Dominic Kwiatkowski, Nicholas M. Anstey, Patrick
Twumasi, Pamela A. Rowe, Stephen Bennett, David Brewster, Andrew J. McMichael, and
Brian M. Greenwood. 1991. Common West African HLA Antigens Are Associated with
Protection from Severe Malaria. Nature 352 (6336): 595—-600.
https://doi.org/10.1038/352595a0.

Hillers, A., M. Veith, and M. O. Rodel. 2008. Effects of Forest Fragmentation and Habitat
Degradation on West African Leaf-Litter Frogs. Conservation Biology 22 (3): 762-72.
https://doi.org/10.1111/5.1523-1739.2008.00920.x.

Hoffmann, Aline Rodrigues, Adam P. Patterson, Alison Diesel, Sara D. Lawhon, Hoai Jaclyn
Ly, Christine Elkins Stephenson, Joanne Mansell, et al. 2014. The Skin Microbiome in
Healthy and Allergic Dogs. PLoS ONE 9 (1). https://doi.org/10.1371/journal.pone.003197.

Holler, Ernst, Peter Butzhammer, Karin Schmid, Christian Hundsrucker, Josef Koestler, Katrin
Peter, Wentao Zhu, et al. 2014. Metagenomic Analysis of the Stool Microbiome in Patients
Receiving Allogeneic Stem Cell Transplantation: Loss of Diversity Is Associated with Use
of Systemic Antibiotics and More Pronounced in Gastrointestinal Graft-versus-Host
Disease. Biology of Blood and Marrow Transplantation 20 (5): 640—45.
https://doi.org/10.1016/j.bbmt.2014.01.030.

Hoy J, Hsu K-C, Rolston K, Hopfer RL, Luna M, Bodey GP. 1986. Trichosporon beigelii
Infection: A Review. Rev. Infect. Dis. 8, 959-967.

Hunter, J. D. 2007. Matplotlib: A 2D Graphics Environment. Computing in Science and
Engineering? 9: 90-95.

Hurston, H., L. Voith, J. Bonanno, J. Foufopoulos, P. Pafilis, E. Valakos, and N. Anthony. 2009.
Effects of Fragmentation on Genetic Diversity in Island Populations of the Aegean Wall
Lizard Podarcis Erhardii (Lacertidae, Reptilia). Molecular Phylogenetics and Evolution 52
(2): 395-405. https://doi.org/10.1016/j.ympev.2009.03.028.

Hyatt, A. D., D. G. Boyle, V. Olsen, D. B. Boyle, L. Berger, D. Obendorf, A. Dalton, et al. 2007.
Diagnostic Assays and Sampling Protocols for the Detection of Batrachochytrium
Dendrobatidis. Diseases of Aquatic Organisms 73 (3): 175-92.
https://doi.org/10.3354/dao073175.

Ilmonen, P., D. J. Penn, K. Damjanovich, J. Clarke, D. Lamborn, L. Morrison, L. Ghotbi, and W.
K. Potts. 2008. Experimental Infection Magnifies Inbreeding Depression in House Mice.
Journal of Evolutionary Biology 21 (3): 834—41. https://doi.org/10.1111/j.1420-
9101.2008.01510.x.

James, Timothy Y, L Felipe Toledo, Dennis Rodder, Domingos da Silva Leite, Anat M Belasen,
Clarisse M. Betancourt-Romén, Thomas S Jenkinson, et al. 2015. Disentangling Host,

143



Pathogen, and Environmental Determinants of a Recently Emerged Wildlife Disease:
Lessons from the First 15 Years of Amphibian Chytridiomycosis Research. Ecology and
Evolution 5 (18): 4079-97. https://doi.org/10.1002/ece3.1672.

Jenney A, Pandithage K, Fisher DA, Currie BJ. 2004 Cryptococcus Infection in Tropical
Australia. J. Clin. Microbiol. 42, 3865-3868. (do1:10.1128/JCM.42.8.3865-3868.2004)

Johansson, Markus, Craig R. Primmer, and Juha Merild. 2007. Does Habitat Fragmentation
Reduce Fitness and Adaptability? A Case Study of the Common Frog (Rana Temporaria).
Molecular Ecology 16 (13): 2693-2700. https://doi.org/10.1111/1.1365-294X.2007.03357 .x.

Johansson, Markus, Craig R. Primmer, Jonas Sahlsten, and Juha Merild. 2005. The Influence of
Landscape Structure on Occurrence, Abundance and Genetic Diversity of the Common
Frog, Rana Temporaria. Global Change Biology 11 (10): 1664-79.
https://doi.org/10.1111/j.1365-2486.2005.1005.x.

Jombart, Thibaut, Sébastien Devillard, Francois Balloux, D Falush, M Stephens, J Pritchard, JK
Pritchard, et al. 2010. Discriminant Analysis of Principal Components: A New Method for
the Analysis of Genetically Structured Populations. BMC Genetics 11 (1): 94.
https://doi.org/10.1186/1471-2156-11-94.

Karr, J. R. 1982. Population Variability and Extinction in the Avifauna of a Tropical Land
Bridge Island. Ecology 63 (6): 1975-78. https://doi.org/10.2307/1940137.

Kassambara, Alboukadel, F Mundt, and F. Kassambara, A.; Mundt. 2017. Factoextra: Extract
and Visualize the Results of Multivariate Data Analyses. URL
Http://Www.Sthda. Com/English/Rpkgs/Factoextra BugReports, 1-76.
https://rdrr.io/github/kassambara/factoextra/%0Ahttps://github.com/kassambara/factoextra/i
ssues%0Ahttp://www.sthda.com/english/rpkgs/factoextra%0ABugReports.

Kearns, Patrick J., Sarah Fischer, Saioa Fernandez-Beaskoetxea, Caitlin R. Gabor, Jaime Bosch,
Jennifer L. Bowen, Michael F. Tlusty, and Douglas C. Woodhams. 2017. Fight Fungi with
Fungi: Antifungal Properties of the Amphibian Mycobiome. Frontiers in Microbiology 8
(DEC): 1-12. https://doi.org/10.3389/fmicb.2017.02494.

Kerk D, Gee A, Standish M, Wainwright PO, Drum AS, Elston RA, Sogin ML. 1995 The rosette
agent of chinook salmon (Oncorhynchus tshawytscha) is closely related to
choanoflagellates, as determined by the phylogenetic analyses of its small ribosomal
subunit RNA. Mar. Biol. 122, 187-192. (doi:10.1007/BF00348931)

Keyghobadi, Nusha. 2007. The Genetic Implications of Habitat Fragmentation for AnimalsThis
Review Is One of a Series Dealing with Some Aspects of the Impact of Habitat
Fragmentation on Animals and Plants. This Series Is One of Several Virtual Symposia
Focussing on Ecological Topi. Canadian Journal of Zoology 85 (10): 1049—64.
https://doi.org/10.1139/z07-095.

Kiesecker, ] M, A R Blaustein, and L K Belden. 2001. Complex Causes of Amphibian
Population Declines. Nature 410 (6829): 681-84. https://doi.org/10.1038/35070552.

144



Kim, Betty, Todd G. Smith, and Sherwin S. Desser. 2006. The Life History and Host Specificity
of Hepatozoon Clamatae (Apicomplexa: Adeleorina) and ITS-1 Nucleotide Sequence

Variation of Hepatozoon Species of Frogs and Mosquitoes from Ontario. The Journal of
Parasitology 84 (4): 789. https://doi.org/10.2307/32845809.

