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16.1.1 Introduction

In this chapter, we describe facets of the adaptive stress response
systems of the oral bacterium Streptococcus mutans. The
organism referred to as S. mutans is actually a group of oral
streptococci, referred to as the mutans group, found almost
exclusively on the surfaces of human teeth and in saliva (Nyvad
et al., 2013) (see Chapter 11.3). Historically, the group has been
differentiated by serotyping of rhamnose–glucose polymers on
the cell surface into the c, e, f, and k serotypes. More recently,
polymerase chain reaction–amplification of the genes encoding
the rhamnose–glucose polymerizing proteins has been used to
distinguish each of the serotypes (Nakano and Ooshima, 2009).
Approximately 70–80% of S. mutans found in the oral cavity of
humans are serotype c, followed by serotype e (approx. 20%),
with serotypes f plus k comprising less than 5% (Nakano and
Ooshima, 2009). The bacteria that constitute this group of
alpha–gamma-hemolytic microorganisms are homofermen-
tative microbes that produce copious amounts of lactic acid
from the sugars consumed in the human diet. Sucrose, the most
prominent of refined sugars found in the diets of people living
in industrialized nations, is a disaccharide composed of glucose
and fructose. Extracellular enzymes produced and secreted by
the mutans streptococci have the capability of splitting sucrose
into its component monosaccharides and using the resulting
glucose moiety to build long-chain glucans. These reactions
are catalyzed by secreted glucosyltransferases. Typically, known
mutans genomes contain genes encoding multiple isoforms
of the basic enzyme. The glucosyltransferases produce several
products, including polymers of glucose strands (glucans)
composed of the following: α(1→3) linked glucose, which
are water-insoluble glucans; α(1→3) glucans with α(1→6)

cross-links, which are water-soluble; and α(1→6) glucans that
are also water-soluble (Bowen and Koo, 2011). The extracellular,
water-insoluble glucans are highly adherent to surfaces and
other bacteria and, therefore, provide the primary mechanism
by which mutans streptococci are bound, irreversibly, to teeth
(Yamashita et al., 1993). Moreover, studies have shown that
glucosyltransferases can be active in saliva samples and also
when bound to other oral organisms, further advancing the
accumulation of bacteria on tooth surfaces (Schilling and
Bowen, 1992; Steinberg et al., 1996). As glucans, bacteria, food
particles, and salivary products all accrue on teeth, the complex
microbial biofilm referred to as dental plaque (or matrix) forms
and accumulates (Bowen and Koo, 2011) (see Chapter 11.3).

As the plaque matrix accrues, mutans streptococci face mul-
tiple environmental stresses, including the presence of the per-
oxigenic streptococci and other organisms (described in further
detail in this chapter). Accumulation of organic acids from the
metabolism of sugars also occurs, which can reduce local pH val-
ues to 4.0 and lower (Jensen et al., 1982; Schachtele and Jensen,
1982). The organism has evolved numerous mechanisms to cope
with each of these challenges. As research continues on adap-
tive stress responses in S. mutans and in related organisms, the
community of oral microbiologists is learning how S. mutans
responds to these stresses and survives.

16.1.2 A brief history of stress survival in
Streptococcus mutans

The ability to survive acidic conditions not only is a hallmark
of S. mutans physiology, but also is directly connected with
the organism’s ability to grow on the surfaces of teeth and to
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cause disease. The study of oxygen-metabolite-mediated stress
recognition emerged, subsequently, during investigation of the
interactions of peroxigenic streptococci with the mutans group
organisms.

Decades of inquiry into the relationship between mutans
bacteria and dental caries were firmly established by stud-
ies conducted by De Stoppelaar and colleagues, who reported
the relationship between extracellular glucans formed by the
mutans organisms, and the development and progression of
dental caries (De Stoppelaar et al., 1969). The association of
mutans streptococci with dental disease then led to studies con-
cerning the mechanisms by which the bacteria survived low
pH values and the role that low pH played in the competition
between the hundreds of microorganisms that we now know
are present in the microbiome of dental plaque (Gross et al.,
2012).

Initial studies on survival at low pH were focused on mecha-
nisms by which oral streptococci respond to acidification of their
environment. It was found that the organisms, as a genus, are
capable of maintaining a ΔpH across the membrane of approx-
imately 2 pH units, although generally, 0.5–1 pH unit is more
commonly measured (Dashper and Reynolds, 1992; Kashket
and Barker, 1977). It is important to consider that 2 pH units
is essentially a 100-fold difference in acidification. In addition,
the movement of two log orders of protons across a bacterial
membrane would be an electrogenic event, such that the stud-
ies also involved the possibility that counterion movement could
be occurring simultaneously with transmembrane proton move-
ment. Results from multiple laboratories showed that potas-
sium transport, flowing outward from cells at acidic pH values,
accounted for maintaining ΔΨ (the electrical gradient) in the
face of descending pH values (Belli and Marquis, 1991; Dashper
and Reynolds, 1993; Kashket and Barker, 1977).

