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1 | INTRODUCTION

Batrachochytrium dendrobatidis (Bd) is a generalist amphibian pathogen
that infects hundreds of species and is implicated in global amphibian

declines (Berger et al., 1998; Crawford, Lips, Bermingham, & Wake,
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Abstract

The fungal pathogen Batrachochytrium dendrobatidis (Bd) infects hundreds of amphib-
ian species and is implicated in global amphibian declines. Bd is comprised of several
lineages that differ in pathogenicity, thus, identifying which Bd strains are present in a
given amphibian community is essential for understanding host-pathogen dynamics.
The presence of Bd has been confirmed in Central Africa, yet vast expanses of this
region have not yet been surveyed for Bd prevalence, and the genetic diversity of Bd
is largely unknown in this part of the world. Using retrospective surveys of museum
specimens and contemporary field surveys, we estimated the prevalence of Bd in
Central African island and continental amphibian assemblages, and genotyped strains
of Bd present in each community. Our sampling of museum specimens included just a
few individuals collected in the Gulf of Guinea archipelago prior to 1998, yet one of
these individuals was Bd-positive indicating that the pathogen has been on Bioko
Island since 1966. We detected Bd across all subsequent sample years in our study
and found modest support for a relationship between host life history and Bd preva-
lence, a positive relationship between prevalence and host community species rich-
ness, and no significant relationship between elevation and prevalence. The Global
Panzootic Lineage (BdGPL) was present in all the island and continental amphibian
communities we surveyed. Our results are consistent with a long-term and widespread
distribution of Bd in amphibian communities of Gabon and the Gulf of Guinea

archipelago.
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2010; Lips et al., 2006; Olson et al., 2013). Although Bd has a wide-
spread distribution, variation in host immune responses (McMahon
et al., 2014; Savage & Zamudio, 2011), community structure (Becker
& Zamudio, 2011; Becker etal., 2014), environmental conditions

(Becker, Rodriguez, Longo, Talaba, & Zamudio, 2012; Longo, Burrowes,
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& Joglar, 2010), and in the pathogen itself (Farrer et al., 2011) result in
variable disease outcomes across the globe. Field surveys of Bd typi-
cally focus on amphibian host diversity; however, Bd is comprised of
several lineages that vary in global distribution and in pathogenicity.
The most widely distributed and virulent lineage, the Global Panzootic
Lineage (BdGPL; Farrer et al., 2011), spread rapidly into new regions
and is associated with amphibian declines due to chytridiomycosis in
both temperate and tropical amphibian communities (Crawford et al.,
2010; Lips, Diffendorfer, Mendelson, & Sears, 2008; Lips et al., 2006;
Skerratt et al., 2007; Vredenburg, Knapp, Tunstall, & Briggs, 2010).
Other distinct lineages identified to date include strains endemic to
South Africa (BdCape; Farrer et al., 2011), Switzerland (BdCH; Farrer
etal., 2011), Brazil (BdBrazil; Schloegel etal, 2012), and Korea
(BdKorea; Bataille et al., 2013). Although these other lineages ap-
pear to be more geographically restricted, increased geographic and
genomic sampling indicates that the biogeography of Bd is extremely
complex (Bataille et al., 2013; Rodriguez, Becker, Pupin, Haddad, &
Zamudio, 2014; Rosenblum et al., 2013), possibly due in part to the
global amphibian trade. For example, captive African clawed frogs are
the suspected source of BdCape in endemic midwife toads on the
Mediterranean island of Mallorca (Farrer et al., 2011; Walker et al.,
2008), and the bullfrog trade may be responsible for introducing
BdBrazil into wild amphibian populations in South Korea (Bataille et al.,
2013). Bd diversity in Africa is largely unexplored beyond South Africa,
and no studies have yet linked amphibian population declines to ch-
ytridiomycosis; thus, although Bd is documented in amphibian com-
munities in West Africa, Central Africa, East Africa, and Madagascar
(Bletz et al., 2015; Olson et al., 2013), identifying which strains of Bd
are present will be essential for understanding future disease dynam-
ics in these communities.

Vast expanses of the African continent have yet to be surveyed
for Bd; however, the pathogen appears to have a widespread histor-
ical presence in Africa (Soto-Azat, Clarke, Poynton, & Cunningham,
2010). With the exception of Upper Guinean rain forests, west
of the Dahomey Gap in West Africa (Penner et al., 2013) and the
Seychelles (Labisko et al., 2015), the contemporary distribution of Bd
encompasses a range of environments and amphibian hosts across
the African continent (Doherty-Bone et al., 2013; Kielgast, Rédder,
Veith, & Lotters, 2010; Olson et al., 2013). The Lower Guinean for-
ests extend along western Central Africa and collectively host much
of Africa’s amphibian species richness and endemism (Jenkins, Pimm,
& Joppa, 2013; Myers, Mittermeier, Mittermeier, da Fonseca, &
Kent, 2000). This rich amphibian fauna includes hundreds of species
with diverse life histories ranging from fully aquatic clawed frogs
(Xenopus) to terrestrial leaf litter species that reproduce via direct
development (Arthroleptis), and fossorial caecilians that give birth
to live young (Geotrypetes). The Lower Guinean forests also extend
to islands in the Gulf of Guinea archipelago (the land-bridge island
Bioko and the oceanic islands Principe, Sdo Tomé, and Annobdn),
which differ in geologic histories, and consequently, in diversity and
endemism of resident amphibians. Bioko Island is currently separated
from adjacent Cameroon by ~30 km of shallow sea; however, histor-
ical cycles of rising and retreating sea levels resulted in periods of

isolation and connectivity between Bioko and the adjacent continent
(Meyers, Rosendahl, Harrison, & Ding, 1998). Consequently, Bioko
Island hosts relatively high amphibian diversity for its size (~44 spe-
cies of frogs and caecilians) and most of this diversity is also found in
continental Guinean forests (Jones, 1994). By contrast, amphibians
colonized the oceanic islands in the Gulf of Guinea via sweepstakes
overseas dispersal (Bell et al., 2015; Measey et al., 2007), and thus,
the islands host lower overall amphibian diversity: four frog and one
caecilian species on Sdo Tomé and three frog species on Principe,
all of which are endemic (Bell, 2016; Jones, 1994; Uyeda, Drewes,
& Zimkus, 2007). Recent surveys in Nigeria (Imasuen et al., 2011,
Reeder, Cheng, Vredenburg, & Blackburn, 2011), Cameroon (Balaz,
Kopecky, & Gvozdik, 2012; Doherty-Bone et al., 2013; Hirschfeld
et al., 2016), Gabon (Bell, Gata Garcia, Stuart, & Zamudio, 2011;
Jongsma et al., 2016), and Sao Tomé Island (Hydeman, Bell, Drewes,
& Zamudio, 2013) report Bd across a range of host species, eleva-
tions, and habitats in these assemblages. Thus, Lower Guinean for-
ests present a unique opportunity to characterize Bd prevalence
among related amphibian assemblages that naturally differ in species
richness.

