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ABSTRACT  

Streptococcus mutans is a facultative member of the oral plaque and is associated 

with dental caries. It is able to survive long periods of sugar starvation. The purpose of 

this project was to explore specific avenues that S. mutans may use in order to cope with 

carbohydrate deprivation.  

Intracellular polysaccharide (IPS) is accumulated by S. mutans when grown in 

excess sugar, and can contribute towards the cariogenicity of S. mutans. Inactivation of 

the glgA gene, encoding a putative glycogen synthase, prevented accumulation of IPS in 

batch cultures grown with excess glucose or sucrose. Inactivation of the pul gene, 

encoding a putative pullulanase which is thought to be involved in IPS catabolism, did 

not prevent IPS accumulation. IPS was found to be important for the persistence of S. 

mutans grown in batch culture with excess glucose, and then starved of glucose. In these 

conditions, the IPS was largely used up within one day of starvation, and yet survival of 

the parental strain was extended by at least 15 days beyond that of the glgA and pul 

mutants; potentially, some feature of IPS metabolism, distinct from providing nutrients, is 

important for persistence. IPS was not needed for persistence when sucrose was carbon 

source or when mucin was present in batch cultures. 

IPS accumulation was not clearly demonstrated in biofilm conditions. When 

grown in condition permissive for IPS accumulation, biofilms of the glgA and pul 

mutants did not show decreased survival, compared to the parental strain. It is plausible 

that, within a biofilm, S. mutans can use alternative sources of energy (like the 

extracellular matrix) to compensate for the lack of IPS. 



iii 
 

To look at specific genes upregulated by sugar starvation, microarrays analysis 

was performed on S. mutans batch cultures. Some of the genes upregulated by starved, 

stationary phase bacteria, appeared to be organized in an operon, thought to encode 

components of the pyruvate dehydrogenase (PDH) complex. Northern Blot analysis 

showed that pdhD and the downstream genes, pdhA, pdhB and pdhC, form an operon that 

is transcribed predominantly in stationary phase. Inactivation of pdhD impaired survival 

of both batch cultures and biofilms. Analysis with fluorescent reporters revealed a 

distinct expression pattern for the pdh promoter, with less than 1% of stationary phase 

bacteria displaying pdh expression. When first detected, after one day of sugar starvation, 

expression was in individual bacteria. At later times, expressing bacteria were often in 

chains. The lengths of chains increased with time suggesting growth and division. It is 

likely that the pdh-expressing sub-population is able to persist for extend times in 

stationary phase. 
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CHAPTER 1 

INTRODUCTION 

Formation of the Dental Biofilm 

 The oral biofilm, or oral plaque, is defined as a community of bacteria living 

attached to the oral surfaces and embedded in an extracellular matrix composed of 

polymers of host and bacterial origin (3). Oral biofilm formation is characterized by the 

initial adhesion of the “early colonizers”, which are mainly streptococcal species (like 

Streptococcus gordonii, S. oralis, S. mitis and S. sanguis), and also Actinomyces spp. 

(97). These organisms express receptors for components of the saliva film, namely acidic 

proline-rich proteins, mucins, and sialic acids (182). After initial contact via specific 

surface adhesins, oral streptococci attach irreversibly to the pellicle components. The 

coaggregation of the early colonizers is enabled by the fact that bacteria have receptors 

that recognize molecules present on the surface of other organisms. For example, the 

Actinomyces spp. participates in intergeneric aggregation, by expressing receptors for 

streptococci, while streptococci are able to participate in intrageneric aggregation by 

binding to other streptococci (182). This initial attachment is further promoted by 

excretion of polymeric substances, notably extracellular polysaccharides (EPS) and DNA 

of microbial origin (181).  

 Fusobacterium nucleatum is a gram-negative bacterium present in all dental 

biofilms, regardless of conditions of health or disease (117). This bacterium can bind to 

statherin, a component of the acquired pellicle (64), but its unusual feature is its 

capability to coaggreagate with members of all genera present in the biofilm (96). This 
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feature allows it to function as a bridge between the early colonizers and the bacterial 

species which aggregate to the dental plaque at a later time, known as the late colonizers 

(182) (Figure 1). The early colonizers are microaerophilic organisms, able to grow at a 

relative fast rate (doubling time less than an hour) (177), and they are thought to prepare 

the environment for the late colonizers that have more fastidious requirements for 

growth, and grow more slowly.  These colonizers include, among others, Prevotella spp, 

Porphiromonas spp., Treponema spp, and Veillonella spp.. They are able to aggregate 

with F. nucleatum, but do so infrequently among themselves (98) (Figure 1). 

Surface-attached bacteria are thought to respond to their new physical state by 

altering their metabolic status and gene expression, and these changes result in altered 

surface properties (40, 87). 

 

Dental Cavities: Overview 

Dental caries is defined as an infectious, communicable disease resulting in 

destruction of the tooth structure by acid forming-bacteria found in the dental plaque, an 

intraoral biofilm, in the presence of sugar (NIH 2001). Dental caries continues to be a 

costly and widespread disease throughout the world and it still is the most common 

infectious disease in children, especially in the developing countries (4). Numerous 

studies which evaluated the incidence and prevalence of cavities in children in different 

parts of the world suggest that it continues to be a challenge for the health care systems 

around the world in trying to control and limit their spread (49, 119, 143). The 

development of the dental cavities is conditioned by the presence of three main players: 
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the colonizing surface (tooth enamel), the acidogenic bacteria within the dental biofilm 

and the presence of carbohydrates, mainly sucrose, in the diet. There are other 

contributory factors, like the presence of fluoride and xylitol in the environment, the 

immune system of the host, the saliva, etc.  

The hallmark of dental cavities is the dissolution of the enamel. Early lesions are 

recognized clinically as "white spots" and they eventually progress into the dentin and 

reach the pulp (54). The enamel’s primary mineral is hydroxyapatite, which is crystalline 

calcium phosphate. The loss of hydroxyapatite occurs when the local pH declines to 

values between 5.0 and 6.0. As the local pH returns to normal values, a process of 

remineralization occurs, a process dependent on the presence of salivary calcium, 

phosphate ions and salivary precipitins. (92-93). The salivary precipitin is a saliva 

component that brings together minerals, such as calcium and phosphate, making them 

part of dental plaque. Acid from sugars and carbohydrates easily dissolve salivary 

precipitin rather than damage the tooth (89). Thus, when the pH drops, the calcium and 

phosphate ions freed from the precipitin complexes saturate the plaque fluid. By this 

mechanism, the enamel dissolution is prevented and the freed ions can be used for 

remineralization upon pH normalization (111). 

 The balance between demineralization and remineralization can be disturbed by 

diet. High concentrations of fermentable carbohydrates cause prolonged production of 

acidic metabolites by the plaque bacteria. Frequent intake of nutrients, or “snacking”, 

leads to frequent drops in the plaque pH, as opposed to a three main meals regimen, 

which would lead to only three drops in the pH values during the day (107). 
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Figure 1. Spatiotemporal model of oral bacterial colonization.  Showed is the recognition of 

salivary pellicle receptors by early colonizing bacteria and coaggregations between early 

colonizers, fusobacteria, and late colonizers of the tooth surface.  

Adapted from Kolenbrander et al, 2002  (95) 
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Tooth hygiene contributes as well. For example, in a newly formed biofilm, the 

acidification of the plaque following the consumption of sugar lasts for approximately 30 

min, whereas in plaque that is a few days old, the low pH can persist for several hours, 

unless the sites are cleared by saliva flow or removal of the food particles (100). 

 

S. mutans as an Inhabitant of the Oral Biofilm and its Role in Cavities 

S. mutans is a small, gram positive coccus that forms chains. It was identified for 

the first time by the British microbiologist J.K. Clarke in 1924. His description of it at the 

time was:  

S. mutans was isolated from 36 of the 50 teeth. Acid is very 
rapidly produced, the medium, originally pH 7, giving a reaction of pH 4.2 
in about 24 hours. All the strains isolated ferment glucose, lactose, 
raffinose, mannite (mannitol), inulin, and salicin with production of acid. 
There is usually neither haemolysis nor discoloration on blood-agar. The 
fact that the colonies of S. mutans adhere closely to the surface of the teeth 
appears to be of great importance. (34). 

 

Its association with dental cavities was established in the 1960’s, when 

longitudinal studies showed a statistically significant increase in the counts of S. mutans 

in teeth with carious lesions in humans (108). After recognizing the association of S. 

mutans with human dental caries, subsequent research has focused on identifying its 

virulence traits and also on understanding how these factors are regulated in the plaque 

biofilm to cause disease (107). In addition, certain serotypes of S. mutans could be the 

causative agent of infective endocarditis and bacteremia (120) and could also be involved 

in atherogenesis (69). 
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Caries development is clearly associated with the overgrowth of a few bacterial 

species, including S. mutans and certain lactobacilli, and is correlated with a reduction in 

overall species diversity (31). Interspecies interactions of oral streptococci play an 

important role in this shift.  

Oral streptococci are referred to as viridans streptococci, but this is not an 

exclusive classification, since the viridans streptococci also contain members not isolated 

from the oral cavity. Oral streptococci are divided into five groups: (1) Mutans group 

(prominent members are Streptococcus mutans and Streptococcus sobrinus), (2) 

Salivarius group (Streptococcus salivarius), (3) Anginosus group (Streptococcus 

anginosus and Streptococcus intermedius), (4) Sanguinis group (Streptococcus sanguinis 

and Streptococcus gordonii), and (5) Mitis group (Streptococcus mitis and Streptococcus 

oralis) (50, 180). 

Most of the oral streptococci are commensal, nonperiodonthopathogenic bacteria. 

Some are known to cause infective endocarditis when disseminated through the blood 

stream, like the early colonizers S. gordonii, S. sanguinis, and Streptococcus 

oligofermentans (79-80, 112).  

Although not considered an early colonizer, the best-studied oral streptococcus is 

the opportunistic pathogen S. mutans (105, 107). Its occurrence in the dental plaque is 

related to its transmission, vertically (from parent to child) (9-10, 15) and horizontally, 

between nursery children or family members (113-114). 

There is a significant degree of interaction between oral streptococci. Becker et al. 

(2002) determined the levels of several oral bacteria collected from healthy subjects and 
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subjects with early childhood caries, a particularly virulent form of caries (7). They found 

a significant increase in the amount of S. mutans, collected from subjects with caries 

compared to healthy subjects, as expected, but they also observed an inverse relationship 

with S. sanguinis. Healthy subjects had higher numbers of S. sanguinis, whereas subjects 

with caries possessed almost no detectable S. sanguinis (7). Likewise, high levels of S. 

sanguinis correlated with delayed acquisition of S. mutans (30). Mikx et al. (1972) 

reported a similar observation with sequential inoculation experiments in germfree rats 

over 30 years ago (115).  

 

Virulence Factors 

The role of Streptococcus mutans in caries development is well established (70, 

146). Its virulence resides in three core attributes; its abilities to form biofilms on the 

tooth surface, to produce large quantities of organic acids (acidogenicity) from a wide 

range of carbohydrates, and to tolerate environmental stresses, particularly low pH 

(aciduricity) (104). 

S. mutans Adhesion 

Mutans streptococci colonize the tooth surface via sucrose-independent and 

sucrose-dependent mechanisms. In the presence of sucrose, water-insoluble and soluble 

glucan polymers, produced through the activity of glucosyl transferases (GTFs), in 

concert with specific glucan binding proteins (GBPs), play key roles in adhesion and 

accumulation of biofilms (6, 20, 83, 184). In addition to GTFs, S. mutans makes a 

fructosyltransferase (FTF) that participates in the production of an extracellular fructan 
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(13). It is generally believed that the fructan polymers produced by FTF function mainly 

as nutrient reserves and do not appear to be a major route for colonization of oral 

streptococci (21). However, there is preliminary evidence of a role for fructans in 

adhesion and colonization (145). At least two independent studies, using rat model 

systems, have demonstrated the importance of GTFs and FTF in the development of 

dental caries (118, 184).  

The surface-associated protein P1 (SpaP), also known as antigen I/II or Pac, was 

one of the first gene products linked to adherence of S. mutans to saliva-coated surfaces. 

SpaP is a multi-functional adhesin, facilitating binding of the bacteria to components of 

the enamel pellicle (39, 103), as well as to collagen and other host proteins (43, 110). 

Mutants lacking SpaP showed an impaired capacity to attach to saliva-coated 

hydroxylapatite (110). However, when a spaP mutant was implanted in rats that were fed 

a diet rich in sucrose, the strain was as cariogenic as the parental strain (14, 38), 

presumably because adherence through glucans could compensate for loss of SpaP. 

However, when a different animal model was used in which the amount of dietary 

sucrose was reduced, the impact of loss of P1 on caries became evident (38). 

 

Extracellular Polysaccharides (EPS) of S. mutans 

S. mutans produces two types of EPS, glucan and fructan, which are the main 

components of the biofilm matrix. EPS are synthesized from sucrose by two sets of 

enzymes and are responsible, among others, for the sucrose dependent adherence of this 

bacterium to a surface (Figure 2).  
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The gtf operon contains three genes, gtfB, C and D, which encode the 

glucosyltransferases responsible for the synthesis of glucan from the glucose moiety of 

sucrose. GtfB and GtfC are secreted enzymes and synthesize α-glucan, or mutan, the 

water insoluble fraction of glucan, which has a high proportion of α-(1-3) linkages and 

has a rigid structure (2, 35, 72). GtfD, or dextransucrase, is a cell associated enzyme 

responsible for the synthesis of the water soluble fraction of glucan, dextran, which 

contains predominantly α-(1-6) - linkages and acts as extracellular storage (2, 35, 72). 

Both soluble and insoluble glucan is important in cell-cell and cell-surface 

adhesive interactions in the dental plaque (62), with dextran mediating the bacterial 

aggregation, whereas mutan has been shown to be the major contributor to adherence to  

hard surfaces. Indeed, inactivation of the gtfC gene in S. mutans GS5 leads to a dramatic 

decrease in sucrose dependent adherence of the cells to glasss surface. Placement of the 

gtfC gene in trans restores the adherence properties. Also it is notable that gtfB and gtfC 

show extensive homology to each other at both amino acid and nucleotide level (155, 

166-167). 
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Figure 2. The metabolism of sucrose by extracellular enzymes in S. mutans. Gene 

symbols: gtf, glucosyltransferase; dexA, dextranase; ftf, fructosyltransferase; fruA, 

fructanase; msm, multiple sugar metabolism operon; dexB, dextran glucosidase. 

 Adapted from Colby et al, 1997 (35) 
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This homology, along with their close proximity on the S. mutans chromosome 

allows for spontaneous recombination (166). These recombinations lead to the deletion of 

a 4.7 kb fragment, thus inactivating the gtfC gene and confering a distinct smooth colony 

phenotype because of their lack of extracellular insoluble glucan (128). The gtfC mutant 

exhibited severely decreased sucrose dependent adherence to glass surface (165) and 

attenuated virulence (185). These deficits were both restored by the introduction of a 

functional gtfC gene in trans (185). 

An additional feature in the sucrose dependent adhesion is the presence of glucan 

binding proteins. The ability of the glucan polymers to bind to salivary components and 

to bacteria may be facilitated by hydrogen bonds. However, there have been studies 

showing that several proteins, including glucan binding proteins such as GbpCa and a 

wall associated protein WapA, are involved in sucrose mediated adhesion, and their 

inactivation resulted in diminished adhesion to smooth surfaces (134, 151-152, 163). 

Glucan undergoes catabolism through dextranases (DexA and DexB, encoded by 

the dex operon).  The DexA enzyme of S. mutans is able to break glucan down to 

isomaltosaccharides, 3-4 glucose units long, by cleaving the α-(1-6)-linkages within the 

dextran chain (176). These modifications may alter the ratio of α-(1-6) and α-(1-3)-

linked chains, by reducing the α-(1-6) linkages in glucan, and thus they influence the 

sucrose-dependent adherence. Indeed, a dex null mutant accumulated on a smooth surface 

to a markedly greater extent than the wild type (36). Additionally, the degradation 

products of glucan may be transported into the cell by products of the multiple sugar 
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metabolism (msm) operon (147) where they are further degraded to glucose by a dextran 

glucosidase, DexB (36). 

A range of other functions has been suggested for glucans, including protecting 

the streptococci from host defenses, bacteriophages or bacteriocins and acting as an 

extracellular energy store. Studies with S. mutans grown in Todd Hewitt broth (THB) or 

THB supplemented with 2% sucrose showed that the presence of sucrose led to increased 

synthesis of extracellular matrix and an increase in the rate of pH drop within the cell 

masses. These changes suggest an increase of glucose supply, which leads to an increased 

rate of acid production by the bacteria (172). 

The fructose moiety of sucrose is used by the fructosyltransferase (FTF), an 

enzyme encoded by the sacB gene, to generate fructans. Fructans are either of the levan 

type, where the fructose units are joined by β-(2-6) linkages, or of inulin type, with the 

links between the fructose units being β-(2-1) (35). Despite evidence for a high rate of 

synthesis of fructan, only low levels are found in plaque and this is thought to result from 

a high rate of turnover, with fructan being rapidly degraded (35).  

The degradation of fructan is accomplished by fructanases, extracellular 

extofructosidases, which release single fructose units which can be taken up and 

metabolized by the bacteria. Thus fructan could serve as a short term extracellular energy 

storage molecule. Fructanases are encoded by two genes present in the S. mutans UA159 

genome, fruA and fruB (23). FruA, encoded by the fruA gene, seems to be the main 

enzyme responsible for the degradation of fructan, with FruB being of secondary 

importance, if at all (23). A fruA deficient mutant did not show a decrease in its 
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cariogenicity in a rat model (21, 179), indicating that the role of fruA in this regard is 

minimal, and it may be that the role of fructan could be limited to aiding in bacterial 

adhesion (145) and serving as an extracellular source of nutrients (21). 

Metabolism of Dietary Sugars and Acidogenicity 

Carbohydrate metabolism is central to the formation of the biofilm and to the 

persistence of Streptococcus mutans within the dental plaque. In the oral cavity, bacteria 

live a “feast-or-famine” lifestyle (26). This translates into alternative periods of nutrient 

abundance, during meals, with periods of nutrient depletion, between meals. Although 

the ability to survive long periods of carbohydrate starvation is considered crucial for oral 

bacteria, sudden exposure to an excess of sugar is also a major challenge for bacteria. The 

rapid entry and degradation of sugars in cells can result in an accumulation of toxic levels 

of glycolytic intermediates, resulting in cell death. In order to survive such conditions, 

oral streptococci have developed sophisticated physiological and genetic mechanisms to 

regulate sugar metabolism according to source and availability. 

Streptococcus mutans has been known to utilize fructose, glucose, sucrose, 

raffinose, melibiose, isomaltosaccharides, mannitol and sorbitol (25, 85, 147). The 

genome sequence of S. mutans revealed that it is capable of metabolizing an even wide 

variety of carbohydrates. Additional genes were identified in the genome, responsible for 

the uptake and metabolism of galactose, lactose, mannose, cellobiose, β-glucosides, 

trehalose, maltose, ribulose and starch (3). 

Sugar uptake in S. mutans occurs through two main systems: the 

phosphoenolpyruvate:sugar phosphotransferase (PTS) system, and the multiple sugar 
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metabolism (MSM) system . At low sugar concentrations, the phosphoenolpyruvate 

(PEP) sugar:phosphotransferase system (PTS) is the major system for internalizing sugar 

into the cell (85). The PTS consists of two proteins that are common to all PTS 

substrates, Enzyme I (EI) and HPr, the heat stable phosphocarrier protein, as well as a 

sugar-specific permeases known as Enzyme II (EII) complexes (Figure 3). The EII 

complexes usually consist of three domains, A, B and C, but a fourth domain, D, may be 

required. The cytoplasmic A and B domains are directly responsible for the 

phosphorylation of the incoming sugar, whereas the C and D domains comprise the 

membrane permeases (133, 168). In order for an incoming sugar to be phosphorylated by 

the PTS, a phosphate group from a PEP molecule is transferred to EI, which 

phosphorylates HPr at His-15. Then, the phosphate group is transferred to the sugar-

specific EII complex A and B, and finally to the incoming sugar (Figure 3). The EII C 

and D membrane proteins do not receive the phosphate group (133, 168). 

