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A B S T R A C T   

It is increasingly recognized that interspecies interactions may modulate the pathogenicity of Pseudomonas 
aeruginosa during chronic lung infections. Nevertheless, while the interaction between P. aeruginosa and path
ogenic microorganisms co-infecting the lungs has been widely investigated, little is known about the influence of 
other members of the lung microbiota on the infection process. In this study, we focused on investigating the 
impact of Prevotella species isolated from the sputum of people with cystic fibrosis (pwCF) on biofilm formation 
and virulence factor production by P. aeruginosa. Screening of a representative collection of Prevotella species 
recovered from clinical samples showed that several members of this genus (8 out 10 isolates) were able to 
significantly reduce biofilm formation of P. aeruginosa PAO1, without impact on growth. Among the tested 
isolates, the strongest biofilm-inhibitory activity was observed for Prevotella intermedia and Prevotella nigrescens, 
which caused a reduction of up to 90% in the total biofilm biomass of several P. aeruginosa isolates from pwCF. In 
addition, a strain-specific effect of P. nigrescens on the ability of P. aeruginosa to produce proteases and pyocyanin 
was observed, with significant alterations in the levels of these virulence factors detected in LasR mutant strains. 
Overall, these results suggest that non-pathogenic bacteria from the lung microbiota may regulate pathogenicity 
traits of P. aeruginosa, and possibly affect the outcome of chronic lung infections.   

1. Introduction 

Despite significant advances in the development of therapies tar
geting the basic defect in cystic fibrosis (CF), [i.e., cystic fibrosis trans
membrane regulator (CFTR) modulators], chronic airway infections 
remain a leading contributor to lung disease [1]. Currently, more than 
40% of adults with CF [2] develop chronic infections with Pseudomonas 
aeruginosa during their lifetime, with detrimental consequences on lung 
function and life expectancy of these individuals [3]. Although the 
clinical use of CFTR modulators has led to an overall decrease in 
P. aeruginosa load in the lower respiratory tract [4,5], relapsing and 
recurring lung infections are commonly seen in people with CF (pwCF) 

[6–8]. Pre-existing structural airway damage and adaptive behaviour of 
P. aeruginosa are among the main factors predisposing to persistent 
colonization of the CF lung [9,10]. In this regard, along with inherited 
mechanisms of antibiotic resistance, the ability of P. aeruginosa to form 
biofilms plays a key role in reducing the effectiveness of current anti
biotic therapies and in preventing the eradication of the infection 
[11–13]. 

In addition to clinically important pathogens like P. aeruginosa, the 
respiratory tract of pwCF harbours many other microbial species that are 
mostly regarded as non-pathogenic [14,15]. A growing body of litera
ture has shown that the interaction of P. aeruginosa with other micro
organisms in the CF airways has the potential to influence the 
pathogenesis of chronic lung infections [16–18]. Several studies have 

* Corresponding author. Ottergemsesteenweg 460, 9000, Ghent, Belgium. 
E-mail address: aurelie.crabbe@ugent.be (A. Crabbé).  
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demonstrated the existence of a wide range of (synergistic and/or 
antagonistic) interactions between P. aeruginosa and other CF patho
gens, including Staphylococcus aureus, Burkholderia cepacia complex, 
Stenotrophomonas maltophilia and Aspergillus fumigatus complex 
(reviewed by Ref. [19,20]). These interactions have been reported to 
affect P. aeruginosa virulence and/or biofilm formation both in vitro and 
in animal infection models [21–25]. Altered susceptibility of 
P. aeruginosa to different classes of antibiotics (e.g., aminoglycosides and 
β-lactams) has also been observed in co-culture with S. aureus, 
S. maltophilia, A. fumigatus and C. albicans (reviewed by Ref. [26,27]). 
While the impact of common respiratory pathogens on the pathogenicity 
of P. aeruginosa has been extensively examined, interspecies interactions 
involving other members of the CF lung microbiota are still largely 
unexplored [28]. 

Anaerobic bacteria have emerged as important members of the CF 
lung microbiota, with Prevotella being the most prevalent and abundant 
genus detected in respiratory samples [29,30]. Although the prevalence 
of Prevotella species in the CF lower airway is similar to that of 
P. aeruginosa [31,32], their contribution to infection and inflammation 
remains controversial [33,34]. Several studies have suggested a poten
tial role of these bacterial species in promoting the growth and antibiotic 
resistance of P. aeruginosa through cross-feeding and secretion of 
antibiotic-degrading enzymes, respectively [35–37]. In contrast, a pos
itive impact of certain Prevotella species on lung health has recently been 
proposed based on their ability to modulate inflammatory responses 
induced by P. aeruginosa or other pro-inflammatory mediators [38,39]. 
In addition, the abundance of Prevotella species and other obligate an
aerobes of the CF lung microbiota (e.g., Veillonella) has been positively 
associated with milder lung disease and/or lower levels of 
pro-inflammatory mediators [15,29,30,40–44]. 

Considering these contradictory observations, we became interested 
in understanding if and how Prevotella species might influence the 
progression of lung disease through interactions with key pathogens like 
P. aeruginosa. A better understanding of the impact of these microbiota 
members on pathogenicity traits of P. aeruginosa may help elucidate 
their role in chronic lung infections. In the present study, we investi
gated whether various Prevotella species commonly detected in the CF 
lung microbiota exert a direct influence on biofilm formation, growth 
and production of clinically relevant virulence factors (such as proteases 
and pyocyanin) by P. aeruginosa. 

