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Abstract

Catheter-related urinary tract infections are one of the most common biofilm-associated diseases.
Inside biofilms, bacteria cooperate, compete, or have neutral interactions. The aim was to study
the interactions inside polymicrobial biofilms formed by Klebsiella pneumoniae and

Enterococcus faecalis, two of the most common uropathogens.

Although K. pneumoniae was the most adherent strain, it was unable to maintain dominance in
the polymicrobial biofilm due to the lactic acid produced by E. faecalis in a glucose-enriched
medium. This result was supported using the E. faecalis V583 Idh-1/ Idh-2 double mutant, which
not inhibited the growth of K. pneumoniae since this mutant does not produce lactic acid.
Lyophilized cell-free supernatants (L-CFS) obtained from E. faecalis biofilms also showed
antimicrobial/antibiofilm activity against K. pneumoniae. Conversely, there were no significant

differences in planktonic polymicrobial cultures.

In conclusion, E. faecalis modifies the pH by lactic acid production in polymicrobial biofilms,
compromising the growth of K. pneumoniae.

Keywords: polymicrobial biofilms; interspecies interactions; competition; lyophilized cell-free

supernatant, lactic acid.
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Introduction

Biofilms are microbial communities of surface-attached cells embedded in a self-produced
extracellular matrix which play an important role in a wide diversity of infections, including
catheter-related infections (Dybowska-Sarapuk et al. 2017). In this context, although
indwelling device-related urinary tract infections are one of the most common biofilm
infections of the urinary system (Kirmusaoglu et al. 2017), it may not result in a high mortality
rate. Nevertheless, they pose a challenge for the health care system by increasing morbidity and

treatment costs (Frank et al. 2009).

The microorganisms that usually colonise indwelling urinary catheters and develop biofilms
are Staphylococcus epidermidis, E. faecalis, Escherichia coli, Proteus mirabilis, Pseudomonas
aeruginosa, K. pneumoniae, and other Gram-negative organisms (Sabir et al. 2017). Most
research studies have focused on monomicrobial biofilms to understand the mechanisms that
involve biofilm development (Lee et al. 2014); however, the majority of them appear in nature
as a diverse community of microorganisms (Elias & Banin 2012) and the clinical field is no an
exception. Recent reports have demonstrated that a large number of biofilms involved in
catheter-associated urinary tract infections (CAUT]I) are formed by polymicrobial communities
(Azevedo et al. 2017). Galvan et al, also reported that some of the dual-species associations
showing higher prevalence in urine samples were K. pneumoniae/E. coli, E. coli/E. faecalis, K.
pneumoniae/E. faecalis, and K. pneumoniae/P. mirabilis accounting for 26 %, 10 %, 8.5 %,

and 7 % of the cases, respectively (Galvan et al. 2016).

Inside biofilms, social interactions of cooperation or competition between cells occur, and could
drive many changes or alterations in the community (Flemming et al. 2016). In fact, in contrast
to liquid cultures, these interactions are allowed by high cell concentration and diffusion

limitation (Rendueles & Ghigo 2012). The new technological developments have allowed the
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study of the diversity of highly complex microbial communities. Nevertheless, there is a lack
of knowledge about the implication of interspecies relationships that needs to be addressed

(Rader et al. 2016).

The present study was focused on the interspecies interactions in polymicrobial biofilms formed
by K. pneumoniae and E. faecalis. K. pneumoniae is a Gram-negative, encapsulated, non-
motile, facultative anaerobe, and rod-shaped bacterium (Guentzel 1996). Different virulence
factors are related to their biofilm formation, being the most important the capsular
polysaccharides or the type 1- and type 3-fimbriae, which enhance the biofilm of these bacteria
on urinary catheters (Bei et al. 2016). On the other hand, E. faecalis is a Gram-positive, non-
motile, facultative anaerobe, and round-shape bacterium. Previous research has reported some
virulence factors related to biofilm formation, including the esp, gelE, and asal genes, which
have been found to support cell adherence, colonization, aggregation or persistence in the

urinary tract (Paganelli et al. 2012).

We considered the fact that these two pathogens are some of the most prevalent among urinary
tract infections but information about their specific interaction inside biofilm is still scarce.
Besides, K. pneumoniae is one of the species listed as "priority pathogens™ by the World Health
Organization to help in prioritizing the research and development of new and effective

antibiotics (World Health Organization. 2017) and it requires our special attention.

Materials and methods

Bacterial strains

The strains used in this study are listed in Table 1. Clinical strains were isolated from midstream
urine samples and belong to a collection of our research group. The main results of this study

are focused on one K. pneumoniae (AT) and four E. faecalis (2, 3, 5, and VV583) because they
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are strong biofilm-forming strains. The results of the other K. pneumoniae strains (Kp ATCC

13883, Kp 188, Kp 529, Kp 725) analysed are presented in the supplementary material.

E. faecalis V583 wild type (wt) and its mutants with a deletion in Idh-1 (4/dhl), Idh-2 (4ldh2),
or both genes (4idhi1/4ldh2) were used to complete our study on the influence of lactic acid

production in the polymicrobial biofilms.

All the strains were previously identified by MALDI-TOF mass spectrometry, their
antimicrobial profile was tested following the M100 guidelines (CLSI 2019) and their biofilm
formation ability was characterized following the protocol of Stepanovi¢ et al, (Stepanovié et
al. 2007) where a cut-off value (ODc) was established as three standard deviations above the
mean OD of the negative control. The interpretation was as follows: Optical density of the strain
(OD) < ODc, the strain was considered no biofilm producer; ODc < OD < 2 X ODc it was
considered weak biofilm producer; 2 X ODc < OD < 4 X ODc it was considered moderate
biofilm producer; 4 X ODc < OD, it was considered strong biofilm producer. The biofilm

formation was measured in three technical and biological replicates.

[Table 1 near here]

Biofilm assays

Adhesion to abiotic surfaces

The adhesion to polystyrene plates was performed following the protocol described by
(DiMartino et al. 2003) with some modifications. Briefly, flat-bottomed non-treated 6-well
microtiter plates (VWR International) were filled with two mL of a suspension of 108 colony
forming units (CFUs) per mL made in 1x phosphate-buffered saline (PBS) (pH 7.2) and
incubated for 30 min, 1 h, 2 h and 3 h at 37 °C. After the incubation, each well was washed with

1x PBS. Adherent bacteria were released by sonication for 30 seconds in an ultrasonic bath
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(Branson 3510, Marshall Scientific) and quantified using 10-fold serial dilutions and
conventional plating on Luria Bertani agar (Miller’s LB AGAR, Condalab) for K. pneumoniae
and BD Columbia agar with 5 % Sheep Blood (Becton Dickinson) for E. faecalis. Then, the
plates were incubated at 37 °C for 18 - 24 h. Bacterial adhesion was expressed as a percentage
of the original inoculum adhering to the well. The strains were considered highly adherent to a
surface when the percentage of adherent bacteria was superior to 1 % compared to the original

inoculum. The experiment was carried out in three technical and biological replicates.

