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Objectives: Periodontal disease is associated with a pathogen-induced transition to a chronic

destructive inflammatory response. Since commensals may either passively or actively

contribute to immune homeostasis, therapies aimed at selectively reducing the competitive

advantage of pathogens may be effective supplements to traditional methods. We devel-

oped an in vitro system to grow biofilms composed of the pathogen (Aggregatibacter

actinomycetemcomitans) and the commensal (Streptococcus sanguinis). We used the biofilm

model to determine the feasibility of selectively killing the pathogen using the fluoroquino-

lone, ciprofloxacin.

Design: Biofilms were exposed to relevant ciprofloxacin doses during the first 24 h of

development, with subsequent removal of the ciprofloxacin for a 24 h period. Biofilm growth

was assessed by confocal laser scanning microscopy, crystal violet staining and DNA

abundance.

Results: Exposure to 0.01 mg/L or 0.5 mg/L ciprofloxacin significantly reduced the micro-

colony size and cell surface density of A. actinomycetemcomitans in the dual species biofilm

over a 24 h period whilst allowing uninhibited S. sanguinis biofilm formation. A. actinomy-

cetemcomitans biofilm development was insignificant over a subsequent 24 h period after

removal of the ciprofloxacin indicating that A. actinomycetemcomitans cells were killed.

Conclusions: A. actinomycetemcomitans residing in a dual species biofilm with the commensal,

S. sanguinis can be selectively killed, or at least rendered metabolically inactive, by treatment

with ciprofloxacin. The dual species biofilm model will be a useful tool for designing in vivo

studies to determine the efficacy of selective killing agents as an adjunct treatment of

localized aggressive forms of periodontal disease.
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1. Introduction

Diseases associated with chronic inflammation are amongst

the most difficult to treat.1–3 In periodontal disease a cascade

of events, triggered by changes in the oral microbial consor-

tium, result in tissue and bone destruction that is orchestrated

primarily by components of the immune system.4–6 This

chronic immune response is both destructive and unproduc-

tive since it does not eliminate the pathogens.7

The oral cavity is similar to the gut in that it is colonized by

a complex consortium of commensals in healthy individuals.8

Commensal microbes in the gut play an active role in

passivating the inflammatory response to pathogens.9 It is

likely that oral commensals play a significant role in

maintaining immune homeostasis in the oral cavity.10

However, there is no direct evidence to support this claim.

Traditional methods of treatment of periodontal disease

aim at removing or inactivating both pathogens and com-

mensals indiscriminately.11 In contrast, in a healthy state, the

immune system’s management of the oral consortium likely

involves targeted inactivation of low levels of pathogens by a

productive acute inflammatory response, since the oral

mucosal immune system responds selectively to patho-

gens.12,13 The implication is that selective killing of pathogens

by antimicrobials could enhance or supplement normal

immune function and mitigate the transition to a chronic

inflammatory immune response. The key determining factor

in restoring immune homeostasis by this strategy would be a

reduction in the pathogen presence relative to that of the

commensals, which might be achieved most effectively during

the regrowth period after a conventional treatment.

Putative pathogens of periodontal disease are primarily

gram-negative bacteria.14–16 This suggests that the appropri-

ate dose of a fluoroquinolone might selectively target

periodontal pathogens in a biofilm consortium, since fluor-

oquinolones are generally more efficacious against gram-

negative bacteria than gram-positive bacteria.17,18 In particu-

lar the ciprofloxacin MICs for strains of the oral commensal

Streptococcus sanguinis (0.5–16 mg/L) are substantially higher

than the MICs for strains of Aggregatibacter actinomycetemco-

mitans (formerly Actinobacillus actinomycetemcomitans) (0.002–

0.006 mg/L),19,20 the primary etiological agent of localized

aggressive periodontitis.21,22 A possible caveat to this ap-

proach that can be addressed initially with in vitro systems is

that the oral microbial population is primarily in the biofilm

form16 and the biofilm mode of growth can affect the efficacy

of antimicrobials in complex and indeterminate ways.23 In the

case of oral biofilms, there is an additional possible compli-

cating factor of the contribution of consortium interspecies

interactions to antimicrobial efficacy.

