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Abstract: The amphibian chytrid fungus Batrachochytrium dendrobatidis (Bd) is a cosmopolitan pathogen with
numerous distinct lineages. The global panzootic lineage (Bd-GPL) is the most widespread and virulent lineage
and is responsible for many recorded amphibian declines. Mapping the extent of Bd-GPL and other more
established lineages is important for predicting disease dynamics in amphibian communities. Ecuador is the
most biodiverse country per unit area for amphibian taxa and, thus, a priority for studies on genotypic diversity
of Bd. In this study, we tested skin swab samples collected from 464 individual amphibians across coastal,
Andean montane, and Amazonian forests, for the presence of two Bd lineages known to be present in South
America: the globally-distributed Bd-GPL and the Brazilian-endemic Bd-Asia2/Brazil lineage. By using a dis-
criminatory qPCR SNP assay, we found widespread prevalence of Bd-GPL in Ecuador in diverse host taxa.
Genotyping efficiency was 36% in this study, meaning that one in every three swabs that tested positive for Bd
in infection assays were successfully genotyped. Through this study, we provide further support for the

presence of a single Bd lineage in this neotropical biodiversity hotspot.
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INTRODUCTION

Globally, emerging infectious diseases (EIDs) in humans,

livestock, and wildlife have increased in prevalence (Jones

et al., 2008; Nova et al., 2022). While the etiological agents
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or prions, fungi are responsible for several of the most
prominent examples in vertebrates (Fisher et al., 2016).
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These include white-nose syndrome in bats (Blehert et al.,
2009), snake fungal disease (Lorch et al., 2016), and
amphibian chytridiomycosis attributed to species of
Batrachochytrium (Berger et al., 2016). These aquatic,
zoosporic fungi infect the skin of amphibians, leading to
hyper- or hypokeratosis in susceptible taxa, which can
disrupt osmoregulation (Van Rooij et al., 2015; Voyles
et al., 2009). Investigations of host—pathogen dynamics of
the amphibian chytrid fungus, Batrachochytrium dendro-
batidis (Bd), have demonstrated epizootic patterns of
introduction and spread leading to host declines, followed
by enzootic maintenance of pathogens in asymptomatic or
sub-clinical carriers post-invasion (Briggs et al., 2010;
Carvalho et al., 2017; LaBumbard et al., 2020). One chal-
lenging factor in the study of Bd is the presence of multiple
genetically distinct lineages, which can be difficult to
diagnose morphologically in microscopic fungi (Schloegel
et al., 2012). Yet, the development and application of ge-
netic tools, such as DNA sequencing and discriminatory
single nucleotide polymorphism (SNP) genotyping, has
allowed a better understanding of regional and global pa-
thogen diversity, especially in the amphibian—chytrid sys-
tem (Byrne et al., 2019; Farrer et al., 2011; Ghosh et al,,
2021; Jenkinson et al., 2016; O’Hanlon et al., 2018).

Intra-specific pathogen diversity is an important factor
to consider when studying disease dynamics because it can
modulate the effects of diseases on hosts (Bruns et al., 2012;
Greenspan et al., 2018; Jenkinson et al., 2018; Taylor et al.,
1997). For example, different genotypes of the crown rust
fungus (Puccinia coronata) produce differing numbers of
infective spores, enabling greater infectivity (Bruns et al.,
2012). In a clinical setting, diverse genotypes of infective
yeast (Candida glabrata) have displayed differences in drug
susceptibility (Badrane et al., 2023). Similarly, diverse Bd
genotypes display wide variation in virulence (Greenspan
et al., 2018; Jenkinson et al., 2018; Muletz-Wolz et al.,
2019). The global panzootic lineage (Bd-GPL), for example,
is considered to be more virulent than regional enzootic
lineages, like Bd-Asia2/Brazil (Becker et al., 2017; O’'Hanlon
et al., 2018; Ribeiro et al., 2019; Rosenblum et al., 2012).
However, hybridization between these two lineages has
been recorded (Schloegel et al., 2012), with hybrids show-
ing higher virulence than either parent lineage (Greenspan
et al., 2018).

Studies using standard qPCR assays based on the ITS1-
5.8S region (Boyle et al., 2004) have shown that Bd is
prevalent in neotropical anuran communities (Becker et al.,
2016; Carvalho et al., 2017; Guayasamin et al., 2014;

Rebollar et al., 2014). This method provides presence and
infection intensity data, but it does not help discriminate
between described lineages, which include Bd-GPL, Bd-
Asial, Bd-Asia2/Brazil, Bd-CH, and Bd-CAPE (Farrer et al.,
2011; O’Hanlon et al., 2018; Rosenblum et al., 2013). Past
genotyping efforts in South American countries have been
relatively limited in scope considering the high diversity of
amphibian hosts on the continent (Byrne et al., 2019;
Carvalho et al., 2023; Jenkinson et al., 2016; Rodriguez
et al, 2014). Contemporary and retrospective studies
indicate that only Bd-GPL and Bd-Asia2/Brazil have been
detected in South America, with Bd-Asia2/Brazil and a
hybrid isolate (Bd-GPL x Bd-Asia2/Brazil) only occurring
in parts of Brazil (Jenkinson et al., 2016; Rodriguez et al.,
2014). Bd-GPL has been reported more broadly across
some South American countries (Burrowes et al., 2020;
Byrne et al., 2019; James et al., 2015; Smart et al., 2024), but
the spatial resolution of genotype data remains low. Ex-
panded Bd genotyping in this region of the world is needed
to pinpoint areas of concern, particularly those with
heightened risk of hybridization where multiple genotypes
might potentially co-occur (Greenspan et al, 2018;
Schloegel et al., 2012).

Infection dynamics can also vary between Bd genotypes
based on the identity of the infected host (Byrne et al.,
2022). Consequently, studies focusing on genotypic diver-
sity of Bd in one host species might underrepresent the true
range of genotypic diversity present within an ecosystem.
Sharp differences in Bd transcription profiles between host
species have also been identified (Ellison et al., 2017),
which may indicate a significant role of host diversity in
driving Bd lineage evolution. Therefore, studies aiming to
classify genotypic diversity would benefit from incorpo-
rating community-wide sampling for more rigorous pa-
with  high
amphibian species richness (e.g., Ecuador) should be of

thogen surveillance. Neotropical regions
highest priority for studies on host-genotype associations.

