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The bacterium Aggregatibacter actinomycetemcomitans is a common commensal of the human oral cavity and
the putative causative agent of the disease localized aggressive periodontitis. A. actinomycetemcomitans is a
slow-growing bacterium that possesses limited metabolic machinery for carbon utilization. This likely impacts
its ability to colonize the oral cavity, where growth and community composition is mediated by carbon
availability. We present evidence that in the presence of the in vivo relevant carbon substrates glucose, fructose,
and lactate A. actinomycetemcomitans preferentially metabolizes lactate. This preference for lactate exists
despite the fact that A. actinomycetemcomitans grows faster and obtains higher cell yields during growth with
carbohydrates. The preference for lactate is mediated by a novel exclusion mechanism in which metabolism of
lactate inhibits carbohydrate uptake. Coculture studies reveal that A. actinomycetemcomitans utilizes lactate
produced by the oral bacterium Streptococcus gordonii, suggesting the potential for cross-feeding in the oral

cavity.

Aggregatibacter (Actinobacillus) actinomycetemcomitans is a
nonmotile, facultative anaerobic gram-negative bacterium
found in the mammalian oral cavity (27). A. actinomycetem-
comitans is the putative causative agent of localized aggressive
periodontitis, a disease characterized by tissue destruction and
tooth loss (38, 49). Within the oral cavity, A. actinomycetem-
comitans resides in the gingival crevice, the area around the
tooth bounded by the tooth surface on one side and the epi-
thelium lining the gingiva on the other. The gingival crevice
contains a robust microbial population that is consistently
bathed in crevicular fluid, which differentiates it from the tooth
surface, which is immersed in saliva. Crevicular fluid is a
plasma exudate that passes through the gingiva and flows along
the teeth (20) and contains a number of potential carbon
sources including sugars, small acids, and amino acids (6, 11,
20, 48). A. actinomycetemcomitans primarily resides in the
“moderate” pockets (4 to 6 mm in depth) in the gingival crev-
ice instead of the deeper portions (9). Moderate pockets differ
from deeper subgingival pockets by containing oxygen (19),
and controlled studies in the laboratory indicate that A. acti-
nomycetemcomitans exhibits enhanced growth in the presence
of oxygen (32). Although the importance of A. actinomycetem-
comitans as a common commensal and a potential pathogen
has been appreciated for some time, virtually nothing is known
about the growth and physiology of this bacterium.

The mammalian oral cavity is a diverse environment that
contains an estimated 500 bacterial species (17). Although the
microbiology of the oral cavity has been the subject of study for
many years, surprisingly little is known about the basic nutri-
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tional preference of oral bacteria. Compared to many common
bacteria within the oral cavity, such as the streptococci, A.
actinomycetemcomitans grows slowly and possesses the enzy-
matic capabilities to utilize only a small number of carbon
sources, including glucose, fructose, maltose, mannose, and
lactate (5). Streptococci on the other hand, are fast-growing
bacteria capable of quickly transporting and consuming a di-
versity of carbohydrates to produce small organic acids, pri-
marily lactate. Importantly, cultural studies and investigations
using specific DNA methods (18, 40) provide evidence for
multiple species of streptococci in the gingival crevice. De-
pending upon the subject and method of sampling, the con-
centration of streptococci capable of producing lactate in the
gingival crevice can vary from approximately 5% (26) to more
than 60% (43) of the recoverable flora.

The first step in carbon catabolism is solute transport into
the cell by active or passive means. In many bacteria, transport
is accomplished by carbon-specific systems including the phos-
phoenolpyruvate (PEP)-dependent phosphotransferase sys-
tems (PTS) (33). PTS utilize phosphoryl transfer proteins to
ultimately transfer phosphate from PEP to the transported
carbohydrate. Aside from solute transport, PTS also function
to exclude other non-PTS carbohydrates in a process termed
inducer exclusion (35). Inducer exclusion involves the inhibi-
tion of proteins involved in transport and/or metabolism of
non-PTS carbon sources by PTS system proteins, thus provid-
ing the bacterium with a molecular preference mechanism for
PTS carbon sources.

