Al

Journals.ASM.org

Dynamic Changes in the Streptococcus pneumoniae Transcriptome
during Transition from Biofilm Formation to Invasive Disease upon
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Streptococcus pneumoniae is a leading cause of infectious disease globally. Nasopharyngeal colonization occurs in biofilms and
precedes infection. Prior studies have indicated that biofilm-derived pneumococci are avirulent. However, influenza A virus
(IAV) infection releases virulent pneumococci from biofilms in vitro and in vivo. Triggers of dispersal include IAV-induced
changes in the nasopharynx, such as increased temperature (fever) and extracellular ATP (tissue damage). We used whole-tran-
scriptome shotgun sequencing (RNA-seq) to compare the S. pneumoniae transcriptome in biofilms, bacteria dispersed from bio-
films after exposure to IAV, febrile-range temperature, or ATP, and planktonic cells grown at 37°C. Compared with biofilm bac-
teria, actively dispersed S. pneumoniae, which were more virulent in invasive disease, upregulated genes involved in
carbohydrate metabolism. Enzymatic assays for ATP and lactate production confirmed that dispersed pneumococci exhibited
increased metabolism compared to those in biofilms. Dispersed pneumococci also upregulated genes associated with production
of bacteriocins and downregulated colonization-associated genes related to competence, fratricide, and the transparent colony
phenotype. IAV had the largest impact on the pneumococcal transcriptome. Similar transcriptional differences were also ob-
served when actively dispersed bacteria were compared with avirulent planktonic bacteria. Our data demonstrate complex
changes in the pneumococcal transcriptome in response to IAV-induced changes in the environment. Our data suggest that dis-
ease is caused by pneumococci that are primed to move to tissue sites with altered nutrient availability and to protect themselves
from the nasopharyngeal microflora and host immune response. These data help explain pneumococcal virulence after IAV in-

fection and have important implications for studies of S. pneumoniae pathogenesis.

S treptococcus pneumoniae (the pneumococcus) is a Gram-posi-
tive organism that asymptomatically colonizes the upper re-
spiratory tract. Approximately 10 to 50% of American and Euro-
pean children less than 3 years of age are colonized with S.
pneumoniae (1-4). The prevalence of S. pneumoniae colonization
is even higher in resource-poor settings, where 66% to 97% of
children and over half of adults are colonized (5-8). While asymp-
tomatic colonization is the most common outcome after acquisi-
tion of S. pneumoniae, this organism is a leading cause of acute
otitis media, pneumonia, and meningitis globally (9, 10). Esti-
mates indicate that in 2011, S. pneumoniae caused 585,000 severe
episodes of pneumonia and 411,000 deaths worldwide in children
less than 5 years of age (11). Researchers have thus far been unable
to fully explain why some individuals colonized by S. pneumoniae
progress to disease and others do not.

Epidemiologic and laboratory data indicate that infection with
influenza A virus (IAV) is an important risk factor for disease due
to S. pneumoniae (12—14). Infection with IAV is associated with an
increase in susceptibility to pneumococcal pneumonia of approx-
imately 100-fold for a brief period of time (12). Children under 4
years of age experienced an approximately 15-fold higher risk of
pneumococcal bloodstream infections during the 2009-2010
HIN1 IAV pandemic, compared to rates during the summer
months in 2006 to 2008 (15). Mechanisms of pathogenesis include
TAV destruction of respiratory epithelial cells with subsequent im-
pairment of mucociliary bacterial clearance, upregulation or ex-
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posure of receptors for pneumococcal adhesion, and IAV-in-
duced suppression of innate and adaptive immune responses to S.
pneumoniae (13, 16-18).

S. pneumoniae forms multicellular biofilms within the upper
respiratory tract in humans and in animal models (19-22). Several
studies have suggested that pneumococci in biofilms exhibit at-
tenuated virulence in comparison to planktonic cells (23, 24).
Weimer et al. showed that biofilm formation in the middle ear
inhibits progression to invasive disease (25). In contrast, other
research has shown that some genes that are important for biofilm
formation are also critical for progression to disease (26). Prior
research by members of our group demonstrated that IAV infec-
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tion and specific environmental signals elicit active release of in-
vasive pneumococci from colonizing biofilms (27).

S. pneumoniae transcriptional profiles change in response to
environmental stimuli and differ between the upper respiratory
tract and other tissue sites (28, 29). Understanding how transcrip-
tional profiles are altered under various conditions will provide a
critical step to understanding mechanisms that underlie progres-
sion from biofilm colonization to disease. Whole-transcriptome
shotgun sequencing (RNA-seq) allows for deep sequencing of
c¢DNA, identification of rare mRNA transcripts, accurate mapping
of transcripts to reference genomes, and quantitative comparison
of transcript levels in different samples (30, 31).

In the current study, we used RNA-seq to compare differences
in the S. pneumoniae transcriptome under five conditions: (i) bac-
terial biofilms; (ii) bacteria actively dispersed from biofilms after
exposure to IAV, to model a known risk factor for pneumococcal
disease; (iii) heat to simulate fever during IAV infection (32); (iv)
extracellular ATP, which is released from damaged host cells fol-
lowing IAV infection (33, 34); as well as (v) planktonic cells grown
in laboratory medium at 37°C. Each of these five conditions rep-
resents bacterial populations that differ markedly in their ability to
cause disease. Our data indicate that a complex pattern of interre-
lated transcriptional changes is involved in the initial stages of
pneumococcal virulence.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. The protocols were approved by
the Institutional Animal Care and Use Committee at the University at
Buffalo, Buffalo, NY. All bacterial inoculations and treatments were per-
formed under conditions to minimize any potential suffering of the ani-
mals.

Reagents. Cell culture reagents were from Invitrogen, Carlsbad, CA.
Bacterial and cell culture media and reagents were from VWR Inc., Rad-
nor, PA. Chemically defined bacterial growth medium (CDM) was ob-
tained from JRH Biosciences, Lexera, KS. Sheep blood was purchased
from BioLink, Inc., Liverpool, NY. All remaining reagents were purchased
from Sigma-Aldrich, St. Louis, MO.

Cells, bacteria, and virus strains. We used NCI-H292 bronchial car-
cinoma cells (ATCC CCL-1848) as our human respiratory epithelial cell
(HREC) line for all biofilm experiments. HRECs were grown as previously
described (35). The S. pneumoniae strain EF3030 was used for all experi-
ments (36). EF3030 is an otitis media isolate that expresses 19F capsule
and is sequence type (ST) 43. The HIN1 IAV strain A/PR8/34 was used for
respiratory virus infection experiments, and titers were determined by
plaque assays (37). Virus stocks were kindly provided by Paul Knight,
University at Buffalo, Buffalo, NY.