Kim SM, Cho JB, Lee EH, Kwon SR, Kim SK, Nam YK, Kim KH. 2004 Pseudocohnilembus
persalinus (Ciliophora: Scuticociitida) is an additional species causing scuticociliatosis in
olive flounder Paralichthys olivaceus. Dis. Aquat. Organ. 62, 239-44.
(doi:10.3354/da0062239)

Klein, Jan. 1987. Origin of Major Histocompatibility Complex Polymorphism: The Trans-
Species Hypothesis. Human Immunology 19: 155—62. http://ac.els-
cdn.com/0198885987900668/1-s2.0-0198885987900668-main.pdf? tid=47eb1b68-2905-
11e7-bad7-00000aab0f02&acdnat=1493049011 91a731571ef049¢977be89fbdd1a40el.

Kolozsvary, Mary B, and Robert K Swihart. 1999. Habitat Fragmentation and the Distribution of
Amphibians: Patch and Landscape Correlates in Farmland. Canadian Journal of Zoology 77
(8): 1288-99. https://doi.org/10.1139/z99-102.

Kosch, Tiffany A., Catarina N. S. Silva, Laura A. Branelly, Alexandra A. Roberts, Quintin Lau,
Lee Berger, and Lee F. Skerratt. 2018. Genetic Potential for Disease in Critically
Endangered Frog Decimated by Chytridiomycosis. BioRxiv, 3-5.
https://doi.org/10.1101/247999.

Kosch, Tiffany A, Arnaud Bataille, Chelsea Didinger, John A Eimes, Sofia Rodriguez-Brenes,
Michael J Ryan, and Bruce Waldman. 2016. Major Histocompatibility Complex Selection
Dynamics in Pathogen-Infected Tungara Frog (Physalaemus Pustulosus) Populations.
Biology Letters 12 (8). https://doi.org/10.1098/rsbl.2016.0345.

Kriger, Kerry M., Felicia Pereoglou, and Jean Marc Hero. 2007. Latitudinal Variation in the
Prevalence and Intensity of Chytrid (Batrachochytrium Dendrobatidis) Infection in Eastern
Australia. Conservation Biology 21 (5): 1280-90. https://doi.org/10.1111/j.1523-
1739.2007.00777 .x.

Kueneman, Jordan G., Laura Wegener Parfrey, Douglas C. Woodhams, Holly M. Archer, Rob
Knight, and Valerie J. McKenzie. 2014. The Amphibian Skin-Associated Microbiome
across Species, Space and Life History Stages. Molecular Ecology 23 (6): 1238-50.
https://doi.org/10.1111/mec.12510.

Kueneman, Jordan G., Sophie Weiss, and Valerie J. McKenzie. 2017. Composition of Micro-
Eukaryotes on the Skin of the Cascades Frog (Rana Cascadae) and Patterns of Correlation
between Skin Microbes and Batrachochytrium Dendrobatidis. Frontiers in Microbiology 8
(DEC): 1-10. https://doi.org/10.3389/fmicb.2017.02350.

Kueneman, Jordan G., Douglas C. Woodhams, Will Van Treuren, Holly M. Archer, Rob Knight,
and Valerie J. McKenzie. 2016. Inhibitory Bacteria Reduce Fungi on Early Life Stages of
Endangered Colorado Boreal Toads (Anaxyrus Boreas). ISME Journal 10 (4): 934—44.
https://doi.org/10.1038/ismej.2015.168.

145



Lafferty, Kevin D. 2012. Biodiversity Loss Decreases Parasite Diversity: Theory and Patterns.
Philosophical Transactions of the Royal Society B: Biological Sciences 367 (1604): 2814—
27. https://doi.org/10.1098/rstb.2012.0110.

Landry, C, D Garant, P Duchesne, and L Bernatchez. 2001. ‘Good Genes as Heterozygosity’:
The Major Histocompatibility Complex and Mate Choice in Atlantic Salmon (Salmo Salar).
Proceedings of the Royal Society B: Biological Sciences 268 (1473): 1279-85.
https://doi.org/10.1098/rspb.2001.1659.

Langdon JS, Gudkovs N, Humphrey JD, Saxon EC. 1985 Deaths in Australian freshwater fishes
associated with Chilodonella hexasticha infection. Aust. Vet. J. 62, 409—413.
(doi:10.1111/5.1751-0813.1985.tb14122.x)

Lanteri G, Macri F, Rapisarda G, Basile F, Reale S, Marino F. In press. Systemic candidiasis in
farm-reared red-legged partridges (Alectoris rufa) caused by Leucosporidium spp. BMC
Vet. Res. 8, 81. (doi:10.1186/1746-6148-8-81)

Leal, Inara R., Bruno K.C. Filgueiras, Juliana P. Gomes, Luciana lannuzzi, and Alan N.
Andersen. 2012. Effects of Habitat Fragmentation on Ant Richness and Functional
Composition in Brazilian Atlantic Forest. Biodiversity and Conservation 21 (7): 1687-1701.
https://doi.org/10.1007/s10531-012-0271-9.

Lesbarréeres, David, Craig R. Primmer, Anssi Laurila, and Juha Merild. 2005. Environmental and
Population Dependency of Genetic Variability-Fitness Correlations in Rana Temporaria.
Molecular Ecology 14 (1): 311-23. https://doi.org/10.1111/j.1365-294X.2004.02394 x.

Lesbarréres, David, Craig R Primmer, Thierry Lodé, and Juha Merild. 2002. The Effects of 20
Years of Highway Presence on the Genetic Structure of Rana Dalmatina Populations.
Ecoscience 13 (4): 531-38. https://doi.org/10.2980/1195-
6860(2006)13[531:teoyoh]2.0.co;2.

Librado, P, and J Rozas. 2009. DnaSP v5: A Software for Comprehensive Analysis of DNA
Polymorphism Data. BIOINFORMATICS APPLICATIONS NOTE 25 (11): 1451-145210.
https://doi.org/10.1093/bioinformatics/btp187.

Lighten, Jackie, Cock Van Oosterhout, and Paul Bentzen. 2014. Critical Review of NGS
Analyses for de Novo Genotyping Multigene Families. Molecular Ecology 23 (16): 3957—
72. https://doi.org/10.1111/mec.12843.

Lips, K., F. Brem, R. Brenes, J. D. Reeve, R. A. Alford, J. Voyles, C. Carey, L. Livo, A. P.
Pessier, and J. P. Collins. 2006. Emerging Infectious Disease and the Loss of Biodiversity

in a Neotropical Amphibian Community. Proceedings of the National Academy of Sciences
103 (9): 3165-70. https://doi.org/10.1073/pnas.0506889103.

Liu W-C, Chan M-C, Lin T-Y, Hsu C-H, Chiu S-K. 2013 Candida lipolytica candidemia as a
rare infectious complication of acute pancreatitis: A case report and literature review. J.
Microbiol. Immunol. Infect. 46, 393-396. (doi:10.1016/j.jmii.2013.04.007)

146



Lively, C M, and M F Dybdahl. 2000. Parasite Adaptation to Locally Common Host Genotypes.
Nature 405 (6787): 679-81. https://doi.org/10.1038/35015069.

Lébo, Diele, Tarciso Ledo, Felipe P.L. Melo, André M.M. Santos, and Marcelo Tabarelli. 2011.
Forest Fragmentation Drives Atlantic Forest of Northeastern Brazil to Biotic
Homogenization. Diversity and Distributions 17 (2): 287-96.
https://doi.org/10.1111/5.1472-4642.2010.00739.x.

Loo KF, Sundararajan K, Litwin M, Hughes L. 2015 Catastrophic Parasitic Meningoencephalitis
due to Halicephalobiasis : Case Report. Int. J. Med. Pharm. Case Reports 4, 42-49. (doi:
10.9734/1IJMPCR/2015/17015)

Macdougall-Shackleton, Elizabeth A, Elizabeth P Derryberry, Johannes Foufopoulos, Andrew P
Dobson, and Thomas P Hahn. 2005. Parasite-Mediated Heterozygote Advantage in an
Outbred Songbird Population. Biol. Lett 1: 105-7. https://doi.org/10.1098/rsbl.2004.0264.

