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ABSTRACT 

 

Wild birds rely on plumage for protection, reproductive display, and flight. Alterations to 

feather structure or color by symbiotic microbes may reduce survival and reproductive fitness. 

Feathers are waxy oligotrophic environments low in moisture and rich in recalcitrant beta-

keratin subject to freezing temperatures and high UV radiation. Ventral feathers were sterilely 

collected from wild dark-eyed juncos (Junco hyemalis) by mist net capture and shaken in a 

chaotropic solution to dislodge bacterial cells. More than 300 bacterial isolates, mainly Gram-

positive cocci and bacilli, were collected by serial dilution of enrichment cultures and purified 

by repetitive streaking on agar plates to generate an isolate collection. Isolates were tested for 

their ability to degrade keratin, the principle component of feathers, as well as other 

biochemical tests. Approximately half of the isolates were able to grow on keratin as a sole 

carbon and energy source. Surveys of bird feather samples were also tested for their ability to 

establish colonies under conditions mimicking environmental stressors such as desiccation and 

temperature extremes.  Phylogenetic analysis of PCR-amplified 16S rRNA gene sequences from 

the isolate collection showed substantial bacterial diversity including representatives of the 

genera Bacillus, Rhizobium, Staphylococcus, Pseudomonas and Sphingomonas.  Supported by 

NSF GK-12 and NIH KINBRE P20GM103418. 
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CHAPTER 1 

BACKGROUND 

 

1.1 Microbial Community Interactions 

 Much of the present-day dialogue in the microbiology community is dominated by an 

emphasis on the complex chemical interactions that occur between individual microorganisms, 

communities of microorganisms and how such interactions influence the hosts and ecosystems 

in which they inhabit. Given the ubiquitous presence of microorganisms, understanding these 

interactions is of critical importance to nearly every discipline of science as well as applications 

in today’s competitive industries. 

 

1.2  Microbe-Microbe Interactions  

For eons single-celled organisms evolved with one another sharing a complicated and 

tiresome diplomacy. Some populations learned to coexist in commensal, synergistic, or 

mutualistic alliances while other populations struggled violently for the right to resources and 

territory. These relationships exist today on skin, leaf and feather influencing every aspect of 

the world as we know it.   

Microbes, much like our own civilization, have evolved sophisticated systems of 

communication via quorum sensing a phenomenon referred to as autoinduction (Nealson et 

al.,1970; Fuqua et al., 1994). They develop vast networks of extracellular carbohydrates and 

proteins between individual cells to form a cell-carbohydrate matrix known as a biofilm. These 

biofilms help colonies adhere to substrates, regulate buoyancy and to provide protection 

(Donlan, 2002). Antibiotics, enzymes and exotoxins function as chemical warfare agents, and 
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microbes produce byproducts ubiquitous to any community; products for trade, gasses, heat, 

waste and even light (Nealson et al., 1970; Donlan, 2002). When one considers that 90% of the 

cells and 90% of the genes in the human body belong to microbes it is easy to surmise that the 

nature of all of this biochemical activity can have a tremendous impact on the fitness of the 

host (Turnbaugh, 2007). 

 

1.3 Host-Microbe Interactions  

The immense scope of interspecies and intraspecies interactions between 

microorganisms certainly provides researchers with unlimited avenues for discussion and 

research opportunities. However, if we take the science one step further we may begin to 

examine how complex communities of microbes have co-evolved with higher order organisms 

in which they inhabit and the importance microorganisms have on the fitness of the host. Have 

multi-cellular hosts developed methods by which to communicate and forage their own 

alliances with microorganisms? If so, how does this process work? 

Some well-known examples of microbe interactions with higher organisms include the 

endosymbiosis between Proteobacteria and an ancient eukaryote leading to the energy-

producing mitochondrial organ (Gray and Doolittle, 1982), a symbiotic relationship that exists 

between the diazotrophic (Nitrogen fixing) genus Rhizobium and leguminous plants, and the co-

beneficial relationship between intestinal microflora and every animal that possesses a 

digestive tract. 

Also well known, and more relevant to this research, are the hundreds of species of 

bacteria that are known to be closely associated with human skin. For the most part these 
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bacteria are nonpathogenic except in cases where injury allows the bacteria to enter the body. 

These species often share commensal or mutualistic relationships with the human host (Grice, 

2009). Research suggests that the presence of these benign species ward off allochthonous 

invaders by competing for space and resources, otherwise known as competitive exclusion 

(Schoeni and Wong, 1994; Rabsch et al., 2000). Some species produce antibiotics, chemical 

signals or toxins to kill or discourage invasive strains from colonizing the skin (Cogen, 2008). 

Recent data suggest that commensals also provide protection by constantly stimulating host 

epithelium to express antimicrobial peptides which kill pathogens, but which commensals are 

resistant to (Boman, 2000). A variety of factors including, environmental influences, biofilms, 

quorum sensing, microbial defense strategies as well as immune reactions and a myriad of 

secretions by the host all impact the assembly of such microbial communities. Species that are 

able to take advantage of a greater majority of these factors will possess a higher fitness than 

their neighbors and possess an increased chance of populating the integument. 

 

1.4 Higher Organisms Manage Microbial Communities  

It is a well-known fact that hosts manage their microbial communities by antimicrobial 

or regulatory secretions. Human hosts produce lysozyme in various bodily secretions (Schroder 

and Harder, 2006), dermcidin in sweat, Immunoglobulin A in mucosal secretions most notably 

in the lumen of the intestine (Fagarasan and Honjo, 2003; Brandtzaeg, 2004) as well as a myriad 

of antimicrobial peptides (Zasloff, 2002). Most fish species secrete a viscous mucosal fluid 

containing enzymes (Roberts, 2012; Hjelmeland et al., 1983), immunoglobulins (Fletcher and 

Grant, 1969), lectins (Shiomi et al., 1990), and various other reactive or toxic chemicals 
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(Cameron and Endean, 1973; Ingram and Alexander, 1980; Randall et al., 1987). Additionally, 

most living creatures, including plants and insects, produce antimicrobial peptides such as 

defensins that directly impact the assembly of microorganisms. Studies have also shown that 

when host defensive mechanisms are empirically manipulated native bacteria become 

troublesome or lethal (Zasloff, 2002; Rieg et al., 2005).  

The ability of higher organisms to impact the assembly of microflora on or within the 

body is quite impressive. Perhaps more impressive yet is the discovery that some species 

manipulate microbial communities as an ecological tool for survival.  

Leafcutter ants harvest green vegetation and transport it back to specialized storage 

chambers within their nest. This vegetation serves as a substrate for a Lepiotaceae fungi which 

the ants use as a food source. In addition to actually cultivating a fungal garden, the ants ward 

off invasive strains of fungi by spreading a special Actinomycete bacterium on the fungi. Leaf 

cutter ants maintain the Actinomycete bacteria on their chests and within their buccal cavities 

as a form of fungicide that affects Escovopsis, an invasive fungi which is dangerous to the 

cultivar. The Actinomycete, however, does not act as a fungicide to the Lepiotaceae fungi the 

ants cultivate (Currie, 2000; Currie et al., 2003). Similarly, termites in the subfamily 

Macrotermitinae maintain and harvest a fungal plot of Termitomyces for consumption and 

Ambrosia Beetles from the weevil subfamilies Scolytinae and Platypdoinae cultivate 

Ambrosiella, Rafaellea, and Dryadomyces fungi. Both the termites and the ambrosia beetles 

have also been shown to use bacteria as a pesticide against unwanted strains of fungus. Such 

tripartite interactions between higher organisms and surrounding microbiota are truly 

astounding.  
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CHAPTER 2 

OUR INTEREST: MICROORGANISMS AND THE AVIAN HOST 

 

2.1 Introduction  

Wild birds are found in every climate and in every corner of the world.  The 

characteristic ability to fly and their keen sense of direction allow birds to navigate quickly 

between isolated ecosystems as no other animal can. In addition to this, wild birds are one of 

the few organisms that have learned to adapt to the urban and agricultural environments 

characteristic of human development. Birds interact with our livestock, live in the eaves of our 

houses, bathe in our water supply and share common disease vectors such as ticks and 

mosquitoes. Surely these hosts play an extremely important role in the establishment and 

maintenance of microbial communities, both harmful and helpful, in ecosystems across the 

planet. Birds possess the potential to behave as extremely efficient vectors due to their 

mobility, but very few studies have focused on the ways in which microorganisms assemble on 

bird hosts and how these communities of microbes are managed.  

 Conservation of wild bird species is also an important topic for ecologists, 

environmentalists and bird-lovers alike. The National Audubon Society reports that, on average, 

common bird species have experienced a 68% decline since the 1960s with some species falling 

by as much as 80%. While the majority of this decline has been attributed to land development, 

deforestation, agricultural development, and climate change there are likely many, smaller 

factors that are also influencing populations in more subtle ways. Birds rely heavily on the 

quality of their plumage for survival; feathers provide birds with insulation from temperature 

extremes as well as serving as a barrier to environmental damage such as ultraviolet light, 
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feathers are critical to flight characteristics as well as buoyancy, and plumage quality plays a 

critical role in sexual selection and reproductive fitness (Gill,  2006). A thorough knowledge of 

microbial community interactions and plumage cannot be undervalued and is, thus far, quite 

limited in scope at this point in time. 

 Compared with many other disciplines, research in bird feather microbiology has been 

somewhat limited in scope. A handful of laboratories, such as that of Dr. Edward Burtt at Ohio 

Wesleyan, focus specifically on the relationship of plumage and microflora, while other 

researchers publish in the field in an indirect manner, their research leading to aims other than 

conservation and microbial ecology. Regardless, each study offers a unique insight into the 

microhabitat of the feather.  

 

2.2  Presence of Pathogens  

Bird feathers have been previously examined as potential vectors for common infectious 

diseases at the University of Bristol (Scullion, 1989). This study sampled orifices and lesions of 

live and dead birds for culture-based recognition of common bacterial pathogens. 

Staphylococcus and Streptococcus, common to a variety of skin, nose and throat infections 

were detected as well as several organisms known to cause various disorders of the digestive 

tract; Escherichia, Salmonella, Shigella, and Yersinia. The presence of Salmonella and Shigella 

was confirmed in an unrelated study of cloacal samples of tree swallows in 1996 (Lombardo, 

1996). This second group went on to conduct a study examining the presence of pathogenic 

microbes in the semen of tree swallows, which was found to contain Salmonella, Shigella, 

Vibrio spp., Pseudomonas spp., and Yersinia (Lombardo, 2000). More distant studies of cloacal 
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(Cooper et al., 1980; Brittingham et al., 1988) and sexually transmitted pathogens (Perek, 1969; 

Sheldon, 1993) in avian hosts also exist. These studies prove that many pathogens exist on and 

within wild birds, and can be transmitted during migration and interaction with humans (Reed 

et al., 2003).  