Ecuador is an ecologically diverse country and hosts
the third highest amphibian richness by area globally, with
more than 600 species (AmphibiaWeb, 2024). While
amphibians in this area are primarily threatened by habitat
loss (Ortega-Andrade et al., 2021), Bd infection is wide-
spread and may also threaten susceptible species (Guaya-
samin et al., 2014; McCracken et al., 2009; Narvaez-Narvaez
et al.,, 2021; Urgiles et al.,, 2021; Vega-Yanez et al., 2024).
Previous studies have identified Bd-GPL as the only lineage
present in Ecuador (Byrne et al., 2019; Smart et al., 2024);

however, these studies were restricted in terms of number
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Figure 1. Map of sampling locations for Batrachochytrium dendrobatidis (Bd) infections across Ecuador. Names correspond to the following

sample sites: Lalo Loor = Reserva Bosque Seco Lalo Loor, JCR = Jama-Coaque Reserve, Mashpi = Mashpi Lodge, Saloya = Privately owned

property, Zanja Arajuno = Zanja Arajuno Ecological Center, and Tiputini = Tiputini Biodiversity Station. Pie charts show Bd prevalence (outer

circle with red shading) and number genotyped (inner circle with gray shading). Sizes of pie charts reflect sample sizes. Bars show the relative
diversity of frog families sampled in each Natural Region: Coastal (JCR and Lalo Loor), Andean montane (Mashpi and Saloya), and Amazonian
(Zanja Arajuno and Tiputini). Frogs pictured are Leptodactylus sp. (left), Pristimantis sp. (middle), and Boana sp. (right).

of host species and geographic extent. Specifically, in a
global study of Bd genotypic diversity, Byrne et al. (2019)
genotyped seven museum-preserved anurans from six sites
across Ecuador. Later, Smart et al. (2024) conducted a
more extensive survey of an amphibian community, but
only at a single site in the Ecuadorian Amazon. Therefore,
geographically broad community-wide genotypic surveys in
this hyper-diverse area would be valuable in clarifying Bd

genotype—host associations and performing surveillance for
Bd-Asia2/Brazil outside of Brazil.

In this study, we genotyped Bd infections in forest-
associated amphibians from three different Ecuadorian
ecoregions (i.e., coastal, Andean montane, and Amazonian
forest) to identify the Bd lineage(s) present in these diverse
communities. We leveraged skin swab samples collected at
six different sites across three years to classify Bd genotypic
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Figure 2. Visualizations showing the relationship between Batra-
chochytrium dendrobatidis (Bd) infection and genotyping success. A
Heatmap showing the relationship between Bd infection status and
genotyping success. Darker shades of gray indicate more matching
observations. B Violin plot with inlaid box plots showing the
distribution of Bd loads between genotyped (Bd-GPL) and non-
genotyped amphibian skin swabs from Ecuador. Bd loads were
logl0-transformed to correct for heavy right skew characteristic of

pathogen load data.

diversity among host species and location. We also aimed
to identify the efficiency of our method in genotyping Bd
from positive skin swab extracts. With these data, we at-
tempted to identify locations where multiple genotypes
potentially co-occur or provide additional evidence for the
presence of a single Bd strain in this highly biodiverse re-
gion. Given that this region has previously experienced Bd
invasion and a subsequent epizootic wave (Lips et al.,
2008), comprehensive analyses of the diversity of this pa-
thogen can provide insights into past infection patterns.

METHODS

We sampled amphibian communities at six protected or
privately owned sites across Ecuador from June 2021

through December 2023 (Fig. 1; Supplementary Fig. 1).
Primary habitat at all sites consisted of humid tropical
rainforest (Instituto Geografico Militar 2010). Lalo Loor
Dry Forest Reserve (Lalo Loor) and Jama-Coaque Reserve
(JCR) are in low-elevation coastal forest (< 700 m.a.s.]l.)
and characterized by distinct dry and rainy seasons, with
abundant deciduous and semi-deciduous flora. Mashpi
Lodge (Mashpi) and Saloya are in western Andean mon-
tane humid forest and characterized by high humidity and
precipitation throughout the year. Zanja Arajuno Ecologi-
cal Center (Zanja Arajuno) is in middle-elevation Amazo-
nian forest and characterized by high annual rainfall and
relatively stable temperatures throughout the year. Tiputini
Biodiversity Station (Tiputini) is in low-elevation Amazo-
nian forest (< 300 m.a.s.l.) and characterized by low sea-
sonal variation, high temperatures, and high humidity. At
each site, we conducted visual and acoustic encounter
surveys and captured any detected amphibians in clean
plastic bags. To test for Bd infections, we swabbed
amphibians using sterile rayon swabs (MW113, Medical
Wire) following standardized protocols consisting of 10
passes down the venter and five passes on the plantar
surface of each foot (Hyatt et al,, 2007). We dry-stored
swabs in sterile 1.5-mL tubes at 4 °C until DNA extraction.

We extracted DNA from swabs using 50 puL of Pre-
pMan™ Ultra Sample Preparation Reagent (Applied
Biosystems) following previously described procedures
(Becker et al., 2016). We then diluted DNA 1:10 with
nuclease-free water before quantitative polymerase chain
reaction (QPCR). We conducted qPCRs to amplify Bd DNA
(Boyle et al., 2004), with the following recipe per sample:
6.25 pl. TagMan Fast Advanced Master Mix (Thermo-
Fisher), 0.50 UL bovine serum albumin at 400 ng/uL, 1.375
UL nuclease-free water, 0.625 pL ITS1-3 Chytr forward
primer (18 pM), 0.625 pL 5.8S Chytr reverse primer
(18 uM), 0.625 pL Chytr MGB2 probe (5 uM), and 2.5 pL
of diluted template DNA. We included standards ranging
from 0.5 to 5,000 zoospore equivalents and no template
controls (NTC) to check for contamination of reagents. We
ran qPCRs using 48-well portable magnetic induction real-
time PCR cyclers (Mic; Bio Molecular Systems) and the
following protocol: 95 °C for 5 min, then 50 cycles of
95 °C for 5 s, 60 °C for 10 s, and 72 °C for 10 s (Acquire
on Green).

For Bd genotyping qPCR assays, we used the following
recipe per sample: 5.0 pM TagMan Fast Advanced Master
Mix (ThermoFisher), 0.5 uM 20X Bdmt_26360 SNP Assay
(Jenkinson et al., 2018), 1.0 uM nuclease-free water, and
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Table 1.

