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Fluctuating environments force bacteria to constantly adapt and optimize the uptake of
substrates to maintain cellular and nutritional homeostasis. Our recent findings revealed
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improvement of cell growth. Through comparison of the medium composition and a
series of GFP quantification assays for measurement of PIrgA activation, we found that
acetate and potassium (K*) play important roles in eliciting PIrgA activation at stationary
phase. Of note, supplementation of pooled human saliva to T medium induced IrgAB
expression at stationary phase and in response to pyruvate, suggesting that LrgAB
is likely functional in the oral cavity. High concentrations of acetate inhibit cell growth,
while high concentrations of K+ negatively regulate IrgAB activation. gPCR analysis also
revealed that growth in T medium (acetate/K* limited) significantly affects the expression
of genes related to the catabolic pathways of pyruvate, including the Pta/AckA pathway
(acetate metabolism). Lastly, stationary phase IrgAB expression is not activated when
S. mutans is cultured in T medium, even in a strain that overexpresses lytST. Taken
together, these data suggest that IrgAB activation and pyruvate uptake in S. mutans are
connected to acetate metabolism and potassium uptake systems, important for cellular
and energy homeostasis. They also suggest that these factors need to be implemented
when planning metabolic experiments and analyzing data in S. mutans studies that may
be sensitive to stationary growth phase.
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INTRODUCTION

LrgAB homologs were recently reported to function as a pyruvate
transporter in Bacillus subtilis (Charbonnier et al., 2017; van den
Esker et al., 2017), and most recently in Streptococcus mutans
(Ahn et al,, 2019), a primary causative agent of human dental
caries. Although pyruvate has a large potential to modulate
various virulence traits via cell homeostasis for improved
survival and persistence of various bacteria (Busuioc et al., 20105
Chaudhari et al., 2016; Hawver et al., 2016; Vilhena et al., 2018,
2019), to date little is known about the role and regulation
of pyruvate in these organisms. However, interest in pyruvate
transporters and metabolism is growing, primarily as a result
of increasing evidence for their roles in biological fitness and
resuscitation in bacterial communities (Hawver et al., 2016;
Vilhena et al., 2019). Such roles of pyruvate may be especially
important to S. mutans, given its ability to withstand the limited
resources and environmental fluctuations experienced in the
oral cavity, and during pathogenic biofilm development on the
tooth surface. Pyruvate is excreted as an overflow metabolite
(Paczia et al,, 2012), thus a common nutrient in microbiome
environments such as the oral cavity (Takahashi et al., 2010;
Gawron et al.,, 2019). When bacterial cells experience nutrient
limitation (during the transition to stationary phase), they rapidly
initiate re-uptake of previously excreted pyruvate through LrgAB
(Paczia et al, 2012; Ahn et al., 2019). Consistent with the
observation of stationary phase uptake of pyruvate, we recently
found that although supplemented pyruvate had no impact on
the growth rate of S. mutans cells, it did prolong the exponential
phase of growth (Ahn et al.,, 2019), presumably enabling cells to
take up pyruvate according to their needs and ensuring long-
term survival. Along with other a-keto acids (i.e., a-ketoglutarate,
oxaloacetate), pyruvate is also known to effectively scavenge ROS
(Reactive oxygen species), including hydrogen peroxide (H,0,),
through a non-enzymatic oxidative decarboxylation mechanism
(Constantopoulos and Barranger, 1984; O’'Donnell-Tormey et al.,
1987; Desagher et al., 1997; Mizunoe et al., 1999). We recently
demonstrated that stationary phase IrgAB induction is modulated
by H,O; and by co-cultivation with the H,O,-producing oral
commensal, Streptococcus gordonii (Ahn et al., 2019), buffering
external sources of oxidative stress. Also, of note, the reaction of
pyruvate with H,O; produces water, CO,, and acetate (CH3-CO-
COOH + H;0, — CH3-COOH + H,0 + COy) (Giandomenico
et al., 1997), and acetate has also reported to be taken up into
bacterial cells in parallel with pyruvate under nutrient limited
growth conditions (Jolkver et al., 2009; Paczia et al., 2012), as well
as to cause cell death in S. aureus (Sadykov et al., 2013; Thomas
etal., 2014; Chaudhari et al., 2016). Therefore, these observations
further support a potential role for pyruvate as a signal to initiate
a metabolic response to deal with nutrient-limited conditions,
which may modulate homeostasis and virulence of bacteria.
From a S. mutans metabolic standpoint, pyruvate is produced
from glucose through glycolysis, and forms a node among a
partial TCA (tricarboxylic acid) cycle, fatty acid biosynthesis,
and biosynthesis of amino acids, such as leucine. These occur
via acetyl-CoA which is converted from pyruvate by the Pdh
(pyruvate dehydrogenase) complex or Pfl (pyruvate formate

lyase), depending on the presence or absence of oxygen, or
the limitation or excess abundance of a preferred sugar (e.g.,
glucose) (Abbe et al., 1991; Colby and Russell, 1997). Pyruvate
can be also fed to three different organic acid production
pathways, leading to excretion of lactate, acetate, and formate.
The production of this mixture of organic acids in an appropriate
ratio is beneficial to individual bacteria by maintaining cellular
redox balance (NAD'/NADH) and maximizing the ATP yield
per glucose to promote cell homeostasis. Due to its central
role in metabolism, Pdh is known to be regulated at both the
biochemical and genetic levels in Escherichia coli (Hansen and
Henning, 1966; Schwartz and Reed, 1970; Shen and Atkinson,
1970; Datta, 1991). In S. mutans, the genes encoding the
Pdh complex are also dramatically upregulated in response to
carbohydrate depletion, an expression pattern that is shared with
IrgAB, encoding a pyruvate uptake system (Busuioc et al., 2010;
Ahn et al., 2019).

It is interesting that stationary phase [rgAB expression
increases within 1 h, and the level of accumulated pyruvate
appears to be the primary stimulus for IrgAB induction and
subsequent pyruvate uptake (Kim et al., 2018; Ahn et al., 2019),
suggesting that the metabolic status of the cell and environment
may play a key role in pyruvate regulation. Since expression of
IrgAB and activity of LrgAB is modulated by external glucose
and oxygen levels (Ahn et al., 2010, 2019), pyruvate regulation
seems to be coordinated by environmental fluctuations. In this
study, we show the effect of specific growth medium constituents
on exponential phase and stationary phase IrgAB responses,
particularly the involvement of acetate and potassium (K1)
in coordinating the expression of IrgAB and the uptake of
pyruvate. These findings further suggest that LrgAB activity and
pyruvate uptake can be modulated by both environmental and
metabolic conditions.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

