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Abstract
There is a possibility to eradicate infectious diseases with antibiotics. However, new
infectious diseases are continually being identified and some known pathogens are again
becoming a threat because of antibiotic resistance. Amphibians mostly live in a moist
environment which is the best condition for the growth of bacteria and fungi as well.
Antimicrobial peptides produced by serous glands in the amphibian skin play a key role in
limiting microbial growth and preventing infections with pathogenic microorganisms. In
addition to the antimicrobial peptides produced by serous glands, microbial symbionts on the
bullfrog skin are also a source of antimicrobial peptides that can protect the amphibian
against diseases. In this research, we investigated whether cutaneous bacterial species
isolated from Rana catesbeiana (North American Bullfrog), an amphibian species that is
resistant to chytridiomycosis, produce secondary metabolites that could be used to inhibit the
growth of three species of dermatophytes (Microsporum gypseum, Epidermotphyton
floccosum, Trichophyton mentagrophytes) which are known to cause skin infections in
humans. The isolated bacterial species from R. catesbeiana may be useful as producers of
antifungal metabolites that kill, or inhibit the growth of, dermatophytes known to cause
topical or subdermal skin infections in humans.
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Identification of cutaneous bacterial species with anti-dermatophyte properties from
Rana catesbeiana, the North American Bullfrog

Introduction
Taxonomy and Biology of Amphibians
The class Amphibia contains about 6,771 described extant species (Frost, 2011). The
term “Amphibian” is derived from Greek, “amphi” meaning both, and “bios” meaning life,
referring to the fact that most amphibians characteristically live in two habitats, on land and
in water. Larvae of the typical amphibian egg emerge and live their life in the water. At the
end of the larval stage, some amphibians metamorphose, losing their gills and changing their
bodily structure. After that, following the completion of development, the adults move out of
the water and live most of their “second life” on land (Gilbert, 2000). The class Amphibia is
divided into four orders, one of them extinct and three extant. These are the orders Anura
(frogs and toads), Caudata (salamanders), and Gymnophiona (caecilians). Frogs and toads are
tailless as adults. They have webbed toes, large eyes, and a moist glandular skin.
Salamanders have a tail, lack true claws, and have glandular skin as well. Caecilians are
limbless, look like snakes, have a short tail, moist skin, and lidless eyes. The skin in the three
major groups of amphibians is similar in structure. They all have a moist skin which is water
permeable with well supplied mucous glands. Their skin must remain moist all the time,
because amphibians respire through their skin and transport oxygen to the blood stream.

Range and Biology of Rana catesbeiana
The North American Bullfrog, R. catesbeiana is one of the largest frog species native
to North America with a native range extending along the East coast of the U.S. to Wisconsin
7

in the North West. The species has also been introduced west of the Rocky Mountains as far
as California and Oregon (fig. 1). They are abundant in warm and shallow waters such as
lakes, ponds, rivers, or bogs. North American bullfrogs are predators; their food includes
worms, insects, snakes, other amphibians and even small mammals and birds (Gilbert, 2000).
Bullfrogs have a loud low-pitched voice. They make noise or calls during the day and night.
They also produce an alarm call before they jump into the water, or escape from danger.
North American Bullfrog can weigh up to 0.5 kg and measure up to 152 mm in length. The
tadpole may attain 110 mm in length before metamorphosis. Large tadpoles are olive green
with distinct black specks over the dorsal surface of the body. The ventral surface is cream to
yellow colored with no metallic pigmentation (Gilbert, 2000). Adult frog coloration varies
from brownish to green. During breeding season, the throat of the male is yellow while the
female‟s is white.

Figure 1: Male Rana catesbeiana and current distribution.
(http://en.wikipedia.org/wiki/Bullfrog)
R. catesbeiana males are identified by their tympanum which is larger than their eyes,
whereas in females the tympanum is equivalent in size or smaller (Bruening, 2002). During
spring to early summer, males set up a territory and call to attract females during night time.
Males with high-quality territories based on the high amount of food and the warm
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temperature are more attractive to females and may obtain several mates in a season. Females
choose a mate by entering a male‟s territory (Oliver, 1955). A male clasps a female as soon
as she arrives at the breeding pond. In frogs, clasping a female is called amplexus which is a
form of pseudocopulation in which a male amphibian grasps a female with his front legs as
part of the mating process. Amplexus is maintained until the female deposits her eggs. At the
same time, the male will fertilize the eggs externally with fluid containing sperm. Eggs are
laid and hatch in three to five days. A female can lay about 20,000 eggs, and older females
are capable of laying two clutches of eggs per year. Time to metamorphosis ranges from
months to three years, and the life time of bullfrog can be from seven to ten years (Oliver,
1955, fig. 2).

Figure 2: The life cycle of frogs (http://www.scienceclarified.com/Al-As/Amphibians.html)
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The functions of the amphibian skin
The moist skin of bullfrogs has a special function. It is water permeable with many
glands underneath. There are many functions of bullfrog‟s skin, such as respiration, acting as
a first defense against microbial pathogens, absorbing and releasing water, controlling body
temperature, and protecting from predators (Clarke, 1997).

Respiration
There are many blood vessels, capillaries, and glands that run throughout amphibian
skin. Oxygen can pass through the membranous skin, and enter into the blood system.
Carbon dioxide is also released from capillaries in the skin. In frogs, 85% of total gas
exchange takes place through their skin (Stebbins and Cohen, 1997, fig. 3). When frogs are
beneath the water, respiration takes place primarily through the skin. In the air, oxygen enters
the frog‟s body through two nostrils and is received by the lungs as well as through the skin.
Because frogs have no ribs or diaphragm, the chest muscles are not involved in breathing. By
opening its mouth, the frog lets air flow into its lungs. The floor of the mouth is lowered,
causing the frog‟s throat to puff out. When the nostrils open, air enters the enlarged mouth.
Then, when the nostrils are closed, the air in the mouth is forced into lungs by contraction of
the floor of the mouth (Stebbins and Cohen, 1997).
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Figure 3: Diagram of a vertical section
of the skin of an amphibian that shows
cell layers, blood vessels, as well as
mucous and poison glands.
(http://www.pollywogsworldoffrogs.com/homepage.html)
Because of the respiratory mechanism, bullfrog skins‟ outer protective layer, the
epidermis, is very thin to allow gaseous exchange. The outer skin is also perforated by many
openings of the skin glands that keep the skin moist and protect against pathogens and
predators.