Subsequent work focused on the mechanisms by which
S. mutans maintained their membraneΔpH and the role it may
have in the relationship between the mutans group of organ-
isms and other oral streptococci. It became clear that what dif-
ferentiated the mutans bacteria from other species of oral strep-
tococci was their ability to adapt to low pH values, and to
survive in greater abundance than competing organisms (Belli
and Marquis, 1991, 1994; Bender et al., 1986; Sturr and Marquis,
1992).

Research conducted during subsequent years has demon-
strated that the mutans group utilizes a variety of metabolic
activities to neutralize its internal pH (pHi) and employ mech-
anisms to resist and/or repair damage to the cells caused by
acidification (Belli and Marquis, 1991; Bowden and Hamilton,
1987; Dashper and Reynolds, 1992, 1993; Griswold et al., 2006,
2009; Santiago et al., 2012; Sheng and Marquis, 2006). More
recently, it has also become clear that the mechanisms used to
repair acid-mediated damage include mechanisms thought to be
responsive to oxidative stress (Faustoferri et al., 2014; Kajfasz
et al., 2010) (see Section 10). In the following sections of this
chapter, we will review current facets of S. mutans biology that

provide insights into the microbe’s survival in the presence of
stress conditions.

16.1.3 Barrier functions in stress
adaptation: membrane fatty acid
composition reflects the presence of stress
in Streptococcus mutans

A variety of bacterial species, including Gram-positive and
Gram-negative organisms, are now known to modulate the
composition of their membranes in response to environmen-
tal stresses (see Section 18). For example, Escherichia coli will
elevate its proportion of membrane cyclopropane fatty acids in
response to external acidification (Brown et al., 1997; Chang
and Cronan, 1999). Bacillus subtilis produces elevated levels
of anteiso branched-chain fatty acids to increase membrane
fluidity in response to a drop in temperature (Mansilla et al.,
2004). Our previous reports have shown that S. mutans will
alter its membrane fatty acid composition during growth at low
pH values, compared to growth at neutral pH (Quivey et al.,
2000a,b). When growing in the steady state at pH 7, the mem-
brane of the UA159 genomic type strain of S. mutans (Ajdic
et al., 2002; Murchison et al., 1986) contains approximately 60%
saturated fatty acids (SFAs) and approximately 40% unsaturated
fatty acids (UFAs) (Fozo and Quivey, 2004b). However, during
growth in steady state at pH 5, the ratio becomes inverted, and
approximately 60% of the membrane fatty acids are unsaturated,
and 40% are saturated (Fozo and Quivey, 2004b). This change
is also accompanied by a shift to longer carbon chains in the
membrane fatty acids. At pH 7, 14, and 16, carbon chains are
dominant; while at pH 5, 18, and 20, carbon chains are pre-
dominant (Fozo and Quivey, 2004b). Along with S. mutans,
the oral species Streptococcus gordonii, Streptococcus sali-
varius, and Lactobacillus casei also produce elevated propor-
tions of UFAs in the membrane in response to acid stress (Fozo
et al., 2004). The inversion of the normal UFA–SFA ratio occurs
rapidly and in a pH-dependent manner, based on the mag-
nitude of the drop in pH (Fozo and Quivey, 2004b). Rever-
sion to steady-state growth at pH 7 leads to reestablishment
of the original ratio; however, the UFA–SFA transition in this
case is much slower, on the order of hours rather than min-
utes. The shift in the UFA–SFA ratio does not require new
growth, as the transition can occur in the presence of chlo-
ramphenicol. However, a block in the activity of the elonga-
tion enzyme FabF, by the compound cerulenin, is able to pre-
vent a rise in UFAs from occurring (Fozo and Quivey, 2004b).
S. mutans synthesizes UFAs de novo through the action of
a trans-2-cis-3-decenoyl-ACP isomerase, referred to as FabM
(Fozo and Quivey, 2004a). The S. mutans genome does not
contain homologous open-reading frames coding for fatty acid
desaturases (Ajdic et al., 2002), and deletion or disruption
of the fabM gene (SMU.1746c) completely eliminates UFAs
from the plasma membrane (Fozo and Quivey, 2004a; Fozo
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et al., 2007). Another Gram-positive organism, S. aureus, has
been recently shown to incorporate exogenous fatty acids into
its membrane through the action of fatty acid kinases (Faks)
(Parsons et al., 2014a,b). In some species, incorporation of
host fatty acids is critical to causing disease and may provide
mechanisms of drug resistance. For example, incorporation of
certain exogenous fatty acids was recently shown to confer resis-
tance to both bile shock and daptomycin in Enterococcus fae-
calis (Saito et al., 2014). S. mutans is also able to incorporate
exogenous fatty acids into the plasma membrane and appears to
encode several Fak homologs. However, the precise mechanisms
of exogenous fatty acid incorporation in S. mutans remain to be
elucidated.