In vitro multispecies oral biofilm model systems have been

developed previously to investigate interspecies interactions,

as well as the influence of antimicrobials and nutrients on the

biofilm composition.24–27 Here, we developed an in vitro dual

species biofilm model composed of A. actinomycetemcomitans

and S. sanguinis to determine whether exposure to ciprofloxa-

cin could be used to control the consortium composition. The

biofilm model is a tool that can be used to aid in the rational

design of in vivo experiments to test the hypothesis that
selective killing of pathogens will enhance restoration of

immune homeostasis.

2. Methods

2.1. Bacterial strains and media

A. actinomycetemcomitans strain D7S, a rough colony clinical

isolate obtained from the central incisor of an African American

female patient with generalized aggressive periodontitis was

provided by Casey Chen, University of Southern California. S.

sanguinis SK36, used previously for biofilm studies,28 was

obtained from ATCC (BAA-1455). Media consisted of modified

tryptic soy broth (MTSB)29 with 50 mL foetal bovine serum

(HyClone) and 15 g bacto agar added (per litre) for solid medium,

brain heart infusion broth (BHI) with 15 g bacto agar added (per

litre) for solid medium, and a defined biofilm medium (BM) with

1% sucrose used previously to culture S. sanguinis biofilms.28

Frozen stocks were maintained at �80 8C in 20% glycerol, 80%

MTSB (A. actinomycetemcomitans) or BHI (S. sanguinis).

2.2. Biofilm culturing

All culturing was performed at 37 8C in 5% CO2. Biofilms were

cultured in 96 well polystyrene microtiter plates (Falcon

OptiluxTM, Fisher Scientific) in BM with 10% MTSB added.

This medium was chosen on the basis of preliminary studies

which indicated that A. actinomycetemcomitans did not grow

perceptibly in BM over a 48 h period. S. sanguinis biofilms did

form in MTSB but the biofilms were so tenuously attached to

the surface that a single rinse step would remove them. The A.

actinomycetemcomitans biofilm inoculum was prepared by

looping colonies, cultured on solid medium for 60 h, into a

1 mL aliquot of liquid medium. This suspension of cell

aggregates was dispersed by repeated pipetting followed by

forcing the suspension through a small bore needle (25G 7/8,

Becton Dickinson). This suspension, which still consisted of

cell aggregates with a range of sizes, was then filtered through

two 5 mm pore filters (National Scientific Target Nylon Syringe

Filter, 30 mm, Fisher Scientific) in tandem and diluted into the

biofilm medium to obtain approximately 107 CFU/mL (based

on an OD measurement). The S. sanguinis biofilm inoculum

was prepared by inoculating 100 mL of a 60 h 5 mL BHI broth

culture started from a frozen stock into 5 mL fresh BHI,

incubating for 24 h, adjusting the cell density to approximately

108 CFU/mL (based on an OD measurement), and making a

1:1000 dilution of this cell suspension, either into biofilm

medium (S. sanguinis single species biofilm inoculum) or into

an aliquot of the A. actinomycetemcomitans biofilm inoculum (A.

actinomycetemcomitans/S. sanguinis dual species biofilm inocu-

lum), to obtain approximately 105 CFU/mL in both cases. The

biofilms were inoculated by filling each well with 100 mL of the

appropriate cell suspension (either pure A. actinomycetemco-

mitans, pure S. sanguinis or a mixture of A. actinomycetemcomi-

tans and S. sanguinis) and incubating for 1 h. The inoculum was

then replaced by fresh medium (200 mL) with or without

ciprofloxacin. This medium was replaced at 24 h by fresh

medium without ciprofloxacin (200 mL) for biofilms cultured

for 48 h.



a r c h i v e s o f o r a l b i o l o g y 5 6 ( 2 0 1 1 ) 1 0 5 5 – 1 0 6 3 1057
2.3. Antimicrobial treatment

Biofilms were treated with ciprofloxacin by filling wells with a

solution of ciprofloxacin in the culture medium and incubat-

ing under the culturing conditions for 24 h. A 1 mg/mL

ciprofloxacin solution was made from ciprofloxacin hydro-

chloride in methanol (ICN Biomedicals Inc. Catalogue #

199020) and subsequently diluted to 20 mg/L in sterile

nanopure water. Appropriate volumes of this solution were

added to culture medium to obtain 0.01 and 0.5 mg/L solutions.

