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Abstract	

	

Global amphibian declines have been attributed to several factors including the chytrid fungal 

pathogen, Batrachochytrium dendrobatidis (Bd), which infects hosts’ skin causing death by 

inhibiting the immune response and impairing the osmoregulatory function. The pathogen 

appears to be more problematic at mid and high elevations, and species with specific life-history 

traits are often considered the most vulnerable. Recent studies have suggested that cutaneous-

associated microbiota, as well as the presence of antimicrobial peptides in the skin might act as 

strong barriers that limit colonization and growth of the chytrid fungus. These two mechanisms 

might help explain why some species can survive Bd without signs of the disease; meanwhile 

other species quickly succumb to the infection. In Colombia, despite recent reports on the 

presence of Bd, little is known about the geographic distribution of the pathogen or the spatial 

extent of disease. In my thesis, I undertook a broad survey of Bd in wild amphibian populations 

using non-invasive molecular techniques, and using natural history traits of the host along with 

spatial climatic parameters. I found that Bd is geographically and taxonomically widely 

distributed, and its presence is best explained by environmental parameters related to 

temperature and precipitation. Since Bd was also detected in lowland species of the threatened 

genus Atelopus, I examined whether the species tested positive for Bd harbor cutaneous 

symbiotic bacteria capable of inhibiting Bd growth, allowing them to survive. Atelopus aff. 

elegans was the only species that tested positive for Bd, and holds the skin bacteria with the 

strongest anti-Bd action. This suggests that bacterial communities may have resulted from 

natural selection represented by Bd infection. In order to evaluate whether Bd can be considered 

as a potential threat for Atelopus species, I also assessed Bd prevalence and infection intensity by 

examining live animals during contemporary field surveys and archived museum specimens. My 

results showed a decrease in abundance of A. spurrelli suggesting that Bd may have contributed 

to the apparent decline. In contrast, A. aff. elegans remain stable despite the presence of the 

pathogen fitting an enzootic pattern of host/pathogen dynamic. I also evaluated the impact of 

captivity on the beneficial skin-associated bacterial community. Currently, the only method that 

has been proposed as an effective way to avoid the extinction of amphibian species is the 

establishment of captive assurance colonies. Therefore it is imperative to understand and 

evaluate how captivity could affect the disease dynamics and outcomes. Interestingly, I found 
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that frogs in captivity still harbor bacteria with anti-Bd activity suggesting that captivity 

programs do not necessarily change bacterial communities of the toad skin in a way that impedes 

Bd growth control. Lastly, using as a study model two sympatric species of Andean frogs, 

Dendropsophus labialis and Rheobates palmatus, I provided key information on how microbial – 

pathogen interactions differ across life stages, and how changes in bacterial community 

composition may affect the response to Bd infection. This thesis highlights the importance of 

using holistic approaches to better understand disease outcomes in diverse frog species and 

environments, and informs of possible mitigation efforts that can be implemented in the near 

future to help control and reduce Bd outbreaks.	
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Introduction  
 
Amphibians are the most threatened group of vertebrates, with approximately one-third of the 

species classified as threatened by the International Union for Conservation of Nature Red List 

(IUCN) (Hoffman et al. 2010). Drastic declines in amphibian populations have been linked to a 

variety of factors including habitat destruction, climate change, introduction of exotic species 

(Alford & Richards 1999; Pounds & Puschendorf 2004) and perhaps the most insidious threat 

coming from the microscopic fungus Batrachochytrium dendrobatidis (Bd) (Berger et al. 1998; 

Daszak et al. 1999; Longcore et al. 1999). This last one is considered to be the main cause of 

decline of many amphibian populations worldwide (Skerratt et al. 2007; Fisher et al. 2009). Until 

recently, Bd was considered the only known chytrid fungus affecting vertebrates (Martel et al. 

2013). Bd affects the frogs’ skin, impairing osmorregulatory processes and causing electrolyte 

imbalance that can lead to death (Voyles et al. 2009). In addition, Bd inhibits the host’s immune 

response (Fites et al. 2013). Signs of the disease known as chytridiomycosis include abnormal 

posture, lethargy, and loss of righting reflex. Individuals also can experience excessive epidermal 

sloughing, hemorrhages and hyperemia (Daszak et al. 1999). 

Amphibian declines caused by Bd were first noted in tropical montane sites in Australia 

and Central America (Bradford 1991; Laurance et al. 1996; Berger et al. 1998; Lips 1998). 

Under laboratory conditions, Bd thrives at cool temperatures between 17 – 23 ºC and cannot 

tolerate desiccation at any point in its life cycle (Piotrowski et al. 2004). Both aspects allegedly 

contribute to explain why chytridiomycosis appears particularly problematic for mid- to high 

elevation populations (Daszak et al. 1999) and for species living alongside streams (Woodhams 

& Alford 2005; Kriger & Hero 2007). Although much research has been focused on montane 

declines, a growing body of evidence suggests that Bd may also be widespread and abundant in 

lowland amphibian populations, despite amphibian declines being rarely observed in the 

lowlands (Puschendorf et al. 2006; Woodhams et al. 2008; Kilburn et al. 2010).  

Although many amphibian species have experienced dramatic declines caused by the 

chytrid fungus, others are less or not affected by Bd and might be considered as asymptomatic 

carriers of the pathogen (Daszak et al. 2004; Reeder et al. 2012). The fact that the infection by 

the fungus does not cause death to all the infected species (Searle et al. 2011) suggests that some 

species may have different strategies that allow them to cope with the pathogen. Previous studies 
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have reported that various factors are related to the resistance/susceptibility to chytridiomycosis. 

These include characteristics of the host immune system (Carey et al. 1999), peptides secreted by 

the skin (Rollins-Smith et al. 2009), environmental conditions, and characteristics of the species 

life history (Lips 1998). Also, interspecific differences in behavior may explain why some 

species decline while others are healthy and stable (Rowley & Alford 2007). 

Microbial communities on the skin of amphibians could play an important role as a 

defense mechanism and are considered the first line of defense against different pathogens 

(McKenzie et al. 2012). A large number of cutaneous bacteria are known to inhibit Bd growth 

(Harris et al. 2006; Woodhams et al. 2015). This is probably due to the presence of antifungal 

compounds secreted by these symbionts (Bletz et al. 2013). In controlled experiments, increasing 

the amount of these beneficial bacteria greatly reduces mortality rates (Harris et al. 2009; Becker 

& Harris 2010). Although many studies report bacterial species with antifungal activity, little is 

known about the ecology of microbial communities inhabiting the frogs, how they are structured 

(in terms of abundance and diversity), and how the environment affects them.  

Although Bd has been implicated in the decimation and extinction of many amphibian 

populations worldwide, especially at mid and high elevations, it has more recently been detected 

in the lowlands (Puschendorf et al. 2006; Woodhams et al. 2008; Kilburn et al. 2010). In 

Chapter 1, I presented evidence of Bd at sea level in the lowland forests of Gorgona Island (off 

the Pacific coast of Colombia), extending its elevational range (Flechas et al. 2012). In addition, 

based on data collected from multiple field surveys and from museum specimens, I evaluated the 

impact of Bd on three Atelopus species (Flechas et al. 2015), which belong to one of the most 

endangered group of amphibians worldwide (Rueda-Almonacid. et al. 2005). Knowing that Bd is 

also distributed in the lowlands of Colombia, I was interested in determining how widely is Bd 

distributed in the country, which species is affecting and what environmental variables and life 

history traits can predict the presence/absence of the pathogen. In partnership with other research 

groups in the country, I undertook a regional survey of Bd in wild amphibian populations using 

non-invasive molecular techniques, which allowed me to increase the sensitivity and to detect a 

large proportion of infected individuals. Using the obtained data, I generated a distribution model 

with the current distribution of Bd in Colombia. In addition, I used information on reproductive 

mode of each sampled individual and environmental parameters of each positive locality to more 
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accurately predict areas with suitable conditions for Bd and recognize threatened groups (Flechas 

et al. submitted to Biotropica). In Colombia, chytrid infections have been previously reported in 

frogs from two sites in the eastern (Ruiz & Rueda-Almonacid 2008) and various sites in the 

western Andes (Velásquez-Escobar et al. 2008; Urbina & Galeano 2011). Although, Bd has been 

present in the country since at least 1994 (date of the oldest record, Velásquez-Escobar et al. 

2008), there was no information about the genetic diversity.  As a by-product of my research, I 

characterized the first Bd strain for Colombia and compared my findings with published reports 

on strains from other areas of the globe (Flechas et al. 2013). 

The genus Atelopus, a species-rich Neotropical genus of toads, is one of the most 

threatened genera, with widespread declines reported for 60% - 80% of species (La Marca et al. 

2005). Recent evidence suggests that Bd is implicated in the extirpation of many populations and 

species of this genus (La Marca et al. 2005; Lips et al. 2008; Lampo et al. 2012). The losses 

seem to be associated with certain life history traits, such as breeding in permanent streams, and 

their narrow geographic distributions (Lips et al. 2005; Bielby et al. 2008; Lötters et al. 2009). 

The highest number of Atelopus species (i.e.,~30 out of 110; Lötters 1996) occur in Colombia, 

but it is also the country with the highest number of data-deficient species (Rueda-Almonacid et 

al. 2005). Nearly all of the 33 species of Atelopus have declined sharply, yet four lowland 

species persist at altitudes varying from 0 – 600 meters (Rueda-Almonacid et al. 2005). For at 

least one species, A. elegans from Gorgona Island, I have evidence that the pathogen has been 

present for at least fifteen years without causing obvious disease or declines. Among the various 

factors that may account for the persistence of A. elegans individuals, I hypothesized that 

cutaneous symbiotic bacteria may be a contributing factor to disease resistance in this 

population.  

In Chapter 2, I am studying the role of skin microbial communities as a defense 

mechanism against Bd, using toads of the threatened genus Atelopus as a model system. I tested 

whether the frog A. elegans harbored cutaneous bacteria capable of inhibiting Bd growth, and 

compared the antifungal bacterial communities found in A. elegans with two other Atelopus 

species that persist in the lowlands without evidence of Bd infection. In addition, I compared the 

anti-Bd activity exhibited by each isolated morphotype among the three Atelopus species 

(Flechas et al. 2012). So far, conservation strategies have been focused on establishing and 
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maintaining captive assurance colonies to protect species from extinction, mainly those species 

belonging to susceptible groups. Thus, it becomes crucially important to determine the effect of 

conditions imposed by the captivity programs on toads’ skin microbiota, where exposure to 

different bacteria through environmental transmission or mediated by interactions with other 

individuals is considerably reduced (Antwis et al. 2014). By determining whether amphibians are 

losing or gaining bacteria with antifungal properties during captivity, we will be able to adapt 

management plans according to the conditions of each species. To eventually evidence an effect 

of captivity on frog-microbiota interactions, I estimated the diversity of bacterial assemblages of 

three Atelopus species using culture-dependent methods, and examined changes in the anti-Bd 

properties of bacterial isolates before and after entering an ex situ conservation program (Flechas 

et al. to be submitted to Biological Conservation). 

The fact that infection by the pathogenic fungus does not always cause death to hosts 

suggests that some populations and species may possess traits that allow them to cope with the 

pathogen. Current research with temperate species shows that, indeed, resistance to Bd may be 

conferred by the microbial communities found in amphibian skin (i.e., the ‘skin microbiota’) 

(Woodhams et al. 2007; Harris et al. 2009; Becker & Harris 2010). Understanding the origin of 

this microbiota becomes key to developing effective conservation strategies to reduce disease-

induced amphibian declines. While the obvious explanation may be that frogs pick up skin 

bacteria from their environment, the few available studies suggest that the composition of 

microbial communities varies by host species, not habitat (McKenzie et al. 2012; Kueneman et 

al. 2013). How this variation among species arises in frogs sharing the same environment is 

unknown. Therefore, we need to understand the mechanism by which frogs differentially acquire 

bacteria and whether bacterial assemblages change ontogenetically from tadpoles to adult frogs.  

In an effort to understand the ecology of disease resistance, in Chapter 3, I am studying 

two sympatric species of frogs from the Colombian Andes, the high-Andean frog 

(Dendropsophus labialis) and the rocket frog (Rheobates palmatus). My results have revealed 

differences in infection rates among life stages (larvae/metamorph/adult). I therefore 

hypothesized that this variation in infection prevalence could be due to differences in their 

microbiome composition, and that the diversity and abundance of bacteria species may vary by 

life stage and host species. I further compared Bd infection rates and determined whether an 
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individual frog’s microbial community composition was correlated with disease dynamics 

(Flechas et al. in prep). Aside from the microbes present on amphibian skin, antimicrobial 

peptides (AMPs) may well play an important role in protection against invasive pathogens 

including Bd (Rollins-Smith & Conlon 2005). AMPs are produced by the granular glands and are 

considered key components of the innate immune system (Nicolas & Mor 1995). Due to their 

structure, peptides have the ability to disrupt membranes, perturbing the phospholipid bilayer of 

the targets, killing the invaders (Simmaco et al. 1998). Species with peptides that inhibit Bd in 

vitro appear to be resistant to the pathogen (Woodhams et al 2006), and various studies showed 

that the composition of AMPs in each species may predict whether they survive or decline when 

affected by Bd under natural conditions (Rollins-Smith & Woodhams 2011). However, we still 

need to understand the role of the AMPs structuring bacterial communities and determine how 

the interaction among skin microbes, AMPs, and the environment can maintain functionally 

stable communities. Bacteria from each life stage and species of amphibians were tested against 

different peptides sources in growth inhibition assays in order to determine their role defining 

skin bacterial communities. We found that AMPs and bacteria are facilitating the survival of D. 

labialis and R. palmatus despite the high Bd prevalence. In addition, our data suggest that 

bacteria colonizing the skin are largely antifungal and also resistant to the effects of host skin 

peptides. The results from this chapter will allow improving our understanding on how these two 

defense mechanisms (symbiotic bacteria and AMPs) interact and modulate the host response to 

the fungal pathogen.  
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CHAPTER I 
 
 
 

THE FROG PATHOGEN BATRACHOCHYTRIUM DENDROBATIDIS 

IN COLOMBIA 
 

 
Clockwise	from	bottom	left:	Pristimantis	achatinus,	Atelopus	aff.	elegans,		Pleurodema	brachyops,	
and	three	species	from	Gorgona	Island:	Atelopus	aff.	elegans,	Colostethus	aff.	fraterdanieli	and	
Epipedobates	boulengeri 
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Bd on the beach: High prevalence of Batrachochytrium dendrobatidis in the lowland forests 

of Gorgona Island (Colombia, South America) 

 

Abstract 

The amphibian chytrid fungus, Batrachochytrium dendrobatidis, Bd, has been implicated in the 

decimation and extinction of many amphibian populations worldwide, especially at mid and high 

elevations. Recent studies have demonstrated the presence of the pathogen in the lowlands from 

Australia and Central America. We extend here its elevational range by demonstrating its 

presence at the sea level, in the lowland forests of Gorgona Island, off the Pacific coast of 

Colombia. We conducted two field surveys, separated by four years, and diagnosed Bd by 

performing polymerase chain reaction (PCR) on swab samples from the skin of five amphibian 

species. All species, including the Critically Endangered Atelopus elegans, tested positive for the 

pathogen, with prevalences between 3.9% in A. elegans (in 2010) and 52% in Pristimantis 

achatinus. Clinical signs of chytridiomycosis were not detected in any species. To our 

knowledge, this is the first report of B. dendrobatidis in tropical lowlands at sea level, where 

temperatures may exceed optimal growth temperatures of this pathogen. This finding highlights 

the need to understand the mechanisms allowing the interaction between frogs and pathogen in 

lowland ecosystems. 
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Although the Neotropics host about half of the world’s amphibian species (Duellman 1999) , 

many populations from tropical America seem to be threatened by a complex synergistic 

interaction among different factors, including habitat loss (Stuart et al. 2004; Eterovick et al. 

2005; Becker et al. 2007), climate change (Pounds et al. 2006; Bosch et al. 2007; Pounds & 

Coloma 2008) and emergent diseases (Carey et al. 1999; Lips et al. 2005; Green et al. 2010). 

Chytridiomycosis, an infectious disease caused by the pathogenic fungus Batrachochytrium 

dendrobatidis (hereafter, Bd; Longcore et al., 1999), has become a major threat in amphibians 

and has allegedly caused populations’ decline and extinction worldwide (Lips et al. 2006; 

Skerratt et al. 2007; Rödder et al. 2009; Crawford et al. 2010). 

Even though the presence of Bd has been reported in wild amphibian populations from all 

continents (Morgan et al. 2007), chytridiomycosis has long believed to be particularly prevalent 

in anurans from mid and high elevations (Lips et al. 2003; La Marca et al. 2005; Kriger & Hero 

2008). Some authors have argued that temperature could be the most important factor behind this 

pattern, given that Bd grows best at cool temperatures (i.e., 15-23ºC; Longcore et al. 1999; Lips 

et al. 2003; Piotrowski et al. 2004), while other studies suggest that tropical amphibians 

inhabiting higher elevations are more susceptible to chytridiomycosis due to reduced or 

suppressed immune responses at lower ambient temperatures, where the opportunities to 

thermoregulate are restricted (Carey et al. 1999). Nevertheless, evidence of Bd infections in 

lowland (between 45 - 100 masl) amphibian populations has recently increased (Beard & ONeill 

2005; Carnaval et al. 2006; Puschendorf et al. 2006; Brem & Lips 2008; Kriger & Hero 2008; 

Kilburn et al. 2010) and yet, the extent to which this pathogen can cause lethal disease at lower 

elevations in the tropics is not well known. Furthermore, studies on Neotropical low-relief off-

shore islands are scarce.  One study suggested that Bd may not occur on Bastimentos Island 

(Panama) because (1) the unsuitable environmental conditions, and (2) the Bd inability to reach a 

remote island	(Richards et al. 2008). 

Atelopus, a species-rich Neotropical genus of toads, is one of the most threatened genera 

with widespread declines reported for 60% - 80% of the species (La Marca et al. 2005; Blaustein 

& Dobson 2006; Pounds et al. 2006). Recent evidence suggests that Bd is implicated in the 

decimation of many populations and species of this genus, and the losses seem to be associated 

with certain life history traits, such as breeding in permanent streams and their narrow 

geographic distributions (Bielby et al. 2008; Lötters et al. 2009). Colombia is the Neotropical 
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country with the highest number of Atelopus species (i.e.,~30 out of 110; Lötters, 1996), but is 

also the country with the highest number of data-deficient species (Rueda-Almonacid et al. 

2005). Here, we report the presence of Bd in five frog species inhabiting the lowland forests of 

Gorgona Island. 

Gorgona National Natural Park is located on an island, 56 km off Colombia’s Pacific coast 

between 2°47’ - 3°6’ North and 78°6’ - 78°18’ West (Fig. 1). Gorgona rises to 330 masl and 

comprises an area of 1,568 ha, with primary and secondary forests covering 85% of the territory. 

Mean annual temperature, rainfall and relative humidity are 27ºC, 6694 mm and 85.2%, 

respectively (Rangel, 1995; Blanco, 2009). There are six reported species of anurans in Gorgona 

(Urbina & Londoño 2003): Atelopus elegans and Rhinella sp. (Bufonidae), Diasporus gularis 

(Eleutherodactylidae), Pristimantis achatinus plus P. rosadoi (Strabomantidae), and 

Epipedobates boulengeri (Dendrobatidae).We reported here for the first time a seventh species 

on Gorgona Island, Colostethus aff. fraterdanieli (Dendrobatidae). Although A. elegans on 

Gorgona Island could be recognized as a distinct species, A. gracilis (Rueda-Almonacid et al., 

2005; Coloma et al., 2010) we use the latter name here, pending a formal taxonomic treatment.   

Since our main focus was to test for Bd infection on Atelopus toads, we surveyed four main 

streams on the island: 1) Pizarro, 2) El Poeta, 3) El Poblado, and 4) La Chonta from July 12 to 

21, 2007, and between July 27 and 31, 2010. Additionally, forest surveys were made to 

maximize the number of individuals and species covered by this study. In total, about 1.7 km 

were surveyed along streams and 3.4 km along forest trails. We measured the temperature of 

each animal using an infrared thermometer pointing to the frog dorsal surface or the exact place 

where we had collected the individual. To avoid pseudoreplication, individuals of Atelopus 

elegans were photographed dorsal and ventrally to allow identification. Other species were 

bagged during sample collection, and released upon completion of each stream survey. In all 

cases, streams were surveyed only once. To determine infection status, animals were collected 

with clean, decontaminated equipment, individually handled with fresh disposable gloves, and 

placed in individual containers prior to obtaining the samples. Each animal was swabbed by 

running a cotton swab ten times over the ventral surface, the inner thigh area and the plantar 

surface of the hind feet webbing for a total of 50 strokes. Cotton swabs were preserved in 96% 

ethanol and stored at -20˚C until processing. We sampled 244 individuals from five anuran 

species, collected between 6 and 115 masl, during 126 Search Effort Hours (i.e., search time 
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multiplied by the number of searchers) in the first survey and 93 Search Effort Hours in the 

second survey. Individuals of P. rosadoi and Rhinella sp. were not found in our surveys.  

DNA was extracted from swab samples using GeneReleaser® (Bioventures Inc., Carlsbad, 

California), after which an end-point PCR was conducted following the protocol described by 

Annis (2004) slightly modified. The amplifications were performed with the following steps: an 

initial 2 min denaturation at 95ºC followed by 35 cycles of DNA amplification (i.e., 45 sec at 

95ºC, 45 sec at 55ºC, and 1 min at 72ºC). A final extension at 72ºC for 10 min completed the 

amplifications. The amplified fragments were separated by electrophoresis through 1% agarose 

gels.  

Infection by Bd was detected in all five species sampled. Among 244 individuals, 41 (17%) 

tested positive for Bd (Table 1). In 2007, 15 of 78 (19%) individuals of Atelopus elegans tested 

positive for Bd. In 2010, only 4 of 103 (3.8%) were positive for Bd. Signs of chytridiomycosis 

were not detected (i.e., abnormal posture, lethargy, loss of righting reflex; Daszak et al., 1999). 

In 2010, the prevalence of Bd ranged from 3.9% in A. elegans to 52% in P. achatinus.  

A variety of outcomes are possible for amphibians infected with Bd, ranging from no 

impact to massive mortality, extirpation or even extinction (Daszak et al. 1999; 2003). We found 

no symptomatic individuals and, after four years since the first survey was conducted, we were 

unable to detect obvious changes in abundance for the most intensively searched species, A. 

elegans. However, we can not rule out the possibility that other amphibian species, such as 

salamanders or caecilians, also reported on the island (Urbina & Londoño 2003) have been 

decimated without our noticing. Also, we could be witnessing a post-decline event, with 

populations that are now recovering. The lack of systematic population surveys on Gorgona 

Island makes it hard to compare amphibians’ abundance between years as to test whether there 

was a population gradual or sudden decline. The surveys should take into account the strong 

seasonality and migrating behavior associated with reproduction in A. elegans (Atuesta, 2003). 

Atelopus may have not declined, because the high temperature regime experienced in 

Gorgona might help control the pathogen. Also, the Gorgona Bd lineage may be less virulent 

than other strains, which could explain the persistence of Atelopus despite the infection. The 

growth rate of Bd in the skin and the survival of zoospores outside the host are likely to be lower 

in amphibians from warmer lowland regions (Daszak et al. 1999; Bustamante et al. 2010). 
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Moreover, we recorded body temperatures between 23.0ºC and 26.8ºC, which had been 

suggested to be out of the optimal range of Bd (Piotrowski et al. 2004). Since we still do not 

know how severe the infection (i.e. zoospores load per frog) is, quantitative analyses are needed 

to provide better information about the pathogen-host dynamics under this thermal environment. 

On the other hand, even if the frogs are exposed to high infection levels, their resistance to the 

pathogen may depend upon skin bacteria with anti-Bd activity or antimicrobial peptides 

(Woodhams et al. 2011).  

Species’ life histories could also be related with decline events (Bielby et al. 2008; Rödder 

et al. 2009). For example, in Australia, species associated with streams are more threatened than 

species with terrestrial reproductive systems (Hero & Morrison 2004). Kriger and Hero (2007), 

also found that frogs breeding in permanent water bodies were more infected with Bd than frogs 

breeding in ephemeral or terrestrial habitats. In addition, their study showed that species 

associated with permanent streams were more likely to be infected with the pathogen than those 

reproducing in permanent ponds. In Gorgona, we found at least three reproductive modes 

involving different levels of water independence. Pristimantis achatinus and D. gularis are 

species with direct development, E. boulengeri and C. aff. fraterdanieli deposit the tadpoles in 

small temporal water bodies until they reach metamorphosis, and A. elegans is a species highly 

dependent on stream water bodies for its reproduction. Nevertheless, we found that all species, 

despite the remarkable differences in life-history traits, are infected by this pathogen. 

Interestingly, the species with water-independent habits were those with the highest prevalence 

of Bd (Table 1). The fact that all species studied were infected with Bd, regardless of their 

dependence on water, could be explained by the small size of the island, since the frogs cannot 

avoid water bodies, thus increasing the risk of being exposed to Bd.  

Our study yields two important results. First, we extend the distribution range of Bd to sea 

level on a Neotropical island, Gorgona National Natural Park. Second, we show that the 

pathogen has been present on the island since at least 2007. The coexistence of the harlequin 

toads and Bd, suggests that these toads are apparently the only infected species of Atelopus, 

which does not suffer for Bd-related declines. Finally, our data can be used as a baseline to 

further study the dynamics of Bd infection and the complex interaction between this pathogen 

and frogs. 
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Fig.	1.	Approximate geographic location of the study area in Colombia (A), the Southwest 

Colombian coast (B) and the Gorgona Island (C).	
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Table 1. Chytrid prevalence among anuran species on Gorgona Island. Prevalence calculated as 

percent of individuals infected. 95% confidence intervals based on a binomial sampling 

distribution. 

 

Species Year 
collected 

Total number of 
frogs sampled 

Tested 
positive Prevalence 

95% 
Confidence 

Interval  

2007 78 15 19% 11% – 30% 
Atelopus elegans 

2010 103 4 3.9% 1.1% – 9.6% 
Epipedobates boulengeri 2010 20 7 35% 15% – 59% 
Colostethus aff. 
fraterdanieli 2010 2 1 50% 1.2% – 99% 

Diasporus gularis 2010 22 4 18% 5.2% – 40% 

Pristimantis achatinus 2010 19 10 52% 29% – 76% 

Total individuals sampled 2010 166 26 15.7% 11% – 22% 
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Infection prevalence in three lowland species of harlequin toads  

from the threatened genus Atelopus 

 

Atelopus, a species-rich Neotropical genus within the family Bufonidae (Lötters 1996), is 

distributed from Costa Rica south to Bolivia and eastward into the Guyanas (La Marca et al. 

2005). Despite declines and disappearances of Atelopus species occurring before 

Batrachochytrium dendrobatidis (hereafter, Bd) was described (Longcore et al. 1999), Bd has 

been implicated in losses (La Marca et al. 2005; Lampo et al. 2006). The majority of these 

species occur in the Andes Range above 1500 m, and are considered one of the most threatened 

genera of amphibians worldwide. At least 71% (69 of 97) of Atelopus species are listed as 

Critically Endangered or Extinct (IUCN 2015). Still, many species have uncertain conservation 

status because they remain undescribed (Coloma et al. 2010) or because they require systematic 

revision (Lötters et al. 2011). The most affected species within the genus occur along mid-to-

high elevation streams with nearly 75% of those species facing serious declines (La Marca et al. 

2005). Colombia harbors the highest number of Atelopus species (Lötters 1996) and, similar to 

other parts of its distribution, nearly all species that occur in the mid-to-high elevations have 

declined sharply (Rueda-Almonacid et al. 2005). In the Colombian lowlands, however, species 

still persist at altitudes ranging from 0 – 600 m and there are no reported declines in this group 

(Rueda-Almonacid et al. 2005). This difference in survival is usually attributed to Bd not being 

able to survive well at lower elevations, which in the tropics usually means higher and less 

variable environmental temperatures. In order to evaluate whether Bd can be considered as a 

potential threat for Atelopus species, we assessed Bd prevalence and infection intensity on three 

lowland species that occurring between 5-115 m elevation, examining live animals during 

contemporary field surveys in 2007 to 2012 and archived museum specimens collected between 

1968 and 2000.  

