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ABSTRACT 

Streptococcus mutans is a member of the dental plaque and is the principal causative 

agent of dental caries. It can metabolize a wide array of sugars which results in the production of 

acid that causes demineralization of the tooth surface. S. mutans can also persist for extended 

periods of starvation, which may occur in different niches within the oral cavity. 

Previous studies have shown that mucin prolonged the survival of S. mutans in batch 

cultures and biofilms. Our laboratory has shown that the pyruvate dehydrogenase (pdh) operon is 

upregulated in stationary phase and is important for prolonged survival during nutrient starvation 

in chemically defined medium (CDM). In this study, I found that mucin enabled S. mutans to 

grow in a minimal chemically defined medium (MCDM) containing glucose and lacking all 

amino acids. A pdh mutant was found to be impaired in survival in CDM or MCDM 

supplemented with mucin. Additionally, I have shown that a galactose utilization mutant was 

impaired in survival in CDM with mucin and no exogenous glucose; galactose is the most 

abundant utilizable sugar residue in mucin.  

Mucin, supplemented in minimal medium with sucrose, also enabled S. mutans to form 

biofilms. Survival of the biofilms was pdh independent. Although biofilm formation was not 

seen in the absence of sucrose, cells did adhere to the glass coverslip; their survival was found to 

be pdh dependent. Using a previously constructed reporter strain, pdh expression was observed 

in a majority of cells in this condition. The expression of the pdh operon was also monitored in 

batch cultures. The starting inoculum size affected the percentage of fluorescent cells and the 

outcome of survival in media (CDM or MCDM) supplemented with mucin and no sugar. Greater 

than 50% of the stationary phase population expressed pdh in CDM with galactose. Less than 1% 

expressed pdh in CDM with glucose. However, galactose was unable to prolong survival of S. 
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mutans in batch cultures in contrast to the effect of mucin. These results show that mucin may 

have a metabolic role in promoting long term survival of S. mutans. However it is possible that 

different components of mucin can be utilized in different conditions.  
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CHAPTER 1 

INTRODUCTION 

A Biofilm in the Oral Cavity- Dental Plaque 

A biofilm can be defined as a consortium of microorganisms embedded in an 

extracellular matrix attached to a surface. There is a lot of interest in studying biofilms, as 

properties exhibited by bacteria in a biofilm are very different from those of free floating single 

cells/planktonically growing bacteria. Additional interest comes from the finding that there is 

often heterogeneity in the behavior of bacteria within biofilms. There are a number of places in 

the environment that can be home to biofilms. Dental plaque is an example of a biofilm in the 

oral cavity and harbors about 1000 species of bacteria. The matrix in dental plaque contains 

polymers of both the host and microbial origin (ten Cate 2006).  

The formation of dental plaque can be divided into four distinct steps. The first step is the 

formation of the acquired pellicle on the tooth enamel which happens within minutes of tooth 

eruption or cleaning (Rolla and Embery 1977). This acquired pellicle is typically free of bacteria 

and is largely composed of proteins of host origin (Meckel 1965). Some examples of the proteins 

present in the acquired pellicle are mucins, agglutinins, proline rich proteins, alpha-amylase, 

histatins, lysozyme, statherin, cytokeratins, and calgranulin B (Yao et al 2003). The acquired 

pellicle is at an interface between the tooth and the oral environment and is involved in the 

selective bacterial attachment which is the next step in the dental plaque formation. Typically 

each ligand binds to at least one oral species or more (Hay 1983). The subsequent step involves 

the passive transport of oral bacteria to the pellicle coated tooth surface where they interact by 

physicochemical forces. The attraction between these two surfaces is weak and hence results in 

reversible adhesion. However, it can result in specific interactions between bacterial cell surface 
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receptors and ligands/molecules of the pellicle resulting in short range interactions that are 

irreversible (Rosan and Lamont 2000)  

Viridans streptococci, with the exception of Streptococcus mutans, are early colonizers of 

the dental plaque. Amongst them is Streptococcus gordonii. It can bind to a variety of receptors 

in the acquired pellicle. SspA and SspB belong to the highly conserved antigen I/II polypeptides 

that are expressed on the cell surface of S. gordonii. The insertional inactivation of the sspA gene 

in S. gordonii DL1 resulted in reduced ability of this bacterium to bind to salivary agglutinin 

glycoproteins; binding of S. gordonii to these glycoproteins was further reduced when both sspA 

and sspB were inactivated (Demuth et al 1996). In addition to binding to host-derived molecules 

on the tooth enamel, streptococci can also interact with other members of the oral flora. Strains 

of S. gordonii, with insertionally inactivated sspA and sspB genes, have reduced ability to bind to 

Actonimyces naeslundii (Demuth et al 1996). S. gordonii can also interact with receptor 

polysaccharides (RPS) borne on another early colonizer, Streptococcus oralis (Palmer et al 

2003). Additionally, Maeda et al have shown that glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) on the surface of S. oralis aids in its binding to Porphyromonas gingivalis, a 

periodontal pathogen (Maeda et al 2004). Other examples of early colonizers include 

Streptococcus mitis and Streptococcus sanguis (Kolenbrander et al 2002). 

Once the primary colonizers are established, later colonizers co-adhere to the earlier ones. 

In addition to Porphyromonas gingivalis, examples of later colonizers include Treponema 

denticola and Aggregatibacter actinomycetemcomitans among others. The sequential binding of 

various bacteria with different metabolic abilities increases the diversity of the dental plaque. 

Bridges between distinct categories are maintained through specific interbacterial interactions. 

Fusobacterium nucleatum is a gram negative bacterium that can be isolated from healthy 
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individuals and in increased numbers from periodontally diseased sites (Anderson et al 1998). It 

acts as a bridge between the early and the late colonizers. Twenty eight strains of F. nucleatum 

were tested for their ability to co-adhere to each other and to a number of other species belonging 

to Streptococci, Veillonella and Porphyromonas among many others. It was found that F. 

nucleatum adhered to members of all genera but not to each strain of every species tested 

(Kolenbrander et al 1989). 

The size of the biofilm increases because of bacterial growth. The whole process results 

in the formation of a three dimensional spatially and functionally organized mixed culture 

biofilm (Figure 1). The structural integrity of the biofilm is maintained by the extracellular 

matrix that is formed by various bacteria (Kolenbrander et al 2002). Communication between 

bacteria in dental plaque may be key to their survival. Bacteria respond to signals, whether 

environmental or products of other bacteria, and can alter their physiological state or detach from 

a surface and colonize elsewhere. 
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Figure 1. Dental plaque on the acquired pellicle.  

 

(Kolenbrander et al 2002) 
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Streptococcus mutans 

The viridians group includes the oral streptococci which are divided into five groups: (1) 

Mutans group (predominant members are S. mutans, Streptococcus cricetus,  Streptococcus 

rattus, Streptococcus downei and Streptococcus sobrinus), (2) Salivarius group (Streptococcus 

salivarius, Streptococcus vestibularis and Streptococcus thermophilus), (3) Anginosus group 

(Streptococcus anginosus, Streptococcus constellatus and Streptococcus intermedius), (4) 

Sanguinis group (Streptococcus sanguinis and Streptococcus gordonii), and (5) Mitis group 

(Streptococcus mitis, Streptococcus pneumoniae and Streptococcus oralis) ( Facklam 2002). 

S. mutans was isolated from carious lesions on human teeth as early as 1924 by J. K. 

Clarke. In addition to describing S. mutans, Clarke also made a key observation that the presence 

of various bacteria changed with the stage of the lesion (Clarke 1924). It is interesting to note 

that streptococci belonging to the Mutans group constitute 2% or less of the initial streptococcal 

population regardless of the caries activity of the individual. Although, a number of microbial 

species are implicated in causing dental caries, S. mutans is most often associated with the 

disease. The acid production resulting from carbohydrate metabolism and the subsequent 

decrease in environmental pH are responsible for the demineralization of tooth surfaces (Loesche 

1986). This leads to eventual tooth decay. The consistent association of S. mutans with dental 

caries can be attributed to three main virulence factors, adhesion, acidogenicity and aciduricity, 

which are discussed in the following sections. 
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Adhesion  

S. mutans can adhere to the tooth surface by a number of mechanisms which can be 

divided into two broad categories: sucrose independent adhesion and sucrose dependent 

adhesion. The former may initiate the attachment process but for effective colonization and 

establishment to occur, sucrose dependent mechanisms need to be used. 

Sucrose independent adhesion is mainly mediated by antigen I/II, a 185 kDa surface 

protein. The presence of antigen I/II on the surface of the cell enables binding to salivary 

proteins and promotes the adhesion to saliva coated surfaces. Only weak adherence of bacteria 

was seen on saliva coated surfaces in the absence of these antigens (Xu et al 2007). An isogenic 

mutant lacking antigen I/II does not bind as efficiently to saliva coated hydroxypatite as 

compared to the wild type (Bowen et al 1991). Additionally, mutants lacking antigen I/II, 

showed reduced biofilm formation in the presence of saliva as compared to the wild type. This 

result indicates that antigen I/II plays a crucial role in biofilm formation (Pecharki et al 2005). 

Proteins that are similar to antigen I/II are found in most streptococci (Ma et al 1991). Mutants 

lacking the antigen I/II were less virulent and caused fewer carious lesions in gnotobiotic rats 

(Crowley et al 1999). 

A surface-associated protein called wall-associated protein A (WapA) has been used in 

human vaccine studies (Russell and Johnson 1987; Russell et al 1995). Studies of this protein, 

using confocal and atomic force microscopy (AFM), have revealed that WapA plays a role in 

sucrose independent cell-cell adhesion and in biofilm formation. In comparison to the wild type, 

the wapA mutant had reduced chain length, modified cell surface ultrastructure, unstructured 

biofilm formation and reduced cell-cell aggregation (Zhu et al 2006). Characterization of the 
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wapA gene was also done with S. mutans strain GS-5. A different study showed that the mutant 

had reduced adherence and aggregation in the presence of sucrose (Qian and Dao 1993). 

Although about 90% of the sucrose that is encountered by S. mutans is internalized and 

results in the production of lactic acid and ATP, a major mechanism for sucrose dependent 

adhesion is by the synthesis of extracellular polysaccharides (EPS) from sucrose. The EPS 

enable binding to abiotic/bacterial surfaces and are also used as an energy reserve. Glucans and 

fructans are two polymers that are synthesized from sucrose. Glucans consist of glucose units 

linked by α (1-6) and/or α (1-3) linkages. A glucan with predominantly α (1-6) linkages is 

referred to as the soluble glucan or dextran. Glucans with predominantly α (1-3) linkages are 

termed mutans and are water insoluble. Enzymes involved in the synthesis of glucans are 

extracellular glucosyltransferases (GTF). Sucrose is cleaved into fructose and glucose which is 

polymerized. Similar extracellular polysaccharides are synthesized by GTFs in other oral 

bacteria (Whiley and Beighton 1998). S. mutans has three GTFs, encoded by gtfB, gtfC and gtfD, 

each of which is distinct from the other. GtfB synthesizes primarily insoluble glucan rich in α -1, 

3-linkages, GtfC produces insoluble glucans with a mixture of α -1, 6- and α -1, 3-linkages and 

GtfD forms predominantly soluble glucans with α -1, 6-linkages (Hanada and Kuramitsu 1988). 

Mutant strains with one or more of these genes inactivated showed diminished virulence in 

rodent models of dental caries (Munro 1991). Additionally these glucans act as binding sites for 

other bacteria and help establish a biofilm. The disruption of both gtfB and gtfC resulted in a 

decrease in extracellular polysaccharide matrix and biofilm formation. The GTF enzymes seem 

to give a competitive edge to S. mutans by enabling them to establish a biofilm in the oral cavity 

(Koo et al 2010). The different GTFs that S. mutans possesses have different affinities for the 

bacterial surface and the salivary pellicle (Vacca-Smith and Bowen 1998). S. mutans produces an 
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extracellular dextranase (Dex) which breaks down the glucans by cleaving α (1-6) linkages 

resulting in the formation of modified glucans and isomaltosaccharides that are 3-4 residues in 

length. These small oligosaccharides are then transported into the cell by the products of the 

multiple sugar metabolism (MSM) operon where they are further broken down into glucose by a 

dextran glucosidase (DexB), thus allowing the use of glucans as a reserve energy source. The 

activity of dextranase also alters the adherence properties of S. mutans by increasing the 

proportion of α (1-3) linkages. Studies have shown that Dex
-
 mutants are more adherent than 

their parental strains (Colby et al 1995).  

Fructans are linear polymers of fructose units. They are termed either levan with β (2-6) 

linkages or inulin with β (2-1) linkages. A single fructosyltransferase (FTF) is responsible for 

cleaving the sucrose into glucose, which is taken up by the cell, and the synthesis of polymers of 

fructose (Shiroza and Kuramitsu 1998). S. mutans can utilize fructans as an energy source 

through the action of an exofructosidase, FruA. This enzyme aids in the release of free fructose 

units that are internalized and metabolized by the cell (Burne and Penders 1992).  

S. mutans also produces glucan binding proteins (GBP) which facilitate adhesion. To date 

GbpA, GbpB, GbpC and GbpD have been identified. In an attempt to delineate the role of these 

proteins, a gbpA knockout strain was constructed. It was found to be more virulent, based on 

caries scores, in a gnotobiotic rat model fed a 5% sucrose diet than the parental strain (Hazlet et 

al 1998). The height of microcolonies in the biofilm was also reduced compared to those of the 

parental strain (Hazlett et al 1999). However, another group found that inactivation of gbpA 

resulted in reduced virulence (Matsumura et al 2003) so its role is not clear. 
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Acid Tolerance 

S. mutans can gain predominance in numbers and establish itself in a favorable 

environment because it tolerates acidic conditions. It can do so by several mechanisms. Bacteria 

surviving in acidic conditions always are in danger of acidification of the cytoplasm, which 

might result in destruction of the cellular machinery, protein and DNA (Lindahl and Nyberg 

1972).  

One mechanism of acid tolerance involves the RecA protein. The RecA protein is 

required for homologous recombination and is part of a repair mechanism that enables the cell to 

restart DNA replication at stalled forks. Inagaki et al have shown that a RecA deficient strain of 

S. mutans has a decreased level of acid tolerance than the parental strain (Inagaki 2009). 

A second mechanism involves membrane structure. An intact membrane is key to 

tolerating acid shock. S. mutans can vary the proportion of the long chain monounsaturated 

membrane fatty acid chains. More of these fatty acid chains are produced at pH 5 than at 7 and 

protect against the lower pH. The rapid shift in fatty acid profile shows that S. mutans can adapt 

to increasingly acidic conditions (Quivey et al 2000). 

Chaperonins provide an indirect mechanism of acid tolerance. S. mutans can upregulate 

chaperonin proteins such as DnaK under acid shock. DnaK enables the cells to generate F1-F0- 

ATPase which aids in maintaining a functional intracellular pH by the expulsion of protons from 

the cytoplasm (Lemos et al 2001). These ATPases play a key role in acid tolerance in a number 

of species and the pH optimum of the proteins has been shown to be directly linked to the 

organism’s ability to survive in acidic conditions (Bender et al 1986). This mechanism enables S. 

mutans to maintain a cytoplasmic pH that is more alkaline than the extracellular environment 

(Lemos et al 2005). 
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Sugar Metabolism  

The acid produced by the consumption of a sugar-rich diet causes an ecological shift in 

the microflora of the oral cavity enabling the survival of acid tolerant members such as S. mutans 

and Lactobacillus sp (Marsh 1994). The percentage of S. mutans from the total cultivable plaque 

flora decreased to almost undetectable levels in mice on a carbohydrate free diet, maintained for 

17 days. The addition of glucose and sucrose to the diet significantly increased the percentage of 

S. mutans from the cultivable flora clearly demonstrating its dependence on sugar (De Stoppelaar 

1970). During a regular diet intake, S. mutans is exposed to varying concentrations of a wide 

variety of sugars. There may be a 10,000 fold increase in sugar concentration after food intake. 

The sugars can enter the bacterial cell rapidly and this sudden influx can result in the 

accumulation of toxic levels of glycolytic intermediates and eventual cell death. This effect is 

termed ‘sugar killing’ (Dykhuizen and Hartl 1978). S. mutans has developed a number of ways 

to utilize sugars efficiently such that the rate of transport of sugars into the cell does not exceed 

the rate of their metabolism. Having multiple sugar transport systems, alternate energy 

metabolism pathways and the ability to expel toxic end products help S. mutans to maintain its 

niche in the oral cavity and avoid sugar killing (Vadeboncoeur and Pelletier 1997).  

There are two main types of sugar transport system which aid in the efficient transport of 

sugars, the phosphoenolpyruvate: sugar phosphotransferase (PTS) system and the multiple sugar 

metabolism (MSM) system. The involvement of a PTS in transporting glucose in oral 

streptococci was demonstrated, for the first time, while studying the inhibitory effects of sodium 

fluoride on the levels of various glycolytic intermediates (Kanapka and Hamilton 1971). A 

number of PTS systems have been identified for oral streptococci. In S. mutans alone, a PTS has 

been identified for glucose (Schachtele and Mayo 1973), fructose (Gauthier et al 1984), mannose 
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(Vadeboncoeur 1984), lactose (Calmes 1978), mannitol and sorbitol (Brown and Wittenberger 

1973), maltose (Würsch and Koellreutter 1985), sucrose (St Martin and Wittenberger 1979), 

trehalose (Poy and Jacobson 1990) and N-acetyl glucosamine (Jacobson et al 1990). 