Streptococcus mutans UA159 and its derivative strains were
grown in brain heart infusion (BHI) medium (Difco) as
overnight static cultures at 37°C in a 5% CO, atmosphere.
Antibiotics were used to supplement growth media in the
following concentrations: erythromycin (10 pg/ml), kanamycin
(1 mg/ml), and spectinomycin (1 mg/ml). The media used
include BHI, chemically defined medium FMC (Terleckyj and
Shockman, 1975), T (Tryptone), TV (Tryptone/Vitamin), TY
(Tryptone/Yeast extract), and TVY (Tryptone/Vitamin/Yeast
extract) (Burne et al., 1987, 1999). All media were supplemented
by 11 mM glucose (named FMCI11, T11, TV11, TY11, and
TVY11, respectively), except for BHI. For growth measurements,
fresh medium was inoculated with 1:100 dilutions of overnight
cultures of S. mutans. Each medium was supplemented by
sodium pyruvate (Na-pyruvate; Fisher Scientific), as indicated
for each experiment. The optical density at 600 nm (OD
600) was measured at 37°C at 30 min-intervals using a
Bioscreen C growth curve analysis system. At least three
independent experiments, each in quadruplicate, were

Frontiers in Microbiology | www.frontiersin.org

March 2020 | Volume 11 | Article 401


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ahn et al.

Environmental Triggers of IrgAB Expression

performed. A representative result is presented in each
relevant figure.

Microplate Reporter Assay

GFP intensity of S. mutans strains harboring a PlrgA-gfp
reporter fusion, previously constructed (Lauderdale et al., 2010;
Son et al, 2012, 2015; Kim et al, 2018), were observed
using a Synergy microplate reader (BioTek) controlled by
Gen5 software (Kaspar et al., 2017, 2018; Kim et al., 2018).
Overnight cultures of the reporter strains were diluted 1:50
into 2 ml of BHI broth, grown to an ODgyp = 0.5, and
then diluted 1:50 into 175 pl fresh media, including BHI,
FMC11, T11, TV11, TY1l, and TVY11, in individual wells of
a 96-well plate (black walls, clear bottoms; Corning). Media
were supplemented by potassium chloride (KCl; Sigma-Aldrich),
potassium phosphate (K-phosphate; Fisher Scientific), sodium
pyruvate, sodium acetate (Na-acetate; Sigma-Aldrich), sodium
chloride (NaCl; Fisher Scientific), and sodium phosphate (Na-
phosphate; Fisher Scientific), as indicated for each experiment.
This reporter assay was also performed in TV11, supplemented
by commercial pooled human saliva (Innovative Research, MI).
Saliva was used after filter sterilization through a 0.22 pm
filter. The ODgpp and green fluorescence were monitored
(sensitivity = 45; excitation = 485 nm; emission = 520 nm)
at 30 min intervals. The fluorescence of wildtype harboring
plasmid without the reporter gene fusion was subtracted from
fluorescence readings of S. mutans strains harboring the PlrgA-
gfp gene fusion. At least three independent replicates, each in
triplicate, were performed. A representative result is presented in
each relevant figure.

Construction of lytST-Overexpressing

Strain

A strain constitutively expressing [ytST was constructed as
previously described (Ahn and Rice, 2016). Briefly, we first
generated a fragment (QKm-PIdh) containing a polar kanamycin
resistance gene (QKm) and a Idh promoter region (Pldh),
replacing the promoter region of IytS (PlytS). Two ~0.45-
kb fragments flanking the —35 and —10 sequences of the
IytS promoter were PCR-amplified, ligated into the QKm-
Pldh cassette, and transformed into S. mutans. Transformants
were selected on BHI agar containing kanamycin, and double-
crossover recombination into each gene was confirmed by PCR
and sequencing to ensure that no mutations were introduced
into flanking genes. This [ytST-overexpressing strain (SAB163)
was then transformed by the PlrgA-gfp construct for GFP
quantification assay.

Measurement of Extracellular Pyruvate

Levels

Streptococcus mutans UA159 wild-type strain was grown in
BHI, TV11 or TY11l medium. For time course measurements
of extracellular pyruvate during growth, samples (250 1) were
taken at 1-2 h intervals and 100 pl was used to measure
the ODgpo in a spectrophotometer for monitoring growth.
The rest of volume (150 pl) was centrifuged for 2 min at

18,000 g to remove the cells, and pyruvate concentration of the
supernatant were quantified with an EnzyChrom™ pyruvate
assay kit (BioAssay Systems, Hayward, CA, United States),
according to the manufacturer’s instructions. The results are
average or representative of two independent replicates, each
performed in duplicate.

Quantitative Real-Time PCR (qPCR)
Assay

To measure the expression of genes using qPCR, S. mutans
UA159 was grown in BHI, FMCI11 and TV11 broth at 37°C in
a 5% (vol/vol) CO; atmosphere. Cells was also grown in TV11,
supplemented by 10 mM KCl, to verify the effect of potassium on
stationary phase IrgAB induction. To measure growth-dependent
expression of genes related to pyruvate metabolism, cells were
harvested in early-exponential and -stationary growth phases.
Extraction of RNA, qPCR, and data analysis were performed
as described elsewhere (Ahn et al., 2012; Ahn and Rice, 2016;
Rice et al., 2017). Expression was normalized against an internal
standard (gyrA). Statistical analyses were performed on data
generated from 7 = 3 independent experiments using an unpaired
t-test.