 

2.3 Microorganisms and Feather Health  

The feathers of wild birds function as insulation against environmental extremes and 

also function as a barrier to parasites, bacteria and fungi. This barrier consists of an obvious 

mechanical protective aspect as well as a more obscure, highly sophisticated biological barrier 

provided by symbiotic bacteria. Feather anatomy provides a complex matrix of hooklets and 

barbules that trap large amounts of debris before it can reach the skin, the distal parts of 

feathers possess a higher concentration of bacteria than do proximal sections (Muza et al., 

2000). Additionally, bird feathers, like all animal integuments, provide a habitat to many species 

of bacteria and fungi.   

Culture-based studies of feather microflora have been dominated by the genus Bacillus, 

but have also been shown to include Arthrobacter, Ochrobactrum, Pseudomonads, Serratia, 

and other Gammaproteobacteria (Burtt and Icida, 1999; Lucas et al., 2003; Shawkey, 2005).  

 Culture-independent studies of feather microflora have also been conducted. In one 

such study researchers contrasted the results of culture-independent and culture based 

experiments. Polymerase Chain Reaction (PCR) was conducted on the 16S rRNA genes from 

freshly homogenized feathers and then screened the amplicons for redundant sequences using 

RFLP. Unique patters were then sequenced and compared with sequences from Genbank. 
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Pseudomonas dominated the culture-independent approach while culture-based techniques 

were dominated by Bacillus (Shawkey et al., 2005). The researchers attributed the conflict in 

the studies to confounding factors in both techniques, for instance PCR amplification can be 

influenced by templates high in GC content. The dominance of Bacillus in the culture-based 

portion of this study match results of other similar studies (Burtt and Ichida, 1999). Another 

culture-independent study utilized LH-PCR, where differences in the length of rRNA PCR 

amplicons is used to fingerprint microbial isolates, to compare soil bacteria and bird plumage 

bacteria in breeding and non-breeding grounds of the American Redstart (Setophaga ruticilla) 

(Bisson et al., 2007).  This study concluded that Pseudomonas spp. dominated the plumage 

community of all birds tested, similar to the culture-independent results described by Shawkey. 

Other abundant species included Bacillus subtilis, Xanthomas, Bacillus megaterium, and 

Propionibacterium. 

It is a common belief that communities of native feather bacteria function to ward off 

allochthonous invaders via the competitive exclusion principle, otherwise known as Gause’s law 

(Shoeni and Wong, 1994; Rabsch et al., 2000). For instance, combinations of Citrobacter, 

Escherichia, and Klebsiella have been used to inhibit colonization of avian guts by 

Campylobacter (Schoeni and Wong, 1994). Given that native microbial communities provide 

such an advantageous service it is likely that birds have evolved behavioral and biological 

mechanisms to maintain beneficial microflora. Furthermore, it is likely that the inhospitable 

nature of the feather environment itself plays a major role in microbial community 

establishment and maintenance.  
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2.4  Previous Studies Concerning Keratin Degradation by Bacteria  

Research regarding microbial growth on plumage has not been limited to taxonomic 

classification. In fact the majority of papers published describe the degradation of keratin, the 

principal protein in feathers and skin, by bacteria and fungi. The high prevalence of cysteine 

residues in keratin give the protein a highly rigid structure and cause it to be very difficult to 

break down and be taken into the cell. Therefore, microorganisms must rely on extracellular 

enzymes (Kornillowicz-Kowalska, 1999). Microorganisms who wish to use keratin as a carbon 

source are often limited by the ability to deaminate amino acids and break disulfide bonds. 

(Mathison, 1964). Despite these challenges, keratinolytic activity is not uncommon in the 

microbial world (Marchisio, 2000; Sharma and Rajak, 2003), and is commonly found on feathers 

(Pugh, 1972; Burtt and Ichida, 1999; Whitaker et al., 2004).   

In addition to utilizing keratin as a substrate for growth, hair and feathers are often 

coated in lipids such as sterols and free fatty acids, and fatty alcohols which are exuded by the 

host (Wertz and Downing 1998). These lipids could serve as additional nutrients for 

keratinolytic microflora. Lipids extracted from wool were able to support growth of several 

keratinolytic fungal species (Al Musallam and Radwan, 1990).    

 

2.5 The Interests of This Study  

The purpose of the research detailed in herein is to examine the microbial communities 

found on bird feathers and how these organisms respond to the various environmental factors 

that are characteristic of wild bird feathers. Previous research in this field have tested isolates 

for keratin degradation, proteolysis and lipolysis (Burtt and Ichida, 1999; Burtt and Ichida, 2004; 
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Goldstein et al., 2004; Joshi et al., 2007), however, no other study has examined these 

microorganisms for temperature tolerance, or desiccation tolerance. Additionally, no study has 

ever attempted to identify whether or not the bacteria found on wild bird feathers can be 

quantified reliably and whether counts on a variety of media can be useful in describing overall 

biochemical behaviors of the microbial community.  

 Molecular work has been performed in earnest in other studies. Most of this molecular 

work was performed on large amounts of mixed DNA. This study, by contrast, will generate the 

largest bacterial isolate collection ever from wild bird feathers and each isolate will be 

characterized in greater detail than has been done previously. Further, bird feather microbial 

communities will be surveyed on several different media in order to assess the 

extremotolerance and survivability of the organisms, a novel attempted thus far in this field of 

study. 
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CHAPTER 3 

OBJECTIVES AND RATIONALE 

 

3.1  Objective 1  

Objective 1 of this research was to establish an isolate collection of culturable aerobic 

bacteria resident to wild bird feathers. Furthermore, it was our aim to use molecular techniques 

and phylogenetic software to construct a set of phylogenetic trees representing the organisms 

that are able to be cultured from wild bird feathers. Molecular examination of bacterial 

populations offers a higher resolution (certainty) of isolate identification as opposed to culture-

based assessments of the same organisms as well as decreasing workload, material waste, 

manpower and time. A molecular phylogenetic tree will provide a visual representation of 

culturable organisms. By inserting contextual organisms we may determine how evolutionarily 

similar/dissimilar wild bird feather microflora are from soil dwelling organisms, zoonotic 

bacteria and organisms known to degrade keratin.  

The purpose of Objective 1 was to test the hypothesis that microbial communities found 

on birds in their native habitat are dominated by organisms commonly found in soils, by 

sequencing the 16S rRNA gene of bacteria and completing a phylogenetic analysis.  

 

3.2  Objective 2  

Objective 2 of the study was to determine the extent to which culturable bacteria are 

able to utilize feather substrates as a food source, thereby reducing the fitness of the avian 

host. Keratinolytic bacteria, without a doubt, exist on the feathers of wild birds. However, it 

was thought that avian hosts have developed strategies to limit the impact of organisms that 
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are potentially harmful to their plumage, most probably by selecting for a microbial community 

that repels allochthonous invaders. 

 Objective 2 called for an enumeration of bacteria possessing the ability to degrade 

keratin with the purpose of addressing the hypothesis that a majority of microbial symbionts of 

wild birds will possess the ability to degrade keratin.   

 

3.3  Objective 3  

Objective 3 of this research project was to determine the propensity for culturable 

bacteria to withstand environmental factors that are inherent to feather integument. These 

environmental factors include; desiccation, oligotrophic conditions (substrate availability), as 

well as temperature tolerance. The results of a series of phentic assays were analyzed 

statistically and isolates were analyzed qualitatively based on their relation to contextual 

organisms known for their hardiness. 

It was hypothesized that the majority of symbionts on wild bird feathers will tolerate 

desiccation and related stressors. 

 Furthermore it was hypothesized that the majority of the bacteria found on the feathers 

of wild birds will exhibit complex biochemical pathways allowing them to consume a variety of 

substrates, including the ability to make use of keratin, starch, protein and lipid substrates 

which are prevalent on plumage. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURES 

 

4.1 Sampling and Processing  

4.1.1 Sampling  

All of the objectives of this study began with the mist net capture of wild birds at the 

Wichita State University Biological Field Station at the Ninnescah Reserve and under the 

supervision of Wichita State’s resident ornithologist, Dr. Christopher Rogers and following 

appropriate Institutional Animal Care and Use Committee (IACUC) protocols. In order to draw 

birds to sampling sites bird seed consisting of one or any combination of; white proso millet, 

whole milo, cracked corn, black oil sunflower seed and safflower seed, was evenly distributed 

on the ground 1–2 weeks prior to sampling. The sampling sites were checked every 2-3 days to 

ensure that subjects become accustomed to feeding at these locations. On the sampling date 

nets were erected on the perimeter of the feeding site.  This technique tends to be the most 

efficient during the cold season, especially when snow cover obscures natural foodstuffs. 

During the warm season, when food is plentiful, mist nets were set up in or adjacent to tree 

lines which are commonly trafficked by birds. 

 Once subjects were captured, individually wrapped sterile gloves were donned by the 

researcher. Sterile technique was observed at all times. While the bird was still in the net it was 

gripped gently by its dorsal side exposing the ventral feathers and ensuring that the ventral 

feathers do not come into contact with the researcher, clothing or any other object that may 

contaminate the subject. Contact by the mist net was generally unavoidable and is considered 

to be a minor confounding factor. Using a sterile glove, 8–10 ventral feathers were plucked 
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from the bird and placed into a sterile Whirl-Pak. Whirl-Paks containing feather samples were 

kept at ambient temperature for that day. Samples are not heated or cooled as this could alter 

the established microbial community.  

 

 

 

4.1.2 Processing  

Samples were transported from the Ninnescah Reserve to Dr. Schneegurt’s 

Microbiology lab at Wichita State University for processing. The time from which samples were 

collected in the field to the time at which processing began generally took about 1 hour to 1 

hour and 30 minutes. Every attempt was made to keep the feather samples the same 

temperature which they were collected, ambient temperature for the day.  

 Processing began when feathers were placed into a 0.1% solution of sodium 

pyrophosphate (NaPPi). Sodium pyrophosphate acts as a mild buffering agent and may help to 

disrupt ionic interactions between bacteria and the feather substrate effectively dislodging the 

bacteria (Caton, 2004 (NaMetaphosphate); Bisson, 2007 (PBS)). This heterogeneous solution 

was then fixed to a platform shaker and agitated at maximum speed for a period of 35 minutes 

at room temperature. The resulting extract was used immediately in testing. Samples more 

than 1-2 hours old are not used as microbial community structure may change substantially. 

For the purpose of this study there are two techniques under which all tests are 

conducted; “Survey” testing, and “Isolate Collection” testing.  