Infection experiments. To induce septicemia, BALB/cByJ mice (Jack-
son Laboratories, Bar Harbor, ME) were injected intraperitoneally with
5% 10° to 1 X 10° CFU of pneumococci. Mice were inspected six times
daily over a period of 24 h for illness and morbidity by monitoring the
presence of huddling, ruffled fur, lethargy, and abdominal surface tem-
perature. Mice found to be moribund before the end of the 24-h infection
period were euthanized. Blood samples were collected and bacterial bur-
dens were determined by plating serial dilutions on tryptic soy agar—5%
blood agar plates as described previously (27). For infections of mice with
TAV-dispersed pneumococci, the bacterial population was washed three
times in phosphate-buffered saline (PBS) to remove free virus before in-
jection. This group of mice was also tested for IAV viremia via a plaque
assay on Madin-Darby canine kidney cells, as described previously (37).

Biofilm model, active dispersal, and planktonic growth conditions.
To model IAV-induced dispersal of pneumococci, the experiments were
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conducted on live epithelial cells, because live cells are required for pro-
ductive IAV infection. CDM-grown pneumococci were seeded onto con-
fluent HRECs prefixed in 4% buffered paraformaldehyde at 34°C for 48
hours, with change of medium occurring every 12 h (20). The biofilms
that formed on the fixed epithelial cells were gently pipetted off and re-
suspended in fresh antibiotic-free RPMI 1640 medium (Invitrogen, Carls-
bad, CA) with 2% fetal bovine serum, diluted 1:10, and “transplanted”
onto live HREC cultures grown to confluence in 24-well plates. This pro-
cedure was used because broth-grown bacteria are toxic to epithelial cells.
Once the biofilms had reorganized and matured on the live epithelial cells
(biofilm maturation occurred approximately 24 h after transplantation),
the epithelial biofilm cultures were inoculated with TAV at a multiplicity
of infection of 1 virus/cell for 1 h. Virus was removed, and fresh medium
was added. Biofilms were incubated in the presence of IAV-infected epi-
thelial cells for 24 h, and medium was changed every 4 h. S. pneumoniae
actively dispersed from the biofilm were collected during the last 4 h of the
24-h incubation, prior to noticeable cytopathic changes in the epithelial
substratum (27).

Dispersal of cells with ATP and heat was performed on fixed cells to
ensure that pneumococci were responding to the specific environmental
conditions and not products released from eukaryotic cells. CDM-grown
pneumococci were seeded onto confluent HRECs prefixed in 4% buffered
paraformaldehyde, at 34°C for 48 h, with changes of medium every 12 h
(20). To disperse biofilms with heat and ATP, the biofilms were washed in
fresh CDM and pneumococci were dispersed by incubation in the pres-
ence of 10 wuM ATP or exposure to 38.5°C for 4 h.

Planktonic pneumococci were grown in culture CDM (38) or in RPMI
1640 with 2% fetal bovine serum at 37°C until they reached the mid- to
late-logarithmic phase (optical density at 600 nm [ODy,] of approxi-
mately 0.5). We examined pneumococci that were planktonically grown
in broth so that we could study S. pneumoniae grown under the traditional
laboratory conditions. We also used S. pneumoniae grown planktonically
in RPMI cell culture medium in our murine infection experiments to
ensure that the medium did not produce phenotypic changes in virulence.

RNA isolation, high-throughput strand-specific RNA library prep-
aration and quantitative reverse transcription-PCR (qRT-PCR). With
the exception of S. pneumoniae grown planktonically in RPMI, bacterial
pellets from each population described above were resuspended in 0.5 ml
0f 0.9% NaCl, 1 ml of RNAprotect (Qiagen, Valencia, CA), and the mix-
ture was incubated at room temperature for 5 min. Cells were then pel-
leted at 9,000 X g for 2 min at room temperature, and RNA was purified by
using Qiashredder columns and the RNeasy minikit (38). Fifty biofilms
were used to extract RNA from mature biofilms; 200 to 800 biofilms were
needed to obtain enough RNA from the dispersed populations for all
measurements, and three independent biological samples were collected
and pooled for the experimental broth-grown population.

To analyze the relative gene expression, qRT-PCR was performed us-
ing the primers in Table S8 in the supplemental material, and the resulting
data were analyzed by using the 27227 method (39). Gyrase A (gyrA) was
chosen as the reference gene for data normalization, as it did not exhibit
any significant change in expression in the RNA-seq analysis.

RNA samples were submitted for 75-bp single-end sequencing on the
[lumina HiSeq apparatus at the Yale Center for Genome Analysis. The
quality and concentration of RNA were determined by running total RNA
on an Agilent RNA Nano bioanalyzer chip. rRNA transcripts were de-
pleted from total RNA by using a prokaryote-specific Ribo-Zero magnetic
kit (Epicentre). A strand-specific library was made using a modified ver-
sion of the protocol described by Zhong et al. (40). Following selection,
the RNA was fragmented in first-strand buffer to an average size of ap-
proximately 140 bp. SuperScript III reverse transcriptase was used for
first-strand synthesis using random hexamers (Invitrogen, Carlsbad, CA).
During second-strand synthesis with DNA polymerase I, dTTP was re-
placed by dUTP in the nucleotide pool. Magnetic AMPure XP beads
(Beckman Coulter) were used to purify the cDNA. Following each library
process step, DNA was selectively precipitated by weight and rebound to
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the beads through the addition of a 20% polyethylene glycol, 2.5 M NaCl
solution. T4 DNA polymerase and T4 polynucleotide kinase were used to
blunt end and phosphorylate the fragments. The large Klenow fragment
was used to add a single adenine residue to the 3" end of each fragment,
and custom adapters (IDT) were ligated using T4 DNA ligase. Adapter-
ligated DNA fragments were then treated with uracil-DNA glycosylase to
remove uracil added during second-strand synthesis. The first strand was
then PCR amplified using custom-made primers (IDT). During PCR, a
unique 6-base identifier was inserted at the end of each DNA fragment to
allow for multiplexing of samples during sequencing.

RNA-seq analyses. The pipeline for RNA-seq analysis consisted of
preprocessing raw reads using Btrim, mapping the EF3030 reads to refer-
ence genomes, and storage of mapping information in SAMtools bam
format (41, 42). Full-genome sequence data are not currently available for
EF3030. Reads were mapped to SPnINV200 (EMBL/GenBank accession
number FQ312029), a serotype 14 ST9 strain that has three multilocus
sequence type alleles in common with EF3030. We also mapped EF3030
RNA transcripts to ST556, which is a 19F middle ear isolate whose genome
has recently been sequenced (accession number CP003357) (43). Align-
ments were done using Bowtie (44). Two mismatches were allowed. Sum-
mary statistics were calculated using an in-house program to describe the
total number of reads, number of reads mapped, and reads mapped to
coding sequences. Due to the slightly better coverage, data are presented
for mapping to SPnINV200 as the reference genome. DESeq was used to
identify differentially expressed genes (45). DESeq allows for the calcula-
tion of P values adjusted for multiple testing. Genes with an adjusted P
value of <0.05 were considered significantly upregulated or downregu-
lated. Alignments were verified and visualized using the integrative
genomics viewer (46, 47). Heat maps were generated from the log, fold
changes of gene expression levels by using the heatmap.2 function in the R
package gplots (48).

