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Abstract

Avoiding extinction in a rapidly changing environment often relies on a species’ abil-
ity to quickly adapt in the face of extreme selective pressures. In Panama, two closely
related harlequin frog species (Atelopus varius and Atelopus zeteki) are threatened
with extinction due to the fungal pathogen Batrachochytrium dendrobatidis (Bd). Once
thought to be nearly extirpated from Panama, A. varius have recently been rediscov-
ered in multiple localities across their historical range; however, A. zeteki are possibly
extinct in the wild. By leveraging a unique collection of 186 Atelopus tissue samples
collected before and after the Bd outbreak in Panama, we describe the genetics of
persistence for these species on the brink of extinction. We sequenced the tran-
scriptome and developed an exome-capture assay to sequence the coding regions of
the Atelopus genome. Using these genetic data, we evaluate the population genetic
structure of historical A. varius and A. zeteki populations, describe changes in ge-
netic diversity over time, assess the relationship between contemporary and histori-
cal individuals, and test the hypothesis that some A. varius populations have rapidly
evolved to resist or tolerate Bd infection. We found a significant decrease in genetic
diversity in contemporary (compared to historical) A. varius populations. We did not
find strong evidence of directional allele frequency change or selection for Bd resist-
ance genes, but we uncovered a set of candidate genes that warrant further study.
Additionally, we found preliminary evidence of recent migration and gene flow in one
of the largest persisting A. varius populations in Panam3, suggesting the potential for
genetic rescue in this system. Finally, we propose that previous conservation units
should be modified, as clear genetic breaks do not exist beyond the local population
level. Our data lay the groundwork for genetically informed conservation and ad-

vance our understanding of how imperiled species might be rescued from extinction.
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1 | INTRODUCTION

Extinction is a pressing threat for many species on Earth. A myriad
of stressors—including climate change, habitat destruction, invasive
species, and infectious disease—drive reductions in population sizes
and decrease connectivity, often leading small populations toward
an “extinction vortex” (Gilpin & Soule, 1986). This vortex is caused
in part by the vulnerability of small populations to environmental
and demographic stochasticity (Shaffer, 1981). In addition, erosion
of genetic diversity also plays a key role in this process. Inbreeding
depression, which leads to a loss of genetic diversity and an in-
crease in the expression of deleterious genetic variants, is a signif-
icant contributor to extinction risk in small, isolated populations
(Frankham, 2005). Problems associated with inbreeding depres-
sion can also apply to ex situ captive breeding efforts, where small
founding populations are brought into captivity and inbred, decreas-
ing the chances of successful reintroductions in the future (Hedrick
& Garcia-Dorado, 2016). Therefore, understanding the genetics of
population declines is critical to understanding extinction risk and
making informed conservation decisions.

In addition to providing key insights into population declines, ge-
netic and genomic techniques can also help reveal mechanisms un-
derlying persistence and recovery of natural populations. There are a
few non-mutually exclusive processes by which natural populations
may be rescued from extinction. First, demographic rescue refers to
the simple addition of individuals to a population via immigration and
the subsequent boost in population size which can prevent extinc-
tion (Brown & Kodric-Brown, 1977). Second, genetic rescue refers to
the positive effect of increased gene flow in small, threatened popu-
lations—over and above what can be attributed to the demographic
effect of adding migrants (Ingvarsson, 2001). The positive effects of
genetic rescue are the product of a reduction of genetic load (high
frequency of deleterious genetic variants), and the high fitness of
hybrid individuals (Tallmon et al., 2004). Third, evolutionary rescue
occurs when populations undergo rapid adaptive evolution via natu-
ral selection (Gomulkiewicz & Holt, 1995; Gonzalez et al., 2013). The
probability of evolutionary rescue as a means of population recovery
is highest for populations with large initial sizes, low levels of initial
maladaptation to particular environmental conditions, and high lev-
els of standing genetic variation (Carlson et al., 2014). In practice,
little is known about which of these mechanisms contribute to re-
coveries of species on the brink of extinction.

One clade that has suffered particularly alarming declines is the
neotropical harlequin frogs (genus Atelopus), due in large part to
the devastating amphibian chytrid fungus Batrachochytrium dendro-
batidis (Bd; Longcore et al., 1999; La Marca et al., 2005). It was esti-
mated that from 1970 to 2002, 81% of Atelopus species declined and
only 12% had stable populations (La Marca et al., 2005). Despite early
evidence suggesting a dire outcome, some Atelopus species have
persisted in small populations within their historical range in Costa
Rica (Gonzalez-Maya et al., 2013), Venezuela (Rodriguez-Contreras
et al., 2008), Ecuador (Barrio-Amoros et al., 2020; Tapia et al., 2017),
and Panama (Perez et al., 2014; Voyles et al., 2018). However, these

populations are often small and isolated, in some cases show evi-
dence of low recruitment (Gonzalez-Maya et al., 2018), and thus
may still be at high risk of extinction. Persistent populations offer a
unique opportunity to investigate mechanisms of host resistance or
tolerance to Bd infection and disease development in this severely
imperiled amphibian clade.

One intriguing case study of rapid decline and persistence is the
critically endangered Atelopus varius in Panama (Voyles et al., 2018).
This species, along with the closely related Panamanian Golden
Frog (Atelopus zeteki), declined precipitously after Bd swept through
Panama in the early 2000’s (Crawford et al., 2010). These two spe-
cies, which together form a monophyletic clade (Ramirez et al., 2020;
Richards & Knowles, 2007) have garnered significant interest and
funding to mitigate population losses, owing in part to their char-
ismatic appearance, historical ubiquity, and cultural significance in
Panaméa (Poole, 2008). Conservation interventions have included
forming robust captive colonies in Panama and in zoos across the
United States (Gagliardo et al., 2008). While captive populations
of A. zeteki and A. varius are considered secure (Lewis et al., 2019),
a recent reintroduction attempt was not successful in re-estab-
lishing wild populations of A. varius (Panama Amphibian Rescue
and Conservation Project, 2018).Bd is enzootic and widespread in
Panama, making the reintroduction of susceptible species exceed-
ingly difficult (Voyles et al., 2018). Integrating studies of persistent
wild populations into captive management decisions could be key to
improving future ex-situ conservation efforts.

Previous research suggests that host-specific processes might be
responsible for the persistence of some Atelopus species in Panama.
Initial laboratory studies showed that A. zeteki is highly susceptible
to Bd (Bustamante et al., 2010). Bd infection intensity typically in-
creases rapidly often leading to mortality (DiRenzo et al., 2014),
which may be due to Bd's ability to suppress host immune defenses
(Ellison et al., 2014), a lack of protective microbial symbionts on host
skin (Becker et al., 2015), and/or ineffectiveness of secreted antimi-
crobial peptides (Woodhams et al., 2006). Other studies have found
that the virulence of Bd in Panama has not changed since the patho-
gen's arrival, indicating that attenuating pathogen virulence is not
driving host persistence (Voyles et al., 2018). Considering possible
environmental mediators of persistence, studies have found that
A. varius persist in many different microclimates (i.e., warmer low-
lands and cooler highlands; Perez et al., 2014), indicating that shared
environmental refugia likely do not explain persistence in these spe-
cies. Finally, there is evidence that persisting A. varius skin secre-
tions are better at inhibiting Bd growth than secretions from A. varius
brought into captivity before Bd arrival (Voyles et al., 2018). Given
the lack of evidence indicating environmental or pathogen-mediated
shifts predicting changes in survival, and noting preliminary evi-
dence of increased host defenses against Bd, we use a genomic ap-
proach to investigate the hypothesis that changes in the amphibians
themselves may underlie persistence.

In this study, we designed a genomic capture assay to sequence
the expressed, functional regions of the Atelopus genome (Bi

et al., 2012). With this exome capture assay, we sequenced A. varius
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and A. zeteki samples collected from across their historical range in
Panamé and from the captive colonies at the Panama Amphibian
Rescue and Conservation Project (PARC). We also sequenced con-
temporary individuals from persisting populations. Our contempo-
rary samples represent a significant re-survey effort of historical
A. varius/zeteki sites across their entire historical range in Panama.
Our captive samples represent all distinct A. varius/zeteki lineages
currently in captivity in Panama. Leveraging our paired time series
data, we seek to (a) evaluate the population genetic structure of
historical A. varius and A. zeteki in Panama (b) compare the genetic
diversity of historical, contemporary, and captive populations and (c)
scan the coding regions of the A. varius genome to search for genetic
variants linked to persistence in the face of ongoing disease threats.
Together, addressing these objectives will advance our understand-
ing of what demographic and/or adaptive processes contribute to

host persistence and facilitate data-driven conservation efforts.