 The PTS is widely distributed in eubacteria, including gram-negative organisms 

such as E. coli and gram-positive organisms, including Streptococcus, Staphylococcus 

and Bacillus spp. The PTS internalizes a wide variety of sugars, including glucose, 

fructose and mannose, and disaccharides such as sucrose and lactose (133).The PTS is 

also a major determinant in carbohydrate catabolite repression (CCR). In gram-positive  

bacteria, the metabolism of a non-preferred sugar source is repressed by CCR in the 

presence of a preferred sugar, usually a PTS-sugar (102). In this case, CCR is exerted 

through Hpr and the global regulatory catabolite control protein A (CcpA). 
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Figure 3. Diagrammatic representation of the PTS for glucose. 

Abbreviations: EI - enzyme I, EII (A, B, C, D) - sugar-specific permease, EIII - , HPr – 

heat stable phosphocarrier protein, P – phosphate group, PEP – phosphoenolpyruvate. 

Adapted from Postma et al, 1993 (133) 
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The accumulati of glycolytic intermediates, reflecting the carbon flow through the 

glycolytic pathway, activates an HPr kinase, which phosphorylates HPr at Ser-46. The 

Ser-46 phosphate group cannot be transferred to EII enzymes, allowing Hpr (Ser-P) to 

accumulate in the cell and interact with CcpA to form a complex that is competent to 

bind to catabolite response elements (CRE) located in the promoter region of genes under 

the control of CCR, blocking their transcription (17, 84, 149). 

Inactivation of an apparent ccpA homologue of S. mutans did not relieve CCR of 

some genes and diauxic growth was not affected, indicating that CCR in this organism 

may be substantially different and perhaps more complex than in many other gram-

positive organisms (24). This observation was particularly surprising since CRE 

sequences are highly conserved in the regulatory regions of CCR-sensitive genes, and 

deletion of CREs alleviates CCR in S. mutans. CcpA is active in CCR in other 

streptococci. For example, in S. gordonii, CcpA was shown to be the primary regulator 

for CCR of the arginine deiminase operon (47) and of the gene for amylase binding 

protein (144). In spite of an inability to identify a role of CcpA in CCR in S. mutans, this 

protein does appear to play roles in global control of gene expression. Strains of S. 

mutans that lack CcpA formed 60% less biofilm than the parental strain (178). 

The MSM system is encoded by eight genes found in an operon in S. mutans 

(162). The MSM system contains a sugar-binding protein, two membrane proteins, a 

sucrose phosphorylase, an α-galactosidase and a dextran glucosidase (22, 51, 147-148). 

The msm operon is controlled by the positive regulator MsmR (148). 
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S. mutans contains a complete glycolytic pathway and can produce lactate, 

formate, ethanol and acetate as fermentation products (3). The glycolytic pathway which 

is used to metabolize carbohydrates is shown in Figure 4. When growing in the presence 

of excess environmental carbohydrates, glycolysis leads to the conversion of pyruvate to 

lactic acid, with the concomitant oxidation of NADH to NAD. Lactic acid is secreted out 

of the cell, leading to the generation of an acidic environment in the dental plaque (26). 

The lactate deydrogenase enzyme is induced by increased concentrations of fructose-1,6-

diphosphate (FDP), which naturally occurs in excess of sugars (183). The conversion of 

NADH to NAD helps in maintaining the redox balance of the cell (104). This path was 

actually named the “lactate gate”, and it is believed to protect the organisms from sugar 

killing, perhaps through more rapid movement of carbohydrate through glycolysis, more 

efficient movement of lactic acid out of the cell compared to other organic acids, and 

maintenance of NAD/NADH+ balances (104). Mutations in the ldh gene appear to be 

lethal in S. mutans, suggesting that NAD/NADH+ imbalance and/or accumulation of 

glycolytic intermediates in the cell have a toxic effect (33, 82). 

When the environmental carbohydrate is in low concentration or is exhausted, the 

concentration of FDP drops and, consequently, the lactate dehydrogenase enzyme activity 

decreases. The pyruvate metabolism takes other avenues, and pyruvate becomes the 

substrate for the pyruvate formate lyase (PFL) or pyruvate dehydrogenase (PDH) 

enzymes. PFL is active in the absence of oxygen (1) and it converts pyruvate to formate 

and CO2 (Figure 4). In the presence of oxygen, pyruvate is converted by PDH to Acetyl-

CoA, with the concomitant reduction of NAD to NADH (28). Acetyl-CoA can either be  
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Figure 4. The glycolytic pathway in Streptococcus mutans (adapted from Dorland 

Medical Dictionary) 
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further metabolized to acetate, with the production of ATP, or it can be used as a 

precursor for the synthesis of amino acids, such as leucine, or of fatty acids 

(http://www.genome.jp/kegg/kegg2.html).The regulation of bacterial PDH enzyme 

activity has been studied in detail with E. coli (67) and Bacillus subtilis (157). PDH 

activity is inhibited by acetyl-CoA and NADH2, and this inhibition is overcome by CoA, 

pyruvate and NAD (16, 141). Acetyl phosphate is a more potent inhibitor than acetyl-

CoA both in S. mutans and in E. coli (16).  

Pyruvate dehydrogenase may be useful for S. mutans in providing the cell with 

carbon dioxide. This is important, because S. mutans lacks the oxidative portion of the 

hexose monophosphate pathway, the usual carbon dioxide generator of the cell (25). 

Pyruvate dehydrogenase of S. mutans may also be important in energy metabolism, 

because acetyl-CoA can be converted into acetyl phosphate and this can be used to 

generate ATP. Also it increases the cellular concentration of NADH, which may 

important for the cells, especially when grown in the presence of oxygen. It has been 

reported that S. mutans strains with the capacity to induce high levels of NADH oxidase 

and superoxide dismutase on exposure to an aerobic environment grew faster under 

aerobic conditions than strains that lacked NADH oxidase (81).  

 

Acid Tolerance 

Within the dental plaque, bacteria are exposed to periods of nutrient depletion, 

alternating with periods of high concentrations of carbohydrates and other energy 

sources. This pattern, which was described as the “feast or famine” life style, imposes 
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adaptation stresses upon the organisms that inhabit the oral biofilm (29). Streptoccus 

mutans developed metabolic pathway capable of dealing with the nutrient variation, as 

described above. One important feature is the production of significant quantities of lactic 

acid, in the presence of high concentrations of carbohydrates; the lactic acid is excreted 

from the cells and leads to the acidification of the dental plaque. The pH attained in the 

oral biofilm shortly after meals can reach values below 4.0 (88). This acidification, which 

occurs in cycles with the meals, leads to the selection of bacteria capable of withstanding 

acidic environments, and S. mutans has developed strategies that help it withstand these 

hardships. The strategies include the presence of a membrane bound, acid stable, proton 

translocation F0F1-ATPase, which can maintain the intracellular pH at 7.5; changes in the 

membrane composition; optimized DNA repair and production of stress proteins (137-

140) 

In S. mutans, the membrane-bound F0F1-ATPase is the primary mechanism of 

proton extrusion to maintain pH homeostasis. The internal pH (pHi) in streptococci 

fluctuates in response to extracellular pH, with the organisms working to maintain a ∆pH 

of 0.5 to 1 unit above the external environment. 

Many oral streptococci, including S. mutans, are also capable of mounting an acid 

tolerance response (ATR) (8, 71, 139). The ATR, also known as acid adaptation or acid 

habituation, is characterized by an increased resistance to acid killing in cells grown at an 

acidic pH compared with cells grown at a neutral pH. In S. mutans, increased acid 

tolerance has been correlated with an increase in the activity of the F0F1-ATPase (8, 71). 
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It has been demonstrated that increases in F0F1-ATPase activity correlate with increased 

transcription of the atp operon in S. mutans (139). 

 Studies regarding the changes induced by pH in cell membrane composition 

showed that S. mutans strains grown at pH 5.0 had increased levels of mono-unsaturated 

fatty acids and longer chain fatty acids than cells grown at pH 7.0 (136). Also, cells 

treated with cerulenin, a fatty acid biosynthesis inhibitor, were unable to survive severe 

acidification (57). It was speculated that the shift in lipid composition could affect the 

permeability of the cells to protons or by affecting the F0F1-ATPase activity.  

Several mutants with defects in the cell membrane compositions failed to mount 

an ATR and exhibited decreased acid resistence (104). These mutants include a 

diacylglycerol kinase (dagK) deficient S. mutans strain (186). DagK was shown to 

function in fatty acid synthesis, so the mutation was inferred to affect membrane 

architecture and composition. Similarly, a strain lacking the ffh gene, which encodes the 

highly conserved 54-kDa subunit ortholog of the eukaryotic signal recognition particle 

(SRP) complex, was incapable of mounting an ATR (68). It was speculated that Ffh, 

which chaperones newly synthesized proteins into the membrane, might be required for 

proper assembly or insertion of the F0 portion of the F0F1-ATPase enzyme in the 

membrane. 

Persistence during Starvation 

 Survival of S. mutans during periods of nutrient starvation is one of its virulence 

characteristics, allowing it to maintain its ecological niche even when the environment 

lacks energy sources. This characteristic offers S. mutans an advantage over other 
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bacterial species which are less fit to maintain their hold in the oral plaque and are thus 

removed from the competition. 

 Survival in harsh conditions is quite common in the bacterial world. However, 

organisms must undergo numerous physiological changes in order to adapt to nutrient 

starved environments. Some bacteria, like B. subtilis, follow a process of differentiation 

in response to nutrient starvation, named sporulation (109, 130). The ability to generate 

sporulation deficient mutants has contributed substantially to understanding the 

sporulation in B. subtilis (109). Environmental signals are interpreted through a 

phosphorelay system that allows for the activation of the master activator protein SpoOA 

(18). The subsequent activation of the four temporally and spatially related sigma factors, 

σ
F, σE, σG and σK, allows for the proper gene expression during the sporulation process 

(109). Sporulation concludes with the formation of a spore within the mother cell 

(endosporulation), the lysis of the mother cell and the release of the mature spore, a 

dormant cell which is highly resistant to heat, dessication and radiation (122). The spores 

are able to survive for truly impressive extents of time and in harsh environments.  

 But such drastic cell differentiation in response to nutrient starvation is adopted 

only by some bacterial species. Non-spore forming bacteria undergo a variety of adaptive 

changes which ultimately allow them to persist. An important difference from the spores 

is the fact that non-sporulating bacteria may require a low level of metabolic activity 

during prolonged starvation. 

 The adaptive changes during nutrient depleted stationary phase survival were best 

studied in the gram negative organism Escherichia coli (54-55, 123, 125, 190). In batch 
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cultures in the laboratory the bacterial life cycle consists of five phases: lag phase, 

exponential or logarithmic phase, stationary phase, death phase and extended or long-

term stationary phase (125). For E. coli batch cultures, death phase usually occurs after 3 

days and results in the loss of viability of ~99% of the cells (188). In S. mutans, death 

phase occurs after approximately 4 days, and allows for ~0.01% of cells to survive (142). 

The triggers for the transition from stationary phase to death phase are not well 

understood. The timing of death phase could be attributed to the fact that a particular 

culture environment can only support a certain number of cells for a given period of time, 

after which most cells can no longer carry out repair and maintenance functions and 

begin to die. An alternative proposed hypothesis is that of an “altruistic death” of a large 

part of the population, a bacterial equivalent to apoptosis, done for the benefit of the 

surviving organisms (125).  

 After death phase, E. coli can be maintained in batch culture for long periods of 

time without the addition of nutrients (55). In addition to the many physiological, 

morphological and gene-expression changes that occur as cells enter long-term stationary 

phase, potentially the most significant changes are associated with genetic alterations that 

occur in most of the surviving bacteria during long-term stationary phase in batch culture. 

The signal phenotype associated with these changes is the appearance of the growth 

advantage in stationary phase (GASP) phenotype (55, 187-188). GASP is defined by the 

ability of cells aged in long-term batch cultures to outcompete cells from younger 

cultures, ability earned after selective, advantageous mutations have occured (55, 188). 
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Thus, the surviving bacteria present in a 10 days, or older, stationary phase culture are 

genetically different from the parental strain used to inoculate the culture. 

 The GASP phenotype is easily demonstrated by performing mixing experiments 

in which cells from cultures of different ‘ages’ are directly competed against one another 

(55, 188). The competitive advantage of cells expressing the GASP phenotype is 

genetically determined and is not due to physiological adaptation to the stationary-phase 

environment. This fact was demonstrated by the maintenance the GASP phenotype even 

after repeated rounds of serial passage through logarithmic phase growth of the stationary 

phase bacteria exhibiting the GASP phenotype (188).  

 The first GASP mutation identified was in the rpoS gene, which encodes the 

alternative sigma (σ) factor RpoS or σs (188). RpoS is a regulator of central importance 

for stationary phase gene expression and for the general stress response in E. coli (76, 

78). Its expression is upregulated upon entry of bacteria in stationary phase and the genes 

controlled by it govern H2O2 resistance, DNA protection and repair, glycogen synthesis, 

osmoprotection, thermotolerance and control of cell shape (76-78). One of the first 

mutations linked to the GASP phenotype was rpoS819, a mutated σs, which conferred a 

stationary phase growth advantage phenotype over a wild type rpoS strain (188). 

 Several other mutations have been discovered and characterized related to the 

GASP phentotype, including mutations mapped in the lrp (leucine responsive protein) 

and the ybeJ-gltJKL (high affinity aspartate and glutamate transporter) clusters (189-

191). Each of these mutations, as well as other mutations in the rpoS gene, resulted in an 

increased ability to catabolize one or more amino acids (such as alanine, arginine, 
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aspartate, glutamate, glutamine, serine, threonine, proline) as sole sources of carbon and 

energy (189-191).  

 After the initial appearance of GASP alleles of rpoS, novel GASP mutations 

continue to appear with continued incubation. This has been demonstrated in several 

ways. First, not only do cells from 10-day-old E. coli cultures outcompete 1-day-old 

cells, but cells from 20-day-old cultures outcompete 10-day-old cells, 30-day-old cells 

outcompete 20-day-old cells, and so on (55). This phenomenon is explained by the 

development of novel GASP mutations at a certain phase during survival. These 

mutations allow specific bacterial populations to take control and dominate the viable 

population of a culture at a certain time, only to be outcompeted by other subpopulations 

which have acquired a new, more fitted mutation. This constant appearance of GASP 

mutations over time indicates that long-term stationary-phase cultures are not static, but 

are highly dynamic. As the total number of cells does not change over time, these 

cultures are in a state of dynamic equilibrium in which new GASP mutants are constantly 

displacing less-fit siblings (Figure 5) (53). 

 The size of most bacteria is considerably reduced upon entry into stationary 

phase. This size reduction is the result of two discrete processes referred to as reductive 

division and dwarfing (123). Reductive division results from the fact that initiated rounds 

of DNA replication and cell division are completed in the absence of further growth upon 

entry of cells into stationary phase (123). Stationary phase bacteria divide and segregate 

their genetic material until all cells end up with a single chromosome.  

 For E. coli, the cells produced during reductive division are often coccoid in their 
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Figure 5. Population dynamics of long-term E. coli stationary-phase cultures. There is a 

dynamic equilibrium between newly created growth advantage in stationary phase 

(GASP) mutants and less competitive cells. The birth rates and death rates within the 

population are balanced. Each colored line represents a different GASP mutant that 

appears during long-term incubation. The black line represents the total population 

density. 

Adapted from Finkel et al, 2006 (53) 
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appearance. This morphology depends, at least in part, on the bolA morphogene (a 

transcriptional regulator), which is increasingly expressed in early stationary phase in an 

rpoS-dependent manner (101, 150). BolA is most likely affecting cellular morphology by 

controlling transcription of dacA (encoding penicillin binding protein 5, PBP5), dacC 

(encoding PBP6), and ampC (encoding a class C β-lactamase) (150). 

 Reductive division is an adaptive process that may be beneficial during starvation 

conditions because the surface/volume ratio of the cells is increased. Similary, dwarfing 

is another phenomenon triggered by starvation. Dwarfing, which constitutes the bacterial 

equivalent to autophagy in eukaryotes (123), is the size reduction of cells observed after 

the completion of reductive division. It is the result of degradation of endogenous 

material, including cytoplasmic membrane and cell wall. The products of cell wall 

degradation could be used by the organisms as source of nutrients.  

 Persistence of S. mutans during prolonged periods of nutrient starvation has been 

the research topic in our laboratories. Renye et al showed that S. mutans is able to 

maintain viability for about 12 days after glucose depletion in batch cultures and about 3 

days in flow cell biofilms. Addition of the mucin glycoprotein, which is ubiquitous in 

saliva, prolonged the viability of the bacteria to 30 days in batch cultures and to 12 days 

in flow biofilms (142). Renye et al detected no evidence of mutations towards increased 

survivability in Streptococcus mutans, that would be suggestive of GASP behavior of E. 

coli (142). It appears that S. mutans developed adaptative mechanisms which allow it to 

persist in severe carbohydrate depletive conditions, but do not involve mutations, but 

rather activation of alternative metabolic pathways.  
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Intracellular Polysaccharide: Mechanism of Formation, Role in Cariogenicity 

and Persistence 

Sugar metabolism is central to the behavior of S. mutans (25, 35). S. mutans can 

use a variety of sugars. The sugars are fermented by glycolysis with production of 

organic acids, particularly lactic acid (25, 35). The presence of sugars in the dental plaque 

is periodic and reflects the intake of dietary sugars.  If there is excess sugar available, 

intracellular (iodophilic) polysaccharide (IPS, glycogen) is formed.  

The IPS of S. mutans is a polymer of the glycogen-amylopectin type, with α-(1, 

4) and α-(1, 6) linked glucose, and is stored as intracellular granules (46). Intracellular 

glycogen storage reserves in various bacterial species are synthesized from glucose-1-P 

via ADP-glucose (5). The synthesis involves at least three enzymes, glycogen synthase, 

glucose-1-phosphate pyrophosphorylase and branching enzyme. The genes encoding 

these enzymes are commonly found in an operon, although the order of genes differs 

between species. In two gram-positive species, B. subtilis and B. stearothermophilus, the 

gene order is glgB-glgC-glgD-glgA-glgP (90): glgA, encodes glycogen synthase; glgB, 

encodes glucan branching enzyme; glgC and glgD encode subunits of glucose-1-

phosphate pyrophosphorylase. The glgP gene encodes glycogen phosphorylase, which is 

unlikely to be involved in glycogen synthesis (161). Genes putatively encoding similar 

enzymes are present in the same order in the genome of S. mutans (161); they are also 

thought to form an operon. 

The IPS can be used as a source of carbohydrate for fermentation upon nutrient 

depletion (58, 65). In planktonic cultures, IPS reserves are largely consumed within 12 h 
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of the imposition of sugar starvation (58, 65, 171). IPS utilization may prolong acid 

production, and hence the period of lowered pH of the resting (between meals) plaque, a 

factor that contributes to the incidence of caries. Indeed, IPS is implicated in dental 

caries: A mutant that synthesized elevated levels of IPS was hyper-cariogenic in germ-

free rats (158). Strains isolated from human carious lesions were nearly all stable IPS 

producers, whereas most strains from caries-inactive persons were variable IPS producers 

(65, 171). 

The role of IPS (glycogen) in bacterial survival has been tested for several other 

bacterial species. It was found to extend survival of Aerobacter aerogenes (42) and E. 

coli (160). Intracellular glycogen was also shown to support survival of Streptococcus 

mitis during stationary phase starvation (171). In contrast, glycogen-rich Sarcina lutea 

died at a faster rate during starvation than did bacteria without glycogen (19).  

