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ABSTRACT 

Batrachochytrium dendrobatidis (Bd), a chytrid fungus, has been implicated in 

worldwide amphibian decline. This fungus causes a deadly disease, known as 

chytridiomycosis, which is characterized by hyperkeratosis symptoms whereby 

susceptible animals exhibit thickening of the epidermal layer and the sloughing of the 

skin. Severely infected animals lose their righting reflex and eventually die from cardiac 

arrest. The fungal life cycle consists of motile zoospores and substrate- dependent 

sporangia. In aquatic environments, zoospores are capable of moving towards their hosts 

and infecting the keratinized mouth parts of tadpoles and the epidermal layer of adult 

amphibians. Although Bd infects tadpoles, these infections are non-lethal. In amphibian 

biology, metamorphosis is the transition from young tadpoles to adult amphibians. 

Thyroid hormone (TH) plays a central role in this transition process. In an effort to 

understand if the fungus responds to the host-derived TH, a motility assay was 

performed. This study demonstrated the positive movement of Bd zoospores toward the 

chemical T3, a form of TH at a physiologically relevant concentration of 50 nM as 

compared to the solvent control or intermediates in T3 biosynthesis. A significant (19-

fold) increase in the expression of subtilisin-like serine protease gene was observed in Bd 

within 3 hours following exposure to T3. The gene encoding this protease was cloned 

from Bd and expressed in Escherichia coli. The recombinant protein was partially 

purified and its enzymatic properties were determined. The partially purified enzyme was 

capable of degrading casein. Additionally, this enzyme was found to be optimally active 

at low millimolar concentrations of calcium and sodium. The optimum pH for the 
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enzyme activity was 8.5 and was strongly inhibited by 10 mM PMSF, a serine protease 

inhibitor. Similarity at the amino acid level between subtilases of human fungal 

dermatophytes and the Bd subtilisin-like serine protease suggests the importance of this 

enzyme in Bd pathogenicity. To further understand the Bd- T3 interaction, a liquid 

chromatography-mass spectrophotometry (LC-MS) based proteomics approach was 

utilized. The total cellular protein and membrane protein profile expression in the fungus 

following exposure to T3 was assessed. Proteins that may play a role in Bd life cycle, 

pathogenicity, metabolism, and in other cellular functions of the fungus were identified. 

Furthermore, a transcriptome study also revealed the activity of genes that may be 

involved in several cellular pathways and Bd pathogenicity. A hypothetical model of the 

mechanism of T3 action was generated based on the integrated transcriptomics and 

proteomics studies. Taken together, these studies may shed light on our understanding of 

the early events that may occur in Bd- amphibian interactions. 
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CHAPTER I 

INTRODUCTION 

Amphibians, a unique group of vertebrates, evolved in Late Devonian period 

about 364 million years ago (Clack 2002). These animals are considered unique as they 

are the first vertebrates to leave the aquatic mode of life and colonize land. Amphibians 

belong to Class Amphibia and Subclass Lissamphibia and consist of frogs and toads 

(Order Anura), salamanders and newts (Order Caudata), and caecilians (Order 

Gymnophiona) (Hillman 2009). A recent assessment indicates there are 7,010 known 

amphibian species on earth. Approximately 90% of all modern amphibians are frogs and 

toads; the remaining amphibian population consists of 8% salamanders and 2% 

caecilians. (www.amphibiaweb.org/). 

In this chapter, I briefly summarize and synthesize the literature on the 

developmental biology and ecology of amphibians, providing an overview on the global 

amphibian decline and its potential causes. In the second section of this chapter, I discuss 

the literature on the chytrid fungus, Batrachochytrium dendrobatidis (Bd), one of the 

major contributing factors implicated in amphibian decline. Finally, I discuss the focus of 

my research with emphasis on some possible early events during the Bd-amphibian 

interaction.  

 

Amphibian Biology 

Metamorphosis. Metamorphosis is a postembryonic process wherein dramatic 

morphological changes occur, and the organism changes its mode of life. In amphibians, 

http://www.amphibiaweb.org/
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metamorphosis is an important part of their life cycle. Of all groups of amphibians, the 

anuran metamorphosis is well studied and consists of two major stages; the larval stage 

(tadpole) and adult form (frog). It is important to note that some anurans are able to 

undergo direct development. Anuran metamorphosis can be divided into three specific 

stages: premetamorphosis, prometamorphosis, and metamorphic climax (Shi 2000). In 

order to understand specific points in anuran development, particularly during 

metamorphosis, researchers have developed different staging systems. For example, the 

widely used staging method for different species of Xenopus is that of Nieuwkoop and 

Faber (NF stages) (Nieuwkoop and Faber, 1956). In X. laevis, during the 

premetamorphosis period (NF 45-54), embryogenesis and early development of tadpoles 

occur. Notably, due to immature thyroid gland, the thyroid hormone appears to be absent 

during this period. In the prometamorphosis period (NF 55-59), rapid and extensive 

morphogenesis of hind limbs occur and the endogenous thyroid concentration level 

begins to increase. During the metamorphic climax period (NF 60-64), the level of 

endogenous thyroid hormone reaches at peak and dramatic morphological changes occur. 

 

Hormonal control of metamorphosis. Amphibian metamorphosis is regulated 

through the action of various hormones including thyroid hormone (TH), corticosteroids, 

and prolactin. Of these hormones, TH is considered to be the major regulator of 

metamorphosis. However, the synthesis of TH is under the control of the complex 

neuroendocrine system. Several studies been demonstrated the critical role of thyroid 

hormones (TH) in the regulation of anuran metamorphosis. For example, a strong 
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association of metamorphosis with the rise in the circulating plasma concentrations of TH 

has been observed (White and Nicoll, 1981). Studies have shown that pre-metamorphic 

tadpoles that lack thyroid hormones have the ability to sense exogenous TH. 

Additionally, it has been demonstrated that when premetamorphic tadpoles were exposed 

to TH, they were capable of precocious metamorphosis (Tata, 1968).  

There are two forms of thyroid hormone identified (Fig.1.1): T4 (3, 5, 3’, 5’- 

tetraiodothyronine) also called thyroxine and T3 (3, 5, 3’- triiodothyronine) (Ingbar and 

Braverman, 1975).  In X. laevis, during the climax stage of metamorphosis, the maximum 

concentration levels for T4 and T3 in the plasma were found to be 10 nM and 8 nM, 

respectively (Leloup and Buscaglia, 1977). A similar observation was also reported in 

Rana catesbeiana tadpoles in which the maximum concentrations of T4 and T3 have been 

measured to be around 7-13 nM and 9 nM, respectively (White and Nicoll, 1981).  

 

  

O

I

I

I

COOH

NH2  T3 

 

O
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COOH

NH2I
 T4 

Figure 1.1 Structure of thyroid hormones, T3 and T4 
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Mechanism of thyroid hormone action.  

Genomic action. Thyroid hormones act on almost all the cells in the body 

affecting gene expression. Of the two forms of thyroid hormones, T4 is the dominant form 

of the hormone secreted by the thyroid gland. This hormone is then transported in blood 

and bound to various classes of binding proteins including thyroxine binding globulin, 

transthyretin and plasma albumin. In general, more than 99% of T4 circulating in blood is 

bound to these binding proteins. However, in the case of T3, only about 90% is bound, 

allowing 10% T3 to enter target cells. It is important to note that within target tissue, T4 is 

converted to T3 via deiodination.  

Thyroid hormone binds to its cognate receptors resulting in the transcriptional 

activation of genes involved in the transition of tadpoles into young adults (Shi 2000). 

Analysis of the genes encoding the thyroid hormone receptor (TR) has revealed α and β 

genes which encode unique receptors. Each TR consists of several functional domains. 

For example, the N-terminus contains the following three domains: the A/B domain 

involved in transcriptional activation; the C domain involved in DNA binding, and the D 

domain which is thought to serve as a molecular hinge. The C-terminus contains the E-

domain which is important for ligand binding. It has been observed that although both T3 

and T4 can bind to TRs, T3 has a stronger affinity, about 10 times more than that of T4. 

Thus, T3 is considered to be the major TH form regulating gene expression.  

It is generally accepted that TRs belong to the nuclear receptor family, including 

receptors for steroid hormones. However, in certain aspects, TRs differ from other 

members of the family. For example, TRs are capable of binding to DNA within the 
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nucleus even in the absence of thyroid hormone leading to the suppression of 

transcription of genes. This complex gene regulation is due to the dimerization state of 

the TR and the effect of certain regulatory proteins such as coactivators and corepressors. 

Thyroid hormone receptor is also able to exist as a heterodimer with the retinoid-X-

receptor (RXR). In general, T3 binds to its receptors resulting in the conformational 

changes in the receptor that further activates a co-activator complex. This hormone-

receptor complex (T3/TR/RXR) interacts with a protein known as thyroid hormone -

associated protein (TRAP) resulting in transcriptional activation of genes (Wu and 

Koenig 2000). 

Non genomic action.  In addition to classical genomic action of thyroid 

hormones, there has been mounting evidence of the non-genomic action of this hormone 

(Cheng et al. 2010). Non-genomic action of TH involves binding of the hormone to 

integrin, a plasma membrane protein, and activating protein kinases signal transduction 

events those results in the expression of target genes. Studies have shown that integrin 

αvβ3 has a binding domain (RGD motif) for thyroid hormones leading to cellular events 

including cell division and angiogenesis (Berger et al. 2005; Davis et al. 2006). Integrins 

are heteromeric transmembrane proteins and consist of alpha and beta subunits. Integrins 

are present in all vertebrates and in some lower eukaryotes including metazoans group.  

 

Amphibian ecology 

Amphibian biodiversity. The term amphibian biodiversity denotes all 

characteristics of amphibian ecology including their distribution, interaction among living 
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organisms, and their fates. Most amphibians are biphasic meaning that their life cycle 

primarily consists of two stages, aquatic tadpoles and terrestrial adults. However, these 

animals are not found in marine environments or in the Antarctic and Arctic (Collins and 

Halliday 2005). 

Amphibians in the environment. Amphibians are the major components of 

several natural ecosystems. They play an important role in food chains  as predators and 

prey in several ecosystems (Cortwright 1988). Tadpoles aid in keeping streams clean by 

feeding on algae (Ranvestel et al. 2004). Amphibians are involved in nutrient transfer and 

in the cycling of energy flows between freshwater and terrestrial environments. In 

addition, amphibians are also involved  in eliminating insect pest populations suggesting 

they play an important role in agricultural productivity (Alford 2011).  

Amphibians-sentinels of wildlife. Because of several reasons, amphibians are 

susceptible to environmental fluctuations and hence act as warnings for environmental 

health. As we discussed previously, amphibian life cycle is biphasic, which allows them 

to be exposed to a variety of niches. Both tadpoles (herbivores) and adults (carnivores) 

differ in their food habits exposing them to a wide range of food sources. Additionally, 

the moist skin of amphibians is important for cutaneous respiration allowing them to 

remain close contact with the environment. Finally, amphibians are ectotherms 

suggesting their body temperature is regulated by behavior, making them susceptible to 

fluctuations in environmental temperature. 
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Amphibian decline- sixth mass extinction? 

Amphibians have been declining at an increasing rate in various parts of the world 

including Australia, Europe, the United States, and Asia (Berger et al. 1998; Bosch et al. 

2001; Pounds et al. 1997; Sherman and Morton 1993; Young et al. 2001). A recent 

survey by Global Amphibian Assessment (GAA) indicated that approximately one third 

of total amphibian species are declining (GAA, 2008). A study by Stuart and colleagues 

suggested that the number of declining and threatened species will continue to increase 

(Stuart et al. 2004).  

Many researchers now think that we could be in for the sixth mass extinction 

(Wake and Vredenburg 2008). Fossil records indicate that there have been five mass 

extinctions on Earth. Of these, the first four mass extinctions were primarily because of 

climate change, while the last one was suspected to be caused by a giant meteorite 

causing imbalance in the ecosystem and climate. Importantly, amphibians were able to 

survive past mass extinctions because of their unique hardy features. However, the 

current amphibian decline indicates that they are facing an extinction crisis.  

Considering the extinction crisis of amphibians, it is very important to maintain 

and protect their biodiversity. Since amphibians are essential in many ecosystems, their 

disappearance is crucial to wildlife. Additionally, the use of amphibians in research has 

contributed to advances in medicine (Traynor 1998; VanCompernolle et al. 2005). For 

instance, researchers found that antimicrobial peptides from three Australian frogs 

(Litoria caerulea, Litoria chloris, and Litoria genimaculata) were capable of preventing 

HIV infection (VanCompernolle et al. 2005). Among the anurans, Xenopus and Rana 



Texas Tech University, Chakkunny Jose Thekkiniath, May 2013 

8 
 

have been used as model organisms for developmental and physiological studies. 

Members of the genus Rana are particularly important in studying environmental 

contaminants and endocrine disrupters.  

Several factors are known to be responsible for the amphibian decline. However, 

the synergistic action of these factors will most likely worsen the problem. Recently, Hof 

et al (2011) analyzed the spatial range of major causes of amphibian decline and 

predicted that by 2080, the amphibian decline would be much worse because of several 

factors involved in amphibian decline. Summarized below are the some of the important 

factors that contribute to amphibian decline. 

Habitat destruction. Amphibian larvae live in aquatic environments, and their 

habitat is very important for their survival. Any disruptions to their habitat could make 

them more susceptible to other negatively impacting factors. Habitat destruction in the 

form of urbanization, alteration, and fragmentation is considered to be one of the major 

factors contributing to amphibian decline (Petranka et al. 1993). For instance, it has been 

reported that salamanders of the Appalachian Mountains lost their natural habitat due to 

extreme timber harvesting (Petranka et al. 1993). Also, it has been observed that the 

decline in California red-legged frogs resulted from habitat impairment due to 

urbanization (Davidson et al. 2002). 

Introduced species. Introducing other amphibian species or any other animal 

species into amphibian niches might threaten their existence. For example, a recently 

introduced trout competed with Rana mucosa (commonly known as the mountain yellow-
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legged frog) for food and drastically reduced its population (Bradford 1989; Bradford et 

al. 1993). 

Over-exploitation. A large population of frogs, such as the Goliath frog in West 

Africa, has declined because they have been over-harvested for food purposes (Jennings 

and Hayes 1985; Mattison 2011). A recent study assessed the overuse of amphibians as 

food (Collins and Storfer 2003). There has been an overall increase in global trade of 

amphibians during the past few decades (Warkentin et al. 2008). For several years, frogs 

and toads have been intensively used for teaching and research purposes and for the pet 

trade (Wai-Neng Lau et al., 1999; Petranka, 2001; Mattison, 2011). Moreover, 

amphibians have been considered as cultural fascination to humans (Kriger and Hero 

2007).  

UV-B radiation. A recent study reviewed the critical role of UV radiation in 

amphibian decline (Blaustein et al. 2003). However, some amphibians are capable of 

repairing UV-induced DNA damage. This variability in repair functions can be attributed 

to different levels of photolyase, the photoreactivating DNA-damage enzyme, among 

different amphibian species. In general, UV-B radiation (280-315 nm) is harmful to those 

animals lacking DNA damage repair mechanisms. For instance, the embryos of two 

declining species such as Rana cascadae and Bufo boreas, which have low photolyase 

levels, were exposed to UV light, they failed to hatch. However, in the case of Hyla, a 

non-declining species with high photolyase levels had high rate of hatching after being 

exposed to UV light (Blaustein 1994). The UV radiation causes problems to those 

amphibians that lay eggs in shallow water, as their eggs are exposed to greater UV 
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exposure. Furthermore, it has been shown that the hatching success of several amphibians 

has been drastically reduced when their eggs are exposed to UV-B radiation (Blaustein et 

al. 1998).  

Chemical stressors. Chemical stressors are one of the important contributors to 

amphibian decline. These stressors include various pesticides, heavy metals, acidification 

and nitrogen based fertilizers. There has been overuse of certain organic pesticides 

including PCBs, CFCs, and DDT globally. In sites where there is an increased rainfall, 

the transport of these pesticides may be enhanced and these chemicals may flow further 

from the area of application (Lode et al. 1995; Mast et al. 2007). These toxic chemicals 

may accumulate in rivers, streams, and ponds through surface water runoff and cause 

lethal or sub-lethal effects on amphibian eggs and tadpoles. As a result of exposure to 

various chemical contaminants, the animals may die or experience decreased growth rates 

(Bridges 2000; Bridges and Semlitsch 2000). For example, atrazine, a common herbicide 

in the USA, when used at higher than ecologically relevant concentrations (25 µg/l) 

caused abnormalities in gonadal development and in swimming patterns of Xenopus 

laevis tadpoles (Carr et al. 2003).  

Climate change. Amphibians are known to be exceedingly susceptible to slight 

variations in moisture and temperature. It has been reported that changes in the global 

weather patterns (e.g. El Niño events or global warming) alter breeding behavior of 

amphibians and negatively impact their reproductive success (Blaustein et al. 2003). 

Additionally, climate change has indirectly affected amphibian development and decrease 

immune functions, thereby increasing amphibian sensitivity to chemical contaminants 
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and pathogens (Carey and Alexander 2003). For instance, a recent study has shown that 

pond desiccation caused wood frog (Rana sylvatica) tadpoles to develop earlier and 

exhibit weakened immune responses (Gervasi and Foufopoulos 2008).  

The interaction between climate change and disease is involved in amphibian 

declines (Pounds et al. 1999; Rohr and Madison 2003). Recently, Pounds and coworkers 

have proposed the climate-linked epidemic hypothesis and indicated that climate change 

and global warming play an important role in amphibian decline (Pounds et al. 2006). 

However, Lips and colleagues argue that climate change cannot be involved in amphibian 

decline (Lips et al. 2008).  

Infectious diseases. In addition to the above mentioned factors, pathogens and 

parasites have been implicated in global amphibian decline. It has been reported that 

amphibians have been exposed to various groups of pathogens including viruses, fungi, 

bacteria and trematodes (Blaustein 1994; Daszak et al. 1999; Kiesecker 2002; Longcore 

et al. 1999). For example, a pathogenic water mold, Saprolegnia ferax, has been reported 

as a major cause of egg mortality in several amphibian species including Bufo boreas 

(Kiesecker et al. 2001). Various studies have shown that viral diseases such as irido 

viruses and a bacterial pathogen, Aeromonas hygrophila have been implicated in 

amphibian disease outbreaks (Carey 1993; Chinchar 2002; Cunningham et al. 1996; 

Jancovich et al. 2001). Finally, a chytrid fungus, Batrachochytrium dendrobatidis (Bd) 

has been recently implicated in amphibian decline (Berger et al. 1998; Daszak et al. 1999; 

Lips et al. 2006; Pounds et al. 2006; Rachowicz et al. 2006). Batrachochytrium 

dendrobatidis (Bd) is an aquatic fungus belonging to the Phylum Chytridiomycota, Class 
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Chytridiomycetes, and Order Rhizophydiales (Letcher and Powell 2005; Longcore et al. 

