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Chapter 3 
 
Disruption of Gardnerella vaginalis 
Biofilms by Lactobacilli In Vitro 
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Abstract 

Bacterial vaginosis is one of the most common vaginal infections, 

caused by polymicrobial biofilms, in which Gardnerella vaginalis is one of 

the initial colonizers. With increasing antibiotic resistance among many 

pathogens, it is important to explore alternative routes of therapy and 

prevention, such as the use of lactobacilli. This study summarizes a number 

of observations on the disruption of G. vaginalis BME-1 biofilms by 

lactobacilli that collectively support a new biophysical mechanism of 

antagonistic Lactobacillus action towards G. vaginalis biofilms. First, a 

significant decrease in thickness was observed in mixed species biofilms of 

G. vaginalis and lactobacilli as compared to similarly grown, single-species 

G. vaginalis biofilms. Cell-free supernatants from different Lactobacillus 

strains were also able to significantly disrupt G. vaginalis biofilms. Secondly, 

bacterial probe atomic force microscopy demonstrated that the 

Lactobacillus strains adhered more strongly to G. vaginalis than the 

pathogen did to itself. This implies that lactobacilli can incorporate 

themselves within and co-adhere with G. vaginalis in mixed species biofilms, 

as confirmed using fluorescence in situ hybridization probes and confocal 

laser scanning microscopy. Summarizing, this study demonstrates an 

adhesion force based, biophysical mechanism by which lactobacilli can 

disrupt G. vaginalis biofilms, thereby offering future options for better 

management of bacterial vaginosis and targeting pathogens with 

antagonistic lactobacilli.  
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Importance 

The ability of Gardnerella vaginalis to form biofilms is a critical 

component of bacterial vaginosis (BV), a condition that can have serious 

consequences for the health of women and the children they bear. 

Antibiotic treatments are often ineffective and do not restore a healthy 

vaginal microflora. Here, we demonstrate that different strains of 

lactobacilli can adhere to G. vaginalis to incorporate themselves within and 

cause disruption of G. vaginalis biofilms, thereby helping to explain the 

potential for probiotic approaches to this highly common condition. 

Observations 

BV is the most common infection in women and can have serious 

consequences for the health of women and the children they bear, like 

preterm labour and sexually transmitted diseases1, 2. In the healthy vagina, 

there is a sparse bacterial coverage of the epithelium, mostly by lactobacilli3 

with low species diversity4. BV is associated with a reduction in Lactobacillus 

prevalence and an overgrowth by other (facultative) anaerobic bacteria, 

such as Gardnerella vaginalis, Atopobium vaginae, Prevotella bivia, and 

Fusobacterium nucleatum4, 5. BV infections are thought to be potentially 

partially initiated by G. vaginalis colonization3, 6, in part because of its ability 

to adhere to the vaginal epithelium and to form thick biofilms3. 

Antibiotic treatments for BV are largely ineffective and with 

increasing antibiotic resistance among many pathogens, it is important to 

explore alternative routes of therapy and prevention, such as the use of 

 71 



lactobacilli. Attempts to restore a healthy microflora from an unbalanced 

one with BV, have been made by using Lactobacillus strains7. Some 

Lactobacillus strains such as Lactobacillus reuteri RC-14 can reduce G. 

vaginalis biofilms in vitro8 and the clinical occurrence of BV7. However, other 

Lactobacillus strains are not detectable after a certain amount of time, 

indicating that they are unable to participate in colonization9. Integration 

and residence of lactobacilli in the biofilm is desirable as research indicates 

that most healthy vaginal communities are colonized mainly by lactobacilli10. 

Among the antagonistic Lactobacillus mechanisms against 

pathogenic biofilms that have been studied, perhaps the least explored 

remain the biophysical ones11. This study summarizes a number of 

observations on the disruption of G. vaginalis BME-1 biofilms by lactobacilli 

that collectively forward support of a new, biophysical mechanism of 

Lactobacillus action towards G. vaginalis biofilms. 

As a key-finding to this study, our first observation involves the 

incorporation of lactobacilli in 24 h old G. vaginalis BME-1 biofilms (Table 1). 