2 | METHODS
2.1 | Sample collection

Our study included 190 samples, with 130 historical (2001-2004), 39
contemporary (2012-2016), 17 captive, and 4 Costa Rican Atelopus
samples (see Table S1). We collected historical samples before
the Bd outbreak in Panamé as described in Richards and Knowles
(2007). For contemporary samples, we conducted field surveys be-
tween 2012 and 2016 as described in Voyles et al. (2018). Briefly,
we conducted visual encounter surveys during both the dry season
(December-January) and wet season (May-July) at stream sites that
were previously known to have A. varius or A. zeteki populations. We
conducted surveys on 200 m stream transects where two to three
observers walked the length of the transect slowly searching for am-
phibians. We captured A. varius adults with a pair of fresh gloves
and collected skin swabs for Bd detection and a toe clip sample for
genetic analysis. We collected DNA samples from captive individu-
als via buccal swab at the El Valle Amphibian Conservation Center
(EVACCQ). Finally, we sourced four DNA samples from the Museum of
Vertebrate Zoology frozen tissue collection: MVZ149729: Atelopus
varius collected in Costa Rica 1976, MVZ149734: Atelopus senex col-
lected in Costa Rica in 1976, MVZ223270: Atelopus chiriquiensis col-
lected in Costa Rica in 1990, MVZ223280: Atelopus varius collected
in Costa Rica in 1990.

2.2 | qPCR for Bd

To test for the presence of Bd in contemporary A. varius samples,
skin swabs were also collected. Genomic DNA was extracted using
Qiagen DNeasy Blood and Tissue kit following the manufacturer's
protocol for animal tissue. We used a quantitative polymerase chain
reaction (qPCR) assay to quantify Bd DNA (Boyle et al., 2004; Hyatt
et al., 2007). Each gPCR was run in triplicate and included positive
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and negative controls and a sevenfold dilution series of plasmid-
based Bd standards (Pisces Molecular). Samples that had >1 Bd DNA
copies in at least one reaction were considered positive. Finally, we
converted average Bd DNA copy number per 5 ul reaction volume to

whole-swab loads.

2.3 | Exome capture design

Genomes for the focal species were not available a priori, so we se-
quenced transcriptomes to design our capture assay. To maximize
transcript discovery, we extracted RNA from three captive-bred
A. varius at varying stages of Bd infection (uninfected, early infected,
late infected) using four different tissue types (liver, spleen, dorsal
skin, ventral skin). All animals were euthanized by rapid decapitation
followed by double pithing in accordance with the Tulane University
IACUC protocol 0453. RNA was extracted using a Trizol protocol
(Rio et al., 2010) with some minor modifications. First, we homog-
enized the tissue using 2.8 mm ceramic beads and 500 pl of Trizol
with MoBio PowerlLyzer at the recommended setting for animal
tissues. We then incubated the homogenized tissue and Trizol in a
Heavy Phase-Lock Gel tube for 5 min at room temperature. After
extraction, we treated RNA samples with Turbo DNAase (Ambion).
RNA was quantified using Qubit and quality was assessed using
the Agilent bioanalyzer. All RNA extractions had an RNA integ-
rity number (RIN) of at least 7 (Schroeder et al., 2006). For library
preparation, we sent samples to IBEST Genomics Resources Core
at the University of Idaho, where they performed an Apollo Poly
mRNA select and lllumina strand RNA library prep. Samples were
then sequenced at the QB3 Vincent J. Coates Genomics Sequencing
Laboratory at UC Berkeley on one lane of an lllumina HiSeq 4000
using the 150 paired end kit.

Next, we combined our sequence data to create a single assem-
bled transcriptome for probe design. First, we cleaned reads follow-
ing Bi et al. (2012) and Singhal (2013) and assembled reads using
TRINITY(Grabherr et al., 2011). We then selected the longest transcript
per TRINITY gene and annotated them with Nanorana parkeri, Xenopus
tropicalis, and Anolis carolinensis protein reference using BLASTX
(Altschul et al., 1997) and EXONERATE (Slater & Birney, 2005).
Fragmented transcripts that hit to the same reference protein were
joined by Ns according to their relative BLAST hit positions. The
resulting transcripts were then combined to remove redundancies
via Cd-hit-est (Li & Godzik, 2006) and CAP3(Huang & Madan, 1999).
We defined coding sequences (cds) of each annotated transcript
using EXONERATE and specified these regions in a bed format. The
pipelines used for transcriptome data processing and annotation
are available at https://github.com/CGRL-QB3-UCBerkeley/Denov
oTranscriptome.

Finally, we used our annotated transcriptome to design capture
probes to later sequence all coding regions (exome) from our target
samples. We used this approach (a) because a full reference genome
was not available a priori for these species, (b) to reduce the amount

of sequencing necessary while still broadly sampling functionally
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relevant genomic regions (exons and flanking sequences), and (c)
to improve our ability to sequence low-quality and/or quantity
DNA samples (i.e., old tissues and buccal swabs). Capture assays
work well with low-quality/quantity DNA because the short probe
lengths bind well to highly fragmented DNA and all off-target DNA
is washed away before sequencing (Bi et al., 2013). To design our
assay, we used a custom Nimblegen SeqCap EZ Developer Library
(Roche Nimblegen Inc.). We tiled capture probes across the cds of
each transcript and masked using both self and Nanorana parkeri ge-
nome frequency (max number of matches = 2). The resulting probe
set covered 99.6% of the annotated transcripts for a total target size
of 19.4 Mb from 24,863 targets.

2.4 | Sample library prep, capture, and sequencing

We selected a set of 186 historical, contemporary, and captive A.
varius and A. zeteki samples to sequence using our exome capture
targeted assay. We also sequenced four museum tissue samples
from Costa Rican Atelopus specimens. Samples included multiple tis-
sue types (toe clips, liver, tadpoles) and buccal swabs (see Table S1).
Before DNA extraction, toe clips and tadpoles were stored in DESS
buffer at room temperature, liver was stored in DMSO at -80°C,
and buccal swabs were stored in 95% ethanol at -20°C. Liver, toes,
and tadpoles were first rinsed with DNA-grade water and then ho-
mogenized using 2.8 mm ceramic beads and the MoBio PowerLyzer.
Buccal swabs were dried at 37°C until all ethanol was evaporated.
After initial sample prep, we followed the standard manufacturer's
protocol for the Qiagen DNeasy Blood and Tissue kit with the addi-
tion of an RNase A treatment before adding Buffer AL and ethanol.
Samples were eluted in 200 ul DNA-grade water and DNA concen-
tration was measured using Qubit.

To prepare DNA samples for probe hybridization we used the
KAPA Hyper Prep kit (Kapa Biosystems) for genomic library prepa-
ration. First, we sheared genomic DNA on a Diagenode Bioruptor to
an average fragment size of 350 bp. We used 1.1 ug of DNA for soni-
cation, unless the extraction yielded less than 1.1 ug, then the entire
extraction was used (min = 24.5 ng, see Table S1). Sheared DNA was
then cleaned using Kapa Pure Beads with a volumetric ratio of 1x.
Cleaned DNA was prepped following the Kapa Hyper Prep protocol.
Five microliters of 15 uM lllumina TruSeq Dual matched adapters was
used in the ligation step. Samples were PCR amplified based on the
initial amount of DNA (ranging from 2 to 12 cycles of amplification—
see Table S1) with a target of 1ug of DNA per sample post amplifica-
tion. Post amplification, we performed a 0.6-0.8X double-sided size
selection with Kapa Pure Beads. Samples were resuspended in 50 pl
DNA-grade water. Sample quality was then assessed on an Agilent
bioanalyzer and DNA concentration was measured using a Qubit.
Equal amounts of DNA for each sample was then pooled into 12
pools, each with 16 samples.

Finally, to select only the targeted regions and wash away all
other DNA fragments, we hybridized our DNA to capture probes.
Target capture was performed following the Roche SeqCap EZ

Library SR protocol at the Functional Genomics Laboratory (FGL), a
QB3-Berkeley Core Research Facility at UC Berkeley. At the FGL, the
biotinylated probes were hybridized to 12 separate 1 pg pools, using
SeqCap EZ Developer Reagentin place of COT1 Human DNA and uni-
versal blocking oligos provided by IDT (Xgen Universal Blockers-TS
Mix), at 47°C for up to 72 hr. The hybridized samples were captured
on streptavidin beads, and 14 cycles of post-capture PCR amplifica-
tion was performed to enrich for target library fragments. Samples
were then transferred to the Vincent J. Coates Genomic Sequencing
Laboratory, a partner QB3-Berkeley Core Research Facility, quan-
tified using Kapa Biosystems Universal Master Mix Illumina Quant
gPCR reagents, pooled equimolar, and sequenced using four lanes of
an lllumina HiSeq4000 paired-end 150 sequencing chemistry with
dual 8-bp indexes. Sample data were then demultiplexed into fastq

file format using lllumina bcl2fastq software version 2.19.