Efficiency (%)

% Genotyped

(95% CI)

% Infected
(95% CI)

Genotyped  Average loads

Positive

N

Generic richness

Elevation (m)

Longitude

Latitude

Location

(95% CI)

50

7.4 (2.1-17.9)
0 (0-14.8)

14.8 (6.6-27.1)
17.4 (5-38.8)

93.0 (0-853.6)

54
23
134

280

— 80.1225
— 80.1501
— 78.8792
— 78.8292
— 76.1434
— 77.8771

— 0.1168
— 0.0778

0.1656

JCR

0
33
24

232.0 (0-1,996)
38.0 (0-407.6)

35
920

1,135

Lalo Loor
Mashpi
Saloya

10.4 (5.8-16.9)
7.2 (2.4-16.1)
11.9 (4-25.6)

31.3 (23.6-39.9)

14

42

30.4 (19.9-42.7)
26.2 (13.9-42)

267.7 (0-2,194.5)
19.2 (0-148.2)

21

69
42
142
464

— 0.0804
— 0.6384
— 1.3319

45

11
61
147

11
13

240
960

Tiputini

41

17.6 (11.7-24.9)
11.4 (8.7-14.7)

43.0 (34.7-51.5)

331.5 (0-3,414.7)
176.6 (0-2,120)

Zanja Arajuno

Overall

36

31.7 (27.5-36.1)

53

Columns show coordinates, elevation (meters), the number of amphibian genera sampled (Generic richness), the total number of individuals sampled (N), the number of Bd-positive individuals (Positive), the

number successfully genotyped (Genotyped), average Bd infection loads (in zoospore equivalents) with 95% confidence intervals, Bd prevalence (% Infected) with 95% binomial confidence intervals,

genotyping success (% Genotyped) with 95% binomial confidence intervals, and genotyping efficiency (Efficiency). Location names correspond to the following sample sites: Lalo Loor = Reserva Bosque Seco

Tiputini Biodiversity Station.

Mashpi Lodge, Saloya = Privately owned property, Zanja Arajuno = Zanja Arajuno Ecological Center, and Tiputini

Lalo Loor, JCR = Jama-Coaque Reserve, Mashpi
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2.5 pL of diluted template DNA. We ran genotyping gPCRs
on the Mic instruments using the following cycling pro-
tocol: 95 °C for 5 min, then 50 cycles of 95 °C for 5 s,
60 °C for 20 s (Acquire on Green and Yellow), and 72 °C
for 10 s. To characterize the association between Bd load
and genotyping success, all samples were included in the
genotyping assay, regardless of the infection assay results.
We calculated genotyping efficiency by dividing the
percent of successfully genotyped samples by the percent of
Bd-positive samples. To assess the relationship between
genotyping success, categorized as either not genotyped (0)
or genotyped (1), and Bd infection status, we ran two
generalized linear models with binomial distributions using
the glmmTMB package in R version 4.2.2 (Brooks et al,
2024; R Core Team 2022). The first model included Bd
infection status as the predictor and was run using all ex-
tracted samples (n = 464). The second model included
log10-transformed Bd loads as the predictor for Bd-positive
samples only (n = 147). To compare genotype assay fluo-
rescence to Bd infection loads (log10-transformed), we fit a
linear regression for the samples that were successfully
genotyped (n = 51). We visualized results using the ggplot2
package in R version 4.2.2 (R Core Team 2022; Wickham,
2016). The R code used to run our statistical analyses,
calculate prevalences with binomial confidence intervals,
and visualize results is included as a supplementary file.

RESULTS

In total, we analyzed skin swabs from 464 amphibians
comprising 22 genera and 9 families (Table 1). We were
unable to identify all individuals to species, particularly
those in the genus Pristimantis. While we morphologically
identified 46 species across the 22 genera, this number
underrepresents the full diversity in our dataset and thus
for accuracy all analyses are at the genus and family levels.
Bd prevalence was 32% (95% CI = 28-36%) across all sites
and taxa, and 11% (95% CI = 9-15%) of all samples were
successfully genotyped (Fig. 1). Genotyping efficiency was
36% overall (Table 1). Excluding taxa with fewer than five
positive detections, efficiency was highest for the genera
Engystomops (53%), Boana (50%), and Pristimantis (35%;
Supplementary Table 1). Bd prevalence and genotyping
success were both highest at Zanja Arajuno private reserve
(Bd: 43.0%, 95% CI = 34.7-51.5%; Genotype: 17.6%, 95%
CI = 11.7-24.9%; Fig. 1; Table 1), but genotyping effi-
ciency was highest at JCR (50%; Fig. 1; Table 1). Geno-
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typing success was significantly associated with Bd infection
status (Estimate = 3.70 £ 0.53, P < 0.001; Fig. 2A) and
Bd loads (Estimate = 1.65 + 0.26, P < 0.001; Fig. 2B).
We identified 53 positive detections as Bd-GPL, and three
genotyped samples tested negative for Bd. Genotype assay
fluorescence was positively associated with Bd infection
loads for successfully genotyped samples (f = 0.57 £ 0.10,
R* = 0.40, P < 0.0001; Supplementary Fig. 2).

DiscussioN

We found widespread prevalence of the global panzootic
lineage of Bd (Bd-GPL) across Ecuadorian amphibian
communities, which is consistent with findings from the
two previous studies in this country (Byrne et al., 2019;
Smart et al., 2024). Bd-GPL is widely distributed, docu-
mented from amphibians worldwide (Byrne et al., 2019;
Farrer et al., 2011), and it has the potential to outcompete
more regional strains due to its high virulence and possible
tolerance of broader environmental conditions (Becker
et al., 2017; Belasen et al., 2022; Byrne et al., 2022; Farrer
et al., 2011; James et al., 2015; Schloegel et al., 2012). Our
results affirm the widespread prevalence of Bd-GPL in
Ecuador and suggest that this genotype might have been
associated with historical declines in this region (Lips et al.,
2008; Scheele et al., 2019), but targeted museum sampling
around the time of declines is needed to support this
hypothesis. As EIDs like Bd continue to threaten biodi-
versity worldwide (Jones et al., 2008), our findings con-
tribute valuable nationwide data on the genotypic diversity
of this pathogen in Ecuador (Bruns et al., 2012; Greenspan
et al., 2018).

