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SUMMARY

Periodontal diseases are multifactorial infections

elicited by a complex of primarily gram-negative

bacteria that interact with host tissues and lead to

the destruction of the periodontal structures.

Bdellovibrio bacteriovorus is a gram-negative bac-

terium that preys upon other gram-negative bacte-

ria. It was previously shown that B. bacteriovorus

has an ability to attack and remove surface-

attached bacteria or biofilms. In this study, we

examined the host specificity of B. bacteriovorus

strain 109J and its ability to prey on oral patho-

gens associated with periodontitis, including; Ag-

gregatibacter actinomycetemcomitans, Eikenella

corrodens, Fusobacterium nucleatum, Prevotella

intermedia, Porphyromonas gingivalis and Tanne-

rella forsythia. We further demonstrated that

B. bacteriovorus 109J has an ability to remove

biofilms of Ei. corrodens as well as biofilms com-

posed of A. actinomycetemcomitans. Bdellovibrio

bacteriovorus was able to remove A. actinomyce-

temcomitans biofilms developed on hydroxyapa-

tite surfaces and in the presence of saliva, as well

as to detach metabolically inactive biofilms. Exper-

iments aimed at enhancing the biofilm removal

aptitude of B. bacteriovorus with the aid of extra-

cellular-polymeric-substance-degrading enzymes

demonstrated that proteinase-K inhibits predation.

However, treating A. actinomycetemcomitans

biofilms with DspB, a poly-N-acetylglucosamine

(PGA) -hydrolysing enzyme, increased biofilm

removal. Increased biofilm removal was also

recorded when A. actinomycetemcomitans

PGA-defective mutants were used as host cells,

suggesting that PGA degradation could enhance

the removal of A. actinomycetemcomitans biofilm

by B. bacteriovorus.

INTRODUCTION

Periodontal diseases are multifactorial infections elic-

ited by a complex of bacterial species that interact with

host tissues and lead to the destruction of the peri-

odontal structures, including the tooth-supporting tis-

sues, alveolar bone and periodontal ligament.

Periodontal disease is a significant global public-health

concern and is probably the most common chronic

infectious disease in humans. In the United States

alone, more than 70% of the population is afflicted with

the disease with approximately 54% of all US adults

aged 30 years or more suffering from some form of

periodontal disease (Albandar & Kingman, 1999). The

importance of bacteria in dental plaque and the key

role of plaque in the causation of periodontal disease

is well established. Whereas oral bacteria colonize and

produce disease primarily in the oral cavity, they can

also produce systemic disease (Scannapieco, 1998;

Garcia et al., 2001). Therefore, the mitigation of oral

infection is of broad clinical importance beyond the

boundaries of the oral cavity. Among the bacteria fre-

quently isolated from periodontal pockets are the
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gram-negative bacteria Aggregatibacter actinomyce-

temcomitans, Eikenella corrodens, Fusobacterium nu-

cleatum, Prevotella intermedia, Porphyromonas

gingivalis and Tannerella forsythia, all of which are

strongly associated with various forms of periodontitis

including localized aggressive periodontitis, general-

ized early onset periodontitis and chronic periodontitis

(Dzink et al., 1985; Wilson et al., 1991; Bolstad et al.,

1996; Tanner & Izard, 2006; Fine et al., 2007). In addi-

tion to their role in periodontal disease, the presence of

these bacteria was also implicated as a causative

agent of several non-oral infections (Kaplan et al.,

1989; Beck et al., 1996; Offenbacher et al., 1996;

Dibart et al., 1998; Takamatsu et al., 1999; Roberts,

2000; Chang et al., 2004; Hombach et al., 2007; Miller

et al., 2007; Kajiya et al., 2008).

The difficulty in removing oral plaque or biofilms by

conventional therapies led researchers to examine

other alternative methods for biofilm control, such as

biological control agents. One biological agent that

might be used to control pathogenic bacteria is the

predatory prokaryotes from the genus Bdellovibrio.

Bdellovibrio are gram-negative bacteria that feed on

other gram-negative bacteria (Stolp & Starr, 1963;

Sockett, 2009). Recently, it was demonstrated that

B. bacteriovorus 109J can significantly reduce bio-

films developed in a microtiter dish-based static

assay as well as in a flow cell system (Kadouri &

O’Toole, 2005; Nunez et al., 2005; Medina et al.,

2008). Bdellovibrio bacteriovorus strain HD100 was

also shown to be able to attack and kill four smooth

strains and one rough biofilm-forming strain of A. ac-

tinomycetemcomitans (Van Essche et al., 2009).

In this study, the susceptibility of oral pathogens to

predation by B. bacteriovorus 109J was examined in

liquid suspension and on biofilms. The predatory abil-

ity of B. bacteriovorus was also assessed under dif-

ferent clinically relevant growth conditions. Finally, an

attempt was made to enhance the biofilm removal

aptitude of B. bacteriovorus with the use of other bio-

film-degrading enzymes.

METHODS

Bacteria strains, media and growth conditions

The strains used in this study are listed in Table 1.

Aggregatibacter actinomycetemcomitans was routinely

grown on brain–heart infusion (BHI) and Ei. corrodens

was grown on tryptic soy broth (TSB) blood agar plates

(5% defibrinated sheep blood and 1.5% agar) or in

TSB containing 2 mg ml)1 KNO3 and 5 lg ml)1 hemin.

The F. nucleatum was cultured on TSB blood agar

plates; Pr. intermedia, Po. gingivalis and T. forsythia

were cultured on TSB blood agar plates supplemented

with 5 lg ml)1 hemin and 1 lg ml)1 menadione.

