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Streptococcus pneumoniae is among the most common pathogens associated with chronic otitis media with
effusion, which has been hypothesized to be a biofilm disease. S. pneumoniae has been shown to form biofilms,
however, little is known about the developmental process, the architecture, and the changes that occur upon
biofilm development. In the current study we made use of a continuous-culture biofilm system to characterize
biofilm development of 14 different S. pneumoniae strains representing at least 10 unique serotypes. The biofilm
development process was found to occur in three distinct stages, including initial attachment, cluster forma-
tion, and biofilm maturation. While all 14 pneumococcal strains displayed similar developmental stages, the
mature biofilm architecture differed significantly among the serotypes tested. Overall, three biofilm architec-
tural groups were detected based on biomass, biofilm thickness, and cluster size. The biofilm viable cell counts
and total protein concentration increased steadily over the course of biofilm development, reaching ~8 x 10?
cells and ~15 mg of protein per biofilm after 9 days of biofilm growth. Proteomic analysis confirmed the
presence of distinct biofilm developmental stages by the detection of multiple phenotypes over the course of
biofilm development. The biofilm development process was found to correlate not only with differential
production of proteins but also with a dramatic increase in the number of detectable proteins, indicating that
biofilm formation by S. pneumoniae may be a far more complex process than previously anticipated. Protein
identification revealed that proteins involved in virulence, adhesion, and resistance were more abundant under

biofilm growth conditions. A possible role of the identified proteins in biofilm formation is discussed.

Streptococcus pneumoniae is an important human pathogen
that causes an array of diseases, including acute bacterial sinusitis,
meningitis, and bacteremia, and remains the major cause of acute
bacterial pneumonia and otitis media. Worldwide, approximately
1.1 million deaths annually are attributed to S. preumoniae infection
(42). S. pneumoniae is among the most common microorganisms
isolated from otitis media specimens, others including Haemophilus
influenzae, Moraxella catarrhalis, and Alliococcus otiditis (30). The
gram-positive, opportunistic pathogen S. prneumoniae has been
cultured from approximately 40% of middle-ear fluid samples
taken from patients with acute otitis media (9, 24).

Next to the common cold, otitis media is the most commonly
diagnosed childhood illness in the United States. Otitis media
is a clinical diagnosis and the most prevalent infectious disease
in children, characterized by the accumulation of fluid in the
middle-ear space. Approximately one-third of all children ex-
perience three or more episodes of acute otitis media by the
age of 3 years (27). Conductive hearing loss is a major conse-
quence of otitis media that may affect the child’s behavior,
education, or development of language skills (5, 66). The so-
cioeconomic impact of otitis media is staggering, with annual
costs exceeding $5 billion in the United States alone (38).

Recent findings support the hypothesis that biofilms play a
major etiologic role in otitis media and its frequent complica-
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tions, including posttympanostomy otorrhea (24). Biofilms are
complex, organized communities of bacteria that grow in as-
sociation with a wide array of biotic and abiotic surfaces (15,
17, 25). Biofilm growth can occur at almost any solid-liquid
interface in industrial and clinical settings (14, 29, 39-40).
Biofilms are inherently resistant to antimicrobial agents and
are often the root cause of persistent implant- and non-im-
plant-related bacterial infections and diseases such as cystic
fibrosis, urinary tract infections, and periodontitis (16, 43, 61).

Scanning electron micrographs of the middle ear mucosa of
a chinchilla have in part elucidated the contribution of biofilms
to the pathogenesis of chronic otitis media with effusion. The
presence of microcolonies 1 day and 21 days postinoculation of
all middle-ear specimens suggests biofilm involvement during
the disease state (24). Although biofilm formation by S. pneu-
moniae has been suggested in individuals who develop otitis
media (22, 24), the majority of studies have focused on the
pathogenic nature of S. pneumoniae independent of its ability
to form biofilms.

Three notable exceptions depict biofilm formation by S.
pneumoniae. Budhani and Strutters (13) used a continuous-
culture system (sorbarod filter) to determine antimicrobial sus-
ceptibilities of S. pneumoniae biofilms, while Waite et al. (70)
employed the same continuous-culture biofilm system to inves-
tigate variation in capsule production upon biofilm formation
by serotype 3 pneumococci. Likewise, Donlan et al. (23) used
a continuous-culture model system allowing the simultaneous
measurement of cells and exopolysaccharide of biofilm-associ-
ated S. pneumoniae in situ over time.
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TABLE 1. Streptococcus pneumoniae strains and clinical isolates
used in this study

Strain Capsule Origin of cl'ilnical Source
serotype isolates

ATCC 6303 3 NA ATCC

BS68 9 NP swabs/nose D. Greenberg”
BS69 14 NP swabs/nose D. Greenberg
BS70 11 NP swabs/nose D. Greenberg
BS71 3 NP swabs/nose D. Greenberg
BS72 23 NP swabs/nose D. Greenberg
BS73 6 NP swabs/nose D. Greenberg
BS74 18 NP swabs/nose D. Greenberg
BS75 19 NP swabs/nose D. Greenberg
CHPA ND External ear D. Greenberg
CHPB ND External ear D. Greenberg
CHPC ND External ear D. Greenberg
38 W2938 Sputum D. Greenberg
44 F3114 ND D. Greenberg

“ NA, not applicable; ND, not determined; NP, nasopheryngeal.
® Children’s Hospital of Pittsburgh.

While these studies demonstrate the biofilm formation abil-
ity of S. pneumoniae, the studies are narrow with respect to
analysis of a single clinical isolate or specific capsule serotype.
Furthermore, none of the biofilm culture systems used in the
studies described above generated sufficient biomass for more
detailed phenotypic characterizations of pneumococcal biofilm
development by proteomic approaches. While it is now widely
accepted that microorganisms undergo profound changes dur-
ing their transition from planktonic (free-swimming) organ-
isms to cells that are part of a complex, surface-attached com-
munity (55-56, 65), information is lacking as to whether
biofilm formation in S. pneumoniae correlates with profound
phenotypic changes at the gene and protein level.

Here, we describe a biofilm culture system that is suitable
not only for growing various S. pneumoniae capsule serotypes
but also for defining the transitional stages of S. pneumoniae
biofilm development. Furthermore, we provide evidence that
S. pneumoniae displays multiple phenotypes over the course of
biofilm development.

