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Abstract 

Interkingdom Interactions between Candida albicans and Oral Anaerobes in Mixed-

Species Biofilms 

by 

Jonathan Ld Dornell 

 Candida albicans is one of the most important commensal fungi in the human 

body. This fungus is found in physiologically distinct niches such as the mouth, skin, 

gastrointestinal tract, and genitourinary tract. Candida albicans is able to colonize each of 

these niches due to its ability to adapt to various sources of nutrition and stressors 

throughout its lifetime. Although Candida albicans typically maintains its commensal 

status in healthy individuals, perturbations to the surrounding microflora by antibiotic use 

or immunosuppression can lead to the overgrowth of this fungus. Here, I propose the 

hypothesis that anaerobic bacteria inhabiting the same gastrointestinal niches as Candida 

albicans inhibit its growth. 

A two-phase biofilm screen reveals that multiple species of Veillonella, a genus of 

commensal anaerobes found in the mouth and small intestine, inhibits the growth of 

Candida albicans. Indeed, Veillonella adheres to the yeast and hyphal forms of Candida 

albicans, which is associated with inhibition of growth and a loss of fungal cell viability. 

This inhibition also occurs in the presence and absence of Streptococcus, which has a 

mutualistic relationship with Veillonella and Candida albicans.  

Quantitative analyses of carbohydrates using high-pressure liquid 

chromatography show that the major end-products of sugar metabolism by Streptococcus 
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and C. albicans are lactate and ethanol, respectively. Veillonella species are known to be 

nonsaccharolytic bacteria that utilize Streptococcus-derived lactate for growth. 

Veillonella grows on lactate, but not on ethanol, thus suggesting a novel model in which 

Veillonella species inhibit Candida albicans growth to favor competition for sugar 

resources by its preferred metabolic partner Streptococcus. These data are the first to 

investigate the mechanism and possible reason for interkingdom competition between a 

fungus and anaerobic bacteria in mixed-species biofilms. Additionally, these data exhibit 

the therapeutic potential of using Veillonella to treat C. albicans infections.   
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Chapter 1: Introduction 

“Calvin: Isn't it strange that evolution would give us a sense of humor? When you think 

about it, it's weird that we have a physiological response to absurdity. We laugh at 

nonsense. We like it. We think it's funny. Don't you think it's odd that we appreciate 

absurdity? Why would we develop that way? How does it benefit us? 

Hobbes: I suppose if we couldn't laugh at things that don't make sense, we couldn't react 

to a lot of life.” 

 Bill Watterson, the cartoonist who created the Calvin and Hobbes comics 

throughout the 1980s and 1990s, humorously illustrated the relationship between 

“absurdity” and human curiosity in his daily comic strips. The above conversation 

between the adventurous Calvin and his stuffed tiger resonated with me throughout my 

adolescence because our universe is full of absurdities. Coincidently, this “nonsense” is 

what motivates many of us to fulfill our lives through work, play, and everything in 

between. For me, the absurdities of life, particularly those on display throughout the 

realm of biology, fueled my curiosity to conduct ecological research during my 

undergraduate tenure. Unexpectedly, my time as an undergraduate researcher in Dr. 

David Houle’s lab was the temporal catalyst that initiated my pursuit of a scientific 

research career. 

 This thesis takes a page out of Bill Waterson’s work by exploring the “absurdity” 

of interkingdom interactions between fungi and bacteria. Even though scientific inquiries 

are objective in nature, evolution has prepared an assortment of phenomena that continue 

to challenge the limitations of the scientific method. Natural selection has developed an 

abundance of interkingdom interactions that are ubiquitous within and beyond the human 

body; and yet, the mechanisms and outcomes of these interactions have been severely 
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neglected until recently. My goal is to highlight the integral roles that microbial 

relationships have in the context of human health and disease by investigating 

interkingdom interactions between bacteria and fungi in the human mouth.  

1.1 Microbial Ecology: Its role in human health and disease 

Way before humans were walking on this planet, microorganisms had permanently 

left their ecological footprint on the entire biosphere. This footprint has been essential for 

our species as we attempt to answer practical questions such as “how can we live a 

disease-free life?” or “where did we come from?” In order for us to continue thriving on 

this planet in a sustainable manner, we must continue to understand our ecological role 

through the investigation of each hierarchical level of Earth’s ecological panarchy. Since 

the human body lives in concert with its microorganisms, the study of microbial ecology 

and its impact on human health is crucial. 

Microbial ecology is the study of interactions between microorganisms and their 

environment. Microbes, particularly bacteria, fungi, and archaea, are vital to the 

metabolic processes that underlie our planet’s biogeochemical systems (Delong, 2009). 

Since microbes make up the foundation of most ecosystems, the relationships that 

bacteria, fungi, viruses, and parasites share have a significant impact on their surrounding 

environment. The Human Microbiome Project (HMP), a communal, working group that 

uses high-throughput technologies to characterize the human microbiome, is investigating 

the microbial community within the human body to identify interkingdom interactions 

that influence our health and wellbeing (The NIH HMP Working Group, 2009).  

With the use of genome-based technologies, scientists have enhanced the resolution 

of the human microbiome drastically through the characterization of microbial 
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communities and their respective properties. Such clarity illustrates how microorganisms 

may influence gastrointestinal diseases, obesity, autoimmune disorders, and cancer (Cho 

and Blaser, 2012). Even though microbiome research has provided researchers a new 

perspective on how we coexist with our microbiota, scientists have historically defined 

the interactions between humans and microbes primarily in the context of disease.  

 The classical approach for identifying etiological agents of disease was strongly 

influenced by Robert Koch, a German physician known for isolating the causative agents 

of anthrax, tuberculosis, and cholera. In 1876, he reported his findings on the life history 

of Bacillus anthracis, the bacterial agent of anthrax (Koch, 1876). His results were the 

first of its kind; there was a causal link between a specific microbe and the pathogenesis 

of anthrax, which rejected Aristotle’s theory of spontaneous generation. This work 

inspired the formation of Koch’s Postulates (Table 1), which are criteria that 

microbiologists used to identify the etiological agents throughout the 20
th

 century.  

While his application of these postulates for tuberculosis led to him winning the 1905 

Nobel Prize in Physiology and Medicine, the limitations of these postulates became clear 

over time. Koch acknowledged the limitation of his first postulate whenever he 

discovered asymptomatic carriers of cholera (Koch, 1893). He also demonstrated a 

limitation with his third postulate whenever subjects did not acquire tuberculosis after 

Table 1: Koch’s Postulates 

1. The microorganism must be found in all cases of the disease. 

2. It must be isolated from the host and grown in pure culture. 

3. It must reproduce the original disease when injected into a susceptible host. 

4. It must be found in the experimental host so infected. 
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exposure to its infectious agent (Koch, 1884). Even though viruses could not be isolated 

at this time, the development of virology, in conjunction with the advancement of nucleic 

acid-based methods for detecting microbes (Fredericks and Relman, 1996), has inspired 

revisions to Koch’s postulates (Table 2). 

Table 2: Modern Revisions to Koch’s Postulates 

1. A nucleic acid sequence belonging to a putative pathogen should be present in most cases 

of an infectious disease. Microbial nucleic acids should be found preferentially in those 

organs or gross anatomic sites known to be diseased and not in those organs that lack 

pathology. 

2. Fewer, or no, copies of pathogen-associated nucleic acid sequences should occur in hosts 

or tissues without disease. 

3. With resolution of disease, the copy number of pathogen-associated nucleic acid 

sequences should decrease or become undetectable. With clinical relapse, the opposite 

should occur. 

4. When sequence detection predates disease, or sequence copy number correlates with 

severity of disease or pathology, the sequence-disease association is more likely to be a 

causal relationship. 

5. The nature of the microorganism inferred from the available sequence should be 

consistent with the known biological characteristics of that group of organisms. 

6. Tissue-sequence correlates should be sought at the cellular level: efforts should be made 

to demonstrate specific in situ hybridization of microbial sequence to areas of tissue 

pathology and to visible microorganisms/areas where microorganisms are presumed to be. 

7. These sequence-based forms of evidence for microbial causation should be reproducible. 
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Although these revisions are inclusive for viruses, these modifications are still 

insufficient. Prions, the infectious agent of fatal neurodegenerative diseases, are 

misfolded proteins that infect organisms in a manner similar to viruses. However, prions 

are solely made of proteins; thus, the aforementioned revisions to Koch’s postulates do 

not account for prion diseases due to the absence of nucleic acids altogether. Another 

limitation of these revised postulates is their inability to account for the temporal roles of 

etiological agents of polymicrobial diseases.  

Polymicrobial diseases are induced by infections that involve a combination of 

viruses, bacteria, fungi, and/or parasites. Such diseases are difficult to diagnose and treat 

since they challenge the classical definitions of virulence and pathogenicity (Brogden, 

2002). For example, alterations to epithelial cells induced by Staphylococcal serine 

proteases can enhance the colonization of Candida albicans, the most common human 

commensal fungus (Miedzobrodzki and Macura, 1993). Even though C. albicans and 

Staphylococcus species are microbes that are commonly found in healthy humans, it is 

difficult to characterize, diagnose, and treat a polymicrobial infection that genotypically 

appears to be caused by a fungus while functionally being mediated by bacteria.  

Another pathogenic mechanism that is not accounted for by Koch’s postulates is the 

modulation of the immune system by microorganisms. Fatal cases of peritonitis, which is 

the inflammation of the membrane lining abdominal organs, can be induced by C. 

albicans-Staphylococcus coinfections by modulating the innate immune response (Peters 

and Noverr, 2013). The resolution for such infections is poor, especially in real time, due 

to the complexity of interkingdom interactions that take place between the human host 
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and these commensal microbes. The lower the resolution, the more difficult it is to apply 

Koch’s postulates as a means to identify causal relationships through diagnoses. 

As a microbial ecologist, I believe it is essential to investigate the relationships 

between microbes and their environment (e.g., human gastrointestinal microbiome) in 

both healthy and disease states. Such inquires will provide a foundation for identifying 

and understanding causal relationships that underlie such a neglected concept. This thesis 

is my minor, yet personal, contribution to the field of microbial ecology by studying the 

symbiosis of the human fungus, Candida albicans, and anaerobic bacteria found 

throughout the gastrointestinal tract.  

1.2 Candida albicans: The Jekyll & Hyde of commensal fungi 

1.2.1 Candida albicans as a commensal fungus 

Candida albicans is a polymorphic yeast that inhabits the mouth, skin, 

gastrointestinal tract, and genitourinary tract of humans. Successful colonization by C. 

albicans can occur shortly after birth, although the location and abundance of fungal 

carriage can vary between individuals (Kumamoto and Vinces, 2005). This commensal 

fungus has evolved to inhabit various niches that are physiologically different, which 

suggests that C. albicans partakes in multiple mechanisms and interactions with the host 

and its surrounding environment. In order for C albicans to establish itself within the 

human body, it has to attach to the host or the residing microbes while remaining 

undetected by the immune system. Once C. albicans is established within the host, this 

fungus and the surrounding microflora coexist in harmony with each other to maintain 

their respective commensal status throughout the host’s lifetime.  



7 

 

1.2.2 Candida albicans as an opportunistic pathogen 

The commensal status of this opportunistic pathogen is maintained in healthy 

individuals because of the surrounding microflora and the host immune system. 

However, perturbations to these interactions or their environment can enhance the 

pathogenicity of C. albicans (Levison and Pitsakis, 1987). When C. albicans transitions 

from a commensal organism to a pathogen, the resulting overgrowth of this yeast is 

known as candidiasis. Superficial forms of candidiasis, such as oropharyngeal candidiasis 

or vaginitis, are non-lethal infections that are common amongst healthy populations 

(Calderone and Fonzi, 2001). Even though superficial infections are not life threatening, 

individuals who are immunologically compromised are susceptible to life-threatening, 

invasive infections (e.g., invasive candidiasis).  

Invasive candidiasis is a fungal infection where Candida penetrates the mucosal 

surface into the blood, heart, brain, eyes, and other parts of the human body. Candidemia, 

the most common form of invasive candidiasis, is a bloodstream infection that is 

increasing in occurrence in nosocomial settings (Pappas, 2006). The incidence of 

invasive candidiasis has become an emergent problem for hospitals, especially when such 

infections are documented to have a mortality rate above 40% (Pfaller and Diekema, 

2007; Pfaller and Diekema, 2010). Reports from epidemiologists indicate that C. albicans 

is the 4
th

 most common cause of nosocomial, bloodstream infections behind 

Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli (Wisplinghoff et 

al., 2004). Additionally, other non-albicans species of Candida (e.g., C. parapsilosis, C. 

glabrata, C. tropicalis, etc.) are emerging as etiological agents of candidiasis. 
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The predisposing factors linked to candidiasis include, but are not limited to, a 

weakened immune system and disruption of the host’s microbial ecology (Guarner and 

Malagelada, 2003). These predisposing factors, in conjunction with the fitness attributes 

of C. albicans, can lead to long-term complications due to the increased burden of fungal 

colonization. 