These solutions were filtered through a 0.2 mm filter before

use.

2.4. Biofilm visualization

Confocal laser scanning microscope (CLSM) images were

acquired with a Leica TCS-SP2-AOBS. Biofilm microcolonies

were visualized through the floor of the wells by using a

previous protocol.29 Images were collected with a 40� 0.8 NA

HCX APO L U-V-I water immersion objective. For CLSM

visualization biofilms were labelled with an antibody specific

for A. actinomycetemcomitans and a nucleic acid stain (SYTO 59,

Invitrogen) that labels both A. actinomycetemcomitans and S.

sanguinis. Monoclonal antibody (Aa-mAb) 225AA230 against A.

actinomycetemcomitans, isotype mIgG2b, was donated by Rudolf

Gmür, University of Zürich and purified as described previ-

ously.29 The Aa-mAb 225AA2 epitope has been shown to be

highly specific for A. actinomycetemcomitans.30 No detectable

cross reaction of the Aa-mAb with S. sanguinis planktonic cells

was detected using a dot blot immunoassay, or with S.

sanguinis biofilm using CLSM. For staining, biofilms were first

washed with 1% BSA in 10 mM PBS (pH 7.0, 100 mM NaCl) for

5 min. Biofilms were subsequently rinsed with 0.85% saline

between each step. Antibody and nucleic acid stain were also

prepared in 0.85% saline. Biofilms were exposed to Aa-mAb at

approximately 50 mg/mL for 50 min followed by exposure to a

1:100 dilution of fluorescently labelled secondary Ab (Alexa

Fluor 488 rabbit antimouse IgG, Invitrogen) for 50 min, and

finally a 15 mM SYTO 59 solution for 10 min. Green fluores-

cence from the anti-mouse secondary antibody and red

fluorescence from the SYTO 59 nucleic acid stain were

discriminated using Acousto-optical tunable filters.29 Images

were acquired at 2.0 mm intervals throughout the depth of the

biofilms. Stacks were combined in Imaris software (Bitplane

AG, Zürich, Switzerland) to yield final images. A. actinomyce-

temcomitans colony biovolumes were determined using the

Imaris volumetric analysis software add-on.26

2.5. Crystal violet assay

Biofilms were rinsed with PBS and then exposed to a 1:4

dilution of the crystal violet (CV) solution (Protocol Crystal

Violet, Fisher Scientific) for 15 min. This was followed by three

rinses with nanopure water and addition of 200 mL of ethanol

to each well. After a 1 h incubation period each well was mixed

by pipeting and 1:10 dilutions were made in separate wells to

allow for absorbances above 1. The absorbance of each well

(including both diluted and undiluted wells) at 600 nm was

then acquired using a plate reader. Values reported are

estimates for undiluted wells containing 200 mL of the solution
with the background from a sterile well exposed to the same

CV solution and rinses subtracted.

2.6. Quantification of cell surface densities based on DNA
abundance

DNA was extracted from biofilms by first lysing the cells in situ

in the microtiter wells and then isolating the DNA using a

GenEluteTM Bacterial Genomic DNA kit (Sigma–Aldrich). Cells

were lysed using a modification of a protocol designed for S.

sanguinis.31 Modifications were made to enhance lysis of the

gram-negative A. actinomycetemcomitans. Wells were rinsed 3

times with 200 mL of 20 mM Tris, 5 mM EDTA, 100 mM NaCl, pH

7.0. Mutanolysin (Sigma–Aldrich, M9901) was added to obtain

approximately 500 U/mL and the plate was incubated for

90 min at 37 8C. RNase (Sigma–Aldrich) was added to obtain a

concentration of 0.5 mg/mL followed by addition of lysozyme

(Fisher Scientific, BP535-1) to obtain a concentration of 2 mg/

mL and the plate was incubated for 45 min at 37 8C. Proteinase

K (Sigma–Aldrich, P2308) was added to obtain a concentration

of 1 mg/mL and the plate was incubated for 45 min at 55 8C. N-

lauryl sarcosine (Sarkosyl, Fisher Scientific) was added to

obtain an 0.8% solution and pronase (Protease from Strepto-

myces griseus, Sigma–Aldrich, P5147) was added to obtain

approximately 300 U/mL and the plate was incubated for

45 min at 55 8C. The contents of each well was removed and

saved and 30 mL of 10% SDS was added to each well and the

solution was mixed by pipeting. The contents of each well was

added back and the plate was incubated for 6 h at 55 8C.