1999). This fungus was first identified by Joyce Longcore from a dead blue poison dart 

frog (Dendrobates azureus) at the National Zoological Park in Washington, DC 

(Longcore et al. 1999).  

Of the aforementioned factors contributing to amphibian decline, my research 

focuses on the chytrid fungus, Batrachochytrium dendrobatidis particularly identifying 

some of the potential virulence factors of Bd and understanding how it kills the 

susceptible amphibian hosts. Here I discuss the impact of Bd on amphibian decline with 

emphasis on biology of Bd and the infection caused by this fungus.  

 

Impact of Batrachochytrium dendrobatidis (Bd) in amphibian decline 

Biology of Batrachochytrium dendrobatidis.  Batrachochytrium dendrobatidis has two 

life stages, substrate independent zoospores and substrate dependent sporangia. The 

fungal zoospores are unwalled and water borne. Additionally, Bd zoospores are capable 

of movement using a posterior flagellum. After a short period of time (less than 24 h), the 

zoospores encyst, resorb their flagella and form germlings. At this time rhizoids appear 

and within 4-5 days, the thallus enlarges and becomes a mature sporangium. The mature 

sporangium then becomes multinucleated by repeated mitotic divisions and the entire 

contents cleave into zoospores. The life cycle duration of Bd in vitro is 4 to 5 days at 

22oC and assumed to be the same in amphibian skin. The fungus infects cells in the 

stratum corneum and stratum granulosum in the superficial epidermis of the amphibians. 

Mature sporangia present in the outer keratinized layers release zoospores through 
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discharge papillae. These zoospores then infect new amphibian hosts or reinfect the same 

host. 

Although we have begun to understand the physiology of Bd and its impact on 

amphibians, Bd survival outside the host is poorly understood. Biofilms are the microbial 

communities that attach to a surface and embed in a matrix of extracellular polymeric 

substances (Nobile et al. 2009). A recent study in our lab has demonstrated that Bd is 

capable of existing in biofilm suggesting it may be mechanism for Bd to survive in the 

absence of the host and thereby amplify its infection intensity (Atkins, 2010). 

Additionally, our lab studies showed that Bd is capable of causing mortality in 

Caenorhabditis elegans suggesting it can serve as an alternate host for Bd (Shapard et al. 

2012). A recent field study indicates that water fowl can be a potential environmental 

reservoir for this fungus (Garmyn et al. 2012).  

Chytridiomycosis. Batrachochytrium dendrobatidis infects the keratinized epidermis of 

adult amphibians and causes a lethal skin disease known as chytridiomycosis (Berger et 

al. 1998). Previously, chytrid fungi were recognized as the parasites of only protozoans 

and invertebrates (Sparrow, 1960). Batrachochytrium dendrobatidis has been responsible 

for amphibian die offs in several regions in Australia, New Zealand, North America, and 

parts of Central America (Berger et al. 1998; Daszak et al. 1999; Lips et al. 2006; Pounds 

et al. 2006; Rachowicz et al. 2006). A recent study has shown that Bd infects more than 

350 amphibian species and has played a role in the disappearance of over 200 species 

(Skerratt et al. 2007). It is important to note that even in the areas where amphibians are 
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protected, disappearance of these animals is observed suggesting the involvement of Bd 

in amphibian decline.  

Batrachochytrium dendrobatidis infection has been observed in both tadpoles and 

adults. Infected animals suffer from hyperkeratosis whereby the epidermal layer of the 

animal thickens and may be sloughed. It has been reported that although Bd infection 

severely affects the foraging behavior of tadpoles (Venesky et al. 2010), it does not result 

in death of this juvenile form. (Berger et al. 1998; Fellers et al. 2001). In healthy 

tadpoles, keratinized layers of jaw sheaths and tooth rows are well pigmented 

(Luckenbill, 1965), while in the case of infected tadpoles, mouthpart pigmentation is 

lacking, a clear indication of chytridiomycosis (Fellers et al. 2001; Vredenburg and 

Summers 2001). Although Bd has been implicated in amphibian decline, the exact 

mechanisms of how the fungus kills amphibians is not well understood. While death 

could results from a toxin produced by the fungus that may degrade amphibian skin 

proteins, a  recent study asserts the possibility that Bd disrupts electrolyte balance 

resulting in the cardiac arrest of infected animals and their death (Voyles et al. 2009). 

Additionally, there is a possibility that Bd may use its proteases to break down skin 

proteins leading to death of animals.  

 

Microbial virulence factors 

It is well known that pathogenic microorganisms employ virulence factors to 

identify and infect their hosts. A recent article has reviewed the importance of various 

microbial virulence factors (Casdevall and Pirofski 2009). In this section, I briefly review 
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common virulence factors including chemotaxis and proteolytic enzymes that pathogenic 

microorganisms use to recognize and infect their hosts.  

Chemotaxis. The term chemotaxis refers to the movement of motile cells and 

organisms toward or away from chemicals. Various studies showed that chemotaxis 

allow microbes to respond to environmental cues. Also, there has been evidence for 

positive chemotaxis in fungi towards host-derived substrates (Muehlstein et al. 1988; 

Deacon and Saxena 1997). For example,  positive chemotaxis towards plant- derived 

nutrients was reported in Neocallimastix frontalis, a chytrid fungus found in the rumen of 

cattle (Orpin and Bountiff 1978). In certain plant pathogenic fungi including Pythium and 

Phytopthora, it has been observed that zoospores gather at infection sites due to positive 

chemotaxis towards plant-related compounds secreted into the environment (Jones et al. 

1991). 

Proteolytic enzymes. These enzymes also known as proteases play an essential 

role in living organisms. For example, matrix metalloproteases are important in various 

cellular processes, including morphogenesis, reproduction, and tissue remodeling 

(Nagase, 1996; Nagase & Woessner, 1999). Proteases have been widely used for 

biotechnological and physiological applications. For instance, microbial proteases, such 

as subtilisin produced by Bacillus subtilis, have been widely used in the leather industry. 

Most microbial proteases play a central role in host-microbe interactions. It has been 

reported that certain pathogenic microbes secrete proteases that allow degradation of host 

proteins during the infection process (Monod 2008).  
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Proteases are broadly classified into endoproteases and exoproteases, and most of 

them are produced as preproenyzmes (Kessler et al. 1998; Kolattukudy et al. 1993; 

Ramesh et al. 1994; Reichard et al. 1995). Each preproenzyme consists of a pre-region 

that indicates a signal peptide and a pro-part that represents an inactive form of enzyme 

that needs modification to be activated (Baker et al. 1992). Proteases, in general, are 

grouped into families and clans according to both their catalytic mechanism and amino 

acid sequence. In this section, I describe some of the major proteases produced by 

pathogenic microorganisms.  

Microbial proteases. These enzymes belong to either endoproteases or 

exoproteases. Exoproteases are further suBdivided into aminopeptidases and 

carboxypeptidases, depending on the site where they act. For example, aminopeptidases 

cut proteins at the N terminus, while carboxypeptidases cut proteins at the C terminus. 

Endoproteases, including metalloproteases, aspartic acid proteases, and serine proteases, 

have been widely involved in microbial pathogenesis (Monod et al. 2002; Rao et al. 

1998). In this section, I briefly review these endoproteases produced by pathogenic fungi.  

Aspartic proteases. In general, these enzymes rely on aspartic acid residues for 

their enzymatic activity. These enzymes are commonly known as acidic proteases, as 

they function at an optimum pH range of 3-5 (North 1982). Additionally, these enzymes 

have been involved in degrading proteins at neutral pH (Monod et al. 2002; North 1982). 

The role of aspartic proteases in the human pathogen Aspergillus fumigatus has been 

studied.  For example, PEP1 secreted by A. fumigatus  has been involved in fungal 

virulence (Reichard et al. 1995). Furthermore, studies have shown that the fungal cell 
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wall contains an aspartic protease known as PEP2 (Monod et al. 2009; Reichard et al. 

2000). It has been reported that this protease may aid in invasion and penetration into 

host tissues (Reichard et al. 2000). A recent study characterized a low abundant aspartic 

protease, CstD from A. fumigatus that may also play an important role in fungal 

pathogenicity (Vickers et al. 2007).  

Metalloproteases. Certain pathogenic organisms are capable of secreting 

metallo-endoproteases, and these proteases are grouped into the deuterolysin and 

fungalysin families. The deuterolysin family consists of proteases from pathogenic fungi 

including Aspergillus flavus (Ramesh et al. 1994) as well as bacteria such as Aeromonas 

salmonicida and Xanthomonas (Arnadottir et al. 2009). The fungalysin family consists of 

only pathogenic fungi including dermatophytes and Aspergillus species. However, both 

families share the HEXXH (His-Glu-Xaa-Xaa-His) motif, a key feature found in Zn 

metalloproteases (Rao et al. 1998). Thus metalloproteases require metal ions for their 

activation.   

Serine proteases. The key feature of serine proteases is that these enzymes 

possess a serine group in their active site. In the case of serine peptidases, the clan SB 

(subtilases) is classified into S8 and S53 family proteases. Of these, the S8 family 

proteases are known for their Asp-His-Ser catalytic triad. In general, serine proteases are 

known to be strongly inhibited by phenylmethanesulfonyl fluoride (PMSF), 

chymotrypsin, and antipain. These enzymes show optimum activity at alkaline pH range 

and thus are known as alkaline proteases. The subtilisin family of serine proteases is 

considered to be important in fungal pathogens. For example, several studies have 
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demonstrated the importance of these enzymes in various medically relevant fungi 

including dermatophytes and Aspergillus fumigatus (Descamps et al. 2002; Kolattukudy 

et al. 1993; Monod et al. 1991; Reichard et al. 2000). 

 

Batrachochytrium dendrobatidis and amphibian immune responses  

Various studies have shown the importance of innate and adaptive immune mechanisms 

in amphibians that defend against Bd infections (Rollins-Smith 2009; Rollins-Smith et al. 

2005).  Additionally, the presence of symbiotic bacteria on amphibian skin surface has 

been proposed to protect the animals from Bd infection (Harris et al. 2009). However, we 

do not know if Bd is capable of inhibiting amphibian immune responses. One possibility 

could be that Bd produces array of proteases that may inhibit the immune responses, like 

the antimicrobial peptides produced by the animals. It has been shown that loss of 

lymphocytes is common during the climax stage of metamorphosis due to increased 

levels of corticosteroids (Rollins-Smith, 1997). This may further result in the suppression 

of immune defense mechanisms and thereby increased susceptibility to Bd infections.   

 

Goals of my research 

Batrachochytrium dendrobatidis (Bd) has led to the extinction of several amphibian 

species and has been associated with ‘the most spectacular loss of biodiversity due to 

disease in recorded history’ (Skerratt et al. 2007). These devastating effects of Bd 

infection emphasize the necessity to understand the virulence mechanism of this fungus. 

How Bd infection can cause death to many amphibian species still remains unclear 



Texas Tech University, Chakkunny Jose Thekkiniath, May 2013 

19 
 

(Kilpatrick et al. 2010). Previous studies in our laboratory have demonstrated that the 

zoospores are capable of motility towards host proteins, amino acids and specific 

hormones (Moss et al. 2008). However, we neither understand how the fungus detects the 

host nor the molecular and biochemical strategies the fungus uses to infect the host.  

It has been observed that although Bd infects both larvae and postmetamorphic 

amphibians, it only kills the postmetamorphs. Thyroid hormone plays an important role 

in amphibian metamorphosis and during climax stage of metamorphosis, there is an 

increased level of thyroid hormones. Thus when a tadpole is infected with Bd, the fungus 

may be exposed to the surge of thyroid hormone at climax stage of metamorphosis. 

Exposure of juveniles (recent metamorphs) to Bd more often results in severe infections 

and death than exposure of adult animals. Various studies have reported the massive 

death of newly metamorphosing frogs due to Bd infections (Berger et al. 1998; Bosch et 

al. 2001; Rachowicz et al. 2006; Walker et al. 2010). Analysis of Bd genome reveals a 

thyroid hormone receptor interacting protein in the genome that has similarity to its 

counterpart present in Xenopus tropicalis. These observations have led us to postulate 

that when Bd is exposed to thyroid hormone in tadpoles, the hormone might trigger 

virulence gene expression in the fungus.  

Hypothesis 

Exposure of Bd to thyroid hormone (T3) will result in gene expression changes in the 

fungus and enhance its pathogenicity. 
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Specific aims  

1. Determine whether Bd zoospores are capable of moving towards host derived 

hormone, T3 and compare with that of chemicals that are involved in T3 

biosynthesis. 

2. Examine gene expression profiles of Bd following exposure to T3 by performing 

Q-PCR using gene specific primers. Characterization of the gene encoding protein 

for the genes those are up-regulated in Bd exposed toT3.   

3. Analysis of proteomics of Bd following exposure to T3  using SDS-PAGE (one –

dimensional) followed by mass spectrometry (LC-MS/MS). 

4. Develop a model to understand how T3 influences cellular functions in Bd. 
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CHAPTER 2 

EXPRESSION OF A NOVEL SUBTILISIN-LIKE SERINE PROTEASE OF 

BATRACHOCHYTRIUM DENDROBATIDIS FOLLOWING EXPOSURE TO 

THYTOID HORMONE  

 

Abstract 

Batrachochytrium dendrobatidis (Bd), a chytrid fungus, is one of the major 

contributors responsible for the global amphibian decline. The fungus infects both young 

tadpoles and adult amphibians. While tadpoles are infected in their keratinized 

mouthparts, the infected adults exhibit symptoms of hyperkeratosis, whereby the 

epidermal layer of the animal thickens and may be sloughed. Infections of adult animals 

may result in death from cardiac arrest in susceptible species. In amphibian 

metamorphosis, thyroid hormone (TH) plays a key role in the transition of tadpoles to 

young adults. The occurrence of Bd in tadpoles during metamorphosis may result in 

exposure of the fungus to a variety of host chemicals including TH. I hypothesize that the 

presence of Bd in tadpoles leads to exposure of the fungus to TH. This exposure may 

induce gene expression in the fungus and contribute to invasion and colonization of the 

host. In this study, I demonstrate the movement of fungal zoospores towards TH. 

Additionally, I show that expression of a subtilisin-like serine protease is up-regulated in 

Bd cells exposed to TH. A gene encoding this protease was cloned from Bd and 

expressed in Escherichia coli. The protein was partially purified, and its enzymatic 

properties were determined. The similarity between subtilases of human dermatophytes 
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and the Bd subtilisin-like serine protease suggests the importance of this enzyme in Bd 

pathogenicity. 

 

Introduction  

Batrachochytrium dendrobatidis (Bd), a chytrid fungus, is considered to be one of 

the major contributors to the global decline in amphibian populations(Daszak et al. 1999; 

Longcore et al. 1999; Wake and Vredenburg 2008). The fungus infects the skin of  

metamorphosed amphibians and infected animals suffer from hyperkeratosis which is 

characterized by the thickening and sloughing of the animal skin (Berger et al. 1998). The 

fungus exists in two life-stage forms, substrate-independent zoospores and substrate-

dependent sporangia (Longcore et al. 1999). Previous studies have demonstrated that the 

zoospores are capable of motility towards host proteins, amino acids, and specific 

hormones (Moss et al. 2008). However, we neither fully understand how Bd detects the 

host nor the molecular strategies Bd uses to infect its host. 

Human fungal and bacterial pathogens secrete proteolytic enzymes, aiding them 

in colonization of their hosts (Howe and Iglewski 1984; Hung et al. 2005; Kaufman et al. 

2005; Kothary et al. 1984). It has been demonstrated that these enzymes play a key role 

in the degradation of host proteins(Jaton-Ogay et al. 1992; Kolattukudy et al. 1993; 

Monod et al. 1991; Ramesh et al. 1994). In general, most subtilases are known to be 

secreted enzymes. For example, in saprobic fungi, these enzymes are a major part of the 

secretome (Hu and Leger 2004). The importance of these enzymes has been shown in 

cuticle degradation in entomopathogenic fungi (Donatti et al. 2008) and nematophagous 
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fungi (Wang et al. 2006; Yang et al. 2005). A recent study has reviewed various secreted 

proteases from dermatophytes suggesting their importance in these microbes (Monod 

2008).  

Previous studies have shown that Bd is able to produce proteases that break down 

proteins including trypsin and chymotrypsin (Symonds et al. 2008), and gelatin and skim 

milk (Piotrowski et al. 2004). A recent study identified and characterized a  

metalloprotease in Bd belonging to the M36 family (Moss et al. 2010). Analysis of Bd 

genome has revealed the presence of 32 serine peptidases in this organism(Jousson et al. 

2004; Sun et al. 2011). Using microarray analysis, the expression of several serine 

peptidase genes in Bd was reported (Rosenblum et al. 2008). 

In amphibian biology, metamorphosis, the transition from young tadpoles to 

adults, is an integral part of their life cycle (Shi 2000). Thyroid hormone (TH) plays an 

essential role in the metamorphosis of amphibians. The hormone binds to receptors 

leading to transcriptional activation of genes involved in the transition of tadpoles into 

young adults (Shi 2000). Although Bd infects young tadpoles, the infection is limited to 

their keratinized mouthparts (Berger et al. 1998). It has been reported that Bd infection 

severely affects the foraging behavior of tadpoles (Venesky et al. 2010). However, it does 

not result in death of these juvenile forms. When a tadpole is infected with Bd, the fungus 

may be exposed to a surge of TH during the climax stage of amphibian metamorphosis. 

Young adult amphibians of susceptible species are very sensitive to Bd infections where 

the keratinized epithelium is infected. These infections often result in death of the 

amphibians (Berger et al. 1998). A recent study has demonstrated that the lethality of Bd 
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is due to electrolyte imbalance resulting in the cardiac arrest of infected animals thereby 

their death (Voyles et al. 2009). 

I hypothesized that exposure of Bd to TH may influence the expression of genes 

that promote infection and colonization of the adult amphibians. In this study, using a 

motility assay, the movement of Bd zoospores towards T3 was demonstrated. 

Additionally, a novel subtilisin-like serine protease (ssp) was identified in Bd, and 

expression of the gene encoding this protein was studied following exposure to T3. The 

gene encoding ssp was cloned from Bd and expressed in Escherichia coli. The enzymatic 

properties of this protease were investigated.  

 

Materials and methods  

Cultivation of fungus. The isolate VM1 of Batrachochytrium dendrobatidis was kindly 

provided by Louise Rollins-Smith (Vanderbilt Univ). The fungus was isolated from a 

diseased Western chorus frog (Pseudacris triseriata). The fungus was cultivated by 

inoculation on TGhL agar plates (1.6% tryptone, 0.2% gelatin hydrolysate, 0.4% lactose, 

0.8% agar) or in H-broth (1% tryptone, 0.32% glucose). The fungal culture was routinely 

maintained at room temperature (21
o
C).  