Development and quantification of mono- and polymicrobial biofilms

Development of the mono- and polymicrobial biofilms was performed using a modified
protocol previously described by Makovcova et al. (Makovcova et al. 2017). Briefly, bacterial
strains were grown in 10 mL of trypticase soy broth (TSB, Condalab) overnight at 37 °C with
shaking at 180 rpm. Bacterial cells were then pelleted at 4000 g for 20 min, and the pellet was
resuspended in 5 mL of fresh TSB supplemented with 1 % glucose. Optical densities (ODgoonm)
of the bacterial suspensions were measured using the Ultrospec 10 cell density meter
(Amersham Biosciences) and adjusted to a final concentration of ~ 1 x 10’ CFU mL™%. An equal
volume of each strain was combined to make the polymicrobial culture ratio 1:1. Biofilms were
grown in flat-bottomed non-treated 6-well microtiter plates (VWR International). A sterility
control (culture medium without inoculum) was included. All plates were covered with
adhesive lids to avoid evaporation and then incubated in static conditions at 37 °C for 30 min,
1,2,3,4,8, 24,48, and 72 h. The media was replaced every 24 h with fresh supplemented TSB

broth. The initial inoculum of each strain was confirmed by colony counting.

After incubation, biofilm production was quantified using a previously described protocol
(Cepas et al. 2019). Briefly, the remaining culture was carefully removed and each well was

gently rinsed with 1x PBS. Then, all the plates were dried at 65 °C to fix the biofilm to the
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surface. Biofilms were stained with crystal violet (CV) (2 % v/v) and incubated for 10 min at
room temperature. Afterwards, CV was removed, rinsed once with 1x PBS and dried at 65 °C
for 60 min. Biofilm formation was quantified by eluting the CV fixed to the biofilm in 33 %
glacial acetic acid and absorbance of each well was measured at 580 nm (ODsgonm) USINg a
microplate spectrophotometer (EPOCH 2 microplate reader; BioTek, VT). The experiment was

carried out in three technical and biological replicates.

Percentage of biofilm formation inhibition

Following the protocol described by Reece et al. (Reece et al. 2018), the percentage of biofilm
formation inhibition was determined as the difference between the ODsgonm Value of each mixed
biofilm and the sum of the ODsgonm Values of biofilm formed by the corresponding individual

species expressed in percentage.

(OD; + OD,) - OD3
(OD; + OD5)

Inhibition (%) = | |- 100 @)

0D, = OD K. pneumoniae individual specie biofilm
0D, = OD E. faecalis individual specie biofilm

0D; = OD mixed biofilm

Cultivable cells quantification

The number of cultivable cells from disrupted biofilms was obtained by colony counting. In
brief, after the aspiration of supernatants, the wells were rinsed once with 1x PBS to remove
non-attached cells. The plates were then sonicated at 40 kHz for 1 min, following the protocol
described by Ifiiguez-Moreno et al. (Ifiguez-Moreno et al. 2017). Later, the biofilms were
scraped with a cell scraper (VWR international) and serially diluted for colony counting. In

monomicrobial biofilms, K. pneumoniae and E. faecalis were plated on Luria Bertani agar
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(Miller’s LB AGAR, Condalab) and BD Columbia agar with 5 % Sheep Blood (Becton
Dickinson), respectively. In polymicrobial biofilms, aliquots were plated both on selective
media MacConkey Il agar (Becton Dickinson) for selection of K. pneumoniae cells and on
Enterococcosel agar (Becton Dickinson) for E. faecalis. Agar plates were incubated at 37 °C

for 18 - 24 h. Assays were performed in triplicate.

Competitive index (CI)

The competitive index was calculated according to Macho et al. (Macho et al. 2007). Thus, the
Cl was defined as the K. pneumoniae/E. faecalis ratio within the output sample, divided by the
corresponding ratio in the inoculum (input), where output and input samples were assessed after
plating into selective media serial dilutions of the sample taken at fixed times. CI values were
subjected to a Log transformation for normal distribution, and then interpreted as follows: a ClI
value equal to zero indicates no competition between the two species; a positive Cl value
indicates a competitive advantage for K. pneumoniae, and a negative Cl value indicates a

competitive advantage for E. faecalis (Magalhées et al. 2017).

(CFU mL™! K. pneumoniae) output - (CFU mL™! E. faecalis) input

CI = Log (2)

(CFUmL™' E. faecalis ) output - (CFU mL™! K. pneumoniae) input

Cl=0: Equal competition between species.
CI>0: Competitive advantage for K. pneumoniae.

Cl<0: Competitive advantage for E. faecalis.

Competition in planktonic cultures

The same volume of ~ 1 x 10’ CFU mL™ of each strain was mixed and incubated at 37 °C with

shaking at 180 rpm. Aliquots were taken after specific time points (24, 48, and 72 h), serially



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

diluted 10-fold when needed and plated for colony counting as previously described. The cell
count values were expressed as CFU mL™. Assays were performed in triplicate. After each cell
count, the culture was centrifuged, the supernatant was discarded and replaced by fresh medium

and the cells resuspended in the new one.

Supernatant analysis

Lyophilized cell-free supernatants collection (L-CFS)

The E. faecalis supernatants from biofilms were collected after 24 h of incubation. A portion
of each supernatant was adjusted at pH 6.5 with sodium hydroxide (NaOH) 1 M. Then, the total
volume collected was centrifuged for 15 min at 12,000 x g (at 4 °C) and passed through a 0.22
um pore-sSize filter to remove bacteria, obtaining cell-free supernatants (CFS) (Wang et al.
2013). Afterwards, all the CFS were lyophilized in the CHRIST freeze dryer alpha 1-2 LD
(Martin Christ Gefriertrocknungsanlagen GmbH) to get lyophilized cell-free supernatants (L-

CFS).