As in many infectious disease systems, a diverse assemblage of
nonsusceptible amphibian hosts reduces Bd infection loads in ex-
perimental settings (Becker et al., 2014; Searle, Biga, Spatafora, &
Blaustein, 2011; Venesky, Liu, Sauer, & Rohr, 2013). This outcome,
termed the dilution effect (Keesing, Holt, & Ostfeld, 2006), is partic-
ularly likely when pathogen transmission is frequency-dependent and
noncompetent hosts are abundant and widespread. However, species
richness is positively correlated with Bd occurrence in some wild pop-
ulations (Becker & Zamudio, 2011), indicating that other factors such
as environmental conditions and species identity likely alter disease
outcomes. In particular, amphibian traits associated with pathogen ex-
posure (e.g. aquatic index; Brem & Lips, 2008; Lips, Reeve, & Witters,
2003; Woodhams & Alford, 2005) and host competency (e.g. reser-
voirs and supershedders; DiRenzo, Langhammer, Zamudio, & Lips,
2014; Reeder, Pessier, & Vredenburg, 2012; Schloegel et al., 2010)
may be predictably linked to community-level disease dilution and
amplification (Lloyd-Smith, Schreiber, Kopp, & Getz, 2005; Streicker,
Fenton, & Pedersen, 2013). Likewise, Bd prevalence varies with ele-
vation (Brem & Lips, 2008), precipitation and temperature (Kielgast
et al., 2010; Kriger & Hero, 2007; Longo et al., 2010), and forest can-
opy cover (Becker & Zamudio, 2011; Becker et al., 2012), all abiotic
factors that are likely linked to the distribution of suitable cool and
wet microhabitat conditions for the pathogen (Piotrowski, Annis, &
Longcore, 2004).

Here, we survey Bd prevalence and genetic diversity across four
biogeographically distinct amphibian assemblages. We use a combina-
tion of museum specimens and recent field surveys to (1) survey the
prevalence of Bd in amphibian assemblages that differ in species com-
position and diversity and (2) characterize the strains of Bd present in
each community. Specifically, we investigate whether Bd prevalence
in amphibian communities is correlated with host diversity, host life
history, and/or elevation. Based on intergenic transcribed spacer 1
(ITS1) haplotypes, we assess the diversity and identity of Bd in Central
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African Island and continental amphibian communities in comparison

with known global Bd strains.

2 | MATERIALS AND METHODS

2.1 | Sampling and detection of Bd

We sampled 1027 amphibians (orders Gymnophiona and Anura) from
three islands in the Gulf of Guinea Archipelago (Bioko, Principe and
Sdo Tomé) and continental Africa (Gabon) collected between 1935
and 2012 (Table S1). We sampled for Bd in the field in Gabon and
Sao Tomé between 2009 and 2012 (308 amphibians) and in museum
specimens collected on Bioko (n = 313), Principe (n = 130), and Sdo
Tomé (n = 276) between 1935 and 2012 (719 amphibians total). This
sampling covers 11 amphibian families including all eight species that
occur on Sdo Tomé and Principe, ~50% of the 44 amphibian species
reported from Bioko, and ~50% of the 96 amphibian species reported
from Gabon (www.amphibiaweb.org). For amphibians sampled in the
field, we captured frogs and caecilians by hand and placed them in in-
dividual plastic bags until processing. We collected samples from post-
metamorphic individuals with sterile fine-tip swabs (Medical Wire &
Equipment Co. MW113) following the methods of Hyatt et al. (2007).
Swabs were stored in 95% EtOH and kept as cool as possible in the
field and then stored at -80°C until processing. The swabbed indi-
viduals (except Amietophrynus superciliaris, which is listed as CITES)
were euthanized, prepared as voucher specimens (Table S1), and de-
posited at the Cornell University Museum of Vertebrates (CUMV), the
Museum of Comparative Zoology at Harvard University (MCZ), the
California Academy of Sciences (CAS), and North Carolina Museum
of Natural Sciences (NCSM). For amphibians sampled as museum
specimens, the vast majority (716/719) were collected between 1998
and 2012, formalin-preserved at the time of collection, and stored in
70% ethanol (range: 1-101 specimens per jar). The original collection
and storage methods for the pre-1998 specimens are unknown, but
at time of sampling they were stored in (70%) ethanol. Museum speci-
mens were rinsed with clean 70% ethanol and swabbed with sterile
fine-tip swabs (Medical Wire & Equipment Co. MW113) following
standard procedures for preserved specimens (Cheng, Rovito, Wake,
& Vredenburg, 2011; Hyatt et al., 2007). All swabs were stored in 95%
EtOH at 4°C until processing.

We followed established methods for DNA extraction and quanti-
tative Bd detection in the laboratory (Boyle, Boyle, Olsen, Morgan, &
Hyatt, 2004). Briefly, we extracted DNA from each swab using 50 pl
of Prepman Ultra and detected the presence of Bd with duplicate
gPCRs (Boyle et al., 2004), performed using Tagman Fast Advanced
Master Mix on a ViiA7 Real-Time PCR System (Applied Biosystems,
Carlsbad, CA, USA). Samples that showed signs of inhibition (nonsig-
moidal amplification) were further diluted to 1:100 and re-analyzed.
All samples were evaluated in duplicate plates. We generated stan-
dard curves from templates of known zoospore concentrations of
Bd strain JEL427 (Puerto Rico, Luquillo) ranging from 0.1 to 1,000
zoospores (Boyle et al., 2004). To evaluate fluorescence levels of the
samples and standards, we used ViiA 7 software (Applied Biosystems).

For swabs collected from amphibians in the field, we deemed samples
positive when significant sigmoidal amplification genomic equivalents
(GE) (GE 2 1) occurred in one or both gPCR reactions. For museum
specimens, we deemed samples with C, <40 (equivalent to GE = 1)
in both gPCR replicates as positive (Kriger & Hero, 2007; Rodriguez
et al.,, 2014). We do not report infection intensity because ITS1 copy
number variation among Bd strains directly influences gPCR estimates
of pathogen load (Longo et al., 2013) and the copy number variation
of Central African Bd strains is unknown. Furthermore, the effects of
preservation on estimating pathogen loads from museum specimens
are poorly understood. Results of the field-sampled Bd surveys from
2009 (Gabon) and 2012 (Sd0 Tomé) were previously reported in Bell
et al. (2011) and Hydeman et al. (2013), respectively.

2.2 | Infection prevalence analyses

For species and localities with sample sizes >20, we estimated Bd
prevalence by dividing the number of positive individuals by the total
number of individuals sampled and estimated 95% Clopper-Pearson
confidence intervals (o = 0.05). To determine whether breeding biol-
ogy and life history are correlated with Bd prevalence, we calculated
the lifetime aquatic index for each species in our dataset (Lips et al.,
2003; Table S1) and tested for a significant relationship between Bd
prevalence and aquatic index using linear regression. To test for the
dilution effect across amphibian communities that differ in species
richness, we estimated Bd prevalence in localities with sample sizes
>20 (field and museum surveys) and tested for a significant relation-
ship between Bd prevalence and amphibian community species rich-
ness, average aquatic index, and elevation using multiple regression.
Seven of the 16 sites included samples grouped across multiple sur-
vey years. Jongsma et al. (2016) surveyed Bd prevalence across seven
amphibian communities in Gabon using similar field and laboratory
detection methods; therefore, for comparison we included localities
from the Jongsma et al. surveys with sample sizes greater than 20 (six
communities) in the regression analysis. We conducted all statistical
analyses in R version 3.1.3 R Core Team (2015).

