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In this study, we report the isolation of colony morphology variants from Streptococcus pneumoniae serotype
3 biofilms. The colony variants differed in colony size (large, medium, and small) and their mucoid appearance
on blood agar. The small nonmucoid variant (SCV) emerged during the initial attachment stage of S.
pneumoniae biofilm formation and dominated over the course of biofilm growth. Mucoid variants appeared at
later biofilm developmental stages. The reduction in colony size/mucoidy correlated with a decrease in capsule
production and an increase in initial attachment. The large mucoid variant formed flat unstructured biofilms,
failed to aggregate in liquid culture, and adhered poorly to solid surfaces. In contrast, SCVs autoaggregated
in liquid culture, hyperadhered to solid surfaces, and formed biofilms with significant three-dimensional
structure, mainly in the form of microcolonies. The variants showed similar antibiotic resistance/susceptibility
based on a modified Kirby-Bauer test and when grown as biofilms. However, antimicrobial treatment of S.
pneumoniae biofilms altered the colony variant’s distribution and mainly affected the most interior areas of
biofilm microcolonies. To further explore the nature of the variants, the capsule biosynthetic operon
(cps3DSUM) was explored in greater detail. The genetic analysis indicated that the emergence of nonmucoid
variants was due to a deletion comprising cps3DSU as well as additional genes upstream of the cps3 operon.
Overall, our findings suggest that in vitro biofilm formation of S. pneumoniae serotype 3 coincides with the

emergence of colony variants with distinct genotypic and phenotypic characteristics.

Streptococcus pneumoniae, a gram-positive, alpha-hemolytic
bacterium, causes pneumococcal infections of the upper respi-
ratory tract leading to pneumonia, as well as infections such as
acute sinusitis, otitis media, conjunctivitis, meningitis, osteo-
myelitis, septic arthritis, endocarditis, peritonitis, pericarditis,
cellulitis, and brain abscess. The major virulence determinant
of S. pneumoniae is the polysaccharide capsule (3, 13), which
renders the organism resistant to opsonophagocytosis, the ma-
jor mechanism of clearance, in hosts lacking type-specific an-
tibody of sufficient quantity or avidity (15, 26). Expression of
antiphagocytic capsular polysaccharide (CPS), however, has
been shown to inhibit adherence of pneumococci to host cells,
a critical step in carriage and possibly in the later aspects of the
pathogenesis of disease (25). Expression of capsule and/or key
surface structures must be varied at different stages of invasive
infection, allowing for both adhesive interactions with host
cells and resistance to humoral clearance mechanisms, for ad-
aptation to various ecological niches in the human host (9, 10,
20, 36). In S. pneumoniae, the reversible expression or phase
variation of surface structures, resulting in a detectable change
in colony morphology, has been correlated with differences in
rates of autolysis, production of capsular polysaccharide and
teichoic acid, and adherence (15, 27, 39). Several studies have
suggested a role for the capsule in attachment by demonstrat-
ing that the rate of attachment of pneumococci to eukaryotic
cells is inversely proportional to the presence and size of the
polysaccharide capsule (1, 30, 32). Furthermore, Weiser et al.
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described two distinct colony morphology variants that
switched between a transparent form, facilitating adherence
and carriage, and an opaque form that poorly adhered but was
better adapted to evade the host immune response during
inflammation or invasive infection (16, 37). The opaque form
was shown to produce two to six times more capsular polysac-
charide than the transparent form (15). Differences in the
production of capsular polysaccharide between opaque and
transparent variants were accentuated by changes in the envi-
ronmental concentration of oxygen; decreased oxygen levels
correlated with an increase in CPS and expression of cps-
encoded proteins (38).

Changes in the environmental concentration of oxygen are
commonly noted in biofilms, sessile communities composed of
aggregates of cells that are encased in an extracellular poly-
meric matrix. Waite et al. (33) demonstrated that S. pneu-
moniae serotype 3 biofilms grown in a Sorbarod reactor gave
rise to small revertable acapsular colony variants. The high-
frequency phase variation generated during biofilm growth was
attributed to random tandem duplications within the cps3D
gene (33).

The formation of colony variants during biofilm growth has
also been described in other pathogenic bacteria, including
Pseudomonas aeruginosa. Unlike the colony variants reported
for S. pneumoniae (33), the phenotype of these laboratory-
derived, spontaneous variants has been shown to be heritable,
suggesting that genetic changes produced them (5, 6, 11, 12,
17). Webb et al. (34, 35) reported the emergence of a small
colony variant (SCV) during P. aeruginosa biofilm develop-
ment that exhibited enhanced attachment, accelerated biofilm
development, and accelerated biofilm detachment. Boles et al.
discovered two variants, termed “mini” and “wrinkly,” that
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arose spontaneously from biofilms at a high frequency (5). The
wrinkly variant exhibited reduced detachment rates but increased
attachment and cell cluster formation rates, while the mini variant
exhibited a hyperdetaching phenotype by a mechanism requiring
the biosurfactant rhamnolipid (5, 6). Furthermore, colony vari-
ants such as SCVs have been shown to provide a selective advan-
tage under biofilm conditions by displaying biofilm-related phe-
notypes, including hyperadherence, autoaggregation, increased
hydrophobicity, and reduced swimming and twitching motilities
(5,7, 17). Interestingly, similar colony variants have been detected
in sputum and deep throat swab samples from cystic fibrosis
patients (11, 12).

