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Streptococcus gordonii, a primary colonizer of the tooth surface, interacts with salivary �-amylase via amylase-binding protein A
(AbpA). This enzyme hydrolyzes starch to glucose, maltose, and maltodextrins that can be utilized by various oral bacteria for
nutrition. Microarray studies demonstrated that AbpA modulates gene expression in response to amylase, suggesting that the
amylase-streptococcal interaction may function in ways other than nutrition. The goal of this study was to explore the role of
AbpA in gene regulation through comparative transcriptional profiling of wild-type KS1 and AbpA� mutant KS1�abpA under
various environmental conditions. A portion of the total RNA isolated from mid-log-phase cells grown in 5% CO2 in (i) complex
medium with or without amylase, (ii) defined medium (DM) containing 0.8% glucose with/without amylase, and (iii) DM con-
taining 0.2% glucose and amylase with or without starch was reverse transcribed to cDNA and the rest used for RNA sequencing.
Changes in the expression of selected genes were validated by quantitative reverse transcription-PCR. Maltodextrin-associated
genes, fatty acid synthesis genes and competence genes were differentially expressed in a medium-dependent manner. Genes in
another cluster containing a putative histidine kinase/response regulator, peptide methionine sulfoxide reductase, thioredoxin
protein, lipoprotein, and cytochrome c-type protein were downregulated in KS1�abpA under all of the environmental condi-
tions tested. Thus, AbpA appears to modulate genes associated with maltodextrin utilization/transport and fatty acid synthesis.
Importantly, in all growth conditions AbpA was associated with increased expression of a potential two-component signaling
system associated with genes involved in reducing oxidative stress, suggesting a role in signal transduction and stress tolerance.

It is well known that dental plaque is involved in the etiology of
the two most common oral diseases, caries, and periodontal

disease. Streptococcus gordonii is one of the pioneer bacteria that
initiate the formation of dental plaque on tooth surfaces. Dental
plaque formation is a complex process that involves the participa-
tion of a variety of salivary components (1). Salivary �-amylase is
the most abundant enzyme in saliva and is best known for its
ability to degrade starch by hydrolyzing 1,4-glycosidic linkages
with subsequent formation of maltose, maltotriose, and limit dex-
trins as the main products (2). Amylase binds to a number of oral
streptococcal species, collectively referred to as the amylase-bind-
ing streptococci (ABS) (3–6). Once bound to streptococcal cells,
amylase retains enzymatic activity to mediate the hydrolysis of
starch to fermentable oligosaccharides (7–9). Thus, streptococ-
cus-bound salivary amylase hydrolyzes dietary starch that can be
further metabolized for streptococcal nutrition. It is also possible
that S. gordonii and other ABS contribute to oral microbial colo-
nization by metabolizing dietary starch and providing nutrition
for non-ABS species within the dental plaque.

S. gordonii binds salivary amylase to its surface with high effi-
ciency and specificity via the surface-expressed 20-kDa amylase-
binding protein A (AbpA), which is maximally expressed during
the mid-log phase of bacterial growth (4, 10, 11). Previous in vitro
studies demonstrated that amylase promotes the adhesion of ABS
to surfaces and plays a role in biofilm formation (8). Studies using
a rat model, however, showed that the ability to bind amylase did
not correlate with colonization of the oral cavity (12). Thus, the
amylase-streptococcus interaction may function in ways other
than promoting nutrition, adhesion, or biofilm formation.

Recent microarray analysis showed that 33 genes of S. gordonii
grown in chemically defined medium containing 0.8% glucose
were differentially expressed after exposure to purified salivary

amylase and that mutation of abpA eliminated the amylase-de-
pendent gene response (13). In another study, the expression of
both the abpA gene and its cognate protein were significantly in-
creased after incubation in defined medium containing 0.2% glu-
cose supplemented with starch and amylase (14). Based on these
experiments we now postulate that AbpA may directly or indi-
rectly participate in a signaling pathway that enables AbpA-mod-
ulated gene expression in response to amylase.

The RNA-sequencing (RNA-Seq) method permits examina-
tion of differential gene expression with greater sensitivity and less
technical variability than microarrays and results in a deeper,
more accurate assessment of transcriptomes (15, 16). It has now
been widely used for the global transcriptome analysis of many
microorganisms (17–19). Thus, the goals of the present study
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were to use RNA-Seq to (i) determine the effect of abpA deletion
on gene expression of S. gordonii when grown in different media,
(ii) determine the transcriptional changes of S. gordonii after bind-
ing to human salivary amylase in different growth media, and (iii)
determine the effect of amylase and starch on the transcriptional
changes in S. gordonii. The results of this study validate the con-
cept that S. gordonii “senses” the oral environment, in this case
amylase and starch, resulting in specific changes in bacterial gene
expression that may affect the fitness of the bacteria to survive in
the oral cavity.

MATERIALS AND METHODS
Bacterial strains and culture conditions. A kanamycin-resistant deriva-
tive of S. gordonii strain CH1 (20), designated KS1, that carries a chromo-
somal aphIII gene replacing a phage integrase gene (SGO_2076) was con-
structed previously for use in animal studies (21). An AbpA-deficient
derivative of KS1 (KS1�abpA) was constructed by inserting the tet(M)
gene, encoding tetracycline resistance (EMBL accession no. X56353) into
the snaB1 site of the chromosomal abpA gene (21).

All bacterial strains were cultured from frozen stock to plates containing
tryptic soy broth supplemented with 0.5% yeast extract and 1.5% Bacto agar
(TSBY; Becton Dickinson, Sparks, MD) and grown for 48 h at 37°C in a
candle jar. Strains were initially isolated on plates containing kanamycin at
750 �g/ml. For routine experiments, bacteria were cultured in TSBY medium
or chemically defined medium (DM) with glucose, as indicated, without an-
tibiotic supplementation (22). All bacterial strains used in the present study
are listed in Table S1 in the supplemental material.

Construction of complemented strain. To complement KS1�abpA,
abpA and its promoter were first amplified by PCR using the primers
Hind3C=abpAF and Hind3C=abpAR containing engineered HindIII sites
(see Table S2 in the supplemental material). The PCR product was cloned
into HindIII-digested plasmid pVA749 (23) and transformed into wild-
type S. gordonii CH1 cells made competent, as previously described (24,
25). Transformants were selected by plating the competent cells on Todd-
Hewitt agar supplemented with 5 �g of erythromycin/ml and confirmed
by extracting the plasmid (26), digesting it with HindIII, and then analyz-
ing it on an ethidium bromide-stained agarose gel. After confirming the
fidelity of the insertion in pFS001 by nucleotide sequencing using plas-
mid-specific pVA749-F and pVA749-R primers (see Table S2 in the sup-
plemental material), plasmid pFS001 was transformed into competent
AbpA-deficient S. gordonii KS1�abpA cells. Transformants carrying plas-
mid pFS001 were selected by extraction of the plasmid and confirmed by
running the HindIII-digested plasmids on an ethidium bromide-stained
agarose gel.