Maia JPMC, Gémez-Diaz E, Harris DJ. 2012 Apicomplexa primers amplify Proteromonas
(Stramenopiles, Slopalinida, Proteromonadidae) in tissue and blood samples from lizards.
Acta Parasitol. 57, 337-341. (doi:10.2478/s11686-012-0048-z)

Maldonado-Coelho, Marcos, and Miguel A Marini. 2004. Mixed-Species Bird Flocks from
Brazilian Atlantic Forest: The Effects of Forest Fragmentation and Seasonality on Their
Size, Richness and Stability. Biological Conservation 116 (1): 19-26.
https://doi.org/10.1016/S0006-3207(03)00169-1.

Marietta, Eric, Abdul Rishi, and Veena Taneja. 2015. Immunogenetic Control of the Intestinal
Microbiota. Immunology 145 (3): 313-22. https://doi.org/10.1111/imm.12474.

Marsh, David M., and Peter B. Pearman. 1997. Society for Conservation Biology Effects of
Habitat Fragmentation on the Abundance of Two Species of Leptodactylid Frogs in an
Andean Montane Forest. Conservation Biology 11 (6): 1323-28.

Martel, An, Annemarieke Spitzen-van der Sluijs, Mark Blooi, Wim Bert, Richard Ducatelle,
Matthew C Fisher, Antonius Woeltjes, et al. 2013. Batrachochytrium Salamandrivorans Sp.
Nov. Causes Lethal Chytridiomycosis in Amphibians. Proceedings of the National
Academy of Sciences of the United States of America 110 (38): 15325-29.
https://doi.org/10.1073/pnas.1307356110.

Matousek JL, Campbell KL. 2002 Malassezia dermatitis. Compendium 24, 224-232.

May, S., and T. J C Beebee. 2009. Characterisation of Major Histocompatibility Complex Class
IT Alleles in the Natterjack Toad, Bufo Calamita. Conservation Genetics Resources 1 (1):
415-17. https://doi.org/10.1007/s12686-009-9096-6.

McClelland, E E, D J Penn, and W K Potts. 2003. Major Histocompatibility Complex
Heterozygote Superiority during Coinfection. Infect Immun 71 (4): 2079-86.
https://doi.org/10.1128/1A1.71.4.2079-2086.2003.

147



McKenzie, Valerie J., Robert M. Bowers, Noah Fierer, Rob Knight, and Christian L. Lauber.
2012. Co-Habiting Amphibian Species Harbor Unique Skin Bacterial Communities in Wild
Populations. ISME Journal 6 (3): 588-96. https://doi.org/10.1038/ismej.2011.129.

Mech, Stephen G., and James G. Hallett. 2001. Evaluating the Effectiveness of Corridors: A
Genetic Approach. Conservation Biology 15 (2): 467-74. https://doi.org/10.1046/j.1523-
1739.2001.015002467 .x.

Mira-Mendes, Caio Vinicius De, Danilo Silva Ruas, Renan Manoel De Oliveira, Indira Maria
Castro, Iuri Ribeiro Dias, Julio Ernesto Baumgarten, Flora Acufia Juncd, and Mirco Solé.
2018. Amphibians of the Reserva Ecologica Michelin: A High Diversity Site in the
Lowland Atlantic Forest of Southern Bahia, Brazil. ZooKeys 2018 (753): 1-21.
https://doi.org/10.3897/zookeys.753.21438.

Mona, S., N. Ray, M. Arenas, and L. Excoffier. 2014. Genetic Consequences of Habitat
Fragmentation during a Range Expansion. Heredity 112 (3): 291-99.
https://doi.org/10.1038/hdy.2013.105.

Mulder, Kevin P, Maria Cortazar-Chinarro, D James Harris, Angelica Crottini, Evan H Campbell
Grant, Robert C Fleischer, and Anna E Savage. 2017. Evolutionary Dynamics of an
Expressed MHC Class IIf Locus in the Ranidae (Anura) Uncovered by Genome Walking
and High-Throughput Amplicon Sequencing. Developmental and Comparative Immunology
76: 177-88. https://doi.org/10.1016/j.dci.2017.05.022.

Muletz, C, N M Caruso, R C Fleischer, R W Mcdiarmid, and K R Lips. 2014. Unexpected Rarity
of the Pathogen Batrachochytrium Dendrobatidis in Appalachian Plethodon Salamanders.
PLoS ONE 9 (8): 103728. https://doi.org/10.1371/journal.pone.0103728.

Muletz, Carly R, Jillian M Myers, Rickie ] Domangue, James B Herrick, and Reid N Harris.
2012. Soil Bioaugmentation with Amphibian Cutaneous Bacteria Protects Amphibian Hosts
from Infection by Batrachochytrium Dendrobatidis. Biological Conservation 152: 119-26.

https://doi.org/10.1016/j.biocon.2012.03.022.

Myers, Jillian M, Jeremy P Ramsey, Alison L Blackman, A Elizabeth Nichols, Kevin P C
Minbiole, and Reid N Harris. 2012. Synergistic Inhibition of the Lethal Fungal Pathogen
Batrachochytrium Dendrobatidis: The Combined Effect of Symbiotic Bacterial Metabolites
and Antimicrobial Peptides of the Frog Rana Muscosa. Journal of Chemical Ecology 38 (8):
958-65. https://doi.org/10.1007/s10886-012-0170-2.

Naidoo, R, A Balmford, R Costanza, B Fisher, R E Green, B Lehner, T R Malcolm, and T H
Ricketts. 2008. Global Mapping of Ecosystem Services and Conservation Priorities.
www.pnas.org/cgi/content/full/.

Newmark, William D. 1995. Extinction of Mammal Populations in Western North American
National Parks. Conservation Biology 9 (3): 512-26. https://doi.org/10.1046/j.1523-
1739.1995.09030512.x.

Newsham, K. K., A. H. Fitter, and A. R. Watkinson. 1995. Arbuscular Mycorrhiza Protect an

148



Annual Grass from Root Pathogenic Fungi in the Field. The Journal of Ecology 83 (6): 991.
https://doi.org/10.2307/2261180.

Olson, Deanna H., David M. Aanensen, Kathryn L. Ronnenberg, Christopher I. Powell, Susan F.
Walker, Jon Bielby, Trenton W J Garner, George Weaver, and Matthew C. Fisher. 2013.
Mapping the Global Emergence of Batrachochytrium Dendrobatidis, the Amphibian
Chytrid Fungus. PLoS ONE 8 (2): 747-49. https://doi.org/10.1371/journal.pone.0056802.

Paradis, Emmanuel. 2010. Pegas: An R Package for Population Genetics with an Integrated—
Modular Approach. Bioinformatics Applications Note 26 (3): 419-42010.
https://doi.org/10.1093/bioinformatics/btp696.

Patterson-Kane, J. C., Eckerlin, R. P., Lyons, E. T., & Jewell, M. A. (2001). Strongyloidiasis in a
Cope's grey tree frog (Hyla chrysoscelis). Journal of Zoo and Wildlife Medicine, 32, 106-
110.

Pearman, Peter B, and Trenton W J Garner. 2005. Susceptibility of Italian Agile Frog
Populations to an Emerging Strain of Ranavirus Parallels Population Genetic Diversity.
Ecology Letters 8: 401-8. https://doi.org/10.1111/5.1461-0248.2005.00735 .x.

Perfecto, Ivette, and John Vandermeer. 2010. The Agroecological Matrix as Alternative to the
Land-Sparing/Agriculture Intensification Model. Proceedings of the National Academy of
Sciences 107 (13): 5786-91. https://doi.org/10.1073/pnas.0905455107.

Perkins, Susan L, and Anne K Keller. 2001. Phylogeny of Nuclear Small Subunit RRNA Genes
of Hemogregarines Amplified with Specific Primers. Source: The Journal of Parasitology
87 (4): 870-76. http://www.jstor.org/stable/3285147.