The role of the granular glands
Mucous excreted by mucous glands help the amphibians to control their body
temperature when on land. Mucous also forms a slippery film that protects against the entry
of bacteria and fungi into deeper tissue layers, reduces friction while swimming, and aids in
escape from predators. The stratum corneum, the outer most layer of the epidermis, is
serving as a simple physical barrier, but also contains mucous and poison glands which are
part of the chemical defense system of the amphibian skin (Fig. 3). This skin layer has also
contributed to the formation of many chemically diverse secretions produced by the skin‟s
mucous and poison glands (Stebbins and Cohen, 1997).
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Some chemical secretions from the poison glands protect against predators by acting
as a repellent and by interfering with ingestion, resulting in nausea and loss of coordination
of the predator. Some of these chemicals have potent antimicrobial properties, protecting
amphibians against fungi, bacteria, and other pathogens present in the water, air, and soil
which their skin contacts (Stebbins and Cohen, 1997). The various host defense peptides are
usually produced in the granular glands. Granular glands, also known as poison glands, are
scattered throughout the skin, but are often abundant on the head, back, and tail. When
bullfrogs are in alarm or are injured, the granular glands containing active peptides in the
lumen of cells are released (Rollins-Smith and Conlon, 2004). Their secretion is milky,
yellowish, very sticky, and distasteful to many predators. These peptides also play a role as
bactericidal, fungicidal, and virucidal agents on the bullfrog skin (Simmaco et al., 1998).The
synthesis of polypeptides with a broad spectrum of antimicrobial activity in the granular
glands is a very important feature of the amphibian‟s defense strategy. In general,
antimicrobial peptides can be divided into several classes based on their amino acid sequence
and secondary structures: (1) the amphipathic α-helix peptides are usually found on
amphibian skin and in the stomach; (2) a series of β-sheets which are also found in insect
hemolymph and mammalian intestines; (3) the cationic peptides which are peptides that
adopt unconventional structures (such as extended helices) these peptides are found within
mammalian neutrophils and macrophages, and in the small intestine of mice and humans; (4)
the peptides that assemble into loops which are found in horseshoe crab hemocytes (Clark et
al, 1994, fig. 4).
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Figure 4: Protein models representing the structural differences of the four classes of
antimicrobial peptides found in R. caesbiana. Antimicrobial peptides can be grouped into
four major classes based on their secondary structures, including (A) α-helical peptides, (B)
peptides composed of a series of β-sheets, (C) peptides that adopt unconventional structures,
such as extended helices, and (D) peptides that assemble into loops. (http://www.pdb.org/)
The antimicrobial peptides found in bullfrog granular glands are the amphipathic αhelix peptides, which belong to the first class of defense mechanisms against pathogenic
microorganisms. The mode of action of all antibacterial peptides is to interfere with the
membrane permeability of bacteria (Jenssen et al., 2006). The first step in this interaction is
the initial attraction between the peptides and target cells, which occurs through electrostatic
bonding between the cationic peptide and negatively charged components on the outer
bacterial membrane. The net result is that the peptides arrive at the cytoplasmic membrane,
where they enter the interfacial region of the membrane in a process driven by electrostatic
and hydrophobic interactions. The high proportion of negatively charged lipids on the surface
13

monolayer of the bacterial cytoplasmic membrane plays an important role in the selectivity
of antimicrobial peptides for bacterial cells over eukaryotic cells, in which uncharged lipids
predominate at the cell surface. After antimicrobial peptides get into microbial cells, they
will remove membrane sections and create many pores. The modes of action after permeating
the membrane include inhibition of DNA synthesis, blocking of RNA synthesis, inhibition of
enzymes necessary for linking of cell wall structural proteins, inhibition of ribosomal
function and protein synthesis, blocking of chaperone proteins necessary for proper folding
of proteins, targeting of mitochondria by inhibition of cellular respiration, disruption of
mitochondrial cell membrane integrity, and inhibition of efflux of ATP and NADH
molecules. The mechanisms of many antifungal peptides are still in debate. The formation of
reactive oxygen species has been suggested to be the important step in the fungicidal
mechanism of antimicrobial peptides (Jenssen et al., 2006).

Cutaneous microbiota of amphibians
Overall, antimicrobial peptides play a key role in limiting microbial growth and
preventing infections by pathogenic microorganisms (Jensen et al., 2006). In addition to the
antimicrobial peptides produced by the amphibian skin, microbial symbionts on the
amphibian skin can be a source of antimicrobial peptides as well and can protect them
against diseases caused by microbial pathogens (Simmaco et al., 1998). Many bacteria use
inter-specific communication by diffused chemical signal molecules to control population
density and behavior in response to the environment. A major mechanism of communication
in bacteria involves the synthesis, release, and detection of specific signaling molecules
known as autoinducers. This process is referred to as quorum sensing, and the exchange of
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chemical signal molecules is called autoinduction (Bassler and Taga, 2003). Quorum sensing
is utilized by Gram negative and Gram positive bacterial species. This involves the regulation
of specific gene expressions to produce, release, and detect autoinducers. The concentration
of autoinducers in a given environment is proportional to the number of bacteria present;
therefore, detecting autoinducers gives bacteria a mechanism for counting one another
(Bassler and Taga, 2003). At low population densities, basal-level expression of an
autoinducer synthetic gene results in the production of small amounts of autoinducer signal
molecules that diffuse out of the cell and are immediately diluted in the surrounding
environment. An increase in bacterial population results in the gradual accumulation of
autoinducers in and around the cells. Once a threshold concentration is reached, autoinducers
activate a specific transcriptional regulator protein by binding to it. Activated regulators then
interact with target DNA sequences and enhance or block the transcription of quorum
sensing regulated genes, resulting in the synchronous activation of certain phenotypes in
bacterial populations (Gonzalez and Keshavan, 2006).
In previous studies, researchers have discovered that there are many resident bacterial
species on the amphibian skin. The sticky mucous on the frog prevents bacteria being washed
off in the water. These bacterial species compete with each other for food supplies from
mucous which contain many carboxylated and sulfated glycoproteins (Els and Henneberg,
1990). Hence, in addition to the antimicrobial peptides from their granular glands, bullfrogs
have an alternative way to protect themselves by profiting from antibiotic production of their
cutaneous microbiota which might protect them against an infection by pathogenic
microorganisms. There are eight genera of bacterial species which were isolated from the
skin of the salamanders Plethodon cinereus and Hemidactylium scutatum that inhibited the
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growth of the pathogenic fungus Batrachochytrium dendrobatidis (Harris et al., 2006). Some
cutaneous bacteria from the salamander H. scutatum and P. cinereus skin can also inhibit
fungi Mariannaea elegans and Rhizomucor variabilis (Lauer et al, 2008). Symbiotic bacteria
also play a role in the immune defense of the mountain yellow-legged frog Rana muscosa
and the African clawed frog Xenopus laevis to inhibit B. dendrobatidis (Woodhams et al,
2007 and Ramsey et al, 2010). B. dendrobatidis is the reason for widespread declines of at
least 50% of amphibian populations of different species worldwide (Rollin-Smith and Colon,
2004).
However, some amphibian species can survive B. dendrobatidis infections. North
American Bullfrogs are known to be carriers of B. dendrobatidis, and are resistant to
chytridiomycosis, the destruction of the keratin in the frog skin caused by B. dendrobatidis
(Daszak et al., 2004). Cutaneous bacterial species of R. catesbeiana might play a role in
protecting its host against this chytrid fungus, and might also be useful to inhibit the growth
or kill other amphibian pathogens such as Basidiobolus ranarum and Ranaviruses (Daszak et
al., 1999). As a consequence, cutaneous bacteria of amphibians might also inhibit the growth
of dermatophytes known to cause topical or subdermal skin infections in mammals including
humans.

Pathogenic dermatophytes – Identification and treatment
The most studied dermatophytes which cause skin infection in humans belong to
three fungal genera: Epidermophyton, Microsporum, and Trichophyton. Those genera are
characterized as geophilic (live in soil), zoophilic (live on animals), and anthropophilic (live
on humans) (Kern and Blevins, 1997). Not all dermatophytes are pathogenic to humans, but
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some species can cause diseases in humans such as skin-, and nail infections, and ectothrix (outside the hair shaft), and endothrix (inside hair shaft) invasions. There are three species of
human dermatophytes which are used in this research: Epidermophyton floccosum,
Microsporum gypseum, and Trichophyton mentagrophytes (Kern and Blevins, 1997).
The microscopic E. floccosum has club-shaped, smooth, thin-walled macroconidia
containing two to four cells. The macroconidia are borne single or in clusters. No
microconidia develop. Racquet hyphae, spiral hyphae, nodular bodies, and chlamydoconidia
may be present. On Sabouraud Dextrose (SAB) agar at room temperature, E. floccosum
forms a velvety, khaki-yellow colony with tan color on the reverse side. E. floccosum causes
epidermic dermatophytosis (athlete‟s foot), as well as dermatophytosis of the nails and groin
(Kern and Blevins, 1997, figure 5).
M. gypseum is characterized under the microscope as having rough, thin-walled,
elliptical macroconidia containing four to six cells, and a few club-shaped microconidia
along with the hyphae. On SAB agar, M. gypseum appears as a powdery, buff to cinnamon
colony with a tan reverse. M. gypseum causes inflammatory dermatophytosis of the body or
scalp (Kern and Blevins, 1997, figure 5).
The last fungus, T. mentagrophytes, can be seen under the microscope as having
pencil-shaped, smooth, thin-walled macroconidia containing five to eight cells, with few
round microconidia in grapelike clusters. Microconidia may also be seen singly along the
hyphae, but then, they are more tear-shaped, varying to club-shaped (Kern and Blevins,
1997). Racquet hyphae, spiral hyphae, nodular bodies, and chlamydoconidia may also be
present. On SAB agar, T. mentagrophytes has a white fluffy colony with a yellow reverse. T.
mentagrophytes causes inflammatory dermatophytosis on the foot, body, nails, beard, and
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scalp. It is the most common cause of athlete‟s foot; it also causes ectothrix hair shaft
invasion (Kern and Blevins, 1997, figure 5).
There are many antifungal drugs which are used to treat those fungal diseases such as
Itraconazole, Terbinafine, and Griseofulvin. However, those medicines can interact with
other medications and cause side effects in the patients such as dizziness, diarrhea, vomiting,
or stomach pain. Another concern is that fungal pathogens are becoming resistant to
antifungal drugs (Huang et al, 2004).
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(1A)