1.2.3 Pathogenic attributes of Candida albicans 

The fungal attributes that contribute to Candida albicans pathogenesis include the 

utilization of adhesins, polymorphism, metabolic adaptation, and biofilm formation 

(Mayer et al., 2014). Adhesins are specialized proteins that enable C. albicans to adhere 

to host cells, abiotic surfaces, and microorganisms (Verstrepen and Klis, 2006). Some 

adhesins, such as Als3 and Hwp1, are hyphal-specific proteins that are important for 

biofilm formation and adhesion to host cells, respectively (Murciano et al., 2012; Staab et 

al., 1999). Coincidently, these adhesins are also upregulated during superficial forms of 

candidiasis, which suggests these cell surface proteins contribute to C. albicans 

pathogenicity (Wächtler et al., 2011; Zakikhany et al., 2007; Cheng et al., 2005). In 

addition to host-related surfaces, reports within the last decade demonstrated that some C. 

albicans adhesins mediate interkingdom co-aggregation with bacteria like 

Staphylococcus aureus and Streptococcus gordonii (Schlecht et al., 2015; Silverman et 

al., 2010). C. albicans also utilizes morphologically-independent, secreted aspartyl 

proteinases to enhance their adhesion to epithelial cells (Watts et al., 1998). The various 

functions that C. albicans adhesins perform make this fungal commensal a dynamic, yet 

complicated, pathogen.  
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Another attribute that is essential for C. albicans pathogenicity is its ability to switch 

between multiple morphologies. C. albicans is able to grow as budding yeast, 

pseudohyphae, or as true hyphae. However, the hyphal form seems to be more invasive 

than the yeast and pseudohyphal forms (Berman and Sudbery, 2002). Hyphae are thread-

like filaments that make up the mycelium of a fungus. Targeting the hyphal form for 

therapeutic purposes has been an important topic of C. albicans pathogenicity due to the 

diversity of functions that hyphae partake in. These include adhesion, biofilm formation, 

invasion of host cells, contact sensing, stress adaptation, and the secretion of enzymatic 

proteins (Mayer et al., 2013). 

The morphological transition between yeast and hyphae can be modulated by biotic 

and abiotic factors in the surrounding environment. For example, the presence of serum, 

starvation, physiological temperature, and CO2 are all factors that induce or support the 

formation of hyphae (Sudbery, 2011). In contrast to hyphal-inducing factors, acidic pH 

and microbial communication induce the characteristic yeast morphology of C. albicans 

(Albuquerque and Casadevall, 2012).  

Like all organisms, nutrient acquisition and utilization are fundamental processes that 

allow C. albicans to survive and grow. This yeast is capable of inhabiting physiologically 

distinct niches throughout the human body due to its ability to quickly undergo metabolic 

adaptation. Such capabilities enable C. albicans to switch from glycolysis, 

gluconeogenesis and starvation programs throughout its lifetime (Brock, 2009). For 

example, a case of candidemia that disseminates to the liver requires this fungus to switch 

between metabolic programs that utilize available nutrients throughout the development 
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of its infection. This metabolic flexibility also influences C. albicans stress adaptation, 

virulence, and evasion of the immune system (Brown et al., 2014; Lorenz et al., 2004).  

The aforementioned attributes of adhesion, morphology, and metabolic adaptation are 

essential factors for C. albicans biofilms. Biofilms are a collection of microorganisms 

that adhere to each other and to a surface. Inside the human body, C. albicans can form 

mono-species and mixed-species biofilms on soft tissues (e.g., tongue), hard tissues (e.g., 

teeth), and abiotic surfaces such as catheters and dentures (Fanning and Mitchell, 2012). 

These micro-communities require the initial adherence of yeast cells to a substrate, 

growth of these yeast cells, then the formation of hyphae and extracellular matrix 

material throughout maturation (Finkel and Mitchell, 2011). Mature biofilms are 

problematic due to their enhanced resistance to antimicrobial and host immune factors 

(Fanning and Mitchell, 2012; Finkel and Mitchell, 2011). Another essential feature of C. 

albicans biofilms is the dispersion of yeast cells from mature biofilms. This process has 

been demonstrated to specifically contribute to disseminated forms of candidiasis, which 

suggests that the yeast and hyphal morphologies are important for C. albicans 

pathogenesis (Uppuluri et al., 2010). 

Natural selection has driven C. albicans and other Candida species to utilize multiple 

strategies for host colonization and pathogenesis. Even though these fitness attributes 

enable C. albicans to transition from a commensal microbe to a pathogen, it is unclear 

how keystone microorganisms affect C. albicans adhesion, metabolism, morphology, or 

pathogenesis. Coincidently, the niches that C. albicans inhabit throughout the human 

body also harbor a keystone group of bacteria: the phylum Firmicutes. 



11 

 

1.3 Firmicutes: Keystone microorganisms of the gastrointestinal tract 

1.3.1 From mouth to colon: The distribution of Firmicutes throughout the 

gastrointestinal tract 

Firmicutes are a phylum of bacteria that make up the largest portion of the 

gastrointestinal microbiome (Ley et al., 2006). This phylum consists of over 270 genera 

that primarily fall into two classes: the aerobic, rod-shaped Bacilli and the anaerobic 

Clostridia. Members of this phylum are found in various niches throughout the 

gastrointestinal tract, which suggests that the evolution of these microbes played an 

important role in the development of mammalian microbiomes (Eckburg et al., 2005; Ley 

et al., 2006). With the use of cultivable and culture-independent methods, Firmicutes 

have been identified to dominate (> 25% of microflora) the microbiomes of the nasal 

cavity, the mouth, throat, stomach, intestines, and the colon (Aas et al., 2005; Andersson 

et al., 2008; Bik et al., 2006; Pei et al., 2004). Although this phylum is biologically 

diverse and dense, the two genera of Firmicutes typically abundant throughout these 

niches are the Gram-positive Streptococcus and the Gram-negative Veillonella. 

1.3.2 Streptococci: Predominant commensals of the gastrointestinal tract  

The genus Streptococcus is one of the most abundant sub-groups of Firmicutes found 

throughout the gastrointestinal tract (Segata et al., 2012). Streptococci are Gram-positive 

bacteria that form chains of spherical cells linked together. Until recently, the 

nomenclature for species that belong to this genus were characterized by their cell wall 

components instead of their species names. Nowadays, more than 50 species of 

Streptococci are grouped by their hemolytic properties and their causal link to diseases 
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such as dental caries, streptococcal pharyngitis (i.e., strep throat), meningitis, and 

endocarditis.  

The viridian Streptococci are a large group of streptococcal species that produce 

various cell-associated and extracellular products. For example, Streptococci produce 

lactate, a metabolic by-product of carbohydrate metabolism (Carlsson and Griffith, 

1974). This lactate can be consumed by surrounding microbes, thus the metabolism of 

Streptococci “cross-feeds” nearby lactate fermenters (Mackenzie, 1967). Because of this 

cross-feeding, the thermodynamics of such metabolic relationships benefit Streptococci 

by removing the metabolic by-products over time. The evolution of such ecological 

relationships contributed to the establishment of viridian Streptococci such as 

Streptococcus salivarius, Streptococcus bovis, Streptococcus mitis, Streptococcus 

sanguinis, and Streptococcus mutans within the human microbiome. Due to these 

properties, several Streptococcus species are deemed to be important microbes for 

ecological, clinical, and industrial purposes (Patterson, 1996).  

Even though Streptococcus species produce a variety of metabolic products 

throughout the gastrointestinal tract, scientists are now elucidating the roles that these 

species and their products play in mono-species and mixed-species infections (Neijssel et 

al., 1997; Patterson, 1996). Streptococcus mutans, the primary etiological agent of dental 

caries, is a metabolically adaptive bacterium (Hamada and Slade, 1980). Caries is one of 

the most common diseases that humans deal with in industrialized and developing 

countries (Peterson, 2003). Dental caries has been estimated to affect 60-90% of children 

in addition to most adults, thus making it one of the most expensive diseases to treat.  
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S. mutans is a facultative anaerobe that is acidogenic and aciduric. These 

characteristics enable this bacterium to demineralize the enamel of teeth by producing 

acids while remaining tolerant of acidic environments (Wilson, 2008). After S. mutans 

produces lactic acid by sugar metabolism, the protons of this acid are donated to 

hydroxyapatite, the primary component of tooth enamel (Margolis and Moreno, 1992). 

This process leads to the production of lactate and the decomposition of hydroxyapatite 

into calcium ions, phosphate ions, and water. Virulence factors of S. mutans, such as the 

aforementioned acidogenic and aciduric attributes, have been extensively studied within 

the context of dental caries. However, our knowledge of how these factors affect 

surrounding members of the oral microbiome is still incomplete (Kuramitsu, 1993).  

One virulence factor of S. mutans that influences the pathogenicity of certain 

commensal microbes is the production of glucans (Yamashita et al., 1993). Glucans are 

polysaccharides of glucose monomers linked together by glycosidic bonds. S. mutans 

synthesizes glucans from sucrose metabolism, which enable S. mutans and other oral 

bacteria to form mixed-species biofilms on teeth and soft tissues throughout the mouth 

(Vinogradov et al., 2004), These biofilms, commonly known as dental plaque, can 

mediate the integration of pathogens that are associated with periodontitis, halitosis, and 

candidiasis (Davey and O’Toole, 2000).  

Even though dental caries can be prevented by a combination of good oral hygiene, 

low-sugar diets, and regular visits to a dentist, there still is no cure for this microbial 

disease. Therefore, it is important to continue studying the ecological interactions 

between Streptococci, the host, and the surrounding microbes in the context of health and 

disease. Such knowledge will provide a foundation for industrialized and developing 
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countries so that they can address this persistent problem in a manner that is 

accommodating to their own resources and capabilities.  

1.3.3 Veillonellae: Fastidious anaerobes of the gastrointestinal tract 

The genus Veillonella consists of eleven Gram-negative species that are normal 

constituents of the mouth and gut of mammals (Dewhirst et al., 2010; Nardone and 

Compare, 2015). Formerly belonging to the class Clostridia, these Firmicutes were 

recently reclassified to the Negativicutes class due to their peculiar cell wall composition 

that stains Gram negative. This feature is unique for Negativicutes since most Firmicutes 

are Gram-positive microorganisms. Veillonellae are nonmotile, coccus-shaped bacteria 

that typically form cellular clusters (Rogosa, 1964; Rogosa, 1965; Mays et al., 1982).  

Some species of Veillonella, such as Veillonella dispar, have been shown to play a 

key role in oral biofilm development and metabolism (Hoshino and Sato, 1986; McCabe 

and Donkersloot, 1977). These microbes are nutritionally fastidious by being able to 

utilize various organic molecules for energy, including numerous vitamins and amino 

acids (Rogosa and Bishop, 1964). Researchers have also demonstrated that the diversity 

of Veillonella species from carious sites was lower than sites that are caries-free, which 

suggests that interactions between Streptococcus mutans and Veillonella species may 

influence the development of caries (Arif et al., 2008; Gross et al., 2012).  

1.3.4 Microbial mutualism between Streptococcus and Veillonella 

Unlike Streptococci, Veillonellae cannot metabolize sugars as an energy source for 

growth. Veillonella species utilize lactate, an end-product of carbohydrate metabolism by 

Streptococci and other saccharolytic microorganisms, for growth (Distler and Kroncke, 
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1981). The microbial symbiosis between Veillonellae and Streptococci in vivo was 

demonstrated when gnotobiotic rats co-infected with Veillonellae and Streptococcus 

mutans had 1,000-fold higher number of plaque-forming Veillonellae cells than mono-

infected rats (McBride and van der Hoeven, 1981). Additionally, Streptococci and 

Veillonellae are frequently found in close proximity to each other in undisturbed plaque 

(Palmer et al., 2006). This symbiotic interaction is established in niche-specific 

communities that are physiologically different throughout the gastrointestinal tract, 

suggesting that the relationship between Streptococci and Veillonellae is important for 

the development of the host microbiota.  

1.3.5 The ecological role of commensal Firmicutes in the human body 

The diversity of physiological niches throughout the gastrointestinal tract allows for 

this system to support one of the most diverse microbiomes in the human body (Walter 

and Ley, 2011). Sequencing data of bacterial phyla have revealed that we share a 

common core of Firmicutes and Bacteriodes even though each gastrointestinal partition 

(e.g., mouth, stomach, intestines, colon) has its own distinct bacterial communities (Aas 

et al., 2005; Andersson et al., 2008; Bik et al., 2006; Pei et al., 2004). The commensal 

microorganisms within the human microbiome are essential when it comes to 

maintaining the health of the host. One way the commensal microflora mediate the health 

status of the human host is by a phenomenon called colonization resistance.  

Colonization resistance is the mechanism by which commensal microbes within a 

specific microbiome protect themselves against invasion by new microorganisms 

(Vollaard and Clasener, 1994). Exclusion of new members of the micro-community by 

this phenomenon can happen in two ways: directly by outcompeting exogenous 
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pathogens for essential nutrients or by secreting factors that inhibit the growth of 

microbial intruders; or, indirectly, by commensal bacteria mediating an immune response 

that is primed for invading pathogens (Buffie and Pamer, 2013). For example, mixtures 

of Streptococcus and Veillonella species induced a different profile of extracellular 

signaling molecules (e.g., cytokines) in antigen-presenting dendritic cells than the 

individual species (Bogert et al., 2014). Such augmentations may underlie how 

commensal bacteria modulate the host immune response in favor of inhibiting the 

overgrowth of opportunistic pathogens like Candida albicans (Fan et al., 2015). 

1.4 Interkingdom interactions between Candida albicans and bacteria in the human 

body 

1.4.1 Symbiotic mechanisms mediate Candida-bacterial interactions 

The microenvironments that Candida albicans colonize within its host also contain 

communities of other fungi and bacteria (Huffnagle and Noverr, 2013). Therefore, one 

can speculate that C. albicans partakes in numerous relationships with surrounding 

microbes. The physical associations and molecular interactions in which microorganisms 

play a part include, but are not limited to, cell-cell adhesion, mixed-species biofilms, 

metabolite exchange and conversion, genetic exchange, protein secretion, and other 

forms of communication (Frey-Klett et al., 2011). These interactions can confer drastic 

changes to each partner by altering their growth, morphological development, 

reproduction, vitality, movement, and overall community structure.  

While physical associations between bacteria and fungi have been historically 

accepted in nature, the implications of these relationships with regards to human health 
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were not explored in detail until the 20
th

 century. This section will focus on the physical 

and molecular interactions between C. albicans and bacteria that are found throughout 

the human body. 

1.4.2 Physical associations between Candida albicans and oral bacteria 

In 1986, Bagg and Silverwood reported that C. albicans co-aggregated with the oral 

bacterial species Fusobacterium nucleatum, Actinomyces viscosus and several 

Streptococcus species (Bagg and Silverwood; 1986). These findings marked a turn in C. 

albicans-bacterial research by identifying bacteria that may assist in C. albicans 

colonization through cell-cell adhesion.  

