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The delta subunit of RNA polymerase, RpoE, is widespread in low-G+C Gram-positive bacteria and is
thought to play a role in enhancing transcriptional specificity by blocking RNA polymerase binding at weak
promoter sites and stimulating RNA synthesis by accelerating core enzyme recycling. Despite the well-studied
biochemical properties of RpoE, a role for this protein in vivo has not been defined in depth. In this study, we
show that inactivation of rpoE in the human dental caries pathogen Streptococcus mutans causes impaired
growth and loss of important virulence traits, including biofilm formation, resistance to antibiotics, and
tolerance to environmental stresses. Complementation of the mutant with rpoE expressed in trans restored its
phenotype to wild type. The luciferase fusion reporter showed that rpoE was highly transcribed throughout
growth and that acid and hydrogen peroxide stresses repressed rpoE expression. Transcriptome profiling of
wild-type and ArpoE cells in the exponential and early stationary phase of growth, under acid and hydrogen
peroxide stress and under both stresses combined, revealed that genes involved in histidine synthesis, malo-
lactic fermentation, biofilm formation, and antibiotic resistance were downregulated in the ArpoE mutant
under all conditions. Moreover, the loss of RpoE resulted in dramatic changes in transport and metabolism of
carbohydrates and amino acids. Interestingly, differential expression, mostly upregulation, of 330 noncoding
regions was found. In conclusion, this study demonstrates that RpoE is an important global modulator of gene

expression in S. mutans which is required for optimal growth and environmental adaptation.

RNA polymerase from bacteria consists of the core
(a,BR’w) enzyme and the o factor, the main target for gene
regulation. In Gram-negative bacteria, e.g., Escherichia coli,
the o subunit is required for specific promoter recognition and
transcription initiation and also for reducing unspecific binding
(16). In Gram-positive bacteria, there is an additional delta (3)
subunit, RpoE, required for specificity of the enzyme. In Ba-
cillus subtilis, promoter recognition and transcription initiation
are determined by the o subunit, but the dissociation of RNA
polymerase from weak promoter sites is mediated by RpoE,
which was demonstrated by biochemical studies (2, 3, 31).
Sequence alignment suggests that the o and RpoE subunits
from B. subtilis may together contain the activities found in the
single 70-kDa o factor of E. coli (30, 40).

RpoE is suggested to be an abundant protein in B. subtilis;
the expression of rpoE reaches a maximum value at the tran-
sition between logarithmic and stationary phases, and then the
activity goes down at the stationary phase of growth (41). The
rpoE mutant of B. subtilis exhibited an extended lag phase and
altered morphology (41). Recent studies in Streptococcus aga-
lactiae demonstrated a link between RpoE amount and viru-
lence, and reduced virulence was found in the rpoE mutant (30,
55). However, no further molecular mechanisms of RpoE
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function in vivo with regard to these phenotypic changes have
been reported.

The Gram-positive bacterium Streptococcus mutans is a ma-
jor pathogen responsible for human dental caries. Its ability to
form a biofilm on the tooth surface, conversion of various
carbohydrates to organic acids through glycolysis, and toler-
ance of environmental stresses are important properties for the
progression of the disease and are considered virulence traits
(14, 37). In the oral environment S. mutans is exposed to rapid
variations in sugar sources and concentrations and to quick
changes in environmental pH and redox potential (oxidation
level). All these environmental alterations require a complex
and sophisticated regulation of gene expression to allow the
bacterium to adapt to the changing environment and to main-
tain basic metabolic processes necessary for survival. The mo-
lecular mechanisms of the adaptation of S. mutans to various
environmental stresses have been studied. Svensiter et al. (59)
demonstrated that adaptation to acid, salt, and starvation
stresses protected the cells against subsequent acid challenge
at pH 3.5. The authors further analyzed the stress responses by
a proteome approach and found a significant number of pro-
tein spots with altered expression under different stresses.
However, these protein spots were not finally identified. It has
been reported that nearly 14% of the genes in the genome
were differentially expressed at acidic pH (22). Two-compo-
nent systems (TCSs), comprised of a sensor kinase and a re-
sponse regulator protein, are one of the primary mechanisms
used by S. mutans to quickly sense and respond to environ-
mental acid fluctuations for optimal growth (14, 22, 56, 65). S.
mutans has well-adapted acid defense systems, including the
F,F_-ATPases, which pump protons out of the cell, and the
malolactic fermentation (MLF) and agmatine deiminase sys-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)”

Reference or
source

E. coli strain Topl10F’ Strain for routine cloning work

S. mutans strains

UA159 Wild type; Erm® Sp*

Invitrogen

ATCC 700610

ArpoE mutant UAI159 with deletion of rpoE gene; Erm" This study
ArpoEcomp mutant Complementation of the rpoE mutation; Erm" Sp” This study
WT-luc rpoE reporter strain carrying pFW-P,-luc in wild-type background; Sp* This study
Plasmids
pCR2.1-TOPO E. coli cloning vector Invitrogen
pCR2.1-ArpoE E. coli cloning vector containing the rpoE upstream fragment, Erm" gene, and rpoE This study
downstream fragment
pDL278 E. coli-streptococcal shuttle vector; Sp* 20
pDL-rpoE pDL278 harboring the promoter region and coding sequence of rpoE; Sp" This study
pFW5-luc Streptococcal suicide vector containing promoterless firefly luciferase gene; derivative of 36
pFW5; Sp*
pFW-P,op-luc pFWS5-luc harboring the promoter region of rpoE fused with luciferase gene; Sp* This study

“ Erm", erythromycin resistance; Sp’, spectinomycin resistance; luc, luciferase.

tems, which contribute to alkalization of the cytoplasmic pH
and generation of ATP as energy (37). Because it lacks catalase
(the heme-containing peroxidase), which degrades hydrogen
peroxide (H,O,), S. mutans depends mainly on the NADH
oxidase, superoxide dismutase, and glutathione reductase ac-
tivities for protection against reactive oxygen species (13, 27).
Both transcriptomic (4) and phenotypic (6) studies proved that
oxygen not only caused altered sugar transport activity and rate
of glycolysis but also affected virulence-related traits, particu-
larly by reducing biofilm formation.

The delta subunit RpoE of S. mutans is predicted to be a
194-amino-acid protein with a pI of 3.7 and a molecular mass
of 22 kDa. The amino acid sequence alignment of S. mutans
RpoE with those of other organisms shows considerable ho-
mology (see Fig. S1 in the supplemental material). The highest
homology in the proteins is seen in the amino-terminal do-
main, which represents the core RNA polymerase binding re-
gion (40). The carboxy-terminal domain of RpoE is highly
acidic because of the enriched aspartate (D) (n = 25) and
glutamate (E) residues (n = 22), which is consistent with the
expected function as an unstructured polyanionic polymer that
mimics and displaces nucleic acids from RNA polymerase (40).