Overall, the ability of biofilm bacteria to produce colony
variants with specialized functions has been suggested to be a
survival strategy, ensuring tolerance to a wide variety of envi-
ronmental conditions (5). Here, we demonstrate the isolation
of at least three colony morphology variants, including an SCV,
from aging S. pneumoniae biofilms that differ in colony size,
capsule production, and adhesion. The small colony variant
displayed biofilm-related phenotypes, including autoaggrega-
tion, hyperadherence, and hyper-cluster formation. The mo-
lecular basis of the SCV acapsular phenotype was attributed to
an ~7-kbp deletion located within the ¢ps3DSU operon.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. All strains used in this study
are listed in Table 1. All Streptococcus pneumoniae strains were grown in Todd-
Hewitt broth (Acumedia; Neogen Corporation, Lansing, MI) or on Trypticase
soy agar (TSA II) supplemented with 5% sheep’s blood (Becton Dickinson,
Sparks, MD) at 37°C in 5% CO,. The laboratory-derived colony morphology
variants were generated, as described below, in a continuous flow tube reactor.

Initial attachment in a 96-well microtiter dish assay. Initial biofilm formation
was measured by using the microtiter dish assay system, as described previously
(31). Briefly, microtiter wells were inoculated with 20 wl of an S. pneumoniae
culture grown in Todd-Hewitt broth to mid-logarithmic phase (turbidity of ~0.5
at 600 nm). The cells were grown for 3, 6, and 12 h before they were stained with
crystal violet and quantified.

Biofilm formation using a continuous flow tube reactor. S. pneumoniae sero-
type 3 (ATCC 6303 and clinical isolate BS71) (Table 1) biofilms were grown in
0.2X-diluted Todd-Hewitt medium (6 g/liter) in a once-through continuous flow
tube reactor system as previously described (2). Biofilms were incubated at 37°C
in 5% CO, for 1, 3, 6, and 9 days under flowing conditions. The biofilm archi-
tecture was studied by using an inverted confocal laser scanning microscope
(CLSM) from Zeiss (Heidelberg, Germany) as described previously (2, 28). For
visualization, S. pneumoniae serotype 3 (ATCC 6303) biofilms were stained using
the Live/Dead BacLight stain from Invitrogen (Carlsbad, CA). Quantitative
analysis of epifluorescence microscopic images obtained at the 3- and 6-day time
points was performed with COMSTAT image analysis software (14). To ensure
reproducibility, each experiment was performed in triplicate and COMSTAT
analysis was carried out from a minimum of six image stacks.

Evaluation of colony variance during Streptococcus pneumoniae biofilm devel-
opment. A once-through reactor, as described above, was used to evaluate and
quantitate the emergence of colony morphology variants associated with S.
pneumoniae serotype 3 biofilm formation (ATCC 6303 and clinical isolate BS71
[Table 1]). Biofilm biomass was harvested from a tube biofilm reactor, resus-
pended in saline (total volume of 1 ml), homogenized for 30 s to disrupt cell
clusters, serially diluted, and plated on blood agar. Colonies were scored as either
mucoid or nonmucoid based on their appearance on blood agar and categorized
according to diameter as large, medium, or small variants (Table 1). Experiments
for each time point were repeated at least three times. To determine whether the
variants were stable mutants, well-isolated colony morphology variants (large
mucoid variant [LMV], medium mucoid variant [MMV], small mucoid variant
[SMV], and SCV) were restreaked on blood agar (and/or subcultured in Todd-
Hewitt medium and subsequently plated onto blood) and incubated for 24 h.
This was repeated six times, and reversion with respect to colony size and
mucoidy was monitored. The experiments were repeated for the wild type (WT;
ATCC 6303).
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TABLE 1. Streptococcus pneumoniae strains and colony morphology
variants used in this study

Strain or colony  Capsule Colony appearance dica(iioertlzlr Source or

variant serotype on blood agar reference
(mm)

ATCC 6303, WT 3 Large mucoid 4-5 2

BS68 9 Small mucoid 1-1.5 2

BS69 14 Small mucoid 1-15 2

BS70 11 Small mucoid 1-15 2

BS71 3 Large mucoid 4-5 2

BS72 23 Small mucoid 1-15 2

BS73 6 Small mucoid 1-15 2

BS74 18 Small mucoid 1-1.5 2

BS75 19 Small mucoid 1-1.5 2

LMV Large mucoid 4-5 This study

MMV Medium mucoid 2.5-3 This study

SMV Small mucoid 1-1.5  This study

SCV Small nonmucoid 1 This study

Capsule quantification of S. pneumoniae serotype 3 colony variants. The rel-
ative amount of capsule for each colony variant was determined using the
Stains-All reagent as described by Schrager (29). Absorbance was measured at
640 nm, and values were subsequently compared with a standard curve generated
using known concentrations of pneumococcal serotype 3 polysaccharide (ATCC,
Manassas, VA). In addition, the total protein concentration of the original
bacterial suspension was determined by the modified method of Lowry (23) using
reagents from Sigma. Bovine serum albumin was used as the standard.

