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Streptococcus pneumoniae causes several diseases, including otitis media, pneumonia, and meningitis. Al-
though little is known about the regulation of or how individual pneumococcal factors contribute to these
disease states, there is evidence suggesting that some factors are regulated by a cell-density-dependent
mechanism (quorum sensing). Quorum sensing allows bacteria to couple transcription with changes in cell
density; bacteria achieve this by sensing and responding to small diffusible signaling molecules. We investi-
gated how the LuxS signaling system impacts the biology of S. pneumoniae. An analysis of the transcriptional
profiles of a serotype 2 strain and an isogenic /uxS deletion strain utilizing an S. prneumoniae-specific microar-
ray indicated that LuxS regulates gene expression involved in discrete cellular processes, including pneumo-
lysin expression. Contrary to the paradigm for quorum sensing, we observed pronounced effects on transcrip-
tion in early log phase, where gene expression was repressed in the mutant. Assessing the mutant for its ability
to infect and cause disease in animals revealed a profound defect in ability to persist in the nasopharyngeal
tissues. Our analysis of an S. pneumoniae transcriptome revealed a function for LuxS in gene regulation that
is not dependent upon high cell density and is likely involved in the maintenance of pneumococcal load in

susceptible hosts.

Less than 40 years ago, the first study supporting the exis-
tence of bacterial cell-to-cell communication systems was pub-
lished (63). This work put forth evidence that the gram-positive
diplococcus Streptococcus pneumoniae produced a hormone-
like substance at a particular cell density that, when detected,
affected the precise temporal regulation of genetic competence
in S. pneumoniae. Since that time, bacterial cell-density-depen-
dent signaling, termed quorum sensing (23), has been de-
scribed and characterized to varying extents in many diverse
bacterial species (reviewed in references 4, 21, 40, and 58). It
is widely believed that these regulatory systems evolved to
coordinate the expression of target genes whose products
would be most advantageous when a critical mass of bacteria
were expressing them but would provide little benefit when
expressed by an individual bacterium.

Quorum-sensing-mediated signaling can be achieved
through a variety of regulatory mechanisms, and all of the
systems described to date involve the production and secretion
or diffusion of low-molecular-weight signaling molecules (au-
toinducers) into the extracellular milieu. Quorum sensing in
gram-negative bacteria is most commonly mediated by deriv-
atives of N-acyl homoserine lactones (recently reviewed in
reference 21), while gram-positive organisms typically utilize
unmodified or posttranslationally modified oligopeptide pher-
omones (15, 35, 37). When these molecules accumulate to a
critical threshold concentration, they interact with their cog-
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nate receptors. Once activated, these proteins either directly or
indirectly control transcription of target genes. Moreover,
there is a growing body of evidence suggesting that many
bacteria elaborate multiple signal sensing systems, offering an
elegant and economical means of orchestrating the coordi-
nated expression of diverse sets of genes in response to specific
environmental cues.

While the signaling molecules, the proteins that mediate
transcriptional regulation, and the target genes controlled by
these sensing pathways are not universally conserved among
bacteria, it is now apparent that the ability to detect changes in
concentration of these extracellular cues and transduce this
information into the cell is responsible for regulating a wide
variety of biological processes (for reviews, see references 10,
14, 22, 26, 50, 66, and 69). A connection between quorum
sensing and virulence has been made for a few pathogens, in
particular Pseudomonas aeruginosa (45), Staphylococcus aureus
(31, 43), Erwinia carotovora (32), Vibrio cholerae (41, 72) and,
recently, S. pneumoniae (36).

For most of the described quorum-sensing systems, recog-
nition of any particular autoinducer is restricted to the species
that produced it, conferring a high level of specificity for these
types of cell-to-cell communication systems that ensures an
accurate flow of information from initial detection (sensing) to
molecular response (modulation of gene expression). Re-
cently, however, a novel quorum-sensing system in the biolu-
minescent marine bacterium Vibrio harveyi was described (60).
In V. harveyi, bioluminescence is controlled by two quorum-
sensing systems, each of which responds to a different autoin-
ducer. The HAI-1 autoinducer is species specific, being syn-
thesized and recognized solely by V. harveyi. However, the
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TABLE 1. Strains, plasmids, and primer sequences used in this study

Strain, plasmid, or primer

Relevant genotype or primer sequence (5’ to 3")

Reference, source, or primer purpose

E. coli strains

DH5a F~ ®80dlacZM15 endAl recAI hsdR17 (ry~ my ") supE44
thi-1 gyrA96 relAl (lacZYA-argF)UI169 deoR N~

RR1 HBI01 recA™

S. pneumoniae strains
D39 Serotype 2 62
EJ1 D39 streptomycin-resistant derivative This study
EJ2 D39 AluxS::spect This study
EJ3 EJ1AIuxS::spect This study
EJ5 EJ1ASP1923::spect This study

S. enterica serovar Typhimurium LT2 51

V. harveyi BB170 luxN::Tn5 59

Plasmids
pCZA342 29
pCR4-TOPO Cloning vector; ampicillin and kanamycin resistance Invitrogen
pEJ1 Suicide vector to delete luxS This study
pEJ2 Suicide vector to delete pneumolysin This study
pBAD/uxSS? This study

Primers
LuxS1 GGTATCACACCTGCAGACCGT Deletion construction
LuxS2 CTCGAGGTTGCTCCTGAGACAGAGAG Deletion construction
LuxS3 GAGCTCTCTAGCCCCTCTCACACC Deletion construction
LuxS4 GGATCCCTTCTTCCGTCCAGAATTC Deletion construction
SP1923A CTGCAGCTAGTGCAGATGCTCCAG Deletion construction
SP1923B CTCGAGCTACCTCCTAATAAGTTCCTGG Deletion construction
SP1923C GAGCTCGACTAGGAGAGGAGAAT Deletion construction
SP1923D GGATCCATTTACGTCCCATTAGGAATC Deletion construction
LuxSOX1 ATGTCAAAAGAAGTTATTGTCGAAAGTTTTG luxS overexpression construction
LuxSOX2 AATCACATGACGTTCAAAGGC luxS overexpression construction

rpoB RT2 forward AGATGGAGGTTTGGGCTCTT Real-time RT-PCR analysis
rpoB RT2 reverse CCGTTGATATCGTCCGACTT Real-time RT-PCR analysis
1923 RT4 forward CAGTCGCCTCTATCCTGGAG Real-time RT-PCR analysis
1923 RT4 reverse CCGCAAGAAGAGTGGGATTA Real-time RT-PCR analysis
1466 RT6 forward GCTGGTTGGTTCTGGCTATC Real-time RT-PCR analysis
1466 RT6 reverse AGTCCGCCAGTTACCATGAG Real-time RT-PCR analysis
AccD RT3 forward CAATCGTTCGGTTAGGGAAA Real-time RT-PCR analysis