 

Project Aims 

Streptococcus mutans is a facultative inhabitant of the oral biofilm. Its presence in 

the oral plaque is associated with the development of dental cavities, mainly because of 

its capability of producing acid end-products form environmental sugars. Its capacity to 

withstand long periods of nutrient deprivation allows S. mutans to persist in the oral 

plaque during periods of nutrient depletion, which are common between meals.  

The survival of S. mutans in a sugar depleted medium was studied in our 

laboratory with batch cultures and biofilms. A chemically defined medium (CDM) was 

used. Known concentrations of sugars were added to the cultures so that, by the time the 
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cultures entered stationary phase, the sugars would be depleted. In these conditions, 

bacteria survived for about 12 days in batch cultures and 3 days in flow biofilms. When 

mucin, a salivary glycoprotein, was added to the medium, the survival of S. mutans was 

extended to 30 days in batch cultures and 12 days in biofilms (142). 

Our hypothesis is that, in order to cope with the lack of sugar, the bacteria utilize 

specific metabolic traits that are advantageous for persistence in these conditions. We 

think that these traits are established early in stationary phase, after the sugar has been 

depleted from the medium. Knowledge about the strategies of survival of S. mutans will 

lead to a more thorough understanding of the metabolism of this bacterium and possibly 

to the development of strategies to prevent its persistence in the oral plaque. 

To gain such understanding I first analyzed the role of IPS in survival, because its 

properties suggest that it might have an important role in supporting long term survival 

during sugar starvation.  

To test this hypothesis, I chose to study two genes whose products are involved in 

the IPS metabolism: glgA and pul (http://www.oralgen.lanl.gov/). The glgA gene encodes 

a glycogen synthase, whereas the pul gene encodes a pullulanase, enzyme responsible for 

hydrolyzing α-(1, 6) linkages (and in some cases 1, 4 linkages) in pullulan and in other 

polysaccharides (175), and may be important in determining the branching in IPS and/or 

affecting the catabolism of IPS. I constructed an IPS-deficient mutant by inactivating 

glgA. I also constructed a mutant potentially altered in IPS metabolism by inactivating the 

pul gene. I studied the importance of IPS by assessing the persistence of bacteria in 

conditions of sugar limitation and of sugar excess in both batch cultures and biofilms. 
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I intended to identify and characterize genes which are expressed by S. mutans 

during sugar starvation. I think that the expression and regulation of some of these genes 

is likely to be essential for the survival of the bacteria in carbohydrate depleted 

conditions. For this purpose, I performed microarray analysis, comparing one day 

stationary phase, sugar starved S. mutans batch cultures to a mid-exponential growing 

batch culture. Our hypothesis was that the genes upregulated in stationary phase cells 

could be important for the bacteria.  

During my analysis of the microarray data, I noticed that the four genes of the 

putative pdh operon were consistently upregulated in stationary phase. The genes encode 

the components of the pyruvate dehydrogenase (PDH) complex, a member of the 2-oxo 

acid dehydrogenase family which catalyzes the irreversible oxidative decarboxylation of 

pyruvate to acetyl-coenzyme A with the concomitant generation of NADH from NAD. 

The PDH complex is composed of three enzymes and four co-enzymes. The three 

enzymes are: pyruvate dehydrogense (E1), dihydrolipoyl transacetylase (E2) and 

dihydrolipoyl dehydrogenase (E3). The PDH complex of gram-positive bacteria has been 

found to consist of four proteins, E1α and E1β, which form E1, E2 and E3 (59, 75, 121, 

156).  

I chose to analyze the role of PDH in survival by inactivating the first gene of the 

operon, pdhD. The pdhD mutant was tested for survival in sugar limited conditions both 

in batch cultures and biofilms. I also investigated the expression of pdh in stationary 

phase by using fluorescent reporters GFP and YFP. The pdh expression was used to study 

the behavior of bacteria that were subjected to sugar starvation.  
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CHAPTER 2 

MATERIALS AND METHODS 

Bacterial Strains 

Escherichia coli DH5α was used for the construction of all the plasmids. All 

studies of Streptococcus mutans were carried out with strain UA159 and its derivatives. 

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

Oklahoma (3). S. mutans derived-strains and their genotypes are described in Table 1. 

 

Media 

E.coli DH5α was grown in Luria-Betani lysogeny (LB) broth (Appendix). S. 

mutans was grown at 37°C in a 5% CO2 incubator in either Todd-Hewitt broth (THB) 

(Appendix) (Difco, Detroit, MI) or chemically defined medium (CDM) (164) (Appendix) 

supplemented with various sugars, or on Todd-Hewitt Agar (THA) (Appendix). The 

CDM was supplemented with 100 mM glucose or 50 mM sucrose to achieve sugar excess 

conditions. It was supplemented with 6 mM glucose or 3 mM sucrose to achieve sugar 

limited conditions. The flow-cell biofilm starvation medium was fresh CDM with no 

sugar. TH agar was used; when appropriate it was supplemented with 2% glucose. A 5% 

stock solution of type III pig gastric mucin (Sigma, St. Louis, MO) was prepared by 

dissolving the mucin powder in 0.01M phosphate buffer (K2HPO4:KH2PO4 21:4). The 

dissolved mucin was dialyzed overnight using Spectra/Por 7 Dialysis Membrane 

(Spectrapor) and a phosphate buffer solution (6.5 mM K2HPO4, 3.5 mM, KH2PO4), pH 
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7.0. When indicated, mucin was added to the culture medium to a final concentration of 

0.5% , and filter sterilized. 

When appropriate, S. mutans was grown in the presence of antibiotics at the 

following concentrations: kanamycin, 300 µg/ml; chloramphenicol, 10 µg/ml; 

erythromycin, 25 µg/ml. The antibiotic concentrations used for E. coli were: kanamycin, 

100 µg/ml; chloramphenicol, 50 µg/ml; erythromycin, 300 µg/ml. All bacterial strains 

were stored in 30% glycerol at -76°C and revived for experiments by growth overnight in 

THB or on THA. 

 

DNA Manipulation 

Plasmid Purification from Escherichia coli 

 E. coli was grown in LB with the appropriate antibiotic at 37°C overnight (O/N) 

with shaking at approximately 150 rpm.  The next day, cells were harvested by 

centrifugation at 3,500 rpm at 4°C in a Beckmann GPR centrifuge. The pellet was fully 

resuspended in 3 ml of Suspension Solution (Appendix).  To lyse the cells, 3 ml of Lysis 

Solution (Appendix) were added to the suspension and gently mixed. RNase (Sigma) was 

added to the mixture to 10 µg/ml, to remove contaminant RNA. The mixture was 

neutralized with 3 ml of Neutralizing Solution (Appendix), gently mixed, and centrifuged 

at 6,000 rpm at 4°C for 20 min.  The supernatant was then filtered through cheesecloth to 

remove the particulate fraction.  The filtered supernatant was added to 1 to 1.5 ml Resin 

(Promega), to which the plasmid DNA was adsorbed. Next, the mixture was loaded on a 

column (Promega). When the vacuum was applied, the plasmid DNA-resin complex was 
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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) U169  

Φ80dlacZ∆M15]  lab strain 

S. mutans UA159   Wild-type     lab strain 

SL13127 UA159 pMC9 (Pldh-eyfp)   this study 

SL13132   UA159 pMC9* (Pldh-yfp*)   this study 

SL13319   UA159 pMC15 (Pldh-yfp* PclpE-cfp)  this study 

SL13362   UA159 pMC24 (PglgA-cfp)   this study 

SL13419   UA159 pMC19 (yfp*)    this study 

SL13540   UA159 pMC27 (Pglg-yfp*)   this study 

SL13603   UA159 pMC31 (Ppdh-yfp*)   this study 

SL14043   UA159 pdhD::kan    this study 

SL14047   UA159 pMC23 (Ppul-yfp*)   this study 

SL14603   UA159 fruAB::cat    this study 

SL14642   UA159 glgA::kan fruAB::cat   this study 

SL14646   UA159 pul::kan fruAB::cat   this study 

SL14918   UA159 pJAR2 (gfpmut3b*)   this study 

SL15013   UA159 pMC49 (Ppdh-gfpmut3b*)  this study 

SL15021   UA159 pdhD::kan pMC48 (erm)  this study 
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Table 1: Bacterial strains (continued…)  

Strain    Description     Reference 

SL15068   UA159 pMC50 (PspacHy)   this study 

SL15070   UA159 pMC51 (PspacHy-glgA)   this study 

SL15072   UA159 glgA::kan pMC50 (PspacHy)  this study 

SL15074   UA159 glgA::kan pMC51 (PspacHy-glgA) this study 

 

cat, cloramphenicol resistance gene; kan, kanamycin resistance gene; erm, erythromycin 

resistance gene. 
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collected on the bottom of the column.  The DNA was then washed once with 20 ml of 

Column Wash (Appendix). To completely remove the residual ethanol the column was 

then centrifuged at 15,000 rpm for 5 min in an Eppendorf 5415C centrifuge (Eppendorf 

North America, Westbury, NY). The plasmid DNA was eluted from the resin by adding 

100-300 µl of 10 mM Tris, pH 8.0, or double distilled water. After 5 min, the plasmid 

DNA was collected by centrifugation at 15,000 rpm for 1 min. The purified plasmid 

DNA was then analyzed by agarose gel electrophoresis and its concentration determined 

by measuring its absorption at 260 nm. Plasmid preparations were stored at 4°C until 

required. 

 

Enzyme Treatment for Cloning 

DNA was digested with restriction enzymes obtained from Promega.  DNA 5’-

ends were dephosphorylated with 1 µl of Shrimp Alkaline Phosphatase (Promega) for 15 

min at 37°C in 1X SAP buffer as suggested by the manufacturer. Digested DNA with 

overhanging ends was treated with 1 µl of Klenow DNA polymerase (Promega) in the 

presence of 200 µM dNTP and DNA buffer, as suggested by the manufacturer. 

 

Agarose Gel Electrophoresis for DNA Separation 

DNA was routinely analyzed by agarose gel electrophoresis in horizontal 

electrophoresis units (Fisher Scientific, Pittsburgh, PA). Agarose (Fisher) was dissolved 

in 1X Tris-Acetate Buffer (TAE; Appendix) and DNA were fractionated at 10 volt/cm 

(Hoefer Scientific Instruments, San Francisco, CA) for 45 min to 1 hr. The concentration 



37 
 

of agarose was 0.8 %. The agarose gel was stained in 1X TAE bath containing Ethidium 

Bromide at 0.5 µg/ml for 10 to 20 min. The stained DNA was visualized with UV light 

lamp (360 nm) (Fisher Scientific). A picture was taken of the stained gel with a Polaroid 

camera (Polaroid). 

 

DNA Restriction and Ligation 

Purified DNA was routinely digested with the required restriction enzyme (5 to 10 

U) in the appropriate restriction buffer containing BSA (10 µg/ml) according to the 

manufacturer instructions. The reactions were at 37 °C, unless otherwise specified, for 2 

hr to O/N. The products were separated by agarose gel electrophoresis. The expected 

bands were excised and purified from the gel using QiaEX II gel extraction kit as from 

manufacturer’s instructions (Qiagen). Ligation of DNA fragments was with T4 DNA 

ligase (Promega) in 2X ligation buffer. DNA vector to DNA insert ratios were 

determined empirically each time.  The reactions were carried out for 15 min at RT.  

 

Polymerase Chain Reaction (PCR) 

DNA amplification of specific regions was done by the PCR. The reaction 

mixture contained 1X amplification buffer, 200 µM of each dNTP (Promega), 0.5 µM of 

each oligonucleotides and approximately 3 Units of Taq DNA polymerase (Promega). 

The reactions were carried out in a Thermocycler 2400 with heated lid (Perkin-Elmer 

Corp., Foster City, CA). The reactions were subjected to an initial denaturation step at 

95°C for 5 min to melt the DNA. Polymerization was done in 25 to 35 cycles of 
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denaturation, annealing, and extension during which the expected product was 

exponentially synthesized (44). The denaturation step consisted of 30 sec at 95°C.  The 

annealing step consisted of 30 sec to 45 sec at variable temperature, depending on the 

oligonucleotides melting temperature (Tm). The extension step was done at 72°C for a 

variable time, depending on the length of the region to amplify (as a general rule 1 min of 

extension was used for each kb, (44). Upon completion, the reactions were stored at 4°C 

until analyzed by agarose gel electrophoresis.   

 

Overlapping PCR (OL-PCR) 

A strain with the adjacent fruA and fruB genes deleted was constructed by long 

flanking PCR (174). Specific primers were designed to replace the sequence of the fruA 

and fruB genes with a chloramphenicol-resistance (cat) cassette (Table 2). The strategy 

involved the initial amplification of overlapping PCR fragment 1, crepresenting the 

Intergenic Region (IGR) 62, located upstream the fruAB operon. The primers used were 

OL PCR Fw.1 and OL PCR Rev. 2 CAT-1 (Table 2), and the template was UA159 

chromosomal DNA. The OL PCR Rev. 2 CAT-1 primer included a 15 bp long region of 

homology to the 5′ end of the cat gene  

The second PCR fragment generated, overlapping PCR fragment 2, include the 

IGR63, located downstream the fruAB operon, together with approximately 300 bp from 

the 5′ end of the hrcA gene (located downstream IGR63). The primers used for the 

amplification of this fragment were OL PCR Fw. 3 CAT-2 and OL PCR Rev 4. The OL 
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PCR Fw. 3 CAT-2 primer was designed to include at its 5′ a 15 bp long region of 

homology to the 3′ end of the cat gene  

The overlapping PCR fragment 1, together with the cat gene PCR fragment 

(amplified from pVK262 - Dr. Chary’s collection) using cat gene Fw. 1 and cat gene 

Rev. 2 primers) were mixed and used as a template for the generation of the third 

fragment, overlapping PCR fragment 3. The primers used for this reaction were OL PCR 

Fw. 1 and CAT GENE Rev. 2. The generation of the fragment was made possible by the 

presence of the region of homology to the cat gene included in the OL PCR Rev. 2 CAT-

1 primer, which allowed the two fragments used as template to anneal partially to each 

other and thus to create a continuous template. 

The final fragment generated, overlapping PCR fragment 4, was amplified using a 

mixture of the overlapping PCR fragments 2 and 3 as template and primers OL PCR 

Fw.1 and OL PCR Rev. 4. This final fragment contained the cat gene, flanked by DNA 

regions extending upstream (~600 bp) and downstream (~500 bp) the fruAB operon. The 

presence of these regions of homology allowed for the replacement of the fruAB operon 

reion with the cat gene. 

Replacement of fruA-fruB with cat by double crossover recombination in S. 

mutans UA159 (generating strain SL14602) was confirmed by appropriate PCR. The 

∆fruA-B::cat construct was introduced into strains SL13778 and SL13780 to produce 

strains SL14646 and SL14642, respectively.  
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Table 2: Primers  

Region   Primer name   Sequence (5′����3′) 

glgA 3′ region   glgA Fw. 5    tacatgaattccatcaggctatgctgattt 

   glgA Rev. 6   atgtatacgtaagctagttctttatataga 

glgA 5′ region   glgA Fw. 7     atacagccggaagggctagcagcgga 

        agg 

    glgA Rev. 8   atacgccggaagggccctaacatagaa 

        ggattgaa 

pul 3′ region   3’ pul Fw. 7   atcgagaattcggtgctgaagtttacgg 

        cgccgggctcct 

    3’ pul Rev. 8   tgctagtacgtagcgttttatatttgt 

pul 5′ region   pul Fw.5   tcatgaaggcaccattagaattctttgcta 

    pul Rev. 6   tagtagattaggtgccagttttatct 

Ppul    Ppul Fw. 11   aactagtcgacttctttgctaatacagat 

        ga 

    Ppul Rev. 12   cgggatccatcatcgcgaagttttatct 

        tcttgataag 

Overlapping PCR fragment 1 (IGR62-cat) 

    OL PCR Fw. 1  gatatctgactgatgaaacagcatcg 

    OL PCR Rev. 2 cat-1  aacaaattttcatcaattccttgctctccttt 

Overlapping PCR fragment 2 (cat-IGR63-hrcA) 

    OL PCR Fw. 3 cat-2  atgactggcttttataacagcaataaaac 

    OL PCR Rev. 4  cgaaaagcttcaaaatcaaatgcc 

cat gene for overlapping PCR 

    cat gene Fw. 1   ttgatgaaaatttgtttgatttt 

    cat gene Rev. 2  ttataaaagccagtcattaggcc 

5′ pdhD fragment  Ppdh Fw. 1   tgaagcttatgccgtatttgttagc 

    Ppdh Rev. 2   gatggtcgacagttagaaaaccctttg 
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Table 2 (continued…) 

Region   Primer name   Sequence 

 

3′ pdhD fragment  3′ pdhD Fw. 1   gcatccatgggtgaagaggaggctaaagaa 

    3′ pdhD Rev. 2  gctcatatgcatgcttatacatatctttag 

pdhD gene   pdhD Complem. Fw.1  gcccgatcgagttttctaattttcac 

    pdhD Complem. Rev.2 cgcgtcgactatccttcctcctatt 

Ppdh    Ppdh Fw.1   tgaagcttatgccgtatttgttagc 

    Ppdh Rev.2   gatggtcgacagttagaaaaccctttg 

pdhA Northern Blot probe pdhA N.B. Fw.1  acggcaaagagatctttcccattaa 

    pdhA N.B. Rev. 2  gcatgatggctgaaatttttggcaag 

pdhB Northern Blot probe pdhB N.B. Fw. 1  caactgttctaagatcaatgacttca 

    pdhB N.B. Rev. 2  ggtggcaaggcaaaagtgccgatga 

pdhC Northern Blot probe pdhC  N.B. Fw. 1  aggaacgaccaaaccatcactcaaa 

    pdhC N.B. Rev. 2  cagctttaagtgctccaacaaatgt  

pdhD Northern Blot probe pdhD N.B. Fw.1  tagcatataactttccgtcaagtcac 

    pdhD N.B. rev.2  ggttatcattggtgggggtgttatt 

Pldh    Pldh Fwd.1    ggcatgagatctgttctagtctaaaactct 

    Pldh Rev. 2    ggtgagatctgcttggcaagatttttacca 

        acga 

PclpE    clpE1AGFP Fw.  gcggtcgacttgaatttttatactcta 

    clpE1AGFP Rev.  ggggtcgacttattctttgtgcgacg 

eyfp/ecfp genes  ECYFP Fw. 1   gagagatcttgattaactttataaggaggaa 

        aaacatatggtgagcaagggcgaggagct 

    ECYFP Rev.2   tagcgatatccgctttacttgtacagctcgt 

        ccat 

gfpmut3b*   gfptirfwd   gagagatcttgattaactttataaggaggaa 

        aaacatatgcgtaaaggagaaga 
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Table 2 (continued…) 

Region   Primer name   Sequence 

    gfptirrev   agagatatcgttatttgtatagttcatccatgc 

Check up primers  pJAR2 gfpmut3b star1 tttcccagtcacgacgttgtaaaacgacgg 

 pJAR2 gfpmut3b star2 atgcttccggctcgtatgttgtgtggaat 

 pdhD KO Verif. Fw.1  caaagaaacgtctagcattttcct 

 pdhD KO Verif. Rev.2 tgaatcggtttatatcctcttagct 

 

Restriction enzyme sites are in bold: 

gtcgac – HincII      aagctt - HindIII 

agatct – BglII        gatatc – EcoRV 

ggyrcc – BanI       gccggaagggc – BglI 

gaattc – EcoRI       tacgta – SnaBI 

ggatcc – BamHI      tcgcga – NruI 

ccatgg – NcoI       gcatgc – SphI 

gtcgac – SalI        ccgatcg - PvuI 

Enhanced RBS - tgattaactttataaggaggaaaaacat  
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Cloning Procedures 

E. coli Transformation 

E. coli DH5α was routinely used as host for plasmid propagation.  Competence 

was chemically induced by the method of Hanahan (73).  Briefly, E. coli was inoculated 

in 150 ml of LB and incubated at 37°C 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.  Following centrifugation at 5000 rpm for 15 min at 4°C, the 

pellets were suspended in 17 ml of RF1 solution (Appendix) and kept on ice for 30 min.  