(2A)

(1B)

(2B)

(1C)

(2C)

(3A)

(3B)

(3C)

Figure 5: 1-3, A-C, Characteristics of dermatophytes under: (1) Bright field light microscope
of macro- and microconidia with lactophenol cotton blue mount (magnification x400). (2)
Colony on Sabouraud glucose agar, 25oC. (3) Diseases caused by dermatophyte fungi. (A) Epidermophyton floccosum, (B) – Microsporum gypseum, (C) – Trichophyton metagrophytes
(www.doctorfungus.org).
Aim of this research
This research investigates if cutaneous bacterial species isolated from R. catesbeiana
(North American Bullfrogs) can produce secondary metabolites that inhibit the growth of
three species of dermatophytes (Microsporum gypseum, Epidermophyton floccosum,
Trichophyton mentagrophytes). We hypothesize that it is very likely to find powerful
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antifungal metabolites against dermatophytes produced by cutaneous bacteria of R.
catesbeiana because other researchers have identified metabolites from cutaneous bacteria of
different amphibian species that act against the amphibian pathogen B. dendrobatidis and
other fungi (Brucker et al., 2008; Becker et al, 2009; Lauer et al., 2008). This study can be
useful in finding strong antifungal metabolites that inhibit the growth of dermatophytes and
fight antibiotic resistant opportunistic and pathogenic fungi that can cause disease in humans
and other mammals.

Materials and methods
Sample collection and isolation of bacteria and fungi
Fifteen R. catesbeiana individuals were captured at a pond of „The Springs‟
Apartment Homes in Bakersfield, California, in the summer of 2009. Because the microbiota
of the frog skin consists of resident and transient microorganisms, the R. catesbeiana
individuals were rinsed two times with sterile water to remove any transient microorganisms.
The transient microbiota of the skin consists of recent microbial contaminants that survive
only for a limited period of time on the frog skin, but resident organisms are adapted and
established, and therefore multiply in the superficial skin layers. In this project, a culture
dependent approach to isolate bacterial members of the frog‟s resident microbiota was used
on a low nutrient R2A medium (Difco). After rinsing, the skin of the specimens was swabbed
two times with sterile cotton swabs, focusing especially on the moist skin of the lateral and
the ventral surface where the chytrid fungus B. dendrobatidis can become established. The
first swab was streaked on low nutrient R2A agar for bacterial cultivation. R2A is a medium
which has been commonly used for enumerating heterotrophic organisms in treated potable
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water, but has also been used to isolate bacteria from different amphibians (Reasoner and
Geldreich 1985; Woodhams et al. 2007; Lauer et al., 2008). It is generally not recommended
to use a rich culture medium because the growth of bacteria tends to be suppressed in a
nutrient rich environment (Reasoner and Geldreich, 1985). A second swab was frozen at -80
o

C in case the first streak on R2A medium did not result in microbial growth and for potential

future analyses.
When grown on R2A agar, microorganisms from R. catesbeiana exhibited differences
in the macroscopic appearance of their growth. These differences in colony morphologies,
called cultural characteristics, were used as a basis for separating microorganisms into
different groups. After one week of incubation at room temperature (25 oC), colonies of each
morphological type were isolated repeatedly on new R2A plates until pure cultures were
obtained. Each isolated colony was evaluated in regard to size, pigmentation, form, margin,
and elevation (Cappuccino and Sherman, 2011).
Three dermatophyte fungi were provided from the American Type Culture Collection
(ATTC), Manassas, VA. ATCC is an independent, nonprofit biological resource center and
research organization. The ATCC numbers of the dermatophytes were as follows: E.
floccosum had ATCC # 52066, T. mentagrophytes had ATCC # 10270, and M. gypseum had
ATCC # 10215. The fungi were cultivated on Sabouraud Dextrose Agar (SAB) at 25 oC.
SAB is a standard medium for recovery and maintenance of a wide variety of fungi
commonly isolated in the clinical laboratory (Cappuccino and Sherman, 2011).
Because only one type of culture medium for bacterial growth was used in this study,
it is most likely that not all members of the resident bacterial community on the skin of R.
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catesbeiana with anti-dermatophyte properties were isolated and investigated in this
research.

Challenge assays
Challenge assays were performed on SAB medium. Each pure bacterial culture was
tested against the three dermatophyte fungi. Briefly, a piece of dermatophyte mycelium
(~1cm2) was placed in the middle of the SAB medium petri dish, and two pure bacterial
isolates were streaked in a thin line on each side of the fungus. The plates were incubated at
26 oC for two weeks. The challenge assays were recorded as i) strongly antifungal if an
inhibition zone appeared between the fungus and the bacterial isolate, ii) weakly antifungal if
the fungal density of the hyphae was lower toward the bacterial area, and iii) negative
antifungal if the plate was all covered evenly with fungal mycelium (fig. 6). The chi-square
test was used to determine if there was a significant difference between the expected positive
and observed positive of results in the challenge assays of the bacterial isolates against the
three dermatorphyte fungi (Gotelli and Ellison, 2004).
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Strong positive bacterial isolate

Weak positive bacterial isolate

Inhibitory
zone

Non-antifungal bacterial isolate

Non-antifungal bacterial isolate

Figure 6: The results of four bacterial isolates from R. catesbeiana challenged against the
dermatophyte M. gypseum. The left figure: example of a strong positive result showing the
back side of the SAB plate with an inhibitory zone clearly visible between M. gypseum and
one antifungal bacterial isolate. The right figure: example of a weak positive result showing
the front side of the SAB plate with a narrow inhibitory zone between a bacterial species and
the fungus. Each plate also shows a non-antifungal bacterial species as negative control.
Colony morphology and Gram stain for positive results
To describe colony morphology types, size, shape, pigmentation, and odor were used
to separate the isolated bacteria into groups. The bacteria in each group were also Gramstained using a water-soluble dye called crystal violet, iodine, decolorization, and
counterstaining with safranin to investigate their cell shape and cell arrangement under
brightfield light microscopy. Gram stain is one of the most useful staining procedures for
bacterial cells (Tortora et al., 2004). A heat-fixed smear is covered with a basic purple dye,
crystal violet. Because the purple stain imparts its color to all cells, it is referred to as a
primary stain. After a short time, the purple dye is washed off, and the smear is covered with
the iodine. The purple dye and the iodine combine in the cell wall of each bacterium and
color the Gram positive ones dark violet or purple. Next, the cells are decolorized with an
alcohol-acetone solution. This solution removes the purple dye from the cells of Gram
23

negative bacterial species. Bacteria that retain a purple color after the decolorization step are
classified as Gram-positive. Finally, the cells are counter-stained with safranin, which stains
the Gram negative bacteria pink, allowing differentiation between Gram negative and Gram
positive bacteria, Because Gram positive bacteria retain the original purple stain, they are not
affected by the lighter safranin counterstain.