AccD RT3 reverse

TGCTTACAGCCTGGACACTG

Real-time RT-PCR analysis

second autoinducer, Al-2, is synthesized by the product of the
luxS gene, which is present in the genomes of over 40 bacterial
species (2, 60), including S. pneumoniae. Since AI-2 isolated
from several diverse species has been shown to complement a
luxS defect in V. harveyi, this molecule is proposed to act as an
interspecies cellular communication molecule. In addition to
its role in controlling bioluminescence, there is evidence that
the AI-2 signaling system may play a role in regulating expres-
sion of several genes that affect the pathogenic capabilities of
several organisms, including modulating motility (18, 24), pro-
teolytic activity (7, 38), hemolytic activity (38), expression of a
type III secretion system, Tir, and intimin in Escherichia coli
(54), antibiotic production (12), and iron acquisition (19).
Since peptide-mediated cell-to-cell signaling is known to be
an important regulatory mechanism for gene expression in S.
pneumoniae, we were interested in determining if the LuxS
signaling system contributed to the regulation of pneumococ-
cal genes. To accomplish this, we compared the in vitro tran-
scriptional profiles over time of S. pneumoniae D39 with that of
isogenic deletion mutant a AluxS using a spotted DNA mi-
croarray. Microarray analyses reveal at least five pneumococcal

operons that are aberrantly regulated in the AluxS strain.
These operons encode proteins for fatty acid biosynthesis, a
putative hemolysin, and pneumolysin, a major virulence deter-
minant of S. pneumoniae. Unexpectedly, this regulation did not
occur at high cell density, the paradigm for quorum sensing.
Results of infection studies in animals revealed a significant
defect for the AluxS strain in its ability to persist in a murine
model of nasopharyngeal carriage. Taken together, these data
suggest that LuxS activity modulates the fitness of the organism
in a discrete host niche and that mechanistic explanations
other than quorum sensing for how LuxS functions need to be
considered.

MATERIALS AND METHODS

Bacterial strains and culture. E. coli DH5« (Bio-Rad Laboratories) and RR1
were used for cloning experiments. S. pneumoniae strain D39 and its derivatives
(Table 1) were grown in brain heart infusion (BHI) broth (Difco), Todd-Hewitt
broth (Difco) supplemented with 5% horse serum (Gibco), and on tryptic soy
agar (TSA; Difco) supplemented with 5% defibrinated sheep blood (Hemostat
Laboratories, Dixon, Calif.). Both broth and agar media were supplemented with
antibiotics as indicated.

For all experiments, cultures were prepared by serially diluting glycerol stocks
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of pneumococcal strains into BHI broth and incubating for 12 to 14 h at 37°C in
a 5% CO, atmosphere. For in vitro time course experiments, tubes with optical
densities between ~0.01 and 0.02 were selected, and the cells were collected by
centrifugation, washed once with sterile phosphate-buffered saline (PBS), back
diluted to ~3 X 10> CFU/ml into fresh BHI broth, and immediately incubated at
37°C in a 5% CO, chamber for 45 min. At this point, the first sample was
collected. Subsequently, growth was monitored for approximately eight genera-
tions both by measuring the optical density at 600 nm (ODj,) and by determin-
ing viable counts every 30 to 45 min. At these points samples were also harvested
by centrifugation for RNA isolation and stored at —80°C until processing. In
addition, cell-free supernatants were obtained by filtering culture supernatants
through a 0.22-pum-pore-size filter (Fisher) and stored at —20°C until the density-
dependent bioluminescence assays were performed. For animal infections, mid-
exponential bacterial cells (ODgqo, ~0.4) were centrifuged, washed once with
PBS, and resuspended in PBS to the appropriate cell density for animal infection
(~10® CFU/ml for murine respiratory tract infections and ~10° CFU/ml for the
murine carriage model).

DNA manipulations and strain constructions. To generate gene replacement
mutant strains, approximately 1 kb of DNA fragments flanking the coding se-
quences was PCR amplified from D39 genomic DNA using primers pairs that
had unique restriction sites designed into their 5" ends. The amplified products
were cloned into pCR4-TOPO (Invitrogen, Carlsbad, Calif.). Subsequently, the
resulting plasmids were digested with the appropriate restriction enzymes to
release the products, which were gel purified. A four-part ligation comprised of
these two DNA fragments, a DNA cassette encoding resistance to spectinomy-
cin, and the linearized S. pneumoniae suicide vector pCZA342 (29) was prepared.
After a 2-h room temperature incubation, one-fifth of the ligation mixture was
electroporated into E. coli DH5a, and transformants containing the resulting
plasmid (pEJ1) were selected for on Luria-Bertani agarose plates containing 100
mg of apramycin/ml and 200 mg of spectinomycin/ml. Expression of the specti-
nomycin gene is driven by its own promoter. Correct orientation of the fragments
of the resulting plasmid (pEJ2) was confirmed by restriction digests. To express
LuxS, the S. pneumoniae luxS gene was amplified and the resulting 480-bp DNA
fragment was cloned into the pBAD Topo TA expression vector (Invitrogen),
resulting in pBAD/uxSS?, which was expressed in the /uxS mutant E. coli strain
DH5a.

Transformation protocol for S. pneumoniae. Competence induction medium
was prepared as follows: 9 ml of BHI broth, 1 ml of horse serum, 100 wl of 1 M
glucose, and 1 wl of competence-stimulating peptide 1 (1 pg/pl) were combined.
A 900-pl aliquot of competence induction medium was added to glass test tubes,
and 100 pl of pneumococcal early-log (OD, 0.05 to 0.1) BHI broth-grown culture
was added to this. After a 30-min, 37°C, 5% CO, incubation, approximately 1 pg
of transforming DNA was added. The tubes were reincubated under the above
conditions for 1 h, after which cells were plated on selective medium. All result-
ing mutant strains were confirmed by both PCR and Southern blot analysis. In
addition, Western analysis using a monoclonal antibody directed against pneu-
molysin (generously provided by J. Paton) was performed on cell lysates isolated
from the pneumolysin deletion strain to confirm the absence of the protein.

RNA isolation and real-time PCR assay. Bacterial pellets were thawed on ice
and treated with 400 mg of lysozyme ml~! in 100 wl of PBS for 5 min at room
temperature. RNA was purified according to the QTAGEN RNeasy kit instruc-
tions with the following modifications. After the buffer RLT was added, cell
suspensions were mixed by pipetting and transferred to a 2-ml Eppendorf tube
containing approximately 300 pl of 0.1-mm zirconia-silica beads (Biospec Prod-
ucts, Inc., Bartlesville, Okla.) and vortexed for 45 s. The tubes were spun briefly,
and the lysed cell extract was loaded onto an RNeasy column. Samples were
treated on the column with DNase I (QIAGEN), as recommended by the
manufacturer. RNA quality was determined by agarose gel electrophoresis and
by OD,/OD,g, ratios. All RNA samples were subjected to PCR amplification
to ensure the absence of contaminating chromosomal DNA. Real-time PCR was
carried out with a Bio-Rad iCycler by using gene-specific primers and rTth
polymerase (Perkin-Elmer) as directed by the manufacturer. Cyber Green was
used to detect specific signal. A standard curve was plotted for each primer set
with C, values obtained from amplification of a dilution series of samples known
to contain the specific messages of interest. The standard curves were used to
determine relative quantities of cDNA for each experimental gene. To compare
between samples and strains, these values were normalized to the quantity of
rpoB-specific cDNA in each sample.