2.3 | ITS1 haplotype sequencing and diversity

Following Goka et al. (2009) and Rodriguez et al. (2014), we used a
semi-nested PCR approach to generate amplicons for cloning and
sequencing approximately 150 bp of the ITS1 region for 44 samples
that exhibited amplification curves in the qPCR analyses. For one
subset of samples, we performed the first PCR using primers ITS1-3
Chytr (Boyle etal., 2004) and Bd2a (Annis, Dastoor, Ziel, Daszak,
& Longcore, 2004), used 1 ul of the PCR product as template for a
second PCR using primers 5.8S Chytr and ITS1-3 Chytr (Boyle et al.,
2004), and both PCRs used a touchdown thermal profile with negative
controls. For the second subset of samples, we performed the first
PCR using primers Bd18SF1 and Bd28SR1 (Goka et al., 2009), used
1 pl of the PCR product as template for a second PCR using primers
Bdla and Bd2a (Annis et al., 2004), and cycling conditions followed
(Goka et al., 2009) with both negative and positive controls. PCR
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products were visualized on an agarose gel, purified using ExoSAP-IT
(USB Corp., Cleveland, OH, USA), and sequenced using a BigDye
Terminator Cycle Sequencing Kit v.3.1 (Applied Biosystems, Foster
City, CA, USA) on an ABI Automated 3730xI Genetic Analyzer (Applied
Biosystems). For eight of the successful PCRs, we cloned the products
into JM109-competent cells following the manufacturer’s instructions
for the pGEM-T Easy Vector System | (Promega Inc.) and used blue/
white screening to identify transformed colonies. We placed colonies
in 25 pl of ddH,0, incubated them at 95°C for 10 min, performed a
final amplification using M13 primers, and verified successful trans-
formations by electrophoresis on a 1.75% agarose gel. We purified
amplicons using ExoSAP-IT and sequenced them using a BigDye
Terminator Cycle Sequencing Kit v.3.1 with the M13 primer on an
ABI Automated 3730x| Genetic Analyzer. We edited chromatograms
from the combined 44 Bd-positive samples using SEQUENCHER 5.1
(GeneCodes, Inc.).

Strains of Bd differ in number and identity of ITS1 haplotypes
(Longo et al., 2013); therefore, interpreting evolutionary relation-
ships among strains using a typical phylogenetic approach can be

Elevation
3000 m
2500 m
2000m (@ Bd positive
1500 m
1000 m
500 m 4
200 m
100 m
Om

Bd negative

Pico Basile

Moka Malabo
(32)

0

Rio Maria

L. Bi
go Biao Luisa (3)

(62)

Rio lladyi
(118)

Terra Batata (6)

Porto Alégre
(20)

misleading. Instead, we compared ITS1 haplotypes recovered in our
study to published reference strains (Longo et al., 2013; Rodriguez
et al., 2014) and genome sequences (Farrer et al., 2011; Rosenblum
et al., 2013) to determine whether the strains of Bd present at our
sample sites likely belong to BdGPL, other previously identified strains
of Bd (e.g. BdBrazil, BdCape), or novel strains. To visualize the overall
diversity, abundance, and geographic distribution of haplotypes we
recovered in this study, we created a haplotype network using TCS v
1.21 (Clement, Posada, & Crandall, 2000).

3 | RESULTS

3.1 | Bd prevalence

We detected Bd at 39 of the 50 sites in Gabon and the Gulf of Guinea
Archipelago (Figure 1) with an overall prevalence of 18.9% (16.4%-
21.3% confidence limit) and a range of 0% to 25.6% prevalence for
sites with sample sizes >20 individuals (Table 1). For the museum

specimens, an Amietophrynus camerunensis collected on Bioko Island

Bom Bom (2)

Alto
Cruzeiro (14) OG0
Milagrosa (18) Pico
Java (50) Paiggalo
Abade (48)

Papagaio
(12)

Baia das

Pico do
Principe (1)

Pico do Principe
Base Camp (57)

FIGURE 1 Sampling localities and Bd prevalence in Gabon, Bioko Island, and Sdo Tomé and Principe, Africa. Sample size of amphibians

swabbed per site is indicated in parentheses
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TABLE 1 Overall Bd prevalence and elevational range for island and continental amphibian communities "in bold”, and local Bd prevalence

for sampling localities with sample sizes >20 individuals

Sampling Locality NS NI/N
Bioko 21 56/313
Bioko—Arena Blanca 2 5/30
Bioko—Lago Biao 3 5/52
Bioko—Moka Malabo 8 5/32
Bioko—Moka, Rio lladyi 8 29/119
Sao Tomé 5 60/338
Sao Tomé—Abade 2 6/48
S30 Tomé—Agua Grande 2 2/23
Sao Tomé—Bom Sucesso 4 7/32
Sao Tomé—Caxueira 4 9/46
Sao Tomé—Java 3 11/50
Sdo Tomé—Porto Alegre 1 0/20
Sao Tomé—Rio Contador 2 2/21
Gabon® 46 61/246
Gabon— Ivindo National Park, Ipassa 28 25/119
Station
Gabon—Ivindo, Rougier Forestry 10 9/40
Concession

Gabon—Monts de Cristal, Kinguélé 23 10/39
Gabon—Mitone® 26 29/110
Gabon—Carivenville® 18 19/71
Gabon—Junkville® 17 10/99
Gabon—Madoukou® 10 11/35
Gabon—Mboua® 6 5/33
Gabon—Doumaye® 22 9/105
Principe 3 16/130
Principe—Agua Doutor 2 1/28
Principe— Pico do Principe, Base 2 8/57

Camp

Prevalence (%) 95% CI Elevation (m)
17.9 13.8-22.6 2-1,870
16.7 5.6-34.7 29-76

9.6 3.2-21.0 1,860-1,870
15.6 5.3-32.8 1264-1,414
24.4 17.0-33.1 1,143-1,291
17.8 13.8-22.3 11-1,444
12.5 4.7-25.2 400-688

8.7 1.1-28.0 11
21.9 9.3-40.0 1,156-1,326
19.6 9.4-33.9 49-65
22.0 11.5-36.0 592-600

0 0-16.8 18

9.5 1.2-30.4 619
24.8 19.5-30.7 7-565
21.0 14.1-29.4 480-545
22.5 10.8-38.5 188-276
25.6 13.0-42.1 65-186
264 18.4-35.6 43
26.8 16.9-38.6 44
10.1 4.9-17.8 86
31.4 16.9-49.3 246
15.2 5.1-31.9 504

8.6 4.0-15.7 526
12.3 7.2-19.2 17-950

3.6 0.1-18.4 178
14.0 6.3-25.8 357-620

NS, number of species sampled; NI/N, infected individuals/total individuals sampled; Clopper-Pearson confidence intervals for species level prevalence

(o =0.05).