We studied three Atelopus species occurring in three different localities in the coastal 

forests of Colombia (Fig. 1). We visited each site 3-5 times between 2007 and 2012 (Table 1). 

Atelopus aff. elegans, from Gorgona Island (2.966667ºN, 78.166667ºW; elevation 6-115 m) was 

sampled three times (July 2007, July 2010 and June 2012). Atelopus spurrelli, in the 



	

	 14	

municipality of Arusí (5.566667ºN, 77.5ºW; 90 m) on the Pacific coast was sampled five times 

(May and November 2009, June and September 2011 and June 2012). Atelopus aff. limosus, an 

undescribed species occurring near the municipality of Capurganá (8.6°N, 773333°W; 150 m), 

close to the border between Panama and Colombia, was sampled three times (September 2008, 

October 2009 and July 2012).  

Survey teams composed of 2-5 people conducted field trips to each locality for 2-8 days 

per trip. To maximize capture success, we surveyed along streams and along forest trails using 

visual encounter surveys (Heyer et al. 1994). For each animal we collected the following 

information to look for potential patterns in Bd occurrence: sex and life-stage (male, female; 

adult, juvenile), snout-vent length (mm), and weight (g). To examine the hypothesis that lowland 

conditions may be unsuitable for Bd occurrence, body temperature was measured using an 

infrared thermometer (OAKTON ® InfraPro) with a resolution of 0.2ºC. We pointed the laser to 

the frog’s dorsal surface or the exact place where the individual was perched before handling at a 

distance of 50 cm.  

To determine infection status and to avoid cross contamination, animals were collected 

using clean, decontaminated equipment, individually handled with fresh disposable gloves, and 

placed in individual bags prior to obtaining the skin swab samples. Each animal was sampled by 

running a synthetic cotton swab (skin swabs) over the ventral surface, the inner thigh area and 

the plantar surface of the hind-feet webbing for a total of 50 strokes. Skin swabs were preserved 

either in 96% ethanol or were air dried and stored at -20˚C until processed. To diagnose Bd 

infection we used two techniques: end-point PCR and Real-time TaqMan PCR – qPCR. When 

we started the surveys our main goal was simply to determine Bd presence and thus we ran end-

point PCR and qPCR assay to determine presence/absence of the pathogen. Starting in 2012 we 

performed qPCR assay, to test not only for the presence of Bd but also for the infection intensity 

(pathogen load) and report it as the relative number of zoospores (Zoospore Equivalents, ZE) on 

each animal.  

For end-point PCR, DNA was extracted using GeneReleaser® (Bioventures Inc., Carlsbad, 

California, USA). We used the primers developed by Annis et al. (2004) to amplify the ITS1-

ITS2 region specifically in B. dendrobatidis: Bd1a (5’- CAGTGTGCCATATGTCACG-3’) and 

Bd2a (5’-CATGGTTCATATCTGTCCAG-3’). Amplifications were performed in an MJ 
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Research Peltier Thermal Cycler (PTC-200), as follows: an initial 2 min denaturation at 95ºC, 

followed by 35 cycles of DNA amplification (45 sec at 95ºC, 45 sec at 55ºC, and 1 min at 72ºC), 

and a final extension at 72ºC for 10 min completed the amplifications. Each reaction consisted of 

0.5 µL of each primer (1 µM), 3.0 µL of doubly distilled DNA-free water, 6 µL of GoTaq® 

Green Master Mix (1X; Promega) and 2 µL of the DNA extract. The amplified fragments were 

separated by electrophoresis in 1% agarose gels. The qPCR assay was performed using a BIO-

RAD PCR machine (to diagnose) and an Applied BioSystems 7300 Real Time PCR System (to 

quantify zoospore loads). For the qPCR, DNA was extracted using PrepMan Ultra. Extractions 

and qPCR’s were performed following the methods described by Hyatt et al. (2007) and Boyle et 

al. (2004). Each reaction consisted of 0.45 µL of each primer (50 µM), 5.975 µl of water, 12.5 µl 

of TaqMan, 0.625 µL of MGB Probe and 5 µl of the DNA template. To quantify infection 

intensity we used standards of known concentrations and negative controls. 

To determine the historical presence of Bd, we swabbed museum specimens of A. spurrelli 

and A. aff. elegans. Specimens for A. aff. limosus were not available (Table 2). We used the 

molecular methods and protocols described by Cheng et al. (2011). In order to decrease the 

chances of contamination we rinsed each frog with 70% EtOH and we used fresh gloves for each 

frog handled. We ran a synthetic cotton swab (MWE 113) over the ventral surface, inner thighs, 

abdomen, and between toes for a total of 30 strokes. DNA was extracted using Prepman Ultra. 

Each sample was run in triplicate by using qPCR assay following Boyle et al. (2004) using an 

Applied BioSystems 7300 Real Time PCR System. 

We analyzed skin swabs from a total of 658 individuals collected during the field surveys, 

including 308 A. aff. elegans, 178 A. aff. limosus, and 172 A. spurrelli (Table 1). We analysed 

for Bd presence with 384 samples (end-point PCR and qPCR), and Bd zoospore equivalents or 

infection intensity with 274 swabs (qPCR assay). In total we detected Bd in 6 (3.5%) A. spurrelli 

and 27 (8.7%) A. aff. elegans. We have infection intensity data for four samples taken in 2012: 

one male A. spurrelli (16.9 ZE), two males (63 and 65.5 ZE) and one juvenile (726 ZE) A. aff. 

elegans. Per sample date, the prevalence of the infection (i.e., the number of infected animals out 

of the total number of individuals sampled) was very low, ranging from 1% – 11% in A. spurrelli 

and from 2% – 19% in A. aff. elegans (no Bd-positive A. aff. limosus). From 2007 to 2012, the 

prevalence of Bd in A. aff. elegans dropped steadily (Table 1), (G-test test of independence with 
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Williams’ correction, c2
df=2 = 19.792, P = 5.037 × 10-5), conversely there was not a discernible 

pattern in the prevalence of Bd in A. spurrelli during that same time frame (G-test, c2
df=4 = 2.325, 

P = 0.6762) (Fig. 2). Visual checks of animals that were released after capture did not reveal any 

signs of chytridiomycosis in any species. We found that Bd prevalence was not influenced by 

body size (N = 658, Z = 1.067, P = 0.286). However, in A. aff. elegans the prevalence was 

higher for males (chi-square=11.412, df=2, P=0.003). Frog body temperatures ranged between 

23.2 – 28.2ºC (  = 25.1 ºC) in A. aff. elegans, 22.6 – 29.3ºC (  = 25.2ºC) in A. aff. limosus and 

22.5 – 28. 5ºC (  = 25.4ºC) in A. spurrelli. We detected differences in body temperature among 

surveys only for A. aff. limosus (F=136.5, P <0.01). To provide a retrospective view of Bd 

emergence, we swabbed available museum specimens: 128 formalin-preserved specimens of A. 

spurrelli collected between 1968 and 1983 and 137 A. aff. elegans collected between 1968 and 

2000 (Table 2). We detected Bd presence in three (12%) A. aff. elegans collected in 2000.  

Visual encounter surveys showed that from 2009 to 2012, A. spurrelli were encountered at 

a much lower rate. We spent approximately 168 h (person hours) surveying for individuals of A. 

aff. elegans, and 414 h and 468 h for individuals of A. aff. limosus and A. spurrelli respectively. 

By the end of the study, A. spurrelli were difficult to find despite intense effort (Table 1). Our 

findings suggest a decrease in abundance of A. spurrelli during the course of our study. We first 

detected Bd in one of 74 frogs sampled in 2009 in the wild, then in the following surveys (2009–

2012), A. spurrelli became increasingly harder to find. Although we acknowledge that we did not 

conduct systematic population abundance monitoring, we did not detect chytridiomycosis and Bd 

prevalence from our samples was low, we hypothesize that Bd may have contributed to the 

apparent decline. We cannot rule out the possibility that this drop in abundance over the time 

frame sampled might be due to other factors, including natural population variation (Pechmann 

et al. 1991). The apparent decline of A. spurrelli is puzzling due to the presence of cutaneous 

bacteria with antifungal properties (Flechas et al. 2012), the fact that these frogs occur in an 

environment with relatively high temperatures (22.6 – 29.3ºC) which may be unsuitable for 

optimal Bd growth (Johnson et al. 2003; Piotrowski et al. 2004), and no observed habitat 

degradation or other stressors. Based on our retrospective study of museum specimens, we found 

no evidence of Bd presence in this species before the first positive record in 2009. Unfortunately, 

the lack of systematic population surveys makes it hard to compare abundances between years, 

which would allow for detecting gradual versus sudden population collapse. Other species of 
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Atelopus have declined due to habitat destruction and not Bd (Tarvin et al. 2014), but we found 

no indication of habitat alteration or disturbance in our study area. Therefore we suggest that 

systematic surveys (population monitoring and disease diagnostics) be conducted to assess the 

current status of A. spurrelli from Arusí in order to more accurately estimate future trajectories 

for this population. 

A recent study conducted on the same three Atelopus species that are the focus here 

revealed that A. aff. elegans, the species that we found to be most common despite Bd infection, 

harbors the highest proportion of bacterial isolates with anti-Bd activity; these bacteria also 

exhibited the strongest anti-Bd effect (Flechas et al. 2012). An alternative explanation for species 

survival when exposed to lethal strains of Bd could be an environmental effect that limits Bd 

growth (Rowley & Alford 2007; Bustamante et al. 2010; Zumbado-Ulate et al. 2014). Various 

studies have proposed the existence of climatic refugia from chytridiomycosis-driven amphibian 

declines (Puschendorf et al. 2011; 2013) as a mechanism to allow susceptible species to persist 

despite infection (Puschendorf et al. 2005). Our three study species occur in tropical coastal 

forests that exhibit high temperatures, above the optimal physiological range of the pathogen 

(Johnson et al. 2003; Piotrowski et al. 2004). This temperature regime might limit Bd growth 

causing a decrease in zoospores production, thereby slowing transmission rates and allowing 

individuals the time to mount an immune response or simply tolerate the pathogen. However, we 

suggest that when the pathogen first arrives it could cause high mortality in the naïve 

populations. 

Knowing the relative time frame of the emergence of a pathogen in host populations is 

important for understanding present-day disease dynamics (Briggs et al. 2010; Vredenburg et al. 

2010). For example, host pathogen dynamics can move from unstable dynamics soon after 

pathogens emerge in naïve host populations (e.g., epizootic state) to more stable dynamics long 

after emergence events (e.g., enzootic state). As part of our study, we provide a retrospective 

view of Bd emergence in two of our three study species (specimens were not available for the 

third species). We sampled museum specimens using a molecular technique that has been shown 

to accurately reflect Bd presence or absence in specimens collected up to a century ago (Cheng et 

al. 2011; Rodriguez et al. 2014). We first detected Bd in three of 25 individuals of A. aff. elegans 

collected in 2000. Since there is a lack of sampling between 1987 and 2000, we cannot discard 

the possibility that Bd arrived to the island earlier. The elapsed time could fit an enzootic pattern 
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of host/pathogen dynamic, where A. aff. elegans populations remain stable despite the presence 

of the pathogen.  

Atelopus aff. limosus, our third study species, occurs near the border between Colombia 

and Panamá. This species is believed to have a wider distribution in the Darién region of Panamá 

(R. Ibáñez pers. comm.), and this area was considered until recently one of the last Bd-free areas 

in Central America (Rebollar et al. 2014). Our data from 2008 to 2012 did not find any evidence 

of Bd, supporting the idea that the pathogen has not arrived to Capurganá. However, the situation 

is critical because Bd was detected in 2012 in the Darién Province in Panamá (Rebollar et al. 

2014) very close (~50 km) to our study site in Colombia. We predict that Bd will spread across 

the Colombian border very soon. The fact that this is a Bd-naïve area and the high infection 

susceptibility reported for the genus, we believe that Bd may have a considerable impact on the 

Atelopus aff. limosus population. However, we also expect that the suboptimal environmental 

conditions (i.e., high temperatures) will limit Bd growth and colonization rate, which may allow 

for host tolerance of the infection or evolution of host resistance allowing for coexistence 

between host and pathogen. 
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Fig. 1. Map of Colombia, showing the locations of the field sites: (!) Atelopus aff. elegans, (") 

Atelopus aff. limosus and (#) Atelopus spurrelli. A. aff. elegans is restricted to Gorgona Island 

near the Pacific Coast of Colombia, the distribution of A. aff. limosus is unknown and the 

stippled area is the distribution of A. spurrelli according to the IUCN. 
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Fig. 2. Prevalence of infection over time for the three Atelopus species. Lines indicate the 

credible intervals. 
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Table 1. Batrachochytrium dendrobatidis (Bd) prevalence among three lowland Atelopus species in Colombia. The number in 

parenthesis represents the number of Bd- positive individuals. p/h = person/hours. Prevalence CI 95% = Prevalence of infection, in 

parenthesis are the Bayesian Credible Intervals based on 95% confidence. 

 

Sex and Life Stage  
Species Date 

Female Male Juvenile 

Search  
Effort 
(p/h) 

Total  Prevalence  
 CI 95% Technique 

Jul 2007 15 (4) 57 (10) 6 (1) 144 78 (15) 19 (11.6–29) PCR 
Jul 2010 12 (2) 25 (5) 46 (2) 150 83 (9)  10.7 (5.4–18.6) PCR 
Jun 2012 5 (0) 60 (2) 82 (1) 120 147 (3) 2 (0.5–5.3) qPCR Atelopus aff. elegans 

 308 (27)  8.7 (5.9–12.2)  
May 2009 1 (0) 67 (1) 6 (0) 96 74 (1) 1 (0.1–6.1) PCR 
Nov 2009 3 (0) 40 (1) 2 (1) 60 45 (2) 4 (0.9–13.5) PCR 
Jun 2011 0 (0) 9 (1) 0 (0) 72 9 (1) 11 (1.2–41.4) PCR 
Sep 2011 1 (0) 4 (1) 7 (0) 96 12 (1) 8 (0.9–32.8) PCR 
Jun 2012 3 (0) 9 (1) 20 (0) 144 32 (1) 3 (0.3–13.6) qPCR 

Atelopus spurrelli 

 172 (6) 3.4 (1.4–7.0)  
Sep 2008 1 (0) 8 (0) 2 (0) 48 11 (0) 0 (0–15.6) PCR 
Oct 2009 0 (0) 61 (0) 11 (0) 48 72 (0) 0 (0–2.6) PCR 
Jul 2012 8 (0) 87 (0) 0 (0) 72 95 (0) 0 (0–1.9) qPCR Atelopus aff. limosus 

 178 (0) 0 (0–1.0)  
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Table 2. Museum specimens swabbed. The asterisk (*) indicates the year when Bd was first 

detected. 

 

 

 

 

 

 

 

 

 

 

Species Year # ind. 
swabbed 

# ind.  
Bd-positives 

1968 54 0 
1977 1 0	
1978 12 0	
1985 24 0	
1986 20 0	
1987 1 0	

Atelopus aff. elegans 

2000* 25 3	
1968 6 0	
1969 91 0	Atelopus spurrelli 
1983 31 0	



	

	 26	

Flechas,	S.	V.,	et	al.	Submitted	to	Biotropica.	May	2016.	

 

Current and predicted distribution of the pathogenic fungus Batrachochytrium 

dendrobatidis in Colombia, a hotspot of amphibian biodiversity 

 

Sandra V. Flechas, Andrea Paz, Andrew J. Crawford, Carolina Sarmiento, 
Aldemar A. Acevedo, Alejandro Arboleda, Wilmar Bolívar-García,  

Claudia L. Echeverry-Sandoval, Rosmery Franco, Cindy Mojica, Amanda Muñoz,  
Pablo Palacios-Rodríguez, Andrés M. Posso-Terranova, Paulina Quintero-Marín,  

Luis A. Rueda-Solano1, Fernando Castro-H., & Adolfo Amézquita 
 

 

Abstract  

Global amphibian declines have been attributed to several factors including the chytrid 

fungal pathogen Batrachochytrium dendrobatidis (Bd) that infects hosts’ skin and causes 

death by the inhibiting immune response and impairing the osmoregulatory function. Here, 

we integrate new field data with previously published locality records of Bd in Colombia, a 

megadiverse and environmentally heterogeneous country in northwestern South America, 

to determine the relative importance of environmental variables and reproductive mode for 

predicting the risk of Bd infection in amphibians. We surveyed 81 localities across 

Colombia and sampled 2876 individual amphibians belonging to 14 taxonomic families. 

Through a combination of end-point PCR and real-time PCR analyses, Bd was detected in 

338 individuals (12%) representing 43 localities (53%) distributed from sea level to 3200 

m. We found that the annual mean temperature and variables related with seasonality in 

precipitation and temperature appeared to define the most suitable areas for the 

establishment of the pathogen. In addition, prevalence of infection appeared to be higher in 

species with a terrestrial reproductive mode. Our study provides the first large-scale study 

of the current and potential distribution of Bd in the biodiversity hotspot centered on 

Colombia. We hope the newly provided information on the extent of the distribution of the 

pathogen and the potential areas where Bd can establish and have an impact on the 

amphibian fauna will inform decision-making by the environmental authorities and 

promote the development of new conservation policies. 
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Amphibians have experienced dramatic declines in many areas of the globe, with over two 

hundred species suffering recent extinctions (Hoffman et al. 2010; Stuart et al. 2004). 

Population declines and extinctions have been attributed to several factors including habitat 

loss, increased ultraviolet radiation, chemical pollution, overexploitation, and epizootic 

diseases (Alford and Richards, 1999; Blaustein and Kiesecker, 2002; Collins and Storfer, 

2003; Hof et al. 2011; Tarvin et al. 2014). The latter threat arises principally from the 

emerging fungal pathogen, Batrachochytrium dendrobatidis (hereafter, Bd). Although 

chytrid fungi in general rarely attack vertebrates, Bd is the known etiological agent of the 

fatal amphibian disease, chytridiomycosis (Berger et al. 1998; Daszak et al. 2003; Fisher et 

al. 2012). Single-celled Bd attacks the superficial keratinized areas of the skin of juvenile 

and adult amphibians, and the mouthparts of tadpoles (Longcore et al. 1999). Bd then 

reproduces asexually inside dermal skin cells, impairing the osmoregulatory function of the 

skin (Campbell et al. 2012; Voyles et al. 2009) and affecting the host’s immune response 

(Fites et al., 2013).  

Bd-related declines were first noted in tropical areas (Heyer et al. 1988), especially 

montane sites (Berger et al. 1998; Bradford, 1991; Laurance et al. 1996; Lips, 1998; Wake, 

1991). Bd thrives at cool temperatures between 17 and 25 ºC but cannot tolerate desiccation 

at any point in its life cycle (Piotrowski et al. 2004). Both aspects may explain in part why 

chytridiomycosis appears particularly problematic for mid- to high-elevation populations 

(Daszak et al. 1999) and for riparian species (Daszak et al. 1999; Kriger and Hero, 2007; 

Woodhams and Alford, 2005). In addition, amphibians inhabiting higher elevations may be 

more susceptible to chytridiomycosis due to reduced or suppressed immune responses at 

lower ambient temperatures, where thermoregulatory opportunities are restricted (Carey et 

al. 1999). Although most research on amphibian declines has focused on montane 

environments, a growing body of evidence suggests that Bd may also be widespread and 

abundant in lowland amphibian populations, yet population declines are rarely observed in 

tropical lowlands (Flechas et al. 2012; Kilburn et al. 2010; Puschendorf et al. 2006; 

Woodhams et al. 2008b). 

Two main approaches have been used to understand the presence and prevalence of 

Bd around the globe. The first approach seeks to explain the taxonomic variation among 

hosts in Bd prevalence and in amphibian declines by looking at host-specific traits to 
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understand why some amphibians readily succumb to chytridiomycosis while other species 

may act as asymptomatic carriers (i.e., reservoirs) of the pathogen. For example, close 

association with water bodies has been linked with increased vulnerability to the disease 

(Bielby et al. 2008; Hero et al. 2005; Lips et al. 2003). Additionally, various studies suggest 

that vulnerability to chytridiomycosis and declines has a phylogenetic component (Bielby 

et al. 2008; Guayasamin et al. 2014; Hero et al. 2005). Within a single community or 

locality, however, declines may be random with respect to shared evolutionary history 

among host species, and affect a subset of species within each taxonomic family (Crawford 

et al. 2010). Thus, the phylogenetic patterns may be confounded with geographic 

distribution or environmental variables.  

The second approach to understanding the distribution of Bd seeks to explain spatial 

variation in Bd prevalence by considering climatic parameters to predict the probability of 

Bd presence through abiotic climatic envelope modeling (Peterson, 2001). Previous studies 

have shown that temperature may account for a large fraction of among-locality variation in 

the prevalence of the pathogen (Puschendorf et al. 2009; Rohr and Raffel, 2010), as 

expected given the thermal biology of Bd (Piotrowski et al. 2004; Woodhams et al., 2008a), 

i.e., cooler temperatures promote the growth of the pathogen to the detriment of the host 

(Russell et al. 2010). In the field, however, Bd may be affected by the interaction of 

multiple environmental factors, especially in climatically heterogeneous regions. 

In Colombia, recent reports have begun to shed light upon the extent of Bd 

prevalence, but these studies have been restricted in geographical scope (Acevedo et al. 

2016; Flechas et al. 2012; 2015; Ruiz and Rueda-Almonacid, 2008; Urbina and Galeano, 

2011; Velásquez-Escobar et al. 2008). Colombia harbors the second most diverse 

amphibian fauna in the world (AmphibiaWeb 2016), and is also host to the recently 

evolved strain of Bd known as the global panzootic lineage, or GPL (Flechas et al. 2013; 

Rosenblum et al. 2013). Despite these recent reports, little is yet known about the 

geographic distribution of the pathogen or the spatial extent of disease. Given these gaps in 

our knowledge, we have undertaken a broad survey of Bd in wild amphibian populations 

using non-invasive molecular techniques. Moreover, since differences in susceptibility may 

be due to characteristics of the host or of the environment, we used natural history traits of 

the host along with spatial climatic parameters to predict the probability of Bd presence. 
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Specifically, we tested (1) whether amphibian species breeding in close association with 

water are more likely to carry Bd, and (2) what is the relationship between climatic 

variables and the estimated probability of Bd occurrence. The performance of predictive 

models is known to depend on the natural range of variation of the predictor variables. The 

extreme environmental heterogeneity presented by our sampling sites across Colombia, 

including lowland sites, should thus improve the chances of identifying biologically 

relevant predictors for Bd presence in the country. 

 

Methods 

Field sampling 

In this study, six research teams obtained 2876 swab samples from 81 localities (Table S1), 

particularly in the Andean areas, where a majority of amphibian species are found (Lynch 

et al. 1997). Swabbing protocols in the field were standardized among the surveying teams 

following the protocol by Hyatt et al. (2007). To determine infection status, adult and post-

metamorphic juvenile amphibians were sampled during diurnal and nocturnal surveys 

between June 2007 and February 2012 using visual and acoustic searches. Whenever 

possible, several microhabitats were surveyed within each locality, including streams, 

ponds, open areas, and forests. To avoid cross contamination, animals were collected using 

clean, decontaminated equipment, individually handled with fresh disposable gloves, and 

placed in new plastic bags prior to obtaining skin samples. Each animal was sampled by 

running a cotton swab ten times over the ventral surface, the inner thigh area and the 

plantar surface of the hind feet webbing for a total of 50 strokes (Hyatt et al. 2007). Skin 

swabs were preserved in the field either in 96% ethanol or dry and then stored at -20˚C 

until processing. To avoid repeated sampling of the same individual, all frogs were left in 

plastic bags for up to six hours during sample collection, and released upon completion of 

each local survey. 

 

Diagnosing Bd infection 

Our study integrates efforts from several research groups, which led to the use of two 

techniques to diagnose Bd infection: end-point PCR and real-time PCR (i.e., quantitative or 

qPCR). We ran end-point PCR tests on samples from 13 localities above 1000 m in 
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elevation and from 23 localities under 1000 m. We conducted qPCR on samples from 29 

localities above 1000 m in elevation and on samples representing 16 localities under 1000 

m. One locality was examined using both techniques. For end-point PCR, DNA was 

extracted using GeneReleaser® (Bioventures Inc.). We used the following primers 

developed by Annis et al. (2004) to amplify the ITS1-ITS2 region in Bd: Bd1a (5’- 

CAGTGTGCCATATGTCACG-3’) and Bd2a (5’-CATGGTTCATATCTGTCCAG-3’). 

Amplifications were performed using a MJ Research Peltier Thermal Cycler (PTC-200), as 

follows: an initial 2 min denaturation at 95ºC, followed by 35 cycles of DNA amplification 

(45 sec at 95ºC, 45 sec at 55ºC, and 1 min at 72ºC), and a final extension at 72ºC for 10 

min. Each reaction consisted of 0.5 µL of each primer (1 µM), 3.0 µL of doubly distilled 

DNA-free water, 6 µL of GoTaq® Green Master Mix (1X; Promega) and 2 µL of the DNA 

extraction. Amplified fragments were separated by electrophoresis in 1% agarose gels. For 

qPCR, we followed the recommendations of Hyatt et al. (2007) and Boyle et al. ( 2004). 

DNA was extracted using PrepMan Ultra (ThermoFisher Scientific). Each real-time PCR 

reaction consisted of 0.8 µL (18 µM) of each primer ITS1 and 5.8S, 10 µL of TaqMan, 1.0 

µL (5 µM) of MGB Probe, 2.0 µl Exo IPC mix, 0.4 µl Exo IPC DNA and 5.0 µL of the 

DNA extract. Amplification conditions consisted of 2 min at 50°C, 15 min at 95°C 

followed by 50 cycles of 15 sec at 95°C and 1 min 60°C. Products were run on a BIO-RAD 

CFX96 PCR machine and a BIO-RAD DNA Engine with CHROMO 4 Alpha block 

assembly.  

 

Reproductive modes and Bd presence  

The degree of water dependence during an amphibian lifetime varies with the reproductive 

mode of the species, and appears to be directly related to observed population declines 

caused Bd worldwide (Lips et al. 2005). Following Crump (1974, 2015) and Duellman & 

Trueb (1986) we categorized our study species into four reproductive modes: (1) eggs and 

feeding tadpoles living in lentic water (N = 1164 individuals in 49 species), (2) eggs in 

foam nests with aquatic feeding tadpoles (N = 179 individuals in 19 species), (3) terrestrial 

eggs and aquatic feeding tadpoles (N = 554 individuals in 46 species), and (4) terrestrial 

eggs that hatch into froglets (N = 979 individuals in 98 species).  
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Then, to perform a chi-square test, we reclassified these reproductive modes in two broad 

categories: (A) Aquatic, including reproductive modes 1 to 3 (N = 1897 individuals in 114 

species), and (T) Terrestrial including reproductive mode 4 (N = 979 individuals in 98 

species). We estimated prevalence of infection and 95 % Bayesian credible intervals (CIs) 

using the ‘pwr’ (Champley 2015) and ‘binom’ (Dorai-Raj 2014) packages in R version 

3.1.2 (R Developmental Team Core 2008). 

 

Predicting Bd presence using Species Distribution Models (SDM) 

SDM’s allow for the construction of predicted distributions based on data on an organisms’ 

presence combined with a set of environmental layers. To predict which areas within 

Colombia present abiotic environmental conditions suitable for Bd we built an SDM based 

on geographic localities that tested positive for the pathogen. In order to minimize bias due 

to spatial clustering of presence localities (Peterson et al. 2011), we randomly selected and 

removed 80 percent of points in two regions with numerous geographically proximal 

presences (i.e., Norte de Santander and Chocó departments for which 14 and 2 localities 

were removed, respectively). Thus, we were left with 43 Bd-positive localities for model 

construction, including 33 localities representing new locality records in Colombia plus ten 

published localities based on histology (Ruiz and Rueda-Almonacid, 2008; Velásquez-

Escobar et al. 2008) and PCR (Acevedo et al. 2016; Flechas et al. 2012; Urbina and 

Galeano, 2011). Almost no surveys on chytrid presence exist in the eastern lowlands of 

Colombia (Llanos Orientales), except two Bd-negative localities sampled in Casanare 

(Table S1). Since undersampled areas may bias the SDM output (Barbet-Massin et al. 