Minimal inhibitory concentration (MIC)

The MIC values of the L-CFS were determined using the broth microdilution method (CLSI
2019). Two-fold serial dilutions in Mueller Hinton broth (MH) were carried out using round-
bottom microtiter plates (Greiner bio-one 96 well, polystyrene, U-bottom). The final volume in
each well was 100 pL. Bacterial 0.5 McFarland suspensions were diluted to obtain a final
concentration of 5.10° CFU mL* per well. The MIC of DL-Lactic acid 85% (w/w), syrup
(Sigma Aldrich) was also measured following the same protocol. To avoid evaporation, all
plates were covered with adhesive foil lids and incubated in static conditions at 37 °C for 18 -
24 h and were visually read for the absence of turbidity. MIC values were defined as the lowest

concentration of L-CFS that inhibited visible growth. The experiments were carried out in
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triplicate.

Antibiofilm assays

The inhibition of biofilm formation was assessed following the procedure described by
DosSantos Goncalves et al. (DosSantos Goncalves et al. 2014) with some modifications.
Briefly, overnight cultures of K. pneumoniae were diluted to reach a 10’ CFU mL™ inoculum
with fresh TSB supplemented with 1 % glucose. Biofilm formation assay was carried out in

polystyrene flat bottomed microtiter plates (Nunc™ Edge 2.0 96-well plate, non-treated, with

lid, VWR International). Each well, filled with the corresponding inoculum, contained "4 (v/v)

of E. faecalis supernatant extract at different concentrations. The microtiter plates were
incubated at 37 °C for 24 h in static. Each well was rinsed once with sterile 1x PBS and the

remaining biofilms were quantified following the CV staining procedure described previously.

To evaluate the effects of L-CFS on pre-formed K. pneumoniae biofilms, the following method
was carried on. After 24 h of incubation at 37 °C in static conditions, each well containing the
established biofilm was carefully rinsed once with sterile 1x PBS and treated with L-CFS at
different concentrations. The microtiter plates were then incubated at 37 °C for another 24 h in

static, and quantified using the CV staining procedure.

In both assays, a negative control (culture medium without inoculum) and positive control

(culture medium with bacterial inoculum) were included in each plate.

Both inhibitory and eradication capacities of DL-Lactic acid 85% towards K. pneumoniae
biofilms were also measured following the same protocol. The experiments were carried out in

three technical and biological replicates.
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Determination of lactic acid

Quantitative detection of lactic acid in cell-free supernatants was performed using the L-lactic
acid Kit (BioSystems S.A.). The method is based on lactic acid oxidation. L-lactic acid in the
sample generates, using the reaction described below, NADH, which can be measured by

spectrophotometry. Measurements were made on the Analyser Y15 (BioSystems S.A.).

L-lactate + NAD* _tibis  Pyruvate + NADH (3)

Biofilm development using lactic acid E. faecalis mutant strains

E. faecalis V583 wt and its mutant strains with deletions in either Idh-1, Idh-2, or both genes
were used to assess the inhibition caused by lactic acid production. Development and
quantification of mono- and polymicrobial biofilms using counting of bacterial CFUs were

performed as described above. The pH of the supernatants was also measured.

Interspecies interaction using pooled human urine

To evaluate the interactions between some of the strains, human urine was collected from six
healthy volunteers of both sexes who had no history of urinary tract infection. Urinalysis
showed normal parameters (glucose, ketones, nitrites, leukocyte esterase, bilirubin,
urobilinogen, blood, and proteins). The urine was pooled, filter sterilized and stored at 4 °C.
Urine pH was 6.5 at the beginning of the analysis. Mono and polymicrobial biofilms were
developed using the pooled human urine with or without glucose 1 %, and quantified by

counting of bacterial CFUs as previously described. The competitive index was also calculated.

Data plotting and statistical analysis

All statistical analyses were performed using GraphPad Prism v8.0.2 software (La Jolla,

California, USA). Graphs were created using GraphPad Prism v8.0.2 software and Tableau
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Software (Seattle, USA). The data are expressed as mean = SD (standard deviation). The
percentage of inhibition in biofilm formation was evaluated via Student t-test, comparing the
ODsgonm value of polymicrobial biofilms and the sum of ODsgonm Of each monomicrobial
biofilm. One-way ANOVAs followed by post hoc Dunnett’s multiple comparisons tests were
used to analyse the quantification of the cultivable cells, competition in planktonic cultures, the
antibiofilm capacities by the L-CFS of E. faecalis. One-way ANOVA followed by post hoc
Tukey’s multiple comparisons test was used to analyse adhesion to abiotic surfaces.
Confirmation of inhibition by lactic acid production, using E. faecalis V583 wt and its mutants,
was analysed by confidence intervals on the difference between means. Tests with P values <

0.05 were considered significant.

Results

Biofilm assays

Adhesion to abiotic surfaces

The time-dependent adhesion to polystyrene plates was measured by conventional plating
(Figure 1 and Figure S1). For all these strains, the number of adherent bacteria increased during
the incubation period. K. pneumoniae AT was the most adherent strain, with an increase of 2.42
% after 60 min of incubation compared to the initial inoculum. Among the E. faecalis strains,
Ef 2 increased its adhesion in a 1.20 % after 60 min of incubation, and Ef 3, Ef 5, and Ef V583
reached a percentage of 1.50 %, 1.51 %, and 1.18 % respectively, after 120 min of incubation.
One-way ANOVA showed statistically significant differences when the percentage of
adherence of K. pneumoniae AT after 60 minutes of incubation was compared with the
percentages of adherence of all E. faecalis strains tested at the same incubation time. (p <
0.0001).

[Figure 1 near here]
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Percentage of biofilm formation inhibition

When assessing the interaction between the two pathogens within the biofilm, the reduction of
the total biomass of polymicrobial biofilms formed by K. pneumoniae and E. faecalis compared
to the sum of the total biomass of monomicrobial biofilms of each strain was statistically
significant (p < 0.001) in all comparisons, being the inhibition observed expressed in
percentages in Table 2. The same effect was observed using the other K. pneumoniae strains
(Table S1). These results suggest that the co-cultivation of K. pneumoniae and E. faecalis in a
polymicrobial biofilm significantly compromised their biomass formation compared to those
formed individually.

[Table 2 near here]

Cultivable cells quantification

Results on the cultivable bacterial quantification after polymicrobial biofilm growth at different
time points are presented in Figure 2 and Figure S2. In general, cell counts of K. pneumoniae
in the polymicrobial biofilm decreased when compared to monocultures. E. faecalis maintain
similar growth in polymicrobial biofilms compared with monocultures and it is the prevailing
specie over K. pneumoniae in co-culture. This predominance was not statistically significant
after 30 min, 1, 2, 3, 4, and 8 h of incubation. A statistically significant reduction of CFUs was
observed in K. pneumoniae after 24, 48, and 72 h (p <0.001).