MATERIALS AND METHODS

Bacterial strains and media. All strains used in this study are listed in Table
1. Eight pneumococcal strains, designated BS68 to BS75, were obtained as nasal
washes from symptomatic pediatric participants at Children’s Hospital of Pitts-
burgh who were enrolled in a pneumococcal vaccine trial (60). Three additional
pneumococcal strains were obtained from the middle ear and one from sputum.
The strains were a gift from David Greenberg. The reference strain ATCC 6303
was obtained from the American Type Culture Collection (ATCC).

Growth conditions. All strains listed in Table 1 were subcultured from a frozen
stock on Trypticase soy agar (TSA II) supplemented with 5% sheep’s blood
(Becton Dickinson, Sparks, MD) at 37°C in 5% CO,. A single colony was used
to inoculate 20 ml of Todd-Hewitt broth (Acumedia, Neogen Corporation;
Lansing, MI), which was then incubated for 12 h at 37°C in 5% CO,. The
overnight culture was then used to inoculate 50 ml of fresh Todd-Hewitt broth.
The culture was grown to mid-logarithmic phase (turbidity of ~0.5 at 600 nm)
and used to inoculate the biofilm reactor as described below. The viable cell
counts (~8.4 x 107 CFU/ml) were determined by serial dilution and plating on
blood agar followed by incubation at 37°C in a CO, incubator.

Biofilm formation using flow cells. A continuous-culture once-through flow
cell previously described (55, 57) was configured to observe the growth and
development of S. pneumoniae biofilms attached to a glass substratum. Diluted
(0.2-fold) Todd Hewitt medium (6 g/liter) was used as a growth medium. The
flow cell was constructed of anodized aluminum containing a chamber (4.0 mm
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by 1.3 cm by 5.0 cm) having two glass surfaces, one being a microscope slide and
the other being a glass coverslip serving as the substratum. Briefly, S. pneumoniae
cells grown to mid-exponential phase (4 ml) served as the inoculum and were
injected into a septum 4 cm upstream from the flow cell. Bacteria were allowed
to attach to the glass substratum for 2 h prior to initiating flow. The flow rate of
the system was adjusted to 0.014 ml/min. Flow through the chamber was laminar,
with a Reynolds number of <0.5, having a fluid residence time of 180 min.
Biofilms were grown for up to 9 days under flowing conditions at 37°C in 5%
CO.. Biofilms were then visualized over time, by either bright-field microscopy or
confocal laser scanning microscopy (CLSM) as described below.

Microscopy and image acquisition. Cells attached to the inner surface of the
glass coverslip were viewed by transmitted light using an Olympus BX60 micro-
scope (Olympus, Melville, NY) and a 1,000X magnification A100PL objective
lens. Images were captured using a Magnafire cooled three-chip charge-coupled
device camera (Optronics Inc., Galena, CA) with 30-ms exposure. In addition,
confocal scanning laser microscopy was performed with an LSM 510 Meta
inverted microscope (Zeiss, Heidelberg, Germany). Images were obtained with
an LD-Apochrome 40X%/0.6 lens and the LSM 510 Meta image acquisition
software (Zeiss). To visualize the biofilm architecture of 6- and 9-day-old bio-
films, biofilms were stained using the Live/Dead BacLight stain from Invitrogen
(Carlsbad, CA). Quantitative analysis of epifluorescence microscopic images
obtained from flow cell-grown biofilms at the 6-day time point was performed
with COMSTAT image analysis software (35).

Biofilm formation using a continuous-flow tube reactor. Biofilms were grown
as previously described (55, 57) for protein sampling with the following excep-
tions. Biofilms were grown on the interior surfaces of 1-m-long, size 16 Master-
flex silicone tubing (total interior volume, 6.0 ml; total surface area, 150 cm?;
Cole Parmer Inc.) of a once-through continuous-flow tube reactor system. Di-
luted (0.2-fold) Todd-Hewitt medium (6 g/liter) was used as a growth medium.
The biofilm reactor was inoculated with 6 ml of a planktonic S. pneumoniae
suspension as described above. The flow rate of the system was adjusted to 0.035
ml/min with a retention time of approximately 180 min. Following inoculation,
the flow was stopped for 2 h to allow attachment. Biofilms were grown for 3, 6,
and 9 days under flowing conditions at 37°C in 5% CO,. Biofilm cells were
harvested from the interior surface by pinching the tube along its entire length,
resulting in extrusion of the cell material from the lumen. The resulting cell paste
was collected on ice. Prior to sampling, the bulk liquid was purged from the
tubing to prevent interference from detached, planktonic cells.

Preparation of crude protein extracts and protein determination. Batch- and
biofilm-grown S. prneumoniae cells were immediately washed after sampling by
centrifugation at 12,000 X g for 10 min at 4°C and resuspended in TE buffer (10
mM Tris-HCl, 1 mM EDTA, pH 8.0), containing 0.3 mg phenylmethylsulfonyl
fluoride/ml (Boehringer Mannheim, Indianapolis, IN). All cell samples were
lysed by sonication on ice using six 10-second bursts at 5 W (Cole Parmer
Instrument Co., Vernon Hills, IL) and stored at —20°C. Cell debris and unbroken
cells were removed from all samples by centrifugation at 16,000 X g for 5 min at
4°C. Total protein concentration was determined by a modified method (51)
using reagents from Sigma. Bovine serum albumin was used as the standard.
Experiments for each time point were performed in triplicate.

Correlation of protein concentration and CFU over the course of Streptococcus
pneumoniae biofilm development. The number of viable cells in both planktonic
and biofilm cultures was determined by the number of CFU using serial dilution
plate counts (63). To do so, biofilms were harvested from the interior surface as
described above, with the resulting cell pastes resuspended in saline (total vol-
ume, 1 ml) and homogenized for 30 seconds to disrupt cell clusters. Bacterial
cells were grown on blood agar plates at 37°C in 5% CO, overnight. The protein
concentration was determined in parallel as described above. Planktonic cells
were harvested in logarithmic phase. Experiments for each time point were
performed in triplicate.