2012) we decided to exclude this area from our study. 

 Our environmental variables consisted of the 19 bioclimatic variables obtained 

from the WorldClim database (Hijmans et al. 2005). These variables are derived from just 

two types of climatic data, temperature and rainfall, and are thus highly correlated (Xu and 

Hutchinson, 2010). We extracted values for all 19 variables from 10,000 random points 

over the study landscape and performed a two-tailed Spearman correlation test between all 

pair-wise combinations of variables. We considered pairs of variables with a correlation 

coefficient ≥ 0.75 as containing a redundant variable. For each pair of redundant variables, 

we preferred to remove those variables that (a) were more often correlated with additional 
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variables, (b) related to averages rather than extremes, or (c) were regarded as less relevant 

to host or pathogen biology. The new dataset of ten variables included: annual mean 

temperature (AMT, BIO1), precipitation seasonality (PS, BIO15), precipitation of wettest 

quarter (PWeQ, BIO16), mean diurnal temperature range (MDTR, BIO2), isothermality 

(IT, BIO3), temperature seasonality (TS, BIO4), mean temperature of warmest quarter 

(MTWaQ, BIO10), annual precipitation (AP, BIO12), precipitation of driest month (PDM, 

BIO14), and precipitation of warmest quarter (PwaQ, BIO18). 

The models were fit using a machine learning algorithm implemented in MAXENT 

3.3.3 (Phillips et al. 2006) based on 80 percent of the data for model construction and 20 

percent for model testing (Phillips and Dudík, 2008). We used the Area Under the Curve or 

AUC (Phillips et al., 2006) to measure the predictive accuracy of the model. AUC values 

generally range from 0.5 (prediction no better than random), to 1 (perfect discrimination) 

(Fielding and Bell, 1997). For easier interpretation of estimated probabilities of occurrence, 

we present the predicted distribution of Bd as a binary map of presence/absence. For this, 

we selected the lowest prediction for training data above the 10th percentile as our threshold 

(T10, (Pearson et al. 2007) i.e., selecting the lowest prediction after eliminating 10 percent 

of the points as a correction for potential sink populations and georeferencing errors 

(Barbet-Massin et al. 2012). Climatic preferences of Bd were inferred by extracting values 

of our ten bioclimatic variables from 10,000 random points from the binary map and 

comparing the values of those taken from sites predicted as suitable versus those predicted 

as unsuitable. 

 

Results 

We surveyed 81 localities for Bd and found 2876 individual amphibians comprised of 2812 

frogs and toads, 63 salamanders, and one caecilian. The sampling represented 14 taxonomic 

families, and included 170 identified species plus 42 unidentified morpho-species (recorded 

as ‘sp.’). Bd was detected in 43 localities in altitudes ranging from 0 to 3200 m (Fig. 1). A 

total of 338 (11.7 percent) individuals from 70 species (47 identified species plus 23 

undetermined but unique sp.) in 12 taxonomic families tested positive for the pathogen 

(Fig. 2). Bd was diagnosed through end-point PCR (N = 1743 swabbed amphibians with 
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257 positives for a prevalence = 14.7 %, CI = 0.13 – 0.16) and qPCR (N = 1133 animals 

including 81 positives for a prevalence = 7.14 %, CI = 0.05 – 0.08).  

The chytrid fungus was detected on frogs with reproductive modes ranging from 

total independence from water to species that lay eggs in water where the tadpoles remain 

until metamorphosis. Thirteen salamanders were diagnosed as Bd positives. We found 

significant differences between species with terrestrial and aquatic reproductive modes, 

with the highest proportion of infected individuals on species with terrestrial reproductive 

strategies (p < 0.001). Fifteen percent (CI = 12.9 – 17.5 %) of individuals with terrestrial 

reproductive mode were diagnosed as Bd-positive, versus 10 percent (CI = 8.7 – 11.4 %) of 

individuals with aquatic reproductive modes. 

According to the SDM, the potential distribution of Bd in Colombia is broad (Fig. 

3A) and, although predicted absences are overrepresented at lower altitudes (~0 – 300 m), 

Bd presence is predicted at all elevations. The SDM based on ten bioclimatic variables was 

a sufficient predictor of Bd presence: the AUC was 0.736 for training data and 0.768 for 

test data, which is larger than the 0.75 threshold for models with good predictive power 

(Fielding and Bell, 1997). Four variables had a 91 percent contribution to the SDM, i.e., 

AMT, PDM, TS, and MDTR, with the first variable alone contributing 56.4 percent to the 

model, and the latter variables contributing 17.8, 9.1 and 7.5 percent, respectively. Using 

the binary prediction of Bd presence with the T10 threshold (Fig. 3B), we were able to 

estimate the climatic space suitable versus unsuitable for Bd. Our analyses suggest that the 

strain of Bd in Colombia tolerates a broad range of temperatures, with minimum mean 

annual temperatures around 0°C and maximum around 30°C. Predicted absences 

accumulated at higher mean annual temperatures (Fig. 4 A, B, C). In Colombia Bd 

differentially occurs at sites with higher precipitation during the driest month (Fig. 4 C, D, 

F), lower temperature seasonality (Fig. 4 B, E, F), and tolerates a wide range of variation in 

diurnal temperature (Fig. 4 A, D, E). However, these variables also show a high level of 

interaction in determining the preferred climatic conditions of Bd (Fig. 4).   

 

Discussion 

Our study represents the first attempt to identify geographical areas facing higher 

prevalence of Bd and thus higher estimated risk of chytridiomycosis for amphibians in 
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Colombia, one of the most species-rich countries in the world. We found Bd in essentially 

all regions surveyed, and from 0 to 3200 m. Not surprisingly, sites in the Andean 

mountains were widely infected with Bd, as were the lowland of the Pacific Coast and 

Andean foothills. Specific patterns of climatic co-variation with Bd presence included 

finding that annual mean temperature (AMT), precipitation of the driest month (PDM), 

mean diurnal temperature range (MDTR) and temperature seasonality (TS) were the most 

important environmental correlates of Bd occurrence (Fig. 4). In addition, our data reveal 

an effect of reproductive mode on the probability of Bd infection, suggesting that species 

with terrestrial reproduction are more prone to infection than species for which 

reproduction occurs in close association to water bodies. In our data set, terrestrial-breeding 

species are largely represented by the highland genus, Pristimantis, Thus elevation and 

reproductive mode may be somewhat confounded. 

Temperature has been hypothesized to be the most important parameter affecting 

the distribution and prevalence of Bd in the wild (Lips et al. 2008, Woodhams et al. 2008). 

In support of this hypothesis, we found that annual temperature and mean diurnal 

temperature range (AMT and MDTR) are the two most important predictors, with AMT 

being the parameter that best predicts Bd occurrence in Colombia, explaining 56.4% of 

variation. In addition, our study predicts a high incidence of the fungal pathogen in areas 

where AMT exceeds the physiological limit previously reported from laboratory 

experiments (Piotrowski et al. 2004). We detected a wide range of temperatures suitable for 

Bd presence (Fig. 4 A, B, C). Considering that our assumptions are based in limited 

information from laboratory experiments that evaluate the effect of temperature on Bd 

growth, it is important to determine how different are the physiological requirements for Bd 

in regions with different environmental regimes, and how microclimate variables may be 

distinct from regional climate. This, in turn, will help us to better understand why is Bd 

surviving and infecting species that occur in areas where thermal conditions exceed the 

optimal requirements for its survival.  

In addition to AMT and MDTR, our results suggest that low precipitation (i.e., 

precipitation of the driest month, PDM) plus seasonality in temperature (TS) and 

precipitation (PS) are good predictors of the presence (or, rather, absence) of the fungal 

pathogen. Bd seems to be more prevalent in areas with lower temperature seasonality, and 
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higher precipitation of the driest month. As a consequence of the imminent global climate 

change, climatic seasonality will potentially increase in coming years, as well as the 

frequency of extreme events such as droughts (IPCC 2014). These unusual events might 

have an impact on Bd survival and performance. Therefore, additional research that 

evaluates how changes in climatic conditions, especially seasonality in temperature and 

precipitation affect the performance of different strains of the pathogen, will become 

extremely relevant. Alterations in climate may promote the evolution of Bd, (e.g., faster 

growth or higher pathogenicity). Thus, some amphibian populations that appear to be stable 

might suffer indirectly from environmental fluctuation through its affect on Bd, while other 

amphibian populations may occupy ‘refuges’ where Bd cannot persist because of its 

physiological restrictions (Puschendorf et al. 2011).  

Most field research and surveys of Bd have been conducted at middle and high 

elevations, where declines were initially observed (Lips 1998), but recent reports of Bd in 

the lowlands suggest we need to survey more widely (Brem & Lips 2008, Kriger & Hero 

2008, McCracken et al. 2009, Kilburn et al. 2010, Flechas et al. 2012). Bd should be 

considered a threat for species occurring at low elevations as well, although population 

decimations have been rarely reported (Kilburn et al. 2010, Flechas et al. 2015). In this 

study, 19 out of 32 surveyed localities in the lowlands below 1000 m, and 13 out of 25 

below 500 m tested positive for Bd (59% and 52% of sites, respectively). Since accurate 

models require a sampling effort that covers the gradient of host species’ environmental 

tolerances (Boria et al. 2014), including these lowland localities in our analyses should 

increase the predictive accuracy in Colombia, which is recognized for its topographic 

heterogeneity leading to complex environmental conditions. 

To identify the suite of environmental conditions that are optimal for Bd growth and 

dispersal, various studies have modeled Bd distribution at local and global scales. Ron 

(2005) suggested that montane (above 1000 m) forests of the Colombian Andes, represent 

suitable regions for Bd, in contrast to the Colombian savannas (Llanos) and the Chocó 

tropical rainforests. More recently, James et al. (2015) also predicted the Northern Andes as 

one of the most suitable areas for the establishment of the pathogen. Here, we predict low 

suitability for Bd in the Caribbean region (Fig. 3), probably due to relatively dry and highly 

seasonal conditions, although this result might also biased because the low sampling in this 
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area (only two localities). In contrast to previous models (Ron 2005, James et al. 2015), 

however, our model predicted relatively high suitability for Bd in the wet Pacific 

Colombian lowlands, suggesting Bd is more widely distributed than previously appreciated. 

This information emphasizes the need to regularly survey lowland areas, especially humid 

lowlands, and assess the effects of the pathogen on amphibian populations.  

In addition to abiotic climatic parameters, natural history attributes intrinsic to 

amphibian species have been hypothesized to influence their susceptibility to Bd infection 

and possible declines. These traits include clutch size, habitat specialization, and water 

dependence (Williams & Hero 1998, Hero et al. 2005, Bielby et al. 2008). Given that Bd is 

an aquatic pathogen and that its motile zoospores need water to move between hosts 

(Berger et al. 2005), species that spend more time in water are expected to have higher 

exposure to the pathogen, and thus are considered to be at greater risk of chytridiomycosis. 

Previously, species with reproductive strategies associated with water were thought to be 

more prone to infection than those not needing water to complete their life cycles (Bielby et 

al. 2008, Lötters et al. 2009), in part because most declines and extinctions of amphibians 

have been observed in species with aquatic reproduction (Bustamante et al. 2005, La Marca 

et al. 2005, Coloma et al. 2010, Catenazzi et al. 2011). Although water dependence has 

been considered a key factor that increases the probability of infection, some recent studies 

have found the opposite scenario where species with terrestrial reproductive modes 

exhibited higher Bd prevalence than aquatic ones (Gründler et al. 2012, Guayasamin et al. 

2014). Our study supports the latter pattern, where species with direct development 

exhibited a higher prevalence of infection.  

Although our initial goal was to predict Bd occurrence for the entire country of 

Colombia, the paucity of records from the eastern savannas (Llanos) and the Amazon basin 

constrained our geographic scope. Nonetheless, our study provides a reliable overview of 

the potential distribution of Bd in Colombia and draws the attention to the need for 

additional surveys in these poorly sampled areas. Our limited sampling revealed 

interactions among climatic variables that together define Bd presence. For example, we 

found that regions with temperatures above 25 ºC are most likely to be unsuitable for Bd, 

yet if precipitation during the driest month rises to 10 – 20 mm, Bd could persist in the area 

(Fig. 4C). Despite its limited geographic scope, our study provides, a dense sampling that 
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allowed us to recognize heretofore-unappreciated variation in observed and predicted Bd 

prevalence among lowland sites. For example, the Chocó lowlands of the Pacific coast, 

previously thought to have a very low probability of Bd occurrence, may in fact be facing a 

major threat with many positive localities (Flechas et al. 2015). Given that the Chocó 

region hosts high amphibian biodiversity, clearly we highlight the urgent need to develop a 

monitoring program for the Pacific lowlands of Colombia. Finally, we suggest that future 

Bd surveys should be extended into the Amazonia, another biodiversity hotspot (Myers et 

al. 2000). The lack of Bd work in Amazonia is likely due to the previous assumption that 

Bd did not survive in the lowlands. Our work here shows that for humid lowland sites, 

assumption is false. Thus, humid regions of Amazonia may be also adequate for the 

establishment of Bd. The information presented here should be used as a baseline to 

develop new studies that examine under-sampled areas and evaluate amphibian population 

status in places where Bd is already present.  
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Fig. 1. Sampled localities in Colombia. Black dots represent localities that included at least 

one amphibian that tested positive for Batrachochytrium dendrobatidis (Bd). White dots 

represent sampled localities where Bd was not detected. Eighty-one localities were 

surveyed and Bd was detected in 43 localities in altitudes ranging from 0 to 3200 m. 
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Fig. 2. Number of infected individuals per taxonomic family of amphibian. Red bars denote 

the number of individuals that tested positive for Batrachochytrium dendrobatidis (Bd). 

Blue bars denote the number of individuals for which Bd was not detected. Bd was detected 

in 338 out of 2876 individuals sampled. Asterisks denote families with terrestrial 

reproductive mode. 
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Fig. 3. Species Distribution Model (SDM) of Batrachochytrium dendrobatidis (Bd) in 

Colombia. A) Habitat suitability map, where warmer colors represent higher suitability and 

colder colors denote habitat with less suitable areas for Bd. B) Binary presence-absence 

map obtained by using the T10 threshold method such that observed presence localities are 

ranked according to suitability scores and the minimum suitability for a presence site is 

identified (excluding the lowest 10 percent of presence sites). Pixels with suitability values 

higher than the identified minimum are considered as presence of the species. White 

indicates Bd absence, while dark grey indicates Bd presence. Areas in light grey correspond 

to areas that were not included in the model because the lack of sampling. 

 

 



	

	 48	

Fig. 4. Bivariate climatic spaces predicted to be occupied (red) and not occupied (blue) by 

the fungal pathogen, Batrachochytrium dendrobatidis, according to a species distribution 

model. Kernel density curves indicate the predicted probability of absence (blue) or 

presence (red) of the fungus along the environmental gradient of the corresponding 

variable. AMT = Annual Mean Temperature (ºC), MDTR = Mean Diurnal Temperature 

Range (ºC), TS = Temperature Seasonality (SD*100), PDM = Precipitation of the Driest 

Month (mm). 
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Table S1. Summary of sampled sites and infection prevalence per site. Number in parenthesis in the first column (if present) represents 

the number of localities surveyed per site. Prevalence CI 95% = Bayesian Credible Intervals based on 95% confidence. Detection 

technique is detailed since we used two approaches to diagnosed Bd presence: End-point PCR and Real Time PCR. 
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Characterization of the first Batrachochytrium dendrobatidis isolate from the 

Colombian Andes, an amphibian biodiversity hotspot 
 

Abstract  

The pathogenic chytrid fungus, Batrachochytrium dendrobatidis (Bd), constitutes a 

significant threat to more than 790 amphibian species occurring in Colombia. To date there 

is no molecular or morphological description of strains infecting Colombian populations. 

Here we report the genetic and morphological characterization of the first Colombian 

isolate of Bd (strain EV001). Our goals were threefold: (1) to characterize the morphology 

of EV001 using light and scanning electron microscopy, (2) to genotype this strain by 

direct sequencing of 17 polymorphic nuclear markers developed previously, and (3) to 

compare our findings with published reports on strains from other areas of the globe. We 

found that EV001 is morphologically consistent with previously described strains. Multi-

locus genotyping suggested that EV001 is grouped genetically with Panamanian strains and 

is most similar to JEL203 isolated from a captive individual. This finding fills an important 

gap in our knowledge of Neotropical strains of Bd and provides a baseline for further 

evolutionary and functional analyses.   
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Many amphibian populations around the world have declined drastically in the last 40 years 

(2008). One of the main drivers of amphibian declines is chytridiomycosis; an emergent 

disease caused by the chytrid fungus, Batrachochytrium dendrobatidis (hereafter, Bd), the 

only known Chytridiomycota capable of causing disease in vertebrates (Longcore et al. 

1999b). This pathogen infects and causes population declines in a wide variety of 

amphibian species (e.g. Lips et al. 2006; Crawford et al. 2010). Bd reproduces via 

zoosporangia within epidermal cells of its amphibian host, leading to hyperkeratosis and 

the disruption of electrolyte balance (Voyles et al. 2009). Some amphibians appear to be 

resistant to the disease in the face of infection, yet the mechanisms underlying resistance 

are not well understood. Skin microbiota and anti-microbial peptides could play a key role 

in defense against the lethal effects of the pathogen (Woodhams et al. 2007; Harris et al. 

2009; Becker and Harris, 2010). 

Two hypotheses have been proposed to explain the chytridiomycosis epizootic. The 

‘Endemic Pathogen Hypothesis’ suggests that Bd naturally occurs on most continents, yet 

only recently has it become pathogenic for amphibians due to possible environmental 

triggers (Rachowicz et al. 2005). The ‘Novel Pathogen Hypothesis,’ in contrast, states that 

Bd is a newly emerging pathogen that spread recently across the globe (Rachowicz et al. 

2005; Skerratt et al. 2007), and finds support in numerous studies comparing Bd from 

different continents through multi-locus sequence typing (MLST; Morehouse et al. 2003; 

Morgan et al. 2007; James et al. 2009). A complete understanding of the spatial and 

temporal diversification of this pathogen, however, will require more thorough sampling 

including the morphological, functional, and molecular characterization of new isolates.  

Central and South America together host half of the world’s amphibian species, 

many of which have suffered population declines over the last 30 years (Young et al. 2001). 

Temporal and spatial patterns of amphibian declines suggest that Bd may have arrived in 

South America in the early 1980’s via at least three independent colonization events (Lips 

et al. 2008): Andean Ecuador (Ron et al. 2003), Andean Venezuela (Bonaccorso et al. 

2003) and southeastern Brazil (Heyer et al. 1988; Carnaval et al. 2006). From these three 

hypothesized points of entry, Bd is thought to have radiated outward, entering Colombia 

from the east via Venezuela and/or from the south via Ecuador (Lips et al. 2008).  
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Colombia hosts the second most diverse amphibian fauna in the world, with about 

790 described species (Ruiz-Carranza et al. 1996; AmphibiaWeb, 2012), yet limited 

information exists on the current conservation status of most amphibian species (Rueda-

Almonacid et al. 2004), possible amphibian die-offs (Lynch and Grant, 1998) or the 

distribution and diversity of Bd. Chytrid infection has been reported in frogs from two sites 

in the eastern (Ruíz and Rueda-Almonacid, 2008) and various sites in the western chain of 

the Colombian Andes (Velásquez-Escobar et al. 2008; Urbina and Galeano, 2011), as well 

as on the Pacific island of Gorgona (Flechas et al. 2012). To date, the oldest known record 

of Bd in Colombia comes from a frog collected in 1994 roughly 300 km north of Ecuador at 

Cerro El Inglés, Valle del Cauca (Velásquez-Escobar et al. 2008). As a first step towards 

understanding the functional and genetic diversity of Bd and its evolutionary history in 

Colombia, we undertook the following morphological and genetic characterization of the 

first strain of Bd (EV001) collected and isolated in Colombia. 

EV001 was isolated from the skin of a juvenile of Rheobates palmatus (Werner, 

1899), a dendrobatoid frog (Grant et al. 2006) that occurs between 350 – 2400 meters 

above sea level (masl) in the eastern and central Andes of Colombia. This species is 

associated mainly with streams but appears to be widely tolerant of habitat disturbance and 

can be found breeding in man-made pools (Lüddecke, 2003). Individuals of R. palmatus 

were collected near Ubaque, Departamento de Cundinamarca (04º26’12” N, 73º55’10” W, 

at 1950 masl), 56 Km east of Bogotá. To determine whether frogs were infected with Bd, 

we performed end-point PCR from cotton swabs following Annis et al. (2004) with slight 

modifications. The amplification protocol consisted of an initial denaturation at 93ºC for 2 

min, followed by 35 cycles of 45 s at 95 ºC, 45 s at 55 ºC, 1 min at 72ºC with a final 

extension at 72ºC for 10 min. The amplified fragments were separated by electrophoresis 

using 1% agarose gels.  

To isolate Bd, we euthanized infected frogs by pithing, removed skin samples from 

the venter, hind limbs, and the ventral surface of hands and feet, and cut them into 2 × 2 

mm squares. Each piece of skin was cleaned in water-based agar with antibiotics in order to 

remove bacteria, yeast and fungal spores. After thoroughly cleaning the skin samples, we 

transferred them to a fresh plate with TGh media (10 g tryptone, 10 g agar, 4 g gelatine 

hydrolisate, 1000 mL distilled water) following a protocol described by J. E. Longcore 
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(pers. comm.). Plates were sealed and incubated at 23ºC until Bd growth was detected. 

Active Bd cultures were then cryopreserved following the protocol described in Boyle et al. 

(2003). 

Zoospores were measured using scanning electron microscopy (JEOL JSM-

6490LV) from pure EV001 cultures in TGh media after direct critical point drying 

(SAMDRI®-795) and metallization (Dentom Vacuum Desk IV). To estimate the size of 

zoosporangia, we used light microscopy under 100X magnification on seven-day-old pure 

TGh agar cultures. The diameter of sporangia was estimated as the length of the longest 

axis. Digital measurements were taken using the software ImageJ v.1.44m (Abramoff et al., 

2004). Sporangia showing at least one discharge papilla averaged 25.97 µm (SD = 3.91 

µm; N = 60) in length and zoospores averaged 3.14 µm (SD = 0.33 µm; N=10) in diameter 

(Fig. 1).  

Genomic DNA was extracted from axenic cultures using GeneReleaser 

(BioVentures, Murfreesboro, TN) following manufacturer’s protocols. To perform multi-

locus genotyping of EV001 we used 17 marker loci as follows: APRT13, BdC5, BdC18.1, 

BdC18.2, BdC24, CTSYN1, R6046, 6164, 9893, mb-b13, b7-10c, 6677X2, 6873X2, 

8009X2, 8329X2, 8392X2, 8702X2 (Morehouse et al., 2003; James et al., 2009). PCR 

products were cleaned and directly sequenced with forward and reverse primers using 

Sanger sequencing technology. Heterozygous nucleotides at diagnostic sites were identified 

by double peaks in both directions observable in electropherograms (Hare and Palumbi, 

1999). Diploid sequences heterozygous for diagnostic indels were identified by the 

presence of stutter in both electropherograms following the indel (i.e., on opposite sides in 

forward and reverse reads). As an internal quality control for the genetic data, we also 

genotyped the Bd strain JEL423, and compared our results with published data obtained 

from these same 17 markers (James et al., 2009). DNA sequences for EV001 and the re-

sequenced JEL423 strains were aligned manually against the published data. At each locus 

the two new diploid sequences matched known genotypes and were assigned letter codes, 

‘a’ or ‘c’ for homozygotes and ‘b’ for fixed heterozygotes, following James et al. (2009). 

Our re-genotyping of JEL423 matched the published data (James et al., 2009) at 16 of 17 

loci. According to James et al. (2009), JEL423 should have genotype ‘b’ at marker ‘mb-

b13’ whereas we obtained genotype ‘c’ for this strain, as well as for EV001. Both of our  
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strains also showed one extra base near the 5’ end of the fragment. One hypothesis 

that could explain both of these observations would be that we amplified a marker similar 

but paralogous to ‘mb-b13,’ and therefore coded this marker as ‘missing data’ for our 

analyses to be conservative in our estimation of genetic differences. Combining all data into 

a matrix with 17 characters and 61 Bd isolates, we used PAUP* (Swofford, 2000) version 

4a123 to construct a neighbor-joining (NJ) tree (Saitou and Nei, 1987) based on mean 

distances, using the minimum evolution criterion and breaking ties randomly (Fig. 2). 

Statistical support for nodes was assessed via non-parametric bootstrap using 2,000 re-

sampling replicates (Felsenstein, 1985). The multi-locus genotype dataset was submitted to 

DataDryad.org, under reference number doi:10.5061/dryad.1b68v  

Compared to previously genotyped strains, the Colombian isolate EV001 showed 

genetic differences at three of 17 loci examined. In the NJ analysis EV001 clustered with an 

Australian strain, a captive strain, and a set of identical Panamanian isolates (Fig. 2). The 

phenotypic characteristics observed in EV001 are in accordance with the morphometric 

parameters previously described for Bd, in terms of size of zoosporangia (Longcore et al. 

1999; Farrer et al. 2011). Zoosporangium diameter ranges from roughly 15 – 65 µm among 

Bd-GPL isolates (Farrer et al. 2011), for example, and our mean size estimate of 26 µm is 

close to the median of approximately 28 µm. Since the Panamanian strain JEL423 is 

classified as a member of the ‘global panzootic lineage’ (Bd-GPL; Farrer et al., 2011; 

Schloegel et al. 2012) and EV001 appears to be very closely related to JEL423 (Fig. 2), we 

infer that the Colombian strain is also a member of the Bd-GPL. Given that EV001 is 

embedded within Bd-GPL, which itself is sister to and well diverged from a second lineage 

present in South America, Bd-Brazil (Schloegel et al. 2012), we conclude that EV001 is not 

related to Bd-Brazil.  

While the genetic similarity to the Panamanian isolates might suggest a historical 

demographic connection between Colombian and Panamanian Bd, the NJ tree as a whole 

shows little correlation between geography and genetic similarity (James et al. 2009). 

Although our NJ analysis of 17 loci may be insufficient to resolve the geographic origins of 

Colombian Bd, further samples from this region will be crucial to understanding the origin 

and possible spread of Bd (Lips et al. 2008). More genetic markers and more isolates from 

different regions of Colombia may be required to determine how many colonization events 
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were involved and from what source populations Bd may have arrived in Colombia.  
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Fig. 1. Morphological characteristics of Batrachochytrium dendrobatidis (Bd) strain 

EV001. A. Scanning electron micrograph of zoospores (black arrowheads). B. Thalli of Bd 

in amphibian host tissue. C. Different stages of development of the thallus. Note the spread 

of long rhizoids (small arrowheads) and the emergence of multiple zoosporangia (large 

arrowheads) from a single thallus. D. Zoosporangia in TGh media. Photos B and C 

correspond to skin directly removed from an individual. The photos were taken within two-

hours after the frog was euthanized. Integers on the scale bar correspond to units of 10µm.  
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Fig. 2. Unrooted minimum evolution neighbor-joining tree based on mean distances of 61 

strains, including 59 published genotypes (James et al. 2009) plus sequencing of an 

additional sample of the strain JEL423 and the isolate EV001, reported here for the first 

time (see black arrow in the far left). Tree inferred from 17 polymorphic nuclear markers, 

each with three possible states (James et al. 2009). Star symbol represents the position of 

strains JEL408, JEL409, JEL415, JEL424, JEL425 and the original plus newly genotyped 

samples of JEL423. Black dots indicate internal nodes with >50% bootstrap support, none 

of which scored >80% (branches leading to identical genotypes were counted as external). 