2Gabon totals include sampling from Bell et al., 2011 and this study.

PData from Jongsma et al., 2016.

in 1966 was our earliest positive sample while both of the pre-2001
samples from Sdo Tomé were negative (Schistometopum thomense col-
lected in 1935 and 1949). The earliest positive samples for Sdo Tomé
and Principe are from the first California Academy of Sciences expe-
dition to the islands in 2001. We detected Bd across all subsequent
sample years in our study (Table S1).

The amphibian communities we sampled include representative
species with a lifetime aquatic index of 1 (e.g., the live-bearing ter-
restrial caecilian Schistometopum thomense) through 3 (e.g., the fully
aquatic African clawed frogs, Silurana epitropicalis; Table S1). We re-
covered a trend of increasing prevalence with higher lifetime aquatic
index from 1 to 2.5 (Figure 2a); however, the trend does not con-
tinue with aquatic index 3 (African clawed frogs) and is therefore not

significant (p > .05). Species richness was a significant predictor of

amphibian community estimates of Bd prevalence (p < .05, Figure 2b);
Bd prevalence increased with species richness. We did not find a re-
lationship between Bd prevalence in amphibian communities and ele-
vation (p > .05).

3.2 | ITS1 haplotype diversity

We successfully sequenced ITS1 from 36 Bd-positive samples using
the nested PCR approaches and obtained multiple ITS1 clones from
an additional eight Bd-positive samples (6 clones per sample) result-
ing in 1-5 unique ITS1 haplotypes per sample. We found 16 unique
ITS1 haplotypes across the 44 sequenced Bd-positive samples, the
most common of which were BZhap01 and BZhap02 (names fol-

low Rodriguez et al., 2014). These two haplotypes are members of
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(a) Bd prevalence (Clopper-Pearson confidence intervals a = 0.05) with respect to lifetime aquatic index. Representative species

for each class of lifetime aquatic index: Schistometopum thomensis, Leptopelis aubryi, Hylarana albolabris, Petropedetes palmipes, and Silurana
epitropicalis (Photos A. Stanbridge and B. Stuart). (b) Bd prevalence with respect to species richness in 23 amphibian communities sampled in
Principe (blue circles), Sdo Tomé (yellow triangles), Bioko (red squares), and Gabon (stars)

the BdGPL lineage and were present at the eight sites for which we
obtained Bd sequences, which include localities in Bioko, Sdo Tomé,
Principe, and Gabon (Figure 3, Table S2). Four of the remaining low-
frequency haplotypes we recovered are identical to those reported
in previous surveys of ITS1 haplotype diversity in the neotropics
(Longo et al., 2013; Rodriguez et al., 2014). We also recovered nine
novel haplotypes with high sequence similarity to BdGPL haplotypes
sequenced in previous studies (0.6%-4.5% sequence divergence) and
one highly divergent haplotype (PR02; 15.4% sequence divergence)
that does not match any of the Bd genomes sequenced to date. The
ITS alignment is available in the online supporting information.

4 | DISCUSSION

The overall prevalence of Bd in the amphibian communities we sam-
pled is similar to that of surveys in recent and historical Bd-positive
communities in continental Africa and is consistent with a long-term
and widespread distribution of Bd in African amphibians (Doherty-
Bone et al., 2013; Jongsma et al., 2016; Kielgast et al., 2010; Soto-
Azat et al., 2010; Weldon, Du Preez, Hyatt, Muller, & Speare, 2004).
Bd has yet to be detected in wild amphibian populations west of the
Dahomey Gap in West Africa (Penner et al., 2013) or in the Seychelles
(Labisko et al., 2015) despite a diversity of potential hosts and suitable
environmental conditions. This pattern may reflect prominent biogeo-
graphic barriers (the Indian Ocean and the dry forest-savannah mosaic
across the Dahomey Gap) that delimit distinct amphibian assemblages,
and thus potentially restrict Bd dispersal. Our results confirm that Bd
successfully colonized the land-bridge island Bioko and the oceanic
islands of Sdo Tomé and Principe, although it is unclear whether
the pathogen arrived with its hosts or independently colonized the
islands. Furthermore, although our sampling of museum specimens
included only a few individuals collected in the Gulf of Guinea archi-

pelago prior to 1998 because few historical samples are available in

museum collections, one of these individuals was Bd-positive indicat-
ing that the pathogen has been on Bioko for at least 50 years. Surveys
for Bd in Madagascar over the last 10 years first detected the patho-
gen in 2010; however, it is unclear whether Bd only recently colonized
the island or if seasonal variation in detection probability produced
false negative results in earlier surveys (Bletz et al., 2015). Thus, lim-
ited sampling and seasonal variation may also explain negative results
of Bd surveys in West Africa and in some regions of Gabon (Daversa,
Bosch, & Jeffery, 2011; Gratwicke et al., 2011; Penner et al., 2013).
Although infection intensity is a key component of Bd-amphibian
disease dynamics (Becker et al., 2014; Vredenburg et al., 2010), the
effects of specimen preservation and unknown ITS copy number in
Central African Bd preclude us from estimating pathogen load in our
samples. Thus, we focused on whether Bd prevalence in amphibian
communities is correlated with species life history, species richness,
and/or elevation. The emerging consensus in the Bd literature is that
life history traits such as aquatic index are important predictors of
susceptibility (James et al., 2015), yet we found modest support for
a relationship between aquatic index and Bd prevalence in Central
African amphibians. Bd prevalence in terrestrial species that reproduce
via direct development or give birth to live young (aquatic index = 1)
was lower than that of riparian species with aquatic larvae (aquatic
index = 2.5) but comparable to species that are fully aquatic (aquatic
index = 3). This pattern may be due in part to taxonomic bias in our
sampling of fully aquatic species, which was primarily represented by
the genera Silurana and Xenopus that typically exhibit low prevalence
and infection intensity in natural populations (Kielgast et al., 2010;
Soto-Azat et al., 2010; Weldon et al., 2004). Riparian species with
aquatic larvae (aquatic index = 2.5) have high infection intensities in
field surveys in Kenya (Kielgast et al., 2010) and Gabon (Jongsma et al.,
2016) indicating that species with these life histories are highly suscep-
tible to Bd infections. Although no studies to date have linked African
amphibian declines to chytridiomycosis and individuals with high