2.5 | Exome capture data processing

After sequencing, reads from all 190 samples were individually
cleaned and aligned to prepare for downstream analyses. First,
we processed the data using seqCapture (https://github.com/
CGRL-QB3-UCBerkeley/seqCapture). We filtered raw reads using
Trimmomatic (Bolger et al., 2014) and cutadapt (Martin, 2011) to trim
adapter contaminations and low-quality reads. We removed exact
PCR duplicates using Super-Deduper (https://github.com/dstreett/
Super-Deduper) and overlapping paired reads were merged using
Flash (Mago¢ & Salzberg, 2011). We then selected eight representa-
tive libraries with the most amount of data and assembled each
using Spades (Bankevich et al., 2012) with multiple kmer sizes (21,
33,55,77,99,and 127). For each individual assembly, we used Blastn
(Altschul et al., 1997) (evalue cutoff = 1e-20, similarity cutoff = 80%)
to compare the assembled contigs against the original annotated
transcripts used for probe design and extracted the set of contigs
associated with targets. We used Cd-hit-est (Li & Godzik, 2006) and
Cap3 (Huang & Madan, 1999) to cluster and merge all raw assem-
blies into reduced, less-redundant assemblies. We then combined
the assemblies for the eight individuals by a similar methodology.
We generated a final exome reference sequence where all non-re-
dundant and discrete contigs (exons and their flanking sequences)
that were derived from the same target were joined with Ns based
on their relative blast hit positions to the reference. We aligned
cleaned sequence data from each individual library to this refer-
ence using Novoalign (http://www.novocraft.com/products/novoa
lign/) and only kept reads that mapped uniquely to the reference.
We used Picard (http://broadinstitute.github.io/picard/) to add read
groups and GATK v.3.8 (McKenna et al., 2010) to perform re-align-
ment. We then used SAMTools/bcftools (Li et al., 2009) to generate
a raw variant call format (VCF) file that contains all potential variable
and invariable sites. The VCF was then filtered using a custom filter-
ing program, SNPcleaner (https://github.com/tplinderoth/ngsQC/
tree/master/snpCleaner) by following the protocol specified in Bi
et al. (2013). We only considered sites in which at least 70% of the


https://github.com/CGRL-QB3-UCBerkeley/seqCapture
https://github.com/CGRL-QB3-UCBerkeley/seqCapture
https://github.com/dstreett/Super-Deduper
https://github.com/dstreett/Super-Deduper
http://www.novocraft.com/products/novoalign/
http://www.novocraft.com/products/novoalign/
http://broadinstitute.github.io/picard/
https://github.com/tplinderoth/ngsQC/tree/master/snpCleaner
https://github.com/tplinderoth/ngsQC/tree/master/snpCleaner

BYRNE ET AL.

individuals had at least 3X coverage. We also filtered sites show-
ing an excess of heterozygosity using a one-tailed exact test with a
p-value of .00001. After these filters, 34.8 Mb sites from 14,985
genes (exons and flanking) were used in downstream population
genetic analyses.

To check for signs of DNA damage between sample types, we
used the program mapDamage2 (v.2.08; Jonsson et al., 2013). We
assessed patterns of base misincorporations across sample types in
raw reads in both the 3" and 5' direction.

2.6 | Population genetic structure analysis

First, to characterize variation and clustering in our ingroup samples
(N = 186), we generated a PCA. With our low-medium coverage
data, calling genotypes based only on allele counting (e.g., GATK) has
high uncertainty (Nielsen et al., 2011); therefore, we called SNPs and
estimated allele frequencies using an empirical Bayesian framework
as implemented in ANGSD (v.0.919; Korneliussen et al., 2014). Using
sites that passed the filters described above, we calculated genotype
likelihoods using the SAMtools model (-GL 1) with an SNP p-value
cutoff of 1 x 107 and formatted the output file using the -doGlf
2 flag. We then used pcangsd (v.0.9; Meisner & Albrechtsen, 2018)
to generate a covariance matrix. We calculated eigenvalues and ei-
genvectors of the covariance matrix and plotted the first two eigen
vectors in R (v.3.4.3). To compare genetic clustering patterns in pop-
ulations with contemporary and historical samples, we repeated this
process to create a PCA with only A. varius samples and for each indi-
vidual population with contemporary individuals. Finally, to compare
the relationship of Panamanian samples to samples from Costa Rica,
we created a PCA with all samples sequenced in this study (N = 190).

To test for genetic clusters, we used NGSadmix as implemented in
ANGSD (Skotte et al., 2013). First, we used ANGSD to calculate geno-
type likelihoods separately for all Panamanian samples (N = 186) and for
all EI Copé West samples (N = 44). For all samples, we ran NGSadmix for
all values of K from 1 to 13, ten times, and for EI Copé West we ran all
values of K from 1 to 6, ten times. We then compared the likelihood val-
ues for each run using CLUMPAK (Kopelman et al., 2015) and calculated
the most likely K using the AK method (Evanno et al., 2005).

To further understand the genetic relationship of individual sam-
ples, we calculated pairwise genetic distance using NGSdist v.1.0.2
(Vieira et al., 2016). First, we calculated genotype likelihoods for all
samples (N = 190) using ANGSD -doGlf 8. We then calculated genetic
distance using a subset of 1,422,762 sites. We repeated this calcu-
lation 100 times by randomly sampling with replacement blocks of
1,000 SNPs for bootstrap support values. We used FastME v.2.1.5
(Lefort et al., 2015) to calculate a neighbor-joining tree from the orig-
inal distance matrix with bootstrap support values. We collapsed all
nodes with <70 bootstrap support. To compare genetic distance to
geographic distance we calculated pairwise geographic distance and
plotted this versus genetic distance in R. We ran a Mantel test to as-
sess statistical significance of the relationship between geographic

and genetic distance. We also calculated a Mantel corellogram using
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the Ecodist package (v.2.0.1) in R to compare the relationship of ge-
netic and geographic distance across equally spaced geographic bins
(Goslee & Urban, 2007).

To quantify genetic distinctiveness between populations, we cal-
culated Fq; using ANGSD. First, we calculated the unfolded site fre-
quency spectrum for each population separately and then calculated
the joint site frequency spectrum for each comparison. We then cal-
culated the global estimate for F; between populations in ANGSD
using the “realSFS fst stats” function. We report the weighted Fq;
value (Weir & Cockerham, 1984).

To test for, and to take into account the effect of isolation by
distance on population clustering, we used clustering algorithm con-
Struct that models both continuous and discrete population struc-
ture (Bradburd et al., 2018). To reduce computation times and even
sampling among populations, we trimmed our sample set to a max-
imum of five individuals per sampling locality per time period (ex-
cluding El Copé West where we trimmed highly related individuals
but allowed more than five individuals in the contemporary group).
The final sample set included 117 individuals. We then randomly se-
lected one SNP per contig for each of the samples (N = 14,950 SNPs)
and ran construct in R (v.3.4.3) using spatial and nonspatial models
for K= 1 to 5 with five replicates run for 10,000 iterations. We used
the “x.valdiation” function in ConStruct to compare layer contribu-

tions and cross-validate the models.

2.7 | Genetic diversity and effective population size

To calculate within-population measures of genetic diversity, we
first calculated the folded site frequency spectrum for populations
as a whole and for individuals using ANGSD. We then calculated av-
erage heterozygosity, average per-site Watterson's theta (6,,), and
average per-site pi (n) for each population and time period using the
filtered set of ~34 million sites (Korneliussen et al., 2013).

We calculated effective population size (Ne) using several meth-
ods. First, we used the program NeEstimator (v2.1) to calculate the
Ne for each population using the linkage disequilibrium method (Do
et al., 2014). We prepared an input file in Genepop format using
a single randomly selected SNP per contig with no missing data
(N = 14,950 SNPs) and excluded singleton alleles. We only report
Ne for populations with at least 10 samples. Next, we used a sibship
analysis as implemented in COLONY2 (Jones & Wang, 2010) to de-
termine Ne of each subpopulation (across time and space). This anal-
ysis considers how many full and half sib dyads are present within a
population to estimate the current effective size (Wang, 2009). To
reduce computation time we selected a block of 2,000 SNPs, each
from a separate contig, for each of the populations tested. We then
ran COLONY2 using a polygamous mating system with inbreeding
and a genotyping error rate of 0.0001. We used the full likelihood
method with medium likelihood precision and medium run length.
We did not specify male or female individuals a priori given these
data are missing for many of our samples and we assumed random

mating.
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2.8 | Scans for selection

To reduce relatedness as a confounding factor, we trimmed highly
related individuals from our dataset before performing our selection
tests. To do this, we calculated pairwise relatedness between all in-
group individuals using ngsRelate v.1 (Korneliussen & Moltke, 2015).
To generate the input for ngsRelate, we first used ANGSD to call
genotype likelihoods (GL -3) (Korneliussen et al., 2014). We then
used ngsRelate to generate values for kO, k1, and k2. We calcu-
lated the coancestry coefficient (0) between all individuals using the
formula 6 = k1/4 + k2/2 where k1 and k2 are the maximum like-
lihood estimates of the relatedness coefficient (Jacquard, 1974).
We then used these coancestry coefficients to trim our dataset for
downstream selection analyses, removing one or more of a group
of individuals that are highly related (6 > 0.25 or putative siblings/
parent-offspring). We trimmed seven individuals from the Santa
Fe historical population and 13 individuals from the El Copé West
contemporary population by randomly selecting one individual from
each related group to remain in the sample set.