Microarray design. We constructed a 4,420-element S. pneumoniae-specific
spotted DNA microarray based on the preannotated TIGR4 genome sequence
(61). In order to minimize the potential for cross-hybridization on the array,
primer pairs (Illumina, Inc., San Diego, Calif.) were designed using the Primer3
program (http://www-genome.wi.mit.edu/genome_software/other/primer3.html)
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(49) based on a sequence that was determined to be unique to each open reading
frame (ORF). This was accomplished using an algorithm that identifies the
most-3" region of an ORF that contains no significant homology to any other
OREF in the genome as identified by NCBI BLAST (49). In addition, primer pairs
were also designed for 975 noncoding putative regulatory sequences. DNA
fragments were PCR amplified using predominantly D39 genomic DNA as a
template; however, for 65 ORFs that are not present in this strain (61), TIGR4
genomic DNA was used as a template for amplification. Amplified products were
analyzed on agarose gels and ranged from 70 to 300 bp, with 210 bp as the
median length and 198 bp as the average length. PCR amplification methods,
polylysine glass slide preparation, printing, and array postprocessing were per-
formed as previously reported (16). The final array was composed of 3,620
elements corresponding to 98% of all TIRG4 ORFs and 975 elements corre-
sponding to intergenic sequences. Many elements were represented by multiple
spots.

Probe synthesis. RNA was converted to cDNA in 20-pl reaction mixtures by
combining 0.5 pg of RNA and 0.5 pg of random hexamers (Amersham), heating
to 65°C for 10 min, and then snap-cooling the reactions on ice. The following
were then added: 2 pl of 0.1 M dithiothreitol, 0.5 pl of 10 mM deoxynucleoside
triphosphates, 4 wl of 5X RT buffer (Invitrogen), and 1 pl (200 U) of Superscript
II (Gibco BRL). This mixture was incubated at 42°C for 150 min. RNA was
hydrolyzed with 1 pl of 1 M NaOH at 65°C for 10 min and neutralized with 1 pl
of 1 M HCI. Samples were purified over a Qia-Quick PCR column (QIAGEN)
according to the manufacturer’s instructions and eluted with 40 wl of elution
buffer. Amino-allyl dUTP was incorporated into the cDNA samples as follows.
For each sample, 40 pl of the eluted DNA was incubated for 5 min at 99°C and
then for 5 min on ice. A 5-pl aliquot of 10X random octamer buffer (1550-2;
NEB), 3 ul of deoxynucleoside triphosphate-dUTP mix (3 mM dGTP, dATP,
and dCTP; 1.8 mM amino-allyl-dUTP [A-0410; Sigma-Aldrich], 1.2 mM dTTP),
and 2 pl of Exo~ Klenow (NEB) were added, and the mixture was incubated for
150 min at 37°C and then stored at 4°C overnight. Free amines were removed
with a Qia-Quick PCR purification kit (QIAGEN), and the eluted sample was
dried in a speed-vac. Samples were resuspended in 4.5 pl of distilled water and
incubated with a 1 pM concentration of either Cy3 or Cy5 monofunctional
reactive dye (Amersham) for 1 h at room temperature in the dark. The time
point samples were incubated with Cy5, and the reference samples were incu-
bated with Cy3. The reference sample for each time course was generated from
the D39 time zero RNA. The reactions were quenched with 4.5 pl of 4 M
hydroxylamine for 15 min at room temperature, and then each Cy5-labeled
sample was mixed with a Cy3-labeled reference. Unincorporated dye was re-
moved with a Qia-Quick PCR purification kit, and probes were eluted with 40 .l
of elution buffer and dried in a speed-vac. To hybridize, the samples were
resuspended in 11.3 pl of Tris-EDTA (pH 7.5), 1 pl of a 10-mg/ml solution of
yeast tRNA, 2.25 ul of 20X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), and 0.45 pl of 10% sodium dodecyl sulfate. The mixture was heated to
99°C for 2 min and immediately centrifuged for 2 min at maximum speed. The
probe was applied to a microarray and incubated for at least 24 h at 60°C.

Data analysis. Arrays were washed and then scanned using a GenePix 4000A
scanner (Axon Instruments, Foster City, Calif.), and images were analyzed with
GenePix Pro software. The raw data were loaded into the Stanford Microarray
database (25), where they were normalized according to the default computed
normalization calculation. All data are publicly available (http:/genome-www
stanford.edu/microarray). Data were filtered to remove poor-quality measure-
ments, and the red/green ratios were log, transformed. The data were subse-
quently zero transformed for each time course by subtracting the average time
zero value (n = 3) for each strain from all subsequent time points measured. This
allowed us to identify genes whose patterns of expression differed between the
two strains through the time courses relative to that at time zero.

Density-dependent bioluminescence assays. The V. harveyi reporter strain,
BB170 (Sensor 1~ and Sensor 2"), was grown for 13 h at 30°C with aeration in
AB broth, a minimal medium (3), at which point it was diluted 1:5,000 into fresh
AB medium and aliquoted in 90-pl amounts into 96-well microtiter plates
(Dynex Microlite; Fisher Scientific) containing 10 pl of the various substances to
be tested for AI-2 activity. Microtiter plates were incubated with aeration at
30°C, and light production was measured every 30 min using a Wallac model
1450 Microbeta Plus liquid scintillation counter.

Virulence assays. Animals were housed according to federal, state, and local
guidelines for laboratory animal care in the Research Animal Facility in the
Department of Comparative Medicine at Stanford University School of Medi-
cine. Male CD-1 mice (35 g; Charles River Laboratories, Wilmington, Mass.)
were used in these assays and were provided with sterile water and food ad
libitum. Prior to infection, mutant (EJ3) and parent (EJ1) strains were grown
separately as described above and were subsequently mixed in a 1:1 ratio. The
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mice were anaesthetized with isoflurane (4% in O,). For lung infection, mice
were individually anesthetized for 2.5 to 3 min each. Because isoflurane de-
presses respiration, this amount of anesthetic results in a compensatory gasping
reaction, facilitating aspiration of the inocula. At this point, mice were removed
from the anesthetic apparatus, and 50 ul of a 10%-CFU/ml bacterial suspension
(~5 % 10° cells total) was introduced by intranasal instillation. For nasopharyn-
geal inoculation, mice were lightly anesthetized for 45 to 60 s only, followed by
the slow intranasal instillation of 10 ul of a ~10°-CFU/ml bacterial suspension
(~107 cells total). Animals were allowed to recover, given food and water ad
libitum, and housed according to the Stanford University Department of Com-
parative Medicine guidelines. Lung infections were carried out over 3 days, while
nasopharyngeal colonization studies were carried out over 15 days. At designated
time points, animals were sacrificed by CO, overdose. Blood was collected by
cardiac puncture; the lungs were aseptically removed to 2 ml of PBS and ho-
mogenized using a Tissue Tearor (Biospect Inc). The nasopharyngeal cavities
were washed by transecting the trachea, inserting a 1-in. 24-gauge feeding needle
(Popper and Sons, New Hyde Park, N.Y.) into the larynx, and irrigating the nasal
passage with 500 pl of sterile PBS. The wash was collected through the nares. All
samples were assayed for viable bacteria by serial dilution onto both TSA plus
blood agar plates containing streptomycin-oxacillin-colistin (selects for both
pneumococcal strains) and TSA plus blood agar plates containing streptomycin-
spectinomycin-oxacillin-colistin (selects for EJ3). Each experiment was per-
formed a minimum of two times, and the data shown are composites of all
experiments. In conjunction with each in vivo competition, an in vitro competi-
tion was carried out as follows: 50 pl of each mixture was inoculated into 10 ml
of BHI broth and grown to mid-log phase for ~5 h, at which point the cell
suspension was serially diluted and plated on the above media. Following each
experiment, the ratio of mutant to wild-type bacteria, for both in vitro and in vivo
competitions, was determined. Competitive indices were calculated as the ratio
of mutant to wild-type bacteria recovered under each in vivo or in vitro condition
adjusted for the input ratio. Competition experiments carried out with EJ1 and
EJ5 were done similarly.