 

4.1.3 Isolate Collection  
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The Isolate collection was necessary primarily for the identification of individual isolates 

and in generating a list of phenetic traits specific to each of those isolates.  

 The isolate collection was generated by sampling 3 birds from one species, in this case 

the Dark-eyed Junco. Three feathers from each bird were pooled together for a total of 9 

feathers, which are then shaken as previously described (Figure 1). An individual feather or an 

individual bird may vary greatly from its peers, however, when pooled these strange variations 

may be buffered somewhat producing a final sample more representative of the population. A 

volume of 100 ul of the supernatant was spread plated on R2A agar plates supplemented with 

0.2% cycloheximide antifungal. There are a total of nine plates, three plates were incubated at 

4 °C, three plates are incubated at 25 °C and three plates were incubated at 37 °C. The different 

incubation temperatures ensure that the resulting growth reflects a greater diversity of 

organisms. Plates were incubated for 2 weeks, long enough to ensure that slower growing 

organisms had time to appear. Isolates that established colonies on the media were sampled 

continuously during this time and archived on library plates.  

 When generating library plates every organism that grows was sampled. Another option 

would have been to sample organisms based on color or morphology. The benefit of selecting 

every CFU ensures that no individual isolate is ignored just because it looks similar to another or 

shares the same color. The downfall to this approach is that the collection is bloated with 

duplicate isolates and increases workload substantially. Petri dishes containing R2A media are 

labeled with a grid and the grid was numbered. Each isolate was placed in its own cell on the 

grid giving it an identifying number.  
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 Once the isolate library was established it was necessary to purify each isolate using the 

streak plate method. Each isolate was streak plated a total of 6 times to ensure purity. Isolates 

were streak plated on R2A media and incubated at 25 °C in plastic tupperware bins containing a 

flask of water for humidity. Once plates were fully purified they were stored in a cooler at 4 °C 

for up to 4 months before they need to be re-plated. It was also imperative to freeze each 

individual organism at -85 °C in a 20% Glycerol solution so that it may be rescued later in case 

of contamination, or death of a culture.  

 Fully purified isolates were ready for testing. As mentioned earlier the primary purpose 

for the isolate collection was to identify organisms and identify traits specific to each organism. 

Therefore, testing included 16S rRNA sequencing, keratin utilization, lipid hydrolysis, gelatinase 

activity, amylase activity, and sodium chloride tolerance testing. These tests will be described in 

detail under the rationale sections for each of the objectives listed.  
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Figure 1. Isolate collection methodology.  
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4.1.4 Survey 

 The term ‘Survey’ will be used to describe assays in which an extract from the processed 

feather material was spread plated on various media and the resulting Colony Forming Units 

(CFU) were enumerated in order to gauge how well the microbial community was able to 

tolerate the selective pressures of that media. No long term maintenance is required as in the 

isolate collection. Microbial abundance is referred to in CFU/gram feather. 

Before enumeration data for selective media could be considered a baseline needed to 

be established using a non-selective media. A baseline count was established by placing nine 

feathers from an individual bird into a test tube containing 10 ml of 0.1% pyrophosphate 

solution (Figure 2). In order for the best statistical power three or more birds were surveyed if 

at all possible. The heterogeneous solution is shaken for 35 minutes. After the dislodging step 

300 ul was spread plated on R2A media supplemented with 0.2% cycloheximide antifungal. 

Spread plates were produced in replicate. Counts were taken on days 5, 14, 21, and 28 counting 

only bacterial isolates. It is important to note that some fungi are able to grow on R2A Media 

that has been supplemented with cycloheximide. Any fungus that does manage to grow is 

generally stressed and often appears more like a bacterial colony than a fungal one. This 

confounding factor may produce some measure of false positive when counting bacterial CFU. 

Great care must be taken, such as using magnification, to scrutinize against these CFU. If a 

colony is counted as a bacterial colony and recognized to be a fungal colony at a later date the 

count data is adjusted accordingly.    
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Survey count data was examined using Statistical Analysis Software (SAS) as well as 

simple T-tests in order to determine the average CFU per gram of feather and the standard 

deviation between samples.  

 Feather weight was determined using an analytical scale and 20 or more left over 

feathers from any remaining subjects. A small Erlenmeyer flask (50 ml) was placed on the 

analytical scale and the scale is zeroed. Ten feathers, selected at random from the pool, were 

placed into the Erlenmeyer flask and weighed. Feathers were placed back into the pool and 

another ten random feathers were weighed in this manner. A total of 20 feather weights were 

taken to establish an average feather weight and standard deviation. An Erlenmeyer flask was 

used because feathers are easily moved by static electricity and small currents of air even when 

enclosed in the protective box of an analytical scale. These small perturbations cause the scale 

to fluctuate make it difficult to determine feather weight.  

 After several feather samplings and counts it was possible to calculate a baseline CFU 

per gram feather. Once established other enumeration assays were conducted using a variety 

of selective media and experimental conditions. For the purpose of this research survey counts 

were taken to determine; temperature tolerances, NaCl Tolerance, and keratinase CFU counts.  

 Survey counts will not provide specific information on individual isolates, but will help us 

to understand the phonetic traits of the overall microbial community. 
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Figure 2. Survey count methodology.  
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4.2 Experimental Approach: Objective 1 – Establishment of an Isolate Collection and 

Phyolgenetic Analysis. 

 Traditional identification of bacterial isolates was achieved by conducting a battery of 

culture-based metabolic tests that would provide a phenetic fingerprint for each organism. This 

technique was very popular before the advent of molecular biology and 16s rRNA genotyping. 

Conducting 20 metabolic tests on 300+ organisms requires an immense amount of time and 

manpower and the end product only has a resolution of 20 variables. Also, during the testing 

there are countless confounding factors. Cultures may not grow on certain media due to 

temperature, humidity, culture age and contamination events may occur each time original 

plates are opened.  

 A more modern technique that has been widely accepted, 16s rRNA gene sequencing, is 

a higher resolution approach to genotyping and microbial taxonomy. It is well-known that all 

organisms rely on ribosomes to translate messenger RNA (mRNA) into a protein product. 

Ribosomes are made up of several subunits and these subunits are made up of ribosomal RNA 

(rRNA) as well as structural proteins.  The ribosomal RNA strand from the 16s ribosomal subunit 

in particular has been found to possess both conserved sequences as well as sequences that are 

highly variable and unique to each organism. The variable nucleotide bases in these regions are 

thought to be generated by mutations that accumulate over time. Using statistics, researchers 

have estimated the rate at which mutations occur at random. Given this rate, it is possible to 

estimate how evolutionarily distant two organisms are based on how many of their variable 

bases differ (Jukes-Cantor Model of Substitution). The 16s rRNA region of the DNA is 

approximately 1500 base pairs in length, and while bases in the conserved regions do not 
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change there are still hundreds of bases that are variable which increases the resolution when 

identifying individual organisms. In fact, it increases the resolution so much that distance 

between organisms can be calculated. The benefits of using this technique rather than using 

the traditional approach are many; less manpower and time is needed as only one test needs to 

be conducted per organism rather than a whole battery of tests, once sequences have been 

determined the data may be uploaded to a database so that other researchers may compare 

and contrast their research, graduate students as well as undergraduates are offered the 

opportunity to learn about and work with DNA, once equipment is attained and researchers are 

trained huge amounts of data can be gathered in a much shorter time than with culture work, 

less mess, less waste. 

 This aspect of the study calls for the identification of individual isolates, therefore, only 

the isolate collection will be utilized; CFU from survey tests are not purified and may contain 

multiple co-associated organisms.  

 

4.2.1 Freeze Thaw Extraction  

Pure cultures were used to inoculate an Oak Ridge Tube (ORT) containing 25 ml of R2A 

broth. Cultures were allowed to incubate at room temperature for a period of 2-3 days at which 

time the ORT was centrifuged at 10,000 for 5 minutes to pellet cells. Supernatant was poured 

off and 2 ml of 10 mM tris (pH 8.0) was used to resuspend the pellet. An aliquot of 750 ul of this 

suspension was transferred to a 1.5 ml microcentrifuge tube in for the freeze thaw cycle. All 

microcentrifuge tubes utilized in molecular work were autoclaved and subjected to 30 minutes 

of ultraviolet light prior to use to eliminate exogenous DNA contamination. Using a bubble rack 
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extraction tubes were submerged in liquid nitrogen for 1 minute or until the cell suspension 

was frozen completely. Next, the extraction tubes were submerged in a 90 °C water bath for 1 

minute or until completely thawed. This freeze/thaw cycle was repeated a total of 6 times, 

stopping after the third thawing event to gently vortex the tubes. After the sixth and final 

thawing extraction tubes were centrifuged at maximum speed (~16,000 rpm or ~10,000g) for a 

period of 5 minutes to pellet cellular debris. The supernatant, which contained the DNA, was 

pipetted and transferred to a clean microcentrifuge tube. It was important to avoid transferring 

any of the unwanted pellet in order to avoid excessive protein contamination of the sample. 

The tube containing the debris pellet was disposed of.  The supernatant containing the DNA 

was then submerged in a 90 °C water bath for 10 minutes to denature any remaining proteins. 

DNA samples were kept frozen at -20 °C until they were ready for Polymerase Chain Reaction 

Amplification (PCR). 

 Protein cleanup with a 25:25:1 Phenol/Chloroform/Isoamyl Alcohol solution is optional, 

but is rarely needed when extracting from pure culture and when using the primer set 

described in the following section. 

 

4.2.2 Polymerase Chain Reaction  

As with any DNA extraction large amounts of unwanted DNA accompany the gene that 

is relevant to this study. Using a universal bacterial PA/PH primer set (Sigma-Aldrich) the 16s 

rRNA gene may be isolated and PCR amplified (Edwards et al., 1989). The table below indicates 

the volume of each reagent used per reaction (Table 1).  
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TABLE 1 

REACTION SETUP FOR PCR AMPLIFICATION 

 

Reaction Setup for PCR Amplification of 16s rRNA Gene 

Reagent Volume 

ddH2O (RNase free) 35.75 ul 

ExTaq® Buffer ((10X): 20 mM Mg2+) 5.0 ul 

dNTP’s (200 uM Ea.) 4.0 ul 

pA Primer  1.25 ul 

pH Primer 1.25 ul 

ExTaq® DNA Polymerase (5 u/ul) 0.25 ul 

DNA  2.5 ul 

Total 50 ul 

 

 

 

The 10X Extaq® Buffer utilized in this research is supplied by Takara®. Its purpose is to 

keep the pH of the reaction optimal for the ExTaq® enzyme as well as supplying 20 mM Mg2+ as 

a cofactor.  