2. Materials and methods 

2.1. Bacterial strains and culture conditions 

All P. aeruginosa and Prevotella spp. strains used in the present study 
are listed in Table 1. The laboratory strain P. aeruginosa PAO1 (ATCC 

15692) and CF clinical isolates from the international P. aeruginosa 
reference panel (AA2, AMT0023-30, AMT0060-3, IST27, IST27-N, 
U018a and 2192) were used in this study [45]. Additional CF strains 
included natural LasR mutants (E113 and E131) and a LasR variant of 
P. aeruginosa AA2, previously obtained through in vitro evolution ex
periments. Sanger sequencing of lasR was performed to verify the spe
cific mutation present in the AA2 ΔlasR strain, and a single nucleotide 
deletion was found at position 543 (543delG). For routine cultures, these 
strains were grown aerobically on Luria-Bertani (LB) agar and in LB 
broth for 16–18 h at 37◦C. All Prevotella spp. strains were collected in the 
present study (as described below) with the exception of Prevotella 
oulorum (Table 1). For the preparation of pure cultures and the 
enumeration of colony-forming units (CFU), the Prevotella spp. strains 
were cultured on Columbia Blood Agar (CBA; Columbia agar added with 
5% sheep blood) under anaerobic conditions (5% H2, 5% CO2, 90% N2; 
Bactronez-2 Anaerobic Chamber, SHEL-LAB, Cornelius, USA) for 2–3 
days at 37◦C. Liquid cultures were obtained by growing bacteria in 
anaerobic Brain Heart Infusion broth (anBHI; BHI containing 50 μg/mL 
L-cysteine and 1 μg/mL resazurin), until the stationary phase of growth 
was reached (16–24 h at 37◦C, anoxic atmosphere). 

2.2. Clinical data and sputum sample collection 

Sputum samples were obtained from 15 pwCF attending the outpa
tient clinic of Ghent University Hospital, after having received approval 
of the local ethics committee (registration number: B670201836204). 
Inclusion criteria for participants were ability to produce sputum, 
chronic colonization with P. aeruginosa (based on P. aeruginosa-positive 
culture in >50% of samples taken in the previous 12 months) and being 
older than 12 years. The main clinical features of the study cohort are 
summarized in Table S1. These include: age, gender, cftr gene mutation, 
lung function (measured as forced expiratory volume in 1 second, 
FEV1%), presence of pancreatic insufficiency, duration of P. aeruginosa 
colonization, and type of treatment at the time of sampling (i.e., CFTR 
modulator and antibiotic therapies). Sputum samples were obtained 
through spontaneous expectoration and processed within 2 h of collec
tion, as previously described [39]. 

Abbreviations 

anBHI anaerobic Brain Heart Infusion 
AUC Area Under the Curve 
CBA Columbia Blood Agar 
CF Cystic Fibrosis 
CFS Cell-Free Supernatant 
CFTR Cystic Fibrosis Transmembrane Regulator 
CFU Colony-Forming Units 
FAA Fastidious Anaerobe Agar 
FEV1 Forced Expiratory Volume in 1 second 
KVLB Kanamycin-Vancomycin Laked Blood 
MALDI-TOF MS MALDI-TOF Mass Spectrometry 
MSP Main Spectrum Profiles 
pwCF people with Cystic Fibrosis  

Table 1 
Overview of strains used in the present study.  

Species Strain Origin and relevant features 

Pseudomonas 
aeruginosa 

PAO1 (ATCC 15692) Non-CF, wound [46]  

AA2 CF (early isolate) [47]  
AA2 ΔlasR Evolved strain [48]  
AMT0023-30, 
AMT0060-3 

CF (early isolate) [49]  

E113, E131 CF, natural LasR mutants [50]  
IST27 CF, mucoid [51]  
IST27-N Spontaneous non-mucoid variant 

of IST27 [51]  
U018a CF [52]  
2192 CF (late isolate) [53] 

Prevotella denticola P10_ANAE4 CF sputum 
Prevotella histicola P5_ANAE4 CF sputum 
Prevotella intermedia CFI0117 CF sputum 
Prevotella jejuni P8_ANAE11 CF sputum 
Prevotella 

melaninogenica 
P4_ANAE10 CF sputum 

Prevotella nigrescens P4_ANAE1 CF sputum 
Prevotella oris P3_ANAE1 CF sputum 
Prevotella oulorum B028_V3_SPU_E1K CF sputum 
Prevotella pallens P15_ANAE23 CF sputum 
Prevotella salivae P1_ANAE3 CF sputum 

Abbreviation – CF: cystic fibrosis. 
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2.3. Isolation and identification of Prevotella species from CF sputum 
samples 

Isolation of Prevotella species was performed by culturing serial di
lutions of the sputum on different media under anaerobic conditions for 
5 days at 37◦C. The following culture media were selected based on 
previous successful isolation of Prevotella species [54,55]: CBA, Fastid
ious Anaerobe Agar (FAA) and Kanamycin-Vancomycin Laked Blood 
agar (KVLB; tryptic soy agar added with 0.1 μg/mL kanamycin, 7.5 
μg/mL vancomycin, 10 μg/mL vitamin K1, 0.05 ng/mL hemin and 5% 
laked horse blood). For each sample, 15 to 30 morphologically distinct 
colonies were purified through serial passages on the same medium used 
for their initial isolation. Identification of these isolates was performed 
by MALDI-TOF mass spectrometry (MALDI-TOF MS; Bruker Microflex, 
Bruker Daltonics, Bremen, Germany) due to the ability of this technol
ogy to provide a rapid and accurate species-level identification of 
anaerobic bacteria (including members of the Prevotella genus) [56,57]. 
The MALDI Biotyper software (version 4.1) (Bruker Daltonics) was used 
for analysing and comparing the mass spectra derived from each un
known isolate with the reference spectra in the database (MALDI Bio
typer IVD Library Revision J) (updated with 11758 MSP). Results of the 
MALDI-TOF MS analysis were expressed as score with values ranging 
from 0 to 3, where scores ≥ 2.0 and ≥ 1.7 were set as a threshold for the 
identification of isolates at the species and genus level, respectively. The 
identification was considered not reliable at score values below 1.7 [30, 
58]. 

