O© 0 3 O W B~ W N =

[N I S R S R S N AN S e S o e e e e e e e ey
O 0 9 O N kA W N = O O 0 N9 S NPk WD = O

DR. PATRICIA A BURROWES (Orcid ID : 0000-0002-3085-6681)

Article type. i Original Article

Genetic analysis of post-epizootic amphibian chytrid strains in Bolivia: Adding a

piece to the puzzle

Running Title:#*Genetics of post-epizootic Bolivian chytrid

Patricia A. Burrowes', Timothy Y. James?, Thomas S. Jenkinson?and Ignacio De la

Riva4.

Departmentof Biology, University of Puerto Rico, San Juan, Puerto Rico
2Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor,
MichigansJSA

3Department of Environmental Science, Policy, and Management, University of
California, Berkeley, California, USA

4“Museo Nacional de Ciencias Naturales, CSIC, Madrid, Spain

Abstract

The evolutionary history and dispersal pattern of Batrachochytrium dendrobatidis (Bd),
an emergent. fungal pathogen responsible for the decline and extinctions of many
species of amphibians worldwide, is still not well understood. In South America, the
tropical Andes are known as an important site for amphibian diversification, but also for
being a place.where hosts are at greater risk of chytridiomycosis. In an attempt to

understand the history and the geographic pattern of Bd-associated amphibian declines
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in Bolivia, we isolated Bd from hosts at two locations that differ in their chronology of Bd
prevalence and host survival outcome, the cloud forests of the Amazonian slopes of the
Andes, and Lake Titicaca in the altiplano. We genotyped Bd from both locations and
sequenced the genome from the cloud forest isolate, then compared them to reference
sequences.of.other Bd strains across the world. We found that the Bolivian chytrid
isolates were nearly genotypically identical, and that they belong to the Global
Panzootic'tineage (Bd-GPL). The Bolivian Bd strain grouped with other tropical New
World strains'but was closest to those from the Brazilian Atlantic Forest. Our results
extend the presence of Bd-GPL to the central Andes in South America, and report this
hypervirulentsstrain at Lago Titicaca, where Bd has been detected since 1863, without
evidence of‘amphibian declines. These findings suggest a more complex evolutionary
history for this pathogen in Bolivia, and may point to the existence of an old lineage of
Bd that has since been extirpated following the arrival of the panzootic Bd-GPL or that

the timing of Bd-GPL emergence is earlier than generally acknowledged.

KEYwoRDS: Emergent infectious diseases, fungal disease, chytridiomycosis,

Batrachoehytrium dendrobatidis, genotyping, amphibian declines.

1 INTRODUCTION

Globaltamphibian declines in the Anthropocene have been associated with
different faetors that include land use change, contaminants, introduced species,
climate change and emerging infectious diseases (see for example Daszak,
Cunningham, & Hyatt, 2003; Ron, Duellman, & Coloma, 2003; Stuart et al., 2004; La
Marca et al.,.2005; Cunningham, Hyatt, Russell, & Bennett, 2007; Collins & Crump,
2009; Agostini.& Burrowes, 2015). The role of two fungal pathogens, namely
Batrachochytrium dendrobatidis (Longcore, Pessier, & Nichols, 1999, = Bd hereafter)
and B. salamandrivorans (Martel et al., 2013) in the loss of amphibians has been of
special concern (Skerrat, Berger, & Speare, 2007; Fisher, Garner, & Walker, 2009;
James et al., 2015; Stegen et al., 2017), and Bd has been associated to the decline of

501 species worldwide, including the extinction of 90 species (Scheele et al., 2019).
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Research points to tropical areas of South America as one of the most affected regions,
and to global trade as an important facilitator of the spread of these chytrid pathogens
around the world (Scheele et al., 2019).

Efforts to. understand the evolution of one of these invasive chytrids (Bd) have
revealed the.genetic differences between strains and how genotypes are associated
with geographical regions and virulence (Goka et al., 2009; Farrer et al., 2011; Bataille
et al., 2013;"Schloegel et al., 2012; Rosenblum et al., 2013; Rodriguez, Becker, Pupin,
Haddad, & Zamudio, 2014; O'Hanlon et al., 2018). Using whole genome sequencing of
world-wide Bd strains, O Hanlon et al., (2018) suggested an Asian origin of the species,
because of theypresence of a hyper-diverse lineage, Bd-ASIA-1, that bears the
hallmarks ‘of frequent sexual reproduction and the absence of disease-associated
declines in the region. The lineage associated with the modern catastrophic declines
reported by Scheele et al., (2019) is known as Bd-GPL, the global panzootic lineage
(O’Hanlon.et al., 2018). The genomic data suggest a 20t century origin of Bd-GPL and
a dispersalhistory that was facilitated by the global trade of amphibians, however the
95% confidenee interval on the origin includes the late 19t century (O’Hanlon et al.,
2018). Other genetically distinct strains include: Bd-ASIA-2/Bd-BRAZIL which is less
virulent andlinked to the commercial trade of bullfrogs between Asia, Brazil, and North
America (Greenspan et al., 2018); Bd-CAPE, a less virulent strain from Africa more
closely related to Bd-GPL; and a less virulent European strain, Bd-CH, related to Bd-
ASIA-1 (O‘Hanlon et al., 2018). Within the Bd-GPL lineage there is little evidence of
population‘structure, making the geographic history of spread highly uncertain (Farrer et
al., 2011;Rosenblum et al., 2013; O’Hanlon et al., 2018; Valenzuela-Sanchez et al.,
2018). Maoreover, the spread of genotypes across geographic regions has led to the
emergence.of hybrid genotypes which may drive rapid evolution and future panzootics
of Bd (Schloegel et al., 2012; O'Hanlon et al., 2018; Greenspan et al., 2018). Within
South America, Bd-GPL and Bd-ASIA-2/Bd-BRAZIL lineages are present (Rodriguez et
al., 2014; James et al., 2015; Jenkinson et al., 2016; O’Hanlon et al., 2018; Valenzuela-
Sanchez et al., 2018). Declines of Andean and Brazilian Atlantic Forest amphibians are
known, and explicit hypotheses exist on the geographic direction and timing of epizootic