Additionally, a novel β-galactoside PTS has been characterized in S. mutans. β-galactosides are 

compounds with a single glucose moiety and additional groups attached to the hydroxyl group of 

the first carbon atom of the glucose. For some sugars such as glucose, more than one PTS system 

has been characterized in S. mutans (Vadeboncoeur et al 1987). S. mutans can metabolize all the 

afore-mentioned sugars.  

The PTS system comprises a heat stable phospho carrier protein (HPr), enzyme I (EI) and 

enzyme II (EII). The HPr and the EI proteins are soluble cytosolic proteins that are common to 

all PTS systems. The genes ptsI and the ptsH encoding EI and the HPr proteins have been cloned 

and sequenced in S. mutans (Boyd et al 1994). The EII protein is specific for each sugar and is 

membrane bound. The EII protein comprises the actual permease of the PTS. This protein 

typically contains three functional domains- Enzyme IIA, IIB and IIC.  

In the PTS, phosphoenolpyruvate (PEP) is used in a group transfer process where 

phosphorylated EI transiently phosphorylates the HPr protein on histidyl residue 15 and 

phosphoenolpyruvate is converted to pyruvate. The phosphate group on the phosphorylated HPr 

is then transferred to the membrane bound Enzyme II. The phosphate group is sequentially 

transferred from IIA to IIB and ultimately to the incoming sugar (Figure 2). The IIC subunit 

lacks a phosphorylation site and typically functions as a sugar binding site and forms the actual 

sugar transport channel. The phosphoenolpyruvate (PEP) dependent uptake of a number of 

carbohydrates is inducible by growth on the respective carbohydrate (Vadeboncoeur et al 1987). 

The PTS has a high affinity for glucose and functions with maximum activity when the glucose 
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concentration is low and is repressed at high glucose concentration and at low pH (Ellwood et al 

1979). The PTS also plays a key role in carbohydrate catabolite repression (CCR) where the 

metabolism of a non-preferred sugar is repressed by CCR in the presence of a preferred PTS 

sugar. In addition to sugar transport and its regulation, a number of functions have been 

attributed to the PTS which include chemotaxis (in Gram-negative bacteria) and regulation of 

gene transcription (both Gram negative and Gram-positive bacteria) (Vadeboncoeur and Pelletier 

1997).  

The second method of sugar transport in S. mutans, which is a non PTS system, involves 

the products of the multiple sugar metabolism (MSM) system (Russell et al 1992). The genes are 

transcribed as a single operon and are involved in the translocation of raffinose, melibiose and 

isomaltotrioses (Tao et al 1993). Eight genes of the msm operon have been identified and 

sequenced (Figure 3). The proteins specified by genes in this operon are an α-galactosidase 

(Aduse-Opoku et al 1991), a sugar binding protein, two membrane proteins, sucrose 

phosphorylase (Ferretti et al 1998), an ATP binding protein and a dextran glucosidase (Burne et 

al 1986). The genes are under the control of a positive regulator, msmR (Russell et al 1992). 

Once glucose is present intracellularly, it is metabolized by the constitutive glycolytic 

pathway (Adjić et al 2002). The multiple steps involved in the metabolism of glucose are 

outlined in Figure 4. The degradation of glucose results in the formation of pyruvate. Pyruvate 

has a central role in the metabolism of S. mutans and the pathways of pyruvate conversion into 

fermentation products are under strict metabolic control. During glycolysis, there is production 

of ATP by substrate level phosphorylation, and NAD is reduced to NADH. In order to maintain 

the oxidation-reduction balance of the cell, the NADH needs to be oxidized to NAD. In the 

presence of excess sugar, pyruvate is converted to lactic acid by lactate dehydrogenase (LDH) 
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and NADH is oxidized to NAD, restoring the oxidation-reduction balance of the cell. The 

expulsion of the lactic acid causes the surrounding microenvironment to become acidic. The 

conversion of pyruvate into lactate by the LDH pathway is a crucial requisite in many bacteria in 

protecting against sugar killing. The efficient formation of lactate from pyruvate or the ‘lactate 

gate’ could be attributed to the fact that the ldh gene in S. mutans is constitutively expressed. 

However, the activity of LDH is dependent on high levels of fructose 1, 6 bisphosphate. When 

sugar concentrations are low in the environment, the levels of this glycolytic intermediate 

decrease which in turn decreases the activity of LDH. And pyruvate becomes a substrate for 

alternate pathways of metabolism.  

Pyruvate can be metabolized by pyruvate formate lyase (PFL) to yield acetyl-CoA and 

formate. This reaction occurs only under anaerobic conditions as PFL is extremely sensitive to 

oxygen and its synthesis is repressed under aerobic growth conditions (Abbe et al 1982). This 

enzyme is also inhibited by glyceraldehyde 3-phosphate and dihydroxyacetone phosphate and 

hence has a lower activity when high concentrations of glucose are present (Takahashi et al 

1982). The formate is not metabolized further whereas the acetyl-CoA can be converted into 

acetate by phosphotransacetylase and acetate kinase yielding ATP. Thus, the production of 

acetate, rather than lactate, from pyruvate is an energetically favorable process. The reduction of 

acetate to ethanol results in the oxidation of NADH to NAD which maintains the redox balance 

of the cell (Neijssel et al 1997). 

Under aerobic conditions, a majority of the substrate is oxidized to acetyl-CoA and CO2 

by the pyruvate dehydrogenate complex (PDH). The acetyl-CoA can be converted to acetyl 

phosphate and acetate by phosphotransacetylase and acetate kinase respectively with the 

concomitant generation of ATP. The PDH complex maybe helpful in providing CO2 to the cell 
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since S. mutans lacks the hexose monophosphate pathway which is the usual CO2 generator of 

the cell (Bridges 1977). 
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Figure 2. A diagrammatic representation of the PTS system for a sugar moiety. 

 

(Taken from Vadeboncoeur and Pelletier 1997) 

 

 

Figure 3. A diagrammatic representation of the operon encoding the MSM system in S. mutans.  

 

The aga gene encodes an α-galactosidase (aga product), msmE encodes a sugar binding product, 

msmF and msmG encode two membrane proteins, gtfA encodes a sucrose phosphorylase, msmK 

encodes an ATP binding protein, dexB encodes a dextran glucosidase. 

(Adapted from Tao et al 1993) 
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Figure 4. An outline depicting the steps in glycolysis along with the three possible outcomes of 

pyruvate metabolism.  

(Adapted from the Textbook of Clinical Cariology).  
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Saliva 

Saliva in the oral cavity is key to maintaining the integrity of oral tissues (Hay 1983). 

Human salivary glands secrete 1000-1500 mL saliva per day (Amerongen et al 1995). Typically 

salivary glands have been classified as major or minor based on the size of the gland. The major 

salivary glands include the paired parotid glands, and the submandibular and sublingual glands, 

which are found in the floor of the mouth. Minor glands that produce saliva are found in the 

lower lip, tongue, palate, cheeks, and pharynx. The types of cells found in the salivary glands are 

acinar cells, various duct system cells, and myoepithelial cells. Saliva is first secreted in the 

acinar cells which determine the type of secretion produced from the different glands. Secretion 

can be categorized as serous, mucous, or mixed; the parotid glands mainly produce serous 

secretions, minor glands produce the mucous secretion, and the sublingual and submandibular 

produce mixed serous and mucous secretions (Roth and Calmes 1981). 

 Saliva is a rich mix of various components. Some of the inorganic ions present in saliva 

are sodium, potassium, calcium, bicarbonate, magnesium and phosphate. In addition to inorganic 

ions, saliva contains glycoproteins such as mucin, proline rich glycoproteins, α amylases, 

lactoferrin, salivary peroxidase, secretory IgA, fucose rich glycoproteins and kalikrein (Dowd 

1999). Salivary secretions interact with the acquired pellicle and with the epithelial cell surfaces, 

forming a protective oral mucosal coat. This coat layer measures about 50 µm, as revealed by 

phase contrast microscopy, and is extremely rich in mucin (Sarosiek 1988).  

Saliva acts as a barrier to harmful substances and potential carcinogens which may arise 

from smoking (Farnaud et al 2010). One of the most efficient lubricating components of saliva is 

mucin. Salivary mucins play a crucial role in maintaining permeability and limiting entry of 

potential irritants in the oral cavity (Mandel 1987). The bicarbonate in saliva buffers the micro 
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environment of the oral cavity by diffusing into the plaque and neutralizing the acids produced 

by bacterial metabolism (Lenander-Lumikari and Loimaranta 2000). Maintenance of tooth 

integrity is important throughout the life of the human being. If unchecked, demineralization by 

acids occurs which is the first step towards progressive tooth decay and dental caries. The high 

levels of calcium and phosphate are crucial to the process of remineralization. A salivary peptide, 

statherin, stabilizes calcium and phosphate in solution and also binds to the hydroxypatite on the 

tooth surface (Dowd 1999). The immunologic agents present in saliva that have protective 

properties are IgM, IgG and, predominantly, IgA. IgA typically works by neutralizing viruses 

and also aids in serving as an antibody, binding to bacterial antigens thereby inhibiting bacterial 

attachment to host surfaces (McNabb et al 1981). 

The various salivary components may have overlapping functions (Levine 1993). The 

presence of saliva in the oral cavity is constant when compared to periodic food intake by the 

host. Thus, its constant presence strongly influences the nature of the microorganisms that are 

present, because they can bind to various components in saliva and may utilize them as an 

energy/nutrient source. Saliva, added to a defined medium, substituted only for a nitrogen source 

and not as a sole source of carbohydrate, vitamins or growth factors needed to support growth of 

S. mutans and S. sanguis (Cowman et al 1977). The limiting factor for growth of streptococci in 

saliva is carbohydrate. In the parotid secretions the level of glucose is found to be 5-40 µM  

(Kelsay et al 1972). Other potential sources of free glucose are from the fresh glandular 

secretions, host diet or salivary glycoproteins. In order to utilize these glycoproteins effectively, 

bacteria need to first bind to these proteins.  
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Mucins 

Mucins constitute a significant (approximately 26%) portion of salivary proteins 

(Amerongen 1995). To date, 11 specific human mucin genes have been isolated and have been 

numbered- MUC1-MUC4, MUC5AC, MUC5B, MUC6-8 and MUC11-12 (Bobek et al 1996; 

Dufosse et al 1993; Gum et al 1990; Porchet et al 1991; Toribara et al 1993; Aubert 1991; Gum 

et al 1994; Lan et al 1990; Lapensée et al 1997; Porchet et al 1991; Shankar et al 1997 and 

Williams et al 1999). Mucins are categorized into three distinct groups: gel forming (MUC2, 

MUC5AC, MUC5B and MUC6), membrane associated (MUC1, MUC3, MUC4 and MUC12) 

and soluble (MUC7) (Moniaux et al 2001). MUC8 and MUC11 are unclassified.  

Studies detailing the structure of mucins in saliva were done by performing size 

exclusion chromatography of submandibular and sublingual secretions. The two mucins found to 

be present in saliva were named mucus glycoprotein 1 (MG1) and mucus glycoprotein 2 (MG2) 

(Slomiany et al 1996). MG1 and MG2 are the products of two different genes, MUC5B and 

MUC7 respectively (Tabak 1990). The high molecular weight mucin MG1 accounts for 30% of 

the human salivary mucin and the low molecular weight mucin MG2 accounts for approximately 

70% of the salivary mucin (Slomiany et al 1993). 

MG1 consists of monomers with a molecular mass greater than 1MDa. The extent of 

polymerization, by disulfide formation, determines the size of the mucin. The protein and 

carbohydrate content in MG1 was found to be 19% and 81% respectively. The abundance of 

various carbohydrate moieties such as fucose, galactose, mannose, N-acetyl glucosamine, N-

acetyl galactosamine and N-acetyl neuraminic acid was 1.5, 1.2, 0.02, 0.88, 0.33 and 0.46 

µmol/mg of mucin, respectively. MG1 is one of the most highly glycosylated mucins with a 

large oligomeric protein core that is comprised of several disulfide linked sub units. The number 
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of oligosaccharide side chains can be over 200 in number with 4-16 residues in each chain. 

Structural characterization studies revealed that the percentage of neutral, sialylated and sulfated 

O-glycans was 56%, 26% and 19% in MG1.The amino acids threonine, serine, proline and 

alanine constitute 43% of the total amino acid content whereas glycine constitutes 8.6% of the 

total amino acid content in MG1 (Thomsson et al 2002).  

MG2 has a molecular mass of 200-250 kDa. MG2 has a single peptide chain (Tabak 

1990). The number of oligosaccharide chains is about 70 with 2-7 residues per chain. The 

percentage of neutral, sialylated and sulfated O-glycans was 49%, 40% and 11% in MG2 

respectively (Prakobphol et al 1998). The amino acids threonine, serine, proline and alanine 

constitute 75% of the total amino acid content whereas glycine constitutes 1.4% of the total 

amino acid content in MG2. Recently, two distinct glycoforms, 180 and 125 kDa in size were 

found to be present in saliva in resting and stimulated conditions respectively (Soares et al 2011). 

It may be that only one of these forms is encoded by MUC7; the other may be derived y 

proteolysis of MG1. 

There is some evidence that some portion of MG2 is a derivative of MG1 as a result of 

indigenous protease present in saliva (Ikeno et al 1986). The protease belongs to a family of 

distinctly different trypsin like proteases (Thibault and Genest 1981). The protease activity is 3.8 

fold greater in caries resistant individuals than in caries susceptible individuals. This implies that 

the protease may have a role to play in the modulation of the salivary defense system against 

dental caries (Piotrowski et al 1992). In caries susceptible persons the high molecular weight 

mucin predominates whereas the low molecular weight mucin is found to be consistently higher 

in individuals resistant to caries. Low solubility, high viscosity, high elasticity and strong 

adhesiveness are central properties of mucin (Edgar 1990). Mucin also plays a key role in 
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modulating the adhesion of microorganisms to oral tissue surfaces. By doing so, these 

glycoproteins promote the colonization of a number of bacteria and fungi. It is interesting to note 

that MG1 binds to the enamel pellicle and promotes the establishment and growth of benign 

commensal oral flora and forms a barrier against acid penetration and also prevents mineral loss 

from the enamel (Tabak et al 1982). MG2 temporarily binds to the enamel pellicle and unlike 

MG1 aids in clearance of oral bacteria (Scannapieco and Levine 1993).  

Salivary Mucin- A Surface for Attachment and a Source of Nutrients 

The binding of oral streptococci to salivary glycoproteins was demonstrated by 

autoradiography. Using purified MG2 to overlay blots of SDS-extracts of S. gordonii cell surface 

proteins, four MG2 binding bands were identified in strain PK488 (Kesimer et al 2009). In a separate 

study, saliva was fractionated by SDS-PAGE and transferred onto nitrocellulose membrane. The 

resulting blots were overlaid with 
(35) 

S methionine labeled bacteria. The binding of S. sanguis 

72-40 was found to be specific to the sialic acid residues on MG2. Truncated glycoproteins 

without the terminal sialic acid residues abolished the binding between the two components. In 

other cases, (S. gordonii G9B and 10558, S. sanguis 10556 and S. oralis 10557 and 72-41), 

bacteria bound to several components indicating that the epitopes required for binding were 

present on a number of proteins in saliva, including MG1 and MG2. None of the strains of S. 

mutans (25175, Ingbritt, GS-5 and LM-7) tested, showed any binding to MG2 (Murray et al 

1992). However, using, western blot assays, transmission electron microscopy and enzyme 

linked immunosorbent assays, it was demonstrated that an α enolase from a cell surface protein 

preparation of S. mutans A32-2 did bind to MG2 (Ge et al 2004).  

The fact that plaque bacteria survived intervals of time during the absence of a host diet 

led to studies detailing their ability to utilize mucin as a nutrient. In the laboratory, porcine 
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gastric mucin (PGM) was used to study the role of salivary mucin, since of commercially 

available mucins its structure was most similar to salivary mucin, MG1 (Herp et al 1979). Dental 

plaque was incubated in medium supplemented with PGM, as the sole source of carbon, to 

analyze glycosidase activities of bacteria. A significant increase in glycosidase activity was seen 

in minimal medium with PGM alone when compared to medium with glucose. Glycosidase 

activities included β-galactosidase, β-N-acetylglucosaminidase, α-galactosidase, α-glucosidase, 

β-N-acetylgalactosaminidase, α-fucosidase, β-xylosidase, β-glucosidase, sulphatase, β-

glucuronidase and neuraminidase (van der Hoeven et al 1990). The glycosidase activities were 

found to be similar to the enzymatic activity seen between intervals of food intake in macaque 

supragingival plaque (Smith and Beighton 1986). 

An increase in PTS activity for N-acetylglucosamine, glucose and mannose was observed 

when S. oralis was grown in minimal medium supplemented with PGM alone (Rafay et al 1996). 