 

Exposure to thyroid hormone. Of the two forms of thyroid hormone (TH), 3, 5, 3'- 

triiodothyronine (T3) and 3, 5, 3', 5'- tetraiodothyronine (thyroxine, T4), T3 is the 

biologically active form in vertebrates (Ingbar and Braverman 1975). Therefore, I used T3 

in all experiments. A stock solution (10 mM) of thyroid hormone solution was made by 
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dissolving 3, 3′, 5-triiodo-L-thyronine sodium salt (Sigma-Aldrich) in methanol and 

stored at -20
o
C. The fungal cultures were exposed to a final concentration of 50 nM T3 

for 3 hours at room temperature. Methanol was used as the solvent control in the study. 

 

Motility assay. Motility assays were performed by using a method developed by Moss et 

al. 2008. Chemicals related to T3 including tyrosine, iodine, and sodium iodide were used 

at the same concentration (50 nM). The solvent control used for T3-related chemicals was 

water. To count the number of zoospores, a hemocytometer with two counting chambers 

was used, as previously described (Moss et al. 2008). The main separations divide the 

grid into 9 large squares of 1 mm
2
. Slides were observed by using the Olympus BH-2 

microscope with 20X and 10X objectives. For counting purposes, the rows of the 

counting grid were numbered 1-5, and columns were allocated A-D. The respective 

chemoattractant solution (100 µl) was loaded onto sterile circular paper disks and 

allowed to air-dry. Five-day old Bd cultures were used to collect zoospores. The TGhL 

agar plates that contained Bd cultures were floated off with 2 ml of sterile distilled water, 

and active zoospores were collected after 30 minutes. A cover slip was placed on the 

counting surface before loading the zoospore suspension. Using a pipet, a zoospore 

suspension of approximately 1x10
7
 cells was placed carefully into the V-shaped area, 

opposite to the paper disk that contained the chemoattractant. The number of zoospores 

was calculated by counting total zoospore numbers around the disc 45 minutes after 

addition of the zoospores. To obtain the number of zoospores, images of the counting 

grid were saved every 5 minutes using an Olympus DP70 camera connected to the 
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microscope. To obtain total Bd cell numbers, zoospores in representative squares were 

counted and then extrapolated for a total of 25 squares.  

 

RNA extraction and quantitative RT-PCR analysis. For RNA extraction, cells were 

grown in H-broth for 6 days prior to the addition of T3 at a final concentration of 50 nM. 

Control cultures were exposed to an equal volume of methanol. Cultures were harvested 

after 3 hours of exposure. Total RNA was extracted using the Trizol method following 

manufacturer’s instructions. The quality of RNA was assessed on a formaldehyde gel, 

and the quantity of RNA was determined using a Nanodrop. Following RNA extraction, a 

reverse transcriptase (RT) reaction was performed using oligo d(T) primers and 

SuperScript III cDNA synthesis kit (Invitrogen) according to manufacturer’s instructions. 

For each reverse transcription reaction, a total of 5 µg RNA was used. The gene primers 

were designed using the IDT primer quest software. Quantitative RT-PCR was carried 

out for genes of interest using iTaq™ SYBR® Green supermix with ROX (Biorad) 

according to manufacturer’s instructions. The variation in fluorescence emission was 

analyzed with an ABI Prism 7000 Sequence Detection System (Applied Biosystems) 

located in the Center for Biotechnology and Genomics. To evaluate the residual genomic 

DNA contamination, omission of reverse transcriptase was used as the control. To check 

whether there was hindrance from primer dimer formation, additional control reactions 

were performed in the absence of the template. For each reaction, triplicates were carried 

out. Using two-fold dilutions for specified quantities of the target gene as a template, a 

standard curve was prepared. To evaluate the relative gene expression levels of each 
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gene, Pfaffl method (Pfaffl 2001) was carried out using 5.8S rRNA gene as an internal 

control. In this analysis, efficiency of PCR parameters and conditions was validated. 

Using the equation, E = 10
(-1/slope)

, the efficiency of dye absorption levels that affected 

PCR with the normalized quantity of template DNA and the primers was measured. 

Subsequently, these numbers were employed to normalize the results. To determine the 

relative quantification of the gene of interest (GOI) against the 5.8S rRNA encoding 

reference gene, the following equation was employed: ratio = ([
E
target]

Ct control - Ct sample
) / 

([
E
ref]

Ct control – Ct sample
 ), where Ct control represents the mean cycle threshold of control 

sample, Ct sample represents the mean cycle threshold of the test sample, 
E
target 

represents the efficiency of the production of target gene transcript, and 
E
ref represents 

the efficiency of production of the reference gene transcript. 

 

Cloning and expression of Bd subtilisin-like serine protease (Bd ssp). The coding 

sequence of Bd ssp was PCR amplified using sense and antisense primers, 5'- GAGA 

GGTACC ATG GCC AAG CTG TC- 3' and 5'- GAGA CTC GAG AAC ACG GAA 

TGC AG- 3' containing KpnI and XhoI restriction sites respectively. Amplification was 

performed according to manufacturer’s instructions (Stratagene). The PCR product was 

electrophoresed, and 1443 bp amplicon was excised from the gel and cloned into the 

pET-29(b) expression vector (Novagen). The recombinant plasmid was then transformed 

into Escherichia coli BL21 (DE3) using the heat shock method. The positive 

transformants harboring kanamycin resistance were confirmed by colony PCR. The 
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plasmids from positive transformants were extracted and further verified by DNA 

sequencing.  

 

Overexpression and purification of Bd ssp. Escherichia coli BL21 (DE3) cells carrying 

recombinant plasmids were grown in Luria- Bertani (LB) medium with 30 µg/ml of 

kanamycin at 30
o
C until the OD600 reached 0.5. The culture was induced with 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) for 3 hours and the cells were collected by 

centrifugation at 10,000 x g for 10 minutes at 4
o
C. The cells were resuspended in B-PER 

lysis solution (Thermo Scientific) with appropriate amount of DNase and lysozyme. The 

insoluble pellet was harvested by centrifugation at 13,000 x g for 10 minutes at 4
o
C. 

These fractions were then washed three times using inclusion body washing buffer 

containing 50 mM Tris/ HCl and 1% (v/v) Triton X-100, pH 8.0). To remove any residual 

Triton X-100 and obtain purified inclusion bodies, the resulting pellet was washed three 

times using 50 mM Tris/HCl (pH 8.0). The solubilization of inclusion bodies was 

performed using a method developed by Cheng and colleagues with modification (Cheng 

et al. 2009). The pellet was resuspended in 50 mM Gly/NaOH (pH 11.0), and the 

resulting solution was incubated at 37
o
C for 2 hours. The soluble fractions were collected 

after brief centrifugation and then subjected to dialysis against the buffer containing 50 

mM Tris/HCl, 0.5 M NaCl, pH 7.5 and 9 mM imidazole at 4
o
C. To purify the protein, the 

fractions were applied onto a Ni
2+ 

charged Chelating Sepharose Fast Flow resin 

(Amersham Biosciences) column. To obtain the final purified protein, the eluted fractions 

were collected and subjected to dialysis against the 50 mM Gly/NaOH buffer (pH 11.0). 
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The concentration of purified enzyme was estimated by the Bradford method (Bradford 

1976). A known amount of enzyme was electrophoresed on a 10% SDS-PAGE using 

proper controls.  

 

Proteolytic activity assay. To determine the Bd ssp activity, an azocasein (a model 

substrate) assay was carried out as described previously (Cheng et al. 2009) with 

modification. Azocasein (Sigma Aldrich), 5mg/ml was dissolved in Tris/HCl (pH 8.0) 

and mixed with 4 mg enzyme per ml. The reaction mixture was incubated at 37
o
C for 2 

hours. To stop the reaction, 500 µl 40% trichloroacetic acid (TCA) was added to the 

reaction mixture and left at room temperature for 15 minutes. The liquid suspension was 

then centrifuged at 13,000 x g for 10 minutes and the supernatant was collected. The 

absorbance of the supernatant was read at 335 nm in a 1 cm cell using TCA as the 

reaction blank. One unit (U) of enzyme activity was determined as the quantity of 

enzyme needed to raise the absorbance value at 335 nm by 0.01 unit per minute under the 

standard assay conditions. Proteolytic assays using insoluble model substrates azocoll 

and keratin-azure were performed using the standard azocasein method with 

modification. A reaction mixture containing 10 µg enzyme per ml and 3 mg of each 

substrate in 50 mM Tris/HCl (pH 8.0) was used for this assay. The insoluble substrates 

were washed three times with 50 mM Tris/HCl and then incubated at 37
o
C. The reactions 

were stopped as described for the azocasein assay. The absorbance of these substrates 

was read in a 1 cm cell at 540 nm for azocoll and 595 nm for keratin azure. The activity 

of the enzyme towards these substrates was determined as described previously (Cheng et 
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al. 2009). For all substrates, the specific activity of the enzyme was expressed as activity 

per mg protein.  

 

Determination of pH optima for Bd ssp activity. To determine the effect of pH on Bd 

ssp activity, the enzyme was assayed using 50 mM Tris-HCl buffer varying between pH 

7-10. The enzyme activity was determined using the standard conditions described above.  

 

Effect of cations on Bd ssp activity. To determine the effect of different cations on the 

enzyme activity, we used monovalent and divalent cations. The monovalent cation NaCl 

was used at concentrations of 5 mM, 10 mM, 20 mM, 50 mM, and 100 mM. The control 

used was enzyme with no added NaCl. Concentrations of CaCl2 used were 5 mM, 10 

mM, 15 mM and 20 mM. The control used was enzyme with no added CaCl2. The 

activity of enzyme was measured using the standard conditions described above.  

 

Effect of inhibitors on Bd ssp activity. The inhibitors used included 

phenylmethylsufonyl chloride (PMSF) at 1 and 10 mM, leupeptine (1mM), and 

ethyleneiaminotetraacetic acid (EDTA) at 0.5 and 1 mM. The control used was enzyme 

with no inhibitors. The enzyme activity was measured using the standard conditions 

described above. 

 

Zymography. A zymogram (10% Tris-glycine gel) impregnated with 0.05% casein was 

used to analyze the presence and the activity of proteases. The protein samples were 
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separated on zymograms under denaturing, but non-reducing conditions. These samples 

were renatured in Novex® Zymogram Renaturing Buffer and then developed in Novex® 

Zymogram Developing Buffer (Invitrogen). The zymogram was allowed to develop by 

incubating overnight at 37
o
C. Thereafter, staining of the zymogram was carried out using 

a Colloidal Blue Staining kit (Invitrogen).  

 

Results 

Chemotaxis of Bd zoospores towards thyroid hormone. In an effort to understand how 

Bd responds to TH, I performed chemotaxis experiments using the analog T3 at a 

physiologically relevant concentration of 50 nM (Krain and Denver 2004). There was a 

significant (P< 0.01) movement of Bd zoospores towards T3 over a 45 minute time period 

as compared to the methanol solvent control and other T3-related chemicals including 

tyrosine, iodine and sodium iodide (Fig. 2.1). These data suggest that Bd zoospores are 

capable of moving towards T3.  

 

Analysis of ssp expression by quantitative real time PCR (qRT-PCR). To evaluate 

the molecular basis of the Bd ssp response following exposure to T3, I performed qRT-

PCR in Bd cells exposed to T3. The results show that there was approximately 19-fold 

increase in the expression of ssp in Bd following exposure to the hormone (Fig. 2.2). 

These results suggest that T3 triggers the expression of a potential pathogenicity-

associated factor in Bd. 

 



Texas Tech University, Chakkunny Jose Thekkiniath, May 2013 

40 
 

Overexpression analysis and purification of Bd ssp in E.coli. To obtain the protein 

encoded by the gene Bd ssp, the expression plasmid pET29b-Bd ssp was constructed. The 

SDS-PAGE profile of the bacterial transformants indicated that IPTG induction resulted 

in a major dominant protein with a molecular size of 51 kDa, while the cells without 

IPTG had no such induced protein (Fig. 2.3). The protein was partially purified and 

electrophoresed on 10% SDS-PAGE. The apparent molecular mass of the protein was 

matched that of predicted size of subtilase fused to 6X His-tag (51 kDa) (Fig. 2.4). 

 

Proteolytic activity of Bd ssp. To assess if the purified protein has the ability to degrade 

casein substrate, I performed zymography. The purified protein induced with IPTG 

showed a white band against dark background (E1, Fig. 2.5), while the eluted fraction 

from non-induced cells (control) showed no such band (E2, Fig. 2.5). In order to 

determine the substrate specificity of Bd ssp, I studied enzyme activity of the purified 

protein on the soluble substrate azocasein and the insoluble substrates azocoll and 

keratin-azure using the crude extract as a control. Results indicated the purified protein 

showed 5, 4.3 and 1.6- fold higher activity on azocoll, azocasein, and keratin-azure 

respectively (Table 2.1).  

 

Biochemical properties of Bd ssp. Recombinant Bd ssp showed a maximum activity on 

azocasein at pH 8.5 (Fig. 2.6). Among the various cations tested, the enzyme showed 

maximum activity in the presence of 10 mM CaCl2 (Fig. 2.7) and 20 mM NaCl (Fig. 2.8). 

Inhibition studies showed that the enzyme activity was strongly inhibited by 10 mM 
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PMSF reducing the proteolytic activity by 83%, while 0.5 mM and 1 mM EDTA 

inhibited activity by 68% and 65% respectively. At 1 mM concentration, PMSF also 

showed inhibition, but only reduced the activity by 57%. Among the chemicals tested for 

the enzyme inhibition, leupeptin showed the least inhibition of enzyme activity (26%) 

(Table 2.2).  

 

Discussion  

My experimental data support the hypothesis that exposure of Bd to T3 triggers 

the expression of a gene in Bd that may play an important role in its pathogenicity. In an 

aquatic environment, motile zoospores provide a means for spread of the fungus 

(Longcore et al. 1999). The fungal infections are limited to keratinized mouthparts of 

tadpoles including labial teeth and jaw sheaths (Venesky et al. 2010). Although tadpole 

mortality due to Bd infection is uncommon, there are interspecific differences in 

susceptibility of tadpoles to the fungus(Blaustein et al. 2005). Thyroid hormone plays an 

essential role in transition from tadpoles to adult amphibians. It has been shown that 

amphibian metamorphosis starts when TH is first visible in the tadpole blood (Tata 

1997). The hormone level reaches a peak at the climax stage of metamorphosis and 

thereafter is reduced. The hormone is further metabolized and excreted in the urine as 

conjugated forms including sulfated or glucoronidated TH (Norris and Carr 2006). While 

Bd is associated with tadpoles, it may be exposed to the surge of TH in tadpoles thereby 

leading to changes in gene expression in the fungus. Hormones have previously been 

shown to promote fungal gene expression. For example, it has been shown that estrogens 
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enhance the growth of Candida albicans (Gujjar et al. 1997; Zhang et al. 2000) and 

support spherule growth and endospore discharge in Coccidioides (Powell et al. 1983). 

Additionally, hydrocortisone has been involved in growth promotion of Aspergillus 

flavus and A. fumigatus (Ng et al. 1994).  

Successful pathogens employ several virulence factors to invade and infect their 

hosts. Chemotaxis is one of the virulence factors that pathogenic microbes employ to 

identify and infect their hosts(Hawes and Smith 1989; Ormonde et al. 2000; Ottemann 

and Miller 1997). It has been shown that pathogens use host-derived cues to identify 

susceptible hosts (Chet and Mitchell 1976; Chet et al. 1977). A recent study has 

demonstrated that Bd zoospores are capable of exhibiting positive chemotaxis towards 

various host-derived substrates including sugars, amino acids, and specific hormones 

(Moss et al. 2008). My results show that Bd zoospores are able to sense and move 

towards T3. However, Bd zoospores did not show any movement towards other T3-related 

compounds including tyrosine, iodine and sodium iodide. These chemicals were chosen 

for the study because of their roles in T3 biosynthesis. The lack of positive movement of 

fungal zoospores towards T3-related compounds suggests that zoospore movement is 

specific towards T3. Importantly, these results suggest that T3 may serve as an attractant 

and help the fungus to identify and infect the susceptible amphibian host. The 

concentration of T3 used in this study is similar to that present in tissue concentration of 

tadpoles (Crump et al. 2002; Iwamuro et al. 2003; Krain and Denver 2004).  

  In an effort to understand the molecular and biochemical responses of the fungus 

following exposure to T3, I performed expression studies for genes known to be involved 
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in pathogenicity, cell wall biogenesis, and survival under stress conditions in fungal 

pathogens. Among the several genes studied, I observed a 19-fold expression of a 

subtilisin-like serine protease (ssp) in Bd exposed toT3 as compared to the solvent 

control. This strong induction of Bd ssp in the presence of T3 suggests that the hormone 

may serve as an inducer for this protease. Studies in pathogenic fungi have observed both 

serine protease and subtilase induction following exposure to different environmental and 

host-derived stimuli. For example, in Paracoccidioides brasiliensis, a subtilase is highly 

induced under limiting nitrogen condition (Parente et al. 2010), while in the crayfish 

pathogen Apahnomyces astaci, serine protease gene expression is induced following 

exposure to host plasma (Bangyeekhun et al. 2001). These studies suggest the importance 

of serine proteases in virulence. Additionally, in the case of dermatophyte Arthroderma 

benhamiae, a serine protease encoding gene SUB6 was reported to be highly expressed 

during infection implicating its role in virulence (Staib et al. 2010). In order to study the 

biochemical properties of Bd ssp, I cloned the gene encoding protein and overexpressed 

in E. coli. The recombinant Bd ssp was further purified and characterized. Among the 

substrates tested, the enzyme was able to degrade the soluble substrate azocasein and the 

insoluble substrates azocoll and keratin-azure. Azocasein is an important substrate to 

study endo-peptidases that act on casein. The zymogram experiment further confirmed 

that Bd ssp is able to T3 degrade casein present in the gel (Fig. 2. 5). The activity towards 

azocoll suggests that the enzyme possesses collagenolytic activity (Cheng et al. 2009). 

This observation is interesting as collagen is the major structural protein in the animal 

extracellular matrix and thus Bd ssp might be involved in degradation of amphibian skin 
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proteins and disruption of skin function resulting in the death of animals (Voyles et al. 

2009).   