Bd waves (Lips et al., 2008; Burrowes & De la Riva, 2017a); however, testing the
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hypotheses is hindered by the lack of historical genetic information and the paucity of
cultured Bd strains from countries other than Brazil. There is considerably more
information on Bd distribution than Bd genotype, however, where population declines
occur and_Bd has been genotyped, it has been shown that the pathogen is of the Bd-
GPL lineage=kew places are known to contain multiple lineages (Schloegel et al., 2012;
O’Hanlon et al, 2018; Byrne et al., 2019), and this may speak to the ability of Bd-GPL to
outcompeteenzootic lineages. Recent findings have shown that when Bd-GPL and the
older Brazilian'strain (now considered Bd-ASIA-2/Bd-BRAZIL; see O Hanlon et al.
2018) are co-inoculated onto a single host, Bd-GPL grows much faster suggesting that
it has the potential to outcompete endemic strains (Jenkinson et al. 2018). If this is the
case in the'wild, the global invasion of the hypervirulent Bd-GPL may hinder our
possibility to detect ancient Bd strains and thus, truly understand the evolutionary
dynamics and spatial epidemiology of this pathogen. However, detection of Bd-GPL in
the field may indicate a system in a post-epizootic state, which is a critical piece of
information*with respect to containment measures and conservation.

The"aim’of this study was to determine the Bd genotypes found among extant
species of:amphibian hosts in Bolivia, an Andean country where a once mega-diverse
amphibjan-fauna started to decline drastically in the mid-1990°s (De la Riva, Kdhler,
Lotters, & Reichle, 2000; De la Riva & Lavilla, 2008; Cortez, 2009; De la Riva &
Burrowes, 2011; De la Riva & Reichle, 2014). A comprehensive study of the presence
of Bd in the'Belivian Andean region (Burrowes & De la Riva, 2017a) revealed that Bd: a)
was present:as early as 1863 in Telmatobius culeus from Lago Titicaca (the oldest
record of Bd in the world hitherto); b) occurred in all ecoregions from the high altiplano
to inter-Andean_valleys and cloud forests; c) affected a broad taxonomic range of hosts;
and d) increased in prevalence since the mid 1990°s, coincident with the timing of
amphibian.declines in the country. The historic and geographic pattern of occurrence of
Bd in Boliviarsuggested the presence of two Bd lineages; potentially, an old endemic in
the high Andes where declines have not been drastic, and another, more recent
introduction of a pathogenic lineage in the cloud forests of the Amazonian slopes of the

Andes. The latter is presumed to have been responsible for the disappearance of 90%
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of the Telmatobius, and of other amphibian species in the families Hylidae,
Craugastoridae, and Bufonidae during the 1990°s (Burrowes & De la Riva, 2017a).

In order to test this hypothesis, herein we report results on the genetics of Bd strains
from two extant species of amphibians in this region, the hylid treefrog Boana balzani
and the giant.Titicaca water frog, Telmatobius culeus. \We compare Bolivian Bd
genotypes.from two locations, report the first Bd genome sequence from the central
Andes, andpresent its relationship to other strains from a global panel. This work
contributes another piece of the puzzle to a growing understanding of the spread of Bd
and its genetic diversity (e.g., Kaiser & Pollinger, 2012; Schloegel et al., 2012;
Rosenblum etwal., 2013; Rodriguez et al., 2014; Miller et al., 2018; O"Hanlon et al.,
2018; Valenzuela-Sanchez et al., 2018).

2 MATERIALS AND METHODS

2.1 Strains

We followed Bd isolation methods proposed by Longcore et al., (1999) with slight
modifications (Longcore, 2000). We used a hand lens or light microscope to screen
larvae and-adults for signs of chytridiomycosis using oral tissue dekeratinization (Knapp
& Morgan, 2006; Vieira, Toledo, Longcore, & Longcore, 2013, Fisher et al. 2018) or
thalli in excised skin pieces (toe webbing of adults). We dissected infected tissues for
pathogen isolation on 1% tryptone agar with 0.2 mg/mL penicillin-G and 0.4 mg/mL
streptomycinssulfate (Longcore, 2000). The cleaned pieces were then placed in new
plates that were incubated at room temperature (20-23 °C), checked daily for Bd
growth, and cleaned when contaminants appeared until sufficient growth had occurred
for DNA extraction. We isolated three pure Bd cultures from five and six tadpoles
respectively.of Boana balzani collected in a stream reachable from the “Death Road” (=
“Carretera.de’la Muerte”) in the yungas (=cloud forests) of Nor Yungas province,
departmentiof.La Paz, Bolivia (16°13'25™°S, 67°45°16"" W, at 1440 m) during the years
of 2016 (UM721) and 2017 (UM802, UM804). These samples were collected from areas
(Fig. 1 A-B), where other species of amphibians have declined drastically since the mid

1990°s (De la Riva & Reichle, 2014). An additional tissue culture from this species was
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attempted from the same locality in 2016 (Hb-2), and while we were unable to establish
a pure culture, we were able to generate genotypes for several loci from this infected
frog tissue. We sampled Telmatobius culeus at Lake Titicaca in Isla de la Luna, Manco
Kapak pravince, department of La Paz, Bolivia (16°02°42.17°°S, 69°04" 08" W, at 3819
m) (Fig. 1 C)=\We failed at culturing Bd isolated from five of the moribund adult frogs
found along the shores due to contamination, but we were able to genotype Bd from
DNA extractedfrom a toe-webbing sample of one of these frogs preserved in ethanol at
the time (Fig-1"™D). Figure 2 shows the location of the two localities sampled for this

study.