In a separate study, nine strains of S. oralis isolated from the normal plaque flora or from blood 

cultures of patients with endocarditis showed increased N-acetyl-glucosaminidase and 

neuraminidase activities in medium containing PGM as the sole source of fermentable 

carbohydrate (Homer et al 1996). Similar glycosidase activities along with the upregulation of 

PTS systems that involved the transport of sugars derived from mucin, were evident in S. 

intermedius (Homer et al 1994).  

Sialidase activity, which can be seen in some bacteria, modifies the carbohydrate side 

chains such that metabolizable residues become available for utilization by non-sialidase 

producing streptococci (Takao et al 2010). Another enzyme that enables mucin utilization is 

fucosidase. When maintained in pure cultures, S. oralis attained three fold higher cell density 

than S. sanguis presumably because of its fucosidase activity. Fucosidase activity was not seen in 
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S. sanguis and therefore it was unable to attack oligosaccharide side chains ending in fucose. 

However when maintained with S. oralis in mixed cultures, S. sanguis attained higher cell 

densities than when present alone in pure culture. The stimulation of growth of S. sanguis was 

probably caused by the generation by S. oralis of ending residues, other than fucose (van der 

Hoeven and Camp 1991).  

Other studies showed that a consortium of four bacteria, consisting of S. mitis biovar 2, S. 

gordonii, S. cristatus and A. naeslundii, was needed to proteolytically degrade salivary mucin 

MG1 (Wickström et al 2009). Individual strains incubated for extended intervals of time did not 

cause a similar level of proteolysis of the mucin. Using 7-amido-4-methylcoumarin labeled 

substrates and FITC labeled proteins it was determined that the mutans streptococci had the least 

proteolytic activity whereas S. oralis and S. sanguis had the most proteolytic activity (Homer et 

al 1990). 

Although a wide range of enzymatic activity with regards to mucin was seen in oral 

streptococci, studies addressing their growth and survival in the presence of mucin are limited. 

Not all species of streptococci could grow individually when mucin was used as the sole source 

of carbohydrate (van der Hoeven et al 1990). S. mitior grew to a high cell density whereas 

species belonging to the mutans streptococci such as, S. mutans, S. sobrinus and S. rattus, 

showed poor growth in medium lacking readily utilizable sugar. S. mitis, S. sanguis and S. 

milleri showed intermediate growth in the same medium. The viable count of S. mutans 

significantly increased when at least five species were maintained in a steady state chemostat 

(van der Hoeven 1990). It is possible that the presence of oral bacteria and their unique 

enzymatic activities may enhance growth of S. mutans in the presence of mucin (Marsh 1994). 
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These studies show that the complex nature of salivary mucin is circumvented by the 

synergistic action of a number of oral bacteria with unique glycosidase and protease activities. 

The cooperation between the plaque microflora results in the utilization of the carbohydrate side 

chains of mucin thereby making the protein backbone available for further degradation. 

Persistence during Starvation 

In the laboratory, bacteria are routinely cultured in media that cater to their specific 

requirements, which are often readily available sources of carbon and nitrogen. However, in 

nature, bacteria typically exist in conditions with low nutrient availability. Competition between 

bacteria lowers the availability of these limited resources even further. Hence bacteria have a 

number of mechanisms to adapt to and survive starvation. A few examples of responses to 

starvation are discussed below. 

A severe response to overcome unfavorable conditions is sporulation, which can be seen 

in Bacillus subtilis. Sporulation occurs when vegetatively growing cells are starved for key 

nutrients like carbon and nitrogen. The process of spore formation begins with the 

phosphorylation of Spo0A, a master transcription regulator. Once active, Spo0A triggers the 

activation of various other key developmental regulators. This process results in the formation of 

an asymmetric division in the cell. Compartmentalized gene expression leads to the activation of 

σ (sigma) F in the prespore and σ E in the mother cell. This process leads to the expression of a 

number of genes which ultimately result in the engulfment of the prespore. Once engulfment is 

complete another round of gene expression begins which results in the activation of σ G in the 

prespore and σ K in the mother cell. The spores eventually become resistant and can persist in 

the environment until the return of favorable conditions (Piggot and Hilbert 2004). Sporulation is 

the defining characteristic of members of the genera Bacillus and Clostridium.  
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Traditionally, bacterial growth in laboratory cultures can be divided into four distinct 

phases; lag phase, exponential phase, stationary phase and death phase. Extensive study has been 

done on what is now called the extended or long term stationary phase (Ramírez et al 2005). 

During long term stationary phase bacteria adapt by making a number of physiological, 

morphological and genetic changes. The most noticeable phenotype of these changes in 

Escherichia coli is the occurrence of mutants with a growth advantage in stationary phase 

(GASP). Typically, death phase occurs after 3 days and a 99% loss in viability of cells is seen 

when E. coli cultures are maintained in LB medium. However, a sub-population of 0.1 to 1% of 

the cells survives. Genetic studies have shown that competition assays between the aged and the 

parental cultures can potentially have four different GASP outcomes. The strong GASP 

phenomenon is seen where the GASP mutants outgrow the younger parental culture which is 

initially present in higher numbers than the mutants itself. Weak GASP is characterized by the 

ability of the GASP mutants to increase in numbers and grow along with the younger culture but 

cannot outgrow the younger culture. The condition where the GASP mutants grow along with 

the younger culture but eventually die out is called abortive GASP. And the fourth phenotype, is 

where the aged cells are unable to compete with the younger culture, and is characterized by the 

absence of the GASP phenomenon (Finkel 2006). Strong GASP is also seen in other species such 

as Listeria monocytogenes (Bruno and Freitag 2011). 

Multiple mutations accumulate during survival. Mutations shown to lead to a growth 

advantage include mutations in rpoS (encoding an alternate sigma factor RpoS), lrp (encoding a 

leucine responsive protein) or in the ybeJ-gltJKL cluster (encoding a high affinity aspartate and 

glutamate transporter). Each of the mutations that occur in any of these genes results in an 

increased ability to catabolize one or more amino acids as a source of carbon and energy.  
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RpoS is a key regulator of stationary phase gene expression and plays an important role 

in the stress response in E. coli (Hengge-Aronis 2002). A mutation, conferring a competitive 

growth advantage during prolonged stationary phase, was identified as the rpoS819 allele 

(Zambrano et al 1993). In the natural environment, a dynamic flux in the availability of nutrients 

exists. To address the response of the rpoS819 mutation under various conditions of stress, such 

as pH and low nutrient availability, competition assays between strains carrying the wild type 

rpoS and the mutant rpoS819 were done with LB medium. The mutant allele had a fitness 

advantage to the culture under basic conditions, conferred a lesser advantage in neutral 

conditions and had a disadvantage in acidic conditions. The mutant allele also conferred a 

definite fitness advantage to the culture when either glucose or amino acids were the sole source 

of carbon or energy. These studies revealed that harboring a mutant allele was beneficial to the 

organism only in some conditions (Farrell and Finkel 2003). 

Additional mutations in an isolate derived from an aged culture with the rpoS819 allele 

were identified to be in three genes, sgaA, sgaB and sgaC (Zinser and Kolter 1999). These 

mutations rendered the strain more fit to survive in an environment with low carbon levels. 

These strains could survive on an individual or a combination of amino acids. In a separate 

study, it was shown that a loss of function in the lrp gene rendered a competitive fitness 

advantage to the culture by increasing the amino acid catabolism during carbon starvation 

(Zinser and Kolter 2000). 

The GASP phenomenon has also been shown in biofilms of E. coli. For the first time a 

species of biofilm forming bacteria was shown to evolve in response to changing environmental 

conditions; in a short period of time beneficial mutations conferring a competitive advantage 
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appeared in a subpopulation of cells. This phenomenon was similar to that seen for the GASP 

phenotype for planktonic cells (Kraigsley and Finkel 2009). 

S. mutans has a few alternate sigma factors (Adjić et al 2002); but there is no evidence 

that they are important for survival. Renye et al (2004) have found no evidence for the GASP 

phenomenon in S. mutans UA159. Recovered colonies from an eight day old culture were tested 

for survival in chemically defined medium with glucose. The survival pattern of batch cultures 

started from the recovered colonies was similar to that of batch cultures of the parental strain. 

Typically on day 1, 24 h after the imposition of sugar starvation, 10
9
 CFU/mL are recovered. 

With the gradual progression into stationary phase, by day 6, 10
3
 CFU/mL are recovered. This 

sub-population is maintained for a prolonged period of time. There was no indication of 

accumulation of mutations in the surviving strains. Our laboratory has also shown that S. mutans 

upregulates genes/operons, such as the lactate dehydrogenase (ldh) in exponential phase and 

pyruvate dehydrogenase (pdh) in stationary phase respectively. The pdh operon was found to be 

important for long term survival of S. mutans in batch cultures and biofilms. Expression of the 

pdh operon was limited to less than 1% of the stationary phase population, when batch cultures 

of S. mutans were established using a reporter strain (SL15013; Ppdh-gfp), in medium containing 

glucose. Recovered colonies were used to establish batch cultures in similar medium and again, 

pdh expression was limited to less than 1% of the population, providing no evidence of 

mutations accumulating. In static biofilms established in CDM and sucrose, S. mutans UA159 

survived for more than 40 days whereas a pdh mutant survived for less than 12 days (Busuioc et 

al 2010). However survival of S. mutans UA159, in flow cell biofilms, was limited to less than 4 

days (Renye et al 2004). These results indicate that the spent medium resulting from the 

utilization of sucrose, as in static biofilms, is crucial to prolonging survival. The various results 
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suggest that medium composition and the upregulation of certain metabolic pathways are key 

components that prolong stationary phase survival of S. mutans. 
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Figure 5. GASP phenomenon in E. coli.  

 

Once bacteria are inoculated into fresh medium, such as Luria–Bertani (LB) medium, there is an 

initial lag period followed by exponential-phase growth. After remaining at high density for 2 or 

3 days, cells enter death phase. After ~99% of the cells die, the survivors can be maintained 

under long-term stationary-phase culture conditions for months or years. The arrow indicates the 

time after which cells expressing the growth advantage in stationary phase (GASP) phenotype 

are observed (usually day 10 in LB batch cultures). 

(Adapted from Finkel 2006) 
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Project Aims 

Previous studies had shown that porcine gastric mucin prolonged stationary phase 

survival of sugar starved batch cultures and biofilms of S. mutans (Renye 2004). I proposed to 

study how mucin enhanced growth and prolonged survival in both batch cultures and biofilms. I 

explored how carbohydrate and protein portions of mucin affected growth and survival. Our 

laboratory showed that the pyruvate dehydrogenase (PDH) complex was important for survival 

in a chemically defined medium. I investigated its role in mucin-enhanced survival. I 

investigated the regulation of the expression of the pdh operon. I also investigated the role of the 

tagatose pathway of galactose utilization in mucin-enhanced survival, since galactose is one of 

the major sugar residues in mucin.  
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CHAPTER 2 

MATERIALS AND METHODS 

Bacterial Strains 

Escherichia coli DH5α was used for the construction of plasmids. All our experiments on 

Streptococcus mutans were with the previously sequenced strain UA159 and its derivatives. 

UA159 is the serotype c strain whose genome was sequenced at the University of Oklahoma 

(Adjić et al 2002). All strains used in this study are mentioned in Table 1. 

Media 

E. coli DH5α was grown in Luria-Bertani (LB) lysogeny broth. S. mutans was grown at 

37˚C in a 5% CO2 incubator in chemically defined medium (CDM) (FMC of Terleckyj et al. 

1975) supplemented with sugar, or on Todd Hewitt Agar (THA). A concentration of 6 mM 

glucose or galactose was used in the batch culture experiments and 3 mM sucrose was used in 

the biofilm experiments. Amino acids were omitted from CDM in minimal chemically defined 

medium (MCDM). Starvation medium was plain CDM without the addition of sugar. When 

required, individual amino acids were added to MCDM at the concentration used in CDM. A 5% 

stock solution of type III porcine gastric mucin was prepared by dissolving the dry mucin 

powder in 0.01 M phosphate buffer at room temperature. The dissolved mucin was dialyzed 

overnight using dialysis membrane (Spectra/Por 7 Dialysis Membrane; molecular weight cutoff-

2300; Spectrapor) against phosphate buffer (6.5 mM K2HPO4, 3.5 mM, KH2PO4- pH 7). When 

indicated mucin was added to the medium, which was filter sterilized. The final concentration of 

mucin was 0.5%. S. mutans and E. coli were grown in the presence of kanamycin, when 

required, at a concentration of 300 µg/mL and 100 µg/mL respectively. 
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DNA Manipulation 

Plasmid Purification from E. coli 

E. coli was grown overnight in LB with kanamycin in a conical flask in a water bath at 

37˚C with shaking by a rotary shaker at 150 rpm. The next morning, cells were harvested by 

centrifugation at 4000 rpm at 4˚C in a Beckmann GPR centrifuge. The pellet was thoroughly 

resuspended in 3 mL of Resuspension Solution (Appendix) and the cells were lysed by the 

addition of 3 mL of Lysis Solution (Appendix). RNase was added at a final concentration of 10 

µg/mL and the mixture was incubated for 5 min at 37ºC to remove any contaminant RNA. The 

mixture was neutralized with 3 mL of Neutralization Solution (Appendix), and centrifuged at 

5000 rpm at 4˚C for 20 min. A cheese cloth was used to filter out the particulate fraction. The 

filtered supernatant was added to 1.5 mL of Wizard
®
 Minipreps DNA Purification Resin 

(Promega) which absorbed the plasmid DNA. The mixture was loaded onto a column and 

connected to a vacuum pump. The DNA-resin complex was collected in the bottom of the 

column and washed with 20 mL of Column Wash (Appendix). The tip of the column, containing 

the DNA, was cut using a razor blade, placed in a clean tube and centrifuged, at 15,000 rpm for 5 

min in an Eppendorf 5415 C centrifuge (Eppendorf, NY). This step allowed the collection of any 

residual ethanol in the eppendorf tube. The plasmid DNA was eluted from the resin by the 

addition of 300 µL of double distilled water. After a few min the plasmid DNA was collected in 

a clean tube by centrifugation at 15000 rpm for 1 min. Plasmid preparations were maintained at 

4˚C. 
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Enzyme Treatment for Cloning 

DNA was digested with restriction enzymes according to the manufacturer’s instructions 

(Promega). 

Agarose Gel Electrophoresis of DNA 

DNA was analyzed by agarose gel electrophoresis. Agarose (Fisher) was dissolved in 1X 

Tris-Acetate Buffer (TAE) at a concentration of 0.8%. 0.2 volume of the loading dye was added 

to the DNA and samples were fractionated at 10 volt/cm (Hoefer Scientific Instruments, CA). 

The agarose gel was stained in 1X TAE buffer containing Ethidium Bromide at a concentration 

of 0.5 µg/mL for 20 min. The stained DNA was visualized with a UV light lamp (360 nm; Fisher 

Scientific). A picture of the stained gel was taken with a Photo-Documentation Camera, FB-

PDC-34 (Fisher Biotech). 

DNA Restriction and Ligation 

Purified DNA was digested for 2 h with the required restriction enzyme (5 to 10 U/ µL) 

in the specified restriction buffer containing BSA (10 µg/mL) according to the manufacturer’s 

instructions. The products were separated by agarose gel electrophoresis. The expected bands 

were purified from the gel using a QiaEX II gel extraction kit as per the manufacturer’s 

instructions. Ligation of the plasmid and the insert DNA was with T4 DNA ligase (Promega) in 

2X Rapid Ligation Buffer (Promega). The reactions were carried out for 20 min at room 

temperature. 

Polymerase Chain Reaction 

DNA amplification was by polymerase chain reaction (PCR). The reaction mixture 
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consisted of 1X amplification buffer, 200 µM of each dNTP (Promega), 0.5 µM of each 

oligonucleotide and approximately 0.03 U of Taq DNA polymerase (Promega).The PCR reaction 

was carried out in a Thermocycler 2400 with a heated lid (Perkin-Elmer Corp., CA). To melt the 

starting DNA, it was heated at 95˚C for 5 min. Polymerization was done in 30 cycles of 

denaturation, annealing and extension. The denaturation step was at 95˚C for 30 seconds. 

Annealing was at a variable temperature for 30 to 45 seconds, depending on the melting 

temperature of the oligonucleotides. And extension was at 72˚C for a variable time depending on 

the length of the region being amplified. Once the reaction was complete, the product was stored 

at 4˚C. 

Cloning Procedures 

Preparation of competent E. coli 

E. coli DH5 was used as host for plasmid propagation. Competence was chemically 

induced by the method of Hanahan (1983). Briefly, E. coli was inoculated in 150 ml of LB in a 

500 mL conical flask and placed at 37C in a water bath with shaking at 200 rpm. When the 

bacteria reached an OD600 of 0.4, the culture was divided into three tubes (Fisher Scientific) and 

incubated on ice for 30 min. These tubes were centrifuged at 5000 rpm for 15 min at 4C, the 

pellets were harvested, suspended in 17 mL RF1 solution (Appendix) and placed on ice for 30 

min. The cells were harvested by centrifugation and the supernatant was discarded. The pellets 

were resuspended in 4 mL of RF2 solution (Appendix) and placed on ice for 30 min. Volumes of 

50 or 150 l of the competent cells were transferred to 1.5 mL eppendorf tubes and quickly 

frozen in an ethanol-bath containing dry ice. The competent cells were stored at –80C. 
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E. coli Transformation 

For transformation, a tube containing 50 or 150 l of competent E. coli cells was thawed 

on ice and 15 l DNA solution (100-200 ng of the ligation reaction) was added to the bacteria. 