RESULTS

The Magnitude of PIrgA Activation and
Pyruvate Flux in Response to Stationary

Phase Depends on the Growth Media

We have recently shown that the IrgAB promoter (PlrgA)
is activated in cells which face glucose depletion (stationary-
phase) and sense the presence of extracellular pyruvate, typically
secreted as an overflow metabolite during exponential growth
(Ahn et al, 2019). For measurement of PlrgA activation, we
utilized a fluorescent strain, previously created by fusing the
PlrgA to gfp in a shuttle vector and introduced the construct
into S. mutans wild-type UA159 (UA159/PlrgA-gfp) (Kim et al,
2018; Ahn et al, 2019). The fluorescence intensity of green
fluorescent protein (GFP) to quantify PlrgA activation was
measured in cultures grown in FMC medium (Terleckyj et al.,
1975), because a rich medium, such as BHI, generates a very
large autofluorescence background. i.e., the fluorescence intensity
in plain BHI is about 3-fold higher than that in plain FMC.
However, we noticed that when we measured the response of
PlrgA during growth in BHI, stationary phase induction of IrgAB
was about 75% reduced (Figure 1B), compared to that observed
in FMC11 (Figure 1A). In both media, containing the same
glucose level (11 mM), cells reached the onset of stationary phase
in 6.5 h, in which glucose seems to be exhausted, as reported
previously (Ahn et al,, 2019). Nevertheless, the final yield was
higher in BHI (ODggp = 0.56) than FMCI1 (ODggp = 0.47),
suggesting that the primary carbohydrate was more actively
metabolized for cell growth than other metabolic pathways and
cellular processes in BHI. The maximum level (~80 pM) of
pyruvate excreted during growth in BHI medium was also about
80% reduced (Supplementary Figure S1), compared to that
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(~400 wM) observed in FMC11 (Ahn et al., 2019), supporting
the previously-observed pyruvate concentration dependence of
PlrgA activation. Since both BHI and FMCI11 media had the
same glucose content (11 mM), the lower-than expected pyruvate
excretion in BHI, compared to that in FMC11, could reflect other
significant differences between the compositions of these two
media which may affect PlrgA activation and pyruvate flux. To
further evaluate dependence of PlrgA activation and pyruvate
flux on media composition, we also monitored the response
of PlrgA over growth in two different tryptone-based media,
TY (Tryptone/Yeast extract) and TV (Tryptone/Vitamin mix)
media (Burne et al, 1987, 1999), both used extensively for
S. mutans studies. Both TY and TV media were supplemented
by 11 mM glucose (named TY11l and TVI1I1, respectively),
equivalent to the concentration found in BHI and FMCI1
media. Growth in TYI11 still generated a sharp PlrgA signal
upon entry to stationary growth phase (Figure 2A), as observed
in both FMCI11 and BHI cultures (Figures 1A,B). However,
the maximum level of PlrgA activation in TY11 (Figure 2A)
was about 25% lower than in FMC11 (Figure 1A) but higher
than in BHI (Figure 1B). Another difference in TY11 is that
the activated PlrgA level rapidly declined at the beginning of
stationary phase (Figure 2A), suggesting that S. mutans cells
may experience a metabolic shift different from that which
occurs in FMCI11. In contrast, when the reporter strain was
cultivated in TV11, stationary phase PlrgA activation was almost
undetectable (Figure 2E). A similar inhibitory response on PlrgA
was also observed when the strain was cultivated in T11 medium,
lacking vitamin mix (Supplementary Figure S2A), indicating
that stationary phase repression of PlrgA was not due to the
vitamin mix in TV1l. Notably, when we added 0.3% yeast
extract (equivalent to that used in TY11) into TV11 (named
TVY11) and cultivated the reporter strain, the response of
PlrgA to stationary phase was restored to comparable levels
as observed in TY11 (Supplementary Figure S2E), indicating
that growth in tryptone alone as a peptide source provides
an unsuitable environment for stationary phase response of
PlrgA that requires unknown constituent(s) found in yeast
extract, as well as FMC and BHI. Given the correlation between
overflowed pyruvate levels and PlrgA activation (Ahn et al,
2019), we also measured the extracellular concentration of
pyruvate during cultivation of the S. mutans wild-type strain
in TV11 and TY11. As shown in Figure 2I, the TV11 culture
excreted levels (~225 wM) of pyruvate about 44% less to that
observed in FMC11 (~400 wM) when peak levels of pyruvate
are observed (Ahn et al., 2019). The re-uptake of pyruvate was
also markedly decelerated and over 40% of excreted pyruvate
still remained in TV11 medium until 3 h after the onset of
stationary phase (Figure 2I). Even in TY11 culture, the peak
level (~160 wM) of pyruvate excreted during growth was about
60% reduced, compared to that previously observed in FMCl1,
but pyruvate concentrations were rapidly depleted (Figure 2J),
similar as previously observed in FMCI11 culture (Ahn et al,
2019). Thus, these results suggest that PlrgA activation is not
dependent on the excreted pyruvate concentration only, and can
be blocked by additional factor(s) or mechanism(s) present in
TV11 cultures.

A FMC11 B BHI
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FIGURE 1 | PIrgA activation in both chemically-defined FMC11 and rich
complex BHI media. The PlrgA-gfp reporter strain was grown in FMC
medium, supplemented by 11 mM glucose (FMC11, (A), and BHI (brain heart
infusion, (B). Relative gfo expression (gray circle) and cell growth (ODggp;
black diamond) were monitored during growth on a plate reader (see section
“Materials and Methods” for details). The results are representative of five
independent experiments.

The Response of PIrgA to External
Pyruvate Is Reduced When the Cell Is

Cultured in Tryptone

To further explore the blockage of PlrgA activation in TV11,
we assumed that excreted pyruvate may be unable to normally
stimulate PlrgA in TV11 cultures. Thus, we tested three different
pyruvate concentrations to evaluate whether PlrgA activation still
depends on external pyruvate concentrations in TV11 cultures,
as previously observed in FMC11, showing that supplementation
of 1 mM exogenous pyruvate to FMC11 at time of inoculation
elevates the IrgAB induction level by about 3-fold (Ahn et al.,
2019). In that study, the degree of PlrgA activation increased
linearly with increasing concentrations of pyruvate up to 10 mM,
and further increase of supplemented pyruvate led to a decrease
of PlrgA activation (Ahn et al, 2019), presumably due to a
negative feedback regulation acting on LytST by the presence
of high levels of extracellular pyruvate (Charbonnier et al,
2017; Ahn et al, 2019). However, the response of PlrgA
to 1 mM (Figure 2F), 10 mM (Figure 2G), and 40 mM
(Figure 2H) exogenous pyruvate in TV11 was not remarkable,
only showing a moderate increase at stationary phase. This result
suggests that the response of PlrgA to external pyruvate may be
interfered with in TV11 cultures. More interestingly, supplying
exogenous pyruvate to TV11 led to the activation of PlrgA during
exponential phase (Figures 2F-H), implying that extracellular
pyruvate may be taken up and consumed by S. mutans cells
even before glucose is depleted in TV11. The early activation
of PlrgA was most evident in the presence of 10 mM pyruvate
(Figure 2G) compared to 1 mM pyruvate (Figure 2F). However,
no further activation was observed in the presence of 40 mM
pyruvate (Figure 2H). A similar trend was also observed in T11
medium, supplemented by pyruvate (Supplementary Figures
S2A-D), further supporting that the vitamin mix in TV11 has
no influence on the response of PlrgA to extracellular pyruvate.
When we repeated this experiment in TY11, which allowed a
moderate and short activation of PlrgA (Figure 2A), the same
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FIGURE 2 | Change of PIrgA activity and extracellular pyruvate during growth in TY11 and TV11 media, supplemented by different concentrations of extracellular
pyruvate. For measurement of PlrgA activation, the PlrgA-gfp reporter strain was grown in a low (11 mM)-glucose TY (TY11, A=D) and TV (TV11, E=H) media,
supplemented by O (A,E), 1 (B,F), 10 (C,G), 40 mM (D,H) pyruvate (pyr). Relative gfo expression (gray circle) and cell growth (ODggo; black diamond) were
monitored during growth on a plate reader (see section “Materials and Methods” for details). The results are representative of three independent experiments. For
measurement of extracellular pyruvate, S. mutans wild type UA159 was grown in TV11 (I) and TY11 (J). For time course measurements of extracellular pyruvate and
growth, samples were taken at 1 or 2 h intervals (see section “Materials and Methods” for details). The concentration of pyruvate was determined using an
EnzyChrom pyruvate assay kit, and cell growth was measured by the optical density at 600 nm (ODgp). Bars indicates the average concentration of extracellular
pyruvate; solid line with circles indicates the corresponding growth curve. The results are average of two independent experiments. Error bars = standard deviation.
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early activation of PlrgA was observed with supplementation of
1 mM (Figure 2B), 10 mM (Figure 2C), and 40 mM (Figure 2D)
pyruvate. However, the stationary phase activation of PlrgA also
increased with supplementation of 1 mM and 10 mM pyruvate,
although it did not seem to occur in a dose-dependent manner,
as was observed in FMC11 (Ahn et al., 2019). Further increase
of supplemented pyruvate (40 mM) led to a drastic decrease of
PlrgA activation, presumably due to negative feedback regulation