Statistical analysis. Student’s unpaired, two-tailed ¢ test was used to assess the
statistical significance of any apparent differences observed in the animal chal-
lenge experiments. To determine statistically significant changes, for all experi-
ments, data collected subsequent to day 1 were compared with the data sets
collected on day 1. For competitions in which no mutant bacteria were recovered
from a particular animal, 1 was substituted as the numerator when determining
the in vivo ratio for that animal. P values of <0.05 were considered significant.

RESULTS

Presence of the V. harveyi luxS homolog in S. pneumoniae. An
examination of the published S. pneumoniae genome databases
(28, 61) and a prior study (60) revealed an ORF in each of the
S. pneumoniae strains sequenced to date whose predicted pro-
tein product is 57% homologous and 36% identical to LuxS
from V. harveyi. While the luxS gene has been shown to be
highly conserved among both gram-positive and gram-negative
bacteria (3, 60), its chromosomal location is not conserved
between different bacterial species. In both the TIGR4 and the
R6 genomes, luxS is situated 98 bp downstream of and in the
same transcriptional orientation as a gene of unknown func-
tion and 302 bp upstream of an ORF with homology to a
putative Clp protease ATP-binding subunit, which is conver-
gently transcribed.

AI-2 activity in S. pneumoniae. Production of AI-2 requires a
functional LuxS enzyme (9, 52, 60). It has been previously
shown that AI-2-containing cell-free supernatants harvested
from cultures expressing uxS can activate V. harveyi Al-2-
dependent luciferase expression when supplemented into the
V. harveyi growth medium. To assess whether the S. pneu-
moniae luxS gene encodes an Al-2-producing enzyme, we con-
structed a AluxS mutant strain by replacing the /uxS coding
sequence with a spectinomycin cassette (EJ2). This mutation
was also moved into EJ1, the streptomycin-resistant laboratory
strain used to infect animals, to create EJ3. Since the closest
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downstream gene to /uxS is over 300 bp away and in the
opposite transcriptional orientation and there is a predicted
rho-independent terminator downstream of the /uxS coding
sequence, mutant construction is unlikely to have polar effects
on transcription. The parents and AluxS derivatives showed
virtually identical generation times throughout the growth
curve in BHI broth (data not shown). We performed two sets
of experiments isolating cell-free supernatants over the course
of growth from cultures of the parent S. pneumoniae and the
AluxS strains grown in BHI broth and tested for the ability of
these supernatants to stimulate light production in an Al-2-
dependent manner in a V. harveyi indicator strain, BB170 (3).
The supernatants from both strains failed to induce lumines-
cence above background levels in the reporter strain, raising
the possibility that S. pneumoniae lacked the ability to produce
functional AI-2. However, we also noticed that the levels of
luminescence in a set of experimental control reactions, BB170
supplemented with sterile BHI broth, consistently showed sev-
eralfold less luminescence than that from BB170 supple-
mented with sterile AB (data not shown). BB170 actually ex-
hibited a faster growth rate in BHI broth than in AB medium,
suggesting that this phenotype was not due to a growth defi-
ciency (data not shown). Therefore, we were concerned that
the lack of observable induction from the parent supernatants
might be due to an inhibitory effect from the BHI medium
rather than a lack of functional AI-2. Recently, Merritt et al.
(39) described a similar phenotype in Streptococcus mutans;
although supernatants derived from BHI broth-grown S. mu-
tans failed to complement bioluminescence in BB170, super-
natants collected from E. coli DH5« expressing S. mutans luxS
could. Because S. prneumoniae does not grow in AB medium, to
further investigate whether S. pneumoniae produces a mole-
cule capable of inducing luminescence in V. harveyi we col-
lected supernatants from wild-type S. pneumoniae grown in a
variety of media, including one (THBS) that has been reported
to allow the detection of AI-2 in another streptococcal species
(5). In addition, we cloned the pneumococcal uxS gene into a
pBAD expression vector (Invitrogen). The resulting plasmid
construct, pBAD/uxS?, was transformed into an E. coli back-
ground (DHS5a) known to be deficient for AI-2 production
(59). pBADxSS*/DH5a was grown in Luria-Bertani, BHI,
and THBS and induced with 2% arabinose to express /uxS”.
The supernatants were collected after 3 h of induction and
tested in BB170. Despite several attempts, we were unable to
detect the AI-2 molecule from actively growing wild-type S.
pneumoniae in any of the media (data not shown). Importantly,
however, the supernatants harvested from induced strains of
pBADIuxSS” grown in BHI resulted in a 67-fold induction of
luminescence over background. While this level of stimulation
was not as great as that seen in the positive control supernatant
(>1,000-fold) harvested from LT2, these data indicated that
the S. pneumoniae luxS gene product is capable of synthesizing
the autoinducer, Al-2, and that AI-2 activity is not inhibited by
BHI broth. It appears that S. pneumoniae either (i) does not
produce active AI-2, (ii) can efficiently degrade any AI-2 that
is made, (iii) does not release Al-2 into the supernatant, or (iv)
if it does release AI-2, has an efficient system in place to
transport AI-2 back into the cell. Regardless, these data sug-
gest that the mechanism of LuxS-dependent signaling in S.
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FIG. 1. The expression profiles of the /uxS mutant and the isogenic parent strain over two time courses (TC1 and TC2). (A) Cluster diagram
showing the expression profiles of the zero-transformed data for 46 genes from both time courses which met the filter criteria as explained in
Materials and Methods. Experiments are organized by increasing time of culture as noted by the black triangles. Cultures were sampled at an initial
cell density of 5 X 10° CFU/ml for each strain in TC1 and then at regular periodic intervals thereafter until a density of 4 X 10® CFU/ml was
reached. Cultures were similarly sampled for TC2. Initial and final cell densities were 2 X 10° and 6.5 X 10* CFU/ml, respectively. Functional
categories are noted and are based on the TIGR4 annotation. (B) A subset of the regulated genes arranged in chromosomal order. Putative
operons composed of groups of consecutive genes are shown. (C) The difference in gene expression between mutant and parent strains at various
time points for the non-zero-transformed data from SP1466 (putative hemolysin), SP1923 (pneumolysin), and SP0426 (accD), expressed on a log
scale. Time zero, early-log, late-log, and stationary-phase time points were chosen. The blue and purple bars represent data from TC1 and TC2,
respectively. (D) Real-time RT-PCR results. Differences in gene expression between mutant and parent strains at time zero were confirmed by
real-time RT-PCR. RNA was prepared from at least two independent experiments, and the real-time assays were carried out in triplicate. The
relative abundance of each message of interest in each sample was normalized to the level of rpoB-specific transcript. The data are depicted as the

fold difference of the mutant versus that of the parent for each gene.

pneumoniae is not dependent upon accumulation of Al-2 in  pneumoniae-specific spotted DNA microarray. We first exam-

the extracellular medium.