Purification of human salivary �-amylase. Human parotid saliva was
collected from several healthy donors, as previously described, with slight
modifications (27). The University at Buffalo Human Subjects Institu-
tional Review Board approved the saliva collection protocol. Saliva was
clarified by centrifugation at 12,800 � g for 10 min. The supernatant was
extensively dialyzed against distilled water, lyophilized, resuspended in
chromatography buffer, and subjected to BioGel P60 gel filtration chro-
matography, as previously described (6). The peaks corresponding to
nonglycosylated amylase were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and an amylase ligand-bind-
ing assay using anti-amylase antibody, as described previously (4). Se-
lected peaks corresponding to nonglycosylated amylase were pooled,
dialyzed, lyophilized, and stored at �20°C. For RNA sequencing (RNA-
Seq) experiments requiring amylase-treated samples, nonglycosylated
amylase was resuspended in either simulated salivary buffer (21 mM so-
dium phosphate buffer, 36 mM NaCl, 0.96 mM CaCl2) (27) or DM, as
described below, and was used at 0.4 mg/ml, corresponding to its salivary
concentration (28).

RNA-Seq experiments. (i) RNA-Seq1: transcriptional profiling of
TSBY-grown S. gordonii exposed to salivary amylase. S. gordonii KS1
and KS1�abpA were cultured statically in 30 ml of TSBY broth at 37°C in

a candle jar to mid-log phase corresponding to an optical density at 600
nm (OD600) of 0.5 to 0.7. Each mid-log-phase bacterial culture was then
divided into three aliquots of equal volume. Experiments were conducted
in parallel with cells from KS1 and KS1�abpA. Bacterial cells from all
aliquots were pelleted by centrifugation at 6,000 � g in a Sorvall RC6
centrifuge at 18°C for 5 min. One aliquot of each culture (KS1 and
KS1�abpA) was directly used for RNA isolation. The other aliquots were
treated with either amylase or denatured amylase. The pellets were washed
once with simulated salivary buffer prewarmed to 37°C. Simulated sali-
vary buffer (2 ml) containing 0.4 mg of purified, nonglycosylated salivary
amylase/ml and prewarmed to 37°C was added to the cells of one aliquot.
As a negative control, simulated salivary buffer containing 0.4 mg of de-
natured salivary amylase/ml, following heating to 100°C for 15 min and
cooling to 37°C just prior to use, was added to the cells of another aliquot.
Each aliquot was incubated statically for 15 min at 37°C in a candle jar.
Three independent experiments were conducted on different days.

Total RNA was immediately isolated using the FastRNA Blue Kit (MP
Biomedicals LLC, Solon, OH) according to the manufacturer’s instruc-
tions except that the cells were disrupted using a Mini-Bead Beater 8
(BioSpec Products, Bartlesville, OK) for three 1-min cycles. Total RNA
was then DNase-treated with Turbo DNA-free (Ambion, Austin, TX) to
remove any contaminating DNA. The remaining contaminants were re-
moved by using a Qiagen RNeasy MiniElute cleanup kit (Qiagen, Valen-
cia, CA) according to the manufacturer’s instructions. Total RNA was
quantified using the NanoDrop 2000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE), and RNA integrity was determined
by 1% agarose gel electrophoresis stained with ethidium bromide. The
total RNA was then treated with a Ribo-Zero rRNA removal kit (gram-
positive bacteria; Epicentre, Madison, WI) to remove rRNA. The quantity
and quality of the RNA was analyzed using the NanoDrop 2000 spectro-
photometer and an Agilent 2100 electrophoresis bioanalyzer (Agilent
Technologies, Santa Clara, CA). All purified RNA samples had a RNA
integrity number of �8. An Illumina TruSeq RNA sample preparation kit
was used to prepare cDNA libraries from rRNA-depleted RNA samples.
Briefly, the mRNA was cleaved into fragments, the first strand was reverse
transcribed to cDNA using SuperScript II reverse transcriptase and ran-
dom primers (Invitrogen, Carlsbad, CA), followed by second-strand
cDNA synthesis using the Second Strand master mix supplied with the kit.
After end repair, the addition of a single ‘A’ base, and ligation with adapt-
ers, the products were enriched and purified with PCR to create the final
cDNA library according to per manufacturer’s protocol. The cDNA prod-
ucts were then sequenced using the Illumina HiSeq 2000 or HiSeq 2500 at
the New York State Center for Excellence in Bioinformatics and Life Sci-
ences, UB Genomics and Bioinformatics Core, Buffalo, NY.

(ii) RNA-Seq2: transcriptional profiling of DM– 0.8% glucose-grown S.
gordonii exposed to salivary amylase. S. gordonii KS1 and KS1�abpA
were cultured statically in 30 ml of DM containing 0.8% (wt/vol) glucose
(DM– 0.8% glucose) at 37°C in a candle jar to mid-log phase correspond-
ing to an OD600 of 0.6 to 0.8. All of the other preparation procedures were
the same as for RNA-Seq1.

(iii) RNA-Seq3: transcriptional response of DM– 0.2% glucose-
grown S. gordonii after exposure to amylase with or without starch. S.
gordonii KS1 and KS1�abpA were cultured statically in 40 ml of DM
containing 0.2% (wt/vol) glucose (DM– 0.2% glucose) at 37°C in a candle
jar to mid-log phase corresponding to an OD600 of 0.5 to 0.6. Each mid-
log-phase bacterial culture was then divided into four aliquots of equal
volume. Bacterial cells from all aliquots were pelleted by centrifugation at
6,000 � g in a Sorvall RC6 centrifuge at 18°C for 5 min, and the superna-
tants were removed. Experiments were conducted in parallel with cells
from KS1 and KS1�abpA. Pellets from one aliquot of each strain were
resuspended in fresh DM– 0.2% glucose (2 ml) alone (no amylase con-
trol), and pellets from the other three aliquots were resuspended in fresh
DM– 0.2% glucose (2 ml) supplemented with 0.4 mg of amylase/ml to
allow amylase to bind to the cell surface. Each aliquot was incubated
statically for 15 min at 37°C in a candle jar. All cell suspensions were then
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pelleted by centrifugation at 6,000 � g at 18°C for 5 min; the aliquots of
bacteria treated with DM– 0.2% glucose alone and one aliquot treated
with DM– 0.2% glucose plus amylase were used directly for RNA isola-
tion. The two remaining aliquots treated with amylase were washed once
with simulated salivary buffer. Cells from one aliquot were resuspended in
fresh DM– 0.2% glucose supplemented with 1% starch (0.05 g/ml) and, as
a control, cells from the other aliquot were resuspended in fresh DM–
0.2% glucose alone. These two aliquots were incubated statically for 15
min at 37°C in a candle jar. RNA was then isolated from cells of these two
aliquots. The experiment was repeated on three different days. The other
preparation procedures were the same as RNA-Seq1.