To search the A. varius exome for genetic variants that may be under
selection in contemporary populations, we conducted three different
time-stratified selection analyses across two different comparisons.
Our comparisons include one broad analysis of shared signatures of
selection across all A. varius (Historical: N = 79, Contemporary: N = 26)
and one local comparison focused on the largest single contemporary
population from El Copé West (Historical: N = 14, Contemporary:
N = 17). Both datasets had close relatives removed as described above.
The first analysis we used to identify putative genes under selection
was an association test as implemented in ANGSD (-doasso 1). First,
we coded historical individuals as control (0) and contemporary indi-
viduals as case (1). For each comparison, we calculated the likelihood
ratio (LR) for each allele and compared these values to a chi-square
distribution with df = 1 to get corresponding p-values. We also calcu-
lated per site F¢; and sliding window F¢; analyses to identify potential
variants under selection. First, we calculated the unfolded site fre-
quency spectrum for each trimmed population of interest using the
reference fasta as the ancestral state. We then calculated the joint
site frequency spectrum for each comparison and used the “realSFS”
function in ANGSD to calculate the per site Fg, and sliding window
Fsr (window = 5,000 bp, step = 1,000 bp). Negative values for F;
were treated as Fo; = 0. To assess the significance of outlier SNPs, we
randomly permuted samples across historical/contemporary groups,
breaking the phenotype-genotype connection. We then plotted this
null distribution of F¢; values against the true F¢; values calculated for
each comparison (Figure S3). This comparison tests the null hypothesis
that Fg; = O for all SNPs; however, it does not distinguish between drift
and selection as mechanisms driving F¢; > 0.

To evaluate the potential functional relevance of associated
SNPs, we selected the top 50 associated SNPs from each method.
We created a list of all unique contigs where these SNPs occurred
for each comparison. To test for overrepresentation of shared bi-
ological functions within these lists, we used Blast2GO (v.5.2.5;

Gotz et al,, 2008). First, we annotated the reference set of combined

genes and flanking regions using NCBI blastx and EMBL-EBI InterPro
(Mitchell et al., 2014). We then used Blast2GO to run a Fisher's exact
test for enrichment of specific biological processes, molecular func-
tions, or cellular components in the set of candidate genes compared
to the background set of all annotated genes (N = 14,930). We used
an FDR filter at a significance level of 0.01.

3 | RESULTS

Our study presents the first genome-scale sequence dataset for the
critically endangered A. varius and A. zeteki of Panama. Our tran-
scriptome-based capture array resulted in 34.8 million sites from
14,985 exons and flanking regions. Using our assay, we success-
fully sequenced genomic DNA from samples of varying DNA quality
and/or quantity including minimally invasive buccal swabs, minis-
cule toe clips stored at room temperature for nearly two decades,
and frozen museum tissues. Input DNA ranged from 25 to 1,577 ng
(mean = 673 ng, Table S1). Our analysis found no difference in DNA
damage patterns and a very low instance of base misincorporations
across sample types (Figure S1), indicating that no biases were intro-
duced due to differences in sample quality. Average coverage across
filtered sites ranged from 5x to 31x (mean = 13x) for our samples.

Our sequence dataset includes a robust sample of A. varius/zeteki
across time points (before and after Bd panzootic) throughout their
range in Panama. We collected all contemporary samples from A.
varius populations; we did not encounter A. zeteki during our con-
temporary surveys. While we collected contemporary samples from
five distinct localities, a high percentage (77%, 30/39) of these came
from a single locality—El Copé West. Furthermore, of the contem-
porary samples over half were juveniles (62%, 24/39), most of which
were encountered at El Copé West in 2014. The prevalence of Bd in
contemporary A. varius samples (25.6%, 10/39) matches the preva-
lence previously reported from the larger amphibian community in
Panama (Voyles et al., 2018). Bd infection intensity across contem-
porary samples was highly variable, ranging from 25 to 1.4 million Bd
DNA copies per swab (see Table S1). One adult (the only contempo-
rary individual encountered at El Copé East) had an infection inten-
sity similar to previously reported lethal pathogen loads for A. zeteki
(DiRenzo et al., 2014). None of the contemporary individuals from
the Caribbean were infected with Bd (N = 5).

3.1 | Population genetic structure

The genetic structure of A. varius and A. zeteki in Panama indicates
a pattern of isolation by distance (IBD; Figure S2). We found a sig-
nificant linear relationship between geographic and genetic distance
(Mantel r = 0.599, p = .0001; Figure S2A). Furthermore, the Mantel
corellogram shows decreasing genetic relatedness over larger dis-
tances and reveals the tightest correlation between geographic and
genetic distance between pairs within 20 km of each other (Figure

S2B). The PCA of genetic variation clearly separates individual
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FIGURE 1 Geographic and genetic distribution of 186 Atelopus variusand A. zetekisamples showing a close match between sampling
locality and location on genetic PC space. (a) Map of sampling localities with pairwise weighted F; values between adjacent populations.
Individual sampling locations are marked with dots and populations indicated with colored ovals. Black dots indicate no contemporary
surviving A. varius/zetekiand yellow dots indicate localities where contemporary A. variuswere captured. (b) PCA from genetic covariance
matrix. Samples separated into eight major clusters that correspond to geographic location of capture. Localities colored as in map. PCA is
rotated to correspond to map of source populations. Historical species groups are labeled and marked with a dashed polygon. (c) Admixture
plot for K = 2. White dashed lines separate localities and black dashed lines within localities separate contemporary (left) and historical
(right) individuals. Evolutionarily significant units (ESUs) and species designations from Richards and Knowles (2007) are listed below

sampling localities

populations into their respective sampling localities (Figure 1a,b).
Based on the PCA and original sampling locality, we grouped Atelopus
into eight distinct genetic groups. Of these eight groups, six were his-
torically described as A. varius populations and two were described
as A. zeteki. We found that average pairwise weighted F¢; between
the two populations of A. zeteki was greater than the F¢; between
some populations of A. varius and A. zeteki (Figure 1a). Furthermore,
our admixture plot showing K = 2 (best K as determined using the
AK method, Evanno et al., 2005) indicates that each genetic cluster
is not restricted to either of the two species (Figure 1c). Rather, there
is a gradual change in admixture proportions as you go from East to
West, with A. zeteki representing one genotype and the Santa Fe
population of A. varius representing the other extreme. All other A.
varius/zeteki samples show admixture from both groups (Figure 1c).
To account for the effect of IBD in our cluster analysis, we ran
conStruct, which explicitly models genetic covariance across space
while calculating admixture proportions (Bradburd et al., 2018). This
method considers different “layers” from which an individual can
draw admixture from. First, by looking at the relative contributions
of additional layers, we found that layers beyond K = 2 contributed
little admixture to each sample (Figure S3B). Furthermore, we found
that the spatial model had higher predictive power across all values of
K from 1 to 5 (Figure S3A). These findings indicate that IBD is strong
in the dataset and that K = 2 best explains our data. By comparing

the spatial and non-spatial structure plots (Figure S3C), we see that
at K = 2 admixture patterns between spatial and non-spatial models
are similar. Furthermore, at higher values of K for both spatial and
non-spatial models, there are rarely instances of clear population

level separation or structuring in this dataset.

3.2 | Genetic diversity and Ne

Genetic diversity and heterozygosity are variable within each his-
torical population. The least genetically diverse population is A.
zeteki from El Valle South. This population had the highest average
relatedness (Figure 2a) and lowest heterozygosity (Figure 2b). The
next highest average relatedness is in the Santa Fe population of
A. varius (Figure 2). These two populations represent the extremes
of the sampled range for this study (Figure 1a). In general, there is
a pattern of decreasing heterozygosity as you move from West to
East for these species (Figure 2b), revealing that heterozygosity was
quite low for the putatively extinct in the wild A. zeteki.

We found a marked decrease in genetic diversity in the group of
all contemporary A. varius compared to historical A. varius (Table 1).
There was a 27% decrease in 0,,, and a 3% decrease in n over this
time period. This pattern holds true when considering the individ-
ual cases of EI Copé West (A0, = -14%, An = -12%), Caribbean
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TABLE 1 Average per-site Watterson's theta (6,,), average per-site pi (r), and average heterozygosity for samples grouped by species
and population. All are calculated using the folded site frequency spectrum. Average pairwise relatedness is calculated from relatedness
coefficients using ngsRelate. Ne are calculated in two different ways (a) using the LD method as implemented in NeEstimator (v2.1)—95% Cl
are from Jackknifing across samples and (b) using a sibship analysis implemented in COLONY

Ne - NeEstimator Ne - COLONY Average Average

Population o P (LD) [95% Cl] (SA) [95% Cl] heterozygosity relatedness N
A. varius historical 0.0062 0.0032 69 [54,93] 121 [89,166] 0.0031 0.0215° 86
A. varius contemp. 0.0045 0.0031 36 [24,61] 41 [27,68] 0.0030 0.0490? 39
A. zeteki historical 0.0032 0.0025 43[30,67] 54[35,87] 0.0023 0.0894 44
El Copé West (A. varius)

Historical 0.0043 0.0034 266 [113,inf] [1,inf] 0.0037° 0.0610% 14

Contemporary 0.0037 0.0030 26 [16,50] 36[22,65] 0.0031? 0.0730° 30
Santa Fe (A. varius)

Historical 0.0037 0.0030 15[8,41] 38[20,97] 0.0033 0.2227 15

Contemporary 0.0030 0.0029 0.0030 0.2040 2
El Copé South (A. varius)

Historical 0.0034 0.0030 0.0031 0.0472 6
El Copé East (A. varius)

Historical 0.0045 0.0030 1,650 [875,13559] [1,inf] 0.0031 0.0213 27

Captive 0.0034 0.0029 0.0030 0.0276 7
Donoso (A. varius)

Captive 0.0027 0.0026 0.0027 0.1179 8
Caribbean (A. varius)

Historical 0.0029 0.0026 136 [98,218] 552 [209,inf] 0.0026 0.0878° 24

Contemporary 0.0025 0.0025 0.0025 0.1066° 5
El Valle North (A. zeteki)

Historical 0.0032 0.0026 164 [94,559] 378 [176,inf] 0.0026 0.0876 28

Captive 0.0025 0.0025 0.0026 0.0939 2
El Valle South (A. zeteki)

Historical 0.0016 0.0018 13[9,18] 44 [21,136] 0.0017 0.2310 16

dIndicates significant difference between historical and contemporary samples for heterozygosity and average relatedness (Mann-Whitney U test
p <.01).
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(A6, = -14%, An = -4%), and Santa Fe (A6,, = -19%, Ar = -3%).
Genetic diversity is also lower in the captive populations of A. zeteki/
varius as compared to their original source populations (Table 1).
The small difference in heterozygosity between all contemporary
and historical A. varius was not significant (Mann-Whitney U test
p = .58). However, there was a significant decrease in heterozy-
gosity in El Copé West in contemporary versus historical samples
(AHe = -16%, Mann-Whitney U test p < .0001, Figure 3b).