After staining is completed, the cells are

washed again, blotted dry, and examined microscopically. Bacteria were grouped based on
the combined observations of colony morphology, Gram stain, cell shape and arrangement
(Tortora et al., 2004).

DNA extraction and amplification of 16S rRNA genes
After results from challenge assays and Gram-staining were obtained, DNA was
extracted from the bacterial pure cultures that showed strong positive or weak positive
antifungal activity against at least one of the fungi by using the protocol included with the
MoBio UltraClean Microbial DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA).
This kit is designed to isolate genomic DNA from microorganisms. Briefly, microbial cells
that were suspended in bead solution were added to a bead beating tube containing a lysis
solution. The principle is to lyse the microorganisms by a combination of heat, detergent, and
mechanical force against specialized beads. The cellular components are lysed by mechanical
action using a specially designed MoBio Vortex Adapter on a standard votexer. From the
lysed cells, the released DNA is bound to a silica spin filter. The filter is washed with an
ethanol containing solution, and the DNA is finally recovered in certified DNA-free Tris
buffer.
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To amplify a fragment of the 16S rRNA gene of bacterial isolates, the polymerase
chain reaction (PCR) was used. PCR is a molecular technique that uses the enzyme DNA
polymerase to make copies of a selected region of the DNA. Generally, target DNA is
marked by adding short pieces of DNA (primers) that hybridize to the complementary DNA
sequences of each strand and cause initiation (priming) of DNA synthesis. The copies of the
original DNA strands then serve as templates for the next DNA synthesis. By repeating the
process, the amount of a selected DNA region doubles with each cycle, up to millions of
times the starting amount (Weaver, 2008). A fragment of the 16S rDNA from cutaneous
bacteria of R. catesbeiana was amplified with bacteria-specific 16S rDNA primers 357F (5‟GCclamp-CCTACGGGAGGCAGCAG-3‟) and 907R (5‟-CCGTCAATTCMTTTGAGTTT3‟) (Muyzer et al., 2004). The primers 357F and 907R amplify a fragment of ~650bp which
is often used for denaturing gradient gel electrophoresis (DGGE). The PRC reaction tubes
had a total of 25µl including 1.5 µl of each primer (10 mmol) to bind to specific sequences,
2.0 µl of template DNA from isolated bacteria to replicate, 12.5 µl GoTag Green master mix
(TaqDNA polymerase, dNTPs, MgCl2, reaction buffers to increase sample density, and
yellow and blue dyes which function as loading dyes when reaction products are analyzed by
agarose gel electrophoresis), and 7.5 µl sterile water (Toffin et al., 2004). To amplify DNA,
the thermocycling parameters used were 94o C for 4 min followed by 35 cycles of 94o C for 1
min to pull two strands of DNA apart, 48o C for 1 min to allow primers to bind to DNA (this
is called annealing temperature), 72o C for 1.5 min to allow DNA synthesis, and a final
elongation for 10 min at 72o C. The PCR products of this amplification were used for
denaturing gradient gel electrophoresis (DGGE) analysis later.
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For the identification of bacterial isolates from DNA sequences, a different primer
pair was used that amplified an almost 1400 base pair fragment of the 16S rRNA gene.
Bacteria-specific primer 8F (5‟-AGAGTTTGATCCTGGCTCAG-3‟) was used together with
the universal primer 1492R (5‟-GGTTACCTTGTTACGACTT-3‟) (Lane, 1991). The PCR
tubes had a total of 25µl including 1.5 µl of each primer, 2.0 µl (10 mmol) of template DNA
from isolated bacteria, 12.5 µl GoTag Green master mix (TaqDNA polymerase, dNTPs,
MgCl2, reaction buffers, and yellow and blue dyes) and 7.5 µl sterile water. To amplify the
DNA, the thermocycling parameters were also used at 94o C for 4 min followed by 35 cycles
of 94o C for 1 min, 48o C for 1 min, 72o C for 1.5 min, and a final elongation for 10 min at
72oC (Toffin et al., 2004). After that, all amplifications of these PCR products were checked
by electrophoresis in 2% agarose gels stained with Ethidium Bromide 0.001% (20ml of 50X
TAE buffer, 1000ml of distill water, and 50µl of Ethidium Bromide) and documented with
the GelDoc system (BioRad, Hercules, CA).

Analysis of bacteria by Denaturing Gradient Gel Electrophoresis (DGGE)
DGGE was used to compare the bacterial isolates that had similar colony
morphologies and Gram stain behavior. When two fragments were amplified from two
bacterial species that share the same colony morphology, the two fragments would stop in the
same melting area of the DGGE gel. When they belong to the same species, colony
morphologies, Gram stain behavior, and DGGE results of bacterial isolates were the same;
they were considered the same species (Toffin et al., 2004). If two fragments did not stop in
the same melting area, even when they were similar colony morphologies, they were still
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considered to belong to different species. DGGE is often used to characterize and compare
the diversity of microbial communities by giving a profile or fingerprint of a particular
community, but it can also be used to identify if bacterial species that have the same colony
morphology are in fact different species. The DGGE gradient gel is a gel with an increasing
concentration of a chemical denaturant (40% Bis-Acrylamide, Deionized Formamide, Urea,
121g Tris base + 28.6 ml acetic acid + 50ml 0.5M EDTA pH8.0 + ddH2O to 500ml to make
50X

TAE

buffer

,

10%

Ammonium

Persulfate

Solution,

and

N,N,N‟,N‟-

tetramethylenediamine) which denatures the DNA molecule. Electrophoresis is an
application of an electric current which runs from a negative pole to positive pole across a
gel. In response to the current, double-stranded DNA migrates slowly through the gel.
Generally, DNA contains four nucleotide bases which bind across the two strands of the
molecule. Guanine (G) forms three hydrogen bonds with cytosine (C), and adenine (A) forms
two hydrogen bonds with thymine (T). Therefore, DNA segments with more GC base pairs
form stronger bonds between the DNA strands than those with fewer GC base pairs (A-T
pairs). Consequently, high GC content DNA segments require a greater concentration of the
denaturing chemical before the DNA strands break apart. These GC rich sequences prevent
the two DNA strands from complete dissociation into single strands. To prevent DNA
fragments from running off the gel, a GC rich sequence (GC-clamp) is added to the 5‟-end of
one of the PCR primers to prevent complete denaturation of the DNA. The mixtures of
amplified DNA segments from PCRs were loaded in the wells at the top of the DGGE gel.
After applying a current, the DNA migrates from the top which has a low denaturant
concentration toward the bottom of the gel which has a high denaturant concentration. DNA
segments with low GC content denature near the top of the gel and strop migrating. DNA
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with higher GC content denature further down the gel. DNA fragments with identical
sequences (or the same amount of A, C, G, and T) migrate the same distance, ultimately
forming a band in the gel (Muyzer and Smalla, 1998).
In this project, rDNA from pure bacterial cultures with antifungal activity was
amplified by PCR with primers 357F+GC and 907R and subsequently analyzed by DGGE
using with the D-Code System (Bio-Rad, Hercules, CA) on 6 % polyacrylamide gels using a
30-60 % denaturing gradient (where 100 % denaturant contains 7 M urea and 40 %
formamide). A 30-60 % denaturing gradient exhibited improved resolution in gel images
with extended electrophoretic time. Varying the running times will affect amplicon migration
and denaturation behavior (Thornhill et al., 2010). An amplicon is a piece of DNA formed as
the product of amplification via PCR. Urea and formamide were used to form a gradient of
denaturant in which double stranded DNA fragments of differing sequence would denature
during electrophoresis. Electrophoresis was carried out in 1xTAE buffer (40 mM Tris, 20
mM acetic acid, 1 mM EDTA) at 150 V for 18 hours at 60 oC. Then gels were stained with
Ethidium Bromide 0.001% (10ml of 50X TAE buffer, 500ml of distilled water, and 25µl of
Ethidium Bromide) for 30 min and visualized on a UV transilluminator gel Doc system
(BioRad). Ethidium Bromide (EtBr) is a DNA intercalator, inserting itself into the spaces
between the base pairs of the DNA double helix. EtBr possesses UV absorbance maxima at
300 and 360 nm (Fisher Scientific, PA). EtBr is an intercalating dye used in the visualization
of DNA in electrophoresis gels to reveal band patterns that were used to determine the
similarity of sample microbial communities. If two fragments of two isolated bacteria
stopped at the same melting area of DGGE gel and they have the similar colony
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morphologies, they would be considered the same species (Toffin et al., 2004). Then, only
one sequence was needed to identify the species.