 Deoxynucleotide triphosphates (dNTPs) act as the building blocks for the nascent DNA 

strands.  

 Primers supplied to the reaction bind to the genomic DNA bracketing the gene of 

interest, the 16s rRNA gene, and allowing ExTaq® to begin replication. Primer specifications can 

be found in Table 2.  
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TABLE 2 
 

PRIMER INFORMATION. UNIVERSAL BACTERIAL PRIMERS PA (FORWARD) AND PH (REVERSE)  
 

Primer Information 

Primer Tm (°C) Sequence 

pA 61°C AGAGTTTGATCCTGGCTCAG 

pH 71.3°C AAGGAGGTGATCCAGCCGCA 

 

 

The ExTaq® DNA polymerase enzyme utilized in this research is supplied by Takara®. Taq 

DNA Polymerase is a thermostable DNA polymerase found in Thermophilus aquaticus. Its role in 

the PCR reaction is to withstand the heat of the “melting” portion of the PCR reaction thereby 

maintaining its conformation so that it may bind to and replicate the target gene. 

 Each freeze/thaw extract contained a different concentration of DNA depending upon 

how long the culture was allowed to grow, how fast that particular organism grows and how 

much of the DNA was lost or destroyed during the extraction process. Therefore, some more 

concentrated extracts were diluted before being used in the PCR reaction. The template to 

primer ratio seemed to be exquisitely important. More concentrated DNA samples seemed to 

increase the probability of non-specific binding of the primers. For this study most extracts 

were diluted 125X.  

Reactions were conducted in an Eppendorf® Mastercycler Personal® using the protocol 

setup listed in Table 3.  
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TABLE 3 

PCR COMMAND PROTOCOL USED WHEN AMPLIFYING 16S RRNA USING THE PA/PH PRIMER SET 

 

PCR Command Protocol 

Step Command Time (s) 

1 – Melting (Initial) Temperature = 95 °C 0:04:00 

2 – Melting  Temperature = 94 °C 0:03:00 

3 – Annealing Temperature = 53 °C 0:00:30 

4 – Elongation Temperature = 72 °C 0:01:00 

5 GOTO Step 2 Repeat 40 Cycles 

6 – Tail Elongation Temperature = 72 °C 0:02:00 

7 – Hold Temperature Hold Temperature = 4 °C Indefinitely 

 

4.2.3 Amplicon Confirmation and DNA Cleanup  

Following PCR amplification it was necessary to confirm that the appropriate portion of 

DNA has been amplified using gel electrophoresis. As stated in the rationale for this objective 

the 16s rRNA gene is approximately 1500 base pairs in length. Using a Promega® 100Bp ladder 

as a marker, 5 ul of the PCR reaction (or ladder) was combined with 2 ul Promega® 6x 

Blue/Orange Loading Dye and loaded into a 1% agarose gel. Electrophoresis is conducted at 100 

V for a period of approximately 45 minutes. Gels were stained for approximately 30 minutes 

using ethidium bromide (ETBR). 

 Successful amplicons will appear as a single solid band at approximately 1.5 kB with 

relation to the marker. Multiple bands indicate nonspecific binding of the primer which may be 

corrected by altering the annealing temperature, concentration of the extract, or both. 

Successful amplicons are prepared for DNA sequencing using “Promega Wizard SV Gel and PCR 
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Cleanup System” which is a simple DNA affinity column and centrifugal collection tube. 

Following DNA cleanup, gel electrophoresis is conducted once more to confirm the DNA 

fragment is still present. The protocol for this gel electrophoresis matches that above. ‘ 

 

4.2.4 DNA Sequencing  

DNA samples are packaged in dry ice and shipped to the University of Kansas DNA 

Sequencing core facility, with help from Dr. Michael J. Grose.  

 

4.2.5 Phylogeny of Cultured Organisms  

 DNA sequences were compiled in a simple text file in FASTA format. Molecular 

Evolutionary Genetics Analysis 5.10 (MEGA 5.10) was used to align sequences using ClustalW 

(Thompson et al., 1994).  

 Contextual sequences were selected by using the BLAST Sequence option within MEGA 

5.10, which leads directly to the NCBI Genbank database. For each isolate several contextual 

organisms were selected to ensure a high level of resolution. Contextual organisms from major 

culture collections such as the American Type Culture Collection (ATCC) or Deutsche Sammlung 

von Mikroorganismen und Zellkulturen GmbH (DSM), etc were preferred. Some contextual 

organisms were chosen based on comparison to relevant literature, such as Bacillus 

licheniformis, a well-documented keratin degrading organism (Altschul et al., 1990).  

 Phylogeny was accomplished using the Neighbor-Joining statistical method within the 

MEGA 5.10. Phylogeny was tested using the bootstrap method using 500 replications.   
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The initial tree was divided into three separate trees representing; a Gram-negative 

organisms, high G+C Gram-positive organisms and low G+C Gram-positive organisms.  

Distance indices, Chao estimators and rarefaction curves were generated using 

MOTHUR (Schloss and Handelsman, 2005). 

 

4.3 Experimental Approach Objective 2 – Assessment of Feather Degradation 

If there are vegetative cells living on the surface of bird feathers it would make sense 

that these organisms would make use of their surroundings and attempt to consume dead skin 

cells (alpha keratin) and feather material (beta keratin) produced by the host.  

The bird itself may have evolved mechanisms to select for a microbial community rich in 

organisms that do not consume keratin and keep keratin degrading organisms away. Little is 

known about the extent to which the microbial community impacts the structural integrity of 

wild bird feathers and, therefore, the host’s survivability.  

 

4.3.1 Feather Meal Agar Plates and Agar-Only Plates  

In order to determine the extent to which feather organisms are able to use Keratin as a 

food source both the isolate collection and the survey count approaches were utilized. Basal 

Salt Media, was supplemented with hydrolyzed feather meal, a common fertilizer generated 

from chicken feathers (Sangali and Brandelli, 2000; Shawkey et al., 2005) as the sole carbon 

source. Agar, which was also included in the media, is a polysaccharide derived from seaweed. 

This carbon source could cause a false-positive; therefore, all BSM Feather Meal Assays were 

accompanied by a proper ‘agar-only’ negative control.   
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 Individual isolates from the collection were used to inoculate BSM Feather Meal media, 

as well as agar-only media.  Plates were assessed for quality of growth on days 5, 14, 21, and 

28. Quality of growth was rated on a scale of 0 to 5 with 0 representing no growth and 5 

representing an organism that exhibits excellent growth to the point where the isolate spreads 

beyond the point of inoculation to a majority of the plate.  When data collection was complete 

any BSM Feather Meal isolate that exhibits a growth quality two points higher than the quality 

assessment of its agar-only counterpart is considered a keratin degrader.  

 The Keratin degradation survey was conducted using the same BSM Feather Meal media 

and agar-only control as the isolate collection; however, this media needed to be supplemented 

with 0.2% cycloheximide to avoid fungal contamination commonly found in the environmental 

samples. After the feather samples were processed, equal aliquots were spread plated on each 

media. Counts were taken on days 5, 14, 21 and 28 bacterial isolates. The total of CFU from the 

agar-only plates was subtracted from the total number of CFU from the BSM Feather Meal 

plates.  The same averages and statistics that were applied to the control counts are applied to 

Feather Meal Media counts.  

 

4.4 Experimental Approach Objective 3 – Assessment of Tolerance to Extremes  

The principle aim of Objective 3 is to test the temperature tolerance, desiccation 

tolerance and oligotrophic survival of avian bacterial symbionts. One of the primary functions of 

a bird’s plumage is to protect the bird from environmental extremes. Overlapping feathers trap 

air in a complex matrix of air pockets effectively insulating the body from hazardous 

temperatures and temperature shifts as well as forming a barrier against naturally occurring 
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ultraviolet radiation. The surface of the feather, and the microbial community contained 

therein, are subject to various temperature extremes depending upon the season. If birds 

maintain a specific microbial flora year round those bacteria would need to be able to tolerate 

a wide range of temperatures. Objective 3 will not assess the ability of organisms to tolerate UV 

light, however, this is obviously an important selective pressure relevant to the feather.  

It was hypothesized that the majority of symbionts on wild bird feathers would tolerate 

desiccation and related stressors. Birds do bathe themselves in water from time to time, but in 

order for feathers to maintain their flight characteristics and insulation they must remain dry 

the majority of the time. Sunlight and wind evaporates water from the surface of feathers 

quickly, feathers produce no liquid of their own, and birds do not possess sweat glands. In 

addition to these factors birds preen their feathers with a mixture of oils and fatty acids 

excreted by a uropygial gland near their tail. This protective oil coating functions to repel 

moisture. With these factors in mind it can be assumed that the feather is a very desiccating 

environment inhospitable to most forms of vegetative bacteria.  

 It was thought that the majority of the bacteria found on the feathers of wild birds 

would exhibit the ability to make use of keratin and lipid substrates. An aspect of the bird 

feather biome is the lack of a large variety of metabolic substrates for bacteria to feed on. Skin 

flakes, organic particulate matter from the environment, the preen oils, and the feathers 

themselves comprise the majority of available substrates. Vegetative cells living on bird 

feathers will undoubtedly possess metabolic pathways to consume lipids as well as both α-

Keratin (Dead skin cells), and β-Keratin (Feathers).  
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4.4.1  R2A Media Supplemented with Sodium Chloride  

Individual isolates from the collection were used to inoculate R2A media supplemented 

with 1%, 5%, 10%, 15% and 20% NaCl and assessed for quality of growth on days 5, 14, 21, and 

28. Quality of growth was rated on a scale of 0 to 5 with 0 representing no growth and 5 

representing an organism that exhibits excellent growth to the point where the isolate spreads 

beyond the point of inoculation to a majority of the plate. Sodium chloride is considered a 

desiccant due to its high osmosity and chaotropicity; therefore, it serves as a good measure for 

desiccation tolerance.  

 Survey tests were also conducted using NaCl plates. A specific dilution of sampled 

feathers is selected based on baseline (control) counts established early on. An aliquot of this 

solution was used to inoculate R2A media supplemented with 1%, 5%, 10%, 15% and 20% NaCl. 

Plates were enumerated on days 5, 14, 21, and 28 counting only bacterial isolates, in the same 

manner as the control counts. The same averages and statistics that were applied to the control 

counts will be applied to the NaCl Survey Assay.  

 In order to ward off fungal contamination 0.2% cycloheximide antifungal was included in 

survey media.  