[Figure 2 near here]

Competitive index (CI)

The CI value allows us to compare the differences among growth curves of polymicrobial
biofilms and explains which of the pathogens present in the co-culture has a predominant
behaviour within the biofilm. Negative CI values in polymicrobial biofilms at most of the

incubation times tested were observed (Figure 3 and Figure S3), agreeing with the colony count
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results. This could mean a clear advantage for E. faecalis over K. pneumoniae.

[Figure 3 near here]

Competition in planktonic cultures

The competition between both species in planktonic cultures was also assessed. Although a
reduction in the CFUs of K. pneumoniae was observed when it was co-cultured with different
E. faecalis strains in biofilm growth, no statistically significant reduction of CFUs of any of the
involved species in planktonic co-cultures was observed at any time point tested (P>0.05)
compared to monocultures. Therefore, neutral interactions were evident between the involved

species in the planktonic state. (Figure S4)

Supernatant analysis

pH measurement

The pH values of supernatants of mono- and polymicrobial cultures (biofilms and planktonic)
were measured throughout the incubation time. A pH decrease over time is observed in both

mono and co-cultures (Figure 4).

In biofilms, it is worth noting that the pH of the E. faecalis supernatant was lower in
monomicrobial than in polymicrobial. Nevertheless, when co-cultured, pH decreases enough to

impair K. pneumoniae growth according to the colony count observed in figure 2.

This K. pneumoniae colony count changes depending on the E. faecalis strain used in the
polymicrobial biofilm, and it may be the reflection of nutrient competition and different growth
rates of the strains. In the same way, inherent characteristics of each strain such as virulence
factors and their expression, as well as the physical interactions and other metabolites

exchanges between the strains involved could produce these differences.
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On the other hand, the pH in polymicrobial planktonic cultures was not low enough to affect
the K. pneumoniae growth, which would explain why the colony count of none of the species
was affected.

[Figure 4 near here]

Antimicrobial and antibiofilm effect

All non-pH adjusted L-CFS collected from E. faecalis biofilms showed antimicrobial and
antibiofilm activity against K. pneumoniae. Thus, the MIC value in planktonic growth was 32
mg mL. The minimal biofilm inhibitory concentration (MBIC), defined as the last well in
which no visible growth was observed after incubation in the presence of biofilm and
antimicrobial agents (LaPlante & Mermel 2009), was 64 mg mL™ (Figure 5a and Figure S5).
The minimal biofilm eradication concentration (MBEC), defined as the lowest concentration
that an antimicrobial agent required to eradicate biofilm (Perumal & Mahmud 2013), was 256
mg mL?, although a complete eradication of the mature biofilm was not observed with K.
pneumoniae AT (Figure 5b and Figure S6).

MBIC and MBEC were measured in three biological and technical replicates and were
statistically significant when compared to the control (K. pneumoniae biofilm without L-CFS)
(P<0.001). No antimicrobial or antibiofilm activity was observed when the pH of L-CFS
collected from biofilms was adjusted to a pH of 6.5 with sodium hydroxide (NaOH) 1M.

[Figure 5 near here]

The antibacterial and antibiofilm effects of commercial lactic acid were also measured against
K. pneumoniae, being the MIC value = 1.25 mg mL*, MBIC value = 4 mg mL™, and MBEC

value was > 256 mg mL™.
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Determination of lactic acid in supernatants

To confirm that the decrease in pH was due to the production of organic acids, the lactic acid
concentration of supernatants collected from biofilms was measured. An important
concentration of lactic acid was detected in supernatants (Table 3 and Table S2), which may
confer the observed antibacterial and antibiofilm activities against K. pneumoniae. These
results are consistent with the MIC values obtained with commercial lactic acid, where a
concentration of 1.25 mg mL™* inhibited K. pneumoniae growth. As well as the pH, lactic acid
of the E. faecalis supernatant was lower in monomicrobial than in polymicrobial, because, in
the second one, two kinds of species with different growth rates are competing for nutrients,
and Klebsiella pneumoniae, which has a higher growth rate than E. faecalis, also use up the
glucose and E. faecalis has not enough to produce the same lactic acid than produced when it
grows in monomicrobial biofilms.

[Table 3 near here]

K. pneumoniae biofilm development at different pH conditions

To define the influence of pH in the growth and the subsequent biofilm development of K.
pneumoniae, TSB medium was adjusted with NaOH 1M at pH ranging from 3.5 to 7.0, with
intervals of 0.5. Biofilms were established following the protocol of development and
quantification of biofilms and then incubated in static conditions at 37 °C for 24 h. After
incubation, biofilm production was quantified using CV staining. The results of OD 580 nm
showed that the lowest pH at which K. pneumoniae AT can form biofilm was 5.0, being 7.0 the
optimal pH value to develop a strong biofilm. This condition corresponds to the pH used in
conventional culture media (Figure 6 and Figure S7).

[Figure 6 near here]
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Biofilm development using lactic acid E. faecalis mutant strains

E. faecalis possesses two cytosolic L - (+) - lactate dehydrogenases encoded by the Idh-1 and
Idh-2 genes. Most of the activity is associated with LDH-1, and LDH-2 plays only a minor role
(Fatima Rana et al. 2013). Therefore, polymicrobial biofilms formed by E. faecalis V583 wt or
V583 Aldh-2 displayed the same inhibitory effect over K. pneumoniae observed previously with
the other E. faecalis clinical strains tested in this study. However, when E. faecalis V583 Aldh-
1 or Aldh-1/41dh-2 double mutant were analysed, the colony count of K. pneumoniae was not
statistically affected when compared to monocultures (Figure 7). Confidence intervals on the
difference between means showed statistically significant differences between means of K.
pneumoniae AT monomicrobial and K. pneumoniae AT co-cultured with E. faecalis V583 wt
or E. faecalis V583 4ldh-2. The difference between means of K. pneumoniae AT
monomicrobial and K.pneumoniae AT co-cultured with E. faecalis V583 4ldh-1 or E. faecalis
V583 Aldh-1/4ldh-2 was not statistically significant. The same effect was observed using the
other K. pneumoniae strains (Figure S8). The competitive index showed an advantage of E.
faecalis over K.pneumoniae with all the strains used, but the difference of the obtained values
when E. faecalis V583 or E. faecalis V583 Aldh-2 were used (-3.63 and -2.52 respectively after
24 h of incubation), is higher than the obtained when E. faecalis V583 4/dh-1 or E. faecalis
V583 Aldh-1/41dh-2 were in the polymicrobial biofilm (-0.74 and -0.59 respectively after 24 h
of incubation). In the same way, the pH decrease in the polymicrobial cultures using E. faecalis
V583 or E. faecalis V583 Aldh-2 was enough to inhibit the K. pneumoniae growth. Although
the decrease in the pH could be done by other organic acids produced, the loss of lactic acid
production in these E. faecalis mutant strains (V583 Aldh-1 or Aldh-1/Aldh-2 double mutant)
made these values not as lower as the wt V583 or the V583 Aldh-2 strain, causing less alteration
on K. pneumoniae growth (Table S3).