Petersen, Julius. 1891. Die Theorie Der Reguliren Graphs. Acta Mathematica 15 (1): 193-220.
https://doi.org/10.1007/BF02392606.

Peterson, Brant K., Jesse N. Weber, Emily H. Kay, Heidi S. Fisher, and Hopi E. Hoekstra. 2012.
Double Digest RADseq: An Inexpensive Method for de Novo SNP Discovery and
Genotyping in Model and Non-Model Species. PLoS ONE 7 (5).
https://doi.org/10.1371/journal.pone.0037135.

Piertney, S B, and M K Oliver. 2006. The Evolutionary Ecology of the Major Histocompatibility
Complex. Heredity 96: 7-21. https://doi.org/10.1038/sj.hdy.6800724.

Pineda, Eduardo, and Gonzalo Halffter. 2004. Species Diversity and Habitat Fragmentation:
Frogs in a Tropical Montane Landscape in Mexico. Biological Conservation 117 (5): 499—
508. https://doi.org/10.1016/j.biocon.2003.08.009.

Piovia-Scott, Jonah, Daniel Rejmanek, Douglas C Woodhams, S. Joy Worth, Heather Kenny,
Valerie McKenzie, Sharon P Lawler, and Janet E Foley. 2017. Greater Species Richness of
Bacterial Skin Symbionts Better Suppresses the Amphibian Fungal Pathogen
Batrachochytrium dendrobatidis. Microbial Ecology 74 (1): 217-26.
https://doi.org/10.1007/s00248-016-0916-4.

149



Pritchett, Kathleen R, and George E Sanders. 2007. Epistylididae Ectoparasites in a Colony of
African Clawed Frogs (Xenopus Laevis). Journal of the American Association for
Laboratory Animal Science : JAALAS 46 (2): 86-91.

Puschendorf, Robert, Ana C. Carnaval, Jeremy Vanderwal, Héctor Zumbado-Ulate, Gerardo
Chaves, Federico Bolafnos, and Ross A. Alford. 2009. Distribution Models for the
Amphibian Chytrid Batrachochytrium Dendrobatidis in Costa Rica: Proposing Climatic
Refuges as a Conservation Tool. Diversity and Distributions 15 (3): 401-8.
https://doi.org/10.1111/j.1472-4642.2008.00548.x.

R Core Team. 2018. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.

Radwan, Jacek, Aleksandra Biedrzycka, and Wiestaw Babik. 2009. Does Reduced MHC
Diversity Decrease Viability of Vertebrate Populations? Biological Conservation.
https://doi.org/10.1016/j.biocon.2009.07.026.

Rantala, Heidi M., Amanda M. Nelson, Jessica N. Fulgoni, Matt R. Whiles, Robert O. Hall,
Walter K. Dodds, Piet Verburg, et al. 2015. Long-Term Changes in Structure and Function
of a Tropical Headwater Stream Following a Disease-Driven Amphibian Decline.
Freshwater Biology 60 (3): 575-89. https://doi.org/10.1111/fwb.12505.

Rebollar, Eria A., Rachael E. Antwis, Matthew H. Becker, Lisa K. Belden, Molly C. Bletz,
Robert M. Brucker, Xavier A. Harrison, et al. 2016. Using ‘Omics’ and Integrated Multi-
Omics Approaches to Guide Probiotic Selection to Mitigate Chytridiomycosis and Other
Emerging Infectious Diseases. Frontiers in Microbiology 7 (FEB): 1-19.
https://doi.org/10.3389/fmicb.2016.00068.

Reche, Pedro A., and Ellis L. Reinherz. 2003. Sequence Variability Analysis of Human Class I
and Class II MHC Molecules: Functional and Structural Correlates of Amino Acid
Polymorphisms. Journal of Molecular Biology 331 (3): 623—41.
https://doi.org/10.1016/S0022-2836(03)00750-2.

Reed, D H, and R Frankham. 2003. Correlations between Fitness and Genetic Diversity.
Conservation Biology 17 (1): 230-37. https://doi.org/10.1046/j.1523-1739.2003.01236.x.

Ribeiro, Milton Cezar, Jean Paul Metzger, Alexandre Camargo Martensen, Flavio Jorge Ponzoni,
and Marcia Makiko Hirota. 2009. The Brazilian Atlantic Forest: How Much Is Left, and
How Is the Remaining Forest Distributed? Implications for Conservation. Biological
Conservation 142 (6): 1141-53. https://doi.org/10.1016/j.biocon.2009.02.021.

Richmond, Jonathan Q., Anna E. Savage, Kelly R. Zamudio, and Erica Bree Rosenblum. 2009.
Toward Immunogenetic Studies of Amphibian Chytridiomycosis: Linking Innate and
Acquired Immunity. BioScience 59 (4): 311-20. https://doi.org/10.1525/b10.2009.59.4.9.

Roca, V, J Foufopoulos, E Valakos, and P Pafilis. 2010. Parasitic Infracommunities of the

Aegean Wall Lizard Podarcis Erhardii (Lacertidae, Sauria): Isolation and Impoverishment
in Small Island Populations. In Amphibia Reptilia, 30:493-503.

150



https://doi.org/10.1163/156853809789647176.

Rodriguez, Ariel, Miriam Borner, Maciej Pabijan, Marcelo Gehara, Célio F.B. Haddad, and
Miguel Vences. 2015. Genetic Divergence in Tropical Anurans: Deeper Phylogeographic
Structure in Forest Specialists and in Topographically Complex Regions. Evolutionary
Ecology 29 (5): 765-85. https://doi.org/10.1007/s10682-015-9774-7.

Rossum, G. van. 1995. Python Tutorial, Technical Report CS-R9526.

Rowley, Jodi J.L., Frank H Gleason, Demetra Andreou, Wyth L Marshall, Osu Lilje, and
Rodolphe Gozlan. 2013. Impacts of Mesomycetozoean Parasites on Amphibian and

Freshwater Fish Populations. Fungal Biology Reviews.
https://doi.org/10.1016/j.fbr.2013.09.002.

Sandberg, Maria, Lennart Eriksson, Jorgen Jonsson, Michael Sjostrom, and Svante Wold. 1998.
New Chemical Descriptors Relevant for the Design of Biologically Active Peptides. A
Multivariate Characterization of 87 Amino Acids. Journal of Medicinal Chemistry 41 (14):
2481-91. https://doi.org/10.1021/jm9700575.

Santonastaso, Trent, Jackie Lighten, Cock van Oosterhout, Kenneth L. Jones, Johannes
Foufopoulos, and Nicola M. Anthony. 2017. The Effects of Historical Fragmentation on
Major Histocompatibility Complex Class II f and Microsatellite Variation in the Aegean
Island Reptile, Podarcis Erhardii. Ecology and Evolution 7 (13): 4568-81.
https://doi.org/10.1002/ece3.3022.

Savage, Anna E., Carly R. Muletz-Wolz, Evan H. Campbell Grant, Robert C. Fleischer, and
Kevin P. Mulder. 2019. Functional Variation at an Expressed MHC Class IIf} Locus
Associates with Ranavirus Infection Intensity in Larval Anuran Populations.
Immunogenetics 71 (4): 335-46. https://doi.org/10.1007/s00251-019-01104-1.

Savage, Anna E., Michael J. Sredl, and Kelly R. Zamudio. 2011. Disease Dynamics Vary
Spatially and Temporally in a North American Amphibian. Biological Conservation 144
(6): 1910-15. https://doi.org/10.1016/j.biocon.2011.03.018.

Savage, Anna E, and Kelly R Zamudio. 2011. MHC Genotypes Associate with Resistance to a
Frog-Killing Fungus. Proceedings of the National Academy of Sciences of the United States
of America 108 (40): 16705-10. https://doi.org/10.1073/pnas.1106893108.