Ten years later, a research group reported that C. albicans co-aggregates with 

numerous Actinomyces and Fusobacterium species (Grimaudo et al.., 1996; Grimaudo 

and Nesbitt, 1997). This group confirmed that C. albicans co-aggregates with A. viscosus 

while discovering that C. albicans also adheres to Actinomyces naeslundii, 

Fusobacterium periodontium, Fusobacterium sulci, and Fusobacterium nucleatum. 

Additionally, they determined that the addition of mannose and mannose-like sugars to 

mixed cell cultures inhibited co-aggregation with the fusobacteria. This was one of the 

first findings that showed cell-surface proteins that bind specific sugars may have a role 

in C. albicans-bacterial interaction.  

With the advancement of genetic manipulation and protein-based assays, researchers 

have begun to elucidate the molecular mechanisms and implications of these C. albicans-

bacterial interactions. Recently, Actinomyces species were reported to inhibit the 

proliferation, adhesion, hyphae formation, and biofilm formation of C. albicans in vitro 
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(Guo et al., 2015). This inhibition was observed whenever C. albicans was cultured with 

suspensions, supernatants, and cell lysates of oral Actinomyces. These results showed that 

Actinomyces can inhibit C. albicans growth by physical contact and through the secretion 

of molecules in mixed biofilms. 

Fusobacterium nucleatum, an oral microbe that is commonly recovered from dental 

plaque, was recently reported to co-adhere to C. albicans cells by the outer membrane 

protein RadD (Wu et al., 2015). This arginine-binding protein has previously been shown 

to mediate adhesion of F. nucleatum to Streptococci and other oral bacteria (Kaplan et 

al., 2009). Additionally, co-adherence was reduced between C. albicans and F. 

nucleatum whenever the Flo9 and RadD genes were deleted, respectively (Wu et al., 

2015). This result suggests that the encoded protein of FLO9 may directly bind to RadD, 

an outer membrane protein of F. nucleatum.  

1.4.3 Antagonistic interactions between Candida albicans and bacteria 

With the rise of interest in fungal-bacterial relationships and their impact on human 

health, many researchers have chosen to focus on antagonistic interactions that target C. 

albicans. Pseudomonas aeruginosa, a Gram-negative bacterium that is ubiquitous within 

and beyond the human body, is an opportunistic pathogen that antagonizes C. albicans in 

vitro (Hogan and Kolter, 2002). This antagonism has been shown to involve multiple 

forms of interactions, including the killing of C. albicans hyphae through co-adhesion or 

the secretion of phenazines and homoserine lactones (Hogan and Kolter, 2002; Morales 

et al., 2010; Morales et al., 2013).  
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Interestingly, C. albicans is able to defend itself against P. aeruginosa interactions 

through the secretion of farnesol, a fungal quorum signal that suppresses hyphal 

formation and the swarming activity of P. aeruginosa (McAlester et al., 2008). The 

production of ethanol by C. albicans also boosts the fungal defenses against P. 

aeruginosa swarming (Chen et al., 2014). However, it is unclear whether the cross-talk 

between C. albicans and P. aeruginosa is linked to polymicrobial infections that involve 

these two species in cases of cystic fibrosis and burn victims. While the interactions 

between C. albicans and P. aeruginosa have been extensively studied, researchers have 

also given attention to antagonistic interactions against C. albicans by commensal 

bacteria of the gastrointestinal tract.  

Enterococcus faecalis, a Gram-positive commensal that belongs to the phylum 

Firmicutes, is a commensal bacterium that inhabits the colon and oral cavity like C. 

albicans. Several studies have demonstrated that E. faecalis inhibits hyphal formation 

and virulence of C. albicans in vivo (Cruz et al., 2013). Using the roundworm 

Caenorhabditis elegans as an animal model, worms co-infected with both microbial 

species exhibited attenuated virulence and reduced death by C. albicans and E. faecalis. 

This inhibition was mediated by a heat-stable protein that is regulated by the Fsr quorum-

sensing program. Another study showed that the application of heat-killed E. faecalis to 

the tongues of immunosuppressed mice significantly reduced the symptoms of 

candidiasis (Ishijima et al., 2014). Collectively, these results show that E. faecalis 

inhibits C. albicans growth through direct and indirect mechanisms involving cell-cell 

contact in addition to the secretion of an inhibitory factor, respectively.  
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Another group of commensal bacteria that antagonize C. albicans is lactobacilli. The 

Lactobacillus genus is a large group of Firmicutes that contribute to the phenomenon of 

colonization resistance in the gastrointestinal tract and the female genitourinary tract (Di 

Cerbo et al., 2016). These Gram-positive bacteria have been shown to inhibit the growth 

of C. albicans by producing hydrogen peroxide (Fitzsimmons and Berry, 1994; Strus et 

al., 2005). Researchers have also demonstrated that lactobacilli inhibit C. albicans 

colonization through adhesion and immunomodulation of epithelial cells (Rizzo et al., 

2013).  

1.4.4 Mutualistic and synergistic interactions between Candida albicans and 

bacteria 

Even though the aforementioned relationships partially illustrate the diversity of 

mechanisms that antagonize C. albicans, the co-evolution of this fungus with medicinally 

important bacteria has led to the manifestation of mutualistic and synergistic relationships 

in nature. One symbiotic relationship of great concern in nosocomial diseases is the one 

shared between C. albicans and Staphylococcus aureus. S. aureus is a Gram-positive 

bacterium that is found on the skin and throughout the respiratory tract. This Firmicute is 

an opportunistic pathogen that causes a range from trivial to fatal infections such as 

pimples and sepsis, respectively. Akin to C. albicans, this bacterial species is one of the 

most common agents of nosocomial infections (Karchmer, 2000). Unfortunately, 

individuals who are immunocompromised are more likely to experience polymicrobial 

infections involving S. aureus and C. albicans (Klotz et al., 2007). 

Researchers have demonstrated the co-infectious synergy exhibited by S. aureus and 

C. albicans in co-infections in vitro and in vivo. When mice were co-infected with S. 
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aureus and C. albicans, mortality was observed within two days post-infection, yet death 

was not observed for the mice that were individually infected with S. aureus or C. 

albicans (Carlson, 1982). These microbes have also been shown to form polymicrobial 

biofilms, which exhibited enhanced resistance to the antibiotic vancomycin through the 

secretion of extracellular matrix components (Harriott and Noverr, 2009). Recent 

inquiries into this relationship have also revealed that S. aureus preferentially associates 

with the hyphal-specific adhesin Als3, which is an important virulence factor for C. 

albicans infections (Schlecht et al., 2015). This binding of S. aureus to C. albicans 

hyphae enables this bacterium to “ride along” with C. albicans into invading tissues. 

While some scientists have investigated the mechanisms that underlie C. albicans-S. 

aureus interactions throughout the past three decades, this interkingdom relationship is 

not the only one to garner attention from researchers throughout this time.  

In 1990, a study reported on the adherence of C. albicans and Streptococcus species. 

These researchers speculated that the adherence of C. albicans to various Streptococci 

may be an important interaction for fungal colonization within the oral cavity (Jenkinson 

et al., 1990). Members of the Streptococcus genus are found in abundance on all oral 

tissues; thus, their role as initiators of dental plaque is essential for the development of 

healthy – and pathogenic – communities in the mouth. A few years later, researchers 

showed that the co-aggregation of these microbes is mediated by multiple streptococcal 

adhesins and a bacterial polysaccharide (Holmes et al.., 1995). Subsequent studies 

between C. albicans and S. gordonii eventually led to the elucidation of a molecular 

mechanism that mediates C. albicans adherence and communication with S. gordonii 

(Bamford et al.., 2009; Silverman et al.., 2010).  
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Bamford observed S. gordonii cells preferentially adhering to hyphae instead of yeast 

cells. They also observed that bacterial adhesion to hyphae was localized to the apical 

ends of these filaments. One finding that partially defined the specificity of C. albicans-S. 

gordonii adherence was the confirmation of cell wall-anchored protein SspB being 

involved in streptococcal adherence to C. albicans. When S. gordonii mutants lacking 

SspB were incubated with wild-type C. albicans, co-aggregation was drastically reduced. 

Yet, complementation of S. gordonii with a plasmid expressing SspB restored bacterial 

adhesion to C. albicans. Silverman et al., (2010) expanded on this interaction by 

demonstrating C. albicans Als3p mediates adherence of S. gordonii. This group showed 

that C. albicans mutants lacking Als3p did not adhere with S. gordonii. Additionally, 

recombinant S. cerevisiae expressing Als3p from C. albicans was able to adhere to S. 

gordonii cells.  

In addition to the physical associations detailed above, Streptococci and C. albicans 

have also been shown to communicate with each other by quorum signaling. Using S. 

gordonii mutants that lacked components of the luxS quorum signaling system, Bamford 

and colleagues (2009) determined that these mutants did not form dense, polymicrobial 

biofilms like their wild-type counterparts.  Furthermore, the secretion of competence-

stimulating peptide (CSP) by S. mutans and S. gordonii was shown to inhibit hyphal 

morphogenesis of C. albicans (Jarosz et al., 2009; Jack et al., 2015). CSP is a quorum 

signal that Streptococci release during early stages of dental plaque development. 

C. albicans was also shown to communicate with S. mutans in polymicrobial 

biofilms. Transcriptome analysis of S. mutans in mixed biofilms with C. albicans 

revealed that this fungus induces several competence genes and the production of 
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bacteriocins (Sztajer et al., 2014). Bacteriocins are secreted proteins that antagonize 

species that are closely related to the bacteriocin-producing agent. While other 

Streptococci are known to modulate the expression of competence genes amongst each 

other, the stimulation of competence genes by C. albicans was the first example of a 

distinctly divergent microbe stimulating the quorum sensing system of S. mutans.  

In the context of human health, recent reports indicate that C. albicans-Streptococcus 

interactions may have serious implications. For example, one study surveyed 100 

children to compare the carriage of Candida in children with or without dental caries. 

They determined that there was a higher frequency of fungal carriage in children who had 

caries when compared to the control group (Raja et al., 2010). This clinical study 

supports the findings of an earlier report where C. albicans was positively associated with 

cases of early childhood caries (de Carvlho et al., 2006). Most recently, another research 

group used a mouse model and epithelial cell lines to show that Streptococcus oralis and 

C. albicans collectively degrade epithelial E-cadherin with proteolytic enzymes (Xu et 

al., 2016).  

1.5 Interkingdom interactions between Candida albicans and anaerobic bacteria 

The formation of mixed-species biofilms by C. albicans and commensal bacteria in 

vivo and in vitro demonstrates the dynamic, complex relationships that these microbes 

share throughout the human body. Many researchers have used in vitro biofilm assays to 

investigate interkingdom interactions between C. albicans and bacteria (Chandra et al, 

2001; Schlecht et al, 2015; Sztajer et al, 2014); unfortunately, the knowledge acquired 

from these previous studies was acquired with methods designed to investigate 

interkingdom interactions under aerobic conditions (Figure 1-1).  
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Figure 1-1. Schematic of interkingdom interactions between C. albicans and bacteria. 

Previous studies investigated the effects of commensal bacteria on C. albicans in mixed-

species biofilms grown under aerobic conditions. Bacteria from these genera were shown to 

exhibit antagonistic, mutualistic, or synergistic effects upon C. albicans. However, these 

interactions were observed under aerobic conditions. 
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While aerobic conditions are sufficient for experiments focused on bacteria or 

environments that are strictly aerobic, most of the niches that C. albicans inhabit are 

hypoxic or strictly anaerobic. The hypoxic and anaerobic environments that C. albicans 

typically resides in advocate that C. albicans are most likely to interact with facultative or 

strict anaerobes in nature. However, it is still unclear how anaerobic bacteria affect C. 

albicans adhesion, morphology, metabolism, or other fitness attributes that support C. 

albicans establishment in polymicrobial communities. 

An investigation into how anaerobic bacteria affect C. albicans could provide a 

starting point for further investigation into the molecular factors that mediate C. albicans 

establishment in niches shared with anaerobic bacteria. The identification of these 

molecular factors, in conjunction with the elucidation of their roles in C. albicans-

bacterial interactions, will provide evidence for how these relationships may have 

evolved over time. Additionally, the study of interkingdom interactions between 

anaerobic bacteria and C. albicans could reveal molecular mechanisms that can be 

exploited for therapeutic purposes for treating C. albicans infections. 

This thesis addresses these gaps in knowledge by investigating interkingdom 

interactions between C. albicans and oral anaerobes under anaerobic conditions. The 

two-phase biofilm (TPB) assay, which was inspired by the successive steps of dental 

plaque development, facilitated the screening of numerous oral anaerobes for 

phenotypical effects upon C. albicans growth in mixed-species biofilms. By utilizing 

qualitative and quantitative techniques with the TPB assay, I discovered a novel form of 

antagonism between Veillonella and C. albicans. Veillonella inhibits C. albicans by a 
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mechanism that requires cell-cell contact and C. albicans inhibits Veillonella by 

converting sugar to ethanol, neither of which can be used as energy source by Veillonella.
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Chapter 2: Materials and Methods 

2.1 Strains and growth conditions 

The strains used in this study are listed in Appendix A. All Candida albicans 

strains were sub-cultured from freezer stocks onto YPD (2% peptone, 1% yeast extract, 

2% dextrose, 2% agar, pH ~6.0) agar plates. C. albicans colonies isolated from YPD agar 

plates were cultured in 5 mL of YPD broth overnight at 30°C under aerobic atmospheric 

conditions. All C. albicans overnight cultures were incubated in glass culture tubes in a 

tissue culture rotator.  