The cells were harvested by centrifugation as cited above, and after discarding the 

supernatant, the pellets were suspended in 4 ml of RF2 solution (Appendix).  The cells 

were kept on ice for 30 min.  Samples (50 or 150 µl) of the competent cells were 

transferred to a 1.5 ml micro-centrifuge tubes and quickly frozen in an ethanol-dry ice 

bath.  The samples were stored at –76°C until used. 

For the transformation, a 50 µl sample of competent E. coli was thawed on ice 

and 15 µl of DNA (100-200 ng of ligation reactions) was added to the bacteria.  The cells 

were kept on ice for 30 min, then heat shocked at 42°C for 45 sec. The cells were placed 

back on ice for 2 min. The cells were cultured at 37°C for 1 hr to 2 hr in 500 µl of LB.  

Transformants were selected in LB agar containing the appropriate antibiotic. The 

bacteria were allowed to grow at 37°C for at least 15 hr. Transformants were further 

analyzed by colony PCR of 10 to 20 colonies randomly selected to confirm the presence 

of the cloned insert.  The colonies were suspended in 30 µl of sterile water in individual 

1.5 ml micro-centrifuge tubes; 3 µl of the suspension was then used as a template in a 25 
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µl PCR reaction. The products of the reaction were analyzed by agarose gel 

electrophoresis. 

 

S. mutans Transformation 

S. mutans was transformed using the method of Lindler and Macrina (106). 

Briefly, a 5 ml culture of S. mutans was grown overnight in TH broth at 37°C. The 

overnight culture was diluted 25-fold into fresh TH broth, containing 10% glucose and 

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

been shown to induce competence in S. mutans (127). The bacteria were grown at 37°C 

for up to 3.5 h, a time reported to give optimal transformation of S. mutans (106). 0.5 ml 

of this culture was transferred to a 13 ml culture tube containing varying concentrations 

(0.5-10 µg/ml) of plasmid or chromosomal DNA, and incubated at 37°C for 2 h. 

Transformants were selected on TH-Agar containing the appropriate antibiotic; 

transformant colonies were generally obtained after 2 days incubation at 37°C in a 5% 

CO2 incubator.  

 

Construction of glgA and pul mutants 

The glgA and pul genes were disrupted by double crossover recombination with 

plasmid donors. The plasmids were constructed using a vector that lacks an origin of 

replication for Gram-positive organisms and contains a kanamycin-resistance cassette. 

The resulting plasmid contained fragments of approximately 600 bp S. mutans DNA 
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Table 3: Plasmids 

Plasmids Description 
 
 
 
pDR200 gram positive shuttle vector, containing a version of the cyan fluorescent 

protein (cfp) gene which has been codon optimized for Bacillus subtilis 

(http://rudnerlab.med.harvard.edu/resources-cfp.html). Upstream and 

downstream of the cfp gene there are two multiple cloning sites (MCS).  

pJAR2 (John Renye, Ph.D. thesis) gram positive shuttle plasmid, containg a 

promoterless gfpmut3b* with an enhanced ribosomal binding site from 

pGreenTIR (116, 124) and an erm gene for selection (32). 

pMC19 Shuttle plasmid containing the promoterless version of the eyfp gene. The 

eyfp (eukaryotic yellow fluorescent protein) gene was PCR amplified from 

the pSG1191 plasmid (52). The primers used, ECYFP Fw.1 and ECYFP 

Rev.2, introduced the BglII and EcoRV restriction enzyme sites at the 5' 

and 3' end of the gene sequence, respectively. The pJAR2 plasmid was 

digested with BglII and EcoRV, the ~800 bp fragment corresponding to 

the gfpmut3b* gene was removed and the eyfp gene was subcloned at the 

mentioned RE sites in the vector plasmid.  

pMC9 Shuttle plasmid carrying the Pldh-eyfp reporter construct. A 506 bp DNA 

region, though to encompass the promoter of the ldh gene was PCR 

amplified from S. mutans UA159 chromosomal DNA using the Pldh Fw.1 
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Table 3: Plasmids (continued…) 

Plasmids Description 
 
 and Pldh Rev.2 primers, which added the BglII site at the 3′ and 5′ ends of 

the fragment. Next, the Pldh PCR product was digested with BglII and 

introduced in pMC19 at the BglII site. The resulting plasmid contained the 

ldh gene promoter in the same orientation as the eyfp gene. 

pMC9* Derivative of the pMC9 plasmid (Pldh-eyfp) that gave an increased 

fluorescent signal in S. mutans and which, upon sequencing of the eyfp 

gene, showed a point mutation (A�G) at position 521 from the beginning 

of the ORF. This mutation led to an aspartic acid to glycine mutation at 

position 174 in the amino acid sequence of the fluorescent protein. This 

mutated version of the EYFP was named YFP*, and the gene, yfp*. 

pMC14 Derivative of pDR200. The putative promoter region of the clpE gene was 

amplified from the S. mutans UA159 chromosomal DNA using the 

clpE1AGFP Fw. and clpE1AGFP Rev. primers. The PCR fragment was 

digested with HincII and StuI restriction enzymes, generating the PclpE. 

The pDR200 plasmid was digested with MluI, the ends were rendered 

blunt by Klenow polymerase fragment treatment and the new fragment 

was sublcloned in pDR200 at the MluI site. 

pMC15 Dual reporter system on a shuttle plasmid for S. mutans. The 1.3 kb DNA 

fragment harboring the promoter of the clpE gene upstream the codon 
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Table 3: Plasmids (continued…) 

Plasmids Description 
 
 optimized cfp gene (PclpE-cfp) was excised from the pMC14 plasmid by  

 KpnI and HincII restriction enzyme digestion. The KpnI end was rendered 

blunt by Klenow polymerase fragment. The now blunt DNA fragment was 

subcloned in pMC9* at the EcoRV locus, in opposite orientation relative 

to the Pldh-yfp* construct. The resulting plasmid allowed for the detection 

of two fluorescent signals, driven by two different promoters, within the 

same organism (dual reporter system). 

pMC16 Derivative of pJAR2, carring the PclpE-cfp construct. The PclpE-cfp 

fragment was excised from pMC14 by restriction enzyme digestion with 

PstI and HincII, and subcloned in pJAR2 at the PstI and EcoRV sites. The 

reason of constructing this plasmid resided in the fact that pMC14, 

derivative of pDR200, carries the ampicillin resistance gene, which should 

not be used in streptococci because ampicillin is the antibiotic of choice 

for treating infections with Streptococcus pyogenes. 

pMC19* Shuttle plasmid containing the promoterless version of the yfp* gene The 

Pldh fragment was excised from the pMC9*, using the BglII restriction 

enzyme. The vector fragment was recircularised, yielding pMC19*. This 

plasmid became a fitted control vector for non-specific yellow 

fluorescence in S. mutans, as well as a vector in which different promoter  
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Table 3: Plasmids (continued…) 

Plasmids Description 
 
 fragments could be subcloned in the MCS situated upstream the yfp* gene. 

pMC23 Ppul-yfp* on a shuttle plasmid for S.mutans. The Ppul fragment was PCR 

amplified from UA159 chromosomal DNA using the pul Fw. 5 and pul  

 Rev. 6 primers, and was digested with HincII and BamHI. pMC9* was 

digested with BglII and SmaI. (to remove Pldh). The 2 fragments were 

ligated together.  

pMC24 Pglg-cfp on a shuttle plasmid for S.mutans. The Pglg PCR product was 

digested with SspI and HincII; pMC16 was digested with BglI, releasing 

the PclpE fragment, and the ends were made blunt by Klenow fragment 

treatment. The two fragments were ligated together, yielding pMC24. 

pMC27 Pglg-yfp* on a shuttle plasmid for S.mutans The Pglg PCR fragment was 

digested with SspI and HincII and subcloned upstream yfp* in pMC19*, at 

the SmaI site. 

pMC28 The Ppdh PCR fragment (amplified using UA159 chromosomal DNA as 

template and Ppdh Fw.1 and Ppdh Rev.2 primers) and pFW5 (integrative 

plasmid for S. mutans, by carrying an origin of replication (ori) for gram 

negative bacteria, but lacking an ori for gram positive bacteria) (132) were 

digested with HincII and HindIII and the two fragments were ligated 

together. 
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Table 3: Plasmids (continued…) 

Plasmids Description 
 
 
pMC29 pMC28 and the PCR product of the 3' region of the pdhD gene (using the 

primers 3' pdhD Fw.1 and 3' pdhD Rev.2) were digested with NcoI and 

SphI and ligated together. The resulting integrative plasmid has the 

upstream and downstream frgments of the pdhD gene flanking the aad  

 (Spectinomycin resistance) gene.   

pMC31  pMC19* was digested with SmaI; Ppdh, which has been PCR amplified 

from UA159 chromosomal DNA using the Ppdh Fw.1 and Ppdh Rev.2 

primers, was digested with HindIII and SalI, the ends were filled in by 

Klenow treatment, and the two fragments were ligated together. The 

resulting shuttle plasmid carries the Ppdh-yfp* reporter. 

pMC35 Shuttle plasmid carrying the Pldh-cfp* construct (cfp* has the same 

mutation as yfp* -174 D�G –  introduced by site directed mutagenesis). 

Pldh (amplified using the Pldh Fw.1 and Pldh Rev.2 primers) was digested 

with BgIII and SalI, the ends were filled in and it was subcloned at the 

NaeI site in pMC33.  

pMC36  Shuttle plasmid carrying the Ppdh –cfp*. Ppdh (PCR amplified from UA159 

chromosomal DNA using the Ppdh Fw.1 and Ppdh Rev.2 primers) was 

digested with HincII and HindIII. The ends were treated with the Klenow  

 polymerase and the blunt end fragment was subcloned in pMC33 at the 
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Table 3: Plasmids (continued…) 

Plasmids Description 
 
 NaeI site. 

pMC37 Integrative plasmid which can be successfully used in S. mutans (unlike 

pFW5, which does not allow for proper selection for the spectinomycin 

resistance). pFW5 was digested with BsaBI and HindIII  ( and the HindIII 

end was rendered blunt by Klenow polymerase treatment). The kanamycin  

 resistance gene was isolated as an ApoI fragment from pVK262 (Chary 

and Piggot, unpublished) and made blunt. The two fragments were ligated 

together, yielding pMC37. 

pMC42 Promoterless cfp gene in an S. mutans shuttle plasmid. pJAR2 was 

digested with PstI and EcoRV, and the 6 kb vector band was gel purified. 

pDR200 was digested with PstI and HincII and the 800 bp cfp gene 

fragment was gel purified and ligated to the blunt vector fragment. 

pMC44 pVK262 was digested with ApoI and the ends of the 800 bp Kanamycin 

resistance gene fragment were rendered blunt. pMC29 was digested with 

XbaI and NcoI, releasing the aad gene. The 2.9 kb vector band was 

Klenow treated and ligated with the kan gene. 

pMC47 Ppdh-pdhD on a shuttle plasmid for S. mutans. pJAR2 was digested with 

EcoRV and PvuI. The PCR product of Ppdh -pdhD gene (obtained with 

primers pdhD Complem. Fw.1 and pdhD Complem. Rev.2) was digested  
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Table 3: Plasmids (continued…) 

Plasmids Description 
 
 with HincII and PvuI. The two fragments were ligated together. 

pMC48 pJAR2 was digested with SmaI and EcoRV, the 6.3kb fragment was gel 

extracted and ligated (recircularized). The product was be used as an 

empty vector control in S. mutans for survival experiments. 

pMC49 Shuttle plasmid for S. mutans carrying Ppdh-gfpmut3b*. pJAR2 and Ppdh 

were digested with  BglII and PvuI and ligated together.  

pMC50 Pspac(Hy) on a S. mutans shuttle plasmid. pJAR2 was digested with EcoRV 

and PvuI and the PvuI end was treated with Klenow.polymerase. The 

Pspac(Hy) promoter (135) was excised from pVK55a (Dr. Chary’s 

collection) by EcoRI and BglII restriction enzymes digestion, and the ends 

were also filled in. The two fragments were ligated together. 

pMC51 pMC50 and the PCR product for the glgA gene were digested with SmaI 

and BglI and the two fragments were ligated together, yielding Pspac(Hy)-

glgA. 

 

 

 

 

 



52 
 

flanking the kan cassette. These fragments were regions immediately 5’ and 3’ and 

extending into glgA (pKM6) or pul (pKM4) and were PCR amplified from the parental 

strain chromosomal DNA using specific primers (Table 3). The plasmids were used to 

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

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

pul and glgA with kan by double crossover in strains SL13778 and SL13780, 

respectively, was confirmed by appropriate PCR. 

 

glgA Complementation 

 Plasmids pMC50 and pMC51 were constructed using the pJAR2 plasmid, which 

has an origin of replication for S. mutans and carries an erythromycin resistance gene, 

erm (5). pJAR2 was digested with PvuI, the ends were made blunt and then digested with 

EcoRV, and the 6.3-kb vector fragment was purified by electrophoresis. The Pspac(Hy) 

promoter (135), lacking the associated repressor sequence and thus being constitutively 

expressed, was excised from pVK55 as a 321-bp EcoRI-BglII fragment, and the ends 

were filled in with Klenow polymerase. This promoter fragment was ligated to the 6.3-kb 

fragment from pJAR2 to yield pMC50, which is the control empty vector plasmid. The 

glgA gene was PCR amplified using UA159 chromosomal DNA as template and primers 

containing SmaI and BglI restriction enzyme sites (Table 2). These sites were also present 

downstream of the Pspac(Hy) promoter in pMC50, allowing for directional cloning of the 

glgA gene. The resulting plasmid, pMC51, was introduced in UA159 (parental strain) and 

SL13180 (∆glgA), giving rise to SL15070 and SL15074, respectively. For vector control, 
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pMC50 was introduced into the parental strain and the ∆glgA mutant, giving strains 

SL15068 and SL15072, respectively. 

 

Construction of the pdhD mutant 

 The pdhD gene (SMU.1424, http://www.ncbi.nlm.nih.gov/gene/) was inactivated 

by replacing an 831 bp internal fragment with a kanamycin resistance cassette via double 

cross over recombination (Figure 21). Using specifically designed primers (Table 2), 540 

bp and 470 bp fragments, extending 5′ and 3′ into the pdhD gene, respectively, were 

amplified by PCR. These fragments were subcloned in pFW5 (132), in the Multiple 

Cloning Sites (MCS) located upstream and downstream of a spectinomycin-resistance 

cassette, yielding pMC29. Since we were unable to specifically select for spectinomycin 

resistance in S. mutans, we chose to replace the spec cassette in pMC29 with a 

kanamycin resistance cassette, thus creating pMC44. The structure of the resulting 

plasmid was confirmed by restriction enzyme digestion. To transform S. mutans, 0.5 mg 

of pMC44 was linearized using AhdI and added to competent bacteria. Bacteria were 

plated on TH agar containing kanamycin and incubated at 37°C for two days. 

Trasnformants were then checked for the inactivation of pdhD by PCR using appropriate 

primers (Table 2) and by Northern Blot analysis.  

 

Batch Culture Growth and Survival 

 Overnight cultures grown in CDM with 24 mM glucose were diluted 25-fold into 

fresh CDM containing limiting or excess sugar. Bacteria were grown in stationary culture 
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tubes in a 5% CO2 incubator at 37°C, and growth was monitored with a BioMateTM 3 

spectrophotometer (Thermo Electron Scientific Instrument Corporation) to measure the 

optical density (OD) at 675 nm (OD675). For determinations of survival, samples were 

removed, serial dilutions were made in phosphate-buffered saline (PBS; 137 mM NaCl, 

2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4) and samples were plated onto TH 

agar. 

 

Establishment of Biofilms in the Flow-Cell Chambers 

Biofilms were grown in flow-cell chambers as described previously (126, 142) 

(Figure 6). S. mutans was 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 to grow for 4 to 5 h. The bacteria 

were washed twice with PBS or sterile water and then diluted to an OD675 of 0.1. Five 

hundred µl of the diluted culture was injected directly into the flow chamber tubing with 

a syringe. Immediately after all chambers were inoculated, a flow (200 µl min-1) of CDM 

containing 50 mM sucrose was started using an Ismatec (Glattbrugg, Switzerland) 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 and 

incubated for 16-18 hours at 37°C before examination. 
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Figure 6. Diagram of the flow cell chamber for single species biofilms. Adapted from 

Kolenbrander et al, 2000 (94). 
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 When testing the role of IPS in biofilm survival, chambers were incubated with 

CDM with 50 mM sucrose for 10 h before the imposition of sugar starvation; chambers 

established for longer times were prone to clog. 

 

S. mutans Static Biofilms 

Static biofilms of S. mutans were established in 24-well microtitre plates 

containing 12 mm diameter sterile cover slips (Fisherbrand, Fisher Scientific, Pittsburgh, 

PA). S. mutans was inoculated in 5 ml CDM containing 24 mM glucose and incubated 

overnight at 37°C in a 5% CO2 incubator. These cultures were diluted 25-fold into fresh 

CDM containing 24 mM glucose and incubated for 4 to 6 h. The bacteria were harvested 

by centrifugation, washed twice with 5 ml PBS and then diluted to a nominal OD675nm of 

0.001 in CDM containing the indicated concentration of sugar. Each well was inoculated 

with 1 ml of culture, and the plates were incubated at 37°C in a 5% CO2 incubator for 14 

hours. When appropriate, the spent medium was removed from biofilms developed with 3 

mM sucrose, filter sterilized and kept on ice. The supernatant of the biofilms grown in 

excess sugar was also removed; the biofilms were washed by gently pipetting 1 ml of 

PBS in each chamber, then 1 ml of either spent medium from the biofilms developed in 

limiting sugar concentrations or fresh CDM was added to the chambers to induce 

starvation, as indicated. 

To monitor biofilm survival, supernatant was removed and the well washed twice 

with 1 ml PBS to remove planktonic bacteria. The glass coverslip was extracted from the 

chamber with sterile forceps and placed in 5 ml PBS in a 15 ml conical tube, which was 
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kept on ice. To disperse bacteria from the biofilm, the biofilm-covered coverslip was 

sonicated using a cell disrupter (Sonic Dismembrator, Model 500, Fisher Scientific, 

Pittsburg, PA) with a microtip for 20 seconds at voltage amplitude of approximately 

60%. The suspension was serially diluted in PBS and plated on TH agar. The results were 

recorded in CFU per well. 

 

Confocal Microscopy Imaging 

 Two microliter samples of bacteria were removed from batch cultures, placed on 

a glass slide (Fisher Scientific) and covered with a 1.5 glass cover slip (Fisher Scientific). 

Flow cell chambers were disconnected from the tubing and inverted for microscopy. 

Static biofilms were visualized by removing the glass cover slip from the microtitre plate 

well, and carefully inverting it over a 10-well multitest slide (ICN Biomedicals, Inc.). 

Biofilms were stained using the BacLight stain (Invitrogen, Molecular Probes) as 

described previously (142). Images were captured using a Leica DM IRE2 microscope 

with a TCS SL system, using a 100x oil immersion objective and Leica imaging software. 

 

IPS Determination 

Bacteria were streaked on TH Agar containing 2% glucose, and incubated for 2 

days either in a 5% CO2 incubator, or in a candle-jar, at 37°C. Then the agar plates were 

flooded with 3 ml of 0.2% (wt/vol) iodine in 2.0% (wt/vol) potassium iodide solution. 

IPS was detected by the rapid formation of a brown pigment.  
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 The IPS content of bacterial cultures was determined by the chemical method of 

DiPersio et al (45-46): 10 ml samples from cultures were heated for 5 min at 100°C. 