(Ahn et al,, 2019). These observations suggest that growth in
tryptone-based media may perturb fluxes in central carbohydrate
metabolism in a different way from that observed in FMCI11,
subsequently modulating the timing to take up external pyruvate.
We also observed that high levels (10 mM and 40 mM) of
external pyruvate prolongs the exponential growth of S. mutans
in TY11 (Figures 2C,D) but not in TV11 (Figures 2G,H), in
accordance with the PlrgA activation data. Again, this trend
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FIGURE 3 | The effect of exogenously added pyruvate on the growth of S. mutans wild-type and IrgAB-overexpressing strains. Wild type (A,B) and
IrgAB-overexpressing (UA159/184-IrgAB; C,D) strains were grown in TV11 (A,C) and TY11 (B,D), supplemented by different concentrations of pyruvate (0, 1, 10,
and 40 mM). Optical density at 600 nm was monitored every 30 min at 37°C using the Bioscreen C lab system. The results are representative of three independent
experiments.

was also observed in TVY1l, supplemented by extracellular
pyruvate (Supplementary Figures S2E-H), further supporting
that the stationary-phase response of PlrgA can be enhanced
by a constituent(s) included in yeast extract. To verify these
read-outs, we monitored growth of the wild-type strain in TV11
and TY11, supplemented with increasing amounts of pyruvate
(0, 1, 10 and 40 mM) using a Bioscreen C plate reader. As
expected, supplementation of pyruvate to TV11 had no clear
effect on further cell growth at stationary phase (Figure 3A),
while supplemented pyruvate prolonged the exponential phase
of growth in a dose-dependent manner in TY11 (Figure 3B).
No obvious change was observed during exponential growth
in the same conditions, although PlrgA was activated during
exponential phase (Figures 2B-D,F-H). To determine if this
phenotype was due to insufficient exponential phase activation
of PlrgA, we monitored growth of a strain overexpressing IrgAB
(UA159/184-IrgAB) (Ahn and Rice, 2016), in this same condition.
The addition of external pyruvate to TV11 (Figure 3C) and TY11
(Figure 3D) markedly enhanced the growth rate of the IrgAB
overexpression strain. However, no further growth enhancement
was observed at stationary phase in TV11 (Figure 3C), while
the addition of external pyruvate to TY11 effectively prolonged

exponential growth (Figure 3D). In BHI, added pyruvate had
no impact on growth rate of the IrgAB-overexpressing strain
but still effectively prolonged exponential growth in a dose-
dependent manner (Supplementary Figure S3). Taken together,
these results suggest that external pyruvate can be taken up and
consumed as a carbon source even during exponential growth
(or in the presence of excess glucose) when the cell is grown
in tryptone-based media. They also suggest that the uptake
and utilization of external pyruvate for further cell growth at
stationary phase may be elicited by a constituent(s) that is absent
in tryptone but present in yeast extract, as well as that may be
required for the activation of LytST-LrgAB circuit.

Acetate Contributes to the Response of
PIrgA to Stationary Phase

We assumed that the potential medium constituent(s), mediating
stationary phase PlrgA activation, may be most abundant in
FMCI11, relative to BHI and TY11, but lacking in TV11. Thus,
we set out to test the effect of several major components of
FMC on PlrgA activation by removing each component from
FMC, using the same gfp reporter strain. FMC contains an
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FIGURE 4 | The effect of the major compositions of FMC medium on PlrgA activation. The PlrgA-gfo reporter strain was grown in a complete FMC11 (A) and
FMC11, lacking carbonate (-carb, B), acetate (-ace, C), or citrate (-cit, D). Relative gfo expression (gray circle) and cell growth (ODggo; black diamond) were
monitored during growth on a plate reader (see section “Materials and Methods” for details). The results are representative of three independent experiments.

assortment of amino acids, vitamins, and metals, required for
normal cell growth, as well as Na-acetate (73.14 mM), Na-
citrate (7.65 mM), and Na-carbonate (12.8 mM) as bulk growth
components (Terleckyj et al., 1975). Here, we evaluated whether
Na-acetate, Na-citrate, or Na-carbonate contributes to PlrgA
activation at stationary phase, because they are likely included
in FMC at higher concentrations than those in tryptone. Na-
carbonate is known to increase growth yield of S. mutans, due
to its increased buffering capacity and an active role of CO;
fixation in the metabolism of the organism (Terleckyj et al,
1975). As shown in Figure 4B, when the reporter strain was
cultivated in FMC11, lacking Na-carbonate, both growth yield
and response of PlrgA to stationary phase moderately decreased,
compared to that observed in the compete FMC11 (Figure 4A).
After normalization by cell growth (ODggp), the PlrgA activity
was less than 10% reduced relative to that in FMC (data not
shown). The final pH was also similar in both cultures (data
not shown). Thus, it suggests that the contribution of Na-
carbonate to PIrgA activation is not major. Interestingly, when the
reporter strain was cultivated in FMC11, lacking Na-acetate, the
growth was slightly enhanced but the stationary phase response
of PlrgA was more than 35% reduced (Figure 4C), compared
to that in the complete FMC (Figure 4A), indicating that Na-
acetate contributes to PlrgA activation. To verify the effect of
Na-acetate on PlrgA activation, we also cultivated the reporter
strain in TV11, unfavorable for PlrgA activation, supplemented
by 73.14 mM Na-acetate (the same concentration as in FMC) and
monitored the response of PlrgA throughout growth. Figure 5A
confirms that PlrgA is not activated in TV11 (Figure 2E). The
addition of Na-acetate into TV11 markedly triggered PlrgA
activation up to about 55% level of that observed in the complete
FMC (Figures 4A, 5B). The addition of 73.14 mM Na-acetate to
TV11 has no significant effect on pH (data not shown). The high
concentration of sodium (Nat) in Na-acetate does not seem to
be a major contributor to PlrgA activation, although the addition
of sodium chloride (NaCl; 73.14 mM) to TV11 had a slight
effect on PlrgA activation (Figure 5C). Therefore, these results
suggest that the acetate, included in FMC at a high concentration,