2.2 DNA Methods

DNA was extracted from fungal cultures and preserved infected material (7. culeus
ethanol preserved skin) using a 2X CTAB miniprep method (James, Stenlid, Olson, &
Johanesson, 2008). Six multilocus sequencing markers were genotyped: BdC24, BdC5,
BdSC8.104BdSC3.9, BdSC3.1, and BdSC7.6, using methods outlined by Jenkinson et
al. (2016)."Raw Sanger sequences were edited using Sequencher 5.3 (Gene Codes).
Sequences,were compared with existing reference data to determine whether any new
haplotypes*had been recovered (Jenkinson et al. 2016; James et al., 2009).

DNA from isolate UM721 and seven previously collected isolates from Brazil
(CLFTO043, CLFT060, CLFT085, CLFT088, CLFT100, CLFT111, CLFT131; Jenkinson
et al. 2016)were used for genome sequencing (Supplementary Table 1). We quantified
DNA concentration in the sample using the Qubit 2.0 Fluorometer with the Qubit dsDNA
High Sensitivity Assay Kit (Thermo Fisher Inc). We prepared short-insert (~450bp) DNA
fragment libraries according to the Nextera XT (lllumina) manufacturer’s
recommendations with slight modifications. Briefly, we inputted 1 ng of quantified
template DNA. (diluted to 0.2 ng/pL) from each sample, and carried out the enzymatic
fragmentation step at 55° C for 5 minutes before neutralizing the reaction. Then we
carried out'a limited-cycle PCR to amplify and index the fragmented DNA. We dual
indexed individual samples for paired-end sequencing using the Nextera XT v2 Index
Kit. Post-PCR, we purified the library by ligating indexed fragments to AMPure XP

magnetic beads (Beckam Coulter Inc), and washing away impurities while retaining the

This article is protected by copyright. All rights reserved



184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

beads with an Agencourt 96-well ring magnet plate (Beckam Coulter Inc). We quality
checked the fragment library for appropriate size and concentration with an Agilent 2100
Bioanalyzer (Agilent Technologies Inc). After quality control, the library was paired-end
sequenced on the lllumina HiSeq 2500 platform by the University of Michigan Core DNA
Sequencing.laboratory.

We assessed read quality metrics for the sample using FastQC (Andrews, 2010).
We trimmed sequencing adapters and low-quality bases from the reads with
Trimmomatic(Bolger et al., 2014). We assembled our reads to the Bd reference
genome generated from strain JEL 423 (Broad Institute, version Jan. 2007) with BWA-
MEM (Li, 2013). To assess the placement of our Bolivian sample within the global
context werdownloaded a global panel of 49 previously published genomes (Farrer et al.
2013; Rosenblum et al. 2013; O’Hanlon et al. 2018; Valenzuela-Sanchez et al., 2018;
Supplementary Table 2). These downloaded reads were aligned to the JEL423 nuclear
reference genome as described above. After assembly to reference, we sorted and
removed duplicate reads with Picard (Broad Institute). We realigned indels, recalibrated
read quality seores, and indexed reads with the Genome Analysis Toolkit suite of tools
(GATK; MeKenna et al., 2010). We identified SNP and indel variants with GATK
HaplotypeCaller and performed the final joint genotyping with GATK GenotypeGVCFs.
Finally, we selected and quality filtered SNPs to produce a final, high-confidence panel
of 87,446 SNPs with GATK VariantFiltration.

Wegsed custom perl scripts to determine genomic heterozygosity (Ho), and local
average heterozygosity across a 50kb sliding window advancing every 10kb for each
isolate. We again used custom perl scripts to determine genetic distances among our
panel of isolates under a hetequal character transition matrix (Mountain & Cavalli-
Sforza, 1997). We visualized the calculated distances as a neighbor-joining dendrogram
using PHYLIP (Felsenstein, 1993). We evaluated statistical support for our Bd tree by
resampling«100 bootstrap pseudo-replicates from our SNP data for distance analysis

with a custom,perl script.

3 RESULTS
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3.1 Multilocus sequence typing reveals a single Bd lineage in the extant samples
We generated genotypes of 5 samples (4 from Boana balzani [cloud forests], and 1

from Telmatobius culeus [altiplano]) using 6 sequence typing markers. All of the
samples were identical except for UM721 and Hb-2 which were both homozygous at
locus BdSC3:1, while the other samples were heterozygous. The multilocus genotype of
the Bd on T. culeus matched Bd genotypes from the cloud forest, suggesting they are
part of the'same lineage of closely related genotypes. Comparison of the genotypes to
reference'sequences (James et al., 2009; Jenkinson et al., 2016) showed that the
Bolivian genotypes were similar to other members of the Global Panzootic Lineage, and
like most samples from the Neotropics, lacked alleles diagnostic of the BdGPL-1

lineage, characteristic of the northern temperate regions (James et al., 2015).

3.2 Genome sequencing places Bolivian genotype with South American Bd-GPL
strains

We sequenced the genome of the Bolivian cloud forest Bd strain UM721 to 363.3 X
coverage (69.75 million reads), and the recently collected Brazilian strains to an
average coverage of 60.2 X (range: 44.8 X - 78.7 X coverage; Supplementary Table 1).
The data.were combined with 53 published genomes to produce a dendrogram
revealing the relationships of the Bolivian lineage to a global panel. The results showed
that UM724_grouped among a number of tropical New World strains from Brazil, French
Guiana, Colombia, and Panama in addition to a clade dispersed across Panama, South
Africa, and'Europe. Specifically, UM721 groups with strains CLFT100 from Bahia,
Brazil, and CLFT111 from Espirito Santo, Brazil (Jenkinson et al. 2016), receiving 99%
bootstrap support (Fig. 3). Bolivian UM721 grouped separately from the Bd strains from
Chile (AVS2,,AVS4, AVS7) and Argentina (MLA1). In addition, the genome scan for
heterozygosity{an inverse proxy for recent, strong selection) showed a very similar
pattern of putative recent selection for hyper-virulence that we see in other Bd-GPL
strains (Rosenblum et al., 2103) (Fig. 4). The genomic heterozygosity profile of UM721

also matches very closely those of its most closely related Brazil isolates (Fig. 4).