Colored strain labels indicate geographic origin, following James et al. (2009): green = 

Neotropics, blue = North America, red = Australia, orange = captive animals, purple = 

Europe, and teal = Africa. 
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CHAPTER II 
 

 

THE ROLE OF SKIN ASSOCIATED MICROBIAL  
COMMUNITIES AS A DEFENSE MECHANISM AGAINST 

BATRACHOCHYTRIUM DENDROBATIDIS 
 

 

 
 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Clockwise	from	top	left:	Atelopus	aff.	elegans,		Atelopus	spurrelli,	Atelopus	aff.	limosus,	
Atelopus	elegans.	Photos	by	Vicky	Flechas	and	Ailin	Blasco	(A.	elegans)	
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Surviving chytridiomycosis: Differential anti-Batrachochytrium dendrobatidis activity 

in bacterial isolates from three lowland species of Atelopus 

 

Abstract 

In the Neotropics, almost every species of the stream-dwelling harlequin toads (genus 

Atelopus) have experienced catastrophic declines. The persistence of lowland species of 

Atelopus could be explained by the lower growth rate of Batrachochytrium dendrobatidis 

(Bd) at temperatures above 25ºC. We tested the complementary hypothesis that the toads’ 

skin bacterial microbiota acts as a protective barrier against the pathogen, perhaps delaying 

or impeding the symptomatic phase of chytridiomycosis. We isolated 148 cultivable 

bacterial strains from three lowland Atelopus species and quantified the anti-Bd activity 

through antagonism assays. Twenty-six percent (38 strains representing 12 species) of the 

bacteria inhibited Bd growth and just two of them were shared among the toad species 

sampled in different localities. Interestingly, the strongest anti-Bd activity was measured in 

bacteria isolated from A. elegans, the only species that tested positive for the pathogen. The 

cutaneous bacterial microbiota is thus likely a fitness-enhancing trait that may (adaptation) 

or not (exaptation) have appeared because of natural selection mediated by 

chytridiomycosis. Our findings reveal bacterial strains for development of local probiotic 

treatments against chytridiomycosis and also shed light on the mechanisms behind the frog-

bacteria-pathogen interaction. 
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Introduction 

The world’s amphibians are facing a conservation crisis due to a variety of factors  (Hof et 

al. 2011), with the newest and perhaps most insidious threat coming from an emerging 

global pathogen, the microscopic fungus Batrachochytrium dendrobatidis, or Bd (Longcore 

et al. 1999). This fungus is the etiological agent of chytridiomycosis, and has been 

implicated in many enigmatic declines worldwide (Berger et al. 1998; Skerratt et al. 2007; 

Wake & Vredenburg 2008). In the Western Hemisphere, the disease has mainly affected 

populations in highland environments (Lips 1998; Carey et al. 1999; Lips et al. 2003; 

Briggs et al. 2005). Species occurring in tropical regions at middle and high elevations are 

thought to face a higher risk presumably because (1) Bd grows faster at the low 

temperatures characteristic of montane areas (Piotrowski et al. 2004; Woodhams et al. 

2008b), and (2) the amphibian immune capacity may decrease at lower temperatures 

(Cooper et al. 1992; Carey et al. 1999). Despite the current focus on montane declines, a 

growing body of evidence suggests that Bd may also be widespread and abundant in 

lowland amphibian populations, for example, in Australia and Central America 

(Puschendorf et al. 2006; Kriger et al. 2007; Woodhams et al. 2008b), yet amphibian 

declines are rarely observed in the lowlands  (Puschendorf et al. 2006; Woodhams et al. 

2008a).  

Individuals, populations and species of amphibians are known to vary in their 

susceptibility to chytridiomycosis, but the causes of this variation are not well understood 

(Belden & Harris 2007). Some species consist of both resistant and susceptible populations 

(Briggs et al. 2005). Some species maintain remnant populations that persist in the presence 

of Bd (Retallick et al. 2004; Longo & Burrowes 2010), whereas others are known to be 

infected but show no signs of chytridiomycosis (Daszak et al. 2004; Wake & Vredenburg 

2008). The allegedly well developed immune system of amphibians, which shows both 

adaptive and innate responses (Carey et al. 1999), is probably involved on the resistance to 

infection (Woodhams et al. 2007a; Rosenblum et al. 2009). Amphibians may also benefit 

from symbiotic microbiota present on their skin that function as a barrier against pathogens, 

including Bd, which specifically targets amphibian skin (Woodhams et al. 2006a; 

Woodhams et al. 2006b; Harris et al. 2006). Previous work has demonstrated that bacterial 

isolates from the skin of certain species of amphibians exhibit strong antifungal activity 
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against Mariannaea sp. (Lauer et al. 2007) and Bd (Harris et al. 2006; Woodhams et al. 

2007b). For example, the bacteria Janthinobacterium lividum and Lysobacter gummosus, 

produce the antimicrobial peptides violacein and 2,4-diacetylphloroglucinol respectively, 

which inhibit Bd growth in vitro (Brucker et al. 2008a; Becker et al. 2009). Thus, variation 

in the cutaneous microbial community of amphibian skin may be a key factor in resistance 

to chytridiomycosis (Woodhams et al. 2007b; Brucker et al. 2008a; 2008c; Harris et al. 

2009a).  

Conservation strategies focused on amphibians threatened by chytridiomycosis have 

mainly sought to prevent the spread of Bd to naïve populations and establish ex situ 

assurance colonies, yet solving the problem may require prophylactic treatments and 

enabling populations to persist with the pathogen (Woodhams et al. 2011). Since the 

discovery of cutaneous bacteria with strong antifungal properties, increasing effort has 

focused on probiotic therapies (Lauer et al. 2007; Harris et al. 2009a). Perhaps the most 

promising approach to date is to use beneficial symbiotic microorganisms, or their 

metabolic products, to increase the resistance to infection or disease through environment 

bioaugmentation or host therapy (Belden & Harris 2007; Harris et al. 2009b; 2009a; 

Woodhams et al. 2011). However, the majority of the studies had not considered the role of 

the environmental conditions on this host-pathogen interaction, since small variations could 

strongly affect anti-Bd activity of protective bacteria (Daskin & Alford 2012).  

 While most research on the immune-like properties of the cutaneous microbiota of 

amphibian skin has been conducted on temperate zone systems (Harris et al. 2009b; Becker 

& Harris 2010), the vast majority of amphibian diversity lies in the tropical realm, 

especially in South America (Duellman 1999). If microbial communities on tropical 

amphibians differ from those on temperate hosts, then probiotic therapies optimized for 

these highly endangered tropical species are needed (Becker et al. 2011). Furthermore, 

since bioaugmentation and other probiotic approaches would eventually require the 

anthropogenic introduction of bacteria into an environment, using locally obtained bacteria 

might minimize the risks associated with this procedure. Therefore, surveying the diversity 

and evaluating the anti-Bd action of microbial communities in the amphibian skin of 

Neotropical species could potentially expand the array of tools to help mitigate the impact 

of Bd. 
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One of the more severely impacted groups of amphibians are the montane harlequin 

toads of the genus, Atelopus (Anura: Bufonidae) with 80% of species listed as critically 

endangered (La Marca et al. 2005). In Colombia nearly all the 33 species of Atelopus have 

declined sharply, yet four lowland species are persisting at 0 – 600 masl (Rueda-Almonacid 

et al. 2005). For at least one species, A. elegans from Gorgona Island, we know that the 

pathogen has been present for at least five years without causing obvious disease or 

declines (Flechas et al. 2012). Among the various possible factors that may account for the 

persistence of A. elegans despite infection with Bd we hypothesize that cutaneous 

symbiotic bacteria may be a contributing factor to disease resistance in this population. 

The aim of our study was to test whether the frog A. elegans harbors cutaneous 

bacteria capable of inhibiting Bd growth. We also compared the antifungal bacterial 

communities found in A. elegans with two other Atelopus species that persist in the 

lowlands without evidence of Bd infection. Thus, our null hypothesis is that bacteria 

isolated from the infected species (A. elegans) should exhibit stronger anti-Bd activity 

compared with bacteria from the other two toad species. Our long-term goal is to know 

whether these potentially beneficial strains could be used in bioaugmentation experiments 

or the metabolites they produce employed in host therapy to protect threatened Neotropical 

species. 

 

Materials and Methods 

Ethics statement 

Procedures for capture and handling of live animals in the field were approved by the 

Colombian National Parks authority and the Ministry of the Environment, under permits 

DTSO 019-09, DTSO 001-09 and Nº 10-07032012. 

 

Study species 

Cutaneous bacterial microbiota was sampled from three latitudinally separated species 

occurring in coastal forests of Colombia. Atelopus aff. limosus, probably an undescribed 

species, occurs near the municipality of Capurganá (8° 37’N, 77° 22’W, 150 masl), close to 

the border between Panama and Colombia; Atelopus spurrelli, considered as Vulnerable 

(VU) by the IUCN (2012), was sampled near the municipality of Arusí (5º30’N, 77º31’W, 
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90 masl) on the Pacific coast; and A. elegans, Critically Endangered (CR), was sampled in 

the insular Gorgona National Park located 56 Km off the Pacific coast of Colombia (2°47’ 

– 3°6’ N, 78°6’ – 78°18’ W, between 6 – 115 masl). A. elegans had tested positive (17%, 

15 out of 78 individuals) for Bd at the time we conducted this study (Flechas et al. 2012). 

We sampled 80 individuals of A. spurrelli and 82 of A. aff. limosus and detected no 

infected individuals. We thus concluded that Bd might be either absent or rare in those 

populations. 

 

Bacterial isolation 

To obtain bacterial isolates from toads’ skin, samples were collected from five A. spurrelli, 

eight Atelopus aff. limosus and seven A. elegans adults. Toads were manipulated using 

fresh disposable nitrile gloves and rinsed twice in sterile dechlorinated water to remove 

transient bacteria (Lauer et al. 2007). Individuals were swabbed on their left, right and 

ventral surfaces, hindlimbs and interdigital membranes, using a sterile cotton swab. Swabs 

were preserved in 2 mL cryovials containing 1 mL DS solution, a weak salt solution 

resembling pond water (Boyle et al. 2003). All swab samples were refrigerated within 24 h 

and processed within 48 hours after sampling. To isolate pure colonies, serial dilutions 

were performed until 1 × 10-5. To recover the highest possible number of bacterial 

morphotypes, each dilution was plated in R2A media in duplicate and incubated at 23ºC for 

two days. Bacterial morphotypes were defined according to the macroscopic characteristics 

of the obtained colonies (i.e. color, form, elevation and margin). Single colonies of each 

bacterial morphotype were streaked on fresh nutritive agar plates until pure cultures were 

obtained. Each isolate was cryopreserved in nutritive broth with 30% glycerol at -80ºC. 

 

Batrachochytrium dendrobatidis growth inhibition assays 

To test for anti-Bd activity in bacteria isolated from frogs’ skin, we used growth inhibition 

assays (Harris et al. 2006). At the time of the assays, no Colombian Bd strains were 

available, so we decided to use Bd strain JEL 423 (University of Maine, Orono, USA) 

isolated from Phyllomedusa lemur in lowland forests of neighboring Panama. Bd was 

grown in TGh media (10 g tryptone, 10 g agar, 4 g gelatine hydrolisate, 1000 mL distilled 

water) for three days at 23ºC until maximal zoospore production was observed. Bd was then 
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harvested from three Petri dishes and transferred to a sterile tube containing 16 mL of 

sterile water in order to obtain a solution with a high concentration of zoospores. Plates 

with 25 mL of TGh media were coated with 1 mL of the zoospore suspension, and plates 

were allowed to dry until most of the solution had diffused into the agar. Unknown or 

“query” bacteria from active isolated cultures were streaked in a line across one side of a 

Petri dish. Escherichia coli (strain DH5α) was streaked as a negative control in a parallel 

line on the opposite side of the Petri dish; this control streak was included to observe the Bd 

growth around a bacterial species that shows no inhibition activity on Bd growth. Each 

bacterial isolate was tested in triplicate and the plates were incubated at 23ºC. On the third 

day of incubation, query bacteria were checked for signs of inhibition of Bd growth. For 

those isolates showing inhibition, photographs were taken and anti-Bd activity was 

estimated by using photometric techniques.  

We found two kinds of evidence of anti-Bd activity in the tested cultures. First, we 

detected an inhibition zone around the query bacteria line. Second, we found strong 

variation in the density of Bd colonies growing throughout the culture medium outside the 

inhibition zone. To summarize both effects in a single measurement we took photographs 

of the cultures under similar lighting conditions with a dark background. Then, we 

estimated Bd growth by measuring the light (i.e. grey value) reflected at variable distances 

of the query bacteria line (Fig. 1). Data from the three plates were averaged in order to 

obtain the statistical unit of analysis. To facilitate comparisons we re-expressed grey values 

as percentages of the maximum light intensity reflected by a single Bd colony within the 

same Petri dish. All photometric measurements were conducted on the software ImageJ 

(Abramoff et al. 2004)after distance and light calibration. 

To quantify Bd growth inhibition we modeled Grey values (hereafter Bd growth) as 

a function of distance to the query bacteria by using spline models on JMP statistics 

software (JMP, Version 8. SAS Institute Inc., Cary, NC, 1989-2007). Spline models 

combine several polynomial functions of relatively low degree (often cubic) to fit piecewise 

several subsets of X-Y values. A Lambda parameter allows modifying the shape of the 

curve between a pure cubic function (Lambda = 0) and eventually a straight line, as 

Lambda diverges to infinity (Dierckx 1993). The functions are blend smoothly allowing 

both interpolation of Y-values as well as estimation of model residuals. 
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The anti-Bd activity was compared between bacterial strains and frogs in two ways. 

First, we fitted a general spline model for all readings of Bd growth at every tested distance 

from all bacteria. The residuals of this model were then calculated by frog species and 

plotted to show between-frogs differences in the anti-Bd activity of their corresponding 

bacteria. Second, we fitted Bd growth against Distance to bacteria by using a single spline 

model for each bacterial strain. Because the Lambda value (λ = 1) and the range of 

Distance values (0.17 – 1.77 cm) were identical for every model, we could interpolate Bd 

growth values at the first, second and third quartile of the growth function and save them as 

new variables. Then, we tested the effect of frog species on the Bd growth quartiles by 

using multivariate analysis of variance. The first approach allowed easy visualization of the 

general pattern; the second one permitted statistical testing. 

 

Identification of bacterial isolates 

Bacterial strains were identified by sequencing the 16S ribosomal gene. One colony of each 

morphotype was re-suspended in 10 µL of distilled water in a 0.2 mL PCR tube and boiled 

for 7 min at 95ºC. The solution was used directly in a PCR reaction with the universal 

eubacterial primers, 27F (5’- AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-

GGTTACCTTGTTACGACTT-3’) (Lane 1991). Thermocycling parameters were: an initial 

denaturation of 3 min at 95ºC, followed by 35 cycles of 45 s at 95ºC, 45 s at 52ºC and 90 s 

at 72ºC. A final extension of 7 min at 72ºC was performed to complete polymerization. 

PCR results were checked by electrophoresis in 1% agarose gels. Products were sent to 

Macrogen (Korea) for sequencing. DNA sequences were cleaned and assembled using 

Geneious (Drummond et al. 2011). 16S sequences were then identified using BLASTn 

(Altschul et al. 1990) against the complete GenBank nucleotide database 

(http://www.ncbi.nlm.hih.gov) and the Greengenes database (http://greengenes.lbl.gov), 

using default parameter settings in both cases. 

 

Results 

A total of 148 cultivable bacterial morphotypes were isolated, 40 from Atelopus elegans, 85 

from Atelopus aff. limosus, and 23 from A. spurrelli. In antagonism assays, we observed 

anti-Bd activity in 16 of 40 (40%) bacterial morphotypes from A. elegans, 16 of 85 from 
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Atelopus aff. limosus (19%), and six of 23 (26%) from A. spurrelli. We detected an 

inhibition zone around the query bacteria line, and also found strong variation in the density 

of Bd growing in the Petri dish outside the inhibition halo (Fig. 1).  

Among all three hosts we identified 12 bacterial species with anti-Bd activity 

belonging to six genera: Pseudomonas, Acinetobacter, Stenotrophomonas, Comamonas, 

Chryseobacterium and Elizabethkingia (Table 1). Toad species differed more in the 

composition of bacteria with anti-Bd activity (Anosim R = 0.42, P < 0.0001, 9999 

permutations) than in the whole bacterial communities (R = 0.51, P < 0.0001) as inferred as 

well from Bray-Curtiss indices of dissimilarity: 0.71 (0.59 for all cultivable bacteria) 

between Atelopus aff. limosus and A. spurrelli, 0.84 (0.69) between Atelopus aff. limosus 

and A. elegans, and 0.75 (0.71) between A. spurrelli and A. elegans, ranging between  0 = 

identical and 1 = totally dissimilar. Two out of the three strains that exhibited the highest 

anti-Bd action, both tentatively assigned to P. tolaasii, were exclusive to A. elegans. The 

third one, tentatively assigned to P. putida, was isolated from A. spurrelli skins. 

A generalized spline model was fitted to Bd growth as measured within the Petri 

dish at variable distances to query bacteria (Fig. 1). The regression residuals were re-

analyzed by toad species and showed clearly that bacterial strains isolated from A. elegans 

caused greater Bd growth inhibition in vitro as compared to the other toad species (Fig. 2). 

To formally compare the results of antagonism assays, we fitted a spline model (Bd growth 

as a function of distance to the query bacteria) for each bacterial strain (Fig. 3) and 

interpolated Bd growth values at the first, second and third quartile of the growth function. 

Strains isolated from the skin of A. elegans showed higher anti-Bd activity (i.e. lower Bd 

growth; Manova, Frog, F = 3.292, DF = 2, P = 0.0490) especially at the first and second 

quartiles of the growth curves (Manova, Frog x Quartile interaction, Wilks' lambda value = 

0.619, DF = 4, P = 0.0024, N = 38 tests; Fig. 4).  

 

Discussion 

Our results demonstrated that 12 bacterial species isolated from three Atelopus 

species from the Colombian lowlands inhibit Bd growth. The composition of anti-Bd 

bacterial communities significantly varied between toad species or perhaps localities. The 
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strongest anti-Bd activity was measured in bacteria isolated from A. elegans, the only 

species that tested positive for the pathogen. Our data suggest two evolutionary 

mechanisms behind amphibians’ resistance to chytridiomycosis, an exaptation or an 

adaptation against the selective pressure represented by Bd. 

Several studies have demonstrated that the presence of bacteria with antifungal 

activity in amphibian skin inhibits Bd and prevents morbidity and mortality. The addition of 

bacteria with antifungal properties seems to reduce the effects of the disease on 

experimentally infected individuals (Lauer et al. 2007; Woodhams et al. 2007b; Brucker et 

al. 2008b; Harris et al. 2009a). Our results revealed that two Pseudomonas (P. tolaasii and 

P. aeruginosa) species exhibited stronger (63 and 64% of maximum Bd growth as 

measured at the 25% quartile) anti-Bd activity than bacteria of any other isolated genera 

(69%). These results are supporting the findings of Lam (2010), and Walke et al. (2011), 

which recognized that in Rana muscosa and R. sierrae, and in Hyalinobactrachium 

collymbiphyllum respectively, bacterial strains of the genus Pseudomonas were common 

residents and showed strong inhibition of Bd growth. Our results allow us to suggest that 

those bacterial species producing a larger inhibition zone may be good candidates to be 

used in probiotic therapies. Nevertheless, since the laboratory conditions probably differ 

from the host’s skin, it is important to run anti-Bd assays using bacteria with proved 

efficiency for delaying or inhibiting Bd growth in vitro.  

McKenzie et al. (2012) suggest that skin bacteria are strongly species-specific 

across sites or even among species occurring in the same pond. The low number of shared 

bacteria found in this and other research (McKenzie et al. 2012), suggest that studies at the 

local level are important for understanding the mechanisms behind the frog-pathogen-

bacteria interaction. Of course, the proportion of bacteria shared among toad species is 

probably underestimated since we worked only with cultivable bacteria. In any case, since 

bacterial communities may covary with distance or geographic conditions, it is important to 

look for candidate local strains with strong anti-Bd activity before considering 

bioaugmentation assays and eventual probiotic treatment of chytridiomycosis.  

Atelopus elegans, the only species in our study that tested positive for Bd, holds the 

skin bacteria with the strongest anti-Bd action. Although admittedly non-replicated, the 
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pattern suggests that the species’ current bacterial community may have resulted from 

natural selection represented by Bd infection. If so, we would be witnessing a post-infection 

or post-decline event in A. elegans, where frogs and pathogen are now coexisting after a 

critical period of strong natural selection. Alternatively, the anti-Bd bacterial microbiota of 

the three toad species may represent an exaptation, a pre-existing (extended) phenotype that 

eventually subserves protection against Bd pathogenic infection. To discriminate between 

both the adaptation and exaptation scenarios, we need longitudinal (i.e. historical within the 

same population) data or geographic (i.e. between populations) comparisons on bacterial 

composition of infected and uninfected frogs. In the latter case, Woodhams et al. (2007b), 

have already showed that Rana muscosa from Conness in Yosemite National Park hosts a 

significant proportion of anti-Bd bacteria that inhibited Bd growth and persisted for six 

years in the presence of the chytrid fungus, whereas the Sixty Lake population was 

devastated by chytridiomycosis. For evolution to occur on skin microbiota, the ability to 

acquire or maintain certain bacteria should be heritable. Frog skins might vary in their 

habitability to different bacterial taxa due to their skin secretions or skin humidity; also, 

between species differences in habitat use may affect the probability of acquiring certain 

bacterial taxa. Both represent just speculative hypotheses that deserve rigorous testing. 

We cannot rule out the possibility that high temperatures delay or reduce Bd growth 

in the studied Atelopus species, since they inhabit lowland forests of Colombian coasts with 

average annual temperatures around 27ºC. High environmental temperatures can be directly 

involved with the growth control of the pathogen. Laboratory tests have shown that at 

temperatures higher than 25ºC the pathogen either decreases zoospore production or dies 

(Piotrowski et al. 2004). Moreover, other studies showed that Bd-infected frogs exposed to 

warmer temperatures lived longer (Bustamante et al. 2010) and that the prevalence of 

infection was considerably lower (Forrest & Schlaepfer 2011). In our case, high 

temperatures may have interacted with species-specific microbiota in allowing the survival 

of A. elegans despite the infection by Bd. The effect of environmental conditions in shaping 

the interaction between frogs and Bd has been already suggested (Daskin & Alford 2012).  

Also, strain-level differences in bacteria and overall community structure may 

prohibit probiotics discovered on one frog species from persisting on another one. For 

example, Janthinobacterium lividum, a bacterium isolated from North American 
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amphibians, failed to prevent or delay mortality in Bd exposed individuals of Atelopus 

zeteki (Becker et al. 2011). Likewise, we cannot rule out a synergistic or detrimental anti-

Bd effect of the whole consortium of skin microbiota, because we only evaluated the effects 

of individual bacteria against Bd. It is well known that bacterial consortia are frequently 

established to carry out several processes that are otherwise harder to accomplish when 

grown alone (Garbeva et al. 2011), for example the oxidation of anaerobic methane 

(Hoehler et al. 1994; Boetius et al. 2000), the metabolism of explosive compounds 

(Boopathy et al. 1998) and the enhancement of bioremediation strategies (Rahman et al. 

2003) , among others. It has been shown that disruption in antifungal microbial 

communities is likely to lead to a breakdown of the protective effects of beneficial 

microorganisms and may lead to disease emergence (Dethlefsen et al. 2007). Further 

studies are thus needed to better understand how the bacterial symbionts of frogs’ skin 

interact among themselves and with their amphibian hosts, and how the activities 

performed by the skin bacteria could benefit diseased frogs. 

Colombia has one of the most diverse amphibian faunas of the world with 751 

described species (AmphibiaWeb, 2012), but the current conservation status of many 

populations and species remains unknown.  This study is at the forefront of attempts to seek 

local bacteria involved in resistance to amphibian chytridiomycosis [59]. We found that 

amphibian skin microbiota is an important component of disease resistance, and moreover, 

we describe Neotropical bacteria that provide promising avenues for disease mitigation. In 

particular, probiotic therapy may be applied as a management tool to reduce the 

vulnerability of Neotropical amphibians to the devastating effects of Bd as has been 

demonstrated with frogs from temperate zones, where the treatment with beneficial bacteria 

has been shown to be highly successful to protect susceptible amphibian species from Bd 

infections (Vredenburg et al. 2011). 
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Fig. 1. Photometric method. Estimation of bacterial anti-Bd effect as a combined 

measurement of the inhibition halo around the query bacteria (thick width band, above) and 

the decreasing density of Bd colonies. A spline regression model is fitted to grey values (i.e. 

density of Bd colonies) against distance to the query bacteria (middle). Bd growth is then 

interpolated at the first (25), second (50), and third (75) quartiles (middle and below). The 

bacterial isolate in the right column (red) have a stronger anti-Bd effect than the bacteria in 

the left column (blue). 
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Fig. 2. Differences in Bd-growth averaged from all anti-Bd bacterial isolates on each 

frog species (color code). Growth is estimated at three distances (quartiles 25, 50 and 75) 

from the bacteria by using spline regression models. Left: original variation as summarized 

by boxplots and average lines. Right: means for each frog-quartile combination as 

estimated from the corresponding Manova model. Atelopus elegans is the only species we 

found infected with Bd in its natural habitat. 
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Fig. 3. Representative examples of Bd growth at varying distances from putatively 

inhibitory bacteria. Lines denote spline regression models (Lambda = 1.0) with R2 values 

of 0.62 (Chryseobacterium sp.) and above 0.95 (all the other ones). 
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Fig. 4. Residuals of Bd growth after the toad species from which the bacteria were 

recovered. Residual analysis of the aforementioned model to summarize differences 

between bacterial isolates grouped after the frog species from which they were recovered. 

Atelopus elegans is the only species we found infected with Bd in its natural habitat. 
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Table 1. Prevalence of bacterial species isolated from the skin of Atelopus aff. limosus, A. 

spurrelli and A. elegans. Species that showed anti-Bd activity are marked with an asterisk. 

Each cell indicates the number of individuals carrying a bacterial species. N = 8, 5, 7 toads 

respectively.  

Bacterial Isolates Atelopus aff. 
limosus 

Atelopus 
spurrelli 

Atelopus 
elegans 

Acinetobacter baumanii 3 2 0 
Acinetobacter calcoaceticus  2 1 0 
Acinetobacter genomosp.  1 0 0 
Acinetobacter gyllenbergii 5* 1* 0 
Acinetobacter venetianus 1 0 0 
Acinetobacter haemolyticus 0 1* 0 
Acinetobacter junii 1 0 0 
Acinetobacter sp. 7* 2* 3* 
Chryseobacterium sp. 5* 0 3 
Comamonas sp. 1 1 5* 
Comamonas testosteroni 1 2 2 
Cupriavidus metallidurans 0 0 1 
Elizabethkingia meningosepticum 1* 1 0 
Pseudomonas sp. 1 1 0 
Pseudomonas aeruginosa 0 0 1* 
Pseudomonas putida 1* 2* 1* 
Pseudomonas nitroreducens 0 1 0 
Pseudomonas plecoglossicida 0 1* 0 
Pseudomonas straminea 0 1 0 
Pseudomonas tolaasii 0 0 5* 
Pseudomonas veronii 6* 0 0 
Sphingomonas sp. 0 0 1 
Stenotrophomonas maltophila 0 1 0 
Stenotrophomonas sp. 0 0 1* 
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Abstract 

Establishment of captive assurance colonies as an emergency measure to avoid extinction is 

currently the only chance for endangered amphibian species that cannot be safeguard in 

their natural habitats due to the presence of the fungal pathogen Batrachochytrium 

dendrobatidis (Bd). Various studies have confirmed that symbiotic microorganisms in the 

skin of amphibians play a key role against Bd. However, it is still unknown how captivity 

affects the proportion and performance of beneficial bacteria and how these variations in 

the community composition may affect the chances of successful reintroduction programs. 