In this study, we used a mitochondrial SNP assay, and
we were only able to differentiate Bd-GPL from Bd-Asia2/
Brazil (Jenkinson et al., 2018), so it is possible that some of
our samples identified as Bd-GPL could represent a hybrid
lineage with Bd-GPL as the maternal parent (Carvalho
et al., 2023; Ghosh et al., 2021). However, this is less likely
given we did not detect Bd-Asia2/Brazil, which has been
shown to be restricted to southeastern Brazil in South
America (Byrne et al., 2019; Schloegel et al., 2012). If the
latter strain is present in Ecuador, it is likely in very low
proportions, and additional surveillance efforts could help
detect future introduction events. Subsequent research
should prioritize community-wide surveys at more locali-
ties and genomic loci, to improve our understanding of the
spatial distribution of Bd lineages.

Genotyping efficiency was lower in this study (36%
overall) than another study (60%) in the Ecuadorian
Amazon sampled during the same season (Smart et al.,
2024). When comparing only samples from the same
locality (Tiputini Biodiversity Station), genotyping effi-
ciency was still lower in our study (45%), which could be
due to the source material and DNA extraction methods
employed. Smart et al. (2024) used DNA from archived (ca.
2008) toe clips extracted using the DNeasy Blood & Tissue
Kit (Qiagen, Inc.), while we used skin swabs collected fol-
lowing standardized methodology (Hyatt et al., 2007) and
extracted using PrepMan Ultra™ (Applied Biosystems).
This suggests that toe clip samples may perform better than
skin swabs for genotyping Bd-infected amphibians. Smart
et al. (2024) also had higher Bd prevalence (58%) and
average loads (16,057 zoospore equivalents) than found at
the same site in this study (Prevalence = 26%, Loads = 19
z.e.; Table 1), further supporting higher performance of toe
clips for Bd detection. However, due to variation when
generating standard curves, caution is warranted when
comparing Bd loads. For example, one study found that toe
clips were more sensitive than swabs for Bd detection via
qPCR (Voordouw et al., 2010). However, other studies
comparing both methods for Bd detection found no dif-
ferences (Burrowes et al., 2011; Hyatt et al., 2007), yet
similar tests specifically for genotyping are still needed.
Alternatively, extractions with PrepMan Ultra™ may
underrepresent Bd infections, particularly for low-load
infections as previously reported (Bletz et al., 2015).

We found variable genotyping efficiency of our assay
among host taxa. We had low sample sizes for many gen-
era, likely biasing our estimates of genotyping efficiency for
those groups. Among taxa with enough positives to allow
comparison, Boana and Engystomops had the highest
genotyping efficiency, with half of positive frogs success-
fully genotyped. This means that future genotyping efforts
could target these genera for greater success. However, this
approach might underrepresent the range of genotypic
diversity present if host-specific infection is prevalent
(Byrne et al., 2022); thus, target approaches should be used
to compliment community-wide surveys. Lack of geno-
typing success for some species could indicate cryptic
diversity of Bd that failed to match either genotype in our
mitochondrial assay, although, no close relatives to Bd were
detected in a targeted metagenomic survey of the myco-
biome of amphibians from Ecuador (Jervis et al., 2020).
Targeting taxa displaying high infection loads (e.g.,
Trachycephalus) could be fruitful for detecting new inva-



sions of other lineages, hybrid Bd lineages, or the more
recently discovered chytrid fungus B. salamandrivorans by
DNA sequencing or additional assays (Carvalho et al., 2023;
Jenkinson et al., 2018). Host identity is, therefore, another
important factor to consider when surveying Bd genotypic
diversity.

Three samples that tested negative for Bd infection
were successfully genotyped. This result could be due to
false negatives in the Bd infection qPCR assay or false
positives in the Bd genotyping qPCR assay. Alternatively,
this may indicate the presence of cryptic genotypes that are
genetically divergent from both Bd-GPL and Bd-Asia2/
Brazil. The Bd genotyping assay targets the mitochondrial
genome, while the Bd detection assay targets ribosomal
genes. The copy number of ribosomal genes is known to be
variable for Bd (Longo et al., 2013); thus, it is possible that
low-load infections were present and the mitochondrial
genome enabled detection in the genotyping assay, but low
ribosomal ITS copy number may have inhibited detection
in the infection assay. By comparing genotype fluorescence
to Bd loads; however, we found that both assays have a
strong positive correlation, with some variability likely
driven by these differences between the two assays.

CONCLUSIONS

Our Bd genotyping survey across multiple forest types in
Ecuador sheds light on taxa-specific genotyping efficiency
and underscores the importance of community-wide
genotyping efforts. Further investigations sequencing Bd at
more loci would be useful to accurately assess the diversity
of this pathogen in the region. Given these findings, it is
imperative to prioritize targeted genotyping efforts and
proactive conservation plans to safeguard Ecuador’s
amphibian biodiversity from the threat of rapidly evolving
pathogens, which may have undergone multiple introduc-
tions in the past (Rodriguez et al., 2014).

ACKNOWLEDGEMENTS

We thank Lalo Loor Dry Forest Reserve, Jama-Coaque
Reserve, Mashpi Lodge, Jon Byrd, Cheryl Byrd, and Patrick
Byrd (Saloya private land), Zanja Arajuno Ecological
Center, and Tiputini Biodiversity Station for providing
access to sampling locations. We also thank Moises
Tenorio, Marissa Barreno, Katherine Alban, Katherine

Community-Wide Genotyping of Batrachochytrium dendrobatidis

Stroh, Rebecca Davis, David Morales, Mateo Vega, Luis
Moretta, Monica Argueta, and Tristan Vratil for assistance
with fieldwork. We thank Daniela Franco and Gabriela
Gavilanes for their support in the laboratory at Universidad
San Francisco de Quito. This work was supported by
Verena and Kenneth J. Wilson Fellowships (to MDMMU),
a grant from National Geographic Society (EC-98296R-23
to MDMMU), and a grant from the National Science
Foundation (DEB-2041629 to DR). This research was
conducted under permits granted by the Ministerio de
Ambiente of Ecuador (MAE-DNB-CM-2018-0105) and a
protocol approved by the Texas State University Animal
Care and Use Committee (Protocol No. 8246).

DECLARATIONS

CONFLICT OF INTEREST The authors declare that
they have no conflict of interest.

ETHICAL APPROVAL The authors followed all
institutional guidelines for the care and use of animals.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were
made. The images or other third party material in this
article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you
will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativec
ommons.org/licenses/by/4.0/.

REFERENCES

AmphibiaWeb (2024) Available: https://amphibiaweb.org/ [Ac-
cessed 2024].