Effective population size is low for all contemporary populations.
Considering all A. varius, Ne decreased by 48% from the historical
to the contemporary time period based on the LD analysis (Ne his-
torical = 69, Ne contemporary = 36). The sibship analysis estimated
a more severe decrease of 66%. Historically, El Copé East had the
highest Ne of 1,650. All other historical populations had very low
Ne, especially the inbred populations of A. zeteki in El Valle South
(Ne = 13) and A. varius from Santa Fe (Ne = 15).

3.3 | Local patterns of genetic
diversity and structure

Our data reveal that the single locality with the most contemporary
samples, El Copé West, has a unique genetic relationship between the
historical and contemporary individuals (Figure 3; Figure S4). All con-

temporary samples sequenced from other localities are genetically

istorical

i Contemporary ——————————o|

indistinguishable from the historical population sampled at that locality
(Figure 3a; Figure S4). In contrast, at El Copé West, contemporary in-
dividuals are much more genetically variable than their historical coun-
terparts (Figure 3a; Figure S4). Based on the NGSadmix and CLUMPAK
analysis, we found that the most likely K = 3 for this population. From
the admixture analysis, we see that the contemporary samples include
three distinct genetic clusters, two of which are minimally represented
in the historical sample set (Figure 3b; Figure S5). Contemporary indi-
viduals from El Copé West also show more admixture than those from
the historical group. Seven samples from the contemporary group show
at least 25% admixture from two different genetic groups, while none
of the historical samples do. Additionally, within the contemporary
samples from El Copé West, we found evidence of successful breeding
and maturation to ~6 months for at least two separate clutches (based
on relatedness analysis). However, none of the 19 juveniles found in
2014 were encountered again in subsequent surveys. Overall, the con-
temporary samples from El Copé West revealed a unique genetic rela-
tionship to historical samples from the same locality, a pattern which

was not found at other localities with contemporary individuals.

3.4 | Tests for survival-associated genes

With the goal of generating a list of potential candidate genes for

future studies, we leveraged our paired time series data to look
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TABLE 2 Outlier contigs and associated annotations for global Atelopus varius analysis. List of 61 genes that contain associated SNPs for

contemporary A. varius

Contig name

combined_Contig473
combined_Contig708
combined_Contig726

combined_Contig963
combined_Contig1050
combined_Contig1123

combined_Contig1242

combined_Contig1363
combined_Contig1472
combined_Contig1601
combined_Contig2446
combined_Contig3340

combined_Contig3424
combined_Contig3518
combined_Contig3827
combined_Contig4454

combined_Contig4938
combined_Contig4941
combined_Contig4943
combined_Contig5063°

combined_Contig5390
combined_Contig5608°
combined_Contig5975

combined_Contig6021*

combined_Contig6469
combined_Contig6941

combined_Contig6942
combined_Contig7024

combined_Contig7123
combined_Contig7251
combined_Contig7495

combined_Contig7505
combined_Contig7677

combined_Contig8245

Annotation

TPA: putative transposase
Cytochrome P450 2K1

Probable alpha-ketoglutarate-dependent
hypophosphite dioxygenase

Adenylosuccinate synthetase isozyme 2
Toll-like receptor 1 (TLR1)

Solute carrier family 2, facilitated glucose
transporter member 11-like

Protein-lysine methyltransferase
METTL21D

Poly [ADP-ribose] polymerase 4-like
Olfactory receptor 6N2-like

Protein unc-93 homolog A-like
Protein spinster homolog 1-like

VPS10 domain-containing receptor
SorCS2

Replication protein A 14 kDa subunit
Interferon-induced 35 kDa protein
Neuropeptide Y receptor type 1-like

Sodium/potassium/calcium exchanger 2
isoform X1

Ribonuclease T2 L homeolog isoform X1
Kynurenine 3-monooxygenase
Lysosomal-trafficking regulator (LYST)

Transmembrane protein 131-like
(TMEM131)?

Coiled-coil domain-containing protein 22
Zinc finger protein 518B-like (ZNF518B)*

Centrosomal protein of 170 kDa-like
isoform X1

Lysine-specific histone demethylase 1B
isoform X1 (KDM1B)?

Zinc finger protein 638

PREDICTED: uncharacterized protein
LOC108790942

Nuclear pore complex protein Nup133

T-lymphoma invasion and metastasis-
inducing protein 1 isoform X1

Titin-like isoform X32
LOC548985 protein

Protein disulfide-isomerase-like protein
of the testis

Promethin-A isoform X1

Interferon-induced transmembrane
protein 3-like

Neuron navigator 1

Outlier detection N N Fq;
method SNPs windows
Fstwin 0

asso, Fst 1

Fst 1

asso, Fstwin 1

Fst 1

Fst 1

asso 1 0
asso 1 0
asso 1 0
asso, Fst 2 0
asso 1 0
Fst 1 0
asso, Fst 1 0
asso, Fst 1 0
Fst 1 0
asso 1 0
Fstwin 0 1
Fstwin 0

asso, Fstwin 5 19
asso, Fst 1 0
Fst 1

asso, Fst 1

asso 1

asso, Fst 1 0
asso, Fst 1 0
asso, Fstwin 1

asso, Fstwin 1

asso, Fst 2

asso, Fst 5

asso 2

Fst 1

Fst 1

Fst 1

Fst 1 0

Allele frequency

change
NA
0.17
0.19

0.44
0.19
0.32

0.20

0.40
0.40

0.42-0.43

0.41
0.20

0.43
0.25
0.25
0.40

NA
NA

0.40-0.45

0.21

0.19
0.35
0.43

0.42

0.26
0.40

0.45

0.36-0.37

0.30-0.31

0.30
0.30

0.23
0.32

0.40

(Continues)
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TABLE 2 (Continued)
Outlier detection N NFy Allele frequency
Contig name Annotation method SNPs windows change
combined_Contig8274 A disintegrin and metalloproteinase with Fst 1 0 0.28
thrombospondin motifs 13 (ADAMTS13)
combined_Contig8333 Histone chaperone ASF1A asso, Fst 3 0.32-0.35
combined_Contig8554 General transcription factor 3C asso, Fst 1 0 0.28
polypeptide 5
combined_Contig8659 Carnitine o-palmitoyltransferase muscle asso, Fst 1 0 0.18
isoform isoform 1
combined_Contig9310 Spectrin alpha chain, non-erythrocytic 1 asso 1 0 0.40
combined_Contig9344 Transmembrane protein 223 isoform X1 Fst 1 0 0.25
combined_Contig9477 Misshapen-like kinase 1 isoform X2 asso, Fst 1 0 0.26
combined_Contig9605 Phosphofurin acidic cluster sorting Fst 1 0 0.30
protein 1-like
combined_Contig9813 Myotubularin-related protein 6 Fst 1 0 0.22
combined_Contig10055° bis(5'-adenosyl)-triphosphatase (ENPP4)°  asso, Fst 1 0.34
combined_Contig10067 Aminoacyl tRNA synthase complex- asso 1 0 0.19
interacting multifunctional protein 2
isoform X2
combined_Contig10096 Eyes absent homolog 3 asso, Fst 1 0.30
combined_Contig11387 Golgin subfamily B member 1-like Fst 1 0 0.25
combined_Contig12499 Transformation/transcription domain- asso, Fst 1 0 0.21
associated protein
combined_Contig12753 Meteorin-like protein asso 1 0 0.42
combined_Contig13296 Protein arginine methyltransferase Fstwin 0 1 NA
NDUFAF7, mitochondrial precursor
combined_Contig13379 Fumarate hydratase, mitochondrial Fstwin 0 1 NA
combined_Contig13502 CCAAT/enhancer-binding protein zeta asso, Fst, Fstwin 2 4 0.40-0.48
combined_Contig13521 TPA: putative transposase asso, Fst, Fstwin 2 5 0.41-0.42
combined_Contig13561 TAF5-like RNA polymerase || p300/ Fstwin 0 1 NA
CBP-associated factor-associated factor
65 kDa subunit 5L
combined_Contig13570 Conserved oligomeric Golgi complex Fstwin 0 5 NA
subunit 2
combined_Contig13631 Cytochrome c oxidase subunit 5B, Fst 3 0 0.18-0.27
mitochondrial-like
combined_Contig13777% Transcription cofactor vestigial-like Fst 1 0 0.31
protein 4 (VGLL4)?
combined_Contig13778 Methenyltetrahydrofolate synthase Fst 1 0 0.28
domain-containing protein
combined_Contig14222 Exocyst complex component 8 Fstwin 0 1 NA
combined_Contig14696 Probable cytosolic iron-sulfur protein asso, Fst 2 0 0.24
assembly protein ciaol
combined_Contig15194 Proteasome subunit beta type-2 Fst 1 0 0.32

dIndicates contigs shared across El Copé West and A. varius analyses. Bold genes are discussed in the main text.