Non-Veillonella bacterial strains were sub-cultured from freezer stocks onto TSB 

(3% tryptic soy broth powder, 0.1% yeast extract, 1% hemin, 0.2% menadione, 0.2% 

sodium bicarbonate, 5% sheep blood, 1.5% agar, pH ~7.0) or BHI (0.5% beef heart, 

1.25% calf brains, 0.25% disodium hydrogen phosphate, 0.2% D-glucose, 1% peptone, 

2% agar, pH ~7.2) plates. Colonies isolated from TSB and BHI plates were cultured in 5 

mL of TSB or BHI broth, respectively. Veillonella strains were sub-cultured from freezer 

stocks onto BHI-L (BHI supplemented with 0.6% lactic acid, pH ~6.8) agar plates. 

Colonies isolated from BHI-L plates were cultured in 5 mL of BHI-L medium. The caps 

for all bacterial and C. albicans cultures were loosely fixed to allow gas exchange. 

All liquid inoculations of bacterial cultures were statically incubated overnight at 

37°C in polyethylene tubes under anaerobic atmospheric conditions (10% CO2, 10% H2, 

80% N2). All overnight cultures were washed once in 1X PBS by centrifugation at 4,000 

rpm for 5 min prior to experiments. 
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2.2 Preparation of saliva 

Samples of whole saliva were prepared by collecting unstimulated saliva from at 

least three healthy individuals who provided written informed consent, as approved by 

the Rice University IRB (716234-2). Each individual withheld from eating or drinking 

for at least two hours prior to the collection of 5-10 mL of whole saliva in a sterile tube 

that was provided. All saliva samples were pooled together and diluted with an equal 

volume (1:1 dilution) of demineralized water. To address the viscosity of the pooled 

saliva, the thiol reducing agent dithiothreitol (DTT) was added to a final concentration of 

2.5 mM/L while the saliva slowly mixed inside a beaker for 10 minutes. After stirring the 

saliva with DTT, samples were centrifuged at 10,000 x g for 10 minutes at 4°C, and then 

the collected supernatant was diluted to 10% saliva (1:5 dilution) in dH2O. These 10% 

saliva samples were filter-sterilized two times with 0.4 µm filters into 15 mL 

polyethylene tubes, which were stored inside a -20°C freezer indefinitely. 

2.3 Two-phase biofilm assay (Figure 2-1) 

  Before biofilms were grown, 12-well microplates were saliva-treated by adding 

500 µL of unfrozen saliva to each well. Saliva-treated microplates were sealed with an 

optically clear seal, and then incubated for at least 8 hours at 4°C. Following the 4°C 

incubation, saliva was removed from each well prior to further experimentation. The 

rationale for this step was to provide the oral bacteria with a surface that contains salivary 

factors that facilitate adhesion and biofilm development.    

For phase one of this assay, biofilms were prepared by adding bacteria from 

overnight cultures to YPT media (0.67% yeast nitrogen base, 0.14% disodium hydrogen 

phosphate, 0.05% tryptone) supplemented with 0.1% sucrose and 0.1% lactic acid.  
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Figure 2-1. Schematic of two-phase biofilm (TPB) assay. Before growing mixed-

biofilms, (i) microplates were saliva-treated with 10% whole saliva for at least 8 hours. 

Phase one biofilms (ii) were formed by growing anaerobic bacteria (blue) in saliva-

treated wells for 48 hours at 37°C in an anaerobic chamber. Following the 48-hour 

incubation, phase two biofilms (iii) are formed by adding C. albicans (gray) to 

bacterial biofilms for 24 hours of mixed-species biofilm growth.   
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YPT cultures were adjusted to an OD600nm of 0.1, and then added (500 µL/well) to saliva-

treated microplates. Following the addition of oral bacteria, microplates were incubated 

for 48 hours at 37°C within an anaerobic chamber. After the 48-hour incubation, phase 

one ends once each biofilm was gently washed with 500 µL 1X PBS via pipette mixing. 

Phase two commenced after C. albicans was added to each biofilm. Overnight 

cultures of C. albicans were first adjusted to an OD600nm 0.03 in YPT media, and then 500 

µL of YPT-adjusted cultures were added to each well. Microplates were incubated for 24 

hours at 37°C within an anaerobic chamber for phase two of biofilm growth. After the 

24-hour incubation, the biofilms were washed three times with 500 µL of 1X PBS to 

remove non-adherent cells. The controls for this assay were mono-species biofilms of 

bacteria and C. albicans that were grown under anaerobic conditions for 72 hours or 24 

hours respectively. If microplates containing biofilms were not immediately analyzed 

after phase two, then they were stored inside a -80°C freezer. Microplates were sealed 

with gas-permeable seals and lids throughout experimentation. 

2.4 Fluorescence microscopy of TPBs  

After washing TPBs with PBS, biofilms were stained with calcofluor white. This 

fluorochrome is commonly used to quickly identify C. albicans in biological samples 

(e.g., dental plaque) because it is an inexpensive stain that binds to the chitin embedded 

within C. albicans cell walls. Using a 0.01% calcofluor white solution, 500 µL was added 

to each biofilm for a 30-minute incubation at room temperature. After washing the 

calcofluor white-stained biofilms one time with 1X PBS, each biofilm was evaluated with 

the Zeiss Axioplan2 with Metamorph software for conventional fluorescence microscopy. 

Since calcofluor white requires UV excitation (~355-380 nm) to fluoresce, biofilm 
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images were collected with the 10X objective using the pre-configured software settings 

for DAPI-stained images. DAPI is a common fluorescent stain that also requires UV 

excitation. Images were processed in ImageJ by converting calcofluor white (blue) 

images to black and white images for greater contrast. 

2.5 DNA extraction of TPBs  

Biofilms were first dislodged from microplates with cell scrapers, then washed 

once in 1.5 mL tubes with 500 µL of 1X PBS. Washed biofilms were treated with 12 µL 

of Ready-Lyse Lysozyme (250 U/µL) for 30 minutes at room temperature. After the 30-

minute incubation, lysozyme-treated biofilms were centrifuged for 5 minutes at 12,000 

rpm. To extract C. albicans DNA from biofilms, the MasterPure Yeast DNA Purification 

Kit (Epicentre) was used. Cell pellets were resuspended in 300 µL of MasterPure Yeast 

Cell Lysis Solution, then treated with 1 µL of RNase A (5 µg/µL) per suspension. After 

adding RNase A, cell suspensions were incubated at 65°C for 15 minutes, and then 5 

more minutes on ice. Following the 5-minute incubation, 150 µL of MPC Protein 

Precipitation Reagent was added to each ice-chilled sample.  

After the samples were thoroughly mixed by vortexing, a pellet of cellular debris 

was collected by centrifuging each tube for 10 minutes at 12,000 rpm. The resulting 

supernatants were transferred to clean 1.5 mL tubes, mixed with 500 µL of isopropanol, 

then centrifuged for 10 minutes at 12,000 rpm. After removing the resulting supernatant, 

the DNA pellet was washed with 500 µL of ice-cold 70% ethanol prior to one more 

centrifugation for 10 minutes at 12,000 rpm. Following the centrifugation, the 

precipitated DNA was resuspended in 35 µL of dH2O. If DNA samples were not 

immediately analyzed, they were stored inside a -20°C freezer. 



32 

 

2.6 Quantitative PCR 

Quantitative PCR was used to quantify C. albicans DNA in biofilms. The qPCR 

experiments were carried out in duplicate using the LightCycler®480 and Quantitect 

SYBR Green PCR kit. To specifically quantify C. albicans DNA, the following primers 

were used to amplify a 150 bp amplicon from the hyphal gene HWP1:  

HWP1 Forward 5’-GTGACAATCCTCCTCAACCTGA-3’; 

HWP1 Reverse 5’-GCAGGAATGTTTGGAGTAGTAGC-3’.  

Quantitative PCR was performed using the thermocycling conditions 

recommended for the SYBR green PCR MasterMix (30 sec at 95°C first, then 40 cycles 

of 30 sec at 95°C and 30 sec at 64°C). Absolute quantification of C albicans DNA was 

performed by extrapolating the unknown C. albicans DNA values from a standard curve 

that was generated from genomic C. albicans DNA with a known concentration. Once 

the C. albicans DNA concentrations were extrapolated from the standard curve, these 

values were converted to the number of C. albicans cells in a biofilm with the following 

equation: 

                           
([                                     ])

         
 

By dividing the extrapolated values of C. albicans DNA concentrations with the weight 

of a single C. albicans genome (30.49 fg per 15.5 Mb haploid genome), the number of C. 

albicans cells in each biofilm was calculated. This equation accounted for the two copies 

of HWP1 allele since C. albicans is a diploid organism.  
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2.7 LIVE/DEAD confocal microscopy of TPBs  

Biofilms were formed in saliva-treated 12-well no. 1.5 glass bottom culture plates 

(MatTek Corporation) for microscopic analysis. Biofilms were washed one time with 1X 

PBS and subsequently stained by adding 5 µL of 100X propidium iodide (5mM stock 

solution) to 490 µL of 1X PBS, followed by a 15-minute incubation, and then 5 µL of 

100X SYTO 9 (5mM) was added for another 15 minutes at room temperature. Propidium 

iodide first stains DNA of dead C. albicans cells (with a leaky plasma membrane), then 

SYTO 9 stains DNA in live (intact membrane) and dead cells. Microplates were 

protected from light throughout the two 15-minute staining incubations. Once the 

biofilms were stained with propidium iodide and SYTO 9, confocal fluorescence images 

were collected with the Nikon A1-Rsi system with NIS Elements C software. 

Quantification of dead C. albicans cells was performed by counting cells labeled with 

propidium iodide normalized to the total number of cells. 

2.8 Colony-forming unit (CFU) assay 

At the end of the TPB assay, biofilms were collected in 500 µL 1X PBS by 

scraping each well thoroughly with cell scrapers. Tenfold dilutions of each biofilm 

sample were prepared in 1X PBS, and then 100 µL suspensions were plated onto YPD 

agar plates. The CFU plates were incubated at 30°C under aerobic atmospheric 

conditions for 48-72 hours prior to quantitation of C. albicans colonies. 

2.9 Reverse TPB assay (Figure 2-2) 

In contrast to the TPB assay, phase one of the reverse TPB assay was initiated by 

adding C. albicans (OD600nm 0.03 in YPT media) to saliva-treated wells of microplates.  
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Figure 2-2. Schematic of reverse TPB assay. Before growing mixed-biofilms, (i) 

microplates were saliva-treated with 10% whole saliva for at least 8 hours. Phase one 

biofilms (ii) were formed by growing C. albicans (gray) in saliva-treated wells for 24 hours 

at 37°C in an anaerobic chamber. Following the 24-hour incubation, phase two biofilms 

(iii) are formed by adding bacteria (orange) to C. albicans biofilms for 24 hours of mixed-

species biofilm growth.   
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These microplates were incubated for 2 hours at 37°C under anaerobic conditions to 

allow attachment of C. albicans. Following the 2-hour incubation, each well was washed 

in 1X PBS in order to remove any non-adherent cells. For the second phase, bacteria 

(OD600nm 0.1 in YPT media) were added to the C. albicans biofilms and the plate 

incubated at 37°C in the anaerobic chamber for 22 hours. Mono-species biofilms of C. 

albicans were grown under anaerobic conditions for 24 hours as a control. 

2.10 Transwell assay (Figure 2-3) 

To determine whether secreted factors influence C. albicans growth in mixed-

species biofilms, transwell inserts were incorporated into the reverse two-phase biofilm 

assay. Transwell inserts (Corning) are permeable supports that are 12 mm in diameter 

with 0.4 µm pores and that fit into a well of a 12-well plate. As before, C. albicans 

(OD600nm 0.03 in YPT media) was added to saliva-treated wells of a 12-well microplate 

and grown at 37°C in the anaerobic chamber for 2 hours. After this phase, the C. albicans 

biofilm was washed one time with 1X PBS, 500 µL of YPT media was added, a transwell 

was inserted into the well, 500 µL of bacteria (OD600nm 0.1) was then added directly into 

the transwell insert and the cultures grown for an additional 22 hours before analysis. 

This experimental design provided a way to physically separate C. albicans from the 

bacteria throughout phase two.  

2.11 Fluorescence microscopy of cell-cell adhesion in reverse TPBs 

 A low density of C. albicans (OD600nm 0.005 in YPT media) was added to saliva-

treated microplates for 16 hours of anaerobic growth at 37°C. This density was 

previously determined to be sufficient for observing individual C. albicans cells with 

high resolution. At the end of phase one, bacteria (OD600nm 0.05 in YPT media) that were  
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Figure 2-3. Schematic of transwell assay. Before growing mixed-biofilms, (i) microplates 

were saliva-treated with 10% whole saliva for at least 8 hours. Phase one biofilms (ii) were 

formed by growing C. albicans (gray) in saliva-treated wells for 24 hours at 37°C in an 

anaerobic chamber. Following the 24-hour incubation, phase two biofilms (iii) are formed 

by adding bacteria (orange) to transwells with 0.4 µm pores. These transwells physically 

separated the bacteria and C. albicans biofilms while allowing small molecules to diffuse 

across the transwell throughout the 24 hours of mixed-species biofilm growth.   
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pre-stained with SYTO 9 (10 µL of 5 mM SYTO 9 per 1 mL of bacterial culture) were 

added to C. albicans biofilms for a three-hour incubation at 37°C anaerobically. 

Following phase two, biofilms were stained with 0.01% calcofluor white for 30 minutes, 

and then imaged with the Zeiss Axioplan2 fluorescence microscope with Metamorph 

software. Since this experiment was designed to observe cell-cell interactions instead of 

biofilm growth, the incubation period for phase two (3 hours) and the starting densities of 

bacteria (OD600nm 0.05) were reduced.  

2.12 Veillonella growth assays  

V. dispar UTDB1-3 (see Appendix B) and V. parvula PK1910 were grown at 

37°C in an anaerobic chamber overnight in BHI supplemented with 0.4% DL-lactate, 

0.4% ethanol, and 0.4% sucrose. Overnight cultures were then adjusted to a final OD600nm 

of 0.03 in BHI supplemented with 0.2% D-lactate, 0.2% L-lactate, 0.2% ethanol, 0.2% 

sucrose, or 0.2% L-lactate + 0.2% ethanol. Bacterial cultures were grown in duplicate 

within 24-well tissue culture plates for 24 hours at 37°C anaerobically. Growth was 

observed by measuring the optical density at 12 and 24-hour time points.  