Bacteria were collected by centrifugation at 4,000 g for 10 min, and washed twice with 

ice-cold water. Bacterial suspensions were adjusted to 5.0 nominal OD units (OD675) in 1 

ml ice-cold water for the IPS determinations. One ml amounts were place in 15 ml 

conical tubes and 0.3 ml of 5.3 M KOH was added to each tube. Tubes were covered and 

placed in a boiling-water bath for 90 min. After cooling, the now clear solutions were 

neutralized by the addition of 0.3 ml of HCl (5.3 M). The tubes were vortexed and 1.0 ml 

of 1.0 M potassium phosphate, pH 7.0, was added. After mixing, 0.6 ml of freshly 

prepared 0.2% (wt/vol) iodine in 2.0% (wt/vol) potassium iodide solution was added with 

mixing. The optical density (OD) at 520 nm was determined using a BioMateTM 3 

spectrophotometer. 1.0 ml water was treated in similar manner to the bacterial samples 

and used as blank. IPS content was expressed in adjusted optical density units (45). For 

determination of IPS production, cultures were assayed approximately 8 h after the end of 

exponential growth in CDM containing different concentrations of glucose or sucrose. 

The amount of IPS present did not change substantially during the first 16 h after the end 

of exponential growth, provided sugar remained present (45-46). 

 

RNA Isolation from S. mutans Batch Cultures 

S. mutans UA159 was grown overnight in 5 ml CDM containing 24 mM glucose 

at 37°C and 5% CO2. In the morning the culture was diluted 25-fold in two 50 ml tubes 

containing CDM supplemented with 6 mM glucose. Growth was monitored with a 
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BioMateTM 3 spectrophotometer (Thermo Electron Scientific Instrument Corporation) by 

measuring the OD675. One culture was allowed to reach mid-exponential phase, defined 

as an OD675 of approximately 0.19, whereas the other culture was incubated for 24 h. By 

doing this, the latter culture would have been starved for sugar for approximatively 20 h. 

The total RNA was extracted from both cultures using the hot phenol chloroform method. 

Briefly, the S. mutans cultures were centrifuged at 3,500 RPM for 10 min at 4°C and the 

supernatant was discarded. The cell pellets were resuspended in 1.4 ml lysis buffer (20 

mM TRIS pH 8.0, 3 mM EDTA, 200 mM NaCl and 0.5 % SDS in diethyl pyrocarbonate 

(DEPC) treated water). The resuspended pellet was added to tubes containing 1.6 g of 

silica beads (Bio Spec Products Inc.) and shaken in a bead beater (Mini BeadBeater, Bio 

Spec Products Inc.) four times for 1 min each at 4.8 setting. In between the bead beating, 

the tubes were kept on ice for one minute. After the bead beating, the tubes were 

incubated in the 95°C heat block for 1 min. Then the supernatants were transferred to 

new tubes and equal volume of hot acid phenol (incubated in the 65°C water bath) was 

added to each. The tubes were closed and vigorously shaken, followed by 3 min of 

incubation at 65°C and 5 min on ice. The tubes were then centrifuged at 15,000 RPM for 

15 min at 4°C. The upper layer was transferred to a new tube and the hot phenol step was 

repeated two more times, with 10 min centrifugations in between. After the third phenol 

extraction, in order to remove any traces of phenol, the upper layer was added to an equal 

volume of chloroform:isoamyl alcohol (24:1), mixed and centrifuged for 10 min at 4°C. 

The RNA-containing upper layer was transferred to a 2 ml tube. 0.1 volumes of 3 M 

Sodium acetate pH 5.2 and 98% ice cold ethanol (2:1 v/v) was added to the nucleic acid 
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solution. The samples were gently inverted a few times and incubated at -20°C for 1-2 

hours. The precipitated RNA was recovered by centrifugation of the tubes at 15,000 RPM 

for 20 min at 4°C. The supernatant was discarded and the RNA pellet was washed twice 

with ice cold 70 % ethanol in DEPC treated water and then allowed to dry for 5-10 min at 

room temperature in an opened cap tube. 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 37°C for 30 min. 

Following this, the enzyme was heat inactivated at 55°C for 15 min and the RNA was 

stored at -76°C. 

 

Microarray Analysis 

For microarray analysis we used 2 µg of total RNA was used, isolated as 

described above from batch cultures grown as described in the results section. The RNA 

was reverse transcribed to cDNA using Random Hexamers (Invitrogen) and PowerScript 

RT (Clonetech). The mixture contained a 25 mM nucleotides 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 done at 42°C overnight. The next morning, the reaction was 

stopped and the RNA 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 opened tube and transferred to a Speed Vac Concentrator 
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(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 0.1 M 

sodium carbonate buffer pH 9.3. To this, 4.5 µl of the appropriate resuspended Cy dye 

(the stock of dye was resuspended in 73 µl DMSO before being used), was added and the 

reaction was stored at room temperature in the dark for approximately 2 h. From this 

time, the further processings of the cDNA were 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 free 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 550nm or 650nm, respectively. The formulas used to assess the 

labeling quality were*: 

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) 

(* these calculations are optimized for a 1 cm cuvette pathlength) 
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The parameters considered optimal for hybridization were: more than 800 pmol of 

dye incorporation 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 the speed vac. If not 

used immediately, the samples were stored at -76°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 

finger flicking for ~ 1 min, 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 

pre-hybridization buffer (5X SSC (Appendix), 0.1% SDS, 1% BSA [Sigma]), which has 

been filter sterilized and preheated at 42°C for 30 min. The slides were incubated for at 

least 1 hour at 42°C. Then the slides were transferred on a glass rack in a glass staining 

dish (Fisher) filled with MilliQ water. The staining dish was placed on a rotary shaker 

and let shake for about 2 min. Then the water was changed and the procedure 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 spots, they were placed printed face up in 

a hybridization chamber (Micro Array Hybrid Chamber, Argos Technologies) and 
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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 hours, 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 of 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 (0.1 X SSC) 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 collecting box and 

transferred to the scanning facility. 

 

RNA Gel Procedure 

 The RNA to be used for Northern Blot analysis was quantified using the OD260, 

and the sample adjusted to 5 µl containing 10 µg of total RNA. The samples were added 

to 17.5 ml of premix containing 0.4 X MOPS (Acros), 2.59% formaldehyde (Fisher), 
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20% formamide (Fisher) in DEPC treated water and incubated at 55°C for 

approximatively 30 min to denature the RNA. A 3.5 µl sample of the RNA marker 

(Promega) was treated in a similar fashion. After denaturing, 1.25 µl of a mix of 20:1 of 

loading dye (recipe) and ethidium bromide prepared in DEPC-treated water was added to 

the samples and the RNA marker. The samples were loaded on an agarose gel containing 

1.4% agarose (Fisher), 1 X MOPS and 1.1% formaldehyde prepared in DEPC-treated 

water. The buffer used for the agarose gel electrophoresis was 1 X MOPS, 0.64% 

formaldehyde in DEPC-treated water. After loading the samples, electrophoresis was 

started at 25 mV for 20 min and then continued at 40 mV for 3h. When finished, the gel 

was imaged on an UV box (Fisher Scientific) and a picture of the gel was taken using a 

Electrophoresis System Photo-Documentation camera, model FB-PDC-34 (Fisher 

Biotech). 

 

Northern Blot Analysis 

For Northern Blot analysis, total RNA form S. mutans batch cultures was 

harvested as described above, then 10 µg was fractionated on a denaturing agarose gel as 

described above, at 40 mV. When finished, the gel was immersed in 10 X SSC solution, 

shaken for 30 min and the RNA transferred overnight onto a MagnaGraph positively 

charged nylon membrane by capillary blot. In the morning, the transferred RNA was 

cross-linked to the membrane using an UV StratalinkerTM 2400 (Stratagene) at 120 

mJoules. Then the membrane was prehybridized for 2 h at 65°C in 17 ml hybridization 

solution containing 6 X SSC, 5 X Denhardts (Sigma), 0.5% SDS and 0.1 mg ml-1 sheared 
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salmon sperm (Ambion) (which had been heated at 100°C for 5 min and cooled on ice for 

5 min before being added to the mix). After 2 h of pre-hybridization, 100 ng of the DNA 

probe (which has been previously heat denatured at 100°C for 5 min and cooled on ice) 

was added to 3 ml of the pre-hybridization buffer and then added to the hybridization 

solution. The DNA probe was generated by PCR using the primers described in Table 2.  

Labeling was done by adding the nucleotide DIG-11-dUTP to the PCR reaction. The 

membrane was hybridized overnight at 65°C. The next morning, the membrane was 

washed in three successive buffers (first wash: 2 X SSC, 0.5 % SDS, second wash: 2 X 

SSC, 0.1 % SDS, third wash: 0.1 X SSC, 0.1 % SDS) for 5, 10 and 20 min, respectively. 

The first two washes were at room temperature; the third wash was at 55°C. Finally, the 

membrane was washed for 2 min at room temperature in wash buffer (0.3 % Tween 20, 

0.1 M maleic acid, 0.15 M NaCl, adjusted to pH 7.5 with NaOH). Detection of the DIG-

labeled probe was accomplished by treating the blot with 1X Blocking buffer (1 % 

Blocking reagent (Roche), 0.1 M maleic acid, 0.15 M NaCl, pH 7.5 with NaOH) for 30 

min at RT.  An anti-DIG alkaline phosphatase-conjugated antibody was added (1:10,000) 

to the Blocking buffer and incubated for 30 min at room temperature.  After washing the 

blot twice with wash buffer at room temperature for 15 min, the blot was equilibrated in 

Buffer 3 (0.1 M Tris, 0.1 M NaCl, 0.05 M MgCl2, pH 9.5 with HCl) for 5 min. The DIG 

was detected by the enzymatic reaction between the alkaline phosphatase and the 

chemiluminescent substrate CSPD (Roche) for 5 min at RT and 15 min at 37°C.  The 

chemiluminescent signal was then recorded on a Kodak X-Omat Blue film. 
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CHAPTER 3 

RESULTS 

The Role of Intracellular Polysaccharide in Stationary Phase Survival of 

 Streptococcus mutans 

 

Inactivation of Putative Genes for IPS Metabolism 

 Analysis of the annotated S. mutans genome sequence 

(http://www.oralgen.lanl.gov/) suggested that the putative genes for glycogen synthesis 

form an operon, with the order being glgB-glgC-glgD-glgA-glgP (Figure 7A). The pul 

gene lies immediately upstream of this glg operon, and is separated from it by an 

intergenic space of 219 nucleotides, which contains a likely transcription terminator 

(http://www.oralgen.lanl.gov/). The putative glycogen synthase for IPS synthesis is 

encoded by glgA (SMU1536). I inactivated glgA by replacement of approximately 1 kb of 

the gene with a kanamycin resistance cassette via double crossover recombination 

(Figure 7A). I separately inactivated pul, thought to encode a pullulanase for modification 

and/or metabolism of IPS, by a similar method (Figure 7A).  

The starch-iodide method was used to test for IPS synthesis in bacterial colonies 

that had been grown on TH agar containing 2% glucose for 48 h at 37°C. Colonies of the 

parental strain UA159 gave a dark brown color, whereas those of the glgA mutant gave a 

yellow color, indicating that the mutant lacked IPS (Figure 8). Colonies of the pul mutant 

gave a brown color, similar to colonies of the parental strain (Figure 8).  
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Figure 7. Schematic representation of glg, pul and fruAB genomic regions. 

A, The pul, glg region of the S. mutans UA159 genome. The glg and pul genes are 

indicated by arrows. IGR indicates an inter-genic region. The sites of gene replacement 

by a kan cassette of pul and glgA are shown in the lower part of A. The pul gene was 

inactivated by replacing an internal fragment of the gene (positions 1468093 to 1468763 

of the S. mutans genome; http://www.oralgen.lanl.gov/) with a kan cassette. Similarly, 

the glgA gene was inactivated by replacing an internal fragment (positions 1462665 to 

1463113) with a kan cassette.  

B, The fru region. The fruA and fruB genes are indicated by arrows. The region of 

replacement by a cat cassette gene replacement by a cat cassette is shown in the lower 

part of B; the region replaced was between positions 77,576 and 83,477 

(http://www.oralgen.lanl.gov/).  
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Figure 8. Demonstration of IPS accumulation by S. mutans strains grown on THA with 

2% glucose. S. mutans UA159, ∆glgA and ∆pul were grown for 48 h on TH Agar plates 

containing 2% glucose at 37C. The plate was flooded with 3 ml of 0.2% (wt/vol) iodine 

in 2.0% (wt/vol) potassium iodide solution; IPS accumulation was attested by the 

development of a dark brown pigment within the colonies of UA159 and ∆pul strains, 

whereas the ∆glgA strain did not show pigment accumulation. 
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The chemical method of DiPersio et al (45) was used to quantify IPS production. 

Bacteria were grown in the chemically defined medium, CDM (164) containing 100 mM 

glucose or 50 mM sucrose. The parental strain and the pul mutant, SL13178, formed 

substantial amounts of IPS, whereas the glgA mutant, SL13180, exhibited only 

background levels of iodine-reactive material (Figure 9). When bacteria were grown in 

CDM with only 6 mM glucose or 3 mM sucrose, none of the strains formed a significant 

amount of IPS (Figure 9). I was unable to assay IPS accurately for bacteria grown in 

biofilms, probably because of inefficient removal of the extracellular polysaccharide 

matrix of the biofilms.  

 

Role of IPS in the Persistence of S. mutans in Batch Cultures 

I tested the persistence of the glgA and pul mutants in conditions that were 

modified from those described by Renye et al (142). Bacteria were grown in CDM 

containing 100 mM glucose for 14 h. At this time, the bacteria had accumulated IPS. 

Bacteria were then harvested by centrifugation, washed and resuspended in an equal 

volume of filter-sterilized spent medium from a 14 h old culture of the corresponding 

strain grown in 6 mM glucose. The transfer to the spent medium had previously been 

shown to prolong survival compared with fresh CDM, presumably because it provided 

some important product that had been secreted into the medium and also avoided the 

damaging effects of low pH (142). In these conditions, the glgA and pul mutants survived 

for 6 days after being placed in the spent medium (Figure 10); in different experiments, 

survival time ranged from 5 to 8 days (Table 4). In contrast a sub-population 
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Figure 9. Comparison of IPS formed by the parental strain, S. mutans UA159, and the 

glgA and pul mutants (SL13180 and SL13178, respectively) grown at different sugar 

concentrations. Bacteria were grown in CDM containing glucose (A) or sucrose (B), and 

IPS was determined 8 h after the end of exponential growth. 
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of the parental strain UA159 persisted for much longer (Figure 10).  

The extent of the persistence of the parent varied considerably between 

experiments, but was always at least 15 days longer than the mutants, and always at least 

21 days (Table 4). The survival of the parent was longer than obtained by Renye et al. 

(142) because cultures were incubated in an atmosphere containing 5% CO2 as opposed 

to ambient atmosphere in the presence of bicarbonate buffer.  

The IPS content of the parental strain UA159 and the pul mutant had declined 

substantially within one day of transfer to the starved medium, and by day 3 approached 

background level, comparable to the level in the glgA mutant (Figure 11). This result is in 

good agreement with previous studies of oral bacteria, which showed that the 

intracellular glycogen reserves are largely metabolized within 12 hours of the removal of 

sugar (65). Thus, the effect of IPS accumulation on survival extends well beyond its 

utilization. 

Our laboratories had previously found that inclusion of 0.5% mucin in CDM 

could extend the survival of batch cultures of the parental S. mutans strain UA159 (142). 

Addition of 0.5% mucin also extended the survival of the glgA and pul mutants grown in 

CDM containing 100 mM glucose and transferred to spent medium (Figure 12). Indeed, 

their survival reached values comparable to those of the parental strain UA159 (Table 4). 

The mucin had little if any affect on the accumulation or metabolism of IPS by strain 

UA159 or the pul mutant (Figure 13). 
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glgA and pul mutations on the persistence of S. mutans

 containing 100 mM glucose. After overnight growth, bacteria 

were transferred to spent medium from identical cultures grown overnight in CDM with 6 

. Survival was determined as colony-forming units (CFU) obtained from 1 

ml of culture. Filled squares, S. mutans UA 159; open squares, glgA mutant 

mutant (SL13178). A representative experiment of at least three 
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Table 4. Persistence of S. mutans UA159, ∆glgA and ∆pul in batch cultures 

 

      Latest time at which viable bacteria were 

Strain    Mucin  recovered (days in stationary phase) in  

      different experiments 

SL13180 (∆glg)  -  6, 6, 6, 6, 7, 8 

SL13178 (∆pul)  -  5, 5, 5, 6, 6, 6 

UA159    -  21, 35, 35, 97, 104 

SL13180 (∆glg)  +  51, 65, 66, 75 

SL13178 (∆pul)  +  70, 102, 126 

UA159    +  71, 75, 87, 95 
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Figure 11. Change in IPS content of S. mutans UA159 (black bars), ∆glgA (dotted bars) 

and ∆pul (gray bars) strains, after transfer to spent medium. Bacteria were grown in CDM 

containing 100 mM glucose and then transferred to spent medium of cultures grown in 6 

mM glucose. Numbers are the average of three experiments ± standard deviation. 
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Figure 12.  Effect of glgA and pul mutations on the persistence of S. mutans in batch 

cultures containing mucin. After overnight growth in CDM with 100 mM glucose and 

0.5% mucin, bacteria were transferred to spent medium from identical cultures grown in 

CDM with 6 mM glucose and with 0.5% mucin. Survival was determined as colony-

forming units (CFU) obtained from 1 ml of culture. Filled squares, S. mutans UA 159; 

open squares, glgA mutant (SL13180); gray diamonds, pul mutant (SL13178). In each 

case, a representative experiment of at least three experiments is shown. 
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IPS Deficiency and the Persistence of S. mutans in Flow Cell Biofilms 

To test the importance of IPS in biofilm survival, I established flow-cell biofilms 

using CDM with 50 mM sucrose for 10 hours. The biofilms were then perfused with 

fresh CDM lacking sucrose. Survival of bacteria in the biofilms was monitored by 

dispersing the bacteria and testing their viability on TH agar. Under these conditions 

UA159 survived for about 8 days. There was no significant difference in survival 

between the parental strain and the glgA and pul mutants (Table 5). Nor was there any 

difference in biofilm structure. It is plausible to think that strain UA159 would have 

accumulated IPS, although the presence of the extra-cellular matrix prevented direct 

determination of IPS. If this inference is correct, then IPS did not support longer survival 

of the parental strain, in contrast to the effect observed with batch cultures.  
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Figure 13. Change in IPS content of S. mutans UA159, ∆glgA and ∆pul strains in batch 

cultures containing glucose and mucin. After transfer of bacteria grown in CDM 

containing 100 mM glucose and 0.5% mucin to spent medium of identical cultures grown 

in 6 mM glucose and 0.5% mucin, IPS content was monitored as described. Numbers are 

the average of three experiments ± standard deviation. 
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Table 5. Persistence of S. mutans UA159, ∆∆∆∆glgA and ∆∆∆∆pul in flow cell biofilms 

CFU per chamber 

(Experiment 1 / Experiment 2) 

      UA159       ∆∆∆∆glgA   ∆∆∆∆pul 

 
Day 1       1.0 x 105 / 7.00 x 107      4.00 x 104 / 4.80 x 107      6.50 x 104 / 5.00 x 107 

Day 4         6.5 x 102 / 2.65 x 105           1.33 x 104 / 5.00 x 105        2.95 x 103 / 1.50 x 106 

Day 6         3.0 x 102 / 3.00 x 102      8.75 x 102 / 1.00 x102         5.00 x 101 / 4.00 x 102 

Day 8        1.0 x 102 / ND      2.50 x 101 / ND            ND / ND 

 

Biofilms were established in the presence of 50 mM sucrose for approximately 16 

h. The medium reservoir was then replaced with CDM lacking sucrose (starvation 

medium). The day number represents days into sugar starvation. ND – not detected. The 

minimum level of detection was less the 10 CFU per chamber. 
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IPS Deficiency and the Persistence of S. mutans in Static Biofilms 

A significant difference between the studies of batch-cultures and of flow-cell 

biofilms was the way in which sugar starvation was imposed. With batch cultures, 

starvation was imposed by transferring bacteria from sugar-rich growth medium into 

spent medium from a sugar-limited culture. In contrast, sugar starvation was induced in 

flow-cell biofilms by sudden removal of sucrose from the fresh medium being supplied to 

the biofilm. Our studies with batch cultures indicate that the difference in sugar starvation 

conditions between spent medium and fresh medium can be important for survival 

(Renye, Piggot and Buttaro personal communication); it may be that the spent medium 

contains metabolites that prolong survival. To more closely reproduce the starvation 

conditions of the batch cultures, I developed static biofilms in 24-well plates. Biofilms 

were established for 14 h using CDM containing 50 mM sucrose. They were then placed 

in spent medium from 3 mM sucrose biofilms (which mimics the batch culture set-up).  