Microbial adhesion to hydrocarbon (MATH) test. To compare the relative
hydrophobicities of S. pneumoniae wild type and colony variants, cell adherence
to hexadecane was determined as described by Deziel et al. (7). Briefly, expo-
nential-phase cultures grown in Todd-Hewitt medium were washed twice with
saline and resuspended in saline. The resulting suspension was diluted to a
turbidity of 0.5 (600 nm), and 2-ml aliquots were mixed with increasing volumes
(100 to 800 pl) of xylene, vortexed for 120 seconds, and incubated at room
temperature for 30 min, after which time the turbidity of the aqueous phase was
recorded at 600 nm and the percent hydrophobicity was calculated.

Disk susceptibility tests of planktonic cells. Susceptibilities of planktonic cells
were determined by the Kirby-Bauer technique as described by Bauer et al. (4),
except that TSA II agar supplemented with 5% sheep’s blood was used. Tripli-
cate sets of inoculated plates, containing various antibiotic-impregnated filter
paper disks, were prepared by the Kirby-Bauer technique. The following antibi-
otics were tested: amoxicillin (30 pg/disk), tetracycline (30 pg/disk), tobramycin
(10 pg/disk), bacitracin (10 U/disk), polymyxin B (300 U/disk), nalidixic acid (30
pg/disk), gentamicin (10 pg/disk), erythromycin (15 pg/disk), and rifampin (5
ng/disk).

Biofilm susceptibility test. To determine whether colony variance is affected by
antimicrobial treatment, S. pneumoniae wild-type (ATCC 6303), LMV, and SCV
biofilms were grown in tube reactors as described above for 1 and 6 days and
subsequently treated with tetracycline (10 pg/ml) for 6 and 12 h, respectively.
Tetracycline was chosen because S. pneumoniae was found to be susceptible to
tetracycline. This was done by exposing biofilms to tetracycline in the same
reactor in which they were grown by switching the flow from Todd-Hewitt
medium to Todd-Hewitt medium containing tetracycline (flow rate of 0.0348
ml/min). After 6 or 12 h, biofilms were removed from the biofilm reactor, and
total CFU were determined as described above. Experiments for each time point
were repeated at least three times. Untreated biofilms were used as controls. To
ensure that tetracycline was stable under the conditions tested, disk diffusion
assays using Escherichia coli were performed. Tetracycline-containing medium
obtained prior to and upon completion of the experiment (6 and 12 h of incu-
bation time at 37°C) was used in the diffusion assays to impregnate filter paper
disks. No significant difference was detected (not shown). Furthermore, S. pneu-
moniae wild-type (ATCC 6303) biofilms were grown in once-through flow cells as
described above to monitor the effect of antimicrobial treatment on biofilm
architecture and to visualize the zone of killing. Biofilms were grown for 6 days,
after which time the biofilms were exposed to tetracycline (10 wg/ml) or tobra-
mycin (10 pg/ml) as described above. After 12 h, biofilms were stained using the
Live/Dead BacLight stain from Invitrogen (Carlsbad, CA) and viewed by CLSM.
Biofilms were removed from the flow cells, homogenized, serially diluted, and
plated for total CFU. Untreated biofilms were used as controls. Experiments for
each time point were repeated at least three times.
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FIG. 1. Initial biofilm attachment of different S. pneumoniae capsule serotypes. Various S. pneumoniae capsule serotypes were allowed to form
biofilms in polystyrene microtiter plates for 6 (gray bars) and 12 h (black bars), after which time the attached biomass was stained with crystal violet,
solubilized with ethanol, and subsequently measured at 570 nm. The capsule serotypes are grouped as large mucoid or small mucoid according to

their appearance on blood agar.

Analysis of the cps3DSUM operon. To determine whether the molecular basis
of colony variants was based on random insertion or duplication within the cps3D
gene, the cps3D gene was amplified under standard conditions and the internal
primer pair cps3Dint (5'-TACTCCGACTAATTATGATGTAG, 5'-TTACCTC
GCTATATGTATCTATCT) as previously described (33). Genomic DNA for
¢cps3D PCR analysis was obtained using the DNA isolation kit from MO BIO
Laboratories, Inc. (Carlsbad, CA). To map the deletion within the cps3DSUM
operon of SCVs, PCR was used. SCV genomic DNA obtained from four inde-
pendent experiments was purified as described above. PCR was conducted using
the following parameters: 94°C for 5 min; 35 cycles of 94°C for 25 s, 41 to 58°C
for 30 s, and 72°C for 50 s; followed by a final extension step at 72°C for 5 min.
The following primer pairs (based on the sequence for U15171) were used:
cps3-promoter (5'-CACTTTTTGACAGAG, 5'-GACCTTAACTTCATG; 1,083
bp), cps3-promoter2 (5'-CAAAGCTGATACTAAG, 5'-CTTTATAAACGTG
TGC, 284 bp), cps3D (5'-GGTATACTAAAGAAG, 5'-CCAAGACAATTA
TTG, 423 bp), cps3Dint (5'-TACTCCGACTAATTATGATGTAG, 5'-TTACC
TCGCTATATGTATCTATC; 440 bp), cps3DS (5'-AGTAACACTTACTTGG,
5'-AGGACTTATATCTGAG; 715 bp), cps3S (5'-GTTCTGTAATTATCCCTG
TCGTG, 5'-CTAAAAGCAATTGTTCGACCAGG; 502 bp), cps3U (5'-GGCA
AAAGAAATGCTTCC, 5'-GTTGCGTTGTAATCATCC; 390 bp), cps3M (5'-
GACACCTATGAATTGT, 5'-GTAGGCTTTCAAAAAC; 368 bp). Genomic
DNA isolated from S. pneumoniae WT (6303), LMV, MMV, and SMV was used
as controls. To determine whether the deletion was identical in all SCVs ob-
tained from four independent biofilm experiments, PCR was performed using
primers that amplified a fragment located between dexB and cps3M (see U15171;
dexB, 5'-TATTGTCTCAATCTGG; cps3M-del, 5'-GTATCAATAGCATCTG).
The same primers were used to characterize the deletion in two independent
SCVs obtained from clinical isolate BS71 in vitro biofilms.