Two-dimensional (2D) gel electrophoresis and image analysis. The protein
production patterns of total cell extracts of planktonic and biofilm cells were
analyzed by 2D polyacrylamide gel electrophoresis (PAGE) as described previ-
ously (54-55) with the following exceptions: Proteins were separated in the first
dimension using 18-cm-long Immobiline Dry Strips having a pH gradient of 3 to
10 (nonlinear), 4 to 7, and 4.5 to 5.5 (GE Healthcare, Piscataway, NJ). The
Immobiline Dry Strips were focused for a total of 48.0, 65.0, and 70.5 kVh,
respectively. The 2D gels were stained with silver nitrate (10) and run in triplicate
for each growth condition to confirm the reproducibility of the protein patterns
under planktonic and biofilm growth conditions. A calibrated image scanner (GE
Healthcare) was used for gel scanning to ensure even spot detection and higher
accuracy for the subsequent image analysis. Computational image analysis was
carried out using Image Master 2D Platinum software (GE Healthcare).
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FIG. 1. Streptococcus pneumoniae biofilm formation under continuous flow. Phase-contrast micrographs at a magnification of 1,000X obtained
1 day (A), 2 days (B), and 3 days (C) after initiation of S. pneumoniae biofilm formation. Biofilms were viewed using an Olympus BX60 microscope.
Flow-cell experiments were performed in triplicate as described in Materials and Methods.

Protein identification by mass spectrometry. Protein spots of interest were
excised from the gel and digested in situ with trypsin using a ProGest workstation
(Genomics Solutions Inc., MI). After digestion for 6 h at 37°C, tryptic peptides
were extracted and desalted if necessary using ZipTips (Millipore). An aliquot of
the supernatant was taken for analysis by matrix-assisted laser desorption ion-
ization-time of flight (MALDI-TOF) mass spectrometry using an Ettan MALDI-
TOF Pro (GE Healthcare, Piscataway, NJ) as described previously (57, 63).
Trypsin peptides were used as internal standards for every peptide sample to
ensure high mass accuracy. The peptide mass fingerprinting spectra were pro-
cessed using the Ettan Evaluation software (GE Healthcare) and the mass lists
generated were subsequently used for database searches using the ProFound
search algorithm (73).

The database used in this study was composed of protein sequences obtained
from TIGR (comprehensive microbial resource batch download website, http:
/lwww.tigr.org/tigr-scripts/ CMR2/batch_download.dbi) and comprised the se-
quences of S. pneumoniae R6, S. pneumoniae TIGRA4, Streptococcus pyogenes M1,
Staphylococcus aureus MRSA252, Staphylococcus epidermidis, Enterococcus faecalis
V583, Escherichia coli K12-MG1655, and Pseudomonas aeruginosa PAO1. All
proteins were identified with significant certainty (probability score of <0.03).
Proteins were identified with 3 to 15 matched peptides and a minimum of 5%
sequence coverage.

RESULTS

To characterize the biofilm developmental life cycle of Strep-
tococcus pneumoniae, we made use of a once-through biofilm
reactor system (55, 57, 63) modified to accommodate the
growth characteristics of S. pneumoniae. In particular, biofilms
were grown at 37°C in 5% CO, under flow conditions in reac-
tors having a fluid residence time of 180 min. Shorter residence
times resulted in a decrease in the biofilm biomass over time
(data not shown). For this reason, diluted Todd-Hewitt me-
dium was used. The growth conditions were optimized using
the S. pneumoniae serotype 3 clinical isolate (BS71) and the
reference strain (ATCC 6303, serotype 3).

Biofilm development in Streptococcus pneumoniae serotype 3
occurs in stages. Bright-field microscopy enabled the direct ob-
servation of distinct stages of S. pneumoniae biofilm development,
from initial attachment to the appearance of small complex clus-
ters on the substratum. As shown in Fig. 1, diplococci as well as
chains of cells were visible on the glass substratum within 1 day
of inoculation (Fig. 1A). By day 2, small clusters of cells ex-
ceeding 20 pm in width and height were detectable (Fig. 1B).
Three days postinoculation, the biofilm appeared more struc-
turally complex with the entire surface of the substratum cov-
ered with cells interspersed with larger cell clusters (Fig. 1C).
To further visualize the three-dimensional architecture of S.

pneumoniae biofilms, confocal laser scanning microscopy was
used to image 6- and 9-day-old biofilms. The confocal images
depicted in Fig. 2A and B correspond to 6- and 9-day-old
biofilms, respectively. Both images reflect biofilm structures
comprised of large cell clusters exceeding 80 pwm in width and
100 wm in height. Also indicative of a mature biofilm was the
presence of intervening water channels (Fig. 2).

Overall, biofilm formation in S. pneumoniae serotype 3 strains
occurred in a sequential process of initial attachment of individual
cells to a surface, formation of cell aggregates, and further cell
proliferation and biofilm maturation.

Biofilm development in Streptococcus pneumoniae correlated
with an increase in CFU and biomass. S. pneumoniae has been
reported to lyse during stationary phase when grown under
batch conditions in liquid (4). Biofilms grown under continu-
ous flow have been shown to undergo conditions such as stag-
nation, similar to that of stationary phase. We were therefore
interested in whether the use of a continuous-flow biofilm tube
reactor system allowed biofilms to be sustained for 9 days
without significant lysis.

To do so, the number of viable cells was correlated to the
total protein concentration obtained from biofilm cells after 3,
6, and 9 days of biofilm growth. The results are shown in Table 2.

A B

FIG. 2. Confocal laser scanning microscopic images of (A) 6-day
and (B) 9-day-old Streptococcus pneumoniae serotype 3 biofilms. Bio-
films were grown in flow cells under once-through flow conditions for
6 and 9 days, after which time the biofilms were stained with the
Live/Dead BacLight stain. Biofilms were viewed at 400X magnifica-
tion. Flow cell experiments were performed in triplicate as described in
Materials and Methods.
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TABLE 2. Viable counts and total protein concentration of
Streptococcus pneumoniae biofilms collected from
once-through biofilm tube reactors”

Biofilm age Viable cell count per Total protein concentration
(days) biofilm” (CFU) per biofilm® (ug)
3 1.96 x 108 (39 x 107) 1,968 (560)
6 3.87 X 10® (1.1 X 107) 6,897 (2,210)
9 6.74 X 108 (1.1 x 107) 14,950 (2,192)

“ CFU and protein concentration were obtained from 3-, 6-, and 9-day-old
biofilms. Numbers in parentheses are standard deviations.
® The total surface area per biofilm was 150 cm?.