Following the steps described for the Veillonella growth assay above, the growth 

of V. dispar UTDB1-3 and V. parvula PK1910 at variable pH levels was also evaluated. 

Optical density measurements at 12 and 24-hour time points were collected for 

Veillonella that grew in BHI-L media adjusted to pH of 4.7, 5.3, 5.7, and 6.0. These 

assays were performed in duplicates. 
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2.13 High-performance liquid chromatography analysis of secreted carbohydrates 

of mixed-species cultures (Figure 2-4) 

Triplicates of mono-species and mixed-species co-cultures were grown in BHI 

supplemented with 0.2% sucrose in 24-well polystyrene tissue culture plates for 24 hours. 

After 24 hours, supernatants were collected by centrifugation for five minutes at 

13,000 x g to remove the cells. The resulting supernatant was filtered through a 0.44μm 

pore-size syringe filter two times prior to analysis.  

Concentrations of metabolites were determined by using a high-performance 

liquid chromatography system (Shimadzu Scientific Instruments) equipped with a cation-

exchange column (HPX-87H; Bio-Rad) and a differential refractive index detector 

(Waters Corp). A mobile phase of 2.5 mM H2SO4 solution was used at a 0.5-ml min−1 

flow rate, and the column was operated at 55°C. Measurements of metabolite 

concentration (mM) from cultures were based on standard curves for lactate, acetate, and 

ethanol. Serial dilutions (10-fold) of 100 mM lactate, acetate, and ethanol were generated 

to obtain standard curves. 

2.14 Statistical analyses 

 Statistics were performed using Prism 5 (GraphPad Software), and significance 

was determined either by unpaired, two-tailed Student’s t test, One-way ANOVA or 

Two-way ANOVA. 
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Figure 2-4. Schematic of HPLC on co-culture supernatants. Co-cultures (i) were formed 

formed by growing C. albicans (gray) or Streptococci (not shown) with Veillonella 

(orange) in BHI supplemented with 0.2% sucrose for up to 24 hours at 37°C in an 

anaerobic chamber. Supernatants from co-cultures were collected (ii) at 8 and 24-hour time 

points to measure the concentrations of lactate, acetate, and ethanol.  Controls were formed 

by analyzing supernatants collected from mono-species cultures of C. albicans and 

Streptococci. 
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Chapter 3: Investigation of Candida albicans Growth in Mixed-Species 

Biofilms with Oral Anaerobes 

3.1 Exploration of Candida albicans growth in TPBs with oral anaerobes 

The two-phase biofilm (TPB) assay is an in vitro biofilm assay that was inspired 

by the successive stages of dental plaque formation (Rosan and Lamont, 2000). By 

establishing early colonizers of dental plaque on a saliva-treated surface in the first phase 

of biofilm development, this assay more closely models the steps of biofilm development 

that take place on oral tissues prior to the introduction of late colonizers like C. albicans. 

Additionally, this assay is technically flexible for a couple reasons. With the use of tissue 

culture plates, qualitative and quantitative analyses were performed on the same biofilm 

samples at a relatively decent throughput. This arrangement allowed me to analyze 

different species and strains of oral bacteria, most of which were provided by Dr. Gena 

D. Tribble (Univ. of Texas-Houston Dental School), for their effects on C. albicans 

biofilm growth. Additionally, the use of various techniques and assays on the same 

biofilms allowed assessment of the relationship(s) between the qualitative and 

quantitative data presented below. 

To investigate the effects of oral anaerobes on C. albicans in mixed-species 

biofilms, the abundance and morphology of C. albicans was observed by fluorescence 

microscopy. As shown in Figure 1-1, the abundance and morphology of C. albicans in 

TPBs with oral anaerobes is variable. The morphology of C. albicans in TPBs with 

Fusobacterium nucleatum and Porphryrmonas gingivalis is qualitatively similar to the C. 

albicans mono-species biofilms. In contrast, fewer C. albicans cells are observed in TPBs  

  



41 

 

  

+ S. mutans 

+ A. odontyliticus + F. nucleatum 

+ V. dispar 

C. albicans only 

+ P. gingivalis 

Figure 3-1. C. albicans growth in TPBs with oral anaerobes is variable. 

Fluorescence microscopy of C. albicans in TPBs with A. odontyliticus, F. nucleatum, 

P. gingivalis, S. mutans, and V. dispar. To observe the effects of oral bacteria on C. 

albicans growth, TPBs were stained with calcofluor white. Images were collected with 

the Zeiss Axioplan2 (100X magnification). Fluorescence images were converted to 

black and white images to enhance the contrast of C. albicans stained with calcofluor 

white.  

Phase 1 (48 hrs.) Phase 2 (24 hrs.) 
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with Actinomyces odontyliticus and Veillonella dispar; TPBs with Streptococcus mutans 

showed an intermediate effect with long C. albicans hyphae that are fewer in abundance. 

 Even though data on C. albicans growth under anaerobic conditions are scarce, 

some researchers have demonstrated that C. albicans biofilms primarily consist of hyphae 

when oxygen is either limited or void altogether (Dumitru et al., 2004; Stichternoth and 

Ernst, 2009). Interestingly, Figure 3-1 shows that the morphology of C. albicans is 

primarily yeast or very short hyphae whenever A. odontyliticus or V. dispar are present. 

The reduction of hypha and biofilm growth by A. odontyliticus confirms a published 

report (Guo et al., 2015). However, this experiment is the first time that C. albicans 

growth is observed in mixed biofilms with Veillonella. Unlike the TPBs with F. 

nucleatum, P. gingivalis, and S. mutans, C. albicans growth and hyphal formation is 

markedly reduced in the presence of V. dispar. 

To quantitatively assess the effect of these oral anaerobes on C. albicans biofilms, 

quantitative PCR with species-specific primers was performed on DNA extracted from 

similarly prepared TPBs. The results of Figure 3-2 show that C. albicans cells in TPBs 

with V. dispar (1.4x10
5
 cells) is about two-logs lower than that for mono-species C. 

albicans biofilms and similar to the initial input of fungal cells. More C. albicans cells 

were measured in TPBs with F. nucleatum, P. gingivalis, and S. mutans than the control 

biofilms. By correlating the number of C. albicans cells measured in each TPB with the 

microscopy data, oral anaerobes are demonstrably capable of enhancing or inhibiting C. 

albicans growth in mixed-species biofilms. 
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Figure 3-2. Quantification of C. albicans growth in TPBs with oral anaerobes. 

Quantitative PCR results of C. albicans DNA extracted from TPBs with oral 

anaerobes. To quantify the effects of oral bacteria on C. albicans growth, qPCR 

with C. albicans-specific primers was performed on DNA extracted from TPBs. 

Each closed circle represents one biofilm measured by qPCR. Absolute values of C. 

albicans DNA were measured in duplicate, then converted to the number of C. 

albicans cells per biofilm. Statistical analyses were performed using t-test (*P < 

0.05; **P < 0.005). 
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3.2 Veillonella species inhibit C. albicans growth in TPBs 

Although the effects of each anaerobe upon C. albicans growth are intriguing, 

neither time or funding allowed in-depth investigations of each C. albicans-bacterial 

pairing. Thus, my attention focused on investigating the most striking and novel result, 

the inhibition of C. albicans growth by Veillonella. 

The first question was whether this antagonism is exclusive to this strain, or 

species, of Veillonella. After receiving clinical isolates of V. dispar, V. parvula and V. 

atypica from Dr. Felicia Qi, a microbiologist at the University of Oklahoma Health 

Sciences Center, qPCR was performed on TPBs of Veillonella species with C. albicans. 

Figure 3-3 shows that the mean number of C. albicans in TPBs with four V. atypica 

isolates, four V. dispar isolates, and V. parvula PK1910 is variable, yet comparable to our 

original results for V. dispar UTDB1-3 strain in TPBs. This experiment was repeated 

with each V. dispar strain to determine whether C. albicans formed hyphae in the 

presence of these isolates. Similar to what was observed in Figure 3-1, Figure 3-3 

revealed that there were fewer C. albicans cells in TPBs with V. dispar strains OK10, 

OK9, and OK4 than the control biofilms. Additionally, C. albicans did not form hyphae 

in these mixed-species biofilms. These observations show that this inhibitory effect 

against C. albicans is not exclusive to V. dispar UTDB1-3. 

Figure 3-4 strongly suggest that Veillonella species do not support C. albicans 

colonization in the oral cavity. However, mechanisms of antagonism between C. albicans 

and oral anaerobes are poorly understood. Additionally, the design of this in vitro biofilm 

assay does not take into consideration how the host immune system may affect such 

interactions. Nevertheless, Veillonella species may antagonize C. albicans through direct  
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C. albicans only 

+ V. dispar OK4 

+ V. dispar OK10 

+ V. dispar OK9 

Figure 3-3. V. dispar clinical isolates inhibit C. albicans growth in TPBs. 

Fluorescence microscopy of C. albicans in TPBs with V. dispar clinical isolates OK10, 

OK9, and OK4. To observe the effects of these V. dispar strains on C. albicans growth, 

TPBs were stained with calcofluor white. Images were collected with the Zeiss 

Axioplan2 (100X magnification). Fluorescence images were converted to black and 

white images to enhance the contrast of C. albicans stained with calcofluor white.  
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Figure 3-4. Veillonella species inhibit C. albicans growth in TPBs. Quantitative PCR results 

of C. albicans in TPBs with V. dispar, V. atypica, and V. parvula. To determine if other 

species of Veillonella inhibit C. albicans growth, the inhibitory effect of V. dispar UTDB1-3 

was compared to oral isolates of V. dispar, V. atypica, and V. parvula by qPCR. Each closed 

circle represents one biofilm measured by qPCR. Absolute values of C. albicans DNA were 

measured in duplicate, and then converted to the number of C. albicans cells per biofilm. 

Statistical analyses were performed using t-test (*P < 0.05; **P < 0.005; ***P < 0.0005). 
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(e.g., type VI secretion) or indirect (e.g., quorum signals) mechanisms (Garcia et al., 

2016). In order to elucidate the mechanism(s) that underlie this phenomenon, previous 

literature was explored for clues regarding how Veillonella species may antagonize C. 

albicans. The following chapter presents experiments to understand the nuances that 

underlie the inhibition of C. albicans growth by Veillonella in mixed-species biofilms. 
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Chapter 4: Investigation of Anti-Candida Effects by Veillonella Species 

in Mixed Biofilms 

4.1 V. dispar inhibits C. albicans yeasts and hyphae 

The TPB assay demonstrates that Veillonella species inhibit C. albicans in mixed-

species biofilms under anaerobic conditions. However, it was difficult to evaluate the 

nature of this inhibition due to the scarcity of interkingdom studies involving strict 

anaerobes and C. albicans under anaerobic conditions. For example, studies that 

demonstrated how Enterococcus faecalis inhibits C. albicans biofilm growth and hyphal 

formation were conducted under aerobic conditions (Cruz et al., 2013; Ishijima et al, 

2014; Shekh and Roy, 2012).  

C. albicans and E. faecalis are facultative anaerobes that inhabit anaerobic niches 

within the lower gut and oral cavity (Gilmore, 2002; Gold et al, 1975; Krause et al; 

2016). Since these commensal microbes have been co-isolated from samples of 

polymicrobial infections, it is likely that C. albicans and E. faecalis co-evolved 

interkingdom interactions over time (Garsin and Lorenz, 2013). These interkingdom 

interactions most likely evolved in environmental niches that are anaerobic. In order to 

understand the nature of polymicrobial infections originating from facultative and strict 

anaerobes, it is necessary to investigate intrakingdom and interkingdom interactions 

under anaerobic conditions.  

The effects of E. faecalis, a commensal anaerobe that has been previously shown 

to inhibit C. albicans growth, were compared to V. dispar in mixed-species biofilms 

under anaerobic conditions. As seen in Figure 4-1, the average number of C. albicans 

cells in TPBs with V. dispar is approximately two-logs lower than the E. faecalis TPBs.  
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Figure 4-1. Enterococcus faecalis alone does not inhibit C. albicans growth in 

TPBs under anaerobic conditions. Quantitative PCR results of C. albicans in TPBs 

with E. faecalis and V. dispar. Since E. faecalis was previously shown to inhibit C. 

albicans under aerobic conditions (Cruz et al., 2013), the effects of this facultative 

anaerobe were compared to V. dispar in TPBs. Each closed circle represents one 

biofilm measured by qPCR. Absolute values of C. albicans DNA were measured in 

duplicate, then converted to the number of C. albicans cells per biofilm. Statistical 

analyses were performed using t-test (*P < 0.05; **P < 0.005). 
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This result is surprising for a couple reasons. First, inhibition of C. albicans by E. 

faecalis, which was demonstrated by Cruz et al., (2013), is absent in this anaerobic TPB 

assay. The observed growth of C. albicans could be due to the design or conditions of 

this assay; however, it is possible that the anti-Candida mechanism(s) underlying C. 

albicans inhibition by E. faecalis is an oxygen-dependent phenomenon.  

While it is unclear why C. albicans primarily forms hyphae under anaerobic 

conditions, it is known that the hyphal morphology is important for C. albicans biofilms 

due to their adhesive and metabolic properties (Chandra et al., 2001; Stichternoth and 

Ernst, 2009). The results of Figure 4-1, in conjunction with Figure 3-1, suggested that V. 

dispar inhibits C. albicans growth in a morphologically-dependent manner. Because C. 

albicans preferentially forms hyphae when grown under anaerobic conditions in vitro, V. 

dispar may inhibit C. albicans hyphae in mixed-species biofilms grown anaerobically. To 

test this hypothesis, the TPB assay was performed with C. albicans strains with the 

following mutations - ΔΔnrg1, ΔΔcph1/ΔΔefg1, and ΔΔedt1 – known to lock C. albicans 

into hyphal or yeast cell morphology during growth.  