To enhance our understanding of how the changes in RNA
polymerase activity might affect S. mutans biological functions
on the cellular and molecular levels, we constructed an S.
mutans rpoE knockout mutant and characterized its phenotype
under normal and stressed conditions. The effect of these con-
ditions on the expression of rpoE was studied using a luciferase
reporter strain. We then conducted a transcriptome analysis
under a range of conditions, which revealed significant and
coordinated changes of gene expression in the mutant, clearly
accounting for its phenotype. The data show that RpoE func-
tions as a global modulator of gene expression in S. mutans,
affecting basic virulence-related traits.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Escherichia coli strains were
grown in Luria-Bertani medium (LB) (Carl-Roth, Germany) at 37°C. Strepto-

coccus mutans UA159 strains were grown in Todd-Hewitt broth (Becton Dick-
inson) supplemented with 1% yeast extract (THBY) at 37°C aerobically (5%
CO, enriched) or in BM medium (39) containing 0.5% (wt/vol) glucose or
sucrose under anaerobic conditions (80% N,, 10% H,, 10% CO,). For stress
tolerance assays, S. mutans strains were grown in THBY supplied with 75 mM
phosphate buffer. Erythromycin was included where indicated at final concen-
trations of 200 pg/ml for E. coli and 10 wg/ml for S. mutans, and spectinomycin
was included at 50 pg/ml for E. coli and 300 wg/ml for S. mutans.

Construction of an S. mutans ArpoE strain. PCR ligation mutagenesis (35) was
used for gene knockout in the S. mutans wild-type chromosome. However, the
rpoE knockout mutant was not obtained, presumably due to the importance of
this gene. To increase the efficiency of recombination with a higher concentration
of the whole DNA construct, the rpoE upstream fragment, the Erm" gene, and
the rpoE downstream fragment were amplified separately using primer pairs
RP1F/PR2R-Ascl, ErmF-Ascl/ErmR-Fsel, and RP3F-Fsel/RP4R (Table 2), and
then these three fragments were cloned step by step into the vector pCR2.1-
TOPO to construct pCR2.1-ArpoE. The resulting plasmid was transformed into
E. coli ToplOF’ cells. Positive clones were confirmed by PCR, sequencing, and
restriction enzyme digestion. The insertion with the complete rpoE up-Erm'-
rpoE down sequence was released from pCR2.1-ArpoE by HindIII (NEB) and
Xhol (NEB) digestion and then was transformed into S. mutans to generate
ArpoE mutants through double homologous recombination. The deletion of rpoE
was confirmed by PCR and sequencing.

Complementation of the rpoE mutation in frans. To complement the mpoE
mutation, a fragment of 1.2 kb containing the entire rpoE coding sequence plus
the promoter region was amplified by PCR using primers CPF-BamHI and
CPR-HindIII from the chromosomal DNA of S. mutans and inserted into the
shuttle vector pDL278. The resulting plasmid, pDL-rpoE, was then transformed
into the ArpoE mutant strain to generate the complementing ArpoEcomp strain.
The complementation of rpoE was confirmed by PCR and sequencing.

Antibiotic resistance. Overnight cultures of S. mutans strains were 1:10 diluted
in fresh THBY and grown to an optical density at 600 nm (ODy) of ~0.5; 0.2%
of the log-phase cells were then added to fresh THBY medium which contained
antibiotics at different concentrations. After 16 h of incubation at 37°C aerobi-
cally, visible growth of bacteria was determined by turbidity by eye. The antibi-
otics included kanamycin (100 mg/ml in H,O), tetracycline (25 mg/ml in 70%
ethanol), ampicillin (100 mg/ml in H,O), and rifampin (25 mg/ml in methanol)
at final concentrations of 0.1, 1, 10, 100, and 500 pg/ml. A second experiment was
carried out with a smaller concentration range to determine the exact growth-
inhibitory concentration.

Acid and H,0, stress killing assays. The ability of S. mutans strains to survive
acidic and oxidative stress challenge was determined as described by Wen et al.
(69) with some modifications. Briefly, overnight cultures of the wild-type, ArpoE,
and ArpoEcomp strains were diluted 20-fold in fresh THBY and grown to
mid-exponential phase (ODg, of ~0.5) in THBY at pH 7.5, and two aliquots (1
ml) of each cell suspension were pelleted by centrifugation (12,000 X g, 30 s).
One aliquot of the culture was used to assay the survival of “unadapted” cells by
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TABLE 2. Primers used in this study

Primer Sequence (5" — 3')* Description
RPI1F CGAGCTCTTCGGTAGAATCGG 1poE upstream
PR2R-Ascl GGCGCGCCTTCACGAATGTCTGCATCTG rpoE upstream
RP3F-Fsel GGCCGGCCATTCCAGATGAAGATTTAGAC rpoE downstream
RP4R GCTTCTGGAGCAACATCACA rpoE downstream
ErmF-Ascl GGCGCGCCCCGGGCCCAAAATTTGTTTGAT Erm" gene
ErmR-Fsel GGCCGGCCAGTCGGCAGCGACTCATAGAAT Erm" gene
CPF-BamHI TTCAGGATCCGATAAAAAGCAGCGTTCATA rpoE complementation
CPR-HindIII AGTCAAGCTTTTATTCTCCTTCTTCATCTTCC rpoE complementation
RL5F-Ncol TAGGCCATGGATAAAAAGCAGCGTTCATAT rpokE reporter
RL5R-Ncol CGTTCCATGGTGGTTCTCCTTATCATAATC rpoE reporter
hisCF CCCCTACTGGCATTTACAAG QPCR, hisC
hisCR CGATTGACCGCCAAAACTGA QPCR, hisC
fruCF TTGTTGCTGGTGGTGTTTTGG QPCR, fruC
fruCR GAGTCATAACGCCCATCGCA QPCR, fruC
levDF CAGTAGATGATTTTGCGGAAAC QPCR, levD
levDR GCTGTTGTCAAAGGGCTTCC QPCR, levD
msmEF GTTTGCTTTAGCGGGAACAG QPCR, msmE
msmER AATCGAATTTGGTTGGGAAAAG QPCR, msmE
smu322F TGCCTGTTAAGGTGATTATTGG QPCR, SMU.322
smu322R ATAAAGAAGCCTAGACTTGTCC QPCR, SMU.322

@ Restrictions sites are underlined.

directly resuspending them in THBY with the challenge stresses pH 3.0 or pH 7.5
plus 20 mM H,0,. Another aliquot of each culture was resuspended in the same
volume of THBY buffered at pH 5.0 or pH 7.5 plus 2 mM H,0, and incubated
for 2 h to induce an adaptation response. The resulting “adapted” cells were then
exposed to the challenging stresses of pH 3.0 or pH 7.5 plus 20 mM H,O,. After
incubation for 30 min, cells were collected by centrifugation (12,000 X g, 30 s)
and serially diluted with fresh THBY. Aliquots of 100 wl of appropriate dilutions
of each strain were spread in four to eight replicates onto THBY agar plates. The
survival rate was expressed as the percentage of cells surviving the challenge for
30 min compared to the total number of viable cells before treatment.