N-Acetylmuramic acid (0.001%) was added to the

T. forsythia plates. Both A. actinomycetemcomitans

and Ei. corrodens were cultured at 37�C in 10% CO2,

whereas F. nucleatum, Pr. intermedia, Po. gingivalis

and T. forsythia were cultured anaerobically (10%

CO2, 10% H2 and 80% N2) in a MACS MG 250 anaero-

bic chamber (Microbiology International, Frederic, MD)

at 37�C. The B. bacteriovorus was maintained as

plaques in double-layered diluted nutrient broth

[DNB; 0.8 g l)1 nutrient broth amended with 3 mM

MgCl2Æ6H2O and 2 mM CaCl2Æ2H2O (pH 7.2)] agar

(0.6% agar in the top layer) (Starr, 1975). To initiate a

lysate, B. bacteriovorus co-cultures were obtained by

adding a plug of agar containing B. bacteriovorus pla-

que to 1 · 108 colony-forming units (CFU) ml)1

washed Escherichia coli prey in DNB, and incubated at

30�C on a rotary shaker set at 200 r.p.m. until the

co-culture became clear (stock lysate). To harvest

B. bacteriovorus, co-cultures were prepared in which

2 ml overnight-grown washed E. coli host cells

(1 · 109 CFU ml)1) were incubated with 2 ml stock

lysate in 20 ml DNB. The co-cultures were incubated

for 18 h to reach a final concentration of approxi-

mately 1 · 108 plaque-forming units ml)1 of predator.

At this point the lysate was passed three times through

a 0.45-lm Millex pore-size filter (Millipore, Billerica,

MA) to remove residual prey and cell debris (filtered

lysate). As a control, filtered sterilized lysate was pre-

pared by sequentially passing the B. bacteriovorus cul-

ture through three 0.22-lm pore-size filters. After

filtration, no predator, as judged by plaque-forming

units, could be detected (Kadouri & O’Toole, 2005).

Biofilm assays

Biofilms of A. actinomycetemcomitans were devel-

oped as described previously (Izano et al., 2007,

2008) with some modifications. Aggregatibacter

actinomycetemcomitans rough-colony strains were

grown on plates for 48 h. The colonies were scraped

into fresh BHI medium and homogenized to reach a

final concentration of 1 · 107 CFU ml)1 absorbance
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Table 1 Bacteria used in the study

Name Serotype Source

Aggregatibacter actinomycetemcomitans

Rough-colony strains

NJ5000 a UMDNJ (Kaplan et al., 2002)

DL 1159 a UMDNJ

NJ3500 b UMDNJ (Kaplan et al., 2002)

DL865 b UMDNJ

DL 1067-1 b UMDNJ

DL 1171 b UMDNJ

DL 639-2 b UMDNJ

DL 772 b UMDNJ

DF2300 c UMDNJ (Kaplan et al., 2002)

DL 1093-2 c UMDNJ

DL 1108-2 c UMDNJ

DL 1148 c UMDNJ

IDH781 d UMDNJ (Kaplan et al., 2002)

NJ9500 e UMDNJ (Kaplan et al., 2002)

CU1000 f UMDNJ (Kaplan et al., 2002)

HW1018 (CU1000 pgaC::IS903/kan) f UMDNJ (Izano et al., 2007)

Smooth-colony strains

ATCC 29523 a UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

SUNYab75 a UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

ATCC 29524 b UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

JP2 b UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

NK1651 b UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

Y4 b UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

Aa307 c UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

IDH781S d UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

IDH1705 e UMDNJ (Kaplan et al., 2002; Rupani et al., 2008)

CU1060 f UMDNJ (Rupani et al., 2008)

Eikenella corrodens

ATCC 23834 – USC (Henriksen, 1969)

H2S-1 – USC

D4P-1 – USC

D11P-1 – USC

RMA 12256 – RMARL

RMA 12259 – RMARL

RMA 12794 – RMARL

RMA 15501 – RMARL

Ec-f2 – Forsyth Institute

Fusobacterium nucleatum

PK1594 – UMDNJ (Rupani et al., 2008)

ATCC 10953 – UMDNJ (Rupani et al., 2008)

Prevotella intermedia

ATCC 25611 – ATCC (Shah & Collins, 1990)

Porphyromonas gingivalis

ATCC 33277 – ATCC (Tran & Rudney, 1996)

W83/ATCC BAA-308 – Forsyth Institute

Tannerella forsythia

ATCC 43037 – Forsyth Institute (Sakamoto et al., 2002; Tanner & Izard, 2006)

Bdellovibrio bacteriovorus

109J/ATCC 43826 – ATCC (Kadouri & O’Toole, 2005)

UMDNJ, Department of Oral Biology strain collection, University of Medicine and Dentistry of New Jersey; RMARL, R.M. Alden Research

Laboratory, Santa Monica CA; USC, Division of Periodontology, University of Southern California School of Dentistry; Forsyth Institute,

Department of Molecular Genetics, The Forsyth Institute; and ATCC, American Type Culture Collection.
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at 595 nm (A595) = 0.07. Cells (100 ll) were trans-

ferred to the wells of a 96-well, flat-bottom, tissue

culture-treated, polystyrene microtiter plate and incu-

bated for 24 h at 37�C in 10% CO2. Non-adherent

cells were removed by washing, and adherent cells

were stained with 0.1% crystal violet (CV) as

described previously (Merritt et al., 2005). Photo-

graphs of the plate were taken using a Canon-scan

4400F digital scanner. The CV was solubilized using

50% acetic acid for 10 min. Relative biofilm formation

was assayed by measuring the absorbance of the

CV solution at 600 nm (A600). Biofilms of Ei. corro-

dens were developed for 36 h in six-well, tissue cul-

ture-treated, polystyrene plates, which contained

harvested Ei. corrodens cells resuspended in fresh

TSB broth containing KNO3 and hemin.