In this study we sampled three species of the threatened genus Atelopus that remain in the 

wild but are also part of ex situ breeding programs in Colombia and Ecuador. Our goals 

were (1) to estimate the diversity of bacteria assemblages in three species of Atelopus, (2) 

to describe the effect of captivity on the number of bacterial species with antifungal 

properties and, (3) to examine how captivity affects the bacterial ability to inhibit Bd 

growth. To accomplish this, we isolated bacteria until obtained pure colonies. Each 

morphotype was tested against Bd to determine antifungal activity and identified through 

sequencing of the 16S rRNA. We found that bacterial species from thirteen genera 

exhibited anti-Bd properties. Surprisingly, we did not detect a reduction in the number of 

bacteria in captive frogs compared to wild animals. Moreover, we found that frogs in 

captivity still harbor bacteria with anti-Bd activity. Although the scope of our study is 

limited to a few species and based only in the culturable portion of the cutaneous 

microbiota, our results suggest that captivity programs do not necessarily change bacterial 

communities of the toad skin in a way that impedes Bd growth control. Our study gives a 

glimmer of hope to those species that are waiting to be returned to their natural habitat.	

Keywords: culturable bacteria, growth inhibition, bacterial communities, ex situ 

conservation, Batrachochytrium dendrobatidis	
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Introduction 

The crisis of amphibian conservation is due to a variety of factors including habitat 

destruction, contamination, UV-B radiation, climate change, overexploitation and 

infectious diseases (Alford and Richards, 1999; Collins and Crump, 2009; Heard et al., 

2013). Diseases caused by microparasites have gained the most attention, since they have 

been linked to massive mortality events and extinctions, and the causative agents can be 

viral, bacterial, or caused by protists and fungi (Chambouvet et al., 2015; Latney and 

Klaphake, 2013). Emerging diseases caused by fungi, relative to other agents has become 

more problematic and the consequences are much more alarming (Fisher et al., 2012; Wake 

and Vredenburg, 2008). Only Batrachochytrium dendrobatidis (hereafter Bd) (Longcore et 

al., 1999; Pessier et al., 1999), the etiological agent of chytridiomycosis has been detected 

in at least 520 amphibian species in 56 countries (http://www.bd-maps.net, Berger et al., 

2016), causing decimations and extinctions in at least 200 species across five continents 

(Fisher et al., 2009; Skerratt et al., 2007). 

Conservation strategies focused on ameliorating the lethal effects of the fungal 

pathogen, have been mainly restricted to establishing ex situ and disease-free colonies, 

ensuring the survival and reducing the risk of extinction of susceptible species (Becker et 

al., 2014; Tapley et al., 2015). Captive programs are basically a short-term intervention to 

prevent extinction (Mendelson et al., 2006), and the final goal of these programs is to 

reintroduce the animals to their native habitat. However, a strategy that ensures host 

survival despite Bd presence is still needed. Currently, ex situ programs are almost the only 

option for Bd-threatened amphibians. Still, the conditions under which amphibians are 

maintained in captivity may disturb their associated symbiotic microbes, affecting the 

health status of the amphibian hosts (Becker et al., 2015; Li et al., 2008) and thus, the 

survival rates if they are released into the wild (Michaels et al., 2014b; Redford et al., 

2012). 

The mucous layer that covers amphibian skin is an ideal niche for the establishment 

of different microorganisms including Bd (Rollins-Smith and Woodhams, 2011). 

Furthermore, skin associated-bacteria may provide the first line of defense against the 

fungal pathogen (McKenzie et al., 2012). Symbiotic bacteria can compete with Bd for space 
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and resources, altering the microenvironment, preventing colonization, secreting 

antimicrobials and volatile organic compounds that can kill or inhibit the growth of Bd 

(Antwis et al., 2014; Becker and Harris, 2010; Belden and Harris, 2007; Brucker et al., 

2008; Woodhams et al., 2016). Therefore, changes in the community composition may alter 

this equilibrium and increase susceptibility to the pathogen.  

Recent studies have reported that microbial assemblages of individuals in captivity 

differ from those in the wild (Becker et al., 2014, Sabino-Pinto et al., 2016). In the case of 

Agalychnis callydrias, community composition, species richness, and abundance of 

bacterial groups, seem to be influenced mainly by the availability of carotenoids in their 

diet (Antwis et al., 2014), and by the cover provided in the enclosures (Michaels et al., 

2014a). However, other factors including humidity, temperature, pH and disinfection 

methods might affect the presence of certain bacterial species and could facilitate or impede 

the colonization and their establishment in the host skin (Mendoza et al., 2012). Cutaneous 

microbes can inhibit or delay the growth of the fungal pathogen (Harris et al., 2009; 2006; 

Woodhams et al., 2007). Moreover, therapies where beneficial microbes are augmented 

have been considered as an option to treat Bd-susceptible species in situ (Bletz et al., 2013; 

Woodhams et al., 2011). However, these approaches should take into account the complex 

interactions among the host, symbiotic bacteria and the pathogen which could be affected 

by the environmental context (Bosch et al., 2015; Kueneman et al., 2013; McKenzie et al., 

2012). 

Although Bd has decimated a great number of species all over the world, one of the 

most affected group is the genus Atelopus (La Marca et al., 2005; Mendelson et al., 2006) 

with almost 71% of the species listed as Critically Endangered or Extinct (IUCN 2016). 

Since the threat imposed by Bd cannot currently be mitigated in the field, conservation 

researchers have brought into captivity species that are in extreme danger and would 

otherwise go extinct in the wild. Conservation initiatives mainly in Ecuador and Panama 

are committed to safeguard those species facing the highest risk of extinction, and they 

have included at least 11 species of harlequin toads in the rescue programs (Coloma et al., 

2012, http://amphibianrescue.org). One of the species that has attracted most of the 

attention is Atelopus zeteki which have not been seen in the wild since 2009 (Gratwicke et 

al., 2015). Nevertheless, it is now being successfully managed in more than 50 institutions 
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in Canada and the US (Poole, 2008). Studies examining the effect of captivity on the skin 

microbial communities have suggested that either OTU richness and phylogenetic diversity 

is significantly higher in captive animals in (i.e. in A. zeteki, Becker et al., 2014) or the 

opposite, where wild animals harbors a higher alpha diversity (i.e. Cynops pyrrhogaster, 

Sabino-Pinto et al., 2016). Although changes in the assemblages’ composition due to 

captivity seem to vary depending on the species, we need to determine how changes in the 

community structure affect the host response to infection. For example, Becker et al (2015) 

showed that survival rates after exposure to Bd seem to be associated to the initial 

composition of the skin bacterial community. Even though scientists have provided 

important insights on how different factors affect microbial assemblages in captive 

condition (Antwis et al., 2014; Michaels et al., 2014a; 2014b, Sabino-Pinto et al., 2016), 

additional research is still required to better determine the impact of captivity on the 

proportion of bacteria with anti-Bd properties. Knowing how captive conditions affect the 

proportion and performance of bacteria with antifungal capacities will allow us to more 

accurately predict the future of species that are considered for reintroduction into the wild.  

To our knowledge, this is the first study evaluating changes in the anti-Bd bacterial 

community due to ex situ management, and looking at how variations at this level could 

affect the chances of successful reintroduction programs. We use culture-dependent 

methods to compare the skin bacterial community in three Atelopus species that persist in 

the wild but are also part of an ex situ breeding program. Our main goal was to evaluate the 

effect of captivity on the composition of the skin microbial community, focusing mainly in 

those that exhibit anti-Bd properties. We performed antagonism assays to determine which 

bacterial species can inhibit or delay Bd growth, and we compared the activity between 

bacteria isolated from individuals in the wild and those maintain in captivity. Since captive 

environments have been described as less heterogeneous and diverse, compared with 

natural habitats, we hypothesized that animals in the wild would support a more diverse 

bacterial community and therefore a higher capacity to inhibit or delay Bd growth, 

increasing the survival chances.	
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Methods 

Study species 

We studied three Atelopus species from the lowlands, two occurring in the coastal forests of 

Colombia and one in Ecuador (Fig. 1). We took skin bacterial samples of Atelopus 

spurrelli, in the municipality of Arusí (5.57ºN, 77.50ºW; 90 m), Atelopus aff. limosus, a 

species occurring near Capurganá (8.60°N, 77.33°W; 150 m) in the border between 

Colombia and Panama, and Atelopus elegans from the Esmeraldas province in the north of 

Ecuador (1.04ºN, 78.62ºW; 265 m). In addition, we took samples from captive A. elegans, 

A. aff. limosus and A. spurrelli collected between 2009 – 2012 and maintained as part of ex 

situ programs in the Cali Zoo (Colombia) and Iniciativa de Conservación “Balsa de los 

Sapos” at the Pontificia Universidad Católica del Ecuador (Table 1).  

 

Bacterial isolation 

In order to determine the effect of captive conditions on the cutaneous bacteria, we took 

skin bacterial samples from captive animals: four A. spurrelli, seven A. aff. limosus and 10 

individuals of A. elegans. All samples from captive animals were collected in 2012 (Table 

1). To perform the comparison between captive and wild bacterial communities, samples 

from wild animals were taken from five individuals of A. elegans from Esmeraldas 

(Ecuador). We used the data on the skin bacteria community described by Flechas et al. 

(2012) for wild individuals of A. spurrelli and A. aff. limosus.  

Individuals were manipulated with new nitrile gloves, and rinsed with 20 mL of 

sterile water to remove transient cutaneous flora. Each animal was sampled by running a 

sterile synthetic cotton swab (Medical Wire Equipment MWE 100) on their left, right and 

ventral surfaces, hindlimbs and interdigital membranes for a total of 50 strokes. Swabs 

were stored in 2 mL cryovials containing 1 mL DS solution (Boyle et al., 2003). Samples 

were refrigerated within 24 h and processed within 48 h after sampling. To isolate pure 

colonies we followed the protocol described previously by Flechas et al. (2012). Each 

isolate was cryopreserved in nutritive broth with 30% glycerol at -80ºC. 
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Growth inhibition assays 

To determine the ability of each isolate to inhibit Bd growth we performed antagonism 

assays as previously published (Flechas et al., 2012; Harris et al., 2006; Lam et al., 2010). 

Assays were conducted using two Bd strains: JEL 423 (provided by J. E. Longcore, 

University of Maine, Orono, USA) and EV001 (Flechas et al., 2013). Experiments using 

bacterial isolates from captive animals and from wild A. elegans were challenged against 

both Bd strains in duplicate. Bacterial strains isolated from wild Colombian Atelopus were 

only tested against the strain JEL 423 since the Colombian strain was not available for the 

test before 2012. Query bacteria that produced a clear halo around the streak were 

considered as inhibitory. Isolates that showed signs of growth inhibition were photographed 

under similar resolution and lighting conditions in a dark background in order to estimate 

antifungal ability.  

Sections of 3 cm x 1.75 cm approximately were taken from digital images of each 

culture plate: one section was taken from close to the bacterial growth (and its potential 

effect) and two from sections were only Bd was present (control section of the plate). To 

estimate the antifungal action of bacteria, a graphical approach was developed, using 

programming routines for R software (R Core Team, 2016). The three images were read 

into R using the function ‘raster’ of package ‘raster’ (Hijmans, 2015) and then a frequency 

table of the values of the image was created based on the color present in each pixel, with 

the function ‘freq’ of the same package. We generated a continuous color scale ranging 

from 0 (white - complete presence of Bd) to 255 (black – complete absence of Bd). To 

assure these extreme values were present in the picture, two circles of equal dimensions 

(one of each color) were manually added to each image.  

Because Bd does not grow uniformly over the plate’s surface, two control 

assessments were considered: a) We obtained kernel density estimates for each control 

picture and the average of the modal color value from each picture was used in all posterior 

analyses. For this step, we used the ‘density’ function from the ‘stats’ package (R Core 

Team, 2016) with its default arguments, and b) the frequency tables of each control picture 

were averaged by colors, and then the color value corresponding to the mode of the kernel 

density estimates, was used as control. These two control values were compared to the 

modal color value of the picture showing the bacterial effect on Bd growth. We assume that 



	

	 90	

lower experimental values than the control imply Bd inhibition (darker background in 

picture), and no differences may imply no antifungal effect (S1).  

 

Statistical analyses 

We used culture-dependent techniques to determine the effect of captive conditions on the 

bacterial communities and their performance against the fungal pathogen in three Atelopus 

species. In order to determine the variable (species or condition) that best explain the 

composition of the skin-associated bacterial community we used a Canonical 

Correspondence Analysis - CCA using the ‘cca’ function in the ‘vegan’ package (Oksanen, 

2015). In addition, to determine if bacterial communities are less diverse in animals in 

captivity compared to bacterial assemblages from wild animal, we counted the number of 

bacterial species in each category (species and condition) and then, we performed a chi-

square test using the ‘stats’ package in R (R Core Team, 2016). In order to recognize if 

individuals in captivity are losing their beneficial bacteria, we used a chi-square test to 

determine if there are differences in the number of bacterial species with antibacterial 

properties between conditions. Lastly, to test for differences in the capacity of bacterial 

species to inhibit Bd depending on their origin (wild vs. captive), we performed an 

ANOVA using the data obtaining from the image analysis.  

 

Identification of bacterial isolates 

DNA from pure cultures, including inhibitory and non-inhibitory strains were extracted as 

follows: one colony of each morphotype was resuspended in 10 mL of pure water HPLC 

grade in a 0.2 mL PCR tube and boiled for 7 min at 95 ºC. Amplifications were performed 

using universal 27F and 1492R (Lane, 1991) using the following parameters: an initial 

denaturation of 3 min at 95ºC, followed by 35 cycles of 45 s at 95ºC, 45 s at 52ºC and 90 s 

at 72ºC, and a final extension of 7 min at 72ºC. PCR results were checked by 

electrophoresis in 1% agarose gels. PCR products were sent to Macrogen (Korea). DNA 

sequences were cleaned and assembled using Geneious (Drummond et al., 2011). 16S 

rRNA sequences were then identified using BLASTn (Altschul et al., 1990) against the 

complete GenBank nucleotide database (http://www.ncbi.nlm.hih.gov) and the Greengenes 

database (http://greengenes.lbl.gov) using default parameters.  



	

	 91	

Results 

Bacterial communities in wild and captive individuals 

A total of 153 cultivable bacterial morphotypes were isolated from captive animals, 70 

from A. elegans, 62 from A. aff. limosus, and 21 from A. spurrelli. We isolated 40 

morphotypes from wild individuals of A. elegans. Fifteen bacterial morphotypes from 

captive (21%) and 11 (27%) from wild A. elegans inhibited Bd growth in the antagonism 

assays. For A. aff. limosus and A. spurrelli, 29 and six morphotypes inhibited Bd growth 

respectively. We found that 38% of the identified species (28 out of 74) exhibited anti-Bd 

activity (Table 2), and belong to 13 different genera (Table 3).  

 

Effect of captivity on the composition of skin bacterial community 

Although most of captive and wild individuals from the same species harbor cutaneous 

bacteria belonging to the same genera (Fig. 2), we found poor overlap in the bacterial 

communities between toad species and conditions (Fig. 3), which was supported by the 

CCA (species, χ2
df=1 = 0.72, F = 2.198, P < 0.05; condition, χ2

df=1 = 0.408, F = 1.23, P = 

0.04). However, we did not find evidence of reduction in the quantity of bacterial species 

between wild and captive animals (χ2
df=2 = 3.6551, P = 0.1608, Fig 4). Moreover, 

antagonism experiments revealed that both, animals in the wild and individuals kept in ex 

situ facilities harbor in their skin bacteria with antifungal capacities. Differences in the 

number of bacteria with antifungal abilities between captive and wild individuals were not 

found (χ2
df=2 = 2.0483, P = 0.3591, Fig. 4) and the anti-Bd activity were very similar in both 

conditions (F = 0.502, P = 0.73, Fig. 5) Yet, anti-Bd bacteria appeared to be different with 

only 5 out of 28 species shared among wild and captive animals including Acinetobacter 

sp., Chryseobacterium sp., C. meningosepticum, Pseudomonas sp., and P. putida. 

 

Anti-Bd activity in shared bacterial strains 

To determine if anti-Bd activity dramatically changes depending on the origin of the 

bacteria (wild/captive), we compared those bacteria shared between individuals in the wild 

and in captivity. Based in our observations and corroborated through the graphical analysis, 

we detected that the five bacterial species inhibit Bd growth in both conditions. The 

inhibition was measured as a reduction of density of Bd colonies (based on the presence of 
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darker pixels in the experimental area). We did not detect differences in the extent of 

inhibition between bacteria isolated from wild and captive animals (F=0.503, P=0.73).  

 

Discussion  

In this study we described bacterial assemblages for individuals of three Atelopus species 

that remain in the wild, in apparently healthy conditions, and individuals that have been 

brought into captivity as an emergency measure to ensure their survival. However, our 

main goal was not only to describe the community composition for each condition, but the 

effect of captivity on the proportion of beneficial bacteria and their performance as Bd 

inhibitors. As far as we know, this study corresponds to the first attempt to determine the 

effect of captive conditions on the anti-Bd bacterial community in a group of threatened 

toads. Despite bacterial assemblages appeared to vary among species and between captive 

and wild individuals, our results suggest that microbial communities could change 

depending on the context without involving an adverse effect, in this particular case, 

increasing vulnerability to Bd. 

Various studies, examining a great variety of organisms have reported changes in 

the microbial associated communities when animals are moved from the wild to a captive 

environment (Dhanasiri et al., 2011; Isaacs et al., 2009; Nelson et al., 2013; Wienemann et 

al., 2011). In amphibians, research assessing the effect of captivity on bacterial 

communities are still scarce (Antwis et al., 2014; Becker et al., 2014; Michaels et al., 

2014a, Sabino-Pinto et al., 2016). However, through culture-independent and dependent 

approaches, these studies have demonstrated changes in the skin bacterial community 

composition due to conditions imposed by captivity. Our results showed that ex situ 

conditions are not reducing the diversity of skin bacteria or the proportion of anti-Bd 

bacteria; moreover, we detected a higher number of culturable bacterial species in captive 

animals compared to wild individuals. Our findings are consistent with the results obtained 

for other vertebrates including birds and mammals (Nelson et al., 2013; Xenoulis et al., 

2010), where gut microbial diversity was higher in captive animals, and are also consistent 

with the findings for the Panamanian golden frogs, where OTU richness and phylogenetic 

diversity was higher in captive frogs (Becker et al., 2014). 
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Captive environments appear to be less diverse and less heterogeneous than wild 

habitats, which might imply that host associated bacterial communities should be less 

diverse (Sabino-Pinto et al., 2016). The enclosures where frogs are maintained provide a 

completely different environment that can also vary depending on the zoo or facility. These 

new environments and set of conditions could facilitate the transmission of new bacteria 

capable of colonizing the frog’s skin, as suggested for other animals in captivity (Nelson et 

al., 2013). We propose that the observed differences between A. elegans and the other two 

species might also be due to environmental differences in the enclosures where those 

animals are maintained. In addition, we found that isolates from captive animals at the Cali 

Zoo (A. aff. limosus and A. spurrelli) were not the same but more similar to each other than 

compared with A. elegans. For example, we isolated more bacteria from captive A. aff. 

limosus than from A. spurrelli (Fig. 2), which might imply that a “host” component is also 

playing a role shaping skin bacterial communities, as suggested previously for Japanese 

amphibians (Sabino-Pinto et al., 2016).  

Our study although based only in a small portion of the skin microbial community, 

agrees with previous research showing differences in the bacterial communities between 

captive and wild individuals. Moreover, we found larger differences between species, 

where A. elegans from Esmeraldas (Ecuador) harbors a completely different cutaneous 

microbiota compared with the two Colombian species. This may be due to the differences 

in surrounding habitat and environmental conditions that can alter microbial communities 

(Zogg et al., 1997). In the case of A. elegans, wild individuals were collected in a highly 

disturbed area, mainly covered by pastures and relatively far from streams (approx 400 m). 

In contrast, A. aff. limosus and A. spurrelli were collected close to streams in well 

conserved areas. Although, it has been suggested that bacterial communities associated to 

the skin do not reflect those recovered from the surrounding environment (Kueneman et al., 

2013; McKenzie et al., 2012), it is still probable that the frog skin is selecting for microbes 

that are in low abundance in the environment (Walke et al., 2014). We still have no solid 

evidence on which mechanisms are the frogs using to acquire bacteria, and which is the key 

factor modeling bacterial assemblages. From our results, we can propose that the 

environment as well as host-related effect can also be playing an important role in defining 

bacterial communities in these species.  
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To date, we still lack a cure for chytridiomycosis that allows threatened species to 

survive in their habitats. Although, many different disease mitigation strategies have been 

proposed (Bosch et al., 2015; Woodhams et al., 2011), keeping viable assurance colonies in 

captivity seems to be the only option for endangered species (Gratwicke et al., 2015). Yet 

the main goal of ex situ programs is to eventually reintroduce animals to their natural 

habitats. However, management in captivity can lead to alterations of the species’ 

microbiome that may reduce survival chances after reintroduction (Redford et al., 2012). In 

this study, we found that captive Atelopus compared to wild individuals harbor almost the 

same number of bacterial species with anti-Bd activity, which allow us to predict that these 

individuals will protected against the pathogen if released in the wild. Redford et al (2012) 

proposed that more studies are needed to determine changes and alterations in the animals’ 

microbiome in order to increase the success of reintroduction efforts. Here, we 

demonstrated that although captive conditions provoke changes in the microbiome 

composition without reducing bacterial diversity, this does not imply that animals are 

losing the microorganisms that will eventually help them to counteract the lethal effects of 

the pathogen. In addition, it seems that animals are acquiring new microorganisms that are 

also providing protection against the fungal pathogen. For this reason, our results will be 

key and should be considered when reintroduction plans are proposed as the next step for 

many species that are now part of ex situ programs.  
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Fig. 1. Map showing the localities were field samples were taken. (!) Atelopus aff. limosus, 

(!) Atelopus spurrelli and (") Atelopus elegans. 
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Fig. 2. Relative abundance of bacterial genera present on the skin of captive and wild 

individuals in three species of Atelopus. Bars are grouped by species condition. Numbers 

inside the bars denoted the number of toads sampled per category. C = Captive, W = Wild. 
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Fig. 3. Variation in microbial communities between wild and captive Atelopus. Non-metric 

Multidimensional Scaling (NMDS) ordination of Bray-Curtis distances between microbial 

communities. Each symbol represents one sampled individual. Ellipses represent 95% 

confidence intervals (Pink = wild, Pale blue = captive). 
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Fig. 4. Number of bacterial species isolated from the skin of three Atelopus species. Darker 

colors show the total number of isolated bacteria in each condition (wild vs. captive). 

Lighter colors represent the number of bacterial species with anti-Bd activity in each 

condition (wild vs. captive). 
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Fig. 5. Inhibition of Batrachochytrium dendrobatidis growth using the data obtained from 

photometric method. Colored dots were only used for those bacteria that were identified to 

species. Black dots correspond to the bacteria that were identified to genus. 
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Table 1. Number of sampled individuals from each species in wild and captive conditions. 

The table includes the date when individuals where collected and entered into a facility, as 

well as the year when bacterial samples were taken. 

 

Species Stage # ind. 
captive 

Year of 
collection 

Date of 
sampling 
captive 

individuals 

# ind. 
wild 

Date of 
sampling 

wild 
individuals 

Juvenile 2 1 ind - 2009 
1 ind - 2010 2012 - - 

Atelopus elegans 
Adult 8 

2 ind - 2009 
3 ind - 2010 
1 ind  - 2011 
2 ind - 2012 

2012 5 2012 

Juvenile 2 
Born in 

captivity in 
2011 

2012 - - 
Atelopus aff. limosus 

Adult 5 2 ind - 2008 
3 ind -2009 2012 8 2009 

Atelopus spurrelli Adult 4 2011 2012 5 2009 
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Table 2. Bacterial species isolated from the skin of A. elegans, A, aff. limosus and A. 

spurrelli. C=Captive, W=Wild. The number in parenthesis means the number of individuals 

sampled in each condition. Numbers in each cell represent the number of isolates for each 

bacterial species. Species that showed anti-Bd activity are marked with and asterisk (*).  

 

A. elegans A. aff. limosus A. spurrelli 
Family Bacterial Isolates 

C (10) W (5) C (7) W (8) C (4) W (5) 

Moraxellaceae	 Acinetobacter baumannii - - 1 3 - 2 
Moraxellaceae	 Acinetobacter bereziniae - - 1 - - - 
Moraxellaceae	 Acinetobacter calcoaceticus - - 1 2 - 1 
Moraxellaceae	 Acinetobacter genomosp. - - - 1 - - 
Moraxellaceae	 Acinetobacter haemolyticus - - - - - 1* 
Moraxellaceae	 Acinetobacter gyllenbergii - - - 5* - 1* 
Moraxellaceae	 Acinetobacter junii - - - 1 - - 
Moraxellaceae	 Acinetobacter sp. 2 - 3* 7* 2 2* 
Moraxellaceae	 Acinetobacter venetianus - - - 1 - - 
Aeromonadaceae Aeromonas hydrophilia 1 - - - - - 
Aeromonadaceae Aeromonas sp. 1 - - - - - 
Alcaligenaceae Alcaligenes faecalis - - 1* - - - 
Bacillaceae	 Bacillus sp. - - 1 - - - 
Bacillaceae	 Bacillus cereus - - 2* - - - 
Sphingomonadaceae Blastomonas natatoria 4 3* - - - - 
Brevibacteriaceae Brevibacterium aureum - - 1 - - - 
Caulobacteraceae Brevundimonas aurantiaca 1 1 - - - - 
Caulobacteraceae	 Caulobacter crescentus - 1 - - - - 
Caulobacteraceae	 Caulobacter vibroides - 1 - - - - 
Flavobacteriaceae Chryseobacterium indologenes - - 2* - - - 
Flavobacteriaceae	 Chryseobacterium meningosepticum - - 1* 1* 2* 1 
Flavobacteriaceae	 Chryseobacterium sp. - - 2* 5* - - 
Enterobacteriaceae Citrobacter freundii - 1* - - - - 
Enterobacteriaceae Citrobacter sp. 1* - - - - - 
Comamonadaceae	 Comamonas sp. 3 -  1 1 1 
Comamonadaceae	 Comamonas testosteroni - - 2 1 1* 2 
Oxalobacteraceae Duganella sp. - 1 - - - - 
Dermacoccaceae Dermacoccus sp. - - 1 - - - 
Enterobacteriaceae	 Enterobacter asburiae 1* - - - - - 
Enterobacteriaceae	 Enterobacter sp. 2 2 - - - - 
Enterobacteriaceae Erwinia amylovora - 1 - - - - 
Streptomycetaceae Kitasatospora phosalacinea - - 1 - - - 
Enterobacteriaceae	 Klebsiella oxytoca 1 - - - - - 
Enterobacteriaceae	 Klebsiella sp. - 1 - - - - 
Enterobacteriaceae Kluyvera ascorbata - 1* - - - - 
Microbacteriaceae Leucobacter sp. - - 1 - - - 
Listeriaceae Listeria sp. - - 1 - - - 
Xanthomonadaceae Luteibacter rhizovicinus - 1* - - - - 
Oxalobacteraceae Massilia sp. 1 - - - - - 
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Microbacteriaceae	 Microbacterium foliorum 1 - - - - - 
Microbacteriaceae	 Microbacterium sp.  1 - - - - - 
Microbacteriaceae	 Microbacterium testaceum - 1 - - - - 
Enterobacteriaceae Morganella morganii 1 - - - - - 
Sphingomonadaceae Novosphingobium aromaticivorans 1 - - - - - 
Sphingomonadaceae Novosphingobium subterraneum 2 3* - - - - 
Enterobacteriaceae Pantoea agglomerans 1 - - - - - 
Comamonadaceae Pelomonas puraquae 3 - - - - - 
Pseudomonadaceae Pseudomonas aeruginosa 1* - - - - - 
Pseudomonadaceae	 Pseudomonas fulva 1 1* - - - - 
Pseudomonadaceae	 Pseudomonas geniculata - - 1* - - - 
Pseudomonadaceae	 Pseudomonas montielli - - - - 1* - 
Pseudomonadaceae	 Pseudomonas mosselii 1* - 1* - - - 
Pseudomonadaceae	 Pseudomonas plecoglossicida - - 1 - - 1* 
Pseudomonadaceae	 Pseudomonas putida 2* 1* 2* 1 1 2* 
Pseudomonadaceae	 Pseudomonas saccharophilia 1 - - - - - 
Pseudomonadaceae	 Pseudomonas sp. 4* 2* 2 1 1 1 
Pseudomonadaceae	 Pseudomonas nitroreducens - - - - - 1 
Pseudomonadaceae	 Pseudomonas straminea - - - - - 1 
Pseudomonadaceae	 Pseudomonas tolaasii - - - 1 - 1 
Pseudomonadaceae	 Pseudomonas veronii - - - 6* - - 
Pseudomonadaceae	 Pseudomonas vranovensis 2* - - - - - 
Enterobacteriaceae Raoultella ornithinolytica - 1 - - - - 
Rhizobiaceae Rhizobium sp. 1 1 - - - - 
Sphingomonadaceae Sphingobium yanoikuyae 2 - - - - - 
Sphingomonadaceae	 Shipngomonas paucimobilis 1 - - - - - 
Sphingomonadaceae	 Sphingomonas sp. 4 1 - - - - 
Sphingomonadaceae Sphingopyxis sp. 4 - - - - - 
Staphylococcaceae Staphylococcus capitis - 1 - - - - 
Xanthomonadaceae Stenotrophomonas maltophilia - 1 4* - 1 1 
Xanthomonadaceae Stenotrophomonas sp. - 1 2* - 1* - 
Nocardiaceae Tsukamurella sp. 1 - - - - - 
Nocardiaceae Tsukamurella tyrosinosolvens 1 - - - - - 
Enterobacteriaceae Yokenella regensburgei - 1 - - - - 
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Table 3. Summary of number of isolates recovered from three Atelopus species in captive 

and wild conditions. The number in parenthesis represents the percentage of isolates with 

anti-Bd properties. In the last column we detailed the number of species (from isolates) 

with anti-Bd activity. 