Approximately 2 X 10® viable cells colonized one biofilm tube
within the first 3 days, and the viable cell counts increased
upon continued incubation in the biofilm tube reactor to ap-
proximately 7 X 10® after 9 days of biofilm growth (Table 2). In
parallel, the protein concentration was shown to increase over
time (Table 2). The ratio of viable cells to the protein yield
over the course of biofilm development was observed to be
constant, with 10® cells yielding 1 wg of protein (y = 36705x +
1.0 X 108, R? = 0.9995). This finding indicated that the biofilm
growth conditions used in this study not only prevented cell
lysis but also allowed continued biofilm growth for 9 days. This
was achieved by inoculating the biofilm reactor with a log-
phase culture and maintaining batch conditions for only 2 h
prior to pumping fresh medium into the reactor.
Characterization of biofilm architecture of Strepfococcus
pneumoniae clinical isolates. S. pneumoniae is characterized by
extensive interstrain phenotypic and genotypic diversity as
demonstrated by the ability of different isolates to produce 90
serologically distinct types of capsular polysaccharide (33, 45)
and the finding that each strain varies in genomic content from
every other strain by 5 to 10% (60). To determine whether the
biofilm growth conditions were suitable for various other S.
pneumoniae serotypes and/or clinical isolates, we analyzed the
three-dimensional structure of biofilms of various S. pneumoniae
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clinical isolates (see Table 1) by CLSM after 6 days of biofilm
growth.

Under the conditions used, all clinical isolates tested in this
study (see Table 1) were able to form biofilms. However, the
biofilms formed by the clinical isolates differed with respect to
their mature biofilm architecture, especially with regard to the
size of the microcolonies, overall biomass, and biofilm height.
Visually, three types of biofilm architecture were discernible.
Their overall architecture is shown in Fig. 3. Group I consisted
of highly structured biofilms composed of large, distinct mi-
crocolonies and pronounced water channels (Fig. 3A). The
average cluster size ranged from 40 to 150 pm in diameter and
the biofilm height ranged from 90 to 150 wm. This type of
architecture was found for S. pneumoniae strains ATCC 6303,
BS71, BS72, and CHPB. Group II was comprised of biofilms
formed by S. pneumoniae strains BS68, BS69, BS70, BS73, and
BS74. These biofilms appeared to be less structured, lacking the
large, distinct mound-shaped microcolonies and pronounced wa-
ter channels seen for group I (Fig. 3B). However, smaller micro-
colonies and clusters were observed with biofilm heights compa-
rable to that of group I biofilms. Group III biofilms were
produced by strains CHPA, CHPC, F3114, W2938, and BS75 and
exhibited a flatter structure containing less biomass (Fig. 3C) than
groups I and II. The group III biofilms appeared more granular
due to the presence of very small cell clusters (<20 wm) and
dispersed small microcolonies not exceeding 20 wm in diameter.

The differences in biofilm architecture among the three
groups are most likely not attributable to differences in growth
rates. In fact, the doubling times were similar among the dif-
ferent strains (~60 min) with the exception of strains BS70 and
CHPA (120 min). The biofilms formed by these two strains
were categorized as groups II and III, respectively.

Quantitative analysis of biofilm architecture of Streptococcus
pneumoniae clinical isolates. Visual inspection of the various
biofilm structures formed by the different S. pneumoniae strains
led to their classification into one of three distinct groups. To

0 i [T K
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FIG. 3. Confocal laser scanning microscopic images of 6-day-old biofilms of Streptococcus pneumoniae serotypes. Representative CLSM images
of S. pneumoniae group I biofilm architecture (A) of strain BS71 (serotype 3), group II biofilm architecture (B) of strain BS73 (serotype 6), and
group III biofilm architecture (C) of strain BS75 (serotype 19) are shown. Biofilms were grown in flow cells under once-through flow conditions
for 6 days, after which time the biofilms were stained with the Live/Dead BacLight stain. Biofilms were viewed at 400X magnification. The CLSM
images show the xy and xz planes. Flow cell experiments were performed in triplicate as described in Materials and Methods.
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TABLE 3. Quantitative analysis of biofilm structure” formed by various Streptococcus pneumoniae capsule serotypes

Biofilm

- Strain and Biomass Avg thickness Maximum thickness Substratum Roughness
architecture serotype (pm*pm?) (pm) (pwm) coverage coefficient
group
1 Type 3 121.57 (4.9) 139.92 (9.7) 150.98 (6.4) 0.403 (0.08) 0.118 (0.09)
CHPB 109.14 (6.3) 103.70 (1.5) 104.87 (2.2) 0.471 (0.1) 0.016 (0.005)
Type 23 80.48 (0.04) 100.76 (3.3) 146.03 (3.5) 0.050 (0.01) 0.326 (0.01)
ATCC (type 3) 78.96 (2.2) 88.54 (4.8) 89.88 (5.2) 0.259 (0.03) 0.021 (0.006)
I Type 18 64.20 (3.4) 69.72 (4.6) 81.46 (2.7) 0.185 (0.03) 0.083 (0.002)
Type 6 64.07 (0.7) 65.10 (1.7) 65.58 (2.1) 0.158 (0.04) 0.023 (0.005)
Type 9 58.00 (6.4) 60.47 (6.5) 72.09 (10.5) 0.129 (0.04) 0.110 (0.01)
Type 11 54.59 (6.6) 60.23 (9.3) 64.82 (11.0) 0.026 (0.008) 0.088 (0.02)
Type 14 44.90 (9.6) 56.83 (14.2) 110.55 (14.7) 0.124 (0.08) 0.331 (0.06)
II1 CHPA 36.16 (3.9) 39.40 (4.1) 57.00 (10.3) 0.060 (0.03) 0.156 (0.03)
F3114 35.10 (2.3) 47.75 (6.4) 74.00 (2.8) 0.031 (0.03) 0.472 (0.02)
Type 19 31.26 (5.3) 36.70 (5.3) 62.66 (4.4) 0.041 (0.03) 0.154 (0.01)
W2938 27.49 (22.2) 38.38 (24.1) 77.50 (20.5) 0.051 (0.03) 0.526 (0.1)
CHPC 21.29 (5.3) 29.58 (2.5) 105.30 (2.5) 0.036 (0.04) 0.897 (0.1)