for SNPs associated with persisting individuals in this system. By
combining candidate SNPs from genes discovered via association
test, F; outlier test, and Fg; sliding window analysis, we created a
list of 61 unique genes for the comparison of all historical and con-
temporary A. varius (Table 2) and 76 unique genes for the compari-

son of historical and contemporary individuals from El Copé West

(Table 3). Here, unique genes are defined as the contig containing
the outlier SNP or SNPs from our assembled reference. Allele fre-
quency changes between contemporary and historical populations
for the list of 61 genes in the A. varius comparison ranged from 17%
to 45%. For the 76 outlier genes in the El Copé West, comparison
allele frequency changes ranged from 38% to 58%. While this list
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TABLE 3 Outlier contigs and associated annotations for local El Copé West analysis. List of 76 genes that contain associated SNPs for
contemporary Atelopus varius at El Copé West

Outlier detection N N Fq; Allele frequency

Contig name Annotation method SNPs Windows change

combined_Contig212 Zinc finger protein 180 isoform X1 Fstwin 0 1 NA

combined_Contig1205 LOC100127334 protein Fstwin 0 1 NA

combined_Contig1263 Solute carrier family 22 member 7-like Fstwin 0 1 NA

combined_Contig1417 Uncharacterized methyltransferase-like asso 1 0 0.33
C25B8.10

combined_Contig2428 mdm2-binding protein asso 1 0 0.32

combined_Contig2601 Ethanolamine-phosphate asso, Fst, Fstwin 1 1 0.39
cytidylyltransferase isoform X1

combined_Contig2972 Capn1 protein Fst, Fstwin 1 1 0.50

combined_Contig3007 Oncostatin-M-specific receptor subunit asso 1 0 0.37
beta

combined_Contig3643 Hermansky-Pudlak syndrome 5 asso, Fst 1 0 0.32
protein-like

combined_Contig3740 Phosphatidylinositol 4-phosphate 5-kinase  asso 1 0 0.36
type-1 beta isoform X2

combined_Contig5063° Transmembrane protein 131-like asso, Fst 2 0 0.35-0.43
(TMEM131)?

combined_Contig5369 Serine/threonine-protein phosphatase 4 Fstwin 0 1 NA
regulatory subunit 3

combined_Contig5608° Zinc finger protein 518B-like (ZNF518B)? Fstwin 0 1 NA

combined_Contig5933 Probable global transcription activator Fst, Fstwin 1 3 0.49
SNF2L2 isoform X1

combined_Contig5977 Adipocyte plasma membrane-associated asso 1 0 0.39
protein-like

combined_Contig6001 Collagen alpha-1(XX) chain asso, Fst 1 0 0.46

combined_Contig6019 Nuclear pore complex protein Nup153 asso, Fst, Fstwin 1 0.52

combined_Contig6021? Lysine-specific histone demethylase 1B asso, Fst 1 0 0.58
isoform X1 (KDM1B)?

combined_Contigé146 Mitochondrial ribosome-associated Fst 1 0 0.44
GTPase 2 isoform X1

combined_Contig6151 U4/Ué6 small nuclear ribonucleoprotein asso, Fst, Fstwin 1 1 0.42
Prp3

combined_Contig6295 Laminin subunit alpha-5 asso, Fst 7 0 0.38-0.48

combined_Contig6623 Xemd1 protein Fstwin 0 1 NA

combined_Contig6773 Mitogen-activated protein kinase 4 Fst 1 0 0.43

combined_Contig7200 MGC78973 protein Fst 1 0 0.48

combined_Contig7281 Transmembrane and coiled-coil domain- Fstwin 0 1 NA
containing protein 6-like

combined_Contig7713 Gastrula zinc finger protein XICGF17.1-like Fstwin 0 1 NA

combined_Contig8034 Lipoyltransferase 1, mitochondrial Fstwin 0 1 NA

combined_Contig8734 disco-interacting protein 2 homolog B asso, Fst 1 0 0.42

combined_Contig8998 LOC733236 protein asso, Fst 1 0 0.57

combined_Contig9237 E3 ubiquitin-protein ligase MYCBP2 Fstwin 0 2 NA

combined_Contig9468 striatin-interacting protein 2 isoform X2 asso 1 0 0.33

combined_Contig9792 hsp70-binding protein 1 asso, Fst 1 0 0.36

combined_Contig10016 PREDICTED: uncharacterized protein asso 1 0 0.39

C180rf8 homolog

(Continues)
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TABLE 3 (Continued)

Contig name

combined_Contig10055°
combined_Contig10520

combined_Contig10543
combined_Contig10696
combined_Contig10697

combined_Contig10810
combined_Contig10900
combined_Contig10917

combined_Contig11234
combined_Contig11237
combined_Contig11288
combined_Contig11457
combined_Contig11459
combined_Contig11470

combined_Contig11552
combined_Contig11606
combined_Contig11652
combined_Contig11762
combined_Contig12056

combined_Contig12085
combined_Contig12325
combined_Contig12326

combined_Contig12730
combined_Contig12815

combined_Contig13139
combined_Contig13170
combined_Contig13349
combined_Contig13370
combined_Contig13456
combined_Contig13463
combined_Contig13467

combined_Contig13491
combined_Contig13532

combined_Contig13694
combined_Contig13776
combined_Contig13777°

Annotation

bis(5'-adenosyl)-triphosphatase (ENPP4)?

Ectonucleotide pyrophosphatase/
phosphodiesterase family member 1
ENPP1

NXPE family member 4-like
charged multivesicular body protein 4b

AN1-type zinc finger protein 1 [Xenopus
tropicalis]

Unconventional myosin-IXb
Monocarboxylate transporter 14

Cytochrome c oxidase assembly protein
COX11, mitochondrial

cbp/p300-interacting transactivator 2
Transmembrane protein 132A-like
Toll-like receptor 4 (TLR4)

RNA demethylase ALKBH5
Mitochondrial dynamics protein MID49

Fumarylacetoacetate hydrolase domain-
containing protein 2 isoform X1 (FAHD2)

Calpain-3 isoform Xé
Serine/threonine protein kinase
Novel Trtraspanin family protein
Phosphoglucomutase-like protein 5

A disintegrin and metalloproteinase with
thrombospondin motifs 3

TPA: putative transposase
DAZ associated protein 2

Small transmembrane and glycosylated
protein homolog

Transmembrane protein 205 isoform X1

Regulator of nonsense transcripts 3B
isoform X1

Integrin alpha-6 isoform X3

Sortilin 1 S homeolog precursor
Coiled-coil domain-containing protein 39
Alpha-2-macroglobulin-like protein 1
Protein Jade-3

Attractin-like protein 1

Calcium uniporter regulatory subunit
MCUb, mitochondrial-like

RING finger protein 121

Cytoplasmic polyadenylation element-
binding protein 4 isoform X1

ELAV-like protein 1
Properdin factor, complement

Transcription cofactor vestigial-like protein
4 (VGLL4)?

Outlier detection
method

asso, Fstwin

asso, Fst

asso, Fst
asso

asso, Fst

asso, Fst, Fstwin
Fst

asso, Fst

Fstwin
asso
asso, Fst
asso, Fst
Fst

asso, Fst, Fstwin

Fstwin
asso, Fst
Fst

asso, Fst

asso

Fst
Fstwin

Fstwin

asso, Fst

Fst, Fstwin

asso
asso
Fstwin
asso
Fstwin
asso, Fst

Fstwin

asso, Fst

asso

Fstwin
asso

Fstwin

N
SNPs

N T = = N N}

N P R, Rr O

[N

O B O »r O KB K.

[N

NFgr
Windows

1
0

=, O B O N O O B~ o O O O O ¥ , O O O O » O

o

oo, RUISER

Allele frequency
change

0.33
0.51

0.32
0.32
0.44

0.41-0.49
0.47
0.35-0.39

NA

0.33

0.32

0.43

0.45
0.41-0.47

NA

0.32

0.46

0.32
0.36-0.39

0.38
NA
NA

0.42
0.36

0.33
0.35
NA
0.34
NA
0.46
NA

0.43
NA

NA
0.52
NA

(Continues)
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TABLE 3 (Continued)

Contig name

combined_Contig14016
combined_Contig14195
combined_Contig14434

combined_Contig14586
combined_Contig14622

combined_Contig14943

BYRNE ET AL.

Annotation

Islet cell autoantigen 1 isoform X1
LOC100037234 protein

Eukaryotic translation initiation factor 4
gamma 1 isoform X1

ADP-ribosyltransferase 5

Solute carrier family 12 member 8 isoform
X1

Laminin subunit beta-1-like

combined_Contig15350 C4SR protein

Outlier detection N N Fq; Allele frequency
method SNPs Windows change

asso, Fst 1 0 0.46

Fstwin 0 1 NA

Fst 2 0 0.46

Fstwin 0 1 NA

Fstwin 0 1 NA

asso 1 0.33

Fst 1 0.40

Indicates contigs shared across El Copé West and A. varius analyses. Bold genes are discussed in the main text.

