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ABSTRACT 
  

Global amphibian decline is an established problem, first noted over 40 years ago. Without 

an obvious cause beyond the natural factors, such as habitat loss, disease has risen as a reasonable 

explanation. Chytridiomycosis is an infectious disease targeting amphibians, namely frogs, in 

Central and South America. The fungus, Batrachochytrium dendrobatidis, has been shown to be 

inhibited by natural mixes of antimicrobial peptides (AMPs) found on the backs of susceptible and 

resistant frogs. A unique case, Atelopus zeteki, does not show the same use of AMPs. Rather, a 

heterocyclic diol, isosorbide, seems to be involved in their immunological response to B. 

dendrobatidis infection. Using liquid chromatography mass spectrometry, gas chromatography mass 

spectrometry, flame ionization detection, and chytrid bioassays, isosorbide was determined and 

suggested to function in an antimicrobial manner in A. zeteki. The lowest concentration exhibiting 

antimicrobial properties was 250 mM isosorbide against chytrid zoospores. The case study of A. 

zeteki is illustrative of how future infectious diseases’ activity could be quenched before such drastic 

losses occur. Additional research is needed to identify the antimicrobial properties of isosorbide in a 

quantitative manner and for determining whether the frog or the topical bacteria on the frog are 

synthesizing this compound.  
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INTRODUCTION 
 

Panamanian Golden Frogs, Atelopus zeteki, present an opportunity to identify elements of 

their innate immune system that appear to be of different origin than antimicrobial peptides  

(AMPs), resulting in observed population decline as a result of chytridiomycosis, caused by the 

chytrid fungus Batrachochytrium dendrobatidis (Berger et al., 2005). The general amphibian decline, 

first noted in January of 1973 (Beebee, 1973), now presents extreme, large-scale concern due to 

being so widespread (Blaustein and Wake, 1990; Beebee and Griffiths, 2005; Sheafor et al., 2008). 

Tagged as a “biodiversity crisis,” the overall decline of many species of the Class Amphibia is 

alarming due to the prevalence of extinction and possible further decline of many populations 

(Blaustein et al., 1994). With possible extinction of many species on the rise, research has focused 

on identifying if this decline was a natural phenomenon, including being resultant of a rare event 

due to many factors, one of which is chytridiomycosis. Amphibians are known to play important 

roles in the food chain and if lost to population decline could negatively alter many established 

environments (Blaustein et al., 1994).  

Amphibian populations are known to have a tendency to naturally fluctuate (Stuart et al., 

2004). Houlahan et al. (2000) established that the vast anecdotal evidence of amphibian decline is 

indeed legitimate by population trend analysis. In reality, the appearance of new declines, in 

addition to extant populations showing continual decline, probably began and propagated long 

before it was realized (Houlahan et al. 2000). It was recognized that although overall decline can be 

common, local extinction is not, as supported by short-term data (Blaustein et al., 1994). In the 

1980s and 1990s, major declines were seen in the amphibians inhabiting Australia, South and 

Central America, and the Western United States (Houlahan et al. 2000). Unfortunately, range 

reductions of specific species studied over long periods show the loss of populations without re-

colonization or ability to reestablish within their natural environment (Blaustein et al., 1994). With 



	   Rolando 6	  

an inability for A. zeteki to reestablish within their natural environment, it becomes clear how easily 

extinction of a species can happen. As of 2004, 7.4% of amphibian species were on the brink of 

extinction (Stuart et al., 2004). In addition to those specific continental populations being highly 

affected, neotropical amphibians are the most affected (Stuart et al., 2004). Regardless of 

specificity, it is clear that amphibian population decline is not just an anecdotal observation; rather 

it is a scientifically supported reality showing widespread effects.  