Incorporation of L. reuteri RC-14 or Lactobacillus iners AB-1 significantly 

reduced the thickness of G. vaginalis BME-1 biofilms, but incorporation of 

Lactobacillus crispatus 33820 left the thickness of G. vaginalis biofilms 

unaffected. Challenging G. vaginalis BME-1 biofilms with cell-free 

supernatant (CFS) of Lactobacillus growth medium yielded reductions in 

thickness of G. vaginalis biofilms for all three Lactobacillus strains (p<0.05: 

Student’s t test), that were larger than could achieved by incorporating 

lactobacilli in the biofilms (Table 1). This is probably due to the fact that the 

CFS of the Lactobacillus strains are concentrated with respect to what is 

being produced in a biofilm. 
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Table 1 | Thicknesses and CLSM cross-sectional views of 48 h 
single-species G. vaginalis BME-1 biofilms, 24 h G. vaginalis 
BME-1 biofilms, subsequently grown for 24 h in presence of 
different Lactobacillus strains and 24 h G. vaginalis BME-1 
biofilms challenged with Lactobacillus cell-free supernatant 
(CFS) and subsequently grown for another 24 h.  

 

Data are averages of 4 images taken over 3 separate experiments with standard 
deviations. Images were scaled to the same magnification for comparative 
purposes. Scale bar = 50 µm. Statistical differences (p<0.05: Student’s t test), 
compared to the G. vaginalis BME-1 biofilm, are indicated by an asterisk (*). Gv is 
G. vaginalis BME-1, Lr is L. reuteri RC-14, Li is L. iners AB-1 and Lc is L. crispatus 
33820. 
 

Reductions in biofilm thickness were two-fold larger for CFS of L. reuteri RC-

14 or L. iners AB-1 than for L. crispatus 33820 CFS, which is in line with the 

fact that incorporation of L. crispatus in a G. vaginalis BME-1 biofilm did not 
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yield a reduction in biofilm thickness. Both L. crispatus and L. reuteri are 

known to produce bioactive compounds in their CFS that inhibit pathogen 

growth12 and initial adhesion13. CFS is usually multi-component and these 

components are hard to analyse individually. The best-characterized CFS 

component is produced by L. reuteri RC-14 and involves a 29-kDa protein 

with an N-terminal sequence identical to that of a collagen-binding protein 

from L. reuteri NCIB 1195114, and exhibiting surfactive properties15. The 

literature is very sparse for the analysis of the CFS for the remaining two 

lactobacilli, other than potential bacteriocins for L. crispatus 3382016. The 

observed reduction in the thickness of the G. vaginalis biofilms could be due 

to surfactant effects, although effects of bacteriocin release by lactobacilli 

cannot be ruled out either16.  

Thus, relating Lactobacillus action with bioactive compound release 

raises the question whether bioactive compounds produced in the vicinity of 

adhering G. vaginalis would be more effective in their antagonistic action 

than when produced elsewhere, like for instance in Lactobacillus 

microcolonies. Accordingly, in a second set of observations, we utilized 

bacterial probe atomic force microscopy (AFM) to compare adhesion forces 

between G. vaginalis BME-1 pairs and between lactobacilli paired with G. 

vaginalis. All adhesion forces increased when contact between bacteria was 

allowed to mature over time and differences became significant after 120 s 

of bond maturation (Figure 1). G. vaginalis BME-1 adhered to itself with a 

relatively low adhesion force of -4.2 ± 0.6 nN. All three Lactobacillus strains 

had statistically stronger adhesion forces to G. vaginalis BME-1 than the 

pathogen possessed to itself (p<0.05: mixed linear model), with L. reuteri 

RC-14 having the strongest adhesion force (-7.0 ± 0.6 nN), followed by L. 
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crispatus 33820 (-6.4 ± 0.5 nN), and L. iners AB-1 (-5.8 ± 0.5 nN). These 

adhesion forces are similar in magnitude to the adhesion forces between 

lactobacilli and different Staphylococcus aureus strains17. Moreover, here 

too lactobacilli had a stronger adhesion force to S. aureus than the pathogen 

had to itself.  