4 DISCUSSION
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Our results on the genetics of the Bolivian Bd-strains are both expected and
surprising. Because the presence of two Bd strains in Bolivia seemed plausible to
explain the geographic and temporal pattern of Bd occurrence and amphibian declines
in the country.(Burrowes & De la Riva, 2017a), we expected to find genetic differences
between the Bd in T. culeus from Lake Titicaca and Bd in B. balzani from the yungas
(altiplano versus Amazonian cloud forests). Surprisingly, this is not the case, and our
results suggestthat isolates of Bd from both Boana balzani and Telmatobius culeus
belong to'the same Bd-GPL lineage. Because one of the authors (I. De la Riva) had
studied thesrieh,and diverse amphibian community in the cloud forests of Bolivia during
the late 1980°s; and witnessed the decline and disappearance of many species starting
in the early 1990°s (De la Riva & Reichle, 2014; Burrowes & De la Riva, 2017a), we
expected to find a hypervirulent Bd lineage among persisting frogs in this ecosystem
that differed from the genotype of the Bd lineage in the altiplano where declines have
not been documented.

We also'found that the closest relatives to the Bolivian Bd strain are Brazilian
strains of'Bd-GPL isolates from extant frogs in the Brazilian Atlantic Forest (Fig. 3).
Speculatively, we could say that our results indicate that Bd-GPL was introduced in
Bolivia from Brazil. However, we must be careful in drawing this conclusion because
we know that, at present, global sampling of Bd isolates (and sampling from South
America insparticular) is not necessarily sufficient to answer this question. For example,
to our knowledge, there are no Bd isolates from Peru or Ecuador that might help clarify
the relationships of Andean strains and their dispersal pattern.

The presence of the hypervirulent Bd-GPL lineage in Telmatobius culeus from
Lake Titicaca.is. unforeseen because this species has not declined drastically in Bolivia
(De la Riva.& Reichle, 2014). In addition, Bd was detected in preserved specimens of
T. culeus collected in this area since 1863 (Burrowes & De la Riva, 2017a), which would
put this pathogen in the Bolivian altiplano earlier than in Brazil where it has been
detected since 1894 (Rodriguez et al., 2014). Regardless of specific dates, which
depend on material available in museum collections, it is evident that in the late 1800°s

there were frogs in Brazil and in Bolivia that were already infected with Bd and that
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these species have managed to thrive until present times (Rodriguez et al., 2014;
Burrowes & De la Riva, 2017a). However, in the case of T. culeus, extant frogs currently
struggle not only with lake contamination (Archundia et al., 2017) presumably
responsible for mass mortalities in 2009, 2011, 2013 and 2015 (Renick Mayer, 2016),
but also with-Bd infection (Berenguel, Elias, Weaver, & Reading, 2016), which herein
we report to be'the hypervirulent Bd-GPL strain. Thus, we might ask whether these
frogs are survivors from a past Bd epidemic —what has been coined as “the ghost of Bd
past” (Jameset'al. 2015). If this was the case, we would expect T. culeus populations to
have suffered a massive decline in the past, and extant populations to be a rebound of
the survivingdndividuals. Unfortunately, there are no monitoring records from the past
for comparison, but further research might reveal signals of a recent genetic bottleneck
(other than the ‘one linked to aridification in the altiplano, which ended around 2600—
3800 years ago; see Benavides, 2005). If Bd-GPL introduced to Bolivia via the cloud
forests in the 1990°s has indeed been transported to the altiplano by waterfowl
(Johnson &Speare, 2005; Garmyn et al., 2012; Burrowes & De la Riva, 2017b) or other
potential vectors, it would explain the recent declines of certain altiplano species like
Rhinella spinulosa and Telmatobius marmoratus among others (De la Riva & Reichle,
2014), as.well as, its presence in extant T. culeus from Lago Titicaca. This
hypervirulent strain (Bd-GPL) with its aggressive infection advantage (Jenkinson et al.,
2018), could potentially outcompete older endemic strains, and put at risk populations
that survived'what may have been an old, historically unassessed, Bd epidemic (“the
ghost of Bdwpast”) likely caused by a Bd genotype that has been either extirpated, or not
detected in this preliminary study.

The presence of Bd-GPL in extant amphibian hosts from the altiplano and
Amazonian.slopes of the Bolivian Andes, as well as the detection of Bd in preserved
specimens.in_Bolivia since 1863 (Burrowes & De la Riva, 2017a) and of Bd-GPL in
Brazil sinces1897 (Rodriguez et al., 2013), hint to a much older evolutionary history of
this pathogen,,and suggest that the origin of the Bd-GPL lineage is in the earlier part of
the 95% confidence interval (i.e., late 19t century) (O’Hanlon et al. 2018), or the
detection of Bd in earlier museum specimens in Bolivia are not Bd-GPL, but instead a

enzootic genotype that was extirpated or not detected in the present study. There are
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difficulties in resolving these alternatives because molecular dating is subject to error
(Head, 2005; Tamura et al., 2012), determining the particular strain of Bd-positive
museum specimens requires complex molecular methods, and there is the added risk
that it may be a different chytrid fungus related to Batrachochytrium. The invasion of
Bd-GPL intesthe cloud forests of Bolivia in the 1990’s could have been facilitated by the
introduction of trout, movement of aquatic birds (Burrowes & De la Riva, 2017b), or
indirectly by'the global pet-trade which has been linked to the dispersion of pathogenic
Bd lineages'(Schloegel et al., 2012, O’Hanlon et al., 2018, Valenzuela-Sanchez et al.,
2018). Direct invasion of Bd-GPL via pet trade is unlikely in Bolivia since there are no
established invasive amphibians in the country (De la Riva & Reichle, 2014) nor a
tradition of'exotic amphibians kept as pets.