El Copé West

—_
QD
~

All A. varius

Likelihood ratio statistic

N SNPs = 611,670

N SNPs = 1,040,758

T T T T T
0 5 10 15 20

Chi-square quantiles

(b)

25

El Copé West

T T T T T T
0 5 10 15 20 2

Chi-square quantiles

All A. varius

TMEM131

76

ENPP4
VGLL4

61

ZNF518B

FIGURE 4

KDM1B

(a) Quantile-quantile plots for El Copé West (left) and all Atelopus varius(right). Points are the likelihood ratio statistic for

every SNP calculated by ANGSD -doAsso 1 and are chi-squared distributed with df = 1. Blue lines represent a robust regression line with a

95% confidence interval as implemented in the qqPlot function in the car package (v.3.0.2) in R (v.3.4.3). Red dashed line indicates the value
above which lie the top 50 most highly associated SNPs (El Copé West: LRT = 16.00, FDR p = .95; A. varius: LRT = 25.49, FDR p = .007). (b)

Number of candidate genes for each comparison after combining list of top 50 genes from association test, FST outlier test, and FST sliding
window test. Five shared genes found in both the global and local comparison are listed

was created from highly associated SNPs, none are statistically sig-
nificant after correcting for multiple tests—see qqPlots showing
results from association tests (Figure 4a) and plots of per-site F;
versus permutation-generated null F¢; distributions (Figure S6). We
compared these lists to find overlap between the El Copé West and
A. varius comparisons (Figure 4b) and found five genes included in
both lists. We found no enrichment for specific biological processes,
molecular functions, or cellular components in the set of combined
genes or any of the separate candidate gene lists after using a
Fisher's exact test with FDR correction for multiple tests (o = 0.05).
We manually identified potential candidate genes in each list that
may be related to Bd-specific biological processes. We present
these in Tables 2 and 3 and discuss their functions further below.
Although we did not find strong evidence for selection on par-

ticular genetic pathways, our data provide important candidate

loci for continued study. Beginning with the local comparison in El
Copé West (Table 3), we identified several associated SNPs in im-
mune-related genes—one SNP in a toll-like receptor 4 (TLR4) gene
and another in a gene for a properdin factor in the complement
system. Two genes with the strongest signal of association in this
comparison were laminin subunit alpha-5 (seven associated SNPs)
and fumarylacetoacetate hydrolase domain-containing protein 2
(FAHD2, four associated SNPs). In the larger A. varius comparison
(that included all contemporary and historical A. varius popula-
tions), we found several highly associated SNPs in genes of inter-
est (Table 2). First, we found another associated SNP in a toll-like
receptor gene (TLR1). Additionally, one gene that had a very
strong signal of association (5 highly associated SNPs and 19 out-
lier F¢; sliding windows for a total of 28,000 bp) was a lysosom-

al-trafficking regulator gene (LYST). We also document a highly
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associated SNP in an interferon-induced 35 kDa protein. Finally,
two SNPS in a T-lymphoma invasion and metastasis-inducing pro-
tein 1 gene were also present in our list of associated SNPs for the
A. varius comparison. Five genes had outlier SNPs in both the local
El Copé West analysis and the larger comparison of all A. varius
(Figure 4): transmembrane protein 131 (TMEM131), bis(5'-adeno-
syl)-triphosphatase (ENPP4), transcription cofactor vestigial-like
protein 4 (VGLL4), zinc finger protein 518B (ZNF518B), and ly-
sine-specific histone demethylase 1B (KDM1B). Below we discuss
these genes in more detail and relate our findings to previous

studies on molecular mechanisms of Bd resistance in amphibians.

4 | DISCUSSION

By comparing historical and contemporary genome-wide variation in
two endangered Atelopus species, we document sharp and dramatic
decreases in genetic diversity and effective population size follow-
ing Bd-related declines. Moreover, we identify demographic and
adaptive processes that may contribute to persistence. Overall, our
genetic data can serve to inform conservation decisions for natural
and captive populations of these ecologically and culturally impor-
tant species. Additionally, we investigate genetic mechanisms of per-
sistence after rapid population declines and identify specific genetic
variants associated with Atelopus persistence that can spur future
research and conservation efforts.

4.1 | ldentifying relevant conservation units

Atelopus varius and A. zeteki have traditionally been separated into
two species and managed as five distinct evolutionarily significant
units (ESUs; Richards & Knowles, 2007; Zippel et al., 2006). These
ESUs also inform how these species are managed in captivity—frogs
are only bred within their designated ESU (Estrada et al., 2014).
However, the genetic analysis used to support the ESU designations
was limited to two mitochondrial markers, which alone were not
sufficient to delineate the ESUs. The ESUs were delineated based
on both genetic and phenotypic data (Richards & Knowles, 2007),
although phenotypes for these species are highly variable across
short geographic distances (Savage, 1972). Another recent study
using two mitochondrial genes supports the current A. varius/zeteki
split but reports little statistical support for internal nodes and over-
lapping ranges for these species (Ramirez et al., 2020). Therefore,
our genome-wide dataset can serve to clarify the relationships
among populations of these species. Many of the historical sam-
ples sequenced in both mitochondrial DNA-based studies (Ramirez
et al., 2020; Richards & Knowles, 2007) were re-sequenced for this
study, giving us high power to test the original ESU/species bound-
ary hypotheses.

Our data do not support the delineation of A. varius and A. zeteki
into five distinct ESUs and calls into question the original species

boundary. We show that the distance between source populations
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is highly correlated with genetic distance. Rather than distinct ge-
netic breaks between populations, these species show a continuous
increase in genetic distance with increasing geographic distance
(Figure S2). To account for IBD in our genetic cluster analysis, we ran
the program conStruct, which explicitly accounts for the decay in re-
latedness between samples due to distance (Bradburd et al., 2018).
Our conStruct results show that for both spatial and non-spatial
models from K= 2 to K =5, there are few instances of clearly defined
genetic layers that are exclusive to a certain population or group of
populations (Figure S3). Most historical ESUs correspond to specific
populations identified in our PCA analysis (ESUs 1, 2, 3, 5). However,
other ESUs group genetically distinct populations together (ESU 4).
In our study, we see that individuals on the extremes of the range
(i.e., A. zeteki from El Valle and A. varius form Santa Fe) are genetically
distinct from one another, but all other populations show a pattern
of isolation by distance. Drawing species boundaries in the case of
continuous genetic differentiation is a common and long-standing
challenge in conservation (Moritz, 1994) and further work that puts
the variation in Panamanian harlequin frogs in a broader geographic
and taxonomic context is needed.

For now, our data indicate that A. varius and A. zeteki from cen-
tral Panama may be best managed according to their source popu-
lation, as most individuals from a single locality cluster closely with
other individuals captured at that locality (Figure 2a). Genetic clus-
tering based on geography, and management as such, aligns with the
natural history of these species—A. varius exhibit high site fidelity
(Crump, 1986). However, limitations in the genetic diversity of cap-
tive populations may mean that animals need to be bred across pop-
ulations. Given the high levels of admixture between most nearby
populations in the wild, we suggest that geographic proximity be
considered a good proxy for relatedness in this species. Breeding
across populations that are geographically and genetically proxi-
mate, even if they are currently considered different species, may
be necessary. For example, we found that the two populations of
A. zeteki (El Valle North and El Valle South) are more diverged from
each other than the El Valle North population is from El Copé East
A. varius (Figure 1). Furthermore, the current captive population
of A. zeteki in Panama was collected from El Valle North and there
are only four founders currently alive or represented in this collec-
tion (Panama Amphibian Rescue & Conservation Project, 2019).
Therefore, integrating new understandings of the genetic relation-
ships between populations of these species will be critical for cap-
tive management going forward.

Furthermore, our findings from the distance-based phylogenetic
analyses and PCA that include Costa Rican samples support our con-
clusions that geographic distance is the best predictor of Atelopus
genetic relatedness and indicate some taxonomic confusion for the
Atelopus of western Panaméa and Costa Rica. We found that geo-
graphic distance was a better predictor of genetic distance, not only
for our focal species, but also for the four Costa Rican samples. For
example, one A. varius collected in 1976 from western Costa Rica
(MVZ149729) is less diverged from an A. senex sample collected in
the same year approximately 80 km away (MVZ149734) than from
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another A. varius collected in 1990 (MVZ223280) that was ~250 km
away in Eastern Costa Rica (Figure S7). Meanwhile, our fourth Costa
Rican sample—A. chiriquiensis also collected in 1990 in Eastern Costa
Rica (MVZ223270)—lies between the two A. varius outgroup sam-
ples in the phylogeny (Figure S8). This supports our finding that
proximity is a good predictor of genetic divergence in Atelopus.
While recent studies have made progress clarifying species relation-
ships in this system (Ramirez et al., 2020), a broader genome-wide
molecular reanalysis of Atelopus from Central America could serve

to further clarify these relationships.