substantially contributed to PlrgA activation, particularly at
stationary phase. As shown in Figure 5B, high concentration
of acetate inhibited growth, extending lag-phase and lowering
the final yield, in accordance with the observation for growth
enhancement in FMCI1 lacking Na-acetate (Figure 4C). The
growth defect conferred by high acetate levels is known to be
a metabolic consequence (Smirnova and Oktiabrskii, 1988; Axe
and Bailey, 1995; Pinhal et al., 2019), although its underlying
mechanism still remains elusive. Nevertheless, this result suggests
that the extracellular concentration of acetate affects PlrgA
activation. Lastly, when we performed the experiment in FMCl1,
lacking Na-citrate, we observed that the growth yield and PlrgA
activation were only slightly enhanced (Figure 4D) relative to
complete FMCI11 (Figure 4A), suggesting that citrate has no
marked effect on PlrgA activation. We also observed that the
addition of metals (Mg?**, Fe?*, and Mn?") to TVI11 at the
concentration equivalent to that included in FMC had no obvious
effect on PlrgA activation (data not shown), suggesting that traces
of metals are not major contributors to PlrgA activation.

Potassium (K*) Is Important for PIrgA
Activation

In our recent study, we showed that PlrgA activation was
significantly inhibited by two hydrophobic protonophores,
CCCP (carbonyl cyanide m-chlorophenyl hydrazine) and DNP
(2,4-dinitrophenol) (Ahn et al., 2019), suggesting that pH change
may have an effect on PlrgA activation. In fact, the culture
pH varies in different media during exponential phase, and
this possibly contributes to the different activation of PlrgA.
Supplementary Figure S4 shows that the culture pH in FMCI11
falls fairly steadily from 7.0 to 5.8 as cells progress into late-
exponential phase (Supplementary Figure S4A). In BHI, TY11,
and TV11, the pH further falls to 5.6, 5.3, and 5.3, respectively
(Supplementary Figures S4B-D). Thus, although an acidic
environment does not necessarily impact PlrgA activation, it is
possible that FMC is more buffered than the others, leading to
the highest activation of PlrgA. In this regard, FMC contains
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FIGURE 5 | Evaluation of the potential elicitors for the activation of PirgA in TV11. The PlrgA-gfp reporter strain was grown in TV11 (A) and TV11, supplemented by
73.14 mM acetate (ace, B), 73.14 mM NaCl (C), 10 mM K-phosphate (kTV11, D), 10 mM Na-phosphate (nTV11, E), and 10 mM KCI (F). Relative gfo expression
(gray circle) and cell growth (ODggo; black diamond) were monitored during growth on a plate reader (see section “Materials and Methods” for details). The results
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10 mM potassium (K™)-phosphate as a relatively mild pH buffer
(Terleckyj et al., 1975). So, we buffered TV11 with the same
concentration of K-phosphate (named kTV11), cultivated the gfp
reporter strain for measurement of PlrgA activation in kTV11,
and monitored the GFP intensity over growth. Interestingly,
PlrgA activation was markedly elicited at stationary phase in this
buffered TV (Figure 5D), similar to that in TY11 (Figure 2A).
As well, the addition of 1, 10, and 40 mM pyruvate to kTV11
(Supplementary Figures S5B-D) exhibited similar patterns of
PlrgA activation and prolonged exponential growth to those
observed in TY11 (Figures 2B-D). When we monitored the
pH change during growth in kTV11, the culture pH fell to 5.3
(Supplementary Figure S4E) that is close to those in TV11 and
TY11 (Supplementary Figures S3C,D). This suggests that PlrgA
activation in kTV11 was not due to pH buffering but possibly
to potassium (KT). To test this, K-phosphate was replaced by
equimolar quantities of sodium (Na)-phosphate in TV11 (named
nTVI11) and we repeated the experiment. As anticipated, the

degree of PlrgA activation in nTV11 was markedly reduced
(Figure 5E), compared to that in kT'V (Figure 5D), although
a slight activation of PlrgA was observed. The response of
PlrgA to increasing concentrations of external pyruvate (1, 10,
and 40 mM) in nTV11 (Supplementary Figures S5E-H) is
much closer to those in TV11 (Figures 2F-H), suggesting
that KT was a key player in stationary phase PlrgA activation.
Also, of note, supplemented pyruvate was utilized for further
cell growth at stationary phase in kTVI11 (Supplementary
Figures S5C,D, S6A), similar to that in TY11 (Figures 2C,D,
3B), but not in nTV11 (Supplementary Figures S5G,H, S6B).
To verify the involvement of K' in PlrgA activation, the
experiment was repeated in TV11, supplemented by 10 mM
potassium chloride (KCl). The trend of PlrgA activation in
TV11 supplemented by KCl (Figure 5F) was similar to that in
kTV11 (Figure 5D) and TY11 (Figure 2A). To verify the read-
out by GFP fluorescence, we also monitored changes in the
expression of IrgAB during the transition to stationary phase in

Frontiers in Microbiology | www.frontiersin.org

March 2020 | Volume 11 | Article 401


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ahn et al.

Environmental Triggers of IrgAB Expression

A V11 B KTV11 (1mM) c KTV11 (5 mM)
1200 - 09 1200 - 09 1200 - 09
2 1000 2 1000 2 1000
g - 07 § 07 § - 07
800 800 800
€ o E o E 5
8 600 058 & 600 05 § 2 e - 058
: g § g 3 g
@ 400 , 2 400 2 400
S - 03 S - 03 g - 03
2 20 2 20 2 20
0 0.1 0 L 01 0 L 0.1
036 9121518 0369121518 0369121518

Time (hr)

=0 PirgA Aclivily —4=—Growth Curve

Time (hr)

=P rgA Aclivily —a=—Growth Curve

Time (hr)

=0 PlrgA Aclivily —4=— Growth Curve

b KTV11 (10mM) E KTV11 (20 mM) KTV11 (40 mM)

1200 - 09 1200 09 1200 - 09
2 1000 & 1000 & 1000
% - 07 § 0.7 § 07
2 a0 . E 800 . 800 .
8 600 L0583 € 600 058 &8 60 058
8 - s § -
2 400 2 400 2 400
3 - 03 03 g - 03
200 é 200 & 200

0 - 0.1 0 01 0 L 0.1
036 9121518 036 9121518 0369121518

Time (hr)

=0—PIrgA Activity =—e—Crowth Curve

Time (hr)

=—0—PlrgA Aclivily =—e—GCrowth Curve

Time (hr)

=—o0—PlrgA Activity —e— Growth Curve

FIGURE 6 | The effect of different concentrations of potassium on eliciting the PIrgA activation in TV11. The PlrgA-gfo reporter strain was grown in TV11,
supplemented by different concentrations of potassium (A, 0 mM; B, 1 mM; C, 5 mM; D, 10 mM; E, 20 mM; and F, 40 mM) as K-phosphate (kTV11). Relative gfo
expression (gray circle) and cell growth (ODggo; black diamond) were monitored during growth on a plate reader (see section “Materials and Methods” for details).