DNA purification and sequencing
Differentiated isolated anti-dermatophyte bacteria were grouped by comparison of
colony morphology types, Gram stain behavior, and DGGE analysis. DNA from all
antifungal bacterial isolates that represented different species was extracted and amplified
with primers 8F and 1492R as described previously. Then, all these 16S rDNA fragments
were purified to prepare for sequencing by using the QIAquick PCR purification Kit (Qiagen,
Valencia, CA). The QIAquick kit contains a silica membrane assembly for binding DNA in
high-salt buffer. The purification procedure can remove primers, nucleotides, enzymes and
other impurities from DNA samples. Binding buffer is added directly to the PCR sample. The
binding buffer contains a pH indicator, allowing an easy determination of the optimal pH for
DNA binding. Nucleic acids adsorb to the silica gel membrane in the high-salt condition
provided by the buffer. Impurities are washed away and pure DNA is eluted with a small
volume of low-salt buffer provided or by water, ready to use in all subsequent applications.
Next, all the PCR purified products were sent to the University of Florida for sequencing.
After obtaining results from the sequencing center, the forward and reverse sequences were
combined and all sequences were compared to reference entries in the nucleotide database of
GenBank, performing a BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify
the unknown anti-dermatophyte bacterial isolates (fig. 7).
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Figure 7: Flowchart showing the process of identifying unknown anti-dermatophyte bacterial
isolates from R. catesbeiana.

Phylogenetic analysis
The sequences were also used to perform a phylogenetic analysis using the molecular
evolutionary genetics analysis (MEGA 5) as alignment software. A phylogenetic analysis
shows the evolutionary relationship of genes or organisms in a treelike form with a root.
MEGA is an integrated tool for conducting sequence alignment, inferring phylogenetic trees
and ancestral sequences (Tamura et al., 2011). All the sequences from our bacterial isolates
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together with closest matches from database entries from GenBank were inserted to MEGA 5
to build alignment by ClustalW. ClustalW uses progressive alignment methods in which the
most similar sequences with the best alignment scores are aligned first, then more distant
groups of sequences are aligned until a global alignment is obtained. For building the
phylogenetic tree, the Maximum Parsimony (MP) method and the Neighbor-Joining (NJ)
method were used. MP is a character-based method which makes use of all known
evolutionary information to determine the most likely ancestral relationships. An MP tree is
the one with fewest substitution/evolutionary changes for all sequences to derive from a
common ancestor. For any given branching pattern, the sum of the minimum possible
substitutions over all sites is known as the tree length for that branching pattern (topology).
The topology with the minimum tree length is known as the MP tree. All gap sites in a
sequence alignment are ignored in the MP analysis. Because there were so many sequences,
the Close-Neighbor-Interchange (CNI) algorithm was used to save time. CNI starts with a
tree generated by the random addition of sequences. This process is repeated multiple times
to find the Maximum Parsimony tree. NJ is a distance-based method which is proposed for
reconstructing phylogenetic trees from evolutionary distance data. The NJ method uses
distance measures to correct for multiple hits at the same sites, and chooses a topology
showing the smallest value of the sum of all branches as an estimate of the correct tree (Nei
and Kumar, 2000). Sequences of bacteria were divided into two groups so that the
phylogenentic trees could look comprehensible, one group for Gram negative bacteria (21
sequences), and another group for Gram positive bacteria (35 sequences). Each sequence had
approximately from 1,100 to 1,400 base pairs. For the Gram negative group, Staphylococcus
epidermidis (AB617539, GenBank accession number) was used as an outlier. For the Gram
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positive group, Escherichia coli (J01859, GenBank accession number) was used as an
outlier. To assess the reliability of the Maximum Parsimony and Neighbor-Joining tree, the
bootstrap test was used with 1,000 replicates. In the bootstrap test, for example with Gramnegative sequences (21 sequences total), 1,400 bp were randomly chosen with replacements,
giving rise to 21 rows of 1,400 columns each. These would constitute a new set of sequences.
A tree was then reconstructed with these new sequences using the same tree building method
as before. Next the topology of this tree was compared to the original tree. Each interior
branch of the original tree that was different from the bootstrap tree was given a score of 0;
all the other interior branches were given the value 1. This procedure of re-sampling the sites
and the subsequent tree reconstruction was repeated 1,000 times, and the percentage of times
each interior was given on each branch (Nei and Kumar, 2000). This is known as the
bootstrap value on each branch. The same bootstrap test for Gram positive sequences was
also analyzed. After that, phylogenetic trees of 16S rDNA sequences from Gram positive and
Gram negative anti-dermatophyte bacterial isolates which were built from Maximum
Parsimony and Neighbor-Joining method were compared to each other.

Results
Diversity of cutaneous antifungal bacterial isolates from R. catesbeiana
240 bacterial pure cultures were isolated from 15 R. catesbeiana individuals. A total
of 720 challenge assays were set up, 240 bacterial isolates were used to challenge three
dermatophyte fungi (Table 1).

69 out of 240 bacterial isolates (28.75%) were anti-T.
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mentagprophytes, 68 bacterial isolates (28.33%) were anti-M. gypseum, and 74 out of 240
bacterial isolates (30.83%) were anti-E. floccosum. There were no significant differences in
the percentage of bacterial isolates active against the three dermatophyte fungi (Chi square χ2
test with χ2 = 0.277, DF=2, p=0.871). Most of the bacterial isolates with antifungal activity
were effective against all three dermatophyte fungi. Each of the R. catesbeiana individuals
carried at least one bacterium that was able to inhibit the dermatophytes E. floccosum, M.
gypseum, and T. mentagrophytes, but not all bacteria found on the bullfrogs were antifungal
against all three fungi at the same time. The highest percentage of antifungal bacterial
isolates found on individual R. catesbeiana was 63.6%, and the lowest percentage was 6.7%
(Table 1, fig. 8).
Table 1: Number of bacterial isolations from each individual American Bull Frog (R.
catesbeiana) that were antifungal against the three dermatophyte fungi T. mentagrophytes,
M. gypseum, and E. floccosum (n is a total number of bacterial isolates on each R.
catesbeiana)
R. catesbeiana
individuals
1 (n=18)
2 (n=11)
3 (n=12)
4 (n=14)
5 (n=17)
6 (n=24)
7 (n=18)
8 (n=13)
9 (n=15)
10 (n=30)
11 (n=9)
12 (n=13)
13 (n=17)
14 (n=14)
15 (n=15)

Number of antifugal bacterial isolates against the three
dermatophyte fungi
T. mentagrophytes M. gypseum
E. floccosum
7
10
10
5
5
7
2
3
2
2
2
2
5
5
5
9
8
9
9
8
9
4
4
5
1
1
1
10
10
10
2
2
2
5
4
4
3
2
3
2
2
2
3
2
3
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(A)