RNA-Seq data analysis. Raw RNA-Seq reads for each sample were
mapped to the reference genome from the National Center of Biotech-
nology Information (Streptococcus gordonii Challis CH1, RefSeq ID
NC_009785, http://www.ncbi.nlm.nih.gov/genome) using TopHat v2.0.7
software (http://ccb.jhu.edu/software/tophat). The resulting alignment
files were supplied to Cuffdiff v2.1.1 software (http://cole-trapnell-lab
.github.io/cufflinks/), which calculates expression levels based on the in-
put gene annotation file and tests the statistical significance of observed
changes. Annotations were considered significant if the adjusted P value
was �0.05 after Benjamini-Hochberg correction. Replicate samples were
processed independently and then pooled for analysis of gene expression
between tests and control samples for each growth condition tested.

cDNA synthesis. DNase-treated total RNA obtained from each sam-
ple was also used immediately for cDNA synthesis. Before cDNA synthe-
sis, PCR was performed using 5 �l of each total RNA sample (328 to 654
ng/�l) as the template and a primer pair (SGO_1174/1175-F and
SGO_1174/1175-R; see Table S6 in the supplemental material) spanning
the intergenic region between SGO_1174 and SGO_1175 to confirm the
absence of contaminating genomic DNA. The total RNA was then reverse
transcribed to cDNA using a modified protocol from the Pathogen Func-
tional Genomics Resource Center (PFGRC) at the J. Craig Venter Institute
(ftp://ftp.jcvi.org/pub/data/PFGRC/MAIN/pdf_files/protocols/M007.pdf).
Briefly, 4 �g of total RNA was reverse transcribed using Superscript III
(Invitrogen) reverse transcriptase in a deoxynucleotide mixture. After al-
kaline hydrolysis to remove the RNA template, cDNA was purified with
QIAquick PCR columns (Qiagen). cDNA samples were stored at �80°C
prior to use.

Quantitative real-time PCR (qRT-PCR). qRT-PCR was performed to
validate the transcriptional expression of several highly differentially ex-
pressed genes identified by RNA-Seq. The concentration of cDNA was
determined using the NanoDrop 2000 spectrophotometer, and for qRT-
PCR each sample template was standardized to 1 to 2 ng/�l dependent
upon primer efficiency. Gene-specific primers were designed using
primer BLAST from the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov) and synthesized by Invitrogen. To ensure
that the efficiency of the assay was between 90 and 110%, qRT-PCR was
performed using serial dilutions of the cDNA template with each primer
set. Each 25-�l reaction mixture contained 5 �l of template, 12.5 �l of
Power SYBR green PCR master mix (Applied Biosystems, Foster City,
CA), 2 �l each of the forward and reverse primers (160 nM), and 3.5 �l of
ultrapure water. The qRT-PCR assay was performed on the ABI 7500
thermal cycler (Applied Biosystems), using uniform cycling conditions
(95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C)
for Power SYBR green (Applied Biosystems). Dissociation curve analysis
was performed at the conclusion of the each run to verify the amplifica-
tion of a single product. Assay controls for each run included (i) amplifi-
cation with a primer set for gyrase A (gyrA) as the endogenous control and
(ii) amplification with a reaction mixture without a template. All reactions
were run in triplicate and were repeated with three independent biological
replicates.

qRT-PCR statistical analysis. The 2���CT method was used to calcu-
late the fold difference in gene expression between the AbpA mutant rel-
ative to wild-type KS1. The threshold cycle (CT) value was averaged over
the technical replicates to compute the CT for each biological sample. For

the RNA-Seq1 (TSBY) and RNA-Seq2 (DM– 0.8% glucose) experiments,
two sample t tests (P � 0.05) were used to compare the 2���CT values for
the target genes SGO_1174-1179 and srtB between the AbpA mutant us-
ing wild-type KS1 as the calibrator. The RNA-Seq3 (DM– 0.2% glucose
and amylase with or without salivary amylase) experiment used paired t
tests to compare 2���CT values for target genes SGO_0100 to SGO_0104
between the growth conditions as that experiment began with each bio-
logical sample divided in half for each growth condition. The R program-
ming language was used to perform all calculations.

Reverse transcription-PCR (RT-PCR). To determine whether genes
SGO_1173 to SGO_1180 and genes SGO_2103 to SGO_2106 were cotran-
scribed as polycistronic messages, RT-PCR was performed with cDNA
obtained from KS1 (RNA-Seq2 in DM– 0.8% glucose) and primers de-
signed to amplify regions spanning the adjacent gene junctions. The prim-
ers were designed using primer BLAST (http://blast.ncbi.nlm.nih.gov
/Blast.cgi) and synthesized by Invitrogen. In a 25-�l PCR, 6 �l of cDNA
standardized to 2 ng/�l was used as the template along with 250 nM each
primer. The following PCR program was used: preincubation at 95°C for
3 min; followed by denaturing at 95°C for 30 s, annealing at 55°C for 1
min, and extension at 72°C for 1 min for 30 cycles; followed in turn by a
5-min incubation at 72°C. PCR negative (no template) and positive con-
trols containing 200 ng of DNA from S. gordonii KS1, prepared as previ-
ously described (29), were included in each experiment.