Bd loads appear asymptomatic (Jongsma et al., 2016; Kielgast et al.,
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2010), studies in Central American, South American, and Australian
amphibian communities demonstrate that species with aquatic larvae
are more likely to decline (Carvalho, Becker, & Toledo, 2017; Hero &
Morrison, 2004; Lips et al., 2008), and those that are tolerant may
spread Bd between aquatic and terrestrial habitats (Brem & Lips,
2008). Our results indicate that there is potential for these same dis-
ease dynamics to operate in Central African amphibian communities.
The dilution effect, whereby a diverse assemblage of amphibian
hosts reduces Bd infection, is particularly likely when pathogen trans-
mission is frequency-dependent and the most abundant and wide-
spread species are noncompetent hosts (Keesing et al., 2006). Our
surveys of Bd prevalence reveal that amphibian communities in the
Lower Guinean forests include many competent and widely distributed
host species, and correspondingly, we found a positive relationship be-
tween Bd prevalence and species richness. This pattern of pathogen
augmentation is consistent with field studies of Bd prevalence in Costa
Rica and Australia (Becker & Zamudio, 2011), indicating that dilution

and amplification of pathogen prevalence in wild populations may be
predictable based on host species traits (Venesky et al., 2013). We did
not find a significant relationship between elevation and Bd preva-
lence across our sample sites; however, our sampling was biased to
primarily lowland sites and does not include as wide an elevational
range as previous studies in Central and East Africa that found a sig-
nificantly higher Bd prevalence at higher elevations (Hirschfeld et al.,
2016; Kielgast et al., 2010).

DNA sequencing of the pathogen revealed that BAGPL—the most
widespread and virulent lineage (Farrer et al., 2011)—is present in all
four amphibian assemblages we sampled, and we did not recover any
haplotypes indicative of other global Bd lineages sequenced to date.
Although the presence of BAGPL is often equated with a recent in-
vasion of this virulent lineage, we recovered high haplotype diversity
across our modest sample size, including a number of low-frequency
haplotypes identified in previous studies (Longo et al., 2013; Rodriguez
et al., 2014) as well as several novel haplotypes. This result, along with
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our early record of Bd on Bioko Island (1966) indicates that BAGPL likely
has a historical presence in continental Central Africa and the Gulf of
Guinea islands. Characterizing Bd lineages present in other African am-
phibian assemblages is an important next step for understanding the
history of this pathogen across the continent and will be essential for
predicting whether Bd poses a threat to African amphibians.

ACKNOWLEDGMENTS

We thank J. Vindum and R. C. Drewes for granting access to amphib-
ians in the CAS collections and M. Gray for laboratory assistance. For
fieldwork in Gabon we thank the Centre National de la Recherche
Scientifique et Technologique and Agence Nationale des Parcs
Nationaux for research permits, the Direction de la Faune et des
Aéres Protégées for export permits, the Wildlife Conservation Society
Gabon Program for logistical support, and B. Stuart, N. Emba-Yao, F.
Moiniyoko, B. Hylayre, E. Ekomy, A. Dibata, T. Ogombet, U. Eyagui,
P. Endazokou, for assistance in the field. For fieldwork on Sdo0 Tomé
and Principe we thank the Ministry of Environment (Director General
A. de Ceita Carvalho, V. Bonfim, and S. Sousa Pontes) for permission
to collect and export specimens for study, STeP Up Sdo Tomé (E. N.
Seligman, R. dos Santos, and Q. Quade Cabral) and HBD of Bom Bom
Island Resort and the Omali Lodge for logistical support, and R. C.
Drewes, A. Stanbridge, J. P. Pio, B. Simison, and V. Schnoll for assis-
tance in the field. Funding for this study was provided by grants from
the American Philosophical Society, Cornell University, and a National
Geographical Young Explorer’s Grant (to R.C.B.); Sigma Xi, Andrew W.
Mellon Student Research Grant, and a Cornell Herpetological Society
Founder's Award (to. M.E.H.); the California Academy of Sciences Gulf
of Guinea Fund.

AUTHOR CONTRIBUTIONS

M.E.H. and R.C.B designed the project; R.C.B. collected data from field
samples; M.E.H. collected data from museum samples; M.E.H., AV.L.,
G.V.A,,D.R.,and R.C.B. collected and analyzed the data; M.E.H.,R.C.B.,
and K.R.Z. contributed funding to the project; M.E.H. and R.C.B. wrote

the manuscript with input from all authors.

CONFLICT OF INTEREST

None declared.

REFERENCES

Annis, S. L., Dastoor, F. P, Ziel, H., Daszak, P., & Longcore, J. E. (2004).
A DNA-Based assay identifies Batrachochytrium dendrobatidis in
amphibians. Journal of Wildlife Diseases, 40, 420-428. https:/doi.
org/10.7589/0090-3558-40.3.420

Balaz, V., Kopecky, O., & Gvozdik, V. (2012). Presence of the amphibian
chytrid pathogen confirmed in Cameroon. The Herpetological Journal,
22,191-194.

Bataille, A., Fong, J. J., Cha, M., Wogan, G. O. U., Baek, H. J,, Lee, H., ...
Waldman, B. (2013). Genetic evidence for a high diversity and wide

distribution of endemic strains of the pathogenic chytrid fungus
Batrachochytrium dendrobatidis in wild Asian amphibians. Molecular
Ecology, 22, 4196-4209. https://doi.org/10.1111/mec.12385

Becker, C. G., Rodriguez, D., Longo, A. V., Talaba, A. L., & Zamudio, K. R.
(2012). Disease risk in temperate amphibian populations is higher
at closed-canopy sites. PLoS ONE, 7, e48205-e48207. https:/doi.
org/10.1371/journal.pone.0048205

Becker, C. G., Rodriguez, D., Toledo, L. F., Longo, A. V., Lambertini, C.,
Correa, D. T,, ... Zamudio, K. R. (2014). Partitioning the net effect of
host diversity on an emerging amphibian pathogen. Proceedings of the
Royal Society of London, Series B: Biological Sciences, 281, 20141796.
https://doi.org/10.1098/rspbh.2014.1796

Becker, C. G., & Zamudio, K. R. (2011). Tropical amphibian populations
experience higher disease risk in natural habitats. Proceedings of the
National Academy of Sciences of the United States of America, 108, 9893~
9898. https://doi.org/10.1073/pnas.1014497108

Bell, R. C. (2016). A new species of Hyperolius (Amphibia: Hyperoliidae)
from Principe Island, Democratic Republic of Sdo Tomé and Principe.
Herpetologica, 72, 343-351.

Bell, R. C., Drewes, R. C., Channing, A., Gvozdik, V., Kielgast, J., Loetters, S.,
... Zamudio, K. R. (2015). Overseas dispersal of Hyperolius reed frogs
from Central Africa to the oceanic islands of S30 Tomé and Principe.
Journal of Biogeography, 42, 65-75. https://doi.org/10.1111/jbi.12412

Bell, R. C., Gata Garcia, A. V., Stuart, B. L., & Zamudio, K. R. (2011). High
prevalence of the amphibian chytrid pathogen in Gabon. EcoHealth, 8,
116-120. https:/doi.org/10.1007/s10393-010-0364-4

Berger, L., Speare, R., Daszak, P., Green, D. E., Cunningham, A. A., Goggin,
C.L.,... Parkes, H. (1998). Chytridiomycosis causes amphibian mortality
associated with population declines in the rain forests of Australia and
Central America. Proceedings of the National Academy of Sciences of the
United States of America, 95, 9031-9036.