With the establishment of observed population decline, it is obvious that there must be a 

reason beyond the previously known causes of decline. The common causes are loss of biodiversity, 

habitat loss, and overexploitation (Stuart et al., 2004). These sources of loss often eliminate part of 

an amphibian population, but usually show an ability of any population to eventually reestablish in 

their natural habitat. As for the unprecedented rates of decline seen within these populations, in 

addition to the above-mentioned causes, the introduction of foreign species may cause decline 

(Sheafor et al., 2008). Yet, the declining populations do not seem to be a result of these causes 

(Berger et al., 1998). Rather, the amphibian populations of Australia and Central America show 

drops consistent with being caused by an epidemic (Berger et al., 1998). Study of dead amphibians 

from these areas suggested that an infectious disease, cutaneous chytridiomycosis, was the cause of 

mortality (Berger et al., 1998). Chytridiomycosis is a result of an infection by the chytrid fungus, B. 

dendrobatidis (Berger et al., 2005; Sheafor et al., 2008). Therefore, the activity of B. dendrobatidis 

within amphibian populations may be correlated to the severe population drops noted within 

Australia and Central America (Lips et al., 2006). Accordingly, the ability of B. dendrobatidis to 

cause such massive declines correlates with a potential alteration in the components of or inability 

of the immune system of amphibians to effectively fight this pathogen (Sheafor et al., 2008). 

Research focuses on epidemiology and pathogenesis in addition to the effect of a varied mortality 

effect.  
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B. dendrobatidis colonizes the skin of an infected individual (Woodhams et al., 2011) 

showing lethality in susceptible amphibians, but especially frogs (Berger et al., 2005). Panamanian 

Golden Frogs were widely found in the region of Central and South America (Yotsu-Yamashita et 

al., 2004). With the population of A. zeteki concentrated in Central America, high chytrid fungus 

activity can also be noted in this same region (Lips et al., 2006), showing that the prevalence of B. 

dendrobatidis is in the same area as the prominent wild populations of A. zeteki, with attack by this 

fungus posing the greatest risk for golden frog survival. Within a given population, direct contact 

between an infected individual and a healthy individual may result in the spread of this fungal 

infection, as will contact with an infected transfer medium such as water (Skerratt et al., 2007; 

Richards-Zawacki 2010). One of the only currently known ways to treat an amphibian infected by 

B. dendrobatidis is with heat and antibiotic dressings to their infected skin (Woodhams et al., 2011). 

Due to the spreading of B. dendrobatidis within the wild populations of A. zeteki in Central and South 

America, effective treatment in this manner is unlikely, since the frogs are wild and dispersed, and 

because treatment options are few. All captured and dead individuals of A. zeteki found in the wild 

tested positive for B. dendrobatidis infection (Woodhams et al., 2011). With chytridiomycosis 

impacting the wild populations of A. zeteki in such a prominent way, identification of what affords 

this species resistance to infection would allow for increased survival against the effects of B. 

dendrobatidis.  

 Daly (1998) and Sheafor et al., (2008) have identified alkaloids and AMPs, respectively, 

that have a role in fighting cutaneous infections, like those that B. dendrobatidis causes. Alkaloids, 

found on many amphibians, act via varied mechanisms (Daly, 1998). Antimicrobial skin peptides, 

like alkaloids, show an ability to inhibit B. dendrobatidis by effectively killing off the fungus (Sheafor 

et al., 2008). AMPs were once thought to participate in the immune response of A. zeteki. More 

specifically, the toxin, zetekitoxin, secreted by the skin of A. zeteki shows potential involvement as a 
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sodium-channel blocker (Yotsu-Yamashita et al., 2004). However, none of these potential 

groupings of molecules has been documented as having a true effect on fighting an infection in A. 

zeteki by B. dendrobatidis. Previous research using matrix-assisted laser desorption/ionization, 

MALDI, has eliminated the presence of AMPs in samples collected from captive, healthy A. zeteki 

(Sheafor, pers. comm.) using standard Antimicrobial Skin Peptide Collection Protocols (Rollins-Smith et 

al., 2002, Sheafor et al., 2008). Due to the samples still showing the ability to fight off 

chytridiomycosis, A. zeteki must make something other than AMPs that afford them protection and, 

if found and if heritable, would allow for selective breeding of an increased amount or increased 

effectiveness of the compound, making rerelease into the wild possible.  