The identity of the PCR product was confirmed by DNA sequencing using the
BigDye Terminator sequencing kit (Applied Biosystems) and the ABI Prism
sequencer (Applied Biosystems).

RESULTS

We recently characterized biofilm development of 14 differ-
ent Streptococcus pneumoniae strains representing 10 unique
serotypes and categorized them into three distinct biofilm ar-
chitectural groups (2). However, the distinction was not appar-
ent when initial attachment was analyzed using a 96-well plate
assay. Both S. pneumoniae serotype 3 strains, ATCC 6303 and
BS71, showed significantly reduced levels of attachment com-
pared to the other pneumococcal strains (Fig. 1). Based on our
findings, we hypothesized that the difference in initial attach-
ment was based on capsule amount, since S. pneumoniae se-
rotype 3 colonies produced large mucoid colonies on blood
agar compared to the other tested serotypes (Table 1).

Biofilm growth of S. pneumoniae serotype 3 produces colony
morphology variants. We therefore analyzed the colony mor-
phologies of S. pneumoniae serotype 3 (ATCC 6303) biofilms
soon after attachment and over the course of biofilm develop-
ment. While the inoculum appeared to be composed of uni-

form mucoid colonies roughly 5 mm in size, S. pneumoniae
biomass harvested from a tube biofilm reactor produced two
prevalent colony morphologies: the wild-type-like colony mor-
phology, with its mucoid appearance, and a small, nonmucoid
colony morphology variant (SCV) (Fig. 2). On solid growth
medium, the SCVs formed colonies that were roughly 1 mm in
size and appeared nonmucoid. SCVs were detectable within 1
day of biofilm growth and represented approximately 50% of
the bacterial population. However, in some instances (3 out of
10), SCVs accounted for less than 20% of the total biofilm
population or were absent in some of the harvested biofilms.
Following 3 and 6 days of biofilm growth, up to ~80% of the
biofilm population was composed of SCVs (Fig. 2). Interest-
ingly, the later biofilm developmental stage (9 days) was char-
acterized by a diverse population of mucoid variants discern-
ible based on colony diameter: LMV, MMV, and SMV (Table
1). In some instances, these mucoid variants were detectable as
early as 1 day of biofilm growth (not shown). Similar results
were obtained for the clinical S. pneumoniae serotype 3 isolate,
BS71 (data not shown).

All variants showed similar growth rates (data not shown).
The colony variants were found to be stable genotypic variants;
no revertants were detected in liquid or on solid medium, not
even after six consecutive passages. Similar results were found
upon subculturing the S. pneumoniae wild-type strain. To ex-
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FIG. 2. Emergence of colony morphology variants over the course
of S. pneumoniae serotype 3 biofilm development. (A) Distribution of
colony variants was determined from total CFU, colony size, and
mucoidy on blood agar. (B) Appearance of colony variants on solid
medium (from left, inoculum, planktonic growth conditions after 1, 3,
6, and 9 days of biofilm growth).
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FIG. 3. Liquid culture phenotype, relative hydrophobicity (MATH), microtiter plate adhesion assay, and relative capsule concentration of S.
pneumoniae WT and colony variants. (A) Hyperadherence and hyperautoaggregation of SCV in liquid cultures. The WT showed homogeneous
growth in shaken liquid culture, as opposed to autoaggreation, seen for SCV. (B) Adherence to hexadecane as a measure of relative hydrophobicity
(MATH) of colony morphology variants. Each datum point is based on the results from three replicate measurements. SCVs were significantly
more hydrophobic than WT and the mucoid variants (P < 0.05). (C) Microtiter plate adhesion assay. SCV showed significantly greater biofilm
adhesion than did WT, LMV, or MMV (P < 0.01). Initial attachment of S. pneumoniae colony variants was analyzed after 3, 6, and 12 h.
(D) Relative capsule concentration of S. pneumoniae WT and colony variants as determined by using the Stains-All reagent.

clude the possibility that the variants were already present in
the wild-type population, wild-type cells grown planktonically
were serially diluted and plated, and the colony morphology
was evaluated. Under the conditions tested, S. pneumoniae
wild type was found to only give rise to large mucoid colonies
(Table 1). The finding suggests that variants do not form in
liquid culture inoculated with the wild type but only when
grown as biofilms.