The cells were placed on ice for 30 min, heat shocked at 42C for 45 seconds and placed again 

on ice for 2 min. The cells were cultured at 37C for an hour in 500 l of LB. Transformants 

were selected on LB agar containing kanamycin. The bacteria were allowed to grow at 37C for 

at least 15 hr. Transformants were further analyzed by colony PCR of 30 colonies, randomly 

selected, to test for the presence of the cloned insert. Using a sterile toothpick, a colony was 

carefully picked and transferred into the PCR tube containing 25 µL of the reaction mix. The 

products of the reaction were analyzed by agarose gel electrophoresis. 

S. mutans Transformation 

S. mutans was transformed using a previously described method (Lindler and Macrina 

1986). Briefly, a 5 mL culture of S. mutans was grown overnight in CDM with 24 mM glucose at 

37C. The overnight culture was diluted 25-fold into fresh CDM, containing 10% glucose and 

10% heat-inactivated horse serum (for 10 min at 65°C) (MP Biomedicals, Inc). Horse serum has 

been shown to induce competence in S. mutans (Perry and Kuramitsu 1981). The bacteria were 

grown at 37C for up to 3.5 h, a time reported to give optimal transformation of S. mutans 

(Lindler and Macrina 1986). 0.5 mL of this culture was transferred to 15 mL falcon tubes (Fisher 

Scientific) containing varying concentrations (0.5-10 g/mL) of plasmid DNA and incubated at 

37C for 2 h. Transformants were selected on THA containing kanamycin. Transformants of S. 

mutans were typically obtained after 2 days of incubation at 37C in a 5% CO2 incubator.  
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Construction of the SMu0717 deletion mutant 

The SMu0717 (http://www.oralgen.lanl.gov/_index.html) gene was inactivated by 

replacing the region containing this gene with a 794 bp fragment comprising the kanamycin 

resistance cassette via double crossover recombination. Downstream (481 bp) and upstream (327 

bp) regions of DNA flanking SMu0717 were amplified by PCR from chromosomal DNA of 

UA159 and sequentially cloned into a vector (Table 2). The resulting plasmid contained 

fragments of S. mutans DNA flanking the kanamycin cassette. This plasmid was used to 

transform S. mutans UA159, selecting for kanamycin-resistant colonies. Transformants were 

isolated and serially re-streaked on kanamycin-containing THA plates. Replacement of 

SMu0717 with the kanamycin resistance cassette by double crossover was confirmed by PCR. 

Growth and Survival of Batch Cultures 

Overnight cultures grown in CDM with 24 mM glucose were washed twice with 1X PBS 

and diluted 25 or 1000-fold into fresh CDM or MCDM +/- sugar +/- mucin. S. mutans was 

grown in culture tubes at 37ºC in a 5% CO2 incubator. To measure growth, optical density was 

monitored at 675 nm at regular intervals. For determination of survival, samples were removed, 

serial dilutions made in 1 X PBS and samples plated onto THA. Plates were maintained at 37ºC 

in a 5% CO2 incubator. Experiments were repeated at least three times. 

Biofilm Formation  

Biofilms were set up in flow cell chambers at 37°C (Figure 6). CDM with or without 3 

mM sucrose was supplied at a flow rate of 200 µL/min. Wild type or mutant strains were grown 

overnight in batch cultures in CDM containing 24 mM glucose in a 5% CO2 incubator at 37°C. 

The bacteria were diluted 25-fold into fresh CDM containing 24 mM glucose and were allowed 
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to grow for 4 to 5 h. The bacteria were washed twice with 1 X PBS and then diluted to an OD675 

of 0.1. Five hundred microliters of the diluted culture was injected directly into the flow chamber 

tubing by use of a syringe. After all the chambers were inoculated, the flow (200 µL/min) of 

medium was started with the aid of a digital pump. The chambers were initially inverted for 20 

min to allow the bacteria to adhere to the glass coverslip, and then the chambers were returned to 

an upright position.  

For static biofilms, sterile coverslips were placed in a 24 well plate (Figure 7). The initial 

preparation of cells was similar to that of the flow cell set up. The final OD used in each well 

was 0.001. The dilution was made in 2 mL of either CDM/ MCDM +/- 3mM sucrose +/- mucin. 

Plates were maintained at 37˚C in a CO2 incubator.  

Monitoring Biofilms 

Biofilms were monitored by use of the BacLight stain. Three microliters of the stock 

solution was diluted into 1 mL of PBS. A 500 µL volume of the diluted stain was injected 

directly into the flow cell tubing. The flow cell chamber was incubated at room temperature for 

15 min and viewed with a confocal microscope.  

To monitor survival in flow cell biofilms the glass coverslip was removed from the 

chamber, the biofilm was scraped off using a sterile razor blade and placed in 1 mL of PBS in an 

eppendorf tube. The bacterial suspension was vortexed in the tube. Serial dilutions were made in 

1X PBS and plated on THA. To monitor survival of static biofilms, the biofilm was gently 

washed with 1X PBS and the glass coverslip was removed with sterile forceps and placed in a 15 

mL falcon tube containing 5 mL of 1X PBS. The coverslip was sonicated using a cell disrupter 

for twenty seconds (Sonic Dismembrator, Model 500, Fisher Scientific, Pittsburgh, USA). Serial 

dilutions of the sample were made and plated onto THA.  
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Figure 6. Flow cell biofilm set up. 
 

The grey color indicates a biofilm and the arrows indicate the direction of flow of the medium 

 

 

Figure 7. Static biofilm set up. 
 

Static biofilms were established on sterile coverslips in a 24 well plate. 
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Isolation of RNA 

RNA was isolated from 1 day old S. mutans UA159 cultures grown in MCDM + 6 mM 

glucose +/- mucin. Total RNA was extracted from cultures using a method described by Cury 

and Koo (2007). The cultures were centrifuged at 4000 rpm and thoroughly washed twice with 

1X PBS. The pellet was resuspended in NAES buffer (Appendix) and vortexed for 10 seconds. 

After adding 700 µL of acid phenol chloroform (Sigma), this mixture was transferred to a new 

eppendorf tube containing 1.5 g of silica beads. The cells were shaken in a bead beater (United 

Lab Plastics; NMB-MAT: MODEL 2412PS-12W-B30) three times for 40 seconds. In between 

the bead beating steps, the tubes were placed on ice for one min. The cells were harvested by 

centrifugation at 4º C for 5 min. The aqueous phase was removed and placed in a clean tube and 

two more phenol chloroform extractions were performed. After the third phenol chloroform 

extraction, the aqueous phase was removed and placed in a new tube and an equal volume of 

chloroform isoamyl alcohol (Sigma) was added. The phases were separated at 4ºC. The aqueous 

phase was removed and placed into a new tube to which 1/10
th

 the volume 3 mM Sodium 

Acetate and 1.5 mL of ice cold ethanol were added. The tube was gently inverted a few times 

and placed at -20ºC for two h. Then, the tube was centrifuged at 4ºC for 15 min, the supernatant 

was discarded and the RNA was resuspended in a 24 µL master mix containing 20 µL DEPC-

treated water, 2.4 µL DNase Buffer (Promega), 1 µL DNase (Promega) and 1 µL RNase 

inhibitor (Promega) and incubated at 37ºC for 30 min. This was followed by inactivating the 

enzyme at 55º C for 15 min; the RNA was stored at -80ºC. 
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Microarray Analysis 

For microarray analysis 2 µg of total RNA was used. The RNA was reverse transcribed 

to cDNA using Random Hexamers (Invitrogen) and PowerScript 
RT

 (Clonetech). The mixture 

contained a 25 mM nucleotide mix, with 5-(3-aminoallyl)-dUTP (aa-dUTP) (Sigma) added in a 

2:3 aa-dUTP:dTTP ratio, for labeling purposes. The reverse transcription was at 42°C overnight. 

The next morning, the reaction was stopped and the RNA was hydrolyzed by adding 1M NaOH. 

Then, the cDNA was cleaned using a modified MinElute PCR purification kit (Qiagen): the 

Qiagen PE buffer was replaced with phosphate wash buffer (5 mM KPO4 pH 8.0, 80% ethanol), 

and the Qiagen EB Buffer was replaced with phosphate elution buffer (4 mM KPO4 pH 8.5). The 

eluted cDNA was placed in an open tube and transferred to a Speed Vac Concentrator (Savant) 

and dried down to a pellet (~ 30 min). To couple the aminoallyl-labelled cDNA with the Cy dyes 

(Amersham), the cDNA was thoroughly resuspended in 4.5 µL of 0.1 M sodium carbonate buffer 

pH 9.3. To this, 4.5 µL of the appropriate resuspended Cy dye (dye was resuspended in 73 µL 

DMSO before being used), was added and the reaction mixture was stored at room temperature 

in the dark for approximately 2 h. From this time, further processings of the cDNA were kept in 

the dark, to prevent bleaching of the dyes. To finish the coupling reaction, 35 mL of 100 mM 

sodium acetate pH 5.2 was added to each reaction and mixed. The labeled cDNA was freed from 

uncoupled dye by using the unmodified MinElute PCR Purification Kit (Qiagen), and 

resuspended in ~ 60 mL EB buffer. The quality of the cDNA labeling with either Cy3 or Cy5 

was determined by using the OD readings at 550 nm or 650 nm, respectively. The formulas used 

to assess the labeling quality were optimized for a 1 cm cuvette path length and are as below: 
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To calculate the total picomoles of cDNA synthesized: 

picomoles nucleotides = [OD260 x volume (in µL ) x (37 ng/ µL ) x (1000 pg/ng)] / (324.5 

pg/pmol) 

For each sample, to calculate the total picomoles of dye incorporation (Cy3 or Cy5): 

picomole Cy3 = [OD550 x volume (in µL)] / 0.15 

picomole Cy5 = [OD650 x volume (in µL)] / 0.25 

To calculate the incorporation ratio of cDNA to dye: 

 # nucleotides / dye incorporated = (pmol cDNA) / (pmol Cy dye) 

The parameters considered optimal for hybridization were: more than 800 pmol of dye 

incorporated per sample and a # nucleotides/dye incorporation of less than 20. 

Next, the two samples to be compared by microarray and differentially labeled with Cy3 

and Cy5 were mixed together and dried to completion in a speed vac. If not used immediately, 

the samples were stored at -80°C; otherwise, 30 µL of hybridization buffer [50% formamide 

(Sigma), 5X SSC (Appendix), 0.1% SDS (Ambion)], 300 µg Salmon Sperm DNA (Ambion) was 

added to the tubes. The probes were resuspended by gently flicking the tubes for a minute, 

heated at 95°C for 5 min, mixed, heated again for 5 min at 95°C and then left to cool at room 

temperature.  

The printed microarray slides, provided by J. Craig Venter Institute (formerly The 

Institute for Genomic Research, TIGR) were placed in Coplin jars (VWR) containing filter-

sterilized and preheated (at 42°C for 30 min) pre-hybridization buffer (5X SSC [Appendix], 

0.1% SDS, 1% BSA [Sigma]). The slides were incubated for at least 1 hour at 42°C. Then the 

slides were transferred on a glass rack to a glass staining dish (Fisher) filled with MilliQ water. 

The staining dish was placed on a rotary shaker for about 2 min. Then the water was changed 
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and the procedure was repeated until 2 L of wash water was used. At the end, the staining dish 

was filled with isopropyl alcohol and shaken for 2 min. The slides were removed from the 

isopropyl-filled dish, placed in a sterile 50 mL conical tube containing a paper napkin (Kimwipe) 

on the bottom and centrifuged at 700 rpm for 10 min at room temperature to dry. After making 

sure that the slides were free of residual humidity or damp spots, they were placed printed face 

up in a hybridization chamber (Micro Array Hybrid Chamber, Argos Technologies) and 

carefully covered with a clean LifterSlip cover glass (Erie Scientific). The cooled labeled probe 

mixture was slowly pipetted onto one end of the cover glass and allowed to diffuse by capillary 

attraction to the entire surface of the microarray. About 10 µL of the unused hybridization buffer 

was placed in the two wells inside the hybridization chamber to prevent the slide from drying. 

Then the chamber was tightly closed and securely placed, without tilting, in a 42°C water bath 

for 16-20 h, to hybridize. After the incubation, the slides were removed from the hybridization 

chamber, placed in the glass rack and submerged in a staining dish filled with solution I (1 X 

SSC, 0.2% SDS) preheated at 42°C. The slides were shaken until the cover slip slid off the slide. 

Then the staining dish was incubated at 42°C for an additional 4 min. The slides were transferred 

to another staining dish filled with solution II (0.1 X SSC, 0.2% SDS) and shaken on an orbital 

shaker for 4 min at room temperature. Next, the slide-containing rack was transferred to another 

staining dish filled with solution III (0.1 X SSC), moved up and down about 10 times, then 

placed in solution IV (solution III contained in a separate dish) and shaken for 4 min. To dry 

them, the slides were placed in 50 mL conical tubes with tissue on the bottom and spun at 700 

rpm for 10 min. Then the slides were carefully placed in a slide collection box and transferred to 

the scanning facility. 
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Table 1. Bacterial strains. 
 

Strain Description Reference 

E. coli DH5α [F
-
endA1 hsdR17 (rk

- 
mk

+
) supE44 thi-1 λ

-
recA1 gyrA96 

relA1 ∆ (lacZYA-argF) U169Φ80dlacZ∆M15 ] 

lab strain 

S. mutans UA159 Wild-type lab strain 

SL 13950 UA159 SMu0717:: kan this study 

SL 14043 UA159 pdhD:: kan Busuioc et al 

2010 

SL15013 UA159 (Ppdh-gfp) Busuioc et al 

2010 

lacAB mutant  

 

UA159 lacAB:: erm Burne et al 2004 

 

Table 2. Primers 
 

Region Primer Name Sequence (5’ to 3’) 

SMu0717 5’ region SMu0717 Upstream Fw 

SMu0717 Upstream Rev 

atgccggcaccctttgctttaagata 

tgcagcccttccggcatttatctaca 

SMu0717 3’ region SMu0717 Downstream Fw 

SMu0717 Downstream Rev 

cagtcccgggcatcccttttcctccc 

cagtgaattcaactattggtaagaat 

 

Restriction enzyme sites are in bold: 

ggyrcc-BanI 

gccnnnn/nggc-BglI 

gaattc-EcoRI 

cccggg-SmaI   
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Table 3. Plasmids used. 

 

pDE1 pVK262 (Chary and Piggot unpublished) was digested with EcoRI and SmaI and the 

downstream region of the SMU0717 gene was cloned using SMu0717 Downstream 

Fw and Rev primers. 

pDE2 pDE1 was digested with BanI and BglI and the upstream region of the SMu0717 

region was cloned using SMu0717 Upstream Fw and Rev primers. 
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CHAPTER 3 

RESULTS 

The role of Mucin in Exponential Growth of Streptococcus mutans  

Salivary mucin, MG1 is made up of 80% carbohydrate and 20% protein. It is considered 

to be a critical component in determining the behavior of bacteria in the dental plaque biofilm. 

The sugar residues present in MG1 are fucose, galactose, mannose, N-acetyl glucosamine, N-

acetyl galactosamine and N-acetyl neuraminic acid. S. mutans can utilize galactose, mannose, 

and N-acetyl glucosamine, so potentially can obtain those residues from mucin and metabolize 

them (Zeng et al 2010; Abranches et al 2003; Homer et al 1993). However, the genes required 

for the metabolism of fucose, N-acetyl-galactosamine and N-acetyl-neuraminic acid could not be 

identified in the KEGG database. S. mutans can also potentially obtain amino acids from the 

mucin polypeptide backbone. Porcine gastric mucin is widely used as a substitute for MG1 

because it is most similar to MG1 of commercially available mucins (Herp et al 1979). It is used 

in this study and is referred to as mucin. 

Mucin does not provide a primary source of carbon and energy  

 Previous results indicated that mucin increased the growth rate of S. mutans batch 

cultures, when added to chemically defined medium (CDM), containing amino acids and glucose 

(Renye et al. 2004). I confirmed this observation and tested whether mucin could provide a 

primary source of carbon during exponential growth of S. mutans. To this end, mucin was added 

to CDM alone, without the addition of glucose. No growth was observed in this condition 

(Figure 8).   
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Figure 8. Growth of S. mutans UA159 batch cultures in CDM alone or with 6 mM glucose or 

0.5% mucin or both. 

A culture of S. mutans UA159 was grown overnight in CDM and 24 mM glucose. The culture 

was then washed twice in 1X PBS and a 25-fold dilution was made into the specified medium. 

The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% CO2. 