Enzyme assays for ATP and lactate production. The biofilm, dis-
persed, and planktonic bacteria grown in CDM were washed twice in PBS
by centrifugation at 8,000 X g for 2 min and resuspended in PBS to the
original volume, and metabolism was induced by addition of 25 mM
glucose. At various times after glucose addition, intracellular ATP con-
centration and lactate secretion were measured. ATP production was de-
termined using the ATP determination kit (Invitrogen) according to the
manufacturer’s instructions with the exception that 0.5% Triton X-100
was added to lyse S. pneumoniae (49). Lactate produced by the bacteria
was determined essentially as described previously (50).

RESULTS

Virulence of pneumococcal populations in a murine septicemia
model. In a previous study we established that specific environ-
mental signals elicit active dispersal of invasive pneumococci from
colonizing biofilms (27). To better understand the phenotypic
changes associated with active dispersal, and how it relates to vir-
ulence, we tested various bacterial populations for their ability to
induce septicemia in mice (Fig. 1). Broth-grown EF3030 pneumo-
cocci were used, as they are known to cause nondisseminating
lobar pneumonia but are generally unable to cause septicemia in
mice (51, 52). Mice were injected intraperitoneally with 5 X10°
CFU of in vitro-grown biofilm bacteria or bacteria actively re-
leased from biofilms in vitro by IAV, heat, or ATP. AsTAV-released
bacteria were grown in RPMI cell culture medium, we also in-
jected mice intraperitoneally with EF3030 bacteria planktonically
grown in RPMI to control for the medium conditions. Biofilm,
broth-grown, and cell culture medium-grown bacteria were
cleared from the blood within 24 h (Fig. 1). However, bacteria
actively released from biofilms in vitro by IAV, heat, and ATP all
caused bacteremia. The most virulent phenotype was observed for
TAV-dispersed bacteria; all 8 mice in this experimental group pre-
sented with septicemia, indicated by ruffled fur, lethargy, and fe-
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FIG 1 Virulence of bacterial populations after intraperitoneal inoculation.
Individual 6-week-old female BALB/cBy] mice were inoculated intraperitone-
ally with biofilm bacteria (biofilm), broth-grown planktonic bacteria (plank-
tonic, CDM), populations actively dispersed from biofilms grown on fixed
epithelial cells in CDM after exposure to increased temperature (heat) or ATP
(ATP), or with planktonic bacteria grown in cell culture medium (planktonic
RPMI) or bacteria dispersed from biofilms grown on live epithelial cells after
infection with influenza A virus (IAV), to determine their respective virulence
once reaching the vascular compartment. Blood was collected at 24 h postin-
fection, or when the animals were euthanized based on being moribund. Each
dot in the graphs represents an individual mouse. An X represents a mouse that
became moribund and required euthanasia before the end of the experiment.
The dotted line represents the limit of detection of bacterial burden. Each
experiment included at least 8 mice. Statistical analysis was performed using
the Student ¢ test. NS, not significant; ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

ver. Five out of the 8 mice had to be euthanized before the end of
the 24-hour experimental period. None of the mice had detectable
levels of IAV in the blood at the time of blood culture.

Heat-dispersed pneumococci behaved similarly to TAV-dis-
persed bacteria and caused septicemia in all except one mouse in
the experimental group with a bacterial burden that was not sig-
nificantly different from the IAV-dispersed group. Three out of
the 8 mice had to be euthanized before the end of the experimental
period. Pneumococci dispersed with ATP also caused bacteremia;
however, these mice all survived the experimental period and had
significantly lower bacterial loads in the bloodstream than did
those in the IAV and heat dispersal groups (P < 0.001 for both
comparisons) (Fig. 1). These data demonstrated that the popula-
tions of EF3030 actively dispersed from biofilms were virulent in a
septicemia model and that virulence differed depending on the
dispersal agent, with AV causing the most severe disease. The
results also highlighted a dramatic difference in virulence between
broth-grown bacteria, which are commonly used in experimental
infection, and bacteria actively dispersed from biofilms by envi-
ronmental factors associated with IAV infection.

RNA-seq read mapping and qRT-PCR verification. Based on
the observed differences in virulence, RNA-seq analysis was per-
formed to determine the transcriptional differences between the
pneumococcal populations. We obtained between 35,797,340 and
70,482,854 high-quality reads for each experimental condition
(see Table S1 in the supplemental material). With the exception of
a replicate sequence run of heat-dispersed bacteria, over 90% of
the reads were successfully mapped to the reference genome
SPnINV200. rRNA removal was less effective for a replicate heat-
dispersed library, where rRNA comprised 8.5% of reads, com-
pared to a range of 0.2% to 3.2% of reads in all other experimental
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samples. As a result, 58.9% of reads were mapped to SPnINV200.
The data from both heat-dispersed replicates were included due to
the high correlation (r = 0.895 for replicate heat experiments,
compared with 7 = 0.993 for biofilm replicates). Moreover, inclu-
sion of the second run would not introduce many false positives
but would potentially introduce some false negatives, due to the
large within-condition variance. To verify the RNA-seq results,
qRT-PCR was conducted on a subset of 10 genes with increased or
decreased expression for all comparisons (see Fig. S1 in the sup-
plemental material). The qRT-PCR analysis showed a good corre-
lation with the RNA-seq data and also clearly highlighted the dif-
ferences in expression profiles between the populations.

Transcriptional differences in biofilm versus IAV-dispersed
pneumococci. AV infection is associated with increased risk of
secondary pneumococcal infection (12, 53, 54). Thus, we first
compared the expression of genes in biofilm bacteria associated
with colonization (20) to expression of disease-causing IAV-dis-
persed bacteria. Of 1,988 expressed genes, 1,159 (58%) were sig-
nificantly and differentially expressed, with 604 upregulated and
554 downregulated in IAV-dispersed bacteria.