The results are representative of three independent experiments.

TV11 with and without 10 mM KCI, using quantitative real-
time PCR (qRT-PCR). As shown in Supplementary Figure S7,
the addition of KCI to TV medium led to a greater increase
of PlrgA activation in stationary phase compared to growth
in TV without supplementation, further supporting the results
measured by GFP quantification. Therefore, these results strongly
suggest that PlrgA activity can be modulated in response to
K" availability. Furthermore, to assess the K* concentration
dependence of PlrgA activation, we monitored PlrgA activation
in TV11 supplemented with increasing amount of K-phosphate
(from 1 to 40 mM). Figures 6A,B show that PlrgA activation
can be elicited by addition of 1 mM K-phosphate to TV11 but

does not increase in a dose-dependent manner (Figures 6C-
F). Conversely, it declines by addition of high concentrations
of K-phosphate (20 and 40 mM; Figures 6E,F). This trend was
also observed in FMCI11, supplemented by increasing amount of
K-phosphate (from 10 to 100 mM; Supplementary Figures S8A-
D). The activation level of PlrgA decreased as the concentration
of K-phosphate increased. This reduction was most drastic
between 20 and 50 mM (Supplementary Figures S8C,D). This
observation suggests that K™ may be required for stationary
phase PlrgA activation that would be rapidly switched oft if
cells encounter a sudden increase in the environmental K
concentration. As summarized in Supplementary Figure S9, the
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FIGURE 7 | The activation of PIrgA in the presence of saliva. The PlrgA-gfo
reporter strain was grown in TV, supplemented by commercial pooled human
saliva (PS) at 1:1 ratio (TV:PS), without (A) or with (B) pyruvate (1 mM).
Relative gfp expression (gray circle) and cell growth (ODggo; black diamond)
were monitored during growth on a plate reader (see section “Materials and
Methods” for details). The results are representative of two independent
experiments.

data show that high level of PlrgA activation in FMC11 is due to
acetate and K that may be scarce or absent in tryptone.

PIrgA Is Activated in the Presence of
Saliva

Given that medium components, such as acetate and K, play an
important role in eliciting PlrgA activation at stationary phase, we
next wondered if [rgAB can be actually induced in vivo, i.e., in the
oral cavity. To explore this, we attempted to monitor the response
of PlrgA over growth in the presence of pooled human saliva (PS).
The PlrgA-gfp reporter strain was grown in TV (non-inducing
medium), supplemented by commercial PS at 1:1 ratio (PS:TV),
due to relatively high viscosity of PS. The final glucose content
was set to 11 mM. As shown in Figure 7A, the supplementation of
PS to TV medium by 50% noticeably elicited PlrgA activation at
stationary phase. Also, of note, the addition of 1 mM pyruvate to
the PS-supplemented TV medium increased the PlrgA signal by
>2-fold (Figure 7B). Thus, these results suggest that IrgAB can
be induced and respond to external pyruvate in the presence of
saliva which may contain nutrient component(s), including K+,
required for PlrgA activation.

The Effect of Tryptone on Pyruvate
Metabolism

Since the level of acetate, a major by-product of pyruvate, impacts
PlrgA activation, we decided to monitor changes in the expression
of pyruvate catabolism-related genes during the transition to
stationary phase in BHI, FMC11 and TV11 cultures, using qRT-
PCR. We first confirmed that [rgAB was dramatically upregulated
at early-stationary phase, compared to early-exponential growth
phase by about 32,000-fold in BHI and by about 7,850-fold
in FMCI11, while no significant change was observed in TV11
(Table 1). The pdhC gene, encoding one of the components of
the pyruvate dehydrogenase complex (Pdh), was also remarkably

upregulated at early-stationary phase, compared to that of early-
exponential phase, by about 795-fold in BHI and by about 635-
fold in FMCI11, in agreement with our previous observation
(Ahn et al,, 2012, 2019). In contrast, in TV11, pdhC was not
differentially expressed between the two growth phases (Table 1).
In the absence of oxygen, pyruvate can be also converted by
pyruvate formate lyase (Pfl) to acetyl-CoA and formate. The
expression of pfl, encoding Pfl, was also markedly increased in
both BHI and FMCII, but not in TV11. Thus, these results
indicate that the conversion of pyruvate to acetyl coenzyme
(acetyl-CoA) by Pdh and Pfl is strongly correlated with the
regulation of IrgAB. By this logic, the repression of PlrgA at
stationary phase in TV11 may result, in part, from inefficient
conversion of pyruvate to acetyl-CoA. Acetyl-CoA is further
metabolized to acetate with the production of one molecule of
ATP by the Pta-AckA pathway (Carlsson et al., 1985). qPCR
analysis showed that pta was upregulated by about 5.3-fold in BHI
and by about 3.7-fold in FMC, respectively, while the expression
was still not altered in TV11, as cells approached stationary phase
(Table 1). However, ackA was moderately downregulated in all
media, although the differential expression was not significant
in TV11. Thus, increased acetyl-CoA levels by Pdh and Pfl
seems to induce the expression of pta, encoding phosphate
acetyltransferase (Pta), responsible for the conversion of acetyl-
CoA to acetyl-P. Nevertheless, the increased level of acetyl-P
does not appear to affect the activity of AckA (acetate kinase),
responsible for the conversion of acetyl-P to acetate, which may
be more tightly regulated, considering that acetyl-P is known to
transfer phosphate groups to and acetylate regulatory proteins
(Fox et al., 1986; Kim et al., 1996, 2001; Gueriri et al., 2008;
Liu et al., 2009; Castano-Cerezo et al., 2014; Kuhn et al., 2014).
Similar to pta, the expression of adhE, encoding acetaldehyde
dehydrogenase, responsible for the conversion between acetyl-
CoA and acetaldehyde, was markedly upregulated by about 4.7-
fold in BHI and by 5.5-fold in FMC11, while down-regulated in
TV11, as cells approached stationary phase, further supporting
the idea that increased acetyl-CoA levels may elicit its catabolic
pathways. Overall, these observations suggest that growth in
a low-glucose tryptone medium impacts the catabolism and
overflow of pyruvate as the cells approach stationary phase,
consequently modulating the need and capacity of the organism

TABLE 1 | The comparison of pyruvate metabolism-related gene expression in
early-exponential (EE) vs. -stationary (ES) growth phases of S. mutans UA159 by
real-time gPCR.