The SCV has a hyper- and autoaggregating phenotype. The
emergence of SCVs within 1 day of biofilm growth indicated a
role in initial attachment. This was further supported by a
strong aggregative phenotype in liquid culture of SCVs, includ-
ing autoaggregation and hyperadherence to both hydrophilic
and hydrophobic surfaces (Fig. 3A). Similar observations were
made for SCVs obtained from the clinical isolate BS71, al-
though the variants’ aggregative phenotype was less pro-
nounced (not shown). The aggregative phenotype was not due
to increased sedimentation and/or increased S. pneumoniae
chain length, since no difference in chain length between
LMVs and SCVs grown in liquid was observed by microscopy
(data not shown). Interestingly, we observed small clusters
formed by SCV that were >50 wm in diameter. The cohesive-
ness of SCV cells suggested an increase in hydrophobicity, and
so relative hydrophobicity of SCV was evaluated using the
MATH test (7). As shown in Fig. 3B, the SCV phenotype was
more hydrophobic than that of the WT (P < 0.05). In contrast,
no significant difference in the relative hydrophobicity was
detected between the mucoid variants and the wild type.

SCV was also characterized by its hyperadherence to a hy-
drophobic surface compared to the wild type and mucoid vari-
ants. In a microtiter plate adhesion assay, the SCV showed a
four- and sixfold increase in crystal violet-stainable biofilm
biomass compared to the WT and LMYV, respectively (P <
0.05). MM Vs were able to attach more efficiently than LMVs
but less than SMVs (Fig. 3C).

The increase in initial attachment correlated with a decrease
not only in the colony diameter but also in the relative amount
of capsule present on the cell surface of each colony variant
(Fig. 3D). Among the colony morphology variants, the LMVs
were found to produce the highest relative amount of capsule,
followed by MMV and SMV. Interestingly, the amount of
capsule produced by SMV was similar to that produced by S.
pneumoniae serotype 19, which forms small mucoid colonies
on blood agar (Fig. 3D; Table 1). The least amount of capsule
was produced by SCV. Overall, the findings indicate that the
rate of initial attachment was inversely proportional to the
colony diameter (Fig. 3C) and, thus, the amount of capsule
produced (Fig. 3D), confirming the hyperadhering and auto-
aggregating phenotype associated with the SCV.

Colony variants and biofilm architecture. To further explore
differences between the colony variants, the in vitro biofilm
architecture of two colony variants, SCV and LMV, was exam-
ined after 3 days of biofilm growth using a flow cell biofilm
reactor system. SCV formed biofilms composed of only large
microcolonies (>40 wm) after 3 days of growth (Fig. 4A). The
microcolonies were characterized by having defined borders
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A B

FIG. 4. Biofilm architecture of colony variants LMV and SCV and
S. pneumoniae WT biofilms before and after treatment with tetracy-
cline. (A) Three-day-old biofilm of SCV; (B) 3-day-old biofilm of
LMV; (C) 6-day-old S. pneumoniae WT biofilm after treatment with
tetracycline (10 pg/ml) for 12 h; (D) untreated 6-day-old S. pneu-
moniae WT biofilm. The CLSM images show the x-y and x-z planes.
Flow cell experiments were performed in triplicate as described in
Materials and Methods.

and being separated by an extensive network of channels. Al-
most no cells were detectable at the substratum surrounding
the microcolonies, indicating the tendency of SCVs to stay
near the point of initial attachment in a biofilm. The finding
suggests that SCVs may be involved in microcolony and cell
cluster formation. In contrast, biofilms formed by LMV ap-
peared unstructured and composed of a thick uniform layer of
cells (Fig. 4B). Further quantitative analysis using COMSTAT
(14) indicated that the biomass and average thickness were
found to be similar in both variant biofilms (Table 2). How-
ever, SCV biofilms differed from LMV biofilms with respect to
maximum thickness and roughness coefficient (a measure of
biofilm heterogeneity) (Table 2). These findings are consistent
with the distinct three-dimensional architecture composed of
large microcolonies and defined channels observed for the
SCV colony variant biofilm (Fig. 4A) and the decreased prev-
alence of channels and the poorly defined, unstructured archi-
tecture in LMV biofilms (Fig. 4B). Interestingly, wild-type bio-
films of the same age (3 days old) were characterized by the
presence of small cell clusters (~10 wm), low biomass accu-
mulation, sparsely covered substratum, and heterogeneity with
respect to biofilm height (Table 2). At day 6, S. pneumoniae
wild-type biofilms were composed of large microcolonies sim-
ilar to the ones seen in 3-day-old SCV biofilms (Fig. 4D). The
maximum height was comparable to that seen for SCV biofilms
at day 3 (Fig. 4A; Table 2), while the average biofilm thickness
and biomass were twofold higher than in either colony variant
biofilm. S. pneumoniae wild-type biofilms (6 days) were also
characterized by a lower roughness coefficient compared to
SCV biofilms. The difference in biofilm architecture between
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the two variants and the wild-type biofilms at the 3-day time
point suggested that biofilm development in the colony vari-
ants may be accelerated. The data also suggested that both
colony variants may contribute to the overall biofilm architec-
ture of S. pneumoniae in vitro.