Blockage of the shift to a UFA-dominant membrane, via either
cerulenin treatment or deletion of fabM, leads to a phenotype
with severely compromised aciduricity (Fozo and Quivey, 2004a;
Fozo et al., 2007). Addition of exogenous UFAs partially rescues
this phenotype in the fabM mutant strain, but fails to do so in
cerulenin-treated cells (Fozo and Quivey, 2004a). This is likely
because cerulenin blocks the entire fatty acid biosynthetic path-
way, whereas the fabM mutant is still able to generate SFAs de
novo. In a rat model of dental caries (Bowen, 2013), the fabM
mutant is greatly reduced in its capacity to cause severe disease,
indicating a substantial role for UFAs in the organism’s virulence
potential (Fozo and Quivey, 2007).

Among the Streptococcaceae, the most completely under-
stood fatty acid biosynthesis pathway in terms of regulation is
that of S. pneumoniae (Jerga and Rock, 2009; Lu and Rock,
2006). Like S. mutans, S. pneumoniae generates UFAs de novo
through a FabM isomerase (Marrakchi et al., 2002; Pesakhov
et al., 2007). Control over the UFA–SFA ratio in S. pneumoniae
is thought to occur through the relative activities of the FabK and
FabF enzymes, immediately downstream of FabM in the fatty
acid biosynthesis pathway. FabK activity pulls the trans enoyl-
ACP intermediates toward SFA production, while FabF activity
pulls the cis enoyl-ACP intermediate toward UFA production
(Lu and Rock, 2006). Transcription of fabK in S. pneumoniae is
controlled in part by the local regulator FabT, which is respon-
sive to cytoplasmic levels of C18:1 fatty acids (Jerga and Rock,
2009; Lu and Rock, 2006). S. mutans also encodes a FabT reg-
ulator, which appears to repress fabM and its own expression
(Faustoferri et al., 2014). The global regulator, CcpA (Henkin,
1996), was shown to regulate fabM and fabT in S. mutans, and
it appears to do so in a pH-dependent manner (Faustoferri et al.,
2014). Despite increasing knowledge of the complexities sur-
rounding transcriptional regulation of the fab operon, the mech-
anisms by which the UFA–SFA ratio is controlled in S. mutans
remain incompletely understood. The involvement of FabT and
CcpA strongly argues for a balance between the local regula-
tor (FabT), possibly fine-tuning fatty acid biosynthesis, and the
global regulator (CcpA) moderating carbon metabolism. It is
clearly in the interests of the organism to balance formation
of new cells, via membrane biosynthesis, with carbon availabil-
ity. Thus, the coordination of these central metabolic functions

might be a productive target for therapeutic intervention (Heath
et al., 2001; Parsons and Rock, 2011).

16.1.4 Oxidative stress response in S. mutans

Oxidative damage is a significant concern for S. mutans. Bac-
teriocidal levels of H2O2 are generated by the peroxigenic oral
streptococci, a group of organisms, including S. gordonii, Strep-
tococcus sanguinis, and Streptococcus oligofermentans, that
are early colonizers of dental plaque and produce H2O2 through
enzymes such as pyruvate oxidase and lactate oxidase (both lack-
ing in S. mutans) (Kreth et al., 2005, 2008; Liu et al., 2012; Tong
et al., 2007) (see Section 10). In addition to H2O2, oxygen gas is
present in the oral cavity, and its metabolism by metal-binding
enzymes can lead to formation of the toxic superoxide radical
(Imlay, 2003; Marquis, 1995). Even more reactive and damaging
are hydroxyl radicals, formed from H2O2 in the presence of a
metal ion via the Fenton reaction; and the perhydroxyl radical,
which can be formed through protonation of the superoxide rad-
ical in acidic conditions (Bielski et al., 1983). S. mutans must be
able to limit the formation of damaging reactive oxygen species
(ROS), safely eliminate ROS that do form, and repair damage
caused by ROS. S. mutans encodes several enzymes that accom-
plish these tasks, including two NADH oxidases (nox and ahpF),
NADH peroxidase (ahpC), superoxide dismutase (sod), per-
oxide resistance protein (dpr), and glutathione oxidoreductase
(gor) (Ajdic et al., 2002; Derr et al., 2012; Higuchi et al., 1999,
2000; Poole et al., 2000; Yamamoto et al., 1999). Transcription
of all six of the aforementioned genes, and the enzymatic activi-
ties of Gor and Sod, has been shown to be elevated under condi-
tions of oxidative stress (Baker et al., 2014; Derr et al., 2012). Sod
catalyzes the reduction of superoxide to H2O2, and the protein
Dpr is thought to sequester iron, preventing the Fenton reaction
from occurring (Higuchi et al., 1999, 2000). Both dpr and sod
are required for optimal growth of S. mutans in aerobic con-
ditions, and their deletion reduces the ability of S. mutans to
compete with the peroxigenic oral streptococci (Fujishima et al.,
2013). Gor has been shown to protect S. mutans from diamide,
a thiol-specific oxidant (Yamamoto et al., 1999). The enzyme
encoded by nox reduces oxygen to water with the concomitant
oxidation of NADH to NAD+ (Higuchi et al., 2000). This criti-
cal reaction serves two important functions: eliminating oxygen,
which may otherwise end up as a damaging ROS, and regener-
ation of NAD+, critical for glycolysis (Derr et al., 2012). AhpC
and AhpF together perform the same reaction as Nox, with for-
mation of H2O2 as an intermediate; however, disruption of the
genes encoding the AhpCF enzymes shows insignificant effects
on both NADH oxidation and resistance to oxidative stress (Derr
et al., 2012; Fujishima et al., 2013; Higuchi et al., 2000). It is pos-
sible that in S. mutans, AhpC and AhpF serve as a “backup” to
Nox or are important in alternate growth conditions. It has also
been shown that during oxidative stress, in the context of aera-
tion, the ability of S. mutans to form a biofilm is inhibited, and
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Figure 16.1.1 Competition between S. mutans and the perioxigenic oral
streptococci. S. mutans generates lactic acid, thereby generating an acidic
microenvironment that the organism is able to tolerate, but the peroxigenic
oral streptococci (S. gordonii, S. sanguinis, and S. oligofermentans)
cannot. Perioxigenic oral streptococci generate bactericidal levels of H2O2
through lactate oxidase (Lox) or pyruvate oxidase (Pox) in an effort to kill
S. mutans.