(B)
Figure 8: (A) The number of bacteria isolated from R. catesbeiana that showed antifungal
activity against the three types of dermatophyte fungi: Trichophyton megatrophytes,
Microsporum gypseum, and Epidermophyton floccosum. Positive results against
dermatophyte fungi are presented as blue bars, weak positive results are presented as red
bars, and negative results as shown as green bars (B) The number of bacterial isolates per
individual frog that showed antifungal activity against the three dermatophytes T.
megatrophytes (blue), M. gypseum (red), and E. floccosum (green).
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Cultivation and identification of cutanous antifungal bacteria from R. catesbeiana skin
Most of the anti-dermatophytic bacterial isolates showed white or tan colored
colonies on SAB medium. Bacterial colonies that were pink, brown, or green often gave
negative results in challenge assays against the dermatophytes. All the bacterial isolates that
were at least weakly antifungal were grouped together based on their colony morphology and
Gram stain reaction, resulting in six groups. In the first group, the colonies were white,
filamentous, and convex; they also had a strong scent like “geosmin” odor which is often
produced by several classes of microbes such as Cyanobacteria, or Actinobacteria. This
group was Gram positive with rod shaped cells. The second group had white, small, round,
flat, and shiny colonies. This group was Gram positive and rod shaped as well, and showed
oval endospores. The third group had round, white, convex, and large colonies, and showed
Gram positive rods with endospores. The fourth group had irregular, large, and white
colonies, and they also showed Gram positive rods with endospores. The fifth group had
round, convex, tan, tiny, and shiny colonies. The Gram stain for this group resulted in Gram
negative bacilli. The last group included Gram negative rods and their colonies were round,
convex, clear, tiny, and shiny (Table 2, fig. 9)
Table 2: Groups of bacterial isolates from R. catesbeiana skin based on Gram stain reaction
and colony morphology types.
Group
1
2
3
4
5
6

Gram stain reaction
Gram positive, rod shape
Gram positive, rod shappe with oval endospores
Gram positive, rod shappe with oval endospores
Gram positive, rod shappe with oval endospores
Gram negative, rod shape
Gram negative, rod shape

Colony morphology on R2A medium
White, filamentous, convex; "geosmin" odor
White, small, round, flat, and shiny
Round, white, convex, and large colonies
Irregular, large, and white colonies
Round, convex, tan, tiny, and shiny
Round, convex, clear, tiny, and shiny
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(A)

(B)

Figure 9: Gram stain reaction for isolated bacteria from R. catesbeiana. The left picture (A)
shows Gram negative rods from group 6. The right picture (B) shows Gram positive rod and
oval endospores from group 4.

The diversity of anti-dermatophyte bacterial isolates from R. catesbeiana were
between 93% to 99% similar to GenBank entries. The most often isolated antifungal bacterial
species from the R. catesbeiana skin (~87% of all antifungally active isolates) belonged to
the family Bacillaceae. Antifungal members of the family Enterobacteriaceae were the
second most abundant

found on bull frogs‟ skin; they comprised

about ~33%. The

Actinobacteriaceae, Xanthomonadaceae, Aeromonadaceae, and Pseudomonadaceae were less
abundant and comprised only about ~13 - 17% of antifungally active isolates. Strong antidermatophyte isolates were closely related to Bacillus cereus and Stenotrophomonas
maltophilia. Most of these bacterial isolates related to these bacterial species showed strong
anti-dermatophyte activity against all three fungi However, some species of B. cereus
showed negative results to M. gypseum. The weakest anti-dermatophyte bacterial isolates
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belonged to the family of the Enterobacteriaceae. The bacterial isolates that belonged in this
family had negative results against T. mentagrophytes and E. floccosum (Table 3).
Table 3: The antifungal activity of bacterial species isolated from the skin of R. catesbeiana.
Abbreviations: N: negative; WP: weak positive; P: positive; -: no result. Strong positive antifungal
bacteria are in bold.

Closest matches of unknown bacterial isolates in
GenBank with Accession numbers and percentage
similarity

Number of
R. catesbeiana
individulas on
which the bacterial
species was found

Dermatophytes
Trichophyton
mentagrophytes

Microsporum
gypseum

Epidermophyton
floccosum

N

WP

P

N

WP

P

N

WP

P

1

4

-

3

2

-

3

2

Bacillaceae
Bacillus sp. 2BSG-MG-5 (AB533783) 98%

5

-

Bacillus amyloliquefaciens SB3297 (GU191913) 99%
Bacillus aryabhattai PSB62 (HQ242775.1) 98%

4

-

-

4

2

-

2

-

1

3

1

-

1

-

-

1

-

-

1

-

Bacillus atrophaeus Aj080319IA-12 (HQ727972.1) 97%

1

-

1

-

-

1

-

-

1

-

Bacillus atrophaeus BKS1-45 (HM585062) 96%

1

-

1

-

-

1

-

-

1

-

Bacillus cereus TAUC5 (HQ914780) 93%

10

-

11

4

1

9

5

-

9

6

Bacillus cereus MBG15 (JF322796) 93%

10

-

11

4

1

9

5

-

9

6

Bacillus cereus LSBA1976 (FJ908707) 98%

13

-

15

10

2

14

9

-

15

10

Bacillus cereus B3 (HM989917.1) 98%
Bacillus horikoshii RB10(GU232770.2) 98%

10

-

14

10

2

13

9

-

14

10

1

-

1

-

-

1

-

-

1

-

Bacillus megaterium RB-05(HM371417) 98%

1

-

1

-

-

1

-

-

1

-

Bacillus subtilis S52-2 (HQ236381.1) 98%
Bacillus subtilis 0-2 (FJ959367) 98%

4

-

-

4

2

-

2

-

1

3

1

-

1

-

-

1

-

1

-

Bacillus subtilis SB3086 (GU191901.1) 98%

3

-

1

2

-

2

1

-

2

1

Bacillus subtilis Amp1 (HQ670762) 98%
Bacillus subtilis SI01 (HM802140.1) 98%

3

-

1

2

-

2

1

-

2

1

3

-

3

-

-

3

-

-

3

-

Bacillus subtilis SB3130 (GU191916) 98%

3

-

3

-

-

3

-

-

3

-

Bacillus subtilis SYST2 (GU568180.1) 98%

3

-

3

-

-

3

-

-

3

-

Bacillus subtilis SK-9 (HQ164545) 97%

2

-

-

2

-

1

1

-

1

1

Bacillus subtilis P6 (HQ423381.1) 98%

2

-

-

2

-

1

1

-

1

1

Actinobacteriaceae
Actinomycetales bacterium JH105 (FJ572022.1) 97%

2

-

2

-

-

2

-

-

2

-

Streptomyces sp. DS3024 (FJ238114.1) 97%

2

-

2

-

-

2

-

-

2

-

Streptomyces cavourensis SY224 (HQ610450.1) 97%

2

-

2

-

-

2

-

-

2

-
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Pseudomonadaceae
Pseudomonas sp. DS3SK1H (HM216202) 96%

1

-

1

-

-

1

-

-

1

-

Pseudomonas monteilii SB3078 (GU191927.1) 96%

1

-

1

-

-

1

-

-

1

-

Stenotrophomonas maltophilia FF152 (GU372745.1) 98%

1

-

-

1

-

-

1

-

-

1

Stenotrophomonas maltophilia ISSDS-801 (EF620471) 99%

2

-

1

1

-

1

1

-

1

1

Aeromonadaceae
Aeromonas sp. 2A11N2 (HQ246301) 98%

1

-

1

-

-

1

-

-

1

-

Aeromonas aquariorum MDC47 (EU085557.2) 97%

2

-

2

-

-

2

-

-

2

-

Aeromonas caviae TSIW09 (AM992188) 97%

1

-

1

-

-

1

-

-

1

-

Aeromonas jandaei PW23 (FJ940830) 98%

1

-

1

-

-

1

-

-

1

-

Aeromonas veronii CHS102 (FJ940834.1) 98%

1

-

1

-

-

1

-

-

1

-

Enterobacteriaceae
Pantoea sp. 092305 (EF522820) 96%

5

1

4

-

-

5

-

1

4

-

Erwinia sp. CU208 (FJ816023) 96%

1

-

1

-

-

1

-

-

1

-

Endophytic bacterium C01 (FJ205678.1) 96%

5

1

4

-

-

5

-

1

4

-

Xanthomonadaceae

Analysis of antifungal bacterial isolates by DGGE profiles
The DGGE results of all antifungal bacterial isolates were compared to each other. If
PCR amplicons stopped in the same melting area, and their colony morphologies and Gram
stain reaction were the same, they were considered to be the same species (figure 10). Only
PCR fragments that resulted in a clear band in the DGGE gel were sent out for sequencing.
Most bands that were identified belonged to genus Bacillus. Interestingly, not all of those
bands denatured in the same melting area. Bands which belonged to the family
Enterobacteriaceae such as Pantoea sp. and Erwinia sp. did not show strong bands in DGGE,
but we were still able to identify these bacterial isolates. There were only three bands which
related to Streptomyces sp. The accession numbers of the closest matches to these bacterial
isolates in GenBank are listed in Table 3.
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Figure 10: DGGE results of 16S rDNA fragments from antifungal bacterial isolates from R.
catesbeiana using primers 357F+GC and 907R and a denaturing gradient of30-60%. The
arrows indicate the bands which were sent out for sequencing and were compared to
Genbank database entries.