Savage, Anna E, and Kelly R Zamudio.. 2016. Adaptive Tolerance to a Pathogenic Fungus
Drives Major Histocompatibility Complex Evolution in Natural Amphibian Populations.
Proceedings. Biological Sciences / The Royal Society 283 (1827): 20153115-.
https://doi.org/10.1098/rspb.2015.3115.

Sazima, I. 1971. The Occurrence of Marine Invertebrates in the Stomach Contents of the Frog
Thoropa Miliaris. Ciencia e Cultura 23 (5): 647-48.
https://doi.org/10.1163/ q3 SIM_00374.

Scheele, Ben C., Frank Pasmans, Lee F Skerratt, Lee Berger, An Martel, Wouter Beukema,

151



Aldemar A. Acevedo, et al. 2019. Amphibian Fungal Panzootic Causes Catastrophic and
Ongoing Loss of Biodiversity. Science 363 (6434): 1459—-63.
https://doi.org/10.1126/science.aav0379.

Schwensow, N, J Fietz, K. H. Dausmann, and S Sommer. 2007. Neutral versus Adaptive Genetic
Variation in Parasite Resistance: Importance of Major Histocompatibility Complex
Supertypes in a Free-Ranging Primate. Heredity 99 (3): 265-77.
https://doi.org/10.1038/sj.hdy.6800993.

Seyedmousavi, S, J Guillot, A Tolooe, and P E Verweij. 2015. Neglected Fungal Zoonoses:
Hidden Threats to Man and Animals. Clinical Microbiology and Infection 21: 416-25.
https://doi.org/10.1016/j.cmi.2015.02.031.

Sgro, Carla M., Andrew J. Lowe, and Ary A. Hoffmann. 2011. Building Evolutionary Resilience
for Conserving Biodiversity under Climate Change. Evolutionary Applications 4 (2): 326—
37. https://doi.org/10.1111/5.1752-4571.2010.00157 .

Siddle, Hannah V, Jolanta Marzec, Yuanyuan Cheng, Menna Jones, and Katherine Belov. 2010.
MHC Gene Copy Number Variation in Tasmanian Devils: Implications for the Spread of a
Contagious Cancer. Proceedings of the Royal Society B: Biological Sciences 277 (1690):
2001-6.

Slade, R W. 1992. Limited MHC Polymorphism in the Southern Elphant Seal. Proceedings:
Biological Sciences 249 (1325): 163-71.

Speare, R, P O Shea, W A Shipton, and A D Thomas. 1994. Mucor Amphibiorum in the Toad,
Bufo Marinus, in Australia. Journal of Wildlife Diseases 30 (3): 399—407.
https://doi.org/10.7589/0090-3558-30.3.399.

Spielman, Derek, Barry W Brook, David A Briscoe, and Richard Frankham. 2004. Does
Inbreeding and Loss of Genetic Diversity Decrease Disease Resistance? ? Conservation
Genetics 5: 439—-48. https://doi.org/10.1023/B:COGE.0000041030.76598.cd.

Spurgin, Lewis G, and David S Richardson. 2010. How Pathogens Drive Genetic Diversity:
MHC, Mechanisms and Misunderstandings. Proceedings of the Royal Society B: Biological
Sciences. https://doi.org/10.1098/rspb.2009.2084.

Stephens, Matthew, Nicholas J Smith, and Peter Donnelly. 2001. A New Statistical Method for
Haplotype Reconstruction from Population Data. The American Journal of Human Genetics
68 (4): 978-89. https://doi.org/10.1086/319501.

Stensvold CR, Lewis HC, Hammerum AM, Porsbo LJ, Nielsen SS, Olsen KEP, Arendrup MC,
Nielsen HV, Mglbak K. 2009 Blastocystis: unravelling potential risk factors and clinical
significance of a common but neglected parasite. Epidemiol. Infect. 137, 1655.
(doi:10.1017/S0950268809002672)

Stockwell, M. P., J. Clulow, and M. J. Mahony. 2015. Evidence of a Salt Refuge: Chytrid
Infection Loads Are Suppressed in Hosts Exposed to Salt. Oecologia 177 (3): 901-10.

152



https://doi.org/10.1007/s00442-014-3157-6.

Stoeck, Thorsten, David Bass, Markus Nebel, Richard Christen, Meredith D M Jones, Hans
Werner Breiner, and Thomas A. Richards. 2010. Multiple Marker Parallel Tag
Environmental DNA Sequencing Reveals a Highly Complex Eukaryotic Community in
Marine Anoxic Water. Molecular Ecology 19 (SUPPL. 1): 21-31.
https://doi.org/10.1111/5.1365-294X.2009.04480.x.

Stuart, Simon N, Janice S Chanson, Neil A Cox, Bruce E Young, Ana S L Rodrigues, L Debra,
Robert W Waller, Iucn-ssc Ci-cabs Biodiversity Assessment Unit, and M Street. 2007.
Stuart et al 2004 Science 1980 (October): 1-4. papers://aal Sed4a-8b41-4036-84a6-

41087bba0cd6/Paper/p2362.

Suguio, Kenitiro, R.J. Angulo, A.M. Carvalho, I.C.S. Corréa, L.J. Tomazeli, J.A. Willwock, and
Helenice Vital. 2005. Paleoniveis Do Mar e Paleolinhas Da Costa. In Quaterndrio Do
Brasil, 378.

Susi, Hanna, Benoit Barre, Pedro F Vale, and Anna-Liisa Laine. 2015. Co-Infection Alters
Population Dynamics of Infectious Disease. https://doi.org/10.1038/ncomms6975.

Sutton EMSJ, Tsuang A, Viswanathan S, Burke R, Goldman DL, Vicencio AG, St EM, Sutton J.
2016 Mycobiome Analysis Of Lower Airway Secretions From Children With Fungal-
Sensitized Severe-Persistent Asthma. InA21. Chronic Airway Inflammation: Microbial
Influence (pp. A1067-A1067). American Thoracic Society.

Tabarelli, Marcelo, Antonio Venceslau Aguiar, Milton Cezar Ribeiro, Jean Paul Metzger, and
Carlos A. Peres. 2010. Prospects for Biodiversity Conservation in the Atlantic Forest:
Lessons from Aging Human-Modified Landscapes. Biological Conservation 143 (10):
2328-40. https://doi.org/10.1016/j.biocon.2010.02.005.

Tajima, F. 1989. Statistical Method for Testing the Neutral Mutation Hypothesis by DNA
Polymorphism. Genetics 123 (3): 585-95. https://doi.org/PMC1203831.

Takahata, N, and M Nei. 1990. Allelic Genealogy under Overdominant and Frequency-
Dependent Selection and Polymorphism of Major Histocompatibility Complex Loci.
Genetics 124.

Tamura, Koichiro, Glen Stecher, Daniel Peterson, Alan Filipski, and Sudhir Kumar. 2013.
MEGAG6: Molecular Evolutionary Genetics Analysis Version 6.0. Molecular Biology and
Evolution 30 (12): 2725-29. https://doi.org/10.1093/molbev/mst197.

Tilman, David, Robert M. May, Clarence L. Lehman, and Martin A. Nowak. 1994. Habitat
Destruction and the Extinction Debt. Nature 371 (6492): 65-66.
https://doi.org/10.1038/371065a0.

Tong, Joo Chuan, Jeff Bramson, Darja Kanduc, Selwyn Chow, Animesh A Sinha, and Shoba

Ranganathan. 2006. Modeling the Bound Conformation of Pemphigus Vulgaris-Associated
Peptides to MHC Class II DR and DQ Alleles. https://doi.org/10.1186/1745-7580-2-1.

153



Ujvari, Beata, Thomas Madsen, and Mats Olsson. 2004. High Prevalence of Hepatozoon Spp.
(Apicomplexa, Hepatozoidae) Infection in Water Pythons (Liasis Fuscus) from Tropical
Australia. The Journal of Parasitology 90 (3): 670-72. https://doi.org/10.1645/GE-204R.