For biofilm formation on hydroxyapatite, 3 · 3 mm

hydroxyapatite squares, prepared from sintered food-

grade hydroxyapatite (NEI Industries, Sesser, IL;

Sreenivasan et al., 2009), were inserted into a 12-well

polystyrene plate. The wells were filled with 0.5 ml

BHI medium containing A. actinomycetemcomitans

cells and incubated for 24 h to allow biofilm

development.

Prey range assay

To evaluate the ability of B. bacteriovorus to prey on

the selected oral bacteria, co-cultures were prepared in

which washed host cells were incubated in 20 ml DNB

with 2 ml harvested B. bacteriovorus. As a control,

filtered sterilized lysate was used. The cultures were

incubated at 30�C on a rotary shaker set at 200 r.p.m.

The ability of B. bacteriovorus to prey was confirmed

by the reduction in culture turbidity caused by the lysis

of host cells during predation. Culture turbidity was

examined by removing 100-ll aliquots and reading the

absorbance in a BioRad 680 microplate reader (A595).

Additional confirmation of active predation was pro-

vided by microscopy evaluation (·1000 magnification).

Biofilm removal assays

To assess the ability of B. bacteriovorus 109J to

remove A. actinomycetemcomitans and Ei. corrodens

biofilms, the biofilms were grown as described above,

washed twice with DNB to remove planktonic cells,

and 100 ll filtered B. bacteriovorus from an 18-h

lysate was added. As a control, 100 ll filtered steril-

ized lysate was used. The dishes were incubated at

30�C for the duration of the experiments.

Removal of A. actinomycetemcomitans biofilms

in the presence of saliva

To investigate whether biofilm removal could occur in

the presence of saliva, preformed A. actinomycetem-

comitans biofilms were developed, and washed, and

fresh DNB media containing varying amounts of filter-

sterilized unstimulated saliva (from 0 to 100%), and

B. bacteriovorus, were added. Unstimulated saliva

was collected, on ice, in a 50-ml tube, centrifuged for

2 min at 5000 g to remove cell debris, and filter steril-

ized using 0.22-lm pore-size filter.

Predation by B. bacteriovorus under

oxygen-limiting conditions

To measure the ability of B. bacteriovorus to prey in

anaerobic and microaerophilic conditions, B. bacte-

riovorus host co-cultures were prepared and placed in

a BD GasPak Jar Systems with a disposable gas-

generating anaerobic or microaerophilic envelope (BD

Diagnostic Systems, Franklin Lakes, NJ). The jars

were incubated at 30�C on a rotary shaker at

200 r.p.m. Predation was measured using CFU of the

surviving host cells.

Obtaining metabolically inactive biofilms

To obtain metabolically inactive biofilms of A. actino-

mycetemcomitans, the A. actinomycetemcomitans

CU1000 biofilms were developed as described above,

washed and incubated for 96 h in DNB. To confirm

loss of biofilm viability, the biofilm cells were removed

with the aid of a tissue culture scraper, and plated on

BHI plates for CFU enumeration. Additional verification

of cell metabolic activity loss was measured by adding

Alamar-Blue cell viability reagent (Invitrogen, Carls-

bad, CA) to the biofilm and measuring the change in

fluorescence (Pettit et al., 2005). AlamarBlue� works

as a cell viability and proliferation indicator through the

conversion of resazurin to resorufin. Resazurin, a

non-fluorescent indicator dye, is converted to highly

red fluorescent resorufin via reduction reactions of

metabolically active cells. The amount of fluorescence

produced is proportional to the number of living

cells (product literature; Trek Diagnostic Systems,

Oral pathogens and B. bacteriovorus A. Dashiff and D.E. Kadouri
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Cleveland, OH). No fluorescence signal or colony

growth was measured in the 4-day-old, DNB-suspended

biofilm, confirming loss of biofilm cell viability.

Scanning electron microscopy

Experiments were performed as described previously

(Kadouri & O’Toole, 2005). In brief, biofilms were

developed on a 12 · 12-mm PVC plastic cover slip

(Fisher Scientific, Pittsburgh, PA). The cover slips

were placed in a 24-well polystyrene cell culture plate

(Corning Inc., Corning, NY). Preformed biofilms and

predation assay were prepared as described above.

The experiments were carried out in a 1.0 ml volume.

Biofilms were rinsed to remove any planktonic cells

before being fixed in 2% glutaraldehyde, 0.1 M

sodium cacodylate, and 0.1% ruthenium red. Images

were viewed at the air–liquid interface using a Zeiss

Auriga field emission scanning electron microscope.