The phylogenetic trees based on 16S rRNA gene sequences of antifungal bacterial
isolates from R. catesbeiana were built with the Neighbor-Joining (NJ) and Maximum
Parsimony (MP) methods. The original sequences from antifungal bacterial isolates and
closest matches from GenBank database entries were used to build the phylogenetic trees.
For the Gram negative bacteria tree, both MP and NJ showed the relationships of our
bacterial sequences from R. catesbeiana and matched sequences from GenBank. There were
a total of four family groups: Aeromonadaceae, Enterobacteriaceae, Pseudomonadaceae, and
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Xanthomonadaceae. For the Gram positive tree, there were two family groups: Bacillaceae,
and Actinobacteriaceae. The biggest group belonged to the family Bacillaceae because it
comprised ~87% of all bacterial isolates from R. catesbeiana. The smallest group was the
family Pseudomonadaceae (~13%) (Fig. 11, 12).

Aeromonadaceae

Enterobacteriaceae

Xanthomonadaceae

Pseudomonadaceae

Figure 11: Phylogenetic tree showing the evolutionary relationship based on 16S rRNA gene
sequences of antifungal Gram negative bacterial isolates from R. catesbeiana by using the
Neighbor-Joining method. The sequences were ~1,100 to1,400 bp long. The percentages of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches. The evolutionary distances were computed using
the Maximum Composite Likelihood method and were in the units of the number of 0.02
base substitutions per site. The right braces indicate the family to which these bacteria
belong. Sequences from bacterial isolates are indicated in the tree with their isolate number.
S. epidermidis was used as an outgroup.
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Bacillaceae

Actinobacteriaceae

Figure 12: Phylogenetic tree showing the evolutionary relationship based on 16S rRNA gene
sequences of antifungal Gram positive bacterial isolates from R. catesbeiana by using the
Neighbor-Joining method. The sequences were ~1,100 to 1,400 bp long. The percentages of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches. The evolutionary distances were computed using
the Maximum Composite Likelihood method and were in the units of the number of 0.02
base substitutions per site. The right braces indicate the family to which these bacteria
belong. Sequences from bacterial isolates are indicated in the tree with their isolate number.
E. coli was used as an outgroup.
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Figure 13: Neighbor-Joining phylogenetic tree showing the evolutionary relationships of
anti-dermatophyte Gram negative bacterial isolates from R. catesbeiana,, R. mucosa (in
Woodhams et al., 2007), H. scutatum and P. cinereus (in Lauer et al., 2007 and 2008). The
sequences comprise a total of ~1,100 to1,400 bp. The percentages of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to
the branches. The evolutionary distances were computed using the Maximum Composite
Likelihood method and were in the units of the number of 0.02 base substitutions per site.
The right braces indicated the family that these bacteria belonged. The numbers on some
branches were the original sequences of bacteria from R. catesbeiana. S. epidermidis was
used as an outgroup.
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Figure 14: Neighbor-Joining phylogenetic tree showing the evolutionary relationships of
anti-dermatophyte Gram positive bacterial isolates from R. catesbeiana, R. muscosa (in
Woodhams et al., 2007), H. scutatum and P. cinereus (in Lauer et al., 2007 and 2008). The
sequences comprise a total of ~ 1,100 to 1,400 bp. The percentages of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown
next to the branches. The evolutionary distances were computed using the Maximum
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Composite Likelihood method and were in the units of the number of 0.1 base substitutions
per site. The right braces indicated the family that these bacteria belonged. The numbers on
some branches were the original sequences of bacteria from R. catesbeiana. E. coli was used
as an outgroup.
Discussion
This study has provided evidence that some of the symbiotic bacterial isolates from R.
catesbeiana can produce antifungal metabolites against the dermatophyte fungi M. gypseum,
E. floccosum, and T. mentagrophytes in vitro. A total 30.38% of bacterial isolates from R.
catesbeiana were antifungal against all three dermatophyte fungi. Some R. catesbeiana
individuals carried high percentages of bacteria which produced antifungal metabolites
(63.6%). There was one R. catesbeiana individual on which only one antifungal bacterium
could be isolated from; this bacterium had a strong positive result against all three
dermatophyte fungi tested. This bacterium was identified as Bacillus cereus which belongs to
the Bacillaceae. In addition, most of the anti-dermatophyte bacteria that were identified from
the skin of R. catesbeiana were related to the genus Bacillus (~87%). The bacterial isolates
which produced the strongest antifungal metabolites to all three dermatophyte fungi were
closely related to B. subtilis, B. cereus, and B. amyloliquefaciens. Another bacterial isolate
which also produced a strong antifungal metabolite was related to Stenotrophomonas
maltophilia. Around ~20% of all antifungal bacterial isolates belonged to Stenotrophomonas
species.
Previous studies have found that Bacillus species are known to produce different
metabolites that can inhibit the growth of different fungal pathogens, bacterial pathogens, and
systemic viruses. Bacillus subtilis has been recognized for more than 50 years for producing
antibiotics such as Mycobacillin, Subtilin, Fungistatin, Mycosubtilin, and Neocidin (Katz and
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Demain, 1977). The average percentage of a B. subtilis genome that is committed to
antibiotic production is about 5% (Stein, 2005). B. cereus is known as a producer of the
fungicides Biocerin, Cerexin, and Thiocillin. In addition, B. cereus is known to produce two
fungistatic antibiotics, Zwittermicin A and B, that can suppress the growth of the plant
pathogen Phytophthora medicaginis which causes the damping-off disease of alfalfa.
Damping-off disease (Rhizoctonia root rot) is a fungal disease which can kill seedlings and
causes foot rot in alfalfa. Infection occurs in warm and moist environments. The fungus P.
medicagnis is found in natural soils (Silo-Suh et al., 1994). 7.5 % of the B. amyloliquefaciens
genome codes for enzymes involved in antibiotic production (Stein, 2005). Many antibiotics
produced by these bacterial species are currently used for biocontrol and plant growth
promotion such as Surfactin, Fengycin, Iturin A, and Chlorotetaine (Arguelles-Arias et al.,
2009). Additionally, many Actinomycetes are also well known for the production of different
antibiotics. Especially, the genus Streptomyces in the family Actinobacteriaceae accounts for
80% of actinomycete natural products with antibiotic properties. For instance, the
compounds Caprolactones, 3, 6-disubstituted Indoles, and Trioxacarcins from Streptomyces
sp. are used in anticancer treatments; the compounds Chandrananimycins, and IB-00208
from Actinomadura sp. have antibacterial and anticancer properties (Pimentel-Elardo, 2008).
Gram negative bacteria, such as Stenotrophomonas maltophilia are also known to
produce antifungal metabolites and enzymes (Proteases, Glucanases, and Chitinases) against
pathogenic fungi. The bacteria showed a notable activity against the human pathogenic
fungus Candida albicans, soil-borne pathogens Rhizoctonia solani and Verticillium dahlia,
and the white mold Sclerotinia sclerotiorum (causes infections to the pepper canopy)
(Minkwitz and Berg, 2001). Other Gram negative bacterial species, such as Pseudomonas
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monteilli and other Pseudomonas species are known to produce plant growth promoting
enzymes and hormones such as indole-3-acetic acid, and aminocyclopropane-I-carboxylate
deaminase. These bacteria could also produce fungal cell wall degrading enzymes such as
Protease and Chitinase which are used for antibiotic plant control (Naik et al., 2008).
Recently, β-lactamase, which is a major hurdle for β-lactam-containing antimicrobial agents,
has been found in Aeromonas species including Aeromonas jandaei. Especially, the metalloβ-lactamase produced by A. jandaei with two compounds, a cephalosporinase and a metalloβ-lactamase are important metabolites with antibiotic properties (Bush, 1998). Other bacterial
species like Erwinia herbicola strain EH252, and Pantoea agglomerans strain EH318
produce an antibiotic which inhibits the growth of Erwinia amylovora, the causative agent of
fire blight (flowers turn brown and wilt; twigs shrivel and blacken) on rosebushes, apple, and
pear trees (Vanneste et al., 1992, and Wright et al., 2001). Many anti-dermatophyte isolates
that were identified in this study were found to be closely related to the above mentioned
bacterial species. However, it is not known if the bacterial isolates are able to produce any of
the known antifungal metabolites mentioned, or if they produce unknown active metabolites.
Future studies will address this question.
This research has shown that symbiotic bacteria on R. catesbeiana can inhibit the
growth of some pathogenic fungi which can infect humans. Some previous studies have
shown that symbiotic bacteria on amphibian skin may contribute to immune defense
mechanisms of the amphibians against pathogenic bacteria and fungi. Previous research has
found that the amphibian skin can harbor bacteria that inhibit the amphibian pathogen
Batrachochytrium dendrobatidis, a fungus which is associated with declines and extinctions
of 50% amphibian populations worldwide (Rollins-Smith and Conlon, 2004). Harris et al.
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(2006), isolated bacteria from the skin of two salamander species, Plethodon cinereus
(Eastern Red-backed salamander) and Hemidactylium scutatum (Four-toed salamander), that
inhibited the growth of B. dendrobatidis. These bacteria belong to the genera Bacillus,
Paenibacillus, Streptomyces, Pseudomonas, Arthrobacter, Pedobacter, Lysobacter, and
Kitasatospora. Research by Woodhams et al. (2007) found that cutaneous bacteria of the
mountain yellow-legged frog Rana muscosa inhibited skin infection by B. dendrobatidis and
increased the effectiveness of the innate defense system in R. muscosa. These bacteria were
related to Bacillus weihenstephanensis, Stenotrophomonas maltophilia, an unknown βproteobacterium, Pseudomonas sp., and Pedobacter sp. Lauer et al. (2007, 2008) isolated
cutaneous antifungal bacterial species from the salamander species Plethodon cinereus and
Hemidactylium scutatum which inhibited the growth of the opportunistic pathogenic fungi
Mariannaea elegans and Rhizomucor variabilis. Those fungi were isolated from dead
salamander eggs. The antifungal bacterial isolates were related to the genera Bacillus,
Pseudomonas,