 

4.4.3  Temperature Tolerances  

Temperature tolerance data was collected using only the survey count method. Survey 

tests were conducted using R2A media supplemented with 0.2% cycloheximide antifungal. After 

feather samples were processed an aliquot of the solution was spread plated on R2A media 

which was then incubated at 4 °C, 25 °C, 37 °C and 45 °C. Counts were taken on days 5, 14, 21, 
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and 28 counting only bacterial isolates, in the same manner as the control counts. The same 

averages and statistics that were applied to the control counts are applied to the NaCl Survey 

Assay.  

 

4.4.5 Oligotrophic Survival 

 Oligotrophic survival was tested by assaying the isolate collection for their ability to 

degrade a series of chemical compounds believed to be present on the feathers of wild birds. 

These compounds include lipids, starches, proteins, and keratin.  Additionally, an attempt was 

made to survey the number of bacteria that would be able to establish themselves on keratin 

meal agar. No attempt was made to survey lipid, starch or protein degrading organisms.  

 

4.4.5.1 Keratin Assay and Keratin Survey 

 The methods explaining the assay for keratin degradation with regards to the isolate 

collection and the survey of isolates able to grow on keratin has been previously described in 

section 4.3.1. Data from that keratin meal plates were utilized in objective 2, Assessment of 

feather degradation, as well as the oligotrophic survival section of objective 3.   

 

4.4.5.2 Lipase Assay 

 Wild birds produce preen oils and spread these oils on their feathers during grooming 

activities. Some bacteria surely possess the ability to utilize these lipid substrates as a carbon 

source.  Lipid hydrolysis was tested using agar plates infused with 2% tributyrin oil. Tributyrin 

oil gives the media an opaque appearance. If isolates are able to hydrolyze lipids, the oil, a zone 
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of clearing will appear around the organism. Plates were assessed for a zone of clearing two 

days after inoculation. Individual results are recorded as either positive or negative (Binary 

Data).  

 

4.4.5.3 Starch 

 Carbohydrates can be found widely in nature in plant litter and soils which wild birds 

constantly come into contact with. It is possible that feather bacteria utilize starch as carbon 

source. Starch hydrolysis was tested using agar plates infused with 0.4% soluble starch. Two 

days after inoculation plates were covered and incubated with Gram’s iodine for 5 minutes. The 

iodine was removed and colonies were examined for a zone of clearing.   

 

4.4.5.4 Gelatin 

 Bird feathers may also possess a variety of proteins other than keratin from sources 

such as collagen, skin flakes, plant matter and dung. Gelatin stab tubes were utilized as a simple 

assay of protein hydrolysis. Isolates were stabbed into gelatin and allowed to incubate for 48 

hours at which time the mixture was assessed qualitatively. A liquefied mixture indicated that 

the isolate was positive for protein hydrolysis. 

 

 

 

 

 

 

 



34 
 

CHAPTER 5 

RESULTS 

 

5.1  Sampling and Processing  

Wild dark-eyed juncos were sampled on four different dates over a period of 3 years. All 

samplings were conducted at the Wichita State University Field Station during the time when 

juncos were wintering in Kansas.  An attempt was made to always capture 3 juncos for 

statistical purposes, however, during one sampling (December 15th) it was only possible to 

sample 2 birds. Table 4 indicates when each junco was sampled and the tests that were 

conducted. 

TABLE 4 

JUNCO FEATHER SAMPLES AND THEIR CORRESPONDING TESTS  
 

Junco Feather Samples and Corresponding Tests 

Sample Date Tests Conducted 

Junco X November 9, 2009 Isolate Collection 

Junco Y November 9, 2009 Isolate Collection 

Junco Z November 9, 2009 Isolate Collection 

Junco A December 6, 2011 Control Count  - BSM Feather Meal - BSM agar-only 

Junco B December 6, 2011 Control Count – BSM Feather Meal – BSM agar-only 

Junco C December 6, 2011 Control Count – BSM Feather Meal – BSM agar-only 

Junco D December 15, 2011 Control Count – NaCl Survey 

Junco E December 15 2011 Control Count – NaCl Survey 

Junco F February 2, 2012 Control Count – Temperature Survey 

Junco G February 2, 2012 Control Count – Temperature Survey 

Junco H February 2, 2012 Control Count – Temperature Survey 
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5.1.2 Processing Survey Samples 

5.1.1 Isolate Collection Processing 

 During the first 3 months after the November 9th  sampling individual isolates were 

separated from one another, given identifying numbers and purified. Initially, 388 isolates were 

captured and maintained. For the next 3 years the isolate collection was subjected to a myriad 

of tests. 

 

5.1.2.1  Feather Weight and Bacterial Load 

 Feather weight data was used to normalize values when determining microbial 

abundance as the average CFU per gram of feather. Repeated weight measurements (n=20) 

indicates that the average weight of a junco feather is approximately 5.61x10-4 g (± 3x10-5) 

(Table 5).  In each survey count nine feathers were suspended in 10 ml 0.1% sodium 

pyrophosphate solution (w/v), of which 300 ul was plated. After 28 days of incubation at 25 °C 

the average CFU/g feather per plate (n=51) was 9.68x10
6
 ± 5.07x10

6 (Figure 3 and Table 6).   
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TABLE 5 
 

DETERMINATION OF FEATHER WEIGHT BY REPEATED MEASURE 
 
 

Determination of Feather Weight By Repeated Measure 

Feather Weight Test (10 Feathers)  Average Wt. 10 Feathers (g) 

Test 1 4.9x10-3 

Test 2 6.0x10-3 

Test 3  5.9x10-3 

Test 4 5.3x10-3 

Test 5 5.8x10-3 

Test 6 5.6x10-3 

Test 7 5.8x10-3 

Test 8 6.4x10-3 

Test 9 5.7x10-3 

Test 10 5.7x10-3 

Test 11 5.6x10-3 

Test 12 5.5x10-3 

Test 13 6.2x10-3 

Test 14 5.6x10-3 

Test 15 5.3x10-3 

Test 16 4.9x10-3 

Test 17 5.5x10-3 

Test 18 5.5x10-3 

Test 19 5.4x10-3 

Test 20 5.6x10-3 

 
  

Average of All Tests 5.61x10-3 

SD ± 3.68x10-4 

 Average Weight of an Individual Feather =  5.610x10-5 g ± 3.68x10-6 
. 
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5.1.2.2  Survey of Microbial Abundance On Non-Selective Media  

 For each junco sampled for a survey test (Juncos A-H), a portion of the feathers were 

plated on non-selective R2A media in order to establish a baseline or control count of aerobic 

microbes present per gram of feather. Replicate plates were enumerated on days 5, 14, 21, and 

28. The number of replicates changed from day 5 to day 28 due to plate health factors such as 

fungi or R strategists taking over the plate (Table 6). Colonies grew to 77% of the final 28 day 

count in the first 5 days. Colony number continued to increase over the 28 day period , but the 

increase slowed somewhat from week to week. From day 5 to 14 CFU/g Feather increased by 

1.33x106, at which time new colony growth appeared to plateau. During the remaining 14 day 

microbial abundance increased by approximately 4.3x105 CFU/g Feather to 9.68x106 CFU/g 

Feather on day 28 (Figure 3).  

 
TABLE 6 

 
SURVEY OF MICROBIAL ABUNDANDCE GROWN ON NON-SELECTIVE R2A MEDIA 

 
 
 
 

 

 

 

 

 

 

 

 

 

Day n Average CFU/g Feather SD 

Day 5 8 7.92x10
6
 2.77x10

6
 

Day 14 8 9.25x10
6
 3.41x10

6
 

Day 21 7 9.28x10
6
 3.35x10

6
 

Day 28 5 9.68x10
6
 5.07x10

6
 



38 
 

 

 

 

 

 

 

 

Figure 3. Each survey sample was accompanied by a set of replicate control plates.  Colony 
forming units were quantified over a 28 day period. The sample size and statistics for each time 

point can be found in Table 6. 
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5.2 Objective 1 Results  

5.2.1 Dendrogram  

Once the isolate collection had been established work began on DNA extraction. The 

16S rRNA gene of the DNA extracts were PCR amplified, sequenced and analyzed 

phylogenetically using tools from the program MEGA 5.1. The initial tree, containing all of the 

sequenced isolates, was too large. It was decided to break the tree into taxonomic groups at 

the division level.    

 

5.2.1.1 High G+C Gram-Positive Bacteria   

The isolate collection includes 78 high G+C Gram-positive organisms which were related 

to the order Actinobacteria. The tree contains organisms from six major Families: 

Cellulomonadaceae, Microbacteriaceae, Micrococcaceae, Promicromonosporaceae, 

Sanguibacteraceae, and Streptomycetaceae. The majority of the isolates (69 isolates or 92%) 

fell within the family Microbacteriaceae, known for its common soil organisms (Figure4).  
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Figure 4. High GC Gram-positive dendrogram. 
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5.2.1.2 Low G+C Gram-Positive 

 It was found that 63 isolates from the collection were closely related with Low G+C 

Gram-positive organisms (Figure 5).  These organisms were separated into two main genera 

Bacillus and Staphylococcus and further into Staphylococcaceae and Bacilliaceae families. Many 

of the organisms in these families are known to possess versatile biochemical pathways that 

allow them to degrade recalcitrant compounds such as keratin and cellulose.  Such organisms 

are also known to be resistant to environmental stressors. These factors support the 

hypotheses of objectives 1, 2 and 3. 

 One of the more noteworthy points to consider is that the majority of isolates are 

closely related to Bacillus licheniformis, which has been well documented as a keratin-

degrading organism by several groups, most notably Burtt et al.  
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Figure 5. Low GC Gram positive dendrogram.  
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5.2.1.3 Gram-Negative Bacteria  

A total of 34 isolates were found to be closely related to Gram-negative, 

Alphaproteobacteria and Gammaproteobacteria. The Alphaproteobacteria clade include the 

families Aurantimonadaceae, Rhizobiaceae, Rhodobacteraceae, and Sphingomonadaceae, while 

the Gammaproteobacteria clade is represented by the families Enterobacteriaceae, 

Moraxellaceae, and Pseudomonadaceae.  No single order or family was shown to represent a 

majority of the isolates (Figure6).  

Many of the organisms within these families possess complex biochemical pathways 

increase survival in oligotrophic, extremotrophic, psychrophilic and thermophillic 

environments. Several contextuals are also known to enter a stationary phase which to enables 

these organisms to survive harsh conditions. These factors support the hypotheses of objective 

3. 