The AluxS deletion strain shows aberrant transcriptional
profiles for several groups of genes. To obtain a comprehen-
sive view of the extent to which LuxS activity impacts pneu-
mococcal gene expression, we performed two individual time
course experiments (TC1 and TC2) and compared the tran-
scriptional profiles of the S. pneumoniae D39 parent strain and
the AluxS deletion strain over the course of growth using a S.

ined the time zero transformed data to identify genes whose
patterns of expression differed between the two strains over the
duration of the time course. We then assembled these genes
according to similarities in their expression patterns using a
hierarchical clustering program (17). Figure 1A depicts one of
the nodes resulting from this analysis. Within this node, one
can clearly see distinct clusters of genes whose transcript abun-
dance increases relative to time zero over time in AluxS. Ar-
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TABLE 2. Putative annotations and cellular functions of genes affected in the /uxS mutant strain
TIGR “ Gene symbol or putative identification Cellular role
annotation
SP0024 Conserved hypothetical protein Unknown function
SP0025 Hypothetical protein Unknown function
SP0026 Hypothetical protein Unknown function
SP0173 hexB (mutL) DNA mismatch repair protein HexB
SP0415 Enoyl-CoA” hydratase/isomerase family protein Fatty acid and phospholipid metabolism, degradation
SP0416 Transcriptional regulator, MarR family Regulatory functions
SP0417 3-Oxoacyl-(acyl-carrier-protein) synthase 111 Fatty acid and phospholipid metabolism
SP0418 Acyl carrier protein Fatty acid and phospholipid metabolism
SP0419 Enoyl-(acyl-carrier-protein) reductase Fatty acid and phospholipid metabolism
SP0420 Malonyl CoA-acyl carrier protein transacylase Fatty acid and phospholipid metabolism
SP0421 3-Oxoacyl-(acyl-carrier protein) reductase Fatty acid and phospholipid metabolism
SP0422 3-Oxoacyl-(acyl-carrier-protein) synthase II Fatty acid and phospholipid metabolism
SP0423 Acetyl-CoA carboxylase, bitoin carboxyl carrier protein Fatty acid and phospholipid metabolism
SP0424 (3R)-Hydroxymyristoyl-(acyl-carrier-protein) dehydratase Fatty acid and phospholipid metabolism
SP0425 Acetyl-CoA carboxylase, biotin carboxylase Fatty acid and phospholipid metabolism
SP0426 Acetyl-CoA carboxylase, carboxyl transferase, beta subunit Fatty acid and phospholipid metabolism
SP0427 Acetyl-CoA carboxylase, carboxyl transferase, alpha subunit Fatty acid and phospholipid metabolism
SP0429 Hypothetical protein Unknown function
SP0430 Hypothetical protein Unknown function
SP0431 Conserved domain protein Unknown function
SP0520 Hypothetical protein Unknown function
SP0521 HIT family protein Unknown function
SP0742 Conserved domain protein Unknown function
SP0744 Conserved domain protein Cytidine and deoxycytidylate deaminase family
protein
SP0804 4-Methyl-5(B-hydroxyethyl)-thiazole monophosphate biosynthesis Biosynthesis of cofactors, prosthetic groups, and
protein carriers, thiamine
SP0875 lacR Regulatory functions, DNA interactions
SP0876 1-Phosphofructokinase, putative Energy metabolism
SP0877 PTS system, fructose-specific IIABC components Signal transduction
SP0892 Type I restriction-modification system, R subunit, putative DNA metabolism, restriction/modification
SP1045 Conserved hypothetical protein Unknown function
SP1232 Membrane protein Cell envelope
SP1390 murB Cell envelope, biosynthesis of murein sacculus and
peptidoglycan
SP1447 Membrane protein Cell envelope
SP1466 Hemolysin, putative Pathogenesis
SP1588 Oxidoreductase, pyridine nucleotide-disulfide Unknown function
SP1599 truA Protein synthesis, tRNA and rRNA base modification
SP1632 Sensor histidine kinase Regulatory functions, protein interactions
SP1644 Conserved hypothetical protein Unknown function
SP1725 scrR Regulatory functions, sucrose operon repressor
SP1922 Conserved hypothetical protein Unknown function
SP1923 Pneumolysin Toxin production, pathogenesis
SP1924 Hypothetical protein Unknown function
SP1926 Hypothetical protein Unknown function
SP2011 Ribosomal large-subunit pseudouridine synthase, RluD subfamily Protein synthesis, tRNA and rRNA base modification
SP2045 Conserved hypothetical protein Unknown function
SP2106 Glycogen phosphorylase family protein Energy metabolism, biosynthesis and degradation of
polysaccharides
SP2173 ditD Cell envelope, biosynthesis and degradation of

surface polysaccharides and lipopolysaccharides

“ Putative operons are indicated in bold.
> CoA, coenzyme A.

ranging the genes in chromosomal order revealed that several
of the most highly dysregulated genes appear to be organized
into distinct operons (Fig. 1B) that could be grouped into
several functional categories, including fatty acid and phospho-
lipid biosynthesis, energy metabolism, and pathogenesis. The
annotations for all of these genes are listed in Table 2.

While zero transformation facilitates the comparison and
identification of differential expression patterns between
strains over time, it does not reveal baseline time zero differ-
ences in gene expression that may exist between strains. To
address this, we examined the non-zero-transformed data for
this cluster of genes and found that the greatest difference
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between the two strains existed at the very earliest points in the
time course. The /uxS mutant strain showed 5- to 15-fold de-
creases in transcript abundance for all genes in this cluster
compared to that in the parent strain at time zero. The mag-
nitude of these differences diminished as the time course pro-
gressed, but by the end of the time course, the expression levels
of almost every gene in the /uxS mutant had actually exceeded
those in the parent strain. To illustrate this, the fold change in
expression between mutant and parent strains for data from
three genes, representing three of the putative operons iden-
tified in Fig. 1B, was graphed. Four points in the time courses
were chosen where both cultures were at equivalent growth
phases and cell densities, which is schematically represented by
the top graph in Fig. 1C. The three remaining graphs depict
the gene expression data for both time courses for SP1466, a
putative hemolysin, SP1923, pneumolysin, and SP0426, accD, a
gene involved in fatty acid biosynthesis. To confirm the differ-
ences in gene expression between the two strains revealed by
microarray analysis, we performed real-time reverse transcrip-
tion-PCR (RT-PCR) with gene-specific primers for two of the
differentially regulated genes using the time zero RNA sam-
ples from the time courses. The results of this analysis dem-
onstrated that the fold change in gene expression between
mutant and parent was approximately the same as or greater
than that seen by microarray measurement (Fig. 1D), validat-
ing our microarray as a reliable tool for accurately detecting
relative changes in gene expression between two samples.