While Bd has already affected negatively about 16% of the known amphibian
species (Scheele et al., 2019), knowledge of its origin and dispersal history can help us
take actions against other pathogens, as has been the case with preventing the spread
of B. salamandrivorans to the Americas (Gray et al., 2015; Richgels, Russell, Adams,
White, & Grant; 2016). Aside from present and historical sampling of Bd in museum
collections;,we encourage efforts to genotype local Bd strains where the history of
amphibjiansdeclines is known. Moreover, the major breakthrough needed is to be able to
genotype the Bd from older museum collections. These kinds of data allow us to test
alternative .hypotheses on the evolution of wildlife pathogens, the source of introduction,
and direction"of spread, and may help us predict and or ameliorate the consequences of

emergent diseases.

ACKNOWLEDGEMENTS

This work was financed by Spanish Government’s project CGL2014-56160-P (PI:
Ignacio Deda'Riva), and a National Science Foundation Fellowship DBI- 1711032. We
are indebted to the Museo Nacional de Historia Natural and Coleccién Boliviana de
Fauna (La Paz, Bolivia) for their support and help. The Direcciéon General de la
Biodiversidad issued the corresponding permits for field work in Bolivia, and the

University of Puerto Rico’s Institutional Animal Care and Use Committee (IACUC)

This article is protected by copyright. All rights reserved



339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

approved methods for frog tissue swabbing (01012-03-30-2016). Arturo Mufioz and
Gabriel Callapa (Bolivian Amphibian Initiative) provided invaluable contacts and logistic
support for our work in Isla de la Luna, and we are grateful to the local community of
Coati for their help and hospitality. We also thank Liza Garcia for help maintaining Bd

cultures at the University of Puerto Rico.

Conflict of interest statement:

The authors egonfirm that they have NO affiliations with or involvement in any

organization orentity with any financial interest, or non-financial interest in the subject

matter or materials discussed in this manuscript.

Ethics statement:

The authors confirm that the ethical policies of the journal, as noted on the journal’s

author guidelines page, have been adhered to.

Data sharing statement:
The data that support the findings of this study; particularly the genetic sequences of the

Bolivian Bd'strain are openly available in NCBI at https://www.ncbi.nim.nih.gov/. The

current NCBlaccession numbers in the supplementary table are provisional, and will be
released to the public on March 22, 2020 or when the paper is in-press, whichever

happens first.

REFERENCES
Agostini, M.G., & Burrowes, P.A. (2015). Infection patterns of the chytrid fungus,

Batrachochytrium dendrobatidis, on anuran assemblages in agro-ecosystems

from Buenos Aires Province, Argentina. Phyllomedusa, 14(2), 113-126.

This article is protected by copyright. All rights reserved


https://www.ncbi.nlm.nih.gov/

370  Andrews S. (2010). FastQC: a quality control tool for high throughput sequence data

371 [Web tool]. Retrieved from http://www.bioinformatics.babraham.ac.uk/projects/fastqc
372 Archundia, D., Duwig, C., Spadini, L., Uzu, G., Guédron, S., Morel, M.C., Cortez, R.,
373 Ramos, O.R., Chincheros, J., & Martins, J.M.F. (2017). How uncontrolled urban
374 expansion.increases the contamination of the Titicaca lake basin (El Alto, La Paz,
375 Bolivia). Water, Air, & Soil Pollution, 228(1), 44.

376  BatailleT A% "Fong, J. J., Cha, M., Wogan, G. O. U., Baek, H. J., Lee H., Min, M.-S., &
377 Waldaman; B. (2013) Genetic evidence for a high diversity and wide distribution of
378 endemic strains of the pathogenic chytrid fungus Batrachochytrium dendrobatidis in
379 wild Asianmamphibians. Molecular Ecology, 22, 4196—4209.

380 Benavides;"E.(2005). The Telmatobius species complex in Lake Titicaca: applying

381 phylogeographic and coalescent approaches to evolutionary studies of highly

382 polymorphic Andean frogs. In: Lavilla, E. O., & De la Riva, |. (Eds.), Studies on the
383 Andean Frogs of the Genera Telmatobius and Batrachophrynus, pp.167—185.

384 ValengiaySpain: Monografias de Herpetologia, vol 7, Asociacion Herpetoldgica
385 Espanola:

386 BerenguelnR. A, Elias, R. K., Weaver, T. J., & Reading, R.P. (2016). Chytrid fungus,
387 Batraehochytrium dendrobatidis, in wild populations of the Lake Titicaca Frog,

388 Telmatobius culeus, in Peru. Journal of Wildlife Diseases, 52(4), 973-975.

389 Bolger, A."M., Lohse, M. & Usadel, B. (2014). Trimmomatic: A flexible trimmer for

390 lllumina*Sequence Data. Bioinformatics 30(15), 2114—-2120.

391 Burrowes P=A(, & De la Riva, |. (2017a). Unraveling the historical prevalence of the
392 Invasive chytrid fungus in the Bolivian Andes: Implications in recent amphibian

393 declines. Biological Invasions, 19(6), 1781-1794.

394  Burrowes, P.A., & De la Riva, |. (2017b). Chytrid fungus detected in museum

395 specimens/of Andean aquatic birds: implications for pathogen dispersal. Journal of
396 Wildlife-Diseases 53(2), 349—-355.

397 Byrne, A. Qi Vredenburg, V. T., Martel, A., Pasmans, F., Bell, R. C., Blackburn, D. C.,
398 Bletz, M. C., Bosch, J., Briggs, C. J., Brown R.M., Catenazzi, A. (2019). Cryptic
399 diversity of a widespread global pathogen reveals expanded threats to amphibian

This article is protected by copyright. All rights reserved



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

conservation. Proceedings of the National Academy of Sciences, 116(41), 20382-
20387.

Collins J. P., & Crump, M. L. (2009) Extinction in our times: global amphibian decline.
New York: Oxford University Press.