RESULTS

Host range specificity

To examine the ability of B. bacteriovorus 109J to

prey on bacteria commonly associated with periodon-

tal disease, bacteria were cultured, then incubated in

the presence of B. bacteriovorus. As seen in Fig. 1A,

B. bacteriovorus was able to prey on all A. actinomy-

cetemcomitans serotypes tested. Microscopy evalua-

tion of the co-cultures had further confirmed

predation, showing a reduction in A. actinomycetem-

comitans cells (fewer than 10% of total cells in a field

of view) and an increase in B. bacteriovorus cells

(90% of the cell population in each field of view), fol-

lowing a 48-h incubation period. In this assay, only

A. actinomycetemcomitans strains that exhibited

smooth-colony morphology were used. These strains

were selected for their inability to attach to the sur-

face of the tube and form biofilms or aggregates

(Fine et al., 1999; Rupani et al., 2008), thus reducing

the likelihood of culture turbidity decrease as a result

of biofilm formation or cell aggregation. In addition to

the ability of B. bacteriovorus to prey on A. actinomy-

cetemcomitans, predation was also observed when

Ei. corrodens was used as host (Fig. 1B). The

B. bacteriovorus was unable to prey on Po. gingiva-

lis, Pr. intermedia, T. forsythia and F. nucleatum

ATCC 10953 (data not shown); however, a positive

reduction in turbidity was measured when F. nuclea-

tum PK1594 was used as host. A reduction in culture

turbidity, from A595 = 0.26 to A595 = 0.091 was

A

B

Figure 1 Host range predation assay. Over-

night cultures of Aggregatibacter actinomy-

cetemcomitans (A) and Eikenella corrodens

(B) were incubated with harvested Bdellovib-

rio bacteriovorus 109J (gray bars) or filtered

sterilized lysate control (white bars). Cocul-

tures were incubated for 48 h. Predation

was confirmed by the reduction in culture

turbidity measured at 595 nm (A595). Black

bars represent culture turbidity at time-0.

Each value represents the mean of 3 cocul-

tures. Error bars are shown as one-standard

deviation.

A. Dashiff and D.E. Kadouri Oral pathogens and B. bacteriovorus
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measured following 48 h incubation with the predator,

with limited turbidity reduction measured in the

B. bacteriovorus – free control (from A595 = 0.26 to

A595 = 0.24). Active predation on the F. nucleatum

PK1594 was also verified by light microscopy.

A. actinomycetemcomitans biofilm removal assay

To measure the effect of B. bacteriovorus 109J on

A. actinomycetemcomitans biofilms, we developed

conditions that yield stable A. actinomycetemcomi-

tans biofilms in a 96-well dish. Biofilms were formed

in BHI medium for 24 h. Thereafter, the medium was

removed and replaced with DNB as described in the

Methods. Using this method, stable biofilms were

developed from 15 A. actinomycetemcomitans iso-

lates, all exhibiting rough-colony morphology pheno-

type, which is typical of fresh clinical isolates (Fine

et al., 1999). The preformed biofilms were incubated

with B. bacteriovorus or a control filtered sterilized

lysate. By 48 h, a measurable reduction (>81%) in

biofilm biomass was recorded for all of the strains

tested (Fig. 2A,B). In another experiment, A. actino-

mycetemcomitans CU1000 biofilms were developed

on hydroxyapatite squares (Fig. 2C, preformed bio-

film). When incubated in the presence of B. bacte-

riovorus, a substantial reduction in biofilm CV

staining was seen by 72 h, with no reduction in the

control inoculated sample (Fig. 2C, B. bacteriovorus

and control respectively).

A

B

C

Figure 2 Removal of Aggregatibacter

actinomycetemcomitans biofilms by Bdell-

ovibrio bacteriovorus. (A) Biofilms of

A. actinomycetemcomitans were developed

in 96-well plates for 24 h (Preformed biofilm)

following a 48-h incubation period with

B. bacteriovorus 109J (B. bacteriovorus) or

filtered sterilized lysate (Control). Biofilms

were rinsed and stained with CV. (B) Quan-

tification of biofilm reduction. Preformed

overnight biofilms (black bars) were incu-

bated for 48 h with B. bacteriovorus 109J

(gray bars) or filtered sterilized lysate control

(white bars). The wells were rinsed, stained

with CV, and the amount of CV staining was

quantified at 600 nm (A600). Each value

represents the mean of 12 wells. Error bars

are shown as one-standard deviation.

(C) Biofilms of A. actinomycetemcomitans

CU1000 were developed on hydroxyapatite

squares then treated with the predator

(B. bacteriovorus) or filtered sterilized lysate

(Control).

Oral pathogens and B. bacteriovorus A. Dashiff and D.E. Kadouri
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Ei. corrodens biofilm removal assay

The ability of B. bacteriovorus to remove biofilms

composed of Ei. corrodens was also assessed (Fig. 3

A–C). Eikenella corrodens preformed biofilms were

developed in six-well plates, washed and inoculated

with the predator. By 48 h, a measurable reduction in

biofilm CV staining was obtained on all of the exam-

ined strains. However, the degree of reduction varied

from 81 to 45%, as several of the tested isolates did

not form stable biofilms resulting in some degree of

biofilm detachment within the control sample.

Removal of Ei. corrodens biofilms by B. bacteriovorus

was further visualized and confirmed by SEM imag-

ing, showing a reduction in surface cell coverage in

the B. bacteriovorus treated sample.

In the following experiments, A. actinomycetem-

comitans CU1000 was used. This isolate was

selected for its ability to form stable biofilms, which

showed little detachment with time. In one experi-

ment, a reduction of 1.25% in biofilm biomass stain-

ing was measured during a 100-day incubation

period in DNB (from A600 = 0.83 at day one to

A600 = 0.79 at day 100), demonstrating the stability of

the biofilms.

Removal of A. actinomycetemcomitans biofilms

in the presence of saliva

To investigate whether biofilm removal could occur in

the presence of saliva, preformed A. actinomycetem-

comitans biofilms were incubated with B. bacterio-

vorus and varying amounts of filter-sterilized

saliva. As seen in Fig. 4A, a substantial reduction

(77%) in biofilm was measured in the saliva-free

B. bacteriovorus-treated sample. Incubating B. bacte-

riovorus in 100% saliva did not hinder the ability of

the predator to remove the biofilm. A reduction of

43% was registered in the saliva plus B. bacterio-

vorus-treated samples when compared with the

control biofilm incubated with saliva alone (Fig. 4A,

100% saliva).