Biofilm structure under CLSM. The ability of S. mutans strains to form stable
biofilms was assessed by growing the cells in 96-well flat-bottom black microtiter
plates (Corning, Germany) containing THBY or BM medium supplemented
with 0.5% (wt/vol) sucrose under anaerobic conditions and grown for 16 h.
Precultures were grown at 37°C aerobically for 13 to 15 h to reach stationary
phase. The precultures were then diluted 1:10 in fresh THBY and grown until log
phase (ODg, of ~0.5). The cells were collected by centrifugation (12,000 X g,
30 s) and resuspended in fresh medium to reach an ODyy, of ~0.01. Aliquots of
200 pl of the cell suspension were inoculated into 12 parallel wells of the
microtiter plates and grown under anaerobic conditions. Several plates were
prepared to quantify the biofilms at different time points. After growth, the
culture medium was withdrawn, and the plates were rinsed with 0.85% NaCl to
remove the planktonic and loosely bound cells. The biofilms were stained with 50
wl Live/Dead BacLight stain (L7012; Invitrogen) working solution, and the
biofilm architecture was recorded using a FluoView FV1000 confocal laser scan-
ning microscope (CLSM) (Olympus, Germany). In each experiment, the exciting
laser intensity, background level, and contrast were maintained at the same level.
For each sample, two replicas and at least three random fields per replica were
analyzed. Using a 40X objective lens, a series of optical cross-section images
were acquired at 2-pm-depth intervals from the surface, through the vertical axis
of the specimen. Three-dimensional confocal images were reconstituted by the
software Imaris (BitPlane AG, Switzerland). For biofilm quantification, the
plates with biofilms were rinsed three times with deionized water. The biofilms
were stained with 50 wl of 0.1% crystal violet and incubated at room temperature
for 15 min. After rinsing two times with deionized water, the bound dye was
extracted from the stained cells by adding 200 wl of 99% ethanol and shaking
overnight at room temperature to facilitate full release of the dye. The biomass
was quantified by measuring the absorbance of the dye solution at 620 nm in a
Wallac Victor instrument (Perkin-Elmer, Germany). Each experiment was car-
ried out at least three times.

Construction of a rpoE-luc reporter strain. To construct a luciferase transcrip-
tional reporter fusion to the rpoE promoter, the promoter region of rpoE (0.6 kb)
was amplified by PCR using primers RLSF-Ncol and RL5R-Ncol from the
chromosomal DNA of strain UA159. The promoter region was then cloned into
pFWS5-luc to generate the plasmid pFW-PrpoE-luc. The resulting construct was

confirmed by restriction analysis, PCR, and sequencing. The confirmed plasmid
was integrated into the chromosome of S. mutans via single-crossover homolo-
gous recombination to generate the reporter strain WT-luc, with the promoter
region followed by the luciferase gene and the rest of the plasmid inserted before
the intact rpoE promoter and coding sequence. The positive clones were con-
firmed by PCR, sequencing, and luciferase assay.

Analysis of rpoE gene expression using the luciferase reporter assay. Samples
from each time point were collected and treated with chloramphenicol to reduce
the intracellular enzymatic activity, and the ODy,, was measured. Following
treatment with chloramphenicol (50 pg/ml) and short cooling on ice, the samples
were washed and resuspended in the same volume of 20 mM Tricine buffer (pH
7.8). One hundred microliters of each sample was mixed with 3X assay buffer (75
mM Tricine, 15 mM MgSO,, 1.5 mM dithiothreitol [DTT], 900 uM ATP, 3
mg/ml bovine serum albumin [BSA], 2% wt/vol b-glucose, pH 7.8) and incubated
at room temperature for 20 min before injection of 100 wl p-luciferin (120 pM
dissolved in 20 mM Tricine, pH 7.8). p-Luciferin (Carl-Roth, Germany) stock
solution (1 mg/ml) was dissolved in 20 mM Tricine, aliquoted, and stored at
—70°C. Luminescence was recorded with a Wallac Victor? instrument and nor-
malized against the ODy, to calculate the relative light units (RLU). All mea-
surements were done in duplicate in at least two independent experiments.

Microarray design. A customized whole-genome microarray containing all
open reading frames (ORFs) as well as all noncoding regions of Streptococcus
mutans UA159 (gblAE014133.1) was used in this study. For microarray design,
the eArray platform by Agilent was utilized (Agilent Technologies, Santa Clara,
CA). For each ORF and intergenic region, three antisense probes (60 bp in
length) were designed, and each probe was in duplicate on the array. The positive
and negative controls from Agilent and the spike-in control for GFPmut2 and
RFPExpress were included.

Sample preparation for microarray analysis. Overnight cultures of wild-type
and ArpoE S. mutans were diluted 1:20 in fresh THBY medium buffered with 75
mM phosphate at pH 7.5 and grown at 37°C aerobically to an ODg, of ~0.5. An
aliquot of each log-phase cell culture was withdrawn as a control. At the same
time point, the other part of the log-phase cells was collected (12,000 X g, 30 s)
and incubated in buffered THBY as follows: (i) pH 7.5, (ii) pH 5.0, (iii) pH 7.5
plus 2 mM H,O,, and (iv) pH 5.0 plus 2 mM H,O,. After 2 h of treatment,
samples were collected (12,000 X g, 30 s). For each sample, two biological
replicas were collected. Two volumes of RNA protect (Qiagen) were immedi-
ately added to 1 volume of each sample and then mixed by vortexing for 5 s and
incubated at room temperature for 5 min. Pellets were collected by centrifuga-
tion (5,000 X g, 5 min) and were stored at —70°C. For RNA isolation, the cell
pellets were resuspended and lysed by incubation in Tris buffer (10 mM Tris and
1 mM EDTA, pH 8.0) containing 2.5 mg/ml lysozyme (Sigma, Germany) and 50
U/ml mutanolysin (Sigma) at room temperature for 45 min, followed by vortex-
ing for 3 min in the presence of 50 g sterile, acid-washed glass beads (diameter,
106 wm; Sigma) (60). RNA extraction was performed using the RNeasy mini kit
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(Qiagen). The integrity and quality of RNA were assessed by electrophoresis on
a denaturing formaldehyde agarose gel. Traces of genomic DNA were removed
by RNase-free DNase I (Qiagen) digestion (13.5 U, room temperature, 45 min),
and the RNA was purified using the RNeasy mini kit (Qiagen). The concentra-
tion of RNA was measured with a Nanodrop 1000 spectrophotometer (Peglab,
Germany). The genomic DNA contamination was checked by using RNA di-
rectly as a template for PCR. Furthermore, the RNA quality was checked with
a Bioanalyzer (Agilent, Germany) before labeling.

Microarray analysis. For wild-type and mutant strains, two biological replicas
and two technical replicas for dye swabs were used in a microarray study. RNA
samples were labeled either with Cy3 or Cy5 using the ULS fluorescent labeling
kit (Kreatech, Germany). The degree of labeling was calculated by the following
formula: percent labeling = (340 X pmol dye X 100%)/(ng nucleic acid X 1,000).
Nine hundred nanograms of each Cy3- and Cy5-labeled RNA was fragmented
and hybridized to the microarray at 65°C for 17 h using the Agilent hybridization
chamber according to the manufacturer’s instructions. The arrays were scanned
using the Agilent DNA microarray scanner, and the raw data were extracted
using Agilent Feature Extraction software (v9.5). The data were processed by us-
ing Bioconductor packages written in R language (http://www.r-project.org/).
The Linear Models for Microarray Analysis (LIMMA) package (70) was used for
background correction, Lowess normalization of the two channels of one array,
quantile normalization between different arrays, and identification of differen-
tially expressed genes. Genes with a log, fold change of >1.0 and a P value of
<0.05 were selected for gene expression pattern discovery using clustering anal-
ysis from Genesis (58). KegArray (Kanehisa Laboratories; http://www.genome
.jp/download/) was used for integrated analysis of gene expression profiles to-
gether with KEGG pathways. The genes were categorized into functional
groups according to functional categories file NC_004350.ptt in the S. mutans
clusters of orthologous groups (COGs) of proteins, which was downloaded
from ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Streptococcus_mutans.