this result has been attributed to a reduction of expression in
gtfB, the enzyme responsible for making extracellular glucans
(Ahn et al., 2007, 2009).

In addition to upregulation of ROS detoxification genes and
elevated activity of the enzymes they encode, S. mutans makes
changes to its membrane composition in response to oxidative
stress. Similar to the changes seen during acid stress, the percent-
age of UFAs in the plasma membrane has been found to increase
substantially during oxidative stress, generated through dele-
tion of nox or sparging cultures with oxygen (Derr et al., 2012).
Once again, the shift to higher percentages of membrane UFAs is
accompanied by a shift to longer, 18- and 20-carbon chains (Derr
et al., 2012). Baker et al. also show that during this type of oxida-
tive stress, there are genome-wide changes to the S. mutans tran-
scriptome. In addition to an upregulation of the genes encod-
ing ROS-detoxifying enzymes, changes have been observed in
several important genes involved in carbon metabolism (Baker
et al., 2014) (see Chapter 10.1).

The transcriptional changes seen during oxidative stress
are likely accomplished by proteins that sense redox state or
oxidative stress and either positively or negatively affect tran-
scription of target genes. Three well-characterized redox sensors
in S. mutans are the SpxA, SpxB, and Rex proteins (Bitoun
et al., 2011, 2012; Kajfasz et al., 2009, 2010). SpxA and SpxB
belong to the Spx family of regulators, which upon oxidation
of a CXXC motif interact with the αC-terminal domain of the
RNA polymerase (αCTD) and regulate transcription of target
genes (Kajfasz et al., 2010; Zuber, 2004). Rex in S. mutans is
generally bound to either NAD+ or NADH and binds DNA,
acting as either a repressor or an activator, when NAD+ is
bound (Bitoun et al., 2012; Brekasis and Paget, 2003). Thus,
the NAD+–NADH ratio determines Rex activity. Both SpxA
and Rex are positive regulators of the ROS-detoxifying enzymes
in S. mutans (Baker et al., 2014; Bitoun et al., 2011, 2012;
Kajfasz et al., 2010). SpxB appears to play a more minor role as
a global regulator, compared to SpxA, but seems to be involved
with controlling a large number of genes related to membrane
and cell wall homeostasis (Kajfasz et al., 2010). Whether the

Figure 16.1.2 Proposed model for the role of Nox in the Spx and Rex
regulons. Nox generates NAD+, which, when bound, activates the
transcriptional regulatory activity of Rex. Rex positively regulates ROS
stress response genes nox, ahpC, and gor (indicated by an arrow), while
downregulating itself and adhABCD (indicated by a blunt-ended line).
Nox metabolizes oxygen that, when in abundance, leads to oxidation of
SpxA, activating its transcriptional regulatory activity. When active, SpxA
positively regulates ROS stress genes nox, dpr, tpx, trxB, ahpCF, gor, and
sod as well as the adhABCD complex. Adapted from Baker et al. (2014).

changes in UFA–SFA ratio in S. mutans are regulated, in part,
by the Spx proteins during either acid stress or oxidative stress
remains unclear. However, the CXXC motif in the regulator
could be protonated at low pH, or oxidized during oxidative
stress conditions, suggesting that Spx proteins are key regulators
that are responsive to both oxidative and acidic conditions
(Baker et al., 2014; Kajfasz et al., 2010).