 

Figure 1 | Adhesion forces measured by AFM between G. 
vaginalis BME-1 and between lactobacilli and G. vaginalis BME-
1 during bond-maturation.  
Each data point represents an average of 30 force-distance curves, measured using 
three bacterial probes prepared out of two different bacterial cultures per strain. 
Asterisks (*) represent statistical significance between lactobacillus and G. vaginalis 
adhesion forces as compared with adhesion forces between G. vaginalis after 120 s 
bond maturation (p<0.05: mixed linear model). 
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This implies that lactobacilli should indeed be able to incorporate 

themselves within G. vaginalis biofilms, in close association with G. 

vaginalis. Using lactobacilli-specific fluorescence in situ hybridization (FISH) 

probes and CLSM imaging, Lactobacillus incorporation and co-adhesion with 

G. vaginalis BME-1 could indeed be observed for all three Lactobacillus 

strains (Figure 2).  

Collectively, our observations on the disruption of G. vaginalis BME-1 

biofilms by lactobacilli forward support of an adhesion force based, 

biophysical mechanism of antagonistic Lactobacillus action towards G. 

vaginalis biofilms. Adhesion forces between lactobacilli and G. vaginalis 

favor co-adhesion between these two antagonistic strains rather than 

between G. vaginalis itself. This in turn implies that biosurfactants and other 

bioactive compounds released by lactobacilli reach their highest 

concentration in the close vicinity of the pathogens, enhancing their 

efficacy.  
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Figure 2 | CLSM overlay images and optical cross-sections of 24 
h G. vaginalis BME-1 biofilms challenged with lactobacilli and 
subsequently grown together for another 24 h.  
FISH staining involved EUB 338 general bacterial staining (red) and LAB 158 for 
Lactobacillus staining (green). Correctly hybridized lactobacilli can be either green- 
or yellow-fluorescent, indicating a possible overlay of the green and red channels. 
Scale bar indicates 50 μm. 
A | 48 h G. vaginalis BME-1 biofilm.  
B | 24 h G. vaginalis BME-1 biofilm, subsequently grown for 24 h with L. reuteri RC-
14 added.  
C | Same as in B, but with L. iners AB-1.  
D | Same as in B, but with L. crispatus 33820. 
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Thus, adhesion forces between lactobacillus and G. vaginalis cell surfaces 

are critical for effective antagonistic action of lactobacilli. This conclusion 

coincides with a generalized statement by Dufrene18, that force microscopy 

yields new structural and functional insights into the microbial cell surface. 

Accordingly, it is suggested that selection of probiotic strains should include 

comparison of their adhesion forces with target pathogens in relation with 

the adhesion forces between the pathogens themselves, a suggestion that 

most likely also holds for other probiotic strains with antagonistic action 

towards their target pathogens. As an example we mention the competition 

between Streptococcus pneumoniae as a leading pathogen in otitis media 

and colonizer of the upper respiratory tract with members of the healthy 

microflora in this particular habitat, such as Corynebacterium and 

Dolosigranulum19. 

 

Methods 

Biofilm formation and imaging  

All bacterial strains were cultured anaerobically from a frozen stock 

on agar plates at 37°C. One colony of G. vaginalis BME-1 was cultured 

anaerobically in brain heart infusion (BHI, Basingstoke, UK) broth and one 

colony of the L. reuteri RC-14, L. iners AB-1 and L. crispatus 33820 was 

cultured anaerobically in deMan, Rogosa and Sharpe (MRS, MERCK, 

Darmstadt, Germany) broth overnight at 37°C. All strains were harvested by 

centrifugation for 5 min at 5000 g, washed twice with sterile PBS (150 mM 

NaCl, 10 mM potassium phosphate, pH 7.0) and suspended in PBS. Twelve-
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well plates (used for live/dead staining) and 8-well chamber slides (used for 

FISH probes) with BHI growth medium were inoculated with G. vaginalis 

BME-1 to a final concentration of 1.0 x 105 bacteria/mL. For the single-

species G. vaginalis biofilm, the medium was replaced after 24 h with 1 mL 

fresh BHI and grown for an additional 24 h. For the mixed-species biofilms, 1 

mL of medium from the 24 h old G. vaginalis BME-1 biofilm was replaced 

with fresh BHI and one of the Lactobacillus strains (final concentration: 1.0 x 

105 bacteria/mL) was added and both strains were grown together for an 

additional 24 h. For the challenge with CFS (see section below for CFS 

preparation), a final concentration of 1.0 mg/mL was added to the 24 h old 

G. vaginalis biofilm and grown for an additional 24 h. After 48 h of growth, 

the single and mixed-species as well as CFS-challenged G. vaginalis BME-1 

biofilms were gently rinsed with sterile PBS and then stained for 30 min in 

the dark with live/dead stain (BacLightTM, Invitrogen, Breda, The 

Netherlands) and imaged with CLSM (Leica TCS-SP2, Leica Microsystems 

Heidelberg GmbH, Heidelberg, Germany). 