Vandergast, Amy G., Rosemary G. Gillespie, and George K. Roderick. 2004. Influence of
Volcanic Activity on the Population Genetic Structure of Hawaiian Tetragnatha Spiders:
Fragmentation, Rapid Population Growth and the Potential for Accelerated Evolution.
Molecular Ecology 13 (7): 1729-43. https://doi.org/10.1111/5.1365-294X.2004.02179 x.

Varela, Brandon J., David Lesbarréres, Roberto Ibanez, and David M. Green. 2018.
Environmental and Host Effects on Skin Bacterial Community Composition in Panamanian
Frogs. Frontiers in Microbiology 9: 1—13. https://doi.org/10.3389/fmicb.2018.00298.

Vences, Miguel, Mariana L. Lyra, Jordan G. Kueneman, Molly C. Bletz, Holly M. Archer, Julia
Canitz, Svenja Handreck, et al. 2016. Gut Bacterial Communities across Tadpole
Ecomorphs in Two Diverse Tropical Anuran Faunas. Science of Nature 103 (3).
https://doi.org/10.1007/s00114-016-1348-1.

Verghese S, Ravichandran P. 2003 Geotrichum candidum infection in a renal transplant
recipient. Indian J. Nephrol 13, 72-74.

Voyles, Jamie, Douglas C Woodhams, Veronica Saenz, Allison Q Byrne, Rachel Perez, Gabriela
Rios-Sotelo, Mason J Ryan, et al. 2018. Shifts in Disease Dynamics in a Tropical
Amphibian Assemblage Are Not Due to Pathogen Attenuation. Science 359 (6383): 1517—
19. https://doi.org/10.1126/science.aa04806.

Wake, David B, and Vance T Vredenburg. 2008. Are We in the Midst of the Sixth Mass
Extinction? A View from the World of Amphibians. Vol. 105.
www.pnas.orgcgidoil0.1073pnas.0801921105.

Walke, Jenifer B., and Lisa K. Belden. 2016. Harnessing the Microbiome to Prevent Fungal
Infections: Lessons from Amphibians. PLoS Pathogens 12 (9): 6-11.
https://doi.org/10.1371/journal.ppat.1005796.

Walke, Jenifer B, Matthew H Becker, Stephen C Loftus, Leanna L House, Guy Cormier,
Roderick V Jensen, and Lisa K Belden. 2014. Amphibian Skin May Select for Rare
Environmental Microbes. The ISME Journal 8 (11): 1-11.
https://doi.org/10.1038/ismej.2014.77.

Wannasan AA. 2013 Potentially Pathogenic Free-Living Amoebae In Some Flood-Affected
Areas During 2011 Chiang Mai Flood. Rev. Inst. Med. Trop. Sao Paulo 55, 411-416.
(doi:10.1590/50036-46652013000600007)

Watling, James 1., and Maureen A. Donnelly. 2007. Multivariate Correlates of Extinction
Proneness in a Naturally Fragmented Landscape. Diversity and Distributions 13 (4): 372—
78. https://doi.org/10.1111/1.1472-4642.2007.00331 .x.

154



Weiss LM, Wittner MPHM, Coyle C, Shah S, Tanowitz HB. 1996 Parasitic infections of the
nervous system and the eye in AIDS. Neurological Infections and Epidemiology 2, 113-
127.

Whiles, Matt R, Karen R Lips, Catherine M Pringle, Susan S Kilham, Rebecca J Bixby, Roberto
Brenes, Scott Connelly, et al. 2006. The Efffects of Amphibian Population Declines on the
Structure and Function of Neotropical Stream Ecosystems. Frontiers in Ecology and the
Environment 4 (1): 27-34.

Whitaker, B. R. 2017. Infectious Diseases of Amphibians. Merck Veterinary Manual, 1-8.

Whitehorn, Penelope R, Matthew C Tinsley, Mark J F Brown, Ben Darvill, and Dave Goulson.
2011. Genetic Diversity, Parasite Prevalence and Immunity in Wild Bumblebees.
Proceedings of the Royal Society B: Biological Sciences 278: 1195-1202.
https://doi.org/10.1098/rspb.2010.1550.

Wikelski, Martin, Johannes Foufopoulos, Hernan Vargas, and Howard Snell. 2004. Galapagos
Birds and Diseases: Invasive Pathogens as Threats for Island Species. Ecology and Society
9(1).

Willing, Ben P., Johan Dicksved, Jonas Halfvarson, Anders F. Andersson, Marianna Lucio,
Zongli Zheng, Gunnar Jarnerot, Curt Tysk, Janet K. Jansson, and Lars Engstrand. 2010. A
Pyrosequencing Study in Twins Shows That Gastrointestinal Microbial Profiles Vary With
Inflammatory Bowel Disease Phenotypes. Gastroenterology 139 (6): 1844-1854.el.
https://doi.org/10.1053/J.GASTRO.2010.08.049.

Woodhams, Douglas C., Ross A. Alford, Rachael E. Antwis, Holly Archer, Matthew H. Becker,
Lisa K. Belden, Sara C. Bell, et al. 2015. Antifungal Isolates Database of Amphibian Skin-
Associated Bacteria and Function against Emerging Fungal Pathogens. Ecology 96 (2):
595-595. https://doi.org/10.1890/14-1837.1.

Woodhams, Douglas C, Hannelore Brandt, Simone Baumgartner, Jos Kielgast, Eliane Kiipfer,
Ursina Tobler, Leyla R Davis, et al. 2014. Interacting Symbionts and Immunity in the
Amphibian Skin Mucosome Predict Disease Risk and Probiotic Effectiveness. PLoS ONE 9
(4). https://doi.org/10.1371/journal.pone.0096375.

Yang, Ziheng. n.d. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Accessed June 12,
2018. https://doi.org/10.1093/molbev/msm088.

Yatsunenko, Tanya, Federico E Rey, Mark J Manary, Indi Trehan, Maria Gloria Dominguez-
Bello, Monica Contreras, Magda Magris, et al. 2012. Human Gut Microbiome Viewed
across Age and Geography. Nature 486 (7402): 222-27.
https://doi.org/10.1038/nature11053.

Yildirimhan, Hikmet S, Charles R Bursey, and Stephen R Goldberg. 2006. Helminth Parasites of
the Taurus Frog, Rana Holtzi, and the Uludag Frog, Rana Macrocnemis, with Remarks on
the Helminth Community of Turkish Anurans. Comparative Parasitology 73 (2): 237-48.
https://doi.org/10.1654/4191.1.

155



Zhang, Weiping, Jonathan F. Wendel, and Lynn G. Clark. 1997. Bamboozled Again! Inadvertent
Isolation of Fungal RDNA Sequences from Bamboos (Poaceae: Bambusoideae). Molecular
Phylogenetics and Evolution 8 (2): 205—17. https://doi.org/10.1006/mpev.1997.0422.

Zoetendal, Erwin G, Antoon D L Akkermans, Wilma M Akkermans-Van Vliet, J Arjan, G M De
Visser, and Willem M De Vos. 2001. The Host Genotype Affects the Bacterial Community
in the Human Gastronintestinal Tract The Host Genotype Affects the Bacterial Community
in the Human Gastrointestinal Tract. Microbial Ecology in Health and Disease 13: 129-34.
https://doi.org/10.1080/089106001750462669.

Zuidema, Pieter A, Jeffrey A Sayer, and Wim Dijkman. 2017. Foundation for Environmental
Conservation Forest Fragmentation and Biodiversity: The Case for Intermediate-Sized
Conservation Areas. Environmental Cunservaliim 23 (4): 290-97.
https://doi.org/10.1017/S037689290003914X.