[Figure 7 near here]
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Interspecies interaction using pooled human urine

Using pooled human urine with and without glucose, the urine conditions of diabetic and non-
diabetic patients were simulated. Neutral interactions between the strains were found when the
urine without glucose was used. However, the same inhibitory effect of E. faecalis over K.
pneumoniae was observed when the pooled human urine was supplemented with glucose 1 %,
similarly, as the results obtained when TSB supplemented with glucose was used (Figure 8 and
Figure S9). The reduction of CFUs was statistically significant in K. pneumoniae after 24, 48,
and 72 h of incubation (p <0.001).

[Figure 8 near here]

Discussion

It is widely known that the interactions established in polymicrobial biofilms imply cell-to-cell
communication, typically via quorum sensing (Thornhill & McLean 2018). These interactions
may promote synergism, in which the involved species cooperate between them by increasing
biofilm formation and, therefore, their resistance to antibiotics, compared to monomicrobial
biofilms (Schwering et al. 2013; Makovcova et al. 2017). However, these interactions can lead
to a benefit for one of the species involved, based on nutrient competition or by inhibiting the
proper growth of their counterparts, a mechanism known as antagonism (Harrison 2007). Thus,
the co-culture of different bacteria in the biofilm state can lead to an increase or decrease in
their biomass. The third scenario is in which neither synergism nor antagonism is evident

among the species involved. Therefore, in this case, their interaction is classified as neutral.

Considering that K. pneumoniae and E. faecalis are common uropathogens, and biofilm
formation is an important trait in their pathogenesis, the study of their interspecies interactions
within biofilms seems mandatory. This approach could help identify possible targets or new

antimicrobial compounds, mainly produced by predominant strains, with therapeutic activity.
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However, research in this specific interaction is currently scarce.

According to our study, when the CV assay and the percentage of inhibition were carried out,
the sum of their separate monomicrobial biomasses did not correlate with the total biomass of
polymicrobial biofilms, which was frequently much lower. Therefore, these results point a
competitive interaction between the involved species, also supported by their quantification in
agar plates, where a predominance of E. faecalis over K. pneumoniae was observed. In
polymicrobial biofilms, the CFU cm values of E. faecalis continued almost unaltered through
all set times tested, while K. pneumoniae concentration decreased over time in contrast to the
monomicrobial biofilm. In the same way, the negative Cl values obtained during the time
specifies an inhibitory effect of all E. faecalis over K. pneumoniae suggesting a more
competitive rather than cooperative interaction between species. It is important to note that this
competitive interaction was not observed in the planktonic state, although nutrient content of
growth media, pH, and temperature were initially the same in both experiments. It was because
the oxygen availability among cells differs in planktonic and biofilm state. Thus, as observed
in the biofilm assay, limited airing leads to an increase in lactic acid production by E. faecalis

compared to planktonic cultures.

A previous study performed by Galvan et al. observed neutral interactions between K.
pneumoniae - E. faecalis regarding biofilm formation and viable cell-counts were similar when
mixed vs pure cultures were compared (Galvan et al. 2016). Our findings contrast with this
previous work, showing a decrease in the biofilm population of K. pneumoniae and an
advantage over time of E. faecalis in biofilm co-culture. Such differences observed between
studies could be attributed to the use of artificial urine medium without glucose, which, when
tested in our laboratory, did not allow an adequate growth of our E. faecalis strains. Therefore,
we preferred to use pooled human urine supplemented with glucose, observing the same

inhibitory effect as when TSB broth was used. It should be noted that, as was observed by
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Galvan et al, neutral interactions between the species were observed when the pooled human
urine without glucose was used, which makes a difference in the interspecies interactions that
may be going on diabetic and non-diabetic patients. In patients with CAUTI and risk factors
such as diabetes, less virulent pathogens than Enterobacteriaceae, such as Candida spp. and
Enterococcus spp. become more predominant (Tandogdu & Wagenlehner 2016), and several
studies have shown that urinary tract infection by Enterococcus species is often polymicrobial
(Giannakopoulos et al. 2019), confirming our findings. Although the data obtained in this study
has the limitation of no using a continuous flow system, future research could be focused on a

comparison between the static and dynamic models.

Nadell et al (Nadell et al. 2016) affirmed that when several strains and species come into contact
with others, predominance is expected of the most competitive phenotypes, as an act of natural
selection to favour genetic lineages that may be helpful to themselves more than they are to the
others. In this way, even though K. pneumoniae has a shorter generation time than E. faecalis,
the first one is not capable to maintain dominance in the biofilm. Indeed, Schluter et al (Schluter
et al. 2015), stated that in polymicrobial biofilms predominate the most adherent genotype, but
the obtained results indicate that, although K. pneumoniae AT has a stronger capacity to
adhesion than E. faecalis in monomicrobial biofilms, this characteristic is not key in the further
development of the polymicrobial biofilm with E. faecalis, where the production of substances
like lactic acid affects the growth of K. pneumoniae. So, not only the adhesion to the abiotic
surface but also the production of inhibitory substances should be taken into account when these

interactions are analysed.

Several bacteria generate different compounds that interfere with the growth of their
counterparts, like hydrogen peroxide, different organic acids or bacteriocins (Mariam et al.
2017). Bacteriocins have stability at different pH concentrations and possess other biological

and physicochemical properties, some of which are related to their capacity to eradicate
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biofilms (Mathur et al. 2018). However, in some cases, one of the involved species produces
hydrogen peroxide or organic acids as metabolic waste, causing a change in the pH of the
surrounding medium that harms the other species growing into the biofilm (Makovcova et al.
2017). Thus, the producing strain could benefit itself or not be affected by its waste product,
but accidentally it could affect the normal growth of the other species (Nadell et al. 2016). For
example, vaginal Lactobacilli spp. produces lactic acid that causes a decrease in environmental
pH interfering in the growth of species such as Neisseria gonorrhoeae (Graver & Wade 2011).
E. faecalis is also considered a lactic acid bacteria, and some of the mechanisms that involve in
the inhibition of different pathogens comprise competition for nutrients, production of different
organic acids and secretion of antimicrobial substances (Mariam et al. 2017). Lactic acid is the
main product of Enterococcus fermentation under conditions of excess glucose and limited
oxygen. It is generated by the reduction of pyruvate to regenerate NAD™ for ongoing glycolysis
and is the most important in all lactic acid bacteria (Ramsey et al. 2014). However, certain
strains produce ethanol, formic acid, fatty acids, hydrogen peroxide, diacetyl, reuterin, and

reutericyclin (DeVuyst & Leroy 2007).