 

Species Condition # of isolates # Anti-Bd 
isolates 

# Bacterial species 
with anti-Bd activity 

Captive 70 15 (21%) 7 from 3 genera Atelopus elegans 
Wild 40 11 (27%) 9 from 7 genera 
Captive 62 29 (47%) 11 from 6 genera Atelopus aff. limosus Wild 77 20 (26 %) 7 from 3 genera 
Captive	 21 6 (28%) 4 from 4 genera Atelopus spurrelli Wild 21 6 (28%) 5 from 2 genera 
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Fig.	S1. Control and experimental digital images from two tests: upper panels show an 

experiment where we visually detected antifungal activity; lower panels show an 

experiment where tested bacterium did not inhibit Bd growth. On the right, kernel density 

estimates for color composition in experimental images (solid blue line) and its mode 

(dashed blue line). Red and brown dashed lines represent the modes of the kernel density 

estimates for the two assessment methods.	
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CHAPTER III 
 

 

ECOLOGY OF DISEASE RESISTANCE: THE CASE  

OF TWO ANDEAN FROGS 
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Antimicrobial peptides and skin microbiota across life stages explain survival of two 

sympatric Andean frog species despite high infection prevalence by chytrid pathogen 
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Zilpa Adriana Sánchez-Quitian, Claudia M. Parra-Giraldo, Louise Rollins-Smith, 

Laura K. Reinert, Vance T. Vredenburg, Adolfo Amézquita 
 
 
Abstract 

Dramatic population declines and extinction of amphibian populations around the world 

have been attributed to the chytrid fungus, Batrachochytrium dendrobatidis (Bd). Although 

many species of amphibians have suffered the lethal effects of the pathogen, other species 

seem to be less affected by the fungus. Important defenses against skin pathogens, including 

Bd, are cutaneous symbiotic bacteria and antimicrobial peptides produced by the frog. 

These defenses may change radically between tadpoles, juveniles (metamorphic frogs), and 

adults, which might explain differences in susceptibility to infection. To date it remains 

unclear how antimicrobial peptides interact with the skin bacterial community composition 

to determine the outcome of infection by Bd. Here, we studied two sympatric species of 

frogs from the Colombian Andes, Dendropsophus labialis (Hylidae) and Rheobates 

palmatus (Aromobatidae), which have been coexisting with Bd for at least a decade without 

signs of decline. We collected data on variation across three life stages in Bd infection, 

cutaneous microbiota, and skin peptides. Isolated skin bacteria and peptides were tested for 

anti-Bd properties. In addition, skin peptides were tested for their effect on bacterial growth 

to determine their role in defining bacterial communities. Bd prevalence was equally high in 

both species, and prevalence was highest in juveniles relative to other life stages. Bacterial 

composition also differed among life stages, and all were distinct from the more diverse 

pond water. We found that antimicrobial peptides and approximately 80 % of the isolated 

bacteria inhibited Bd in vitro. These results suggest that these two defenses are facilitating 

the survival of D. labialis and R. palmatus despite the high Bd prevalence. Antimicrobial 

peptides are hypothesized to define the bacterial communities present in amphibian skin, 

and our data suggest that bacteria colonizing the skin are largely antifungal and also 

resistant to the effects of host skin peptides. Here, we provided strong evidence that skin 
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symbiotic bacteria as well as antimicrobial peptides are allowing coexistence between host 

and pathogen in two high-Andean frog species. 

 

Keywords: 16S rRNA massive parallel sequencing, MALDI-TOF mass spectrometry, 

ontogeny, microbiome, chytridiomycosis, operational taxonomic units (OTUs) 
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Introduction 

All living organisms establish symbiotic relationships with microbes, and as a 

consortium, they can be considered a unit of selection in evolution (Rosenberg & 

Rosenberg 2008). Higher organisms offer selective microhabitats for the establishment of 

complex microbial communities. Within these, microorganisms influence the health status 

of their hosts through interactions ranging from mutualistic to parasitic (Li et al. 2008; 

Becker et al. 2015b). Microorganisms play an important role in different processes 

including food transformation, nutrient uptake, defense against pathogens, and may also be 

involved in predisposition to different diseases (Breznak & Brune 2003; Li et al. 2008; 

Fujimura et al. 2010; Fujimura-Yamamoto & Matsumoto 2014). For example, it is well 

known that diet shapes the human gut microbial community structure and function. 

Therefore, the way these microbial communities metabolize different nutrients can affect 

the energetic value of a given diet (Kau et al. 2011). For example, several studies have 

found that changes in the relative abundance of some bacterial groups, mainly 

Bacteroidetes and Firmicutes, can be related to obesity in humans (Ley et al. 2006; 

Turnbaugh et al. 2006). The human microbiome has received enormous attention and has 

become the focus of intense metagenomic efforts (Brüls & Weissenbach 2011). However, 

researchers around the globe have recognized the huge importance of symbiotic microbes 

in all living organisms, as they may influence the expression of phenotypes that were 

traditionally attributed entirely to the host (Gilbert et al. 2012, McFall-Ngai et al. 2013). 

Pathogenic microorganisms are culpable in the recent worldwide population 

declines in many animal groups including bees (Koch & Schmid-Hempel 2011), frogs 

(Berger et al. 1998), bats (Blehert et al. 2009) and corals (Goreau et al. 1998). In the latter, 

changes in microbial associated communities have lead to an increase in disease 

susceptibility and proliferation of opportunistic bacteria (Rohwer et al. 2001; Bourne et al. 

2008; 2009). Thus, research has focused on the role of the microbiota as a barrier against 

pathogens (Ganz 2002; Liévin-Le & Servin 2006; Anderson et al. 2011). These studies 

have concluded that microorganisms can be involved in processes like defense against 

viruses (Hedges et al. 2008), bacteria (Hudault et al. 2001), and eukaryotic parasites (Lauer 

et al. 2008; Jaenike et al. 2010; Koch & Schmid-Hempel 2011). Consequently, a better 

understanding of the microbiota and its dynamics as well as the factors determining the 
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establishment and structure of bacterial assemblages could lead to control strategies for a 

great variety of diseases (Dong et al. 2009).  

Fungi are currently recognized as a major threat to animal health (Fisher et al. 

2012). One of the most dramatic examples of population declines is due to the highly 

pathogenic fungus Batrachochytrium dendrobatidis (Bd, Longcore et al. 1999) which is the 

causative agent of chytridiomycosis (Berger et al. 1998). This disease has strongly 

impacted amphibian communities (Skerratt et al. 2007; Fisher et al. 2009), causing die-offs 

and collapses across entire amphibian communities at a scale never before seen in recorded 

history (Wake & Vredenburg 2008). Amphibian species have been affected by Bd on 

almost every continent (Fisher et al. 2009). However, despite the catastrophic declines, 

some species seem to tolerate and may coexist with Bd without displaying clinical signs 

and are considered asymptomatic carriers (Daszak et al. 2004; Reeder et al. 2012). This 

differential response to Bd- infection might be related to host, environment, or pathogen 

characteristics (Rollins-Smith et al. 2006; Harris et al. 2009a; Farrer et al. 2011; Rowley & 

Alford 2013).  

Among the factors that can contribute to disease resistance, symbiotic bacteria and 

antimicrobial peptides (AMPs) in the skin mucous layer are considered to be primary 

barriers impeding the cutaneous colonization by the pathogenic fungus (Woodhams et al. 

2006; 2007b; Rollins-Smith & Woodhams 2012). Many bacterial species are capable of 

inhibiting the growth of Bd (Harris et al. 2009b; 2009a; Flechas et al. 2012; Woodhams et 

al. 2015; Becker et al. 2015a). Moreover, the use of beneficial microorganisms as 

probiotics via bioaugmentation therapy has been considered one of the most promising 

strategies for treatment of infected animals and prevention of amphibian population 

declines caused by Bd (Woodhams et al. 2011; Bletz et al. 2013). In addition, other studies 

have shown that purified peptides from a wide range of amphibian species inhibit Bd 

growth under laboratory conditions (Rollins-Smith et al. 2002; 2003; 2005; Rollins-Smith 

& Woodhams 2012). However, anti-Bd abilities differ among peptides (Rollins-Smith et al. 

2005), and the composition of AMPs in each species may predict whether they can resist 

chytridiomycosis under natural conditions (Woodhams et al. 2006; Rollins-Smith & 

Woodhams 2012). Despite the large body of evidence supporting the importance of 

symbiotic bacteria and AMPs as defense mechanisms against pathogens including Bd, 
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factors determining the structure of bacterial communities remain unclear. Perhaps AMPs 

can influence the establishment of different bacterial assemblages and affect the disease 

outcome of amphibian hosts. 

In this study, we aimed to understand the microbial component of resistance to Bd 

infection as well as to understand the role of AMPs as both a direct defense against Bd and 

as an indirect defence influencing microbial assemblages. We studied two sympatric 

species of frogs from the Colombian Andes: the high-Andean frog (Dendropsophus 

labialis, Hylidae) and the rocket frog (Rheobates palmatus, Aromobatidae). In both species 

Bd prevalence is high, but there is no record of population declines or clinical signs of the 

chytridiomycosis. We hypothesized that differences in Bd prevalence among life stages and 

host species were associated with different AMPs or the composition of skin microbiota. 

Both species in this study share the same microhabitat for reproduction, essentially the 

breeding ponds and the surroundings, although they have different ecological strategies: D. 

labialis is heliothermic with eggs and tadpoles developing in water and R. palmatus is 

thigmothermic with terrestrial eggs and aquatic tadpoles. Sharing the same environment 

could potentially mean that both species harbor similar skin microbial assemblages. Thus, 

we describe the microbial community occurring on the skin of D. labialis and R. palmatus 

and that of their immediate environment by using massively parallel sequencing and 

correlating the abundance and diversity of symbiotic bacteria with Bd prevalence. Using 

growth inhibition assays we identified within the culturable portion of the microbiota which 

isolates exhibit antifungal activity. We also tested AMPs against Bd to better understand the 

differential contribution of each defense in this system of “Bd-tolerant” frogs. Lastly, we 

tested AMPs from each species and life-stage against the isolated bacteria to determine how 

skin secretions delimit microbial communities, with the hypothesis that co-evolution may 

have led to host peptides that support antifungal bacterial communities on the skin of these 

common Bd-tolerant amphibians. Conversely, host peptides are expected to retain activity 

against bacteria without antifungal or other functional benefit to the host. We aimed to 

provide key information on how microbial – pathogen interactions differ across life stages, 

and how changes in bacterial community composition may affect the response to Bd 

infection.  
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Methods 

Field	sampling	and	experimental	design 

We studied two sympatric species of frogs from the Colombian Andes; Dendropsophus 

labialis (Hylidae) and Rheobates palmatus (Aromobatidae). Individuals of both species were 

sampled in a pond located near Cáqueza, Departamento de Cundinamarca (04º26’12” N, 

73º55’10” W, at 1970 m), 56 Km east of Bogotá. We visited the site eight times between 2009 

and 2016 (Table 1). To test whether variations in skin AMPs and microbiome composition 

between life stages and species are correlated with Bd prevalence and infection intensity, and 

to determine the role of AMPs as modulators of the bacterial communities we used a four-fold 

approach: (1) All animals were swabbed for Bd diagnosis and zoospores quantification, (2) 

skin swab samples from a subset of individuals and from the environment were used to 

characterize bacterial communities using Illumina MiSeq technology, (3) culturable bacteria 

were identified by MALDI-TOF-MS and 16S rRNA sequencing and tested against Bd in order 

to identify strains with antifungal abilities and, (4) AMPs were extracted from adults and 

tadpoles from both species and tested against Bd and bacteria through growth inhibition assays. 

 

Batrachochytrium dendrobatidis diagnosis and quantification 

To determine infection status and to avoid cross contamination, animals were collected 

using clean, decontaminated equipment, individually handled with fresh disposable gloves, 

and placed in individual bags prior to obtaining the skin swab samples. Each animal was 

sampled by running a sterile rayon swab (Medical Wire Equipment MW100) over the 

ventral surface, the inner thigh area and the plantar surface of the hind feet webbing for a 

total of 50 strokes. Skin swabs were preserved either in 96% ethanol or were air dried and 

stored at -20˚C until processed. Samples collected between 2009 and 2011 were diagnosed 

(Bd-presence only) using regular PCR. Infection intensity (as zoospores equivalents) was 

determined through Real-time TaqMan PCR (qPCR) for samples collected between 2014 

and 2016 (Table 1).  

For regular PCR, DNA was extracted using GeneReleaser® (Bioventures Inc., 

Carlsbad, California). The PCR reactions were performed following the protocol described 

by Annis et al. (2004). Amplifications were performed in an MJ Research Peltier Thermal 

Cycler (PTC-200), as follows: an initial 2 min denaturation at 95ºC, followed by 35 cycles 
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of DNA amplification (45 sec at 95ºC, 45 sec at 55ºC, and 1 min at 72ºC), and a final 

extension at 72ºC for 10 min. Each reaction consisted of 0.5 µL of each primer (1 µM), 3.0 

µL of doubly distilled DNA-free water, 6 µL of GoTaq® Green Master Mix (1X; Promega) 

and 2 µL of the DNA extract. The amplified fragments were separated by electrophoresis in 

1% agarose gels. For the qPCR Bd assay, DNA was extracted using PrepMan Ultra. 

Extractions and qPCR’s were performed following the methods described by Hyatt et al. 

(2007) and Boyle et al. (2004) using an Applied BioSystems 7300 Real Time PCR System. 

Each reaction consisted of 0.45 µL of each primer (50 µM), 5.975 µl of water, 12.5 µl of 

TaqMan, 0.625 µL of MGB Probe and 5 µl of the DNA template. To quantify infection 

intensity we used standards of known concentrations and negative controls.  

 

DNA extraction, amplification and massive sequencing of 16S rRNA 

To determine if the skin-associated microbial community varies among life stages, between 

species and Bd infection status, we took microbial samples of 44 individuals in July 2014. 

All individuals were collected using a dip net or a new plastic bag. Each individual was 

manipulated with clean, decontaminated equipment, individually handled with fresh 

disposable nitrile gloves, and placed in individual containers. Prior to sampling, individuals 

were rinsed twice with 50 mL of sterile water in order to remove transient microbes and 

sediments ensuring that samples correspond mostly to skin-associated bacteria (Lauer et al. 

2007a; McKenzie et al. 2012). We followed the protocol described by Kueneman et al. 

(2014), where each animal was sampled by running a rayon swab (MWE 100) over the 

ventral surface and limbs during 30 s. For the larvae, we decided to swab the entire body as 

described by McKenzie et al. (2012). Since both species are co-occurring in the same pond, 

we took water samples by soaking a sterile swab for 30 s at a depth of approximately 10 

cm. Each swab was stored in RNAlater (Qiagen) and kept at -20 ºC until DNA extraction. 

 Whole community DNA was extracted from each of 54 samples using the Qiagen 

DNeasy blood & tissue kit (Valencia, CA, USA) following manufacturer’s protocol slightly 

modified. We obtain 16S rRNA gene amplicons amplifying the V3 and V4 regions obtaining a 

single amplicon of approximately 460 bp. PCR conditions were 95ºC for 3 min, followed by 30 

cycles of 95ºC for 30 s, 55ºC for 30 s, 72ºC for 30 s, and a final extension of 72ºC for 5 min. 

Then, we ran index PCR to attach dual indices and Illumina sequencing adapters using the 
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Nextera XT Index Kit. PCR conditions were 95ºC for 3 min, followed by 8 cycles of 95ºC for 

30 s, 55ºC for 30 s, 72ºC for 30 s and 72ºC for 5 min. PCR products were cleaning using 

AMPure XP beads in order to remove primer dimer (<150 bp), this step was performed after 

each PCR reaction (i.e. amplicons and index PCR). PCR reactions were performed in a MJ 

Research PTC-200 and products were visualized by electrophoresis in a 1.2% agarose gel 

stained with ethidium bromide. We quantified libraries using KAPA Illumina Quantification 

Kits. PCR products were pooled in equimolar quantities before sequencing on an Illumina 

MiSeq system. Sequences will be deposited at the NCBI. 

 

Sequence data processing 

For the 16S rRNA amplicon analysis, assembling and quality filtering of forward and 

reverse reads were perform using make.contigs and screen.seqs options with default 

parameters in the software MOTHUR (Schloss et al. 2009). For de-replication and 

singleton (unique reads) remotion, we used the "derep_fullength" and "sorbysize" options 

in the program USEARCH (Edgar 2013), while clustering and chimeric analysis of reads 

were performed with the "clust_otus" command at 0.987% of similarity according to the 

last species circumscription recommendation (Yarza et al. 2014). Taxonomic assignment of 

representative OTUs was performed by aligning sequences with SINA (Pruesse et al. 2012) 

and blasting them against the different available databases from SILVA (Quast et al. 2013).  

 

Characterization of culturable bacteria 

In order to isolate the culturable fraction of the skin microbiota and to determine bacterial 

species with anti-Bd activity, we took samples from one to five individuals per life stage 

and frog species. In total, we used 24 animals for bacterial sampling (Table 1). To take 

samples we followed the same procedure describe previously (see above). Samples were 

preserved in 2 mL cryovials containing 1 mL dilute salt (DS) solution, which is a sterile 

alternative to pond water (Boyle et al. 2004). We performed serial dilutions (until 10-4) and 

plated it in two different media (R2A and Oatmeal agar). Plates were incubated at room 

temperature for two days. Single colonies from each bacterial morphotype were streaked on 

fresh agar plates and reiterated cultures were made until pure cultures were obtained. Each 

isolate was cryopreserved in nutrient  broth with 30% glycerol at -80ºC. Isolated 
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morphotypes were identified by mass spectrometry with MALDI-TOF (Matrix-assisted 

laser desorption/ionization time of flight) Biotyper BRUKER. To identify the isolates each 

cryopreserved isolate was reactivated in nutrient agar and incubated at 37ºC for 24 h. 

Bacterial morphotypes were identified using the direct smear method or an ethanol-formic 

acid extraction. For the direct smear method, a single colony was picked and placed onto a 

MALDI target plate as a thin layer and allowed to dry at room temperature, overlaid with 1 

µL of 70% formic acid and then covered with the matrix solution (α-cyano-4 

hydroxycinnamic acid - HCCA) and air dried. The ethanol-formic acid extraction was 

performed following manufacture’s instruction (Bruker Daltonik GmbH, Bremen, 

Germany) slightly modified. Briefly, 2-3 isolated colonies were re-suspended in 300 µl of 

HPLC water, then we added 900 µL of absolute ethanol and centrifuged at 13000 rpm for 3 

min. The resulting pellet was air dried before cell disruption with 100% formic acid and 

acetonitrile in a 1:1 ratio and centrifuged again. One microliter of the supernatant was 

added on a MALDI target plate, allowed to dry and overlaid with 1 µL of matrix solution. 

Each sample was spotted in duplicate in order to verify reproducibility. The profiles were 

visualized with the software FlexControl (version 3.0) and the MALDI Biotyper RTC. For 

calibration and as a positive control we used a Bacterial Test Standard (BTS) Escherichia 

coli (DH5α) (Bruker Daltonik GmbH, Bremen, Germany) proteic profile. Isolates that we 

failed to identify through mass spectrometry were identified by sequencing the 16S 

ribosomal gene. To extract DNA for 16S sequencing, one colony from pure cultures was re-

suspended in 10 µL of distilled water in a 0.2 mL PCR tube and boiled for 7 min at 95ºC. 

PCR reaction was performed using universal eubacterial primers, 27F (5’- 

AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’) 

(Lane 1991). Thermocycling parameters were: an initial denaturation of 3 min at 95ºC, 

followed by 35 cycles of 45 s at 95ºC, 45 s at 52ºC and 90 s at 72ºC, an a final extension of 

7 min at 72ºC. PCR results were visualized in 1.2% agarose gels stained with GelRed. 

Sequences were cleaned and assembled using Sequencher 5.1 and compared against the 

LTP database from SILVA (Munoz et al. 2011) using default parameters.  
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The antifungal role of the cutaneous symbiotic bacteria 

To determine the capabilities of skin bacteria to inhibit Bd, axenic cultures were grown in 

TGhL broth at 0.5X (5 g tryptone, 2 g gelatin hydrolisate, 1 g lactose, 1000 mL distilled 

water) in 15 mL falcon tubes. Cultures were shaken at 250 rpm for 48 h at 25ºC. After the 

incubation period, we added between 20-30 beads (5 mm diameter) and vortexed for 3 min, 

in order to recover intracellular metabolites and those released to the media. Samples were 

centrifuged at 6000 rpm for 5 min at 4ºC. The supernatant was passed through a 0.22 µm 

syringe filter. To perform the growth inhibition assays, Bd strain EV001 (Flechas et al. 

2013) was plated in TGhL agar (0.5X) and allowed to grow at 23ºC for at least three days 

or until maximum zoospores production. Bd was harvested from Petri dishes, re-suspended 

in TGhL (0.5X) broth and the solution was passed through Whatman filter paper, which 

allow the passage of the zoospores and retain the zoosporangia. The filtered zoospores were 

counted on a haemocytometer and re-suspended in sterile TGhL (0.5X) broth to a 

concentration of 1x106 zoospores/mL. In the growth inhibition assays, we tested each 

bacterial species previously identified by MALDI or 16S rRNA against Bd. Since one of 

our goals was to determine differences in anti-Bd activity between anuran species and life 

stages, one bacterial species could be tested multiple times against Bd; in other words, if the 

same bacterial species was present in the two frog species and in the three stages, it was 

tested six times. We set up challenge assays in 96-well microplates (TPP®) as described 

previously by Bell et al. (2013). Experimental wells contained 50 µL of Bd zoospores at a 

concentration of 1 x 106 zoospores*ml-1 and 50 µL of a bacterial cell-free supernatant 

sample. Positive control wells contained 50 µL Bd and 50 µL TGhL broth. Negative control 

wells contained 50 µL Bd and 50 µL heat-killed Bd (90ºC for 15 min). Microplates were 

incubated at 23ºC during seven days. Changes in optical density were measured at 490 nm 

absorbance every 24 h for seven days using a BIO-RAD 680 spectrophotometer.  

 

Effect of antimicrobial peptides on the skin bacterial growth 

To determine the role of the antimicrobial peptides as regulators of the skin microbial 

communities, we first extracted peptides from 30 tadpoles (in groups of five individuals for 

a total of six samples) and 20 adults of R. palmatus; and three tadpoles (one sample) and 16 

adults of D. labialis. In order to induce skin peptides release, adult frogs were injected with 
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40 nmol norepinephrine-bitartrate (NE; Sigma, St. Louis, Missouri) per gram body mass. 

Tadpoles, on the other hand, were immersed during 15 min in a solution of 100µM 

norepinephrine. Peptides were concentrated, partially purified and re-suspended following 

the protocol described by Daum et al (2012). To accurately determine peptide sample 

concentration we used Micro BCA protein assay kit (ThermoFisher Scientific) and 

bradykinin as a standard. AMPs for each individual (final concentration 100 µg/mL) were 

tested against Bd strain EV001 (Flechas et al. 2013) in triplicate at a concentration of 2 x 

107 zoospores following the methods previously described (Rollins-Smith et al. 2005; 

Daum et al. 2012). Plate readings to determine changes in optical density (OD492) were 

performed at day 0, 3, 5 and 7. Peptides extracted from adults of both species were tested 

against bacteria isolated from the same four sources: tadpoles and adults of D. labialis and 

R. palmatus. Due to the low number of samples collected for the tadpoles we only tested 

their peptides against bacteria isolated from the same species where the peptides were 

extracted. To determine the effect of peptides on bacterial growth we let the bacteria grow 

in 2 mL tryptone 1% during 24 h at 25 ºC and 120 rpm. We set up the experiments in 96-

well microplates as follows: experimental wells contained 50 µL of skin peptides at a final 

concentration of 50 µg/ml, 40 µl 1% tryptone and 10 µl bacteria. For each bacterium we ran 

a positive control consisting of 50 µL milli-Q water, 40 µL tryptone 1% and 10 µL bacteria. 

Microplates were incubated at room temperature during 48 h. The optical density was 

measured at 492 nm absorbance every 24 h for two days in replicates of three for each 

experiment and positive control. Plates were reading using a BIO-RAD 680 

spectrophotometer. We expected that peptides would not affect growth of bacteria when 

peptides and bacteria were isolated from the same type of sample (i.e. adult D. labialis). 

Peptides from one host species were expected to be most effective against bacteria found 

only on another species. 

 

Identification of antimicrobial peptides 

To identify individual peptides present in the skin secretions of adults and tadpoles from D. 

labialis and R. palmatus, and to confirm the molecular weight of peptides we used MALDI-

TOF mass spectrometry following the protocol previously described (Gammill et al. 2012, 

Woodhams et al. 2006). For calibration of the mass spectrometer we used peptide standards 
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(Sigma, St. Louis, MO, USA) bradykinin fragment 1–7 (m/z 757.3997), human angiotensin 

II (m/z 1046.5423), P14R synthetic peptide (m/z 1533.8582), adrenocorticotropic hormone 

fragment 18–39 (m/z 2464.1989), and bovine oxidized insulin chain B (m/z 3494.6513). 

We used an Ultraflex III time-of- flight mass spectrometer (Bruker Daltonics, Billerica, 

MA, USA) in delayed extraction, positive ion, reflector mode to collect 250 laser shots per 

peptide sample and 1000 laser shots per standard. Peptide samples were prepared by 

spotting peptides onto a MALDI plate at a 1:1 ratio with matrix [10 mg/mL α-cyano-4- 

hydroxycinnamic acid (Fluka, Sigma, St. Louis, MO, USA), 60% acetonitrile, 39.6% 

HPLC-grade water, and 0.4% trifluoroacetic acid (v/v/v)]. To analyze the profiles we used 

Data Explorer v4.4 software (Applied Biosystems, Foster City, CA, USA). All procedures 

were conducted following the protocol described by Holden et al. (2015). 