The slow growth rate and limited carbon catabolic capabil-
ities of A. actinomycetemcomitans present theoretical problems
for the survival of this bacterium in the oral cavity. For exam-
ple, A. actinomycetemcomitans possesses overlapping carbon
substrate utilization profiles with many faster-growing bacteria
in the oral cavity (such as streptococci). This is important in the
oral cavity since metabolizable carbon likely limits growth and
composition of the oral microbiota (12, 20, 22, 42). One po-
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tential survival mechanism for 4. actinomycetemcomitans is to
evolve carbon usage preferences that reduce competition with
faster-growing members of the community. In many environ-
ments, competition for nutrients often leads to the evolution of
resource (niche) partitioning, a phenomenon by which re-
sources (such as catabolizable carbon sources) are subdivided
such that competition is minimized. We present evidence here
that, when provided with the physiologically relevant carbon
sources glucose, fructose, and lactate, A. actinomycetemcomi-
tans prefers lactate. This occurs despite the fact that A. acti-
nomycetemcomitans grows faster and obtains higher cell yields
during growth with carbohydrates. This preference for lactate
is mediated by a novel exclusion mechanism in which metab-
olism of lactate to pyruvate inhibits the uptake of PTS carbo-
hydrates.

MATERIALS AND METHODS

Bacterial strains and growth media. A. actinomycetemcomitans strains VT1169
(24) and Y4 (3), along with Streptococcus gordonii strain Challis DL1.1 (ATCC
49818), were used in these studies. Liquid cultures were grown in the chemically
defined Socransky’s medium (39) lacking prL-mevalonic acid and hemin (referred
to as chemically defined medium [CDM]). Cultures were grown with shaking at
165 rpm in a 37°C incubator with a 10% CO, atmosphere. For growth curves,
overnight cultures grown in CDM supplemented with 20 mM glucose, fructose,
or L-lactate were diluted to an optical density at 600 nm (ODgq,) of 0.015 in
CDM supplemented with 20 mM carbon source.

DNA manipulations and construction of A. actinomycetemcomitans mutants.
Standard methods were used to manipulate plasmids and DNA fragments (2).
Restriction endonucleases and DNA modification enzymes were purchased from
New England Biolabs. Chromosomal DNA from A. actinomycetemcomitans was
isolated by using DNeasy tissue kits (QIAGEN), and plasmid isolations were
performed by using QIAprep spin miniprep kits (QIAGEN). DNA fragments
were purified by using QIAquick mini-elute PCR purification kits (QIAGEN),
and PCR was performed by using the Expand Long Template PCR system
(Roche).

For creation of the A. actinomycetemcomitans IdhA mutant, a 550-bp internal
fragment of IdhA was amplified by PCR using the primers ldh-for (GAAGATC
TCTGACGGTGGTTCTTATGCAG) and ldh-rev (GGGGTACCCATACCTG
AGTGCATATCCCG) and cloned into the T/A cloning vector pPGEM-T Easy
(Promega) to create pSB100. pSB100 was digested with EcoRI to remove the
ldhA internal fragment and ligated into the EcoRI-digested suicide plasmid
pVT1461 (23) to create pSB101. pSB101 was transformed into E. coli SM10 \pir
and introduced into A. actinomycetemcomitans by conjugation (24). A. actinomy-
cetemcomitans ldhA mutants containing an integrated copy of pSB101 (by Camp-
bell-type recombination) were selected on tryptic soy agar plates containing 0.5%
yeast extract and 50 ug of spectinomycin/ml. Inactivation of ldhA was confirmed
using PCR.

Microarray studies. Logarithmic A. actinomycetemcomitans (ODgy, = 0.1)
were collected and mixed 1:1 with the RNA stabilizing reagent RNALater
(Ambion). RNA was isolated by using the Gentra Versagene RNA isolation kit.
DNA contamination was assessed with PCR amplification of the clpX gene, and
RNA integrity was monitored with agarose gel electrophoresis of glyoxylated
samples (Ambion). RNA was prepared for hybridization to a custom A. actino-
mycetemcomitans Affymetrix GeneChip microarray as previously described (34,
37). Washing, staining, and scanning of the GeneChips was performed at the
University of Iowa DNA core facility using an Affymetrix fluidics station. Gene-
Chip analyses were performed in duplicate or triplicate for each condition. The
data analysis was performed by using GeneChip Operating Software version 1.4
(GCOS).