The NRG1 gene encodes a transcription factor that regulates multiple cellular 

functions, including the repression of hyphal growth (Murad et al., 2001). The deletion of 

this gene removes this major repressor, causing C. albicans to constitutively form 

hyphae. Unlike ΔΔnrg1, the deletion of EDT1 results in C. albicans cells that 

constitutively form yeast-type cells. EDT1 is a gene that was previously determined to be 

required for filamentous growth (Wheeler et al., 2008). Similar to ΔΔedt1, the deletion of 

CPH1 and EFG1 genes results in a mutant strain that is locked in the yeast form (Lo et 

al., 1997). While the deletion of either gene was shown to suppress the formation of 
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hyphae, the deletion of both genes was sufficient for blocking the induction of hyphal 

growth by hyphal-inducing factors. Microscopic analysis of these mutant strains grown 

under anaerobic conditions show the expected cell morphology for the respective 

genotypes.  

Figure 4-2 compares the growth of ΔΔnrg1, ΔΔcph1/ΔΔefg1, and ΔΔedt1 to that of 

the wild-type (WT) strain by quantifying the C. albicans cells in each TPB with qPCR, 

using the previously described protocol for extracting DNA, etc. In all strains, wild type 

or mutant, the number of C. albicans cells measured in each mono-species biofilm was 

significantly higher than the amount of C. albicans cells measured in respective TPBs 

with V. dispar. Thus, the inhibition of C. albicans by V. dispar appears to be independent 

of the cell morphology of C. albicans. I noted that there were more WT cells than each 

mutant strain measured in TPBs with or without V. dispar. 

 While one can deduce that the deletion of NRG1, EDT1, or CPH1/EFG1 

negatively impairs C. albicans in TPBs, another way one could interpret the data in 

Figure 4-2 is C. albicans’ ability to switch between the yeast and hyphal forms is 

important for biofilm growth under anaerobic conditions. The yeast and hyphal 

morphologies have been demonstrated to be important for C. albicans biofilm growth 

(Finkel and Mitchell, 2011); thus, it is possible that the inability of ΔΔnrg1, 

ΔΔcph1/ΔΔefg1, and ΔΔedt1 strains to switch morphologies contributed to the observed 

reduction of biofilm growth by each mutant under these conditions.  

Unlike the ΔΔnrg1 mutant strain, the ΔΔedt1and ΔΔcph1/ΔΔefg1 strains were 

previously shown to exhibit decreased adhesion to abiotic surfaces (Martin et al., 2011; 

Lewis et al., 2002). Since this TPB assay utilizes plastic microplates that are saliva- 
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Figure 4-2. V. dispar inhibits C. albicans mutants locked in the yeast or hyphal 

forms. Quantitative PCR of wild-type C. albicans (closed circles), ΔΔnrg1 (open 

triangles), ΔΔcph1/ΔΔefg1 (open squares), and ΔΔedt1 (open diamonds) mutant strains 

in TPBs with V. dispar. To determine if V. dispar specifically inhibits hyphae, mutant 

strains locked in the hyphal morphology (e.g., ΔΔnrg1) or the yeast morphology (e.g., 

ΔΔcph1/ΔΔefg1 and ΔΔedt1) were tested in TPBs with V. dispar. Each symbol 

represents one biofilm measured by qPCR. Absolute values of C. albicans DNA were 

measured in duplicate, then converted to the number of C. albicans cells per biofilm. 

Statistical analysis was performed using Two-way ANOVA (**P < 0.01). 
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treated, it was not surprising to see relatively fewer ΔΔedt1 cells than the ΔΔnrg1 and 

ΔΔcph1/ΔΔefg1mono-species biofilms. Nonetheless, Figure 4-2 shows that there are 

fewer ΔΔnrg1, ΔΔedt1 and ΔΔcph1/ΔΔefg1 cells in TPBs with V. dispar than in their 

respective mono-species biofilms. 

It is striking that the morphology of ΔΔnrg1 in TPBs with V. dispar remains 

hyphal. There are small aggregates of hyphal cells in the V. dispar-ΔΔnrg1 TPBs even 

though there are considerably fewer ΔΔnrg1 cells in the TPBs in relation to the ΔΔnrg1 

mono-species biofilm. Therefore, the qPCR result (Figure 4-2) and the fluorescence 

images (Figure 4-3) are concordant and demonstrate that inhibition by V. dispar does not 

discriminate between the morphological variants of C. albicans. 

4.2 V. dispar reduces the viability of C. albicans in mixed-species biofilms 

To determine whether this observed V. dispar inhibitory effect is cytotoxic or 

cytostatic to C. albicans, confocal scanning laser microscopy was used to examine TPBs 

that were stained to identify survival using the LIVE/DEAD fluorescence kit. This assay 

works by assessing the membrane permeability of microbes with two DNA dyes: SYTO 

9 and propidium iodide. If a cell is dead (or its plasma membrane is compromised), then 

the impermeant propidium iodide stain will label the DNA within dead cells; SYTO 9, 

the permeable DNA stain, will label all cells, whether intact or dead.  

Sequentially staining TPBs with propidium iodide and then with SYTO 9 

provides an assay to determine whether V. dispar causes fungal cell death in mixed-

species biofilms. For comparison, whether P. aeruginosa and E. faecalis is capable of  
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Figure 4-3. V. dispar inhibits the growth of ΔΔnrg1. Fluorescence microscopy of 

wild-type C. albicans and ΔΔnrg1 in TPBs with V. dispar. To observe the effects of V. 

dispar on ΔΔnrg1 growth and morphology, images of TPBs stained with calcofluor 

white were collected. Images were collected with the Zeiss Axioplan2 (100X 

magnification). Fluorescence images were converted to black and white images to 

enhance the contrast of C. albicans stained with calcofluor white.  
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killing C. albicans under anaerobic conditions was also determined. Even though 

previous work detailed how P. aeruginosa kills C. albicans under aerobic conditions, no 

reports are available that investigated whether P. aeruginosa kills C. albicans in mixed-

species biofilms grown anaerobically (Hogan and Kolter, 2002). 

As seen in Figure 4-4, red fluorescent (propidium iodide-stained) C. albicans cells 

are observed in TPBs with V. dispar, E. faecalis, and P. aeruginosa. Using this approach 

for assessing cell viability has a possible limitation. C. albicans biofilms can contain 

DNA in their extracellular matrix (Martins et a., 2010), so-called eDNA. However, I was 

unable to detect propidium iodide- or SYTO 9-stained material in the intercellular spaces 

of the mixed-species biofilms. A higher percentage of C. albicans cells were labeled with 

propidium iodide in P. aeruginosa TPBs than E. faecalis or V. dispar TPBs (Figure 4-5). 

This result demonstrated that (i) P. aeruginosa is capable of killing C. albicans in mixed 

biofilms under anaerobic conditions; (ii) V. dispar may damage or kill C. albicans in 

mixed-species biofilms, and (iii) V. dispar is capable of compromising C. albicans cells. 

The relatively low number of C. albicans cells in V. dispar TPBs, when compared to the 

P. aeruginosa TPBs, shows that part of the V. dispar inhibition is due to a cytotoxic 

effect (Figure 4-5).  

To further analyze the viability of C. albicans in TPBs with V. dispar, a colony-

forming unit (CFU) assay was performed. CFU assays are common, inexpensive 

techniques used by microbiologists to estimate the number of viable bacteria or fungi in 

mixed-species biofilms. The CFU assays also allow the assessment of the macroscopic 

morphology of viable, microbial colonies. 
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C. albicans only 

+ P. aeruginosa + V. dispar 

+ E. faecalis 

Figure 4-4. V. dispar impairs C. albicans in TPBs. Confocal scanning laser 

microscopy of C. albicans stained with SYTO 9 (green = live) and propidium iodide 

(red/yellow = compromised) in TPBs with E. faecalis (top right), P. aeruginosa 

(bottom left), and V. dispar (bottom right). The LIVE/DEAD fluorescence kit was used 

to determine the viability of C. albicans cells in TPBs with fluorescence microscopy. C. 

albicans with intact cell walls retain SYTO 9 and exclude propidium iodide while cells 

with compromised cell walls retain propidium iodide. Images were collected with the 

Nikon A1 confocal microscope (Scale bar = 10 µm). 
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Figure 4-5. Percentage of C. albicans cells labeled with propidium iodide in 

TPBs. Quantification of C. albicans cells in TPBs stained with the LIVE/DEAD 

kit. To determine the percentage of C. albicans cells that are compromised in TPBs 

with P. aeruginosa (Pa), E. faecalis (Ef), and V. dispar (Vd), C. albicans (Ca) cells 

labeled with propidium iodide were manually counted. A minimum of 50 C. 

albicans cells were counted for each set of C. albicans-bacterial TPBs. 
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Figure 4-6 shows the mean number of viable C. albicans recovered from TPBs 

with E. faecalis (1.0x10
5
 cfu/mL), S. mutans (6.6x10

5
 cfu/mL) and V. dispar (6.0x10

4
 

cfu/mL). While CFU assays typically undercount the number of living C. albicans cells 

from biofilm samples, the significant reduction in viable C. albicans from V. dispar 

TPBs, when compared to the S. mutans and control biofilms (1.2x10
6 
cfu/mL), can be 

interpreted: (i) The relatively low number of viable C. albicans recovered from V. dispar 

TPBs may reflect this oral anaerobe antagonizing fungal growth shortly after the yeast 

are added to the biofilms or (ii) V. dispar actively killed C. albicans cells in these mixed-

species biofilms.  

Collectively, the data show that (i) a lower number of C. albicans cells is labeled 

with propidium iodide in the presence of V. dispar in TPBs (Figure 4-4 and Figure 4-5) 

and (ii) a decrease in the number of viable C. albicans cells recovered, measured as 

colony forming units (cfus) from TPBs with V. dispar (Figure 4-6). Together, these data 

establish the inhibitory effect of V. dispar is more likely cytostatic than cytotoxic. 

4.3 Veillonella species inhibit C. albicans by cell-cell contact.  

The results of C. albicans growth in TPBs with E. faecalis and P. aeruginosa did 

not provide specific information regarding how V. dispar inhibits C. albicans. Even 

though previous work demonstrated P. aeruginosa and E. faecalis inhibit C. albicans  

growth with diffusible factors, my attempts at observing fungal inhibition by a diffusible 

factor in Veillonella supernatants showed that Veillonella-conditioned media was not 

sufficient for inhibiting C. albicans. One possible explanation is that Veillonella requires 

contact with C. albicans to inhibit fungal growth. 
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Figure 4-6. V. dispar reduces C. albicans cfu in TPBs. Measurement of C. albicans 

cfu from TPBs. To assess the effects of bacteria on C. albicans cfu formation, TPBs 

were scraped at the end of phase two, then washed in PBS prior to plating onto YPD 

plates. Colonies were counted 48-72 hours after plates were incubated at 30° C under 

aerobic, atmospheric conditions. Each closed circle represents a cfu measurement 

from one biofilm. Statistical analysis was performed using the t-test (*P < 0.05) 
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 To further characterize how Veillonella species inhibit C. albicans growth in 

mixed-species biofilms, experiments were designed to determine whether this inhibitory 

effect was mediated by a direct or indirect interaction. This assessment was conducted 

with the use of transwell inserts in a slightly modified TPB assay. I used transwell inserts 

with 0.4 µm pores to separate cultures of Veillonella (top, above filter) and Candida 

(bottom, below filter), but allow diffusion of extracellular solutes and proteins between 

cells. Thus, this reverse TPB assay was used to test whether Veillonella must physically 

contact C. albicans to inhibit its growth.  

Figures 4-7 and 4-8 respectively show the qualitative and quantitative results of 

C. albicans in reverse TPBs with transwell inserts. Figure 4-7 shows an abundance of C. 

albicans hyphae in reverse TPBs with S. mutans, V. dispar and V. parvula. Additionally, 

the quantitation of C. albicans cells in these reverse TPBs by qPCR (Figure 4-8) supports 

the qualitative results acquired by fluorescence microscopy. The physical separation of 

each bacterial species by transwell inserts was sufficient for abolishing the inhibitory 

effect of Veillonella previously observed. In parallel with this transwell assay, 

fluorescence microscopy (Figure 4-9) and qPCR (Figure 4-10) were performed on 

reverse TPBs without transwell inserts.  

Figure 4-9 demonstrates the abundance of C. albicans cells is reduced in reverse 

TPBs with V. dispar and V. parvula. Interestingly, most of the C. albicans cells in the 

Veillonella mixed biofilms are in the hyphal form; however, the length and abundance of 

hyphae are qualitatively reduced when compared to the S. mutans and mono-species 

biofilms. The qPCR results shown in Figure 4-10 reflect the qualitative results acquired 

from this experiment. The average number of C. albicans cells measured in reverse TPBs  
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C. albicans only 

+ V. parvula + V. dispar 

+ S. mutans 

Figure 4-7. Veillonella species do not inhibit C. albicans growth when physically 

separated in mixed-species biofilms. Fluorescence microscopy of C. albicans in 

reverse TPBs with 0.4 µm transwell inserts. C. albicans were grown for two hours in 

the first phase of biofilm growth. After phase one, transwell inserts containing oral 

anaerobes were added to each C. albicans biofilm for 22 hours. Images were collected 

with the Zeiss Axioplan2 (100X magnification). Fluorescence images were converted 

to black and white images to enhance the contrast of C. albicans stained with 

calcofluor white. 
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Figure 4-8. Quantitation of C. albicans growth when physically separated from 

oral anaerobes in mixed-species biofilms. Quantitative PCR of C. albicans in 

reverse TPBs with 0.4 µm transwell inserts. C. albicans were grown for two hours in 

the first phase of biofilm growth. After phase one, transwell inserts containing oral 

anaerobes (OD600nm 0.1) were added to each C. albicans biofilm for 22 hours. 