16.1.5 Overlap of acid and oxidative stress
responses

There are several pieces of evidence indicating overlaps between
the acid tolerance response and the oxidative stress response in
S. mutans. The shift to a membrane dominated by UFAs in both
cases is perhaps the most obvious. Indeed, the combination of
acid stress (pH 5.0) and oxidative stress (in the form of 8.4%
dissolved oxygen), at least, results in a greater increase in the
abundance of unsaturated membrane fatty acids than observed
with either stressor alone (Baker et al., 2014; Derr et al., 2012)
(see Section 10, 18). Cells grown at pH 5 in the presence of
exogenously added oxygen had membranes composed of nearly
75% UFAs. While sensors of oxidative stress have been identified
(as discussed in Section 16.1.4), proteins “sensing” acidic condi-
tions have not yet been assigned specific mechanistic roles. The
two-component regulator, VicRK, like the global regulators of
metabolism CcpA and CodY, has a large and overlapping regu-
lon that includes genes involved in the acid tolerance response,
although its signaling molecule has yet to be identified. It is also
likely that the UFA–SFA ratio is not controlled solely at the tran-
scriptional level, and that rapid metabolic changes in response to
acid or oxidative stress promote the change in the unsaturation
index.
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In addition to overlap in the responses in terms of the
membrane changes, ROS-metabolizing enzymes have been
found to be elevated in S. mutans grown at low pH, and in the
fabM mutant, suggesting further interaction between the two
stress responses. The reason why the organism would elevate its
membrane UFA content in response to oxidative stress remains
to be elucidated.

16.1.6 Physiological control of intracellular
pH homeostasis

Maintaining an intracellular environment that is alkaline, with
respect to the external environment, in an organism typically
exposed to an acidic extracellular environment requires coordi-
nation of physiological processes that necessarily work together
(Quivey et al., 2000a,b). The importance of maintaining a pH
gradient between the external and internal environments may
be driven by the acid and oxidative sensitivity of glycolytic
enzymes (Thibodeau and Marquis, 1983), as well as the phys-
iological damage that may occur to critical components such
as the membrane (see Section 18), DNA, and proteins during
exposure to an acidic pH (Fozo et al., 2004; Gonzalez et al.,
2012). Several mechanisms have been studied in detail for their
contribution to the maintenance of the intracellular pH (pHi),
the most significant being the F1F0 ATPase (Bender et al., 1986;
Hsu et al., 1995; Kuhnert et al., 2004). This multi-subunit,
proton-pumping enzyme, embedded within the membrane,
extrudes protons from the intracellular milieu at the expense
of adenosine triphosphate (ATP), aiding in their removal,
especially during acidic pH growth conditions. The F-ATPase
proton pump is a complex of eight proteins, encoded in a single
atp operon, whose transcriptional regulation is strongly tied
to external pH conditions encountered by the organism under
conditions of acidic pH (Kuhnert and Quivey, 2003; Kuhnert
et al., 2004; Smith et al., 1996).

16.1.7 Mechanisms of proton consumption
to maintain intracellular pH

In addition to the role of active transport of protons out of
the cell, protons can also be “consumed” through metabolic
enzyme reactions. Upon exposure to an acidic environment,
many bacterial species rely on regulation of physiological means
of proton consumption, specifically changes in metabolism that
would result in upregulation of enzymes whose activity leads to
the consumption of protons. These changes would be necessary
for the maintenance of a stable intracellular pH that is more
alkaline than the external environment (Krulwich et al., 2011).

Decarboxylases contribute to this alkalinization process
through the utilization of protons in the reactions they cat-
alyze. These reactions play a role in pH homeostasis via
the internalization of an amino acid, which is subsequently
decarboxylated. Decarboxylation results in the generation of an

intracellular product, carbon dioxide, that can be metabolized to
the more alkaline bicarbonate via the action of carbonic anhy-
drase, with the concomitant consumption of a proton and, as a
consequence, the elevation of internal pH (Cotter and Hill,
2003). Several examples exist for various substrates, including
amino acids such as lysine and glutamate, which are transported
into the organism and aid in the process of maintaining an alka-
line pH. The glutamate decarboxylase (GAD) has been widely
studied in bacterial species such as Clostridium, Mycobacte-
ria, Listeria, and Lactococcus lactis, which all use this alkaliza-
tion system, also known as indirect proton extrusion, as a way
to control intracellular pH (Cotter et al., 2001; Cotter and Hill,
2003; van de Guchte et al., 2002).

An additional mechanism employed by S. mutans to main-
tain an alkaline cytoplasm is the agmatine deiminase system
(AgDS). The AgDS catabolizes agmatine, a decarboxylated form
of arginine, and generates putrescine, CO2, ammonia, and ATP
(Griswold et al., 2004, 2006). As indicated here, the CO2 and
ammonia both serve to alkalinize the cytoplasm, and the ATP
generated can be used by the F1F0 ATPase for proton extrusion.
The AgDS exhibits elevated transcription during growth at low
pH, through regulation by the two-component systems VicRK,
ComDE, and CiaRH, further supporting its role in the acid tol-
erance response (Liu and Burne, 2009a,b).

Comparison of the metabolites and proteins of S. mutans
cultures grown under steady-state conditions (pH 7 vs. pH 5)
shows a significant upregulation of several metabolic pathways,
indicating that the organism alters its metabolic profile during
growth at acidic pH values (Len et al., 2004a). The Len study
shows that S. mutans consistently altered mechanisms that aid
in the minimization of free protons, such as the rerouting of
acidic intermediates toward production of less acidic end prod-
ucts as a way of modulating acid production and, hence, elevat-
ing external pH values.