Carbohydrate and small-molecule measurements. A. actinomycetemcomitans
organisms grown in CDM supplemented with 20 mM glucose, fructose, or L-
lactate were washed with warm CDM containing no carbon source and resus-
pended to an ODg of 0.1 in 50 ml of warm CDM supplemented with 2 mM each
fructose, glucose, and L-lactate. Then, 1-ml samples were collected at various
time points and centrifuged in a tabletop centrifuge at 9,000 X g for 2 min, and
the supernatants were filter sterilized through a 0.2-um-pore-size filter. Super-
natants were stored at —20°C until analyzed for the presence of fructose and
glucose by using the fructose assay kit and glucose assay kit (Sigma-Aldrich,
catalog no. FA-20 and GAHK-20, respectively). Lactate concentrations were
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determined by using a lactate assay kit (SUNY at Buffalo, catalog no. A-108). For
lactate spike studies, overnight cultures of A. actinomycetemcomitans grown
in CDM supplemented with 20 mM glucose or fructose were washed with warm
CDM containing no carbon source and resuspended to an ODg of 0.1 in warm
CDM containing 2 mM glucose or fructose. After 1 h of incubation, 2 mM
L-lactate was added, and the consumption of carbohydrates and L-lactate was
monitored over time as described above. For intracellular pyruvate levels, cell
extracts were prepared as outlined previously (44) using logarithmic carbohy-
drate and L-lactate-grown bacteria, and the pyruvate levels were measured as
previously described (1) using sodium pyruvate (Sigma) to generate a standard
curve.

Radiolabeled substrate studies. For glucose uptake studies, an overnight cul-
ture of A. actinomycetemcomitans grown in CDM supplemented with 20 mM
glucose was diluted 1:1 with warm CDM supplemented with 20 mM glucose and
then incubated for 1 h shaking at 37°C. The cells were then washed with warm
CDM containing no carbon source and resuspended to an ODy of 0.1 in CDM
supplemented with 200 uM or 2 mM L-lactate, 2 mM fructose, or water. The
cultures were incubated in a 37°C heating block. After 5 min, 100 uM
uniformly '*C-labeled glucose ([U-'*C]glucose; Amersham) was added to
each sample. At various time points, 100-ul samples were removed and
quenched in 2.9 ml of ice-cold CDM containing 20 mM unlabeled glucose.
Each sample was filtered through a 0.2-wm-pore-size filter, followed by 3 ml
of ice-cold CDM, followed by 10 ml of air. Filters were placed in scintillation
vials containing 4 ml of Ecolite scintillation fluid and counted in an LS6500
scintillation counter (Beckman-Coulter). As a control for nonspecific (back-
ground) radioactivity, glucose-grown heat-killed A. actinomycetemcomitans
(95°C for 10 min) was utlhzed

A. actinom

ption of S. gordonii-produced lactate. Over-
night cultures of S. gordanu were washed and suspended in CDM supplemented
with 2 mM sucrose. Growth was monitored, and samples were collected through-
out the growth curve and frozen at —20°C until analyzed for sucrose with a
sucrose assay kit (Sigma, product code SCA-20) and lactate as described above.
Once in stationary phase, cells were removed by centrifugation, the pH of the
supernatant was adjusted to 7.0, and the supernatant was filter sterilized through
a 0.2-um-pore-size filter. The supernatant was then inoculated with A. actino-
mycetemcomitans to an ODg, of 0.025. Samples were removed and analyzed for
lactate disappearance.