Cortez, C. (2009). Anfibios del Valle de Zongo (La Paz, Bolivia): I. Evaluacion del
estado,de.conservacion. Ecologia en Bolivia 44(2), 109-120.

Cossel,J S Eindquist, E., Craig, H., & Luthman, K. (2014). Pathogenic fungus
Batrachochytrium dendrobatidis in marbled water frog Telmatobius marmoratus:
First record from Lake Titicaca, Bolivia. Diseases of Aquatic Organisms, 112(1), 83—
87.

Cunningham, A. A., Hyatt, A. D., Russell, P., & Bennett, P. M. (2007). Emerging
epidemic diseases of frogs in Britain are dependent on the source of ranavirus
agent and the route of exposure. Epidemiology & Infection, 135(7), 1200-1212.

Daszak, P., Cunningham, A. A, & Hyatt, A. D. (2003). Infectious disease and
amphibianipopulation declines. Diversity and Distributions, 9(2), 141-150.

De la Riva; I'yKohler, J., Lotters, S., & Reichle, S. (2000). Ten years of research on
Bolivian,amphibians: updated checklist, distribution, taxonomic problems, literature
and.iconography. Revista Espariola de Herpetologia 14,19-164.

De la Riva, I. (2005). Bolivian frogs of the genus Telmatobius (Anura: Leptodactylidae):
synopsis, taxonomic comments, and description of a new species. In: Lavilla, E. O.,
& De la'Riva, |. (Eds.), Studies on the Andean Frogs of the Genera Telmatobius and
Batrachephrynus, pp.65-101. Valencia, Spain: Monografias de Herpetologia, vol 7,
Asociacion Herpetoldgica Espafiola.

De la Riva, I., & Lavilla, E. O. (2008). Essay 9.2: Conservation status of the Andean
frogs of the .genera Telmatobius and Batrachophrynus. In: Stuart, S. N., Hoffmann,
M., Chanson, J. S., Cox, N. A., Berridge, R., Ramani, P., & Young, B. E. (Eds.),
Threatened Amphibians of the World, p.101. Barcelona, Spain: Lynx Ediciones, with
IUCN—The World Conservation Union, Conservation International, and

NatureServe.

This article is protected by copyright. All rights reserved



429 De la Riva, I., & Burrowes, P.A. (2011). Rapid assessment of the presence of

430 Batrachochytrium dendrobatidis in Bolivian Andean frogs. Herpetological Review
431 42, 372-375.

432  De la Riva, ., & Reichle, S. (2014). Diversity and conservation of the amphibians of

433 Bolivia.ln: Heatwole, H., Barrio-Amorés, C, & Wilkinson, J. W. (Eds.), Status of

434 decline.of amphibians: Western Hemisphere, pp.46—65. Amphibian biology. Chapter
435 13,"Part4 of Volume 9. Herpetological Monographs 28.

436  Farrer, R."A5Weinert, L. A., Bielby, J., Garner, T. W., Balloux, F., Clare, F., ... &

437 Anderson, L. (2011). Multiple emergences of genetically diverse amphibian-infecting
438 chytrids inelude a globalized hypervirulent recombinant lineage. Proceedings of the
439 National Academy of Sciences USA, 108(46), 18732—18736.

440  Farrer, R. A., Henk, D. A., Garner, T. W., Balloux, F., Woodhams, D. C. & Fisher, M. C.,
441 (2013). Chromosomal copy number variation, selection and uneven rates of

442 recombination reveal cryptic genome diversity linked to pathogenicity. PLoS

443 Genetiesy9(8), e1003703.

444  Fellers, G.*M.yGreen, D. E., & Longcore, J. E. (2001). Oral chytridiomycosis in the

445 mountain yellow-legged frog (Rana muscosa). Copeia, 2001(4), 945-953.

446  Felsenstein; J., 1993. PHYLIP version 3.5 c [Phylogeny inference package]. Retrieved
447 from http://evolution.genetics.washington.edu/phylip.html

448  Fisher, M. C., Garner, T. W., & Walker, S. F. (2009). Global emergence of

449  Batrachochytrium dendrobatidis and amphibian chytridiomycosis in space, time, and
450  host. Annual-Review of Microbiology, 63, 291-310.

451 Fisher, M. C., Ghosh, P., Shelton, J. M., Bates, K., Brookes, L., Wierzbicki, C.,
452  Rosa, G. M., Farrer, R .A., Aanensen, D. M., Alvarado-Rybak, M. and Bataille, A.

453  (2018). Development and worldwide use of non-lethal, and minimal population-level
454  impact, protocals for the isolation of amphibian chytrid fungi. Scientific reports, 8(1),
455  T772.

456  Garmyn, AixMan Rooij, P., Pasmans, F., Hellebuyck, T., Van Den Broeck, W.,

457 Haesebrouck, F., & Martel, A. (2012). Waterfowl: potential environmental reservoirs
458 of the chytrid fungus Batrachochytrium dendrobatidis. PLoS One, 7(4), e35038.

This article is protected by copyright. All rights reserved



459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

Goka, K., Yokoyama, J. U. N., Une, Y., Kuroki, T., Suzuki, K., Nakahara, M., ... & Hyatt,
A. D. (2009). Amphibian chytridiomycosis in Japan: distribution, haplotypes and
possible route of entry into Japan. Molecular Ecology, 18(23), 4757-4774.

Gray, M.J., Lewis, J.P., Nanjappa, P., Klocke, B., Pasmans, F., Martel, A., ... &
Christman, M. R. (2015). Batrachochytrium salamandrivorans: the North American
response and a call for action. PLoS Pathogens, 11(12), e1005251.

Greenspan,"SE., Lambertini, C., Carvalho, T., James, T. Y., Toledo, L. F., Haddad, C.
F. B. & Becker, C. G. (2018). Hybrids of amphibian chytrid show high virulence in
native hosts. Scientific Reports, 8(1), 9600.

Heads, M.«(2005). Dating nodes on molecular phylogenies: a critique of molecular
biogeography. Cladistics, 21(1), 62-78.