Growth was monitored spectrophotometrically at OD675. The result of a representative 

experiment of at least three experiments is shown here. 
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Mucin promotes weak growth in minimal medium containing glucose 

I analyzed further the contribution of mucin to the growth of S. mutans. S. mutans did not 

grow in a minimal chemically-defined medium (MCDM) that lacked all amino acids even 

though supplemented with glucose. However, it did grow in the same medium when mucin was 

added (Figure 9). This result strongly suggested that S. mutans could derive amino acids from 

mucin. I tested specifically to see if the key role of mucin was to provide either cystine or amino 

acids that served as preferred nitrogen sources, beyond the ammonium ion present in MCDM. In 

some conditions S. mutans can grow with cystine as the sole exogenous amino acid in the 

medium (Terleckyj and Shockman 1975). However, strain UA159 did not grow in MCDM with 

glucose and cystine (Figure 10). The reason for the inability to grow, in this condition, is not 

known. It can be concluded that mucin was not simply providing cystine. Glutamine, glutamic 

acid and/or arginine are nitrogen sources (Terleckyj and Shockman 1975) that could be used 

instead of ammonium ions. However, addition of the three amino acids individually or combined 

did not promote growth in MCDM containing glucose (Figure 11), and so did not substitute for 

mucin. 

Thus mucin could substitute for a mix of amino acids in promoting growth in MCDM 

containing glucose. The mucin was extensively dialyzed before use, so it seems plausible that the 

needed amino acids were derived by proteolysis of the mucin. However, it remains unclear 

whether mucin directly or indirectly (for example by providing an energy source) substitutes for 

the amino acids. 
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Figure 9. Effect of mucin on growth of S. mutans UA159 batch cultures in MCDM with or 

without 6 mM glucose. 

A culture of S. mutans UA159 was grown overnight in CDM and 24 mM glucose. The culture 

was then washed twice in 1X PBS and a 25-fold dilution was made into the specified medium. 

The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% CO2. 

Growth was monitored spectrophotometrically at OD675. The result of a representative 

experiment of at least three experiments is shown here. 
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Figure 10. Effect of cystine on growth of S. mutans UA159 batch cultures in MCDM with 6 mM 

glucose. 

A culture of S. mutans UA159 was grown overnight in CDM and 24 mM glucose. The culture 

was then washed twice in 1X PBS and a 25-fold dilution was made into the specified medium. 

The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% CO2. 

Growth was monitored spectrophotometrically at OD675. The result of a representative 

experiment of at least three experiments is shown here. 
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Figure 11. Effect of arginine, glutamine or glutamic acid on growth of S. mutans UA159 batch 

cultures in MCDM with 6 mM glucose. 

A culture of S. mutans UA159 was grown overnight in CDM and 24 mM glucose. The culture 

was then washed twice in 1X PBS and a 25-fold dilution was made into the specified medium. 

The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% CO2. 

Growth was monitored spectrophotometrically at OD675. The result of a representative 

experiment of at least three experiments is shown here. 
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The role of Mucin in Stationary Phase Survival of Streptococcus mutans batch cultures 

Renye et al (2004) have shown that a sub-population of about 10
3
 CFU/mL survived for 

over 10 days after growth in CDM and 6 mM glucose (2004). In this medium, glucose is 

exhausted at the onset of stationary phase. However amino acids were not depleted from spent 

medium when batch cultures of S. mutans were established in CDM and glucose (Figure 12). 

The mechanism(s) that S. mutans utilizes to survive for prolonged periods of time is of interest to 

us. It was found that extended survival during stationary phase was not the result of random 

mutations that occurred in the surviving population of bacteria. An external factor that prolonged 

survival during stationary phase was mucin. When added to CDM with glucose, mucin 

prolonged the stationary phase survival of S. mutans UA159 in batch cultures for an average of 

26 days in the presence of sodium bicarbonate (Renye et al 2004) and longer than 40 days in the 

presence of 5% CO2 (Busuioc et al 2010). 

In an attempt to identify genes that potentiate survival, microarray analysis was 

performed with RNA isolated from cultures of S. mutans in mid-exponential phase and in early 

stationary phase in CDM and glucose. Characterization of gene expression in late stationary 

phase was not feasible because of interference of dead cells in RNA preparation. A number of 

genes and operons were upregulated out of which two proved to be strong markers of the growth 

phase of bacteria. Genes for the lactate dehydrogenase (LDH) and the pyruvate dehydrogenase 

complex (PDH) were upregulated during exponential phase and stationary phase, respectively 

(Busuioc et al 2010). LDH is normally active in the presence of high glucose concentrations. As 

the concentration of glucose is lowered in the surrounding microenvironment LDH becomes 

inactive and pyruvate (potentially derived from amino acids) metabolism proceeds by an 

alternative pathway. Pyruvate is converted to acetate by the PDH pathway in the presence of low 
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glucose concentrations. This pathway is potentially beneficial to the cell because the conversion 

of pyruvate to acetate generates ATP. The inactivation of the pdh operon impaired survival of 

batch cultures of S. mutans, grown in CDM and glucose (Busuioc et al 2010). 

Inactivation of pdh impaired survival in CDM containing glucose and mucin. 

In addition to providing amino acids, mucin could potentially prolong survival during 

stationary phase by the slow release of sugar residues and a hypothesis is that the PDH complex 

might be involved in metabolism of the released sugars. To pursue these possibilities we tested 

survival of the ∆pdhD mutant in batch cultures grown in CDM with glucose and mucin. On day 

1, which is 24 h after inoculation into medium, cell counts of both the wild type and the ΔpdhD 

mutant were comparable and were about 10
9
 CFU/mL. However, the ΔpdhD mutant survived for 

less than 16 days whereas the parental strain survived for more than 60 days at about 10
3
 

CFU/mL (Figure 13).  

In previous sections, I have shown that mucin did not provide a primary source of carbon 

for growth during exponential phase. However, it is possible it could support the survival of the 

bacteria in the absence of rapid growth, when the wild type was inoculated into CDM that lacked 

glucose. In the absence of glucose the cell counts of both strains, on day 1, were slightly lower 

than those for cultures grown in CDM with mucin and glucose. Again, survival of the ∆pdhD 

mutant was impaired: less than 30 days whereas the parental strain survived for longer than 80 

days (Figure 14). 
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Figure 12. Amino acid analyis of spent medium. 

 

Batch cultures of S. mutans were established in CDM and glucose. After 30 days, aliquots of 

samples were taken and centrifuged. Resulting bacteria free supernatants were analyzed for the 

presence of amino acids by mass spectrometry at Fox Chase Cancer Center. Amino acid 

concentrations are shown as black bars for spent medium (an average of two samples) and white 

bars for plain CDM (single sample). 
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Figure 13. Survival of S. mutans UA159 and ∆pdhD batch cultures grown in CDM with 6 mM 

glucose and 0.5% mucin. 

Cultures of S.mutans UA159 and ∆pdhD were grown overnight in CDM and 24 mM glucose. 

The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture was made 

in CDM + glucose + mucin. The falcon tubes containing the cultures were maintained at 37ºC in 

the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here.  
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Figure 14. Survival of S. mutans UA159 and ∆pdhD batch cultures in CDM with 0.5% mucin. 

Cultures of S.mutans UA159 and ∆pdhD were grown overnight in CDM and 24 mM glucose. 

The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture was made 

in CDM + mucin. The falcon tubes containing the cultures were maintained at 37ºC in the 

presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on Todd 

Hewitt Agar. The result of a representative experiment of at least three experiments is shown 

here. 
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Inactivation of pdh Impaired Survival in Minimal Medium 

Mucin prolonged the survival of S. mutans UA159 in the presence or absence of glucose 

(Figures 13 and 14) and could substitute for amino acids. Together these results suggested that 

mucin is metabolized during stationary phase survival. Because of the complex nature of mucin, 

it is plausible to think that it may provide a number of components that aid in prolonging 

survival. To get a better understanding of the role of mucin, microarray analysis was performed 

on RNA isolated from stationary phase cultures of S. mutans maintained in MCDM and glucose 

+/- mucin. The isolation of RNA from cultures grown in low nutrient conditions in the presence 

of mucin, proved to be an extremely difficult task. The yield was always low and a number of 

RNA preparations were pooled together for microarray experiments. Although, the quality of the 

microarrays was unsatisfactory, their analysis gave a few interesting leads into mucin 

metabolism; notably, a number of genes involved in sugar and amino sugar metabolism appeared 

to be upregulated in the presence of mucin. In particular, genes of the pdh and lac operons, were 

consistently upregulated in the presence of mucin. The genes pdhD, pdhA and pdhB, which 

encode for a dihydrolipoyl dehydrogenase, the E1α and E1β subunits of the pyruvate 

dehydrogenase, were upregulated in the presence of mucin. No array data were obtained for 

pdhC, the fourth gene of the operon. 

Our results suggested that the PDH complex may play a role during survival in low 

nutrient conditions. To address this hypothesis, I tested survival of batch cultures of strain 

UA159 and the pdh mutant in a minimal chemically defined medium, (MCDM; which lacked 

amino acids) supplemented with mucin +/- glucose. The ∆pdhD mutant survived for less than 10 

days in MCDM with mucin and glucose whereas the parental strain, UA159, survived for over 
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80 days (Figure 15). In the same medium but lacking glucose, the ∆pdhD mutant survived for 

less than 6 days and the parental strain survived for more than 100 days (Figure 16).  
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Figure 15. Survival of batch cultures of S. mutans UA159 and a ∆pdhD mutant grown in 

MCDM with 6 mM glucose and 0.5% mucin. 

Cultures of S.mutans UA159 and a ∆pdhD mutant were grown overnight in CDM and 24 mM 

glucose. The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture 

was made in MCDM + glucose + mucin. The falcon tubes containing the cultures were 

maintained at 37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, at the 

indicated times, on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here. 
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Figure 16. Survival of S. mutans UA159 and ∆pdhD batch cultures inoculated into MCDM with 

0.5% mucin. 

Cultures of S.mutans UA159 and a ∆pdhD mutant were grown overnight in CDM and 24 mM 

glucose. The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture 

was made in MCDM + mucin. The falcon tubes containing the cultures were maintained at 37ºC 

in the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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Role of lacAB during stationary phase survival of S. mutans 

Microarray analysis indicated that four genes of the lac operon, lacE, lacF, lacA and 

lacB, were upregulated in the presence of mucin. The genetic organization of the lac operon in S. 

mutans is shown in figure 17. lacE and lacF encode the A and BC components of the lactose- 

PTS enzyme II. lacA and lacB encode the A and B subunits of the galactose 6-phosphate 

isomerase. Unfortunately I was not able to obtain any array data for the other genes in this 

operon. This result suggested that galactose from mucin may be another nutrient internalized and 

metabolized by the tagatose pathway. However, it is important to note that in the absence of a 

functional tagatose pathway, galactose could be metabolized by the Leloir pathway present in S. 

mutans.  
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Figure 17. (A) Schematic representation of the lac operon in S. mutans and (B). Galactose 

utilization pathways in S. mutans. 

(Zeng et al 2010). 

  



62 

 

Inactivation of lacAB did not Impair Survival in CDM with Glucose and Mucin but survival 

was reduced in CDM with glucose but no mucin. 

To analyze the possibility that mucin may be providing galactose we obtained a galactose 

pathway mutant, ∆lacAB, from Dr Burne’s laboratory. The lacAB genes encode a galactose 6-

phosphate isomerase which converts intracellular galactose 6-phoshpate to tagatose 6-phosphate. 

The mutant strain had the entire coding region of the lacAB gene replaced by an erythromycin 

resistance marker (erm). The lacAB mutant was streaked out on erythromycin containing plates 

to isolate single colonies. Three individual clones were tested for overnight growth in tryptone- 

vitamin base (TV) medium supplemented with galactose (Zeng et al 2010). I did not observe 

growth of the mutants in this medium whereas the parental strain UA159 did grow; the 

accumulation of galactose 6-phosphate in the lacAB mutant inhibits its growth. Before testing the 

survival of the ∆lacAB mutant in low nutrient conditions, we thought it important to test its 

survival in the presence of amino acids, glucose and mucin. Survival of the ∆lacAB mutant was 

over 40 days, but not beyond 65 days, after growth in CDM with glucose and mucin (Figure 18). 

This result was similar to the survival pattern of S. mutans UA159 after growth in CDM with 

glucose and mucin (Figure 13). The survival of the lacAB mutant grown in CDM and glucose 

without mucin was less than 21 days whereas the parental strain survived for 35 days (Figure 

19).  
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Figure 18. Survival of clones of a ∆lacAB mutant in batch cultures grown in CDM with 6 mM 

glucose and 0.5% mucin. 

Cultures of three clones of a ∆lacAB mutant were grown overnight in CDM and 24 mM glucose. 

The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture was made 

in CDM + glucose + mucin. The falcon tubes containing the cultures were maintained at 37ºC in 

the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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Figure 19. Survival of clones of a ∆lacAB mutant and S. mutans UA159 in batch cultures grown 

in CDM with 6 mM glucose. 

Cultures of three clones of a ∆lacAB mutant and the parental strain were grown overnight in 

CDM and 24 mM glucose. The cultures were then washed twice in 1X PBS and a 25-fold 

dilution of each culture was made in CDM + glucose. The falcon tubes containing the cultures 

were maintained at 37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, 

at the indicated times, on Todd Hewitt Agar. The result of a representative experiment of at least 

three experiments is shown here. 
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Inactivation of lacAB Impaired Survival of Batch Cultures in CDM and Mucin 

 In the absence of spent medium from growth in the presence of glucose, the survival of 

S. mutans may be more dependent on galactose obtained from mucin. However, it is important to 

remember that galactose may not be the only component provided by mucin. I tested whether the 

ΔlacAB mutant could survive in CDM supplemented with mucin in the absence of exogenous 

glucose and found it to be severely impaired. All the three clones of the ∆lacAB mutant survived 

for less than 18 days in CDM supplemented with mucin (Figure 20). The clones of the lacAB 

mutant survived for less than 8 days in CDM alone (Figure 21). The parental strain UA159 

survived for over 80 days in CDM and mucin (Figure 14). 
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Figure 20. Survival of clones of a ∆lacAB mutant in batch cultures inoculated into CDM with 

0.5% mucin. 

Cultures of three clones of a ∆lacAB mutant were grown overnight in CDM and 24 mM glucose. 

The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture was made 

in CDM + mucin. The falcon tubes containing the cultures were maintained at 37ºC in the 

presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on Todd 

Hewitt Agar. The result of a representative experiment of at least three experiments is shown 

here. The survival plots of all three clones were almost superimposible. 
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Figure 21. Survival of clones of ∆lacAB mutant and strain UA159 in batch cultures inoculated 

into plain CDM. 

Cultures of three clones of a ∆lacAB mutant and strain UA159 were grown overnight in CDM 

and 24 mM glucose. The cultures were then washed twice in 1X PBS and a 25-fold dilution of 

each culture was made in CDM. The falcon tubes containing the cultures were maintained at 

37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated 

times, on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here. The survival plots of all three clones of a ΔlacAB mutant were almost 

superimposible. 
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Inactivation of lacAB did not Impair Survival of S. mutans Batch Cultures in MCDM and 

Mucin +/- Glucose 

I also tested survival of the ∆lacAB strain in low nutrient conditions, namely MCDM 

with mucin in the presence or absence of glucose. I found that the ∆lacAB mutant was not 

impaired in survival in these conditions. The cell counts on day 1, 24 h after inoculation into test 

medium, were marginally higher in the presence of glucose but survival was prolonged for over 

40 days when batch cultures of the lacAB mutant strain were maintained in MCDM with mucin 

in the presence or absence of glucose (Figures 22 and 23). This result was similar to the survival 

pattern obtained when batch cultures of S. mutans UA159 were maintained in those conditions 

where growth was seen prior to survival (Figure 15) and in the absence of growth (Figure 16). 

  



69 

 

 

Figure 22. Survival of clones of ∆lacAB batch cultures grown in MCDM with 6 mM glucose 

and 0.5% mucin. 

Cultures of three clones of the ∆lacAB mutant were grown overnight in CDM and 24 mM 

glucose. The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture 

was made in MCDM + glucose + mucin. The falcon tubes containing these batch cultures were 

maintained at 37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, at the 

indicated times, on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here. 
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Figure 23. Survival of clones of ∆lacAB mutant batch cultures inoculated into MCDM with 

0.5% mucin. 

Cultures of three clones of the ∆lacAB mutant were grown overnight in CDM and 24 mM 

glucose. The cultures were then washed twice in 1X PBS and a 25-fold dilution of each culture 

was made in MCDM + mucin. The falcon tubes containing these batch cultures were maintained 

at 37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated 

times, on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here. 
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The role of Mucin in Biofilm Formation and Survival 

S. mutans is known to persist in dental plaque biofilm on the tooth surface. In the 

laboratory, biofilms of S. mutans are formed in chemically defined medium (CDM) with 3 mM 

sucrose. Sucrose is needed by the cell to make extracellular matrix which gives structure and 

depth to the biofilm. Biofilms were typically set up in flow cell chambers or as static biofilms on 

sterile coverslips in a 24 well plate. A continuous flow of fresh medium over the biofilm occurs 

only in the flow cell set up. Renye et al (2004) have shown that mucin did not alter the 

morphology of the biofilms but prolonged the survival of sugar starved biofilms. The biofilms 

were established in CDM with sucrose +/- mucin and after 18 h the medium was switched to 

CDM or CDM with mucin. The biofilms that were established and maintained in the presence of 

mucin survived longer than the biofilms that were established in CDM with sucrose and switched 

to plain CDM. 