Streptomyces,

Stenotrophomonas,

Flavobacterium,

Sphingomonas,

Pedobacter,

β-proteobacterium

and

to

Chryseobacterium,
an

unknown

β-

proteobacterium.
This study compared the relationship of isolated antifungal bacteria from previous
studies of Woodhams et al. (2007) and Lauer et al. (2007, 2008) and compared them with
antifungal bacterial isolated from the American Bullfrog R. catesbeiana obtained in this
study. Two Neighbor-Joining phylogenetic trees were reconstructed, one for Gram positive
and one for Gram negative bacterial isolates. In the Gram positive phylogenetic tree, the
Bacillus ssp. and Streptomyces sp. were grouped very closely to related sequences from
GenBank (93%-98%) (figure 13,14). In the Gram negative phylogenetic tree, the antifungal
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bacterial isolated species also were grouped close to related sequences from GenBank. In
addition, bacterial isolates related to Aeromonas sp. were found that could inhibit the growth
of dermatophyte fungi (figure 13, 14). Most of the isolated antifungal bacteria from R.
catesbeiana were Gram positive, which is in contrast to previous studies. Lauer et al (2007,
2008) and Woodhams et al. (2007) found predominantly Gram negative bacterial isolates
with antifungal properties. One possible explanation for this observation could be the
amphibian‟s environment. Physical and chemical parameters of water and soil environments
are known to have significant effects on the symbiotic microbiota of the amphibian skin
(Hay, 1996). The mountain yellow-legged frog Rana muscosa investigated by Woodhams et
al. (2007) were sampled from Kings Canyon National Park and Yosemite National Park,
California. The plethodontid salamanders P. cinereus and H. scutatum investigated by Lauer
et al. (2007, 2008) were captured in the George Washington Forest, Virginia. The American
Bullfrogs were caught in an artificial pond at “The Springs” Apartments, in Bakersfield,
California. This pond is heavily influenced by humans. Pesticides and herbicides are used in
and around this pond regularly, which might affect the cutaneous bacateria on R.
catesbeiana. High concentration of pesticides will decrease the bacterial population (Jilani
and Khan, 2004). Actinomycetes and Bacilli, Gram positive bacteria, as spore formers are
able to survive in environments that were treated with pesticides in contrast to Gram negative
bacteria. Especial, Actinomycetes are known to bioremediate many different xenobiotics
(Fuentes et al, 2010). The amphibians were sampled from different environments; therefore
the symbiotic bacteria on their skin might be different. Also, the medium that was used
(R2A) might only support the growth of some cutaneous bacteria on R. catesbeiana, not all
members of the natural cutaneous microbiota might be able to grow, and picking bacterial
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isolates was not standardized. These reasons might also affect our results. The bacterial
isolated species might achieve the fastest growth on R2A, therefore introducing bias to the
isolation procedure. For example, Bacillus species are known for being non-fastidious, and
they grow fast on many different media (non-selective media).
Tinea infections such as tinea pedis (feet), tinea corporis (skin), and tinea capitis
(head) are caused by three genera of dermatophytes, Trichophyton, Microsporum, and
Epidermophyton (Kern and Blevins, 1997). Most of the infections caused by dermatophytes
can be treated with topical and systemic antifungal therapy such as using Butenafine (1%
cream), Griseofulvin (oral), or Ketaconazole (2% shampoo, 1% cream) (Huang et al., 2004).
However, there are possible side effects of these topical antifungal therapies. Butenafine is a
member of benzylamines which can cause severe blistering, itching, swelling, or irritation of
the

skin

(FDA,

U.S.

Food

and

Drug

Administration,

http://www.accessdata.fda.gov/drugsatfda_docs/label/2001/20524s5lbl.pdf). Griseofulvin is
derived from species of Penicillium and is known to have some side effects such as oral
thrush,

nausea,

diarrhea,

dizziness,

and

mental

confusion

http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/050475s054lbl.pdf).

(FDA,
Therefore,

antifungal bacterial isolates from R. catesbeiana can potentially be used to produce new
antifungal drugs which might help reducing some side effects. This research revealed more
about those bacteria‟s antifungal potential. They can inhibit the growth of fungal
dermatophytes which cause topical or subdermal skin infections in human. This research has
also provided evidence of the presence of cutaneous anti-dermatophyte bacteria on R.
catesbeiana which might not only protect this invasive amphibian from many fungal and/or
also bacterial infections, but might also provide a basis for health care providers to
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experiment with new antifungal drugs in the future. Future work will continue studying
antimicrobial bacteria on the amphibian skin, but also focus on the identification of the
antibiotic metabolites being produced. Results of this research might lead to new and maybe
stronger antifungals that can be used to treat fungal diseases in the future with fewer side
effects. In addition, it is likely that some cutaneous bacteria from R. catesbeiana also inhibit
the chytrid fungus B. dendrobatidis. If they can, this may explain why R. catesbeiana does
not succumb to chytridiomycosis as readily as many other amphibian species that become
infected by this deadly pathogen.
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