Quorum sensing is not the mechanism mediating the dif-
ferential gene expression seen in the AluxS strain. Quorum
sensing refers to the ability of a bacterium to sense and re-
spond to signaling molecules generated by other cells in a
population when they reach a critical concentration. Typically,
this occurs at relatively high cell density. However, the largest-
magnitude differences in transcription that we observed oc-
curred at relatively low cell density, suggesting that LuxS is
affecting gene expression independent of high cell density and
presumably a diffusible signaling molecule. To test this, we
repeated the in vitro time course experiments in triplicate,
harvesting cell-free supernatants from both the parent and the
AluxS mutant strains at time zero and late log phase. We then
tested these supernatants for the presence of a signaling mol-
ecule that could complement the AluxS transcriptional defect.
Time zero was chosen because this is the time point at which
we observed the greatest magnitude difference in differential
gene expression between the parent and the mutant strain as
determined by microarray and real-time RT-PCR analyses. If
a small diffusible molecule, such as AI-2, were responsible for
the observed transcriptional dysregulation, then we would ex-
pect that supernatant harvested from the parent strain would
complement the AluxS transcriptional defect. Supernatants
from late log phase were also tested, since this is typically the
growth phase and time point when the effects of diffusible
quorum-sensing molecules are observed.

The parent strain was resuspended in BHI broth, and ali-
quots containing the same number of the AluxS mutant were
resuspended in BHI, as well as the cell-free supernatants de-
scribed above, and the strains were subsequently grown exactly
as described for the microarray experiments. At time zero,
RNA was isolated and was used to quantify one of the tran-
scripts (accD) identified to be differentially regulated. As evi-
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FIG. 2. Cell-free supernatants harvested from the /uxS mutant or
D39 are unable to complement the transcriptional defect in the AluxS
mutant. RNA was isolated at time zero from D39 or the AluxS mutant
after incubation with either BHI medium or various cell-free super-
natants (in parentheses) isolated from mutant and parent cultures at
two different growth phases. RNA was prepared from three indepen-
dently collected sets of supernatants, and the real-time assays were
carried out in triplicate. The relative quantity of accD transcript from
each strain under each condition was determined, and the values were
normalized to the quantity of rpoB transcript. The average relative
value under each condition is shown.

denced in Fig. 2, we did not observe complementation of the
transcriptional defect, supporting our hypothesis that LuxS is
affecting gene regulation in a cell-density-independent man-
ner.

The AluxS mutant shows a persistence defect in the murine
model of nasopharyngeal carriage. Because microarray analy-
sis suggested that pneumolysin, a confirmed virulence factor of
S. pneumoniae, and an additional putative hemolysin were dys-
regulated in the luxS mutant, we tested the AluxS mutant for
defects in two animal models of pneumococcal infection. Both
in vitro and in vivo mixed-infection experiments were carried
out. Equivalent numbers of EJ1 and EJ3 cells grown to low cell
density were mixed and grown together for >8 generations.
The culture was sampled at several points during growth and
plated for viable EJ1 and EJ3 colonies. At each time point
sampled, equivalent numbers of both strains were recovered,
suggesting that there is no in vitro competition phenotype.
Animal infections were performed with CD-1 mice to deter-
mine the ability of the EJ3 mutant strain to persist asymptom-
atically in the nasopharynx of infected animals in competition
with the EJ1 parent strain. Mice were challenged by nasal
instillation with equivalent numbers of EJ1 and EJ3 bacteria
(~5 X 10° CFU of each strain; n = 35 mice). At four time
points over a period of 2 weeks after infection, mice were
sacrificed and nasal washes, lung tissue, and blood were as-
sayed for colonization. No organisms were recovered from the
lungs or blood at any of the time points, highlighting the utility
of this infection to specifically examine asymptomatic carriage.
The luxS mutant strain showed no statistically significant col-
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FIG. 3. Analysis of the AluxS mutant (A) and the pneumolysin
mutant (B) in an animal model of nasopharyngeal carriage. Mutant
and/or parent bacteria were recovered from the nasopharynx, lung,
and blood after challenge of CD-1 mice with the parent (EJ1) and EJ3
or EJ5 mutants. The in vivo competitive index (CI) was calculated as
described in the text; each diamond represents the CI for a single
mouse in each set of competitions. A CI of less than 1 suggests that the
mutant is less fit than the parent. Shaded diamonds indicate that no
mutant bacteria were recovered from that animal and, therefore, 1 was
substituted in the numerator when calculating the CI. The geometric
mean of the CIs for all mice in a set of competitions is shown, and
statistically significant data are indicated (*, P < 0.05). n is the number
of animals examined per day.
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onization differences after days 1 and 3, suggesting that the
luxS mutant showed no defect in the ability to initially interact
and colonize this host niche (Fig. 3A). However, indications
that the mutant was less fit were found on day 7, when the
parent was clearly beginning to outcompete the /uxS mutant
strain. By day 15, mutant bacteria were outcompeted by a
factor of 53 (P < 0.005), with three of the six mice completely
clearing the EJ3 bacteria while remaining colonized with EJ1
(day 15, mean log,, EJ1 = 2.98 CFU/ml of nasal wash [range,
1.19 to 3.78]). These data demonstrate a role for /uxS in long-
term, persistent carriage of pneumococcus in the nasopharynx.

Competition experiments were also performed with CD-1
mice to determine if a luxS deletion was impaired for causing
invasive pneumococcal disease. Mice were challenged with a
large volume (50 wl) by nasal instillation with equivalent num-
bers of EJ1 and EJ3 bacteria (~2.5 X 10° CFU of each strain;
n = 29 mice). Mice were sacrificed at three time points over a
period of 3 days postinfection, after which the animals became
moribund. Lung tissue and blood were assayed for coloniza-
tion, and similar numbers of both mutant and parents strains
were recovered from each location (data not shown), suggest-
ing that luxS does not play a significant role in the disease
process once the organism becomes invasive.

There has been a report that pneumolysin is required for
nasopharyngeal colonization (33), and since the array data
suggested that LuxS affects the expression of the pneumolysin
locus, we constructed a strain bearing a deletion of this gene
(EJ5) and performed competition experiments to determine
whether this mutant strain would show a persistence defect
similar to that for the /uxS mutation during carriage. Figure 3B
clearly shows that EJ5 was able to persist in the nasopharynx at
least as well as the parent strain, suggesting that the persis-
tence defect we observed for the /uxS mutant is not due to the
lack of pneumolysin expression.