QPCR. The reverse transcription reaction, performed on the same RNA
samples which were used for microarray experiments, was carried out using 1.5
g random hexamers and 200 U SuperScript III reverse transcriptase for 2-pg
RNA samples in total volume of 30 wl (Invitrogen). The genomic DNA contam-
ination was checked by use of a control without SuperScript III reverse tran-
scriptase. Oligonucleotides primers for quantitative PCR (QPCR) were designed
using Primer3 (http:/frodo.wi.mit.edu/primer3/). For each set of primer pairs, a
standard amplification curve was plotted (critical threshold cycle against log of
concentration), and only those primer pairs with slopes of about —3 were con-
sidered reliable. Quantitative PCR was performed using the LightCycler 480
system (Roche, Germany), and the reaction mixtures were prepared using Quan-
titect SYBR green PCR kit (Qiagen), including a nontemplate control. The
expression of the hypothetical protein (SMU.322) was constant in the wild-type
and ArpoE mutant strains under all tested conditions in the microarray results,
and thus this gene was chosen as a reference gene for quantification. Changes in
the level of gene expression were calculated using the AAC, method (51). All
steps were performed according to the manufacturer’s protocols. All measure-
ments were done in triplicate reactions.

Microarray data accession number. Microarray data have been deposited at
NCBI-GEO (accession no. GSE22333).

RESULTS AND DISCUSSION

The ArpoE mutant has a growth defect. To determine the
function of the RpoE protein in S. mutans, a deletion of rpoE
was created by replacing the coding sequence with an erythro-
mycin antibiotic resistance cassette through homologous re-
combination. The rpoE mutation was complemented in trans
with plasmid pDL-rpoE, which contained the promoter region
and the entire 7poE coding sequence.

The ArpoE strain showed an extended lag phase and slower
growth, and it failed to reach the same final optical density as
the parent strain (see Fig. S2 in the supplemental material).
Moreover, the ArpoE strain had a strong tendency to clump
when entering the late exponential phase and produced flocs
which sedimented to the bottom of the culture vessel. Comple-
mentation of rpoE restored the growth phenotype of the wild-
type strain with respect to growth rate, lack of clumping, and
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final ODy,; however, the lag phase of the complemented
strain was still longer than that of the wild type.

Interestingly, the ArpoE mutant had a cell morphology sim-
ilar to that of the parent strain as determined using scanning
electron microscopy (see Fig. S3 in the supplemental material).
Moreover, transmission electron microscopy analysis found no
obvious defect in cell division or the cell membrane of the
ArpoE strain (data not shown). These observations indicate
that the growth defect of the ArpoE mutant was due to other
genetic and metabolic changes.

RpoE deficiency reduces resistance to antibiotics. The abil-
ity of S. mutans to resist antibiotics, including kanamycin, tet-
racycline, rifampin, and ampicillin, was tested. Compared to
the wild-type strain, the ArpoE mutant failed to grow at 1
pg/ml tetracycline and 100 wg/ml kanamycin. Thus, lower con-
centrations from 0.1 to 1 wg/ml tetracycline or 10 to 100 pg/ml
kanamycin were tested in a second experiment. The data show
that the ArpoE mutant was more sensitive to these two antibi-
otics and could not grow at above 0.6 pg/ml tetracycline or 80
pg/ml kanamycin (see Table ST1 in the supplemental mate-
rial). The reduced tolerance of the mutant strain to both
kanamycin and tetracycline, which interfere with translation by
targeting the 30S ribosomal subunit of the ribosome (49, 62),
indicated a deficiency in ribosome function. For the antibiotic
rifampin, which inhibits transcription by binding to the B sub-
unit of the RNA polymerase (21), and the B-lactam antibiotic
ampicillin, which disrupts the cross-linking of peptidoglycan
chains in cell wall synthesis (63), no obvious difference was
found between the wild-type and ArpoE strains (data not
shown).

RpokE is required for stress tolerance. The ability of the rpoE
deletion strain of S. mutans to tolerate environmental stresses,
particularly acid and H,O, stresses, was determined. Cells in
the exponential phase of growth were split into two parts; one
was directly subjected to the killing stress without adaptation,
while the other was treated for 2 h with sublethal adaptive
stress before killing stress. As shown in Fig. 1, the preadapta-
tion did protect both wild-type and mutant strains from the
more severe stress, as indicated by the higher survival rate of
“adapted” cells. However, the survival rate of the ArpoE mu-
tant was about 10 times lower than that of the parent strain,
both with and without preadaptation. Genetic complementa-
tion could only partially restore the tolerance of the wild-type
strain. One possible reason for this might be the multiple
copies (~20 to 30) of the plasmid carrying the rpoE gene in the
complementation strain, which could cause global metabolic
changes in the cells.

Inactivation of rpoE causes alterations in biofilm structure.
The capacity of the rpoE deletion strain of S. mutans to form
biofilms in the presence of 0.5% sucrose in both rich medium
(THBYS) and minimal medium (BMS) was determined. No-
tably, the ArpoE strain showed a different biofilm architecture,
especially in BMS medium (Fig. 2). The biofilm of the ArpoE
mutant was nonhomogeneous and comprised of large cell clus-
ters. It appeared remarkably denser than the wild-type biofilm
in distinct areas. Moreover, we observed strong staining of the
mutant biofilm with propidium iodide (red color), indicating
damaged membranes. Biomass quantification using crystal vi-
olet staining showed that the ArpoE mutant formed about 10%
more biofilm than the wild type in THBYS medium (see Fig.
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FIG. 1. Effect of preadaptation to killing stress on the survival of S.
mutans. The assay for “unadapted” cells was carried out by directly
transferring mid-exponential-phase cells to challenge stresses at pH 3.0
(left) or 20 mM H,O, (right) for 30 min. The assay for “adapted” cells
was carried out by incubating mid-exponential-phase cells at pH 5.0
(left) or 2 mM H,O, (right) for 2 h to induce an adaptation response
before exposing them to the challenging stresses. Survival was deter-
mined by plating four to six replicates on THBY agar plates. The
results are expressed as the percentage of the cells surviving the chal-
lenge for 30 min in comparison to the total viable cells before treat-
ment. Data are the averages and standard deviations from three inde-
pendent experiments.

S4 in the supplemental material), but there was no obvious
change in biomass in BMS medium.