Subsequent to this step the manufacturer’s instructions were

followed to purify the DNA from the lysate beginning with the

addition of 200 mL of lysis solution C contained in the kit,

vortexing for 15 s and incubation at 55 8C for 15 min. The final

elution volume was 200 mL.

Quantitative PCR (qPCR) was used to quantify the DNA

extracted from biofilms. Primers homologous to regions in the

16S RNA coding portion and specific for A. actinomycetemcomi-

tans and S. sanguinis were designed with the NCBI primer

designing tool (www.ncbi.nlm.nih.gov/tools/primer-blast/).

Primers were CTC AGG ACG AAC GCT GGC GG (forward, Ss),

ATC CCC CGC TAC CAG GCA GG (reverse, Ss), CCG GCT AAC

TCC GTG CCA GC (forward, Aa), AGG TCC GCC TAC GTG CCC

TT (reverse, Aa). Primers were designed explicitly to not

crosshybridize with the non-targeted species and this was

confirmed using conventional PCR and agarose gel electro-

phoresis. Quantification was performed by using a Rotor-gene

Q thermocycler (Qiagen) with a 15 min incubation period at

95 8C followed by 50 cycles of amplification. Each cycle

consisted of 15 s at 94 8C, 30 s at 53 8C and 30 s at 72 8C. The

25 mL reaction volumes contained 12.5 mL SYBR Green ER qPCR

SuperMix (Invitrogen), 5.5 mL molecular biology grade water

(Sigma–Aldrich, W4502), 1 mL of 5 pmol/mL forward and

reverse primers and 5 mL of the sample. Threshold times

determined from the fluorescence data curves were converted

to DNA copy number based on standard curves generated

from purified genomic DNA, quantified spectrophotometrical-

ly using a NanoDrop ND-100 spectrophotometer (Thermo

Scientific). DNA copy number was converted to biofilm cell

density (cells/cm2) by multiplying by 40 to account for the

200 mL elution volume, dividing by the number of 16S copies in

http://www.ncbi.nlm.nih.gov/tools/primer-blast/


Fig. 1 – CLSM images of dual species biofilms. (a–c) No ciprofloxacin treatment; (d–f) 0.01 mg/L ciprofloxacin; (g–i) 0.5 mg/L

ciprofloxacin. (a, d and g) (left column) Composites of the red and green fluorescence channels. (b, e and h) (middle column)

Green channel (A. actinomycetemcomitans microcolonies). (c, f and i) (right column) Surface representations of the green

channel used to compute A. actinomycetemcomitans microcolony volumes. Tick marks are at 4 mm spacings yielding a field

size of 380 mm T 380 mm. Regions labelled I and II in (a) are discussed in the text.
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the A. actinomycetemcomitans or S. sanguinis genome (6 and 4,

respectively), and diving by 0.196 to account for the well area

(0.196 cm2).

2.7. Statistical analysis

Statistical significance of differences in means was evaluated

by an unpaired t test for three replicates of the experimental

conditions being compared.