A

B

C

Figure 3 Predation of Eikenella corrodens

biofilms by Bdellovibrio bacteriovorus. (A)

Biofilms of Ei. corrodens were developed in

six-well plates for 36 h (Preformed biofilm)

followed by a 48-h incubation period with

B. bacteriovorus 109J (B. bacteriovorus) or

filtered sterilized lysate (Control). Biofilms

were rinsed and stained with CV. For SEM

imaging, Ei. corrodens H2S-1 biofilms were

developed on PVC plastic cover slips. Scan-

ning electron micrographs were viewed at

1000· magnification (B). (C) Quantification

of biofilm reduction. Preformed overnight

biofilms (black bars) were incubated for 48 h

with B. bacteriovorus 109J (gray bars) or fil-

tered sterilized lysate control (white bars).

The wells were rinsed, stained with CV, and

the amount of CV staining was quantified.

Each value represents the mean of two

wells from one representative experiment.

A. Dashiff and D.E. Kadouri Oral pathogens and B. bacteriovorus
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B. bacteriovorus predation in adverse culture

conditions

As some oral pathogens reside within the subgingival

area, where the oxygen concentration is limited, we

were interested in investigating the ability of B. bacte-

riovorus to prey in anaerobic and microaerophilic con-

ditions. To this end, standard B. bacteriovorus host

co-cultures were prepared using washed E. coli strain

ZK2686, a derivative of W3110, (Pratt & Kolter,

1998) as prey. The cultures were placed in a BD

GasPak Jar systems with a disposable gas generat-

ing anaerobic or microaerophilic envelope. Counting

the CFU of the surviving host revealed that B. bacte-

riovorus was unable to prey under oxygen-limiting

conditions (Fig. 4B). Other predation experiments in

which the co-cultures were placed in a MACS MG

250 anaerobic chamber (10% CO2, 10% H2 and

A

B

C

Figure 4 Reduction of host cells under vari-

ous conditions. (A) Quantification of biofilm

reduction in the presence of saliva. Pre-

formed overnight Aggregatibacter actinomy-

cetemcomitans CU1000 biofilms (black bars)

were incubated with varying concentrations

of filtered sterilized unstimulated saliva (from

0 to 100%), containing Bdellovibrio bacte-

riovorus 109J (gray bars) or filtered sterilized

lysate (white bars). After 48 h, the wells

were rinsed, stained with CV, and the

amount of CV staining was quantified. Each

value represents the mean of 12 wells. Error

bars are shown as one-standard deviation.

Numbers above the bars represent the aver-

age percent reduction in biofilm biomass

compared with the control. (B) B. bacteriov-

orus predation capability in adverse culture

conditions. Escherichia coli ZK2686 host

cells were incubated for 48 h in the pres-

ence of B. bacteriovorus 109J (gray bars) or

filtered sterilized lysate control (white bars).

The co-cultures were incubated at 30 and

37�C (normal oxygen levels) or at 30�C
under anaerobic or microaerophilic growth

conditions. Black bars represent host cell

numbers at time 0. Each value represents

the mean of three cultures. Error bars are

shown as one-standard deviation. (C) Ability

of B. bacteriovorus to remove metabolically

inactive biofilms. Preformed overnight A. ac-

tinomycetemcomitans CU1000 biofilms were

developed in 96-well plates for 24 h. There-

after, DNB was added to the biofilm and

incubated for 96 h (5-day-old preformed bio-

film). Filtered sterilized lysate (Control) or

B. bacteriovorus was then added to the met-

abolically inactive biofilms. Biofilms were

stained and quantified. Each value repre-

sents the mean of 18 wells. Error bars are

shown as one standard deviation.
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80% N2) also produced no reduction in host popula-

tion (data not shown). Interestingly, when the cultures

were removed from the oxygen-limiting conditions

(after 72 h) and placed in an aerobic environment,

predation did occur, reducing host cell CFU numbers

by 3 logs (from 2 · 108 to 1 · 105 CFU ml)1). The

inability of B. bacteriovorus to prey under anaerobic

and microaerophilic conditions was also seen when

E. coli strain DH5a was used as prey (data not

shown) or when A. actinomycetemcomitans strain

JP2 was used (from an initial optical density of

A595 = 0.112 to A595 = 0.109 and A595 = 0.102 for

anaerobic and microaerophilic conditions, following

48 h of incubation, respectively). As was seen for

E. coli, reduction in turbidity did occur when the

anaerobic co-cultures were replaced in aerobic condi-

tions (A595 = 0.075). Although B. bacteriovorus was

restricted by its ability to prey in anaerobic and micro-

aerophilic conditions, it was not restricted to prey at

higher temperatures of 37�C (Fig. 4B).

Reduction of metabolically inactive biofilms

It was previously suggested that cells within biofilms

might exhibit limited growth, which in turn increases

their resistance to antimicrobial challenges (Keren

et al., 2004; Werner et al., 2004; Yang et al., 2008;

Hoiby et al., 2010). Hence, the ability of an antimicro-

bial agent to reduce and remove metabolically inac-

tive surface-associated bacteria could be beneficial.

When growing biofilms of A. actinomycetemcomi-

tans CU1000, we noticed that although the preformed

biofilm is extremely stable, CFU enumeration and Ala-

mar-Blue cell viability reagent assays revealed that the

biofilm contained no viable cells, following a 96-h incu-

bation period in DNB. At this point, an assay was car-

ried out in which 24-h-preformed biofilms were

washed, resuspended in DNB, and incubated for

120 h. The stable, but unviable biofilm was incubated

with B. bacteriovorus or filter-sterilized lysate. As seen

in Fig. 4C, a reduction of 75% in CV staining was mea-

sured following incubation with B. bacteriovorus, con-

firming removal of the metabolically inactive biofilm.