“ Values are means of data from six z series image stacks for each strain or serotype taken at day 6. The numbers in parentheses are the standard deviations.

confirm these observations, we utilized the COMSTAT image
analysis program. As shown in Table 3, five variables were used
to evaluate biofilm architecture. The major difference between
the three biofilm architectural groups was total biomass.
Group I consisted of biofilms with biomass exceeding 75 pum?/
wm?. The biomass of group II biofilms ranged between 40 and
70 wm?*/um? while group III biofilm biomasses were consis-
tently below 40 pm?/um?.

The primary distinguishing characteristic of group I com-
pared with group II was a greater biomass and higher average
and maximum thickness. The decreased total biomass of the
group II biofilms compared to group I was consistent with the
lack of large, distinct microcolonies (Fig. 3). The substratum
coverage for all representatives of group I and II is between
0.25 and 0.45, with a roughness of ~0.02 to 0.11. The only
exception in group I is BS72 (type 23), with a substratum
coverage of 0.05 and a roughness of ~0.3. In group II, BS69
(type 14) showed a higher roughness than the other represen-
tatives of this group. Group III biofilms were characterized by
an average biomass of <40 pm and an average thickness of
~40 pm. Furthermore, the increase in roughness within group
III compared to group I and II biofilms is indicative of the
overall appearance of flat, unstructured biofilms lacking pro-
nounced water channels. Taken together, these quantitative
analyses support our visual observations of the biofilm archi-
tecture formed by the S. pneumoniae strains (Fig. 3, Table 3).

Proteomic analysis of biofilm development in Streptococcus
pneumoniae. Our findings indicated that the biofilm develop-
mental process exhibited by S. pneumoniae occurred in stages
(Fig. 1 and 2) and that profound changes occurred during the
transition from a planktonic (free-swimming) organism to one
that became part of a complex, surface-attached community.
While such observations have been made for several biofilm-
forming microorganisms (19, 56, 65), information is lacking
regarding the phenotypic characterization of the S. pneumoniae
biofilm developmental process.

To determine whether the development of biofilms corre-
lated with extensive proteomic changes, we elected to make
use of a 2D gel-based approach, followed by protein identifi-

cation via MALDI-TOF mass spectrometry by peptide mass
fingerprinting. To investigate the degree to which biofilm
stage-specific physiologies differ in the biofilm developmental
process, crude protein extracts from planktonic cells and three
biofilm developmental stages were prepared and analyzed by
2D-PAGE. Initially, we determined the best first-dimensional
separation protocol. As shown in Fig. 4A, S. pneumoniae se-
rotype 3 proteins obtained from 6-day-old biofilm cells were
detectable over a wide pH range (pH 3 to 10NL), but the
majority clustered within the acidic pH range, as indicated by
the high abundance of protein spots on the left side of the 2D
image. We therefore separated the protein extracts using a pH
range of 4 to 7 (Fig. 4B), from which an average of 700 proteins
was detectable. This number increased to 1,100 when proteins
were separated using a pH range of 4.5 to 5.5 (Fig. 4C), which
also provided greater spot resolution. Similar results were ob-
tained for S. pneumoniae proteins obtained from planktonic
cells (data not shown). Since the majority of the protein spots
(~80 to 90%) were detectable in this narrow pH range (Fig.
4C), we used this procedure for all subsequent analyses.

S. pneumoniae serotype 3 cells were harvested after 3, 6, and
9 days of biofilm growth and from planktonic cells grown to
exponential phase. The 2D images from these four conditions
were compared and analyzed using Image Master 2D Platinum
software. Representative examples of 2D protein patterns of
the three biofilm developmental stages and the planktonic
growth stage are shown in Fig. 5. Comparison of protein pat-
terns of planktonic and biofilm cells after various attachment
times revealed differential protein production depending on
the stage of biofilm development.

When the protein patterns of planktonic cells were com-
pared to the patterns of 3-day-old biofilms, more than 30% of
the detectable proteome was found to be different; 14% of the
detectable proteome was found to be upregulated and 18%
downregulated. In addition, approximately 200 proteins were
synthesized de novo. A similar degree of difference was found
between the protein patterns of 6- and 9-day-old biofilms.
Between 6 and 9 days of biofilm formation, more than 40% of
the proteome was found to be differentially produced; ~20%
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FIG. 4. 2D images of total cell extracts obtained from 6-day-old Streptococcus pneumoniae capsule serotype 3 biofilms. The total protein extracts
(200 pg) were separated using (A) pH 3 to 10NL, (B) pH 4 to 7 and (C) pH 4.5 to 5.5 Immobiline Dry Strips in the first dimension, followed by
SDS-PAGE using 11% polyacrylamide gels in the second dimension. Gels were stained with silver nitrate (10).

of all detectable proteins were found to be more expressed and
21% of the proteome were less expressed after 9 days of bio-
film growth. Furthermore, approximately 60 proteins were syn-
thesized de novo.

The smallest difference was detected between the protein
profiles of 3- and 6-day-old biofilms. This transition was cor-
related with an approximately 20% change in the protein pro-
file. Only 12% of the detectable proteome was upregulated and
less than 8% was downregulated. However, the transition be-
tween 6 and 9 days of biofilm formation was accompanied with
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the de novo production of more than 250 proteins. Interest-
ingly, when the protein patterns of 9-day-old biofilms were
compared to the patterns of planktonic cells, more than 11% of
the detectable proteome was upregulated and 34% was down-
regulated, indicating that over the biofilm developmental life
cycle of S. pneumoniae, only ~54% of all the proteins were
produced constantly.