The biofilms for all strains were viable for more than 40 days. There was no difference in 

persistence between the mutants and the parental strain in the conditions tested (Figure 

14). 

 I also tested the possibility that the difference between batch cultures and biofilms 

was a consequence of the sugar used (glucose for batch cultures versus sucrose for 

biofilms) by examining the survival of bacteria grown in batch cultures with sucrose 

instead of glucose. Bacteria were grown in CDM containing 50 mM sucrose and then 

transferred to spent medium from bacteria grown in CDM containing 3 mM sucrose. 
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Figure 14. Persistence of S. mutans strains in static biofilms. Wells of microtitre 

plates were loaded with cultures in CDM containing 50 mM sucrose. After 14 h of 

incubation at 37°C and 5% CO2, the supernatants and associated planktonic bacteria were 

removed and replaced with spent medium from identical cultures grown in 3 mM 

sucrose. Filled squares, S. mutans UA 159; open squares, glgA mutant SL13180; 

diamonds, pul mutant SL13178. A representative experiment of three experiments is 

shown.  
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In these conditions, the bacteria grew embedded in extra-cellular polysaccharides 

forming large aggregates, which sedimented to the bottom of the culture tubes The glgA 

and pul mutants persisted for comparable times to the parental strain UA159; experiments 

were terminated after approximately 40, 80 and 240 days and in each case all the strains 

were still viable. 

 

Inactivation of fruAB did not Influence Persistence of S. mutans 

The results reported above indicated that IPS extended survival when glucose was 

carbon source, but not sucrose. During growth in excess sucrose, S. mutans synthesizes 

two types of extracellular polysaccharide, fructan and glucan. Fructan is thought to be a 

reserve carbohydrate, ready to be used when the environment is depleted of nutrients. In 

contrast, glucan is primarily used for the assembly of the extracellular matrix, which is an 

essential part of a biofilm (179). We hypothesized that fructan accumulated during 

growth in excess of sucrose could be used as a source of carbohydrate during starvation, 

through the hydrolytic activity of fructanase, and thus could help in extending survival 

regardless of the presence of IPS. The fru operon in S. mutans UA159 consists of fruA 

and fruB genes (Figure 7B). fruA encodes a fructanase (FruA), which is thought to be the 

main enzyme responsible for the degradation of fructan. fruB encodes a similar enzyme, 

but its role in the degradation of fructan is minor (60, 154). 

To test for the role of fructan, I inactivated the fruA and fruB genes in the parental 

strain, UA159, and in the glgA and pul mutants. Accumulation of IPS was not impaired 

by inactivation of the fruAB genes in either glucose or sucrose (Figure 15).  
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Figure 15. IPS accumulation is not influenced by the inactivation of the fruAB genes. 

Bacteria were grown in CDM containing 100 mM glucose (dark gray bars) or 50 mM 

sucrose (light gray bars), and IPS was determined 8 h after the end of exponential growth. 

 

 

 

 

 

 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

UA159 ∆∆∆∆glgA ∆∆∆∆pul ∆∆∆∆fruAB ∆∆∆∆glgA,
∆∆∆∆fruAB

∆∆∆∆pul, 
∆∆∆∆fruAB

50 mM sucrose

100 mM glucose

IP
S

 (A
d

ju
st

ed
 O

p
ti

ca
l D

en
si

ty
 U

n
it

s)



83 
 

To test the survival, I cultured the fruAB mutant and the double mutants, glgA-

fruAB and pul-fruAB, in conditions that permitted IPS accumulation (batch cultures in 

CDM containing 50 mM sucrose). Then the bacteria were washed and starved by 

switching to sterile spent medium from cultures of the same strains grown in 3 mM 

sucrose. The fruAB mutation did not impair the survival of the parental strain or of the 

glgA and pul mutants; experiments were terminated after approximately 40 and 80 days 

and in each case all the strains were viable. 

 

glgA Complementation Restored IPS Accumulation and Survival of the ∆∆∆∆glgA 

Mutant 

To test if the survival deficiency observed in the ∆glgA mutant was due to the IPS 

deficiency or to a possible polar mutation induced downstream of the glgA gene, I re-

introduced the glgA gene on a streptococcal shuttle plasmid, under the control of PspacHy. 

The Pspac(Hy) promoter (135) lacks the associated repressor sequence and thus is 

constitutively expressed. The plasmid containing the Pspac(Hy) promoter, but not glgA, was 

used as a vector control during S. mutans survival.  

I observed that the presence of Pspac(Hy) - glgA restored IPS accumulation by the 

∆glgA mutant, as tested by the  starch-iodide method on bacterial colonies grown on 

THA with 2% glucose. When tested for survival in batch cultures with glucose, the 

complemented strain’s survival was comparable to that of the parental strain, indicating 

that the IPS deficiency was responsible for the decreased survival seen in the case of 

∆glgA (Figure 16). Attempts made to PCR amplify the pul gene, in order to perform  



84 
 

 

Figure.16. Introduction of the glgA gene under the control of PspacHy restores IPS 

synthesis and survival. pMC51 contains PspacHy-glgA. pMC50 is the empty vector. 
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similar complementation assays, were unsuccessful. 

 

IPS Gene Expression Studied with Fluorescent Probes 

In an attempt to check for the expression of the IPS genes in different conditions, 

especially in those where IPS determination was not possible (i.e. flow cell biofilms), I 

constructed shuttle plasmids containing the chromosomal regions thought to harbor the 

promoter regions of glg or pul. These regions were placed upstream of yfp* (Pglg in 

pMC27, Ppul in pMC23) and cfp (http://rudnerlab.med.harvard.edu/resources-cfp.html) 

(Pglg in pMC24); yfp* encodes yellow fluorescent protein and cfp encodes cyan 

fluorescent protein (see Fluorescent Reporters and Promoter Studies section of the 

thesis). Vectors containing the promoterless versions of the yfp* and the cfp genes in S. 

mutans were used as background fluorescence controls. 

In order to observe expression from these promoters, I used IPS inducing 

conditions, by growing bacteria in excess glucose or sucrose. Special attention was paid 

to the rapid drop in the pH of the batch cultures or static biofilms in these conditions of 

sugar excess. In batch cultures, the pH dropped from 6.5 to 5.5 by the end of exponential 

phase and to 4.5 after 20 h into stationary phase. Based on studies of the fate of GFP 

expression at various pH values, it is known that at pH 4.5, the GFP expression is 

reduced drastically in a population expressing the gfp gene (74). There was no easy way 

to circumvent this drawback in our experimental set up, where the excess of sugar was 

required for IPS accumulation, and presumably, for glgA and pul expression.  



86 
 

I did not detect significant expression of fluorescent signal from Pglg or Ppul of 

bacteria grown in batch cultures with 100 mM glucose, despite washing the cells in 

potassium buffer, saline, or incubation of cells in PBS for one hour before microscopy 

studies, to restore the pH to ~ 7.0, and to allow for the possible restoration of the 

fluorescent signal. Attempts to visualize YFP from Pglg or Ppul in batch cultures or static 

biofilms with 50 mM sucrose were also not successful. 

Studies employing the Pglg-yfp and Ppul-yfp in biofilms established in flow cell 

chambers irrigated with 50 mM sucrose for 18 h failed to show any fluorescence. Given 

our failures to demonstrate glgA or pul expression by this method in conditions in which 

IPS was formed, I cannot draw conclusions about gene expression or IPS accumulation in 

flow cell biofilms. 
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Fluorescent Reporters and Promoter Studies 

Introduction 

We wished to be able to identify, in mixed populations, bacteria expressing genes 

associated with different growth phases. For this purpose, I considered that fluorescent 

reporters might be useful. I sought to develop GFP, YFP and CFP reporters.  

I constructed fluorescent reporters that would function in S. mutans. In order to 

fluoresce, the fluorophors require the presence of oxygen. This is a problem with S. 

mutans, because it is a microaerophilic organism and thus requires limited exposure to 

oxygen. To circumvent this problem, new variants of the original gfp gene were 

developed and their use in streptococci species was successful. One such variant is the 

gfpmut3b* (37, 74), which we used consistently in our system. It was developed before I 

joined the laboratory (Renye, Buttaro and Piggot personal communication). The 

GFPmut3b* variant protein exhibits a fluorescent signal which is 21 times more intense 

than that of the wild type GFP protein (37). It harbors the following mutations: at position 

56, Ser � Gly (TCT�GGT); at position 72, Ser � Ala (TCA � GCG) (33). The 

addition of a third mutation, at position 2, Ser � Arg (AGT � CGT) yielded GFPmut3* 

(74). In our laboratories, we attached an enhaced Ribosomal Binding Site (RBS) 

upstream of the 5′ end of gfpmut3* by PCR (32), to construct gfpmut3b* (Table 2). 

Yellow Fluorescent Protein (YFP) 

I wished to diversify the array of fluorescent vectors for S. mutans. For this 

purpose, I initially chose to test eyfp, encoding a yellow fluorescent protein (52). I hoped 

that this fluorescent protein might function in our system, with limited oxygen. To test 
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this reporter, I used the promoter of the ldh gene, encoding lactate dehydrogenase (LDH), 

which is highly expressed by S. mutans when there is sugar in the medium (183). I 

subcloned the DNA region known to harbor the ldh gene promoter in the shuttle plasmid 

pMC9, upstream the eyfp gene. The eyfp gene had been previously PCR amplified from 

pSG1191 (52), using the ECYFP Fw.1 and ECYFP Rev.2 primers, which introduced the 

enhanced RBS upstream its 5′ end (Table 2).  

While screening for yellow fluorescence from a number of S. mutans clones 

containing pMC9, I noticed one clone that showed an increased fluorescent signal, 

compared to the other clones, both in batch cultures and biofilms (Figure 17A and B). To 

determine the reason for this increased signal, I isolated the plasmid from the S. mutans 

strain and sequenced the eyfp gene. The results showed a point mutation at position 521 

from the beginning of the ORF (A�G) which led to an aspartic acid to glycine mutation 

at position 174 in the YFP protein sequence, which had not occurred in the sequence of 

the clones with less intense signal. I named the mutated gene yfp*.  
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A. 

 

 

B. 

 

Figure 17. Enhanced YFP signal by yfp* in Pldh-yfp*. S. mutans strains SL13127 

(containing pMC9: Pldh-eyfp, left) and SL13132 (containing pMC9*: Pldh-yfp*, right). A: 

Batch cultures with 24 mM glucose. Samples of bacterial cultures were removed from the 

culture tubes, placed on a glass slide and covered with a glass cover glass. B, flow cell 

biofilms with 3 mM sucrose. 
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Cyan Fluorescent Protein (CFP) 

Hoping to construct dual reporter systems, where I could test the expression of 

two genes in one organism, by having their promoters drive different fluorescent 

reporters, I attempted to optimize a cyan fluorescent protein, which could potentially be 

paired with yfp*. 

I took advantage of a codon optimized cfp gene developed by David Rudner’s 

laboratory (http://rudnerlab.med.harvard.edu/resources-cfp.html) and kindly provided to 

us by them. This gene has been codon optimized to have an improved function in 

Bacillus subtilis. I wanted to test it in S. mutans. For this purpose, I subcloned it 

downstream the promoter of clpE, a gene encoding for an ATP dependent protease, 

which had been shown by John Renye to be upregulated in starved, stationary phase S. 

mutans (Ph.D. Thesis, Temple University). I observed cyan fluorescent signal in S. 

mutans containing the shuttle plasmid pMC16 (Table 3) (Figure 18). 

 In hopes to optimize the CFP intensity, I introduced by site directed mutagenesis 

the D174G mutation which had increased the intensity of the YFP*. The mutated cfp 

gene, named cfp*, failed to show an increased CFP signal when tested with the same PclpE 

promoter.  
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Figure 18. S. mutans expressing PclpE-cfp in batch cultures (left) and flow cell biofilms 

(right). Samples of batch cultures grown in CDM at 37°C were removed from the culture 

tubes, placed on a glass slide and covered with a glass cover glass. Flow cell biofilms 

were developed in flow chambers, in CDM with 3 mM sucrose. 
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Dual Reporter Plasmid 

Biofilms are genotypically and phenotypically diverse communities, composed of 

distinct populations of bacteria. These populations achieve their variability by expressing 

different genes and thus adopting different roles and life styles. One of our goals is to be 

able to identify these populations based on their genetic profile. To do this in a live, 

developing community of bacteria, one of the means that can be employed is to use 

fluorescent reporters for selected genes, and then visualize them concomitantly. For this 

purpose, I needed to develop fluorescent proteins that have minimal overlapping emission 

spectra. Functional YFP and CFP reporters would fit this description.  

To test the two fluorophors as a pair, I constructed a dual reporter plasmid, by 

placing Pldh-yfp* and PclpE-cfp on the same plasmid, pMC15 (Table 3). This enabled us to 

observe the expression of a promoter expressed by bacteria in the presence of sugar (Pldh), 

simultaneously with a promoter expressed preponderantly by starved organisms (PclpE). I 

observed that in a flow cell biofilm, the YFP signal is preponderantly expressed by the 

bacteria throughout the microcolonies early during development (first 18 h) (Figure 19A), 

whereas the PclpE expression, illustrated by the CFP signal becomes preponderant in 

selected areas of the biofilm in older biofilms, while the YFP signal faded (Figure 19B). 

 

 Fluorescent Probes of Genes Studied 

To observe the expression pattern of the genes studied in this thesis, I tagged the 

regions thought to encompass their promoters with gfpmut3b*, yfp* and cfp. The studies 

of are described in the results sections about IPS and PDH.  
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Figure 19. Detection of fluorescent signals from a dual reporter plasmid in S. mutans.  A, 

18 h old flow cell biofilms of S. mutans SL13319 (Pldh-yfp* PclpE-cfp), grown in CDM 

with 3 mM sucrose. B, 72 h old flow cell biofilm of same strain of S. mutans, which has 

been starved for sucrose for 48 h. Left, CFP signal; middle, YFP signal; right, merged 

image. 
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MICROARRAY ANALYSIS 

 Stationary Gene Markers 

A major area of interest we wished to explore regards the specific expression of 

genes induced by entry into stationary phase, triggered by sugar starvation. To investigate 

it, I grew Streptococcus mutans in batch cultures in CDM with 6 mM glucose. In these 

conditions, the entry into stationary phase, induced by the exhaustion of the sugar, 

occurred about 4-5 hours after the initiation of the cultures. I left the cultures in sugar 

exhausted condition for another 20 h before harvesting the total RNA. These conditions 

were used because I wished to allow the bacteria to adapt to the carbohydrate depletion 

and to turn on the genes/pathways responsible for survival. I compared the transcriptional 

profile of this sugar-starved culture to that of a mid-exponential culture, grown in CDM 

with 6 mM glucose, where carbohydrate was still available.  

For this analysis, S. mutans was inoculated into CDM with 6 mM glucose and 

grown to mid-exponential phase (OD675 ~ 0.18) or to early stationary phase (24 hours, 

OD675 ~ 0.34). The total RNA of the cultures was isolated and 2 µg was used for cDNA 

generation. The cDNAs were labeled with Cy3 (the exponential culture) or Cy5 (the 

stationary culture). The two samples were mixed together and then applied to a 

microarray slide (J. Craig Venter Institute, formerly The Institute for Genomic Research, 

TIGR). These slides covered the whole genome of Streptococcus mutans strain UA159. 

Each ORF is represented by a specific 70 bp single stranded oligonucleotide printed four 

times on the array. The control spots were printed with oligonucleotides representing 

genes of Arabidopsis thaliana, a plant whose genome has been sequenced. Some other 
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spots, also representing control spots, had been left empty. After overnight hybridization, 

the slides were washed, dried and scanned using the Axon scanner (in the microarray 

facility at Drexel University, Microbiology Department). The resulting images were later 

analyzed using the GenePix 5.0 software. The arrays were normalized based on the 

intensity of all spots. Then, by using the tools available on the GenePix software, I 

searched for genes upregulated in stationary phase. 

The experiment was performed in triplicate, for cells grown in CDM with 6 mM 

glucose and for cells grown in CDM with 6 mM glucose and 0.5% mucin. Analysis of the 

data collected from the arrays allowed me to identify candidate genes that might be 

important for long term survival in sugar limited cultures. Some of the genes are 

presented in Table 6. From the initial analysis the genes encoding pdh seemed positively 

interesting. (Figure 20). Expression of the pdh operon was preponderant in stationary 

phase, not exclusive (as the genes included in Table 6); that is why the pdh genes do not 

appear among these genes. I elected to study the role of pdh in depth rather than continue 

to pursue a more comprehensive array analysis.  
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Table 6. Genes identified by microarrays as being expressed only in stationary phase 

batch cultures in CDM with 6 mM glucose 

Gene ID Locus Tag  Known or putative function 

SMU.10   conserved hypothetical protein 

SMU.18   hypothetical protein 

SMU.41   hypothetical protein 

SMU.113   putative fructose-1-phosphate kinase 

SMU.116   tagatose 1,6-aldolase 

SMU.168   putative transcriptional regulator 

SMU.311   PTS system, sorbitol (glucitol) phosphotransferase enzyme  

    IIC2 

SMU.371   conserved hypothetical protein inner membrane protein 

SMU.373   hypothetical protein 

SMU.404   hypothetical protein 

SMU.515   putative 67 kDa myosin-crossreactive streptococcal antigen 

SMU.652*   putative ABC transporter, ATP-binding protein possible  

    nitrate 

SMU.730*   conserved hypothetical protein 

SMU.768   conserved hypothetical protein 

SMU.876*   putative MSM operon regulatory protein 

SMU.1026   hypothetical protein 
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Table 6. (continued…) 

Gene ID Locus Tag   Known or putative function 

SMU.1166*   putative ABC transporter, permease protein 

SMU.1260   conserved hypothetical protein 

SMU.1485   putative endonuclease 

SMU.1493*   tagatose-1,6-bisphosphate aldolase 

SMU.1552   hypothetical protein 

SMU.1599   putative transcriptional regulator possible antiterminator 

SMU.1805   putative transcriptional regulator 

SMU.1807   putative integral membrane protein, possible permease 

SMU.1809   putative bacteriocin operon protein ScnG homolog 

SMU.1980   conserved hypothetical protein 

SMU.1892   hypothetical protein 

SMU.2038   putative PTS system, trehalose-specific IIABC component 

SMU.2089   putative mismatch repair protein HexB 

*Upregulated in all 3 arrays. The rest of the genes were upregulated in 2 out of 3 arrays  
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Figure 20. Representative microarray spots corresponding to the pdh genes. The cDNA 

from exponential cultures was labeled with Cy3 (green), whereas the stationary phase 

culture cDNA was labeled with Cy5 (red). The spots corresponding to the pdh operon 

(written at the left of the figure) are indicated by white squares. 
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Influence of Mucin on Gene Expression in Batch Cultures 

 The purposes of the microarray experiments were multiple. We also directed our 

attention towards the influence of mucin on gene expression in batch cultures of S. 

mutans. Our laboratories had demonstrated that addition of 0.5% mucin to either batch 

cultures or biofilms resulted in extended survival of S. mutans (142). Our hypothesis was 

that mucin is turning on the expression of specific genes, the product(s) of which are 

responsible for supporting the extended survival. Thus, we chose to study the 

transcriptional profile of S. mutans batch cultures grown in CDM with 6mM glucose and 

0.5% mucin, by comparing it to the one of an identical culture without mucin. The total 

RNA was isolated from cultures grown to either mid-exponential phase (OD675~0.18) or 

to one day stationary phase (early stationary phase, approximately 20h into sugar 

starvation). The RNA was reverse transcribed to cDNA, labeled with Cy3 or Cy5, mixed 

together and hybridized overnight on the S. mutans microarray slides. 