 The diversity index for the isolate collection can be found in Table 7, including Chao 

estimator, Shannon and Simpson indices.  The Shannon index of 3.60 suggests that the isolate 

collection is fairly rich in diversity. The rarefaction curve for the isolate collection can be found 

in Figure 7. This rarefaction curve has not yet began to reach its plateau which seems to suggest 

that there are likely many more species in the microbial community than what we have found.  
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Figure 6. Gram negative dendrogram.  
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TABLE 7 
 

DIVERSITY ANALYSIS OF ISOLATE COLLECTION GENERATED FROM THE FEATHERS OF WILD 
DARK-EYED JUNCOS 

 
 

Parameter Level of Sequence Identity 

 97% 94% 88% 

OTUs 50 38 25 

Chao 1 Average 65 46 27 

Chao 95% CI 55-93 40-69 25-39 

Shannon Index (H) 
Average 

3.60 3.27 2.73 

Simpson Index (D) 0.0592 0.0665 0.1095 
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Figure 7. Rarefaction curve of isolate collection generated from the feathers of wild dark-eyed 
juncos. 
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5.3 Objective 2 Results  

5.3.1 Feather Meal vs. Agar-only Media  

The keratin degradation capabilities of the isolate collection were assayed using BSM 

Feather Meal media and using BSM Agar-only media as a control. A total of 301 isolates were 

used to inoculate these plates and colony growth was assessed over a 28-day period. Positive 

keratinase activity of an isolate was defined as a feather meal plate exhibiting growth two 

quality points higher than its accompanying agar-only plate (Figure 8). 
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Figure 8. An example of an agar-only plate (left) and a Feather Meal plate (right). Feather 
isolate F170 has established itself on the feather meal agar, but is struggling to survive on the 

agar-only plate. This suggests that the isolate is using keratin as a carbon substrate. 
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5.3.2  Isolate Collection Keratinase Activity 

 The majority of isolates grew slowly on both the feather meal and the agar-only media, 

however, isolates growing on feather meal media presented a more robust colony morphology 

in every case.  Only 17.61% of isolates were able to establish themselves on feather meal media 

by day 5, however almost half (43.52%), were well established by day 28 (Figure 9).  

 Keratin degrading organisms were profiled using data gathered from molecular analysis 

(Figure 10). These organisms were dominated by Bacillus (46.59%), and Microbacterium 

(14.77%).  
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Figure 9. Isolates which showed the ability to establish colonies on feather meal agar plates 
over a 28 day period.  (n=301) 

 

 

 

 

 

 

 



51 
 

 

 

 

 

 

 

 

Figure 10. Genus Level Profile of Keratin Degraders (n=88).  
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5.3.3 Survey of Keratinase Activity 

 Junco feathers sampled on December 6, 2011 (Juncos A, B and C) were surveyed for the 

ability of resident bacteria to grow on BSM Feather Meal agar and BSM agar-only. Replicates of 

10 were conducted for each media and for each bird; n=30 for each media. These 

pseudoreplicates were not used to calculate statistics, but did describe inter-plate variation and 

experimental error. For statistics only the birds could be considered as replicates (n=3). Plates 

were supplemented with 0.2% cycloheximide antifungal, however, there were significant issues 

with fungal contamination. By day 28 a large number of plates had been lost.  Furthermore, the 

presence of fungi was much more concentrated in the feather meal plates than it was in agar-

only control plates. It is thought that the presence of fungi may have impeded the continued 

growth of bacterial colonies sometime after day 5. Data for the entire month can be found in 

Figure 11, however due to the confounding factors stated above only the 5 day test should be 

considered for this paper (Figure 12). 

Control counts, those enumerated from non-selective R2A media, were established 

using control plate counts from all birds sampled (Juncos A-H), not just from the birds in this 

particular sampling. It was expected, based on results from the isolate collection that both 

feather meal and agar-only would possess far fewer CFU/g Feather at day 5 than control 

counts. Further, it was expected that feather meal CFU/g Feather would outnumber agar-only 

CFU substantially. Figure 12, seems to support these conclusions. Feather meal colonies at day 

5 were only 17.93% (1.42x106 CFU/g Feather) of the R2A control (7.92x106 CFU/g Feather), and 

agar-only counts were only 45.70% (6.49x105CFU/g Feather) of the feather meal counts. 

However, standard deviation between the Feather Meal and Agar Only experimental groups 
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appeared to overlap. A simple student T test indicated that these two values were not 

significantly different (P = 0.1359). Based on this finding the survey of Keratinase activity does 

not support the hypothesis that the majority of the bacterial community on wild bird feathers 

are able to degrade keratin. 

 Another sampling was conducted March of 2013 in order to overcome the fungal 

contamination issues associated with this experiment by adding two additional antifungal 

compounds to the media.  Even with a mixture of Cycloheximide, Nystatin, and Carbendazim 

infused into the media fungi continued to grow on the feather meal plates. Fungi grew on agar-

only plates as well, but they didn’t grow nearly as large and they did not produce phenolic 

(dark) coloration around the colonies. Despite these confounding factors we were able to 

estimate that approximately 1.49x106 (±5.77x105) keratin degrading bacteria per gram of 

feather grew on these plates by day 14.  

TABLE 8 

SURVEY OF KERATINASE ACTIVITY USING FEATHER MEAL AND AGAR-ONLY MEDIA 

 

Microbial Abundance Of Feather Meal Agar Plates 

DAY n Average CFU/g Feather SD 

5 3 1.42x10
6
 6.57x10

5
 

14 3 2.19x10
6
 8.56x10

5
 

21 3 2.29x10
6
 7.44x10

5
 

28 2 2.05x10
6
 7.94x10

5
 

Microbial Abundance Of Agar Only Plates 

DAY n Average CFU/g Feather SD 

5 3 6.49x10
5
 2.84x10

5
 

14 3 2.06x10
6
 3.54x10

5
 

21 3 2.73x10
6
 5.02x10

5
 

28 3 3.97x10
6
 1.11x10

5
 

 

 



54 
 

 

 

 

 

 

 

 

 

Figure 11. Survey of the microbial abundance of keratinase positive bacteria on the feathers of 
wild dark-eyed juncos.  
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Figure 12. Survey of keratinase activity at day 5.   
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5.4 Objective 3 Results  

5.4.1  Desiccation Tolerance 

5.4.1.1 Isolate Collection NaCl Tolerance 

 Isolate collection NaCl tolerance tests were conducted for 288 organisms over a 28-day 

period. Isolates were assessed qualitatively by assigning a number from one to five based 

subjectively on the morphology of the colony, however, for the purpose of this paper data is 

simply based on positive or negative growth by the given time point.  

All of the organisms seemed to be able to adjust to their environment over time; 

however, colonies seemed to stagnate by the day 28. As expected, as salt concentration 

increased the number of isolates that were able to tolerate this desiccation decreased 

significantly (Figure 13).  
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Figure 13. Isolate Collection Halotolerance Profile (n=288).  
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5.4.1.2 Survey of Sodium Chloride Tolerance  

An identical sodium chloride / time point scheme was utilized for the survey of microbial 

abundance in a desiccating environment. The results of the survey experiment were remarkably 

similar to the results from the isolate collection assay. Once again organisms seemed to possess 

the ability to adapt to the saline environment of the plates, their numbers gradually increasing 

over time. Likewise, there was an obvious negative correlation between salt concentration and 

the number of CFU/g Feather at each time point (Figure 14).  

 The control count numbers are, once again, based on an aggregation of data from all 

junco samplings (Juncos A-H), not just the ones utilized in these tests (Juncos D and E). Raw 

data for this survey can be found in (Table 9). It is worth noting that there were only 2 

replicates (two birds were sampled) for each salt concentration. Regardless of the small sample 

size overall, SD for this survey was very low (Table 9).  
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TABLE 9 

SURVEY OF MICROBIAL ABUNDANCE ON R2A MEDIA SUPPLEMENTED WITH VARIOUS 

CONCENTRATIONS OF SODIUM CHLORIDE 

 

DAY n % NaCl Ave CFU/g Feather SD 

Day 5 2 1 4.52x10
6
 2.80x10

4
 

Day 5 2 5 1.03x10
6
 5.60x10

4
 

Day 5 2 10 9.90x10
4
 4.67x10

4
 

Day 5 2 15 6.60x10
4
 0 

Day 5 2 20 0 0 

Day 14 2 1 5.13x10
6
 2.33x10

3
 

Day 14 2 5 1.81x10
6
 1.31x10

5
 

Day 14 2 10 2.11x10
5
 9.34x10

4
 

Day 14 2 15 6.60x10
4
 0 

Day 14 2 20 0 0 

Day 21 2 1 5.33x10
6
 1.21x10

5
 

Day 21 2 5 1.90x10
6
 1.12x10

5
 

Day 21 2 10 2.38x10
5
 5.60x10

4
 

Day 21 2 15 1.06x10
5
 0 

Day 21 2 20 0 0 

Day 28 2 1 5.36x10
6
 1.36x10

5
 

Day 28 2 5 1.93x10
6
 8.40x10

4
 

Day 28 2 10 2.64x10
5
 7.47x10

4
 

Day 28 2 15 1.19x10
5
 0 

Day 28 2 20 0 0 
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Figure 14. Survey of the microbial abundance of bacteria on the feathers of wild dark-eyed 
juncos at a range of salinities (n=2).  
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5.4.2 Temperature Tolerance 

5.4.2.1 Survey of Temperature Tolerance 

 Juncos sampled on February 2, 2012 (Juncos E, F, and G) were surveyed for their ability 

to adapt and grow at a range of temperatures (Figure 15). A total of 3 replicates were plated for 

each experimental group, however, some plates were lost to fungal contamination or swarming 

by R strategist bacteria especially at higher temperatures (Table 10). There seemed to be a 

positive correlation with fungal contamination and temperature, with almost no fungi 

appearing at 4 °C and large amounts of fungi at 37 °C and 45 °C despite the presence of 

cycloheximide antifungal. For this experiment the total control count for all survey experiments 

was not used in order to better emphasize temperature differences at the experimental level.  

 Control count plates, those incubated at 25 °C, increased in population over time and in 

numbers similar to those seen in other control counts. However, after day 14 plates started to 

suffer from contamination and overgrowth causing the sample size to fall somewhat resulting 

reduced sample size and an increase in standard deviation. Data after the day 14 time point is 

likely qualitatively unreliable for experimental groups 25 °C, 37 °C and 45 °C, however, feather 

bacteria appear to favor temperatures of 25 °C or greater (Figure 15).  
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TABLE 10 

SURVEY OF MICROBIAL ABUNDANCE AT A RANGE OF TEMPERATURES 

 

DAY n Temp Ave CFU/g Feather SD 

5 3 4 2.10x10
5
 9.57x10

4
 

5 3 25 5.83x10
6
 1.75x10

6
 

5 3 37 3.60x10
6
 1.14x10

6
 

5 3 45 4.33x10
6
 3.65x10

5
 

14 3 4 1.71x10
6
 4.19x10

5
 

14 3 25 6.66x10
6
 2.65x10

6
 

14 3 37 3.53x10
6
 1.36x10

6
 

14 3 45 4.65x10
6
 2.41x10

5
 

21 3 4 2.17x10
6
 6.05x10

5
 

21 2 25 5.25x10
6
 5.14x10

5
 

21 3 37 4.84x10
6
 9.34x10

5
 

21 3 45 4.70x10
6
 4.13x10

5
 

28 3 4 2.34x10
6
 5.75x10

5
 

28 2 25 5.30x10
6
 3.03x10

5
 

28 3 37 3.25x10
6
 1.85x10

6
 

28 1 45 4.98x10
6
 0 
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Figure 15. Survey of temperature tolerances (n=3).  
 