Badrane H, Cheng S, Dupont CL, Hao B, Driscoll E, Morder K,
Liu G, Newbrough A, Fleres G, Kaul D, Espinoza JL, Clancy CJ,
Nguyen MH (2023) Genotypic diversity and unrecognized


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://amphibiaweb.org/

W. J. Neely et al.

antifungal resistance among populations of Candida glabrata
from positive blood cultures. Nature Communications
14(1):5918. https://doi.org/10.1038/s41467-023-41509-x

Becker CG, Greenspan SE, Tracy KE, Dash JA, Lambertini C,
Jenkinson TS, Leite DS, Toledo LF, Longcore JE, James TY,
Zamudio KR (2017) Variation in phenotype and virulence
among enzootic and panzootic amphibian chytrid lineages.
Fungal  Ecology  26:45-50.  https://doi.org/10.1016/j.fune-
€0.2016.11.007

Becker CG, Rodriguez D, Lambertini C, Toledo LF, Haddad CFB
(2016) Historical dynamics of Batrachochytrium dendrobatidis
in Amazonia. Ecography 39(10):954-960. https://doi.org/
10.1111/ecog.02055

Belasen AM, Russell ID, Zamudio KR, Bletz MC (2022) Endemic
lineages of Batrachochytrium dendrobatidis are associated with
reduced chytridiomycosis-induced mortality in amphibians:
Evidence from a meta-analysis of experimental infection studies.
Frontiers in Veterinary Science 9(2022):756686. https://doi.org/
10.3389/fvets.2022.756686

Berger L, Roberts AA, Voyles J, Longcore JE, Murray KA, Skerratt
LF (2016) History and recent progress on chytridiomycosis in
amphibians. Fungal Ecology 19:89-99. https://doi.org/10.1016/
j.funeco.2015.09.007

Blehert DS, Hicks AC, Behr M, Meteyer CU, Berlowski-Zier BM,
Buckles EL, Coleman JTH, Darling SR, Gargas A, Niver R,
Okoniewski JC, Rudd RJ, Stone WB (2009) Bat white-nose
syndrome: an emerging fungal pathogen? Science 323(5911):227.
https://doi.org/10.1017/S0954102008001314

Bletz MC, Rebollar EA, Harris RN (2015) Differential efficiency
among DNA extraction methods influences detection of the
amphibian pathogen Batrachochytrium dendrobatidis. Diseases of
Aquatic  Organisms ~ 113(1):1-8.  https://doi.org/10.3354/
dao02822

Boyle DG, Boyle DB, Olsen V, Morgan JAT, Hyatt AD (2004)
Rapid quantitative detection of chytridiomycosis (Batra-
chochytrium dendrobatidis) in amphibian samples using real-
time Taqman PCR assay. Diseases of Aquatic Organisms
60(2):141-148. https://doi.org/10.3354/dao060141

Briggs CJ, Knapp RA, Vredenburg VT (2010) Enzootic and epi-
zootic dynamics of the chytrid fungal pathogen of amphibians.
Proceedings of the National Academy of Sciences 107(21):9695—
9700. https://doi.org/10.1073/pnas.0912886107

Brooks M, Bolker B, Kristensen K, Maechler M, Magnusson A,
McGillycuddy M, Skaug H, Nielsen A, Berg C, Bentham Ky,
Sadat N, Liidecke D, Lenth R, O’Brien J, Geyer CJ, Jagan M,
Wiernik B, Stouffer DB (2024) glmmTMB: Generalized linear
mixed models using template model builder. Version 1.1.9. h
ttps://doi.org/10.32614/CRAN.package.glmmTMB

Bruns E, Carson M, May G (2012) Pathogen and host genotype
differently affect pathogen fitness through their effects on dif-
ferent life-history stages. BMC Evolutionary Biology 12(1):1-13.
https://doi.org/10.1186/1471-2148-12-135

Burrowes PA, Alicea A, Longo AV, Joglar RL (2011) Toes versus
swabs? Evaluation of the best tissue source for detection of
Batrachochytrium dendrobatidis in field-caught amphibians
Herpetological Review 42(3):359

Burrowes PA, James TY, Jenkinson TS, De La Riva I (2020) Ge-
netic analysis of post-epizootic amphibian chytrid strains in
Bolivia: Adding a piece to the puzzle. Transboundary and
Emerging Diseases 67(5):2163-2171. https://doi.org/10.1111/
tbed.13568

Byrne AQ, Vredenburg VT, Martel A, Pasmans F, Bell RC,
Blackburn DC, Bletz MC, Bosch J, Briggs CJ, Brown RM,
Catenazzi A, Lopez MF, Figueroa-Valenzuela R, Ghose SL,
Jaeger JR, Jani AJ, Jirku M, Knapp RA, Mufioz A, Portik DM,
Richards-Zawacki CL, Rockney H, Rovito SM, Stark T, Sulae-
man H, Tao NT, Voyles ], Waddle AW, Yuan Z, Rosenblum EB
(2019) Cryptic diversity of a widespread global pathogen reveals
expanded threats to amphibian conservation. Proceedings of the
National Academy of Sciences 116(41):20382-20387. https://
doi.org/10.1073/PNAS.1908289116

Byrne AQ, Waddle AW, Saenz V, Ohmer M, Jaeger JR, Richards-
Zawacki CL, Voyles J, Rosenblum EB (2022) Host species is
linked to pathogen genotype for the amphibian chytrid fungus
(Batrachochytrium dendrobatidis). PLoS One 17(3):e0261047.
https://doi.org/10.1371/journal.pone.0261047

Carvalho T, Becker CG, Toledo LF (2017) Historical amphibian
declines and extinctions in Brazil linked to chytridiomycosis.
Proceedings of the Royal Society b: Biological Sciences
284(1848):1-9. https://doi.org/10.1098/rspb.2016.2254

Carvalho T, Medina D, Ribeiro LP, Rodriguez D, Jenkinson TS,
Becker CG, Toledo LF, Hite JL (2023) Coinfection with chytrid
genotypes drives divergent infection dynamics reflecting re-
gional distribution patterns. Communications Biology 6(1):1-10.
https://doi.org/10.1038/s42003-023-05314-y

Ellison AR, DiRenzo GV, McDonald CA, Lips KR, Zamudio KR
(2017) First in vivo Batrachochytrium dendrobatidis transcrip-
tomes reveal mechanisms of host exploitation, host-specific
gene expression, and expressed genotype shifts. G3: Genes,
Genomes, Genetics  7(1):269-278.  https://doi.org/10.1534/
g3.116.035873