Absolute values of C. albicans DNA were measured in duplicate, then converted to 

the number of C. albicans cells per biofilm. Statistical analysis performed using the t-

test (*P < 0.05). 
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C. albicans only 

+ V. parvula + V. dispar 

+ S. mutans 

Figure 4-9. Veillonella species inhibit C. albicans in reverse TPBs. Fluorescence 

microscopy of C. albicans in reverse TPBs. C. albicans were grown for two hours in 

the first phase of biofilm growth. After phase one, oral anaerobes inoculated in fresh 

media were added to each C. albicans biofilm for 22 hours Images were collected with 

the Zeiss Axioplan2 (100X magnification). Fluorescence images were converted to 

black and white images to enhance the contrast of C. albicans stained with calcofluor 

white. 
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Figure 4-10. Quantification of Veillonella species inhibiting C. albicans in reverse 

TPBs. Quantitative PCR of C. albicans in reverse TPBs. C. albicans were grown for 

two hours in the first phase of biofilm growth. After phase one, oral anaerobes 

(OD600nm 0.1) inoculated in fresh media were added to each C. albicans biofilm for 22 

hours. Absolute values of C. albicans DNA were measured in duplicate, then 

converted to the number of C. albicans cells per biofilm. Statistical analysis performed 

using the t-test (***P < 0.0005). 
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with the Veillonella species is more than one log lower than that for the S. mutans and 

control biofilms. Comparing the results acquired from the transwell assay and the reverse 

TPBs, V. dispar and V. parvula inhibit C. albicans whenever these microbes are in close, 

physical proximity. 

To image bacteria-fungal cell interactions, the reverse TPB assay was repeated 

with a low inoculation of C. albicans. This adjustment was made to more easily observe 

single fungal cells in mixed-species biofilms with V. dispar, with the bacteria pre-stained 

with SYTO 9. After incubating the pre-stained V. dispar with C. albicans for three hours, 

I stained the C. albicans cells within this reverse TPB with calcofluor white and then 

washed the biofilms with PBS to remove non-adherent cells. Images acquired from this 

reverse TPB assay show this anaerobe attached to C. albicans. Indeed, Figure 4-11 

reveals aggregates of V. dispar cells adhered to both yeasts and hyphae throughout the 

mixed-species biofilm. Additionally, V. dispar are distributed along the length of the C. 

albicans hyphae. This observation, in conjunction with results from the transwell assay, 

are consistent with a model in which Veillonella species inhibit C. albicans growth by 

cell-cell contact. 

4.4 V. dispar inhibits C. albicans growth in three-species biofilms with Streptococci.  

Previous work from Chalmers et al. (2008) characterized intrageneric and 

intergeneric coaggregation between Veillonella and Streptococcus species in the early 

stages of dental plaque formation. Such cell-cell interactions were demonstrated to 

facilitate the metabolic cross-feeding of Veillonella by Streptococcus species in mixed-

species biofilms. While it is unclear whether Veillonella species contribute to the 

development of caries, the detection of C. albicans, Veillonella, and S. mutans from  
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Figure 4-11. V. dispar adheres to C. albicans yeasts and hyphae in reverse TPBs. 

Fluorescence microscopy of V. dispar (green) tightly adhered to C. albicans (blue). V. 

dispar cells pre-stained with SYTO 9 were added to a reverse TPB with pre-

established C. albicans. C. albicans was stained with calcofluor white prior to image 

acquisition. Images were collected with the Nikon A1 microscope (Scale bar = 10 

µm).  
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carious lesions indicate that these microorganisms may interact with each other in cases 

of severe caries (de Carvlho et al., 2006; Gross et al., 2012; Chalmers et al., 2015). In 

addition, the fact that C. albicans and Veillonella species are mutually associated with 

Streptococci suggests these microbes have co-evolved interkingdom interactions amongst 

each other. Since C. albicans growth is supported by Streptococci, but inhibited by 

Veillonella, I investigated their interactions with C. albicans in three-species biofilms by 

adding growing co-cultures of V. dispar and Streptococci in the first phase of TPBs prior 

to the addition of C. albicans in the second phase. 

      Figure 4-12 shows the quantification of C. albicans growth in TPBs containing 

varying Streptococci and V. dispar. This figure shows there are fewer C. albicans in S. 

gordonii-V. dispar and S. mutans-V. dispar TPBs than the C. albicans control or the two-

species controls. Additionally, the three-species TPBs have fewer C. albicans than the 

TPBs containing Streptococci, yet more C. albicans than the V. dispar TPBs. While the 

lack of inhibition of C. albicans growth in TPBs with Streptococci was not unexpected, 

the intermediary number of C. albicans in TPBs with S. mutans and V. dispar was 

interesting for at least two reasons: (i) this result suggests either interkingdom 

competition between C. albicans and V. dispar for the mutualistic benefits conferred by 

Streptococci, or (ii) antagonism by V. dispar towards C. albicans. Nevertheless, this 

result demonstrates mutualistic and antagonistic, interkingdom interactions between C. 

albicans and anaerobic bacteria in mixed-species biofilms. 
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Figure 4-12. V. dispar inhibits C. albicans in three-species TPBs. Quantification of 

C. albicans in TPBs with Streptococci and V. dispar. Three-species TPBs were formed 

by adding streptococci (OD600nm 0.05) and V. dispar (OD600nm 0.05) to saliva-treated 

plates for phase one. Each closed circle represents one biofilm. Absolute values of C. 

albicans DNA were measured in duplicate, then converted to the number of C. 

albicans cells per biofilm. Statistical analyses performed using t-test (**P < 0.005; 

***P < 0.0005). 
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Chapter 5: Investigation of Metabolic Symbiosis between Veillonella 

and Candida 

5.1 C. albicans is not metabolically syntrophic with Veillonella species.  

Veillonella species are nonsaccharolytic bacteria; thus, they are unable to utilize 

sugars as a carbon source (Distler and Kröncke, 1981). These anaerobes metabolize 

lactate produced by Streptococci during sugar metabolism as a carbon source. The 

metabolic dependency of Veillonella for lactate is thermodynamically important for 

Streptococci, for the consumption of lactate by Veillonella species removes this acidic 

end-product of sugar metabolism. This cross-feeding, termed syntrophy, enables 

Streptococcus species to continue metabolism of available sugars in an environment that 

is energetically favorable for both species. However, this metabolic relationship can have 

serious consequences in the oral cavity. 

Streptococci initiate dental plaque development by adhering to the salivary 

pellicle of teeth. Once these microbes are established, intrageneric and intergeneric 

associations with early colonizers, such as Veillonella species, mediate the development 

and maturation of dental plaque. Although this microbial consortium is typically diverse 

and stable, changes to this community that favor the growth of S. mutans or C. albicans 

can lead to the development of oral diseases like caries and candidiasis (Marsh, 2009). 

An analysis of the microbial composition of dental plaque from cases of severe, 

childhood caries demonstrated that Veillonella species are associated with infected pulps 

(Chalmers et al., 2015). Veillonella species synergistically interact with Streptococci, 
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therefore, Veillonella species may contribute to the development of caries through their 

physical and metabolic mechanisms with carious bacteria (Gross et al., 2012).  

The metabolism of C. albicans in dental plaque can contribute to the development 

of caries. As detailed in the introduction, C. albicans is a metabolically adaptive fungus 

that is capable of acquiring energy from various carbon sources (Brock, 2009; Brown et 

al., 2014). This fitness attribute enables C. albicans to establish itself in physiologically 

distinct niches throughout the human body. However, knowledge of C. albicans 

metabolism under anaerobic conditions is scarce. 

This realization prompted me to investigate two questions: (i) What are the 

carbohydrate end-products of sugar metabolism by C. albicans under anaerobic 

conditions? (ii) Is C. albicans capable of cross-feeding Veillonella species? To address 

these questions, I performed high-performance liquid chromatography (HPLC) on 

supernatants collected from biofilms of Streptococci and C. albicans with Veillonella 

species. Mono-species and mixed-species biofilms were grown in BHI supplemented 

with 0.2% sucrose for 24 hours. After collecting samples of supernatant at 8-hour and 24-

hour time points, concentrations of lactate, ethanol, and acetate were determined. These 

metabolites were selected because they are the major end-products of sugar, or lactate, 

metabolism by Streptococci, yeast, and Veillonellae, respectively.  

Figure 5-1 shows the metabolite composition of supernatants collected from S. 

mutans, S. salivarius, and C. albicans cultures grown anaerobically for 8 hours. C. 

albicans cultures contain 760 µM of lactate and 17.8 mM of ethanol.  
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Figure 5-1. Veillonella species are metabolically syntrophic with Streptococci. 

HPLC analyses of supernatants collected from mixed-species biofilms of S. mutans, S. 

salivarius, and C. albicans with Veillonella species. Streptococci, veillonellae, and C. 

albicans (OD600nm 0.5 each) were inoculated in BHI (pH 7) supplemented with 0.2% 

sucrose. Supernatants were collected after 8 hours of growth under anaerobic 

conditions. Error bars are SEM calculations from three biological replicates. 



72 

 

The Streptococcus-Veillonella supernatants have lower amounts of lactate and 

subsequently higher levels of acetate than the Streptococci mono-species supernatants. 

Conversely, the concentrations of lactate and acetate in C. albicans-Veillonella 

supernatants are slightly higher than the C. albicans mono-species control. 

Concentrations of formate and succinate were determined to be comparable to the media-

only controls. 

These results reveal several things. One, this experiment provides additional 

support for the metabolic cross-feeding of Veillonella species by Streptococci in mixed-

species biofilms. Although this phenomenon has been previously demonstrated, these 

data clearly show that lactate is being consumed by V. dispar and V. parvula. The 

reduction of ethanol and the small increases in lactate and acetate in supernatants 

collected from C. albicans-Veillonella biofilms may reflect C. albicans growth inhibition 

by Veillonella species or increased consumption of ethanol by either organism. 

Additionally, Figure 5-1 shows the concentration of lactate is lower in biofilms 

containing Streptococci-V. parvula than Streptococci-V. dispar. The intergeneric 

interactions between Veillonella and Streptococcus species may differentially influence 

the kinetics of lactate consumption by each Veillonella species (Chalmers et al., 2008). 

Another explanation could be due the effects of pH on Veillonella growth. Since 

Streptococci produce an abundance of lactate over the course of 8 hours (Figure 5-1), the 

supernatants of Veillonella-Streptococcus mixed biofilms most likely became acidic over 

time. This temporal change in pH could impair V. dispar growth more than V. parvula. 

To distinguish these possibilities, I performed growth experiments comparing V. dispar 

and V. parvula growth in acidic media. 
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Figure 5-2 shows the growth of V. dispar and V. parvula in BHI-L media at 

variable pH. Optical density (OD) measurements of planktonic cultures collected at 8-

hours and 24-hours show that both anaerobes grow poorly in acidic media. While the V. 

dispar cultures have higher OD measurements than V. parvula during the exponential 

phase of growth (8 hours), this trend was reversed by the 24-hour time point. Not only 

does this result demonstrate that Veillonella growth decreases as the extracellular pH 

becomes more acidic, it also suggests that V. parvula is sensitive to acidic environments. 

However, these data do not assess whether C. albicans could cross-feed with 

Veillonella species. Even though the supernatants collected from C. albicans biofilms 

primarily contained ethanol, the detection of lactate and acetate in C. albicans-Veillonella 

supernatants suggests that it is possible for this fungus to provide a nutritious source for 

Veillonella. I therefore measured Veillonella growth in media containing 0.2% L-lactate, 

D-lactate, or ethanol. Since these carbon sources are the metabolic by-products of sucrose 

metabolism by Streptococci and C. albicans respectively, this assay was designed to 

assess the possibility of interkingdom cross-feeding.  

Figure 5-3 shows that both Veillonella species grow in media containing either 

isomer of lactate. However, the OD measurements for L-lactate cultures are higher than 

the D-lactate cultures at the 12-hour and 24-hour time points. Additionally, the lower OD 

measurements of V. dispar and V. parvula cultures supplemented with ethanol or sucrose 

suggest that these anaerobes utilize ethanol and sucrose less efficiently for growth 

purposes. This result also shows that ethanol does not inhibit Veillonella growth if lactate 

is present.  
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Figure 5-2. Veillonella species grow poorly in acidic environments. Growth of V. 

dispar UTDB1-3 (left) and V. parvula PK1910 (right) in BHI-L media at various pH 

levels. Absorbance measurements (OD 600nm) for each condition were collected at 8 

hours (black bars) and 24 hours (grey bars). The red bar indicates the starting optical 

density (OD600nm 0.03) for this experiment. Experiments were performed in triplicate 

with SEM error bars shown. 
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Figure 5-3. Ethanol does not provide Veillonella species a nutritious source for growth. 

Growth of V. dispar UTDB1-3 (left) and V. parvula PK1910 (right) in BHI media containing 

0.2% lactate, 0.2% ethanol, or 0.2% sucrose. Optical density measurements (OD600nm) of each 

condition were done at 12 hours and 24 hours. Experiments were performed in duplicate with 

SEM error bars shown. 

V. parvula V. dispar 
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These results strongly suggest that C. albicans and Veillonella species are not 

metabolically syntrophic with one another. While it is theoretically possible for C. 

albicans to support Veillonella in other ways (e.g., adherence, reduction of extracellular 

oxygen, etc.), these results collectively demonstrate that this fungus does not cross-feed 

with Veillonella species.
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Chapter 6: Conclusions and Future Direction 

This work has uncovered a novel, interkingdom relationship between C. albicans 

and Veillonella, commensal microbes found throughout the gastrointestinal tract of 

mammals. In the in vitro two-phase biofilm (TPB) assay devised and tested here, 

Veillonella species inhibit C. albicans growth through direct cell-cell contact. While 

reports of synergistic interactions between Veillonella and Streptococcus species have 

characterized their mutualism in dental plaque development, this work is the first to show 

interkingdom antagonism between C. albicans and a genus of strict oral anaerobes in 

multi-species biofilms. The capacity of C. albicans growth inhibition exhibited by 

Veillonella, in comparison to the other oral anaerobes initially screened, prompted the 

investigation of the mechanism(s) that underlie Veillonella-C. albicans interactions.  