Antibacterial and antibiofilm effects were also observed when assessing the activity of L-CFS
extracted from E. faecalis biofilms over K. pneumoniae. Since the inhibitory effect was only
observed when testing the non-pH adjusted L-CFS, it was probably caused by the production
of organic acids and may not be related to bacteriocin production. So, when lactic acid in
supernatants was measured, the concentration was enough to inhibit the growth and biofilm
development of K. pneumoniae, which was also supported by the commercial lactic acid MIC

and MBIC results.

In different environments, E. faecalis has been found inhibiting the growth of other bacteria. In
root canals, Streptococcus gordonii was completely inhibited when it was co-cultured with E.

faecalis (Gao et al. 2016). Also, other studies showed that the presence of E. faecalis limited
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the presence of Listeria monocytogenes in polymicrobial biofilms at 39 °C due to the

competition for nutrients and production of toxic metabolites. (DaSilva Fernandes et al. 2015).

Studies of Alakomi et al (Alakomi et al 2000) confirmed that 5 mM (pH 4.0) of lactic acid
causes the permeabilization of Gram-negative bacteria by disrupting the outer membrane. The
average pH found in the E. faecalis biofilm supernatants after 24 h was 4.18 and the lactic acid
concentration was 2.37 g L. Besides, when testing the ability of K. pneumoniae to form a
biofilm in a range of pH between 3.5 and 7.0, biofilm biomass production increased along with
the pH of the media, finding pH 7.0 as the most favourable condition to form the biofilm. On
the other hand, at pH values below 5.0, bacteria lose this ability. Other researchers have also
demonstrated the effect of pH in biofilm production, establishing that biofilm production in K.
pneumoniae increased 151-319 % at pH 8.5 and 111-177 % at pH 7.5 compared with the

biofilm formed under pH 5.5 (Hostacka et al. 2010).

Additionally, the analysis carried out with E. faecalis V583 wt and V583 mutant strains with
deletions in Idh-1, Idh-2, or both genes, confirm also the hypothesis related to inhibition caused
by lactic acid production. The inhibition was found when the polymicrobial biofilms were
formed by E. faecalis V583 wt or the E. faecalis 4/dh2 strains. On the other hand, no statistically
significant decrease in the colony counts of K. pneumoniae when E. faecalis V583 Aldh-1 or
Aldh-1/41dh-2 mutant strains were involved. This is because the majority of the lactic acid
production is conferred to the Idh-1 gene, where Idh-2 plays a minor role in this process.
(Jonsson et al. 2009; Fatima Rana et al. 2013), concluding that the antibiofilm effect by E.
faecalis over K. pneumoniae is mainly due to the production of lactic acid and the consequent

reduction of pH.

This suggests that, in CAUTIs of diabetic patients, lactic acid production could confer an

advantage to E. faecalis over K. pneumoniae or other species, because some E. faecalis strains
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can resist and adapt to different pH ranges growing in highly acid conditions (pH 2.9) (Rince
et al. 2000; Mubarak & Soraya 2018). Moreover, it is well known that growth inhibition of
different Gram-negative pathogens in urine occurs at pH 5.0 and below (Kaye 1968). Different
researchers explain how some lactic acid bacteria can be used as candidates to develop probiotic
microorganisms that could inhibit uropathogens. In female adults and children, probiotics have
been studied and used for urogenital tract health (Reid & Bruce 2001; Lim et al. 2009; Akg(l
& Karakan 2018). E. faecalis has been proposed as well as a probiotic due to its adherence to
intestinal cells and reinforcement of the epithelial barrier (Baccouri et al. 2019). Additionally,
the study of Manohar et al found Enterococcus spp. on virtually all the catheters studied
regardless of duration, but was not associated with UTI development during follow-up
(Manohar et al. 2020), which could shed light on the use of Enterococcus as uropathogens
inhibitor due to lactic acid production when is adhered to catheters, avoiding their adhesion by
competition or by reducing available nutrients, which should be explored further in future
research. All these results make us continue the study of potential lactic acid bacteria as
biocontrol agents to tackle the problematic emergence of antibiotic resistance and, in this case,

against biofilm formation on indwelling devices related to urinary tract infections.

Conclusions

K. pneumoniae and E. faecalis interact competitively when grown in biofilms in a rich glucose
environment. Both microorganisms produce more biomass in monomicrobial than in
polymicrobial biofilms. E. faecalis has shown to exhibit inhibitory activity against K.
pneumoniae, modifying the pH as a result of lactic acid production, which originates deleterious
effects over K. pneumoniae but without compromising their growth. However, the complex
network of interspecies interaction between this polymicrobial biofilm and others needs further

investigation.



529

530
531
532

533
534

535

536

537

538

539

540

541

542

543

544

545

546

547
548
549

550

551

552
553
554

Acknowledgements

We thank Dr. Axel Hartke (University of Caen, Normandie, France) for donating the E. faecalis
V583 strains.

Funding information

This work was funded by the European Commission under the H2020 program, NoMorFilm
Project (Grant Agreement 634588). This work was also supported by Planes Nacionales de
I+D+i 2008-2011 / 2013-2016 and the Instituto de Salud Carlos Il1, Subdireccion General de
Redes y Centros de Investigacion Cooperativa, Ministerio de Economia y Competitividad,
Spanish Network for Research in Infectious Diseases (REIPI RD12/0015/0013 and REIPI
RD16/0016/0010) co-financed by European Development Regional Fund "A way to achieve
Europe™ and operative program Intelligent Growth 2014-2020. We acknowledge support from
the Spanish Ministry of Science, Innovation, and Universities through the “Centro de
Excelencia Severo Ochoa 2019-2023” Program (CEX2018-000806-S), and support from the
Generalitat de Catalunya through the CERCA Program. Victoria Ballén has a grant from

COLCIENCIAS (Colombia).

Conflicts of Interest

The authors declare no conflict of interest. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the

decision to publish the results.

Supplementary material

Results obtained using other K. pneumoniae clinical strains are compiled in the supplementary

tables and figures.