Farrer RA, Weinert LA, Bielby J, Garner TWJ, Balloux F, Clare F,
Bosch J, Cunningham AA, Weldon C, du Preez LH, Anderson L,
Pond SLK, Shahar-Golan R, Henk DA, Fisher MC (2011)
Multiple emergences of genetically diverse amphibian-infecting
chytrids include a globalized hypervirulent recombinant lineage.
Proceedings of the National Academy of Sciences 108(46):18732—
18736. https://doi.org/10.1073/pnas.1111915108

Fisher MC, Gow NAR, Gurr SJ (2016) Tackling emerging fungal
threats to animal health, food security and ecosystem resilience.
Philosophical Transactions of the Royal Society b: Biological Sci-
ences 371(1709):20160332. https://doi.org/10.1098/
rstb.2016.0332

Ghosh PN, Verster R, Sewell TR, O’Hanlon SJ, Brookes LM, Rieux
A, Garner TWJ, Weldon C, Fisher MC (2021) Discriminating
lineages of Batrachochytrium dendrobatidis using quantitative
PCR. Molecular Ecology Resources 21(5):1452—-1459. https://
doi.org/10.1111/1755-0998.13299

Greenspan SE, Lambertini C, Carvalho T, James TY, Toledo LF,
Haddad CFB, Becker CG (2018) Hybrids of amphibian chytrid
show high virulence in native hosts. Scientific Reports 8(1):1-10.
https://doi.org/10.1038/s41598-018-27828-w

Guayasamin JM, Mendoza AM, Longo AV, Zamudio KR,
Bonaccorso E (2014) High prevalence of Batrachochytrium
dendrobatidis in an Andean frog community (Reserva Las
Gralarias, Ecuador). Amphibian and Reptile Conservation 8:33—
44

Hyatt A, Boyle D, Olsen V, Boyle D, Berger L, Obendorf D, Dalton
A, Kriger K, Hero M, Hines H, Phillott R, Campbell R,
Marantelli G, Gleason F, Colling A (2007) Diagnostic assays and
sampling protocols for the detection of Batrachochytrium den-
drobatidis. Diseases of Aquatic Organisms 73(3):175-192. https://
doi.org/10.3354/dao073175


https://doi.org/10.1038/s41467-023-41509-x
https://doi.org/10.1016/j.funeco.2016.11.007
https://doi.org/10.1016/j.funeco.2016.11.007
https://doi.org/10.1111/ecog.02055
https://doi.org/10.1111/ecog.02055
https://doi.org/10.3389/fvets.2022.756686
https://doi.org/10.3389/fvets.2022.756686
https://doi.org/10.1016/j.funeco.2015.09.007
https://doi.org/10.1016/j.funeco.2015.09.007
https://doi.org/10.1017/S0954102008001314
https://doi.org/10.3354/dao02822
https://doi.org/10.3354/dao02822
https://doi.org/10.3354/dao060141
https://doi.org/10.1073/pnas.0912886107
https://doi.org/10.32614/CRAN.package.glmmTMB
https://doi.org/10.32614/CRAN.package.glmmTMB
https://doi.org/10.1186/1471-2148-12-135
https://doi.org/10.1111/tbed.13568
https://doi.org/10.1111/tbed.13568
https://doi.org/10.1073/PNAS.1908289116
https://doi.org/10.1073/PNAS.1908289116
https://doi.org/10.1371/journal.pone.0261047
https://doi.org/10.1098/rspb.2016.2254
https://doi.org/10.1038/s42003-023-05314-y
https://doi.org/10.1534/g3.116.035873
https://doi.org/10.1534/g3.116.035873
https://doi.org/10.1073/pnas.1111915108
https://doi.org/10.1098/rstb.2016.0332
https://doi.org/10.1098/rstb.2016.0332
https://doi.org/10.1111/1755-0998.13299
https://doi.org/10.1111/1755-0998.13299
https://doi.org/10.1038/s41598-018-27828-w
https://doi.org/10.3354/dao073175
https://doi.org/10.3354/dao073175

Instituto Geografico Militar (2010) El Medio Ambiente. Available:
www.igm.gob.ec [Accessed 2024].

James TY, Toledo LF, Rédder D, da Silva Leite D, Belasen AM,
Betancourt-Roman CM, Jenkinson TS, Soto-Azat C, Lambertini
C, Longo AV, Ruggeri J, Collins JP, Burrowes PA, Lips KR,
Zamudio KR, Longcore JE (2015) Disentangling host, pathogen,
and environmental determinants of a recently emerged wildlife
disease: Lessons from the first 15 years of amphibian chytrid-
iomycosis research. Ecology and Evolution 5(18):4079—4097.
https://doi.org/10.1002/ece3.1672

Jenkinson TS, Betancourt Roman CM, Lambertini C, Valencia-
Aguilar A, Rodriguez D, Nunes-De-Almeida CHLL, Ruggeri J,
Belasen AM, da Leite Silva D, Zamudio KR, Longcore JE, To-
ledo LF, James TY, da Silva Leite D, Zamudio KR, Longcore JE,
Toledo LF, James TY (2016) Amphibian-killing chytrid in Brazil
comprises both locally endemic and globally expanding popu-
lations. Molecular Ecology 25(13):2978-2996. https://doi.org/
10.1111/mec.13599

Jenkinson TS, Rodriguez D, Clemons RA, Michelotti LA, Zamu-
dio KR, Toledo LF, Longcore JE, James TY (2018) Globally
invasive genotypes of the amphibian chytrid outcompete an
enzootic lineage in coinfections. Proceedings of the Royal Society
B 285:1-10. https://doi.org/10.1098/rspb.2018.1894

Jervis P, Karlsdottir B, Jehle R, Almeida-Reinoso D, Almeida-
Reinoso F, Ron S, Fisher MC, Merino-Viteri A (2020) Disease
reservoirs threaten the recently rediscovered Podocarpus Stub-
foot Toad (Atelopus podocarpus). Amphibian and Reptile Con-
servation 14(2):157-164

Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL,
Daszak P (2008) Global trends in emerging infectious diseases.
Nature 451(7181):990-993. https://doi.org/10.1038/nature06536

LaBumbard B, Shepack A, Catenazzi A (2020) After the epizootic:
Host—pathogen dynamics in montane tropical amphibian
communities with high prevalence of chytridiomycosis.
Biotropica 52(6):1194-1205. https://doi.org/10.1111/btp.12824