The lack of hyphae observed in V. dispar biofilms inspired an initial hypothesis 

that this phenomenon is the result of a morphology-dependent inhibitory effect akin to P. 

aeruginosa or E. faecalis mechanisms. However, extensive qualitative and quantitative 

assessments of C. albicans-Veillonella biofilms demonstrate that this genus of 

commensal anaerobes antagonizes both yeast and hyphal morphologies in a cytostatic 

manner. This response may be crucial for microbiome homeostasis and human health 

because these anaerobes are abundantly found throughout the upper part of the 

gastrointestinal tract, particularly in the same niches that C. albicans inhabit.  

Streptococci, another group of commensal bacteria that confer symbiotic benefits 

for C. albicans and Veillonella, are shown to not inhibit this fungus in mixed-species 

biofilms under anaerobic conditions. While these interactions have been previously 

investigated by other research groups, this work is the first to demonstrate this mutualism 
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in anaerobically grown biofilms. Nonetheless, the inhibition of C. albicans growth in 

three-species biofilms with V. dispar and Streptococci may be the first indication of 

interkingdom competition for the increased fitness of associating with Streptococci in 

multi-species biofilms. Since Streptococci are the initial colonizers of dental plaque, it is 

possible for V. dispar and C. albicans to favor being closely associated with 

Streptococcus species during biofilm development since adhesion is an important trait for 

long-term host establishment. 

Based on the in vitro biofilm data here, I predict Veillonella species contribute to 

controlling the (over)growth of C. albicans throughout the gastrointestinal tract (Figure 

6-1). Superficial infections by C. albicans typically follow perturbations to the normal 

microflora because of antibiotic use or diminished immune response. It is therefore not 

surprising that C. albicans causes so many infections in nosocomial settings. Oral thrush, 

a superficial infection caused by Candida, typically manifests on the dorsum of the 

tongue or the buccal mucosa. Coincidently, V. dispar, V. atypica, and V. rogosae have 

recently been isolated from tongue biofilms (Mashima et al., 2011). Even though the 

microbial ecology of tongue biofilms is still unclear, I predict that Veillonella species 

inhibits C. albicans growth within these oral niches through physical contact and that the 

lack of Veillonella allows overgrowth of Candida albicans on oral surfaces.  

One way to assess the likelihood of this prediction is to test this inhibition in an in 

vivo mouse model. This experiment would utilize germ-free mice or conventional mice 

pre-treated with antibiotics prior to infection with C. albicans, Veillonella, and 

Streptococci. However, because mice are not natural carriers of C. albicans, this 

approach has limitations when it comes to assessing the inhibition of C. albicans  
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Figure 6-1. Veillonella inhibit C. albicans growth in mixed-species biofilms 

through direct contact. The physical association of Veillonella species with 

Streptococci and C. albicans controls the growth of this fungus in mixed-species 

biofilms. Even though cell-cell adhesion of Streptococci to C. albicans or Veillonella 

has been previously shown to be mutualistic for these pairs in mixed-species biofilms, 

Veillonella antagonizes C. albicans by a mechanism that is dependent on cell-cell 

contact. Disruption of this symbiotic network in nature could lead to the overgrowth of 

C. albicans in the mouth and the gut of humans.  
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colonization by Veillonella in vivo. An alternative to an in vivo mouse model is the mouse 

tongue model for oropharyngeal candidiasis (Solis and Filler, 2012). By 

immunosuppressing mice daily with corticosteroids, the same hormones that patients 

inhale to treat asthma, controlled inoculations of Veillonella and C. albicans can be 

administered to mouse tongues. This approach is appealing since Veillonella are 

inhabitants of the tongue.  

While it is clear that Veillonella species inhibit C. albicans through direct contact, 

how C. albicans responds to this interaction remains unclear. The capacity of growth 

inhibition exhibited by Veillonella in mixed biofilms suggests these anaerobes halt C. 

albicans growth at the onset of cell-cell contact. However, it is possible that C. albicans 

undergoes its own “emergency” program that halts its growth when under attack. For 

example, C. albicans has been shown to release farnesol, a quorum signal that reverts 

hyphae to yeast, in response to anti-fungal quorum signals that Pseudomonas aeruginosa 

release (Hogan and Kolter, 2002, McAlester et al., 2008). This adaptive response is 

critical for C. albicans because it prevents this bacterium from killing hyphae.  

 To elucidate how C. albicans responds to cell-cell contact with Veillonella and 

vice-versa, transcriptomic profiling by RNA-Seq can be performed on mixed-species 

biofilms. This next-generation sequencing of RNAs together with mapping onto complete 

genome sequence (Wang et al., 2009) would allow profiling transcriptomes for multi-

species communities such as dental plaque. We recently obtained the first complete V. 

dispar genome for strain UTDB1-3 through the efforts of the Baylor genome core using 

PacBio-based sequencing. Thus, RNA-Seq analysis of mixed-species biofilms containing 

C. albicans, Veillonella, and Streptococci would provide the transcriptomic response of 



81 

 

each species in response to interkingdom interactions. Additionally, RNA-Seq data can 

provide hints for potential therapeutic targets that have not been exploited by 

pharmaceutical drugs.  

Another inquiry of great interest is whether Veillonella species inhibit other 

species of Candida and fungi. With the use of the TPB assay, investigations of 

interkingdom interactions between Veillonella and Aspergillus, Cryptococcus, or non-

albicans Candida species can be performed. These medically important fungi can all 

cause life-threatening infections, especially in immunocompromised individuals. 

Closing Remarks  

In conclusion, the inhibition of C. albicans growth in mixed-species biofilms by 

Veillonella is an important interkingdom relationship with serious implications for 

individuals in nosocomial settings. To address the emerging problems of nosocomial 

diseases involving C. albicans, this relationship could be explored in a longitudinal 

manner by using culture-independent assessments to monitor the diversity and abundance 

of Veillonella species in healthy and diseased individuals over time. If there is a 

correlation between the presence of Veillonella species and the prevalence of C. albicans 

in healthy and immunocompromised individuals, these commensal anaerobes could serve 

as a potential bio-sensor for estimating the likelihood of C. albicans infections. Since 

candidiasis tends to emerge during or after therapeutic treatments such as antibiotic use, 

monitoring the presence of Veillonella in a longitudinal manner could save both lives and 

money. 
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With the emergence of genome-based technologies and the promises of new 

cultivation techniques, research scientists will continue to enhance the resolution of 

intrakingdom and interkingdom interactions throughout the human body. However, fungi 

and other microorganisms usually take a back seat to bacteria when it comes to research 

focused on the ecological roles of microbes throughout the human body. This thesis 

challenges this reality by exhibiting how dynamic, yet important, interkingdom 

interactions can be between a commensal fungus and bacterium.  

This thesis also demonstrates the importance of experimental design when it 

comes to investigating microbes from niches of interest. Even though the TPB assay 

could be performed under ambient oxygen conditions, it was critical for me to perform 

these experiments under anaerobic conditions since C. albicans typically resides in oral 

niches that lack oxygen. Now that Veillonella, a genus of anaerobes found throughout the 

gastrointestinal tract, has been shown to inhibit C. albicans, the subsequent investigations 

of this relationship should focus on the mechanism behind this inhibition in addition to 

how C. albicans adapts to this interaction. 

This work is very special to me because it demonstrates how intricate microbial 

interactions can be within my favorite niche in the human body. While this interkingdom 

relationship requires more extensive investigations to understand the nature of these 

interactions, natural selection has managed to develop a dynamic web of antagonism and 

mutualism that allows metabolically incompatible microbes and humans to live in 

harmony. Now that is absurd! 
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Appendix A: Strains used in this study 

Candida Strain Genotype Source 

SC5314 Wild-type clinical isolate (Gillum et al., 1984) 

Δedt1/Δedt1 eed1Δ::HIS1/eed1Δ::ARG4, 

CIp10 in BWP17 

(Zakikhany et al., 2007) 

Δnrg1/Δnrg1 nrg1::hisG/nrg1::hisG in CAI-4 (Murad et al., 2001) 

Δcph1/Δcph1/Δefg1/Δefg1 ura3::1 imm434/ura3::1 

imm434 cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG-URA3-

hisG 

(Lo et al., 1997) 

Bacterial Strain Genotype Source 

UTDB59-1 

Actinomyces odontyliticus 

Wild-type clinical isolate This study (c/o GDT) 

OG1RF 

Enterococcus faecalis 

Wild-type clinical isolate (Gold et al., 1975) 

UTDB1-5 

Fusobacterium nucleatum 

Wild-type clinical isolate This study (c/o GDT) 

PA14 

Pseudomonas aeruginosa 

Wild-type clinical isolate (Lee et al., 2006) 

W83 

Porpjrymonas gingivalis 

Wild-type clinical isolate This study (c/o GDT) 

Streptococcus gordonii Wild-type clinical isolate This study (c/o GDT) 

UTDB59-3 Wild-type clinical isolate This study (c/o GDT) 
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Streptococcus mutans 

KB005 

Streptococcus salivarius 

Wild-type clinical isolate (Sabharwal et al., 2015) 

OK7-1 

Veillonella atypica 

Wild-type clinical isolate (Liu et al., 2012) 

OK6 

Veillonella atypica 

Wild-type clinical isolate (Liu et al., 2012) 

OK5 

Veillonella atypica 

Wild-type clinical isolate (Liu et al., 2012) 

OK2 

Veillonella atypica 

Wild-type clinical isolate (Liu et al., 2012) 

OK10 

Veillonella dispar 

Wild-type clinical isolate (Liu et al., 2012) 

OK9 

Veillonella dispar 

Wild-type clinical isolate (Liu et al., 2012) 

OK7-2 

Veillonella dispar 

Wild-type clinical isolate (Liu et al., 2012) 

OK4 

Veillonella dispar 

Wild-type clinical isolate (Liu et al., 2012) 

UTDB1-3 

Veillonella dispar 

Wild-type clinical isolate This study (c/o GDT) 

PK1910 

Veillonella parvula 

Wild-type clinical isolate (Liu et al., 2012) 
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Appendix B: Species Designation of strain V. dispar UTDB1-3 

We have revised our hypothesis that the UTDB1-3 strain is a member of the 

species Veillonella dispar. UTDB1-3 was isolated by Gena Tribble at the University of 

Texas Houston Dental School in 2009 from sub-gingival plaque in a patient. An entire 

16S gene was cloned from this strain by PCR, sequenced, and compared to a sequence 

database in 2010. The results of that comparison led to the initial species name of 

Veillonella dispar.  However, the completion of the full genome sequence of UTDB1-3 

and the analysis below has changed our designation of the strain to being Veillonella 

parvula. 

The complete sequence in 2016 of the genome of UTDB1-3 was annotated and 

three sets of gene sequences were compared to Veillonella sequences in the Human Oral 

Microbiome Database (http://www.homd.org/): 16S rRNA genes, a set of 10 putative 

housekeeping protein-coding genes, and a set of seven putative hemagglutinin-type 

adhesin-coding genes.  A previously recognized problem with using 16S sequences for 

species identification in the Veillonella genus is multiple 16S genes with divergent 

sequences (Marchandin et al., 2003).  Nevertheless, a K-mer derived tree was constructed 

using Greengenes designations for 16S sequences, a K-mer tree where k=15, calculated 

using a neighbor joining algorithm in CLC genomic workbench version 9.0.1 

(https://www.qiagenbioinformatics.com/products/clc-main-workbench/)  The analysis 

shows all four UTDB1-3 16S genes to be more closely related to genes from V. parvula 

than to those from V. dispar.   

Another approach to bacteria species identification is to compare at least five 

housekeeping genes (Stackebrandt et al., 2002).  Because V. dispar and V. parvula are 

http://www.homd.org/
https://www.qiagenbioinformatics.com/products/clc-main-workbench/
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closely related, 10 housekeeping genes were used, each spaced apart from each other in 

the genome.  Sequential analysis with BLASTN against HOMD for the protein-coding 

regions of 10 housekeeping genes (translation elongation factor G, DNA-directed RNA 

polymerase beta' subunit rpoB, DeaD RNA helicase, glutamate synthase [NADPH] large 

chain, lactate dehydrogenase, DNA gyrase subunit A, ATP-dependent Clp proteinase, 

ribonucleotide reductase, chaperone protein dnaK, alanyl-tRNA synthetase) of UTDB1-3 

showed that the best match for seven of these was a sequence from a V. parvula strain, 

two were best matched to a V. dispar strain, and one UTDB1-3 gene showed an equally 

good match to V. dispar and V. parvula. 

Assuming that hemagglutinin (Hep) adhesins help determine the oral subniche of 

Veillonella spp. (Zhou et al., 2015), aligning the sequences UTDB1-3 Hep genes with 

putative adhesins of other Veillonella spp. is predicted to reflect a type of physiological 

selection that group species of this genera.  The seven putative UTDB1-3 Hep genes are 

some of the largest in the genome, encoding predicted proteins that range from 1832 - 

3445 amino acids long.  Sequential analysis with BLASTN against HOMD for seven 

putative hemagglutinin adhesin genes of UTDB 1-3 showed that the best match for four 

of these was a sequence from a V. dispar strain, three were best matched to a V. parvula 

strain. 

For all three sets of genes, the clustalW or BLASTN analysis showed V. atypica 

sequences of the corresponding genes were always a significantly poorer match to the 

UTDB 1-3 sequences than the Vp and Vd versions.  



97 

 

Taken together, these data support the hypothesis that UTDB1-3 is a strain of V. 

parvula, instead of V. dispar.  Because this change in sequence designation came after 

the writing and revision of the thesis and because this change makes no substantial 

changes to the conclusions of the thesis, this supplement is offered as a correction. 
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 Figure S1  K-mer derived tree using Greengenes designations for 16s sequences. 

 