156



Appendix

Appendix 2-1: Potentially parasitic OTUs recovered from Thoropa taophora skin swabs. OTUs were obtained through Next Generation Sequencing
(Ilmmina MiSeq) of the eukaryotic 18S v4 genetic region. Likely ecology was obtained through a standardized Google Scholar search of peer-reviewed

literature.
No. No. ID Higher Likely
OTU id Reads Swabs Top BLAST hit e-value % classification ecology Citation
amphibian Rowley et al.
New.CleanUp.ReferenceOTU2449 | 368 6 Anurofeca richardsi 1.00E-169 96% Ichthyosporea larva pathogen | 2013
Apicomplexan, amphibian Desser et al.
New.ReferenceOTU112 9681 8 Hepatozoon sp. <2.23E-308 | 99% haemagregarine parasite 1995
Dinoflagellate, animal Chambouvet
New.CleanUp.ReferenceOTU912 680 1 Perkinsus qugwadi 2.00E-51 83% Perkinsidae parasite etal. 2015
animal
parasite Patterson-
Nematoda, (known from Kane et al.
AB272236 241 2 Strongyloides sp. 5.00E-173 98% Strongyloididae amphibians) 2001
animal Wannasan
AF293895 245 8 Echinamoeba exundans <2.23E-308 | 100% | Amoeba pathogen 2013
animal Densmore and
New.CleanUp.ReferenceOTU1824 | 1665 1 Cryptosporidium struthionis 1.00E-111 86% | Apicomplexan pathogen Green 2007
animal Densmore and
New.ReferenceOTUOQ 1343 1 Cryptosporidium struthionis 6.00E-153 94% | Apicomplexan pathogen Green 2007
animal Densmore and
EF023236 24 1 Eimeriidae <2.23E-308 | 100% | Apicomplexan pathogen Green 2007
animal Densmore and
EF024722 25 1 Eimeriidae 2.00E-126 85% | Apicomplexan pathogen Green 2007

157



Apicomplexan, animal Densmore and
New.CleanUp.ReferenceOTU953 864 5 Schellackia or Eimeria 2.00E-76 78% Coccidia pathogen Green 2007
Apicomplexan,
Coccidia, animal Densmore and
New.ReferenceOTU169 846 1 Adalina dimidiata 7.00E-159 93% | Adeleidae pathogen Green 2007
Apicomplexan,
Coccidia, animal Densmore and
DQ096836 1298 3 Adelina bambarooniae <2.23E-308 | 99% | Adeleidae pathogen Green 2007
Apicomplexan,
Coccidia, animal Densmore and
New.CleanUp.ReferenceOTU707 218 2 Eimeria percae 4.00E-105 85% Eimeriidae pathogen Green 2007
Apicomplexan,
Coccidia, animal Densmore and
New.CleanUp.ReferenceOTU693 178 1 Eimeria quokka 1.00E-80 78% Eimeriidae pathogen Green 2007
Apicomplexan,
Coccidia, animal Densmore and
New.ReferenceOTU38 1773 1 Goussia chalupskyi 9.00E-69 77% | Eimeriidae pathogen Green 2007
Entomophthoro- | animal
AF368504 997 11 Basidiobolus sp. 6.00E-152 100% | mycota pathogen Whitaker 2016
Entomophthoro- | animal
New.CleanUp.ReferenceOTU384 | 2470 6 Conidiobolus coronatus 3.00E-170 98% | mycota pathogen Gugnani 1992
Entomophthoro- | animal
New.ReferenceOTU22 60 1 Conidiobolus nanodes 1.00E-137 86% | mycota pathogen Gugnani 1992
animal
pathogen
Apicomplexan, (known from Densmore and
New.ReferenceOTU180 83 2 Hepatozoon sp. <2.23E-308 | 97% Coccidia amphibians) Green 2007
Amoeba, animal skin Wannasan
AF293902 48 1 Saccamoeba limax <2.23E-308 | 97% Hartmannellidae | pathogen 2013
Saccamoeba limax or Ptolemeba Amoeba, animal skin Wannasan
New.CleanUp.ReferenceOTU1144 | 122 4 bulliensis 1.00E-164 94% Hartmannellidae | pathogen 2013
Amoeba, animal skin Wannasan
New.ReferenceOTUS8S 506 2 Saccamoeba sp. 4.00E-169 97% Hartmannellidae | pathogen 2013
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Amoeba, animal skin Wannasan
AM743095 488 12 Vermamoeba vermiformis <2.23E-308 | 99% Hartmannellidae | pathogen 2013
aquatic animal | Rowley et al.
New.CleanUp.ReferenceOTU1891 | 240 3 Ichthyosporea sp. 2.00E-172 96% Ichthyosporea parasite 2013
Stramenopile,
Thraustotheca clavata or Achlya Oomycete, aquatic animal | Gleason et al.
M32705 95 3 sp. <2.23E-308 | 100% | Saprolegniaceae | parasite 2014
aquatic animal | Langdon et al.
AF300282 1035 6 Chilodonella uncinata <2.23E-308 | 100% | Ciliate pathogen 1985
aquatic animal | Kim et al.
AY835669 164 4 Pseudocohnilembus persalinus <2.23E-308 | 100% | Ciliate pathogen 2004
Basidiomycota, commensal,
Ustilagino- maybe Matousek et
New.CleanUp.ReferenceOTU593 504 3 Malassezia furfur 2.00E-103 83% mycotina opportunistic al. 2002
Bursey and
Nematode, frog gut Goldberg
DQ118537 183 1 Raillietnema sp. <2.23E-308 | 99% Cosmocercidae parasite 2006
Nematode, Dyer et al.
New.CleanUp.ReferenceOTUS505 25 2 Parapharyngodon echinatus 5.00E-25 72% Pharyngodonidae | frog parasite 1995
Stramenopile, hemogregarine | Maia et al.
New.CleanUp.ReferenceOTU1758 | 109 2 Proteromonas lacertae 5.00E-104 87% Slopalinida parasite 2012
Acanthoeca spectabilis or likely novel Kerk et al.
GU647190 39 1 Acanthocoepsis unguiculata 8.00E-122 88% Choanoflagellate | fish pathogen 1995
likely novel Kerk et al.
EU011929 69 4 Salpingoeca sp. 3.00E-180 97% Choanoflagellate | fish pathogen 1995
likely novel Kerk et al.
New.CleanUp.ReferenceOTU613 36 3 Salpingoeca tuba 4.00E-60 87% Choanoflagellate | fish pathogen 1995
opportunistic
animal gut Stensvold et
New.CleanUp.ReferenceOTU678 48 2 Blastocystis sp. 4.00E-135 88% Stramenopile pathogen al. 2009
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opportunistic

animal Weiss et al.
AF293898 246 2 Leptomyxa reticulata <2.23E-308 | 98% | Amoeba pathogen 1996
opportunistic
Ascomycota, animal
EF141325 94 2 Yarrowia lipolytica 2.00E-162 100% | Saccharomycete | pathogen Liu et al. 2013
opportunistic
Ascomycota, animal
New.CleanUp.ReferenceOTU640 56 2 Yarrowia sp. 8.00E-42 78% Saccharomycete | pathogen Liu et al. 2013
opportunistic
Ascomycota, animal Deorukhkar et
AB018141 230 2 Candida allociferrii <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
ABO013559 254 4 Candida apicola <2.23E-308 | 99% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU387 31 1 Candida bromeliacearum 3.00E-26 75% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU1946 | 43 1 Candida deformans 4.00E-155 99% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
AY198400 57 3 Candida edaphicus <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
AB018142 193 3 Candida etchellsii <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU2202 | 119 11 Candida glucosophila <2.23E-308 | 99% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
ABO013572 4383 34 Candida haemulonis 2 <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
AB013548 19795 28 Candida heliconiae <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU2135 | 83 2 Candida mogii 2.00E-141 92% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
EF141326 24825 50 Candida parapsilosis <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
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opportunistic