Expression of rpoE during growth and under stress. A re-
porter strain, WP-luc, containing the promoter region of rpoE
fused to a promoterless luciferase gene was constructed to
characterize rpoE expression. The promoter of rpoE showed
high activity, reaching a maximum at the late logarithmic phase
of growth (Fig. 3A). Its expression declined in the stationary
phase, but only in unbuffered medium. In buffered medium,
rpoE expression remained constant at the maximum value in
the stationary phase (Fig. 3A). In a previous study (41), a
decline in rpoE expression in the stationary growth phase was
reported. Since these experiments were performed in unbuf-
fered medium, our data suggest that low pH rather than the
growth phase may have caused the decline in rpoE expression.
Indeed, the pH of the S. mutans culture in the stationary phase
was below 5.0 in the medium without buffering, while in a
buffered medium it remained at 6.5. Furthermore, we showed
that the rpoE promoter activity was repressed under acid
stress. A lower promoter activity was found at pH 5.0, and it

A
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FIG. 3. Expression of the rpoE gene during growth and under
stress. Luciferase activity was measured in the reporter strain WP-luc
carrying a rpoE::luc fusion in the wild-type background. Relative light
units were calculated by normalizing luminescence against optical den-
sity, indicated at the right axis (ODg). (A) Expression of the rpoE
gene during growth. White bars, luciferase expression in unbuffered
THBY medium; gray bars, luciferase expression in phosphate-buffered
THBY medium. At least three independent experiments were carried
out, and duplicate samples were measured each time. Representative
results are shown. above. @, growth (ODg,) of the reporter strain in
unbuffered THBY; M, growth in buffered THBY. (B) Expression of the
rpoE gene under stress. The luciferase activity was measured in log-
phase WP-luc after a 2-h treatment with acid stress, H,O, stress, or
both acid and H,O, stresses combined. Means and standard deviations
are shown for at least two independent experiments; each experiment
contained four replicas.

went down quickly when the pH dropped to 4.0 (Fig. 3B). The
rpoE promoter activity was also very sensitive to H,O, stress,
and it went down as the concentration increased from 2.0 to 2.4
mM. Interestingly, the repression of the rpoE promoter by

C

FIG. 2. Structures of S. mutans biofilms. S. mutans wild-type (A), ArpoE (B), and ArpoEcomp (C) strains were grown in a 96-well microtiter
plate in BMS medium for 16 h under anaerobic condition. The biofilms were stained with Live/Dead BacLight viability stain, and images of biofilms
at various depths were taken by confocal laser scanning microscopy (CLSM). Three-dimensional images were reconstituted with the software
Imaris. The shadows at the right sides of pictures indicate the biofilm height.
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FIG. 4. Principal-component analysis of microarray samples. The
first three components, explaining 61.1% of total sample variability in
gene expression, are plotted. The distance between samples on the plot
is proportional to the variance between these samples by expression of
genes clustered in the first three components. The samples of the
ArpoE mutant are shown in a lighter color. W, wild type; M, ArpoE; 0,
before treatment, log-phase cells; 1, early-stationary-phase cells; 2,
acid-stressed cells; 3, H,O,-stressed cells; 4, acid- and H,O,-stressed
cells.

H,O, was relieved when weak acid and H,O, stress were
combined.

Transcriptome profiling of the ArpoE mutant. The ArpoE
mutant showed less resistance to low pH and H,O,, and the
adaptation conditions (pH 5.0 or 2 mM H,0,) were shown to
provide protection against stronger stresses; therefore, they
were selected for microarray studies to further investigate the
role of RpoE in stress adaptation. The combination of both
stresses was also studied, since the reporter strain analysis (Fig.
3B) had shown that both stresses together had a less inhibitory
effect on rpoE expression than H,O, stress alone. Further-
more, cells from the logarithmic and early stationary phases of
growth were studied to analyze the role of RpoE under normal
growth conditions.

The raw data extracted from the Agilent microarray images
were processed by using the Bioconductor software packages.
A principal-component analysis was performed on the expres-
sion data from all samples to highlight their variability. As
shown in Fig. 4, biological replicates grouped closely together.
The data sets of the wild-type and ArpoE mutant strains were
clearly separated by the first two components, explaining 48%
of total variability. The data sets of combined acid and H,O,
stresses were distant from all other samples when only the first
two components were plotted; major differences between the
log and early stationary phases and acid or H,O, stress became
visible when the third component was also plotted. In sum,
these three components explain 61.1% of the variability in
gene expression between the samples. The Linear Models for
Microarray Analysis (LIMMA) package was used for the iden-
tification of differentially expressed genes. Comparison of the
transcription profiles of the ArpoE mutant and the wild type
revealed a total of 550 genes that were differentially expressed
(log, fold change of =1.0; P < 0.05) when all experimental
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FIG. 5. leferentlally expressed coding and noncoding regions in
the ArpoE mutant compared to the wild type under five experimental
conditions. For each condition, the percentages of up- and downregu-
lated coding regions and noncoding regions are shown in pie charts.
Coding regions are further split into the various functional categories.
The total number of differentially expressed genes is indicated below
each pie chart.

conditions were combined (see Fig. S5 in the supplemental
material).

Noncoding regions. A significant number of noncoding re-
gions were found to be differentially expressed in the mutant.
Under all experimental conditions, more than 50% of the total
number of upregulated transcripts were noncoding regions
(Fig. 5). Among the downregulated transcripts, noncoding re-
gions represented about 20 to 30%. Since rpoFE is postulated to
reduce the specificity of binding of the RNA polymerase to
DNA, lack of RpoE might offer the opportunity for transcrip-
tion of DNA with weak promoters, especially since the major-
ity of differentially expressed noncoding regions were upregu-
lated. Thus, the global changes in gene expression observed in
the rpoE mutant could indirectly be related to the massive
changes in expression of intergenic regions, some of which
might have regulatory functions.

It has been shown that small regulatory RNAs (sRNAs)
have a broad effect on gene regulation in bacteria, and the
majority of them are located inside the intergenic regions (38,
67). In streptococci, SRNAs involved in the regulation of vir-
ulence factors have been reported (54). The fasX and pel
sRNAs in S. pyogenes were shown to be growth phase depen-
dent and regulated the expression of surface proteins and
exotoxins (33, 43). The rivX sRNA had been shown to be an
effector of the virulence regulator CovR and Mga in S. pyo-
genes (52). In S. pneumoniae, five highly similar sSRNAs (cc-
nABCDE) that are under the direct control of CiaR of the
CiaRH system were identified. Among them, ccnDE had been
shown to be involved in stationary-phase autolysis (25), while
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ccnA expression reversed some phenotypes of a AciaR mutant
(66).

Our microarray showed that 21 noncoding regions had a dif-
ferential transcription level in the mutant (log, fold change of
=1.0; P < 0.05) under all tested conditions, indicating a common
mechanism dependent on RpoE function rather than experimen-
tal conditions. Sixteen of these 21 noncoding regions were kept
for further analysis because they were present on the list of pre-
dicted small RNAs in S. mutans (http:/www.oralgen.lanl.gov
/oralgen/bacteria/analysis/srna_result/oralgen_srna_result_old
/NC_004350/NC_004350.html). The expression patterns of all the
coding genes and noncoding regions were analyzed by clustering
using Genesis. Seven of these 16 noncoding regions had
expression patterns similar to those of their up- or downstream
coding genes, and thus they were considered cotranscribed
regions and were ignored in further analyses. Interestingly, the
remaining nine noncoding regions were all upregulated in the
mutant, independent of adjacent genes, suggesting that they
might represent regulatory RNAs (see Table ST2 in the
supplemental material). Despite the developing knowledge of
the roles of small regulatory RNA (sRNA) in bacteria, the
computational prediction of SRNAs remains a challenge due
to the lack of conventional calculation modeling (11). The
prediction of sSRNAs relies mainly on comparative genome
analysis, in combination with thermodynamic stability or
termination signals (11). Thus, the TransTermHP web
service (http://transterm.cbcb.umd.edu/query.php) was used
for detection of Rho-independent transcription terminators,
and three of these nine transcripts were found to contain
terminators. The first and second noncoding regions (smu-r1 and
smu-r2) contained putative promoters (see Fig. S6 and S7 in the
supplemental material) predicted by the SoftBerry web service
(SoftBerry Inc., Mount Kisco, NY), while the third one had too
short a sequence length (114 bp in total, but with only 45 bp
before the putative terminator) to find a putative promoter. The
secondary structures of smu-rland smu-r2 (see Fig. S6 and S7 in
the supplemental material) were predicted using the RNAfold
web service (24). The potential targets of smu-rland smu-r2 were
predicted using the TargetRNA web service (64; http://snowwhite
wellesley.edu/targetRNA/index.html) and sSRNATarget (75; http:
//ecb.bmi.ac.cn/starpecker/). The overlap from these two predic-
tion services was considered a potential mRNA target (see Fig. S6
and S7 in the supplemental material). However, experimental
confirmation of these two SRNAs and their interaction with target
mRNAs will be needed for further conclusions.