 

Data analysis 

To determine if there are differences in Bd prevalence and infection intensity between D. 

labialis and R. palmatus, and among life stages in each species we performed a student t-

test and a nested ANOVA respectively. Since our data set did not meet the assumptions of 

normal distribution, before running the test we transformed the data and checked for equal 

variances using Shapiro-Wilk test.  

Venn diagrams were created with the program Venny (Oliveros 2007) and were 

used to visualize, 1) the number of bacterial species with anti-Bd activity exclusive in each 

category and shared among life stages in the two frog species and, 2) the number OTUs that 

were shared among life stages and the water, in this case we compared one species at a 

time. Since one of our goals was to determine if differences in Bd prevalence might be 

related with variations in the whole bacterial community composition. First, we performed 

a Principal Coordinate Analysis (PCoA) to identify clusters that indicate similarity among 

species or life stages. To perform the analysis, we converted the data (OTUs 

presence/absence) to a dissimilarity matrix using the ‘vegan’ package (Oksanen, 2015) with 

the ‘vegdist’ function and ran the PCoA using the function ‘cmdscale’ in the ‘stats’ package 

in R (R Developmental Team Core 2011). Then, to test the relative contribution of three 

factors (species, life stage and Bd presence or absence) to explain variation in the microbial 

community composition we used a Canonical Correspondence Analysis (CCA) (ter Braak 
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and Verdonschot, 1995). The CCA maximizes the relationship between two sets of 

variables represented as matrices: the first set corresponds to the predictor variables and the 

second set to the bacterial community composition. The analysis was conducted in R, using 

the function ‘cca’ in the ‘vegan’ package (Oksanen, 2015). 

Measures of alpha diversity for the bacterial community on each individual were 

calculated using the Shannon diversity index. We used both sets of data, the culturable 

bacteria and the bacterial 16S barcodes from Illumina MiSeq. To test for significant 

differences in alpha diversity we first checked for normality of data within categories and 

equal variances among categories using a Shapiro-Wilk test. In addition, we inspected the 

distribution histograms to confirm departures from normality. We calculated Shannon-

Weiner diversity index for each individual using the ‘diversity’ function in the ‘vegan’ 

package (Oksanen et al. 2015). Also, we used a Welch’s two-sample t-test to test for 

significant differences in beta diversity. To compare among life stages within species we 

performed a nested ANOVA using the ‘stats’ package in R (R Development Team Core 

2011).  

The effect of peptides on Bd growth was assessed using a Welch’s two-sample t-

test. Then to examined the effect of skin peptides on bacterial growth we calculated the 

difference between 48 h and 0 h and we compared against the OD values from controls. 

One-way ANOVA and post hoc Tukey’s test were conducted to determine if there was a 

significant effect of the peptide source on the bacterium growth. 

 

Results 

Batrachochytrium dendrobatidis diagnosis and quantification 

We procured skin swab samples of 306 individuals, 97 from Dendropsophus labialis and 

209 from Rheobates palmatus. Each individual was diagnosed for Bd, but we only ran 

qPCR assays for 135 animals (Table 1). Ninety-six individuals were diagnosed as positive 

for Bd (31.3 %) using both diagnostic techniques (qPCR and End-Point PCR). We found 

that Bd prevalence is higher in juveniles, where 46.1 % of individuals sampled came 

positive for the pathogen, compared with 26.8 % of adults and 10.5 % of tadpoles (χ2
df=2 = 

19.8, P<0.05). Our results also showed that infection prevalence is similar in both 

amphibian species (χ2
df=1 = 0.66, P = 0.416). Infection intensity (as zoospore equivalents, 
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ZE) ranges from 0.062 to 27676 (  = 1491 ZE, SD = 6171) in D. labialis and from 0.1 to 

1240 (  = 119 ZE, SD = 322) in R. palmatus. The D. labialis individual with 27,676 

zoospores was an outlier (range without the outlier is 0.062 – 1422 ZE). However, we did 

not find differences in zoospore loads either among life stages nested within species (F =	

0.5799, P =	0.4512) or between species (F = 0.135, P = 0.714).  

 

Skin bacterial communities composition using bacterial 16S barcode sequencing 

In order to determine differences in bacterial community composition between species, 

infected and non-infected individuals, among life stages, and between frogs and the 

environment, we collected and analyzed samples from 17 adults (9 for R. palmatus and 8 

for D. labialis), 10 juveniles (7 for R. palmatus and 3 for D. labialis), 17 tadpoles (10 for R. 

palmatus and 7 for D. labialis), and 10 samples from pond water. The CCA analysis 

revealed that differences among bacterial communities are better explained by life stage, 

followed by host species (Life Stage: χ2
df=1 = 0.8091, F = 1.9357, Permutations = 9999, P = 

0.0001; Species: χ2
df=1 = 0.5708, F = 1.3655, Permutations = 9999, P = 0.0032) (Fig. 1).  

In total we identified 12,754 OTUs clustering at 98.7% of similarity, representing 

48 phyla, 111 classes, 206 orders, 439 families and 1046 genus. The highest number of 

OTUs was found in the adults of both species (3,133 for R. palmatus and 3,029 for D. 

labialis) following by juveniles of R. palmatus (2,330) and tadpoles (1,538 for R. palmatus 

and 2,119 for D. labialis). The lowest number of OTUs was found in the juveniles of D. 

labialis (934). The last result can be explained because the reduced number of individuals 

sampled (only three). In total both species shared 38.1% of OTUs. As expected, water was 

very diverse (4,869 identified OTUs) and different from the bacterial communities 

identified in frogs, especially when compared to the communities present in tadpoles from 

R. palmatus with only 0.5 % of shared OTUs. Within our bacteria data set, there are not 

differences in alpha diversity among life stages within species (D. labialis: N = 18, F = 

0.3502, P = 0.71; R. palmatus: N = 26, F = 1.92, P = 0.16), neither in beta diversity 

between species (t = 0.156, df = 27.283, P = 0.87). Differences in diversity were detected 

between amphibian hosts and pond water (F = 4.70, P = 0.01) (Fig. 2).  

In individuals for both amphibian species, we identified OTUs belonging to . In 

contrast, for water samples we classified reads in 34 phyla, 99 classes, 322 families, and 
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641 genera. We found that Proteobacteria and Bacteroidetes were the dominant phyla in 

both amphibian species (Fig. 3). Within Proteobacteria, reads of the class 

Betaproteobacteria were the most commonly identified in all samples with approximately 

32.5 % in adults and 51 to 67 % in tadpoles and juveniles, representing 12 – 19 % total 

OTUs. Alphaproteobacteria was the second most abundant class, mainly found in adults 

and tadpoles from R. palmatus (14 to 16 %) compared to juveniles from R. palmatus (only 

4.8 %) and individuals of D. labialis, where its abundance varied between 4 to 8 %. In 

addition, we found that Gammaproteobacteria was significantly different distributed 

among life stages, and it was more dominant in R. palmatus adults with 2.9 % compared to 

1.7 % and 0.3 % in juveniles and tadpoles, respectively.  

Within the phyla Bacteroidetes, the class Flavobacteria was highly abundant in D. 

labialis, mainly in the adults with 54 %, compared to 18 % and 10 % in juveniles and 

tadpoles respectively. Members of the class Clostridia were relatively common in adults 

and juveniles of D. labialis with 5 % and 6 % respectively. Actinobacteria was also 

predominant in adults from R. palmatus (6 %). Interestingly, we found that the uncultured 

phyla Parcubacteria was recovered from tadpoles from both species, and was most 

frequently found in R palmatus with 14 % (196 OTUs) compared to D. labialis with 2.3 % 

(30 OTUs) (Fig. 4).  

  

Identification of culturable bacteria and their ability to inhibit Bd growth 

We took skin bacterial samples from 24 individuals from both species (10 adults, 6 

juveniles, 8 tadpoles) and we isolated a total of 615 bacterial morphotypes, 468 from R2A 

agar and 147 from oatmeal agar. Using MALDI-TOF mass spectrometry to both classify 

the isolates and de-replicate redundancy among microbial species, we identified 548 

bacterial morphotypes, where 352 (57.3 %) were identified at the species level (with a score 

higher than 2.0) and 195 (31.7 %) at the genus level (with scores between 1.7 - 1.99). Sixty-

seven isolates (11 %) were not identified by MALDI mass spectrometry. Based on a 

dendrogram calculated by the Biotyper software, we choose at least two representative 

morphotypes per “unidentified” cluster (19 in total) that were processed by sequencing of 

16S rRNA gene. In total we identified 101 bacterial species belonging to 37 genera and five 

phyla (Fig. 5). We recovered the highest culturable fraction of isolates in tadpoles of R. 
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palmatus (58 %) and adults of D. labialis (57 %) (Table S1). Using the data obtained 

through culture-dependent methods we found that R. palmatus harbor a more diverse 

bacterial community compared to D. labialis (t = 2.278, df = 17.9, P = 0.03) but were not 

significant differences among life stages within species (for R. palmatus: F = 3.065, P = 

0.08, for D. labialis: F = 0.367, P = 0.7). Members of the phyla Actinobacteria and 

Bacteroidetes were more common in R. palmatus. Species of the phylum Firmicutes were 

isolated from both species, but were most abundant in the juveniles from D. labialis. Fungi 

from the phylum Ascomycota were mainly isolated from adults in both amphibian hosts 

(Fig. 3). Species from the genus Pseudomonas, Enterobacter, Bacillus and Arthrobacter 

were the most representative with 41.4 %, 12.3 %, 9.0 % and 3.1 % respectively. The 

number of bacteria with anti-Bd properties that were shared among life stages is very low 

(Fig. 6). We identified three species including Bacillus cereus, Chryseobacterium joostei 

and Pseudomonas chlororaphis present in tadpoles, juveniles and adults from R. palmatus. 

In the case of D. labialis, the only bacterial species shared among the three stages was B. 

cereus. In addition, we found genera exclusive for each amphibian species, 14 for R. 

palmatus (Aeromicrobium, Arthrobacter, Calidifontibacter, Comamonas, Crenobacter, 

Cronobacter, Flavobacterium, Herbaspirillum, Janthinobacterium, Klebsiella, 

Micrococcus, Rahnella, Rhodospiridium and Variovorax) and only two for D. labialis 

(Burkholderia and Rhodococcus). Pseudomonas koreensis is the only bacterium that was 

present in both amphibian species and in all life stages, however only the isolates from R. 

palmatus exhibited anti-Bd abilities. At the phylum level we observed differences in the 

culturable portion of the bacterial community between species and among life stages (Fig. 

3).  

To determine anti-Bd activity and differences in bacterial performance among 

species and life stages, we tested the 25.8 % of the isolates (159 from 615) bacterial 

morphotypes through growth inhibition assays. We found evidence of antifungal activity in 

126 (80 %) isolates, which correspond to 72 out of 101 identified species. We detected anti-

Bd activity in members of 27 genera in R. palmatus and for 16 genera in D. labialis (Fig. 7, 

Table S2). We also found evidence that some isolates enhances Bd growth, including 

species from three genera for D. labialis and ten for R. palmatus (Fig. 7, Table S2). For the 

data obtained after 48 h of exposure, we calculated the mean absorbance for the positive 
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control, negative control and the experimental samples. We compared the values measured 

at 490 nm between experimental samples and positive control for each 96-well microplate, 

since growing of the pathogen varied between experimental plates despite the initial 

zoospore concentration was the same for all the trials (1 x 106 zoospores). We detected that 

14 isolates belonging to 13 species exhibited strong activity against the pathogen, with 

more than 90% of growth inhibition (Table S2). 

 

Effect of antimicrobial peptides on the skin bacterial community composition  

Skin peptides from 20 adults and 6 tadpole samples of R. palmatus, and 16 adults and 1 

tadpole sample from D. labialis were analyzed by MALDI-TOF MS. The profiles showed 

marked differences among species, but only for adults. In D. labialis we identified peaks 

with mass signals between 1000 and 2000 (mass to charge ratio, m/z). In R. palmatus two 

peaks were consistently found in all samples, the first one at 1898.96 m/z the second peak at 

2610.98 m/z. We did not find evidence of peptides in samples from tadpoles (Fig. 8). Then 

we examined the role of AMPs as Bd inhibitors and we found that most of the peptide 

samples inhibited Bd growth. Only samples from seven individuals facilitated pathogen 

growth (Fig. 9). We did not find differences between the effect of peptides on Bd either 

between species (t = 1.16, df = 32.99, P = 0.25) or between tadpoles and adults in R. 

palmatus (t = -1.02, df = 9.19, P = 0.33). Since we only have one sample for tadpoles in D. 

labialis, comparisons between stages were not possible. Nevertheless, our main goal was to 

determine if the peptides secreted by amphibian skin were involved in determining the 

bacterial community composition. Under this hypothesis, the differences observed in 

bacterial assemblages between tadpoles and postmetamorphic stages, and between species 

should be explained by differences in skin peptide defenses.  

Our results indicated that peptides in general did not inhibit host bacterial growth 

and surprisingly some bacteria grew better in their presence (Fig. 10). When considered the 

whole data set (Fig. 11), including bacteria that were not significantly affected by skin 

secretions, we identified two patterns. Peptides from D. labialis tadpoles promoted the 

growth of bacteria compared to bacteria not exposed to peptides (Fig. 11A). In contrast, 

peptides from R. palmatus adults inhibit the bacteria isolated from both species and both 

life stages (Fig. 11C). AMPs appear to promote the growing of bacteria in most of the cases 
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(Fig. 12), with only one exception corresponding to Curtobacterium albidum from tadpoles 

of R. palmatus that was inhibited dramatically when tested against peptides from adults of 

the same species (Fig. 12).  

 

Discussion 

In this study we found high prevalence of infection in both species, with around 30% of the 

individuals tested positive for Bd, though infection intensity as well as the number of 

zoospores was relatively low. We detected higher Bd prevalence in the juveniles, with 

almost half of the individuals sampled testing positive for the infection. Our study also 

shows that skin microbial communities and antimicrobial peptides (AMPs) inhibit the 

growth of the pathogen and thus, could explain host-pathogen coexistence in two species of 

high-Andean frogs. Life stage, rather than frog species, was the best predictor of the 

bacterial community composition. To date, we have not witnessed any die-offs events of 

these frogs, or even marked population declines, despite infection with a highly pathogenic 

Bd strain within the global pandemic lineage (Flechas et al. 2013; Rosenblum et al. 2013). 

 

Differences in infection prevalence among life stages 

Ontogenetic changes in susceptibility have been demonstrated in amphibian species, where 

recently metamorphosed individuals are facing a greater risk of disease due to higher 

infection intensities and lower immune function compared to adults (Kriger et al. 2007; 

Langhammer et al. 2015; Bakar et al. 2016). In the case of Litoria aurea, Bd is able to 

infect all exposed individuals, including recently metamorphosed individuals, subadults and 

adults. However, the response of the host varies significantly depending on the life stage, 

suggesting that the development of the immune system has a key role preventing morbility 

and mortality (Bakar et al. 2016). Indeed our study shows that skin peptide defenses are not 

present in tadpoles (Fig. 8), and a delay in peptide expression after metamorphosis may 

increase infection risk for recent metamorphs (Woodhams et al. in press). Another potential 

explanation for the differences in infection prevalence among life stages observed in our 

system is differences in the host skin bacterial assemblage. A recent study demonstrated 

that bacterial community composition varies ontogenetically, with a pronounced shift in the 

microbial communities following metamorphosis (Kueneman et al. 2014). The change in 
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the bacterial assemblages and the reorganization of the immune system during this 

transition from tadpole to juvenile might facilitate the colonization of the skin by Bd, 

explaining the observed differences in infection prevalence. Although, here we reported 

differences in the composition of the microbial communities among life stages, the high 

proportion of isolates with anti-Bd abilities in each developmental stage may limit the 

pathogen growth, allowing the development of the frogs from tadpoles to adults. 

 

Skin bacterial community composition significantly varies among life stages 

According to previous studies (McKenzie et al. 2012; Kueneman et al. 2014; Walke et al. 

2014), we expected to find major differences in the community composition between frog 

species. However, our results suggest that regardless of the species, the life stage appeared 

to be a key driver of microbial communities. In boreal toads, life stage has also a large 

effect on the composition of the bacterial communities, compared to site or Bd infection 

status (Kueneman et al. 2016). These differences could be attributed to the corresponding 

variations in the spectrum of available bacteria between the habitats of larvae and adult 

frogs: water and land (Kueneman et al. 2014). However, our results suggest that microbial 

communities in the tadpoles are markedly different from the environment with less than 1% 

of shared OTUs. Furthermore, we provided support for previous results reporting that 

amphibian microbial assemblages are not a reflection of microbes in the environment 

(Walke et al. 2014; Rebollar et al. 2016a). Alternatively, the differences in skin bacterial 

communities might be attributed to the physiological changes experienced during 

metamorphosis, which can affect skin microbiota in frogs. Abrupt hormonal changes in 

various systems and tissues (Rollins-Smith 1998) lead to substantial structural 

modifications in the skin (Faszewski et al. 2008) that could define the spectrum of new 

microorganisms that persist or arrive after the metamorphosis.  

As previously reported, we also found that the most abundant phyla in the 

amphibian skin are Proteobacteria, Bacteroidetes Firmicutes and Actinobacteria (Lauer et 

al. 2007b; Culp et al. 2009; Walke et al. 2014; Becker et al. 2015a). However, we detected 

that the uncultured phylum OD1 (also known as Parcubacteria) was present in both species 

and the three life stages, as well as in the water samples. As far as we know, this is the first 

report of Parcubacteria in amphibians. This group of bacteria has been previously 
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identified through phylogenetic analysis of the 16S rRNA genes in a broad range of anoxic 

environments. Nevertheless, none of the species have been isolated to date (Nelson & 

Stegen 2015). The relatively high proportion of OTUs from this phylum might reflect the 

conditions of the water body the frogs dwell in. In this case, the pond was man made in 

order to keep cattle and maintain crops. Thus, the influx of nutrients due to agriculture may 

reduce the available oxygen leading to anoxic environments increasing some bacterial 

groups with specific requirements (Pesce et al. 2008). 

 

The role of skin symbiotic bacteria as a defense mechanism against Bd  

Cutaneous symbiotic bacteria have been considered to provide a major system of defense 

against pathogenic microorganisms (Rollins-Smith & Woodhams 2012). Several bacterial 

species have demonstrated excellent capabilities of reducing the severity of 

chytridiomycosis when tested under laboratory conditions (Woodhams et al. 2007b; Harris 

et al. 2009a; Lam et al. 2010; Flechas et al. 2012; Bell et al. 2013; Woodhams et al. 2015). 

Therefore, presence of antifungal microbial species has considered as one of the main 

factors conferring resistance to the lethal effects of Bd. We hypothesized that D. labialis 

and R. palmatus could have higher proportions of microorganisms with antifungal 

properties, or a few microbial species with outstanding anti-Bd capacities, compared to 

susceptible species. We identified that approximately 86% of the tested isolates in D. 

labialis and 76% in R. palmatus inhibited the fungus to some extent. The high proportion of 

culturable bacteria exhibiting anti-Bd properties in this population may be an indication of 

their importance in host protection, as suggested by Becker et al (2015) for Panamanian 

amphibians, where 75% of the isolates tested exhibited some ability to inhibit Bd in vitro. 

We were able to isolate bacterial species from 37 genera, and we detected anti-Bd activity 

in at least one isolate in each of 32 genera, but not in Aeromicrobium, Calidifontibacter, 

Pantoea, Sphingobacterium and Microbacterium. The genus Pseudomonas and Bacillus 

have the highest number of inhibitory isolates with 29 and 17, followed by isolates of 

Enterobacter and Chryseobacterium with eight isolates each one (Fig. 6). Although, the 

highest number on anti-Bd isolates belong to these four genera, the proportion of inhibitory 

varied between 10 % and 53 %. Here is important to recall than despite that only the 25 % 

of total isolates was testing, our results are still clearly consistent with the idea that skin 
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symbiotic microbes harbored in these two species of Andean frogs are allowing them to 

cope with the pathogen. However, it is important to consider that the exhibited anti-Bd 

abilities might be different when the bacterium is growing on frog skin, or when grown on 

different media, at different temperatures, or in combination with certain other bacteria. 

Despite many bacterial species appeared to be effective against Bd, only 

Janthinobacterium lividum has been tested in the field (Vredenburg et al. 2011). Although 

the addition of J. lividum increased survival of the threatened yellow-legged frog, it failed 

to persist in the skin through time and prevent mortality when used in the tropical frog 

Atelopus zeteki (Becker et al. 2011). Furthermore, this antifungal bacterium is commonly 

found in temperate amphibian species (Lauer et al. 2007b; Woodhams et al. 2007b; Lauer 

et al. 2008; Harris et al. 2009a; Lam et al. 2010; Rebollar et al. 2016b), yet it appears 

uncommon in tropical species (but see Bresciano et al. 2015). In our study system J. 

lividum was very rare, with only one isolate out of 615 morphotypes recovered by culture-

dependent techniques and only 0.02% of the OTUs using next generation sequencing. Our 

results, along with other studies recently published suggest that the range of microbial 

species with antifungal potential is wider than previously considered (Becker et al. 2015a). 

Since various studies have found that some bacterial species from specific groups (e.g. 

Pseudomonas) are effective inhibitors of the fungal pathogen, further research become 

necessary to determine if these new candidates meet the requirements to be used as 

probiotics to prevent disease. 

 

Antimicrobial peptides serve two purposes: define skin-associated bacterial communities 

and inhibit fungal pathogen growth  

Several studies have evaluated the association of Bd related declines and the synthesis of 

AMPs (Woodhams et al. 2006; 2007b; 2007a). Along with the symbiotic bacteria, we found 

that skin AMPs secreted by the granular glands seem to contribute to disease resistance. 

Despite the effectiveness of some peptides killing the fungal pathogen, and the capacity to 

regulate the growth of different microbes, studies that experimentally evaluate the role of 

AMPs structuring the microbial communities are still scarce. Since we found larger 

differences in the skin-associated bacteria among life stages, we first hypothesized that the 

observed variation might be explained by the differential effect of AMPs depending on the 
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bacteria, either promoting their growth or impeding colonization. We found that both 

amphibian species are secreting peptides to the skin. The species have different peptide 

profiles, and do not appear to express adult-type peptides as tadpoles (Fig. 8). Contrary to 

expectations, AMPs in this system did not tend to significantly affect host bacterial growth, 

and when they did, the effect was generally to enhance growth, and only rarely to inhibit 

growth. In a recent study, Holden et al. (2015) found that peptides mostly impaired the 

growth of bacterial isolates, and a small number of isolates were not affected, suggesting 

that AMPs are playing a role in preventing overgrowth of symbiotic bacteria. We 

hypothesized that the beneficial bacteria in our system may have co-evolved to survive on 

host amphibians and thus, resist or even utilize host skin peptides. Although not tested in 

this study, we hypothesize that environmental bacteria that could harm or not benefit host 

amphibians would be more likely to be inhibited by skin defense peptides. Indeed, 

Curtobacterium albidum that was dramatically inhibited by skin peptides might represent a 

potential pathogen (Funke et al. 2005). In addition to AMPs, many other factors may 

contribute to explaining differences in the composition of bacterial communities, including 

competition for resources and space among species (Hibbing et al. 2010). Although we 

detected a slight effect of peptides on bacterial growth, we believe that additional factors 

not evaluated in this study (e.g., physiological differences between larvae and adult) might 

define or interact with the AMPs to determine which microbes can colonize and persist in 

the skin leading to the differences observed among life stages. An important consideration 

is that we were only able to examine the effect of skin peptides on the culturable portion of 

the skin-associated bacteria, in this case including only 28 cultured genera of the 1046 total 

described by culture-independent methods. 

This study represents one of the few integrative studies of multiple defense 

mechanisms, their interactions, and their variation across life stages. By integrating various 

approaches to untangling complex host-pathogen-microbiome dynamics within a single 

study system, our research highlights the importance of using a more holistic approach to 

better understand disease outcomes in diverse species and environments and inform 

possible mitigation efforts.  
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Table 1.  Summary of sampling by species of frog and by date. Eight field trips were conducted to the same pond in Ubaque, 

Cundinamarca, Colombia. For each trip, the table provides collection date and total number of frogs sampled. Each sample was 

analyzed by one or more of five methods, including diagnostic tests of Bd infection by end-point PCR or quantitative PCR, 16S 

metagenomic survey of bacterial diversity using an Illumina MiSeq, isolation of culturable bacteria, and extraction of 

antimicrobial peptides. Details are provided in the Methods section.  

 

Species Date of 
sampling 

Nº individual 
sampled 

End-
point 
PCR 

qPCR Illumina 
MiSeq 

Culturable 
bacteria 

Peptide 
analysis 

May 2009 23 23 - - - - 
Apr 2010 6 6 - - - - 
Sep 2011 12 12 - - - - 
Jul 2014 18 - 18 18 - - 
Aug 2014 9 - 9 - - - 
Nov 2014 3 - 3 - - - 
Apr 2015 10 - 10 - 9 - 
Feb 2016 17 - 16 - - 17 

Dendropsophus 
labialis 

TOTAL 98 41 56 18 9 17 
May 2009  43 43 - - - - 
Apr 2010 56 56 - - - - 
Sep 2011 31 31 - - - - 
Jul 2014 26 - 26 26 - - 
Aug 2014 9 - 9 - - - 
Nov 2014 8 - 8 - - - 
Apr 2015 16 - 16 - 15 - 
Feb 2016 26 - 20 - 0 26 

Rheobates palmatus 

TOTAL 215 130 79 26 15 26 
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Table 2. Batrachochytrium dendrobatidis prevalence among life stages in two amphibian 

species. Prevalence CI 95% = Prevalence of infection, in parenthesis are the Bayesian 

Credible Intervals based on 95% confidence. Bold numbers indicate summaries per species. 

 

 

 

Species Life stage Total 
sampled 

Bd 
positives 

Prevalence  
CI (95%) 

Tadpole 14 0 0 (0 – 23.1) 
Juvenile 10 4 40 (12.1 – 73.7) 
Adult 73 30 41 (29.7 – 53.2) 

Dendropsophus 
labialis 

Total 97 34 35 (25.6 – 45.4) 
Tadpole 24 4 16.6 (4.7 – 37.3) 
Juvenile 94 44 46.8 (36.4 – 57.3) 
Adult 91 14 15.3 (8.6 – 24.4) 

Rheobates 
palmatus 

Total 209 62 29.6 (23.5 – 36.3) 
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Fig. 1. Principal coordinate analysis of beta diversity of skin microbial communities in D. 

labialis and R. palmatus, differentiated by life stage and Bd-infected individuals. Each point 

represents the skin bacterial community of an individual frog. Symbol and color indicate the 

life stage and species. Plus (+) sign inside the symbols indicates Bd positive individuals. 

Ellipses represent 95% confidence intervals. Confidence interval for juveniles of D. labialis 

was not drawn because of the reduced number of samples.  
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Fig. 2. Alpha diversity of bacterial communities in each species, life stage and pond water. 

The asterisk indicates significant differences between the water and amphibian hosts.  
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Fig. 3. Relative abundance of bacterial phyla by species and life stage. Bars to the left of 

the heavy grey line show the proportional abundance of bacterial 16S sequences obtained 

through massively parallel sequencing of microbiome in two amphibian hosts across life 

stages and in pond water samples. Bars to the right of the heavy grey line indicate the 

relative proportion of isolates recovered through culturable-dependent techniques. The 

letters along the bottom indicate life stage, A=Adult, J=Juvenile, T=Tadpole. Numbers 

inside the bars denoted the number of samples per category.  
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Fig. 4. Relative abundance of taxonomic classes of bacteria present on the skin of each 

individual and in the pond water samples. Bars are grouped by species and life stage. Red 

asterisks denote individual frogs that tested positive for Bd infection. 
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Fig. 5. Taxonomic distribution of bacterial isolates at the level of A) genus and B) phylum. 