Enhancing the ability of B. bacteriovorus to

remove biofilms of A. actinomycetemcomitans

It was previously reported that A. actinomycetem-

comitans biofilms are composed of cells that are

embedded in a self-synthesized extracellular poly-

meric substance (EPS) which contains DNA, protein

and poly-N-acetylglucosamine (PGA) (Izano et al.,

2008). We hypothesized that by applying EPS-

degrading enzymes with or following the application

of B. bacteriovorus, greater biofilm removal could be

obtained. To this end, biofilms of A. actinomycetem-

comitans CU1000 were formed and treated with

B. bacteriovorus, DNase-I, proteinase-K, and DspB

(a PGA-hydrolysing enzyme) (Kaplan et al., 2004;

Ramasubbu et al., 2005).

DNase treatment

Treating the biofilm with B. bacteriovorus for 48 h,

followed by a 2-h incubation period with DNase-I

(65 lg ml)1) had resulted in a 12% increase in biofilm

removal when compared with B. bacteriovorus alone

(71% reduction), and 45% more than DNase-I alone

(which resulted in 38% reduction). Incubating the bio-

film simultaneously with the enzyme and B. bacte-

riovorus did not prove to be more effective in

reducing the biofilm (66% reduction) when compared

with the B. bacteriovorus alone (Fig. 5A).

Protease treatment

Incubating the biofilm with proteinase-K did not cause

a measurable reduction in biofilm CV staining (Fig. 4

B, PK treatment). Comparable biofilm removal was

measured in both the B. bacteriovorus-treated sam-

ple and the sample treated with proteinase-K

(100 lg ml)1) after the B. bacteriovorus treatment (80

and 81% reduction, respectively). When incubating

the preformed biofilm simultaneously with proteinase-

K and B. bacteriovorus, a loss of biofilm removal was

seen (Fig. 5B, Bdello with PK). A reduction in the

B. bacteriovorus biofilm-reducing ability was also

detected in the samples that were first incubated with

proteinase-K, washed, and then treated with the

B. bacteriovorus (Fig. 5B, PK followed by Bdello).

To further examine the effects of protease on pre-

dation, proteinase-K (100 lg ml)1) and trypsin

(100 lg ml)1) were added to a B. bacteriovorus host

co-cultures containing 3.1 · 108 CFU ml)1 E. coli

strain ZK2686 host cells. A 4-log reduction in CFU

counts was measured in the B. bacteriovorus plus

trypsin cultures with no host cell decrease occurring

in the B. bacteriovorus-free control (4.5 · 104 and
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2.5 · 108 CFU ml)1 respectively). No reduction in

host cell population was measured in the B. bacte-

riovorus proteinase-K lysates (2.3 · 108 CFU ml)1),

indicating that proteinase-K could effectively inhibit

predation. Similar results were obtained when using

E. coli DH5a as host (data not shown) or when co-

culturing B. bacteriovorus with JP2, a smooth-colony

variant of A. actinomycetemcomitans, in the presence

of proteinase-K (from an initial optical density of

A595 = 0.108 to A595 = 0.103, following 48 h of

incubation).

Treating the preformed biofilm with a PGA-hydroly-

sing enzyme (20 lg ml)1 DspB) resulted in a 16%

reduction in biofilm CV staining (Fig. 5C, DspB).

DspB was also capable of enhancing (by 14%) the

ability of the B. bacteriovorus to remove the biofilm

when incubated in concert or before the application

A

B

C

Figure 5 Quantification of Aggregatibacter actinomycetemcomitans

biofilm removal by Bdellovibrio bacteriovorus and enzyme treat-

ments. Preformed overnight A. actinomycetemcomitans CU1000

biofilms (Pretreatment) were incubated for 48 h with filtered steril-

ized lysate (Control), B. bacteriovorus (Bdello), DNase-I (A), pro-

teinase-K (B), and DspB (C). Treatments also included incubating

the biofilm simultaneously with B. bacteriovorus and the selected

enzymes (Bdello with enzyme), treating the biofilm for 2 h with the

enzyme followed by a 48-h B. bacteriovorus treatment (enzyme fol-

lowed by Bdello), or a 48-h B. bacteriovorus treatment followed by

a 2-h incubation period with the enzyme (Bdello followed by

enzyme). Biofilms were stained and quantified. Each value repre-

sents the mean of 12 wells. Error bars are shown as one standard

deviation.

A

B

Figure 6 The role of poly-N-acetylglucosamine (PGA) in biofilm

removal. (A) Preformed overnight Aggregatibacter actinomycetem-

comitans CU1000 biofilms (black bars) were incubated with filtered

sterilized lysate (Control), Bdellovibrio bacteriovorus or a combina-

tion of B. bacteriovorus and DspB. Biofilms were stained after 24 h

(white bars) and 48 h (gray bars). Each value represents the mean

of 12 wells. Error bars are shown as one standard deviation. (B)

A. actinomycetemcomitans CU1000 biofilms (black bars) or A. ac-

tinomycetemcomitans HW1018 biofilms (gray bars) were treated

with B. bacteriovorus for 24, 48 and 72 h, stained, and the percent-

age of biofilm remaining was calculated. Each value represents the

mean of 18 wells. Error bars are shown as one standard deviation.
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of the predator (Fig. 5C). Applying DspB after the

B. bacteriovorus treatment also proved to be more

efficient in removing the biofilm when compared with

the B. bacteriovorus treatment alone (84 and 77%,

respectively).