The microarrays were analyzed as described in the previous experiments. I 

searched for genes upregulated in the presence of mucin.  For each condition tested (mid 

exponential or one day stationary) I performed the array in triplicates. The data coming 

from the triplicates were compared, and consistently upregulated genes are listed in table 

7. Some of these genes became the object of study of parallel projects in our laboratory. 
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Table 7. Genes identified by microarrays to be expressed only in stationary phase batch 

cultures in batch cultures in CDM with 6 mM glucose and 0.5% mucin 

Gene ID Locus Tag  Putative or known function 

SMU.115   putative PTS system, fructose-specific IIA component 

SMU.652   putative ABC transporter, ATP-binding protein possible  

    nitrate 

SMU.663   putative N-acetyl-gamma-glutamyl-phosphate reductase  

    (N-acetyl-glutamate-gamma-semialdehyde dehydrogenase) 

SMU.997   putative inorganic ion ABC transporter, ATP-binding  

    protein 

SMU.1022*   conserved hypothetical protein, CitG homolog 

SMU.1023   putative pyruvate carboxylase/oxaloacetate decarboxylase,  

    alpha subunit 

SMU.1263   putative phosphoribosyl-ATP pyrophosphatase /   

    phosphoribosyl-AMP cyclohydrolase     

SMU.1329   putative transposase 

SMU.1373   hypothetical protein      

SMU.1421*   putative dihydrolipoamide acetyltransferase, E2 component 

SMU.1498   lactose repressor 

SMU.1571   putative ABC transporter, ATP-binding protein, MsmK- 

    like protein 

*Upregulated in all 3 arrays. The rest of the genes were upregulated in 2 out of 3 arrays  
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The Role of the Pyruvate Dehydrogenase Complex in Stationary Phase Survival of 

Streptococcus mutans 

Introduction 

The analysis of the data collected from the arrays comparing stationary phase 

batch cultures to mid-exponential cultures brought to light four genes (GeneBank Tag ID 

SMU.1421 to SMU.1424) which appeared consistently upregulated in 24 h old cultures. 

These genes formed an operon-like group in the UA159 genome, with SMU.1424 (pdhD) 

the first gene of the operon, and SMU.1241 (pdhC) the last (Figure 21). Upstream of 

pdhD there is an intergenic region (IGR) 1126, which I hypothesized may harbor the 

promoter of the pdh operon (Figure 21). 

The PDH complex is a member of the 2-oxo acid dehydrogenase family and 

catalyzes the irreversible oxidative decarboxylation of pyruvate to acetyl-coenzyme A 

with the concomitant generation of NADH from NAD (Figure 22). The components of 

the PDH complex are encoded by the genes of the pdh operon. In S. mutans, the order of 

the genes in the pdh operon is pdhD, A, B, and C, with pdhA (SMU.1423) and B 

(SMU.1422) encoding E1α and E1β, respectively, pdhC (SMU.1421) encoding the E2 

component and pdhD (SMU.1424) the E3 component. 
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Figure 21. Diagrammatic representation of the pdh operon in S. mutans UA159. The 

putative promoter region used for promoter studies is shown at the top of the figure, and 

the inactivation of the pdhD at the bottom. The localization of the internal fragments used 

as Northern Blot probes are indicated by thick lines. 

 

Figure 22. The PDH complex and its reactions. (41) 
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Transcription of the pdh Genes is Induced During Stationary Phase 

Microarray analysis indicated that the four genes of the putative pdh operon were 

consistently upregulated in stationary phase. I used northern blots to pursue the analysis 

of their transcription. I harvested RNA from mid-exponential and 20-h stationary phase S. 

mutans batch cultures grown in the same conditions as those used for microarray 

analysis. I used ~400 bp PCR fragments as probes for each of the four genes (Figure 21). 

Each probe hybridized to a 4.9 kb band, indicating that the genes formed an operon 

(Figure 23). This band was detected in extracts from stationary phase, but not from 

exponential phase (Figure 23). The gene at the 5′ end of the group, pdhD, is preceded by 

an intergenic region (IGR1126) of 230 bp (Figure 21); I think that this intergenic region 

contains a promoter that drives the expression of the operon (see below). I saw no 

evidence of additional promoters within the operon, as no mRNA was detected for any of 

the other genes of the pdh operon in extracts from the mutant in which pdhD was 

inactivated by a kan cassette, indicating that a polar mutation has been introduced by the 

internal deletion and replacement (Figure 24A and B).  

The operon was expressed in stationary phase, with no expression detected during 

exponential growth (Figure 23). This result confirmed the microarray results, suggesting 

a role for the pyruvate dehydrogenase complex during stationary phase. 
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  A.    B. 

        (i)  (ii)       (i)    (ii) 

 

 

Figure 23. Northern Blot analysis of the four genes of the pdh operon in S. mutans  

UA159. A, Total RNA, visualized with ethidium bromide. 23S and 16S RNA are visible. 

10 µg of RNA was loaded for each sample. B, Northern blot analysis of RNA isolated 

during exponential growth (i) and stationary phase (ii) batch cultures. The positions of the 

size markers are indicated at the right side of the figure. 
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B.  

 

Figure 24. Northern Blot analysis of the RNA isolated from stationary phase cultures of 

the parental stain and a ∆pdhD mutant. 

A. Northern Blot for the pdhD gene in S. mutans UA159 and ∆pdhD strains.  

B. Northern Blot for the pdhA gene in S. mutans UA159 and ∆pdhD strain. 

10 mg of RNA was denatured and separated by gel electrophoresis. The RNA was then 

transferred onto nylon membrane and hybridized to probes for the pdhD (A) or the pdhA 

(B) gene.  

6.5kb

4.9kb

3.6kb

pdhD

pdhApolar effect

6.5kb

4.9kb

3.6kb

pdhA



106 
 

The pdh Promoter is Expressed only in Stationary Phase. 

To analyze expression of the pdh operon further, I used reporters encoding 

derivatives of green fluorescent protein (gfp-mut3b*, hereafter referred to as gfp) and 

yellow fluorescent protein (yfp*, hereafter referred to as yfp). I inserted the region present 

immediately upstream of the pdh operon (Figure 21) into the shuttle plasmids upstream 

of either gfp or yfp. As controls, I used the shuttle plasmids lacking a promoter upstream 

of the reporter. In addition to revealing specific expression of the pdh operon, the 

fluorescent reporter system was also valuable in confirming that the region of DNA under 

examination indeed harbored a promoter.  

I did not detect fluorescent signal from the pdh promoter in any bacterium (of 

more than 10,000 cells screened) that were growing exponentially in batch cultures in 

CDM with 6 mM glucose. However, after 24 h incubation at 37°C, the expression 

became evident in a small subpopulation of the S. mutans cultures (Table 8) which 

exhibited strong fluorescent signals (Figure 25). The proportion of cells showing 

fluorescence was maintained over several days, extending at least to 15 days into 

starvation (Figure 26). The analysis suggested a percentage of 0.14% to 0.8% cells 

fluorescing (Table 8). The cultures containing the promoterless version of the gfp or yfp 

vectors did not exhibit any fluorescent signal (of ~ 10,000 and 9,000 screened, 

respectively) (Figure 25).  

Potentially the few pdh-expressing bacteria could be the consequence either of 

mutation or of bimodal pdh expression within a genetically homogeneous population. To 

distinguish between these possibilities, we used colonies derived from ten-day survivors 
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to inoculate fresh batch medium. The bacteria recovered from 10-day cultures behaved in 

the same way as those in the original cultures: no pdh expression was detected during 

exponential growth, and in stationary phase 0.1 to 1% of the population displayed Ppdh-

gfp activity, extending at least for ten days. Thus there was no evidence of mutation to 

high pdh promoter activity. Rather the population displayed bimodal pdh expression: 

most of the population displaying no activity, with a few bacteria displaying strong 

activity. 
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Table 8. Percentage of S. mutans SL15013 showing fluorescence at different times of 

sugar starvation in CDM batch cultures started with 6 mM glucose. 

 Days in   Total cells   Fluorescent   % of 

 stationary  counted  cells   fluorescent 

 phase        cells 

 1 33006 14 0.042 

 2 19821 27 0.14 

 4 16287 32 0.20 

 6 29428 148 0.50 

 8 6544 52 0.80 

 11 24407 152 0.62 

 15 9469 39 0.41 

 30 17632 35 0.20 
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Figure 25. Expression of Ppdh-gfp and promoterless gfp in S. mutans in exponential and 1 

day stationary phase batch cultures in CDM with 6 mM glucose. Left, DIC image, center, 

GFP fluorescence, right, merged image. 
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Figure 26. Expression of Ppdh-gfp (S. mutans SL15013) in batch cultures in CDM with 6 

mM glucose at different days into starvation (as marked at the left of the figure).  
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Table 9. Number of chains of fluorescent bacteria in S. mutans SL15013 (Ppdh-gfp) as a 

function of the length of time of glucose starvation. 

Days of    Chain Lengtha 

Starvation 1  2  3 4 5 6 7 8 9 ≥ 10b  

 1 77 34         

 2 80 40 2 2       

 4 11 5 6 0 0 0 1    

 6 30 28 6 7 6 2 1 0 3 1 

 8 40 67 29 27 8 3 0 0 1 0 

 11 147 46 15 12 4 2 2 2 0 4 

 15 23 15 11 13 12 8 3 5 5 5 

 30 24 34 15 10 7 3 3 2 1 10 

 

a In general, all bacteria in a chain were fluorescent 

b Chains of 10 or more fluorescent bacteria 
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By day 7, some of the bacteria expressing the pdh promoter were in chains of six 

or more. Substantially longer chains were apparent by day 15 (Figure 26; Table 9). 

Similar behavior was exhibited by a strain containing the Ppdh-yfp fusion (Figure 27). 

Comparable long chains of non-expressing bacteria were not observed, and so were very 

rare if they were present at all. In the later samples, the GFP expressing bacteria appeared 

to be larger than the non-expressing bacteria (Figure 26 and 27). 

The increasing lengths of the chains with sample time are suggestive of cell 

growth and division during stationary phase survival. Indeed, by day 30, some very long 

chains of GFP- (or YFP-) expressing bacteria were observed. At that time, the viable 

plate count had declined to about 2 x 104/ml. The viable plate count increased to 2 x 

105/ml following mild sonication, consistent with the viable bacteria being in chains. In 

contrast, sonication did not appreciably affect the viable plate count at the end of 

exponential growth. 
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Figure 27. Expression of Ppdh-yfp (S. mutans SL13603) in batch cultures in CDM with 6 

mM glucose at different days into starvation (as noted at the left of the figure). Left, YFP 

signal; middle, DIC image; right, merged image. The scale is 5 µm. 
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Bacteria in static biofilms displayed similar behavior those in batch cultures, 

except that expression of Ppdh-gfp reporter fusion was first detected at a later time during 

sugar starvation. The static biofilms were grown in CDM with 3 mM sucrose. The GFP 

expression started to become obvious by day 4 after the inoculation, when, within the 

microcolonies, I observed chains of bacteria of various lengths (between 3-10 

bacteria/chain) exhibiting a bright green signal (Figure 28). This pattern was maintained 

for as long as 14 days. The chains observed within, or in the vicinity of, the 

microcolonies seemed to be closely connected/attached to the surface of the 

microcolonies and were not removed by washing of the biofilm. The length of the chains 

seemed to increased gradually over time (from ~ 5-10 bacteria/chain on day 4, to 

preponderantly more than 10 bacteria/chain by day 14). However, quantitation was 

difficult and thus not done. Visualization of the supernatant of the biofilms revealed 

extremely rare, rather short chains of bacteria expressing GFP. Biofilms containing the 

promoterless gfp gene did not show any fluorescence (Figure 28).  
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Figure 28. Expression of the Ppdh-gfp construct and the promoterless gfp in static 

biofilms. Images taken at different days during survival. Left, GFP signal; middle, DIC 

image; right, merged image. 
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Flow cells biofilms were grown as described previously (142). No GFP 

expression was observed after the initial growth period of approximately 17-18 h. 

However, one day after the removal of sucrose, fluorescence was evident, mainly in cells 

located at the periphery and the tip of the biofilm microcolonies (Figure 29). The 

distribution suggested that a distinctive population of the biofilm expressed the pdh 

operon during sugar starvation. The intensity of the fluorescence increased over the next 

48h (i.e. after 72h of starvation), while maintaining the peripheral distribution pattern 

(Figure 29). The biofilms formed by strains carrying promoterless fusions did not show 

any comparable fluorescence signal (Figure 29). To help visualize all the bacteria present 

in a biofilm at a given time, I used a membrane stain, FM4-64. Imaging of the biofilm 

after FM4-64 staining reiterated the peripheral pattern of cells fluorescing green at day 3 

(48 h of starvation) (Figure 29). The periphery is generally thought to be the 

metabolically active part of a biofilm (91).  
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Figure 29. Expression of the pdh promoter in flow cell biofilm, monitored by GFP 

expression. For images from days 3, 4 and 5: left, GFP signal; middle, FM4-64; right, 

merged image. Images from days 1 and 2 show only GFP signal. 
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Inactivation of pdhD Impaired Survival in Batch Cultures 

To test for a role of the PDH complex in S. mutans survival, I inactivated the first 

gene of the pdh operon, pdhD, by replacing it with a kanamycin resistance cassette 

(Figure 21). Mutant colonies were indistinguishable from those of the parental strain, and 

the pdhD mutant was not impaired in growth in different liquid media (Figure 30). 

Northern blot analysis indicated that none of the genes in the operon was transcribed in 

the pdhD mutant (Figure 24). 

The pdhD mutation impaired survival in batch cultures grown in CDM with 6mM 

glucose. A typically experiment is shown in Figure 31A, in which the mutant survived for 

only 6 days, whereas the parental strain survived for at least 24 days. The mutant also 

survived poorly with 3mM sucrose as the source of carbohydrate. A typical experiment is 

shown in Figure 31B, in which the pdhD mutant survived for about 13 days, whereas the 

parental strain survived for over 37 days. 

 When mucin was added to the medium, the behavior of the pdhD mutant changed 

to be similar to that of the parental strain (Figure 32A and B). In batch cultures, the pdhD 

mutant experienced a significant decrease in viable count by day 10 compared to the 

parent (Figure 32A). However, this was followed by a recovery period, in which the 

viable counts of the mutant increased to a level similar to that of the parental strain (an 

average of at least three independent experiments is shown in Figure 32A). Thereafter, 

the mutant behaved as the parent, and there was no significant difference between them 

with respect to the total number of days survived in batch cultures containing mucin. 

(Figure 32B) 
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A.  

 

B.  

 

Figure 30. Growth curves of S. mutans UA159 (filled squares) and a ∆pdhD mutant 

(open squares) in CDM with 6 mM glucose (A) and Todd Hewett Broth (B). 
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A.  

 

B.  

  

Figure 31. Survival of S. mutans UA159 and a ∆pdhD mutant in CDM with 6 mM 

glucose (A), and 3 mM sucrose (B). An ordinate 0 indicates no survivors detected.  
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A.  

 

B. 

 

Figure 32. Survival of S. mutans UA159 and a ∆pdhD mutant in CDM with 6 mM 

glucose and 0.5% mucin. An average of at least 3 independent experiments. A, average 

CFU/ml recovered at different times during survival. B, Average time (in days) the S. 

mutans UA159 and ∆pdhD survived in CDM supplemented with 0.5% mucin.  
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The pdhD Mutant Showed Decreased Viability in Static Biofilms 

 In static biofilms, the pdhD mutation also severely compromised survival. 

Biofilms were established in CDM with 3mM sucrose. The parental strain maintained 

viability for over 40 days, whereas the pdhD mutant was not viable beyond 10 days 

(Figure 33).  In contrast to the results with batch cultures, mucin did not completely 

rescue the pdhD mutant in static biofilms. 

The pdh mutant survived longer in the presence of mucin than in its absence, but 

there was still a significant difference in survival times compared to the parental strain 

(Table 10; the results of three independent experiments are shown).  
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Figure 33. Survival of S. mutans UA159 and a ∆pdhD mutant in static biofilms with 3 

mM sucrose (representative experiment). An ordinate 0 indicates no survivors detected. 

 

Table 10. Survival of S. mutans UA159 and ∆pdhD in static biofilms with 3 mM sucrose  

and 0.5% mucin. Numbers represent latest time when viable bacteria were 

recovered from biofilms. 

Experiments UA159 ∆pdhD Time difference (in days) 

1 25 11 14 

2 48 20 28 

3 58 37 21 
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Assays for Acetate in the Culture Supernatants 

 I wished to test for possible alterations in metabolism caused by inactivation of 

the pdh operon. The pathway employed by S. mutans to metabolize pyruvate is illustrated 

in Fig. 5. The standard CDM medium contains 72.8 mM acetate, which would swamp 

any acetate potentially produced by S. mutans metabolizing 6 mM glucose. Consequently 

I used a modified form of CDM that lacked acetate. I tested the survival of the parental 

strain and the pdh mutant, and found that removal of acetate from the medium did not 

affect survival compared to that in complete CDM; the pdh mutant remained 

compromised in its survival. The attempts made to determine the amount of acetate 

produced by bacteria during stationary phase survival in batch cultures and biofilms did 

not show a significant difference between the parental strain and the pdh. Given that less 

the 1% of the bacteria express PDH in stationary phase, it is, perhaps, not surprising that 

substantial changes in the metabolites caused by the loss of PDH function were not 

detected. 
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CHAPTER 4 

DISCUSSION 

The Role of Intracellular Polysaccharide in Stationary Phase Survival of  

Streptococcus mutans 

 In Streptococcus mutans, IPS was demonstrated to be of significant importance, 

especially regarding acidogenicity and cariogenic potential (61-63, 65, 158).  It was 

speculated that IPS could provide energy for S. mutans after the nutrients from the 

environment have been exhausted (104). However, the specific involvement of these 

reserves in S. mutans persistence has never been addressed. Our laboratories were the 

first to explore this avenue and define the implications of IPS for survival in batch 

cultures and biofilm. 

 The genes involved in IPS accumulation have been identified and studied in other 

bacteria, such as E. coli and B. subtilis (56, 77, 157). In 1995, Spatafora et al 

characterized what they thought was the glg operon in S. mutans and attributed the IPS 

synthesis to the products of its genes. Later however, the same group indicated that the 

analysis of the amino acid sequence deduced from the first open reading frames of the 

operon revealed domains which are highly conserved among D-alanine-activating 

enzymes (DltA) in Lactobacillus rhamnosus (formerly Lactobacillus casei) and Bacillus 

subtilis (158). Thus the operon they initially identified as glg was actually the dlt operon. 

The role of the dlt gene products in IPS accumulation, although significant, was not 

entirely elucidated.  

 I chose to focus on a group of genes that, by sequence similarity, appeared to be 
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the glg operon of S. mutans. Among its genes, I noticed that glgA seems to encode a 

putative glycogen synthase. The inactivation of glgA prevented formation of IPS by S. 

mutans (Figures 8, 9). The homologous glgA gene of other species encodes glycogen 

synthase, responsible for synthesis of alpha-1,4-glucan chains using ADP-glucose as a 

glucose donor (90, 161). It is formally possible that insertional inactivation of glgA 

blocks IPS synthesis because of a polar effect on glgP, the last gene of the operon. 