Genes highly upregulated in the IAV-dispersed bacteria were
predominantly associated with carbohydrate metabolism and
bacteriocin production, although several well-established viru-
lence factors were also upregulated (Fig. 2; see also Table S2 in the
supplemental material). A high level of upregulation of PT'S trans-
porters for rapid uptake of carbohydrates, such as mannose/fruc-
tose, glucose, and galactitol (range, 237- to 1,199-fold), with a
slightly lower upregulation of PTS systems for lactose and treha-
lose (range, 10- to 20-fold) was observed. Similarly, several ABC
transport systems with potential specificity for carbohydrates and
metal ions, as well as transporters for uptake of glycerol (glpFI)
and mannitol (mt[A), were highly upregulated. Additionally,
genes involved in galactose, sucrose, maltose, pentose, and fucose
metabolism, including alcohol dehydrogenases (adh), were up-
regulated between 30- and 300-fold (Fig. 2). Some of the changes
in expression of metabolic genes may be associated with an up-
regulation of the catabolite control protein A (ccpA) gene, which
has been shown to induce glycolysis as well as expression of the
ATP-binding protein MsmK (55), which regulates the 2-oxoacid
dehydrogenase complex, lactate oxidase, and malA. The IAV-dis-
persed cells also upregulated glpO (a-glycerophosphate oxidase),
which was recently shown to act as a virulence factor during men-
ingitis (56). Genes encoding neuraminidases A and B (nanA and
nanB), enzymes involved in production of UDP-sugars and glyc-
erolipid metabolism, were among the most highly upregulated
genes observed (428- and 924-fold, respectively).

Genes involved in bacteriocin production were upregulated
11- to 33-fold in IAV-dispersed cells compared to biofilm bacte-
ria. These genes included bacteriocins, their immunity proteins,
and export mechanisms (Fig. 2). There was a strong stress re-
sponse in the IAV-dispersed bacteria, as evidenced by an upregu-
lation of genes encoding heat shock proteins and other proteins
involved in DNA repair and response to reactive oxygen species.
With regard to established virulence factors, the major autolysin
(lytA) was only slightly upregulated (1.4-fold) and pneumolysin
(ply) showed a higher increased expression, as did pneumococcal
surface protein A (pspA), pneumococcal choline-binding protein
A (pcpA), lytB, and the IgA proteases zmpA and zmpD. Interest-
ingly, three choline-binding proteins (cbpA or pspC, cbpF, and
cbpG) that have been associated with colonization (57, 58) and
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would be expected to be upregulated in biofilm bacteria had
slightly higher expression in IAV-dispersed cells than in biofilm
bacteria.

Genes that were highly downregulated in IAV-dispersed cells
included those associated with competence induction, fratricide,
and the transparent phenotype, which have all been associated
with colonization in prior studies (23, 59-61). Furthermore,
amino acid biosynthesis, amino acid and oligopeptide transport,
pyrimidine and purine biosynthesis, and proteins involved in
translation were significantly downregulated (4.5- to 15-fold).
Representative genes for these pathways are shown in Fig. 2, and a
full representation of differentially regulated genes can be found
in Table S2 in the supplemental material.

Transcriptional differences in biofilm bacteria versus IAV-,
heat-, and ATP-dispersed pneumococci. We next examined
transcriptional profiles of heat- and ATP-dispersed pneumococci
grown on fixed epithelial cells in an attempt to identify genes
whose differential expression was a consequence of environmen-
tal exposures associated with IAV infection. We used biofilm bac-
teria as the reference group for each of these comparisons. The
most highly downregulated genes in heat- and ATP-dispersed
cells exhibited 16-fold and 47-fold changes in expression, respec-
tively. This was similar in scale to the 23-fold decrease observed for
the most highly downregulated gene (comFC) in IAV-dispersed
cells. However, neither heat-dispersed (7.7-fold) nor ATP-dis-
persed (15-fold) pneumococci showed upregulation of genes any-
where near the 1,199-fold change in expression observed for
SPNINV_00610, the most highly upregulated gene in IAV-dis-
persed cells.

Although heat-dispersed pneumococci were almost as virulent
as IAV-dispersed pneumococci in vivo (Fig. 1), fewer genes were
differentially expressed in heat-dispersed cells. Only 134 out of
1,991 (7%) expressed genes were significantly differentially regu-
lated (see Table S3 in the supplemental material). Of these, 40
genes were upregulated and 90 were downregulated. As for IAV-
dispersed bacteria, heat-dispersed pneumococci showed higher
expression of genes related to carbohydrate transport and utiliza-
tion (although fewer changes in expression of genes encoding
PTSs were observed) and bacteriocin production. Genes encoding
pspA and adh were also upregulated. Similar to IAV-dispersed
pneumococci, competence and fratricide genes, as well as genes
involved in amino acid, purine, and pyrimidine biosynthesis and
import, were downregulated in comparison to biofilm bacteria,
whereas no downregulation was observed for translational pro-
teins. In contrast to IAV-dispersed cells, heat-dispersed pneumo-
cocci did not exhibit any major changes in the expression of the
virulence-associated genes pcpA, lytA, and pneumolysin. To our
surprise, stress response genes were not upregulated in heat-dis-
persed cells. While exposure of S. prneumoniae to 38.5°C is suffi-
cient to produce egress of S. pneumoniae from biofilms, this tem-
perature shift may not be sufficient to induce the full range of heat
shock proteins induced by temperatures in the range of 40 to 42°C
that are regularly used to investigate heat shock responses (62, 63).

ATP-dispersed pneumococci were less virulent than IAV-dis-
persed and heat-dispersed bacteria in the septicemia model (Fig.
1). Of the 567 out of 1,990 (29%) expressed genes that were sig-
nificantly differentially regulated, 291 were upregulated and 276
were downregulated (see Table S4 in the supplemental material).
ATP-dispersed cells also showed a similar upregulation of PTSs
and carbohydrate utilization systems, neuraminidases, and alco-
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FIG 2 Relative expression of representative genes in [AV-dispersed cells compared to biofilm bacteria. The upper graph shows log, fold changes in expression
of representative genes involved in colonization, including competence, fratricide (Frat), and transparent phenotype (Trans), amino acid biosynthesis and
transport, pyrimidine and purine metabolism, and translation, including both ribosomal proteins and other translational proteins. The middle graph shows log,
fold changes in expression of genes involved in carbohydrate metabolism, including PTSs, ABC systems (ABC tp), and enzymes and regulators involved in
metabolism of various carbon sources. The lower graph shows log, fold changes in expression of genes involved in bacteriocin function, including biosynthesis,
immunity, and transport (Tp), stress response proteins, including heat shock proteins (Hsp) and other stress response genes, and common virulence factors.

hol dehydrogenases as IAV-dispersed cells, but similar to heat-
dispersed bacteria, no upregulation of lytA and pneumolysin was
observed. Similar to the expression profile in IAV-dispersed cells,
competence genes and genes involved in amino acid, purine, and
pyrimidine biosynthesis and import were downregulated in ATP-
dispersed cells (see Table S4). Interestingly, and in contrast to
heat-dispersed pneumococci, genes involved in translation were
downregulated to the same degree as in IAV-dispersed cells.
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In an attempt to elucidate the pneumococcal core genes in-
volved in the increased virulence of our dispersed cells, we iden-
tified genes that were differentially expressed under each of the
three conditions (i.e., IAV, heat, and ATP) compared to biofilm
bacteria. In total, 90 genes were differentially regulated (Table 1).
These genes are visually represented in a heat map in Fig. S2 in the
supplemental material. Seven genes were upregulated and 63
genes were downregulated in actively dispersed cells compared to
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TABLE 1 Genes differentially regulated under biofilm versus active dispersed conditions