Distribution of colony variants in biofilms is altered by
treatment with antimicrobial agents. To further explore dif-
ferences in biofilm characteristics among colony morphology
variants, we determined whether colony variants were differ-
entially affected by antimicrobial treatment. No differences in
susceptibility were observed for variants grown on solid agar
medium using a modified Kirby-Bauer test (not shown). Sim-
ilarly, no significant difference was observed in susceptibility of
variants when grown under biofilm growth conditions. Treat-
ment of 1-day-old biofilms of both LMV and SCV with tetra-
cycline for 6 h under once-through flow conditions resulted in
a 1-log reduction of the viable counts. No revertants were
detected in treated LMV and SCV biofilms (not shown). How-
ever, upon treatment of 1-day-old wild-type biofilms with tet-
racycline, we observed an alteration in the distribution of col-
ony variants. While untreated biofilms were composed of LMV
and SCV (Fig. 5A), the biofilm population after treatment with
tetracycline for 6 h was comprised of only mucoid variants
(52% LMV [*£7.5%], 25% MMV [*+3.7%], and 23% SMV
[£7.5]) (means * standard deviations). Interestingly, no SCVs
were detected (Fig. 5A). Furthermore, treatment of 6-day-old
wild-type biofilms with tetracycline for 12 h resulted in biofilms
in which less than 2% were SCVs (Fig. 5B). This is in contrast
to the untreated 6-day-old biofilm population, in which more
than 50% was comprised of SCVs (Fig. 5B). Similar results
were obtained after treatment with tobramycin (data not
shown).

To determine the effect of antimicrobial treatment on the
population distribution and to visualize which area of the bio-
films was most affected, 6-day-old S. pneumoniae wild-type
biofilms were treated with tetracycline for 12 h, stained using
the Live/Dead stain, and subsequently viewed by CLSM. As
shown in Fig. 4C, treatment with tetracycline affected the in-
side of biofilms, as indicated by the interior portion of micro-
colonies being stained red (an indication for dead cells), while
the outer layer of the biofilms was unaffected (as indicated by
live cells stained green). In contrast, only a few dead cells
stained red were detectable in untreated 6-day-old biofilms
(Fig. 4D). Similar results were obtained after treatment with
tobramycin (data not shown). To correlate the results obtained
by Live/Dead staining with CFU results, treated and untreated

TABLE 2. Quantitative analysis of biofilm structure formed by
Streptococcus pneumoniae wild type and colony variants

Thickness (pm)

Strain Biomass Rough_ness
(wm?/um?) Avg Maximum coefficient

WT (3 days)” 1.531 (2.0) 4.62 (2.5) 19.2 (3.2) 1.46 (0.1)
WT (6 days)® 78.96 (2.2)  88.54 (4.8) 119.88(5.2) 0.52(0.09)
LMV 30.4 (5.05)  43.1(6.1) 61.9 (6.6)  0.36 (0.22)
SCv“ 26.4(9.2) 33.3(4.9) 159.6 (4.7) 1.65 (0.16)

“Values are means of data from six z-series image stacks for each strain/
variant taken at day 3. Values in parentheses indicate standard deviations.

 Values are means of data from six z-series image stacks for each strain/
variant taken at day 6. Values in parentheses indicate standard deviations.
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FIG. 5. Colony variant distribution in S. pneumoniae biofilms is
affected by treatment with tetracycline. Biofilms were grown in tube
reactors for 1 day before treatment with tetracycline (10 wg/ml) for 6 h
(A) or for 6 days before treatment with tetracycline (10 pg/ml) for 12 h
(B). Inset: distribution of colony variants in 6-day-old S. pneumoniae
WT biofilm grown in flow cells before and after treatment with tetra-
cycline. Distribution of colony variants was assessed by total CFU,
colony size, and mucoidy on blood agar. Experiments were performed
in triplicate.
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biofilms were harvested from the flow cells upon acquisition of
image stacks, homogenized, serially diluted, and plated on
blood agar. Treatment of wild-type biofilms with tetracycline
resulted in a ~2-log reduction of the viable counts. Further-
more, while more than 90% of the untreated biofilm popula-
tion was composed of SCVs, only 1.5 to 3% of the treated
biofilm population was composed of SCVs (Fig. 5B, inset). The
remaining population was mainly composed of LMV (70 to
90%) as well as MMV and SMV (Fig. 5B, inset). Similar results
were obtained after treatment with tobramycin (data not
shown).

The results suggest that antimicrobial treatment of wild-type
biofilms for 12 h mainly affected the interior of microcolonies
and resulted in the reduction of SCV from 50 to 90% of the
entire population in untreated to less than 3% in treated bio-
films. However, susceptibility of SCV biofilms was similar to
that of LMV biofilms, and no revertants were detected in
variant biofilms upon treatment.