The pH study shows that Bd ssp is most active at a pH of 8.5. It has been reported 

that the intracellular pH of frog skin is in the alkaline range (Friedman et al. 1967). Thus 

my observation that Bd ssp also shows maximum activity in the alkaline pH range is 

pertinent. Additionally, my observation reveals that Bd ssp activity is highly inhibited by 

PMSF, a serine protease inhibitor. The alkaline pH optimum of the Bd ssp and its 

susceptibility to PMSF are characteristics observed with that of serine proteases in other 

fungi including Pleurotus ostreatus and Aspergillus fumigatus (Palmieri et al. 2001; 

Larcher et al. 1992; Monod et al. 1991). The sensitivity of the enzyme to EDTA suggests 

that Bd ssp is a metal-dependent serine protease. Moreover, this observation was 

supported by an increase in enzyme activity in the presence of Ca
2+

 and Na
+
 ions. The 

requirement of CaCl2 for optimum activity of the enzyme is similar to what has been 

observed in other members of the subtilase superfamily (Palmieri et al. 2001; Siezen and 

Leunissen 1997). A recent study in the human bacterial pathogen Vibrio cholreae O1 

demonstrated the presence of a calcium-dependent serine protease in hemorrhagic 

response in the animal model (Syngkon et al. 2010). 

 The observation that Bd ssp exhibited a NaCl requirement for its optimal activity 

is interesting as Bd is generally observed in freshwater environments rather than saline 

conditions. However, a similar finding was also observed in Bacillus cereus that grows in 

a non-saline environment (Singh et al. 2011). It is important to note that in the case of Bd 
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ssp, the requirement for sodium ions is low (millimolar concentration) as compared to 

molar range that observed in typical halotolerant organisms.  

 Proteolytic enzymes play an important role in host-pathogen interaction 

(Bangyeekhun et al. 2001; Staib et al. 2010). It has been demonstrated that subtilisin-like 

serine proteases are important in skin infection of mammals (Descamps et al. 2002). The 

presence of protease-encoding genes in the genome is an important property for any 

successful pathogen. A recent study assessed the presence of two major gene expansions 

in Bd, the fungalysin metallopeptidases (peptidase M36) and serine-type peptidases 

(peptidase S41) (Rosenblum et al. 2008). Recently, Moss and colleagues characterized a 

Bd elastolytic metalloprotease that may be involved in the degradation of extracellular 

matrix proteins thereby favoring the establishment of the fungus in the host (Moss et al. 

2010). In this study, I report a serine-type peptidase that may play role in the degradation 

of amphibian structural proteins. An additional feature of the Bd ssp is that it contains an 

18 amino acid motif (Fig. 9) known to be important in certain human dermatophytes 

(Woodfolk 2005) further supporting its importance in pathogenicity. 
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Table 2.1. Specific activities of Bd subtilase-like serine protease towards 

various substrates. The specific activity of the enzyme was measured by 

dividing the units per mg of protein. Data represent the average of three 

independent experiments  

Substrate  

Sp.activity of crude 

extract  

Sp. activity of 

partially purified 

fraction 

 Fold  

change  

 

Azocasein 23.3 +/-1.2    100 +/- 1.7 4.3 

 

Azocoll  3.8 +/- 1.5      19 +/- 0.9 5 

 

Keratin-

azure 3.7 5 +/- 1.3      6 +/- 1.42 1.6 
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Table 2.2. Effect of various inhibitors on Bd ssp activity. Relative 

activity of these inhibitors are measured in comparison with no inhibitor 

control. Data represent an average of three independent experiments. 

Inhibitor Concentration (mM)  Activity remaining (%) 

No inhibitor                         100 

Leupeptin          1 mM         74 

EDTA 

EDTA 

PMSF  

PMSF  

        0.5 mM 

         1 mM 

         1 mM                       

        10 mM                                                     

        32 

        35 

        43 

        17 
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Figure 2.1. Movement of Batrachochytrium dendrobatidis zoospores toward T3, 

tyrosine, iodine and sodium iodide. All the chemicals were used at a concentration  

of 50 nM. Methanol and water were used as the solvent controls for the respective 

chemicals. Zoospores within the grid were counted at 0 and 45 minutes during the  

course of the assay. Data represent an average of three replicates. P < 0.01 was 

determined using a TWO-WAY ANOVA. 
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Figure 2.2. Relative quantification of subtilisin-like serine protease (ssp) gene  

expression in Batrachochytrium dendrobatidis exposed to T3. Methanol was  

used as the solvent control. The 5.8S rRNA was used as an internal control.  

Average of three independent experiments is shown. P < 0.001 was  

determined using a ONE-WAY ANOVA.  
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Figure 2.3. Comassie blue stained SDS-PAGE of Escherichia coli  

cell extracts. The lanes with sign (-) indicates cells without IPTG, 

and the lanes with sign (+) indicates cells with IPTG. Overexpression  

of Bd ssp in E.coli  was compared at 2 hrs and 3 hrs. Asterisk (*)  

represents an overexpressed band at approximately 51 kDa.  

Equal cell densities were analyzed in each lane. M represents  

molecular mass standard. 
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Figure 2.4. Silver stained SDS-PAGE of Bd ssp protein purified from 

Escherichia coli inclusion bodies. Equal concentrations of protein were loaded in 

each lane. M- molecular mass standard, CE- crude extract, W1- first wash 

fraction, W2- second wash fraction, W3- third wash fraction, E- eluted fraction. 

Asterisk (*)  represents the purified Bd ssp protein from E. coli inclusion bodies at 

 approximately 51 kDa.  
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Figure 2.5. Proteloytic activity of Batrachochytrium  

dendrobatidis ssp on a Tris-Glycine gel (10%) impregnated  

with 0.05 % casein. M- molecular mass standard, E1- purified  

protein fraction from E. coli cells induced with IPTG, E2- purified  

protein fraction from E.coli cells without IPTG.Asterisk (*)  

in lane E1 indicates the proteolytic activity of Bd ssp at  

approximately 51 kDa.  
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Figure 2.6. Effect of pH on Batrachochytrium dendrobatidis ssp activity. 

The enzyme activity was measured taking the activity at pH 8.5 as standard 

reference. Data represent average of three independent experiments. 
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   Figure 2.7. Effect of CaCl2  on Batrachochytrium dendrobatidis   

   ssp activity. Relative activity of the enzyme was measured in  

   comparison with no added CaCl2 control. Data represent the average 

   of three independent experiments. 
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Figure 2.8. Effect of NaCl on Batrachochytrium dendrobatidis  

ssp activity. Relative activity of the enzyme was measured in  

comparison with no added NaCl. Data represent the average of  

three independent experiments. 
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Figure 2.9. Conserved amino acid sequence of Batrachochytrium  

dendrobatidis ssp bearing similarity to that of a subtilase present in  

Trichophyton rubrum (Tr2). The numbers on the bar represent the  

location of amino acid sequence. (A) Trichophyton rubrum (Tr2);  

(B) Batrachochytrium dendrobatidis.  
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CHAPTER 3 

QUANTITATIVE PROTEOMICS STUDIES OF AN AMPHIBIAN PATHOGEN 

BATRACHOCHYTRIUM DENDROBATIDIS FOLLOWING EXPOSURE TO 

THYROID HORMONE  

 

Abstract  

Batrachochytrium dendrobatidis (Bd), a chytrid fungus has increasingly been 

implicated as a major factor for the worldwide decline of amphibian populations. The 

fungus causes chytridiomycosis in susceptible species leading to the massive death of 

young adult amphibians. Although Bd infects the keratinized mouthparts of tadpoles and 

negatively affects foraging behavior, these infections are non-lethal. Thyroid hormone 

(TH) plays an integral role in amphibian metamorphosis. Thyroid hormone binds to its 

cognate receptors leading to transcriptional activation of several genes involved in 

metamorphosis. The occurrence of Bd in tadpoles during metamorphosis may result in 

exposure of the fungus to several host compounds, including TH. We hypothesize that 

the presence of Bd in tadpoles results in exposure of the fungus to TH. This exposure 

may induce the expression of potential factors associated with Bd pathogenicity. In an 

effort to understand the dynamics of Bd interaction with its host-derived thyroid 

hormone, a proteomics approach was employed. Using liquid chromatography- mass 

spectrometry (LC-MS), I generated a dataset of 952 Bd total cellular proteins observed in 

each of the three independent biological replicates. Additionally, I analyzed the Bd 

membrane protein fractions and identified 804 membrane proteins. From these two 
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datasets, I identified 70 total cellular proteins and 193 membrane proteins that showed 

statistically significant in their expression changes. I identified up-regulation of a large 

number of proteins, including those implicated in non-genomic action of thyroid hormone 

in vertebrates. Additionally, I also observed differential expression of proteins that may 

play role in Bd pathogenesis, transport, cytoskeletal elements, cell metabolism, and 

various other cellular pathways. Here we discuss the physiological significance and 

relevance of these proteins in the life cycle of Bd. 

Introduction 

Batrachochytrium dendrobatidis (Bd), a chytrid fungus, has been implicated in 

widespread amphibian decline (Daszak et al. 1999; Longcore et al. 1999; Wake and 

Vredenburg 2008). The fungus infects the keratin skin layer of metamorphosed 

amphibians causing the diseased animals to experience thickening of the epidermal layer, 

eventually leading to sloughing of the skin (Berger et al. 1998). The life cycle of Bd 

consists of substrate-independent zoospores and substrate-dependent sporangia 

(Longcore et al. 1999). However, little is known about the early events during the fungal- 

amphibian interaction leading to death of these animals.  

The life cycle of amphibians primarily consists of tadpole and adult animals, and 

the transition of tadpole to adult is known as metamorphosis (Shi 2000). Thyroid 

hormone (TH) plays an integral role in the metamorphosis of these animals. Binding of 

TH to its receptors results in the transcriptional activation of genes involved in 

metamorphosis (Shi 2000). Although Bd infection negatively affects the feeding behavior 
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of tadpoles, the infection does not lead to their death (Berger et al. 1998; Venesky et al. 

2010). When a tadpole is infected with Bd, the fungus may be exposed to a surge of TH 

during the climax stage of metamorphosis. It has been observed that newly 

metamorphosed animals are very sensitive to Bd infections where the keratinized 

epithelium is attacked (Berger et al. 1998). Various studies have reported massive death 

of amphibians that have recently undergone metamorphosis due to Bd infections (Berger 

et al. 1998; Walker et al. 2010).  

To understand how Bd infection initiates and progresses, a genome- wide study, at 

the protein level is important. In fungal proteomics, analytical techniques such as 

MALDI-TOF (Matrix Assisted Laser Desorption Ionization-Time of Flight) and 

separation techniques such as LC-MS have been commonly used to study protein 

expression changes. For example, a recent study assessed the proteomic response in 

Aspergillus fumigatus to the antifungal drug capsofungin using t (MALDI-TOF) 

identification of proteins (Cagas 2011). Additionally, a more recent study utilized the LC-

MS/MS method and showed temporal protein expression patterns during early 

development in A. fumigatus (Suh et al. 2012). Proteomic analysis has been used to 

understand the virulence factors in plant pathogenic fungi such as Botrytis cinerea 

(Fernández-Acero et al. 2007) and Sclerotinia sclerotiorum (Yajima and Kav 2006). In 

the human pathogen, Candida albicans, a proteomics study analyzed the proteins 

involved in hyphal-yeast transitions (Ebanks et al. 2006). In Bd, a large number of studies 

have been focused on the comparative genomics and gene expression studies (Rosenblum 

et al. 2012; Rosenblum et al. 2008). In general, most biological functions in a cell are 
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carried out by the proteins. Therefore, proteomics-based approaches, which determine 

protein expression level of Bd cells is essential to address its virulence. 

As Bd causes die-offs in metamorphs and that TH plays an integral role in 

metamorphosis, TH may be stimulating virulence gene expression and further changes in 

protein profile expression. Using a proteomics approach, I analyzed the protein 

expression profile of Bd following its exposure to T3. Various in vitro studies in animal 

cells have shown that T3 acts best at 10-100 nM, therefore I decided to use T3 at a 

concentration of 50 nM. Using LC-MS/MS, I evaluated both total cellular proteins and 

membrane protein profiles of Bd exposed to TH and identified proteins that may play a 

role in Bd life cycle, pathogenicity, metabolism, and in other cellular functions of the 

fungus.  

 

Methods  

Cultivation of fungus. The VM1 isolate of Batrachochytrium dendrobatidis was 

provided by Louise Rollins-Smith (Vanderbilt Univ). This fungus was isolated from a 

diseased Western chorus frog (Pseudacris triseriata). The fungus was cultivated by 

inoculation on TGhL agar plates (1.6% tryptone, 0.2% gelatin hydrolysate, 0.4% lactose, 

0.8% agar) or in H-broth (1% tryptone, 0.32% glucose). The fungal culture was routinely 

maintained at room temperature (21 
o
C) and incubated in the dark.  

 

Exposure to thyroid hormone. Of the two forms of thyroid hormone (TH), 3, 5, 3'- 

triiodothyronine (T3) and 3, 5, 3', 5'- tetraiodothyronine (thyroxine, T4), T3 is the 
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biologically active form in vertebrates (Ingbar and Braverman 1975). Therefore, I used T3 

in this study. A 10 mM stock solution of T3 was made by dissolving 3, 3′, 5-triiodo-L-

thyronine sodium salt (Sigma-Aldrich) in methanol and stored at -20 
o
C. The fungal 

cultures were exposed to a final concentration of 50 nM T3  for 3 hours at room 

temperature. Methanol was used as the solvent control in our study. 

 

Protein extraction. On the 7
th

 day of inoculation, Bd cells were exposed to a final 

concentration of 50 nM T3 for 3 hours. The proteins from Bd cells were extracted using 

the glass bead method. The cells were harvested at 10,000 rpm at 4⁰C for 10 minutes. 

The supernatant was discarded and the pellet was resuspended in breaking buffer (50 mM 

sodium monophosphate (pH 7.4), 1mM phenylmethylsulfonyl fluoride (PMSF), 1 mM 

ethylenediaminetetraacetic acid (EDTA) and 5% glycerol). An equal volume of acid-

washed glass beads (0.5 mm size) was added to the cell suspension. The mixture was 

then subjected to eight alternate cycles of vortexing and incubation on ice for 30 seconds. 

The mixture was then centrifuged at 14,000 x g for 10 minutes at 4
0
C. The resulting 

supernatant was transferred to a microcentrifuge tube and subjected to 14,000 x g spin for 

10 minutes to further remove any glass beads in the solution. The concentration of this 

total cellular protein was estimated by the Bradford assay (Bradford, 1976) and further 

used for LC-MS study.  

To isolate Bd membrane proteins, additional steps were carried out. Briefly, the 

clear supernatant obtained in the above procedure was transferred and subjected to 

11,400 x g for 10 minutes followed by an ultracentrifugation at 450,000 x g for 1.5 hours 
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at 4
0
C. After ultra-centrifugation, the pellet containing membrane proteins were 

collected. The membrane pellet was resuspended in 0.5% SDS. The protein concentration 

of membrane proteins was determined by measuring the absorbance at 280 nm. These 

protein samples were further used for LC- MS studies. 

 

One-dimensional (1-D) gel electrophoresis. Protein samples of 100 µg (both total 

proteins and membrane proteins) were separated on a one-dimensional gel (SDS-PAGE). 

The samples were mixed with protein loading buffer (2% SDS, 1% Tris-HCl, 10% v/v 

glycerol, 0.01% bromophenol blue, 5% beta-mercapto-ethanol, pH 6.8). The mixture was 

boiled for 5 minutes, centrifuged briefly and then loaded into a 12% resolving gel 

(Biorad). The gel was stained with 0.1% Coomassie Blue stain for 4 hours followed by 

destaining (10% methanol, 10% acetic acid, 2% glycerol and 78% water) overnight. The 

proteins were visualized (Fig. 3.1 & 3.2) using Alpha Innotech imaging system (Cell 

Science). 

 

In-gel digestion and extraction of peptides. Proteins separated by the 1-D method were 

used in LC-MS/MS for further identification. Each sample lane in the gel was excised 

into 8 equal slices and each slice was kept in 0.5 ml eppendorf tube. In-gel digestion on 

each slices was carried out as described previously (Shevchenko et al. 2007). Briefly, 

these slices were washed in double distilled water (ddH2O) for 5 minutes at 37
o
C at 600 

rpm and then washed twice with acetonitrile (ACN)/100 mM NH4HCO3 (50/50) for 10 

minutes to destain the gels. Subsequently, the gel pieces were subjected to reduction in 50 
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µl 10 mM DTT at 56
o
C at 600 rpm for one hour. These slices were then washed in 

ddH2O, alkylated in 50 µl of iodoacetamide solution (55 mM in 40 mM NH4HCO3), and 

incubated in the dark for 30 minutes. To remove the remaining dye, the gel slices were 

washed alternatively in ddH2O and 50% ACN. After completely removing the dye, the 

gel pieces were incubated for one minute in 100 µl of 100% ACN followed by air drying. 

The samples were digested using 30 µL of sequence grade trypsin solution (12.5 ng/ µL 

in 25 mM NH4HCO3) and incubated overnight at 37 
o
C. Peptide extraction was 

performed twice using ACN/water (50/50) containing 0.1% formic acid solution. The 

extracted peptide solutions were pooled and dried using speed vacuum centrifuge and 

then peptides were resuspended in 20 µl of 0.1% formic acid.  

 

Nano LC-MS/MS. To analyze the peptides extracted from in-gel digestion, nano-flow 

liquid chromatography tandem mass spectrometry (nano-LC-MS/MS) was used on an 

LTQ-XL ion trap mass spectrometer (Thermo, CA, USA). Chromatographic separation 

of the peptides was carried out using a Dionex nano-HPLC (Ultimate 3000) with a 

trapping column (C18, 3 μm, 100 Å, 75 μm × 2 cm) followed by a reverse phase column 

(C18, 2 μm, 100 Å, 75 μm × 15 cm, nanoViper). Peptides were first injected onto the 

trapping column, which was equilibrated with 1% ACN, 0.1% formic acid in water. 

These peptides are washed for 10 minutes using the loading pump with the same solvent 

at a flow rate of 5 µl/min. The trapping column was then switched to the reverse-phase 

analytical column and bound peptides were eluted using solvents A (2% ACN, 0.1% 

formic acid in water) and B (98% ACN, 2% water, 0.1% formic acid) at 300 nl/min. The 
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gradient was maintained constant for the first 10 minutes at 4% solvent B followed by a 

gradual increase up to 30% solvent B in 20 minutes. Solvent B was further increased to 

60% in 40 minutes followed by a rapid increase up to 90% over 5 minutes. The eluted 

peptides were directed into the nanospray ionization source of the LTQ-XL with a 

capillary voltage of ∼2 kV. The collected spectra were scanned over the mass range of 

300-2000 atomic mass units. Data dependent scan settings were defined to choose the 6 

most intense ions with dynamic exclusion list size of 100, exclusion duration of 30 

seconds, repeat count of 2, and repeat duration of 15 seconds. To generate MS/MS 

spectra, collision-induced dissociation of the peptide ions at normalized collision energy 

of 35% was utilized. 