Over the course of biofilm development, the number of
detectable 2D protein spots increased from approximately 400
under planktonic growth conditions to more than 1,200 under

180 kDa
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FIG. 5. 2D images of total cell extracts obtained from Streptococcus pneumoniae serotype 3 grown planktonically (A) and as 3-day (B), 6-day
(C), and 9-day (D) biofilm. The crude protein extracts (200 pg) were separated on pH 4.5 to 5.5 Immobiline Dry strips, followed by SDS-PAGE
using 11% polyacrylamide gels. Gels were stained with silver nitrate (10). Experiments were performed in triplicate.
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TABLE 4. Average number of spots and average total protein spot
volume per 2D image®

s No. of spots Opverall spot volume
Growth conditions per 2D image per 2D image
Planktonic 452 (89) 1,080 (14)
3-day-old biofilm 763 (33) 2,925 (202)
6-day-old biofilm 1,100 (6) 2,152 (472)
9-day-old biofilm 1,167 (24) 2,459 (133)

“ 2D images obtained from S. pneumoniae serotype 3 grown planktonically and
after 3, 6, and 9 days of biofilm growth were analyzed using the Image Master 2D
Platinum software (GE Healthcare). Experiments were carried out in triplicate
for each growth stage. Numbers in parentheses are standard deviations.

9-day biofilm growth conditions (Table 4). Recently, the ge-
nomes of two S. pneumoniae strains, R6 and TIGR4, have been
sequenced and annotated (36, 68). Depending on the pneu-
mococcal strain, between 2,000 and 2,200 predicted protein-
coding regions have been identified. Thus, our data indicate
that under planktonic growth conditions, approximately 20%
of all predicted protein coding regions were detectable within
the pH 4.5 to 5.5 range. However, upon biofilm formation
(9-day-old biofilm), more than 50% of all predicted protein-
coding genes were detectable within this range (Fig. 5 and
Table 4). Thus, on average, more than 700 2D protein spots
(~30% of all predicted protein-coding genes) that were de-
tectable in the protein patterns of mature 9-day-old biofilms
were absent in planktonic cells. The increase in spot number
was accompanied by an increase in the overall spot intensity.
Within 9 days of biofilm growth, the spot intensity increased
from approximately 1,000 under planktonic growth conditions
to 2,450 under mature biofilm growth conditions (Table 4).

Difference in protein production patterns over the course of
Streptococcus pneumoniae biofilm development is not a result of
varied protein loads. To demonstrate that the differences in
the protein profiles are a result of bacteria adapting to life at
a surface, and not the result of various protein loads per 2D
image, we separated the total protein extracts (5 pg) obtained
from all four growth conditions by sodium dodecyl sulfate
(SDS)-PAGE and subsequently stained the SDS gel with silver
nitrate (data not shown). The four samples showed similar
staining intensity. This was confirmed by image analysis indi-
cating that equal protein amounts were separated on the one-
dimensional SDS gel. Furthermore, we excluded the possibility
of the protein production patterns being a result of differences
in cell numbers, as the CFU number was closely correlated
with the total protein recovered for all three biofilm develop-
mental stages, as 10° CFU always yielded ~1 wg of protein. As
a result, the differences in protein spot volume and the number
of protein spots per 2D image are most likely attributable to
the selection of a narrow pH range (pH 4.5 to 5.5), which
resulted in the loss of proteins outside this range (pH 5.5 to 10;
Fig. 4). This finding also points toward potential proteomic
changes in the pH 5.5 to 10 range.

Identification of proteins that were differentially produced
over the course of biofilm development. Several proteins that
were differentially produced over the course of biofilm devel-
opment were identified by MALDI-TOF mass spectrometry
using peptide mass fingerprinting (Table 5). The proteins have
been characterized according to function and represent several
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different categories, including metabolism/biosynthesis, cap-
sule production, virulence, surface-associated proteins, and
others.

Proteins that were grouped in the metabolism/biosynthesis cat-
egory carbon metabolism have been identified as NADP-specific
glutamate dehydrogenase, aminopeptidase N, dihydroorotate de-
hydrogenase, inosine-5-monophosphate dehydrogenase, glutamine
aminotransferase, glycosylhydrolase family I, phosphoglycero-
mutase, and phosphoenolpyruvate carboxylase. Proteins in this
category were found to be more abundant under biofilm growth
conditions with the exception of NADP-specific glutamate dehy-
drogenase (Table 5). Similarly, glucose-6-phosphate isomerase
and phosphoglycerate kinase were found to be most abundant
under planktonic growth conditions (Table 5 and Fig. 6A). Inter-
estingly, all three enzymes have been shown to be involved in
glycolysis, gluconeogenesis, and starch metabolism. The other two
proteins identified involved in energy metabolism, ATP syn-
thetase F1 and the fructose-stimulated pyruvate kinase, were
found to be produced at higher concentrations under biofilm
growth conditions compared to planktonic growth conditions.

Proteins involved in translation or processing have been
identified as 30S and 50S ribosomal proteins, exodeoxyribo-
nuclease, peptide chain release factor 3, and elongation factors
(G, P, and Tu family proteins) (Table 5). Although the con-
centrations of these proteins were found to be more abundant
under biofilm growth conditions, their protein production pro-
file followed the patterns shown in Fig. 6B. We identified only
one protein involved in capsule production as UDP-glucose
dehydrogenase. Several surface-associated proteins were iden-
tified, including enolase, peptide methionine sulfoxide reduc-
tase (MsrA), and glyceraldehyde-3-phosphate dehydrogenase
(Table 5). The production patterns of all identified surface-
associated proteins followed the one shown in Fig. 6C. Addi-
tionally, two proteins associated with virulence were identified
as pneumolysin and pyruvate oxidase. Both proteins were
found to be most abundant under biofilm growth conditions,
and their production pattern followed the pattern shown in
Fig. 6C.