Fold-change (ES/EE)

BHI FMC11 TVI1
IrgA 7,850.40" 32,004.90* 0.65
pdhC 795.72¢ 635.02* 0.99
pfl 27.36* 3.47% 0.47
pta 5.35" 3.69" 0.65
ackA 0.62+ 0.33" 0.5
adhE 4.76* 5.52% 0.02*

Statistical analyses were performed using an unpaired t-test. *P < 0.01; ¥ P < 0.05.
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to take up external pyruvate. They further suggest that PlrgA
activation and pyruvate flux are coordinated at both the genetic
and metabolic levels in pyruvate pathways.

Repression of Irg at Stationary Phase of

TV Cultures Is Independent of LytST

Given that [rgAB expression requires activation by LytST TCS
(Ahn et al.,, 2010), we wondered if stationary phase repression
of IrgAB in TV11 cultures occurred through LytST. To explore
this idea, we introduced the PlrgA-gfp construct into the IytST-
overexpressing strain (SAB163), in which IytST was equally
overexpressed under the control of a Idh promoter and ribosome
binding site (RBS) over growth. We observed that IytS was about
10-fold more expressed in SAB163 using real-time qPCR, relative
to that in the wild-type (data not shown). Notably, overexpression
of IytST remarkably relieved the repression of Irg during
exponential growth in TV11, but stationary phase induction of
Irg still appeared to be suppressed (Figure 8A). However, when
we monitored the expression of Irg during growth in FMC11,
we observed that the expression of Irg was induced during
exponential growth, and dramatically elevated at stationary phase
(Figure 8B). These results suggest that repression of IrgAB during
growth may be primarily due to inaccessibility of LytT to the
promoter region of IrgAB, but stationary phase repression of
Irg in TV11 cultures occurs independently of LytST. Even when
the reporter strain was cultivated in TV11, supplemented by
10 mM pyruvate, stationary phase induction of Irg was still
not evidently elevated, even though exponential phase induction
of Irg increased in response to supplementation of pyruvate
(Figure 8C). Intriguingly, in FMCI11 cultures, we also noticed
that there was a short lag phase between late-exponential and
stationary phase, suggesting a metabolic/regulatory transition for
Irg expression (Figure 8B).

DISCUSSION

The question of how PlrgA activation (for pyruvate uptake) is
regulated is of importance for understanding the metabolism of
S. mutans, but may also have implications for therapeutic
application to restrict the survival of this organism in
a metabolically competitive oral microflora (i.e, during
development of plaque biofilms). Here we show that the response
of PlrgA can be remarkably altered by nutrient concentrations
other than glucose, which was previously shown to be critical for
PlrgA activation (Ahn et al,, 2010, 2019; Kim et al., 2018). It is not
surprising, because pyruvate is a central carbon metabolite and in
flux among several key pathways, responsible for the production
of acetyl-phosphate, organic acids and ATP, and the conversion
of NAD/NADH. Our new data presented here suggest that the
composition of the growth medium modulates the degree and
timing of PlrgA activation, consequently determining how and
when environmental pyruvate is taken up by the cell, which in
turn may facilitate cellular adaptation. We tested both complex
culture media (BHI, TV and TY) and chemically-defined
medium (FMC), all of which are frequently used in S. mutans
laboratory experiments. It is possible that the alleviated stationary

phase response of PlrgA observed in complex media, such as
BHI and tryptone media, is attributable to accelerated pyruvate
consumption in the cell, consequently reducing excretion of
pyruvate during growth and subsequent activation of PlrgA.
Indeed, complex media provides needed precursors for the
biosynthesis of macromolecules. A remarkable finding in this
study is that stationary phase PlrgA activation is very limited
in low-glucose tryptone (T) medium (or TV). During growth
in T medium, the response of PlrgA to external pyruvate does
not follow a typical “burst” of expression in stationary-phase.
Instead, PlrgA appears to be activated during exponential growth
in T medium. Our results suggest that bacteria monitor the
extracellular environment and may need to sense additional
extracellular nutrient(s) or metabolite(s) in order to adapt their
transport capacities and metabolism for utilization of alternative
carbon source to ensure long-term survival. If identified, these
extracellular factor(s) may have potential to limit the survival
and persistence of the organism.

It may not be surprising that the level of external acetate
has an impact on eliciting PlrgA activation at stationary phase,
considering that acetate is excreted as an overflow metabolite
during growth to eliminate extra redox potential when glucose
is no longer oxidized to CO;. The accumulation of acetate in
the medium inhibits growth, although its underlying mechanism
remains elusive. Possibly, acetate may be protonated to acetic
acid (diffusible form), which subsequently dissociates into acetate
and proton in the cell, as environmental pH approaches the pKa
(~4.8) of acetate. Thus, the excess protons need to be pumped
out of the cell in order to maintain the membrane potential.
But this process costs ATP and draws away energy from growth
(Smirnova and Oktiabrskii, 1988; Axe and Bailey, 1995). More
interestingly, the cytoplasmic acidification by excess acetate has
been hypothesized to potentiate cell death in S. aureus, which
is mediated by cidBC (Rice et al., 2005; Thomas et al., 2014),
the other components of the cid/lrg system (Ahn et al.,, 2010).
Thus, the hypothesized role of LrgAB in induced cell death
and lysis may be attributed to changes of environmental acetate
and pyruvate levels, overflowed during growth. Considering that
acetate is the major by-product of pyruvate reaction with H,O,
the environmental level of acetate may serve as another metabolic
cue to elicit LrgAB as a pyruvate uptake system, facilitating
cellular adaptation and competition with H,O,-producing oral
commensals. In fact, acetate is fairly abundant (18-56 mM)
in plaque fluids (Margolis and Moreno, 1994), likely sufficient
to at least stimulate LrgAB for uptake of pyruvate under a
carbohydrate-limited condition. We are currently investigating
how LrgAB and environmental pyruvate levels influence the
interaction between S. mutans and S. gordonii as a function of
long-term survival and persistence, and whether acetate mediates
the functional interplay between Cid and Lrg, postulated in
previous studies (Ahn et al., 2010; Ahn and Rice, 2016).

At high concentrations of external acetate, the flux direction
of the Pta-AckA pathway, responsible for the conversion of
pyruvate to acetate, can perturbate fluxes in central metabolism
and allow the cell to consume acetate while growing on glucose
(Pinhal et al., 2019). In accordance with this, our real-time
qPCR analysis shows that the expression of genes, encoding the
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FIGURE 8 | The activation of PIrgA in a lytST-overexpression strain. The PlrgA-gfp reporter strain in a lytST overexpressing background (SAB163) was grown in
TV11 (A), FMC11 (B), and TV11, supplemented by 10 mM pyruvate (pyr, C). Relative gfo expression (gray circle) and cell growth (ODggp; black diamond) were
monitored during growth on a plate reader (see section “Materials and Methods” for details). The results are representative of three independent experiments.

key enzymes related to pyruvate catabolism, including the Pta-
AckA pathway, are significantly altered during the transition
to stationary phase in FMC (acetate enriched) but not in TV
(acetate limited). Excess acetate may also change the intracellular
concentration of acetyl-P, known to transfer phosphate groups
to regulatory proteins, including LytT, responsible for expression
of IrgAB. In our study, it is unclear whether and how
external acetate and pyruvate interplay to maintain metabolic
homeostasis, which needs further quantitative characterization
of pyruvate/acetate fluxes, as well as energetic variables and
membrane potential. Nevertheless, this study uncovers the
involvement of acetate in regulating pyruvate uptake through
LrgAB, and identifies promising directions in which to further
investigate the linkage between pyruvate metabolism and cell
death/lysis mechanism.