Colony variance is independent of phase variation within
the cps3D gene. Previous reports indicated that the molecular
basis for the formation of acapsular colonies or small colony
variants obtained under biofilm conditions was due to random
duplications within c¢ps3D (33). We therefore analyzed the
¢ps3D locus of the colony variants for random duplications or
insertions by PCR using primers described by Waite et al. (33).
Interestingly, none of the mucoid variants was found to carry
an insertion within the cps3D gene (Fig. 6D). In addition, no
PCR product was detectable for the SCV ¢ps3D locus under
the conditions tested (Fig. 6D), suggesting that the molecular
basis for the SCV was due to a ¢ps3D deletion rather than a
random insertion. To further pursue this possibility, PCR was
used to determine the extent to which the ¢ps locus was deleted
in all SCV clones obtained from four independent experi-
ments. A total of eight oligonucleotide pairs were used to
amplify regions within the ¢ps3DSUM operon as well as the
promoter region (Fig. 6). Genomic DNAs obtained from the

o >

5613-5981 bp
H 2

ot >

G 3859-4249 bp
390 by 368 bp

FIG. 6. Mapping of the cps3DSU deletion in the genome of SCV by PCR. Genomic DNA of WT and mucoid variants was used as a control.
The PCR product was amplified using the following primers: (A) cps3-promoter (1,083-bp PCR product); (B) cps3-promoter2 (284 bp); (C) cpsD
(342 bp); (D) cps3Dint (440 bp); (E) cps3DS (715 bp); (F) cps3S (502 bp); (G) cps3U (390 bp); (H) cps3M (368 bp). Genomic DNAs isolated from
S. pneumoniae wild type (6303), LMV, MMV, and SMV were used as controls. Lanes: 1, S. pneumoniae wild type (6303); 2, LMV; 3, MMV; 4,
SMV; 5, SCV; M, DNA ladder (for PCR products shown in panels A to C and E to H, a 1-kb DNA ladder was used; for PCR products shown

in panel D, a 100-bp DNA ladder was used).



2036 ALLEGRUCCI AND SAUER

. 1 2 3 4 5 6
30—
1.5 —*
1.0 —
scv scv
(ATCC 6303) (BS71)

FIG. 7. Survey of SCVs obtained by PCR from independent biofilm
growth experiments. Genomic DNA from SCVs obtained from four
independent S. pneumoniae ATCC 6303 biofilm experiments (lanes 1
to 4) and from two independent S. pneumoniae BS71 biofilm experi-
ments (lanes 5 and 6) was amplified using dexB and cps3M-del prim-
ers. Genomic DNA of S. pneumoniae ATCC 6303 grown planktoni-
cally was used as a control (lane 7). Lane M, 1-kb DNA ladder.

WT and the mucoid variants were used as controls. By doing
so, we found that the SCV not only lacked cps3D but also both
the ¢ps3S and cps3U genes as well as a 1-kbp fragment com-
prising the cap3 promoter region (Fig. 6A to G). However, we
were able to detect cps3M (Fig. 6H). The identity of the PCR
products was confirmed by DNA sequencing. Our finding of
the ¢ps3DSU deletion is consistent with the observation that
SCVs do not revert to the capsular phenotype upon subcultur-
ing in liquid culture and on solid media.

Emergence of SCV during biofilm formation is based on a
>7-kb deletion. To determine whether the deletion in SCVs
was a random or precise event, we isolated DNA from SCVs
obtained from four independent biofilm experiments and PCR
amplified a DNA fragment located between dexB and cps3M.
The total length of the PCR product in the wild type was
calculated to be ~9.5 kb (see accession no. U15171). However,
a PCR product of only ~1.8 kb was obtained for all four SCVs
(Fig. 7), indicating that the deletion consistently comprised a
>7-kb region of the SCV chromosome. The identity of the
PCR product was confirmed by DNA sequencing using the
cps3M-del primer. It is worth noting that amplification of
the region located between dexB and cps3M using DNA
obtained from three independent BS71 SCV isolates yielded
PCR products of similar size (Fig. 7). In contrast, no PCR
product was obtained for wild-type genomic DNA under the
conditions tested (Fig. 7, lane 7). The lack of a PCR product
in the wild type suggests that SCV was not present in the
S. pneumoniae wild-type population.

DISCUSSION

In this study, we report that in vitro biofilm growth of S.
pneumoniae serotype 3 selects for colony morphology variants
differing in colony diameter, mucoidy, autoaggregation, initial
attachment, hydrophobicity, capsule production, and biofilm
formation (Fig. 3 and 4). Colony morphology variants similar
to the parental strain (LMV) were found to decrease soon
after initial attachment. After 3 days of biofilm growth, ~10%
of the biofilm population consisted of LMVs. The LMV pop-
ulation remained at this low level even after extended biofilm
growth. Although the LMV appeared on solid medium to be
similar to the WT, LMYV isolated from biofilms showed phe-
notypic characteristics that were distinct from the WT, includ-
ing reduced initial attachment, increased capsule production,
and tendency to spread over surfaces and, thus, to only form
flat unstructured biofilms (Fig. 3 and 4). Interestingly, the
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dominating colony variant to emerge under in vitro once-
through biofilm growth flow conditions was SCV (Fig. 2). The
acapsular variant was characterized by increased adherence in
initial attachment assays and hyper-/autoaggregation in liquid,
its tendency to stay near the point of initial attachment at the
substratum in a biofilm, and its ability to form large microcolo-
nies under biofilm growth conditions (Fig. 3 and 4A; Table 2).
SCV formation coincided with a deletion comprising the
¢ps3DSU operon necessary for capsule formation (Fig. 6 and
7). While it is unclear how SCVs arise, the variant was not
detectable in the wild-type population (Fig. 7).