DspB treatment

In addition to the enhanced biofilm removal capability

observed in the combined B. bacteriovorus plus

DspB treatment, the time by which the A. actinomy-

cetemcomitans biofilm was removed by the predator

was considerably reduced in the presence of the

enzyme. As seen in Fig. 6A, treating the biofilm with

a combination of B. bacteriovorus and enzyme

removed 88% of the biofilm within the first 24 h,

whereas B. bacteriovorus alone reduced the biofilm

by 64% during the same time period.

To further attribute the enhanced biofilm removal

ability of the combined treatment to the degradation

of the biofilm PGA matrix, A. actinomycetemcomitans

CU1000 PGA mutants were used. Although HW1018

is unable to synthesize PGA, it is still capable of

forming a robust biofilm (Izano et al., 2007, 2008).

When incubating the preformed biofilm with B. bacte-

riovorus for 24 h, a reduction of 41% was seen in the

WT CU1000 biofilm, whereas, B. bacteriovorus was

able to remove 92% of the HW1018-PGA mutant

within the same incubation period (Fig. 6B).

DISCUSSION

In the work presented here, the ability of the preda-

tory bacterium B. bacteriovorus 109J to prey on bac-

teria associated with periodontal diseases was

examined. When cultured in liquid suspension,

B. bacteriovorus 109J had the ability to prey on all

the A. actinomycetemcomitans serotypes tested. Pre-

dation was observed on both smooth-colony, biofilm-

negative variants (Fig. 1A) and on biofilms composed

of rough-colony variants (Fig. 2). The ability of

B. bacteriovorus strain 109J to prey on A. actinomy-

cetemcomitans is in agreement with a previous study,

in which predation of A. actinomycetemcomitans by

B. bacteriovorus strain HD100 was documented (Van

Essche et al., 2009). Predation was also observed

when Ei. corrodens was used as host. The ability of

B. bacteriovorus to attack Ei. corrodens was

observed on all of the isolates tested, and occurred

on host cells that were cultured both planktonically or

as a biofilm (Figs 1B and 3). Predation was also

observed on F. nucleatum ATCC 10953; but no pre-

dation was detected when Po. gingivalis, Pr. interme-

dia, T. forsythia and F. nucleatum ATCC 10953 were

used as host. As the mechanisms governing host

specificity of B. bacteriovorus are far from being fully

understood, we could only speculate on the reasons

leading to B. bacteriovorus ability or inability to use

some gram-negative bacteria and not others. One

possibility that could be presented is the inability of

the strict anaerobes to survive in the aerobic condi-

tions in which the predation experiments were con-

ducted. This might also explain why B. bacteriovorus

was able to prey on F. nucleatum, as some isolates

of F. nucleatum have been shown to tolerate higher

oxygen levels (Diaz et al., 2000, 2002). However, the

ability of B. bacteriovorus to prey on metabolically

inactive host cells (Varon & Shil, 1968) might suggest

that additional factors are involved.

To further investigate the potential use of B. bacte-

riovorus to remove surface-attached bacteria, the

predominant state in which oral bacteria reside within

the oral cavity, additional experiments were

conducted. We focused our work on the ability of the

predator to remove A. actinomycetemcomitans

biofilms CU1000, which formed extremely stable

biofilms. The B. bacteriovorus was capable of detach-

ing and removing A. actinomycetemcomitans grown

on hydroxyapatite squares, as well as removing

A. actinomycetemcomitans biofilms submerged in

saliva (Figs 2C and 4A). The ability of a bio-control

agent to withstand the antimicrobial activity associ-

ated with human saliva (Tenovuo, 2002; De Smet &

Contreras, 2005; Abiko & Saitoh, 2007; Weinberg,

2007; Gorr, 2009) is key when considering the in vivo

use of the agent within the oral cavity. Other factors

that might be encountered in the oral cavity and that

might influence the ability of the predator to attack

and remove the biofilms are temperature, oxygen

concentrations and slow or low metabolic activity of

the host cell. To this end, experiments were con-

ducted in which lysates were placed in an elevated

temperature and in a limited oxygen environment. As

documented by Seidler & Starr (1969), a temperature

of 37�C did not inhibit predation, however microaero-

philic and anaerobic conditions did halt the ability of

B. bacteriovorus to prey. Predation did resume when

the cultures were re-placed at room oxygen levels,
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demonstrating that B. bacteriovorus could survive

periods of limited oxygen concentrations. The inability

to prey in an oxygen-limited environment was previ-

ously reported (Schoeffield et al., 1996). Although the

incapacity of B. bacteriovorus to prey in microaero-

philic and anaerobic conditions might prove to be a

disadvantage when applied against bacteria located

deep within the low oxygen environment of the peri-

odontal pocket, it may still be an efficient strategy to

reduce periodontopathogens, such as A. actinomyce-

temcomitans, Ei. corrodens and F. nucleatum (Muller

et al., 1997, 2001; Mager et al., 2003), which could

be detected throughout the oral cavity and in saliva,

or as a means to prevent recolonization of the peri-

odontal pocket following periodontal therapy (De Soe-

te et al., 2001; Quirynen et al., 2001; Van Essche

et al., 2009). The B. bacteriovorus might also be

effective in penetrating oral plaque, removing the

oxygen tolerant bacteria and exposing the anaerobic

pathogens harbored deep within the biofilm (Diaz

et al., 2002). Although B. bacteriovorus 109J was

unable to prey in an oxygen-limited environment,

other Bdellovibrio-like organisms might be more

adapted to prey under these conditions (Schoeffield

et al., 1996; Van Essche et al., 2009). Although via-

ble Bdellovibrio were never cultured from the oral

cavity, 16S ribosomal RNA analysis did identify the

presence of a Bdellovibrio genomic sequence in an

oral sample (Paster et al., 2002; Chen et al., 2010).