However, glgP encodes a putative glycogen phosphorylase, which is unlikely to be 

involved in glycogen synthesis (161). Moreover, complementation with glgA gene in 

trans restored IPS synthesis and survival (Figure 16). 

 IPS accumulates towards the end of exponential growth when S. mutans is grown 

in the chemically defined medium CDM containing excess glucose or sucrose [(45-46), 

Figure 8]. I have found that inactivation of glgA severely impaired the persistence of 

bacteria grown in batch culture with excess glucose and then transferred to spent medium 

lacking glucose (Figure 10). The mutant survived for only about 6 days in stationary 

phase, whereas the parental strain persisted for at least 21 days, and generally for 

substantially longer (Figure 10; Table 4). Yet the IPS was largely used up within 24 h of 

transfer of the bacteria to CDM lacking glucose (Figure 11), which is consistent with 

previous observations (58, 65, 171).  Thus, the advantage to the parent strain of the IPS is 

probably not as an energy reserve that is parsimoniously used up over an extended 

period. Rather, the advantage may consist of the priming by IPS, within the first day of 

starvation, of some metabolic pathway and/or trait that leads to the long-term persistence. 

Intriguingly, the survival of the pul mutant was as severely impaired as that of the glgA 
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mutant (Figure 10; Table 4). This result lends support to the idea that some feature of IPS 

metabolism distinct from providing nutrients is important for persistence. A further 

speculation is that, normaly, the products of the catabolism of IPS are readily used as 

sources of energy. By the inactivation of pul the degradation of IPS was modified. 

Pullulanases acts mostly on a 1-6 links. The pul mutant may degrade IPS differently, 

producing oligosaccharides that are branched molecules. These molecules may not be 

readily catabolised, and thus the energy pool of the pul mutant may have been reduced. 

The protein encoded by the pul gene has putative N-terminal pullulanase and C-

terminal alpha amylase domains, potentially able to act on pullulan, amylopectin, or 

glycogen (131, 175). The pul gene lies directly upstream of the glg operon, suggesting 

that the encoded protein might be involved in determining IPS branch structure and/or 

IPS metabolism. Inactivation of pul did not impair the accumulation of IPS or, within the 

limits of our assay, its degradation (Figures 8, 9, 11, 13). However, the effects on survival 

of pul inactivation were very similar to those of glgA inactivation in the conditions tested 

(Figure 10). Thus, I think it plausible that the putative pullulanase is indeed involved in 

determining IPS properties. The difference in survival between the pul mutant and the 

parental strain UA159, suggests that the strains differ in the structure of IPS and/or the 

path of its degradation. Plausibly, the degradation products of IPS in the pul mutant 

cannot prime the metabolic trait that confers an advantage in survival to the parental 

strain. However, I cannot exclude an alternative explanation, that pul inactivation affects 

survival in some way that is unrelated to IPS metabolism. It is possible that the 

pullulanase is involved in the remodeling of intracellular molecules other the IPS. The 
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loss of this function could be detrimental for the long term survival of S. mutans in sugar 

starved conditions. 

IPS conferred a clear advantage for persistence in batch cultures with glucose as 

carbon source. In contrast, no advantage was observed when mucin was added to the 

medium or when sucrose was used as carbon source. Thus, in conditions that may be 

closer to those of the dental plaque than batch culture with glucose, IPS had at most a 

redundant role in promoting survival. Sucrose enables S. mutans to synthesize 

extracellular glucan from the glucosyl moiety and fructan from the fructosyl moiety of 

the sucrose. The glucan functions as an extra-cellular matrix to facilitate adherence of the 

bacteria to the dental plaque (35). However, fructan is thought to function primarily as a 

reserve of carbohydrate, ready to be used when the environment is depleted of nutrients 

(179); it seemed a plausible candidate to serve as an alternative to IPS in enhancing 

survival.  

Fructan utilization by S. mutans is through the action of the fructanase encoded by 

fruA (153, 179). The fruA gene is cotranscribed with fruB, which encodes a similar 

protein, although no fructanse activity has been found for FruB (23). To curtail possible 

use of fructan as a source of carbohydrate during survival, I deleted both genes of the 

fruAB operon. The deletion did not affect survival of strain UA159 or of the glgA mutant 

when the strains were grown in the presence of sucrose (with no mucin) either in batch 

cultures or in biofilms. Thus, within the limits of this test, fructan utilization did not 

explain the persistence of the glgA mutant when sucrose was used as carbon source. It is 

possible that some other (still unknown) enzyme can degrade fructan. It is also possible 
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that the complex extracellular glucan can promote survival. The glucan functions as an 

extracellular matrix. However, glucan structure is modulated by dextranase activity, 

which may provide a source of glucose for the bacteria (35) and hence promote 

persistence. Whatever the explanation, sucrose provided a substantial advantage over 

glucose for survival.  

Mucin is a glycoprotein, which is a major component of the dental plaque (170). 

Renye et al had previously shown that mucin prolonged the survival of sugar-starved S. 

mutans in batch cultures and biofilms (142). Here, I show that the addition of mucin 

cancelled the metabolic disadvantage resulting from inactivation of glgA or pul. In its 

presence, the ∆glgA and ∆pul mutants persisted for similar times to the parental strain. 

Mucin does not function as a readily utilized carbon source for S. mutans (169-170).  

However, research conducted in our laboratories has shown that mucin does 

prolong stationary phase survival in sugar limited conditions (142). I suspect that during 

stationary phase S. mutans may slowly strip sugar residues from the mucin, or amino-acid 

residues from its protein backbone. Additionaly, subsequent results have demonstrated 

that mucin can supplement for the lack of amino acids in the medium, (Mothey, Buttaro 

and Piggot unpublished). It is formally possible that, in stationary phase cultures, mucin 

is slowly degraded by proteolytic enzymes, and the resuting oligopeptides are transported 

into the bacterial cells by oligopeptide permeases and used as a source of energy. Lastly, 

mucin may provide other types of support, like osmotic or antioxidative support that is 

beneficial to S. mutans cells, separate from constituting a nutrient source. 



131 
 

The Role of the Pyruvate Dehydrogenase Complex in Stationary Phase Survival of 

Streptococcus mutans 

Streptococcus mutans is adapted to a life style that involves frequent periods of 

starvation. This adaptation is made possible by mechanisms that cope with the lack of a 

carbon source. By identifying genes that are expressed after the imposition of sugar 

starvation, I wished to uncover and characterize those mechanisms. Of the genes I 

identified by microarray analysis, those of the pdh operon stood out. I report here on our 

investigation of the role in stationary phase of the pdh operon, which encodes the PDH 

complex. The principal findings are, first, that pdh is important for survival; second that 

the pdh operon is expressed only in stationary phase in a small sub-population of 

bacteria; and third, that the subpopulation appears able to grow and divide even after 

several days of starvation for sugar. 

The genes thought to encode the PDH complex are arranged contiguously on the 

S. mutans genome in the order, pdhD-pdhA-pdhB-pdhC, encoding the E3, E1α, E1β and 

E2 subunits, respectively (http://www.ncbi.nlm.nih.gov/sites/entrez). The genes were 

transcribed as an operon during stationary phase, as demonstrated by northern blot. 

Probes for each of the four genes hybridized to a 4.9 kb band, which agrees well with the 

size of the four-gene group (Figure 24). There was no detectable expression during 

exponential growth. Deletion of the first gene, pdhD, abolished expression of all four 

genes, indicating that there were no internal promoters within the operon. Our results 

agree with and extend those of Korithoski et al (99), who investigated the role of PdhA in 

acid tolerance. They reported that inactivation of pdhA, the second gene in the operon, 
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resulted in an acid-sensitive phenotype. They found that acidification induced expression 

of pdhA, and that the mutant grew poorly at pH 5.0. However, at neutral pH growth rate 

of the mutant was the same as that of the parental strain, as I have found for the pdhD 

mutant. Korithoski et al (2008) also reported a dramatic increase of transcription of pdhA 

in stationary phase (99).  

Inactivation of pdhD led to a substantial decrease in survival of S. mutans in 

various conditions of sugar starvation (Figures 31, 33, Table 10). S. mutans uses 

glycolysis as the main pathway of sugars metabolism, with the generation of ATP and 

pyruvate. For a long time, it was considered to be a homofermenter, converting pyruvate 

mainly to lactic acid. However, in sugar-limited conditions, it is a heterofermenter, with 

acetate, formate and ethanol also being produced (27-28). PDH converts pyruvate to 

acetyl-CoA. Acetyl-CoA can be converted to acetyl-phosphate, and then to acetate with 

the production of ATP. In sugar-limited conditions, this pathway could clearly benefit the 

bacteria, since it produces ATP. PDH also causes the production of NADH, so that an 

additional and/or alternative benefit of PDH action might be the maintenance of redox 

balance. Probably because the pdh operon is expressed in less than 1% of the population, 

I detected no clear distinction in the metabolic products between cultures of UA159 and 

of the pdhD mutant. However, our results demonstrate an important role for the PDH 

complex in the persistence of S. mutans in stationary phase in both batch cultures and 

static biofilms.  

I used gfp and yfp reporters to observe expression of the pdh promoter in various 

conditions. I found the promoter to be in the region from -350 to +218 relative to the first 
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base of the pdhD ORF (Figure 21). Promoter activity was detected in stationary phase 

bacteria in both batch cultures and biofilms. No activity was detected during exponential 

growth, in agreement with the northern blot analysis. In batch cultures, expression 

became obvious by 20 h into sugar starvation and it was maintained for the duration of 

the experiments (up to 30 days). Expression was confined to a sub-population, 

constituting about 0.5% of the total population, and these bacteria expressed strong 

fluorescence. When expression was first detected, the culturable bacterial count was 6 x 

108/ml, near that upon entry into stationary phase, yet less then 0.5% of the population 

was displaying GFP fluorescence. I infer that most viable bacteria were not expressing 

pdh.  

Our experiments indicate that the few high-expressing bacteria were probably not 

the result of mutants arising in the population, but rather indicated bimodal distribution of 

expression within a genetically homogeneous population. Perry et al (2009) have recently 

reported bistability in the expression of the S. mutans CSP-ComDE circuit (129). 

Recently a number of examples have been reported of bimodal behavior in bacteria (48, 

173). Such behavior has been termed “bet hedging”. In the conditions I have employed, 

the pdh expressers win the bet, surviving long periods of starvation, and the non-

expressers loose. However, in the typical “feast or famine” life style of oral 

microorganisms, the period of starvation may be relatively short. It may be that pdh non-

expressers are better able to respond than their expressing siblings to nutrient restoration 

after short periods of starvation; in those conditions, the non-expressers would win. Thus 

the bimodal behavior would indeed be bet hedging, and could have a selective advantage.  
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The pdh expressing bacteria seem to gain a metabolic advantage later during 

survival. As noted, the pdh deficient mutant dies within 9 to 13 days in batch cultures and 

9 days in biofilms (Figures 31, 33). It is unlikely that, in the oral cavity, S. mutans within 

the superficial biofilm from the surface of the teeth would be subjected to such long 

periods of starvation. But, bacteria from biofilms located in more hidden locations, such 

as the crevasses between the teeth and the gums, would have a less ready access to 

nutrients from the diet. In this case, periods of starvation longer then one day may occur, 

and the expression of PDH would be critical to the persistence of these bacteria.  

The number of bacteria displaying GFP fluorescence from Ppdh remained about 

0.1-0.8% of the population for the duration of the experiments (Table 8). After ten days 

in stationary phase, the count of culturable bacteria had fallen to 0.01% of the initial 

count. The pdhD mutant did not survive beyond about 10 days in batch cultures (Figures 

31A, 33). By that time the count of culturable bacteria in the parental strain had fallen to 

less than 0.1% of the initial count. We infer that the few bacteria expressing Ppdh-gfp (or 

yfp) in pdh+ strains (Figures 26, 27, 28) are amongst the bacteria that did survive for 

extended periods. This inference has not been tested directly.  

The Ppdh-gfp and Ppdh-yfp expressing bacteria were typically individual bacteria in 

cultures 20 h after the entry into stationary phase. However, in populations at day 2, there 

were many pairs and some triplets, and at later times the fluorescing bacteria often 

appeared to be in chains of four or more (Table 9). Similar results were obtained with 

both the gfp and yfp reporters. Thus, it seems plausible that the pdh-expressing cells are 

slowly growing and dividing in stationary phase. In the conditions employed, bacteria 
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enter stationary phase because the sugar has been used up (142). Consequently, the pdh 

expressing, and apparently dividing, bacteria within the population must be using other 

energy sources, possibly the autolysis products of dead siblings (cannibalism) (66), or 

previously secreted metabolites.  

The expression pattern of the pdh promoter in static biofilms was similar to that in 

batch cultures, except that expression only became obvious four days after the chambers 

were inoculated of the bioflms (3 days of sugar starvation). Again, only a minority of 

bacteria displayed GFP fluorescence (Figure 28). Some expressing bacteria appeared to 

be on the periphery of microcolonies, wheras others appeared to be inside the 

microcolonies. In flow cell biofilms, Ppdh-gfp-expressing bacteria appeared within one 

day of the imposition of starvation, perhaps reflecting a sharper transition to starvation 

conditions compared to static biofilms. The bacteria expressing pdh were mostly 

distributed on the outside of the microcolonies, again suggestive of a preference for 

expression in a specific sub-population (Figure 29). In a mature biofilm, bacteria can 

express different genes and have different fates, depending on many factors, including 

location within the biofilm microcolonies (86, 159). The periphery is generally thought to 

be the metabolically more active part of the biofilm; the higher metabolic activity may 

lead to pdh expression after the imposition of sugar starvation. 

 

Summary 

S. mutans is a facultative member of the oral biofilm, the microbial pellicle that 

covers the surface of teeth. During the “feast or famine” lifestyle within the oral cavity, S. 
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mutans is subjected to periods of nutriend depletion. The survival of this bacterium in 

sugar starved conditions has been investigated in our laboratories. A number of strategies 

that S. mutans may use to survive have been partially characterized. In this project, two 

important mechanisms of persistence are described. 

When bacteria are grown in sugar excess, they can accumulate intracellular 

reserves of IPS, synthesized by enzyme encoded by the glg operon. After imposition of 

sugar starvation, most of these reserves are used within one day. However, the survival of 

the parental strain, S. mutans UA159, has been prolonged for more then 20 days above 

the survival of an IPS deficient strain. This result suggests that, although used in a short 

time after imposition of sugar starvation, the IPS is responsible for ensuring long term 

survival of bacteria. This specific role for IPS has been documented in other bacterial 

species (160), but not in S. mutans until now.  

Sugars starvation leads to the specific expression of genes which are thought to be 

of importance in these consitions. The pdh operon was found to be upregulated in a 

subpopulation of the sugars starved, stationary phase S. mutans batch cultures and 

biofilms. This subpopulation exhibited strong expression from a Ppdh-gfp construct during 

stationary phase. The GFP expressing cells were singlets and doublets after 1 day of 

starvation. However, with longer times of starvation, the fluorescent bacteria were 

organized in increasingly longer chains, suggesting slow growth and division of this 

specific subpopulation. This pattern is suggestive of a bimodal, or bistable behavior of 

the stationary phase starved culture, with a small percentage of the population showing 

strong expression of the operon, while the rest of the population exhibited no expression 
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(Figures 25-29). Such behavior has been documented previously for other systems, and is 

sometimes called bet hedging. The reasons are not fully understood. It may be that, in 

specific conditions, a part of the population is committed to one specific pathway, while 

the rest of the population is not. Depending on the modifications that may occur later in 

the environment, the subpopulation that is committed to a particular metabolic path (in 

our case, possibly the conversion of pyruvate to Acetyl-CoA by the PDH complex) could 

be the one winning the bet, or, in other words, favored to survive. In the case of S. mutans 

in the oral biofilm, this may be the case when S. mutans is part of the plaque from 

locations less accessible to nutrients, like the gingival crevasses, within the structure of a 

tooth, etc. However, if nutrients are restored quicly, the rest of the population may be 

better able to respond. 

It can be concluded that, depending on the longer or shorter extent of the 

starvation state imposed on the S. mutans in the dental biofilm, different strategies can be 

used by this bacterium to survive. The common overall outcome would be the 

maintenance of S. mutans in this ecological niche, despite variable and repeated adverse 

conditions. 
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APPENDIX 

Growth Media 

Luria Bertani Lysogeny Broth (LB) (11-12) 

10 g Bacto-Tryptone  

5 g Yeast extract  

10 g Sodium Chloride 

Water was added to a final volume of one liter 

Autoclave for 15 min at 121°C  

LB Agar 

LB 

1.5 % Bacto Agar  

Autoclave for 15 min at 121°C  

Todd Hewitt Broth (THB) 1 L 

TH powder  30 g  

Autoclave for 15 min at 121°C  

Todd Hewitt Agar 

TH 

Bacto agar  1.5 % 

Autoclave for 15 min at 121°C  

CDM 

Na2HPO4  3.15 g 

NaH2PO4·H2O  2.05 g 

Sodium Acetate 6.0 g 

Water   400 ml 

Disolve and add stocks 
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Stock   Stock Concentration (mg/ml)    ml stock 

1. KH2PO4    88.4 

    K2HPO4    61     5 

2. (NH4)2SO4    120     5 

3. L-Aspartic acid   5.0 

    L-Phenylalanine   5.0 

    L-Serine    5.0 

    L-Proline    10 

    L-Hydroxyproline   10     20 

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-Throenine   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   0.4 
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Stock   Stock Concentration (mg/ml)    ml stock 

     Panthotenic Acid   0.16 

     Thiamine-HCl   0.08 

     p-Aminobenzoic acid  0.016     5 

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 

      Guanine·HCl·H2O   0.62 

      Uracil    0.5     60 

24. MgSO4·7H2O   40 

      NaCl    2.0 

      FeSO4·7H2O   2.0 

      MgSO4·H2O   1.5     5 

25. Sodium citrate   15     15 

26. Sodium bicarbonate*  125     10 

Water 
Adjust pH to 6.5 with 10N NaOH 
*Sodium Bicarbonate and sugar (glucose or sucrose) added immediately before 
use. 
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Solutions 

20X SSC 

Sodium Citrate 3 M 

NaCl   0.3 M 

Autoclave for 15 min at 121°C  

Pre-hybridization Solution 

SSC   6X 

Denhardt’s (Sigma) 5X 

SDS    0.5 % 

Salmon Sperm DNA 100 µg/ml  

Washing Buffer 

Maleic Acid  0.1 M 

NaCl   0.15 M 

Final pH 7.5 with NaOH, add Tween 20 (Fisher Scientific) to 0.3 % 

Blocking Buffer 

Maleic Acid  0.1 M 

NaCl   0.15 M 

Final pH 7.5 with NaOH, dissolve 1 % of Blocking reagent (Roche) 

Buffer 3 

Tris   0.1 M 

NaCl   0.1 M 

MgCl2   0.05 M  

Final pH 9.5 with HCl 

RNA lysis solution 1 (with DEPC-treated water) 

Tris   20 mM, pH 8.0 with HCl 

EDTA   3 mM, pH 8.0 with NaOH 

NaCl   200 mM 

Autoclaved for 15 min at 121°C 

RNA lysis solution 2 (with DEPC-treated water) 

RNA lysis solution 1 
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SDS   1.0 % 

Autoclaved for 15 min at 121°C 

10X MOPS (with DEPC-treated water) 

MOPS   200 mM 

Sodium Acetate 50 mM 

EDTA   10 mM 

Final pH 7.0 with Acetic acid 

Phosphate Buffer (100 ml), pH 7.0 

0.5 M KH2PO4 3.9 ml 

0.5 M K2HPO4 6.1 ml 

H2O   90 ml 

 

Plasmid isolation solutions 

Cell Resuspention 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 solution 

 NaCl   200 mM 

 Tris:HCl  20 mM 

 EDTA   5 mM 

 Ethanol  550 ml 

Add water to total volume 1000 ml. 

 
 