Mucin promoted biofilm formation and survival in minimal medium 

I tested whether mucin could compensate for the lack of amino acids in biofilm 

formation. To pursue this possibility I established flow cell biofilms in minimal chemically 

defined medium (MCDM) supplemented with 0.5% mucin and 3 mM sucrose. I found that 

mucin promoted the formation of a biofilm in the absence of amino acids. The time required for 

mature biofilm formation in this low nutrient condition was 18 h, which was similar to the time 

required for biofilm formation in CDM with 3 mM sucrose. Biofilm formation was not seen in 

MCDM with sucrose but no mucin (Figure 24).  

Biofilm formation of S. mutans UA159 was seen both in the flow cell set up and the static 

biofilm set up. Subsequent experiments regarding long term survival of biofilms used the static 
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biofilm set up. This method was chosen as it required a lesser volume of medium containing 

mucin and also reduced the chances of contamination. Busuioc et al (2010) have shown that the 

∆pdhD mutant formed static biofilms in CDM with 3 mM sucrose. I tested whether the 

inactivation of the pdh operon affected biofilm formation in low nutrient conditions such as the 

absence of amino acids. The morphology of the biofilm or the process of formation itself 

remained unaffected in the ∆pdhD mutant. Static biofilm formation in MCDM supplemented 

with 3 mM sucrose and 0.5% mucin was similar in the parental and the mutant strains. In 

biofilms formed by both strains, small clusters of cells with chains of bacteria occupying the 

intermediary space between these clusters could be seen (Figure 25).  

Renye et al (2004) have shown that mucin prolonged survival of biofilms of S. mutans 

UA159 for 12 days whereas bacteria did not survive beyond 4 days in biofilms established 

without mucin. This result suggested that mucin could either have a metabolic role in biofilm 

formation or could protect the biofilm from some stress (such as osmosis or oxygen stress) or 

both. Busuioc et al (2010) have shown that a ∆pdhD mutant is impaired in survival in biofilms 

established in CDM and 3 mM sucrose. Since the ∆pdhD mutant was impaired during stationary 

phase survival in the presence of mucin in a number of conditions tested in batch cultures, I 

tested its survival in static biofilms. Surprisingly, I found that the survival of S. mutans UA159 

and the ∆pdhD mutant was similar to each other in static biofilms established in MCDM with 3 

mM sucrose and 0.5% mucin (Figure 26). 
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Figure 24. Biofilm formation of S. mutans UA159. 

Biofilm formation in flow cells was seen in (A) CDM with 3 mM sucrose, and (B) MCDM, 3 

mM sucrose and 0.5% mucin. Biofilm formation was not seen in (C) MCDM and 3 mM sucrose. 

Biofilms were stained by BacLight LIVE DEAD stain and visualized by confocal microscopy. 

Images were taken 18 h after the initial set up. Representative images of biofilms of strain 

UA159 established in the specified medium are shown here. The scale bar is 29 or 30 µm. 
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Figure 25. Static Biofilms of S. mutans UA159 and a ∆pdhD mutant. 

 

Representative images of static biofilms, formed by S. mutans UA159 (A and C) and a ∆pdhD 

mutant (B and D) in MCDM with 3 mM sucrose and 0.5% mucin visualized by confocal 

microscopy, are shown here. Images C and D are magnified regions of areas of the biofilm that 

are specified by boxes in A and B respectively. Chains (white arrows) of bacteria between the 

clusters (black arrows) of the static biofilm are seen in both the parental strain and the pdh 

mutant. Differential interference contrast (DIC) images are shown. The scale bar is 30 µm.  
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Figure 26. Survival of S. mutans UA159 and a ∆pdhD mutant in static biofilms established in 

MCDM with 3 mM sucrose and 0.5% mucin. 

Cultures of S. mutans UA159 and ∆pdhD were grown overnight in CDM containing 24 mM 

glucose. The cultures were then diluted 25-fold into similar medium and allowed to grow for 5 h 

and washed twice in 1X PBS. A 1000-fold dilution was used to establish static biofilms in 

MCDM with 3 mM sucrose and 0.5% mucin on coverslips in a 24 well plate. To determine 

survival, the supernatant was aspirated, the coverslip was gently washed twice with 1X PBS, 

placed in 5 mL of 1X PBS and sonicated. Serial dilutions were made in 1X PBS and plated on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here.  
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Inactivation of pdh impaired survival of S. mutans attached to the glass surface in the 

presence of mucin alone.  

 Biofilms were not formed in MCDM supplemented only with mucin. Despite the lack 

of growth and biofilm formation, the parental strain UA159 survived for more than 70 days 

attached to a glass coverslip in MCDM with mucin. In contrast, the ΔpdhD mutant survived for 

less than 25 days (Figure 27). This result was similar to the result obtained from survival 

experiments of batch cultures in MCDM and mucin. It is important to remember the large 

differences in dilutions used to set up survival studies of batch cultures and static biofilms, 25-

fold and 1000-fold, respectively. The greater dilution used for the static biofilm set up in MCDM 

with mucin resulted in lower cell counts 24 h after inoculation of the 24 well plate. Clusters of 

chains of bacteria were seen only in S. mutans UA159 but not in the ∆pdhD mutant maintained 

in MCDM and mucin in the static biofilm set up (Figure 28). The chains of bacteria were 

attached to the coverslip but did not constitute a biofilm. 
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Figure 27. Survival of S. mutans UA159 and a ∆pdhD mutant in the static biofilm set up in 

MCDM with 0.5% mucin. 

Cultures of S. mutans UA159 and ∆pdhD were grown overnight in CDM with 24 mM glucose. 

The cultures were then diluted 25-fold into similar medium and allowed to grow for 5 h. The 

cells were washed twice in 1X PBS and a 1000-fold dilution was used to inoculate MCDM with 

mucin. To test for survival, the supernatant was gently aspirated, the coverslip was washed twice 

with 1X PBS, placed in 5 mL of 1X PBS and sonicated. Serial dilutions were made in 1X PBS 

and plated on THA. The result of a representative experiment of at least three experiments is 

shown here.  
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Figure 28. Chain formation in S. mutans UA159 when maintained in the static biofilm set up in 

MCDM and 0.5% mucin. 

Representative DIC images of cells of S. mutans UA159 (A and B) and a ∆pdhD mutant (C and 

D), attached to the coverslip maintained in MCDM with 0.5% mucin in the static biofilm set up 

visualized by confocal microscopy, are shown here. Chain formation (black arrow) was seen in 

the parental strain, S. mutans UA159 whereas only individual cells of pdh mutant were seen. The 

scale bar is 10 µm. 
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Regulation of pdh Expression 

 The varying effects of inactivation of the pdh operon on survival in the presence of 

mucin, discussed in the previous sections, led me to investigate the regulation of pdh expression 

in static biofilms and batch cultures. 

A majority of cells expressed pdh in MCDM-mucin when adhered to a coverslip 

 The reduced survival of the ∆pdhD mutant strain in the static biofilm set up in MCDM 

with mucin prompted me to investigate pdh expression in this condition. A reporter strain 

(SL15013, Ppdh-gfp) has been used to show pdh expression in static biofilms established in CDM 

with 3 mM sucrose (Busuioc et al 2010). Using this reporter strain, I inoculated MCDM with 

mucin in a 24 well plate containing sterile coverslips. I found that a majority of the cells on the 

coverslip and in the supernatant expressed gfp. However, only a small fraction of these gfp 

expressing cells formed chains. The length of these chains increased over a period of time. By 

day 38 a combination of short and long chains were seen in MCDM with mucin. This result 

suggested that additional factors other than pdh expression are required for chain formation, 

which is thought to result from slow bacterial growth. 

 I also used the reporter strain to monitor gfp expression in static biofilms set up in 

MCDM with 3 mM sucrose and 0.5% mucin. In this condition, biofilms were formed. No gfp 

expression was detected on day 1. However by day 3, there were small chains of bacteria 

expressing gfp. The length of these chains progressively increased with time in the static 

biofilms. By day 38, fluorescent chains of bacteria were found in the intermediary space between 

clusters in the biofilm (Figure 29). This result was similar to the result obtained when static 

biofilms of SL15013 were established in CDM with 3 mM sucrose (Busuioc 2010). 
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Figure 29. Expression of pdh in the static biofilm set up.  
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Representative images of S. mutans SL15013 (Ppdh-gfp) maintained in either MCDM and 0.5% 

mucin (left panel) or in MCDM, 3 mM sucrose and 0.5% mucin (right panel) in the static biofilm 

set up are shown here. Day 12 images are magnified to show chain formation of S. mutans (red 

arrows). A magnified version of a region of the static biofilm, on day 24, is also shown to 

indicate the presence of chains above and below sections of the biofilm. An overlay of GFP 

fluorescence on differential interference contrast (DIC) images is shown in each individual 

panel. The scale bars are 10 µm.  
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The pdh operon was expressed in less than 5% of the population in stationary phase batch 

cultures when a high inoculum was used  

 To investigate pdh expression further, I tested its expression in batch cultures. I used 

two starting inoculum sizes for the experiments. In the first set of test conditions, a 25-fold 

dilution was used, as used previously for batch cultures by Busuioc et al (2010). In the second set 

of test conditions, a 1000-fold dilution was used, similar to the dilution used in the static biofilm 

set up. The results regarding pdh expression with the two dilutions are discussed separately. 

 Busuioc et al have previously shown that when S. mutans was grown in CDM with 6 

mM glucose, the pdh operon was only expressed after entry into stationary phase in a small sub-

population (<1%) of the culture. Addition of mucin to this medium did not alter the percentage 

or the timing of pdh expression. Since the pdh operon is predominantly expressed only in 

stationary phase, I tested its expression following inoculation into media that do not support 

growth. I found that the presence of mucin alone in either CDM or MCDM did not alter the 

percentage of cells expressing the pdh operon, which remained below 1%. However, in MCDM 

with 6 mM glucose and 0.5% mucin, up to 4% of the population expressed pdh (Figure 30). The 

variation in this percentage (Figure 30) was thought not to be significant, but this was not tested.  
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Figure 30. Expression of pdh in batch cultures of S. mutans SL15013 established with a high 

starting inoculum. 

A culture of S. mutans SL15013 (Ppdh-gfp) was grown overnight in CDM with 24 mM glucose. 

The culture was then washed twice in 1X PBS and a 25-fold dilution was made in the specified 

medium. The falcon tubes containing these batch cultures were maintained at 37ºC in the 

presence of 5% CO2. On the indicated days, 3 µL samples of the culture were removed, placed 

on a glass slide, and visualized by confocal microscopy. Images of the samples were randomly 

captured, and the number of fluorescent bacteria was determined as a portion of the total number 

of bacteria from at least three different fields, using the Adobe Photoshop analyzing tool. 
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Reducing inoculum size can affect pdh expression in batch cultures 

 The high expression of pdh in cells adhered to the coverslip, in the static biofilm set up, 

in MCDM with 0.5% mucin was a striking finding. It is important to remember that biofilm 

formation was not observed in this condition (without sucrose). However, an increase in chain 

length of bacteria indicative of growth was observed (Day 1 and 3 compared to Figure 29). As 

mentioned in the previous section, in batch cultures maintained in MCDM and mucin, pdh was 

expressed in less than 1% of the population. The difference in the percentage of pdh expression 

in batch cultures and the static biofilm set up in MCDM and mucin was substantial and could be 

attributed to the starting inoculum size used in both experiments. I tested whether a smaller 

inoculum size altered pdh expression in batch cultures. A majority of cells expressed the pdh 

operon when a low starting inoculum was used in batch cultures set up in CDM or MCDM and 

mucin (Figures 31, 32 and 33). However, pdh expression did not vary with inoculum size and 

was seen in only a small portion of the stationary phase population in media that permitted 

growth: less than 1% in CDM with glucose +/- mucin; less than 6% in MCDM with glucose and 

mucin (Figure 34). The variation in percentage with time for MCDM + glucose + mucin was 

thought not to be significant, but was not tested rigorously.  
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Figure 31. Expression of pdh in batch cultures of SL15013 (Ppdh-gfp) maintained in CDM-

mucin. 

A culture of S. mutans SL15013 (Ppdh-gfp ) was grown overnight in CDM with 24 mM glucose. 

The culture was then washed twice in 1X PBS and a 1000-fold dilution was made in CDM-

mucin. The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% 

CO2. An overlay of GFP fluorescence (panel A) and differential interference contrast, DIC 

(panel B), images is shown in panel C. Images were taken 24 hours after inoculation. The scale 

bar is 10 µm.  
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Figure 32. Expression of pdh in batch cultures of SL15013 (Ppdh-gfp) maintained in MCDM-

mucin. 

A culture of S. mutans SL15013 (Ppdh-gfp) was grown overnight in CDM with 24 mM glucose. 

The culture was then washed twice in 1X PBS and a 1000-fold dilution was made in MCDM-

mucin. The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% 

CO2. An overlay of GFP fluorescence (panel A) and differential interference contrast, DIC, 

(panel B) images is shown in panel C. Images were taken 24 hours after inoculation. The scale 

bar is 10 µm.  
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Figure 33. Expression of pdh in batch cultures of S. mutans SL15013 (Ppdh-gfp) established in 

MCDM or CDM with mucin using a low starting inoculum. 

A culture of S. mutans SL15013 (Ppdh-gfp) was grown overnight in CDM with 24 mM glucose. 

The culture was then washed twice in 1X PBS and a 1000-fold dilution was made in MCDM or 

CDM supplemented with mucin. The falcon tubes containing the cultures were maintained at 

37ºC in the presence of 5% CO2. Samples (3 µL) of the culture were removed, placed on a glass 

slide, and visualized by confocal microscopy. Images of the samples were randomly captured, 

and the number of fluorescent bacteria was determined as a portion of the total number of 

bacteria from at least three different fields, using the Adobe Photoshop analyzing tool.  
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Figure 34. Expression of pdh in batch cultures of S. mutans SL15013 (Ppdh-gfp) grown in 

MCDM or CDM with 6 mM glucose and 0.5% mucin or CDM with 6 mM glucose using a low 

starting inoculum. 
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A culture of S. mutans SL15013 (Ppdh-gfp) was grown overnight in CDM with 24 mM glucose. 

The culture was then washed twice in 1X PBS and a 1000-fold dilution was made in MCDM or 

CDM with 6mM glucose and 0.5% mucin or in CDM with 6mM glucose. The falcon tubes 

containing the cultures were maintained at 37ºC in the presence of 5% CO2. On the indicated 

days, 3 µL samples of the culture were removed, placed on a glass slide, and visualized by 

confocal microscopy. Images of the samples were randomly captured, and the number of 

fluorescent bacteria was determined as a portion of the total number of bacteria, from at least 

three different fields, using the Adobe Photoshop analyzing tool. 
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The Role of Mucin in Stationary Phase Survival of S. mutans UA159 in Batch Cultures 

established with a Low Starting Inoculum  

 The fact that a difference in the inoculum size altered pdh expression in media (MCDM 

or CDM) with 0.5% mucin was a significant finding. I tested whether the inoculum size altered 

the outcome of survival during stationary phase in batch cultures established in different media 

with mucin.  

Inactivation of the pdh operon reduced survival of S. mutans in batch cultures established 

with a low starting inoculum and maintained in MCDM-mucin but not in CDM-mucin  

 I tested survival of the parental strain UA159 and a ∆pdhD mutant in batch cultures 

maintained in MCDM-mucin with a low starting inoculum. The parental strain UA159 

consistently survived for more than 100 days whereas the ∆pdhD mutant survived for less than 

20 days (Figure 35). This result was similar to the result obtained when a high starting inoculum 

was used to inoculate batch cultures of strain UA159 and the pdh mutant in MCDM and mucin 

(Figure 16).  

 A difference in the starting inoculum size dramatically altered pdh expression when 

batch cultures of SL15013 were maintained in CDM with 0.5% mucin. I tested to see whether a 

low inoculum size altered survival of S. mutans in this condition. Survival was no longer pdh 

dependent and was reduced in both the parental and the mutant strains. This result suggested that 

in addition to the pdh operon, additional factor(s) were needed for survival of S. mutans in batch 

cultures maintained in CDM and mucin when a low starting inoculum was used (Figure 36).  
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Figure 35. Survival of S. mutans UA159 and ∆pdhD in batch cultures maintained in MCDM 

with 0.5% mucin using a low starting inoculum.  

Cultures of S. mutans UA159 and a ∆pdhD mutant were grown overnight in CDM with 24 mM 

glucose. The cultures were then washed twice with 1X PBS and a 1000-fold dilution was made 

in MCDM with mucin. The falcon tubes containing the cultures were maintained at 37ºC in the 

presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on Todd 

Hewitt Agar. The result of a representative experiment of at least three experiments is shown 

here. 
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Figure 36. Survival of S. mutans UA159 and ∆pdhD in batch cultures in CDM with 0.5% mucin 

using a low starting inoculum. 

Cultures of S. mutans UA159 and a ∆pdhD mutant were grown overnight in CDM with 24 mM 

glucose. The cultures were then washed twice with 1X PBS and a 1000-fold dilution was made 

in CDM with mucin. The falcon tubes containing the cultures were maintained at 37ºC in the 

presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on Todd 

Hewitt Agar. The result of a representative experiment of at least three experiments is shown 

here. 
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Inactivation of the pdh operon did not impair survival of S. mutans in batch cultures in 

MCDM with 6 mM glucose and 0.5 % mucin using a low inoculum 

 The inoculum size greatly affected pdh expression when batch cultures of SL15013 

were maintained in MCDM or CDM, and 0.5% mucin. In addition to this result, the inoculum 

size also altered the outcome of survival of S. mutans UA159 and the pdh mutant in batch 

cultures maintained in CDM with 0.5% mucin.  