2.4. Preparation of cell-free supernatants (CFS) of Prevotella species 

One representative isolate for each Prevotella species identified 
(referred to as Prevotella spp. strain) was selected for the study. 
Stationary-phase cultures of the tested Prevotella spp. strains were 
centrifuged at 4500×g for 10 min, and supernatants were sterilized by 
filtration using 0.22 μm hydrophilic polyethersulfone filters (Millex-GP, 
Merck Millipore, Burlington, Massachusetts, USA). The CFU/mL of 
bacterial cultures was determined prior to the collection of the super
natants by plating. Depending on the tested strain, average CFU counts 
ranging from 1.5 × 108 to 2.9 × 109 CFU/mL were reached in stationary- 
phase cultures (Fig. S1). The pH of the CFS was measured and adjusted 
to the value obtained for anBHI alone (6.95 ± 0.10). 

2.5. Assessment of P. aeruginosa growth 

The antibacterial activity of Prevotella spp. strains was assessed by 
monitoring the growth of P. aeruginosa PAO1 in the presence and 
absence of the CFS. To this end, PAO1 overnight cultures were centri
fuged and bacterial cells were resuspended in 4-fold concentrated BHI 
(BHI 4X) at a final density of 5 × 105 CFU/mL. Concentrated BHI was 
used for the preparation of the P. aeruginosa PAO1 suspension to 
compensate for a possible reduction in nutrient availability in the CFS 
due to the growth of Prevotella species [59]. A volume of 40 μL of PAO1 
suspension in BHI 4X was added to 160 μL of the CFS obtained from 
individual Prevotella spp. strains into the wells of a U-bottom 96-well 
plate. Hence, the CFS was tested at the final concentration of 80% 
(v/v). For the growth control, bacteria were added to fresh anBHI. 
Growth of P. aeruginosa PAO1 was determined by measuring the optical 
density at 590 nm (OD590) every 30 min for 24 h using a microplate 
reader (VICTOR Nivo; PerkinElmer, Waltham, Massachusetts, USA). 
Area Under the Curve (AUC) was calculated for each growth dataset 
using GraphPad Prism 9 (GraphPad Software, San Diego, California, 
USA). To estimate kinetic growth parameters (lag phase duration, 
maximum growth rate during the logarithmic phase and maximum 
culture density), a three-parameter Gompertz equation was fitted to the 
growth data using SigmaPlot 15 (SYSTAT Software, Chicago, Illinois, 
USA) [60]. 

2.6. Assessment of P. aeruginosa biofilm formation 

The antibiofilm potential of Prevotella spp. strains was evaluated 
based on their ability to prevent biofilm formation of P. aeruginosa PAO1 
and clinical CF strains. As described above, a volume of 40 μL of bac
terial suspension (5 × 105 CFU/mL in BHI 4X) was added to 160 μL of 
CFS or anBHI (untreated control for biofilm formation) into U-bottom 
96-well plates. For selected Prevotella spp. strains, serial dilutions of the 
CFS were performed in anBHI [i.e., final concentration of the CFS 
ranging between 0.02 and 20% (v/v)] and tested for their biofilm- 
inhibitory activity. After 24 h of incubation (37◦C, 100 rpm), biofilm 
biomass was assessed through a standard crystal violet staining [61]. In 
parallel, the number of culturable biofilm-forming bacteria was deter
mined by plating [62]. To this end, biofilms were washed twice with 
physiological saline (0.9% NaCl) to remove non-adherent cells and 
disrupted through two consecutive cycles of vortexing (900 rpm, 5 min) 
and sonication (4 kHz, 5 min; Branson Ultrasonic Bath 3510, Branson 
Ultrasonics, Danbury, Connecticut, USA). Biofilm-associated bacteria 
were serially diluted and plated on LB agar (detection limit: 102 

CFU/mL). For selected conditions, the number of non-adherent (plank
tonic) cells was also assessed. The number of CFU was quantified after 
aerobic incubation of the plates for 16–18 h at 37◦C. 

2.7. Quantification of P. aeruginosa virulence factors 

The effect of selected Prevotella spp. strains on the production of 
virulence factors by P. aeruginosa (PAO1 and CF strains) was assessed 
based on the levels of total proteases and pyocyanin. To this end, 
P. aeruginosa suspensions (400 μL, 5 × 105 CFU/mL in BHI 4X) were 
inoculated into 1.6 mL of CFS of the Prevotella spp. strains or anBHI 
(untreated control) in 24-well plates. Following incubation (24 h at 
37◦C, 100 rpm), bacterial cultures were centrifuged and the supernatant 
filter-sterilized. An azocasein assay was performed to evaluate the pro
teolytic activity of P. aeruginosa, while pyocyanin levels in the filtered 
supernatant were quantified by spectrophotometry following 
chloroform-HCl extraction [63]. The proteolytic activity of the CFS 
alone was also measured under the same experimental conditions. To 
account for subtle differences in growth between samples, absorbance 
values obtained for the quantification of proteases (ABS420) and pyo
cyanin (ABS530) were normalized to the number of viable bacteria (Log 
CFU mL− 1) at the end of the incubation period. 