Effect of hydrogen peroxide on growth. (i) Determination of MIC.
Bacterial strains were cultured from freezer stocks onto TSBY agar plates.
Broth cultures of KS1 and KS1�abpA were prepared in TSBY supple-
mented as appropriate with 750 �g of kanamycin/ml and 10 �g of tetra-
cycline/ml and grown statically overnight at 37°C in a candle jar. Over-
night cultures of S. gordonii KS1 and KS1�abpA were diluted in TSBY
medium without antibiotics to a starting OD600 of 0.01. Experiments to
determine strain sensitivity to H2O2 were performed as previously de-
scribed (30). In a 96-well microplate, 48 wells were filled with 100 �l of
standardized culture of KS1 or KS1�abpA. For each strain, six replicate
wells were treated with 100 �l of different concentrations of H2O2 in
TSBY (0, 1.25, 2.5, 5, 10, 20, 40, or 80 mM). Hence, the final H2O2 con-
centrations were 0, 0.625, 1.25, 2.5, 5, 10, 20, or 40 mM. Bacterium-free
medium controls (200 �l) for each H2O2 concentration were included.
The microplates were covered by sterile Nunc sealing tape (Thermo Sci-
entific) and incubated at 37°C for 17 h in a candle jar. The OD600 of each
well was determined on a microplate reader (Beckman Coulter AD340).
To determine the growth in each well, the mean OD600 of the bacterium-
free medium control was subtracted from the OD600 of each well at the
same concentration of H2O2. The MIC was determined as the lowest
concentration of H2O2 that inhibited visible growth.

(ii) Effect on cell viability. Broth cultures of KS1 and KS1�abpA were
prepared in TSBY supplemented with appropriate antibiotics and grown
statically overnight at 37°C in a candle jar. Overnight cultures were diluted
in DM– 0.8% glucose without antibiotics to a starting OD600 of 0.1. When
the cells reached mid-log phase (OD600 of 0.5 to 0.6), 1 ml of each culture
was added to six microcentrifuge tubes and centrifuged at 8,000 � g for 5
min. After the supernatant was discarded, the pellets were resuspended in
DM– 0.8% glucose with different concentrations of H2O2 (0, 1.25, and 2.5
mM). Two tubes with a given H2O2 concentration were prepared for each
strain. One set of tubes was incubated statically at room temperature for
exactly 5 min, and the other set of tubes was incubated for exactly 30 min.
At the end of the incubation, treatment was terminated by centrifugation
for 5 min at 8,000 � g and resuspension of the cell pellets in phosphate-
buffered saline (pH 7.5). The drop plate method (31) was used to deter-
mine cell viability. The CFU were counted after overnight growth on
TSBY agar at 37°C in a candle jar. The relative viability at each H2O2

concentration at a given incubation time was calculated as (CFU with
peroxide/CFU without peroxide) � 100. The statistical significance was
determined by using a Student t test (P � 0.05).
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RNA-Seq data accession number. RNA-Seq data were deposited in
the Sequence Read Archive database at NCBI and are accessible through
BioProject number PRJNA199999.

RESULTS AND DISCUSSION

S. gordonii, like all bacteria, adapts to different environmental
conditions by altering gene expression to optimize its survival.
The ability of S. gordonii to bind salivary �-amylase through AbpA
has been shown to play a role in this gene response. Recent mass
spectrometric analysis of the whole secretome and amylase-pre-
cipitated secretome proteins from S. gordonii grown in TSBY
showed the secretion of AbpA, sortase B, and other potential sig-
nal transduction proteins (32). To further define the role of AbpA
in gene regulation, RNA-Seq was used to compare the global tran-
scriptional responses of S. gordonii KS1 and the AbpA� mutant
KS1�abpA. In light of the fact that AbpA is subject to catabolite
repression (33), bacterial cells were grown not only in DM– 0.8%
glucose and TSBY to further extend previous findings but also in
DM– 0.2% glucose to better simulate the nutrient-limited envi-
ronment of the oral cavity and to minimize the effect of glucose on
abpA expression. Gene expression was also compared to the addi-
tion of amylase, the predominant protein in saliva. Starch, the
primary substrate of amylase and a potential nutrient source, was
also added to the DM– 0.2% glucose experiments in an attempt to
mimic the exposure of bacteria to a dietary starch challenge. As
described below, the choice of in vitro growth medium had a pro-
nounced effect on global gene expression in S. gordonii.

Transcriptional response in complex versus minimal culture
media. (i) TSBY. TSBY is a complex growth medium containing
0.25% glucose that provides bacteria with a rich mix of nutrients.
When gene transcription of KS1�abpA was compared to KS1 as
the control following growth in this medium, relatively few genes
were differentially expressed (Tables 1 and 2). These data suggest
that when the nutritional needs of the bacteria are met, in the
absence of extracellular amylase, AbpA affects transcription of
only a small number of genes.

(ii) DM– 0.8% glucose. In contrast, when the strains were
grown in a minimal medium with higher glucose concentration
(0.8%), several additional genes were differentially transcribed

(Table 1 and see Table S3 in the supplemental material). Interest-
ingly, abpB, which encodes amylase-binding protein B and func-
tions as a dipeptidase, was upregulated in KS1�abpA. Four genes
(SGO_0099 to SGO_0102) encoding proteins involved in malto-
dextrin utilization and transport were upregulated 5- to 7-fold, as
well as 11 genes (SGO_0043, SGO_0045 to SGO_0049, and
SGO_1890 to SGO_1893) belonging to phosphotransferase sys-
tems (PTS), which are major carbohydrates transport system. The
gene cluster (SGO_1759 to SGO_1771) was also upregulated,
which includes several glycosyl hydrolases and ABC sugar trans-
porters. Overall, the genes predominantly upregulated under this
condition are involved in energy metabolism (31.3%) and trans-
port and binding (20.8%), as well as genes predominantly down-
regulated function in transport and binding (21.8%), and genes
involved in the cell envelope (13.0%) and in purine, pyrimidine,
nucleoside, and nucleotide biosynthesis (13%). Figure 1 depicts
the functional categories of genes upregulated or downregulated
in KS1�abpA relative to KS1 cultured in DM– 0.8% glucose.
These data suggest that in minimal medium with high glucose,
even without amylase, AbpA may influence the induction of malt-
ose utilization, carbohydrate transport systems, and energy pro-
duction and may possess a signaling function.

(iii) abpA expression. As expected, amylase-binding protein A
(abpA, SGO_2105) grown in either TSBY or DM–0.8% glucose was
downregulated 12.4- and 19.7-fold, respectively, in KS1�abpA com-
pared to KS1 (see Table S3 in the supplemental material). How-
ever, sortase B (srtB, SGO_2104), which is located immediately
downstream of abpA (Fig. 2A), was also significantly downregu-
lated approximately 25- and 47-fold in TSBY and DM– 0.8% glu-
cose, respectively, in this strain. It has been suggested that SrtB
plays a role in the attachment of AbpA to the cell wall of S. gordo-
nii, although AbpA does not have a classic SrtB recognition do-
main (34). The present study found that regardless of the growth
medium, deletion of abpA resulted in significant downregulation
of srtB (see Table S3 in the supplemental material). In a previous
Northern blot study, a biotinylated abpA probe bound predomi-
nantly to an 	600-bp (abpA) band of S. gordonii RNA, as well as a
lighter band of greater size (33), suggesting the possibility of