The ability of B. bacteriovorus to survive at elevated

temperatures, during periods of oxygen limitation and

in the presence of saliva suggests that the oral cavity

could be an adequate environment to support B. bac-

teriovorus growth.

When placed on a 5-day-old, metabolically inactive,

A. actinomycetemcomitans biofilm, B. bacteriovorus

was able to reduce the biofilm by 75% (Fig. 4C). The

ability to attack and remove metabolically inactive

biofilms could be of great significance when consider-

ing that the limited cell growth rate, usually exhibited

within biofilm communities, plays a vital role in

enhancing biofilm antibiotic resistance (Keren et al.,

2004; Werner et al., 2004; Yang et al., 2008; Hoiby

et al., 2010). Hence, a biofilm-controlling agent that is

not influenced by the metabolic activity of its target

cell could be of value.

Previous studies showed that the EPS of A. actino-

mycetemcomitans biofilms contains extracellular

DNA, protein, and PGA and that degradation of the

EPS compounds could lead to biofilm dispersal

(Izano et al., 2008). In an attempt to enhance biofilm

removal by B. bacteriovorus, DNA-, protein- and

PGA-degrading enzymes were incorporated in the

biofilm predation experiments. The use of DNase-I

simultaneously with the predator did not increase

A. actinomycetemcomitans biofilm removal. A slight

increase in biofilm removal was measured when

DNase-I was added to the biofilm following the preda-

tion period (Fig. 5A). The limited biofilm removal

effect seen with DNase-I and B. bacteriovorus could

be explained by the finding that, in the presence of

PGA, DNA may not be a major compound of

A. actinomycetemcomitans (Izano et al., 2008). The

addition of proteinase-K during predation prevented

the removal of the biofilm by B. bacteriovorus. The

predation-inhibiting effect of proteinase-K was further

confirmed in a standard lysate containing E. coli as

host cells or a smooth-colony variant of A. actinomy-

cetemcomitans. These results suggest that protein-

ase-K might affect specific surface proteins on the

host cell or the B. bacteriovorus that are required for

predation. No reduction in host CFU or host-

independent B. bacteriovorus CFU were measured

after incubation with proteinase-K (Medina & Kadouri,

2009). Therefore, it is less likely that the loss of pre-

dation in the presence of proteinase-K is caused by a

reduction in cell viability. Although proteinase-K was

able to inhibit predation, trypsin, a serine protease

that exhibits cleaving properties different from those

of proteinase-K, did not reduce predation. Hence, the

ability of the enzyme to inhibit predation is specific

and might explain the ability of B. bacteriovorus to

prey in the presence of saliva, which is known to

harbor trypsin-like proteases (Ingman et al., 1993;

Sun et al., 2009).

Treating the biofilm with DspB, a known PGA-

hydrolysing enzyme, before or simultaneously with

B. bacteriovorus, resulted in an increase in biofilm

removal (Fig. 5C). The DspB plus B. bacteriovorus

treatment also significantly shortened the time

required for A. actinomycetemcomitans biofilm

removal (Fig. 6A). Additional confirmation of the

enhanced biofilm removal by B. bacteriovorus in the

absence of PGA was seen when HW1018, a PGA-

deficient mutant, was used (Fig. 6B).

We propose that the improved biofilm removal,

measured in the presence of DspB and in the PGA

mutant, could result from an increased ability of
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B. bacteriovorus to penetrate and remove a biofilm

that has a low or no PGA content in its EPS. Another

possibility is that following predation; PGA and EPS

residues still remain on the surface. Hence, removal

of the PGA by the enzyme or by using a PGA mutant

reduces the surface-attached debris remaining after

predation, leading to a reduction in CV staining. Fur-

ther experiments are currently underway to fully

understand the role played by PGA in biofilm mainte-

nance during predation. In conclusion, our data

demonstrate the potential use of biofilm EPS degrad-

ing enzymes as a means to enhance the ability

of B. bacteriovorus to remove surface-attached

bacteria.

In this study we have demonstrated the potential

use of B. bacteriovorus 109J in controlling oral patho-

gens in vitro and the conditions that might influence

and enhance the bio-control aptitude of this unique

predator. It was previously shown that, like other pre-

dators in nature, B. bacteriovorus does not consume

all of its prey (Shemesh & Jurkevitch, 2004; Kadouri

& O’Toole, 2005) making it less adequate to be used

as a bio-control agent; however, its ability to infiltrate

biofilms could still render it effective in partially reduc-

ing the biofilm and allowing host immune defenses or

additional antimicrobial agents better access to the

surface-attached cells. Another question that needs

to be addressed is what will be the impact of adding

a relatively non-specific predator like B. bacteriovorus

to the gram-negative microbial commensal popula-

tion. Though we are incapable of answering this

question at this point, one should remember that the

majority, if not all, of the antimicrobial agents used to

date are also non-specific and target the commensal

flora. Therefore, while the potential ability of B. bacte-

riovorus to be used to control human pathogens has

been discussed (Richardson, 1990; Fratamico &

Cooke, 1996; Martin, 2002; Sockett & Lambert, 2004)

the full impact of using Bdellovibrio as a live antibiotic

in vivo should be the focus of future studies.
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