DISCUSSION

Previous biofilm culture techniques have not provided a
detailed phenotypic characterization of the biofilm develop-
mental process by Streptococcus pneumoniae. Here, we de-
scribe a continuous-flow biofilm reactor system that allowed us
to cultivate and phenotypically characterize biofilm formation
by S. pneumoniae. Microscopic methods were used to illustrate
biofilm development and to visualize the overall biofilm archi-
tecture. By doing so, we determined that biofilm formation in
S. pneumoniae occurred in stages: in the first stage (day 1),
individual planktonic cells were observed to attach to the sur-
face, and in the second stage (days 2 to 3), cellular aggregates
formed, presumably via replication of the initially attached
cells (Fig. 1). By day 6, microcolony formation was observable
for some strains wherein the biofilms had fully developed, and
attained maximum cell density (biomass) and height (Fig. 2
and 3). Biofilm development has been shown in many bacterial
species to progress through multiple developmental stages (19,
20, 55, 58, 71). The developmental process for S. pneumoniae
observed in this study is similar to that of P. aeruginosa, for



2332 ALLEGRUCCI ET AL.

J. BACTERIOL.

TABLE 5. Proteins produced”

Stage of Molecular No. of
Group and function Protein Gene maximum mass pl matched
production (kDa) peptides
Metabolism/biosynthesis
Carbon metabolism NADP-specific glutamate dehydrogenase gdhA (spr1181) Planktonic growth 48.95 5.4 6/6
Aminopeptidase N pepN (spr0706) Day 3 95.45 4.8 4/4
Thiamine biosynthesis lipoprotein apbE (spr1324) Day 3 339 5 4/4
Inosine-5'-monophosphate dehydrogenase imdH (spr2033) Day 3 52.54 52 4/4
Glutamine aminotransferase SP0266 Day 3 57.68 49 4/4
Dihydroorotate dehydrogenase pyrDA (spr0672) Day 3 34.79 5 2/2
Phosphoenolpyruvate carboxylase ppc (spr0974) Day 3 103.48 5.5 5/5
Phosphoglyceromutase gpmA (spr1499) Day 3 26.03 5.1 3/3
L-Lactate dehydrogenase Idh (spr1100) Day 3 35.06 5 4/4
Energy metabolism Glucose-6-phosphate isomerase gpi (spr1882) Planktonic growth 49.85 5 5/10
Phosphoglycerate kinase pgk (spr0441) Planktonic growth 41.92 49 4/4
Glycosylhydrolase family I SP0265 Day 3 53.23 5.1 3/3
Pyruvate kinase I; fructose-stimulated PYkF (spr0797) Day 3 54.79 5.0 4/4
Prot(lJ)n—tr_anslocating ATPase F1 sector; alpha atpA (sprl1362) Day 3 54.68 5 4/8
subunit
Nucleotide Ribonucleoside disphosphate reductase (major nrdE (spr1065) Day 3 81.86 53 9/9
metabolism subunit)
Alanyl-tRNA synthetase ala$ (spr1240) Day 3 96.56 5 6/6
Purine nucleoside phosphorylase pnp (spr0734) Day 3 29 52 5/5
Histidyl-tRNA synthetase hisS (spr1931) Day 3 48.75 5.2 5/5
Glutamine amidotransferase gauA (spr1300) Day 3 57.68 49 5/5
Lysyl-tRNA synthetase lysS (spr0626) Day 3 56.15 53 3/3
Glycyl-tRNA synthetase beta chain glyS (spr1328) Day 9 75.54 4.9 3/3
Lipid biosynthesis Acetyl-coenzyme A carboxylase, biotin carboxylase accC (spr0385) Day 3 49.81 5.1 4/4
Glycerol-3-phosphate dehydrogenase (NADP)* gpdA (spr1902) Day 3 36.76 52 4/4
Translation/processing 308 ribosomal protein S1 rpsA (spr0764) Day 3 43.86 5.1 11/11
Peptide chain relase factor 3 prfC (spr0396) Day 3 58.47 5.1 4/7
30S ribosomal protein S2 1psB (spr2020) Day 3 28.85 5.1 11/11
Translation elongation factor Tu tufA (spr1343) Day 3 43.96 4.8 12/15
50S ribosomal protein L10 1pll (spr1212) Day 3 17.46 5.1 2/2
Exodeoxyribonuclease exoA (spr1660) Day 3 31.05 52 4/4
Elongation factor Tu family SP0681 Day 6 68.24 4.8 5/5
Elongation factor G fusA (spr0250) Day 6 76.87 49 3/3
Elongation factor P efp (spr0392) Day 9 20.58 4.9 3/3
Capsule production UDP-glucose dehydrogenase ugd (spr0139) Day 3 44.83 5 5/5
Surface-associated Glyceraldehyde-3-phosphate dehydrogenase SP2012 Day 3 35.95 53 8/8
proteins Peptide methionine sulfoxide reductase msrA (spr1217) Day 3 3591 49 5/5
Enolase eno (spr1036) Day 3 47.14 4.7 11/14
DnaK protein dnaK (spr0455) Day 3 64.82 4.6 5/8
Virulence Pyruvate oxidase spxB (spr0642) Day 6 65.36 5.1 10/15
Pneumolysin ply (spr1739) Day 3 52.94 5.1 8/11
Other Hypothetical protein, interruption SP0329 Day 3 12.96 5.1 3/3
Conserved hypothetical protein Day 3 21.08 5.1 3/3
Cof family protein/peptidyl-prolyl cis-trans SP1538 Day 9 52.05 4.8 4/4

isomerase, cyclophilin type

¢ The production pattern analysis was carried out from 2D images that were scanned using a calibrated image scanner (GE Healthcare). Image analysis was done
using the Image Master 2D Platinum software (GE Healthcare). Computational analysis was based on 2D protein spot volume. Proteins were identified by tryptic in-gel
digestion followed by peptide mass fingerprinting as described in Materials and Methods using the annotated genomes of S. pneumoniae TIGR4 and R6. All proteins
listed here were identified with significant certainty (probability score of <0.03). Proteins were identified with 3 to 12 matched peptides and a minimum of 10% sequence

coverage.

which five stages can be distinguished (55, 65), however, as yet,
we have not observed biofilm dispersion.

Biofilm development by S. pneumoniae was accompanied by
extensive changes at the protein level, with differences in the
concentration of the proteins ranging from 20 to 40% among
the four growth stages examined. The greatest degree of dif-
ference among the four protein profiles was evidenced by the
protein profiles of planktonic and 9-day biofilm cells (Fig. 5).
More than 45% of all detectable proteins were differentially
produced over the course of biofilm development (Fig. 5). The
increase in the number of detectable proteins may be best
explained by protein modification, changes in the growth con-
ditions, and/or adaptation to the sessile mode of growth. En-
vironmental factors such as iron, oxygen, and lack of carbon
sources have been shown not only to influence protein produc-
tion within biofilms but also to profoundly impact biofilm for-

mation by P. aeruginosa and other biofilm-forming bacteria (1,
11, 37, 62, 69, 72).