3. Results

3.1. Selective killing visualized by confocal microscopy

In dual species biofilms composed of the oral pathogen, A.

actinomycetemcomitans and the oral commensal, S. sanguinis, A.

actinomycetemcomitans formed discrete microcolonies on the

surface that were overlaid in some portions with a lawn of S.

sanguinis. Fig. 1 presents images of 48 h biofilms. Exposure to

ciprofloxacin during the first 24 h of co-species biofilm

development selectively inhibited the growth of A. actinomy-

cetemcomitans biofilm as indicated by the reduced colony sizes

in treated biofilms (Fig. 1d–i) compared to untreated biofilm
(Fig. 1a–c). Both species were stained with a red nucleic acid

stain whilst A. actinomycetemcomitans was labelled with an A.

actinomycetemcomitans-specific antibody coupled to a fluores-

cent secondary antibody, rendering the A. actinomycetemcomi-

tans cells green. Regions of partial S. sanguinis biofilm coverage

revealing the edge of the S. sanguinis lawn are shown. Images

in the left column are composites of the red and green

fluorescence channels whilst images in the middle column

consist of only the green channel (A. actinomycetemcomitans

microcolonies). In the right column are the surface represen-

tations of the green channel used to compute A. actinomyce-

temcomitans microcolony biovolumes. Biovolumes computed

from these surface representations are 37.2, 8.22 and 3.01 in

units of 104 mm3 for Fig. 1a, d and g, respectively. (Data for

replicates are presented below). Untreated A. actinomycetemco-

mitans microcolonies appear green in the composite image in

the region of Fig. 1a indicated by II, whereas colonies in the

region not colonized with S. sanguinis (region I) appear red.

Coverage by the S. sanguinis biofilm in region II was apparent

when the field was observed through the ocular using epi-

fluorescence, even though the red fluorescence in the confocal

image is very faint. We propose that the green hue of the A.

actinomycetemcomitans microcolonies in region II of Fig. 1a is

due to an optical effect originating from attenuation of the red
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fluorescent signal by the relatively thick S. sanguinis biofilm.

We observed that the treated A. actinomycetemcomitans micro-

colonies stained more faintly with the nucleic acid stain than

the untreated colonies in single species biofilms (data not

shown). We propose that this phenomenon allowed the green

fluorescence from antibody-labelled A. actinomycetemcomitans

microcolonies to dominate in the composite images of treated

biofilms even in regions where they were not overlaid with a

lawn of S. sanguinis biofilm (Fig. 1d and g, left column).

3.2. Selective killing assessed by biovolume and biomass

A. actinomycetemcomitans microcolony biovolumes computed

from CLSM images show that exposure to 0.01 or 0.5 mm/mL

ciprofloxacin for 24 h inhibited A. actinomycetemcomitans

biofilm formation during development of both single and

dual species biofilms (Fig. 2a and b). A. actinomycetemcomitans

microcolonies in both single and dual species biofilms

exhibited no increase in size during a subsequent 24 h period

after removal of the ciprofloxacin indicating that A. actinomy-

cetemcomitans cells were inactivated (Fig. 2c and d). Reported

biovolumes are the means of the total A. actinomycetemcomitans

microcolony volume per field of view. A. actinomycetemcomitans

microcolony biovolumes for untreated 24 h and 48 h biofilms

are all significantly different from those of treated biofilms at

the 0.01 level of significance for all conditions (for both single

and dual species biofilms). Compared to 24 h biofilms, A.

actinomycetemcomitans microcolony size in dual species bio-

films was actually reduced by 45 and 70% in 48 h biofilms

treated with 0.01 and 0.5 mg/L ciprofloxacin, respectively. For

the 0.5 mg/L treatment this reduction was significant at the

0.05 level ( p value, 0.0216).
The CV assay is typically used as an index of biofilm

biomass.28,32 CV absorbance values indicate that S. sanguinis

biofilm formation was uninhibited by exposure to ciprofloxa-

cin in the dual species biofilms (Fig. 3). A. actinomycetemcomi-

tans biofilm microcolonies in the treated dual species biofilms

are relatively small compared to the S. sanguinis lawn which is

expected to dominate the biomass. The contribution of A.