The biofilms designated for FISH were fixated with 3.7% 

paraformaldehyde and dehydrated with ethanol. Hybridization of lactobacilli 

required an additional step to increase membrane penetration using a 

buffered enzyme mixture (2 mg/mL lysozyme was dissolved in a buffer (25 

mM Tris-HCl pH 7.5, 10 mM EDTA, 585 mM sucrose, 5 mM CaCl2 and 0.3 

mg/mL sodiumtaurocholate)20 that was added prior to probe hybridization 

for 60 min at 37°C in a closed moist chamber. The probes used were a 

fluorescein-isothyocyanate (FITC)-labeled Lab158 probe, specific for 

Lactobacillus strains (fluorescing green) and a rhodamine-labeled EUB338 

probe, a general probe for bacteria (fluorescing red). The slides were 
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hybridized overnight at 50°C in a moist, dark chamber using 200 μL per slide 

of pre-warmed (50°C) hybridization mix (0.9 M NaCl, 20 mM Tris, pH 7.2, 

and 0.01% SDS) containing specific oligonucleotide probes as previously 

described20. Post-hybridization, the slides were washed in a pre-warmed 

(50°C) buffer solution (0.9 M NaCl, 20 mM Tris, pH 7.2) for 15 min to remove 

unbound probes, dipped in ultrapure water, immediately dried with air, 

mounted in Vectashield® medium for fluorescence (Vector Laboratories, Inc. 

Burlingame CA 94010, USA) and covered with a coverslip and imaged.  

Biofilms were imaged with a 40x water objective (live/dead stained 

biofilms) and 63x oil immersion lens (FISH stained biofilms) at 1.5 µm steps 

in the z-direction with the CLSM. The resulting images were analyzed with 

the latest version of Leica Confocal Software to visualize overlays and cross-

sections of the bacterial biofilms.  

Preparation of cell-free Lactobacillus supernatant  

The three Lactobacillus strains were grown to stationary phase in 

400 mL MRS for collection of CFS, as previously described15. Briefly, the 

bacteria were harvested by centrifugation at 10,000 g for 5 min at 10°C, 

washed in sterile demineralized water, and resuspended in 100 mL PBS. The 

bacterial suspension was gently stirred at room temperature for 2 h to 

stimulate the secretion of bioactive compounds, bacteria were removed by 

centrifugation and the CFS was filtered through a 0.22 μm pore size filter 

(Millipore, Massachusetts, USA). The filtered supernatant was dialyzed 

against demineralized water at 4°C in a Spectrapor membrane tube with 

6,000 to 8,000 kDa molecular weight cutoff (Spectrum Medical Industries 

Inc., Los Angeles, USA) and then freeze-dried. The filtered and freeze-dried 
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CFS was dissolved in PBS and added to the biofilms at a final concentration 

of 1.0 mg/mL. 

Bacterial adhesion force measurements  

AFM measurements were carried out at room temperature in sterile 

PBS (pH 6.0) using an optical lever microscope (Nanoscope V, Digital 

Instruments, Woodbury, NY, USA) as previously described17. A bacterial 

suspension in sterile PBS (1.0 x 105 bacteria/mL) was adhered with poly-L-

lysine either to a glass slide, or to the D-tip of an O-NP silicon nitride 

cantiliever. Force curves were measured after different bond maturation 

times (0, 30, 60, and 120 s) between the bacterial probe (always G. vaginalis 

BME-1) and G. vaginalis BME-1 or a Lactobacillus strain immobilized on the 

glass slide and the maximal adhesion force upon retraction was recorded. To 

ensure that a bacterial probe had single contact with one bacterium on the 

glass slide17, the slide was imaged in contact mode at the onset of each 

experiment in order to select an adhering bacterium. The scan was carefully 

checked for double-contour lines, indicative of multiple contact, and any 

probe that demonstrated double-contour lines was discarded. It should be 

noted that this seldom or never occurred. All force curves were analyzed 

using Nanoscope Analysis (Version 1.5). For each combination of bacterial 

strains, at least 30 force-distance curves were recorded with three bacterial 

probes and bacteria from at least two different cultures of each strain.  
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