RESULTS

Growth Kkinetics of A. actinomycetemcomitans in defined me-
dium with in vivo relevant carbon sources. The composition of
crevicular fluid is similar to that of plasma and, as such, the
fluid contains several potential energy sources for A. actino-
mycetemcomitans, including glucose, fructose, mannose, and
lactate. Two of these energy sources (glucose and lactate) are
commonly found at high levels (approximately 1 to 5 mM)
(28), while the others are found at low micromolar levels in
crevicular fluid and/or plasma (28, 41). We chose to focus on A4.
actinomycetemcomitans growth using glucose and lactate since
they are the most prevalent in vivo and fructose since it is a
well-studied PTS-transported carbohydrate present at low lev-
els in vivo (16, 25, 29-31). To examine growth using these in
vivo relevant substrates, we utilized a CDM supplemented with
these substrates as sole energy sources. The growth kinetics
indicate that A. actinomycetemcomitans grows well in CDM
supplemented with glucose, fructose, and L-lactate as sole en-
ergy sources (Fig. 1). Doubling times were faster in glucose
(139 min) and fructose (143 min) than in lactate (204 min), and
final cell yields were ~2-fold higher after growth with carbo-
hydrates compared to growth with lactate (Fig. 1).

A. actinomycetemcomitans prefers lactate to glucose and fruc-
tose. Microorganisms often exhibit catabolic preference for
specific carbon sources. Although A. actinomycetemcomitans is
capable of growth using glucose, fructose, and lactate, nothing
is currently known about carbon preference in this bacterium.
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FIG. 1. Growth of A. actinomycetemcomitans in CDM containing
glucose, fructose, L-lactate, and no energy source (no addition). Bac-
teria were grown shaking (165 rpm) at 37°C with a 10% CO, atmo-
sphere with 20 mM carbon source. Growth curves were determined at
least three times, and representative data are provided.

To examine this preference, exponential A. actinomycetem-
comitans were washed and suspended in CDM containing
these three substrates, and the cultures were examined for
carbon substrate disappearance. Within 2 h, A. actinomycetem-
comitans consumed all detectable lactate whereas most of the
glucose (~90%) and fructose (>90%) remained (Fig. 2).
Upon the disappearance of lactate, glucose and fructose were
consumed concomitantly, with glucose disappearance occur-
ring at a slightly elevated rate compared to fructose. These
results indicate that although A. actinomycetemcomitans dou-
bles approximately 1 h slower with lactate compared to glucose
or fructose, this bacterium preferentially catabolizes lactate.
The growth substrate of the bacterial inoculum did not impact
this preference, since identical carbon consumption profiles
were observed when bacteria were grown in glucose, lactate,
and fructose before washing and resuspension (data not
shown).

Lactate rapidly inhibits glucose consumption. Our carbon
consumption experiments indicated that when provided
equimolar amounts of glucose, fructose, and lactate 4. actino-
mycetemcomitans will selectively consume all detectable lactate
before glucose and fructose. From these experiments, it is not
clear whether addition of lactate immediately inhibits glucose
consumption or whether the effect is delayed. The kinetics of
lactate-mediated inhibition of carbohydrate catabolism is critical,
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FIG. 2. Glucose, fructose, and L-lactate consumption by A. actino-
mycetemcomitans. A. actinomycetemcomitans was grown in the pres-
ence of equimolar (2 mM) glucose, fructose, and L-lactate, and the
disappearance of these carbon substrates was evaluated over time.
Experiments were performed in duplicate. Error bars represent the
standard deviation and in some cases are too small to be seen.
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FIG. 3. Addition of lactate inhibits glucose and fructose consump-
tion by A. actinomycetemcomitans. A. actinomycetemcomitans was in-
oculated into CDM containing glucose (A) or fructose (B) at time
zero. After growth for 1 h, L-lactate was added (where designated by
the arrow), and the consumption of each carbon source was monitored
for 3 h. Experiments were performed in duplicate. Error bars represent
standard deviation and in some cases are too small to be seen.

since it will provide clues to the mechanism of this process. To
examine the kinetics of this process, A. actinomycetemcomitans
was suspended in CDM containing glucose. After 1 h, A. actino-
mycetemcomitans consumed ca. 20% of the glucose (Fig. 3A).
Lactate was then added to the culture, and glucose and lactate
levels were measured for the next 2 h. Lactate completely inhib-
ited glucose consumption by A. actinomycetemcomitans, and this
inhibition was not alleviated until all detectable lactate was con-
sumed (Fig. 3A). Similar experiments revealed that lactate also
inhibited fructose consumption, a finding consistent with its effect
on glucose (Fig. 3B).