2.8. Statistical analysis 

All experiments were performed at least in biological triplicate. 
Statistical analysis was carried out using SPSS statistics software, version 
28 (SPSS, Chicago, Illinois, USA). Normal distribution of the data was 
verified using the Shapiro-Wilk test. For normally distributed data, dif
ferences between mean values were evaluated with a t-test for inde
pendent samples in case of two-sample comparison and a one-way 
analysis of variance (ANOVA) followed by Bonferroni post hoc test in 
case of multiple comparison. Non-normally distributed data were ana
lysed using the Mann-Whitney test or the Kruskal-Wallis test followed by 
Dunn post hoc test. A p-value <0.05 was considered statistically 
significant. 

3. Results 

3.1. Representative Prevotella species of the lung microbiota were 
successfully isolated from CF sputum 

Sputum samples for bacterial isolation were collected from 15 pwCF 
chronically colonized with P. aeruginosa. Most of pwCF (13 out of 15) 
were treated with antibiotics at the time of sampling, while only a few (3 
out of 15) received CFTR modulator therapy (Table S1). Regardless of 
ongoing treatments, we were able to isolate a total of 9 different species 
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of the Prevotella genus from these clinical samples (Fig. 1A, Table S2). A 
large proportion of the samples were positive for the presence of Pre
votella species, with up to 3 different species detected from each patient 
(Fig. 1B). In addition to Prevotella, anaerobic culture of sputum resulted 
in the isolation of 11 other genera (26 bacterial species in total), which 
included both predominant and low-abundance anaerobes that are often 
detected in pwCF [30] (Fig. 1A, Table S2). While Streptococcus and 
Veillonella species were often isolated from sputum samples, the isolate 
collection was dominated by members of the Prevotella genus, which 
counted the highest number of distinct species identified across sputum 
samples (Fig. 1A, Table S2). With the exception of P. jejuni, all Prevotella 
species isolated in this study represent a significant part of those more 
commonly found in the CF lung microbiota [54,64]. Growth of these 
species on blood-containing medium also revealed the presence of 
recurrent phenotypic variants, such as dark- or black-pigmented strains 
of P. histicola, P. intermedia and P. nigrescens (Fig. S2). 

3.2. Members of the Prevotella genus inhibit P. aeruginosa biofilm 
formation in vitro 

We evaluated whether strains belonging to ten common Prevotella 
species from the CF lung microbiota could influence the in vitro biofilm 
formation of the reference strain P. aeruginosa PAO1. Given the 
complexity of establishing co-cultures of P. aeruginosa and anaerobic 
bacteria due to their different growth requirements, we exposed 
P. aeruginosa PAO1 to the CFS obtained from stationary-phase cultures 
of individual Prevotella spp. strains. The use of spent media is relevant to 
the type of pathogen-microbiota interactions that occur in the CF lung, 
where P. aeruginosa has been shown to mainly form monospecies bio
films [65,66]. Hence, secreted effector molecules from Prevotella species 
and other members of the lung microbiota are likely to mediate inter
species interactions in the CF lung environment. Growth of P. aeruginosa 
PAO1 in the presence and absence of the CFS was assessed in parallel to 
determine if any effect on biofilm formation was related to a change in 
bacterial density. 

Among the tested Prevotella spp. strains, we observed a variable ef
fect on P. aeruginosa biofilm formation (Fig. 2). In particular, the CFS of 
8 out of 10 tested strains caused a statistically significant reduction 
(45–80%) in the total biofilm biomass as compared to the untreated 
control. Only P. oulorum and P. salivae had no significant effect on bio
film formation. The strongest biofilm-inhibitory activity was exerted by 
the CFS of the P. intermedia, P. jejuni and P. nigrescens strains tested, with 
all three causing a decrease of around 80% in biofilm formation by 
P. aeruginosa PAO1 (Fig. 2). Importantly, none of these three strains 
exhibited antibacterial activity under the tested conditions, as no major 

changes in growth were detected when P. aeruginosa PAO1 was cultured 
in the presence of their CFS (Table 2). Nevertheless, some of the tested 
Prevotella spp. strains (4 out of 10 tested strains) significantly affected at 
least one of the growth parameters of P. aeruginosa PAO1 (Table 2). 
Notably, all Prevotella spp. strains caused a statistically significant in
crease in growth rate compared to the untreated control. However, such 
an increase in growth rate did not correspond to major changes in 
bacterial density, thus suggesting minimal impact of this effect on 
overall growth (Table 2). 

For selected Prevotella spp. strains, we also tested increasing con
centrations of the CFS for their ability to effectively reduce biofilm 
formation of P. aeruginosa PAO1. To this end, P. intermedia and 
P. nigrescens were chosen given their potent antibiofilm activity against 
P. aeruginosa PAO1 (Fig. 2) and their high prevalence in the CF lung 
amongst Prevotella species [54,64]. Interestingly, a statistically signifi
cant reduction in the biofilm biomass was observed at concentrations up 
to 0.02% (v/v) and 5% (v/v) of the CFS obtained from P. intermedia and 
P. nigrescens, respectively (Fig. 3). Biofilm formation of P. aeruginosa 

Fig. 1. Isolation of bacteria from the CF lung microbiota under anaerobic conditions. A) Overview of bacterial genera isolated from CF sputum under anaerobic 
growth conditions. Bars: number of bacterial species identified for each genus (left y axis). Diamonds: number of pwCF harboring microbiome members belonging to 
the identified genera (right y axis). B) Number of distinct Prevotella species isolated from each person living with CF. P: person living with CF (e.g., P1: person 1). 