Global changes caused by the lack of the rpoE gene. Knock-
out of the rpoE gene resulted in significantly reduced expres-
sion of 24 genes (log, fold change of =1.0; P < 0.05) under all
tested conditions. Table 3 lists these genes together with their
fold change values. Several genes that had a strongly correlated
function are also presented in the table despite a slightly lower
cutoff value. Interestingly, the majority of these genes were
downregulated, suggesting a common regulatory mechanism
independent of growth phase, pH, and H,O, stress. Their
physiological roles will be discussed below.

(i) MLF. One of the significant changes in the mutant was
the downregulation of genes for malolactic fermentation
(MLF) (SMU.137 to SMU.141). MLF protects the organism
against acid stress by transforming L-malate to the weaker acid
L-lactic acid and carbon dioxide. Products of this fermentation
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raise the cytoplasmic pH and furthermore generate ATP as an
energy source for the extrusion of protons necessary for keep-
ing the intracellular pH more alkaline than the extracellular
pH (57). Therefore, the strong reduction of these genes re-
sulted in decreased acid tolerance, which was consistent with
the phenotypic results in this study (Fig. 1). The expression of
MLF genes is induced by low pH, by the substrate L-malate,
and to a lesser extent by the positive regulator MleR
(SMU.135) (36). However, despite the strong repression of the
MLF structural genes in the ArpoE strain, the regulator gene
mleR did not show a corresponding change. Furthermore,
these genes were downregulated in the ArpoE strain under
every tested condition, regardless of growth phase or type of
stress, indicating that there should exist another regulatory
mechanism directly related to the role of RpoE during tran-
scription. Moreover, the overlap of the responses to acidic and
oxidative stress is confirmed by the reduction of the putative
glutathione reductase GshR in the same operon. GshR is an
important antioxidant that reduces glutathione disulfide to the
sulfhydryl form. Downregulation of gshR might decrease
the cellular oxidative protection, and this might partly explain
the sensitivity of the ArpoE mutant to H,O,.

(ii) Histidine metabolism. All the genes for the histidine
synthesis pathway (SMU.1260c to SMU.1273) were downregu-
lated in the ArpoE mutant. The pathway for histidine is inter-
connected with the purine synthetic pathway. The by-product
of histidine biosynthesis, 5'-phosphoribosyl-4-carboxamide-5-
aminoimidazole (AICAR), is an intermediate of purine bio-
synthesis that is rapidly recycled to ATP, which in turn is an
important precursor of histidine biosynthesis (48). Since RNA
polymerase is essential for purine and pyrimidine synthesis, the
loss of RpoE may decrease purine synthesis and further affect
histidine synthesis.

Based on base composition analyses and BLAST taxonomy
data, the histidine synthesis gene cluster has been suggested as
a potential genomic island in the genome of S. mutans (http:
/fwww.oralgen.lanl.gov/). By comparative genomic analyses,
Maruyama et al. (45) showed that genes for histidine metab-
olism are conserved among oral streptococci, and they specu-
lated that the biogenesis of histidine may have physiological
importance for the survival of streptococci in the oral environ-
ment. The buffering capacity of the cytoplasm depends on the
concentrations of proteins inside the cytoplasm and is one of
the important pH homeostasis mechanisms (12). Histidine has
an ionizable side chain with a pK, near neutrality (47) and thus
proteins containing histidine residues buffer effectively near
neutral pH.

(iii) Biofilm, adherence, and virulence. Sucrose, as a com-
mon dietary disaccharide, is of particular interest because it is
an important substrate for extracellular production of water-
insoluble glucan which is mediated by the membrane-bound
glucosyltransferases (GtfB and GtfC). Glucan is important for
adherence of S. mutans to the tooth surface and for forming
the extracellular polysaccharide matrix of the biofilm (34). The
cell surface glucan-binding protein (GbpC) has been shown to
be involved in biofilm formation and architecture (42). In the
ArpoFE strain, these genes were all downregulated, which may
be the reason for the observed changes in its biofilm structure.
Moreover, the expression of the cell wall-associated adhesin P1
(SapP), which mediates the sucrose-independent adherence by
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TABLE 3. Genes showing similar differential expression in the ArpoE mutant compared to the wild-type strain
under five experimental conditions

Log, fold change (ArpoE/wild type)” under the
following condition:

Gene .
Category and locus tag symbol Gene product description Log-phase Stationary- Acid 1,0, Acid +
growth phase stress stress  H,O, stress
growth
RNA polymerase
SMU.96 rpoE  DNA-directed RNA polymerase subunit delta —8.56 —7.62 =722 -7.30 —6.85
Malolactic fermentation
SMU.137 mleS  Malate dehydrogenase —2.88 —345 —-3.52 218 —3.62
SMU.138 mleP  Putative malate permease —2.45 —-2.82 —-2.88 —1.60 —-2.93
SMU.139 oxdC  Oxalate decarboxylase —2.60 —3.06 —-2.89 —1.85 —3.37
SMU.140 gshR  Putative glutathione reductase —2.46 -291 =272 -—1.61 —-2.85
SMU.141 Hypothetical protein -231 —2.72 —-247 —1.35 —2.21
Histidine synthesis
SMU.1260c Hypothetical protein —1.43 —1.24 -0.95 —-0.96 —-1.29
SMU.1261c Putative phosphoribosyl-ATP pyrophosphohydrolase —1.48 —1.20 —-1.02 —0.90 —1.34
SMU.1262¢c Hypothetical protein —1.55 —1.28 —-1.08 —0.90 —1.80
SMU.1263 hisl Putative phosphoribosyl-ATP pyrophosphatase/ —1.78 —1.47 —-155 —-0.97 —2.11
phosphoribosyl-AMP cyclohydrolase
SMU.1264 hisF Imidazole glycerol phosphate synthase subunit HisF —1.82 —1.46 —-1.57 —0.84 —2.07
SMU.1265 hisA  1-(5-Phosphoribosyl)-5-[(5-phosphoribosylamino) —1.95 -1.59 -1.70 —-1.07 —2.28
methylideneamino] imidazole-4-carboxamide
isomerase
SMU.1266 hisH  Imidazole glycerol phosphate synthase subunit HisH —2.16 -1.83 —-1.83 —1.22 —2.36
SMU.1267c Hypothetical protein —=2.20 -1.92 -1.87 —1.24 —2.36
SMU.1268 hisB  Imidazoleglycerol-phosphate dehydratase —2.22 —1.94 -193 -1.17 —2.67
SMU.1269 serB  Putative phosphoserine phosphatase —2.24 —-1.91 =197 -1.12 —2.56
SMU.1270 hisD  Histidinol dehydrogenase -2.15 —1.99 —-1.86 —1.04 —2.39
SMU.1271 hisG ~ ATP phosphoribosyltransferase catalytic subunit —-2.15 —2.14 -1.82 —1.07 —2.26
SMU.1272 hisZ  Putative histidyl-tRNA synthetase —1.96 —2.05 —-1.59 —-0.95 —2.09
SMU.1273 hisC  Histidinol-phosphate aminotransferase —2.01 —2.24 -1.69 —1.07 —-2.27
Biofilm, adherence,
virulence
SMU.1004 gtfB Glucosyltransferase I —1.18 —0.90 -0.59 -1.17 —2.81
SMU.1005 gifC Glucosyltransferase Si -1.39 —1.45 —-132 -1.33 —1.89
SMU.1396 gbpC  Glucan-binding protein C —2.71 -1.79 -127 —1.28 —3.06
SMU.1397¢ irvA Transcriptional regulator —1.40 —1.40 —-126 —1.05 —1.38
SMU.610 spaP  Cell surface antigen SpaP —-1.92 -0.99 -0.59 -—1.41 —1.85
Antibiotic resistance
SMU.440 Hypothetical protein —1.16 -1.23 —-1.02 —-0.35 —1.22
SMU.441 Putative transcriptional regulator —-1.22 —1.24 —-1.07 —0.49 —-1.19
SMU.442 Hypothetical protein -1.12 —-1.25 —-1.00 —0.50 —1.10
Other
SMU.1861c Hypothetical protein —1.20 —-1.35 =221 -—1.82 —-1.79
SMU.108 Hypothetical S-adenosylmethionine-dependent 1.69 2.54 2.15 1.19 2.33
methyltransferases
SMU.109 Lantibiotic-related antibiotic efflux permease 1.17 1.10 1.25 1.10 1.16
SMU.1480 Hypothetical protein 1.02 1.32 1.32 1.30 1.19
SMU.1642¢ Hypothetical protein 1.25 1.42 1.71 1.49 1.83
SMU.1643c Hypothetical protein 1.15 1.41 1.57 1.44 1.94
SMU.643 Putative esterase 1.08 1.35 1.11 1.03 1.44

“ Genes that were below the cutoff of 1.0 (log, fold change) under some conditions but had a strong correlation with other genes according to gene functional

annotation or genomic location are included in the table.

binding to salivary pellicles formed on the tooth surface (5),
was also depressed in the ArpoE strain. Furthermore, the tran-
scriptional regulator gene irvA, located immediately adjacent
to gbpC, promotes biofilm formation via induction of ghpC and
sapP expression (77) and was repressed in the ArpoE strain.
Since the adhesion, glucan-producing, and glucan-binding en-

zymes are considered conserved virulence factors of S. mutans,
different virulence of the ArpoE strain might be expected.
(iv) Resistance to antibiotics. Although the transcription
levels of the 30S ribosomal proteins S1 RpsA (SMU.1200c)
and S2 RpsB (SMU.2032) were similar in the microarray data,
a lower transcription level of an operon related to polyketide



Vor. 192, 2010

antibiotic resistance, SMU.440-SMU.441 (46), was observed in
the ArpoE mutant under all conditions. The hypothetical pro-
tein SMU.440 is conserved in some dental pathogenic bacteria
and is associated with polyketide-like antibiotic resistance. The
adjacent protein, SMU.441, belongs to the MarR protein fam-
ily of transcriptional regulators, which is involved in controlling
multiple antibiotic resistances (46). Moreover, the adjacent
SMU.442 showed a similar expression pattern. Since proteins
with related functions are often clustered into the same operon
in bacteria, SMU.442 might also be involved in antibiotic re-
sistance. Hence, the sensitivity of the ArpoE mutant to the
polyketide antibiotic tetracycline might in part be due to the
repression of SMU.440 to SMU.442.

Significant changes in the ArpoE strain during growth. In
addition to the changes described above, which occurred under
all tested conditions, RpoE deficiency profoundly affected cel-
lular physiology during growth, and it had a major impact on
the expression of genes for amino acid transport and metabo-
lism, carbohydrate transport and metabolism, and energy pro-
duction and conversion (Fig. 6; see Table ST3 in the supple-
mental material).

(i) Carbohydrate transport, carbohydrate metabolism, en-
ergy production, and energy conversion. Carbohydrate metab-
olism by fermentation is the principal source of energy pro-
duction for S. mutans, which possesses an incomplete
tricarboxylic acid (TCA) cycle (7). Furthermore, the ability of
S. mutans to catabolize a variety of carbohydrates plays an
important role in pathogenesis, since its acidic end products,
e.g., lactic acid, formate, and acetate, reduce the extracellular
pH significantly and induce caries. The major uptake mecha-
nism for sugars in S. mutans depends on the phosphoenolpyru-
vate-phosphotransferase system (PTS), which mediates the in-
ternalization and phosphorylation of various sugars. It consists
of two nonspecific energy coupling components, enzymes EI
and EII and Hpr protein, and various substrate-specific mul-
tiprotein permeases (23).

The mpoE mutation caused dramatic changes in carbohy-
drate transport and metabolism (Fig. 6). The transcription of
the PTS1 operon (SMU.871-SMU.872), the primary PTS for
fructose uptake (68), was reduced in the ArpoE mutant at the
logarithmic phase of growth. Of note, the putative transcrip-
tional repressor of the fructose operon, SMU.870, had the
same expression pattern as SMU.871 and SMU.872, indicating
that the SMU.870 protein may function as a positive regulator.
Thus, the ArpoE mutant failed to have this PTS; instead, an
alternative sugar uptake system, the multiple-sugar-binding
(MSM) ABC transporter genes, including the downstream
operon (SMU.877 to SMU.888), was highly induced. The
MSM transporter is responsible for the uptake of a wide range
of sugars that are structurally related to raffinose, including
disaccharides (melibiose and sucrose) and monosaccharides
(glucose, fructose, and galactose) (8, 61). However, no obvious
change in the transcription of the putative positive regulator of
the MSM operon (SMU.876) was found. Hence, there might
be other regulatory mechanisms of MSM-mediated sugar
transport and metabolism.

Wen et al. showed that genes in the fructose-specific PTS2
operon (SMU.113 to SMU.116) were constitutively expressed
at a basic level (68), but no further report on the regulation of
this PTS was found. Our microarray results showed clear in-
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FIG. 6. Hierarchical clustering of differentially expressed genes in-
volved in carbohydrate transport and metabolism and in energy pro-
duction and conversion. Gene expression ratios are calculated as log,
fold changes, comparing the ArpoE mutant to the wild-type strain.
Red, upregulated genes; green, downregulated genes.

duction of this operon at the early stationary phase in the wild
type, while deletion of rpoE abolished such induction. How-
ever, the transcription level of the fructose/mannose-specific
PTS3 Lev (SMU.1956¢ to SMU.1961c¢) increased in the ArpoE
mutant. Moreover, upregulation of fructan hydrolase genes
fruA (SMU.78) and fruB (SMU.79) was observed. The expres-
sion of PTS3 Lev and FruA is repressed by fructose-specific
PTS1 and PTS2 through carbon catabolite repression, which
allows bacteria to metabolize the readily used sugars instead of
nonpreferred ones (72, 73, 74). Thus, the inhibitory effect of
PTS3 Lev was relieved because of reduced repressor PTS1 and
PTS2 in the ArpoE mutant. However, such changes might ham-
per efficient energy production, since the downregulation of
energy generation genes (pdhABCD and adhE) was observed
in the early stationary phase. Since the optimization of carbo-
hydrate utilization is crucial for oral streptococci, the ineffi-
cient sugar metabolism may be part of the reason for the
growth deficiency and reduced stress tolerance of the ArpoE
mutant.
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FIG. 7. Model of RpoE function in S. mutans. The yellow shadow shows functions influenced by RpoE under all conditions, including growth,
acid tolerance, biofilm structure, and antibiotic resistance. The green part shows the effect of RpoE on sugar transport and energy production under
normal growth conditions, while the red part shows the role of RpoE in sugar metabolism and metal transport under stress conditions.