Lactate inhibits glucose transport in A. actinomycetemcomi-
tans. Although it is clear that A. actinomycetemcomitans pref-
erentially metabolizes lactate, the mechanism of lactate-medi-
ated catabolite repression is unknown. In many bacteria,
carbon preference is often controlled at the transcriptional
level. Since lactate is the preferred carbon source in 4. actino-
mycetemcomitans, one potential mechanism is that lactate re-
presses transcription of genes required for glucose and fruc-
tose catabolism. To test this mechanism, a transcriptome
analysis of A. actinomycetemcomitans was performed for glu-
cose, fructose, and lactate-grown cells using a custom Af-
fymetrix GeneChip microarray. Results from these experi-
ments revealed that genes involved in transport and catabolism
of glucose and lactate are not significantly regulated at the
transcriptional level by the different carbon sources (see Table
S1 in the supplemental material).

In silico examination of the A. actinomycetemcomitans ge-
nome reveals that transport of four of the five known growth
substrates (glucose, fructose, mannose, and maltose) likely
proceeds via PTS (although alternative transport mechanisms
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FIG. 4. Lactate inhibits uptake of glucose in A. actinomycetemcomi-
tans strains VT1169 (A) and Y4 (B). A. actinomycetemcomitans was
suspended in CDM containing fructose, L-lactate, or no energy source
(control). Radiolabeled glucose ([U-'*CJglucose) was then added, and
uptake was examined as outlined in Materials and Methods. Uptake of
radiolabeled glucose is expressed as cpm/ug of A. actinomycetemcomi-
tans protein. Experiments were performed in triplicate. Error bars
represent the standard deviation and in some cases are too small to be
seen. The background radioactivity using heat-killed cells was 187 = 27
cpm/pg of protein.

may exist for maltose), whereas transport of lactate likely pro-
ceeds via a proton-driven transporter (encoded by lctP) (Www
.genome.ou.edu/act.html). Thus, a potentially effective mech-
anism for lactate preference is for lactate to inhibit uptake of
PTS carbohydrates into the cell. This mechanism is supported
by our observation that addition of lactate rapidly and com-
pletely abrogates consumption of the PTS-transported carbo-
hydrates glucose or fructose (Fig. 3). To examine the impact of
lactate on carbohydrate transport, exponential glucose-grown
A. actinomycetemcomitans was washed and resuspended in
CDM containing no catabolizable carbon source. Lactate, fruc-
tose, or water (as a control) was added to the cell suspensions,
followed by '*C-labeled glucose, and cell-associated radioac-
tivity examined. Linear uptake of glucose was observed in
bacteria treated with water and fructose (Fig. 4A); however, no
radioactivity (compared to the background) was found associ-
ated with bacteria exposed to lactate. These results indicate
that lactate addition inhibits uptake of glucose by A. actinomy-
cetemcomitans. The inhibition of glucose transport was not
specific to the concentration of lactate utilized since experi-
ments with 10-fold less lactate (200 wM) exhibited similar
results (data not shown). This inhibition of glucose transport is
also not strain specific since lactate inhibited glucose transport
in another common laboratory strain of A. actinomycetemcomi-
tans (Fig. 4B).
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FIG. 5. Pyruvate inhibits uptake of glucose in A. actinomycetem-
comitans. A. actinomycetemcomitans was suspended in CDM and in-
cubated with no energy source (control) or pyruvate (A) or with no
energy source (control), acetate, or propionate (B). Radiolabeled glu-
cose ([U-"*C]glucose) was then added, and uptake was examined as
outlined in Materials and Methods. The uptake of radiolabeled glu-
cose is expressed as cpm/pg of A. actinomycetemcomitans protein.
Formate and succinate also had no effect on glucose transport (data
not shown). Experiments were performed in duplicate. Error bars
represent the standard deviation and in some cases are too small to
be seen.