Bletz, M. C.,, Rosa, G. M., Andreone, F., Courtois, E. A., Schmeller, D. S.,
Rabibisoa, N. H. C,, ... Crottini, A. (2015). Widespread presence of the
pathogenic fungus Batrachochytrium dendrobatidis in wild amphibian
communities in Madagascar. Scientific Reports, 5, 8633-8710. https:/
doi.org/10.1038/srep08633

Boyle, D. G., Boyle, D. B., Olsen, V., Morgan, J. A. T., & Hyatt, A. D. (2004).
Rapid quantitative detection of chytridiomycosis (Batrachochytrium
dendrobatidis) in amphibian samples using real-time Tagman PCR assay.
Diseases of Aquatic Organisms, 60, 141-148. https://doi.org/10.3354/
dao060141

Brem, F., & Lips, K. R. (2008). Batrachochytrium dendrobatidis infection pat-
terns among Panamanian amphibian species, habitats and elevations
during epizootic and enzootic stages. Diseases of Aquatic Organisms, 81,
189-202. https:/doi.org/10.3354/dao01960

Carvalho, T., Becker, C. G., & Toledo, L. F. (2017). Historical amphib-
ian declines and extinctions in Brazil linked to chytridiomyco-
sis. Proceedings of the Royal Society of London, Series B: Biological
Sciences, 284, 20162254-20162259. https:/doi.org/10.1098/
rspb.2016.2254

Cheng, T. L., Rovito, S. M., Wake, D. B., & Vredenburg, V. T.(2011). Coincident
mass extirpation of neotropical amphibians with the emergence of the
infectious fungal pathogen Batrachochytrium dendrobatidis. Proceedings
of the National Academy of Sciences of the United States of America, 108,
9502-9507.

Clement, M., Posada, D., & Crandall, K. A. (2000). TCS: A computer program
to estimate gene genealogies. Molecular Ecology, 9, 1657-1659.

Crawford, A. J., Lips, K. R., Bermingham, E., & Wake, D. B. (2010). Epidemic
disease decimates amphibian abundance, species diversity, and evo-
lutionary history in the highlands of central Panama. Proceedings of
the National Academy of Sciences of the United States of America, 107,
13777-13782.

Daversa, D., Bosch, J., & Jeffery, K. (2011). First survey of the chytrid
fungus, Batrachochytrium dendrobatidis, in amphibian populations of
Gabon, Africa. Herpetological Review, 42, 67-69.


https://doi.org/10.7589/0090-3558-40.3.420
https://doi.org/10.7589/0090-3558-40.3.420
https://doi.org/10.1111/mec.12385
https://doi.org/10.1371/journal.pone.0048205
https://doi.org/10.1371/journal.pone.0048205
https://doi.org/10.1098/rspb.2014.1796
https://doi.org/10.1073/pnas.1014497108
https://doi.org/10.1111/jbi.12412
https://doi.org/10.1007/s10393-010-0364-4
https://doi.org/10.1038/srep08633
https://doi.org/10.1038/srep08633
https://doi.org/10.3354/dao060141
https://doi.org/10.3354/dao060141
https://doi.org/10.3354/dao01960
https://doi.org/10.1098/rspb.2016.2254
https://doi.org/10.1098/rspb.2016.2254

HYDEMAN ET AL

DiRenzo, G. V., Langhammer, P. F., Zamudio, K. R, & Lips, K. R. (2014).
Fungal infection intensity and zoospore output of Atelopus zeteki, a po-
tential acute chytrid supershedder. PLoS ONE, 9, €93356. https:/doi.
org/10.1371/journal.pone.0093356

Doherty-Bone, T. M., Gonwouo, N. L., Hirschfeld, M., Ohst, T., Weldon,
C., Perkins, M., ... Cunningham, A. A. (2013). Batrachochytrium dendro-
batidis in amphibians of Cameroon, including first records for caecilians.
Diseases of Aquatic Organisms, 102, 187-194. https://doi.org/10.3354/
dao02557

Farrer, R. A., Weinert, L. A,, Bielby, J., Garner, T. W. J., Balloux, F., Clare,
F., ... Fisher, M. C. (2011). Multiple emergences of genetically diverse
amphibian-infecting chytrids include a globalized hypervirulent recom-
binant lineage. Proceedings of the National Academy of Sciences of the
United States of America, 108, 18732-18736. https://doi.org/10.1073/
pnas.1111915108

Goka, K., Yokoyama, J., Une, Y., Kuroki, T., Suzuki, K., Nakahara, M., ... Hyatt,
A. D. (2009). Amphibian chytridiomycosis in Japan: Distribution, hap-
lotypes and possible route of entry into Japan. Molecular Ecology, 18,
4757-4774. https://doi.org/10.1111/j.1365-294X.2009.04384.x

Gratwicke, B., Alonso, A., Elie, T., Kolowski, J., Lock, J., Rotzel, N., ...
Fleischer, R. C. (2011). Batrachochytrium dendrobatidis not detected
on amphibians from two lowland sites in Gabon, Africa. Herpetological
Review, 42, 69.

Hero, J. M., & Morrison, C. (2004). Frog declines in Australia: Global impli-
cations. Herpetological Journal, 14, 175-186.

Hirschfeld, M., Blackburn, D. C., Doherty-Bone, T. M., Gonwouo, L.
N., Ghose, S., & Rodel, M.-O. (2016). Dramatic declines of mon-
tane frogs in a Central African biodiversity hotspot. PLoS ONE,
11, e0155129-e0155137. https:/doi.org/10.1371/journal.
pone.0155129

Hyatt, A. D., Boyle, D. G., Olsen, V., Boyle, D. B., Berger, L., Obendorf, D.,
... Coiling, A. (2007). Diagnostic assays and sampling protocols for
the detection of Batrachochytrium dendrobatidis. Diseases of Aquatic
Organisms, 73, 175-192. https://doi.org/10.3354/dao073175

Hydeman, M. E., Bell, R. C., Drewes, R. C., & Zamudio, K. R. (2013).
Amphibian chytrid fungus confirmed in endemic frogs and caeci-
lians on the island of Sdo Tomé, Africa. Herpetological Review, 44,
254-257.

Imasuen, A. A, Aisien, M. S. O., Weldon, C,, Dalton, D. L., Kotze, A. O., &
du Preez, L. H. (2011). Occurrence of Batrachochytrium dendrobatidis in
amphibian populations of Okomu National Park, Nigeria. Herpetological
Review, 42, 379-382.