Fig. 2. Effect of different Prevotella spp. strains on biofilm formation by 
P. aeruginosa PAO1. Total biofilm biomass of P. aeruginosa was assessed by 
crystal violet staining after 24 h of incubation in the presence and absence of 
the CFS [80% (v/v)] obtained from Prevotella species. Data are reported as 
percentage of biofilm biomass relative to the untreated control ± standard error 
(n ≥ 3). Circles represent individual data points. *p < 0.05, **p < 0.01, ***p <
0.001 compared to CTRL (one-way ANOVA followed by Bonferroni post hoc 
test). CTRL: untreated P. aeruginosa PAO1 biofilm. 
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PAO1 was decreased by more than 50% in the presence of these con
centrations of the CFS. While the CFS of both strains exerted a compa
rable effect at the highest concentrations tested [i.e., up 1.25% (v/v)], a 
stronger biofilm-inhibitory activity of P. intermedia compared to 
P. nigrescens was evident at lower concentrations of the CFS [i.e., 0.02% 
(v/v), p = 0.015] (Fig. 3). 

3.3. P. intermedia and P. nigrescens reduce biofilm formation of a broad 
panel of P. aeruginosa CF strains 

Next, we evaluated whether the tested strains of P. intermedia and 
P. nigrescens could also inhibit biofilm formation of a panel of 
P. aeruginosa isolates from pwCF. In these experiments, P. aeruginosa 
biofilm formation in the presence and absence of the CFS [at the highest 
concentration of 80% (v/v)] was evaluated in terms of both total biofilm 
biomass and number of biofilm-forming bacteria (based on CFU counts). 

The CFS of P. intermedia and P. nigrescens significantly reduced bio
film formation of all P. aeruginosa CF strains, except AMT0060-03 and 
IST27 (Fig. 4A). Depending on the tested P. aeruginosa strain, the 

percentage reduction in biofilm biomass ranged from 40 to 90% 
compared to the untreated control. No significant differences were 
found between the CFS of P. intermedia and P. nigrescens in inhibiting 
biofilm formation (Fig. 4A). Interestingly, the biofilm-inhibitory effect 
of the CFS was observed against most intermediate (i.e., A580 0.35 to 
0.95; [67]) and all strong (i.e., A580 > 0.95) biofilm producers. Thus, one 
explanation for the lack of activity of the CFS against P. aeruginosa 
AMT0060-03 and IST27 might be the overall poor biofilm formation 
capacity of these strains (i.e., A580 < 0.35 and A580 < 0.65, respectively). 
For the majority of P. aeruginosa CF strains, the decrease observed in 
total biofilm biomass did not correspond to a reduction in the number of 
biofilm-forming bacteria (Fig. 4B). Indeed, the number of 
biofilm-forming bacteria was significantly decreased in only 2 out of 11 
P. aeruginosa strains (i.e., PAO1 and AMT0023-30). Exposure to the CFS 
of P. intermedia and P. nigrescens resulted in a reduction of 0.3–0.6 Log 
and 1 Log in CFU counts of P. aeruginosa AMT0023-30 and PAO1, 
respectively (Fig. 4B). For these strains, the number of viable bacteria in 
the planktonic fraction was also assessed in order to verify whether the 
observed decrease in CFU counts was due to actual inhibition of biofilm 
formation rather than a growth-inhibitory effect of the CFS. A statisti
cally significant reduction in the number of non-adherent (planktonic) 
bacteria in the presence of the CFS was noticed for both P. aeruginosa 
PAO1 (i.e., 0.2 to 0.3 Log) and AMT0023-30 (i.e., 0.3 Log) (Fig. S3). The 
observed minor effect of the CFS on planktonic cells could be reflected in 
the equally small reduction of biofilm-forming bacteria for P. aeruginosa 
AMT0023-30 (Fig. 4B). However, the considerable decrease in biofilm 
formation observed for P. aeruginosa PAO1 cannot be fully explained by 
the minor growth-inhibitory effect of the CFS on the planktonic fraction 
(Fig. 4B), being in accordance with the growth data where no effect was 
observed (Table 2). 

3.4. Biofilm inhibition correlates with a visible decrease in P. aeruginosa 
aggregation 

A qualitative evaluation of the antibiofilm activity of P. intermedia 
and P. nigrescens was performed by monitoring the formation of pellicle 
and macroscopic aggregates of P. aeruginosa in the cultures. When 
cultured in the presence of the CFS of P. intermedia and P. nigrescens, the 
reference strain PAO1 did not form visible clusters at the air-liquid 
interface (Fig. 5A). As a control, we tested Prevotella spp. strains that 
did not exert biofilm-inhibitory activity based on the above-described 
quantitative assay (i.e., P. oulorum and P. salivae) (Fig. 2). Macroscopic 
bacterial aggregates were formed following the treatment with the CFS 
obtained from these two strains (Fig. 5A). The antibiofilm activity of the 
CFS of P. intermedia and P. nigrescens at the macroscopic level was also 
confirmed for several P. aeruginosa CF strains, including AA2, AA2 

Table 2 
Effect of different Prevotella spp. strains on the growth of P. aeruginosa PAO1. Growth of PAO1 in the presence and absence of the CFS [80% (v/v)] obtained from 
Prevotella spp. strains was evaluated by determining the AUC and growth parameters (lag phase duration, growth rate and maximum culture density) from OD590 
measurements. Data are reported as average ± standard error of at least three biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the untreated 
control (independent samples t-test or Mann-Whitney test). CTRL: untreated PAO1.   