Why do SCVs arise in a biofilm community? Certainly, un-
der in vivo conditions, loss of capsule would be considered a
double-edged sword for the pneumococcus during intimate
contact with host cells. A reduction in the amount of capsular
material might strongly enhance adherence and uptake, but
the reduced amount of capsule might convert the pneumococ-
cus into a more apathogenic state in terms of its ability to
evade the immune system (10, 18). One possibility is that the
colony variants (SCVs) successfully compete in a particular
biofilm niche. Rainey and Travisano (24) noted the appear-
ance of colony morphology variants in standing liquid cultures
of Pseudomonas fluorescens but not in shaken liquid cultures.
They proposed and ultimately demonstrated that these vari-
ants were adapted to specific niches in the standing liquid
culture. Kirisits et al. isolated sticky variants in standing liquid
cultures and in biofilms but not in a shaken liquid culture
inoculated with WT, suggesting that the variant may have a
competitive advantage in a particular niche of a structured
system, such as a biofilm (17). Similarly, we did not isolate
SCVs from liquid cultures inoculated with WT but only from
biofilms. Furthermore, biofilms are characterized by high cell
densities containing both chemical and physical gradients that
may affect variations in capsule production or contribute to
increased mutation rates. Interestingly, changes in availability
of oxygen have been shown to accentuate differences in cap-
sular polysaccharide expression in S. pneumoniae (38), and
endogenous hydrogen peroxide production has been demon-
strated to influence the frequency of spontaneous mutations in
pneumococcal genes (21, 22).

Two other in vitro biofilm growth conditions have been
shown to give rise to SCVs. Waite et al. (33) reported that S.
pneumoniae serotype 3 biofilms grown in a Sorbarod reactor
gave rise to small revertable acapsular colony variants with
tandem sequence duplications in ¢ps3D. In contrast to the tube
reactors or flow cells used in this study, Sorborad filters pro-
vide a high surface-to-bulk liquid ratio and are characterized
by reduced cell densities and chemical and physical gradients.
McEllistrem et al. (19) recently reported the emergence of
phase variants upon extended growth (4 to 7 days) in colony
biofilms. Colony biofilms have been described as bacterial col-
onies behaving like planktonic cells “stranded” on a surface
(8). This type of biofilm also differs from Sorbarod filters and
the ones used in this study by the lack of flowing conditions and
the use of a surface that allows for diffusion. Interestingly, most
acapsular phase variants isolated from colony biofilms had
mutations in the ¢ps3D gene, the first gene of the capsular
operon. While the variants were phenotypically indistinguish-
able, 11 had single nucleotide polymorphisms (SNPs) in the
¢ps3D gene, 1 had an SNP in the —10 promoter, and 3 had
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large deletions in cps3D gene (19). It is worth noting that
reversion was only observed for variants that were based on
SNPs (19). While the molecular mechanisms of phase variation
are not well understood, it is apparent from the above-men-
tioned studies that growth conditions play a significant role in
the emergence of colony variants in in vitro biofilms. This is
further supported by the drastic change observed in the colony
variants distribution in biofilms upon treatment with antimi-
crobial agents (Fig. 5). Upon treatment, the SCV population
was drastically reduced. SCV biofilms were not more suscep-
tible to antimicrobial agents than LMV biofilms, and antimi-
crobial treatment did not result in the emergence of variants in
both LMV and SCV biofilms. The findings indicate that the
reduction of SCV in in vitro wild-type biofilms upon treatment
for 12 h is not explained by reversion or selective killing of
SCVs. We hypothesize that the change in colony variants dis-
tribution in biofilms upon treatment may be based on genetic
transfer of the capsule biosynthetic operon to SCVs.

Overall, the findings support the notion that SCV may have
a competitive advantage in a particular niche within a biofilm.
The competitive advantage of SCV under in vitro biofilm
growth conditions may be due to its hyper-/autoaggregating
phenotype and its ability to form large cellular aggregates or
microcolonies (Fig. 3 and 4A; Table 2). These characteristics
may provide SCV with a selective advantage compared to
mucoid variants under flowing conditions, in the absence of
antimicrobial agents.

In conclusion, we demonstrated that in vitro S. pneumoniae
biofilm formation correlated with the formation of colony vari-
ants, suggesting that biofilm growth may select for distinctive
subpopulations with their own specific biofilm-related pheno-
types, with colony morphology variation being just one exam-
ple of a distinctive subpopulation. However, whether the ap-
pearance of these variants in in vitro biofilms correlates with
the establishment of chronic pneumococcal infections remains
to be determined.
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