 

 

 

 

 

 

 

 



64 
 

5.4.3 Oligotrophic Tolerance 

5.4.2.1 Keratin as a Potential Food Source 

 As has been previously discussed in Chapter 5.3.3, an assay of the isolate collection and 

a survey of bacteria illustrated that, while not a majority, a large number of bacteria were able 

to establish themselves on substrates where recalcitrant keratin proteins were the sole carbon 

source (Figure 11 and Figure 12). However, there was not enough evidence to support the 

hypothesis that a majority of bacteria were able to utilize keratin as a carbon source.  

 

5.4.2.2 Lipase Activity 

 Members of the isolate collection were assayed for the ability to hydrolyze lipid 

substrates using Tributyrin agar plates (n=239). Among these isolates 81.17% were found to 

degrade lipids within the vicinity of the point of inoculation (Figure 16).  
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Figure 16. Lipase activity of isolates tested on tributyrin oil agar plates (n=239). 
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5.4.2.3 Amylase Activity 

 Starch hydrolysis was not widespread in the isolate collection. Of the 304 isolates 

tested, only 98 (32.24%) were found to dissolve soluble starch in agar plates creating a zone of 

clearing within 48 hours of inoculation (Figure 17). This was a somewhat unexpected finding. 

Many of the isolates from the collection were able to establish themselves on kertain, a more 

recalcitrant compound by far. Also, a large subset of contextual organisms (Figures 4, 5, and 6) 

such as Bacillus, Actinobacteria, and Pseudomonas are known to possess complex biochemical 

pathways which should, presumably, enable them to degrade simple starch.  
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Figure 17. Degradation of soluble starch in agar plates by members of the isolate collection 
(n=304). 
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5.4.2.4 Gelatinase Activity 

 An assay of gelatin degradation was performed with 254 organisms of the isolate 

collection.  Results indicate that 34.35% of isolate collection organisms possessed the some 

ability to hydrolyze gelatin protein (Figure 18). 
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Figure 18. Distribution of isolates exhibiting the ability to hydrolyze gelatin (n=254).  
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5.4.2.5 Keratin Degradation Correlation Data 

 Data from isolates which were able to establish thriving colonies on feather meal plates 

was set aside and reviewed further to draw correlations between the ability to degrade keratin 

and other important compounds in this study, lipids, starch and gelatin.  

 Of the 111 isolates tested for both lipid hydrolysis and keratin degradation 76.58% 

possessed the ability to degrade both substrates (Figure 19). The ability of keratin degrading 

organisms paralleled the results gathered from the isolate collection where 81.17% of all 

isolates were able to degrade lipids (Figure 16).  

Of the 135 keratin degrading organisms which were tested for amylase activity only 

26.67%, were able to degrade soluble starch (Figure20). Once again the ability of keratin 

degrading organisms to degrade starch closely paralleled the results from the isolate collection 

where 32.24% of all isolates were able to degrade starch (Figure 17).  

A little more than half (53%) of the 117 isolates that were assayed on feather meal 

media and gelatin stabs were able to degrade both compounds (Figure 21). This correlation was 

a departure from results found in lipid and starch hydrolysis activities with regards to the 

overall isolate collection. Organisms found to degrade keratin were more likely to degrade 

gelatin than the majority of the isolate collection (Figure 18). 
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Figure 19. Keratinase isolates exhibiting lipid degradation (n=111). 
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Figure 20. Keratinase isolates exhibiting starch degradation (n=135) 
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Figure 21. Keratin isolates exhibiting gelatin degradation (n=117) 
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CHAPTER 6 

DISCUSSION 

 

6.1  Objective 1 

The isolate collection was generated by selecting all CFU from each of the nine initial 

spread plates rather than selecting organisms based on morphological traits. This approach 

allowed for a larger more diverse collection of culturable organisms, but increased the 

workload significantly. Also, the probability that many of the isolates would be duplicate 

organisms also increased. Although the generation and maintenance of the isolate collection 

was a very labor intensive process the amount of data gathered from the cultures was 

invaluable in all three objectives in this study.    

Early on in the study it was our intent to create two isolate collections for comparison, 

one representing a tree feeding strategist and another representing a ground feeding species. 

However, after collecting 383 bacterial isolates and 44 fungal isolates from juncos (a ground 

feeding strategist) we realized the difficulties in maintaining two separate culture collections. It 

was decided that a more thorough examination of the ground-feeding bird feather isolate 

collection would be more valuable than a less focused comparison of two separate collections. 

With an isolate collection for a ground-feeding strategist in hand, we hypothesized that 

the organisms contained therein would be dominated by documented inhabitants of soils and 

composting plant litter which juncos come into contact with on a regular basis when feeding 

and grooming. Additionally, we developed the hypothesis that such organisms would possess 

phenetic characteristics that would allow the organisms to survive environmental stressors.  
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 Phylogenetic analysis of organisms in the isolate collection using molecular techniques 

proved to be a valuable tool in answering these questions. The majority of both Gram-positive 

and Gram-negative organisms were found to cluster closely with well documented soil 

organisms (Bergey 2010).  

The Gram-positive soil-dwelling organisms identified in this study included genera such 

as: Arthobacter, Cellulomonas, Clavibacter, Curtobacterium, Isoptericola, Rathayibacter, 

Sanguibacter (Order Actinomycetales), Bacillus (Order Bacillales), Micrococcus (Order 

Micrococcaceae), and Kitasatosporta (Order Streptomyceteaceae) (Figures 4, and 5). The Gram-

negative soil-dwelling organisms identified in this study included genera such as: 

Agrobacterium, Rhizobium (Order Rhizobiaceae), Acinetobacter (Order Moraxellaceae), 

Pseudomonas (Order Pseudomonadaceae, and Spingomonas (Order Sphingomonadaceae) 

(Figure 6). These results support the hypothesis that the microbial community of wild bird 

feathers would be dominated by organisms commonly found in soils although some genera 

such as Rathayibacter, a plant pathogen, are found in the phyllosphere as well (Bergey 2010).  

 It is regrettable that we were unable to produce a tandem study including an isolate 

collection describing the microbial community of tree-feeding strategists. It is possible that 

tree-feeding strategists possess the same microflora as ground feeding species due to the fact 

that both organisms interact with a wide variety of vegetation and decomposing organics. 

However, phyllosphere organisms may have been more pronounced in these strategists. In 

such a comparison it is likely that a quantitative, rather than qualitative, assessment would 

need to be taken into account.  
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 Another approach that we would have liked to have taken would have been to produce 

a clone library of feather samples taken from wild birds. This technique would have enabled our 

lab to identify organisms that exist on bird feathers yet do not culture well in a laboratory 

setting. Such an experiment could be conducted once or twice for both a ground-feeding and a 

tree-feeding species and produce a monumental amount of data compared with this study. The 

down side is that producing a clone library without the appropriate core facility can prove 

expensive.   

 

6.2 Objective 2  

Two approaches were taken to determine the extent to which resident bacteria were 

able to degrade feather material, specifically beta-keratin. The first approach assayed isolates 

from the culture collection for their ability to establish colonies on a keratin-only agar while the 

second approach focused on the ability of bacteria from raw samples to form CFU on keratin-

only agar. Both studies were accompanied by an agar-only control due to the fact that agar 

itself is largely made up of carbon which could be utilized by organisms which possess some 

form of agarase enzymatic activity. 

Keratinase data collected from the isolate collection was far more reliable than that of 

the survey tests. Individual, pure culture isolates from the collection were placed on feather 

meal media and incubated and the qualitative assessment of colony morphology was simple 

due to the fact that every isolate was inoculated in the same way and on the same media. 

However, survey samples were not pure to begin with. In addition to feather bacteria these 

samples contained a very large amount of unwanted fungal CFU. Despite the presence of an 
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antifungal, fungal colonies were still able to establish themselves, albeit slowly. Once 

established these colonies were able to spread as if there were no antifungal present at all. 

Once the fungal colonies began to spread bacterial growth appeared to halt altogether, likely 

due to competitive exclusion. This may have been a moot point had both the feather meal agar 

plates and the agar-only plates in the survey test possessed the same level of fungal growth, 

but that was not the case. Almost no fungi grew on the agar-only control survey plates while 

thriving on plates infused with the recalcitrant keratin compound. This difference can be seen 

in the reduction in sample size and the increase in standard deviation over time between 

keratin plates and agar-only plates (Table 8). Due to this confounding factor data from the 

survey tests should only be considered at day 5, before fungal colonies were able to establish 

themselves in the presence of the antifungal cycloheximide (Figure 12). As stated in the results 

section, statistics generated from a student-T test indicated there was only a marginal level of 

statistical difference between feather meal and agar-only replicates. If we would have been 

able to sample a larger amount of juncos for this particular test (n=3), it is possible that these 

these values would have separated, but the current data suggests that keratin degrading 

organisms are not a majority on wild dark-eyed junco feathers and does not support the 

hypothesis of objective 2.  

Data gathered from the isolate collection indicated that only a small number of colonies 

were able to establish themselves on feather meal agar early on (Figure 9). As time progressed, 

plate colonies increased in number suggesting that the original CFU may have been in a spore 

form, or that isolates just needed time to produce the proper factors to make use of the feather 

meal carbon source, or otherwise establish themselves. After 28 days of incubation 43.52% of 
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301 isolates tested exhibited keratinase activity. This figure, while compelling, falls short of a 

majority of microbial organisms and does not support the hypothesis of objective 2. 

A survey of the abundance of bacteria able to establish colonies on feather meal media 

was somewhat marred by an unforeseen confounding factor involving fungal contamination 

which made it very difficult to quantify bacteria. The addition of an antifungal to the survey 

media and eventually a triple antifungal functioned to only to slow fungi for a few days. By day 

14 fungi had populated all but a few feather meal plates and several plates were already so 

severely contaminated that they needed to be eliminated. Agar-only plates, by contrast, were 

largely unaffected by fungi. The skewed distribution of fungi towards feather meal plates seems 

to suggest the fungi were extremely capable of making use of feather meal as a carbon source, 

perhaps even more so than bacteria. Unfortunately, this finding, while interesting, did little to 

help support the hypothesis of Objective 2. If we examine Day 5 of the Keratinase survey 

(Figure 12), before fungi could adjust to the antifungal agent, it is possible to see the sort of 

distribution we might expect. Data from the isolate collection (Figure 11) indicated that 

organisms able to degrade keratin would be 17.61% of the control at day 5. Survey data for this 

time point shows that keratin degrading organisms are 17.92% when compared to the control. 