DISCUSSION

Quorum sensing has been studied in several microbes, and a
variety of cleverly employed bacterial genetic approaches has
identified a multitude of genes and phenotypes that respond to
this mode of regulation. However, timing is everything, and the
success of these approaches in identifying target genes is de-
pendent upon examining the relevant conditions at the appro-
priate time. The importance of this notion is evidenced from
studies on luxS; although mutations in this gene have been
constructed in at least 20 organisms, only a few of these mu-
tants have shown significant phenotypic changes under the
conditions examined. An alternative method to identify genes
regulated by a particular process employs microarray technol-
ogy, which profiles transcription on a genome-wide level. Be-
cause this technology allows the simultaneous examination of
the transcription profiles for every gene in a genome, it is
particularly well suited for identifying genes for which the
impact of a specific condition is unknown. This technology has
been used to experimentally scrutinize quorum-sensing re-
sponses in a few bacterial species (11, 12, 46, 48, 53, 55, 64).
Importantly, the results of these analyses have in large part
both confirmed data generated by previous genetically based
studies and extended their findings, providing new insights into
this complex biological process.
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To assess the impact of LuxS on pneumococcal biology, we
initiated our studies by constructing a strain bearing a deletion
of luxS and used an S. pneumoniae-specific microarray to com-
pare the expression profiles of this strain with that of its parent.
Previously reported studies employing microarray technology
to identify quorum-sensing-responsive genes have utilized sim-
ilar types of strains for comparison. However, the experimental
designs of these studies varied in several parameters, including
whether RNA was isolated from a time course experiment or
from a single time point and whether or not exogenous auto-
inducer was added to the medium. We performed two inde-
pendent time course experiments without adding exogenous
Al-2 to the medium. This was done for two reasons. First, the
concentration of AI made by an organism in the wild that is
necessary to induce quorum-sensing-regulated gene expression
is not known for any quorum-sensing system, and thus the
decision of how much inducer to add is arbitrary and not
necessarily biologically relevant. Second, isolating AI-2 is prob-
lematic; it is currently not feasible to synthesize pure prepara-
tions of this molecule (56), and the specific activity can be
highly variable among different preparations. Thus, making
definitive statements about the direct effects of AI-2 on alter-
ations in gene expression that occur after addition of in vitro-
synthesized preparations of AI-2 or spent medium containing
Al-2 is difficult. We anticipated that if LuxS were playing a role
in quorum sensing in S. pneumoniae, comparison of two
strains, one expressing /uxS and the other not over a time
course of growth, would distinguish genes displaying a LuxS-
dependent pattern of expression. Our analysis of the data al-
lowed us to readily identify a distinct cluster of 46 genes (~2%
of all S. pneumoniae genes) that reproducibly showed a differ-
ential pattern of expression over time between the two strains
(Fig. 1A). Surprisingly, our data suggest that this regulation is
not initiated at high cell density; to the contrary, the actual
transcript abundance for all of these genes was 5- to 15-fold
lower in the mutant than in the parent strain at early time
points, when the cell density is low (Fig. 1C). Arranging the
genes in chromosomal order and examining their annotations
(http://www.tigr.org/tigr-scripts/CMR2/GenomePage3.spl
?database=Dbsp) revealed that several of these genes are
organized into at least five putative operon structures (Fig.
1B and Table 2) whose genes can be categorized into dis-
crete functional classes dedicated to fatty acid and phospho-
lipid metabolism, energy metabolism, and pathogenesis.

The biosynthesis of fatty acids is essential for all living or-
ganisms and is required for membrane lipid biogenesis. In
bacteria, it is catalyzed by the type II fatty acid synthase system,
which is composed of several small soluble proteins encoded by
a discrete set of genes. Eleven out of the 19 genes assigned to
the fatty acid and lipid biosynthesis category on the TIGR4
database exhibited markedly lower transcript abundance in the
AluxS strain at early points during the time courses (Fig. 1B).
Bacteria must carry out hundreds of biosynthetic reactions to
produce basic building blocks—including amino acids, sugars,
coenzymes, and nucleic acids—to sustain and promote growth.
With the exception of the fructose-specific sugar transport
operon, the only other biosynthetic process that is substantially
and uniquely modulated in the AluxS strain is fatty acid bio-
synthesis. It is important to emphasize that great care was
taken to ensure that the inocula for these time courses were
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taken from low-density (<5 X 10° CFU/ml) bacterial cultures
that were approximating steady-state growth. Thus, one would
not expect to observe acute changes in the biosynthetic capac-
ity of these cells early during the time course; rather, biosyn-
thesis of basic cellular components should remain relatively
constant.

Of interest to us was the effect of the LuxS status in the cell
on the transcription of both the pneumolysin operon and a
putative hemolysin operon. Nothing has been reported on the
putative hemolysin operon in the literature, and we are cur-
rently investigating the genes in this operon, both to charac-
terize their functions and to define any potential contributions
they may make to infection. Pneumolysin is a 53-kDa choles-
terol-dependent cytolysin that is universally produced by pneu-
mococcal clinical isolates and is required for virulence in ani-
mals (reviewed in reference 42). In contrast to other
characterized cytolysins, it is localized to the cytoplasm and is
not actively secreted by the cell. For most pneumococcal
strains, including D39, it is released from the cell in stationary
phase when S. pneumoniae undergoes cell lysis. While the
protein and the multiple functions it carries out during invasive
disease have been studied extensively, very little is known
about the temporal and spatial regulation of the pneumolysin
operon or how this impacts pneumococcal biology (33, 44).

What can be gleaned from these experimental results about
how LuxS is impacting gene expression, particularly with re-
gard to quorum sensing? While there is a preponderance of
data supporting a role for AI-2 as a quorum-sensing signaling
molecule in V. harveyi (4, 20, 52, 60), until recently this was the
only organism for which /uxS had been functionally linked to a
particular and specific pathway. Importantly, despite the pres-
ence of uxS in over 30 different bacterial species to date (2,
71), homologs of the other genes involved in the V. harveyi
AI-2 signaling pathway (luxP, -Q, -U, and -O) have not been
found in other species, including S. pneumoniae. This has un-
derstandably led some investigators to question whether AI-2
signaling should be generally regarded as a quorum-sensing
system in organisms other than V. harveyi (67, 68). Recently
Schauder et al. (52) and Winzer et al. (67) have presented
evidence that, in addition to the quorum-sensing role that
LuxS plays in V. harveyi, LuxS also functions in the S-adeno-
sylmethionine utilization pathway (the AdoMet pathway),
where it catalyzes the conversion of S-ribosylhomocysteine to
homocysteine and 4,5-dihydroxy-2,3-pentanedione, which
spontaneously forms AI-2. This pathway plays an essential and
dynamic role in modulating DNA, RNA, and protein synthesis
in all organisms; the enzymes in the AdoMet pathway are
highly active when cells are actively growing and, in general,
their activity diminishes as cells enter stationary phase. Thus,
as the end product of this pathway, AI-2 may serve as a ba-
rometer of cellular health. While the results of both our mi-
croarray expression analyses and the experiments assessing the
ability of cell-free supernatants isolated from D39 to comple-
ment the AluxS phenotype imply that the differential regula-
tion we observed between the two strains is not mediated by a
quorum-sensing mechanism, they do suggest a previously un-
recognized link between cellular well-being or growth phase
and regulation of the above-mentioned operons. The transient
nature of these expression differences could indicate that
LuxS-dependent signaling acts as a first-line defense that can
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immediately provide the cell with vital information regarding
environmental changes that could impact growth. Since this
response is transient, subsequent additional signals are also
integrated to catalog metabolic status. Indeed, there is a great
deal of evidence for cells coordinating gene expression with
nutritional status using a variety of small molecules (1, 6, 8, 30,
65, 70). Further studies examining the role of AI-2 in gauging
metabolic status will help to validate its addition to this list.