James, T. Y., Litvintseva, A. P., Vilgalys, R., Morgan, J. A., Taylor, J. W., Fisher, M. C.,
Berger, L., Weldon, C., de Preez, L. & Longcore, J. E. (2009). Rapid global
expansion of the fungal disease chytridiomycosis into declining and healthy
amphibianipopulations. PLoS Pathogens, 5(5), e1000458.

James, T.Y.'Stenlid, J., Olson, A., & Johannesson, H. (2008). Evolutionary significance
of imbalanced nuclear ratios within heterokaryons of the basidiomycete fungus
Heterobasidion parviporum. Evolution, 62(9), 2279-2296.

James, T. Y., Toledo, L. F., Rddder, D., da Silva Leite, D., Belasen, A. M.,
Betancourt-Roman, C. M., Jenkinson, T. S., Soto-Azat, C., Lambertini, C., Longo,
A.V. &Ruggeri, J. (2015). Disentangling host, 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), 4079-4097.

Jenkinson, T. S., Betancourt Roman, C. M., Lambertini, C., Valencia-Aguilar, A.,
Rodriguez;.D., Nunes-de-Almeida, C. H. L., ... & Longcore, J. E. (2016).
Amphibian<killing chytrid in B razil comprises both locally endemic and globally
expanding populations. Molecular Ecology, 25(13), 2978-2996.

Jenkinson, T..S., Rodriguez, D., Clemons, R. A., Michelotti, L. A., Zamudio, K. R.,
Toledo, L. F., Longcore, J. E. & James, T. Y. (2018). Globally invasive genotypes of
the amphibian chytrid outcompete an enzootic lineage in coinfections. Proceedings
of the Royal Society B, 285(1893), 20181894.

This article is protected by copyright. All rights reserved



490
491
492
493
494
495
496
497
498
499

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

Johnson, M. L., & Speare, R. (2005). Possible modes of dissemination of the amphibian
chytrid Batrachochytrium dendrobatidis in the environment. Diseases of Aquatic
Organisms, 65(3), 181-186.

Kaiser, K., & Pallinger, J. (2012). Batrachochytrium dendrobatidis shows high genetic
diversity.and ecological niche specificity among haplotypes in the Maya Mountains
of Belize. PLoS One, 7(2), e32113.

Knapp, RFA7T& Morgan, J. A. (2006). Tadpole mouthpart depigmentation as an
accurate“indicator of chytridiomycosis, an emerging disease of amphibians. Copeia,
2006(2), 188-197.

La MarcaE ¢skips, K. R., Lotters, S., Puschendorf, R., Ibafiez, R., Rueda-Almonacid, J.

V., ... & Garcia-Pérez, J. E. (2005). Catastrophic population declines and extinctions
in Neotropical harlequin frogs (Bufonidae: Atelopus). Biotropica, 37(2), 190-201.

Li, H., (2013)=-Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM: ArXiv Preprint arXiv:1303.3997.

Lips, K. R€(1999). Mass mortality and population declines of anurans at an upland site
in western'Panama. Conservation Biology 13, 117-125

Lips, K. R;;"Brem, F., Brenes, R., Reeve, J. D., Alford, R. A., Voyles, J., ... & Collins, J.
P. (2006). Emerging infectious disease and the loss of biodiversity in a Neotropical
amphibian community. Proceedings of the National Academy of Sciences USA,
103(9)»3165-3170.

Lips, K. Rg Diffendorfer, J., Mendelson lll, J. R., & Sears, M. W. (2008). Riding the
wave: reconciling the roles of disease and climate change in amphibian declines.
PLoS'Biology, 6(3), e72.

Longcorepd. E.yPessier, A. P., & Nichols, D. K. (1999). Batrachochytrium dendrobatidis
gen. etsspynov., a chytrid pathogenic to amphibians. Mycologia, 91, 219-227.

Longcore sdwE:(2000). Culture techniques for amphibian chytrids: Recognizing,
isolating and culturing Batrachochytrium dendrobatidis from amphibians.
Proceedings of Getting the Jump! On Amphibian Diseases Conference / Workshop.
Cairns, Australia, 26—30 August 2000, pp.52-54.

Martel, A., Spitzen-van der Sluijs, A., Blooi, M., Bert, W., Ducatelle, R., Fisher, M. C., ...

& Pasmans, F. (2013). Batrachochytrium salamandrivorans sp. nov. causes lethal

This article is protected by copyright. All rights reserved



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

chytridiomycosis in amphibians. Proceedings of the National Academy of Sciences
USA, 110(38), 15325-15329.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A.,
Garimella, K., Altshuler, D., Gabriel, S., Daly, M., & De Pristo, M. A. (2010). The
Genome-Analysis Toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Research 20(9), 1297-1303.

Miller, C. A" Taboue, G. C. T., Ekane, M. M., Robak, M., Clee, P. R. S., Richards-
Zawacki,"C’, Fokam, E. B., Fuashi, N.A., & Anthony, N. M. (2018). Distribution
modeling and lineage diversity of the chytrid fungus Batrachochytrium dendrobatidis
(Bd) insa eentral African amphibian hotspot. PloS one, 13(6), e0199288.

Mountain, J. Le& Cavalli-Sforza, L. L. (1997) Multilocus genotypes, a tree of individuals,
and humanjevolutionary history. The American Journal of Human Genetics, 61(3),
705-718.

National Center for Biotechnology Information (NCBI)[Internet]. Bethesda (MD):
Nationalrkibrary of Medicine (US), National Center for Biotechnology Information;
[2020]= [eited March 12, 2020]. Available from: https://www.ncbi.nlm.nih.gov/

O’hanlon;S. J., Rieux, A., Farrer, R. A., Rosa, G. M., Waldman, B., Bataille, A., ... &
MartingyM. D. (2018). Recent Asian origin of chytrid fungi causing global amphibian
declines. Science, 360(6389), 621-627.