actinomycetemcomitans biofilm microcolonies to the biomass in

dual species biofilms was quantified by using the CV

absorbance to biovolume ratio in untreated A. actinomycetem-

comitans biofilm as a conversion factor. Using this factor to

convert A. actinomycetemcomitans biovolumes, which were

directly measured in single species biofilms (Fig. 2), to

estimates of the percent contribution of the A. actinomycetem-

comitans biofilm to the CV absorbance in the dual species

biofilms yields 1.5 and 0.5% for biofilms treated with 0.5 and

0.01 mg/L ciprofloxacin, respectively. Accounting for this

small contribution of A. actinomycetemcomitans biofilm to the

biomass of dual species biofilms, differences between mean

biomass of the untreated single species S. sanguinis biofilm and

S. sanguinis biomass in both the treated dual species biofilms

are insignificant ( p values >0.1), both for the 24 h and 48 h time

periods. In contrast to treated biofilms, A. actinomycetemcomi-

tans biofilm made a significant contribution (23.2%) to the

biomass of the untreated dual species biofilm. Taking this

contribution into account, the biomass of the S. sanguinis

biofilm for the untreated condition was approximately 60%

less in the dual species biofilm compared to the single species

biofilm. This difference is significant at the 0.01 level. There is

approximately a 20% reduction in S. sanguinis biomass in the

48 h treated single species biofilms compared to the 48 h

untreated biofilm which are significant at the 0.01 level.
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3.3. Selective killing assessed by DNA content

According to qPCR data, exposure to ciprofloxacin for 24 h at

both 0.01 and 0.5 mg/L reduced cell surface density of A.

actinomycetemcomitans in the dual species biofilm by more than

two orders of magnitude compared to the untreated control

(Fig. 4a). There was no increase in A. actinomycetemcomitans

biofilm cell surface density during the 24 h period following

removal of the ciprofloxacin indicating that A. actinomycetem-

comitans biofilm had been inactivated (Fig. 4b). Differences in

A. actinomycetemcomitans cell surface density for treated

biofilm and biofilm treated with 0.01 and 0.5 mg/L ciprofloxa-

cin are significant at the 0.05 level for both 24 h and 48 h

biofilms. Similar to the biovolume data, there was actually a

decrease in cell surface density over the 24 h period following
removal of the ciprofloxacin of 60 and 39%, for dual species

biofilms treated with 0.01 and 0.5 mg/L ciprofloxacin, respec-

tively; however, these reductions are not significant at the 0.05

level. S. sanguinis cell surface densities are between 2.8 � 109

and 1.3 � 1010 cells/cm2 in single and dual species biofilms,

both treated and untreated with ciprofloxacin (Fig. 4c).

Consistent with the biovolume data, the S. sanguinis cell

surface density was lower for the untreated condition in the
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dual species biofilm. However, this reduction is not significant

at the 0.05 level. The S. sanguinis cell surface density was also

lower for the single species biofilm treated with 0.5 mg/L, but

means are not significantly different at the 0.05 level.

Assuming that more replicates would increase the level of

significance of this result, this is consistent with the

biovolume data and may reflect an effect of the higher

ciprofloxacin dose (0.5 mm/mL) on the S. sanguinis biofilm

which is mitigated in the dual species biofilm.

4. Discussion

In order to test the hypothesis that oral commensals

contribute to reestablishment of immune homeostasis during

treatment of periodontal disease methods that can be used

in vivo to selectively eliminate pathogens are needed. The

possibilities range from relatively sophisticated targeting

approaches29,33,34 to general application of conventional

antimicrobials which are known to have some selectivity.35

The complexity of possible factors influencing antimicrobial

action against biofilms demands that the feasibility of

proposed strategies be verified on in vitro biofilm models

before moving to animal models or clinical trials. The dual

species biofilm we developed could be exploited to probe the

efficacy of both targeted and more generally selective (non-

targeted) strategies.

Our results suggest that exposure of periodontal surfaces to

ciprofloxacin could prevent establishment of a mature A.

actinomycetemcomitans biofilm during a regrowth period fol-

lowing conventional treatment whilst allowing unhindered

biofilm formation by the commensal, S. sanguinis. Periodontitis

is treated initially by mechanical removal of plaque, with local

or systemic application of antibiotics reserved for more

recalcitrant cases.36 We followed a ciprofloxacin dosing

regime that can be attained by systemic application.37,38 A.

actinomycetemcomitans resistance to ciprofloxacin is rare, or

perhaps non-existent.39 The lack of inhibition of S. sanguinis by

the higher (0.5 mg/L) ciprofloxacin dose leaves an allowance

margin for possible development of A. actinomycetemcomitans

resistance. Although fluoroquinolones have been used to treat

periodontitis,40,41 there has been no systematic study con-

ducted to test whether selective elimination occurs in vivo and

whether it improves the clinical outcome. Such studies may

reveal that more sophisticated highly selective targeting

approaches are essential to prevent detrimental shifts in

the commensal population composition, or prevent selection

of resistant pathogens.