Lips KR, Diffendorfer J, Mendelson JR, Sears MW (2008) Riding
the wave: Reconciling the roles of disease and climate change in
amphibian declines. PLoS Biology 6(3):e72. https://doi.org/
10.1371/journal.pbio.0060072

Longo AV, Rodriguez D, da Silva Leite D, Toledo LF, Mendoza
Almeralla C, Burrowes PA, Zamudio KR (2013) ITS1 copy
number varies among Batrachochytrium dendrobatidis strains:
Implications for qPCR estimates of infection intensity from
field-collected amphibian skin swabs. PLoS One 8(3):€59499.
https://doi.org/10.1371/journal.pone.0059499

Lorch JM, Knowles S, Lankton JS, Michell K, Edwards JL, Kapfer
JM, Staffen RA, Wild ER, Schmidt KZ, Ballmann AE, Blodgett
D, Farrell TM, Glorioso BM, Last LA, Price SJ, Schuler KL,
Smith CE, Wellehan JFX, Blehert DS (2016) Snake fungal dis-
ease: an emerging threat to wild snakes. Philosophical Transac-
tions of the Royal Society b: Biological  Sciences
371(1709):20150457. https://doi.org/10.1098/rstb.2015.0457

McCracken S, Gaertner JP, Forstner MRJ, Hahn D (2009)
Detection of Batrachochytrium dendrobatidis in amphibians
from the forest floor to the upper canopy of an Ecuadorian
Amazon Lowland Rainforest. Herpetological Review 40(2):190

Muletz-Wolz CR, Barnett SE, DiRenzo GV, Zamudio KR, Toledo
LF, James TY, Lips KR (2019) Diverse genotypes of the
amphibian-killing fungus produce distinct phenotypes through
plastic responses to temperature. Journal of Evolutionary Biology
32(3):287-298. https://doi.org/10.1111/jeb.13413

Narvaez-Narvaez DA, Cabrera-Andrade A, Merino-Viteri A, Paz-
y-Mino C, Burgos G, Genoy-Puerto A (2021) Infection

Community-Wide Genotyping of Batrachochytrium dendrobatidis

dynamics of Batrachochytrium dendrobatidis in two frog species
inhabiting Quito’s metropolitan Guanguiltagua Park. Ecuador.
Journal of Wildlife Diseases 57(4):749-760. https://doi.org/
10.7589/JWD-D-20-00110

Nova N, Athni TS, Childs ML, Mandle L, Mordecai EA (2022)
Global change and emerging infectious diseases. Annual Review
of Resource Economics 14(1):333-354. https://doi.org/10.1146/
annurev-resource-111820-024214

O’Hanlon SJ, Rieux A, Farrer RA, Rosa GM, Waldman B, Bataille
A, Kosch TA, Murray KA, Brankovics B, Fumagalli M, Martin
MD, Wales N, Alvarado-Rybak M, Bates KA, Berger L, Boll S,
Brookes L, Clare F, Courtois EA, Cunningham AA, Doherty-
Bone TM, Ghosh P, Gower DJ, Hintz WE, Hoglund J, Jenkinson
TS, Lin C-F, Laurila A, Loyau A, Martel A, Meurling S, Miaud
C, Minting P, Pasmans F, Schmeller DS, Schmidt BR, Shelton
JMG, Skerratt LF, Smith F, Soto-Azat C, Spagnoletti M, Tessa G,
Toledo LF, Valenzuela-Sanchez A, Verster R, Voros J, Webb RJ,
Wierzbicki C, Wombwell E, Zamudio KR, Aanensen DM, James
TY, Gilbert MTP, Weldon C, Bosch J, Balloux F, Garner TW],
Fisher MC (2018) Recent Asian origin of chytrid fungi causing
global amphibian declines. Science 360(6389):621-627. https://
doi.org/10.1126/science.aar1965

Ortega-Andrade HM, Blanco MR, Cisneros-Heredia DF, Arévalo
NG, Vargas-Machuca KGLd, Sanchez-Nivicela JC, Armijos-
Ojeda D, Andrade JFC, Reyes-Puig C, Riera ABQ, Székely P,
Soto ORR, Székely D, Guayasamin JM, Pesantez FRS, Amador
L, Betancourt R, Ramirez-Jaramillo SM, Timbe-Borja B, La-
porta MG, Bernal JFW, Cachimuel LAO, Jacome DC, Posse V,
Valle-Pinuela C, Jiménez DP, Reyes-Puig JP, Teran-Valdez A,
Coloma LA, Lara MBP, Carvajal-Endara S, Urgilées M, Munoz
MHY (2021) Red List assessment of amphibian species of
Ecuador: A multidimensional approach for their conservation.
PLoS One 16(5):e0251027. https://doi.org/10.1371/journal.-
pone.0251027

R Core Team (2022) R: A language and environment for statistical
computing. Version 4.2.2.

Rebollar EA, Hughey MC, Harris RN, Domangue RJ, Medina D,
Ibanez R, Belden LK (2014) The lethal fungus Batrachochytrium
dendrobatidis is present in lowland tropical forests of far Eastern
Panama. PLoS One 9(4):e95484. https://doi.org/10.1371/jour-
nal.pone.0095484

Ribeiro LP, Carvalho T, Becker CG, Jenkinson TS, Leite S, James
TY, Greenspan SE, Toledo LF (2019) Bullfrog farms release
virulent zoospores of the frog-killing fungus into the natural
environment. Scientific Reports 9(1):13422. https://doi.org/
10.1038/541598-019-49674-0

Rodriguez D, Becker CG, Pupin NC, Haddad CFBB, Zamudio KR
(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. https://doi.org/10.1111/
mec.12615

Rosenblum EB, James TY, Zamudio KR, Poorten TJ, Ilut D,

Rodriguez D, Eastman JM, Richards-Hrdlicka K, Joneson S,
Jenkinson TS, Longcore JE, Parra Olea G, Toledo LF, Arellano
ML, Medina EM, Restrepo S, Flechas SV, Berger L, Briggs CJ,
Stajich JE (2013) Complex history of the amphibian-killing
chytrid fungus revealed with genome resequencing data. Pro-
ceedings of the National Academy of Sciences 110(23):9385-9390.
https://doi.org/10.1073/pnas.1300130110