TABLE 1 RNA-Seq: effect of growth medium on the number of differentially expressed genes

Growth medium and
gene status

Condition and no. of genesa

WT vs AbpA� mutant Amylase vs control

KS1�abpA
vs KS1

KS1�abpA
vs KS1 KS1 KS1�abpA

TSBY No amylase Amylase Denatured amylase Denatured amylase
Genes upregulated 0 1 NS NS
Genes downregulated 12 9 NS NS

DM–0.8% glucose No amylase Amylase Denatured amylase Denatured amylase
Genes upregulated 97 34 54 NS
Genes downregulated 69 39 51 NS

DM–0.2% glucose No amylase Amylase Buffer Buffer
Genes upregulated ND 3 13 2
Genes downregulated ND 11 4 3

a For KS1�abpA-versus-KS1 values, the control was the KS1 parental strain. For the amylase-versus-control values, the control was heat-denatured amylase (100°C for 15 min)
diluted in simulated salivary buffer when using denatured amylase or simulated salivary buffer (21 mM sodium phosphate buffer, 36 mM NaCl, 0.96 mM CaCl2) when using buffer.
NS, not significant after Benjamini-Hochberg correction (P 
 0.05); ND, analysis not done.
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cotranscription. In the present study, qRT-PCR studies confirmed
that srtB expression in KS1�abpA was significantly downregu-
lated �4.5892-fold (P � 0.00387) in TSBY relative to KS1, indi-
cating that insertion of tet(M) possessing a weak terminator (35)
inhibited the transcription of abpA through to srtB, resulting in an
apparent polar effect. RT-PCR analysis of gene junctions using
primers listed in Table S6 in the supplemental material supports
the cotranscription of abpA and srtB as a polycistronic message
(Fig. 2B). These results demonstrate that transcription of abpA
and srtB is linked. It has been observed that surface proteins are
often located in the same transcriptional unit with a sortase gene
and that the two genes presumably comprise a enzyme-substrate
pair (36). AbpA is expressed on the cell surface of S. gordonii (10),
and SrtB likely functions to anchor it to the cell wall. We postulate
that following cleavage of the N-terminal signal peptide AbpA acts
as the substrate for sortase B, which binds to the LPXTG-like sort-
ing motif located near the C terminus of AbpA. Sortase acting as a
membrane-anchored transpeptidase enables AbpA to be tran-
siently anchored to the cell wall, not unlike SvpA in Listeria mono-
cytogenes (37). Studies are ongoing to determine the relationship
of abpA to srtB in S. gordonii and how it affects the localization of
AbpA and its subsequent functions.

(iv) Redox gene cluster. In both TSBY and DM–0.8% glucose, a
cluster of genes potentially involved in signal transduction and oxidative
stress was differentially downregulated in the KS1�abpA compared to
KS1. Two genes encoding a putative histidine kinase (SGO_1174)
and response regulator (SGO_1175) comprise a potential two-
component signal transduction system. Contiguous genes
SGO_1176 (peptide methionine sulfoxide reductase-like pro-
tein), SGO_1177 (thioredoxin family protein), SGO_1178 (puta-
tive lipoprotein), and SGO_1179 (cytochrome c-type biogenesis
protein) were also downregulated. Functional annotation of the
genes in this cluster suggest their potential role in electron trans-
port and adjustment to redox conditions and have thus been des-

ignated the “redox gene cluster” for descriptive purposes. qRT-
PCR using primers listed in Table S3 in the supplemental material
validated that SGO_1174 to SGO_1179 were significantly down-
regulated in both TSBY (Table 3) and DM– 0.8% glucose (Table
4). In order to obtain preliminary evidence of a polycistronic mes-
sage containing genes of this cluster (SGO_1173 to SGO_1180,
Fig. 2C), transcript analysis was performed at each individual gene
junction of these genes using primers listed in Table S6 in the
supplemental material. Robust amplicons obtained from cDNA
using the gene junction primers SGO_1173/1174 and SGO_1174/
1175 suggest that the cytochrome c-type protein gene ccdA2 and
the histidine kinase and response regulator genes are tran-
scribed together (Fig. 2D). The SGO_1175/1176 region failed to
produce an amplicon. Additional robust amplicons were ob-
tained from SGO_1176/SGO_1177, SGO_1177/SGO_1178, and
SGO_1178/SGO_1179, while a light band was obtained from
SGO_1179/SGO_1180 (Fig. 2D). It appears the peptide methio-
nine sulfoxide reductase, the thioredoxin family protein, the pu-
tative lipoprotein, and the cytochrome c-type protein ccdA1 genes
are cotranscribed. However, it is unclear whether the histidine
kinase (SGO_1180) gene is part of this cluster since it was only
faintly detectable by PCR, is only differentially expressed under
one condition and is upregulated, whereas the contiguous cluster
is downregulated. In each assay where a cDNA amplicon was ob-
tained, PCR using the RNA template was negative (data not
shown), confirming the lack of genomic DNA contamination of
the RNA samples. These results support the polycistronic nature
of at least two groups of genes within this redox gene cluster.
Further experiments will need to be conducted to verify the role of
AbpA gene regulation within this region.

Transcriptome response to amylase in different culture me-
dia. (i) TSBY with amylase. The potential for host salivary amy-
lase to serve as an environmental signal for signal transduction
was examined. When nonglycosylated �-amylase (0.4 mg/ml) was

TABLE 2 RNA-Seq1: genes downregulated in KS1�abpA mutant compared to KS1 grown in TSBY medium

Category and NCBI locus Protein encoded Fold change

Signal transduction: two-component systems
SGO_1174 Two-component system histidine kinase �6.02
SGO_1175 Response regulator �6.5

Protein modification and repair
SGO_1176 Peptide methionine sulfoxide reductase-like protein �9.51

Energy metabolism: electron transport
SGO_1177 Thioredoxin family protein �9.38
SGO_1179 Cytochrome c-type biogenesis protein (CcdA1) �11.79

Cell envelope
SGO_1178 Putative lipoprotein �10.93
SGO_0208 Glycosyl hydrolase family LPXTG cell wall surface protein �3.84
SGO_0316 Serine protease subtilase family LPXTG cell wall surface protein �3.05
SGO_0317 Serine protease subtilase family LPXTG cell wall surface protein �3.05

Transport and binding proteins
SGO_0878 ABC transporter ATP-binding protein �3.56
SGO_2105 Amylase-binding protein (AbpA) �12.38

Protein and peptide secretion and trafficking
SGO_2104 Sortase B (SrtB) �24.59
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added to the complex culture medium TSBY, there was little dif-
ference in gene expression between KS1�abpA and KS1, except
for abpA, srtB, and the redox gene cluster (Table 1; see also Table
S3 in the supplemental material). There was also no significant
difference in gene expression in either KS1 or KS1�abpA when
the addition of amylase was compared to denatured amylase (con-
trol) (Table 1; see also Table S4 in the supplemental material),

suggesting that amylase activity is not required and that the ob-
served effects are due to the lack of AbpA.