AUC Lag phase (h)a Growth rate (h− 1)a ODmax
a 

CTRL 24.3 ± 0.4 7.83 ± 0.06 0.47 ± 0.03 1.75 ± 0.02 
P. denticola 23.2 ± 0.5 8.00 ± 0.06 0.59 ± 0.01 (***) 1.71 ± 0.02 
P. histicola 22.9 ± 0.3 (*) 8.59 ± 0.12 (***) 0.62 ± 0.01 (***) 1.70 ± 0.01 (*) 
P. intermedia 24.7 ± 0.2 8.01 ± 0.20 0.58 ± 0.02 (*) 1.77 ± 0.01 
P. jejuni 24.2 ± 0.1 8.14 ± 0.02 0.61 ± 0.01 (***) 1.74 ± 0.01 
P. melaninogenica 24.3 ± 0.2 8.11 ± 0.04 0.62 ± 0.01 (***) 1.72 ± 0.01 
P. nigrescens 24.1 ± 0.1 7.99 ± 0.08 0.59 ± 0.01 (**) 1.75 ± 0.01 
P. oris 22.6 ± 0.1 (**) 8.61 ± 0.08 (***) 0.59 ± 0.01 (**) 1.68 ± 0.01 (**) 
P. oulorum 24.0 ± 0.2 8.17 ± 0.07 0.59 ± 0.01 (***) 1.73 ± 0.01 
P. pallens 23.1 ± 0.3 (*) 8.24 ± 0.06 (*) 0.59 ± 0.01 (***) 1.69 ± 0.01 (**) 
P. salivae 22.3 ± 0.2 (**) 8.51 ± 0.05 (***) 0.63 ± 0.02 (**) 1.66 ± 0.01 (***) 

Abbreviations – AUC: area under the curve; ODmax: maximum optical density. 
a Growth parameter at 16 h of growth (i.e., early stationary phase). 

Fig. 3. Effect of different concentrations of P. intermedia and P. nigrescens 
CFS on biofilm formation by P. aeruginosa PAO1. Total biofilm biomass of 
P. aeruginosa was assessed by crystal violet staining after 24 h of incubation in 
the presence and absence of different concentrations of the CFS [0.02–80% (v/ 
v)] obtained from P. intermedia and P. nigrescens. Data are reported as per
centage of biofilm biomass relative to the untreated control ± standard error (n 
≥ 3). Circles represent individual data points. **p < 0.01, ***p < 0.001 
compared to CTRL (one-way ANOVA followed by Bonferroni post hoc test or 
Kruskal-Wallis test followed by Dunn post hoc test). CTRL: untreated 
P. aeruginosa PAO1 biofilm. 
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ΔlasR, AMT0023-30, E113 and E131. Indeed, a considerable decrease in 
pellicle formation and/or aggregation of all these strains was observed 
in the presence of the CFS compared to the untreated control (Fig. 5B). 
Although less evident compared to the above-mentioned strains, some 
differences in aggregation were noticed between untreated and CFS- 
treated samples of P. aeruginosa U018a and 2192 (Fig. 5B). 

3.5. P. intermedia and P. nigrescens do not have a major impact on 
P. aeruginosa virulence factor production 

Finally, we explored whether P. intermedia and P. nigrescens could 
also influence other phenotypic traits that are associated with the 
pathogenicity of P. aeruginosa during chronic lung infections. We 
focused on the production of clinically relevant virulence factors, such 
as proteases and pyocyanin [68,69]. In addition, since these Prevotella 
species have previously been reported to produce proteases [70–72], we 
also assessed the proteolytic activity of the CFS alone under the same 
experimental conditions. 

The production of proteases was significantly decreased by the CFS 
of P. intermedia and/or P. nigrescens for only 2 out of 11 P. aeruginosa 
strains (i.e., AA2 ΔlasR and E113) (Fig. 6A). In particular, we observed a 
2 to 5-fold reduction in proteolytic activity of P. aeruginosa AA2 ΔlasR in 
the presence of the CFS of P. intermedia and P. nigrescens, respectively. In 
the case of P. aeruginosa E113, the CFS of P. nigrescens caused a decrease 
in protease activity of approximately 3.5 times compared to the control 
(Fig. 6A). As for the CFS alone, background levels of proteolytic activity 
were detected for P. nigrescens, while only a minimal production of 

proteases was found for P. intermedia (Fig. S4). Regarding the levels of 
pyocyanin, exposure to P. nigrescens CFS led to a small but significant 
induction of pyocyanin production in two of the tested P. aeruginosa 
strains (i.e., AA2 ΔlasR and E131) (Fig. 6B). Specifically, a 1.7–2.5-fold 
increase in pyocyanin production was detected for P. aeruginosa E131 
and AA2 ΔlasR, respectively (Fig. 6B). 

4. Discussion 

Although numerous studies have demonstrated the ability of anaer
obic bacteria to colonize the respiratory tract of pwCF, their potential 
role (either beneficial, detrimental, or neutral) in disease progression 
remains unclear [33,34]. The load of certain anaerobic species has been 
shown to be comparable to that of conventional respiratory pathogens 
[30,31,54], thus supporting the likelihood that interspecies interactions 
occur. Such interactions have been proposed to impact the course of 
lung infections, possibly influencing the severity and outcome of CF lung 
disease. Nevertheless, there is limited knowledge on how anaerobic 
bacteria of the lung microbiota may influence the behaviour of CF 
pathogens [27,73]. 