4.2 | Preliminary evidence of genetic rescue

“Rescue”, or the reversal in population trajectory for species on
the brink of extinction, can be driven by several different under-
lying processes. Demographic rescue—or simply the increase in
number of individuals—may boost population sizes but could leave
a species vulnerable to persistent threats (Hufbauer et al., 2015).
Genetic rescue, on the other hand, involves an increase in genetic
diversity in a population and could potentially facilitate evolution-
ary rescue by increasing adaptive potential (Whiteley et al., 2015).
Genetic rescue can be especially important for imperiled popula-
tions that are suffering from reduced Ne. For example, our data
show Ne has sharply declined for A. varius and that the current
Ne estimates for A. varius (~40) are similar to other imperiled am-
phibian populations (e.g., Ambystoma californiense, Rana latastei,
Ficetola et al., 2010; Wang et al., 2011). In this study, we see
evidence of demographic rescue and preliminary signs of genetic
rescue in one contemporary population of A. varius. Additional re-
search will be needed to assess whether these processes lead to
evolutionary rescue.

Our strongest evidence for demographic and/or genetic rescue
comes from El Copé West—the single population where we found
77% of our contemporary individuals. This contemporary population
harbors individuals from three distinct genetic groups (Figure 3b;
Figure S5) and genotypes in this population are much more variable
than any other population of A. varius (Figure 3a; Figure S4). Some of
the contemporary individuals have unique genotypes that are mini-
mally represented in the historical sample group, indicating they may
be recent migrants and could be contributing to demographic res-
cue. Furthermore, we see more individuals with high levels of admix-
ture between different genetic groups in the contemporary samples
(Figure 3b). However, contemporary individuals in this population do
not show an increase in overall heterozygosity, possibly due to low
heterozygosity in mated pairs and high overall relatedness within
genetic clusters. We recognize that this finding represents a narrow
spatial and temporal snapshot of population genetic dynamics in this
system. However, El Copé West was the source of 77% of contem-
porary samples for this study, suggesting that it is a critical example
to consider. More work is needed to continue sampling in this area to
determine if admixed individuals truly have higher fitness in this en-

vironment. By comparing population outcomes from El Copé West

to other surviving populations with non-admixed persisting popula-
tions, we can learn more about the potential for genetic rescue to
spur recovery in this species.

Given preliminary evidence of genetic rescue in El Copé West,
and our finding that strict boundaries separating nearby genetic
groups are generally lacking in this system, we argue that assisted
gene flow may be an important management strategy. Conservation
interventions to increase genetic diversity such as breeding be-
tween populations may be especially important. A recent reintro-
duction attempt of ~500 A. varius individuals reared at PARC and
released to the wild yielded no survivors (Panama Amphibian Rescue
& Conservation Project, 2018). A growing number of studies indi-
cate that genetic diversity is important for Bd resistance. One study
found that heterozygosity at major histocompatibility complex
(MHC) genes was significantly associated with survival in Lowland
leopard frogs (Rana yavapaiensis) experimentally infected with Bd
(Savage & Zamudio, 2011). Another recent study of Australian al-
pine tree frogs (Litoria verreauxii alpina) found that individuals with
greater genome-wide heterozygosity had a reduced probability of
Bd infection in the wild (Banks et al., 2019). Future reintroductions
for A. varius and A. zeteki must consider new approaches, such as in-
duced genetic rescue, to address persistent threats and maladapted
captive colonies. Otherwise, we risk maintaining captive A. varius
and A. zeteki populations without a clear path forward for successful
reintroduction and reestablishment.

4.3 | Candidate genes for future study

The role of the immune system in the host-Bd relationship var-
ies widely among amphibian species. For example, transcriptomic
studies have found that some susceptible species show an in-
crease in the expression of immune genes when exposed to Bd
(Ellison et al., 2014; Savage et al., 2020), while others have sup-
pressed or undetectable immune responses (Ellison et al., 2014;
Rosenblum et al., 2012). Other studies have shown that Bd in-
hibits lymphocytes, indicating that it actively suppresses host
acquired immunity (Fites et al., 2013). In our study, we found sev-
eral immune-related gene variants associated with contemporary
survivors. First, we document associated SNPs in two toll-like
receptor genes (TLR1, TLR4). TLR genes are known to recognize
fungal pathogens and are essential to the innate immune response
(Brightbill et al., 1999; Kaisho & Akira, 2003). Other studies have
linked TLR genes to recognizing and responding to Bd (Ellison
et al., 2014; Kosch et al., 2019; Richmond et al., 2009). Another
related gene in our candidate list was a lysosomal-trafficking
regulator gene (LYST) which showed a strong signal of association
(5 SNPs, 28 kbp F4; sliding window). These genes traffic molecules
across cell membranes and are regulators of TLR gene functions
(Westphal et al., 2016). In humans, mutations in LYST genes lead
to a severe immunodeficiency and can lead to persistent skin in-
fections (Westphal et al., 2016), making this target an intriguing
candidate for future studies.
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Furthermore, we found a highly associated SNP in a proper-
din gene related to the complement system. The vertebrate com-
plement system is important in responding to fungal pathogens
(Kozel, 1996) and properdin is a positive regulator of the alternative
pathway in the complement system (Pillemer et al., 1954). Activating
the complement system via properdin may be important for avoiding
immunosuppression strategies employed by Bd (Ellison et al., 2014).
Other immune-related genes with highly associated SNPs were an
interferon-induced 35 kDa protein and interferon-induced trans-
membrane protein 3. Rosenblum et al. (2008) showed a shared
up-regulation of interferon-related genes in response to Bd infection
in a Rana and distantly related Silurana species. Additionally, Ellison
et al. (2014) showed an increase in interferon-related gene expres-
sion in A. zeteki infected with Bd. Interferons boost immune system
processes and therefore may be involved in Bd response in these
A. varius populations. Finally, two SNPs in a T-lymphoma invasion
and metastasis-inducing protein gene identified in this analysis were
also downregulated in the spleen of A. zeteki during Bd infection
(Ellison et al., 2014).

Two intriguing immune-related genes were shared across both
the local (only El Copé West) and global (all A. varius) comparisons.
First, transmembrane protein 131 (TMEM131) is an important reg-
ulator of thymocyte proliferation, which are cells responsible for
the production of T lymphocytes (Maharzi et al., 2013). Another
study of a persistent frog species that suffered Bd-related declines
in Australia (Litoria dayi) also identified a transmembrane protein
gene as under strong selection from Bd (McKnight et al., 2020).
Second, bis(5'-adenosyl)-triphosphatase (ENPP4) is a gene known
for its role in facilitating immune response and is involved in
“hydrolase activity” (GO:0016787). This GO term was highly ex-
pressed in A. zeteki that survived Bd infection in a previous study
(Ellison et al., 2014). Other studies have shown ENPP4 was up-
regulated in snails exposed to bacterial molecular patterns (Zhang
et al., 2016), and in newts during lens regeneration (Sousounis
et al, 2014).

Beyond the immune system, other studies have found that genes
associated with maintaining skin integrity and countering Bd patho-
genesis may also be key to surviving Bd (Ellison et al., 2015). Skin in-
tegrity is key because Bd pathogenesis leading to host death is linked
to disruption of skin functions (Voyles et al., 2009). Here we found
that two laminin genes (laminin subunit alpha-5 and laminin sub-
unit beta-1) had SNPs that were associated with Bd surviving frogs.
Laminin is a major component of epithelial basement membranes
(Spenlé et al., 2013) and could be important for maintaining skin in-
tegrity during Bd invasion. Finally, FAHD2, the gene with the most
highly associated SNP in this global A. varius comparison, is linked to
“hydrolase activity” (GO:0016787) as discussed above.

The presence of previously studied, immunologically relevant
genes in our candidate list supports previous work showing that im-
mune system processes are important for Bd tolerance or resistance
in these species (Ellison et al., 2014). Intriguingly, a growing number
of studies indicate that an overactivation of the immune system may

be linked to Bd susceptibility for some species (Ellison et al., 2014;
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Savage et al., 2020). We propose that toll-like receptor genes, and
others that interact with this immune pathway such as LYST, may
be key players in mounting an appropriate immune response to Bd.
Furthermore, we find more evidence that genes linked to hydrolase
activity could be important for Atelopus exposed to Bd. More work
is needed to further understand the relationship of these candidate
genes with long-term fitness outcomes, including more longitudinal
genomic studies of other persisting Atelopus species.

5 | CONCLUSIONS

Some natural, relic populations persist despite catastrophic de-
clines and ongoing threats. Studying natural populations of threat-
ened species can provide a window into population processes
that may also be important for successful conservation. Here,
we shed light on the population genetic structure of A. varius and
A. zeteki in Panama following dramatic declines from disease. Our
data reveal that the species boundary separating A. varius and
A. zeteki is not well supported. We show that geography and dis-
tance predict genetic structure of A. varius and A. zeteki popula-
tions, indicating that populations should be managed according to
their proximity with other populations, using our characterization
of genetic distinctiveness as a guide. We report an intriguing and
unique signature of genotypic diversity and recent admixture in
one population, indicating genetic rescue may be viable option for
conservation interventions in this system. Finally, recognizing the
limited sample size of our contemporary dataset, we generated a
list of candidate genes that may be associated with Bd survival to
be considered in future studies. This study offers a new molecu-
lar toolkit for studying Atelopus, a clade that has suffered massive
declines throughout the neotropics, and a model for disentangling
the processes that could contribute to species returning from the

brink of extinction.
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