(ii) DM– 0.8% glucose with amylase. In contrast, when mid-
log-phase bacteria grown in DM– 0.8% glucose were incubated
for 15 min with amylase, many more genes were differentially up-
and downregulated in KS1�abpA compared to KS1 (Table 1; see
also Table S2 in the supplemental material). Notably, genes in-

FIG 1 RNA-Seq2: categories of genes upregulated (A) or downregulated (B) in KS1�abpA mutant relative to KS1 grown in DM with 0.8% glucose.
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volved in maltodextrin utilization and transport were no longer
differentially upregulated since they were in this medium without
amylase. As shown in Fig. 3A, genes involved in transport (27.8%)
and energy metabolism (13%) were again the primary upregu-
lated functions in the AbpA� mutant. In addition, genes involved
in the cell envelope (11.1%) and fatty acid and phospholipid me-
tabolism (7.4%) were also upregulated. Other genes involved in
the cell envelope (20%), energy metabolism (18%), transport and
binding (16%), and amino acid biosynthesis (10%) were func-
tional categories most downregulated (Fig. 3B).

The genes within the redox cluster in KS1�abpA were also
downregulated 20.5- to 42.2-fold after exposure to amylase. In
fact, genes in this cluster were the most differentially expressed
under these conditions compared to any of the other conditions
tested (see Table S3 in the supplemental material). These condi-
tions also triggered a 4.5-fold downregulation of methionine sul-

foxide reductase, msrA (SGO_0278), as well as a 	2-fold upregu-
lation of oxidoreductases (SGO_0841 and SGO_1007), further
emphasizing the potential role of AbpA in adaptation to oxidative
stress.

(iii) Fatty acid synthesis genes. The expression of several genes
in KS1 was altered in the presence of amylase versus denatured
amylase in DM– 0.8% glucose (see Table S4 in the supplemental
material). Importantly, genes involved in the initiation of fatty
acid synthesis and product elongation, including SGO_1694
(fabD), SGO_1695, SGO_1698 (fabH), SGO_1699 (fabT), and
SGO_1700, encoding enoyl-coenzyme A hydratase, which has a
role of in the beta-oxidation pathway of fatty acid metabolism,
were upregulated in the presence of amylase. These findings are
consistent with our previous microarray analysis of KS1 grown
under the same conditions (DM– 0.8% glucose; see Table S4 in the
supplemental material) (13). Here, RNA-Seq analysis revealed

FIG 2 RT-PCR of adjacent genes for detecting polycistronic messages. (A) Schematic of gene cluster SGO_2103 to SGO_2106 with gene junction primers
indicated by black arrows (not to scale). (B) Amplicons of SGO_2103 to SGO_2106 from RNA-Seq2 samples using gene junction primers: 1-kb DNA ladder, KS1
cDNA, AbpA� cDNA, and genomic (g) CH1 DNA (positive control). A robust amplicon was observed only at the SGO_2104-SGO_2105 gene junction in KS1
cDNA. (C) Schematic of redox gene cluster SGO_1173 to SGO_1180 with gene junction primers indicated by black arrows (not to scale). (D) One-kilobase DNA
ladder, no-template control (NTC, negative control), KS1 cDNA, and CH1 genomic DNA (positive control). The cDNAs between the seven gene junctions from
SGO_1173 to SGO_1180 were amplified using gene junction primers. Amplicons were found between all genes except for SGO_1175 and SGO_1176, suggesting
two polycistronic messages.

TABLE 3 qRT-PCR results for the redox gene cluster from the TSBY
experiment

Gene locus RQa Log2 (ratio) P

SGO_1174 0.0621 �4.0119 0.006
SGO_1175 0.0455 �4.4591 0.0101
SGO_1176 0.0257 �5.2814 0.0038
SGO_1177 0.0203 �5.6254 0.003
SGO_1178 0.0128 �6.2857 0.0006
SGO_1179 0.0166 �5.9097 0.0003
a RQ, relative quantification of the gene in the AbpA-deficient mutant relative to KS1
from three independent assays.

TABLE 4 qRT-PCR results for the redox gene cluster from the
DM– 0.8% glucose experiment

Gene locus RQa Log2 (ratio) P

SGO_1174 0.0532 �4.232 0.001
SGO_1175 0.0488 �4.3569 0.021
SGO_1176 0.0349 �4.8393 0.012
SGO_1177 0.0362 �4.7893 0.026
SGO_1178 0.0306 �5.0289 0.042
SGO_1179 0.0273 �5.1942 0.032
a RQ, relative quantification of the gene in the AbpA-deficient mutant relative to KS1
from three independent assays.
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the upregulation of additional fatty acid synthesis genes within the
locus in the presence of amylase relative to denatured amylase
(control). However, in the AbpA� mutant (KS1�abpA) the level
of expression of these genes was not significantly different with the
addition of amylase or denatured amylase. This validates previous
qRT-PCR studies of fatty acid synthesis gene expression in
KS1�abpA (13). Thus, in this growth medium in the presence of

amylase, the expression of these genes does not appear to be sig-
nificantly altered in S. gordonii without AbpA. However, when
AbpA is present in KS1, a variety of genes are differentially ex-
pressed upon exposure to amylase, particularly those involved in
fatty acid synthesis (see Table S4 in the supplemental material).

However, when KS1�abpA was compared to KS1 (control),
there was no differential expression of these fatty acid genes (see

FIG 3 RNA-Seq2: categories of genes upregulated (A) or downregulated (B) in KS1 grown in DM– 0.8% glucose treated with amylase.
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Tables S3 and S7 in the supplemental material) with the addition
of amylase. The greatest differential expression was found be-
tween KS1 with amylase compared to exposure to denatured am-
ylase. These observations indicate that in the presence of amylase,
fatty acid synthesis gene transcription can proceed at nearly the
same level with or without AbpA. However, if AbpA is present
without amylase (or with denatured amylase), expression of these
genes is downregulated (see Table S7 in the supplemental mate-
rial). Interestingly, fatty acid synthesis genes were not differen-
tially expressed in KS1 with addition of amylase in any of the other
growth medium tested here with the exception of upregulation of
3-oxyacyl-ACP synthase (SGO_1698) in the AbpA� mutant in
DM– 0.2% glucose with amylase and starch. Fatty acids and phos-
pholipids are key components of bacterial membranes. Previ-
ously, we found that increased synthesis of fatty acids associated
with the binding of amylase to AbpA did not alter the proportion
of fatty acids in membranes, but increased cell growth, survival at
low pH, and resistance to triclosan (13). Taken together, these
data suggest that AbpA can affect the expression of many genes,
especially fatty acid synthesis genes, but these changes appear to be
growth medium specific.