Rosenblum EB, Poorten TJ, Settles M, Murdoch GK (2012) Only

skin deep: Shared genetic response to the deadly chytrid fungus
in susceptible frog species. Molecular Ecology 21(13):3110-3120.
https://doi.org/10.1111/j.1365-294X.2012.05481.x


http://www.igm.gob.ec
https://doi.org/10.1002/ece3.1672
https://doi.org/10.1111/mec.13599
https://doi.org/10.1111/mec.13599
https://doi.org/10.1098/rspb.2018.1894
https://doi.org/10.1038/nature06536
https://doi.org/10.1111/btp.12824
https://doi.org/10.1371/journal.pbio.0060072
https://doi.org/10.1371/journal.pbio.0060072
https://doi.org/10.1371/journal.pone.0059499
https://doi.org/10.1098/rstb.2015.0457
https://doi.org/10.1111/jeb.13413
https://doi.org/10.7589/JWD-D-20-00110
https://doi.org/10.7589/JWD-D-20-00110
https://doi.org/10.1146/annurev-resource-111820-024214
https://doi.org/10.1146/annurev-resource-111820-024214
https://doi.org/10.1126/science.aar1965
https://doi.org/10.1126/science.aar1965
https://doi.org/10.1371/journal.pone.0251027
https://doi.org/10.1371/journal.pone.0251027
https://doi.org/10.1371/journal.pone.0095484
https://doi.org/10.1371/journal.pone.0095484
https://doi.org/10.1038/s41598-019-49674-0
https://doi.org/10.1038/s41598-019-49674-0
https://doi.org/10.1111/mec.12615
https://doi.org/10.1111/mec.12615
https://doi.org/10.1073/pnas.1300130110
https://doi.org/10.1111/j.1365-294X.2012.05481.x

W. J. Neely et al.

Scheele BC, Pasmans F, Skerratt LF, Berger L, Martel A, Beukema
W, Acevedo AA, Burrowes PA, Carvalho T, Qatenazzi A, Riva
ID], Fisher MC, Flechas SV, Foster CN, Frias-Alvarez P, Garner
TW]J, Gratwicke B, Guayasamin JM, Hirschfeld M, Kolby JE,
Kosch TA, Marca EL, Lindenmayer DB, Lips KR, Longo AV,
Maneyro R, McDonald CA, III JM, Palacios-Rodriguez P, Parra-
Olea G, Richards-Zawacki CL, Rédel M-O, Rovito SM, Soto-
Azat C, Toledo LF, Voyles ], Weldon C, Whitfield SM,
Wilkinson M, Zamudio KR, Canessa S (2019) Amphibian
fungal panzootic causes catastrophic and ongoing loss of bio-
diversity. Science 363:1459-1463.

Schloegel LM, Toledo LF, Longcore JE, Greenspan SE, Viera CA,
Lee M, Zhao S, Wangen C, Ferreira CM, Hipolito M, Davies AJ,
Cuomo CA, Daszak P, James TY (2012) Novel, panzootic and
hybrid genotypes of amphibian chytridiomycosis associated
with the bullfrog trade. Molecular Ecology 21(21):5162-5177.
https://doi.org/10.1111/j.1365-294X.2012.05710.x

Smart U, McCracken SF, Brunner RM, Rivera C, Rodriguez D
(2024) Detection of the Batrachochytrium dendrobatidis global
panzootic lineage in Ecuadorian anurans of the Amazonian
lowlands. Diseases of Aquatic Organisms 160:115-125. https://
doi.org/10.3354/dao03830

Taylor LH, Walliker D, Read AF (1997) Mixed-genotype infec-
tions of malaria parasites: within-host dynamics and transmis-
sion success of competing clones. Proceedings of the Royal Society
b: Biological Sciences 264(1383):927-935. https://doi.org/
10.1098/rspb.1997.0128

Urgiles VL, Ramirez ER, Villalta CI, Siddons DC, Savage AE
(2021) Three pathogens impact terrestrial frogs from a high-

elevation tropical hotspot. EcoHealth 18:451-464. https://
doi.org/10.1007/s10393-021-01570-8

Van Rooij P, Martel A, Haesebrouck F, Pasmans F (2015)
Amphibian chytridiomycosis: a review with focus on fungus-
host interactions. Veterinary Research 46(137):1-22. https://
doi.org/10.1186/s13567-015-0266-0

Vega-Yanez MA, Quezada-Riera AB, Rios-Touma B, Vizcaino-
Barba MdC, Millingalli W, Ganzino O, Coloma LA, Tapia EE,
Dupérré N, Paez-Vacas M, Parra-Puente D, Franco-Mena D,
Gavilanes G, Salazar-Valenzuela D, Valle CA, Guayasamin JM
(2024) Path for recovery: an ecological overview of the Jambato
Harlequin Toad (Bufonidae: Atelopus ignescens) in its last
known locality, Angamarca Valley, Ecuador. Peerj 12:e17344.
https://doi.org/10.7717/peerj.17344

Voordouw M]J, Adama D, Houston B, Govindarajulu P, Robinson
J (2010) Prevalence of the pathogenic chytrid fungus, Batra-
chochytrium dendrobatidis, in an endangered population of
northern leopard frogs, Rana Pipiens. BMC Ecology 10(6):1-10.
https://doi.org/10.1186/1472-6785-10-6

Voyles J, Young S, Berger L, Campbell C, Voyles WF, Dinudom A,
Cook D, Webb R, Alford RA, Skerratt LF, Speare R (2009)
Pathogenesis of chytridiomycosis, a cause of catastrophic
amphibian declines. Journal of Chemical Information and
Modeling ~ 326(5952):582-585.  https://doi.org/10.1126/sci-
ence.1176765

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis.
Version 3.5.1. https://doi.org/10.32614/CRAN.package.ggplot2


https://doi.org/10.1111/j.1365-294X.2012.05710.x
https://doi.org/10.3354/dao03830
https://doi.org/10.3354/dao03830
https://doi.org/10.1098/rspb.1997.0128
https://doi.org/10.1098/rspb.1997.0128
https://doi.org/10.1007/s10393-021-01570-8
https://doi.org/10.1007/s10393-021-01570-8
https://doi.org/10.1186/s13567-015-0266-0
https://doi.org/10.1186/s13567-015-0266-0
https://doi.org/10.7717/peerj.17344
https://doi.org/10.1186/1472-6785-10-6
https://doi.org/10.1126/science.1176765
https://doi.org/10.1126/science.1176765
https://doi.org/10.32614/CRAN.package.ggplot2

	Community-Wide Genotyping of Batrachochytrium dendrobatidis in Ecuadorian Forests
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