Considering their high abundance in CF airway secretions, we 
focused on investigating the influence of Prevotella species on pathoge
nicity traits of P. aeruginosa that are relevant to chronic lung infections. 
We found that different Prevotella spp. strains were able to significantly 
decrease in vitro biofilm formation of P. aeruginosa, without a major 
impact on growth. The strongest biofilm-inhibitory activity against 
P. aeruginosa PAO1 was observed for the tested strains of P. intermedia, 

Fig. 4. Effect of P. intermedia and P. nigrescens on biofilm formation by P. aeruginosa CF strains. A) Total biofilm biomass as assessed by crystal violet staining. 
B) Number of biofilm-forming bacteria as assessed by plating and CFU counting. Both biofilm biomass and number of biofilm-forming bacteria were determined after 
a 24-h exposure of P. aeruginosa to 80% (v/v) CFS of P. intermedia and P. nigrescens. Data are average ± standard error of at least three biological replicates. Circles 
represent individual data points. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA followed by Bonferroni post hoc test). CTRL: untreated P. aeruginosa. 
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P. nigrescens and P. jejuni, with a reduction of at least 80% in total biofilm 
biomass. A similar effect of P. intermedia and P. nigrescens was confirmed 
against a diverse panel of P. aeruginosa CF strains, thus indicating a 
broad-spectrum antibiofilm activity of these Prevotella spp. strains. 
Interestingly, the CFS obtained from both P. intermedia and P. nigrescens 
was effective in reducing biofilm formation at very low concentrations 
[up to 0.02% (v/v)]. While the antibiofilm activity of Prevotella species 
has not been previously reported, a few studies are available on the 
influence of other anaerobic species of the CF lung microbiota on 
P. aeruginosa biofilm formation. Pustelny et al. [74] demonstrated the 
ability of Veillonella parvula to promote P. aeruginosa aggregation in vitro 
and enhance colonization in a murine tumor model. Also, fermentation 
products generated by facultative anaerobes (e.g., Streptococcus and 
Rothia species) have been shown to increase in vitro biofilm formation 
and reduce the clearance of P. aeruginosa from the respiratory tract of a 
murine infection model [75–77]. On the other hand, recent research has 
revealed a potential protective role of some microbiome members 
against P. aeruginosa infection. For instance, although unable to inhibit 
adhesion to airway epithelial cells, Streptococcus salivarius reduced 
P. aeruginosa burden in the lungs of a rat co-infection model [78]. 
Together with our observations, these studies underline a different 
(potentially opposite) role of non-pathogenic members of the CF lung 
microbiota in the infection process of P. aeruginosa. 

Interestingly, we observed that the exposure of most P. aeruginosa CF 
strains to the CFS of P. intermedia and P. nigrescens caused a significant 
reduction in the total biofilm biomass and overall degree of aggregation, 
but not in the number of biofilm-forming bacteria. A considerable 
decrease in the number of adherent bacteria was detected only for 
P. aeruginosa PAO1, while it was minimal in the case of P. aeruginosa 
AMT0023-30. Although more in-depth studies are needed to uncover the 
mechanism(s) of P. aeruginosa biofilm inhibition and identify antibiofilm 
effector molecule(s), it is possible that the tested Prevotella spp. strains 
could influence the production and/or stability of the biofilm extracel
lular matrix. Considering the crucial role of the extracellular matrix in 
the tolerance of biofilms to antimicrobial treatment [12,79], a potential 
matrix-inhibiting or degrading effect of Prevotella species might be of 

clinical relevance. In this regard, recent studies have reported the ability 
of different bacteria to reduce the biofilm matrix of P. aeruginosa, 
resulting in improved efficacy of currently available antibiotics. For 
example, some lactobacilli produce matrix-degrading enzymes [80], 
which could favour the diffusion of antibiotics through the biofilm 
layers and their interaction with biofilm-embedded cells [81]. Similarly, 
enzymatic disruption of the extracellular matrix of P. aeruginosa biofilms 
by the extracellular levanase of Bacillus subtilis and the alginate lyase of 
marine bacteria has been shown to boost the antibiofilm activity of 
several antibiotics against P. aeruginosa [82,83]. 

In addition to biofilm formation, the production of secreted virulence 
factors also plays an important role during chronic lung infections by 
P. aeruginosa [68,69]. Here, we found that P. nigrescens exerts a 
strain-dependent effect on the production of proteases and pyocyanin by 
P. aeruginosa. Interestingly, all three P. aeruginosa strains that showed 
altered levels of virulence factor production in response to Prevotella spp. 
strains were LasR mutants (i.e., AA2 ΔlasR, E113 and E131). 
LasR-defective variants are common among P. aeruginosa CF isolates and 
are known to play important roles in the pathogenesis and progression of 
chronic lung disease [50,84,85]. More research is needed to elucidate 
the mechanistic basis for this observation. Nevertheless, increased pro
duction of pyocyanin by P. aeruginosa LasR mutants has already been 
observed in mixed communities containing P. melaninogenica, where it 
has been shown to drive tolerance to tobramycin [86]. While no prior 
studies have investigated their direct impact on P. aeruginosa virulence, 
Prevotella species have been reported to produce the signalling metab
olite autoinducer-2 (AI-2) [54]. Interspecies communication mediated 
by this molecule has been demonstrated to modulate the expression of 
different P. aeruginosa virulence-associated genes, including lasB and 
phenazine biosynthesis genes [87]. Other non-pathogenic members of 
the lung microbiota have been shown to influence P. aeruginosa viru
lence both in vitro and in vivo. For instance, oral streptococci (belonging 
to the Streptococcus anginosus group) were able to stimulate pyocyanin 
and/or elastase production in co-culture with P. aeruginosa CF isolates, 
including LasR mutants and mucoid strains [88,89]. Increased expres
sion of P. aeruginosa virulence factor genes upon exposure to oral 

Fig. 5. Macroscopic images of a multiwell plate with P. aeruginosa exposed to the CFS of Prevotella spp. strains. A) Representative images of macroscopic 
aggregates formed by the reference strain PAO1 in the presence and absence of the CFS [80% (v/v)] of different Prevotella spp. strains after 24 h of incubation. B) 
Representative images of P. aeruginosa CF strains cultured in the presence of the CFS [80% (v/v)] of P. intermedia and P. nigrescens for 24 h. CTRL: untreated 
P. aeruginosa. Diameter of the well: 14 mm. 
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streptococci was also observed in vivo using a Drosophila melanogaster 
infection model [90]. Analogously, co-infection of a rat model with 
P. aeruginosa and a Streptococcus strain isolated from CF sputum resulted 
in enhanced lung damage compared to the mono-infection [87]. In 
addition, the above-mentioned fermentation products of facultative 
anaerobes (e.g., 2,3-butanedione) have been reported to induce in vitro 
production of pyocyanin and exotoxin by P. aeruginosa [75,77]. 