Using previously collected skin secretion samples of captive A. zeteki from various zoos in 

the United States, I set out to (1) verify the absence of AMPs as indicated by prior MALDI analysis, 

(2) use LCMS analysis to identify molecules present within the collected samples, (3) use GCMS to 

identify unique molecules seen in A. zeteki, (4) isolate a molecule that appears to show potential in 

fighting B. dendrobatidis and other fungal infections, (5) test the ability of this molecule to inhibit B. 

dendrobatidis and identify a probable mechanism by which this molecule acts to kill fungi, (6) verify 

the presence of this molecule in A. zeteki and possibly other amphibians, and (7) propose an 

evolutionary explanation of this molecule in relation to the population decline of A. zeteki. Since A. 

zeteki do not make AMPs, I therefore hypothesize that some other compounds must be produced 

that are antimicrobial in nature. 

MATERIALS AND METHODS 
 

Peptide Collection 

The peptide collection protocol was originally adapted from Rollins-Smith et al. (2002) and 

Sheafor et al., (2008). C-18 Sep-Paks (Waters Corporation, Milford, Massachusetts, USA) were 

activated by washing with pure methanol. The Sep-Paks were then washed with 10 mL of 0.1% 
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trifluoroacetic acid (TFA), made from 500 mL HPLC grade water and 500 µL trifluoroacetic acid. 

Five hundred µL of 20 mM norepinephrine (NE) was added to 50 mL of collection buffer, made up 

of 50 mM NaCl and 25 mM sodium acetate (pH=7). The A. zeteki specimens were submerged in 

this buffer for 15 minutes. The collection buffer was collected and the animal was rinsed and 

returned to the zoo habitat. The collection buffer was acidified using 250 µL of TFA and was then 

pushed through the activated Sep-Pak. After saving the collection buffer, the Sep-Pak was then 

washed with 0.1% TFA. Due to the AMPs now being bound to the Sep-Pak, 10 mL of 70% 

acetonitrile, 30% water, and 0.1% TFA was pushed through the column to elute these bound 

peptides. Eluted peptides were dried down using a DNA SpinVac and reconstituted with 200 µL of 

nuclease free water. For A. zeteki, samples from five individual washings were pooled for HPLC 

analysis. It should be noted that the samples showed antimicrobial activity against B. dendrobatidis 

(Sheafor-pers. comm.).  

LC-MS Analysis 

Under the direction of Dr. Stephen Warren at Gonzaga University, I performed LC-MS 

analysis on two pooled samples of five individuals each, one male (collection numbers: 427b, 434a, 

420a, 436d, 10641) and one female (collection numbers: 427a, 434g, 420e, 348a, 436a). Both 

samples were diluted to 1 mg/mL using LC-MS grade water as the solvent. A Waters brand LC-

MS containing a 2.1 mm x 100 mm Waters, Acquity UPLC BEH C-18 1.7 µm column 

(pt#186002352) for analysis was used. It was found that using LC-MS grade acetonitrile as the 

solvent with an additive of 0.05% formic acid in LC-MS grade water provided the best analytical 

results. A flow rate of 0.5 mL/min and a gradient of “5” (00/100) for the solvent system also 

yielded the best data and was used thereon. An injection volume of 1 µL of sample solution was 

used for all analyses. Thin layer chromatography (TLC) at specific wavelengths (100, 214, 260, 280 

nanometers) was analyzed to identify components of the samples. Electrospray ionization (ESI) of 
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both positive and negative origin was used to determine weights of molecules by the mass 

spectrometry component of the LC-MS instrumentation.    

GC-MS Analysis 

A Hewlett-Packard GC-MS (at Carroll College) was used for the identification of sample 

components. An injection volume of 1 µL was prepared for all samples. The mass detection range 

on the GC-MS was from 10 to 550 AMUs. The method had a run time of 15 minutes and an inlet 

temperature of 250 °C. I used helium as the main gas component. The GC capillary columns on 

this machine were the Agilent 19091-60312 and the HP-1 methyl siloxane. The column dimensions 

were 12 m x 200 µm x 0.33 µm and this column was used with a constant solvent flow rate of 1.0 

mL/min. All samples were run with these specifications without additional dilution after being 

reconstituted in nuclease-free water following drying by the DNA SpinVac. FID (Flame Ionization 

Detector) analysis was also conducted under the same conditions, using hydrogen gas, as it is best 

for detection of organic molecules.  