 

Database search.  To identify the proteins using the spectra acquired from the LTQ 

Orbitrap XL mass spectrometer, the Proteome Discoverer software (version 1.3, Thermo 

Scientific) was employed. For this purpose, SEQUEST cluster was used as the search 

engine (Thermo Electron Corp., San Jose CA) against Bd database 

(www.broadinstitute.org). The following criteria were used by the search engine: 

precursor ion mass tolerance is taken as 2.5 Da, while fragment ion mass tolerance is kept 

as 0.8 Da. Additional parameters include fully tryptic enzyme specificity,  two missed 

cleavages and mass range 350-5000 Da. Furthermore, CID was used as collision method. 

For all searches, carbamidomethylation of cysteines and oxidation of methionine were set 

as the dynamic modifications. The false discovery rate (FDR), percentage of false 

http://www.broadinstitute.org/
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positive identifications among all the tentative peptide identifications was assessed by 

decoy databases created from target database and was set as 1%.  

 

Quantitative proteomic analysis. Quantification of proteins which were identified in 2 

out of 3 replicates was performed. Results obtained were subjected for protein 

quantification using ProteoIQ software with spectral count. For protein quantification 

purpose, the following stringent filtration criteria were employed: minimum number of 

spectra = 5, minimum percentage of replicates = 60 (2 out of 3 replicates) and maximum 

protein false discovery rate (FDR % ) =1. Additionally, probability filters including 

minimum peptide probability = 0.99 and minimum protein group probability = 0.95 were 

applied.  Using the database as decoy, the protein FDR was calculated as protein FDR= 

(# reverse proteins identified)/ (total protein identifications) x100. Similarly, the peptide 

FDR was calculated as peptide FDR = 2*(# reverse peptide identifications)/(total peptide 

identifications) x100.  Protein abundance data were determined using the method 

described previously (Zybailov et al. 2006). To calculate protein abundance data, 

normalized spectral abundance factors (NSAF) were employed. In this method, for each 

protein, k, in sample i, the number of spectral counts (SpC, the total number of MS/MS 

spectra) identifying the protein was divided by the estimated length of the protein. To 

calculate the protein length, molecular weight of the protein was divided by the molecular 

weight of average amino acid. The NSAFi values for the sample i have determined as 

SpCk/Lengthk values normalized to the total by dividing by the sum (SpCk/Lengthk).  

The values in T3 normalized spectral count (T3 N-SC) Log2 relative expression are 
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presented here. To calculate the absolute fold change, the conversion is applied as 2^ (T3 

N-SC).  

 

Statistical analysis. To determine the protein expression changes between T3 treatment 

and methanol control, statistical analysis, t-test was performed. The t-test was performed 

using log transformed NSAF data, and proteins with p-value less than 0.05 were 

statistically significant. These protein sets, up- and down-regulated proteins were further 

subjected to functional annotation.  

 

Bioinformatics analysis. To obtain information on functional annotation of identified 

proteins, the nucleotide sequences of all proteins (Broad institute) were compared to the 

NCBI non redundant (NR) protein database and the gene ontology (GO) database using 

Blast2GO software (Version 1.6). Using Mapman analysis tool, I mapped the metabolic 

pathways and other cellular processes in the fungus. This tool was used to express large 

datasets as diagrams that symbolically represent areas of biological function (Thimm et 

al. 2004).  

 

Results and Discussion 

My experimental data support the hypothesis that exposure of Bd to T3 results in 

protein expression changes in the fungus. In an effort to understand the complex 

interactions of Bd with T3, we conducted a comprehensive proteomic analysis. In this 

study, I assessed the proteomics of Bd-T3 interaction based on the LC-MS/MS method. 
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This method allowed for the quantitative analysis of the expression of Bd proteins. My 

results show that the expression of proteins may play an important role in the 

pathogenicity and in various cellular processes in Bd. Proteomics studies have been 

carried out in several fungi including yeast, as well as human and plant pathogenic fungi 

(Fernández-Arenas et al. 2007; Gonzalez-Fernandez and Jorrin-Novo 2011; Zybailov et 

al. 2006). Here I describe the relevance of proteomic studies in an animal pathogen, 

Batrachochytrium dendrobatidis following its exposure to T3.  

Herein, I identified and quantitatively analyzed the expression of 952 total cellular 

proteins and 803 membrane proteins. A major issue with the large number of proteins is 

to define which proteins are significantly changed in expression for further analysis. To 

solve this, I utilized the NSAF approach (Zybailov et al. 2006). The NSAF approach 

develops a unique value for the expression of each protein in a series of biological 

replicates, yielding three data points from Bd cells exposed to T3 and three data points for 

the methanol control. Statistical analysis of the datasets was performed using t-test and p 

values were employed to measure the significance. A log scale plot of the NSAF values 

for total proteins of Bd exposed to T3 and of Bd exposed to methanol are shown in Fig. 

3.3. In the following section, I discuss the role of Bd proteins that were found to be 

statistically significant (P value < 0.05). Among the 952 total cellular proteins, 70 

proteins were statistically significant, of which 12 were found to be up-regulated and 5 

were uniquely present in Bd cells exposed to T3 (Table 3.1a & 3.1b). I also found down-

regulation of 14 total cellular proteins, while 16 proteins were found to be uniquely 

present in the methanol control (Table 3.1c & Table 3.1d). Additionally, I analyzed 803 
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membrane proteins of which 193 were found to be statistically significant. Among these 

proteins, 92 proteins were found to be up-regulated, while 37 proteins were uniquely 

present in the T3 treatment. Of the 15 proteins that were down-regulated, 10 of these were 

uniquely present in the methanol control. Below I describe the proteins that were, (1) 

uniquely present and (2) that showed greater than and/ or less than a 2-fold change in the 

expression in Bd following its exposure to T3 (Table 3.1 & 3.2).  

Our study revealed that the expression of a large number of proteins which are 

primarily involved in non-genomic action of T3 in vertebrates. In classical genomic 

action, nuclear receptors are involved, while in non-genomic action, membrane receptors 

are known to play a major role (Cheng et al. 2010). These receptors could be membrane 

proteins, either integrin or the G-protein coupled receptor (GPCR). Additionally, it has 

been shown that rapid onset of this action is moderated by the mitogen activated 

proliferator kinase (MAPK) signaling pathway (D’Arezzo et al. 2004). Mitogen-activated 

protein kinases (MAPKs) belong to a family of serine-threonine protein kinases. These 

kinases are well-known in eukaryotic cells and play critical roles in the signal 

transduction of a large number of external stimuli and in development and differentiation 

processes (Nishida and Gotoh, 1993; Schaffer and Weber 1999). In general, signaling 

cascades are vital for adaptation of cells to various environments and external stimuli. 

Like other eukaryotic cells, fungal cells also respond to several extracellular stimuli using 

MAPK signaling cascades. These pathways are highly conserved in eukaryotic cells and 

have been studied in many fungi including Saccharomyces cerevisiae (Schaffer and 

Webner 1999) and other pathogenic fungi (Zhao et al. 1999). In the present study, T3 
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serves as an external stimulus. I detected certain proteins in Bd that responded toT3 and 

are involved in MAPK signaling pathways.  

 

Uniquely present and/or up-regulated proteins 

Transporters. In this study, I first analyzed the total cellular proteins of Bd 

following exposure to T3. Among the uniquely present proteins in Bd exposed to T3, one 

of the major proteins is Na
+
/H

+
 exchanger protein (BDET_07584) known to play a 

critical role in non-genomic action of T3 in vertebrates. For example, Incerpi and 

coworkers found that sodium-proton antiporter in humans was regulated by T3 (Incerpi et 

al. 1999). Na
+
/H

+ 
exchangers are transport proteins that pump Na

+ 
either out of cells or 

into cells in exchange for H+ (Blumwald et al. 2000). In yeast cells, high millimolar 

concentrations of sodium in the cytoplasm are found to be toxic (Haro et al. 1991). A 

recent study in two pathogenic species of Candida elucidated the role of a membrane 

Na
+
/H

+ 
exchanger in salt tolerance (Krauke and Sychrova 2008). Since Bd lives in fresh 

water environments, the role of Na
+
/H

+ 
exchanger in this fungus is not very clear. 

However, I have observed that subtilisin-like protease, one of the potential pathogenicity 

factors in Bd, requires low concentrations of sodium ions for its optimal activity (chapter 

2).Taken together, I suggest that a Na
+
/H

+ 
transporter may be important for Bd survival 

under hostile environments. 

In addition to the Na
+
/H

+ 
exchanger, I observed a 2-fold up-regulation of a Ca

2+
- 

ATPase (BDET_06015), another membrane protein implicated in non-genomic action of 

T3. Various studies in vertebrates have demonstrated the action of T3 on Ca
2+

- ATPase 
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(Segal et al. 1989; Davis et al. 1983). In general, Ca
2+

- ATPases are known as calcium 

pumps and their activities on the cell membrane are mediated by calmodulin-Ca
2+

 

complex (Carafoli 2004). Studies have demonstrated the critical role of the calmodulin-

Ca
2+

 complex in TH action (Davis et al. 1983). Interestingly, our proteomics studies also 

revealed a 2-fold up-regulation of calmodulin (Table 3.2b). Recent work has shown that 

calmodulin plays essential roles in stress responses, virulence, and morphogenesis in 

fungal systems. For instance, in plant pathogens such as Magnaporthe grisea and 

Colletotrichium trifolli, calmodulin has been found to be necessary for the growth of 

specialized infection structures known as appresorium (Lee and Lee 1998, Warwar et al. 

2000). In the case of non-pathogenic fungi, such as Schizosaccharomyces pombe and 

Aspergillus oryzae, calmodulin is implicated in the regulation of stress responses 

(Sanchez-Piris et al. 2002, Juvvadi et al. 2002). Thus the up-regulation of calmodulin in 

my study suggests that T3 exposure may enhance the pathogenicity of the fungus.  

A 3-fold change in up-regulation of a protein that has similarity to that of a multi-

drug resistance transporter/ABC (ATP-binding Cassette) transporter (BDET_06414) in 

Bd exposed to T3 was observed. Because of their hydrophobicity, thyroid hormones were 

assumed to enter target cell membranes by passive diffusion. However, recent studies 

have shown that certain organic anion transporters are also involved in the transport of 

these hormones (Abe et al. 2002). In addition to thyroid hormone uptake, the efflux of 

this hormone in vertebrates is considered to be essential for the regulation of cellular 

content of the hormone. A study by Riberio and co-workers showed that efflux 

mechanism of thyroid hormone in mammalian systems occurs through the ABC 
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transporter super family (multidrug resistance-related protein) (Riberio et al. 1996). Our 

observation that an over-expression of multidrug resistance/ABC transporter protein in 

Bd exposed to T3 suggests there may be an efflux of the hormone to regulate hormone 

level inside the fungal cell. Multi drug efflux pumps have been known to be important in 

human and plant pathogenic fungi. For example, in the plant pathogen Magnoporthe 

grisea, it has been shown that a mutation in ABC transporter led to loss of pathogenicity 

in the fungus suggesting the role of ABC transporters in plant pathogenicity (Urban et al. 

1999). Thus, my observations suggest that exposure of Bd to T3 may eventually lead to an 

increased expression of multidrug resistance proteins and may further trigger the 

expression of proteins associated with pathogenicity in Bd. 

 

Mitochondrial oxidative phosphorylation. Another interesting observation 

made in this study was the up-regulation of enzymes involved in mitochondrial oxidative 

phosphorylation (Table 3.1a). For example, this study showed that proteins such as 

cytochrome c oxidase (BDET_07703) and NADH dehydrogenase subunit 

(BDET_03192) are uniquely present when Bd is exposed to T3. I also found an increase 

of 2-fold change in the F1-ATPase subunit in Bd exposed to T3. This observation is 

consistent with that of mammalian systems where T3 stimulates mitochondrial respiration 

resulting in increased ATP production.  

 

Fatty acid metabolism. Among the proteins that showed a dramatic increase in 

expression and maximum fold change (3.9) was the long chain acyl CoA ligase 
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(BDET_04753). I also found an up-regulation of acyl CoA oxidase (2.4-fold). Successful 

fungal pathogens, such as C. albicans utilize special genes encoding proteins for 

respiratory catabolism including long chain acyl CoA ligase and acyl CoA oxidase for the 

efficient nutrient acquisition and energy production in vivo (Fernández-Arenas et al. 

2007). Up-regulation of these enzymes in Bd exposed to T3 suggests that the hormone 

treatment may induce the expression of these proteins allowing the fungus to acquire 

nutrients or use fatty acids as energy source. 

Carbohydrate metabolism. In addition to proteins involved in fatty acid 

metabolism, I also observed increased expression of those proteins those are involved in 

carbohydrate metabolism. A protein similar to phosphoglucomutase (BDET_07061) 

showed a 2.5-fold increase in response to the T3 treatment. This protein is involved in the 

reversible interconversion of glucose-1-phosphate to glucose-6-phosphate. A study in 

Aspergillus nidulans reported that phosphoglucomutase plays a critical role in asexual 

development of the fungus (Hoffmann et al. 2000). Our observation of an increased 

expression of phosphoglucomutase suggests that in response to T3, this protein may aid 

the fungus in its developmental processes such as the transition from zoospore to thalli.  

Pathogenicity-associated proteins. Analysis of protein profiles for Bd cells 

exposed to T3 revealed the up-regulation of seven proteins (BDET_06502, BDET_08720, 

BDET_05121, BDET_05116, BDET_05132, BDET_02674, and BDET_02521) that are 

highly similar to that of the crinkler family proteins or crinkler-like effectors (CRN). It is 

well known that microbial effectors are implicated in the destruction of host defenses and 

thus are capable of changing the host cell metabolism (Kamoun 2006). In general, CRN 
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effectors consist of a signal peptide, a translocator domain that helps CRN proteins to 

enter into host cells, and a C-terminus domain that is involved in host protein interaction. 

These proteins were thought to be present only in oomycetes, an important of group of 

pathogens infecting fish and plants. It is possible that Bd might have acquired these genes 

from oomycetes through horizontal gene transfer during the evolutionary process (Sun et 

al. 2011). The occurrence of CRN proteins in Bd further supports my hypothesis that 

while Bd is exposed to T3, there may be protein expression changes that are associated 

with fungal pathogencity. Our finding is consistent with that of a recent genomic study in 

Bd suggesting the potential role of crinkler proteins in Bd pathogenicity (Joneson et al. 

2011). 

Cytoskeletal elements. In eukaryotic cells, cytoskeletal and movement proteins 

are known to be essential because of their role in vesicular transport. A difference in the 

expression of some cytoskeletal proteins was observed when Bd was exposed to T3. For 

example, while tubulin (BDEG_0078) showed a 2-fold up-regulation in the protein 

expression level, actin (BDEG_03011) expression remained unchanged. The actin 

cytoskeleton protein plays an important role in various cellular processes, including 

morphogenesis, migration, and cytokinesis. In the case of fungi, actin filaments are 

implicated in directing local growth and cell wall deposition, thus regulating its cell form 

and shape (Moseley and Goode, 2006). It is well known that a variety of actin-binding 

proteins are involved in the regulation of actin dynamics. Additionally, these proteins are 

exposed to controlled changes in activity and position both in time and space (dos 

Remedios et al. 2003; Goode et al. 2000). The up-regulation (3.8-fold) in the expression 
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of α-actinin, one of the important integrin cytoplasmic protein connecting cytoskeletal 

elements to extracellular matrix was also observed. Additionally, actinin has been 

implicated in cross-linking actin filaments in eukaryotes (Sjöblom et al. 2008).  

 

Down-regulated proteins  

In addition to the up-regulation of several proteins, down-regulation of certain 

important proteins was observed when Bd was exposed to T3. One of the important 

down-regulated proteins in our experiment was gelsolin, an essential actin structure-

regulating protein in all eukaryotic cells (Silacci et al. 2004). This protein plays an 

important role in maintaining the organization of actin cytoskeleton. It has been shown 

that in vertebrates, when calcium is available, gelsolin is capable of severing and capping 

actin filament (McGough et al. 2003). Additionally, this protein has been implicated in 

the regulation of cell motility, morphology and growth (Kwiatkowski 1999). It has been 

shown that gelsolin is involved in triggering epithelial invasion mediated by the 

phosphatidylinositol-3-kinase-Rac pathway (De Corte et al. 2002). In mammalian 

systems, the down-regulation of gelsolin expression was observed during thyroid 

carcinogenesis (Kim et al. 2005).  The current study suggests that T3 treatment may 

disturb actin cytoskeletal organization and that down-regulation of gelsolin may be 

necessary to maintain normal cell division.  

Another important down-regulated protein in my study was Fuz7. The protein 

Fuz7 is a homolog of the yeast protein, Ste7 which is found to be involved in the 

pheromone response pathway in the fungus (Bardwell et al. 1994). In the case of the plant 
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pathogen, Ustilago maydis, this protein codes for the MEK/MAPKK homolog. 

Additionally, this protein has been implicated in two other pathways, including the 

pheromone response pathway as well as that responds to plant signals (Banuett et al. 

1994). The Fuz7 protein is known to be a key protein in the MAPK signaling pathway, 

which is mediated by G-proteins. It has been shown that GPCR is involved in this 

signaling pathway, which results in the desensitization of the receptor and thus down-

regulation of both the receptor and the hormone response. Thus my observation that 

down-regulation of the Fuz7 protein in my study may be due to desensitization of GPCR. 

 

Mapman pathway analysis  

In order to obtain an integral view of the Bd biological processes affected 

following exposure to T3, the identified proteins were classified into Mapman functional 

categories (Fig. 3.4). This approach has been widely used in analyzing higher plants 

(Thimm et al. 2004) and green algae, Chlamydomonas reinhardtii (May et al. 2008). 

Using Mapman pathway analysis, I showed that certain Bd proteins identified have a role 

in several cellular functions, including those involved in metabolism and energy 

acquisition, cytoskeleton signaling, and ubiquitin and autophagy-dependent degradation. 

Metabolic changes in protein expression levels belonging to different functional groups 

indicate how Bd responds to its environment when exposed to T3.  

Interestingly, Mapman analysis revealed an up-regulation of enzymes that are 

involved in amino acid biosynthesis, suggesting that when Bd is exposed to T3 the fungal 

cells may synthesize more amino acids to use as additional metabolic activities during 
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thallus formation. The transition from zoospore cells to thalli development in Bd is 

considered an energy-expensive process, which requires a large supply of resources for 

repeated mitotic cell divisions. Increased amino acid biosynthesis may help the fungus in 

this process. During the infection process, Bd must obtain nutrients from its hosts. The 

observation made in the current study suggests that Bd might be primarily depending on 

aminoacids and that degradation of a number of proteins is critical during infection. 