Although this study has allowed to explore the influence of Prevotella 
species on different factors contributing to the infection process of 
P. aeruginosa (i.e., biofilm formation and virulence factors), it is also 
worth mentioning some limitations of the experimental design and 
possible directions for future research. First, the evaluation of Prevotella 
species for their antibiofilm activity against P. aeruginosa was limited to 
a single strain for each tested species. It is therefore not possible to 
establish whether the observed biofilm-inhibitory effect is specific to the 
species or to the particular strain tested, especially considering the 
strain-level diversity detected within Prevotella species [91]. To this 
purpose, further experiments should be conducted to test multiple 
strains of the different Prevotella species examined in the present study. 
Furthermore, while the focus of this study was on biofilm formation, it 
would also be important to investigate the effect of Prevotella spp. strains 
on preformed biofilms of P. aeruginosa to obtain a more complete picture 
of their impact on the persistence of lung infections. More insights on the 
(lack of) activity of Prevotella spp. strains against preformed biofilms 
could also help to better understand the mechanism(s) underlying their 
biofilm-inhibitory effect and/or identify their actual target(s). Finally, it 
would be worth confirming the findings obtained in this study under 
more physiologically relevant conditions. In this regard, several in 
vivo-like models are currently available that accurately replicate key 

aspects of P. aeruginosa chronic lung infections, including artificial 
sputum media, three-dimensional cell cultures and ex vivo lung tissue 
explants. Although still representing a simplified version of the in vivo 
microenvironment of the (infected) airways, these model systems could 
be a useful platform to further investigate the contribution of Prevotella 
species to infection. 

In conclusion, our findings demonstrate that members of the Pre
votella genus affect P. aeruginosa biofilm formation, most likely by 
interfering with cell aggregation and/or extracellular matrix produc
tion. Although further research is required to gain a better under
standing of the mechanisms underlying the observed biofilm-inhibitory 
activity, these findings indicate a possible role of Prevotella species in the 
pathophysiology related to P. aeruginosa in the CF setting. 

CRediT authorship contribution statement 

Lucia Grassi: Writing – review & editing, Writing – original draft, 
Visualization, Methodology, Investigation, Formal analysis, Conceptu
alization. Kyle L. Asfahl: Writing – review & editing, Resources, 
Investigation. Sara Van den Bossche: Investigation. Ine Maenhout: 
Investigation. Andrea Sass: Writing – review & editing. Yannick Vande 
Weygaerde: Resources. Eva Van Braeckel: Writing – review & editing, 
Resources. Bruno Verhasselt: Writing – review & editing, Resources. 
Jerina Boelens: Writing – review & editing, Resources. Michael M. 
Tunney: Writing – review & editing, Resources. Ajai A. Dandekar: 
Writing – review & editing, Resources, Conceptualization. Tom Coenye: 
Writing – review & editing, Conceptualization. Aurélie Crabbé: Writing 
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Pirnay JP, Kidd TJ, Reid D, Manos J, Klockgether J, Wiehlmann L, Tümmler B, 
McClean S, Winstanley C. Developing an international Pseudomonas aeruginosa 
reference panel. MicrobiologyOpen 2013;2:1010–23. https://doi.org/10.1002/ 
mbo3.141. 

[46] Grace A, Sahu R, Owen DR, Dennis VA. Pseudomonas aeruginosa reference strains 
PAO1 and PA14: a genomic, phenotypic, and therapeutic review. Front Microbiol 
2022;13:1023523. https://doi.org/10.3389/fmicb.2022.1023523. 

[47] Bragonzi A, Wiehlmann L, Klockgether J, Cramer N, Worlitzsch D, Döring G, 
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Hamblett N, Burns J, Déziel E, Hoffman LR, Dandekar AA. LasR variant cystic 
fibrosis isolates reveal an adaptable quorum-sensing hierarchy in Pseudomonas 
aeruginosa. mBio 2016;7:e01513. https://doi.org/10.1128/mBio.01513-16. 16. 
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Muñoz P, Rodríguez-Sánchez B. Identifying anaerobic bacteria using MALDI-TOF 
mass spectrometry: a four-year experience. Front Cell Infect Microbiol 2021;11: 
521014. https://doi.org/10.3389/fcimb.2021.521014. 

[59] Christiaen SE, Matthijs N, Zhang XH, Nelis HJ, Bossier P, Coenye T. Bacteria that 
inhibit quorum sensing decrease biofilm formation and virulence in Pseudomonas 
aeruginosa PAO1. Pathog Dis 2014;70:271–9. https://doi.org/10.1111/2049- 
632X.12124. 

[60] Tjørve KMC, Tjørve E. The use of Gompertz models in growth analyses, and new 
Gompertz-model approach: an addition to the Unified-Richards family. PLoS One 
2017;12:e0178691. https://doi.org/10.1371/journal.pone.0178691. 

[61] Peeters E, Nelis HJ, Coenye T. Comparison of multiple methods for quantification 
of microbial biofilms grown in microtiter plates. J Microbiol Methods 2008;72: 
157–65. https://doi.org/10.1016/j.mimet.2007.11.010. 

[62] Vandeplassche E, Sass A, Ostyn L, Burmølle M, Kragh KN, Bjarnsholt T, Coenye T, 
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