Black bars correspond to the number of isolates from Rheobates palmatus (N = 15). White 

bars correspond to bacterial isolates from Dendropsophus labialis (N = 9). 
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Fig. 6. Venn diagrams of the distribution of bacteria with anti-Bd activity among life stages 

of A) Rheobates palmatus, and B) Dendropsophus labialis.  The three isolates shared 

among all life stages in R. palmatus (A) correspond to: Bacillus cereus, Chryseobacterium 

joostei and Pseudomonas chlororaphis. In D. labialis (B) the only bacterium shared among 

life stages corresponds to Bacillus cereus. 
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Fig. 7. Histogram of the numbers of bacterial isolates per genus and their effect on Bd 

growth in the inhibition assays. Red bars indicate number of isolates that inhibited Bd 

growth relative to controls. Blue bars indicate isolates that enhanced Bd growth. A) isolates 

cultured from samples of Rheobates palmatus, B) isolates cultured from samples of 

Dendropsophus labialis.  
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Fig. 8. MALDI mass spectrometry profiles of skin peptides. A) Dendropsophus labialis 

 – Tadpole, B) Dendropsophus labialis – Adult, C) Rheobates palmatus – Tadpole,  

D) Rheobates palmatus – Adult.   
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Fig. 9. Variation among frogs in the effect of their skin antimicrobial peptides on Bd 

growth. Peptide samples were extracted from Dendropsophus labialis adults (black circles, 

N = 15), D. labialis tadpoles (white circles, N = 1), Rheobates palmatus adults (black 

triangles, N = 13), R. palmatus tadpoles (white triangles, N = 6). Vertical bars indicated ±1 

standard error. Positive control (black diamond) and negative control (white diamond) are 

included. The dotted line represents the growth of Bd in the absence of peptides. 
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Fig. 9. Effect of antimicrobial peptides on bacterial growth. Each panel shows the 

proportion of affected bacteria when exposed to peptides from four different sources (adults 

and juveniles of Dendropsophus labialis and Rheobates palmatus). Bars represent the 

source of bacteria. Gray represents the proportion of bacteria that were not significantly 

affected by peptides. Red represents the proportion of bacteria whose growth was 

significantly enhanced by peptides. Blue represents the proportion of bacteria that were 

significantly inhibited by peptides. White indicates that this test was not performed.  
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Fig. 11. Effect of frog skin peptides on bacterial growth varies with source of bacteria. 

Peptides were isolated from two frog species (Dendropsophus labialis and Rheobates 

palmatus) at two life stages (adult and tadpole) and tested against bacteria isolated from 

these same species and stages. 100 indicates bacterial growth in the absence of peptides. 

Colors indicate the effect of each bacteria on Bd according to growth inhibition assays, 

where red indicates Bd growth inhibition, blue indicates Bd growth was enhanced, orange 

indicates no effect, and gray indicates bacteria not tested against Bd. Dots were jiggled to 

enhance visualization.  
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Fig. 12. Heat map showing differential effect of peptides extracted from four sources on 

individual species of bacteria extracted from these same four sources. Peptides were 

extracted from Dendropsophus labialis adults (D. lab-A) Dendropsophus labialis tadpoles 

(D. lab-T), Rheobates palmatus adults (R. pal-A), and Rheobates palmatus tadpoles (R. 

pal-T). 100 (white) on the color scale indicates bacterial growth in the absence of peptides, 

such that red indicates increased growth of bacteria in the presence of peptides, and blue 

colors indicate inhibition. Heat maps to the right of the vertical grey line show the growth 

of bacteria cultured from D. labialis, and right of the line shows bacteria isolated from R. 

palmatus. Grey cells indicate that bacterium was not tested. 
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Table S1. Number and proportion (the number in parenthesis) of bacterial isolates per amphibian species and life stage. Species in 

red were identified through sequencing of the 16S rRNA gene. Remaining isolates were identified by MALDI-TOF-MS. The 

asterisk (*) represents taxonomic conflict (more than one species >98.7%). 

Host 

species 
Phylum Species 

Number of isolates Total 

isolates Adult (%) Juvenile (%) Tadpole (%) 

R. palmatus Proteobacteria Acinetobacter calcoaceticus   1 (0.31) 1 

R. palmatus Proteobacteria Acinetobacter haemolyticus 1 (0.31)   1 

R. palmatus Proteobacteria Acinetobacter junii 1 (0.31)   1 

R. palmatus Actinobacteria 
Aeromicrobium fastidiosum-ginsengisoli 

group 
  1 (0.31) 

1 

R. palmatus Proteobacteria Aeromonas hydrophila  2 (0.63) 7 (2.2) 9 

R. palmatus Proteobacteria Aeromonas jandaei   1 (0.31) 1 

R. palmatus Actinobacteria Arthrobacter gandavensis  7 (2.2) 2 (0.63) 9 

R. palmatus Actinobacteria Arthrobacter koreensis  1 (0.31)  1 

R. palmatus Actinobacteria Arthrobacter oxydans 4 (1.26) 1 (0.31)  5 

R. palmatus Actinobacteria Arthrobacter pascens  2 (0.63)  2 

R. palmatus Actinobacteria Arthrobacter polychromogenes 2 (0.63) 1 (0.31)  3 

R. palmatus Firmicutes Bacillus cereus 4 (1.26)  4 (1.26) 8 

R. palmatus Firmicutes Bacillus megaterium 1 (0.31)  1 (0.31) 2 

R. palmatus Firmicutes Bacillus sonorensis 1 (0.31)   1 

R. palmatus Firmicutes Bacillus subtillis 1 (0.31) 3 (0.94) 4 (1.26) 8 

R. palmatus Proteobacteria Brevundimonas vesicularis  1 (0.31)  1 

R. palmatus Actinobacteria Calidifontibacter indicus   1 (0.31) 1 

R. palmatus Bacteroidetes Chryseobacterium ginsengisoli 1 (0.31)   1 

R. palmatus Bacteroidetes Chryseobacterium indologenes 2 (0.63) 1 (0.31)  3 

R. palmatus Bacteroidetes Chryseobacterium joostei 3 (0.94) 1 (0.31) 1 (0.31) 5 

R. palmatus Bacteroidetes Chryseobacterium scophthalmum 1 (0.31)   1 

R. palmatus Bacteroidetes Chryseobacterium zea 1 (0.31) 1 (0.31)  2 

R. palmatus Proteobacteria Citrobacter freundii 5 (1.57)   5 

R. palmatus Proteobacteria Citrobacter koseri 1 (0.31)  3 (0.94) 4 

R. palmatus Proteobacteria Comamonas koreensis   1 (0.31) 1 
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R. palmatus Proteobacteria Crenobacter luteus  1 (0.31)  1 

R. palmatus Proteobacteria Cronobacter sakazakii 1 (0.31)   1 

R. palmatus Actinobacteria Curtobacterium albidum   1 (0.31) 1 

R. palmatus Actinobacteria Curtobacterium luteum  3 (0.94)  3 

R. palmatus Proteobacteria Delftia acidovorans 2 (0.63)   2 

R. palmatus Proteobacteria Enterobacter amnigenus 3 (0.94)  13 (4.09) 16 

R. palmatus Proteobacteria Enterobacter asburiae  7 (2.20) 4 (1.26) 11 

R. palmatus Proteobacteria Enterobacter cowanii   2 (0.63) 2 

R. palmatus Proteobacteria Ewingella americana 1 (0.31)   1 

R. palmatus Bacteroidetes Flavobacterium hibernum  1 (0.31)  1 

R. palmatus Bacteroidetes Flavobacterium tructae-spartansii group  1 (0.31)  1 

R. palmatus Proteobacteria Herbaspirillum huttiense  2 (0.63)  2 

R. palmatus Proteobacteria Janthinobacterium lividum  1 (0.31)  1 

R. palmatus Proteobacteria Klebsiella oxytoca   1 (0.31) 1 

R. palmatus Proteobacteria Lelliottia nimipressuralis   1 (0.31) 1 

R. palmatus Actinobacteria Microbacterium foliorum   1 (0.31) 1 

R. palmatus Actinobacteria Microbacterium natoriense  1 (0.31)  1 

R. palmatus Actinobacteria Microbacterium paraoxydans  1 (0.31)  1 

R. palmatus Actinobacteria Microbacterium resistens   2 (0.63) 2 

R. palmatus Actinobacteria Micrococcus luteus 1 (0.31)   1 

R. palmatus Ascomycota Paecilomyces variotii 1 (0.31)   1 

R. palmatus Proteobacteria Pantoea agglomerans  1 (0.31) 3 (0.94) 4 

R. palmatus Proteobacteria Pseudomonas abientaniphila   1 (0.31) 1 

R. palmatus Proteobacteria Pseudomonas brassicacearum   6 (1.89) 6 

R. palmatus Proteobacteria Pseudomonas chlororaphis 2 (0.63) 1 (0.31) 19 (5.97) 22 

R. palmatus Proteobacteria Pseudomonas corrugata 1 (0.31)  16 (5.03) 17 

R. palmatus Proteobacteria Pseudomonas extremorientalis   2 (0.63) 2 

R. palmatus Proteobacteria Pseudomonas fluorescens  1 (0.31) 1 (0.31) 2 

R. palmatus Proteobacteria Pseudomonas fuscovaginae   1 (0.31) 1 

R. palmatus Proteobacteria Pseudomonas jessenii 1 (0.31)  2 (0.63) 3 
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R. palmatus Proteobacteria Pseudomonas kilonensis   3 (0.94) 3 

R. palmatus Proteobacteria Pseudomonas koreensis 2 (0.63) 21 (6.60) 42 (13.21) 65 

R. palmatus Proteobacteria Pseudomonas orientalis   1 (0.31) 1 

R. palmatus Proteobacteria Pseudomonas putida 1 (0.31)  4 (1.26) 5 

R. palmatus Proteobacteria Pseudomonas rhodesiae 1 (0.31)   1 

R. palmatus Proteobacteria Pseudomonas sp.  1 (0.31)  1 

R. palmatus Proteobacteria Pseudomonas thivervalensis   1 (0.31) 1 

R. palmatus Proteobacteria Pseudomonas tolaasii  2 (0.63)  2 

R. palmatus Proteobacteria Rahnella aquatilis 2 (0.63)  1 (0.31) 3 

R. palmatus Proteobacteria Raoultella ornithinolytica 1 (0.31)  9 (2.83) 10 

R. palmatus Proteobacteria Raoultella terrigena 3 (0.94)  7 (2.2) 10 

R. palmatus Proteobacteria Rhodospiridium sp.   1 (0.31) 1 

R. palmatus Proteobacteria Serratia fonticola   2 (0.63) 2 

R. palmatus Proteobacteria Sphingomonas aerolata   1 (0.31) 1 

R. palmatus Proteobacteria Sphingomonas sp.  1 (0.31)  1 

R. palmatus Firmicutes Staphylococcus epidermidis  1 (0.31) 1 (0.31) 2 

R. palmatus Proteobacteria Stenotrophomonas rhizophila 1 (0.31) 1 (0.31) 1 (0.31) 3 

R. palmatus Proteobacteria Variovorax boronicumulans   1 (0.31) 1 

R. palmatus Proteobacteria 
Variovorax boronicumulans-paradoxus-

guangxiensis group 
  1 (0.31) 

1 

R. palmatus  Not-reliable identification 4 (1.26) 5 (1.57) 8 (2.52) 17 

R. palmatus  Total isolates 57 74 187 318 

D. labialis Proteobacteria Acinetobacter guillouiae 7 (2.36)   7 

D. labialis Proteobacteria Acinetobacter johnsonii   2 (0.67) 2 

D. labialis Proteobacteria Aeromonas hydrophila   8 (2.69) 8 

D. labialis Firmicutes Bacillus cereus 1 (0.34) 10 (3.37) 10 (3.37) 21 

D. labialis Firmicutes Bacillus cereus-anthracis group   2 (0.67) 2 

D. labialis Firmicutes Bacillus circulans 2 (0.67) 2 (0.67)  4 

D. labialis Firmicutes Bacillus simplex 1 (0.34)   1 

D. labialis Firmicutes Bacillus subtillis 6 (2.02) 1 (0.34)  7 
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D. labialis Firmicutes Bacillus subtillis-amyloliquefaciens group   1 (0.34) 1 

D. labialis Proteobacteria Brevundimonas nasda-vesicularis group 1 (0.34)   1 

D. labialis Proteobacteria Brevundimonas vesicularis  1 (0.34) 1 (0.34) 1 (0.34) 3 
D. labialis Proteobacteria Burkholderia cenosepacia 1 (0.34)   1 

D. labialis Bacteroidetes Chryseobacterium hagamense 1 (0.34)   1 

D. labialis Bacteroidetes Chryseobacterium joostei   1 (0.34) 1 

D. labialis Bacteroidetes Chryseobacterium soli 1 (0.34)   1 

D. labialis Proteobacteria Citrobacter freundii 3 (1.01)   3 

D. labialis Actinobacteria Curtobacterium sp.  1 (0.34)   1 

D. labialis Proteobacteria Delftia acidovorans   1 (0.34) 1 

D. labialis Proteobacteria Enterobacter amnigenus 43 (14.48) 1 (0.34)  44 

D. labialis Proteobacteria Enterobacter cloacae 2 (0.67)   2 

D. labialis Proteobacteria Ewingella americana 6 (2.02)   6 

D. labialis Proteobacteria Lelliottia amnigena 2 (0.67)   2 

D. labialis Actinobacteria Microbacterium paraoxydans 1 (0.34)   1 

D. labialis Ascomycota Paecilomyces variotti 1 (0.34)   1 

D. labialis Proteobacteria Pantoea agglomerans  1 (0.34) 3 (1.01) 4 

D. labialis Proteobacteria Pantoea ananatis 2 (0.67)   2 

D. labialis Proteobacteria Pseudomonas antarctica 1 (0.34)   1 

D. labialis Proteobacteria Pseudomonas azotoformans 1 (0.34)   1 

D. labialis Proteobacteria Pseudomonas brassicacearum 3 (1.01)   3 

D. labialis Proteobacteria Pseudomonas chlororaphis 10 (3.37) 9 (3.03)  19 

D. labialis Proteobacteria Pseudomonas corrugata 5 (1.68) 1 (0.34)  6 

D. labialis Proteobacteria Pseudomonas extremorientalis 1 (0.34) 1 (0.34) 2 (0.67) 4 

D. labialis Proteobacteria Pseudomonas geniculata   1 (0.34) 1 

D. labialis Proteobacteria Pseudomonas gessardii 1 (0.34)   1 

D. labialis Proteobacteria Pseudomonas koreensis 39 (13.13) 6 (2.02) 37 (12.46) 82 

D. labialis Proteobacteria Pseudomonas koreensis-moravensis group   2 (0.67) 2 

D. labialis Proteobacteria Pseudomonas tolaasii 1 (0.34)   1 

D. labialis Proteobacteria Pseudomonas vancouverensis 1 (0.34)   1 
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D. labialis Proteobacteria Raoultella ornithinolytica   1 (0.34) 1 

D. labialis Actinobacteria Rhodococcus erythropolis 1 (0.34)   1 

D. labialis Proteobacteria Serratia fonticola   1 (0.34) 1 

D. labialis Proteobacteria Serratia liquefaciens 3 (1.01)   3 

D. labialis Proteobacteria 
Serratia liquefaciens-grimesi-quinivorans 

group 
1 (0.34)   1 

D. labialis Bacteroidetes Sphingobacterium multivorum   1 (0.34) 1 

D. labialis Firmicutes Staphylococcus epidermidis 1 (0.34)    

D. labialis Firmicutes Staphylococcus sciuri  4 (1.35) 1 (0.34) 5 

D. labialis Proteobacteria Stenotrophomonas maltophilia 11 (3.7) 1 (0.34)  12 

D. labialis Proteobacteria Stenotrophomonas sp.   2 (0.67) 2 

D. labialis  Not-reliable identification 8 (2.69)  11 (3.7) 19 

D. labialis  Total isolates 171 38 88 297 
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Table S2. Batrachohytrium dendrobatidis (Bd) inhibition or enhancing.  A=Adult, J=Juveniles, T=Tadpole. In the Bd inhibition 

columns 0=No anti-Bd effect, 1= Anti-Bd effect where bacteria inhibited less than 50% of Bd growth, 2= Anti-Bd effect where bacteria 

inhibited between 50 - 90% of Bd growth; 3= Anti-Bd effect where bacteria inhibited more than 90% of Bd growth; NT= Isolates non-

tested. Enhancement 0=No Bd growth enhancement, 1= Bd growth enhancement; NT= Isolates non-tested. The asterisks denote 

isolates that were tested in petri dishes. 

 
Host 

species 
Phylum Species 

Bd inhibition Bd enhancement 

A J T A J T 

R. palmatus Proteobacteria Acinetobacter calcoaceticus   2   0 

R. palmatus Proteobacteria Acinetobacter haemolyticus 2   0   

R. palmatus Proteobacteria Acinetobacter junii 2   0   

R. palmatus Actinobacteria 
Aeromicrobium fastidiosum-ginsengisoli 

group 
  0*    

R. palmatus Proteobacteria Aeromonas hydrophila  3 3  0 0 

R. palmatus Proteobacteria Aeromonas jandaei   0   2 

R. palmatus Actinobacteria Arthrobacter gandavensis  1 1  0 0 

R. palmatus Actinobacteria Arthrobacter oxydans 2 NT  0 NT  

R. palmatus Actinobacteria Arthrobacter polychromogenes NT 2   0  

R. palmatus Firmicutes Bacillus cereus 1  2 1  0 

R. palmatus Firmicutes Bacillus megaterium NT  3 NT  0 

R. palmatus Firmicutes Bacillus sonorensis 1   0   

R. palmatus Firmicutes Bacillus subtillis 2 1 2 0 1 0 

R. palmatus Proteobacteria Brevundimonas vesicularis  1   0  

R. palmatus Actinobacteria Calidifontibacter indicus   0*    

R. palmatus Bacteroidetes Chryseobacterium ginsengisoli 1*      

R. palmatus Bacteroidetes Chryseobacterium indologenes 1* 0   2  

R. palmatus Bacteroidetes Chryseobacterium joostei 2 3 NT 0 0 NT 

R. palmatus Bacteroidetes Chryseobacterium scophthalmum 0*   0   

R. palmatus Bacteroidetes Chryseobacterium zea 1* 0*     

R. palmatus Proteobacteria Citrobacter freundii 2   0   

R. palmatus Proteobacteria Citrobacter koseri 1  2 0  0 
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R. palmatus Proteobacteria Comamonas koreensis   1*    

R. palmatus Proteobacteria Crenobacter luteus  1*     

R. palmatus Actinobacteria Curtobacterium luteum  1   3  

R. palmatus Proteobacteria Delftia acidovorans 2   0   

R. palmatus Proteobacteria Enterobacter amnigenus 2  2 0  2 

R. palmatus Proteobacteria Enterobacter asburiae  1 2  0 0 

R. palmatus Proteobacteria Enterobacter cowanii   2   0 

R. palmatus Proteobacteria Ewingella americana 1   0   

R. palmatus Proteobacteria Herbaspirillum huttiense  2   0  

R. palmatus Proteobacteria Janthinobacterium lividum  2   0  

R. palmatus Proteobacteria Klebsiella oxytoca   1   0 

R. palmatus Proteobacteria Lelliottia nimipressuralis   1*    

R. palmatus Actinobacteria Microbacterium paraoxydans  0   0  

R. palmatus Actinobacteria Microbacterium resistens   3   0 

R. palmatus Actinobacteria Micrococcus luteus 0   3   

R. palmatus Proteobacteria Pantoea agglomerans  1 2  0 0 

R. palmatus Proteobacteria Pseudomonas abientaniphila   0   2 

R. palmatus Proteobacteria Pseudomonas brassicacearum   1   0 

R. palmatus Proteobacteria Pseudomonas chlororaphis 2 NT 2 1 NT 0 

R. palmatus Proteobacteria Pseudomonas fuscovaginae   2   0 

R. palmatus Proteobacteria Pseudomonas jessenii 1  1 0  0 

R. palmatus Proteobacteria Pseudomonas kilonensis   3   0 

R. palmatus Proteobacteria Pseudomonas koreensis  1 2  1 0 

R. palmatus Proteobacteria Pseudomonas orientalis   2   0 

R. palmatus Proteobacteria Pseudomonas putida 1  2 0  0 

R. palmatus Proteobacteria Pseudomonas sp.  2   0  

R. palmatus Proteobacteria Pseudomonas tolaasii  0   2  

R. palmatus Proteobacteria Rahnella aquatilis 2  0 0  3 

R. palmatus Proteobacteria Raoultella ornithinolytica 3  2 0  0 

R. palmatus Proteobacteria Raoultella terrigena 2  2 0  0 
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R. palmatus Proteobacteria Serratia fonticola   2   0 

R. palmatus Proteobacteria Sphingomonas aerolata   3   0 

R. palmatus Firmicutes Staphylococcus epidermidis  0 2  1 0 

R. palmatus Proteobacteria Stenotrophomonas rhizophila 0* 3 1*  0  

R. palmatus Proteobacteria Variovorax boronicumulans   1*    

R. palmatus Proteobacteria 
Variovorax boronicumulans-paradoxus-

guangxiensis group 
  1*    

D. labialis Proteobacteria Acinetobacter guillouiae 1   0   

D. labialis Proteobacteria Acinetobacter johnsonii   3   0 

D. labialis Proteobacteria Aeromonas hydrophila   3   0 

D. labialis Firmicutes Bacillus cereus 1 1* 1 0  0 

D. labialis Firmicutes Bacillus cereus-anthracis group   1*    

D. labialis Firmicutes Bacillus circulans 0* 1   0  

D. labialis Firmicutes Bacillus simplex 2   0   

D. labialis Firmicutes Bacillus subtillis 0 1  1 0  

D. labialis Firmicutes Bacillus subtillis-amyloliquefaciens group   1*    

D. labialis Proteobacteria Brevundimonas nasda-vesicularis group 1*      

D. labialis Proteobacteria Brevundimonas vesicularis  0 1* 1* 1   

D. labialis Bacteroidetes Chryseobacterium hagamense 2   0   

D. labialis Bacteroidetes Chryseobacterium soli 1*      

D. labialis Proteobacteria Citrobacter freundii 2   0   

D. labialis Proteobacteria Enterobacter amnigenus 2 1  0 0  

D. labialis Proteobacteria Ewingella americana 2   0   

D. labialis Proteobacteria Lelliottia amnigena 1*      

D. labialis Actinobacteria Microbacterium paraoxydans 0   0   

D. labialis Proteobacteria Pantoea agglomerans  1 NT  0 NT 

D. labialis Proteobacteria Pantoea ananatis 1   0   

D. labialis Proteobacteria Pseudomonas brassicacearum 1   0   

D. labialis Proteobacteria Pseudomonas chlororaphis 1 1  0 0  

D. labialis Proteobacteria Pseudomonas corrugata 3 NT  0 NT  
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D. labialis Proteobacteria Pseudomonas geniculata   1*    

D. labialis Proteobacteria Pseudomonas gessardii 2   0   

D. labialis Proteobacteria Pseudomonas koreensis 0 0 NT 1 0 NT 

D. labialis Proteobacteria Pseudomonas koreensis-moravensis group   1*    

D. labialis Proteobacteria Pseudomonas vancouverensis 1   0   

D. labialis Proteobacteria Raoultella ornithinolytica   3   0 

D. labialis Actinobacteria Rhodococcus erythropolis 1*      

D. labialis Proteobacteria Serratia fonticola   1*    

D. labialis Proteobacteria Serratia liquefaciens 2   0   

D. labialis Proteobacteria 
Serratia liquefaciens-grimesi-quinivorans 

group 
1*      

D. labialis Bacteroidetes Sphingobacterium multivorum   0*    

D. labialis Firmicutes Staphylococcus epidermidis 2   0   

D. labialis Firmicutes Staphylococcus sciuri  NT 3  NT 0 

D. labialis Proteobacteria Stenotrophomonas maltophilia 1 1*  0   

D. labialis Proteobacteria Stenotrophomonas sp.   1*    
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Concluding Remarks 

Half of the world’s amphibian species occur in the mega-diverse Neotropics, yet we know 

very little about how frogs, their fungal pathogen and their microbial symbionts interact in 

these environments. In Colombia, for example, the few studies on Batrachochytrium 

dendrobatidis (Bd) have mainly focused on determining where the pathogen occurs and 

which amphibian species act as hosts. However, there is still a general lack on information 

on the possible mechanisms that allow some species to survive chytridiomycosis, and 

studies on disease dynamics are almost inexistent. In Chapter 1, I showed the first 

evidence of Bd presence at sea level in the lowland forests of Gorgona Island. Additionally, 

I evaluated the impact of the chytrid fungus on species of the genus Atelopus distributed in 

the lowland coasts of Colombia. My results suggest that Atelopus aff. elegans from 

Gorgona persists despite the high prevalence of infection. Meanwhile, Atelopus spurrelli, 

distributed in the Chocó region, appears to have declined since the first records of Bd 

presence in 2009. My thesis also includes the first large-scale study of the current and 

potential distribution of Bd in Colombia. I found that the pathogen is widely distributed 

throughout the country, both geographically and taxonomically, and its distribution is best 

predicted by environmental parameters, mainly temperature and precipitation. As a by-

product of my research, I characterized the first Bd strain for Colombia and I compared my 

findings with published reports on strains from other areas around the world. I found that 

the Colombian strain is morphologically consistent with previously described strains, and 

according to the genetic analysis it was classified as a member of the “global pandemic 

lineage”. This finding fills an important gap in our knowledge of the Neotropical strains of 

Bd, and provides a baseline for further evolutionary and functional analyses. In Chapter 2, 

I studied the role of skin microbial communities as a defense mechanism against Bd, using 

toads of the genus Atelopus as a model system. My results showed that 12 bacterial species 

isolated from three toad species inhibit Bd growth, and the composition of anti-Bd bacterial 

communities significantly varied between species. The strongest anti-Bd activity was 

measured in bacteria isolated from A. aff. elegans, the only species that tested positive for 

the pathogen. Since ex situ management seems to be the only viable option for threatened 

amphibian species, it is crucial to understand how captivity affects the beneficial skin 

microbial communities. I estimated the diversity of bacterial assemblages and the changes 
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in anti-Bd properties of bacterial isolates before and after the amphibian species are 

admitted in a conservation program. I demonstrated that although captive conditions induce 

changes in the microbiota composition without reducing bacterial diversity, this does not 

imply that animals are losing the microorganisms that will eventually help them counteract 

the lethal effects of the pathogen. In fact, individuals seem to be acquiring new 

microorganisms that appear to provide protection against the fungal pathogen. For this 

reason, my results should be considered when reintroduction plans are proposed as the next 

step for many species that are now part of ex situ programs. Finally, in seeking to better 

understand the ecology of disease resistance, in Chapter 3, I studied two sympatric species 

of frogs from the Andes of Colombia, the high-Andean frog (Dendropsophus labialis) and 

the rocket frog (Rheobates palmatus). I compared Bd infection rates between species and 

among life stages and determined whether an individual frog’s microbial community 

composition was correlated with the presence of the pathogen. Furthermore, I examined the 

role of skin-associated bacteria and the antimicrobial peptides inhibiting Bd growth. Lastly, 

I tested the effect of antimicrobial peptides on bacterial growth to determine their role in 

defining bacterial communities. I found that Bd prevalence was equally high in both 

species, but higher in juveniles relative to other life stages. Bacterial composition also 

differed among life stages, and between amphibian hosts and the pond water. I found that 

antimicrobial peptides and 86 % of the isolated bacteria inhibited Bd growth in vitro. These 

results indicate that these two defenses are facilitating the survival of D. labialis and R. 

palmatus despite the high Bd prevalence. In addition, my results suggest a co-evolved 

symbiosis with peptides defining the bacterial community. Further studies are required to 

examine if environmental bacteria that do not occur on frog skin are likely susceptible to 

antimicrobial peptides secreted in the frog skin. Having this additional information, it will 

be easier to recognize the role of peptides as controlling microbial communities. In 

summary, this dissertation represent the first research effort addressing the effect of Bd in 

Colombia, describing areas and species in risk, and also evaluating the mechanisms that 

allow the coexistence between host and pathogen. 
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