James, T. Y., Toledo, L. F., Rodder, D., da Silva Leite, D., Belasen, A. M.,
Betancourt-Roman, C. M,, ... Longcore, J. E. (2015). Disentangling host,
pathogen, and environmental determinants of a recently emerged
wildlife disease: Lessons from the first 15 years of amphibian chyt-
ridiomycosis research. Ecology and Evolution, https:/doi.org/10.1002/
ece3.1672

Jenkins, C. N., Pimm, S. L., & Joppa, L. N. (2013). Global patterns of terres-
trial vertebrate diversity and conservation. Proceedings of the National
Academy of Sciences of the United States of America, 110, E2602-E2610.
https://doi.org/10.1073/pnas.1302251110

Jones, P. J. (1994). Biodiversity in the Gulf of Guinea: An overview.
Biodiversity and Conservation, 3, 772-784. https://doi.org/10.1007/
BF00129657

Jongsma, G., Bamba Kaya, A., Yoga, J.-A., Mbega, J.-D., Mve Beh, J.-H.,
Tobi, E., ... Blackburn, D. C. (2016). Widespread presence and high
prevalence of Batrachochytrium dendrobatidis in Gabon. Herpetological
Review, 47, 227-230.

Keesing, F., Holt, R. D., & Ostfeld, R. S. (2006). Effects of species di-
versity on disease risk. Ecology Letters, 9, 485-498. https:/doi.
org/10.1111/j.1461-0248.2006.00885.x

Kielgast, J., Rédder, D., Veith, M., & Lotters, S. (2010). Widespread occur-
rence of the amphibian chytrid fungus in Kenya. Animal Conservation,
13, 36-43. https://doi.org/10.1111/j.1469-1795.2009.00297.x

Fcology and Evolution o 7737
& WILEY- 7

Kriger, K. M., & Hero, J.-M. (2007). The chytrid fungus Batrachochytrium
dendrobatidis is non-randomly distributed across amphibian breed-
ing habitats. Diversity and Distributions, 13, 781-788. https:/doi.
org/10.1111/j.1472-4642.2007.00394.x

Labisko, J., Maddock, S. T., Taylor, M. L., Chong-Seng, L., Gower, D. J.,
Wynne, F. J., ... Bradfield, K. S. (2015). Chytrid fungus (Batrachochytrium
dendrobatidis) undetected in the two orders of Seychelles amphibians.
Herpetological Review, 46, 41-45.

Lips, K. R., Brem, F., Brenes, R., Reeve, J. D., Alford, R. A., Voyles, J., ... Collins,
J. P.(2006). Emerging infectious disease and the loss of biodiversity in a
Neotropical amphibian community. Proceedings of the National Academy
of Sciences of the United States of America, 103, 3165-3170. https:/doi.
org/10.1073/pnas.0506889103

Lips, K. R., Diffendorfer, J., Mendelson, J. R., & Sears, M. W. (2008). Riding
the wave: Reconciling the roles of disease and climate change in am-
phibian declines. PLoS Biology, 6, €72. https://doi.org/10.1371/journal.
pbio.0060072

Lips, K. R., Reeve, J. D., & Witters, L. R. (2003). Ecological traits predict-
ing amphibian population declines in Central America. Conservation
Biology, 17, 1078-1088.

Lloyd-Smith, J. O., Schreiber, S. J., Kopp, P. E.,, & Getz, W. M. (2005).
Superspreading and the effect of individual variation on disease emer-
gence. Nature, 438, 355-359. https://doi.org/10.1038/nature04153

Longo, A. V. Burrowes, P. A, & Joglar, R. L. (2010). Seasonality of
Batrachochytrium dendrobatidis infection in direct-developing frogs
suggests a mechanism for persistence. Diseases of Aquatic Organisms,
92,253-260. https://doi.org/10.3354/dao02054

Longo, A. V., Rodriguez, D., da Silva Leite, D., Toledo, L. F., Mendoza
Almeralla, C., Burrowes, P. A., & Zamudio, K. R. (2013). ITS1 copy hum-
ber varies among Batrachochytrium dendrobatidis strains: Implications
for gPCR estimates of infection intensity from field-collected amphib-
ian skin swabs. PLoS ONE, 8, e59499. https://doi.org/10.1371/journal.
pone.0059499

McMahon, T. A,, Sears, B. F., Venesky, M. D., Bessler, S. M., Brown, J. M.,
Deutsch, K., ... Rohr, J. R. (2014). Amphibians acquire resistance to live
and dead fungus overcoming fungal immunosuppression. Nature, 511,
224-227. https://doi.org/10.1038/nature13491

Measey, G. J., Vences, M., Drewes, R. C., Chiari, Y., Melo, M., & Bourles, B.
(2007). Freshwater paths across the ocean: Molecular phylogeny of the
frog Ptychadena newtoni gives insights into amphibian colonization of
oceanic islands. Journal of Biogeography, 34, 7-20.

Meyers, J. B., Rosendahl, B. R., Harrison, C. G., & Ding, Z.-D. (1998). Deep-
imaging seismic and gravity results from the offshore Cameroon Volcanic
Line, and speculation of African hotlines. Tectonophysics, 284, 31-63.

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A., & Kent,
J. (2000). Biodiversity hotspots for conservation priorities. Nature, 403,
853-858. https://doi.org/10.1038/35002501

Olson, D. H., Aanensen, D. M., Ronnenberg, K. L., Powell, C. I., Walker, S.
F., Bielby, J., ... Fischer, M. C. (2013). Mapping the global rmergence
of Batrachochytrium dendrobatidis, the amphibian chytrid fungus. PLoS
ONE, 8, 6802-6813. https://doi.org/10.1371/journal.pone.0056802

Penner, J., Adum, G. B., McElroy, M. T., Doherty-Bone, T., Hirschfeld,
M., Sandberger, L., ... Rodel, M.-O. (2013). West Africa - a safe
haven for frogs? A sub-continental assessment of the chytrid fun-
gus (Batrachochytrium dendrobatidis). PLoS ONE, 8, e56236-e56239.
https://doi.org/10.1371/journal.pone.0056236

Piotrowski, J. S., Annis, S. L., & Longcore, J. E. (2004). Physiology of
Batrachochytrium dendrobatidis, a chytrid pathogen of amphibians.
Mycologia, 96, 9-15.

R Core Team (2015). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. URL
http:/www.R-project.org/.

Reeder, N., Cheng, T. L., Vredenburg, V. T., & Blackburn, D. C. (2011). Survey
of the chytrid fungus Batrachochytrium dendrobatidis from montane
and lowland frogs in eastern Nigeria. Herpetology Notes, 4, 83-86.