Piotrowski, J. S., Annis, S. L., & Longcore, J. E. (2004). Physiology of Batrachochytrium

dendrobatidis, a chytrid pathogen of amphibians. Mycologia, 96, 9-15.

Renick MayeryL. (2016). Hope in the face of 10,000 deaths. Global Wildlife
Conservation [Article]. Retrieved from https://www.globalwildlife.org/hope-in-the-
face-of-10000-deaths/

Richgels, K..L.,.Russell, R. E., Adams, M. J., White, C. L., & Grant, E. H. C. (2016).
Spatial variation in risk and consequence of Batrachochytrium salamandrivorans
introduetion in the USA. Royal Society Open Science, 3(2), 150616.

Rodriguez,"Ds; Becker, C. G., Pupin, N. C., Haddad, C. F. B., & Zamudio, K. R. (2014).
Long-term endemism of two highly divergent lineages of the amphibian-killing
fungus in the Atlantic Forest of Brazil. Molecular Ecology, 23(4), 774—787.

This article is protected by copyright. All rights reserved


https://www.ncbi.nlm.nih.gov/
https://www.globalwildlife.org/hope-in-the-face-of-10000-deaths/
https://www.globalwildlife.org/hope-in-the-face-of-10000-deaths/

551
552
553

554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

Ron, S. R., Duellman, W. E., Coloma, L. A., & Bustamante, M. R. (2003). Population
decline of the Jambato toad Atelopus ignescens (Anura: Bufonidae) in the Andes of
Ecuador. Journal of Herpetology, 37(1), 116—-126.

Rosenblum, E. B., James, T. Y., Zamudio, K. R., Poorten, T. J., llut, D., Rodriguez, D., ...
& Longeore, J. E. (2013). Complex history of the amphibian-killing chytrid fungus
revealed with genome resequencing data. Proceedings of the National Academy of
Sciences USA, 110(23), 9385-9390.

Scheele, B. C., Pasmans, F., Skerratt, L. F., Berger, L., Martel, A., Beukema, W., ... &
Canessa, S. (2019). Amphibian fungal panzootic causes catastrophic and ongoing
loss ofbiodiversity. Science, 363(6434), 1459-1463.

Schloegel, L. M., Toledo, L. F., Longcore, J. E., Greenspan, S. E., Vieira, C. A,, Lee, M.,
... & Davies; A. J. (2012). Novel, panzootic and hybrid genotypes of amphibian
chytridiomycosis associated with the bullfrog trade. Molecular Ecology, 21(21),
5162-5177.

Skerratt, l&"F."Berger, L., Speare, R., Cashins, S., McDonald, K. R., Phillott, A. D., ... &
Kenyon, N7 (2007). Spread of chytridiomycosis has caused the rapid global decline
and extinction of frogs. EcoHealth, 4(2), 125-134.

Stegen, Gy Pasmans, F., Schmidt, B. R., Rouffaer, L. O., Van Praet, S., Schaub, ... &
Haesebrouck, F. (2017). Drivers of salamander extirpation mediated by
Batrachochytrium salamandrivorans. Nature, 544(7650),353.

Stuart, S. N:; Chanson, J. S., Cox, N. A., Young, B.E., Rodrigues, A. S., Fischman, D.
L., & Waller, R. W. (2004). Status and trends of amphibian declines and extinctions
worldwide. Science 306(5702),1783-1786.

Valenzuela-Sanchez, A., O'Hanlon, S. J., Alvarado-Rybak, M., Uribe-Rivera, D. E.,
Cunningham, A. A., Fisher, M. C., & Soto-Azat, C. (2018). Genomic epidemiology of
the emerging pathogen Batrachochytrium dendrobatidis from native and invasive
amphibian species in Chile. Transboundary and Emerging Diseases, 65(2), 309—
314.

Tamura, K., Battistuzzi, F. U., Billing-Ross, P., Murillo, O., Filipski, A., & Kumar, S.
(2012). Estimating divergence times in large molecular phylogenies. Proceedings of
the National Academy of Sciences, 109(47), 19333-19338.

This article is protected by copyright. All rights reserved



578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

Vieira, C. A., Toledo, L. F., Longcore, J. E., & Longcore, J. R. (2013). Body length of
Hylodes cf. ornatus and Lithobates catesbeianus tadpoles, depigmentation of
mouthparts, and presence of Batrachochytrium dendrobatidis are related. Brazilian
Journal of Biology, 73(1), 195-199.

FIGURE LEGENDS

Figure 1.'Localities where animals were sampled for Batrachochytrium dendrobatidis
isolation. Death Road (“Carretera de la Muerte”) in the Bolivian cloud forests of the
Amazonian slopes of the Andes (A); stream habitat of Boana balzani in the cloud forest
(B); shoresof LLake Titicaca in Isla de la Luna, where Telmatobius culeus were sampled

(C); moribund T. culeus in the shores of Isla de la Luna (D).

Figure 2. Map of the Bolivian Andes showing the two sites from where we obtained
Batrachochytrium dendrobatidis isolates from infected frogs. (A) Isla de la Luna, within
Lake Titicaca;«(B) stream site along the “Death Road” ( “Carretera de la Muerte”) in

cloud forests (yungas).

Figure 3. Neighbor joining tree for Batrachochytrium dendrobatidis (Bd) isolates
including previously published, and newly sequenced isolates for this study. The tree is
midpoint-rooted and based on genetic distance between 87,466 genomic SNPs. All
branches aressupported by 100% bootstrap support unless otherwise indicated. The
major Bd lineages are indicated by gray bars to the right, and the locality of origin is

indicated by colored boxes.

Figure 4. Observed genomic heterozygosity based on a 50 kb sliding window analysis
advancing.every 10 kb for Batrachochytrium dendrobatidis strain UM721 isolated from a
Boana balzani host in the cloud forests of the Bolivian Andes, and its two closest
sampled Bd-GPL relatives from northeastern Brazil (CLFT100 and CLFT111).
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