Precise temporal gene expression is crucial for the survival
of any organism, particularly in organisms that encounter and
respond to several environments. While S. pneumoniae can
asymptomatically colonize the nasopharynx of healthy adults, it
also causes a range of diseases at a variety of host sites. Given
the gene expression changes that we observed, particularly
those seen in virulence factor expression, we challenged mice
with a 1:1 ratio of parent to AluxS mutant to determine if and
where in the host LuxS might play a role during infection. In an
independent study, Stroeher et al. (57) have examined the
effects of a defined /uxS mutation on the virulence of S. pneu-
moniae and determined that their mutant (also a D39 deriva-
tive) was less able to access the lungs and the blood from the
nasopharynx than the parent strain and was reduced in viru-
lence when delivered intraperitoneally. Our data corroborate
these observations to some extent and also extend these find-
ings considerably. There are, however, differences between the
studies. Unlike Stroeher et al., we did not see any statistically
significant differences in the lung or the blood when mice were
challenged with both parent and mutant strains in the pneu-
monia model of infection. This discrepancy may be due to
differences in mouse strains used between the two studies,
differences in [uxS mutant construction, variations in the
method used to infect animals, and/or the amount of time
postinfection that animals were monitored. Based on the re-
sults of single strain infections by intraperitoneal inoculation,
Stroeher et al. claim a role for /uxS in survival and proliferation
in the blood. While it is true that we did not observe a similar
phenotype in CD-1 mice, their most compelling data were
obtained from experiments, which were also performed as
coinfections, done in a different mouse strain (BALB/c). More
interesting to us, however, was the inoculum used: for the
intraperitoneal infections (but not for the intranasal infec-
tions), bacteria were grown to a low cell density prior to infec-
tion, which is exactly when we observed transcriptional dys-
regulation as measured by microarray analysis.

Our data support Stroeher et al.’s (59) conclusion that luxS
is not required during the initial stages of nasopharyngeal
colonization. However, whereas Stroeher et al. examined car-
riage for 2 days postinfection, we followed asymptomatic in-
fection for a full 15 days and found that the /uxS mutant
showed a statistically significant defect in its ability to persist in
this niche.

Since our array data suggest that the luxS mutation has
pleiotropic effects on gene transcription, we constructed a de-
letion in one of the affected genes in the /uxS mutant, the
pneumolysin gene, and used it to challenge mice to determine
if the differential regulation of this gene was responsible for the
carriage defect that we observed in the /uxS mutant. Our re-
sults clearly showed that a pneumolysin-deficient strain could
colonize and persist in the nasopharynx at least as well as the
parent strain, indicating that the persistence defect we ob-
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served in the AluxS mutant must be due to something other
than pneumolysin expression.

One question that remains unanswered is why some organ-
isms have evolved the ability to use Al-2 as a means for taking
census of the population, thereby coupling gene expression
with cell density, while other AI-2-producing organisms seem-
ingly have not. Of particular interest to us are the compelling
data in support of a signaling role for LuxS activity in Vibrio
vulnificus (34) and a close relative of pneumococcus, group A
Streptococcus (GAS). In both of these organisms, a uxS mu-
tation resulted in alterations in hemolytic activity, which occurs
as the cells enter stationary phase, and also altered protease
activity. In GAS, the expression of neither the hemolysin gene,
streptolysin S (SLS), nor the gene encoding the protease
(speB) was affected in a /uxS mutant. Rather, the aberrant
expression of SLS activity appeared to be due in part to the
observation that in a /uxS mutant background sag4, which
encodes a transcriptional regulator required for SLS hemolytic
activity, is overexpressed (38). In addition, the proteolytic
SpeB defect was at the level of secretion and processing of the
SpeB precursor. In V. vulnificus, the effects of a luxS mutation
are more direct: Kim et al. observed an increase in hemolytic
activity and a decrease in protease activity in a /uxS mutant of
V. vulnificus, which corresponded to overexpression of the he-
molysin transcript and repression of the protease transcript
(34). Both sets of authors hypothesized that the mechanism of
this regulation is cell density dependent. However, their data
do not preclude the possibility that this regulation could be due
to the impacts of a luxS mutation on the abilities to sense and
assess the growth potential of the environment. In our study,
the effects of LuxS activity on pneumococcal transcription were
seen very early on in the growth phase; perhaps in GAS and V.
vulnificus, the activity of LuxS is likewise critical for monitoring
cellular health at the exponential growth-stationary phase tran-
sition. Future studies aimed at resolving exactly how LuxS
activity is integrated into specific gene regulatory networks will
elucidate this.

While the mechanism of exactly how LuxS activity influences
pneumococcal gene expression remains elusive, it is clear from
the present studies that it does impact it. It also affects the
ability of the organism to be carried in the nasopharynx, which
is clearly important from both a medical and a biological stand-
point. S. pneumoniae is transmitted person to person by asymp-
tomatically infected individuals, not from those with invasive
disease. A critical first step in understanding the pneumococcal
disease process, therefore, is identifying those features that
lead to in vivo survival, growth, and transmission. Because S.
pneumoniae is a strict human pathogen, discriminating be-
tween tissue-specific factors required for establishing and
maintaining the carriage state from those solely involved in the
manifestation of invasive disease will facilitate this. The latter
category has historically been more straightforward to study.
Within the past several years, three large-scale screens aimed
at identifying tissue-specific factors have been carried out (27,
36, 47). All three studies identified subsets of genes required
for lung infection and bacteremia. However, Hava and Camilli
also found that several, though not all, of the genes required
for invasive disease were required for full levels of carriage in
the nasopharynx (27), suggesting that these niche-specific dis-
tinctions are potentially important and can be distinguished.
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From the perspective of the host, nasopharyngeal carriage is
considered to be a relatively quiescent state; however, from the
perspective of the pneumococcus, this host niche is far from
benign. It is precisely within this niche that S. pneumoniae must
compete with other colonizing organisms and the host immune
system. The ability to orchestrate the expression of a precise
set of genes in this environment is crucial for the survival of
this species, and identifying the class of genes, which includes
luxS, whose products are important for survival on mucosal
surfaces will significantly contribute to our understanding of
the pneumococcal disease process.
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