TAV dispersed Heat dispersed ATP dispersed
Log, fold Log, fold Log, fold
Function group and gene Description change Pvalue change Pvalue change P value
Competence/DNA transformation
comFC Competence protein —4.5 <0.001 —3.2 <0.001 -3.9 <0.001
comEC Putative competence protein —2.3 0.009 —3.0 <0.001 —3.0 0.008
SPNINV200_16350 Type IV prepilin peptidase family protein —2.2 <0.001 —1.4 0.006  —2.0 <0.001
cinA CinA-like protein -1.2 0.008 —1.3 0.020 —1.6 0.008
SPNINV200_18610 Competence protein ComGF —3.0 <0.001 —2.6 <0.001 —-3.8 <0.001
SPNINV200_18630 Putative competence protein —3.0 <0.001 —2.6 <0.001 —3.9 <0.001
Comic Putative competence protein -29 <0.001 —2.9 <0.001 —4.0 <0.001
SPNINV200_18650 Putative competence protein =31 <0.001 =29 <0.001 —3.8 <0.001
SPNINV200_18660 Putative competence protein —3.3 0.023 —-3.0 0.011 —3.7 0.039
comFA Late competence protein —3.3 <0.001 —2.8 <0.001 —3.4 <0.001
comC2 Competence-stimulating peptide (Csp-2) —1.4 <0.001 -—2.2 <0.001 —5.1 <0.001
Bacteriocins/immunity
SPNINV200_01250 Class IIb bacteriocin —3.8 <0.001 —3.7 <0.001 —5.6 <0.001
blpC Peptide pheromone BlpC 3.8 <0.001 1.5 0.002 —0.88 0.004
blpB ABC transporter BlpB 3.7 <0.001 1.4 0.003 —0.91 <0.001
blpA2 Bacteriocin transporter BIpA2 3.4 <0.001 1.2 0.034  —0.89 <0.001
pncG Putative immunity protein 5.8 <0.001 2.2 <0.001 —0.72 0.045
pncM Putative immunity protein 4.5 <0.001 1.7 <0.001 -—1.3 0.042
blpX Putative immunity protein BlpX 4.5 <0.001 1.7 <0.001 —14 0.020
pncO Bacteriocin ABC transporter transmembrane 4.8 <0.001 1.7 <0.001 —1.1 <0.001
domain BlpY
blpZ Putative immunity protein BlpZ 4.8 <0.001 1.6 <0.001 —0.94 <0.001
pncP ABC transporter ATP-binding domain PncP 4.9 <0.001 1.5 0.002 —0.99 <0.001
Amino acid synthesis and
acquisition
aliA Extracellular oligopeptide-binding protein —3.8 <0.001 -1.3 0.002 —1.1 <0.001
alsS Acetolactate synthase large subunit —3.7 <0.001 —1.5 <0.001 —1.6 0.003
ilvH Acetolactate synthase small subunit —4.0 <0.001 -—1.6 <0.001 —-1.7 0.002
ilvC Ketol-acid reductoisomerase -39 <0.001 —1.7 <0.001 —1.4 <0.001
ilvA Threonine dehydratase —4.1 <0.001 —1.7 <0.001 —1.4 <0.001
ilvD Dihydroxy-acid dehydratase -1.8 <0.001 —1.2 0.007  —0.69 0.004
SPNINV200_06610 Branched-chain amino acid ABC transporter —2.0 <0.001 —1.1 0.025 —0.77 0.001
SPNINV200_06620 Branched-chain amino acid transport system —2.0 <0.001 —1.0 0.039  —0.79 0.037
permease
SPNINV200_07520 Putative branched-chain-amino acid —2.4 <0.001 -1.0 0.019  —0.94 <0.001
aminotransferase
Nucleotide metabolic processes
SPNINV200_02690 Putative guanine/hypoxanthine permease -1.7 <0.001 -—1.8 0.012 —3.6 <0.001
pyrF Orotidine 5'-phosphate decarboxylase —3.3 <0.001 —3.2 <0.001 -2.7 <0.001
pyrE Orotate phosphoribosyltransferase —3.0 <0.001 —2.7 <0.001 —2.4 <0.001
pyrK Dihydroorotate dehydrogenase electron transfer —2.4 <0.001 -—1.6 0.002 -2.2 <0.001
subunit
pyrD2 Dihydroorotate dehydrogenase, catalytic subunit —2.14 <0.001 —1.6 0.003 -1.7 <0.001
SPNINV200_09870 GMP reductase, purine nucleotide metabolic process —2.6 <0.001 —2.2 <0.001 —2.8 <0.001
carA Carbamoyl-phosphate synthase small chain -1.9 <0.001 —1.8 <0.001 —-1.5 <0.001
pyrB Aspartate carbamoyltransferase —2.3 <0.001 —2.3 <0.001 —1.8 <0.001
pyrR Bifunctional protein: pyrimidine operon regulatory =~ —2.6 <0.001 -2.7 <0.001 -1.9 <0.001
protein, uracil phosphoribosyltransferase
pyrP Uracil permease —2.2 <0.001 —1.5 0.003 —14 <0.001
xpt Putative xanthine phosphoribosyltransferase -39 <0.001 -2.3 <0.001 —3.4 <0.001
pbuX Putative xanthine permease —3.0 <0.001 —1.9 <0.001 —34 <0.001
Translation <0.001 <0.001
rpsP 30S ribosomal protein S16 —3.1 <0.001 -—1.2 0.013 —-2.1 <0.001
SPNINV200_07580 30S ribosomal protein S1 —2.2 <0.001 —-1.0 0.034 —1.8 <0.001
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Carbohydrate/energy metabolism

SPNINV200_02290
SPNINV200_02300

fhsl
eno
dexB
pek
glpF1
8lpO
8lpK

Additional genes
gdh
SPNINV200_12650

SPNINV200_13080
SPNINV200_14190
SPNINV200_14200
mtsB

SPNINV200_15390
SPNINV200_15760

SPNINV200_16750
SPNINV200_17300
SPNINV200_18310
SPNINV200_18590
SPNINV200_19360
SPNINV200_19680
SPNINV200_20430
SPNINV200_20440
SPNINV200_20450

Unknown function and hypothetical

proteins
SPNINV200_00180
SPNINV200_01240
SPNINV200_01590
SPNINV200_01610
SPNINV200_02700