For example, S. mutans encodes machinery to perform mal-
olactic fermentation, in which malate is fermented to the less
acidic lactate, while generating ATP for use in proton extru-
sion (Sheng et al., 2010; Sheng and Marquis, 2007). The genes
encoding the malolactic enzyme and permease have acid-
inducible promoters and are regulated by the local regulator,
MleR (Lemme et al., 2010), and the global modulator, RpoE (the
delta subunit of the RNA polymerase) (Xue et al., 2010) (see
Chapter 4.7).

In addition to alteration of fermentation end products, the
Len study also revealed that S. mutans elevates amino acid
biosynthesis at low pH. One pathway, in particular, that is sig-
nificantly tied to exposure to an acidic environment is branched-
chain amino acid biosynthesis (Len et al., 2004a,b).

16.1.8 Branched-chain amino acid
metabolism and acid adaptation

Branched-chain amino acid metabolism contributes to intracel-
lular pH regulation in S. mutans in several ways. S. mutans
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Figure 16.1.3 S. mutans internal pH modulation
through branched-chain amino acid metabolism.
Branched-chain amino acid metabolic pathways can
contribute to pH modulation via several mechanisms.
Deviation of pyruvate away from lactic acid
production toward amino acid biosynthesis is
effective toward acid end product modulation.
Indirectly, during the synthesis of branched-chain
amino acids, glutamine synthetase generates NH3,
which can then react with protons to produce
ammonia (NH4

+), a buffering compound, to
maintain an alkaline cytoplasm. Branched-chain
amino acid synthesis also contributes to the genetic
regulation machinery necessary during acid
adaptation, as the function of CodY, the global
regulator, is dependent on intracellular isoleucine
levels in S. mutans. Adapted from the data obtained
by Len et al. (2004) and Santiago et al. (2012).

rapidly metabolizes available carbohydrates through glycoly-
sis, generating pyruvate. Pyruvate, the acidic end product of
glycolysis, is rapidly converted to lactic acid by the action
of lactate dehydrogenase, typically while growing aerobically
(Hillman et al., 1987). This process results in the generation
and excretion of an easily deprotonated organic acid that is
responsible for the acidic environment in the biofilm in which
S. mutans resides within the oral cavity (Mitchell, 2003). How-
ever, synthesis of branched-chain amino acids alleviates the
accumulation of lactic acid by redirecting glycolysis toward
the formation of branched-chain amino acids (Santiago et al.,
2012).

Another aspect of branched-chain amino acid biosynthesis
that was supported by the Len et al. study is the contribution
to acid modulation by S. mutans via the buffering capacity of
ammonia (Len et al., 2004a,b). The process of synthesizing one
branched-chain amino acid involves the degradation of another,
wherein during the deamination reaction, glutamine synthase
generates NH3

+. Protons that are present within the cytoplasm
can then react with free ammonia to create ammonium ion, lead-
ing to alkalinization of the cytoplasm (Len et al., 2006b). Differ-
entially expressed genes observed during growth of the organ-
ism in acidic pH conditions also support the results from other
studies indicating that S. mutans relies, in part, on branched-
chain amino acid metabolism to modulate pH (Chia et al., 2001;
Len et al., 2003). Proteins whose expression was elevated during
growth at pH 5.0 include members of the branched-chain amino
acid biosynthetic enzymes: IlvC, a keto-acid reducto-isomerase,
and IlvE, a branched-chain amino acid aminotransferase. Simi-
lar results have also been reported in an independent study (Chia
et al., 2001).

16.1.9 Aminotransferases and acid
tolerance

Aminotransferases are both catabolic and biosynthetic enzymes,
whose dual enzymatic capability can support pH homeostasis.
Aminotransferases catalyze the final step in amino acid biosyn-
thesis, and are therefore directly linked in the pathway for
rerouting pyruvate away from lactic acid production. In their
catabolic function of degrading amino acids, they generate
α-keto-acid intermediates, which in turn can be utilized as pre-
cursors for branched-chain fatty acid biosynthesis (Beck, 2005;
Yvon et al., 2000). In certain bacterial species, branched-chain
fatty acids are directly linked to adaptation to important envi-
ronmental stresses such as acidic pH and cold temperatures (see
Section 15), since their incorporation into membranes has a sim-
ilar effect on membrane fluidity as that observed with UFAs
(Giotis et al., 2007; Kaneda, 1963).

Due to its high degree of predicted homology with known
enzymes, the SMU.1203c locus in S. mutans has been annotated
as ilvE, which encodes a branched-chain amino acid amino-
transferase. In S. mutans, the gene product is directly involved
with acid adaptation, due to its link with acid end-product mod-
ulation identified during growth at acidic pH values (Santiago
et al., 2012).