Pyruvate also inhibits glucose transport in A. actinomyce-
temcomitans. Our results indicate that addition of lactate in-
hibits transport of glucose; however, it is not clear whether this
effect is mediated by lactate itself or a downstream product of
lactate metabolism. The first step in lactate catabolism is the
conversion of lactate to pyruvate by the enzyme lactate dehy-
drogenase. There are several potential fates of pyruvate, but
the primary products formed during lactate fermentation are
mixtures of propionate, acetate, formate, and succinate (15,
47). Thus, it is plausible that one of these products, and not
lactate itself, is responsible for the inhibition of glucose trans-
port and consumption. To test this, the impact of pyruvate,
propionate, acetate, formate, and succinate on glucose trans-
port was assessed. Results from these experiments reveal that
pyruvate, but not the other organic acids, inhibit glucose up-
take by A. actinomycetemcomitans (Fig. 5).

Lactate catabolism is required for inhibition of glucose
transport. Two possibilities exist to explain the observations
that both lactate and pyruvate inhibit A. actinomycetemcomi-
tans glucose transport: (i) both pyruvate and lactate effectively
inhibit glucose transport, and (ii) pyruvate alone is responsible
for this transport inhibition. To discriminate between these
possibilities, we genetically inactivated the L-lactate dehydro-
genase gene (IdhA) in A. actinomycetemcomitans. LdhA is re-
quired for the conversion of L-lactate to pyruvate; thus, the
ldhA mutant is unable to grow using L-lactate as a sole energy
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FIG. 6. Lactate dehydrogenase is required for the inhibition of
glucose uptake. The A. actinomycetemcomitans L-lactate dehydroge-
nase (ldhA) mutant was suspended in CDM and incubated with no
energy source (control) or L-lactate. Radiolabeled glucose was then
added, and uptake was examined as outlined in Materials and Meth-
ods. Uptake of radiolabeled glucose is expressed as cpm/pg of A.
actinomycetemcomitans protein. Experiments were performed in du-
plicate. Error bars represent the standard deviation and in some cases
are too small to be seen.

source but grows normally on glucose (data not shown). We
then examined the impact of lactate on glucose transport in the
ldhA mutant, with the rationale that the inability of this strain
to convert lactate to pyruvate will provide clues to the direct
effect of lactate on glucose transport. Results from these ex-
periments reveal that lactate does not inhibit glucose transport
in the IdhA mutant (Fig. 6), indicating that the ability to ca-
tabolize lactate is required for lactate-mediated inhibition of
glucose transport. It should be noted that, as in the wild type,
pyruvate inhibits glucose transport in the ldhA mutant (data
not shown). These data strongly support that pyruvate, and not
lactate, is critical for inhibition of glucose transport during
growth with lactate.

Growth with lactate increases intracellular levels of pyru-
vate. Although it is clear that pyruvate inhibits glucose trans-
port in A. actinomycetemcomitans, the molecular mechanism is
not known. Obviously, pyruvate will be generated during
growth on all substrates; however, it is possible that the levels
of intracellular pyruvate generated are substrate specific.
Based on previous studies showing that high levels of pyruvate
significantly inhibit PTS carbohydrate uptake (14, 35, 36), we
hypothesized that intracellular levels of pyruvate increase dur-
ing A. actinomycetemcomitans growth with lactate. To test this
hypothesis, intracellular pyruvate levels were measured during
growth with lactate and the PTS-transported sugars glucose
and fructose. The results from these experiments indicate
that the intracellular levels of pyruvate increase significantly
(>10-fold) during growth using lactate as opposed to PTS
carbohydrates (Fig. 7).