 Inoculum size did not change pdh expression when batch cultures of SL15013 were 

maintained in MCDM with 6 mM glucose and 0.5% mucin, a medium that permitted growth. 

However, the inoculum size did alter the outcome of survival of S. mutans UA159 and the pdh 

mutant in this condition. Both the parental strain and the mutant showed extended survival in 

MCDM with glucose and mucin, when using a low starting inoculum (Figure 37). In contrast, 

survival remained pdh dependent when MCDM was replaced with CDM (Figure 38). 
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Figure 37. Survival of S. mutans UA159 and a ∆pdhD mutant in batch cultures in MCDM with 6 

mM glucose and 0.5% mucin using a low starting inoculum. 

Cultures of S. mutans UA159 and a ∆pdhD mutant were grown overnight in CDM and 24 mM 

glucose. The cultures were then washed twice with 1X PBS and a 1000-fold dilution was made 

in MCDM + glucose + mucin. The falcon tubes containing the cultures were maintained at 37ºC 

in the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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Figure 38. Survival of S. mutans UA159 and a ∆pdhD mutant in batch cultures in CDM with 6 

mM glucose and 0.5% mucin using a low starting inoculum. 

Cultures of S. mutans UA159 and a ∆pdhD mutant were grown overnight in CDM and 24 mM 

glucose. The cultures were then washed twice with 1X PBS and a 1000-fold dilution was made 

in CDM + glucose + mucin. The falcon tubes containing the cultures were maintained at 37ºC in 

the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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The Role of the pdh Operon in Batch Cultures of S. mutans in Media containing Galactose 

The expression of the pdh operon was seen in a majority of stationary phase cells 

maintained in MCDM or CDM with mucin following a low starting inoculum. I tested pdh 

expression in CDM with galactose since it is the major utilizable sugar present in mucin; a 

hypothesis of this study is that mucin may be providing galactose during stationary phase 

survival of S. mutans in batch cultures. It seemed possible that galactose from mucin may be 

metabolized by the tagatose pathway leading to the formation of glycolytic intermediates. 

Pyruvate formed at the end of glycolysis can be converted to acetate by the PDH complex with 

the concomitant generation of ATP. This led me to take a closer look at pdh expression in the 

presence of galactose.  

The expression of the pdh operon in the presence of galactose 

To monitor pdh expression, batch cultures of SL15013 (Ppdh-gfp) were grown in CDM 

with 6 mM galactose using a low starting inoculum. About 50% of cells expressed pdh in 

stationary phase in this condition (Figure 39). This result was very different than the pdh 

expression in batch cultures started with a low inoculum in CDM with glucose (<1%; figure 34).  

Very few cells could be found when a low inoculum was used in MCDM with glucose or 

galactose, where there was no growth. However, one day after inoculation, pdh expression was 

observed in batch cultures of SL15013 (Ppdh-gfp) maintained in MCDM with 6 mM galactose 

(Figure 39 C and D), but not in MCDM with 6 mM glucose (Figure 39 E and F). 
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Figure 39. pdh expression in batch cultures of SL15013 (Ppdh-gfp) in CDM + 6 mM galactose or 

MCDM with 6 mM galactose or glucose 

S. mutans SL15013 (Ppdh-gfp) in batch cultures in: (A-B) CDM with 6 mM galactose on day 6; 

(C-D) MCDM with 6 mM galactose on day 1; (E-F) MCDM with 6 mM glucose on day 1. In 

each pair of figures, on the left is the image with the GFP signal and on the right is the 

differential contrast image (DIC). The scale bars are 10 µm. 
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Stationary phase survival in the presence of galactose 

As mentioned in the previous section, about 50% of cells in the stationary phase sub-

population expressed the pdh operon in CDM with 6 mM galactose in batch cultures started with 

a low inoculum. This result was similar to our finding for batch cultures started with a low 

inoculum and maintained in CDM or MCDM with mucin, where there was no growth. I tested to 

see if the survival pattern of cultures maintained in galactose was similar to that of the survival 

pattern of batch cultures maintained in mucin. 

The outcome of survival of batch cultures, inoculated with a low inoculum and grown in 

CDM and 6 mM galactose, was similar for both S. mutans UA159 and the pdh mutant. Both 

strains survived for no longer than 21 days (Figure 40). Growth in the presence of galactose is 

known to be typically slower than in the presence of glucose (Abbe et al 1982). The addition of 

mucin to CDM and galactose did not prolong survival (Figure 41). The length of survival of 

strain UA159 in batch cultures maintained in the presence of galactose and mucin was strikingly 

different than the time of survival of batch cultures in glucose and mucin (Figure 13). 
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Figure 40. Survival of S. mutans UA159 and a ∆pdhD mutant in batch cultures in CDM with 6 

mM galactose with a low starting inoculum. 

Cultures of S. mutans UA159 and a ∆pdhD mutant were grown overnight in CDM with 24 mM 

glucose. The cultures were then washed twice with 1X PBS and a 1000-fold dilution was made 

in CDM with 6 mM galactose. The falcon tubes containing the cultures were maintained at 37ºC 

in the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here.  
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Figure 41. Survival of S. mutans UA159 and a ∆pdhD mutant in batch cultures in CDM with 6 

mM galactose and 0.5% mucin using a low starting inoculum. 

Cultures of S. mutans UA159 and a ∆pdhD mutant were grown overnight in CDM with 24 mM 

glucose. The cultures were then washed twice with 1X PBS and a 1000-fold dilution was made 

in CDM + galactose + mucin. The falcon tubes containing the cultures were maintained at 37ºC 

in the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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The inactivation of lacAB impaired survival of batch cultures of S. mutans in CDM/MCDM-

mucin 

More than 50% of the population of stationary phase bacteria that had been grown in 

CDM and galactose expressed the pdh operon. I tested the importance of the tagatose pathway 

for galactose utilization in survival of the lacAB mutant in batch cultures maintained in the 

presence of mucin established with a low starting inoculum. The ΔlacAB mutant had a similar 

pattern of survival as the wild type strain when maintained in batch cultures in CDM-mucin 

(Figures 42and 36). However, the ΔlacAB mutant strain had impaired survival when maintained 

in batch cultures in MCDM-mucin whereas strain UA159 survived for over 100 days in similar 

medium (Figures 43 and 35). In both cases, the plots for three distinct clones of a ΔlacAB mutant 

were almost superimposible.  
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Figure 42. Survival of clones of a ΔlacAB mutant in batch cultures maintained in CDM and 

0.5% mucin started with a low inoculum. 

Cultures of S. mutans ∆lacAB were grown overnight in CDM and 24 mM glucose. The cultures 

were then washed twice with 1X PBS and a 1000-fold dilution was made in CDM with 0.5% 

mucin. The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% 

CO2. Survival was monitored by plating bacteria, at the indicated times, on Todd Hewitt Agar. 

The result of a representative experiment of at least three experiments is shown here. 
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Figure 43. Survival of clones of a lacAB mutant in batch cultures maintained in MCDM and 

0.5% mucin started with a low inoculum. 

Cultures of S. mutans ∆lacAB were grown overnight in CDM and 24 mM glucose. The cultures 

were then washed twice with 1X PBS and a 1000-fold dilution was made in MCDM with 0.5% 

mucin. The falcon tubes containing the cultures were maintained at 37ºC in the presence of 5% 

CO2. Survival was monitored by plating bacteria, at the indicated times, on Todd Hewitt Agar. 

The result of a representative experiment of at least three experiments is shown here. 
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The Role of Gene SMu0717 in Growth and Survival of S. mutans in Batch Cultures and 

Biofilms 

Introduction 

Mucin prolonged stationary phase survival of S. mutans UA159 batch cultures and 

biofilms (Renye et al 2004). It is possible that mucin prolonged stationary phase survival by 

altering gene expression in S. mutans. In an attempt to identify genes upregulated in the presence 

of mucin, microarray analysis was performed with RNA isolated from 1 day old cultures grown 

in CDM with glucose in the presence or absence of mucin. One of the genes that was found to be 

upregulated was SMu0717. This gene encodes a conserved hypothetical protein with a helix-

turn-helix motif. The molecular function assigned to this protein indicated that it was involved in 

sequence-specific DNA binding. A BLAST search revealed that the amino acid sequence of 

SMu0717 was similar to proteins that function as transcription factors in other bacteria. It had 

some similarity to SinR which is important for biofilm formation in B. subtilis. The eps operon is 

responsible for the production of an extracellular polysaccharide that binds chains of cells in 

bundles, which eventually result in biofilm formation. SinR is a repressor of the eps operon and 

functions as a a master regulator controlling the switch from planktonically growing cells to 

complex biofilms (Kearns et al 2005).  

To study the function of SMu0717 in S. mutans UA159, I constructed a deletion mutant 

by replacing the gene with a kanamycin resistance cassette. Flanking regions of the gene were 

cloned on either side of the kanamycin resistance cassette in a plasmid. The resulting plasmid 

was used to transform S. mutans UA159. The transformants were passaged on plates containing 

kanamycin and streaked out for single colonies. The morphology of the mutant colonies was 

indistinguishable from that of parental colonies.  
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Inactivation of SMu0717 did not impair growth or survival in CDM and glucose +/- mucin 

I tested whether the inactivation of SMu0717 impaired growth in exponential phase in 

CDM with 6 mM glucose. Both the parental and the mutant strains grew to a similar extent in the 

presence of glucose. The addition of mucin to this medium appeared to marginally enhance the 

growth rate of both the parental and the mutant strains (Figure 44). I then proceeded to study the 

role of SMu0717 in stationary phase survival in CDM with glucose and/or mucin. The parental 

and the mutant strains survived for a similar number of days in CDM + glucose +/- mucin. 

During the course of batch culture experiments in this study, variation was seen in the length of 

survival in CDM and glucose; survival for greater than 50 days was considered to be long term 

(Figures 45 and 46). 
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Figure 44. Growth of S. mutans UA159 and ∆SMu0717 in CDM with glucose +/- mucin. 

 

Cultures of S. mutans UA159 and the ∆SMu0717 mutant were grown overnight in CDM and 24 

mM glucose. The cultures were then washed twice with 1X PBS and a 25-fold dilution was made 

in the specified medium. The falcon tubes containing the cultures were maintained at 37ºC in the 

presence of 5% CO2. Growth was monitored spectrophotometrically at OD675. The result of a 

representative experiment of at least three experiments is shown here. 
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Figure 45. Survival of S. mutans UA159 and ∆SMu0717 batch cultures in CDM with 6 mM 

glucose. 

Cultures of S. mutans UA159 and the ∆SMu0717 mutant were grown overnight in CDM with 24 

mM glucose. The cultures were then washed twice with 1X PBS and a 25-fold dilution was made 

in CDM with 6 mM glucose. The falcon tubes containing the cultures were maintained at 37ºC in 

the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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Figure 46. Survival of S. mutans UA159 and ∆SMu0717 in batch cultures in CDM with 6 mM 

glucose and 0.5% mucin. 

Cultures of S. mutans UA159 and the ∆SMu0717 mutant were grown overnight in CDM with 24 

mM glucose. The cultures were then washed twice with 1X PBS and a 25-fold dilution was made 

in CDM with 6 mM glucose and 0.5% mucin. The falcon tubes containing these cultures were 

maintained at 37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, at the 

indicated times, on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here.  
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Inactivation of SMu0717 does not impair survival in the absence of exogenous glucose. 

I had previously shown that mucin could not support exponential growth in the absence 

of exogenous glucose. Although growth was not supported, I tested whether the inactivation of 

SMu0717 altered the ability of S. mutans to survive in CDM and mucin. As is evident from the 

lack of growth measured by OD675, a lower cell count was obtained for both strains on day 1. A 

similar pattern of survival was observed for batch cultures of S. mutans UA159 and the 

∆SMu0717 strain (Figure 47). 
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Figure 47. Survival of S. mutans UA159 and ∆SMu0717 in batch cultures in CDM with 0.5% 

mucin. 

Cultures of S. mutans UA159 and the ∆SMu0717 mutant were grown overnight in CDM with 24 

mM glucose. The cultures were then washed twice with 1X PBS and a 25-fold dilution was made 

in CDM with 0.5% mucin. The falcon tubes containing the cultures were maintained at 37ºC in 

the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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Inactivation of SMu0717 does not impair survival in medium lacking amino acids and/or 

sugar in the presence of mucin 

The inactivation of the SMu0717 gene did not impair survival of S. mutans batch cultures 

in the absence of amino acids. Both the parental and the mutant strains survived in a similar 

manner in batch cultures maintained in low nutrient conditions: in MCDM + glucose + mucin, 

which permitted growth (Figure 48), and in MCDM-mucin, which did not permit growth (Figure 

49). 
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Figure 48. Survival of S. mutans UA159 and ∆SMu0717 batch cultures in MCDM with 6 mM 

glucose and 0.5% mucin.  

Cultures of S. mutans UA159 and the ∆SMu0717 mutant were grown overnight in CDM with 24 

mM glucose. The cultures were then washed twice with 1X PBS and a 25-fold dilution was made 

in MCDM with 6 mM glucose and 0.5% mucin. The falcon tubes containing the cultures were 

maintained at 37ºC in the presence of 5% CO2. Survival was monitored by plating bacteria, at the 

indicated times, on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here. 
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Figure 49. Survival of S. mutans UA159 and ∆SMu0717 batch cultures in MCDM with 0.5% 

mucin. 

Cultures of S. mutans UA159 and the ∆SMu0717 mutant were grown overnight in CDM with 24 

mM glucose. The cultures were then washed twice with 1X PBS and a 25-fold dilution was made 

in MCDM with 0.5% mucin. The falcon tubes containing the cultures were maintained at 37ºC in 

the presence of 5% CO2. Survival was monitored by plating bacteria, at the indicated times, on 

Todd Hewitt Agar. The result of a representative experiment of at least three experiments is 

shown here. 
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The role of SMu0717 in biofilm formation and survival 

Biofilm formation is an integral part of the lifestyle of S. mutans. I tested the ability of a 

∆SMu0717 mutant to form biofilms in CDM and MCDM, with 3mM sucrose +/- mucin. The 

inactivation of SMu0717 did not impair the process of biofilm formation or the morphology of 

the biofilm in either CDM and sucrose or in CDM or MCDM supplemented with sucrose and 

mucin; the mutant formed biofilms in all three conditions (Figures 50-52).  

 

Figure 50. Biofilm formation by S. mutans UA159 and ∆SMu0717 in CDM with 3 mM sucrose. 

Flow cell biofilms of S. mutans UA159 (A and B) and ∆SMu0717 (C and D) in CDM with 3 mM 

sucrose. 18 h after inoculation of the flow cells the biofilms were stained with BacLight LIVE 

DEAD stain and visualized by confocal microscopy. The scale bars are 29 µm. 
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Figure 51. Biofilm formation by S. mutans UA159 and ∆SMu0717 in CDM with 3 mM sucrose 

and 0.5% mucin. 

Flow cell biofilms of S. mutans UA159 (A-C) and ∆SMu0717 (D-F) in CDM with 3 mM sucrose 

and 0.5% mucin. The biofilms were stained with BacLight LIVE DEAD stain and visualized by 

confocal microscopy. The scale bars are 30 µm. 
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Figure 52. Biofilm formation by S. mutans UA159 and ∆SMu0717 in MCDM with 3 mM 

sucrose and 0.5 % mucin. 

Flow cell biofilms of S. mutans UA159 and ∆SMu0717 in MCDM with 3 mM sucrose and 0.5% 

mucin. The biofilms were stained with BacLight LIVE DEAD stain and visualized by confocal 

microscopy. The scale bars are 30 µm. 

.  



118 

 

I tested whether the absence of the SMu0717 gene affected survival of biofilms in the 

presence of spent medium. The biofilms were set up on coverslips in 24 well plates and allowed 

to remain in the spent medium. I found that both S. mutans UA159 and ∆SMu0717 consistently 

survived for more than 50 days in static biofilms (Figure 53). 
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Figure 53. Survival of S. mutans UA159 and ∆SMu0717 in static biofilms in CDM with 3 mM 

sucrose. 

Cultures of S. mutans UA159 and ∆SMu0717 were grown overnight in CDM with 24 mM 

glucose. The cultures were then diluted 25-fold into a similar medium and allowed to grow for 5 

h. The cells were washed twice in 1X PBS and a 1000-fold dilution was used to inoculate CDM 

with 3mM sucrose. To test for survival, the supernatant was aspirated, a coverslip was washed 

twice with 1X PBS, placed in 5mL of 1X PBS and sonicated. Serial dilutions were made in 1X 

PBS and plated on Todd Hewitt Agar. The result of a representative experiment of at least three 

experiments is shown here. 
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I studied the morphology of biofilms in the flow cell set up under conditions of 

starvation. The biofilms were initially established in CDM and 3 mM sucrose and after 18 h the 

medium was switched to plain CDM. A hollow center, which is a characteristic of mature 

biofilms, was seen in biofilms made by both the parental strain and the ∆SMu0717 mutant 

(Figure 54). Both the parental and the mutant strains could be recovered up to day 4 (Figure 55). 