Our strategy for selective killing was predicated on

differential planktonic MICs for the pathogen and the

commensal. One implication is that the greater efficacy of

fluoroquinolones against gram-negative bacteria compared to

gram-positive bacteria might be leveraged to selectively

reduce the pathogen load in other forms of periodontitis.

However, it cannot be assumed a priory that this relatively

simple strategy will have general application since the biofilm

mode of growth can profoundly alter the efficacy of anti-

microbials, most commonly by conferring an intrinsic resis-

tance. The key factor here may be that biofilms were exposed

to the antimicrobial during the regrowth period. Most theories
to explain biofilm resistance revolve around qualities that

manifest as the biofilm matures.16,23,42

We anticipated that interspecies interactions would play a

more obvious role in the dual species biofilm development. A.

actinomycetemcomitans is able to utilise a metabolic byproduct of

Streptococcal fermentation as a nutrient and hydrogen perox-

ide produced by Streptococci at subinhibitory levels is sensed by

A. actinomycetemcomitans.27 Conversely, it was shown that A.

actinomycetemcomitans produces a compound that is toxic to

Streptococci.43 There are, in fact, hints of possible cospecies

interactions in our data. S. sanguinis biofilm was less abundant

in untreated dual species biofilms suggesting that A. actinomy-

cetemcomitans biofilm might inhibit S. sanguinis biofilm

formation or induce detachment. A. actinomycetemcomitans

microcolony size was reduced in untreated dual species

biofilms compared to untreated single species A. actinomyce-

temcomitans biofilms. The inhibition of A. actinomycetemcomitans

by Streptococcal hydrogen peroxide could be responsible for

this. However, a more obvious explanation would be nutrient

limitation in the static system. The next logical step in pursuing

in vitro studies is to use a flowing system which has the

advantage of being more like the in vivo situation but with the

disadvantage of being less high through-put.

The reduction in A. actinomycetemcomitans microcolony

biovolume for treated versus untreated biofilm is less

pronounced than the reduction in cell surface densities

(Figs. 2 and 4). This could be a consequence of artefacts in

either of the measurements. However, in support of the

quality of the data, the correspondence between biovolumes

and cell surface densities for untreated biofilm are reasonable.

Specifically, the volume per cell based on the ratio of

biovolume to cell surface density is approximately 0.35 mm3,

equivalent to a cube having dimensions of 0.7 mm per side. A.

actinomycetemcomitans cells are relatively small rods with

dimensions less than 1 mm44 and cells are fairly tightly packed

in the biofilm microcolonies.45 Exposure of a susceptible strain

of Escherichia coli (MIC 0.012 mg/L) to 0.012 mg/L ciprofloxacin

for 40 min induces DNA fragmentation followed by diffusion

of the fragments outside the cell after a relatively mild lysis

step.46 It seems possible that A. actinomycetemcomitans cell

walls would become sufficiently permeable to allow diffusion

of DNA fragments through the cell wall during a 24 h exposure

period. This would be consistent with the reduced nucleic acid

staining of treated A. actinomycetemcomitans microcolonies

noted in Section 3, and would explain the discrepancy in

relative reductions in biovolume and cell surface densities of

the treated biofilms compared to untreated biofilms.

In summary, we have developed a relevant dual species

biofilm model composed of a periodontal pathogen and an oral

commensal and presented measurement techniques that

enable its characterization. In addition, we demonstrated a

relatively simple means of controlling the composition of the

dual species consortium. From a general perspective, methods

to manipulate biofilm consortia in situ provide tools for

investigating the hypothesis that oral commensals play a

critical role in maintenance of healthy immune function. The

significance of testing this hypothesis lies not only in finding

better approaches for clinical treatment of periodontal

disease, but in understanding immune interactions with

complex biofilm consortia.22
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