(iv) DM– 0.2% glucose with amylase. AbpA is subject to glu-
cose catabolite repression. High glucose is known to bind to the ca-
tabolite repressible element (cre) located 153 bp downstream of the
translational start site of abpA to downregulate transcription (33). In
RNA-Seq3, a glucose concentration of 0.2% in DM was used to min-
imize the inhibitory effect of glucose on abpA expression. Exposure of
KS1�abpA and KS1 grown in DM–0.2% glucose to amylase alone
resulted in minimal differential gene expression apart from abpA,
srtB, and the redox gene cluster (Table 1; see also Table S4 in the
supplemental material). Thus, in nutritionally limited medium with
minimal glucose, the addition of amylase does not affect many
changes in gene expression, not unlike the results in nutrient rich
TSBY. Overall, host amylase itself does not appear to trigger numer-
ous changes in gene expression in S. gordonii strains, which are
predominantly growth medium dependent.

Transcriptome response to starch in minimal medium. (i)
DM– 0.2% glucose with amylase and starch. In order to deter-
mine the role of host salivary amylase together with starch as a
potential nutrient source, transcriptional changes of S. gordonii
were monitored after a brief exposure to salivary amylase, fol-
lowed by washing and then incubation with 1% starch. Relatively
few genes were up- or downregulated in either KS1 or KS1�abpA
incubated with amylase and starch (Table 5; see also Table S4 in
the supplemental material) compared to cells treated with amylase
and salivary buffer. The greatest differential expression of genes
occurred when KS1�abpA was compared to KS1 when cells were

cultured in DM– 0.2% glucose in the presence of both amylase and
starch (Table 5; see also Tables S3 and S5 in the supplemental
material). The predominant functional categories of the 110 up-
regulated genes were purine, pyrimidine, nucleoside, and nucleo-
tide synthesis (21.8%), transport and binding (17.3%), hypothet-
ical proteins (15.5%), and energy metabolism (12.7%); the
predominant downregulated genes were involved in transport
and binding (25.5%), hypothetical proteins (26.5%), and energy
metabolism (12.5%). The redox gene cluster (SGO_1173 to
SGO_1180), as well as peptide methionine sulfoxide reductase
(msrA and msrB, SGO_0278), also associated with redox regula-
tion, was similarly downregulated.

(ii) abpA expression. A recent study found that the expression
of abpA in KS1 was significantly increased after 40 min of incuba-
tion in DM– 0.2% glucose supplemented with starch and amylase
(14). However, the RNA-Seq study did not find abpA to be up-
regulated in S. gordonii after 15 min of incubation with amylase,
followed by washing the cells, and followed by incubation with
starch for 15 min. As concluded in Nikitkova et al. (14), the ex-
pression of AbpA in culture is time dependent. Transcription of
abpA in vitro may also be dependent on the time of exposure to
amylase, as well as to starch.

(iii) Maltose utilization. With the production of maltose and
maltodextrins in this medium from the hydrolysis of starch by
amylase, several genes from the maltodextrin utilization pathway
were upregulated. Although only pulA2 (SGO_0099), malD
(SGO_0102), malQ (SGO_0105), and glgP2 (SGK_0106) were up-
regulated in KS1 comparing starch with buffer, the entire gene
cluster, including malR (SGO_0100) involved in maltose operon
regulation, malE (SGO_0101) involved in maltose utilization,
and Mal-like ABC transporters malC (SGO_0103), malD (SGO_
0102), and malE (SGO_0104) were upregulated and to a greater
degree in the AbpA� mutant (see Table S4 in the supplemental
material). These findings were confirmed by qRT-PCR (Table 6)
using the primers listed in Table S2 in the supplemental material.
Thus, in low-glucose minimal medium, starch triggers S. gordonii
cells primed by exposure to amylase, with or without AbpA, to
upregulate maltose-associated genes. Similarly, the malQ and glgP
genes of Streptococcus mutans, which lacks ABPs, participate in the
metabolism of starch degradation products induced by salivary
amylase (38). However, differential expression of the maltose uti-
lization and transport genes between KS1�abpA and KS1 was
even more pronounced in DM– 0.8% glucose without amylase
and starch, suggesting that this alteration in maltose-utilization
genes has more to do with the amount of carbohydrate in the
environment, regardless of the presence of amylase (see Table S3
in the supplemental material). Overall, AbpA may be involved in
modulating maltose uptake and utilization.

TABLE 5 RNA-Seq: effect of DM– 0.2% glucose with or without starch
on the number of differentially expressed genes

Gene status

No. of genesa

Starch Starch vs buffer

KS1�abpA
vs KS1 KS1 KS1�abpA

Genes upregulated 110 9 19
Genes downregulated 136 2 0
a The growth medium was DM– 0.2% glucose for all of these experiments. Amylase was
used for all of these experiments.

TABLE 6 qRT-PCR analysis of the maltodextrin-associated gene cluster
from DM– 0.2% with amylase in the buffer-versus-starch experiment

Gene locus RQa Log2 (ratio) P

SGO_0100 2.6634 1.4133 0.0003
SGO_0101 2.6666 1.415 0.0011
SGO_0102 2.9261 1.549 0.0089
SGO_0103 2.8531 1.5126 0.0407
SGO_0104 2.3722 1.2462 0.0575
a RQ, relative quantification of the gene in the AbpA-deficient mutant relative to KS1
from three independent assays.
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Biological implications. (i) Oxidative stress. Perhaps the
most interesting new finding of the present study is the association
of AbpA expression with genes coding for redox proteins, desig-
nated here the redox gene cluster. This gene cluster was signifi-
cantly downregulated in the KS1�abpA mutant regardless of
growth in complex or minimal medium and in the presence of
amylase with or without starch. In each case, genes within this
cluster were progressively downregulated with SGO_1179 de-
creased the greatest and SGO_1174 decreased the least. In the
presence of AbpA, the proteins encoded by this gene cluster may
provide protection from external reactive oxygen species such as
H2O2, which is produced by other streptococci as well as S. gordo-
nii. To test this hypothesis, when exponential-phase cells of KS1
and KS1�abpA grown in DM– 0.8% glucose were treated with
1.25 or 2.5 mM H2O2 for 5 min, viability decreased for both strains
(data not shown). However, by 30 min a clear differential reduc-
tion in viability was observed at the sublethal H2O2 (1.25 mM)
concentration, where KS1 decreased 	15% compared to 95% for
KS1�abpA. Complementation of KS1�abpA with a low-copy-
number plasmid expressing abpA restored resistance to the sub-
lethal H2O2 concentration to wild-type levels (Fig. 4). Similar re-
sults were obtained in TSBY medium (data not shown). Thus,
AbpA may provide some protection to oxidative stress produced
by sublethal concentrations of H2O2, which is produced by many
commensal streptococcal species within dental plaque biofilms.
Further studies are required to determine the exact target of this
gene cluster and how it relates to the expression of AbpA protein.