Another interesting finding is that the activation of PlrgA
at stationary phase requires potassium (K1), essential for cell
growth. KT is naturally abundant in all types of cells and
present in the range of 41-85 mM in the fluid portion of dental
plaque (Dibdin et al., 1986; Margolis and Moreno, 1994). It
is not produced in the cell and thus, its acquisition depends
on uptake. K* is provided as K-phosphate (10 mM) in FMC
and likely included in yeast extract, because supplementation
of the same concentrations of K-phosphate or KCl to TV
medium elicits PlrgA activation in a very similar manner to
that observed in TY1l. In fact, according to the ingredient
table of yeast extract (BD Bionutriuent™ Technical Manual)!,
yeast extract has 58.0 mg KT/g, thus the KT concentration
of TY is about 3.7 mM, which seems to be sufficient to
elicit PlrgA activation in this study. In S. mutans, four
putative K* transport systems, annotated as Trkl (trkB-trk-
pacL; SMU_1561-1563), Trk2 (trkA-trkH; SMU_1708-1709),
Kch (SMU_1848), and GInQHMP (SMU_1519-1522) were
previously reported by Binepal et al. (2016). In that study,
the authors showed that Trk2 is the main player for K*
uptake and K'-dependent cellular response to environmental

1 https://www.bdbiosciences.com/documents/bionutrients_tech_manual.pdf

stresses in S. mutans. As well, other studies have also reported
that KT influences glycolysis, membrane potential, and pH
homeostasis (Sato et al., 1989; Dashper and Reynolds, 1992).
Also of interest, our previous microarray analysis showed
that trkB, encoding a putative potassium uptake system, and
SMU_1848 were upregulated by about 10-fold and 4-fold,
respectively, at late-exponential phase, compared to early-
exponential growth phase, which is shared with IrgAB (Ahn
et al., 2012; Kim et al., 2018). Collectively, these observations
highlight not only the fact that pyruvate uptake and metabolism
are intimately connected to K™ uptake and homeostasis, but
also the fact that its regulation is linked with major virulence
attributes, including stress tolerance, and essential cellular
function of S. mutans. It is also interesting that the level
of PlrgA activation is independent of Kt concentration, as
20 mM and higher KT alleviates the activation of PlrgA
without affecting cell growth. Thus, if environmental K
concentration increases, the capability of the cell to take up
external pyruvate may decline. Given that Kt accumulation
can occur under stress conditions (Christian and Waltho,
1961; Csonka, 1989), pyruvate uptake and its subsequent
catabolism for energy (ATP) production might be elicited via
K" homeostasis process. In addition, in this current study,
high levels of KT (up to 100 mM) do not appear to affect
the growth of S. mutans in TVI11 or FMCI11, although they
had an appreciable influence on the magnitude of cell lysis
at stationary phase. This conflicts with a previously-published
observation that lower (<5 mM) or higher (>25 mM) K*
concentrations in minimal defined medium with 1% (55 mM)
glucose (MMGK) resulted in growth retardation (Binepal et al,,
2016). Although the precise mechanisms require further study,
glucose and yet-unknown medium components(s) could affect
K", and subsequently pyruvate uptake for cell growth and
homeostasis. It is also noteworthy that the addition of saliva to
TV medium enabled IrgAB to be induced at stationary phase,
suggesting that saliva could provide a favorable environment
for pyruvate uptake through LrgAB. In this study, we used
commercial pooled saliva, collected from multiple donors and
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realized that the growth was poor and inconsistent when the
cell was grown in saliva alone, depending the batches. High
viscosity of saliva could be another factor that interferes with
the GFP quantification assay. Therefore, in this study, we diluted
saliva with TV broth that lacks substance(s) required for PirgA
activation. Our data provides insight for the functionality of
LrgAB as a pyruvate uptake system in vivo, i.e., in the oral
environment.

From a metabolic standpoint, the excretion of pyruvate can
occur when production of pyruvate exceeds the organism’s
capacity to metabolize pyruvate during growth. Since pyruvate
stands at a major metabolic node in aerobic and anaerobic
metabolism, it is not surprising that the expression of genes
encoding the enzymes for the catabolic pathways of pyruvate,
is also altered in accordance with the expression of IrgAB.
The fact that expression of pdhC and pfl (responsible for the
conversion of pyruvate to acetyl-CoA in the presence and
absence of oxygen, respectively), known to be upregulated at
stationary phase compared to exponential phase, was not altered
during the transition to stationary phase in TV11, suggests that
tryptone may provide an unfavorable metabolic condition for
the conversion of glucose to pyruvate (glycolysis), consequently
accumulating pyruvate and subsequently decreasing the
intracellular level of acetyl-CoA in the cell. Given the
upregulation of pta (responsible for the conversion of acetyl-CoA
to acetyl-P) at stationary phase, it is also possible that the level of
acetyl-P may be correlated with Irg expression, which is currently
under investigation. Interestingly, glycolysis is also reported
to be affected by K* concentrations in eukaryotic cells (Eckel
et al., 1966; Olerud et al.,, 1975; Peng et al., 1994). In bacteria,
the uptake of sugars, amino acids, and other nutrients would
occur with the regulation of the cytoplasmic concentration of
K™ and other ions (Kakinuma, 1998). S. mutans is often exposed
to severe conditions in which a K circulation cannot satisfy
their requirements in key metabolic fluxes. Thus, further study of
the linkage between K* uptake and metabolic fluxes, including
pyruvate and glycolysis, could be an interesting topic in future.

The results presented herein also suggest that constitutive
expression of LrgAB guarantees pyruvate uptake sufficient for
exponential growth in TV, regardless of acetate or KT, but is
unable to get over the stationary-phase repression of PlrgA.
These findings indicate that the effects of acetate, K*, and
pyruvate specifically exert their LrgAB regulatory properties
during the transition to stationary phase, requiring a complex
network of metabolic adaptations that are, at least in part,
coordinated by LytST in response to environmental signals.
Sensing environmental acetate, KT, and pyruvate by the LytST-
LrgAB circuit ensures an optimization of the cell’s physiological
state for metabolic homeostasis. Cellular decisions for pyruvate
flux also seem to rapidly and sensitively be made in response to
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