SPNINV200_03320
SPNINV200_03890
SPNINV200_03900
SPNINV200_03910
SPNINV200_04070
SPNINV200_04080
SPNINV200_04640

DeoR family, glucitol operon repressor

Putative sugar-binding regulatory protein, Sor
operon

Formate-tetrahydrofolate ligase
Enolase

Glucan 1,6-a-glucosidase
Phosphoglycerate kinase

Glycerol uptake facilitator protein 1
a-Glycerophosphate oxidase

Glycerol kinase

NADP-specific glutamate dehydrogenase

Nicotinate phosphoribosyltransferase (NAPRTase)

family protein
ABC transporter
DEAD box helicase family protein

Major facilitator superfamily protein

Metal cation ABC transporter ATP-binding protein

ABC transporter, ATP-binding protein

Putative sodium:dicarboxylate symporter family
protein

Zinc-binding dehydrogenase

Putative single-stranded DNA-binding protein
Putative nucleotide-binding protein

Putative methyltransferase (pseudogene)
Putative DNA-binding protein

Probable alcohol dehydrogenase

TetR family regulatory protein

Putative response regulator protein

Putative sensor histidine kinase

Hypothetical protein

Putative membrane protein
Putative membrane protein
Putative integral membrane protein

Putative CAAX amino terminal protease family
membrane protein

Conserved hypothetical protein
Hypothetical protein

Putative membrane protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

—1.8
—14

—1.1
0.60
1.5
1.1
5.6
5.9
5.4

—2.8
0.56

3.3
—2.7
—2.9
3.7
0.77
—2.1

4.6

—3.3
—1.5
—3.0
—=2.9
4.9

—2.1
—1.2
—-1.3

—0.69
—3.6
—0.85
—4.3
—2.8

—0.85
0.58
0.98
0.96
—3.7
—3.1
6.1

<0.001
<0.001

<0.001
0.003

<<0.001
<0.001
<0.001
<<0.001
<<0.001

<<0.001
0.010

<<0.001
<0.001
<0.001
<0.001
<<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.006

<0.001
<0.001
<<0.001
<<0.001

0.011

0.005

<0.001
<0.001
<0.001
<<0.001
<0.001

—1.6
—14

—1.6
1.4
1.2
1.4
—1.2
—1.2
—1.4

—-2.0
1.1

1.5

—-1.3
—2.1
—1.3
—1.1
—1.5

1.3

—2.8
—1.1
—2.6
—=1.5
1.6

—1.3
—2.1
—24

—1.8
—4.0
—1.9
—-1.9
—1.8

—1.2
—1.8
—-1.9
—1.8
—-1.7
=17
1.7

<0.001
0.003

0.003
0.003
0.011
0.003
0.023
0.023
0.003

<0.001
0.015

0.002
0.002
<0.001
0.031
0.015
<0.001

0.016
<0.001
0.039
<0.001
0.002
0.002
0.014
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
0.014

0.045

<0.001
<0.001
<0.001
<<0.001
<0.001
0.042

—1.0 <0.001
—-1.0 <0.001
—2.2 <0.001
0.8 <0.001
1.8 <<0.001
1.4 <<0.001
1.4 <0.001
1.2 <0.001
0.90 <<0.001
—0.89 <<0.001
1.6 <<0.001
1.0 <<0.001
—-1.7 <0.001
—3.6 <0.001
0.70 0.002

—2.8 <<0.001
—1.1 <0.001
2.6 <0.001
—3.7 <0.001
—2.0 <0.001
—3.8 <<0.001
—1.0 0.005

2.5 <0.001
—1.6 <0.001
—5.2 <<0.001
—5.1 <0.001
—3.2 <<0.001
—5.4 <<0.001
—0.6 0.012

—0.74 0.006

—3.7 <<0.001
—1.1 0.021

—4.4 <<0.001
—4.1 <0.001
—4.1 <0.001
—1.2 0.005

=11 0.008

—0.94 0.013
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TABLE 1 (Continued)

SPNINV200_06850
SPNINV200_06960
SPNINV200_15770
SPNINV200_18600
SPNINV200_18620
SPNINV200_19370
SPNINV200_19380
SPNINV200_19920

Hypothetical protein

Putative permease

Putative membrane protein
Putative exported protein
Putative membrane protein
Conserved hypothetical protein
Hypothetical protein
Hypothetical protein

—2.7 <0.001 —1.4 <0.001 —1.6 <<0.001
0.49 <0.001 —1.3 0.015 —0.86 <0.001
—1.5 <0.001 —1.1 0.023 —0.60 0.026

—2.9 <0.001 —2.6 <0.001 —3.8 <0.001
—-2.9 <0.001 —2.6 <0.001 —3.6 <<0.001
—3.1 <0.001 -—1.3 0.002 —0.74 0.003

—1.8 <0.001 —1.2 0.011 —0.85 <0.001
5.7 <0.001 —1.5 0.014 1.5 <0.001

biofilm bacteria. The consistently upregulated genes in each of the
three dispersed populations were predominantly associated with
carbohydrate metabolism. Competence genes and genes involved
in amino acid, purine, and pyrimidine metabolism, as well as a few
regulatory genes, sensory kinases, and hypothetical genes, were
downregulated.

Twenty additional genes were significantly differentially regu-
lated in biofilm versus IAV-, heat-, and ATP-dispersed bacteria,
but the direction was not the same under each dispersal condition.
Notably, 8 of these 20 genes were involved in bacteriocin produc-
tion and secretion. These genes were downregulated in ATP-dis-
persed pneumococci and upregulated in the IAV- and heat-dis-
persed populations, the two populations that were most virulent
in the infection model.

Transcriptional differences in broth-grown versus actively
dispersed pneumococci. As broth-grown bacteria, like biofilm
bacteria, were unable to persist in the bloodstream, we were inter-
ested in comparing the gene expression profiles between actively
dispersed populations of pneumococci and broth-grown bacteria
to further understand what genes may contribute to virulence.
Comparison of broth-grown bacteria with IAV-dispersed pneu-
mococci resulted in 1,186 of 1,988 (60%) expressed genes being
significantly differentially regulated, with 543 genes being down-
regulated and 643 genes upregulated in IAV-dispersed pneumo-
cocci (see Table S5 in the supplemental material). To compare
these data with the comparisons above using biofilm bacteria as a
reference group (Fig. 2), the data for the same representative genes
are presented in Fig. 3. Similar to the comparison with biofilms,
genes associated with carbohydrate metabolism, bacteriocin pro-
duction and transport, stress response genes, and well-known vir-
ulence factors were upregulated in IAV-dispersed cells compared
with broth-grown bacteria. Genes encoding proteins involved in
amino acid metabolism, translation, and purine and pyrimidine
metabolism were downregulated in IAV-dispersed bacteria com-
pared to broth-grown bacteria. In contrast, downregulation of
components of the F(0)F(1)-H"-ATPase and ply was observed,
and competence genes and fratricide genes were upregulated in
dispersed cells, due to their high level of downregulation in broth-
grown bacteria.