Candida peoriensis or C. Ascomycota, animal Deorukhkar et
EF550483 73 5 odintsovae 6.00E-179 98% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU1858 | 2414 22 Candida sp. <2.23E-308 | 98% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU2317 | 30 1 Candida sp. 2 4.00E-174 96% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU940 43 1 Candida sp. 3 2.00E-178 97% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU1350 | 85 1 Candida sp. 4 4.00E-175 96% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
New.CleanUp.ReferenceOTU1477 | 219 3 Candida sp. 5 2.00E-126 90% Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Deorukhkar et
ABO018175 122 1 Candida stellata <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Debaryomyces or Kluyveromyces Ascomycota, animal Deorukhkar et
ABO013513 132074 | 81 marxianus <2.23E-308 | 100% | Saccharomycete | pathogen al. 2014
opportunistic
Ascomycota, animal Ersoz et al.
ABO083080 292 1 Dipodascus capitatus 5.00E-160 100% | Saccharomycete | pathogen 2004
opportunistic Verghese and
Ascomycota, animal Ravichandran
X69842 99 2 Geotrichum candidum <2.23E-308 | 100% | Saccharomycete | pathogen 2003
opportunistic
Ascomycota, animal Han et al.
AB053245 961 7 Issatchenkia terricola <2.23E-308 | 100% | Saccharomycete | pathogen 2004
opportunistic
Ascomycota, animal Jenney et al.
AEWP01001287 21 16 Kazachstania sp. 5.00E-163 99% Saccharomycete | pathogen 2004
opportunistic
Kluyveromyces or Ascomycota, animal Jenney et al.
New.ReferenceOTU60 25230 8 Saccharomyces or Kazachstania 2.00E-177 97% Saccharomycete | pathogen 2004
opportunistic
Ascomycota, animal Han et al.
GQ120116 477 2 Kodamaea ohmeri* 6.00E-178 100% | Saccharomycete | pathogen 2004
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opportunistic

Ascomycota, animal Han et al.
Y12511 66 1 Ogatea or Pichia <2.23E-308 | 99% Saccharomycete | pathogen 2004
opportunistic
Ascomycota, animal Han et al.
AB054569 49 2 Pichia jadinii <2.23E-308 | 100% | Saccharomycete | pathogen 2004
opportunistic
Ascomycota, animal Han et al.
AY251635 21528 17 Pichia or Issatchenkia <2.23E-308 | 100% | Saccharomycete | pathogen 2004
opportunistic
Ascomycota, animal Han et al.
New.CleanUp.ReferenceOTU23 192 4 Pichia scolyti 2.00E-177 98% Saccharomycete | pathogen 2004
Enache-
opportunistic Agoulvant and
Ascomycota, animal Hennequin
AAZN01000374 3584 62 Saccharomyces cerevisiae <2.23E-308 | 100% | Saccharomycete | pathogen 2005
Enache-
opportunistic Agoulvant and
Ascomycota, animal Hennequin
New.CleanUp.ReferenceOTU2338 | 99 2 Saccharomyces sp. <2.23E-308 | 100% | Saccharomycete | pathogen 2005
opportunistic
animal Hoy et al.
AB001758 21 3 Trichosporon terricola <2.23E-308 | 100% | Basidiomycota pathogen 1986
opportunistic
animal Hoy et al.
AY520284 54 5 Trichosporon sp. <2.23E-308 | 100% | Basidiomycota pathogen 1986
opportunistic
Cryptococcus perniciosus or Basidiomycota, animal Jenney et al.
AJ515169 2341 44 nemorosus <2.23E-308 | 100% | Agaricomycotina | pathogen 2004
opportunistic
Basidiomycota, animal Jenney et al.
New.CleanUp.ReferenceOTU915 | 23 1 Cryptococcus sp. 8.00E-177 97% | Agaricomycotina | pathogen 2004
opportunistic
Basidiomycota, animal Jenney et al.
New.ReferenceOTU27 1945 27 Cryptococcus sp. <2.23E-308 | 100% | Agaricomycotina | pathogen 2004
opportunistic
Basidiomycota, animal Jenney et al.
AB032617 153 10 Cryptococcus sp. (maybe albidus) | <2.23E-308 | 100% | Agaricomycotina | pathogen 2004
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Basidiomycota, opportunistic
Puccinio- animal Lanteri et al.
New.ReferenceOTU131 20 1 Leucosporidium fellii 2.00E-178 97% mycotina pathogen 2012
Basidiomycota, opportunistic
Rhodotorula diobovata or Puccinio- animal Sutton et al.
New.ReferenceOTU183 1858 31 Rhodosporidium paludigenum <2.23E-308 | 100% | mycotina pathogen 2016
Basidiomycota, opportunistic
Puccinio- animal Sutton et al.
AB126648 607 21 Rhodotorula or Cystobasidium <2.23E-308 | 99% mycotina pathogen 2016
Basidiomycota, opportunistic
Ustilagino- animal Seyedmousavi
New.ReferenceOTU114 280 8 Malassezia japonica <2.23E-308 | 100% | mycotina pathogen etal. 2015
Basidiomycota, opportunistic
Ustilagino- animal Seyedmousavi
AAXK01002636 2369 97 Malassezia globosa <2.23E-308 | 100% | mycotina pathogen etal. 2015
opportunistic
Nematode, animal Loo et al.
New.CleanUp.ReferenceOTU902 20 1 Halicephalobus cf. gingivalis 2.00E-93 85% Panagrolaimidae | pathogen 2015
Stramenopile, opportunistic
Oomycota, animal Gleason et al.
AF396684 854 6 Aphanomyces sp. <2.23E-308 | 99% Saprolegniales pathogen 2014
opportunistic
Stramenopile, animal Densmore and
New.CleanUp.ReferenceOTU1541 | 2424 15 Protoopalina intestinalis 7.00E-83 80% Opalinidae pathogen Green 2007
opportunistic
Stramenopile, animal Densmore and
New.CleanUp.ReferenceOTU1903 | 2582 21 Protoopalina intestinalis 6.00E-96 82% Opalinidae pathogen Green 2007
opportunistic
Stramenopile, animal Gleason et al.
FJ794932 240 5 Pythium sp. <2.23E-308 | 99% Oomycota pathogen? 2014
Basidiomycota, opportunistic
Puccinio- animal skin Bergman and
AB126047 69 1 Sporobolomyces diospyroris <2.23E-308 | 98% mycotina pathogen Kauffman
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opportunistic Pritchett and

New.CleanUp.ReferenceOTUS15 415 Opisthostyla sp. 2.00E-171 97% Ciliate frog pathogen | Sanders 2007
Opisthostyla sp. or Epistylis opportunistic Pritchett and

GQ872428 311 riograndensis <2.23E-308 | 99% Ciliate frog pathogen | Sanders 2007

opportunistic

keratin Abedkhojasteh
New.CleanUp.ReferenceOTU1270 | 47 Hartmannella cantabrigiensis <2.23E-308 | 100% | Amoeba parasite etal. 2013

opportunistic

keratin Abedkhojasteh
New.CleanUp.ReferenceOTU1694 | 103 Hartmannella sp. 3.00E-88 80% | Amoeba parasite etal. 2013

opportunistic

keratin Abedkhojasteh
New.ReferenceOTU167 752 Nolandella (Hartmannellidae) 3.00E-75 77% | Amoeba parasite etal. 2013

opportunistic Densmore and
New.CleanUp.ReferenceOTU2271 | 40 Tetrahymena rostrata 2.00E-177 99% Ciliate pathogen Green 2007

opportunistic Densmore and
New.CleanUp.ReferenceOTU2181 | 26 Tetrahymena sp. 6.00E-172 98% Ciliate pathogen Green 2007

opportunistic Densmore and
X54512 108 Tetrahymena sp. <2.23E-308 | 99% Ciliate pathogen Green 2007

opportunitistic

animal skin Badali et al.
AJ972862 80 Rhinocladiella sp. <2.23E-308 | 99% | Ascomycota pathogen 2010
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