(ii) PTS. In the oral cavity, streptococci utilize dietary carbo-
hydrates as an important source of energy. Bacteria have various
carbohydrate-specific phosphotransferase systems (PTS) to make
efficient use of the type of carbohydrate available in the environ-
mental milieu. Here, we found that various PTS genes were differ-
entially expressed in the various media tested. In DM– 0.8%
glucose, fructose/mannose-specific PTS genes (SGO_1889 to
SGO_1893) and general PTS genes (SGO_0045 to SGO_0049), as
well as a gene cluster (SGO_1759 to SGO_1771), purportedly in-
volved in sugar transport and metabolism (glycosyl hydrolases)
were upregulated in KS1�abpA. When amylase was added, many
of the genes in this cluster (SGO_1759 to SGO_1771) were still
significantly upregulated in KS1�abpA but to a lesser fold change.
However, the nine PTS genes were no longer differentially ex-
pressed. Therefore, through the binding of host amylase (itself a
glycosyl hydrolase) to the S. gordonii cell surface, AbpA may play a

role in regulating other sugar transporters depending on specific
sugar availability.

Bacterial PTSs are not only responsible for the binding, trans-
membrane transport, and phosphorylation of numerous sugar
substrates but also play a substantial role in the regulation of car-
bon metabolism (39). Some PTS systems of S. gordonii may be
involved in other physiological processes, such as the synthesis of
cell surface glycoproteins and/or polysaccharides involved in ad-
hesion and biofilm formation (40), and this may explain why the
AbpA-deficient mutant produced greater biofilm than the wild-
type strain grown under static conditions in the presence of su-
crose (41). Multiple PTS systems have also been shown previously
to be involved in signal transduction in Gram-positive bacteria
(42). Therefore, it is possible that AbpA could interact with the
PTS on the cell surface and initiate signaling through PTS.

(iii) Signal transduction. Our previous microarray study
found that a total of 33 genes of S. gordonii KS1 were differentially
expressed after exposure to purified salivary amylase, and muta-
tion of AbpA eliminated the amylase-dependent gene response
of some genes (13). How can AbpA induce differential gene ex-
pression of S. gordonii? If AbpA is a cell wall-associated protein
transiently localized at the cell surface, how does it convey a signal
upon binding salivary amylase or other environmental stimuli?
The results of the present study showed that abpA deletion down-
regulates a two-component signal transduction system (SGO_
1174 and SGO_1175) within the redox gene cluster. Two-compo-
nent signal transduction systems enable bacteria to sense,
respond, and adapt to changes in their environment. Each two-
component system consists of a membrane-bound sensor pro-
tein-membrane kinase (HK) and a cytosolic response regulator
(RR). In the typical two-component pathway, the sensor HK au-
tophosphorylates its own conserved His residue in response to a
signal(s) in the environment. Subsequently, the phosphoryl group
of HK is transferred onto a specific Asp residue on the RR. The
activated RR can then effect changes in cellular physiology, often
by regulating gene expression. Two-component pathways often
enable cells to sense and respond to stimuli by inducing changes in
transcription (43). Consequently, abpA may influence the expres-
sion of a two-component signal transduction system, which may
provide a pathway for AbpA-modulated gene expression in re-
sponse to amylase or other environmental signal. Yet, this signal
transduction system is downregulated in the AbpA� mutant in all
growth media studied, regardless of the presence of amylase. What
then is the environmental signal? This question is open to future
studies.

The only other gene downregulated in KS1�abpA under
nearly all conditions tested, besides abpA and srtB, was SGO_0878
encoding an ATP-binding ABC transporter. Based on its func-
tional domains, this protein may be involved in the export of
lipoprotein to the cell membrane. The SGO_1178 in the redox
cluster encodes a putative lipoprotein. Whether these genes are
functionally related remains to be determined.

(iv) Adaptation to the environment. Like other bacteria, S.
gordonii adapts to different growth media by altering gene expres-
sion, which optimizes its survival potential in the ever-changing
oral environment. AbpA appears to play a role in this response.
The interplay of AbpA, amylase and carbohydrates is complex.
The addition of salivary amylase to DM– 0.8% glucose increased
fatty acid synthesis and utilization genes. When both amylase and
starch were added to DM– 0.2% glucose, the generation of malto-

FIG 4 Effect of H2O2 treatment on exponential-phase KS1, KS1�abpA, and
KS1�abpA/pFS001 cells after 30 min of treatment in DM– 0.8% glucose.
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dextrins upregulated the maltose utilization operon. However,
under all conditions tested, a histidine/response regulator within a
redox gene cluster was upregulated when AbpA was expressed. Is
AbpA a major component of this signal transduction system or
does it have an ancillary role? What environmental signals, in
addition to amylase, are being detected and what is the outcome?
These questions are the current focus of investigation.

Summary. We validated here the notion that oral commensal
species such S. gordonii are able to sense host proteins and dietary
components. We show that in complex medium AbpA affects the
transcription of a small group of genes, whereas in minimal me-
dium the transcription of a greater number of genes, especially
those involved in maltose utilization, carbohydrate transport, and
energy production, is affected. Host amylase itself does not appear
to trigger extensive changes in gene expression in S. gordonii,
which are by-and-large growth medium dependent. Amylase-
binding protein A (abpA) and sortase B (srtB) genes are cotrans-
cribed. The transcription of abpA in S. gordonii in vitro depends on
the time of exposure to amylase, as well as starch. AbpA affects
adaptation to oxidative stress in a medium-independent manner.
AbpA affects the expression of genes involved in maltose utiliza-
tion, carbohydrate transport, and fatty acid synthesis in a medi-
um-dependent fashion. Finally, AbpA is a potential regulatory
protein. Together, these findings inform our understanding of the
complex networks that control the adaptation of the oral micro-
biome to the host.
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