Comparison of broth-grown to heat-dispersed pneumococci
showed that 224 out of 1,991 (11%) expressed genes were differ-
entially regulated, with 82 upregulated and 142 downregulated in
heat-dispersed cells (see Table S6 in the supplemental material).
When comparing broth-grown bacteria to ATP-dispersed pneu-
mococci, 725 of 1,992 (38%) expressed genes were differentially
regulated, with 356 downregulated and 369 upregulated in ATP-
dispersed cells (see Table S7 in the supplemental material). Col-
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lectively, these comparisons indicated that all three actively dis-
persed populations showed a major change in metabolism, with
decreased amino acid and purine and pyrimidine metabolism in
favor of increased carbohydrate metabolism. Additionally, all
three dispersed populations showed an increase in the virulence
factor-encoding genes nanA, glpO, and lytB, with IAV-dispersed
bacteria showing increased expression of additional genes, such as
nanB, pcpA, pspA, prtA, htrA, and the IgA proteases zmpB and
zmpD. Although all of the populations showed increased bacteri-
ocin production, heat-dispersed (7- to 80-fold) and IAV-dis-
persed (16- to 544-fold) bacteria showed a much higher increase
than did ATP-dispersed pneumococci (2- to 7-fold). These data
are similar to the biofilm versus actively dispersed experimental
comparisons.

Enzymatic assays for ATP and lactate production. Collec-
tively, our data indicate that all actively dispersed populations
showed a major change in metabolism compared to biofilm and
planktonic bacteria. To functionally confirm the RNA-seq data,
we measured the ability of each bacterial population to metabolize
glucose, the main nutrient source in the bloodstream. Glucose was
added as the sole carbon source, and pneumococcal production of
intracellular ATP and lactate secretion was measured over time
(Fig. 4). Biofilm bacteria were unable to effectively produce ATP
in the presence of glucose over 30 min (Fig. 4). The baseline level
of ATP in the cells was approximately 10-fold lower than in all
other bacterial populations (2 nM compared to 10 to 35 nM per
10° cells in the remaining populations), suggesting that biofilm
bacteria have low metabolic activity. In contrast, IAV-dispersed
cells rapidly produced ATP, with a peak production after 30 min
of 334 nM per 10° cells (161 times that of the biofilm peak) and an
initial rate of intracellular ATP production of 67 nM per minute,
which was 252 times faster than for the biofilm bacteria (Fig. 4A).
Similar trends were observed when measuring lactate production,
which is the main end product of pneumococcal fermentation
from glucose. Extracellular lactate secretion was initially 22 times
higher in TAV-dispersed cells than in biofilm cells and was 21 times
higher over 30 min (Fig. 4B).

Although heat-dispersed bacteria had a 65-fold increased ATP
production compared with biofilm bacteria, these bacteria se-
creted only 2-fold higher levels of lactate. This suggests that me-
tabolism of glucose in these cells that leads to ATP production
does not occur through a major induction of glycolysis. This is
consistent with the RNA-seq data, which showed no upregulation
of PTSs responsible for rapid uptake and shuttling of glucose to
the glycolytic pathway (e.g., SPNINV_06700) and no upregula-
tion of ccpA in heat-treated cells (64).

ATP-dispersed cells showed a similar pattern of upregulation
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FIG 3 Relative expression of representative genes in IAV-dispersed cells compared to broth-grown bacteria. The upper graph shows log, fold changes in
expression of representative genes involved in colonization, including competence, fratricide (Frat), and transparent phenotype (Trans), amino acid biosynthesis
and transport, pyrimidine and purine metabolism, and translation, including both ribosomal proteins and other translational proteins. The middle graph shows

log, fold changes in expression of genes involved in carbohydrate metabolism

, including PTSs, ABC systems (ABC tp), and enzymes and regulators involved in

metabolism of various carbon sources. The lower graph shows log, fold changes in expression of genes involved in bacteriocin function, including biosynthesis,

immunity, and transport (Tp), stress response proteins, including heat shock

of PTSs and carbohydrate metabolism genes as the IAV-dispersed
cells and showed a similar, although not as pronounced, increased
production of ATP and lactate. Compared to biofilm bacteria,
ATP-dispersed pneumococci had an initial rate of intracellular
ATP production that was 72-fold higher (19.3 mM per minute)
and a 149-fold-higher peak after 30 min (311 nM per 10° cells).
Similarly, the initial rate of lactate production was 18-fold higher,
and levels were 9-fold higher after 30 min.
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proteins (Hsp) and other stress response genes, and common virulence factors.

Avirulent broth-grown bacteria showed ATP and lactate pro-
duction levels that were higher than in biofilm bacteria. Interest-
ingly, the ATP production of these bacteria was similar to that in
heat-dispersed pneumococci but lower than in ATP- or IAV-dis-
persed pneumococci, and the lactate production was higher than
in heat-dispersed bacteria and lower than in ATP- and IAV-dis-
persed bacteria. Although this supports the RNA-seq results for
glucose metabolism, which was the purpose of the experiment, it
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FIG 4 Glucose metabolism of bacterial populations. Biofilm bacteria, broth-grown planktonic bacteria (planktonic), or populations actively dispersed from
biofilms after infection with IAV or exposed to increased temperature or ATP were washed in PBS to eliminate any carbon source, and 25 mM glucose was added
at time zero. Intracellular ATP (A) and secretion of lactate (B) were determined 1, 2, 5, 10, 15, 20, 15, and 30 min after addition of glucose. Two separate
experiments were performed in duplicate, and the mean values with standard deviations are depicted in the graphs.

also means that in vitro glucose metabolism is not the sole predic-
tor of virulence. This is not surprising, as metabolism is intricately
regulated and additional factors are likely to contribute to the
observed virulence differences in Fig. 1.

DISCUSSION

We used RNA-seq and a novel biofilm model of coinfection to
identify transcriptional changes during active dispersal of S. pneu-
moniae as it transitions from asymptomatic colonization in bio-
films into an invasive pathogen. We identified changes in several
gene categories, including those associated with metabolism, col-
onization, and disease. IAV had the largest impact on the pneu-
mococcal transcriptome, both in terms of the number of genes
differentially regulated and in the range of fold changes. These
data help explain the strong epidemiological link between respi-
ratory virus infection and pneumococcal disease and have impor-
tant implications for laboratory studies of pneumococcal patho-
genesis.

Moreover, these data challenge the thinking that regards
pathogenic organisms as organisms expressing a specific set of
virulence factors that are turned on or off when needed, and in-
stead our data emphasize multifactorial, adaptive changes to the
host environment as a way for these bacteria to survive and thrive
during the course of infection. Mutation of individual genes or
pathways will therefore be unlikely to produce complete answers
about the nature of virulence, especially since the organisms will
most certainly further change and adapt as disease progresses.
However, our results provide an initial global look at the complex-
ity of transcriptional changes associated with virulence and a start-
ing point to further elucidate the key mechanisms involved.