Studies performed by Santiago et al. have shown the signif-
icance of IlvE in S. mutans physiology and the contribution
of branched-chain amino acid biosynthesis in the organism’s
acid-adaptive capability (Santiago et al., 2012). Growth in media
titrated to pH 5.0 revealed that, in the absence of ilvE, S. mutans
has a substantial growth defect, suggesting that the acid toler-
ance response is reduced in a strain lacking the enzyme (ΔilvE).
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In minimal medium lacking the branched-chain amino acids
isoleucine, leucine, and valine, the ΔilvE strain also displays a
defect in growth when compared to the parent strain, UA159
(Santiago et al., 2012). A significant reduction in the degrada-
tion of isoleucine and valine also indicates that the catabolism of
these amino acids is defective in the absence of ilvE. The most
significant effect with regard to acid tolerance has been revealed
in the inability of the ΔilvE strain to mount an acid-adaptive
response. Cultures ofΔilvE grown under steady-state conditions
of pH 7 versus pH 5 showed that, at low-pH values, the organ-
ism was unable to survive an acidic challenge. Typically, when a
culture of S. mutans is grown to steady state at pH 5, the cells
are better able to withstand an acid challenge, compared to cells
grown to steady state at pH 7 (Quivey et al., 1995; Santiago et al.,
2012).

The importance of branched-chain amino acid metabolism in
acid tolerance has been further demonstrated in strains already
shown to be defective in their adaptive ability. The fabM mutant,
a strain whose acid tolerance is severely impaired, displays a dra-
matic increase in branched-chain amino acid aminotransferase
activity (Santiago and Quivey, unpublished results), suggesting
that amino acid metabolism has a considerable dynamic range
and can be activated as a mechanism for coping with elevated
acidic stress.

Transcriptional studies also support the role of aminotrans-
ferases in acid tolerance since their expression has been shown
to be regulated by acidic pH (Liu et al., 2012; Tong et al., 2007).
Elevated transcription under these growth conditions reveals the
significance of these genes in contributing to the modulation of
acid production.

16.1.10 IlvE aminotransferase and virulence

The virulence properties of the ΔilvE mutant strain have been
assessed in the widely used in vivo rat caries model (Bowen,
2013; Fozo et al., 2007). Rats infected with the ΔilvE strain
exhibited decreased virulence, as determined by caries scoring
severity (Quivey et al., unpublished data). Extensive smooth sur-
face caries were significantly reduced in rats colonized byΔilvE
in comparison to those carrying the fully virulent parent strain.
These studies demonstrated that deletion of genes involved in
the branched-chain amino acid pathway can lead to reduction
in the cariogenic capacity of S. mutans, and solidifies the impor-
tance of metabolic changes to adaptation and virulence.

16.1.11 Branched-chain amino acid
biosynthesis and genetic regulation

The role of branched-chain amino acid biosynthesis in acid
adaptation extends beyond its metabolic role and encompasses
genetic regulation. Branched-chain amino acids are important
signaling molecules for bacterial homeostasis, and therefore

make excellent co-effectors for genetic regulation (Sonenshein,
2007). Bacteria utilize precursors for branched-chain amino
acids for numerous pathways, and hence make these molecules,
and their fluctuations, important gauges for the overall “state” of
a cell (Villapakkam et al., 2009). Branched-chain amino acids
contribute to genetic regulation in their role as co-effectors
for CodY, a global regulator involved in virulence of several
bacterial pathogens, including S. mutans (Lemos et al., 2008;
Sonenshein, 2005, 2007; Stenz et al., 2011). More importantly,
it has been shown that the function of CodY is tightly regu-
lated by changes in the intracellular pools of branched-chain
amino acids, which are modulated by branched-chain amino
acid aminotransferases like IlvE (Chambellon and Yvon, 2003;
Guedon et al., 2001).

CodY is predicted to control a wide range of genes in the
Streptococcus mutans genome, based on the presence of the
CodY signature binding sequence (Cod-box) within the pro-
moter region of these genes (Lemos et al., 2008; Novichkov et al.,
2010a,b). Microarray analysis performed by Lemos et al. (2008)
show that, in the absence of CodY, the majority of the genes that
are upregulated are annotated as being involved with amino acid
synthesis, amino acid transport, as well as transcriptional regu-
lation (Lemos et al., 2008).

Among the genes involved in acid adaptation and regulated
by CodY were those associated with branched-chain amino acid
biosynthesis: ilvC, ilvB, and ilvE. In a strain lacking CodY,
intracellular levels of branched-chain amino acids are elevated,
indicating that in the absence of the regulator, branched-chain
amino acid biosynthesis may be elevated as a consequence of
ilvE disregulation (Santiago and Quivey, unpublished obser-
vations). In S. mutans, the codY deletion strain also dis-
plays decreased acid tolerance and defects in biofilm formation
(Lemos et al., 2008). These two properties, which are key to the
cariogenic potential of S. mutans, make CodY and its regulation
important components of acid adaptation.