Survival beyond day 4 was not tesetd. 
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Figure 54. Starved biofilms of S. mutans UA159 and ∆SMu0717. 

Flow cell biofilms of S. mutans UA159 (A-D and I-L) and ∆SMu0717 (E-H and M-P) in 

starvation medium on day 3 and 4. The biofilms were stained with BacLight LIVE DEAD stain 

and visualized by confocal microscopy. The scale bars are 30 µm. 
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Figure 55. Survival of S. mutans UA159 and ∆SMu0717 in flow cell biofilms maintained in 

starvation medium. 

Biofilms were establised in CDM with 3 mM sucrose. After 18 h, the medium was switched to 

starvation medium which was CDM, without added sugar. The result of one of two repeats is 

shown here.  
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CHAPTER 4 

DISCUSSION 

 S. mutans is a member of the oral plaque and its presence has consistently been 

associated with dental caries. It is well adapted to conditions of feast or famine in the oral cavity. 

In the absence of a host diet, saliva is known to promote survival of dental plaque bacteria. A 

number of studies have shown that mucin can be metabolized by a consortium of dental plaque 

bacteria. In this study, we wished to investigate how mucin promoted survival of S. mutans and 

to determine potential pathway(s) of mucin metabolism during exponential growth, stationary 

phase and biofilm formation. My principal findings regarding exponential growth and stationary 

phase are: first, mucin, supplemented in minimal medium (MCDM), promoted growth in the 

presence of glucose; second, it extended survival in low nutrient conditions such as the absence 

of amino acids or sugar or both; third, the mucin enhanced survival during stationary phase was 

pdh dependent in most conditions; fourth, the inoculum size dramatically altered pdh expression 

in medium containing mucin but no sugar. In addition to these results, mucin was found to 

promote biofilm formation and survival in minimal medium supplemented with sucrose; in the 

absence of sucrose, chains of bacteria were seen and survival was found to be pdh dependent, 

even though biofilms were not formed. 

 Mucin enabled S. mutans to grow in a minimal medium (MCDM) containing glucose, 

suggesting that it could provide one or more amino acids. Amino acids that are a source for 

nitrogen, such as glutamine, glutamic acid, arginine or a combination of all three amino acids did 

not mimic the effect of mucin in similar conditions. Also, the addition of cystine to minimal 

medium containing glucose did not have the same effect as mucin. This led me to think that the 

role of mucin during exponential phase in minimal medium is not limited to simply providing a 
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nitrogen or sulfur source but could be a combination of amino acids and/or nutrients. Our results 

show that mucin, when supplemented in CDM and no glucose, did not serve as a primary source 

of carbon during exponential growth. This result is in accordance with that of van der Hoeven et. 

al (1990).  

 S. mutans can survive for over 40 days in chemically defined medium (CDM) 

comprising glucose, amino acids and vitamins among other components (Busuioc et al 2010). In 

these conditions, glucose is exhausted at the onset of stationary phase (unpublished observations; 

Renye 2004). Prolonged survival of batch cultures, after the imposition of carbon starvation, was 

not a consequence of mutations arising in the surviving sub-population. Rather it is thought that 

the upregulation of particular genes/operons promotes survival. The pyruvate dehydrogenase 

(pdh) operon was shown to be upregulated during stationary phase and the PDH complex was 

essential for long term survival in stationary phase (Busuioc et al. 2010). An external factor that 

prolonged survival was the addition of mucin to CDM (Renye et al 2004). It is likely that mucin 

may be prolonging survival by providing energy through the slow release of sugars which may 

feed into the pdh pathway. Keeping this hypothesis in mind, I tested the survival of the ΔpdhD 

mutant in CDM containing mucin +/- glucose. The parental strain, UA159 survived for greater 

than 60 days whereas the pdhD mutant survived for less than 10 days irrespective of the presence 

or absence of glucose in the medium (Figure 56). This result prompted me to take a closer look 

at potential sugar residues that mucin may be providing during stationary phase survival. Since, 

galactose is the major utilizable sugar present in mucin I thought it pertinent to test the survival 

of a galactose utilization pathway mutant. The lacAB mutant was obtained from Dr Burne’s 

laboratory. lacAB encodes galactose isomerase that converts galactose 6-phosphate into tagatose 

6-phosphate, which is metabolized by the tagatose pathway. I found that the lacAB mutant was 
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not impaired in survival when batch cultures were maintained in CDM supplemented with 

glucose and mucin. In contrast, ∆lacAB was severely impaired in survival in media 

supplemented with mucin and no glucose. This result suggested that the tagatose pathway of S. 

mutans is important during survival in CDM supplemented with mucin and no glucose (Figure 

56).  

 My finding that mucin enabled S. mutans to grow exponentially in the presence of 

glucose in minimal medium (MCDM) encouraged me to study the role of mucin in survival in 

MCDM. Analysis of microarrays performed with RNA isolated from stationary phase cultures 

maintained in MCDM + glucose +/- mucin, showed that a number of genes/operons involved in 

the metabolism of sugars/amino sugars were upregulated in the presence of mucin. Although the 

quality of the microarrays was unsatisfactory, some interesting leads into mucin metabolism 

were obtained. Genes of the pdh and lac operons were upregulated in the presence of mucin. 

This finding led us to think that both these pathways may have a role in prolonging survival in 

minimal medium (MCDM) with mucin. Keeping this hypothesis in mind, I tested survival of the 

pdhD mutant and found it to be severely impaired in MCDM + mucin +/-glucose. However, the 

lacAB mutant had a similar pattern of survival in MCDM and mucin +/- glucose to that of the 

parental strain indicating that the tagatose pathway may not be essential for survival in MCDM 

supplemented with mucin (+/- glucose). This result contrasts with that obtained for CDM with 

mucin, discussed above, and suggests that the tagatose pathway ceases to be important in the 

absence of amino acids (Figure 56). 

 Renye et al have shown that mucin prolonged the survival of sugar starved biofilms 

(2004). In this study, I found that mucin enabled the parental strain and the pdh mutant to form 

biofilms in minimal medium (MCDM) supplemented with sucrose. The morphology of biofilms 
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was similar in both strains. This result suggested that the contribution of mucin to biofilm 

formation was independent of the pdh pathway. I also established biofilms in MCDM + mucin + 

sucrose using a reporter strain SL15013, (Ppdh-gfp). In these static biofilms, maintained in 

MCDM with mucin and sucrose, pdh expression was not seen on day 1. However, small chains 

of cells (3-4) expressing pdh were seen on day 3. The number of gfp expressing chains that 

occupied the intermediary space between clusters of cells increased with time.  

 Although, biofilms were not formed in minimal medium (MCDM) supplemented with 

mucin alone, bacteria were seen attached to the glass coverslip. Survival of bacteria on the 

coverslip was pdh dependent. Using the reporter strain SL15013, I monitored pdh expression in 

MCDM with mucin. Greater than 90% of cells expressed the pdh operon. However, only a sub-

population of cells formed chains, suggesting that other factors may be needed to potentiate 

chain formation in addition to the PDH complex. I also observed gfp expressing chains of 

bacteria in the medium above the coverslip and hence cannot attribute pdh upregulation only to 

adherent cells (Table 4).  

 The reduced survival of the pdh mutant in batch cultures prompted me to look at pdh 

expression. Our laboratory has shown that, in CDM and glucose, the pdh operon is expressed in 

less 1% of the population (Busuioc 2010). My results indicate that the addition of mucin to CDM 

and glucose did not alter this percentage. In CDM or MCDM, supplemented with mucin alone, 

pdh was also expressed in less than 1% of the population. In MCDM with both mucin and 

glucose the number increased slightly, to 1-4%. I tested to see if a smaller inoculum size, such as 

the inoculum size used for static biofilms, altered the pdh expression in batch cultures. The 

reduction in inoculum size did not substantially affect pdh expression in batch cultures for 

bacteria in CDM + glucose +/- mucin, or in MCDM + mucin + glucose. In contrast to these 
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findings, greater than 90% of cells expressed pdh when a low inoculum was used in batch 

cultures maintained in CDM or MCDM supplemented only with mucin.  

 Since a striking difference in pdh expression was seen with different inoculum sizes in 

CDM or MCDM with mucin, I tested whether the inoculum size altered survival. Prolonged 

survival was pdh dependent only in MCDM-mucin. Both the parental strain and the pdh mutant 

survived for less than 16 days in batch cultures maintained in CDM-mucin. It is possible that 

factors in addition to the PDH complex may be required for prolonged survival when a low 

starting inoculum is used in CDM-mucin. Although a difference in pdh expression was not seen, 

when a low starting inoculum was used in MCDM containing glucose and mucin, survival in 

these conditions was no longer pdh dependent. Survival of S. mutans in batch cultures 

established with a low inoculum and grown in CDM + mucin + glucose remained pdh dependent 

(Figure 57).  

 Since galactose is the major utilizable sugar in mucin I tested pdh expression in batch 

cultures established with a low inoculum in CDM with galactose. I found that greater than 50% 

of the stationary phase bacteria expressed pdh in this condition. Using a smaller inoculum in 

CDM with glucose did not give the same result. This difference in pdh expression in galactose 

and glucose may indicate that in much of the population pdh is regulated by catabolite 

repression. Alternatively it may be a consequence of the difference in the metabolism of these 

two sugars. Also, survival of the parental strain and the pdh mutant was not prolonged beyond 21 

days in CDM + galactose. The addition of mucin to this medium did not prolong survival beyond 

18 days. This result was very different than the survival of batch cultures of the parental strain in 

CDM + mucin + glucose. This variation in survival can be attributed to the different metabolites 

(that may prolong survival) or toxic intermediates (that hamper survival) that result from glucose 
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and galactose metabolism in S. mutans. Lastly, the inactivation of the lacAB genes resulted in 

impaired survival of S. mutans in batch cultures established with a low inoculum in MCDM with 

mucin. This result suggested that in minimal medium containing mucin alone, galactose from 

mucin may be metabolized by the tagatose pathway. However, survival of the ΔlacAB mutant 

followed a similar pattern as the parental strain when batch cultures of S. mutans were 

established in CDM containing mucin alone (Figure 57). 

 To my knowledge, this study is the first suggesting that mucin has a metabolic role in 

stationary phase survival of S. mutans. The varied effects of the inactivation of the pdh and lac 

operons suggest that metabolism of mucin is complex. And various components of mucin may 

be used during exponential and stationary phases based on the nutritional requirements of the cell  
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Figure 56. Summary of the effects of mucin that lead to long-term survival of S. mutans in batch 

cultures established in varying nutrient conditions with a high starting inoculum. 

The metabolism of glucose results in the formation of pyruvate and acetate, which, in addition to 

other metabolites, constitute spent medium. Amino acids are present in CDM (but not MCDM) 

and can be obtained indirectly from mucin. Mucin is present throughout stationary phase survival 

and can provide S. mutans with a secondary source of energy. The outcome of survival of S. 

mutans was as follows: in the presence of, spent medium and amino acids survival was pdh and 

lacAB dependent (red line); in spent medium, amino acids and mucin survival was pdh 

dependent and lacAB independent (green line); in minimal medium (MCDM) with mucin alone, 

survival was pdh dependent and lacAB independent (yellow line); in medium containing amino 

acids (CDM) and mucin survival was dependent on both pdh and lacAB (blue line) and in the 

presence of spent medium and mucin without exogenous amino acids (MCDM), survival was 

pdh dependent and lacAB independent (purple line). 
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Figure 57. Summary of the effects of mucin that lead to long-term survival of S. mutans in batch 

cultures established in varying nutrient conditions with a low starting inoculum. 

The metabolism of glucose results in the formation of pyruvate and acetate, which, in addition to 

other metabolites, constitute spent medium. Amino acids are present in CDM (but not MCDM) 

and can be obtained indirectly from mucin. Mucin is present throughout stationary phase survival 

and can provide S. mutans with a secondary source of energy. The outcomes of survival of S. 

mutans (colored lettering) that differed between batch cultures established with a low and high 

inoculum size are highlighted in red boxes. In particular, survival was no longer pdh dependent 

in batch cultures maintained in the presence of spent medium and mucin and no exogenous 

amino acids (purple line). In the presence of amino acids (CDM) and mucin but no glucose, 

survival was impaired was impaired for both the parental and mutant strains (blue line). And 

lastly, the lacAB mutant was no longer able to survive in minimal medium (MCDM) containing 

mucin (yellow line).* Not shown as an independent experiment in the text.  
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Table 4. The effects of mucin on static biofilm formation and survival. 
 

 

Biofilm formation was seen only in the presence of sucrose and amino acids (in CDM or 

obtained indirectly from mucin). Mucin, alone, did not support biofilm formation but chains of 

cells were seen in the parental strain, although not the pdh mutant; survival was pdh dependent. 

The outcome of survival of biofilms was also pdh dependent in CDM + sucrose and pdh 

independent in MCDM + sucrose + mucin. Biofilm studies in CDM and sucrose were by 

Busuioc et al (2010). 
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APPENDIX 

MEDIA AND SOLUTIONS 

 

Growth Media 

Luria Bertani Lysogeny Broth (LB) (Bertani 1951) (Bertani 2004) 

 Bacto-Trypone    10 g 

 Yeast extract     5 g 

 Sodium Chloride    10 g 

 Water was added to a final volume of 1000 mL 

 Autoclaved for 15 min at 121°C 

LB Agar 

 LB 

 Bacto Agar     1.5 % 

 Autoclaved for 15 min at 121°C  

Todd Hewitt Broth (THB) 

 TH powder     30 g 

 Water was added to a final volume of 1000 mL. 

Autoclaved for 15 min at 121°C 
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Todd Hewitt Agar  

TH 

Bacto Agar       1.5% 

Autoclaved for 15 min at 121°C 

CDM (FMC of Terleckyj et al 1975) 

 Na2HPO4      3.15 g 

 NaH2PO4-H2O     2.05 g 

 Sodium Acetate     6.0 g 

 Dissolved in 400 mL water 

 

Stock Concentration (mg/mL) mL stock 

1. KH2PO4 

    K2HPO4 

88.4 5 

61 

2. (NH4)2SO4 120 5 

3. L-Aspartic acid 

    L-Phenylalanine 

    L-Serine 

    L-Proline 

    L-Hydroxyproline 

    Glycine 

5.0 20 

5.0 

5.0 

10 

10 

10 

4. L-Leucine 5.0 20 

5. Glutamic Acid 30 10 

6. DL-Alanine 20 10 

7. L-Isoleucine 10 10 

8. L-Methionine 10 10 

9. L-Threonine 20 5 

10. L-Arginine HCl 24.2 10 

11. L-Histidine HCl-H2O 27 10 

12. L-Tryptophan 20 10 

13. L-Valine 20 5 

14. L-Lysine 27.6 5 

15. Riboflavin 0.08 5 

16. Nicotinamide 

      Pantothenic Acid 

      Thiamine-HCl 

      p-Aminobenzoic Acid 

0.4 5 

0.16 

0.08 

0.016 
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17. Biotin 0.01 1 

18. Folic Acid 0.02 5 

19. Pyridoxamine Dihydrochloride 0.16 5 

20. L-Glutamine 0.5 10 

21. L-Cystine 10 20 

22. L-Tyrosine 10 20 

23. Adenine Sulfate 0.87 60 

      Guanine.HCL-H2O 0.62 

      Uracil 0.5 

24. MgSO4-7H2O 40 5 

      NaCl 2.0 

      FeSO4-7H2O 2.0 

      MgSO4-H2O 1.5 

25. Sodium Citrate 15 15 

26. Sodium Bicarbonate * 125 10 
  

Water was added to a final volume of 1000 mL. The pH of the medium was adjusted to 6.5 using 

1 N NaOH and filter sterilized. 

*Sodium Bicarbonate was added immediately before use. 

Plasmid Isolation Solutions 

Cell Resuspension Solution 

 Tris: HCl     50 mM 

 EDTA      10 mM 

Cell Lysis Solution 

 NaOH      200 mM 

 SDS      1% 

Neutralization Solution 

 Potassium Acetate    1.32 M 

 pH 4.8 with Acetic Acid 

Column Wash 

 NaCl      200 mM 
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 Tris: HCl     20 mM 

 EDTA      5 mM 

 Ethanol     550 mL 

Water was added to a final volume of 1000 mL 

E. coli competence 

RF1 

RbCl      12 g 

MnCl2-4 H20     9.9 g 

1M Potassium Acetate pH 7.5   30 mL 

CaCl2-2 H20     1.2 g 

Glycerol     150 g 

Water was added to a final volume of 1000 mL 

The pH was adjusted to 5.8 with 0.2 M acetic acid and the solution was filter sterilized and stored at 4°C 

RF 2 

RbCl      1.2 g 

0.5 M MOPS pH 6.8    20 mL 

CaCl2-2H20     11g 

Glycerol     150 g 

Water was added to a final volume of 1000 mL, and the solution was filter sterilized and stored at 4°C 

RNA Isolation Solutions 

NAES Buffer 

Sodium Acetate Buffer     50 mM 

EDTA      10 mM 

SDS      1% 

pH 5.0 