555

556
557

558
559
560

561
562

563
564
565
566

567
568

569
570
571

572
573

574
575
576

S77
578

579
580

581
582
583

584

References

Akgul T, Karakan T. 2018. The role of probiotics in women with recurrent urinary tract
infections. Turkish J Urol. 44:377-383.

Alakomi HL, Skytta E, Saarela M, Mattila-Sandholm T, Latva-Kala K, Helander IM. 2000.
Lactic acid permeabilizes gram-negative bacteria by disrupting the outer membrane. Appl
Environ Microbiol. 66:2001-2005.

Azevedo AS, Almeida C, Melo LF, Azevedo NF. 2017. Impact of polymicrobial biofilms in

catheter-associated urinary tract infections. Crit Rev Microbiol. 43:423-439.

Baccouri O, Boukerb AM, Farhat L Ben, Zébré A, Zimmermann K, Domann E, Cambronel
M, Barreau M, Maillot O, Rincé I, et al. 2019. Probiotic Potential and Safety Evaluation of
Enterococcus faecalis OB14 and OB15, Isolated from Traditional Tunisian Testouri Cheese

and Rigouta, Using Physiological and Genomic Analysis. Front Microbiol. 10:1-15.

Bei L, Yuling Z, Changting L, Zhenhong C, Dongsheng Z. 2016. Molecular pathogenesis of
Klebsiella pneumoniae. Future Microbiol. 9:1071-1081.

Cepas V, Lopez Y, Gabasa Y, Martins CB, Ferreira JD, Correia MJ, Santos LMA, Oliveira F,
Ramos V, Reis M, et al. 2019. Inhibition of bacterial and fungal biofilm formation by 675

extracts from microalgae and cyanobacteria. Antibiotics. 8:77.

CLSI. 2019. M100 Performance Standards for Antimicrobial Susceptibility. 29th ed. Wayne,
PA 19087, USA.

DaSilva Fernandes M, Kabuki DY, Kuaye AY. 2015. Behavior of Listeria monocytogenes in
a multi-species biofilm with Enterococcus faecalis and Enterococcus faecium and control
through sanitation procedures. Int J Food Microbiol. 200:5-12.

DeVuyst L, Leroy F. 2007. Bacteriocins from lactic acid bacteria: Production, purification,
and food applications. J Mol Microbiol Biotechnol. 13:194-199.

DiMartino P, Cafferini N, Joly B, Darfeuille-Michaud A. 2003. Klebsiella pneumoniae type 3
pili facilitate adherence and biofilm formation on abiotic surfaces. Res Microbiol. 154:9-16.

DosSantos Goncalves M, Delattre C, Balestrino D, Charbonnel N, Elboutachfaiti R,
Wadouachi A, Badel S, Bernardi T, Michaud P, Forestier C. 2014. Anti-biofilm activity: A

function of Klebsiella pneumoniae capsular polysaccharide. PLoS One. 9.

Dybowska-Sarapuk L., Kotela A, Krzeminski J, Wroblewska M, Marchel H, Romaniec M,



585
586

587
588

589
590
591

592
593

594
595

596
597
598

599
600
601

602
603
604

605
606
607

608
609
610

611

612
613

614

Legosz P, Jakubowska M. 2017. Graphene nanolayers as a new method for bacterial biofilm

prevention: Preliminary results. J AOAC Int. 100:900-904.

Elias S, Banin E. 2012. Multi-species biofilms: Living with friendly neighbors. FEMS
Microbiol Rev. 36:990-1004.

Fatima Rana N, Sauvageot N, Laplace JM, Bao Y'Y, Nes I, Rincé A, Posteraro B, Sanguinetti
M, Hartke A. 2013. Redox balance via lactate dehydrogenase is important for multiple stress

resistance and virulence in enterococcus faecalis. Infect Immun. 81:2662—2668.

Flemming HC, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S. 2016. Biofilms:
An emergent form of bacterial life. Nat Rev Microbiol. 14:563-575.

Frank DN, Wilson SS, St. Amand AL, Pace NR. 2009. Culture-independent microbiological
analysis of Foley urinary catheter biofilms. PLoS One. 4:1-7.

Galvan EM, Mateyca C, lelpi L. 2016. Role of interspecies interactions in dual-species
biofilms developed in vitro by uropathogens isolated from polymicrobial urinary catheter-
associated bacteriuria. Biofouling. 32:1067-1077.

Gao Y, Jiang X, Lin D, Chen Y, Tong Z. 2016. The Starvation Resistance and Biofilm
Formation of Enterococcus faecalis in Coexistence with Candida albicans, Streptococcus

gordonii, Actinomyces viscosus, or Lactobacillus acidophilus. J Endod. 42:1233-1238.

Giannakopoulos X, Sakkas H, Ragos V, Tsiambas E, Bozidis P, Evangelou AM,
Papadopoulou C, Petrogian-Nopoulos L, Sofikitis N. 2019. Impact of enterococcal urinary

tract infections in immunocompromised — neoplastic patients. J BUON. 24:1768-1775.

Graver MA, Wade JJ. 2011. The role of acidification in the inhibition of Neisseria
gonorrhoeae by vaginal lactobacilli during anaerobic growth. Ann Clin Microbiol
Antimicrob. 10:8.

Guentzel M. 1996. Escherichia, Klebsiella, Enterobacter, Serratia, Citrobacter, and Proteus.
In: Baron S, editor. Med Microbiol. 4th Editio. Galveston (TX): University of Texas Medical
Branch at Galveston; p. Chapter 26.

Harrison F. 2007. Microbial ecology of the cystic fibrosis lung. Microbiology. 153:917-923.

Hostacka A, Ciznar I, Stefkovi¢ova M. 2010. Temperature and pH affect the production of
bacterial biofilm. Folia Microbiol (Praha). 55:75-78.

Ifiguez-Moreno M, Gutiérrez-Lomeli M, Guerrero-Medina PJ, Avila-Novoa MG. 2017.



615
616
617

618
619
620

621

622
623

624
625
626

627
628
629

630
631

632
633
634

635
636
637

638
639
640

641
642
643
644

Biofilm formation by Staphylococcus aureus and Salmonella spp. under mono and dual-
species conditions and their sensitivity to cetrimonium bromide, peracetic acid and sodium

hypochlorite. Brazilian J Microbiol.:1-10.

Jonsson M, Saleihan Z, Nes IF, Holo H. 2009. Construction and characterization of three
lactate dehydrogenase-negative Enterococcus faecalis V583 mutants. Appl Environ
Microbiol. 75:4901-4903.

Kaye D. 1968. Antibacterial activity of human urine. J Clin Invest. 47:2374-2390.