The biological significance of lactate preference. A. actino-
mycetemcomitans resides in the human oral cavity in a multi-
species consortium that includes numerous species of the
genus Streptococcus. Streptococcus spp. generally possess fast
doubling times (<1 h) and comprise a large percentage of the
total bacteria within the oral cavity (8, 13). Most streptococci
produce significant amounts of lactate which cause localized
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FIG. 7. Lactate-grown A. actinomycetemcomitans contain higher
levels of pyruvate. Intracellular levels of pyruvate were measured for
logarithmic glucose-, fructose-, and L-lactate-grown A. actinomycetem-
comitans as previously described (1) and are presented as fold in-
creases during growth with L-lactate. Error bars represent the standard
deviation, and experiments were performed in triplicate. Intracellular
volume was calculated based on normal size measurements of A.
actinomycetemcomitans (1.6 pm by 0.5 pm by 0.5 pm).

decreases in pH. Based on the A. actinomycetemcomitans pref-
erence for lactate, we hypothesized that A. actinomycetem-
comitans would consume lactate produced by streptococci. To
test this hypothesis, S. gordonii, a prevalent streptococcus
within the oral cavity, was grown in CDM containing sucrose.
As expected, S. gordonii consumed the sucrose with a concom-
itant production of lactate (Fig. 8). Upon addition of 4. acti-
nomycetemcomitans, lactate was consumed (Fig. 8). These re-
sults indicate that although A. actinomycetemcomitans does not
grow using sucrose, this bacterium is capable of growing on
lactate produced by sucrose-grown S. gordonii.

DISCUSSION

The human oral cavity is a nutritionally complex environ-
ment that supports growth and colonization of more than 500
bacterial species (17). Although multiple carbon substrates
exist in this environment, previous studies suggest that compe-
tition for carbon and energy is intense in this environment (12,
20, 22, 42); thus it is likely that, to minimize competition,
bacteria in the oral cavity have evolved carbon source prefer-
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FIG. 8. A. actinomycetemcomitans utilizes lactate produced by S.
gordonii. S. gordonii was grown in CDM containing sucrose, and su-
crose and/or lactate levels were measured throughout the growth pe-
riod. After 8 h, A. actinomycetemcomitans was added (as designated by
the arrow), and lactate levels were measured. Experiments were per-
formed in duplicate. Standard deviations are <5% of the mean for
sucrose and <9% of the mean for lactate and were not included for the
sake of clarity.
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FIG. 9. Model for lactate-mediated inhibition of glucose transport in A. actinomycetemcomitans during growth with streptococci. Lactate
produced by Streptococcus spp. is transported into A. actinomycetemcomitans by lactate permease (LctP). Once inside the cell, intracellular
pyruvate levels increase due to the conversion of lactate to pyruvate by lactate dehydrogenase (LdhA). Protein E1 normally autophosphorylates
using PEP as the phospho-donor; however, elevated intracellular pyruvate levels inhibit this autophosphorylation. Since E1 is the first step in
transport of PTS sugars, inhibition of E1 autophosphorylation inhibits the uptake of all PTS carbohydrates.

ences that do not overlap (resource partitioning). In the pres-
ence of multiple carbon substrates, bacteria often utilize only
one carbon substrate at a time. Several mechanisms have been
identified to allow preferential consumption of energy sources,
including transcriptional control of substrate-specific catabolic
genes and inducer exclusion (7, 35, 45). Our data illustrate that
A. actinomycetemcomitans exhibits little or no differential tran-
scription of catabolic genes based on the carbon substrate (see
Table S1 in the supplemental material) but instead mediates
preference at the level of carbohydrate transport. Lactate pref-
erence in A. actinomycetemcomitans is somewhat analogous to
inducer exclusion, a regulatory process whereby one carbon
source inhibits transport and/or catabolism of other carbon
sources. However, the paradigm for inducer exclusion is PTS
sugars inhibiting transport or catabolism of other non-PTS
sugars, thereby preventing these sugars from entering cells and
transcriptionally activating specific carbon catabolism genes
(35). Our results demonstrate the converse scenario, in which
a non-PTS carbon substrate (lactate) inhibits the transport of
PTS sugars, and that transcriptional induction of specific cat-
abolic genes is not required. Thus, A. actinomycetemcomitans
has evolved a novel mechanism for carbon source preference
that we refer to as PTS substrate exclusion.