Previous studies have identified and characterized Bd proteases that degrade proteins and 

make amino acids (Moss et al. 2010; Thekkiniath et al, Unpublished data). It is important 

to note that enzymes involved in histidine biosynthesis are highly expressed as compared 

to those involved in the biosynthesis of other amino acids. For example, we observed an 

up-regulation (2-fold change) in imidazoleglycerol-phosphate dehydratase. This enzyme 

is one of the key enzymes in the histidine biosynthesis (Mano et al. 1993). Additionally, 

our gene expression studies showed an up-regulation of this gene that encodes the 

protein. These results further confirm the importance of this enzyme to Bd.  In addition to 

serving as a source of carbon and protein building blocks, amino acids play other roles in 

fungi. For example, in the case of Allomyces, certain amino acids play an essential role in 

making sugars including fructose and mannose and thus may serve as sources for both 

carbon and nitrogen (Machlis 1957).  

Interestingly, analysis of central metabolic pathways showed a variation in protein 

expression changes of certain enzymes involved in tricabroxylic acid (TCA) cycle. For 

example, the enzyme, succinate dehydrogenase (SDH) was found to be up-regulated, 

while another enzyme, malate dehydrogenase (MDH) was down-regulated in Bd 
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following its exposure to T3.  However, the enzymes involved in the glycolytic pathway 

were found to be up-regulated. It was also observed that the enzymes involved in the 

glyoxylate cycle such as malate synthase (MS) and isocitrate lyase (ICL) were up-

regulated in Bd following its exposure to T3 (Fig. 3.6). The glyoxylate cycle is involved 

in lipid metabolism and in fungi; it is carried out in peroxisomes. In Bd, as zoospores are 

released from the zoosporangium, they contain several lipid globules that are partly 

surrounded by the microbody, a key characteristic of Bd (Longcore et al.1999). The lipids 

present in the zoospores might be degraded via the beta-oxidation pathway located on the 

peroxisome. These degradation products might be further processed through the 

glyoxylate cycle to support growth of new sporangia. A similar observation was also 

made in a nematode-trapping fungus, Arthrobotrys oligospora (Yang et al. 2011). Using 

the proteomics and genomics approaches, Yang and coworkers demonstrated the up-

regulation of these enzymes in A. oligospora in response to nematode extract (Yang et al. 

2011). A previous study has demonstrated that glyoxylate cycle is essential for fungal 

virulence (Lorenz and Fink, 2001). Additionally, our current study is consistent with that 

of C. albicans in that while the fungus infects macrophages, these key enzymes were 

found to be up-regulated (Fernández-Arenas et al. 2007).  

In the current study, I observed a clear down-regulation of components involved 

in the ubiquitin-proteasome pathway including SCF ubiquitin ligase complex subunit 

culA (BDET_06581) and cullin (BDET_06582) (Table 3.2c and Fig. 3.5). Additionally, I 

observed an increased expression of the autophagy pathway (Fig. 3.5). It is generally 

accepted that eukaryotic cells employ the ubiquitin-proteasome system (UPS) and 
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autophagy as key protein degradation pathways. While UPS participates in rapid 

degradation of proteins, autophagy pathways are implicated in selective removal of 

protein aggregates. It has been shown that in vertebrates, the T3 receptor is directly 

modulated by ubiquitination and proteasome degradation (Dace et al. 2000). In the UPS 

pathway, the T3 receptor serves as the substrate for ubiquitination and thus the down-

regulation of both the receptor and hormone response occurs. This observation suggests 

that in response to T3, fungal proteins may undergo autophagy rather than ubiquitin-

dependent degradation. An up-regulation of autophagy-related protein (atg-3) was also 

observed in our transcriptome study (Appendix A1) suggesting that autophagy may be an 

important mechanism to remove the protein aggregates in Bd. A Similar observation was 

also made in the plant pathogen, M. grisea, that autophagic programmed cell death is 

essential for pathogenicity of this fungus (Veneault-Fourrey et al. 2006).  

The proteomics study thus provides evidence of role of important cellular 

pathways in Bd including  metabolism and energy, protein fate, cellular transport and 

fungal virulence. Taken together,  the data presented here facilitates our understanding of 

the early events during Bd-frog interactions.  
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Table 3.1a. Total cellular proteins that are induced >2 fold in Bd exposed to T3 

(statistically significant expression at p <0.05) and their gene accession numbers and 

predicted name of the protein. The values are given as T3 normalized spectral count (N-

SC) Log2 relative expression. Gene accession numbers are provided according to the 

www.broadinstitute.org.  

 

Gene  

accession  

number 

Protein                                                            T3(N-SC)Log2  

                                                                    relative expression       

     

BDET_ 06015                                             

BDET_07377  

 Ca
2+

 ATPase      

ATP synthase F1 gamma 

  1.0 

1.1 

BDET_05399  Protein Phosphatase regulatory subunit SDS22 1.2 

BDET_04753  Acyl CoA oxidase    1.25 

BDET_08315  Biofilm development protein YmgB/AriR 1.3 

BDET_07061  Phosphoglucomutase  1.3 

BDET_05202  Dihydroorotase    1.4 

BDET_02010  GPI anchor protein   1.5 

BDET_06692  NIF 3 like protein   1.5 

BDET_06414  multidrug/metal resistance protein, ABC transporter 1.6 

BDET_03580  Ribosomal L-30   1.8 

BDET_02020  long-chain acyl CoA ligase   1.95 
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Table 3.1b. Total cellular proteins that are uniquely present in Bd exposed to T3 (statistically 

significant expression, p < 0.05) and their gene accession numbers and predicted name of the 

protein. Gene accession numbers are provided according to the www.broadinstitute.org.  

Gene  

accession 

number 

Protein                 

 

BDET_03192  

            NADH dehydrogenase ubiquinone  

            alpha subcomplex assembly factor 

 

  

BDET_04238              Phosphate  induced protein 

  BDET_06411              Phosphate induced protein 

 

  

BDET_07584              Na/H exchanger  

  

  

BDET_07703             Cytochrome oxidase c subunit  
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Table 3.1c. Total cellular proteins that are < 2 fold (p < 0.05) in Bd exposed to T3 as 

comapred to methanol and their gene accession numbers and predicted name of the 

protein. The values are given as T3 normalized spectral count (N-SC) Log2 relative 

expression. Gene accession numbers are provided according to the 

www.broadinstitute.org.  

Gene accession  

Number 

 Protein                                           T3(N-SC)Log2  

                                                         relative expression       

 

BDET_00978  long-chain acyl-CoA synthetase 7 -2.7 

BDET_06102  Rpb (RNA-polymerase) -2.5 

BDET_03865  importin beta, transportin -2.1 

BDET_00308  Cytoplasm protein -2.0 

BDET_06700  Dual specificity protein kinase FUZ7 -2.0 

BDET_01880  Calreticulin -1.8 

BDET_03549  CTP synthase -1.8 

BDET_06886  Vacuolar sorting protein -1.6 

BDET_08238  Shwachman-Bodian-Diamond syndrome protein -1.6 

BDET_07660  26S proteasome subunit p45 -1.4 

BDET_05219  Dihydroorotase -1.3 

BDET_04352  glutaminyl-tRNA synthetase -1.2 

BDET_04880  Predicted protein similar to pullulanse  -1.2 

BDET_08256  G-protein beta for GTPase   -1.2 

BDET_06205  NAD-dependent epimerase family protein -1.1 
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Table 3.1d. Total cellular proteins that are uniquely present in Bd exposed to methanol 

control and their gene accession numbers and predicted name of the protein. Gene 

accession numbers are provided according to the www.broadinstitute.org  

Gene accession  

Number                                  Name of the  Protein                                                       

 

BDET_00183  TatD Dnase family Scn1 

BDET_00782  Retinoid dehydrogenase 

BDET_01194  Zuotin  

BDET_01995  RNA polymerase  

BDET_02205  Cyclophilin 

BDET_02773  Deoxyhypusine hydroxylase  

BDET_03497  transporter SEC 24  

BDET_03858  expressed protein  

BDET_05019  chromosome segregation protein SudA 

BDET_05542  cell division control protein 

BDET_05655  ARM repeat containing protein 

BDET_06581  SCF ubiquitin ligase complex subunit 

CulA 

BDET_06582  Cullin-1 

BDET_06665  Transmembrane emp24 domain 

containing protein 9 preursor 

BDET_07485  actin-binding protein SLA2/Huntingtin-

interacting protein 

BDET_08328  U2 small nuclear ribonucleoprotein A 
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Table 3.2a. Membrane proteins that are up-regulated (> 2 fold) in Bd exposed to T3 and 

their gene accession numbers and predicted name of the protein. The values are given as 

T3  normalized spectral count (N-SC) Log2 relative expression. Gene accession numbers 

are provided according to the www.broadinstitute.org.  

Gene accession  

number                  Protein                                                                                    T3(N-SC)Log2  

                                                                                                                              relative expression                                                                     

BDET_02267  isovaleryl-CoA dehydrogenase, mitochondrial precursor  1 

BDET_03884  predicted protein  1 

BDET_08642  predicted protein  1 

BDET_03157  cell division control protein 42 1 

BDET_04470  heat shock protein 101  1.01 

BDET_06224  eukaryotic translation elongation factor 1 gamma  1.01 

BDET_00078  tubulin alpha-6 chain 1.06 

BDET_06665  hypothetical protein  1.06 

BDET_01550  conserved hypothetical protein  1.07 

BDET_05272  inorganic pyrophosphatase  1.07 

BDET_03724  conserved hypothetical protein  1.07 

BDET_07409  nucleoside-triphosphatase/ nucleotide binding protein 1.08 

BDET_03133  aspartyl-tRNA synthetase  1.08 

BDET_05222  heat shock protein 90  1.1 

BDET_00091  conserved hypothetical protein  1.18 

BDET_04703  calmodulin  1.2 

BDET_06960  conserved hypothetical protein  1.2 

BDET_02981  hypothetical protein  1.2        
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BDET_03057  isocitrate lyase  1.22 

BDET_03317  nucleoside diphosphate kinase 1  1.25 

BDET_02250  conserved hypothetical protein  1.26 

BDET_01150  conserved hypothetical protein  1.29 

BDET_01159  conserved hypothetical protein  1.29 

BDET_03350  organic hydroperoxide resistance protein  1.29 

BDET_08261  phosphoribosylglycinamide formyltransferase  1.3 

BDET_06546  

 5-methyltetrahydropteroyltriglutamate-homocysteine    

methyltransferase  1.33 

BDET_03560  acetyl-CoA acetyltransferase  1.33 

BDET_01885  5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase  1.35 

BDET_04151  glucosamine-fructose-6-phosphate aminotransferase  1.35 

BDET_03024  protein phosphatase PP2A regulatory subunit B  1.36 

BDET_06814  cytochrome c peroxidase, mitochondrial precursor  1.39 

BDET_02514  predicted protein  1.39 

BDET_02516  predicted protein 1.39 

BDET_04460  ubiquitin-activating enzyme E1 1  1.42 

BDET_08521  peptidyl-prolyl cis-trans isomerase B precursor  1.42 

BDET_00751  cell division control protein 3  1.44 

BDET_05202  hypothetical protein  1.46 

BDET_06549  tryptophanyl-tRNA synthetase 1.47 

BDET_06915  conserved hypothetical protein 1.51 

BDET_02099  pre-mRNA-processing-splicing factor 8  1.51 

BDET_04424  hypothetical protein similar to dipeptidyl peptidase III  1.53 
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BDET_00939  conserved hypothetical protein  1.53 

BDET_00944  conserved hypothetical protein  1.53 

BDET_06464  conserved hypothetical protein 1.54 

BDET_01181  hypothetical protein similar to aminopeptidase P  1.58 

BDET_05762  ATP citrate synthase  1.58 

BDET_04177  phosphoribosylaminoimidazole carboxylase  1.59 

BDET_00864  conserved hypothetical protein  1.59 

BDET_00733  4-hydroxyphenylpyruvate dioxygenase  1.64 

BDET_00885  conserved hypothetical protein  1.67 

BDET_01967  conserved hypothetical protein  1.68 

BDET_06670  protein phosphatase PP2A regulatory subunit A  1.71 

BDET_02031  hypothetical protein similar to 5'-methylthioadenosine phosphorylase  1.71 

BDET_03190  deoxyuridine 5'-triphosphate nucleotidohydrolase  1.72 

BDET_05854  isocitrate dehydrogenase subunit 1, mitochondrial precursor  1.72 

BDET_05255  conserved hypothetical protein  1.72 

BDET_01981  conserved hypothetical protein  1.73 

BDET_02674  crinkler family missing secretion signal peptide 1.79 

BDET_02498  enolase  1.79 

BDET_04065  conserved hypothetical protein  1.88 

BDET_02521  crinkler family missing secretion signal peptide 1.95 

BDET_07554  monothiol glutaredoxin-4  2 

BDET_06577  protein disulfide-isomerase erp38 precursor  2.01 

BDET_07373  branched-chain-amino-acid aminotransferase, mitochondrial precursor  2.03 
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BDET_05736  triosephosphate isomerase 2.07 

BDET_03419  hypothetical protein similar to AhpC/TSA family protein  2.07 

BDET_03035  proliferating cell nuclear antigen  2.08 

BDET_08526  conserved hypothetical protein  2.08 

BDET_00627  conserved hypothetical protein  2.14 

BDET_07364  conserved hypothetical protein  2.14 

BDET_01745  aminoacylase-1  2.15 

BDET_05121  crinkler family protein 2.16 

BDET_03579  conserved hypothetical protein 2.18 

BDET_01275  electron transfer flavoprotein subunit beta  2.19 

BDET_04007  hypothetical protein similar to hydrolase   2.2 

BDET_08009  conserved hypothetical protein  2.24 

BDET_06818  conserved hypothetical protein  2.26 

BDET_08030  glucose-6-phosphate isomerase  2.31 

BDET_08307   conserved hypothetical protein  2.36 

BDET_05116  crinkler family protein 2.4 

BDET_05132  crinkler family protein 2.4 

BDET_07811  hypothetical protein  2.41 

BDET_02571  bifunctional purine biosynthesis protein ADE17  2.46 

BDET_04126  bifunctional purine biosynthesis protein ADE17  2.46 

BDET_04144  phosphoglucomutase  2.46 

BDET_03111  conserved hypothetical protein  2.61 

BDET_02940  rab GDP dissociation inhibitor beta  2.85 
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BDET_07031  conserved hypothetical protein  2.9 

BDET_01134  hypothetical protein   2.91 

BDET_04253  hypothetical protein similar to glutamate carboxypeptidase  2.93 

BDET_05763  ACTN1 protein  3.1 

BDET_08575  prolyl endopeptidase  3.21 
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Table 3.2b. Membrane proteins that are uniquely present in Bd exposed to T3 and their gene 

accession numbers and predicted name of the protein. Gene accession numbers are provided 

according to the www.broadinstitute.org 

Gene accession  

Number            Name of the  Protein                                                       

 

BDET_00207  conserved hypothetical protein  

BDET_00370  hypothetical protein  

BDET_00520  hypothetical protein  

BDET_00578  cell division protein kinase 2  

BDET_00617  diphosphomevalonate decarboxylase  

BDET_01201  succinate dehydrogenase iron-sulfur protein 

BDET_01306  hypothetical protein similar to glutathione transferase zeta 1 

BDET_01576  cytochrome c1, mitochondrial precursor  

BDET_01620  hypothetical protein similar to alcohol dehydrogenase superfamily  

BDET_01772  leiomodin-1 

BDET_02033  ran-specific gtpase-activating protein 1 

BDET_02201  peptidyl-prolyl cis-trans isomerase pin1  

BDET_02231  hypothetical protein similar to oxidoreductase  

BDET_02645  conserved hypothetical protein 

BDET_02736  leukotriene A-4 hydrolase  

BDET_02989  predicted protein  

BDET_03180  hypothetical protein  

BDET_03405  conserved hypothetical protein  

BDET_03430  ribonuclease p protein subunit p30 

http://www.broadinstitute.org/
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BDET_03541  conserved hypothetical protein  

BDET_03674  acyl- -binding protein 

BDET_03762  valyl-tRNA synthetase  

BDET_04022  conserved hypothetical protein  

BDET_04238  conserved hypothetical protein  

BDET_04676  xanthine dehydrogenase/oxidase  

BDET_05174   novel protein containing Initiation factor 2 subunit family domain  

BDET_05329  conserved hypothetical protein  

BDET_05479  mt-GrpE  

BDET_06040  conserved hypothetical protein  

BDET_06369   predicted protein  

BDET_06502  crinkler family protein 

BDET_06621  acetoacetyl-CoA synthetase  

BDET_06834  alanine aminotransferase 2  

BDET_07599  conserved hypothetical protein  

BDET_08178  cysteinyl-tRNA synthetase  

BDET_08421  10 kDa heat shock protein, mitochondrial  

BDET_08720  crinkler family protein 
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Table 3.2c. Membrane proteins that are down-regulated (< 2 fold) in Bd exposed to T3  

and their gene accession numbers and predicted name of the protein. The values are  

given as T3 normalized spectral count (N-SC) Log2 relative expression. Gene accession  

numbers are provided according to the www.broadinstitute.org. 

  

Gene accession  

Number                      Protein                                              T3(N-SC)Log2  

                                                                                            relative   expression 

                 

 

BDET_07602  rRNA 2'-O-methyltransferase fibrillarin  -2.2 

BDET_00694  conserved hypothetical protein  -1.8 

BDET_07664  hypothetical protein  -1.7 

BDET_03021  conserved hypothetical protein  -1.5 

BDET_04706  proline dehydrogenase family protein  -1.3 

BDET_03460  60S ribosomal protein L2  -1.2 

BDET_06734  conserved hypothetical protein  -1.2 

BDET_02151  conserved hypothetical protein  -1 

 

 

 

 

 

 

 

 

 

http://www.broadinstitute.org/
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Table 3.2(d): Membrane proteins that are uniquely present in Bd exposed to  

methanol control and their gene accession numbers and predicted name of the  

protein. Gene accession numbers are provided according to the www.broadinstitute.org 

Gene accession  

Number                Protein                                                       

 

BDET_05257  oligopeptide transporter opt family 

BDET_08499   extracellular elastinolytic metalloproteinase  

BDET_04809   pre-mRNA splicing factor 

BDET_04728  mrna turnover protein 4 homolog 

BDET_03527   hypothetical protein  

BDET_02501   hypothetical protein 

BDET_06402   hypothetical protein  

BDET_02113  conserved hypothetical protein  

BDET_04582  multiple coagulation factor deficiency isoform  

BDET_01389  eukaryotic translation initiation factor 2a 

 

 

 

 

 

 

 

 

 

 

http://www.broadinstitute.org/
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Figure 3.1. Comassie blue stained gel depicting total cellular 

proteins resolved by SDS-PAGE. Proteins (100 µg) were  

separated on 12% Tris-Glycine gel. Lane L represents EZ- Run  

prestained protein ladder. Lane T & M represent Bd cells exposed  

to 50 nM T3 and methanol control for 3hrs respectively. 
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Figure 3.2. Comassie blue stained gel depicting membrane  

proteins and resolved by SDS-PAGE. Proteins (100 µg) 

were separated on a 12% Tris-Glycine gel. Lane L 

represents EZ- Run prestained protein standard. Lane T & 

M represent Bd cells exposed to 50 nM T3 and methanol 

control for 3 hrs respectively. 
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Figure 3.3. The NSAF values for total proteins identified in Bd exposed to  

MeOH and the NSAF values for total proteins identified in Bd exposed to T3 

values.  The blue circles represent the 70 proteins that had statistically significant 

changes in protein expression as measured by t-test (ProteoIQ), while the red 

color indicates the 882 proteins whose changes in protein expression were not 

statistically significant.  
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 Figure 3.4. Classification of the identified 952 total cellular Bd proteins  

 according to the Mapman categories.  The identified proteins were  

classified based on the defined Mapman categories by using the online  

Mapman protein classifier.  
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Figure 3.5. Mapman pathway for protein fate/ degradation in Bd in response to T3. 