Kirmusaoglu S, Yurdugiil S, Metin A, Vehid S. 2017. The Effect of Urinary Catheters on
Microbial Biofilms and Catheter Associated Urinary Tract Infections. Urol J.:3028—-3034.

LaPlante KL, Mermel LA. 2009. In vitro activities of telavancin and vancomycin against
biofilm-producing Staphylococcus aureus, S. epidermidis, and Enterococcus faecalis strains.
Antimicrob Agents Chemother. 53:3166-3169.

Lee KWK, Periasamy S, Mukherjee M, Xie C, Kjelleberg S, Rice SA. 2014. Biofilm
development and enhanced stress resistance of a model, mixed-species community biofilm.
ISME J. 8:894-907.

Lim IS, Lee HS, Kim WY. 2009. The effect of lactic acid bacteria isolates on the urinary tract
pathogens to infants in vitro. J Korean Med Sci. 24:57-62.

Macho AP, Zumaquero A, Ortiz-Martin I, Beuzén CR. 2007. Competitive index in mixed
infections: A sensitive and accurate assay for the genetic analysis of Pseudomonas syringae-
plant interactions. Mol Plant Pathol. 8:437-450.

Magalhdes AP, Lopes SP, Pereira MO. 2017. Insights into cystic fibrosis polymicrobial
consortia: The role of species interactions in biofilm development, phenotype, and response to

in-use antibiotics. Front Microbiol. 7:1-11.

Makovcova J, Babak V, Kulich P, Masek J, Slany M, Cincarova L. 2017. Dynamics of mono-
and dual-species biofilm formation and interactions between Staphylococcus aureus and

Gram-negative bacteria. Microb Biotechnol. 10:819-832.

Manohar J, Hatt S, DeMarzo BB, Blostein F, Cronenwett AEW, Wu J, Lee KH, Foxman B.
2020. Profiles of the bacterial community in short-term indwelling urinary catheters by
duration of catheterization and subsequent urinary tract infection. Am J Infect Control.
48:178-183.



645
646
647

648
649

650
651

652
653

654
655

656
657
658

659
660

661
662
663

664
665

666
667

668
669

670
671

672
673
674

Mariam SH, Zegeye N, Aseffa A, Howe R. 2017. Diffusible substances from lactic acid
bacterial cultures exert strong inhibitory effects on Listeria monocytogenes and Salmonella

enterica serovar enteritidis in a co-culture model. BMC Microbiol. 17:1-11.

Mathur H, Field D, Rea MC, Cotter PD, Hill C, Ross RP. 2018. Fighting biofilms with
lantibiotics and other groups of bacteriocins. npj Biofilms Microbiomes. 4:1-13.

Mubarak Z, Soraya C. 2018. The acid tolerance response and pH adaptation of Enterococcus

faecalis in extract of lime Citrus aurantiifolia from Aceh Indonesia. F1000Research. 7:1-15.

Nadell CD, Drescher K, Foster KR. 2016. Spatial structure, cooperation and competition in
biofilms. Nat Rev Microbiol. 14:589-600.

Paganelli FL, Willems RJ, Leavis HL. 2012. Optimizing future treatment of enterococcal
infections: Attacking the biofilm? Trends Microbiol. 20:40-49.

Perumal S, Mahmud R. 2013. Chemical analysis, inhibition of biofilm formation and biofilm
eradication potential of Euphorbia hirta L. against clinical isolates and standard strains. BMC
Complement Altern Med. 13:1-8.

Ramsey M, Hartke A, Huycke M. 2014. The Physiology and Metabolism of Enterococci.

Enterococci From Commensals to Lead Causes Drug Resist Infect.:1-55.

Reece E, Doyle S, Greally P, Renwick J, McClean S. 2018. Aspergillus fumigatus inhibits
Pseudomonas aeruginosa in co-culture: Implications of a mutually antagonistic relationship

on virulence and inflammation in the CF airway. Front Microbiol. 9:1-14.

Reid G, Bruce AW. 2001. Selection of Lactobacillus Strains for Urogenital Probiotic
Applications . J Infect Dis. 183:S77-S80.

Rendueles O, Ghigo JM. 2012. Multi-species biofilms: How to avoid unfriendly neighbors.
FEMS Microbiol Rev. 36:972-989.

Rince A, Flahaut S, Auffray Y. 2000. Identification of general stress genes in Enterococcus
faecalis. Int J Food Microbiol. 55:87-91.

Rader HL, Sgrensen SJ, Burmglle M. 2016. Studying Bacterial Multispecies Biofilms: Where
to Start? Trends Microbiol. 24:503-513.

Sabir N, Ikram A, Zaman G, Satti L, Gardezi A, Ahmed A, Ahmed P. 2017. Bacterial
biofilm-based catheter-associated urinary tract infections: Causative pathogens and antibiotic
resistance. Am J Infect Control. 45:1101-1105.



675
676

677
678
679

680
681
682
683

684
685

686
687
688

689
690
691

692
693

694

Schluter J, Nadell CD, Bassler BL, Foster KR. 2015. Adhesion as a weapon in microbial
competition. ISME J. 9:139-149.

Schwering M, Song J, Louie M, Turner RJ, Ceri H. 2013. Multi-species biofilms defined
from drinking water microorganisms provide increased protection against chlorine
disinfection. Biofouling. 29:917-928.

Stepanovi¢ S, Vukovié D, Hola V, Di Bonaventura G, Djukié¢ S, Cirkovié¢ I, Ruzicka F. 2007.
Quantification of biofilm in microtiter plates: Overview of testing conditions and practical
recommendations for assessment of biofilm production by staphylococci. Apmis. 115:891-
899.

Tandogdu Z, Wagenlehner FME. 2016. Global epidemiology of urinary tract infections. Curr
Opin Infect Dis. 29:73-79.

Thornhill SG, McLean RJC. 2018. Use of Whole-Cell Bioassays for Screening Quorum
Signaling, Quorum interference, and Biofilm Dispersion. In: Leoni L, Rampioni G, editors.
Methods Mol Biol Quor Sens. Hatfield, Hertfordshire, UK; p. 3-24.

Wang HH, Ye KP, Zhang QQ, Dong Y, Xu XL, Zhou GH. 2013. Biofilm formation of meat-
borne Salmonella enterica and inhibition by the cell-free supernatant from Pseudomonas
aeruginosa. Food Control. 32:650-658.

World Health Organization. 2017. Global Priority List of Antibiotic-Resistant Bacteria to

Guide Research, Discovery, and Development of New Antibiotics. WHO Press.:1-7.