16.1.12 Acid-adaptive responses of
S. mutans in model biofilms

S. mutans is particularly effective at forming biofilms (see Sec-
tion 22) on the hard tissues of the human oral cavity. Adherence
of S. mutans to dental surfaces is the first step in the formation of
biofilms by this organism and is mediated by sucrose-dependent
and sucrose-independent mechanisms (Cvitkovitch et al., 1995;
Koga et al., 1986). S. mutans expresses several surface adhesins
that can bind to salivary pellicles formed on the teeth (Mitchell,
2003), whereas sucrose-dependent adherence is mediated by
glucan-binding proteins and water-insoluble glucans produced
from sucrose by glucosyltransferase (GTF) enzymes (Bowen and
Koo, 2011; Koga et al., 1986).

Confocal microscopy studies involving single- and mixed-
species model biofilm cultures have revealed pH heterogene-
ity within the biofilms (Xiao et al., 2012). The more acidic
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regions of the biofilm have been identified in the center of micro-
colonies, and at the interface between biofilms and attached sur-
faces (Xiao et al., 2012). These observations provide insights
into the relationship of dental plaque structure on tooth surfaces
and the initiation of dental caries. Furthermore, studies focusing
on the acid tolerance of S. mutans biofilm cultures, compared
to planktonic cultures, show that biofilms are highly resistant to
acid killing (pH 3.5), whereas planktonic and dispersed biofilm
cells are acid sensitive (McNeill and Hamilton, 2003).

The type of carbohydrate substrate used in S. mutans biofilm
cultures also affected the organism’s aciduric capability. Biofilms
formed in medium containing starch plus sucrose are more resis-
tant to acid killing (pH 2.5) than biofilms grown in the presence
of sucrose alone (Xiao and Koo, 2010).

A mixed-species biofilm model, containing S. mutans,
S. oralis, and A. naeslundii, has been used to investigate the
proteomic profile of S. mutans grown in the presence of
other commensal oral microorganisms (Klein et al., 2012). The
mixed-species model was designed to mimic the ecological and
biochemical changes associated with cariogenic biofilm assem-
bly (Koo et al., 2010). Klein et al. (2012) found that the F1F0
ATPase (particularly AtpD), membrane fatty acid biosynthetic
proteins, and BCAA metabolic proteins play major roles in acid
tolerance, particularly when S. mutans shifts from a minor
constituent of plaque to become a major resident within an
increasingly acidic milieu found in the interior of microcolonies.
The expression of AtpD is elevated during the shift in popula-
tion dominance between S. mutans and other organisms, while
FabM is detected in high levels in the middle stage of mixed-
species biofilm development.

Proteins directly responsible for cytoplasmic alkalinization
have also been detected in elevated amounts during biofilm
development, including proteins involved in BCAA metabolism
(Lemos and Burne, 2008; Santiago et al., 2012), the malolac-
tate fermentation system (MLF) (Lemme et al., 2010; Sheng
and Marquis, 2007), and the AgDS (Griswold et al., 2004,
2006, 2009). The results strongly indicate that the acid-adaptive
response elicited in planktonic cells is very similar to the acid-
adaptive response of S. mutans growing in the low-pH environ-
ment of biofilms.

In a dual-species biofilm model using S. mutans and
C. albicans, both fabM and atpD are transcriptionally upreg-
ulated when C. albicans was present, as compared to biofilm
cultures of S. mutans alone (Falsetta et al., 2014). This result
indicates that the ability of S. mutans to cope and thrive in an
acidified environment may be enhanced in co-species biofilms,
a trait that is critical for the bacterium to persist within biofilms
and cause disease.

16.1.13 Summary

Oral microbes are subjected to rapid changes in their envi-
ronment. We have briefly summarized in this chapter the

contribution of specific genes to the acid and oxidative stress-
adaptive response systems of Streptococcus mutans. It is clear
that S. mutans faces many environmental challenges, including
changes in sugar availability and abundance, changes in environ-
mental pH values, the presence of oxidizing agents, and the pres-
ence of competing microorganisms. A number of gene prod-
ucts are now known to directly affect the ability of S. mutans
to compete with non-mutans species, or the ability to produc-
tively infect the oral cavity of the rat model of dental caries. All
available evidence indicates that stress management is a key ele-
ment of the S. mutans virulence potential and that the organ-
ism elicits a multilayered, coordinately deployed system of over-
lapping mechanisms to prevent cellular damage or to repair it.
Some components of adaptive responses are already available in
the cell, such as ROS detoxification proteins, whereas other ele-
ments of the adaptive response are inducible (via pH, ROS, oxy-
gen, or metabolites) at the level of gene transcription. Continued
research will likely focus on the mechanisms used by S. mutans
to compete with other, less virulent oral bacteria, and the possi-
bility of using S. mutans–specific metabolic pathways as targets
for new therapeutic approaches to prevent dental caries.

Dedication

The authors dedicate this chapter to our deceased colleague, Dr
Robert E. Marquis, for his generosity of time, breadth of knowl-
edge, commitment to excellence, and mentorship of students
and faculty over five decades.
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