Although the molecular mechanism of PTS substrate exclu-
sion is unknown, our results provide strong evidence that pyru-
vate and not lactate mediates this process (Fig. 5 and 6). The
observation that intracellular levels of pyruvate increase >10-
fold during growth with lactate compared to PTS transported
sugars (Fig. 7) provides clues to the mechanism. PTS-mediated
carbohydrate transport involves transfer of phosphate from
PEP through a series of proteins and ultimately to the carbo-
hydrate (33). The first step in PTS sugar transport involves an
autophosphorylation reaction in which protein E1 catalyzes the
transfer of phosphate from PEP to itself, yielding phosphory-

lated E1 and pyruvate (Fig. 9). Previous studies of E1 from E.
coli (which is 84% similar to the putative E1 from A. actino-
mycetemcomitans) indicate that high levels of pyruvate (=20
mM) inhibit autophosphorylation, thereby preventing the flow
of phosphate to the carbohydrate (36). Interestingly, our mea-
surements indicate pyruvate levels of >50 mM during A. acti-
nomycetemcomitans growth with lactate, suggesting that these
levels are sufficient to significantly inhibit carbohydrate trans-
port via PTS. From these data, we propose a model in which
the high levels of intracellular pyruvate produced during
growth with lactate inhibit E1 autophosphorylation (Fig. 9).
Since E1 phosphorylation is required for the transport of all
PTS sugars, this mechanism provides A. actinomycetemcomi-
tans with a single mechanism for exclusion of PTS sugars.
Alternative mechanisms exist for lactate-mediated carbohy-
drate exclusion, including the possibility that, instead of inhib-
iting E1 autophosphorylation, high levels of intracellular pyru-
vate initiate the conversion of phosphorylated E1 and pyruvate
to E1 and PEP (the reverse reaction of that shown in Fig. 9).
Although this reaction has been demonstrated in vitro (46), we
do not favor this model since this reaction is thermodynami-
cally unfavorable compared to the forward reaction and there-
fore not likely to occur in vivo.

It is interesting that although A. actinomycetemcomitans
grows fastest and obtains higher cell yields during growth with
carbohydrates (Fig. 1), this bacterium has evolved to prefer
lactate. The paradigm for carbon source preference is that
bacteria prefer carbon sources that provide faster growth rates
and/or higher growth yields. This is clearly not the case with A.
actinomycetemcomitans, suggesting that growth in the oral cav-
ity has selected for the preference for energy sources not ideal
for monoculture growth in vitro. Other bacteria in the oral
cavity, including Veillonella atypica (10, 21), utilize lactate as a
carbon and/or energy source; however, these bacteria do not
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possess the ability to grow using carbohydrates such as glucose.
A. actinomycetemcomitans is unique in that it possesses carbo-
hydrate utilization pathways but has evolved preference for
lactate.

The ecological importance of lactate preference in vivo is
unknown. An obvious potential benefit is that the ability to
catabolize lactate provides A. actinomycetemcomitans with an
alternative carbon substrate that is not utilized by most fast-
growing community members such as streptococci. A more
intriguing question is how inhibition of glucose transport ben-
efits A. actinomycetemcomitans in vivo. One benefit may lie in
the interactions of A. actinomycetemcomitans with other oral
community members. During fermentation of carbohydrates,
streptococci produce lactate from pyruvate to regenerate the
NAD necessary for growth and biosynthesis. Recent evidence
indicates that high lactate levels inhibit this reaction, and pyru-
vate is instead converted to acetyl phosphate and H,O, by
pyruvate oxidase (4). Under these conditions, H,O, can accu-
mulate to levels sufficient for killing many bacterial community
members. Thus, it is conceivable that preferential consumption
of lactate by A. actinomycetemcomitans within the gingival
crevice may reduce H,O, production by streptococci, thereby
protecting A. actinomycetemcomitans from H,O,-mediated
stress. These models are currently being tested and should
further our understanding of the ecological significance of PTS
substrate exclusion in multispecies communities.
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