Comparison of ubiquitin and autophagy dependent degradation. These pathways were 

mapped based on Mapman classifiers. Green colored bars represent down-regulated 

proteins, whereas red color boxes represent up-regulated proteins.  
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Figure 3.6. Mapman pathway for metabolic changes in Bd in response to T3. Central 

metabolism and secondary metabolism pathways are shown here. Green colored bars 

represent down-regulated proteins, whereas red color boxes represent up-regulated 

proteins. 
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CHAPTER IV 

CONCLUDING SUMMARY AND A MODEL FOR THYROID HORMONE 

ACTION IN BATRACHOCHYTRIUM DENDROBATIDIS 

 

The data in this study describe how an amphibian pathogen, Batrachochytrium 

dendrobatidis (Bd) responds to its host. We document the movement of Bd zoospores 

toward host-derived thyroid hormone. This study also characterized the biochemical 

properties of subtilisin-like serine protease, a putative pathogenicity factor in Bd. 

Additionally, it describes the gene and protein expression changes following the exposure 

of the fungus to physiological concentrations of T3 in vitro. A model of action of T3 in Bd 

is generated based on the evidence obtained from the integrated transcriptomics and 

proteomics study. This model sheds light on how T3 may trigger host colonization and 

virulence gene expression in the fungus. 

 In classical genomic action, T3 binds to its cognate nuclear receptors, leading to 

transcriptional activation of target genes. However, non-genomic action of T3 initiates 

inside the cytoplasm or at the plasma membrane surface (Cheng et al. 2010). This action 

involves the hormone binding to the plasma membrane protein integrin, which activates 

protein kinases and signal transduction events leading to the expression of target genes. 

Integrins are present in all vertebrates and in some lower groups of eukaryotes including 

metazoans. It has been shown that mammalian integrin αvβ3 has a RGD motif (Arg-Gly-

Asp) binding domain for the thyroid hormones (Bergh et al. 2005; Davis et al. 2006). In 

addition to thyroid hormones, extracellular matrix (ECM) proteins such as fibronectin 

may also act as ligands for integrin. The activation of this pathway is mediated by 
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mitogen-activated protein kinase (MAPK) signaling cascades and eventually this 

interaction culminates in the nucleus leading to gene transcription. 

Because fungi are lower eukaryotes, they may have evolved to adapt to a different 

mechanism of T3 interaction. Studies have demonstrated the presence of an integrin-like 

protein in fungi, such as Candida albicans and in oomycetes such as Achyla bisexualis 

(Chitcholtan and Garrill 2005). Analysis of the Bd genome indicates the presence of the 

integrin alpha domain (BDEG_02640) and cytoplasmic integrin-binding proteins 

including talin (BDEG_00942), actinin (BDEG_05746), and vinculin (BDEG_06464). A 

recent comparative genomic and phylogenetic analysis also showed the presence of 

proteins in the Bd genome that are involved in integrin-mediated signaling (Sebé-Pedrós 

2010). These proteins are collectively known as the IPP complex and include integrin-

linked kinase (ILK), adapter proteins such as PINCH (Particularly Interesting Cys-His-

rich protein), and parvin. It is important to note that Bd is one of the very few organisms 

to have an IPP complex suggesting the significance of these proteins in the fungus. 

Genomic analysis suggests the possibility of an integrin-like protein that may mediate 

non-genomic action of T3 in Bd.  

In this current model, T3 may bind at or near the RGD recognition site of the 

integrin-like protein on the plasma membrane. This binding of T3 to the integrin-like 

protein causes conformational changes in the integrin-like protein (ILP). The integrin-like 

protein might transmit signals from inside the fungal cell to the ECM (inside-out) and 

from the ECM to the cell (outside-in). It is possible that through the integrin receptor, T3 

may activate MAPK (ERK1/2) via phospholipase C (PLC) and phosphokinase C (PKC). 
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This activation of ERK1/2 may further stimulate trafficking of specific cytoplasmic 

proteins to the nucleus. Additionally, it may promote the serine phosphorylation of 

proteins such as thyroid hormone receptor beta (TRβ). Transcriptional activity of these 

genes results in mRNA synthesis.  

Binding of the hormone to integrin activates ERK1/2 and it further stimulates 

down- stream signaling cascades. The current study provides evidence for the effects of 

non-genomic integrin-mediated T3 action. These effects include: (1) up-regulation in the 

expression of membrane transporters, (2) stimulation of mitochondrial oxidative 

phosphorylation, (3) expression changes in proteins involved in TCA cycle, (4) up-

regulation of fatty acid metabolism, (5) expression changes in protein-degradation 

pathways, (6) regulation of actin filament organization, and (7) down-regulation of Ras-

Rac signaling pathway. 

The up-regulation in expression of membrane transporters  include the Na
+
/H

+ 

exchanger, Ca
2+-

ATPase, amino acid transporter, multidrug resistance transporter, and 

zinc transporter. The overexpression of the Na
+
/H

+
 exchanger suggests this transporter 

may be important for Bd as it may allow the fungus to maintain an intracellular 

concentration of Na
2+

 and H
+
 ions. The Ca

2+
-ATPases are important calcium pumps and 

their activities on the cell membrane are modulated by the calmodulin-Ca
2+

 complex. Up-

regulation of this protein complex suggests that it may be important for pathogenicity and 

for stress responses in Bd. Overexpression of amino acid transporters suggests that amino 

acid biosynthesis may play a central role in the developmental processes of the fungus 

such as the transition from zoospore to thalli. Overexpression of the multidrug resistance 



Texas Tech University, Chakkunny Jose Thekkiniath, May 2013 

112 
 

transporter suggests that there might be an efflux of T3 inside the cell to modulate 

concentrations of the hormone within the cell. Additionally, gene expression studies 

showed an up-regulation (5-fold change) of a gene encoding zinc transporter (zip). The 

Zn transporter, such as zip family members in vertebrates, is modulated by T3 (Pawan et 

al. 2007). Members of the Zip family are responsible for increasing the cytoplasmic zinc 

concentrations by enrichment of zinc uptake or release of stored zinc from subcellular 

compartments to the cytoplasm of the cell when zinc is deficient (Gaither and Eide, 

2001). To infect hosts, successful human pathogens such as Candida albicans have 

evolved to assimilate zinc in the host environments. This suggests the importance of this 

micronutrient in fungal pathogenicity (Wilson et al. 2012). Over-expression of the gene 

encoding ZIP in our study suggests that exposure of Bd to T3  may stimulate zinc uptake 

in the fungus thereby enhancing fungal pathogenicity.  

The enzymes involved in mitochondrial oxidative phosphorylation such as 

cytochrome c oxidase and ATP synthase were found to be up-regulated suggesting T3 in 

Bd may stimulate ATP production and thereby mitochondrial respiration. Additionally, 

protein expression changes in the TCA cycle were observed in this study. For example, 

the expression of malate dehydrogenase (MDH) was down-regulated while succinate 

dehydrogenase (SDH) was up-regulated.  

Beta oxidation is considered as the major metabolic mechanism for fatty acid 

degradation. The current study showed the up-regulation of the enzymes involved in beta 

oxidation including the long chain fatty acid CoA and acyl CoA oxidase. Additionally, 

essential enzymes in glyoxylate cycle including malate synthase (MS) and isocitrate lyase 
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(ICL) were found to be up-regulated. The glyoxylate cycle is a part of lipid metabolism 

and in fungi it is carried out in peroxisomes. In Bd, as zoospores are released from the 

zoosporangium, they comprise several lipid globules that are partly surrounded by the 

microbody, a key characteristic of Bd (Longcore et al.1999). The lipids present in the 

zoospores might be degraded via the beta-oxidation pathway located on the peroxisome. 

These degradation products might be further metabolized through the glyoxylate cycle to 

contribute growth of new zoosporangium. Additionally, a previous has shown the role of 

glyoxylate cycle enzymes including MS and ICL in fungal pathogenicity. 

In the case of protein degradation pathways, a notable down-regulation of proteins 

involved in the ubiquitin proteasome pathway (UPS) including cullin and SCF ubiquitin 

ligase complex subunit CulA was observed. In contrast, there was an up-regulation of 

proteins involved in autophagy. While UPS is important for fast degradation of proteins, 

autophagy pathways are involved in removal of certain protein groups. An up-regulation 

of autophagy-related protein (atg-3) was observed in the transcriptomics study suggesting 

that autophagy may be an important mechanism to remove the protein aggregates in Bd. 

Similar observation was also made in the plant pathogen, M. grisea that autophagy is 

essential for pathogenicity of the fungus (Veneault-Fourrey et al. 2006). Thus, our 

observation suggests that following exposure to T3, Bd proteins may undergo primarily 

autophagy as compared to ubiquitin proteasome degradation. 

In addition to the aforementioned observations, we also noted a dramatic down-

regulation in the expression of proteins in the Ras-Rac signaling pathway including Ras, 

PI3K, Rac and gelsolin proteins. Ras proteins are small guanine nucleotide-binding 
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proteins belonging to the Rho family, a superfamily of GTPases. Rho proteins are 

important in the regulation of several cellular functions including cell shape, cell 

movement, cell polarity, cell-cell and cell-matrix interactions (Wennerberg et al. 2005; 

Ridley, 2001). Gelsolin is an actin-binding protein and is involved in actin cytoskeleton 

organization, cell morphology, and cell motility. It has been shown that in mammalian 

systems, epithelial cell invasion is induced by gelsolin and relies on Ras-Rac signaling 

pathways (De Corte, 2002). Down-regulation of gelsolin in our study suggests that T3 

treatment in Bd may lead to changes in cell morphology or it might be associated with 

transition from zoospores to thallus in Bd. 

The current study also shows the up-regulation of alpha actinin (ACTN1), a 

cytoskeletal binding protein. Actinin is a highly conserved protein implicated in cross-

linking actin filaments (Blanchard et al. 1989). While integrin binds to the ECM through 

its outer domains, its cytoplasmic domains are linked to several structural and signaling 

components as well as the actin cytoskeleton (Hynes, 1992). The up-regulation of α-

actinin in our study might be associated with an increase in the cell motility, which would 

result in the polymerization of actin into filaments.  

Interestingly, up-regulation of a large number of crinkler proteins was also 

observed in this study. Crinkler proteins are important cytoplasmic effectors in 

oomycetes. Recent genomic studies show the relevance of crinkler proteins in Bd (Sun et 

al. 2011, Rosenblum et al. 2011).These proteins contain a signal peptide, a translocator 

domain that allows the microbes to enter into host cells, and a C-terminus domain which 

is involved host protein interaction. Additionally, Q-PCR studies of Bd exposure to T3 
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showed the up-regulation of subtilisin-like serine protease, an important putative 

pathogenicity factor in Bd. A recent genomic analysis suggests that serine proteases and 

crinkler proteins are key virulence factors in Bd. Thus the model derived from my work 

supports the hypothesis that exposure of Bd to T3 may stimulate gene expression in the 

fungus that may enhance host colonization and therefore pathogenicity.   

In summary, the proteomics data combined with genomics and gene expression 

studies in this work elucidate the biological response of Bd following exposed to host-

derived T3. This interaction depends on the expression of specific groups of 

proteins/genes, which in turn triggers the response of Bd to host environments, eventually 

leading to death of the hosts. Thus, our current study provides insights into the 

mechanistic basis of Bd-host interactions. 
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Figure 4.1. A hypothetical model of Bd –T3 interaction based on transcriptomics and 

proteomics studies.  Abbreviations used: ECM- extra cellular matrix, NHE- Na/H 

exchanger, MDR-multi drug resistance, AAT- amino acid transporter, zip- zinc 

transporter, TRβ- thyroid hormone receptor beta, SDH-succinate dehydrogenase, LCFA 

CoA-long chain fatty acid coenzyme A, ACO – acyl CoA oxidase, MS- malate synthase , 

ICL- isocitrate lyase, Ras- small GTPase (Rat sarcoma), Rac- subfamily of Rho small 

GTPase,  atg 3- autophagy related protein. Green color represents up-regulation; red color 

represents down-regulation. Rectangular boxes (green/red) represent genes those are 

expressed in transcriptome study. Ovals (green/red) represent proteins those are 

expressed in proteomics studies. 
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APPENDIX A 

TRANSCRIPTOME STUDIES IN BATRACHOCHYTRIUM DENDROBATIDIS 

FOLLOWING EXPOSURE TO THYROID HORMONE   

 

Introduction  

Batrachochytrium dendrobatidis (Bd) has been implicated in world-wide 

amphibian decline. Although there have been a large number of studies on the ecology 

and population genetics of Bd, little is known about its pathogenicity, particularly at the 

transcriptome level. The transcriptome is the whole set of transcripts in a specific cell and 

their quantity for a particular developmental phase or biological condition (Wang et al. 

2009). Understanding the transcriptome is very important for analyzing the functional 

elements of a particular genome. It also provides insight on developmental processes and 

disease progression. 

 Recent studies have focused on the Bd gene expression level using microarray 

(Rosenblum et al. 2008; Rosenblum et al. 2011). Although microarray-based studies can 

identify both changes in the gene expression, microarrays in general do not comprise 

complete representation of the genome. For example, all of the microarrays that have 

been utilized to assess the Bd transcriptome did not enable the detection of non-coding 

RNAs. Thus new approaches must be developed to completely understand Bd 

pathogenicity at the transcriptome level.  

Recently, transcriptome studies have been conducted in several prokaryotes 

(Perkins et al. 2009; Yoder-Himes et al. 2009; Chaudhuri et al. 2011) and in eukaryotes 
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(Cloonan et al. 2008;  Wilhelm et al. 2008) using direct high-throughput Illumina 

sequencing of cDNA. This technique allows us to assess the complete transcriptome of an 

organism in a high-throughput and quantitative manner (Marioni et al. 2008; Wang et al. 

2009). Using this method, a large number of sequencing reads can be readily acquired. 

Thus RNA-seq can be used to quanify RNA expressed at very low levels as compared to 

DNA microarrays (Nagalakshmi et al., 2008). In an effort to understand the dynamics of 

Bd global gene expression following its exposure to thyroid hormone, a transcriptomics 

strategy was utilized. Here we used RNA-seq to generate comprehensive transcriptome 

profiles of Bd exposed to T3. 

 

Methods 

Total RNA extraction  

Batrachochytrium dendrobatidis (Bd) was cultivated in H-broth. On the 7
th

 day of 

growth, Bd cells were exposed to a final concentration of 50 nM T3 and methanol control 

for 2 hours. After 2 hours, Bd cells were collected in 50 ml falcon tubes and centrifuged 

at 4000 rpm for 5 minutes at room temperature. These cells were ground completely in 

liquid N2 using pre-chilled mortar and pestle. The ground cells were then transferred into 

micro centrifuge tubes containing lysis buffer. RNA extraction was carried out using the 

Plant Spectrum total RNA kit following the manufacturer’s instructions. The quantity of 

RNA was analyzed using a Nanodrop. The quality of RNA was analyzed on a 

formaldehyde RNA gel and also by measuring the RNA integrity number (RIN) on a 

TapeStation.  
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Library preparation and sequencing  

The TruSeq RNA sample preparation low‐throughput (LT) protocol was used for 

the Illumina sequence platform. In this method a series of steps were carried out to 

convert the input RNA into small DNA fragments that can be sequenced by the Illumina 

machine. First, mRNA was purified and fragmented. A concentration of 4 µg total RNA 

was used as the starting material for the mRNA purification. In this process the poly‐A 

containing mRNA molecules were purified by poly‐T oligo‐attached magnetic beads 

using two series of purification. During the second elution of the poly‐A RNA, the RNA 

was also fragmented and primed for cDNA synthesis. The mRNA was converted into 

first-strand cDNA using reverse transcriptase with either random hexamers or oligo (dT) 

as primers. The resulting first-strand cDNA was then converted into a double-stranded 

cDNA. In the next step, end repairing process was performed in which the overhangs 

resulting from fragmentation were converted into blunt ends using an End Repair (ERP) 

mix. In the adenlyation step, a single ‘A’ nucleotide was added to the 3’ ends of the blunt 

fragments to prevent them from self-ligation during the adapter ligation reaction. After 

adenlyation, multiple indexing adapters were ligated to the ends of the ds cDNA, making 

them ready for hybridization onto a flow cell. PCR was performed to enrich those DNA 

fragments that have adapter molecules on both sides and to amplify the amount of DNA 

in the library. In the next step, validation of c-DNA library was performed. To achieve 

the highest quality of data on Illumina sequencing platforms, optimum cluster densities 

across every lane of every flow cell is important. Quantitation of DNA library templates 

was carried out using the Qubit fluorometer. In the next step, multiplexed DNA libraries 
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were normalized to 10 nM in the DCT (Diluted Cluster Template) plate and then these 

samples were pooled in equal volumes in the PDP (Pooled DCT plate). These pooled 

libraries were kept in a flow-cell. Individual cDNA fragments were attached to the 

surface of the lane and then subjected to an amplification step. During this process, 

cDNA fragments were converted into clusters of double-stranded DNA. The flow-cell 

was kept in the sequencing machine, and each cluster was sequenced in parallel. At each 

cycle, the fluorescently labeled nucleotides were added and the signals emitted at each 

cluster were recorded. For each flow-cell, this process was repeated for a given number 

of cycles and the fluorescence intensities were then converted into base-calls. The 

number of cycles defines the length of the reads, and the number of clusters defines the 

number of reads. The resulting sequence reads were aligned with Bd reference genome. 

Differentially expressed genes were analyzed using the DNA STAR SeqMan NGen 

following the manufacturer’s instructions.  