Batrachochytrium Assays  

Cultured Batrachochytrium dendrobatidis was maintained by the protocol of Rollins-Smith 

(2002). Zoospore count of around 50,000 on a cultured plate indicated mature chytrid that could 

be used for the assay. Using a plate showing this count, I then flooded the plate with 50 µL of 

sterile 1% tryptone broth and proceeded by the protocol outlined in Sheafor et al. (2008). The 

difference from the Sheafor procedure was the use of neat isosorbide (Sigma-Aldrich product 

#320207) instead of concentrated peptides. Isosorbide was used in concentrations of 2 M, 1 M, 0.4 

M, and 0.04 M in respective wells after the addition of zoospores. A control column using only 

water in addition to the zoospores was also added to the plate to serve as a comparison. Qualitative 

analysis occurred by microscopic observation of the bioassay well plate over a two-week period.  
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RESULTS 

Sample Content 

Depending on the pool being tested, the LC analysis showed between five and seven 

distinct peaks, corresponding to five to seven distinct chemical compounds (Fig. 1). The results for 

both the males and females consistently showed two distinct peaks at 0.71 minutes and 1.76-1.77 

minutes. At LC readings of 214, 260, and 280 nm, the 1.76-1.77 minute peak was always present 

(Fig. 1); the 0.71 minute peak was observed at both 260 and 280 nm (Fig. 1). Of the female 

pooling, the 3.03 minute peak consistently observed at 260 nm, was specific to this gender (Fig. 1). 

The 3.03 minute peak was never significantly detected by LC analysis in the male pooling. Mass 

spectrometry of the sample after liquid chromatography analysis should have presented 

corresponding mass peaks to the above, observed liquid chromatography peaks. However, electron 

spray ionization (ESI) of both negative and positive origin showed no response by the molecules. 

No corresponding mass data were collected to correspond to the common peaks between the 

poolings. LC-MS analysis demonstrated that there are a low number of molecules present within 

the secretions (Fig. 1). 
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Figure 1. LC (Liquid-chromatography) analysis of both a male and female pooling of A. zeteki.  
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Unique Peaks: Isosorbide 

Using both MS and FID (Flame Ionization Detector), I observed unique peaks within the 

samples. Analysis via GC-FID does not provide any data on the mass of a compound. However, this 

technique does show the relative presence of molecules present within the samples (Fig 2). Only a 

few strong peaks were observed by this method, indicating that there are only a few compounds to 

be analyzed. GC-MS analysis, under the specific method described in Materials and Methods, 

showed one peak that consistently appeared throughout all runs of the poolings at or close to 8.94 

minutes (Fig 3). This compound that was found in all GC-MS analyzed samples was identified as 

isosorbide (dianhydrosorbitol), a heterocyclic diol that can be made from glucose. Identification of 

this molecule, at a reasonable abundance, was a finding by the accepted GC-MS library for this 

instrument. Additional GC-MS analysis under this same method did not produce the same peaks as 

observed initially for the female and male pools. No isosorbide peak was seen as originally found 

(Fig 3). A standard isosorbide solution also produced no isosorbide peak. A glucose and TFA 

solution also showed no isosorbide. No isosorbide was found in samples from Xenopus laevis, Bufo 

boreas, Rana luteiventris, Psuedacris triseriate, Ambystoma macrodactylum, or in cutaneous swabs 

containing bacteria from each species’ back.  
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Figure 2. GC-FID sample analysis showing abundance of detectable molecules 
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(B) 

 

Figure 3. GC-MS analysis of poolings showing the presence of isosorbide. (A): A male pooling run under GC-MS 

method protocol. (B): A female pooling run under GC-MS method protocol.  

 

Inhibition of B. dendrobatidis Growth 

Growth of B. dendrobatidis showed qualitative inhibition by isosorbide. Over the two-week 

period, both the 2 M and 1 M isosorbide wells showed complete inhibition of zoospore growth. 

The wells containing 0.4 M isosorbide also showed a decreased growth rate of B. dendrobatidis. 0.04 

M isosorbide wells looked very similar to the control wells, showing little inhibition.   