(ii) Amino acid transport. Genes involved in amino acid
transport and metabolism were significantly changed, the ma-
jority of which were downregulated in the ArpoE mutant. Two
osmoprotectant uptake ABC transporters, OpuA (SMU.1062
to SMU.1063) and OpuC (SMU.2116 to SMU.2119), were
downregulated in the ArpoE mutant. Osmoprotectant mole-
cules are soluble under physiological conditions and bear no
net charge at neutral pH. Their accumulation in the cytosol is
important for maintaining cell turgor and for stabilization of
proteins, which is crucial for osmotic stress adaptation of bac-
teria (29). Thus, the reduced level of osmoprotectant ABC
transporters in the ArpoE mutant could be a disadvantage for
its survival in the fluctuating oral environment.

(iii) Iron transport. Interestingly, the putative ferrichrome
transporter genes (SMU.995 to SMU.998) were induced in the
ArpoE strain under every condition, except to a smaller degree
under oxidative stress. Sufficient levels of iron are necessary for
bacterial survival and growth, but the accumulation of iron can
lead to the production of toxic oxygen radicals via Fenton
chemistry (17, 76). Thus, its intracellular transport must be
tightly controlled, and such induction might cause toxicity to
the ArpoE strain.

Deficiency of the rpoE mutant in stress responses. In addi-
tion to the changes of the ArpoFE strain during growth, the loss
of RpoE also caused deficiency in stress defense compared to
the wild-type strain. As an example, the lactose-galactose path-
way, encoded by the lac operon (SMU.1491 to SMU.1496),
which generates the important substrate glucose 1-phosphate
for glycolysis (1), was downregulated in the ArpoE mutant
compared to the wild type under all stress conditions (Fig. 6;
see Fig. S8 in the supplemental material). The high-affinity
manganese and iron transporter operon sloABCR (SMU.182
to SMU.186) was induced in the wild type under acid or H,O,
stress; however, the ArpoFE strain did not have induction under
H,O, stress. The metal ions manganese and iron are cofactors
for superoxide dismutase, the enzyme necessary for oxidative
defense (44, 53). Recent studies suggest a role of the SlIoABC
transporter and its regulator SloR for the regulation of viru-
lence in S. mutans, including adherence, biofilm formation,

genetic competence, metal ion homeostasis, oxidative stress
tolerance, and antibiotic resistance (9, 50, 53).

Stress as an additional modulator of the transcriptome pro-
file of S. mutans. The wild-type and mutant strains had similar
responses to specific stresses, which revealed that stresses act
as additional modulators of gene regulation in S. mutans, and
some of these responses are not dependent on RpoE. Gene
expression changes corresponding to either acid or H,O, stress
could be found under the combined-stress condition. The cop-
per-transporting ATPase CopA (SMU.426), transcriptional
regulator CopY (SMU.424), and chaperone CopZ (SMU.427),
for instance, were upregulated under acidic and combined-
stress conditions in both the wild-type and mutant strains (see
Fig. S8 in the supplemental material). Interestingly, under
H,O, and combined-stress conditions, the strong induction
of SMU.191c to SMU.217¢ was found in both strains. Within
SMU.191c to SMU.217c, five genes (SMU.191c, SMU.198c,
SMU.201c, SMU.207¢c, and SMU.208¢c) encode putative trans-
posases and integrase, while SMU.194c encodes a bacteriophage
P2-associated protein and SMU.196¢ encodes an immunogenic
secreted protein. Transposases and integrases promote the move-
ment of DNA segments to new locations, through a “cut-and-
paste” mechanism, without a requirement for sequence homology
(26). Transposase genes are the most abundant genes in both
sequenced genomes and environmental metagenomes (10). Their
mobile nature on the one hand may cause inactivation and
mutation of structural genes in bacterial genome; however, on
the other hand, they diversify and enrich the genomes and offer
a selective advantage to the bacteria (26, 28). H,O, has been
reported to induce transposition activity in Burkholderia ceno-
cepacia (19) and to increase transcription of transposases in
Porphyromonas gingivalis (18). The increased transposase ac-
tivity under oxidative stress was expected to contribute to the
genomic rearrangement and diversity for better survival under
environmental stress.

Interestingly, the combination of two stresses triggered new
responses. The pyruvate dehydrogenase complex PAhABCD
(SMU.1421 to SMY.1424), which oxidizes pyruvate to acetyl
coenzyme A (acetyl-CoA) and CO, (15, 32), was strongly in-
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duced when acid and H,O, stresses were combined, while it
was only weakly affected by single stress. Accordingly, the
alcohol dehydrogenase AdhCD (SMU.129 to SMY.130), which
catabolizes the conversion of acetyl-CoA to alcohol (71), was
derepressed under combined-stress conditions. These data
suggest that S. mutans has sophisticated regulatory mecha-
nisms, instead of simple combination, to protect itself against
different stress sources.

Confirmation of gene expression by quantitative PCR. The
differential expression of four genes was confirmed by quanti-
tative PCR in all samples using the same RNA sources as used
for the microarray analysis (see Table ST4 in the supplemental
material). The first gene in the histidine metabolism operon,
hisC, was downregulated in the ArpoE mutant under every
tested condition, similar to the microarray results. More pro-
nounced induction of the sugar transporter genes levD and
msmE was found in the log phase and early stationary phase of
growth by quantitative PCR in comparison to the microarray
data. The reduction of the expression of the transporter gene
fruC at the early stationary phase in the mutant strain was also
confirmed with both methods.

Summary of RpoE function in S. mutans. The phenotypic
and transcriptomic results allow us to develop a concept of the
global role of RpoE in S. mutans, likely caused by its modifi-
cation of the transcriptional specificity of the RNA polymer-
ase. As shown in Fig. 7, rpoE transcription was inhibited by
acid and H,O,. The lack of RpoE interfered with various
biological functions, including growth, acid tolerance, biofilm
formation, and resistance to antibiotics under all experimental
conditions. Under normal growth conditions, RpoE had a sig-
nificant effect on sugar transport and energy production, both
of which affect cell growth. Under stress conditions, rpoE
knockout caused deficiency in sugar metabolism and metal
transport, resulting in reduced growth and survival of the mu-
tant. Thus, RpoE acts as a global modulator of gene expres-
sion. It is critical for optimal growth and quick adaptation to
changing environmental conditions and potentially increases
the virulence of S. mutans.
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