 

Results and Discussion 

To gain a better understanding of Bd pathogenicity, we utilized the low-

throughput Illumina cDNA sequencing technique. Differentially expressed genes were 

annotated and identified using Blast2Go software. In this section we describe the role of 

some important genes that were up or down-regulated in Bd following its exposure to 

TH. Additionally, the significance of these genes in Bd life cycle and pathogencity is 

discussed here. 
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Our study revealed a 12-fold up-regulation of a gene-encoding crinkler protein in 

Bd following exposure to T3, suggesting that this gene may play a key role in Bd 

virulence. This observation is consistent with our proteomics studies in which we also 

observed an up-regulation of several proteins similar to crinkler or crinkler-like proteins. 

Additionally, we observed expression of genes implicated in the non-genomic action of 

TH. For example, a 5-fold up-regulation of a gene-encoding membrane protein zinc 

transporter (zip) was observed in this study. The zip protein was shown to be modulated 

by TH (Pawan et al. 2007). A recent study has shown the relevance of zip transporters in 

fungal pathogenicity (Gaither and Eide, 2001; Wilson et al, 2012). Thus, an up-regulation 

of zip gene expression in Bd suggests that this gene may be important for pathogenicity 

in this fungus. 

Interestingly, we observed an 8-fold up-regulation of the gene procollagen-lysine, 

2-oxoglutarate 5-dioxygenase 1(plod1). This gene provides directions for synthesis of the 

lysyl hydroxylase 1 enzyme. In vertebrates, this gene forms hydroxyl lysine residues in 

Xaa-Lys-Gly- sequences of collagens, which serve as sites of attachment for 

carbohydrate units and is important for stability of collagen cross-links (Eyre et al. 2002). 

The significance of the up-regulation of the plod gene in our study is not clear. However, 

collagen is now known to occur in fungi where it composes the fimbriae, which play a 

role in cell-cell communication. A previous study has shown that in the fungus 

Mycrobotryum violaceum, fimbriae are made up of a protein that has a strong similarity 

to collagen (Celerin, 1996). Thus, our observation suggests that the plod gene might be 

important for the biosynthesis of a collagen-like protein in Bd. 
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In addition to the aforementioned genes, we observed up-regulation of genes 

involved in cell wall integrity pathway including those encoding for Scw1 and Rho 

proteins. It is well known that the fungal cell wall is important to maintain its cell shape 

and integrity.  

It was shown that in response to external stimuli or stress, the yeast cell wall 

undergoes remodeling and is regulated by the cell wall integrity (CWI) signaling (Levin, 

2005).The CWI signaling pathway is essential for sensing and responding to cell wall 

stress that may occur during normal growth or stress conditions. This pathway stimulates 

a mitogen-activated protein kinase (MAPK) cascade. The CWI pathway reacts to cell 

wall stress signals through a series of cell surface sensors coupled to a small G protein, 

Rho1. Rho1 is known as the master regulator of CWI signaling because of its role in a 

variety of functions. These functions include the integration of signals from the cell 

surface and the cell division cycle, the control of cell wall biogenesis, and actin 

organization (Ayscough et al.1999; Qadota et al. 1996). The up-regulation of genes scw1 

and rho in our study suggests that in response to T3 signal, cell wall remodeling may 

occur in Bd, which results in the activation of the MAPK signaling cascade and thus 

maintenance of cell shape. 

Another important observation made in this study was the up-regulation of genes 

involved in amino acid biosynthesis. For example, we found a 2-fold up-regulation of 

imidazole glycerol phosphate dehydratase, a key enzyme involved in histidine 

biosynthesis. We also observed an up-regulation (1.6 fold) of autophagy- related gene 

protein (atg-3). Our observation thus suggests that in response to T3, Bd may undergo 
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autophagy for protein degradation. A similar observation was also made in our 

proteomics studies.  

Apart from the up-regulation of genes, we also observed a down-regulation of a 

large number of genes including chitin deacetylase and malate dehydrogenase. Chitin 

deacetylase is known for its ability to modify chitin into chitosan by altering the chitin 

polymers of the cell wall (El Gueddari et al. 2002). This process is important as chitosan 

is considered a weak substrate for antifungal hydrolases. These include chitinases and β-

1, 3-glucanases which mainly degrade the outermost layers of the fungal cell wall (El 

Gueddari et al. 2002). However, chitin is the major component of Bd cell wall and 

important for sporangium formation. Thus, the down-regulation of chitin deacetylase 

suggests that there may be low level activity of conversion of chitin to chitosan in Bd so 

that more cell wall can be produced favoring sporangium formation and thus the infection 

process.  

 Another interesting observation made in this study was the down-regulation of 

gene-encoding malate dehydrogenase (MDH). Malate dehydrogenase is a protein 

involved in energy metabolism such as tricarboxylic acid (TCA) cycle. This protein 

converts malate into oxaloacetate through the NAD/NADH system. A study in an aquatic 

chytrid fungus, Blastocladiella emersonii has demonstrated that down-regulation of 

MDH occurs under hypoxic conditions (Camilo et al. 2010). Thus, down-regulation of 

MDH in our study suggests that in response to T3, Bd may be able to form more biofilm 

resulting in reduced oxygen tension. This is an important adaptive condition to save 

energy cost. A similar result was also observed in our proteomics studies.  
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Taken together, our results show the differential expression of genes that may 

play a role in Bd virulence, cell wall integrity signaling pathway, central metabolism, and 

protein degradation. Among all these genes, highest up-regulation was observed in the 

gene associated with Bd virulence. Thus, our experimental data support the hypothesis 

that exposure of Bd to TH results in the virulence gene expression in the fungus. 
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Table A.1. Genes those are up-regulated in Bd exposed to T3 for 2 hours compared to 

methanol control. Fold change of gene expression is calculated in comparison with 

methanol control and given as log2 relative expression. Gene accession numbers are 

provided according to the www.broadinstitute.org.  

Gene ID                         Gene                                                                                                                       Fold change 

BDEG_03970 Peroxisomal hydratase hydropterin 1.1 

BDEG_00226 isoleucine-trna ligase 1.2 

BDEG_02218 rho gtpase rho1 1.2 

BDEG_00226  isoleucyl-tRNA synthetase  1.2 

BDEG_06042 mps one binder kinase activator-like 1a 1.3 

BDEG_06990 G-protein 1.3 

BDEG_05242 Oligopeptide transporter 1.4 

BDEG_08110 coatomer subunit beta -1 1.4 

BDEG_05201 ca2+-binding ef-hand protein 1.5 

BDEG_00562 vacuolar protein-sorting protein bro1 1.6 

BDEG_08037 SNARE binding protein  1.6 

BDEG_08174 autophagy-related protein 3 1.6 

BDEG_00634 cleavage and polyadenylation specificity factor subunit  1.7 

BDEG_00182 dnase family scn1 1.9 

BDEG_03108 protein kinase regulator 1.9 

BDEG_06837 cell wall integrity protein scw1 1.9 

http://www.broadinstitute.org/
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BDEG_06060 wd repeat protein 2 

BDEG_01280 msf1-domain-containing protein 2.1 

BDEG_02321 imidazole glycerol phosphate dehydratase 2.2 

BDEG_01322 exosome complex component rrp43 2.4 

BDEG_03811 duf1748-domain-containing protein 2.6 

BDEG_01474 coiled-coil domain-containing protein 130 2.8 

BDEG_08179 Calcium binding protein 4.6 

BDEG_03807 Peptidyl t-RNA hydrolase 5 

BDEG_08525 ZIP/Zinc iron transporter 5.1 

BDEG_07272 hypothetical protein 6.2 

BDEG_02207 procollagen-lysine,2-oxoglutarate 5-dioxygenase 8.2 

BDEG_01650 Crinkler protein  12.4 
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Table A. 2. Genes those are down-regulated in Bd exposed to T3 for 2 hours compared to 

methanol control. Fold change of gene expression is calculated in comparison with 

methanol control as given in log 2 relative expression. Gene accession numbers are 

provided according to the www.broadinstitute.org.  

Gene ID                         Gene                                                                                                                       Fold change 

BDEG_02245 Glutathione S transferase -2.7 

BDEG_00285 chitin deacetylase -1.9 

BDEG_00637 voltage gated potassium channel (aldo keto reductase) -1.6 

BDEG_01565 sterol methyl transferase -1.6 

BDEG_05936 P-type cation transporting ATPase -1.6 

BDEG_08339 universal stress protein -1.6 

BDEG_02397 membrane proteins in glutathione metabolism -1.5 

BDEG_06126 60S ribosomal protein L35 -1.5 

BDEG_00694 60s ribosomal protein l27a -1.4 

BDEG_00706 histone h2a-like -1.4 

BDEG_00922 ribosomal protein 20 40s small ribosomal subunit -1.4 

BDEG_03182 deoxyuridine 5'triphosphate -1.4 

BDEG_03411 AhpC redoxin-thio peroxidase -1.4 

BDEG_04664 nascent polypeptide-associated complex subunit beta -1.4 

BDEG_06574 malate dehydrogenase  -1.4 

BDEG_00375 60s acidic ribosomal protein p2 -1.3 

BDEG_02470 dihydroapoamide branched chain transcylase  -1.3 

http://www.broadinstitute.org/
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APPENDIX B 

BDEG_03177 40s ribosomal protein s12 -1.3 

BDEG_08241 homogentisate –dioxygenase -1.3 

BDEG_01030 cytochrome b-c1 complex subunit -1.2 

BDEG_02837 amino methyl transferase -1.2 

BDEG_03788 AhpC redoxin-thio peroxidase -1.2 

BDEG_04689 calmodulin variant 1 -1.2 
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DEVELOPMENT OF A MOLECULAR TOOLKIT IN BATRACHOCHYTRIUM 

DENDROBATIDIS  

 

Introduction 

Batrachochytrium dendrobatidis (Bd), a chytrid fungus, is one of the major 

contributors responsible for the global amphibian decline (Daszak et al. 1999; Longcore 

et al. 1999; Wake and Vredenburg 2008).The fungus infects both young tadpoles and 

adult amphibians. In order to identify potential pathogenicity factors of Bd, an 

understanding about molecular biology of the fungus is very important. However, 

molecular biology tools for gene expression and mutational analysis have been hampered 

by a lack of a molecular toolkit in Bd. We have therefore decided to develop a molecular 

toolkit for the fungus. For example, a transformation system is essential for studies on 

gene expression and their contribution to various phenotypes. In an effort to develop a 

transformation system, various physical methods including electroporation, biolistic 

projection, and chemical methods were attempted. Of these methods, chemical 

transformation using lithium acetate was found to be effective as it resulted in transient 

transformation of the fungus.  

To assess the involvement of genes that are differentially expressed in our study 

to Bd pathogenicity, a gene knock-out or knock-down system must be developed. 

Analysis of Bd genome indicates the presence of components of RNA interference 

(RNAi) machinery including dicer and argonaute. For example, Bd genome has a gene 

encoding dicer protein (BDEG_05502.1) that has sequence similarity to Dicer-2 protein 

in Mucor circinelloides. This protein contains RIBOc (Ribonuclease III C terminal 
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domain), which is involved in RNAi and miRNA gene silencing. Additionally, Bd 

genome has a gene encoding argonaute protein (BDEG_04085.1) that is similar to that of 

AGO1 (Argonaute1) in Arabidopsis thaliana and known to be involved in RNAi. This 

evidence suggests that RNAi can be a potential strategy for silencing gene functions in 

Bd. Here I discuss my preliminary studies towards establishing a transformation system 

and small RNA detection in Bd.  

 

Materials and Methods  

Transformation of Bd.  To transform Bd, lithium acetate method in yeast (Gietz 

and Schiestl 2001) with modification was utilized. On the  6
th

 day of growth, Bd cells 

were harvested from H-broth media and TGhL plates. The cells were then centrifuged at 

5000 x g at room temperature for 10 minutes. The pellet was washed twice with 25 ml 

sterile distilled water and resuspended in 1.5 ml microfuge tubes containing 1ml 0.1 M 

lithium acetate (LiAc). The aliquots were made evenly (~ 0.3 ml) in 1.5 ml tubes and 

centrifuged briefly at 5000 x g. The supernatant was poured off and the pellet was saved. 

The transformation mix was added to each cell pellet in the following order. 

Transformation mix consists of following ingredients: 

            50% PEG (3500 w/v)           240 µl 

            1 M LiAc            36 µl 

            Carrier DNA       50 µl (2 mg/ml)  

            DNA                   x µl (1µg) 

           Sterile water        34-x µl 



Texas Tech University, Chakkunny Jose Thekkiniath, May 2013 

133 
 

           Total volume        360 µl 

The carrier DNA used was sheared boiled salmon DNA. Pellet was mixed with 

the above transformation mix and vortexed until it becomes completely dissolved. The 

contents were then incubated first at room temperature for 30 minutes and then at 30
o
C 

for 30 minutes. The mixture was briefly centrifuged at 5,000 x g and resuspended in 1 ml 

sterile water. From this mixture, 500 µl was plated onto hygromycin plates containing 

100 µg/ml and was incubated at room temperature. The control reaction was Bd cells 

without any plasmid DNA. The growth on plates was checked after 5 days. On the 6
th

 

day, cells were collected and DNA was extracted from the suspected Bd transformants.  

RNA extraction and detection of small RNAs in Bd. To detect small RNAs in 

Bd, we first extracted total RNA using trizol method according to manufacturer’s 

instructions. The quantity of RNA was measured using a Nanodrop. The integrity of 

RNA samples was checked on a formaldehyde gel (denaturing). The samples were 

electrophoresed on 17% polyacryl amide gel containing 7M urea in 0.5X TBE (total 

volume = 30ml), the following solutions were mixed in a 250 ml flask.  

H2O  2 ml 

TBE 10X 1.5 ml 

30% polyacrylamide (acrylamide: bis, 37.5:1) 17 ml 

urea 12.6 g  

These solutions were mixed thoroughly and incubated in a 37
 o
C water bath to 

dissolve urea. To this mixture, 15 µl TEMED and 125 µl of 10% freshly prepared 

ammonium persulfate was added and mixed by inversion. The gel was equilibrated at 180 
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volts in 0.5X TBE buffer for 20 minutes. The RNA samples were heated at 65
o
C for 3 

minutes, kept immediately on ice and then electrophoresed at 180V in 0.5X TBE buffer 

until the dye reaches the bottom of the gel. The gel was stained in SYBR gold stain for 40 

minutes by agitating gently at room temperature. The gel was then visualized under UV 

light (Fig. B.2) 

Radiolabeling of small RNA.  To further confirm the presence of small RNAs in 

Bd, γ- 
32

P radiolabeling experiment was carried out. The region in the vicinity of small 

RNA was eluted from the polyacryl amide gel in 300 µL of 0.3 M NaCl overnight at 4°C. 

The resulting gel slurry was passed through a Spin-X cellulose acetate filter column and 

precipitated by the addition of 750 µL of ethanol and 3 µL of glycogen (5 mg/mL; 

Ambion). After washing with 75% ethanol, the pellet was air dried at 25°C and pooled in 

diethylpyrocarbonate (DEPC) treated water. To perform radiolabeling experiment, the 

following reagents were mixed in the order. 

Oligonucleotide (RNA)                           8 μl 

OptiKinase™ Reaction Buffer (10X)     2.5μl 

[γ-
32

P]ATP                                        3 μl 

Water                                                     10.5 μl 

OptiKinase™ (10 units/μl)                   1 μl 

 Total                                                          25 μl  

All the tubes were kept on ice and the contents were incubated at 37°C for 60 

minutes. Reaction was terminated by heating at 65°C for 10 minutes. The 5'-end-labeled 

oligonucleotide was separated from precursor ATP using Biorad P6 spin column. The 
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samples were run on 17% polyacrylamide gel. The gels were then exposed to 

autoradiography and visualized under UV light. 

 

Results and discussion 

Our preliminary experiments show that the transformation using poly ethylene 

glycol (PEG) in combination with lithium acetate is a suitable transient transformation 

method in Bd. In this method, the vector pHg/pSγ dsRED carrying dsRED gene as a 

reporter for monitoring of gene silencing was employed (Janus et al. 2007). This vector 

contains the Aspergillus nidulans gpdII promoter. It also harbors a gene-encoding 

resistance to the antibiotic hygromycin B. We used hygromycin B (100 µg/ml) in our 

experiments as Bd was found to be sensitive to hygromycin B at concentrations higher 

than 50 µg/ml. The positive transformants were confirmed by PCR using dsRED primers 

followed by sequencing (Fig. B.1).  

In order to evaluate the involvement of specific genes to pathogenicity of Bd, a 

knock out or knock down strategy must be developed. RNA interference (RNAi) has 

been widely used as an efficient knock-down approach in many eukaryotes including 

fungi. For example, in human fungal pathogen Cryptococcus neoformans, double 

stranded RNA interference has been utilized in down-regulation of gene functions (Liu et 

al. 2002). Our preliminary experiments on RNA radiolabeling suggest that small RNAs 

may be present in Bd (Fig. B.3) and thus RNAi can be a potential gene knock-down 

strategy in Bd.  

Fututre studies 
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To study the gene functions in Bd, a stable transformation system is essential. It is 

important to note that concerning the construction of a transformation vector, the 

promoter from one group of fungi may not be efficient in another group of fungi 

(Hargreaves and Turner 1992). Hence, we plan to construct a transformation vector 

carrying a selectable antibiotic marker under the control of a strong and constitutive 

promoter such as tubulin in Bd genome. Once a stable transformation method is 

developed, our goal is to generate an RNAi construct. For this purpose, first ~ 500 bp 

coding sequence of gene of interest (GOI) will be chosen. Inverted repeat of the GOI 

separated by a spacer segment of the green fluorescent protein (GFP) sequence will be 

generated. The RNAi construct will be transformed into the fungus to evaluate GOI and 

their role in pathogenicity in Bd. The GOI mainly consist of genes that are differentially 

expressed in our study including subtilisin-like serine protease. In order to screen for 

positive transformants, a cosilencing approach will be utilized. In this approach, we look 

for the absence of a GFP fluorescence signal. To test successful RNAi in Bd, we will 

choose genes that would produce a clear phenotype if the strategy was effective. These 

results will be further confirmed by qPCR, comparing the mRNA level of both knock-

down and control. 
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Figure B.1. Bd transformation using  

lithium acetate. Lane 1: 100 bp marker 

Lane 2:  Positive control (dsRED plasmid) 

Lane 3:  PCR product using Bd transformant  

Lane 4:  No PCR product using untransformed Bd  
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        Figure B.2. Bd total RNA electrophoresed  

     on a 17% polyacrylamide gel. Lane 1, 2 and 3 

       represent total Bd RNA.  Lane 4- Low molecular  

       weight RNA standard.  
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  Figure B.3. Radiolabeling of Bd total RNA.  

  Lane M represents high molecular RNA marker. 

  Lane R represents total RNA from Bd 
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