DISCUSSION 

 Based on data from LC-MS, GC-MS, and chytrid bioassays, the identification of isosorbide 

indicates that this molecule should play some physiological role in A. zeteki, supporting the 

hypothesis of this research.  

LC-MS analysis supported MALDI findings. LC-MS did show the presence of several 

distinct compounds, assumedly including the molecule of interest in regards to the ability of A. 

zeteki to fight chytridiomycosis. Based on this molecule not ionizing under any MS conditions, a 

molecule of protein origin could be eliminated. This allowed for consideration of the molecules to 

either be sterols or terpenes. I was unable to make any decisive conclusions from LC-MS analysis 
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other than knowing it was likely not a protein and that the one consistent peak (1.76-1.77 minutes) 

appeared to warrant additional study. Additional research may use atmospheric pressure chemical 

ionization (APCI) instead of ESI. 

GC-MS analysis indicated isosorbide as the prevalent molecule. Although eventually 

determined to be originating from the frog samples, there were runs of the pooled samples that 

showed no isosorbide. After determining a corked septum, old column liner, and bleeding column 

to be affecting run results, replacing the septum, liner, and refining the method for runs on this 

column provided reasonable results of a distinct isosorbide peak once again. It appears as if 

isosorbide was being caught in the septum, liner, and column and therefore coming off in 

subsequent runs regardless of whether or not the sample contained isosorbide. Once replacement 

of all the above-mentioned parts occurred, isosorbide was only found in the pooled frog samples, 

supporting the hypothesis of this study. Reproducibility since these changes has been upheld. 

Additionally, FID analysis did produce one distinct peak that indicated the presence of an organic 

molecule, supporting the finding of isosorbide.  

Isosorbide in vertebrates has not been well documented in the literature. Based on this, 

more research is needed to identify what role this molecules plays in amphibians, namely A. zeteki. 

The prosthetic groups on isosorbide could be of methyl or nitrate origin. The form found in this 

study had hydroxyl prosthetic groups. It is possible that these differing forms of isosorbide with 

varying prosthetic groups were present at some point on the frog. Natural physiology of the frog 

likely has the ability to change the prosthetic group identity between these various forms of 

isosorbide. Functionality of this molecule corresponds to which prosthetic groups are present. 

Further research is needed to identify which forms are present on the frog in addition to the 

isosorbide with hydroxyl prosthetic groups found in this study.  
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Isosorbide dinitrate is a well-known vasodilator used to treat heart disease in humans 

(Baxter et al., 1977). It is possible that isosorbide could be acting as a vasodilator in A. zeteki. The 

advantage of vasodilation from an immunological standpoint is not known. It is possible that it 

functions in increasing blood flow and, therefore, gas exchange on the skin of the frog. United 

States Patent 5,750,123 attributes stabilizing effects to the dimethyl form of isosorbide (Znaiden et 

al., 1998). In this manner, dimethyl isosorbide could function in changing the viscosity of the 

mucus found on the back of the frog. Further study in this area could identify what forms of 

isosorbide are found on the skin of these frogs and how they are used to their advantage.  

No literature has attributed antimicrobial properties to isosorbide. This study is the first to 

suggest such a link. However, the limitations of this study include only having qualitative results 

that suggest an antimicrobial relationship. Further research would need to involve quantitative 

analysis to determine the minimum concentration of isosorbide that shows inhibition of chytrid 

zoospore growth. Determination of a reasonable isosorbide concentration on the back of the frog is 

also needed to identify whether this, likely small, concentration still shows antimicrobial 

properties. However, it is still not certain whether or not the frog or bacteria found on the frog 

actually make this compound. Further research is needed to identify the origination of this 

molecule, which would then allow further insight into its functionality. Regardless, if isosorbide 

shows antimicrobial properties at a quantitatively reasonable concentration, selective breeding 

could be used to increase resistance in golden frogs against chytridiomycosis. Selecting for the 

genetic traits allowing for resistance of infection would increase population numbers and possibly 

allow for rerelease into the wild to increase naturally occurring populations.   
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