Virulent S. pneumoniae upregulated genes involved in up-
take and utilization of carbohydrates through glycolysis and
other pathways. S. pneumoniae relies solely on carbohydrates as a
carbon source (65). S. pneumoniae contains genes encoding at
least 20 carbohydrate transporters in the core genome (66) and
can ferment >30 different carbohydrates (67). Genes regulating
carbohydrate metabolism, PTS, and ABC transporters have been
identified as important during tissue-specific disease (29, 68, 69).
Carbohydrate metabolism may provide selective advantages in
different host niches, as the carbon source availability in the na-
sopharynx will be drastically different from other body sites. As an
example, ¢glpO was upregulated 60-fold and 509-fold in IAV-dis-
persed cells compared to biofilm and 37°C planktonic cells, re-
spectively. glpO encodes a surface-expressed a-glycerophosphate
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oxidase involved in glycerol metabolism and was recently identi-
fied as a promising vaccine antigen in a screen for S. pneumoniae
genes expressed during meningitis (56). Glycerol is more abun-
dant than glucose in the brain, whereas glucose is more abundant
in the blood (70, 71). We were able to verify the RNA-seq expres-
sion data by measuring glucose metabolism of the various pneu-
mococcal populations in vitro. Biofilm bacteria were unable to
effectively metabolize glucose, whereas the dispersed populations
all metabolized glucose effectively and were closely associated with
expression of genes involved in glucose metabolism. While gen-
eral metabolic differences were observed following the addition of
glucose, there was not a direct correlation between glucose metab-
olism and virulence. This was not unexpected, given that the tran-
scriptional shift in response to environmental changes is complex
and virulence is multifaceted.

NanA and NanB are important for colonization, pneumonia,
and sepsis (72). S. pneumoniae is viable with sialic acid as its only
carbon source (73). Provision of sialic acid in a murine model of
carriage led to a 10- to 1,000-fold increase in colonizing S. pneu-
moniae and secondary spread to the lungs (74). The 428- and
923-fold increased expression levels of nanA and nanB in S. pneu-
moniae cells dispersed by IAV infection was particularly interest-
ing, given prior work by McCullers et al. on increased virulence of
S. pneumoniae following IAV infection (18, 75). Their model of
IAV-S. pneumoniae synergism suggests that IAV-encoded
neuraminidases remove sialic acid from eukaryotic cellular sur-
faces, thereby exposing receptors used for S. pneumoniae adher-
ence. Our data implicate an additional role for sialic acid in the
synergism between IAV and S. pneumoniae; IAV- and S. pneu-
moniae-released sialic acid could also be used as a carbon source
for pneumococci and a signal for increased invasiveness.

TAV- and heat-dispersed S. pneumoniae were more virulent
than ATP-dispersed cells in our septicemia model. Genes related
to bacteriocin production were upregulated in IAV- and heat-
dispersed cells and downregulated in ATP-dispersed cells. Bacte-
riocins are small antimicrobial peptides that are active against
closely related bacteria (76). S. pneumoniae isolates that produce
bacteriocins also express immunity proteins to protect them from
the effects of their own bacteriocins. The blp locus, which was
upregulated in our IAV- and heat-dispersed cells, has been shown
to be important for intraspecies competition during S. pneu-
moniae cocolonization in a murine model (77). While typically
thought to be important for colonization, our data suggest that
bacteriocin production may give newly dispersed cells a compet-
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itive advantage immediately after leaving the biofilm and in the
initial stages of dissemination and infection. In support of our
hypothesis, BIpR, the response regulator that controls bacteriocin
production (77), is highly expressed in vivo in murine brain, lung,
and blood (78). While a clear role for S. pneumoniae bacteriocins
in invasive disease has yet to be identified, bacteriocin receptors in
Gram-negative bacteria (e.g., Escherichia coli) have been shown to
play a multifunctional role in the uptake of nutrients (79). Future
research should examine whether S. pneumoniae bacteriocin re-
ceptors are multifunctional and elucidate the role of bacteriocins
during different stages of S. prneumoniae infection.

Ofthe triggers studied here to disperse pneumococcal biofilms,
fever is a general response to acute infections (32). ATP is gener-
ally absent in the extracellular environment in healthy tissues, and
its release in the extracellular environment is likely a general re-
sponse to infection with several respiratory viruses, including ad-
enovirus and respiratory syncytial virus (80-82), that serves as a
warning signal that cells are stressed. Therefore, our observation
of changes in pneumococcal virulence in response to heat and
ATP may have implications for respiratory tract infections due to
viruses other than IAV. Our data also have important implications
for experimental studies of S. pneumoniae pathogenesis. The ma-
jority of in vitro biofilm research has examined the growth of S.
pneumoniae biofilms on abiotic surfaces (78, 83). Biofilms formed
on abiotic surfaces differ from those formed in vivo (24). Biofilms
formed on epithelial cells at 34°C have been shown to mimic the in
vivo environment more accurately than those formed on abiotic
surfaces (20). EF3030 is a generally noninvasive strain in mice, and
exposure to stimuli such as IAV and ATP can make EF3030 inva-
sive. Adoption of methods described in this paper could poten-
tially expand the number of S. pneumoniae strains that can be
studied in animal models and produce infection more similar to
human disease. Our models could therefore be used to study a
wider range of pneumococcal strains, including clinical isolates
that are commonly not virulent in mice, as well as other bacterial
species colonizing the nasopharyngeal tract, and mechanisms of
coinfection with other respiratory viruses.

It is important to note that the transcriptional changes we ob-
served involve initial responses of pneumococci to changes in
their environment. As S. pneumoniae invades the middle ear, the
lungs, or the bloodstream, its expression profiles are bound to
change further. In addition, the populations of pneumococci were
grown using different models (e.g., AV infection was performed
on live epithelial cells, while infections with heat- and ATP-dis-
persed bacteria were performed on fixed cells). While our findings
should be interpreted with this caveat in mind, the various exper-
imental conditions should not present a major limitation, because
each of these experimental conditions produced populations of S.
pneumoniae that differed in virulence in our murine model. Our
data are meant to identify transcriptional changes that explain the
observed differences in virulence. These data also highlight im-
portant areas for future research, including the role of carbohy-
drate metabolism in tissue-specific virulence and the role of bac-
teriocins in pneumococcal disease. Greater understanding of
pneumococcal bacteriocins may provide additional avenues for
the development of therapeutics (76). Genes that encode surface-
exposed proteins and are significantly upregulated in invasive dis-
ease may represent promising vaccine targets (e.g., glpO).
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