This is quite promising data, however, we must consider the agar-only negative control. Survey 

data between feather meal media and agar-only media appear to be different at first glance 

(Figure 12), however, standard deviation values for these two data points overlap.  As stated in 

the results section a student T-Test indicated that there was no significant difference between 

these two data points. It is important to note that only 3 juncos were sampled. Had the sample 

size been larger statistical power would have increased as would the resolution for this 
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particular survey. Given this data and the data gathered from the isolate collection we are 

unable to support the hypothesis that the majority of bacteria on wild bird feathers are able to 

degrade keratin. 

 

6.3  Objective 3 

6.3.1  Halotolerance 

 An assessment of halotolerance was made by assaying the isolate collection and 

surveying raw environmental samples for their ability to grow on R2A media at a variety of 

salinities as a measure of desiccation tolerance. Both experiments were conducted for 28 days 

and in both cases colonies exhibited positive growth until day 21 at which point they began to 

plateau (Figures 13 and 14). For simplicity we will focus on the 28-day time point when 

describing results from each experiment.  

 In order to support or refute our hypothesis we must first indicate what we consider to 

be a level of salinity that is desiccating. Scientists who research halotolerant organisms use 

2.5M NaCl (14.61%) as a measure of extreme halotolerance (Margesin 2001). However, we are 

not measuring extreme halotolerance, rather a measure of moderate desiccation. According to 

the Office of Naval Research, a branch of the United States Navy, the ocean has a NaCl 

concentration of 35ppt (3.5%). The ocean, of course, is considered to be an environment of 

significant salinity. For the purpose of this study we have settled on salinity slightly higher than 

that of the ocean, 5% salinity, as a measure of an organism’s ability to tolerate moderate 

desiccation.  
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 An assay of 288 isolates from the isolate collection indicated that 76.73% of isolates 

were able to grow in R2A media supplemented with 5% NaCl (Figure 13).  

 Survey tests on the other hand indicated that 1.93x106 CFU/g feather were able to 

establish colonies on R2A Media supplemented with 5% NaCl in a 28 day period compared with 

5.26x106 CFU/g feather on 1% control plates. By this measure only 36% of organisms in raw 

environmental samples were able to tolerate desiccation of this magnitude (Figure 14).  

 Obviously, data from the isolate collection assay and the survey do not coincide with 

one another. They are, however, very different approaches. Isolates from the collection were 

inoculated with a swab from well-established pure culture samples, while environmental 

samples developed, presumably, from a single CFU. In addition to this, survey samples contain 

many different organisms that could engage in competitive exclusion with one another. 

 Due to differences in the halotolerance data, we are unable to support the hypothesis 

one of objective 3. 

 

6.3.2  Temperature Tolerance 

 Temperature range is included with this objective due to the fact that temperature 

stress often accompanies desiccation stress. In this experiment only the survey test was utilized 

to measure temperature tolerances. Assaying 300+ isolates of the isolate collection at four 

different temperatures would have required a large amount of resource, manpower and space. 

It was felt that the data may not have been very descriptive for the amount of work involved. 

  The temperature survey of raw feather samples was conducted at 4 °C, 25 °C, 37 °C, and 

45 °C (Figure 15).  The control group in this experiment included plates incubated at 25 °C from 
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temperature survey juncos F-H (n=3). An obvious drop in CFU for the control group can be seen 

after day 14, as well as increasing error in each group. This is due to the elimination of plates 

that had been enveloped completely by fungi or R strategist bacteria. This contributed to a high 

level of uncertainty in the results.  

 The majority of bacteria appeared to establish colonies best at temperatures at 25 °C or 

higher. Plates incubated at 4 °C did eventually produce a fair amount of CFU, 44.15% compared 

to the control (Day 28), but they were slower to appear on plates.  

 Phylogenetic data gathered in objective 1 showed that a majority portion of the isolate 

collection (66.86%) is made up of families Bacillaceae and Microbacteriaceae which are are 

known to tolerate and thrive at elevated temperatures (Bergey 2010).  

 Overall, the evidence suggests CFU tended to establish colonies at elevated 

temperatures and the data from the isolate collection supports the survey data.  This supports 

the hypothesis that the majority of organisms are able to tolerate desiccation and related 

stressors (Objective 3). 

 

6.3.3  Metabolic Abilities 

 As was discussed in objective 2 bacteria from the isolate collection and CFU in surveys 

were able to live on a keratin-only substrate, but these organisms were not found to be a 

majority organism.  

 Phylogenetic evidence suggests that the majority of keratin degraders exist within the 

genera Bacillus (46.59%), followed by Microbacterium (14.77%). The presence of Bacillus is 

particularly important because they have been previously shown to degrade keratin, the most 
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famous of which is B. licheniformis (Burtt et. al., 1999; Lin et. al., 2004;  Whitaker et. al., 2004). 

Keratinase activity was widespread in the Bacillus genus.  

 The presence of keratin degrading organisms on feathers might be surprising to some. 

The potential detrimental effects on the fitness of the host immediately become a concern. 

However, it is important to note that many Bacillus species produce exotoxins which inhibit the 

growth of allochthonous pathogens. Bacillus thuringiensis produces a Cry and Cyt toxins which 

act as insecticides (Bravo et. al. 2007). Some strains of Bacillus pumilus and Bacillus subtilis 

produce antifungal agents (Kluger et. al., 1990; Munimbazi, 2002) and have been shown to 

protect against marine parasites in black tiger shrimp (Hill et. al., 2009). Furthermore, many 

species of Bacillus are well-known symbiotic organisms of human and animal integument.  The 

protective actions of such organisms could very well outweigh the negative effects of keratin 

degradation. 

 It is also possible that Bacillus, a spore producer, may exist primarily in a dormant phase 

of their life cycle while on bird feathers. An unsuccessful attempt was made to determine 

whether the bacteria on bird feathers existed in a vegetative state or a spore state. Our 

experiment called a raw survey sample to be boiled for a short period of time to kill vegetative 

cells, but not long enough to kill spores. These survey counts would have been compared with 

control counts derived from non-selective R2A media. Preliminary attempts produced confusing 

results. Spread plates did not produce identifiable singlet colonies. Instead plates were smeared 

with a large slick of bacteria which did not allow for any enumeration. The experiment was not 

followed up due to time constraints, but we believe the experimental conditions, such as 

boiling time, could be tweaked to produce very interesting results.   
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 The ability of organisms to degrade, and presumably consume, lipid substrates 

appeared to be widespread in the isolate collection. The lipase assay was conducted on 239 

organisms, 81.17% exhibited positive lipase activity (Figure 16). Amongst keratin degrading 

organisms 76.58% were able to degrade tributyrin oil in agar plates (Figure 19).  

 The hydrolysis of starch was not found to be widespread in the isolate collection with 

roughly one third of 304 isolates tested showing a positive result (Figure 17).  The data for 

isolates which exhibited keratin degrading abilities, starch hydrolysis was slightly less 

widespread at 26.67%, but still relatively close to the one third found in the entire collection 

(Figure 20). While wild birds come into physical contact with a wide variety of vegetation and 

decomposing plant materials which contain quantities of starchy substrates, it appears that 

resident bacteria do not possess an abundance of enzymes with amylase activity.  

 This could be due to the fact that many compounds, such as lignin, cellulose and chitin, 

are too recalcitrant to be utilized as a carbon source. The cost to benefit ratio of breaking down 

complex starch compounds may just not be worth the trouble.  

 Protein hydrolysis, as determined by gelatinase tests, was not found to be widespread in 

the isolate collection (Figure 18). Much like amylase tests approximately one third of 254 

organisms were shown to liquefy the gelatin substrate after two days of incubation.  However, 

evidence from the subset of keratin degrading organisms indicated that 54% of these organisms 

were able to hydrolyze the protein (Figure 21).  

 The ability of keratin degraders to degrade protein compounds makes sense, because 

keratin is a protein itself. Many proteolytic enzymes show a great deal of promiscuity between 

different protein substrates. It could also be surmised that organisms with biochemical 
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pathways complex enough to degrade recalcitrant keratin protein may also include a whole 

host of other protein degrading enzymes. 

 We felt that gelatinase tests were an acceptable assay of protein hydrolysis. However, 

were we to perform the experiment again we would likely select milk agar plates instead. 

Preparing gelatin test tubes is a tedious and messy process and gelatin often liquefies even at 

room temperature increasing the opportunity of a false-positive. Additionally, contamination is 

not as easily recognized in test tubes, contamination is much more obvious on an agar plate. 

We feel milk agar or casein plates are easier to produce and provide a much more clear 

indication of a positive result due to the presence of a zone of clearing.   

While keratin degrading organisms were found in moderate quantities, the data does 

not support the hypothesis that the majority of organisms on bird feathers are able to degrade 

keratin. Likewise starch and protein hydrolysis do not seem widespread in the isolate collection 

either.  Lipid hydrolysis appears to be the only biochemical action that shows evidence of being 

a majority trait. These results do not support the hypothesis that the majority of organisms 

exhibit complex biochemical pathways allowing them to consume a variety of substrates, 

including the ability to make use of keratin, starch, protein and lipid substrates which are 

prevalent on plumage. 

Examining the environmental tolerances of the microbial community of wild avian 

plumage and developing a taxonomic picture of this community will prove useful to researchers 

in the disciplines of microbiology and ornithology. Understanding the complex relationship 

between the avian host and their microbial symbionts may offer insight into the ways that 
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diseases are vectored in the world and it is possible that the information gathered here may be 

used to enhance remediation efforts of endangered species of birds.  

The possibilities for further research are many. Bacteria found to provide a protective 

effect on bird feathers might be useful as a coating for commercial bird seed, or perhaps added 

to soils or waters where birds commonly bathe and preen themselves. Researchers may also 

examine the impact of wild bird microflora during the early stages of development in fledglings. 

Are birds born with their bacterial flora, or does this community develop slowly over time? 

Furthermore, the bacteria in this study could be studied in more detail with regard to antibiotic 

effects of individual organisms and the community as a whole. What could such antibiotic 

effects mean for the vectoring of diseases?  In each case, it is important that we understand the 

baseline for microbial life on avian hosts before more complicated research is conducted. 
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