https://doi.org/10.1371/journal.pone.0093356
https://doi.org/10.1371/journal.pone.0093356
https://doi.org/10.3354/dao02557
https://doi.org/10.3354/dao02557
https://doi.org/10.1073/pnas.1111915108
https://doi.org/10.1073/pnas.1111915108
https://doi.org/10.1111/j.1365-294X.2009.04384.x
https://doi.org/10.1371/journal.pone.0155129
https://doi.org/10.1371/journal.pone.0155129
https://doi.org/10.3354/dao073175
https://doi.org/10.1002/ece3.1672
https://doi.org/10.1002/ece3.1672
https://doi.org/10.1073/pnas.1302251110
https://doi.org/10.1007/BF00129657
https://doi.org/10.1007/BF00129657
https://doi.org/10.1111/j.1461-0248.2006.00885.x
https://doi.org/10.1111/j.1461-0248.2006.00885.x
https://doi.org/10.1111/j.1469-1795.2009.00297.x
https://doi.org/10.1111/j.1472-4642.2007.00394.x
https://doi.org/10.1111/j.1472-4642.2007.00394.x
https://doi.org/10.1073/pnas.0506889103
https://doi.org/10.1073/pnas.0506889103
https://doi.org/10.1371/journal.pbio.0060072
https://doi.org/10.1371/journal.pbio.0060072
https://doi.org/10.1038/nature04153
https://doi.org/10.3354/dao02054
https://doi.org/10.1371/journal.pone.0059499
https://doi.org/10.1371/journal.pone.0059499
https://doi.org/10.1038/nature13491
https://doi.org/10.1038/35002501
https://doi.org/10.1371/journal.pone.0056802
https://doi.org/10.1371/journal.pone.0056236
http://www.R-project.org/

HYDEMAN ET AL

7738 WI LEY—ECOlOgy and Evolution

Open Access,

Reeder, N., Pessier, A. P., & Vredenburg, V. T. (2012). A reservoir species
for the emerging amphibian pathogen Batrachochytrium dendrobatidis
thrives in a landscape decimated by disease. PLoS ONE, 7, e33567.
https://doi.org/10.1371/journal.pone.0033567

Rodriguez, D., Becker, C. G., Pupin, N. C., Haddad, C. F. B., & Zamudio, K.
R. (2014). Long-term endemism of two highly divergent lineages of
the amphibian-killing fungus in the Atlantic Forest of Brazil. Molecular
Ecology, 23, 774-787. https://doi.org/10.1111/mec.12615

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

Savage, A. E., & Zamudio, K. R. (2011). MHC genotypes associate with re-
sistance to a frog-killing fungus. Proceedings of the National Academy of
Sciences of the United States of America, 108, 16705-16710. https:/doi.
org/10.1073/pnas.1106893108

Schloegel, L. M., Ferreira, C. M., James, T. Y., Hipolito, M., Longcore, J.
E., Hyatt, A. D., ... Daszak, P. (2010). The North American bullfrog
as a reservoir for the spread of Batrachochytrium dendrobatidis in
Brazil. Animal Conservation, 13, 53-61. https:/doi.org/10.1111/
j.1469-1795.2009.00307.x

Schloegel, L. M., Toledo, L. F., Longcore, J. E., Greenspan, S. E., Vieira,
C. A, Lee, M., ... James, T. Y. (2012). Novel, panzootic and hybrid
genotypes of amphibian chytridiomycosis associated with the
bullfrog trade. Molecular Ecology, 21, 5162-5177. https:/doi.
org/10.1111/j.1365-294X.2012.05710.x

Searle, C. L., Biga, L. M., Spatafora, J. W., & Blaustein, A. R. (2011). A dilu-
tion effect in the emerging amphibian pathogen Batrachochytrium den-
drobatidis. Proceedings of the National Academy of Sciences of the United
States of America, 108, 16322-16326.

Skerratt, L. F., Berger, L., Speare, R., Cashins, S., McDonald, K. R., Phillott,
A. D, ... Kenyon, N. (2007). Spread of chytridiomycosis has caused the
rapid global decline and extinction of frogs. EcoHealth, 4, 125-134.
https:/doi.org/10.1007/s10393-007-0093-5

Soto-Azat, C., Clarke, B. T., Poynton, J. C., & Cunningham, A. A. (2010).
Widespread historical presence of Batrachochytrium dendrobatidis in
African pipid frogs. Diversity and Distributions, 16, 126-131. https:/doi.
org/10.1111/j.1472-4642.2009.00618.x

Streicker, D. G., Fenton, A., & Pedersen, A. B. (2013). Differential sources
of host species heterogeneity influence the transmission and

control of multihost parasites. Ecology Letters, 16, 975-984. https://doi.
org/10.1111/ele. 12122

Uyeda, J. C., Drewes, R. C., & Zimkus, B. M. (2007). The California Academy
of Sciences Gulf of Guinea Expeditions (2001, 2006): a new species
of Phrynobatrachus from the Gulf of Guinea Islands and a reanalysis
of Phrynobatrachus dispar and P. feae (Anura: Phrynobatrachidae).
Proceedings-California Academy of Sciences, 58, 367-385.

Venesky, M. D,, Liu, X., Sauer, E. L., & Rohr, J. R. (2013). Linking manipulative
experiments to field data to test the dilution effect. Journal of Animal
Ecology, 83, 557-565. https://doi.org/10.1111/1365-2656.12159

Vredenburg, V. T., Knapp, R. A, Tunstall, T. S., & Briggs, C. J. (2010).
Dynamics of an emerging disease drive large-scale amphibian popula-
tion extinctions. Proceedings of the National Academy of Sciences of the
United States of America, 107, 9689-9694. https://doi.org/10.1073/
pnas.0914111107

Walker, S. F., Bosch, J., James, T. Y., Litvintseva, A. P,, Oliver Valls, J. A., Pifia,
S., ... Fisher, M. C. (2008). Invasive pathogens threaten species recovery
programs. Current Biology, 18, R853-R854. https:/doi.org/10.1016/j.
cub.2008.07.033

Weldon, C., Du Preez, L. H., Hyatt, A. D., Muller, R., & Speare, R. (2004).
Origin of the amphibian chytrid fungus. Emerging Infectious Diseases,
10, 2100-2105.

Woodhams, D. C., & Alford, R. A. (2005). Ecology of chytridiomycosis in rain-
forest stream frog assemblages of tropical Queensland. Conservation
Biology, 19, 1449-1459.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Hydeman ME, Longo AV, Velo-Antén G,
Rodriguez D, Zamudio KR, Bell RC. Prevalence and genetic
diversity of Batrachochytrium dendrobatidis in Central African
island and continental amphibian communities. Ecol Evol.
2017;7:7729-7738. https://doi.org/10.1002/ece3.3309



https://doi.org/10.1371/journal.pone.0033567
https://doi.org/10.1111/mec.12615
https://doi.org/10.1073/pnas.1106893108
https://doi.org/10.1073/pnas.1106893108
https://doi.org/10.1111/j.1469-1795.2009.00307.x
https://doi.org/10.1111/j.1469-1795.2009.00307.x
https://doi.org/10.1111/j.1365-294X.2012.05710.x
https://doi.org/10.1111/j.1365-294X.2012.05710.x
https://doi.org/10.1007/s10393-007-0093-5
https://doi.org/10.1111/j.1472-4642.2009.00618.x
https://doi.org/10.1111/j.1472-4642.2009.00618.x
https://doi.org/10.1111/ele.12122
https://doi.org/10.1111/ele.12122
https://doi.org/10.1111/1365-2656.12159
https://doi.org/10.1073/pnas.0914111107
https://doi.org/10.1073/pnas.0914111107
https://doi.org/10.1016/j.cub.2008.07.033
https://doi.org/10.1016/j.cub.2008.07.033
https://doi.org/10.1002/ece3.3309