Here, we demonstrated that metabolic proteins and house-
keeping proteins were differentially produced over the course
of biofilm development (Table 5). Our findings are consistent
with previous studies indicating that microorganisms undergo
profound metabolic and phenotypic changes during their tran-
sition from planktonic (free-swimming) organisms to complex,
highly developed surface-attached biofilm communities (18-
19, 21, 47, 52, 54-55, 65). However, none of the previous
studies indicated a dramatic increase in the number of detect-
able protein spots as found in this study (Fig. 5 and Table 4).
Here, biofilm formation was coincident with de novo protein
production. More than 700 2D protein spots that were detect-
able in the protein patterns of mature 9-day-old biofilms were
absent in planktonic cells (Table 4), indicating that biofilm
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FIG. 6. Protein production patterns of selected proteins over the
course of Streptococcus pneumoniae serotype 3 biofilm development.
Representative production patterns of glucose-6-phosphate isomerase
(A), glycl-tRNA synthetase (B), and pneumolysin (C). The production
pattern analysis was carried out from 2D images that were scanned
using a calibrated image scanner (GE Healthcare). Image analysis was
done using the Image Master 2D Platinum software (GE Healthcare).
Computational analysis was based on 2D protein spot volume. The
planktonic growth stage and three biofilm developmental stages were
analyzed thus: planktonic, planktonic cell stage; 3 days, 3-day-old bio-
films; 6 days, 6-day-old biofilms, and 9 days, 9-day-old biofilms. The
data shown here represent the average spot volumes. Experiments
were carried out in triplicate for each growth stage.

formation correlated with the de novo synthesis by ~30% of all
predicted protein-coding genes.

Furthermore, we noted an increased abundance of proteins
involved in resistance and virulence, including pneumolysin,
methionine sulfoxide reductase, pyruvate oxidase, and UDP-
glucose dehydrogenase, in S. pneumoniae biofilms compared to
their planktonic counterparts. Pneumolysin is a toxin involved
in lysing cholesterol-containing membranes (53) by forming
pores in eukaryotic cell membranes, while pyruvate oxidase
was shown to contribute to resistance to hydrogen peroxide
(48, 64) and to cytotoxic effects on host cells and tissues (50).
In S. pneumoniae type 3, capsule production relies on the
activity of UDP-glucose dehydrogenase (2). Early work has
shown that the amount of capsular polysaccharide of some
pneumococci (e.g., serotype 3) directly correlates to increased
virulence (41, 44) and resistance to phagocytosis (59).

Recently, a role for the capsule in colonization has been
described (45). Using isolates containing defined mutations in
the capsule locus, these authors demonstrated that expression
of the capsular polysaccharide is essential for colonization by
pneumococcal serotypes 2 and 3. Nonencapsulated derivatives
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of each of these strains were unable to colonize BALB/cByJ
mice, while mutant strains producing approximately 20% of
the parental amount of capsule colonized as effectively as the
parent (45). Our finding of increased production of UDP-
glucose dehydrogenase (which is involved in capsule produc-
tion) is consistent with the role of the capsule in virulence and
attachment.

Several additional proteins were identified that have been pre-
viously implicated in attachment, including enolase and glyceral-
dehyde-3-phosphate dehydrogenase (67, 28, 49). Overall, our
findings indicate that biofilm development in S. prneumoniae is
correlated with profound phenotypic changes and that S. preu-
moniae biofilms produce proteins associated with attachment,
bacterial resistance, and virulence at a higher level than their
planktonic counterparts, a characteristic that has been well
known of biofilms formed by other species (8, 16, 22, 32, 72).

Another characteristic of biofilms is their architecture.
Three major architectural groups were evident, depending
upon the particular clinical strain used in the study (Fig. 3 and
Table 3). Group I biofilms formed distinct microcolonies and
pronounced water channels, whereas group II biofilms, al-
though relatively similar in thickness, appeared to be less struc-
tured, lacking large microcolonies and pronounced water chan-
nels. The group III biofilms were discernible as flat structures
composed only of very small cell clusters (Fig. 3 and Table 3).
Whether the genetic background, the capsular type, or both
determine the overall biofilm architecture is unclear.

Studies of two completed S. pneumoniae genome sequences
have indicated substantial diversity between strains and sero-
types (36, 68). However, the finding of distinct biofilm archi-
tectural groups (depending upon the particular clinical strain)
may be important in pneumococcal diseases. Some capsular
serotypes have been shown to cause more severe and lethal
disease than others (12). Mortality rates from invasive disease
were increased with serotypes 3, 5, and 23, while infections
with serotypes 1, 4, 6, 9V, 12F, and 14 were associated with
lower mortality rates (3, 31, 34, 46). Furthermore, during ex-
perimental pneumococcal meningitis serotypes 3 and 23
caused more severe inflammation than serotypes 1, 5, 9, and 7F
(26, 67). Interestingly, serotypes 3 and 23 were categorized
here as group I biofilms and serotypes 6, 9, and 14 as group II
biofilms (Fig. 3 and Table 3).

In conclusion, we have demonstrated that the continuous-
culture biofilm system is suitable for cultivating and character-
izing biofilm formation by S. pneumoniae strains of various
genetic backgrounds and capsular types. The biofilm reactor
provided a means for visualizing, quantifying, and collecting
biofilm-associated cells over time. We also demonstrated that
the biofilm developmental process in S. pneumoniae occurs in
stages which are accompanied by large-scale changes at the
protein level. Furthermore, biofilm development was accom-
panied by an increased production of several proteins involved
in attachment, resistance, and virulence. The data provided
here may provide a link between the formation and the archi-
tecture of biofilms and pneumococcal diseases. However,
whether the genetic background, the capsular type, or both
affect the overall biofilm architecture and/or virulence is cur-
rently being further investigated.
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